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Grain boundary inter-connection (GBIC) is the matching of two crystallographic planes from two abutting grains
ending on the grain boundary (GB) position in polycrystalline materials, which can be expressed as {h; k1 l;}/{h>
ko L}. GBIC is the critical parameter that intrinsically defines the character and properties of a GB. In current
work, a zone-melted polycrystalline aluminum bar with a purity higher than 99.99% (mass fraction) was sub-
jected to a multi-directional forging (MDF) with a true strain of 4 followed by a recrystallization annealing at
360 °C. Such process repeated at least 4 times until an equiaxed-grain microstructure with random orientation
and averaged grain size approximate 30 um was achieved. Then the GBICs were determined by electron back-
scatter diffraction (EBSD) measurement and stereology-based five-parameter analysis (FPA) coupled with
crystallographic analysis after the grain boundaries (GBs) were filtered according to their misorientations (e.g.
angle/axis pair). The results revealed that the GBICs for any group of GBs with a given misorientation are not
random, showing remarkable preference on the planes of low Miller index forming mixed and twist GBs. The
work also demonstrated that among the high angle boundaries (HABs), {1 1 1}/{1 1 1}, including coherent %3
boundaries, is the most frequent GBIC, mainly due to the GBs formed by rotations around <1 1 1>, <1 2 2> and <1
1 2) axes. Near coincidence site (NCS) and O-lattice theory analyses indicate that the {1 1 1}/{1 1 1} GBICs
usually possess higher planar coincidence site density (PCSD) and definite dislocation structures compared to the
general GBs, implying their more structural stability when only crystallography is taken into account. This result
agrees very well with the recent results obtained by molecular dynamic simulations. It is significant to the grain
boundary engineering (GBE) in the high stacking fault energy (SFE) face-centered cubic (FCC) materials such as
aluminum and its alloys.

1. Introduction formulized. Owing to their slight deviations from the ideal crystal, the

LABs usually possess a higher degree of atomic ordering and thus higher

Grain boundary (GB) is an essential structure unit [1,2] and always
plays a crucial role in the manipulation of the microstructure as well as
the manipulation of the varied properties in polycrystalline materials.
Usually, the GBs are classified into low angle boundaries (LABs) and
high angle boundaries (HABs), whose misorientation angles are lower
than 10° and greater than 15°, respectively. The GBs are also divided
into twist, tilt and mixed types in which the rotation axes are parallel,
perpendicular and heterotropic to the GB normal, respectively. A LAB
can be treated in the frame of dislocation theories and its structure has a
definite relationship with the misorientation as Frank-Bilby [3,4]

structural stability. Hence, LABs are generally regarded as special or
singular boundaries. However, in the case of HABs, the situation turns
to be more complicated. The structure of a HAB cannot be dealt with
just in terms of dislocation theories. This is the reason why the GB
anisotropy is still an open question, and it indeed turns to be a tough
barrier in the simulations [5,6] of microstructural evolution in poly-
crystalline materials. In the history of scientific investigations con-
cerning the structure and character of HABs, the issue of coincidence
site lattice (CSL) GB which was proposed by Kronberg and Wilson [7] in
their investigation into the secondary recrystallization in copper was a

* Corresponding author at: School of Materials Science and Engineering, Fujian University of Technology, Fuzhou 350118, China.

E-mail address: wang weiguo@vip.163.com (W. Wang).

https://doi.org/10.1016/j.matchar.2018.07.040

Received 2 May 2018; Received in revised form 25 June 2018; Accepted 31 July 2018

Available online 02 August 2018
1044-5803/ © 2018 Elsevier Inc. All rights reserved.


http://www.sciencedirect.com/science/journal/10445803
https://www.elsevier.com/locate/matchar
https://doi.org/10.1016/j.matchar.2018.07.040
https://doi.org/10.1016/j.matchar.2018.07.040
mailto:wang_weiguo@vip.163.com
https://doi.org/10.1016/j.matchar.2018.07.040
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matchar.2018.07.040&domain=pdf

W. Wang et al.

step of mile-stone. The most recognized contributions of CSL-GB is that
it stimulated the research interest upon the relationship between GB
structure and GB properties for the HABs [8], leading to the emerge of
grain boundary engineering (GBE) or in other words the optimization of
grain boundary character distribution (GBCD) which was proposed by
Watanabe [9]. He stated that the CSL-GBs with ¥ value no > 29 are
special boundaries, and the overall properties of the material may be
improved substantially if the frequency and spatial distributions of such
boundaries were controlled reasonably by a proper thermal mechanical
processing (TMP). Since electron backscatter diffraction (EBSD) was put
into commercial application in 1993 [10], a huge number of GBE in-
vestigations have been carried out in a variety of materials including
austenitic stainless steel [11-13], lead-calcium based alloys [14-16],
nickel based super alloys [17-19] and brass [20,21]. The GB related
properties especially the intergranular corrosion resistance have been
dramatically improved.

