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Measurements of the Curvature of Protrusions/Retrusions
on Migrating Recrystallization Boundaries

Y.B. Zhang', A. Godfrey’ and D. Juul Jensen'

Abstract: Two methods to quantify protrusions/retrusions and to estimate local
boundary curvature from sample plane sections are proposed. The methods are
used to evaluate the driving force due to curvature of the protrusions/retrusions for
partially recrystallized pure nickel cold rolled to 96% reduction in thickness. The
results reveal that the values calculated by both these methods are reasonable when
compared with the stored energy measured by differential scanning calorimetry.
The relationship between protrusions and the average stored energy density in the
deformed matrix is also investigated for partially recrystallized pure aluminum cold
rolled to 50%. The results show that the local deformed microstructure as well as
local heterogeneities have to be analyzed in order to understand the formation of
the protrusions.

Keywords: Recrystallization, protrusion and retrusion, electron backscattering
patterns (EBSP), boundary curvature, stored energy.

1 Introduction

When a deformed metal is recrystallized, new essentially perfect nuclei develop
and grow at the expense of the deformed matrix. Recrystallization is complete
when the deformed matrix is fully replaced by a recrystallized grain structure. The
driving force for the recrystallization is the energy stored in the deformed matrix
[Haessner (2004)]. Classic recrystallization models generally assume nucleation
at a random distribution of sites in the deformed microstructure and that all these
nuclei grow with the same and with a constant (time independent) growth rate [e.g.
Avrami (1939)]. However, this is not what typically occurs during recrystalliza-
tion. In reality both the nucleation and the growth are highly heterogeneous [e.g.
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Vandermeer (2000); Storm and Juul Jensen (2009); Lauridsen, Poulsen, Nielsen
and Juul Jensen (2003)]. Considering that lots of recent works on characterization
of deformation microstructures have shown that these structures in most metals
are highly heterogeneous [e.g. Hansen (2001)] and depend on the crystallographic
orientations of the deformed grains [e.g. Huang and Winther (2007)], it is not so
surprising that the recrystallization is non-homogeneous. However, mainly because
of experimental limitations, not so much focus has been devoted yet to the effects
of these inhomogeneities on recrystallization.

In-situ 3 dimensional x-ray diffraction (3DXRD) characterization of recrystalliza-
tion of deformed single crystals [Schmidt, Nielsen, Gundlach, Margulies, Huang
and Juul Jensen (2004)] has revealed that the growth during recrystallization, even
in weakly deformed single crystals, is very inhomogeneous: the growth rates are
different in different sample directions (e.g. along the rolling direction, RD and
the normal direction, ND) [Juul Jensen and Schmidt (2009)], the migration of indi-
vidual boundary segments occurs in a jerky stop-go type fashion, and locally fairly
large protrusions (and retrusions) form on many boundaries. Concerning the stop-
go type motion, ex-situ electron backscattering pattern (EBSP) investigations have
later shown that the classic migration equation:

v=M-F ey

where v is the growth rate, M the mobility and F the driving force, does not explain
the local stop-go events [Zhang, Godfrey, Liu, Liu and Juul Jensen (2009)].

Concerning the protrusions, these are clearly visible also in many published micro-
graphs of partly recrystallized metals, but not much attention was given to these
local “anomalies” until the publication of the in-situ 3DXRD results. Some ex-
amples of protrusions are reproduced in Fig. 1. Also, following the 3DXRD
measurements, several modeling schemes have been suggested which predict vari-
ous types of protrusions [Martorano, Fortes and Padilha (2006); Godiksen, Trautt,
Upmanyu, Schiotz, Juul Jensen and Schmidt (2007); Godiksen, Schmidt and Juul
Jensen (2008); Sreekala and Haataju (2007)]. However, none of these models are
yet at a level where they can reproduce and predict typical observations of protru-
sions.

The aim of the present work is to suggest methods to quantify experimental obser-
vations of protrusions/retrusions, to estimate the local boundary curvature of these,
and to relate the results to the local deformation microstructure observed in front of
a migrating recrystallization boundary. As examples partially recrystallized 50%
cold rolled pure (99.996%) aluminum and 96% cold rolled pure (99.996%) nickel
are used here.
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Figure 1: Some examples of micrographs showing protrusions on recrystallizing
grains growing into deformed microstructures. Arrows are used to mark some of
the protrusions. Protrusions are segments of the recrystallization boundary which
have moved far further ahead than neighboring segments into the deformed matrix
and appear as “peninsulas”. In contrast retrusions, segments left behind, are also
seen as “fjords” into the recrystallizing grain. a) 3DXRD snap shot of a recrystal-
lizing grain in a 40% cold rolled aluminum alloy (AA1050) single crystal [Schmidt,
Nielsen, Gundlach, Margulies, Huang and Juul Jensen (2004)]; b) strain induced
boundary migration in high purity aluminum. Clear protrusions are seen when the
boundary has moved from 1 to 2 [Beck, Sperry and Hu (1950)], and ¢c) EBSP map
of partially recrystallized 96% cold rolled pure (99.996%) nickel.

