J Mater Sci (2016) 51:1632-1643
DOI 10.1007/s10853-015-9486-y

@ CrossMark

On the sluggish recrystallization of a cold-rolled AI-Mn-Fe-Si

alloy

K. Huang"? - R. E. Logé' - K. Marthinsen®

Received: 16 June 2015/ Accepted: 7 October 2015/ Published online: 14 October 2015

© Springer Science+Business Media New York 2015

Abstract Annealing of supersaturated AA3xxx alloys at
low temperatures usually results in sluggish recrystalliza-
tion kinetics. This is due to the joint effect of the following
factors: low nucleation rate, reduced grain boundary
mobility, and large amount of fine precipitates (disper-
soids). In this paper, samples of Al-Mn-Fe—Si alloy were
appropriately homogenized in different conditions to pro-
duce different microchemistries before deformation, i.e.
solutes and second-phase particles. The sluggish recrys-
tallization behaviour of these cold-rolled Al-Mn-Fe—Si
samples annealed in three different conditions was then
investigated, the first condition being recrystallization
without precipitation, followed by recrystallization and
precipitation occurring concurrently, and finally precipita-
tion occurring before recrystallization. The results clearly
show that in all these conditions, an incubation time is
involved, which decreases with increasing annealing tem-
perature and cold deformation, as well as with decreasing
solute amount. Qualitative analysis of the microstructure
evolution after a sudden increase of annealing temperature
suggests that the effective retarding force from solute and/
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or particles decreases at higher temperatures. When
recrystallization occurs concurrently with precipitation, the
growth of successful nuclei can still be suppressed by
concurrent precipitation.

Introduction

Recrystallization of single-phase materials is a complex
process [1]. However, most commercial alloys contain
more than one phase, and to understand the recrystalliza-
tion behaviour of two-phase materials becomes often very
challenging. Aluminium AA3xxx-series alloys contain Mn
as their main alloying element, while other elements are
often added to obtain desired mechanical properties. Since
Mn has only limited solubility in Al, supersaturated Mn in
solid solution after casting will precipitate as fine Mn-
bearing dispersoids during subsequent thermo-mechanical
processing steps [2, 3].

Slow kinetics and coarse and inhomogeneous recrys-
tallized grain structures, commonly denoted as sluggish
recrystallization behaviour, are often observed at low
annealing temperatures of supersaturated AA3xxx alloys
[4-8], but the actual mechanisms controlling this behaviour
are far from clear. Part of the reason is that precipitated
dispersoids interfere with both recovery and recrystalliza-
tion, while the deformed microstructure affects both the
nature and kinetics of the precipitation [1]. The fact that
recrystallization and precipitation can occur in different
sequences in different thermo-mechanical conditions
makes the quantitative analysis even more difficult. It is
well known that annealing of metallic materials at low
annealing temperature leads to decreased nucleation rate
and grain boundary mobility [1]. Meanwhile, fine disper-
soids are usually precipitated at grain/subgrain boundaries
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when annealing the deformed AA3xxx alloys at low tem-
peratures [9], thus increasing the pinning of grain boundary
migration by the Zener drag effect and suppressing
nucleation of recrystallization by retarding subgrain
boundary migration. All these factors jointly lead to the
sluggish recrystallization at low annealing temperatures.
To understand how these factors act during recrystalliza-
tion is very important for tailoring the desired
microstructure through appropriate thermo-mechanical
processing steps, which is usually realized by numerical
modelling before final trial-and-error experiments.

Despite its practical and academic importance, little
systematic investigation in this area can be found in the
literature [4, 6, 8, 10]. Typical recrystallization models
using physically based nucleation laws usually give quan-
titatively reasonable predictions of the microstructures
when recrystallization is not affected by precipitation [11],
but they largely fail to predict the right recrystallization
kinetics during annealing of dispersoid-containing materi-
als at low temperatures [8, 12]; the prediction of recrys-
tallized grain size is even worse. This is a clear indication
that some of the key aspects during recrystallization of
particle-containing materials are not well captured. The
sparse models that can successfully predict the sluggish
recrystallization at low temperatures invoke the introduc-
tion of an incubation time based on dislocation density
[13], cell size [14], or misorientation [15] criterion. The
applicability of these models should be further tested
against different materials or at least the same material
with different microchemistries.

It has been shown that, by varying the homogenization
process of Al alloys [7, 16, 17], different microchemistry
states can be obtained, i.e. solute level and second-phase
particle structures, from the same starting material. It is
possible to obtain tailored conditions where the sequence
of recrystallization and precipitation can be manipulated,
and the different physical mechanisms during the sluggish
recrystallization can thus be investigated. In this paper,
samples of an Al-Mn-Fe-Si alloy were firstly homoge-
nized at different conditions to produce different micro-
chemistries according to our previous studies [7], in terms
of solutes and second-phase particles. The sluggish
recrystallization behaviour of the cold-rolled Al-Mn—Fe—Si
samples annealed at three different conditions was then
investigated, the first condition being recrystallization
without precipitation, followed by recrystallization and
precipitation occurring concurrently, and finally precipita-
tion occurring before recrystallization.