However, the CSL theory is not an almighty measure and some other
approaches must be considered for the treatments of structure-property
correlations of HABs. The reasons may be summarized into the fol-
lowing three points. (1) The CSL GBs only cover very limited HABs
corresponding to some specific misorientations, it cannot be able to
smooth every corners of the structural-relevant issues of HABs in
overall. (2) Nearly all of the GBE researches in the past were aimed at
the low to medium stacking fault energy (SFE) face-centered cubic
(FCC) metals. The GBCD evolution of such metals in the GBE processing
are dominated by a so called twin-induced mechanism [22,23] in which
strain-induced boundary migration (SIBM) [24,25] introduces a huge
quantity of £3 boundaries (twin boundaries) in the materials through
the interactions between migrating boundaries and strained matrix, and
the resultant GBCD contains a high frequency X3 boundaries and its
family generations such as £9 and ¥27 boundaries. Thus, it is naturally
questioned that what is the point-cut into the GBE research and GBCD
control in high SFE FCC metals such as aluminum and its alloys, body-
centered cubic (BCC) and even hexagonal close packed (HCP) metals
because only a few (usually < 5% out of the entire GBs) £3" (n = 1,2,3)
and other low % (X < 29) CSL boundaries can be achieved in these
metals. (3) The GBCDs are generally characterized based on EBSD
measurement in which the character of each GB is determined ac-
cording to the GB misorientations which involves only three in-
dependent parameters, usually the axis/angle pair (e.g. [u v w]/6, in
which only two of the three parameters of the rotation axis [u v w] are
independent ones). It is only reasonable for the twin-induced GBE as the
authors previously argued [26]. These three points suggest that, for a
general investigation into the structure-property correlations of HABs,
especially for the GBE research and application of high SFE-FCC, BCC
and even HCP structured metals, some other approaches including the
measurements of grain boundary plane distribution (GBPD) [26,27]
and the analysis of grain boundary inter-connection (GBIC) [28,29]
must be considered and applied. The GBPD measurement involves five
independent parameters (The misorientation in angle-axis pair contains
three parameters as mentioned above, GB normal orientation in the
crystallographic frame gives another two), which can be determined by
the three dimensional method of serial sectioning [30,31]. However,
the most efficient and simple method is the stereology and statistics
based five parameter analysis (FPA) [32,33], which enables us to obtain
a GBPD result of statistical significance after collecting the data by
EBSD just from any single section of a sample. The GBIC analysis is
realized by crystallographic analysis based on the GBPD of the GBs with
the same misorientation, which is readily screened through a GB fil-
tration. So far, compared with misorientation and GBPD, GBIC is the
most reasonable parameter that defines the character of a GB. GBIC will
be generally applicable to the GBE research in any type of materials.

A GBIC means the coupling of two crystallographic planes from the
two abutting grains terminating on the grain boundary position in
polycrystalline materials, which can be expressed as {h; ki [;}/{h, ky
I} corresponding to the Miller indexes of the two inter-connected
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crystallographic planes. It was referred to by Pumphreys [34], Randle
[35] and Palumbo [36]. Although it may be argued that in the atomistic
scale the {h; k1 ;}/{h, ks I} seems meaningless because the atoms are
not located on the exact lattice position due to the relaxation caused by
the irregular crystal-field potential in the GB region, averagely it is
reasonable and it dominates the atomic configurations in a GB region
such as the dislocation structure (usually the secondary dislocation
structure), the shape and size of free volume, the faceting mode and
even the precipitation behaviors [37-40]. Another argument may be
aroused from the fact that in some cases the GBs are curved, and thus
the GBIC expression is not applicable. This is true in the case that the
material is heat-treated at an elevated temperature during which the
GBs are highly excited and driven to migrate rapidly, usually leading to
a rough and curved GB morphology [24]. But in the most cases the GBs
are flat type and the GBIC definition is acceptable, and this is always the
case for a well recrystallized microstructure in metals and ceramics.
Therefore, GBIC is a critical and general parameter which is the point-
cut of next-step GBE research. In fact, the twin-induced GBE researches
as mentioned above were using GBIC knowingly. The reason is that over
60% out of the entire 3" (n = 1, 2, 3) boundaries are the coherent twin
boundaries, which are real-special and having the {11 1}/{11 1} GBIC.
It is always right just to use misorientation-based three parameters to
characterize the GBCDs when the frequency of 23" (n=1, 2, 3)
boundaries reaching approximately 80% out of the entire boundaries,
because in this condition, the frequency of real special (coherent twin)
boundaries approaches 50% out of the entire boundaries and the GB
related performance is improved dramatically. In other words, the
GBCD control in the twin-induced GBE is actually a {1 1 1}/{1 1 1}
GBIC control. Another point that may be emphasized is that the GBIC
should be closely correlated with the grain boundary complexion
[41-43] in which a phase-transformation-like mutation of GB character
is highlighted. This is just the case in the microstructure evolution
during which the GB annihilation, GB regeneration and GB re-
construction (two separate moving GBs join into one) take place fre-
quently, and it certainly leads to the GBIC reconstruction. Moreover,
once the GBIC is determined, it is easy to use the O-lattice theory
[44,45] to figure out the dislocation structures and thus to make con-
tributions to the issue of GB anisotropy.

