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A B S T R A C T

The recrystallized grain size and texture in alloys can be controlled via the microchemistry state during
thermomechanical processing. The influence of concurrent precipitation on recovery and recrystallization
is here analyzed by directly correlating (sub)grains of P, CubeND and Cube orientation with second-phase
particles in a cold-rolled and non-isothermally annealed Al–Mn alloy. The recrystallized state is dominated
by coarse elongated grains with a strong P, weaker CubeND and even weaker Cube texture. The correlated
data enables orientation dependent quantification of density and size of dispersoids on sub-boundaries and
of subgrains in the deformation zones around large constituent particles. A new modified expression for
the Smith–Zener drag from dispersoids on sub-boundaries is derived and used. The results show that drag
on (sub)grain boundaries from dispersoids is orientation dependent, with Cube subgrains experiencing the
highest drag after recovery and partial recrystallization. The often-observed size advantage of Cube subgrains
is not realized due to increased drag, thereby promoting particle-stimulated nucleation (PSN). Relatively
fewer and larger dispersoids in deformation zones around large particles give a reduced drag on PSN nuclei,
further strengthening PSN. Observations substantiating stronger P texture compared to CubeND texture are
higher frequency of P subgrains and faster growth of these subgrains. The applied methodology enables a
better understanding of the mechanisms behind the orientation dependent nucleation and growth behavior
during recovery and recrystallization with strong concurrent precipitation in Al–Mn alloys. In particular, the
methodology gives new insights into the strong P and CubeND textures compared to the Cube texture.
1. Introduction

Al–Mn AA3xxx alloys are widely used in a broad range of products
including beverage cans, automotive heat exchangers and packaging,
where tailoring the grain size and texture during thermomechani-
cal processing is key to achieve desired properties [1]. Second-phase
particles usually form in these alloys during casting, while a high
concentration of alloying elements might remain in solid solution and
precipitate during subsequent heat treatments. During back annealing
after hot and cold rolling, large constituent particles (≳1 μm) may
promote recrystallization by particle-stimulated nucleation (PSN) [2,3],
while closely spaced fine dispersoids (sub-micron) may retard or even
inhibit the transformation by pinning (sub)grain boundaries via Smith–
Zener pinning [4–6]. When precipitated prior to or during recovery
and recrystallization, the latter termed ‘concurrent precipitation’, these
dispersoids often result in slow recrystallization kinetics and coarse
elongated grains [7–12]. The final recrystallization texture after strong
PSN is usually weak, but with concurrent precipitation, unusually sharp
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P (typically {011}⟨5̄6̄6⟩) and ND-rotated cube ({001}⟨310⟩, CubeND)
textures have been observed [9–12]. This strong P texture in particu-
lar is generally attributed to P (sub)grain boundaries experiencing a
reduced Smith–Zener drag compared to those of CubeND and Cube
({001}⟨100⟩) (sub)grains. This assumption is based on extensive but
indirect observations, where typically the microchemistry, in terms of
number density and particle size, and the microstructure, in terms of
grain size and texture, are analyzed separately.

Recently, the present authors demonstrated an experimental proce-
dure to directly correlate (sub)grains and particles in a recovered Al–
Mn alloy [13]. The procedure enables correlated analysis of subgrains
in deformation zones surrounding constituent particles and dispersoids
located at (sub)grain boundaries. In this work, this procedure is used
to study the effect of large constituent particles and fine dispersoid
particles on (sub)grains from the as deformed state to partial recrystal-
lization with concurrent precipitation in a cold-rolled Al–Mn alloy. The
investigated alloy is the same as the one studied by Huang et al. [10,12]
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(termed ‘C1’ by them), in which they observed the unusually sharp
P texture upon non-isothermal annealing with significant concurrent
precipitation. By using the same thermomechanical processing as them
from deformation to full recrystallization, the objective of this work is
to quantify the orientation dependent effects of particles on (sub)grains
during recovery and recrystallization with concurrent precipitation. It
is demonstrated that these data can provide insight into the mecha-
nisms behind the strong P and CubeND textures compared to the Cube
texture with concurrent precipitation in Al–Mn alloys.

2. Experimental methods

The Al–Mn alloy supplied by Hydro Aluminium is direct-chill cast
and has a composition of Al–0.53Fe–0.39Mn–0.152Si wt.%. It is ho-
mogenized in an air-circulation furnace from room temperature to
450 °C at a heating rate of 50 °Ch−1, held for 4 h and then water
quenched. The homogenized material is cold-rolled to a true strain of
𝜀 = − ln(ℎ∕ℎ0) = 3, corresponding to a reduction in thickness ℎ of
95%. The material is finally annealed in an air circulation furnace at
a heating rate of 50 °Ch−1, with samples retrieved at intervals of 50 °C
up to 400 °C.