The main objective of the present work has been to
analyse the sluggish recrystallization behaviour observed at
different conditions for cold-deformed Al-Mn-Fe-Si
alloys. The focus was on establishing a better understand-
ing of the key aspects occurring during sluggish

recrystallization, i.e. incubation time, solute drag and Zener
drag. The results presented in this paper are intended to
improve thermo-mechanical processing design of particle-
containing materials, and shed light on strategies for
numerical modelling of recrystallization affected by fine
dispersoids.

Experimental procedures
Material and heat treatment

The as-received material was an AA3xxx-type direct chill
(DC) casted ingot from Hydro Aluminium, Norway. The
chemical composition (wt%) of the as-cast material is
0.152 % Si, 0.530 % Fe, and 0.390 % Mn with the balance
of Al. More detailed information on the as-cast material
can be found in Ref. [7].

From our previous investigations, the concentration
level of Mn in solid solution is found to be about 0.35 wt%
for the as-cast material (labelled as variant A) [7]. Since
Mn only has limited solubility in Al, i.e. Mn is supersat-
urated in variant A, most of the Mn in solid solution will
diffuse to create fine dispersoids during the following
thermo-mechanical processing steps. For the purpose of
comparison, some of the as-cast material (A) was subjected
to a two-step homogenization treatment, the samples were
first heated at 50 °C/h to 600 °C for 4 h, and then cooled at
a reduced rate of 25 °C/h to 500 °C for another 4 h. The
result is another variant (designated as B) with much
reduced solute level of Mn and a few fine dispersoids (see
Table 1), the morphology of which can be found in [18].
The main difference in terms of microchemistry between
variant A and B, as shown in Table 1, is thus their different
solute levels, which also means different precipitation
potential. For the details on microchemistry analysis of the
samples, the reader is referred to [7, 18].

These two variants were then rolled at room temperature
by multiple passes to an accumulated true deformation
strain of ¢ = 1.6; these samples were labelled as A1.6 and
B1.6 for variant A and variant B, respectively. In addition,
two samples of variant A were further deformed to a strain
of ¢ = 3.0, which hereafter will be designated as A3.0. The
rolling was carried out using heavily lubricated rolls and
maximum roll velocity in order to obtain a microstructure
similar to industrially rolled materials. The cold-rolled
sheets were then heated according to different tempera-
ture—time schedules, as illustrated in Fig. 1. One set of the
samples deformed to a strain of ¢ = 1.6 were annealed at
low temperatures, i.e. 400 °C for A1.6 and 300 °C for B1.6
(isothermal annealing), in salt bath for 100 s, as shown in
Fig. la. Another set of samples were subjected to a two-
step annealing (Fig. 1b) where they were first annealed at
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Table 1 Electrical conductivity, concentrations of solutes, average diameter, and number density of particles in the alloys studied [7]

Electrical conductivity (m/ Concentration of Mn Constituent particles Dispersoids
Omm?) (Wt%) : : : :
Diameter Number density Diameter Number density
(um) (mm™?) (um) (mm™?)
A 239 0.35 0.88 2.8 x 10* - -
B 29.0 0.11 1.10 2.1 x 10* 0.127 5.5 x 10*
450 °C, 5s for A1.6
T A T A 400°C, 5s for B1.6 T A T4

400 °C, 100s for A1.6
300°C, 100s for B1.6

400 °C, 100s for A1.6
300°C, 100s for B1.6

500°C, 5s for A3.0

300 °C, for A3.0
O 4,

10%s 105s 300 °C, 104s for A3.0|

—— o

50°C/h
50°C/h

v
v

(a) (b)

Fig. 1 Schematic graph showing the thermo-mechanical processing
steps used in the current study (black point stands for water quench
which was performed to get the microstructures in different

higher temperature for 5 s, 450 °C for A1.6 and 400 °C for
B1.6, and then quickly brought to the lower temperatures
that are the same as in Fig. la. For the purpose of com-
parison, some of the A3.0 samples were heated at 50 °C/h
to 300 °C and kept for 10* s (non-isothermal annealing),
after which these samples were then either kept at this
temperature until 10° s (Fig. Ic) or subjected to 5 s
annealing at 500 °C (see Fig. 1d). The annealing temper-
ature and time for the different samples in Fig. 1 is based
on their recrystallization and precipitation kinetics [19, 20],
and this will be further discussed below. The short time
annealing step at high temperature in Fig. 1b, d is chosen to
avoid significant microchemistry changes in the material.
Once the samples were annealed for the desired time, they
were quickly water quenched.