So, GBIC is an intrinsic parameter in polycrystalline materials. GBIC
determination is not only crucial to the GBE researches, but also im-
portant to the microstructure manipulation and thus property manip-
ulation which relies on the cooperative behaviors of each GB in the
three dimensional GB networks. Since both chemical composition and
crystallographic texture have substantial effects on the surface energy
of the crystallographic planes and thus have effects on the GBPDs
[46,47] and GBICs, high purity polycrystalline aluminum with random
orientation will be used in the current work to study the GBIC. The
results will be helpful in understanding the intrinsic GBCD configura-
tion in pure aluminum, and thus significant to the GBE research in high
SFE FCC metals.

2. Experimental Procedure
2.1. Materials and Treatments

Zone-melted high purity aluminum (99.99%, mass fraction) was
used as experimental material. A sample with a size of
50mm X 25mm X 25mm was cut from the mother bar and then
subjected to a multi-directional forging (MDF) at room temperature.
The forging procedure is schematically shown in Fig. 1. The true strain ¢
can be determined according to the following formalism

e = In(/hy) @

where h; and h, is the height of the sample before and after forging in
any direction (e.g. x or y or z direction as shown in Fig. 1), respectively.
The height reduction of forging in any direction is set to be 50%,
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Fig. 1. Schematic illustration of multi-directional forging (MDF).
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Fig. 2. Microstructure of the pure aluminum sample as processed. (a) EBSD band contrast (BC) map; (b) orientation imaging microscopy (OIM); (c) misorientation

distribution of grain boundaries.

namely (hy/h;) = 0.5. One cycle MDF includes the forgings in the x, y
and z three directions and the true strain in total is 2. In current work,
the sample was given a two-cycle MDF followed by a recrystallization
annealing at 360 °C, and such treatment was repeated for 4 times to
achieve a uniform microstructure as shown in Fig. 2. It can be seen that
the grain size in the as-processed sample is considerably even and the
averaged grain size is approximately 30 pm (Fig. 2a), the grain or-
ientations are fairly random and no distinct crystallographic textures
are observed in the orientation imaging microscopy (OIM) (Fig. 2b),
and the misorientation profile (Fig. 2c) is in good agreement with
Mackenzie [48] curve indicating again the random orientation of the
grains. Additionally, it can also be seen that the microstructure of the
sample as-processed is fully recrystallized, showing the GBs in straight
lines in the EBSD band contrast (BC) map (Fig. 2a) and OIM (Fig. 2b),
implying the flat-type morphology of GBs. Such a microstructure with
an even grain size, random orientation and flat-type GBs is exactly
expected in the current work as mentioned in the foregoing text in the
section of introduction.

2.2. Measurement of GBPD

The GBPD measurement includes the steps of EBSD sample pre-
paration, EBSD data collection, GB segment extraction, GB filtration
and GBPD determination.

EBSD sample preparation includes the procedures of mechanical
polishing and electro-chemical polishing. A small sample in a size of
10mm X 8 mm X 1.3mm which was cut by a high precision saw
(Beuhler EM 5000) from the bigger sample as processed was me-
chanically polished by emery paper. Then the sample was subjected to
an electro-chemical polishing in an ice-cooled solution of perchloric
acid:ethanol = 1:9 (volume fraction) at 20V for 4 min. After this two-
step polishing, the sample with a mirror-like surface was obtained and
ready for EBSD data collection.