2 Quantifications of protrusions/retrusions

When a protrusion/retrusion is formed, it will increase the length of the recrys-
tallizing boundary (which typically is a high-angle boundary), i.e. increase the
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boundary energy. On the local scale, the boundary energy may thus also be impor-
tant for evaluating the migration (and formation) of the protrusion and Eq. 1 can be
written as:

v=M-(Fp—Fs) )

where Fp and F are the driving force contributions from the stored energy of the
deformed structure and boundary curvature, respectively. This relationship im-
plies that if a protrusion is formed, the local excess stored energy should be larger
than the local boundary curvature at every boundary segments along the protru-
sion/retrusion (i.e. Fp > Fg). The driving force induced by boundary curvature can
be calculated using Eq. 3 [Humphreys and Hatherly (2004)]:

Fs = 20 3)

r

where ¢ is the grain boundary energy, and r is the radius of the curvature of the
boundary.

Two different methods to estimate the local radius of the boundary curvature of the
protrusions/retrusions as observed in a sample plane are given in the following.

2.1 Method 1

Protrusions and retrusions often appear in an alternating fashion along a recrystal-
lizing boundary, and the directions of radius of curvatures will consequently vary.
Therefore, a simple sinusoidal shape is introduced to describe a protrusion and the
neighbouring retrusion (a half shape is shown in Fig. 2a). This can be expressed
by the equation:

T

2
y:A0+AAsin(7nx—§) @)

where AA and A are the amplitude and wavelength of the protrusion, and Ay is a
constant. The radius of the curvature can then be calculated by the well-known
relation [Kreyszig (1991)]:
(145"

y

(%)

It is obvious that the minimum radius of the curvature of the protrusion will be at

x=2A/2 and rpyj, = ﬁ%;ﬂ' By inserting the minimum radius of curvature into Eq.

3 the maximum curvature driving force, Fg;4x, Within one protrusion is calculated:
20 —8m’cAA

Fomax = — = T (6)

Fmin
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It can be seen that the maximum driving force from the boundary curvature depends
on the wavelength (1) and the amplitude (AA) of the protrusion. In real microstruc-
tures the values for A and AA of protrusions can be measured from EBSD maps as
the distance between the top points of two neighboring retrusions and the half dis-
tance from the furthermost point of the protrusion between them to the line defining
A (as shown in Fig. 2b). The maximum driving force from curvature along the pro-
trusion, which also reflects the required maximum excess stored energy in front of
protrusion, can then be estimated using Eq. 6. Similarly, the maximum curvature
driving force along the retrusion can also be estimated.

This sinusoidal shape method is easy to use, but it is clear that this is a coarse
idealization as the shapes and the frequency of the protrusions/retrusions in general
are not that symmetric. Therefore a second method is also derived to calculate
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Figure 2: a) Illustration of an idealized sinusoidal shape of protrusions for different
values of A and AA, and b) example of measurement of A and AA from an EBSD
map.

2.2 Method 2

The local radii of the curvature along the migrating boundary can also be calculated
directly by fitting using algebraic equations. For every pixel on the recrystallizing
boundaries as observed in an EBSP map, a sub segment along the boundary con-
taining 11 pixels, i.e. the actual pixel and 5 pixels on each side, can be extracted as
shown in Fig. 3. The central pixel (x;, y;) is used as the coordinate of the central
point of the protrusions. A local reference system (x',)’) is fixed at the central pixel
with x" parallel to the direction determined by the two neighboring pixels on each
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side. The boundaries can then be fitted by using a polynomial equation:

YV =apx"+ap X" 4 Faix+ag @)

where 7 is the order of the polynomial and a, is fitted to minimize the squared error
between y' and the y!. In this work protrusions/retrusions have been fitted using
n=5. The radius of curvature at each pixel can then be calculated using Eq. 5.
The accuracy of this method depends on the step size of the EBSD measurements:

a smaller step size will give a more accurate determination of the local boundary
curvature.
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Figure 3: Illustration of method 2 showing pixels on a protrusion (grey pixels) and
the local (¥', ') coordinate system. The central pixel (x;, y;) is shown in dark grey.