Microstructure characterization

The samples for electron microscopy characterization were
ground and polished according to standard metallographic
techniques. This was followed by electro-polishing in a
solution of 30 vol% nitric acid and methanol at —30 °C and
15 V. Metallographic examinations of particles were per-
formed using the backscattered electron (BSE) detector in a
Zeiss Supra 55 field emission gun scanning electron
microscope (FEG-SEM). Hardness and electrical conduc-
tivity measurements were performed on the RD-TD plane
of the samples in order to follow the softening and
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conditions). a Isothermal annealing; b Step annealing with high
temperature annealing as the first step; ¢ Non-isothermal annealing;
d Step annealing with high temperature annealing as the second step

precipitation behaviour during annealing. The average
value of eight measurements at different positions of the
same sample was used for each reported value, together
with the standard error. Large EBSD maps of the annealed
samples, with step size of 0.5-2 um, were used to study the
recrystallized grain size and recrystallized fraction, using
TSL software. However, only a small part of the scanned
EBSD area is presented to emphasize the newly recrys-
tallized grains which are usually very small. For all of the
micrographs presented in this paper, the horizontal direc-
tion corresponds to the rolling direction (RD), while the
vertical direction is the normal direction (ND). The
recrystallized grains were identified as those being partly or
fully surrounded by a high-angle boundary (>15°), with a
minimum grain size of 5 times the scanning step size, and
with a grain orientation spread (GOS) below 0.8°. The
grain size was measured as the equivalent circular diameter
in the RD-ND cross section.

Results

Recrystallization and precipitation behaviour

As shown in Fig. 1, different annealing temperature—time
paths were chosen to study the recrystallization and pre-

cipitation of the two different homogenization variants. The
sluggish  recrystallization  kinetics  (recrystallization
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completes beyond 1000 s) was observed both when
annealing the A1.6 variant at 400 °C and the B1.6 variant at
300 °C, as illustrated in Fig. 2a. For the variant A, faster
recrystallization is observed at 400 °C when the cold
deformation was increased to ¢ = 3.0, where recrystalliza-
tion completed before 1000 s. Recrystallization accelerated
for B1.6 as well when it was annealed at the higher tem-
perature of 400 °C, where a fully recrystallized state was
reached after 20 s, showing a typical S-shaped softening
curve, even though the precipitation behaviour at this tem-
perature is similar to its counterpart at 300 °C, as indicated
by the evolution in electrical conductivity for the different
variants in Fig. 2b. It is clear from Fig. 2b that the two
variants, A1.6 and B1.6, exhibit distinctly different precip-
itation behaviours for the studied conditions, where A1.6
shows much stronger precipitation than B1.6 regardless of
the annealing temperature and cold deformation. The pre-
cipitation for B1.6 during annealing is generally rather
limited irrespective of annealing temperature.
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Fig. 2 Hardness and electrical conductivity variation of the samples
during isothermal annealing at different temperatures a hardness and
b electrical conductivity (Color figure online)

Recrystallization without concurrent precipitation

Based on the hardness evolution curve in Fig. 2a, a sample
of B1.6 was annealed at 300 °C for 100 s, where no sig-
nificant recrystallization was yet observed, as can be seen
from both Figs. 2a and 3a. Since precipitation is very week,
almost negligible (cf. Fig. 2b), for this variant, the slow
recrystallization kinetics may either be due to low nucle-
ation rate or due to low grain boundary mobility. In order
to clarify this, two B1.6 samples were annealed at the
higher temperature of 400 °C for 5 s in order to create
more nuclei but resulting in only a small amount of
recrystallized volume fraction. One of the samples was
immediately quenched in water to freeze the microstructure
after these 5 s, the EBSD map of which is shown in Fig. 3b
where a lot of fine nuclei (nuclei that have already grown to
large sizes) have appeared while the fraction recrystallized
is still less than 5 %. The other sample was subsequently
immersed into a salt bath preheated at 300 °C for another
100 s, with the additional annealing at 400 °C for 5 s,
leading to complete recrystallization for this sample, as can
be seen in Fig. 3c. It is worth noticing that, if the B1.6
sample was directly annealed at 400 °C, recrystallization
completed within 20 s, as shown in Fig. 3d.

Recrystallization and precipitation occur
concurrently

We now turn to other cases where strong concurrent pre-
cipitation is present during annealing, as indicated in
Fig. 2b. After annealing at 400 °C for 100 s, recrystal-
lization has started for the A1.6 sample, but the recrystal-
lized fraction is very low (4 %), as evidenced in Fig. 4a. In
fact, the recrystallized fraction has still only reached 14 %
when increasing the annealing time to 200 s, see Fig. 4b.
As was done for B1.6, two samples were annealed at a
higher annealing temperature, in this case 450 °C, for 5 s.
A fairly large number of small nuclei were observed after
quenching one of the samples after this short annealing
time; some examples are pointed out by black arrows in
Fig. 4c. However, these nuclei did not help in reaching
100 % recrystallization for the other sample that was fur-
ther annealed at 400 °C for another 100 s, as shown in
Fig. 4d. Nonetheless, the recrystallized fraction (16 %) is
comparable to the sample annealed at 400 °C for 200 s (see
Fig. 4b).