EBSD data collection was realized by using an Oxford Aztec facility
attached to a FEI Nova nano 450 field emission scanning electron
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microscope (FE-SEM). During the data collection, the SEM and EBSD
working parameters were set to an acceleration voltage of 20 kV, spot
size of 4.5, working distance of 9 mm and step size of 2 um. The frame
size for each EBSD mapping was 1000 pm x 800 um. In order to ensure
the results to be statistical significance, several tens of EBSD mappings
were taken from the sample so that the number of GBs was > 50,000.
After data collection, lot of information such as BC grain morphology,
OIM, GB misorientations and so on were obtained through data pro-
cessing. The crystallographic information of GBs was achieved by the
GB segment extraction.

The GB segment extraction was finished by the TSL 5.0 software
taking the OIM as input data. It was a two-dimensional processing in
which each GB segment was identified and fixed by comparing the
Euler angles pixel by pixel. After this processing, all the information
such as the start and end point coordinates of each GB in the sample
frame, the length of each GB, the Euler angles of the two grains abutted
by each GB and the ID number were achieved.

GB filtration was realized by a small code composed by the authors.
The GB segments as obtained above were taken as input data in this
processing, and the GB misorientations were obtained by a simple
calculation [49] incorporating the two sets of Euler angles of the two
grains bounded by each GB. During the calculation, the GB mis-
orientations were reduced into the fundamental zone of Rodrigus-Frank
space [50]. Hence, the maximum rotation angle was 62.8° corre-
sponding to the <1 1 V2-1)> rotation axis when the GB misorientation
was expressed by angle/axis pair. The filtration was finished via two
separate steps, namely the axis filtration and angular filtration. The axis
filtration was filtering the GBs according to their rotation axes with an
angular resolution of 5°, and the rotation axes were limited to the low
Miller index ones including <0 01>,<011>,<111>,<012><112,
<122>,<01 3>and<1 1 3)>. The angular filtration was filtering the GBs
according to their misorientation angles for the GBs with given rotation
axis filtered as above. As HABs were the main concern in the current
work, the GBs with misorientation angles ranging from 20° to 60° were
emphasized. During angular filtration, angular interval and angular
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Fig. 3. Schematic illustration of five parameter analysis (FPA) method. (a) OIM map and the grain boundary (GB) trace; (b) (0 0 1) projection of the GB trace and the
large circle B of possible orientation of GB plane; (c) three GB traces derived large circles intersecting one point C indicating the most probable GB plane orientation.

resolution were set to be 5° and 2.5°, respectively. For explicit, the
filtered GBs with a misorientation of <0 0 1>/25° means a group of GBs
with misorientations ranging from <0 0 1>/22.5° to <0 0 1>/27.5°.

The GBPD was determined by the FPA method [32,33] as men-
tioned in the introduction section. Concerning this method, some points
needs to be emphasized. (1) The crystallographic orientations of the GB
traces (GB segments) (Fig. 3a) revealed by the OIMs were calculated
based on the data obtained in the procedure of GB segment extraction.
(2) The probable orientation of each GB plane, namely the orientation
of the normal of each GB plane in the crystallographic frame was de-
termined according the theory of stereology. As shown in Fig. 3b, which
is a projection of three dimensional (3D) crystallographic orientations
onto the (0 0 1) (two dimensional, 2D) where A is the orientation of a
GB trace. Then the probable orientation of the GB plane must be located
in the large circle B, whose zone is just the GB trace A. Briefly, in the
five parameters which exactly decide the geometry of a GB plane, the
misorientation between any two abutted grains gives the first three, the
crystallographic orientation of GB trace gives the fourth and the fifth
must be located in the large circle of which its zone is just the GB trace.
(3) The GBPD of statistical significance for any group of GBs with a
given misorientation as filtered above was assessed by counting the
large circle numbers passing through each orientation bin. For example,
supposing there are three GB segments of which the corresponding
large circles are 1, 2 and 3, respectively, as labeled in Fig. 3c and these
three large circles are all passing through the orientation bin C, then it
arrives at a result that the GB planes (or the GB plane normal) are most
probably oriented in the orientation bin C. According to stereology, it is
usually using length fraction of GB segments as obtained in OIM to
represent the area fraction of GB planes in three dimensional (3D) GB
networks. The GBPD intensity in a certain orientation can be de-
termined by the function A(Ag,n) in which Ag means the misorientation
between the two adjacent grains and n the orientation of grain
boundary plane in the crystallographic coordinate. The general ex-
pression of A(Ag,n) is