2.3 Results of curvature calculation

The boundary curvature of the protrusions and retrusions numbered in Fig. 1c are
estimated using these two methods. The maximum driving force corresponding to
protrusions and retrusions are listed in Table. 1. In these calculations the grain
boundary energy for nickel, o = 0.866J/m? [Murr (1975)], is used. The two meth-
ods give Fgqx values of the same sign for each individual protrusion but with very
different values, which indicates the problems associated with the methods. The
calculated values are in the range +17 to -65MJ/m>. This seems fairly reasonable
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as the overall average stored energy measured by differential scanning calorimetry
(DSC) is about 13.6MJ/m> [Knudsen, Cao, Godfrey, Liu and Hansen (2008)]. It
is, however, clear that DSC cannot be used to describe the protrusions as it does
not capture the local deformed microstructure in which the boundary moves and
the protrusions form. Also it should be noted that the calculated boundary curva-
ture, and thus the Fgy,,, values only represent a 2D section of the truly 3D shaped
protrusions/retrusions.

Table 1: Maximum driving force due to boundary curvature estimated using the
two different methods. The protrusions and retrusions are marked in Fig. 1c. A
positive value of the driving force means that the boundary curvature is directed
towards to the recrystallizing grain.

Num. | 2AA(um) | A(um) Method 1 Method 2
FomaxMI/M?) | FopaxMI/m?)

0 0.94 2.45 -5.35 -31.6
1 2.44 4.03 5.14 8.1

2 1.93 4.6 -3.12 9.5
3 1.98 3.56 5.34 16.8
4 0.55 2.36 -3.38 -144
5 1.12 2.75 5.06 10.7
6 1.15 4.32 211 9.5
7 0.84 1.92 7.79 10.4
8 0.84 2.45 -4.78 -11.3
9 0.97 2.83 4.14 10.5
10 1.08 0.75 -64.64 -46.0

3 Effect of the local deformed microstructure

The formation of protrusions and retrusions may be correlated to the heterogeneity
of the stored energy in the deformed microstructure. Fig. 4 shows recrystallizing
grains which grow into deformed microstructures of different orientations. The 3
grains each form protrusions of different morphology. In Fig. 4a very small pro-
trusions have formed whereas in Fig. 4c very large protrusions are seen. Here
protrusions on 2 levels are actually seen: large protrusions with relatively weak
curvatures, and small ripple protrusions on top of these. The values of 2AA/A?
for all protrusions along one of the recrystallizing boundaries were estimated us-
ing method 1, and the average value of 2AA/A? was calculated for each of the 3
examples in Fig. 4 together with data for 2 other grains. The stored energy den-
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sity within the deformed matrix was also calculated using the method developed by
Godfrey et al [Godfrey, Cao, Hansen and Liu (2005)]. Intuitively one would expect
that large protrusions (i.e. large value of 2AA/A?) should correlate to large stored
energy densities. The results for the 5 characterized grains are shown in Fig. 5. The
figure, however, shows that the relation between the 2 parameters is not a simple
linear relationship. A further understanding of this requires further experimental
characterizations and quantifications.

c)

Figure 4: Examples EBSP maps showing the interface between recrystallizing
grains and the deformed matrix of different orientations in pure Al cold rolled to
50% reduction.

Important elements of such further investigations would be to include the third
dimension, to get better statistical data so that, for example, one large protrusion
does not affect the average value (which it can in the analysis presented in Fig.
5), and to make direct small scale local correlations between individual protrusions
and the local deformed microstructure (rather an average over a large boundary
as is done in Fig. 5). Also the boundary character (including misorientation and
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Figure 5: Average value of 2AA /A2 plotted vs. stored energy density for different
deformed and recrystallizing grains.

boundary plane) should be considered in the analysis as the mobility may depend
on this.

4 Conclusions and outlook

The formation of protrusions on boundaries between recrystallizing grains and de-
formed matrix is a common phenomenon and seems to be important for the mi-
gration of the recrystallization boundary. Because protrusions as well as retrusions
lead to an increase in the boundary length as compared to a straight boundary, the
boundary curvature and the additional local driving force have to be considered.
Two methods to calculate the driving force due to curvature of the protrusions are
presented, which give somewhat different values but both are in overall agreement
with the average stored energy density of the entire deformed structure as mea-
sured by DSC. However, it is suggested that the the local deformed microstructure
as well as local heterogeneities should be analyzed in 3D in order to understand the
formation of the protrusions. Furthermore, it would be of interest to do in-situ in-
vestigations during annealing following the formation of protrusions in a well char-
acterized deformed matrix, as well as to perform a statistical correlation analysis of
the protrusions as a function of inhomogeneities in the deformed microstructures.
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