The recrystallization kinetics are characterized by measuring the
electrical conductivity, hardness and macrotexture of the samples in-
cluding the as deformed material. These measurements are performed
on the sample surface spanned by the rolling direction (RD) and the
transverse direction (TD). The hardness HV is measured with a Leica
Pros VMHT Vickers indenter with a load of 1 kg and a dwell time of 15 s,
nd the hardness per sample is an average of ten measurements with
n uncertainty of two standard deviations. The electrical conductivity
s measured with a Foerster Sigmatest 2.069 tester, and the conductivity
er sample is an average of 30 measurements with an uncertainty
f two standard deviations. The macrotexture is measured with X-ray
iffraction (XRD) using a Siemens Diffractometer D5000 with a copper
node operated at 40 kV and a measurement spot with a diameter of
bout 2mm. Samples are prepared for macrotexture measurements by
echanical polishing, etching in Alubeis (a mixture of 10%–20% NaOH

nd sugar) and final etching in 20%–30% HNO3. Four incomplete
ole figures {111}, {200}, {220} and {311} of Al, after correction
ith respect to background intensity and defocusing error, are used

o calculate the orientation distribution function (ODF) using MTEX
5.8 [14]. Volume fractions, of typical texture components in cold-
olled and recrystallized Al, are then calculated using an orientation
pread of 15° from the ideal orientation and an orthorhombic sample
ymmetry valid for cold-rolled samples. The typical texture components
n cold-rolled Al are copper ({112}

⟨

111̄
⟩

, C), S ({123}⟨634⟩) and brass
{011}

⟨

21̄1
⟩

, B), which make up the 𝛽-fiber [5]. The recrystallization
exture components of interest in this work are the mentioned Cube,
ubeND and P. The total volume fraction can be higher than 100%
ince the 15° spread leads to overlapping regions in orientation space
or some texture components.

SEM measurements are performed on the sample surface spanned by
he RD and the normal direction (ND). The sample embedded in epoxy
s mechanically polished using diamond paste down to 1 μm grain size,
ollowed by vibration polishing in a Buehler VibroMet 2 using colloidal

silica of 0.05 μm grain size. The final deformed surface layer is removed
ith ion polishing in a Hitachi IM-3000 using Ar+ ions accelerated to

3 keV with the sample tilted 60° from the horizontal and rotating. The
ample is plasma cleaned with a Fischione 1020 prior to insertion in the
EM. This sample preparation was chosen because it provides a sample
urface sufficiently free of deformation for EBSD analysis, while only a
imited number of particles are visibly removed from it.

Particles are detected in backscatter electron (BSE) images with a
esolution of about 0.026 μm, acquired in a Zeiss Ultra 55 FEG SEM
perated at 5 kV. A particle detection procedure for the sample at
2

00 °C is described by the authors in Ref. [13]. In order to achieve
atisfactory quantitative particle detection from BSE images with vary-
ng intensity distributions, some modifications to this procedure are
equired. To obtain comparable intensity distributions, intensities in
ll images are matched using histogram matching to the intensities
n a BSE image obtained at 300 °C. Furthermore, instead of detecting
articles via region-based segmentation, large and small particles are
etected in two separate images using automatic thresholding. Larger
articles are detected in the histogram matched image after applying
olling ball averaging with a ball radius of one pixel, effectively blurring
ut the small particles. Smaller particles are detected in the image
btained from subtracting the rolling ball averaged image from the
istogram matched image, effectively masking out the larger particles.
fter thresholding, these two images are combined into the final binary
article map, where any incorrectly detected particles are removed as
escribed in Ref. [13]. Image processing is done with ImageJ [15].

(Sub)grain orientations and sizes are mapped using electron
backscatter diffraction (EBSD) from the same regions of interest (ROIs)
as the BSE images. The same SEM as for particle detection is used,
but operated at 17 kV with a sample tilt of 70° and a nominal step
size of 0.1 μm. EBSD patterns are acquired with a NORDIF UF-1100
etector with a binning factor of 5, 6 or 8 to pattern resolutions of
96 × 96), (80 × 80) or (60 × 60) pixels, respectively, with acqui-
ition speeds in the range of 70–350 patterns s−1. These acquisition
arameters are chosen to provide a sufficient signal-to-noise ratio on
he detector within a reasonable acquisition time. Patterns are indexed
s Al (space group 𝐹𝑚3̄𝑚, 𝑎 = 0.404 nm) by dictionary indexing [16]
ollowed by refinement as implemented in kikuchipy v0.6 [17,18],
sing a dynamical master pattern simulated with EMsoft v4.3 [19]. An
verage projection center (PC) for each dataset is obtained by Hough
ndexing of (240 × 240) pixel calibration patterns with PyEBSDIndex
0.1 [20].

In order to analyze particles and (sub)grains from the same ROI in
he same reference frame, the EBSD and particle maps are overlapped
ia image registration as described in Ref. [13], accounting for the dif-
erent step sizes and any distortions in the EBSD map. Three multimodal
atasets are thus obtained from each condition of interest, covering a
otal area of 0.020–0.028 mm2 per condition. Orientations are analyzed
ith MTEX [21] as detailed in Ref. [13]. No averaging or clean-up of
rientations is required even in the datasets of the as deformed state,
s dictionary indexing is capable of indexing EBSD patterns with a
elatively low signal-to-noise ratio [22]. The particle map is used to
reate a ‘dual phase’ dataset to distinguish between points with Al
nd points with particles. Reconstructed (sub)grains are classified by
exture component based on the lowest misorientation angle between
he (sub)grain mean orientation and the components’ ideal orientations
ithin a misorientation angle threshold of 15°. (Sub)grains outside the

hreshold are considered ‘random’. As with the macrotexture measure-
ents, an orthorhombic sample symmetry is assumed when classifying

sub)grains. (Sub)grain sizes 𝐷 and particle sizes 𝑑 are given as equiv-
lent circular diameters 0.816 ⋅ 2 ⋅

√

𝐴∕𝜋, where 𝐴 is the (sub)grain or
particle area. The prefactor follows from considering that the observed
2D plane cuts 3D particles at random [5]. An example of a small part
of a BSE image and the resulting multimodal dataset are shown in
Fig. 1(a) and (b) respectively, where particles possibly smaller than
the EBSD step size are included in the same dataset as (sub)grains and
boundaries. Overviews of all multimodal datasets used in this paper
are given in Figs. S1–S4 in the supplementary material. The raw EBSD
datasets and BSE images are available from Zenodo [23].