If

A(Ag,n) =
(ag.m) <l> 2

1 4+ (z - )2 < o>

l.c — D

! 1+zZMD-1) 3)

i

L
=1 4)

where the subscript i means the ith orientation bin in the top semi-
sphere of crystallographic space, [ is the true value of GB segment
length summed to the ith orientation bin, < I° > is the observed mean
value of GB segment length in each orientation bin, D is the bin num-
bers in 0°-90°, Z is a fraction of concentric circles around the bin of
interest that falls within an angular range of 5t/2, then Z = 2/D, so <
I° > /D is the actual mean value of GB segment length in each
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orientation bin in the case of random distribution, and A(Ag,n) is the
multiples of random distribution (MRD); m is the observed number of
GB segments of which the large circle of GB plane normal pass through
the ith orientation bin, and I;° is the observed length of the jth GB
segment; q; is an intensity factor of crystallographic texture of the jth
grain boundary segment, and [,° is the observed grain boundary length
after crystallographic texture correction; As mentioned above, A(Ag,n)
is usually projected onto a specific crystallographic plane such as (0 0 1)
for cubic and this projection is referred to GBPD. The actual GBPD
determination is more sophisticated, which needs a large number of GB
segments and involves the statistical principles and stereology theory
and the detailed descriptions can be referred to the papers published
elsewhere [32,33,51].

2.3. Determination of GBIC

The GBIC is usually determined by the GBs of a given misorientation
[uv wl/6 ([uv w] is the rotation axis and 6 is the rotation angle) based
on the GBPDs, and the following equation [52] is essential.

hy h
kz = R[uvw]/e kl
L L 5)
[ u?(1 — cos60) + cos® uv(l —cos6) uw(l — cose)_
— wsinf + vsin 6
Riwwuy/o = wv(l — cos6) + wsin® v2(1 — cosf) w(l — cos6)
+ cos6 — usin®
uw(1l — cos8) — vsin6 ww(l — cos8) w?(1 — cos0)
| + usinf + cosf
(6)

where (h; ki 1;) is one of the intensity peak positions which can be
ascertained directly on the GBPD, Ry, y v, is the misorientation matrix
relevant to the given misorientation [u v w]/6 in which u, v and w is
normalized as u? + v* + w? = 1, and (h, k, L) is derived from Eq. (5). If
(hy ks L) is also one of the intensity peak positions on the GBPD, it is
believed that there is a GBIC of (h; k; 1;)/(hy k3 l5). Obviously all the
GBICs can be determined according to Egs. (5) and (6) if the GBs of any
given misorientation are taken into consideration one by one. Of
course, it should be noted that only when the intensity is > 1.10 MRD
on the GBPD, the corresponding planes could be considered as GBIC
relevant. The GBIC results given in current work are qualitative though
the processing involves statistical treatment.
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Table 1

The components of GBs as filtered.
GB rotation axes 001 011 111 012 112 122 013 113
Length fraction, % 1.7 12.3 159 9.9 159 26.6 8.0 9.7
GB numbers 281 1923 2399 1569 2546 4217 1270 1570

3. Results
3.1. GB Components Determined by GB Filtration

Over 55,000 GB segments are identified and extracted from the
OIMs developed from 25 EBSD mappings. As only those GBs having the
rotation axes with low Miller index including <0 0 1>, <01 1>,<1 1 1>,
<012><112><122><01 3>and<1 1 3> will be considered in
current work, there are 15,775 GB segments left after GB filtration
according to their rotation axes with an angular resolution of 5°. These
GBs are divided into eight components in terms of GB rotation axes, as
listed Table 1, giving the information of length fraction as well as
numbers for each component. Two remarkable features can be seen in
Table 1. One is <0 1 1>,<1 1 1>, <1 1 2> and <1 2 2> GB components
constitute the main part and take up nearly three fourths (over 70%) of
the total GBs as filtered. The other is <0 0 1> GB takes up a very low
fraction, which gives a striking contrast compared to the result as the
authors obtained in BCC structured pure iron [51].

The GB components listed in Table 1 are further filtered according
to their misorientation angles ranging from 5° to 60° with an angular
interval of 5° and an angular resolution of 2.5°. Fig. 4 shows the relative
frequencies versus misorientation angles for each GB component. For a
clear comparison it also shows the relative frequencies of some low X
CSL boundaries (the shaded rectangular). Concerning Fig. 4, two points
need to be stressed. One is the truncated misorientation angle is dif-
ferent from one GB component to another, for example it is 45° for <0 0
1> and <0 1 3> GB components while it is 50° for <0 1 2> and <1 1 3> GB
components, which depends on the geometry of the fundamental zone
of Rodrigus space [50]. The other is the averaged misorientation-dis-
tribution envelopment of the eight GB components is in good ac-
cordance with the Mackenzie cure as observed in Fig. 2c. Since the GBs
with misorientation angles lower than 15° are those LABs which are
always termed as special boundaries, only those HABs with mis-
orientation angles higher than 20° (section AB as indicated in Fig. 2c)
will be considered in current work.