Precipitation before recrystallization
It has been shown from Figs. 3 and 4 that recrystallization
can be accelerated to different extents by performing a

short time additional annealing at a higher temperature. For
all the cases in Figs. 3 and 4, there is limited number of
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Fig. 3 EBSD maps showing the microstructures of B1.6 samples annealed at different conditions a 7 = 300 °C@100 s; b T'= 400 °C@5 s;
¢ T =400 °C@5 s + 300 °C@100 s; d T = 400 °C@20 s (Color figure online)

dispersoids before annealing. There are other cases where
most of the (sub)grain boundaries are occupied by disper-
soids, which pins the migration of (sub)grain boundaries
during subsequent annealing. One example is the A3.0
sample that has been heated at 50 °C/h to 300 °C and held
at this temperature for 10* s, as shown in Fig. 5a. The
dispersoids at (sub)grain boundaries will definitely sup-
press nucleation if one assumes that abnormal subgrain
growth is the main “nucleation” mechanism during static
recrystallization. Actually, recrystallization did not initiate
even when the sample was further annealed at 300 °C until
10° s (see Fig. 5b). An interesting question to ask here is
what will happen if we suddenly increase the annealing
temperature for samples where (sub)grain boundaries ini-
tially are strongly pinned by dispersoids.

The samples of A3.0 heated at 50 °C/h to 300 °C and held
for 10* s, where dispersoids are abundantly present at most of
the (sub)grain boundaries (see Fig. 5a), were further annealed
at 500 °C for 5 s. An almost fully recrystallized state was
reached, with only a few non-recrystallized regions left as
pointed out by black arrows in Fig. 6a. The recrystallized

@ Springer

grains are clearly larger and more elongated along the RD as
compared to the case of direct annealing in a salt bath at
500 °C for 5 s as shown in Fig. 6b. The average grain sizes
were 31 and 19 pm for the samples after a two-step annealing
and single-step annealing at 500 °C for 5 s, respectively.

Discussion

It is well known that decreased grain boundary mobility and
slow nucleation rate, together with large amount of fine
dispersoids jointly lead to slow recrystallization kinetics
during annealing at low temperatures of supersaturated
AA3xxx alloys. In order to identify the main mechanism
behind the slow recrystallization for each of the conditions
presented in “Results” section, a careful discussion is pre-
sented below with respect to the key aspects associated with
sluggish recrystallization, i.e. incubation time, solute drag,
and Zener drag. Possible ways to address these aspects in
numerical modelling of sluggish recrystallization are also
suggested.
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Fig. 4 EBSD maps showing the microstructures of A1.6 samples annealed at different conditions a 7 = 400 °C@100 s; b 7 = 400 °C@200 s;
¢T=450°C@5s;d T =450 °C@5 s + 400 °C@100 s (Color figure online)

The migration of low-angle (LAGB) and high-angle
grain boundaries (HAGB), which both involve thermally
activated jumps of atoms across the grain boundary, plays a
central role during the annealing of cold-deformed metals.
LAGB migration takes place during recovery and during
the nucleation of recrystallization, while migration of
HAGBs occurs both during and after primary recrystal-
lization [1]. The mobility of HAGB (M) follows an
Arrhenius-type relation with temperature

Mpure = My CXP(— R_QT>7 (1)

where M, is a pre-exponential factor, Q the apparent acti-
vation energy, R the gas constant, and T is the temperature.
The mechanisms of LAGB migration are much less under-
stood, but it is generally accepted that [1] (1) LAGB migrate
at a rate consistent with (1); (2) LAGB migration is con-
trolled by bulk diffusion processes; and (3) the boundary
mobility increases with crystallographic misorientation.

Solute elements have an enormous effect on boundary
migration and very small amounts of impurity may reduce
the mobility by several orders of magnitude [1, 21-25]. In
the current case, the mobility is mainly determined by the
different Mn concentrations (Xy,):

1 -1
M = ( + adragXMn> . (2)
pure

The drag effect from fine dispersoids on (sub)grain
boundary migration (migration velocity V) is usually
considered through the (sub)grain boundary mobility M
and effective driving pressure Pgg, as can be seen in (3). If
we assume that nucleation occurs through the growth of
certain subgrains with size and/or orientation advantage
[26], in the early stage of growth, the pinning pressure
(Pz), along with the capillarity term from Gibbs—Thomson
relationship (Pc), opposes the driving pressure (P) from
stored energy which always decreases during annealing
[1, 27].
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Fig. 5 The microstructure of A3.0 samples after annealing at
different conditions a BSE image showing the fine dispersoids
located at (sub)grain boundaries, the sample was heated at 50 °C/h to
300 °C and kept at this temperature for 10* s; b EBSD map showing
the non-recrystallized microstructure, the sample was heated at 50 °C/
h to 300 °C and kept for 10° s (Color figure online)