3. Results

3.1. Recrystallization kinetics

The changes in electrical conductivity (EC) and hardness as a func-
tion of the non-isothermal annealing temperature are shown in Fig. 2(a)
with the rate of change in (b, c). The material starts to recover above
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Fig. 1. An example of a small region of a multimodal dataset obtained following a
procedure similar to the one reported in Ref. [13], where detected particles in a BSE
image (a) are marked in an EBSD map (b) which is corrected for distortions. The
multimodal dataset contains (sub)grains classified by texture component, low-angle or
high-angle boundaries (LAGB or HAGB) between subgrains, larger constituent particles
and smaller dispersoid particles, some of which are located at boundaries as highlighted
in the inset.

200 °C and is fully recrystallized above 350 °C, at which point it has
a coarse elongated grain structure. BSE imaging and EBSD show no
clearly recrystallized grains at 300 °C, but that the material is partly
recrystallized at 325 °C. This indicates that recrystallization starts just
above 300 °C. The general increase in conductivity with annealing is ev-
idence of precipitation concurrent with recovery and recrystallization,
with an increased rate during recovery from 200 °C to 300 °C and an
even higher rate during recrystallization from 300 °C to 350 °C. Minimal
precipitation is observed after recrystallization has completed. To check
the possibility for further precipitation, the conductivity is measured of
the material non-isothermally annealed to 400 °C, and then held at that
temperature for 105 s. The conductivity after this holding time increased
by (1.23 ± 0.04)mΩ−1 mm−2, i.e. some further precipitation occurred.
This shows that what is practically a stop in precipitation after complete
recrystallization is temporary, and that further annealing at higher
temperatures for longer times is required to continue the precipitation.
A similar behavior was observed by Vatne et al. [7] in an AA3103
alloy where precipitation occurred primarily during recrystallization,
irrespective of the isothermal annealing temperature. They argued that
this indicated that precipitation was not diffusion controlled, but that
elements in solid solution precipitated on the moving boundaries of
recrystallized grains, a description which fits the precipitation behavior
observed here as well.

The XRD macrotexture volume fractions 𝑀i per texture component
are plotted as a function of annealing temperature in Fig. 3. As expected
for cold-rolled Al, the as deformed microstructure is characterized
by a strong 𝛽-fiber texture running from the C component over S
to B. Upon recrystallization, this deformation texture is superseded
by a recrystallization texture dominated by the P, CubeND and Cube
components. The ratios of P to CubeND and Cube volume fractions after
recrystallization at 400 °C are about 1.9 and 2.3, respectively.

The as deformed state, softening and precipitation behavior and
recrystallized grain structure and texture are all comparable to those
observed by Huang et al. [10,12] for the same alloy and thermome-
chanical processing. Their final recrystallization texture was charac-
terized after non-isothermal annealing to 400 °C followed by an addi-
tional holding time of 105 s at the same temperature. The P texture
was reported to be about 4 and 6.7 times stronger than CubeND
and Cube, respectively. The relatively stronger P texture reported by
them compared to the present strength is assumed to be a result of
grain coarsening following primary recrystallization. These compar-
isons show that recovery and recrystallization in the alloy in this work
is similar to that reported by Huang et al.. This allows us to draw
from their characterization of the recrystallized material, and instead
focus on the causes of the dominating P texture after recovery and
recrystallization with significant concurrent precipitation. To that end,
four conditions of interest are selected for detailed analysis of particles
and (sub)grain statistics, namely the as deformed state and the material
3

Fig. 2. Recrystallization kinetics of the cold-rolled and non-isothermally annealed
Al–Mn alloy. (a) Electrical conductivity (EC, left) and hardness (right) and their
rate of change in (b) and (c), respectively. The temperature intervals for recovery
and recrystallization (RX) are highlighted in light and darker gray, respectively.
Four conditions selected for detailed analysis of particle and subgrain statistics are
highlighted in bold vertical lines. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 3. XRD macrotexture volume fractions 𝑀i per texture component in the cold-rolled
and non-isothermally annealed Al–Mn alloy. Volume fractions are given as a function
of annealing temperature from the as deformed (‘Def.’) to after the fully recrystallized
state. The temperature intervals for recovery and recrystallization (RX) are highlighted
in light and darker gray, respectively. Four conditions selected for detailed analysis of
particle and subgrain statistics are highlighted in bold vertical lines. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

before recovery at 175 °C, after recovery at 300 °C and after partial
recrystallization at 325 °C. These conditions are highlighted by bold
vertical lines in Figs. 2 and 3.