Materials Characterization 144 (2018) 411-423

3.2. GBPDs of the GBs of Given Misorientations

Since the <0 1 1>, <11 1>, <1 1 2> and <1 2 2> GB components
constitute the main part of the GBs as filtered (Table 1), their GBPDs
will be focused and emphasized and it is significant for us to understand
the characteristics of the GBPDs and the GBICs of major aspects. Fig. 5
gives the GBPDs of the GBs of given misorientations for <1 1 1> GB
component. It is clear that all the GBPDs dramatically deviate from the
random distribution, showing intensity peaks on some specific crys-
tallographic planes whereas most frequently on {1 1 1}, indicating that
there is a preference on {1 1 1} for the GB plane orientations during
recrystallization. The same phenomenon can be seen in the GBPDs of <1
2 2> and <1 1 2> GB components, as shown in Figs. 6 and 7. It may be
relevant to the fact that the directions of <1 1 2> and <1 2 2)> are very
close to <1 1 1). Concerning this point some discussions will be made
hereafter in the Section 4. However, as shown in Fig. 8 the GBPDs of the
<01 1> GB component are quite different from that observed in the <1 1
1> one, though there are some intensity peaks on {1 1 1}. It indicates
that the GBPDs intrinsically correlate with the rotation axes of GB
misorientations. Additionally, some particular features can be seen
from the GBPDs of <0 0 1> GB component as shown Fig. 9.

3.3. GBICs of the GBs of Given Misorientations

Based on the GBPDs and formulas (5) and (6) as given above, it is
easy to determine the GBICs for the GBs of given misorientations.
Taking Fig. 5a for example, the intensity peaks are appearing on {1 1
1}, {22 3} and {0 1 1}, and for the specific misorientation [1 1 1]/20°
(note: Fig. 5a corresponds to a given misorientation <1 1 1>/20°, in-
cluding four specific misorientations such as [1 1 1]/20°, [-1 1 1]/20°,
[-1 —=11]/20°and [1 —1 1]/20°. They are crystallographic identical),
its misorientation matrix is given as following

09598 —0.1774 0.2176
Rpi11)/200 = | 0.2176 0.9598 —0.1774
—0.1774 0.2176 0.9598 (2]

If let (hy ky ;) be (11 1), (=3 —22)and (0 1 1), by using formulas
(5)-(7), we can get (hy ko ) is (1 1 1), (—2.08954 —2.92703
2.01654) = (—2 —3 2) and (0.04021 0.78244 1.17737) = (0 2 3),
respectively. Therefore, it is found that the GBICs for the GBs with the
specific misorientation [1 1 1]/20°are (111)/(111), (-3 —=22)/(-2
—32)and (01 1)/(0 2 3) (Fig. 5a). Since the other intensity peaks as
shown in Fig. 5a are appearing on the planes crystallographic identical
to(111)or(223)or (02 3), it is easy to determine that the GBICs in
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Fig. 5. Grain boundary plane distributions (GBPD) of the <1 1 1> GB component (projected onto (0 0 1)).
(a)-(i) corresponding to [111]/20°, [1 1 1]/25°, [1 1 1]1/30°, [1 1 1]/35°% [1 1 1]1/40°, [11 1]1/45°, [1 1 11/50°, [1 1 1]/55° and [1 1 1]/60°, respectively.

general for the GBs with the given misorientation <1 1 1>/20° are {1 1
1}/{1 11}, {2 2 3}/{2 2 3} and {0 1 1}/{0 2 3}. Here, it may be
emphasized that the weaker intensity of {0 2 3} does not affect the
formation of {0 1 1}/{0 2 3} GBIC. The reason is the multiplicity factor
of {0 2 3} is twice as that of {0 1 1}. By the same way, the GBICs of
other GBs with given misorientations (Fig. 5b-i) of <1 1 1> GB com-
ponent are determined. All GBICs observed in <1 1 1> GB component
are summarized in Table 2, and in regard to this table, two points need
to be stressed. One is the exact (h, k, I,) values calculated based on the
misorientation matrix and formulas (5)-(6) with (h; k; [;) value being
integers are usually non-integers, they are all reduced into integers in a
rational deviation. The other is the rotations relevant to the GB mis-
orientations are all counter-clockwise when determining (h, ks I5) with
rotation axes and (h; k; ;) fixed, as shown in Fig. 5. Similarly, the
GBICs developed in <1 2 2>, <11 2>, <01 1> and <0 0 1> GB compo-
nents are determined and briefly summarized in Table 3.