V = MPgy = M(P — Pc — Py), (3)

where P, (Eq. 4) is dependent on subgrain boundary
energy (y), volume fraction (f), and average size (r) of the
particles and Pc (Eq. 5) is related to both the subgrain
boundary energy (y) and the subgrain size (R):

_ 3
Pz = - (4)
pe =2, (5)

Similar analysis also holds for nucleation through sub-
grain bulging into the neighbouring grain at grain bound-
aries, where the subgrain size in (5) should be replaced by

@ Springer

Fig. 6 The microstructures of A3.0 samples annealed at different
conditions a EBSD map of A3.0 heated at 50 °C/h to 300 °C for 10* s
and then annealed at 500 °C for 5 s; b EBSD map of A3.0 sample
isothermally annealed at 500 °C for 5 s (Color figure online)

the critical nucleus size, and only the HAGB energy is
involved in (4) and (5). Equation (3) is most frequently
used for HAGB migration, but subgrain boundaries can
also be assumed to migrate according to this equation,
except that the HAGB energy and mobility should be
replaced by those valid for LAGB [1, 14, 28, 29]. Both
quantities in general are significantly lower for LAGBs
than for random HAGBs, and in particular the boundary
energy depends on the boundary misorientation according
to the Read—Shockley relationship [1] (i.e. increasing with
increasing misorientation). For nucleation through subgrain
growth to occur, it has, at the early stage of growth, to
overcome the combined retarding effect of the capillarity
term and a possible Zener pinning pressure, and the
boundary migration velocity should be V > 0. It is worth
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noticing that different Zener drag expressions have been
developed, depending on the shape [30], location [31] and
size distribution [32] of dispersoids, as well as the grain
size [33], as compared to randomly distributed dispersoids.
It should be mentioned that all these expressions are tem-
perature independent, i.e. they predict the same Zener drag
even if there is a sudden change of annealing temperature,
as long as the size and volume fraction of the particles are
unchanged (no dissolution or coarsening of particles).
Moreover, although formally and quantitatively different,
in most cases the magnitude of the Zener pressure is not
significantly altered using these more refined expressions.
In the present work, focusing on a qualitative analysis,
Eq. (4) is therefore still used, as basis for the detailed
discussion which follows below.

Incubation time

The B1.6 samples possess limited pre-existing dispersoids,
and concurrent precipitation during annealing is also fairly
weak (see Fig. 2b); for the purpose of simplification, we
can thus assume that P in (3) is negligible. It is clear from
(1) that the mobility of grain boundary decreases with
decreasing temperature. So the sluggish recrystallization
for this variant at 300 °C should be most likely related to
low grain boundary mobility or low nucleation rate. It is
noted that with an initial heating at 400 °C for 5 s, a large
number of recrystallized grains is produced, with a number
density of 5.9 x 10°’mm” (from Fig. 3b), and a fully
recrystallized state can be reached during subsequent
annealing at 300 °C within 100 s (see Fig. 3c). This
observation indicates that the sluggish recrystallization
kinetics of the B1.6 sample annealed at 300 °C cannot be
attributed to the low mobility of HAGB grain boundaries.
The sluggish recrystallization for B1.6 at this temperature,
on the other hand, is due to weak nucleation (number
density of recrystallized grains is only ~ 1.3 x 10*/mm?
after 100 s from Fig. 3a), which in this case most probably
is because the subgrain growth by LAGB migration is slow
which limits the creation of successful nuclei, see Eq. (3).
It is believed that the onset of recrystallization is controlled
by the conversion of the dislocation arrangement into a
subgrain structure, which would then provide a mobile
grain boundary to allow a nucleus to grow [13], which
corresponds to the incubation time for the onset of
recrystallization. The short time annealing at 400 °C serves
as a procedure to decrease the incubation time by accel-
erating the dislocation arrangement and subgrain growth,
which actually yields more recrystallized grains (the
number density increased from 5.9 x 10°/mm? in Fig. 3b
to 1.4 x 10%mm? in Fig. 3c) during the second step
annealing at 300 °C. Without this acceleration, the second
annealing step at 300 °C for 100 s gives rise no more than

~1.3 x 10*/mm?® of new grains, which is the number
density obtained when the sample was directly annealed at
300 °C for 100 s, as shown in Fig. 3a. The sluggish
recrystallization for this kind of behaviour can thus be
accounted for by numerical models [13, 14] through the
introduction of an incubation time. Decreasing the grain
boundary mobility in the model could possibly also fit the
softening kinetics at the beginning of recrystallization, but
it will definitely fail to predict the kinetics at later stages
(from 1000 to 10000 s for B1.6) when growth of nuclei is
dominating. It should be noted that our assumption that
LAGB mobility follows (1) might be acceptable for a
qualitative discussion, but this assumption is most likely
too restrictive for quantitative modelling, since detailed
experimental work has shown that LAGB and HAGB
mobilities can have a different temperature dependency
[34].