3.2. Precipitation kinetics

Before correlating particle locations with (sub)grains and (sub)grain
boundaries, the precipitation kinetics and subgrain growth from the
four analyzed conditions are presented separately. The changes in
particle volume fraction 𝑓V as estimated from the surface area fraction,
the number of particles per area 𝑛s and the area weighted particle size
𝑑A from the as deformed to the partly recrystallized state are shown
in Fig. 4. Values are presented for all particles, constituent particles
and dispersoid particles. Particles with sizes 𝑑 in the range 0.03–0.24
μm are classified as dispersoids based on the approximately bimodal
particle size distributions in all conditions (Fig. S5 in the supplementary
material). The critical lower diameter of particles considered to be
potential nucleation sites for recrystallized grains, i.e. contributing to
PSN and in the following labeled ‘constituent’, after rolling to 95% is
about 1 μm [2]. The lower diameter threshold for constituent particles
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Fig. 4. Precipitation kinetics of the cold-rolled and non-isothermally annealed Al–Mn alloy. (a) Volume fraction 𝑓V, (b) number density 𝑛s with 95% confidence intervals and
(c) area weighted particle size 𝑑A with 95% confidence intervals as a function of annealing temperature from the as deformed (‘Def.’) to the partly recrystallized state for all,
onstituent and dispersoid particles separately. In (b), the number density of all particles is omitted, and the confidence intervals are so narrow they do not show. Note the broken
ertical axes in (b, c).
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sed here is 0.8 μm due to the stereological considerations mentioned
t the end of Section 2. In each condition, the total number of par-
icles, constituent particles and dispersoids ranges from about 68 000

to 118 000, 150 to 300 and 45 000 to 71 000 for the three populations,
respectively. The volume fraction 𝑓V of all particles is about 2%, and is
approximately the same for all particles and constituent particles in the
as deformed and the partly recrystallized state. The drop in 𝑓V at 300 °C
seen in Fig. 4 results from fewer detected constituent particles, which
is most likely due to their partial inhomogeneous dispersion in the de-
formed material. The number density 𝑛s and size of constituent particles
re approximately constant during recovery and recrystallization (gray
anges in Figs. 2 and 3). The volume fraction of dispersoids increases
uring recovery and substantially during recrystallization, in line with
ncreases in the rate of change of conductivity in Fig. 2(b). The increase
n 𝑓V during recovery results from coarsening of dispersoids, giving
n increased average dispersoid size. The substantial increase in 𝑓V
uring recrystallization results mainly from increased precipitation, as
vident from the increased 𝑛s. The increased 𝑛s during recrystallization
orresponds to a reduced average dispersoid size.

To assess whether PSN nuclei experience a reduced Smith–Zener
rag from dispersoids in the initial stages of recrystallization, the
umber of dispersoids per area 𝑛s in an area a certain distance from
onstituent particles, often called the dispersoid-free zone [9,24], rel-
tive to 𝑛s elsewhere is calculated. The relative density in the area
xtending 0.5 μm out from constituent particles is about 95% before
ecovery and drops to about 80% after partial recrystallization. When
xtending the area out to 1 μm, there is no clear difference in 𝑛s close
o constituent particles and elsewhere. Furthermore, dispersoids in
he area out to 0.5 μm have a diameter about 1.5 times greater than
ispersoids elsewhere. These results indicate that while the area within
.5 μm of constituent particles is not free of dispersoids, subgrains in
his area experience a reduced Smith–Zener drag upon growth since
hey encounter fewer and larger dispersoids than subgrains elsewhere.

.3. Subgrain growth

Changes in subgrain volume fraction 𝐹V, number of subgrains per
rea 𝑁s and the area weighted subgrain size 𝐷A from the as deformed
o the partly recrystallized state are shown in Fig. 5 per texture com-
onent and for all other subgrains, labeled ‘random’ subgrains. In each
f the four conditions, the total number of subgrains analyzed ranges
rom about 60 000 in the as deformed state to about 10 900 in the partly
ecrystallized state. Recrystallized grains in the partly recrystallized
tate are excluded from this analysis. A recrystallized grain is classified
s having a grain size 𝐷 > 4 μm, a grain orientation spread <1° and with
50% of its boundary having a misorientation angle 𝜔 > 15°, which is
onsidered a high angle grain boundary (HAGB). In the as deformed
tate, there are mostly subgrains of deformation orientations, labeled
deformation’ subgrains, and random subgrains. Both the volume frac-
ion 𝐹 and number density 𝑁 of P subgrains are two and five times
4

V s
igher than that of CubeND and Cube subgrains, respectively. This
ndicates that the P texture has a frequency advantage. All subgrains are
f a similar size [Fig. 5(c)], except for the deformation subgrains which
re much larger. This is due to their location in deformation bands of
imilar orientations extending in the rolling direction. With annealing,
he volume fractions of deformation and random subgrains stay approx-
mately constant, while their number densities decrease after recovery
nd partial recrystallization. The volume fractions of subgrains of re-
rystallization orientations, labeled ‘recrystallization’ subgrains, are all
etween 0.5%–2% until partial recrystallization. While their volume
ractions are comparable at this condition, the number density of P
ubgrains remains higher than the number densities of CubeND and
ube subgrains. All subgrains apart from deformation subgrains grow in
ize during recovery and recrystallization. The P and CubeND subgrains
re the smallest in the partly recrystallized state.

.4. Effects of constituent particles on subgrains

Since the particles and subgrains making up the above statistics in
igs. 4 and 5 are acquired within the same regions of interest, they
an be combined into multimodal datasets [13]. Each map point in the
atasets contains parts of a particle and its size, including those smaller
han the EBSD step size, or an Al orientation if there is no particle there.
he location and area of effect of larger particles are more challenging
o characterize in spatially correlated 2D maps compared to smaller
articles. This is because it is possible that a large particle is located
eneath or was located above the polished surface, and thus might have
ffected the (sub)grains on the analyzed surface. Zhang et al. discussed
his scenario when they spatially correlated recrystallization nuclei and
articles in a multimodal 3D dataset from an Al–Mn alloy cold-rolled
nd annealed to partial recrystallization [25]. They observed that the
raction of nuclei at clusters or bands of large particles was underesti-
ated from a single 2D slice compared to the fraction from the full 3D
ataset. To avoid that this underestimation affects the analysis in this
ork, the potential of PSN is compared between subgrain populations
nly and not to effects of other nucleation mechanisms.