(a)~(f) corresponding to [001]/20°, [0 0 1]/25° [0 0 1]1/30° [0 O
11/35°, [0 0 1]1/40°, [0 0 1]/45°, respectively.

4. Discussions
4.1. Characteristics of GBPDs and GBICs

As can be seen from Figs. 5 to 9, the GBPDs of the GBs with any
given misorientation are not random, showing remarkable preference
on some crystallographic planes especially on the low Miller index
planes. This may be explained by Rohrer's work [53] in which it found
that the population of GB planes in the GBPD is inversely proportional
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to their surface energy, planes of lower Miller index usually possess
lower surface energy, hence larger population in the GBPD. The current
work agrees very well with that result [53]. Specially, in FCC structured
materials, the closely packed planes {1 1 1} have the lowest surface
energy according to Wulff [54], thus they should averagely be the most
frequent ones among the observed planes in the GBPDs. This is also in a
very good accordance with the current work. Another point should be
emphasized is that the rotation axes related to the misorientations of
the GBs is one more kernel factor on the GBPDs. As shown in Figs. 8-9,
the GB planes of <O 1 1> and <0 0 1> GB components are rarely ap-
pearing on {1 1 1}, giving a strike contrast to that of <1 1 1>, <1 2 2>
and <1 1 2> GB components. This could be attributed to bulk geome-
trical constraint, whose nature needs to be explored further. Anyway,
the small population of {1 1 1} developed in <0 1 1> and <0 0 1> GB
components doesn't affect the averaged GBPDs because the major parts
of the GBs come from <1 1 1>, <1 2 2> and <1 1 2> GB components
(Table 1).

From Figs. 5-9 and Tables 2-3, we can also see that the GBICs of the
GBs with any given misorientation are not random and the two planes
of the GBICs are also appeared to be low Miller indexed ones averagely.
The most remarkable feature of the GBICs as observed is that most of
the two inter-connected planes of the GBICs are having identical Miller
indexes, namely {h; k1 I;} = {hy ks I}, forming twist, mixed or tilt GBs.
Since it not only depends on the combined behaviors of two inter-
connected planes, but also closely related to recrystallization nucleation
and grain growth in which the very complicated GB reconstruction
resulting from the three dimensional (3D) GB network evolution
[55,56] must be considered, the underlying formation mechanism of
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Fig. 6. Grain boundary plane distributions (GBPD) of the <1 2 2> GB component (projected onto (0 0 1)).
(a)-(i) corresponding to [1 2 2]/20°, [1 2 2]/25°%, [1 2 2]/30°%, [1 2 2]1/35°, [1 2 2]/40°, [1 2 2]/45°, [1 2 2]/50°, [1 2 2]/55°, [1 2 2]/60°, respectively.

the GBIGs is still an open question. The only reasonable explanation for
the observed GBICs is that all the GBICs are approaching to a state of
lower energy or to a state which is in favor of the progressing towards a
lower energy state of bulk microstructure.

4.2. GB Types and Their Frequencies

Revisiting Figs. 5-9 and Tables 1-3, it is easy to find that, although
there have developed three types of GBs (twist, mixed and tilt types) in
the material, the frequency of the GBs is different from one type to
another and it is obviously related to the rotation axes of the mis-
orientations. As shown in Table 2, among the 16 GBs (GBICs specific)
observed in <1 1 1> GB component, half of them are twist type, 6 are
mixed type and only 2 are tilt type. However, no twist GBs are observed
in the <0 1 1> GB component and nearly all of the GBs are mixed type in
<122»and<11 2> GB components (Table 3). If the (111)/(111)GBs
(GBICs specific) as observed in the <1 2 2> and <1 1 2> GB components
are approximated into <1 1 1> twist type based on the fact of small
intersection angle between [1 2 2] or [1 1 2] and [1 1 1], it is found that
the frequency of twist GBs are much higher than that of tilt ones. This
result indicates again the twist GBs are structurally more stable than the
tilt ones, which must be correlated with the intrinsic dislocation
structures or atomic configurations [57,58] in the two type GBs.

One more point needs to be stressed is that the frequencies of the
low Z (X < 29) [9] CSL GBs is generally not higher compared to that of
random GBs. As shown in Fig. 4, the frequencies of 27 (<1 1 1>/38.21°)
and 217 (<0 0 1>/28.07°) are not higher than that of the nearby random
GBs such as <1 1 1>/40° and <0 0 1>/30°, respectively. Even the

frequency of 23 (<1 1 1>/60°) GBs is just a little bit higher than that of
the nearby random GB (<1 1 1>/55°). The same phenomenon can be
seen in the comparison between other low ¥ CSL GBs and their nearby
random GBs as indicated in Fig. 4. This should be the intrinsic char-
acteristics of the high purity aluminum which possesses high SFE with
FCC structure. It is quite different from the low to medium SFE FCC
materials in which very high frequent low X CSL GBs, especially 3 and
its family %9 and ¥£27 GBs can be introduced during annealing after
deformation [59-62].