Moreover, as listed in Table 2, the incubation time
varies with annealing temperature, cold deformation, and
solute level. Recrystallization started at different times for
B1.6 annealed at 300 and 400 °C, where in the latter case
at 400 °C the incubation time is less than 5 s (see Fig. 3b)
while ~ 100 s at 300 °C (Fig. 3a). The shorter incubation
time at 400 °C for B1.6 is mainly due to subgrains growing
faster due to their increased boundary mobility (negligible
pinning force from fine dispersoids for both cases), which
leads to a rapidly decreasing Pc, i.e. subgrains grow faster
and more numerously overcome the critical size for
nucleation and become viable recrystallization nuclei, and
which further favours their growth. Increasing the cold
deformation also promotes shorter incubation times. As can
be seen from Fig. 2a, recrystallization initiated at about 5 s
for A3.0, while the incubation time was about 100 s for
Al.6. If we neglect the subtle variation of microchemistry
and subgrain size between these two samples, the increased
driving pressure (P) in Eq. (3) is responsible for the shorter
incubation time of A3.0. The different incubation times
(ta1.6 > tB1.¢) during annealing of A1.6 and B1.6 at 400 °C
can be attributed to the different solute levels of Mn. The
significant supersaturation of Mn in Al.6 (see Fig. 2b)
diffuses to create fine dispersoids at (sub)grain boundaries
and thus providing a substantial retarding force P, causing
a reduced Pggr in Eq. (3). Also Mn in solid solution will

Table 2 The approximate incubation time for different isothermal
annealing conditions

Condition Incubation time (s)
A1.6, annealed at 400 °C ~ 100

A3.0, annealed at 400 °C ~5

B1.6, annealed at 300 °C ~ 100

B1.6, annealed at 400 °C ~5
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retard the recovery process through a solute drag effect on
the subgrain boundaries. Both factors act to delay the
formation of critically sized subgrains as potential nuclei

[1].
Solute drag and Zener pinning

Slow recrystallization kinetics was also obtained for sam-
ples of A1.6 annealed at 400 °C, as shown in Fig. 2a. Even
though it was annealed at a temperature 100 °C higher than
B1.6 (300 °C), similar recrystallization kinetics was still
observed for these two cases (Fig. 2a). Since the applied
strain is the same, and the grain boundary mobility
according to Eq. (1) (considering just the temperature
effect) in principle is higher for the A1.6 sample, it should
result in faster recrystallization for Al.6, if the micro-
chemistries of A1.6 and B1.6 are the same. However, at
least two factors are involved which may help in under-
standing the sluggish recrystallization behaviour of the
A1.6 sample annealed at 400 °C. Firstly, the microchem-
istry is not the same as the solute level of Mn in Al.6 is
much higher than that of B1.6. If we assume that other
alloying elements affect both A1.6 and B1.6 equally, we
have according to Eq. (2) a lower boundary mobility for
the recrystallized grains of Al.6, due to its higher solute
level (Xyn). Secondly, as shown in Fig. 2b, the electrical
conductivity increased by 1.5 m/Qmm? during annealing
for 100 s at 400 °C, which is an indication of significant
concurrent precipitation, and Pz is no longer negligible.
The drag effect from fine dispersoids on grain boundary
migration (migration velocity V) expressed through the
drag force P, thus reduces the net driving pressure
according to Eq. (3).

From the above analysis, it is not surprising that A1.6
recrystallized much more slowly than B1.6 (see the black
and blue lines in Fig. 2a) at 400 °C. Additional two-step
annealing experiments as illustrated in Fig. 1b were also
conducted to further investigate the sluggish recrystalliza-
tion behaviour for the A1.6 sample. The short time (5 s)
annealing at 450 °C indeed produced a noticeable number
of nuclei in the sample of Al.6, as shown in Fig. 4c. It
should be noted that these nuclei/grains are more or less
randomly distributed, with average size of 5 pym and
number density of ~1.7 x 10%/mm? When the sample
was subsequently annealed at 400 °C for another 100 s,
~16 % of the material was recrystallized as compared to
~4 % for the sample subjected to the single-step annealing
at 400 °C for 100 s. If we neglect the microchemistry
changes in terms of solute level and second-phase particle
structures during the short annealing time at 450 °C, it can
be assumed that the solute drag and Zener drag from dis-
persoids for the two samples presented in Fig. 4a, d are
similar, and the main difference is the amount of nuclei
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(recrystallized grains) created during the first high tem-
perature annealing step. After the second annealing step at
400 °C for 100 s (see Fig. 4d), the number density of
recrystallized grains decreased to ~ 1.4 x 10°/mm?, while
the average grain size of recrystallized grains of the par-
tially recrystallized grain structure reached 16 um. A
similar decrease in number density of recrystallized grains
was also observed when increasing the annealing time from
100 s (0.8 x 10°/mm?, Fig. 4a) to 200 s (0.5 x 10°/mm?,
Fig. 4b) during isothermal annealing at 400 °C. Even
though the available data may not be statistically reliable, it
is still reasonable to assume that some of the recrystallized
grains formed at early recrystallization stages, when the
amount of concurrently precipitated dispersoids was still
limited, did not grow further, possibly due to the increased
pinning pressure from continuously precipitated fine dis-
persoids at later stages. The influence of this latter pinning
force on the recrystallized grain boundaries was regarded
as a negligible effect on the recrystallization kinetics in the
model and modelling work presented in [12], and it is
possibly also the reason why a steeper than experimental
recrystallization kinetics curve was predicted when
annealing a hot-rolled (¢ = 0.69) AA3103 at 375 °C in
their case. The reason why still a significant fraction of the
recrystallized grains formed after annealing at 450 °C for
5 s can continue to grow at the lower annealing tempera-
ture is most probably due to fluctuations in size and, thus in
Pc.