A subgrain is considered to be at a constituent particle if one or
ore of its neighboring map points is a constituent particle. Changes

n the number of subgrains at constituent particles per texture com-
onent, from the as deformed to the partly recrystallized state, are
iven in Fig. 6(a). There are more random subgrains than deformation
ubgrains here, even though there are more of the latter in the overall
icrostructure [Fig. 5 (a, b)]. A wide range of random subgrains in

he deformation zones around large particles is common in cold-rolled
l alloys with such particles [5,26]. This means that a strong PSN
ffect, without orientation dependent pinning of (sub)grain boundaries,
sually results in a weak recrystallization texture. This weak texture
s a result of a large amount of randomly oriented grains and only a
light preference of CubeND and P grains [26,27], and certainly not one
ominated by P and CubeND as observed in this alloy both here and in
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Fig. 5. Subgrain statistics in the cold-rolled and non-isothermally annealed Al–Mn alloy. Values are shown per texture component from the as deformed (‘Def.’) to the partly
recrystallized state. (a) Volume fraction 𝐹V, (b) number of subgrains per area and (c) area weighted subgrain size 𝐷A with 95% confidence intervals. Note the broken vertical axes
n (a, b).
Fig. 6. Subgrains at constituent particles in the cold-rolled and non-isothermally annealed Al–Mn alloy. Values are shown per texture component from the as deformed (‘Def.’)
o the partly recrystallized state. (a) Number of subgrains as a function of texture component. (b) Ratio of sizes 𝐷A,constituent of subgrains at constituent particles over sizes 𝐷A of

subgrains elsewhere in the microstructure, with 95% confidence intervals. Note the broken vertical axis in (a). Values in (b) are slightly shifted horizontally to show the individual
confidence intervals.
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previous works [12]. In the as deformed state, subgrains at constituent
particles are smaller than subgrains elsewhere in the microstructure,
as evident from the ratio 𝐷A, constituent∕𝐷A presented in Fig. 6(b). This
is in accordance with a previous comparison of size distributions of
subgrains close to and far away from constituent particles [2]. The 95%
confidence intervals for the subgrain size ratios, calculated from error
propagation, show relatively high uncertainties for the recrystallization
subgrains after recovery. Even so, the ratio increases close to 1 or above
for all but CubeND subgrains after partial recrystallization, which
means that most subgrains at constituent particles grow faster than
subgrains elsewhere. This is a clear indication of a growth advantage
of subgrains at constituent particles. This advantage can be understood
in terms of both the increased stored energy in the deformation zone
around these particles and the reduced dispersoid density and larger
dispersoids in this zone.

3.5. Effects of dispersoids on subgrains

A dispersoid is considered to be at a (sub)grain boundary if it is
within 0.1 μm (the EBSD step size) of it. The cumulative probability of
each dispersoid’s distance to the closest (sub-)boundary is given in Fig.
S6 in the supplementary material. About 60% of dispersoids are located
at (sub-)boundaries before recrystallization starts, while only about
40% are after partial recrystallization. If a boundary segment’s area is
estimated as its length times 2 × 0.1 μm, which is an overestimation,
boundaries make up about 50% of the total area before recovery,
40% after recovery and 30% after partial recrystallization. Dispersoids
formed prior to final annealing in Al alloys are usually observed to be
randomly distributed in the deformed microstructure [5,6], and this
study finds the same.

In Al–Mn alloys, precipitation during final annealing takes place
preferentially at HAGBs rather than low-angle grain boundaries (LAGBs)
or dislocations [8,9]. The dependence of the number of dispersoids
5

per sub-boundary length 𝑓L on the boundary misorientation axis and c
angle can be investigated with the present data. To express the former,
the misorientation axis distributions of all boundary segments and of
segments with dispersoids on them are calculated. By subtracting the
former distribution from the latter, the relative dispersoid density 𝑓L
per misorientation axis is obtained. The density is expressed as the
difference in multiples of random density (MRD) away from zero,
and visualized in the inverse pole figure of point group 𝑚3̄𝑚. A mis-
rientation axis having an MRD difference greater (lower) than zero
eans that the dispersoid density on boundaries with this axis is higher

lower) than on boundaries with other axes. Likewise, the relative dis-
ersoid density per misorientation angle is obtained by subtracting the
ngle probability histograms of all boundary segments and of segments
ith dispersoids on them. This density is expressed as a frequency
ifference in percentage away from zero. Fig. 7 shows the dependence
f the relative dispersoid density on sub-boundaries’ misorientation
xes and angles from the as deformed to the partly recrystallized state.
hile variations in densities are small, there are some changes with

nnealing temperature worth noting. In the as deformed state, there
re more dispersoids on LAGBs and fewer on HAGBs. With annealing,
his difference disappears, until it is reversed in the partly recrystallized
tate when there are more dispersoids on HAGBs and fewer on LAGBs.
ifferences in 𝑓L on misorientation axes are seen after recovery and
artial recrystallization, when there is a strong concurrent precipitation
eaction. After recovery, the relative densities are 𝑓L,⟨111⟩ > 𝑓L,⟨001⟩ ≫
L,⟨011⟩. After partial recrystallization, the differences in densities have
educed and changed to 𝑓L,⟨011⟩ > 𝑓L,⟨001⟩ > 𝑓L,⟨111⟩. Changes in the
ependence of 𝑓L on misorientation axes and angles are caused by both
referential precipitation of new dispersoids and increased pinning of
oving boundaries. The observation of an increased 𝑓L on HAGBs with