Temperature-dependent effective retarding force

When substantial precipitation occurs before the onset of
recrystallization at low annealing temperature, as shown in
Fig. 5a for the A3.0 sample, recrystallization can be totally
suppressed (see Fig. 5b) if the sample is kept at this low
temperature. In this case, most of the subgrains are pinned
by fine dispersoids and thus not able to grow to overcome
the combined opposing effect of the capillarity force and
Zener drag (Pgg = 01in Eq. (3)). However, if this sample is
further annealed for a short time at a higher temperature (in
this case, 5 s at 500 °C), nucleation can still be activated
and recrystallization has almost completed within this short
time of annealing, as shown in Fig. 6a. The question is how
can we explain the fact that recrystallization can be re-
activated (not to mention almost fully recrystallized) when
a sample initially pinned by dispersoids (see Fig. 5a) is
further annealed at 500 °C for 5 s. One may argue that the
effective driving force Pgg is just very small (at least for
some of the subgrains), but still positive after the first
annealing step (heating at 50 °C/h to 300 °C and kept for
10* s). The sudden increase of annealing temperature sig-
nificantly increases the subgrain boundary mobility M and
the accompanying subgrain boundary migration velocity,



J Mater Sci (2016) 51:1632-1643

1641

and thus provides a significant amount of subgrains (within
a reasonable time) to overcome the critical size for growth
(Pgge > 0) in (5), i.e. successful nucleation. However, as
Pggr in principle should decrease when switching to a
higher annealing temperature, as discussed further below,
the net effect of an increased mobility M and decreased
Pggr on subgrain boundary migration V is not obvious.

It is evident from Fig. 5a, i.e. when the sample was
heated at 50 °C/h to 300 °C and kept at this temperature for
10* s, that most of the grain/subgrain boundaries are pin-
ned by precipitated fine dispersoids. Actually, if some of
them are able to move slowly, one should be able to
observe some dispersoids behind the moving boundaries of
these subgrains, which does not seem to be the case
according to Fig. 5a. It is thus reasonable to consider
P = 0 before the annealing at 500 °C for 5 s. In order to
provide Pgg > 0, we should either have a larger driving
pressure (P) or decreased opposing pressure (through Pc
and/or Pyz), regardless of the subgrain mobility. When
switching to higher annealing temperatures, driving pres-
sure P obviously cannot increase, and the subgrains are not
able to grow since their boundaries are pinned by fine
dispersoids, i.e. a stabilized subgrain structure with a fixed
average subgrain size, which leaves P unchanged. Also, it
is not expected that the fine dispersoids can grow or dis-
solve significantly within only 5 s at 500 °C. Actually, as
shown in Fig. 7b, fine dispersoids can still clearly be
observed both within the recrystallized grains as well as at
the growing front of the recrystallizing grains. In the pre-
sent study, the A3.0 sample was previously annealed at
300 °C for 10* s which expectedly should have signifi-
cantly reduced the dislocation density in the deformed
structure, at the same time, the average size of the pre-
cipitates after this long annealing time is quite large
(~50 nm), presumably large enough to avoid being dis-
solved in 5 s at 500 °C. For the samples of A series, it has
been shown that the EC keeps increasing either during
isothermal annealing at 500 °C [7] or non-isothermal
annealing at 50 °C/h up to 500 °C [9], i.e. there are no
indications of dissolution of particles (decreasing of EC)
after annealing for 5 s at 500 °C. Careful measurement
from BSE micrographs before (see Fig. 5a) and after short
time high temperature annealing (see Fig. 7) reveals that
the average size of the precipitates are similar (~50 nm),
which is obviously above the detection limit of the BSE
detector (~ 10 nm) and implies there is no coarsening
either. Strictly speaking, since static recovery does not
need an incubation time, annealing at a higher temperature
for a short time will actually contribute to a somewhat
higher subgrain boundary energy (y) due to an increased
boundary misorientation caused by recovery [1]. Recovery
should thus in principle lead to a decreased P and increased
P (according to (4)) and P¢ (according to 5), all of which