ncreasing precipitation during final annealing [Figs. 2 (a, b) and 4
b)] is in line with previous studies [8,9]. The high overall number
ensity 𝑛s of dispersoids provides a high probability of pinning moving
oundaries. The initial increased 𝑓L on ⟨111⟩-boundaries after recovery

an be understood in terms of these boundaries having an increased
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Fig. 7. Dependence of dispersoid densities 𝑓L on misorientation axis and angle, with
higher and lower densities above (red) and below (blue) zero, respectively. Relative
densities are calculated for the (a) as deformed (‘Def’) state, (b) before recovery at
175 °C, (c) after recovery at 300 °C and (d) after partial recrystallization at 325 °C of
the cold-rolled and non-isothermally annealed Al–Mn alloy. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

mobility [28–30] and thus sweeping more dispersoids upon growth
[Fig. 5(c)] compared to other boundaries. That ⟨111⟩-sub-boundaries
then have a lower 𝑓L after partial recrystallization seems to indicate
that dispersoids precipitated on sub-boundaries during recrystallization
favor those of other sub-boundaries than ⟨111⟩-sub-boundaries.

Variations in the dispersoid density 𝑓L and the average dispersoid
size 𝑑 on sub-boundaries can also be investigated as a function of
texture component. In Fig. 8(a) and (b), the dispersoid density and size
are shown from the as deformed to the partly recrystallized state. These
parameters are comparable for all boundaries before recovery, another
indication that dispersoids are distributed quite randomly in the mi-
crostructure. Cube and P subgrains grow at a higher rate than other
subgrains during recovery [see Fig. 5(c)], which coincides with those
subgrains’ boundaries having a higher 𝑓L at this condition, with the
highest density on Cube sub-boundaries. The observations of increased
𝑓L on ⟨111⟩-sub-boundaries [Fig. 7(c)] and boundaries of fast grow-
ing subgrains are both indications that there is a positive correlation
between subgrain growth and an increased sub-boundary dispersoid
density during recovery. It also supports the interpretation of the ⟨111⟩-
sub-boundaries being more mobile than other sub-boundaries during
recovery. As the dispersoids overall coarsen during recovery [Fig. 4(c)],
so do the dispersoids on all sub-boundaries. P sub-boundaries stand out
by accommodating much coarser dispersoids [Fig. 8(b)]. After partial
recrystallization, the overall number density of dispersoids 𝑛s increases
substantially. However, only CubeND sub-boundaries experience a sub-
stantial increase in dispersoid density 𝑓L, while other sub-boundaries
maintain a similar density as before recrystallization. At this condition,
all sub-boundaries except for P sub-boundaries experience a coarsening
of dispersoids on them as well, with dispersoids on CubeND sub-
boundaries coarsening the most. These results can be combined to give
an indication of the Smith–Zener drag on sub-boundaries.

The Smith–Zener drag from randomly distributed dispersoids of
average radius 𝑑∕2 on near-planar grain boundaries of average energy
𝛾 is given by 𝑃SZ = 3𝛾𝑓V∕𝑑 [4,5]. However, the fine subgrains and
high number density of dispersoids 𝑛s in the as deformed state provide
a strong (sub)grain boundary-dispersoid correlation, as about 60% of
dispersoids are found at boundaries until the onset of recrystallization
while about 40% are at boundaries after partial recrystallization. Fur-
thermore, the interparticle spacing 𝑛−0.5 of dispersoids calculated from
6

s

Fig. 8. Dispersoids at sub-boundaries in the cold-rolled and non-isothermally annealed
Al–Mn alloy. Values are shown per texture component from the as deformed (‘Def.’) to
the partly recrystallized state, with 95% confidence intervals. (a) Number of dispersoids
per boundary length. (b) Dispersoid size per boundary length.

Fig. 9. Modified Smith–Zener drag 𝑃 ′
sb at sub-boundaries in the cold-rolled and non-

isothermally annealed Al–Mn alloy, calculated from Eq. (1). Values are shown per
texture component from the as deformed (‘Def.’) to the partly recrystallized state, with
95% confidence intervals.

values in Fig. 4(b) is in the order of half the average subgrain size 𝐷A,
meaning that the assumption that dispersoids encounter a near-planar
boundary is incorrect. For these reasons, a modified expression for 𝑃SZ
must be used. Hutchinson and Duggan [31] argued that when a large
fraction of the particles lie at sub-boundaries, the drag force per unit
area of sub-boundary can be written as 𝑃sb = 3𝛾sb𝑓V∕(𝐴sb𝑑2), where
𝐴sb is the area of sub-boundary per unit volume and 𝛾sb is the average
sub-boundary energy. If the average sub-boundary edge length is 𝐿, we
can assume that 𝐴sb = 3∕𝐿 [5] to get 𝑃sb = 𝛾sb𝑓V𝐿∕𝑑2. By expressing
the dimensionless average dispersoid volume fraction 𝑓V as 𝑓L𝑑∕2 per
texture component, where 𝑓L is the number of dispersoids per boundary
length given in Fig. 8(a), and by approximating 𝐿 by 𝐷A, we arrive at
a modified expression for the Smith–Zener drag at sub-boundaries per
texture component:

𝑃 ′
sb =

𝛾sb𝑓L𝐷A
2𝑑

∝
𝑓L𝐷A
𝑑

, (1)

where the possible differences in 𝛾sb are neglected. 𝑃 ′
sb per texture

component is plotted in Fig. 9, with the confidence intervals calculated
from error propagation of the confidence intervals of 𝑓L, 𝐷A and 𝑑.
Prior to recovery, all recrystallization subgrains experience a similar
drag from dispersoids. The variations in 𝑃 ′

sb in the as deformed state
are mostly due to variations in 𝐷A, shown in Fig. 5(c). After recovery,
Cube sub-boundaries experience the highest drag, while the drag on
P and CubeND sub-boundaries increases only slightly, even though all
these subgrains have grown in size. After partial recrystallization, the
drag on Cube sub-boundaries remains significantly higher, while the
drag on all other sub-boundaries is comparable.
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Table 1
Dispersoid density 𝑓L and average dispersoid size 𝑑 with 95% confidence intervals at the boundaries of
17 recrystallized grains in the partly recrystallized state at 325 °C of the cold-rolled and non-isothermally
annealed Al–Mn alloy.
Texture comp. Random C, S Cube CubeND P

𝑓L [μm−1] 0.31 ± 0.04 0.44 ± 0.05 0.98 ± 0.22 0.78 ± 0.12 0.13 ± 0.05
𝑑 [μm] 0.066 ± 0.003 0.064 ± 0.002 0.064 ± 0.006 0.056 ± 0.003 0.061 ± 0.004
Fig. 10. Dependence of dispersoid densities 𝑓L on misorientation axis and angle of
recrystallized grain boundaries, with higher and lower densities above (red) and below
(blue) zero, respectively. Relative densities are calculated for the material after partial
recrystallization at 325 °C of the cold-rolled and non-isothermally annealed Al–Mn alloy.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

3.6. Effects of dispersoids on recrystallized grains

Huang et al. [12] reported a recrystallized grain size 𝐷 = 199.6 μm
after non-isothermal annealing of the present alloy to 325 °C followed
by holding at that temperature for 105 s. The present experimental
approach requires a relatively high BSE image resolution (∼0.026 μm)
and may thus not be the best way to acquire correlated datasets of
dispersoids and such large recrystallized grains with statistical signif-
icance. Nonetheless, there are in total 17 recrystallized grains in the
correlated datasets from the partly recrystallized state at 325 °C. All
texture components except for B are represented. The density 𝑓L and
average size 𝑑 of dispersoids at the boundaries of these recrystallized
grains per texture component are presented in Table 1. The relatively
broad 95% confidence intervals of the densities reflect the limited num-
ber of recrystallized grains analyzed. However, these results indicate
that rapidly growing Cube and CubeND grains experience a higher
pinning pressure than rapidly growing P grains during recrystallization,
supporting similar observations made by Huang et al. [12]. There is no
significant difference in the average dispersoid size on the boundaries.

The variations in relative dispersoid densities on boundaries of
recrystallized grains with misorientation axis and angle, as shown in
Fig. 7 for sub-boundaries, are shown in Fig. 10. The densities vary much
more on recrystallized grain boundaries than on the sub-boundaries.
There is a clearly higher density of dispersoids on 35–45°-boundaries
and ⟨111⟩-boundaries which is not seen on the sub-boundaries at the
same partly recrystallized condition [Fig. 7(d)]. That ⟨111⟩-boundaries
of subgrains after recovery and of recrystallized grains after partial
recrystallization have higher dispersoid densities than other boundaries
are strong indications that ⟨111⟩-boundaries are more mobile and thus
sweep more dispersoids during subgrain growth and recrystallization,
respectively. Note that the 35–45°-boundaries and ⟨111⟩-boundaries are
not necessarily 𝛴7-boundaries. The boundaries of more recrystallized
grains must be incorporated in the analysis to allow such a classification
of boundaries into different types.

4. Discussion

It is clear from the presented results that particles affect the nucle-
ation and growth of Cube, CubeND and P (sub)grains differently during
recovery and recrystallization. In the following, a brief summary of
the nucleation and growth mechanisms of these textures in cold-rolled
7

Al–Mn alloys is given, followed by a discussion of the present results
based on a competition between these mechanisms in the presence of
concurrent precipitation.

Recrystallization textures in Al alloys are generally characterized by
preferential nucleation of subgrains of certain orientations, followed by
preferential growth of some of these subgrains to become recrystallized
grains [3,5,32]. The main nucleation sites of Cube orientations are
band-like structures already present in the as deformed microstructure
and retained HAGBs [26,33]. The Cube nuclei have been observed to
recover faster than other nuclei, either dynamically during deformation
or statically during recovery, thus gaining an often considerable size ad-
vantage [34,35]. In addition to these favorable nucleation conditions,
Cube grains have a close to 38°⟨111⟩ orientation relationship, or 𝛴7
in coincident site lattice terminology, to grains of the S orientation,
which is, as the C and B orientations, a significant deformation texture
component in most cold-rolled Al alloys, and also in the present alloy.
Grains with this orientation relationship to neighboring grains have
been observed to grow faster than grains with general HAGBs [28,30].
As for the CubeND and P orientations, as mentioned above in Sec-
tion 3.4, a slight preference for these orientations has been observed
among the subgrains growing out of deformation zones around larger
particles, i.e. PSN. This preference of CubeND and P nuclei is explained
by their close to 𝛴7-orientation relationships to C grains, which have
been observed experimentally [12,26].

There are many reports on the development of strong CubeND
and P recrystallization textures in supersaturated Al–Mn alloys after
significant concurrent precipitation [9–12,36]. The preference of these
textures over the Cube texture is mainly attributed to two mechanisms:
(1) an increased suppression of nucleation from Cube-bands and HAGBs
by existing and concurrently precipitated dispersoids, effectively pro-
moting the effect of PSN, and (2) an increased growth advantage of the
CubeND and P textures due to a reduced solute drag and Smith–Zener
pinning effect from dispersoids because, presumably, a larger fraction
of their boundaries are of 𝛴7-type.

The results presented in this work clearly indicate an increased
suppression of Cube nuclei. The initial size advantage of Cube subgrains
during recovery seen in Fig. 5(c) indicates a faster recovery, which
results in an increased Smith–Zener drag 𝑃 ′

sb due to the high density
of dispersoids precipitated prior to recrystallization (see Fig. 4 (a, b)
and e.g. Refs. [10,12]). There are also relatively more and smaller
dispersoids in the microstructure away from constituent particles where
Cube nucleation sites are typically located. This increased pinning
effectively hinders the initial size advantage of Cube subgrains to
become significant, and thus the domination of the Cube texture. The
importance of the size advantage for the Cube texture was discussed
by Vatne et al. in a supersaturated AA3103 alloy [7]. Their alloy had
a similar microchemistry to the present alloy, with a strong potential
for PSN, due to a considerable amount of large particles, and a sig-
nificant concurrent precipitation reaction. In contrast to the present
recrystallized texture, they observed a texture dominated by Cube,
which was explained by the Cube subgrains reaching an overcritical
size sooner than PSN subgrains, and thus not experiencing as strong a
Smith–Zener drag as the latter subgrains. That an orientation dependent
Smith–Zener drag in these similar alloys results in very different recrys-
tallization textures illustrates the delicate balance between nucleation
and growth mechanisms during recovery and recrystallization with
concurrent precipitation.
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The promoted effect of other nucleation mechanisms due to the
weakened nucleation of the Cube texture, like PSN, is a strong con-
tributing factor to the increased P and CubeND textures. The P and
CubeND textures also have a frequency advantage over Cube in the
as deformed state, especially P, as seen in Fig. 5 (a, b). This obser-
vation is made possible due to the relatively robust indexing of small
subgrains in highly deformed Al-alloys using dictionary indexing [22].
The frequency advantage of P and CubeND among the subgrains in de-
formation zones around larger particles is even greater [see Fig. 6(a)].
The reduced Smith–Zener pinning potential in the deformation zones
due to fewer and larger dispersoids in these zones strengthens this
frequency advantage. The P texture has a slight frequency advantage
over the CubeND texture [Fig. 5 (a, b)], P subgrains seem to grow faster
than CubeND subgrains during recovery [Fig. 5(c)], while P subgrains
at constituent particles seem to grow faster than CubeND subgrains
during recrystallization [Fig. 6(b)]. Apart from these differences, the
present work indicates that effects from PSN and from the modified
Smith–Zener drag 𝑃 ′

sb vary little for P and CubeND subgrains.
The only substantial difference observed between the P and CubeND

textures is the much lower dispersoid density 𝑓L on boundaries of
ecrystallized P grains compared to that on CubeND grain boundaries
n the partly recrystallized state [see Table 1]. The reason for this dif-
erence is not clear from the present data. However, such a substantial
ifference could explain the observed dominance of P compared to the
ubeND texture. It is noted that this possible explanation is based on

imited statistical evidence of four P and two CubeND recrystallized
rains. A natural continuation of the present work is therefore to
nvestigate a larger sample area and hence more of these boundaries
n the partly recrystallized state. This would improve the statistics,
nd might confirm the indication of a lower dispersoid density on
oundaries of recrystallized P grains.

We have in this work demonstrated the application of a novel
orrelated procedure, recently introduced in a related paper by the
uthors [13], to directly correlate (sub)grains and particles during
ecovery and recrystallization in an Al–Mn alloy. The methodology
ombines (sub)grain data from EBSD and particle data from BSE im-
ges, enabling a new correlated quantitative analysis of (sub)grains
n deformation zones surrounding constituent particles and dispersoids
ocated at (sub)grain boundaries. It is demonstrated that this method-
logy enables a better understanding of the mechanisms behind the
rientation dependent nucleation and growth behavior during recovery
nd recrystallization in Al–Mn alloys in conditions of strong concurrent
recipitation, and in particular the weak Cube texture compared to the
tronger P and CubeND textures.

. Concluding remarks

Multimodal datasets comprising direct spatial correlation of con-
tituent particles and dispersoids with the microstructure in terms of
sub)grains and (sub-)boundaries were analyzed based on BSE imag-
ng and EBSD. The presented results suggest the following causes for
he dominating P and CubeND recrystallization textures in a cold-
olled and non-isothermally annealed Al–Mn alloy with concurrent
recipitation:

• The often observed size advantage of Cube subgrains is not
achieved due to an increased Smith–Zener drag on their bound-
aries after recovery and partial recrystallization, thus promoting
the effect of PSN.

• Dispersoids in deformation zones around large particles are fewer
and larger compared to elsewhere in the microstructure, provid-
ing a reduced Smith–Zener drag for PSN nuclei.

• The only advantages of the P texture compared to the CubeND
texture are a frequency advantage both in deformation zones
around large particles and elsewhere in the microstructure, and a
slight size advantage due to faster subgrain growth.
8

• An indication of a much lower dispersoid density on the bound-
aries of recrystallized P grains compared to those on CubeND
and Cube boundaries was observed, although investigations to
improve the statistics are required to further substantiate this
observation.
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