Fig. 7 BSE images showing the microstructures of A3.0 samples
heated at 50 °C/h to 300 °C for 10* s and then annealed at 500 °C for
5 s a An overview of the microstructure, the white arrow showing the
small fraction of non-recrystallized area (see Fig. 6a); b High-
magnification image showing GB being dragged by dispersoids as
pointed out by white arrow

provide a reduced Pgg which should make the formation of
recrystallization nuclei even more difficult. This is clearly
not consistent with our experimental observations, which
show that the short time annealing at 500 °C actually lead
to almost full recrystallization. One possible explanation is
related to the effect of solutes, as assumed in the present
paper, the main influence of solutes is mostly considered to
be on the grain boundary mobility [1]. But solutes may
have a strong influence on opposing the recovery processes
(in terms of subgrain growth) and thus affect the driving
force for recrystallization, i.e. another retarding pressure
due to solute drag (Py,) should be added in (3) [1, 35]. The
fact that adding the solute drag as a retarding force helps
give a more accurate prediction of recrystallization process
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that was documented in [36]. The solute drag, however,
becomes less effective at high temperatures [1, 22], which
then explains why the sudden increase of temperature can
lead to Pggr > 0. It may also be speculated that the actual
Zener drag (Pz) in (3) is decreased at higher temperatures,
which indicates that the classical expression for Py
(Eq. (4)), not explicitly dependent on temperature, should
be modified to account for such a decreased P at higher
annealing temperatures. Once the Zener drag becomes less
effective (lower value of Pz), the subgrains start growing
(V> 0), Pc also decreases (~ 1/R), and nucleation can be
activated. A quantitative calculation of the effective driv-
ing force based on the experimental results was discussed
in [8], where it was found that the calculated driving force
was still larger than the opposing forces at sluggish
recrystallization conditions (low annealing temperatures).
This also suggests that the Zener pinning force might be
temperature dependent and it is larger than the calculated
value according to (4) at low annealing temperatures.

Clues for coupled recrystallization and precipitation
models

From the above analysis, it is obvious that numerical
models that couple precipitation and recrystallization are
needed for giving adequate predictions of the microstruc-
ture evolution during sluggish recrystallization. Our
experimental results provide valuable information for
numerical modelling of sluggish recrystallization of high
stacking fault energy particle-containing materials, which
can be summarized as follows:

1. In conditions for sluggish recrystallization, a distinct
incubation time before the onset of recrystallization is
commonly observed. This implies that site-saturated
nucleation (i.e. a certain number density of nuclei all
start to grow at t = 0), a commonly used assumption in
many recrystallization models [1, 37], is clearly not
consistent with reality for these conditions.

2. For the same material, the recrystallization kinetics can
change significantly if the microchemistry in terms of
solute level and second-phase particle structure is
altered. A fully adequate model should thus be able to
consider the microchemistry evolution during the
annealing process.

3. Numerical models with physically based nucleation
laws designed for non-isothermal or variable condi-
tions should be able to consider a time dependent and
possibly also a temperature-dependent effective retard-
ing force from solute and/or particles, a solute drag-
dependent grain boundary mobility, cell structure
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evolution, as well as suppressed nucleation by concur-
rent precipitation at (sub)grain boundaries.

Conclusions

In this study, the sluggish recrystallization behaviour of a
cold-rolled Al-Mn-Fe-Si alloy has been investigated.
Experiments were conducted at carefully chosen thermo-
mechanical conditions such that sluggish recrystallization in
three different scenarios can be analysed, i.e. (i) recrystal-
lization without precipitation; (ii) recrystallization concur-
rently with precipitation; and (iii) precipitation before the
onset of recrystallization. Meanwhile, some simple comple-
mentary experiments were also performed to make compar-
isons with the above-mentioned ones. Distinctly different
recrystallization behaviours have been observed when the
microchemistry of the materials and the annealing conditions
are changed. The following conclusions can be drawn:

1. In conditions for sluggish recrystallization, a distinct
incubation time before the onset of recrystallization is
commonly observed. The incubation time is found to
decrease with annealing temperature and cold defor-
mation, and to increase with initial solute level. This
implies that the site-saturated nucleation assumption
often used when modelling recrystallization in alu-
minium alloys is not appropriate for these conditions.

2. Higher solute levels lead to slower recovery, lower
(sub)grain boundary mobility, and higher potential for
concurrent precipitation, all of which combine together
to produce a sluggish recrystallization behaviour.

3. When precipitation occurs concurrently with recrys-
tallization, it not only retards the grain boundary
migration of recrystallized grains but also significantly
decreases the nucleation rate.

4. Strongly pinned subgrains can be activated for further
growth at higher annealing temperatures, while the
growth of successful nuclei can still be suppressed by
further concurrent precipitation at lower annealing
temperatures.

5. Qualitative analysis of the microstructure evolution
after sudden increase of annealing temperature sug-
gests that the effective retarding force from solute and/
or particles decreases at higher temperatures, which
should be considered for analysing and modelling of
sluggish recrystallization.
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