4.3. The Most Frequent GBIC

It is estimated that the most frequent GBIC as observed in current
work is {111}/{11 1}, including all <1 1 1) twist GBs from the <11 1>
GB component and those approximated from the <1 22> and <1 1 2> GB
components. This estimation is based on the following three points.

(1) Inthe <011 <111><122>and <11 2> four GB components
which constitute the main part of the GBs as filtered (Table 1), just
to consider the <1 1 1), <1 2 2> and <1 1 2)> three components is
rational because they take over 80% out of these four components.
To ignore the contributions from <0 1 1> GB component will not
substantially affect the results, let alone the GBICs as observed in
this component are so scattered (Fig. 8 and Table 3).

(2) In the <1 1 1> GB component, except the GBs with the mis-
orientation <1 1 1>/30°, the other GBs with misorientations ranging
from <111>/20°to <11 1>/60° are all having {11 1}/{11 1} GBIC
(Fig. 5 and Table 2), indicating there is a very high content of {1 1
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Fig. 7. Grain boundary plane distributions (GBPD) of the <1 1 2> GB component (projected onto (0 0 1)).
(a)-(h) corresponding to [1 1 2]/20° [1 1 2]/25°, [1 1 2]1/30°, [1 1 2]/35° [1 1 2]/40°, [1 1 2]1/45°, [1 1 2]/50°, [1 1 2]/55°, respectively.

1}/{1 1 1} GBIC, namely the most frequent GBICis {1 11}/{11 1}
in <1 1 1> GB component.

(3) In the <1 2 2> GB component, {11 1}/{1 1 1} GBICs exist in the GBs
with misorientations ranging from <1 1 1>/20° to <1 1 1>/40°
(Fig. 6 and Table 3). Although this is not an exact determination, it
is a reasonable estimation. The reason is the intersection angle
between [1 2 2] and [1 1 1] is only 15.8° (Fig. 10), planes de-
viate = 5.4° from the exact (1 1 1) position are covered by a rota-
tion operation around [1 2 2] for 20° (from 0° to 20° or from 20° to
40°) and within this range the plane having the smallest Miller
index is (10 11 9), which is anyway can be approximated into (1 1
1). The same estimation can be made on the <1 1 2> GB component
because the intersection angle between [1 1 2] and [1 1 1] is 19.5°,
a little bit greater than that between [1 2 2] and [1 1 1]. Hence,
when tuning back to Table 3 and Figs. 6-7, it is easy to find {11 1}/
{1 1 1} is the most frequent GBIC in the <1 2 2> and <1 1 2> GB
components.

Based on the three points mentioned above, it is reasonable that the
most frequent GBIC observed in current work is {1 1 1}/{1 1 1}. It
implies {11 1}/{1 1 1} could be structurally the most stable GBIC apart
from the coherent twin boundaries. This result not only agrees very well
with the recent computational results reported by Janssens et al. [63]
who found that the mobility of all {11 1}/{1 1 1} interconnected GBs is
much lower compared to that of the GBs of other types, but also keeps
consistence with the early results [64,65] in which it claimed the GBs
formed by the planes of larger inter-planar spacing are usually more
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resistant to precipitations of impurities implying their more structural
stability.

4.4. The Atomic Structure of {1 1 1}/{1 1 1} GBIC

As {1 11}/{1 1 1} is the most frequent GBIC observed in current
work, it is necessary to learn about its atomic structures. The conven-
tional method such as transmission electron microscopy (TEM) needs to
know the exact misorientation before observing the atomic structures of
a GB under high resolution mode, this leads to too much uneasiness,
and sometimes no result can be obtained because of the thin area limit
of a foil specimen. Therefore, the computer simulation method is used
in current work to configure the atomic structures of the {1 1 1}/{1 1
1} GBIC. Fig. 11 shows the schematic illustrations of atomic structures
of some {111}/{11 1} GBICs relevant to <1 1 1> GB component. These
figures are plotted based on the near coincident sites (NCS) frame [66]
in which the NCS criterion is set to be 0.10a (a is the lattice parameter).
It can be seen the planar coincidence site density (PCSD) for the four {1
11}/{1 1 1} GBICs in Fig. 11 is 1.27/nm?, 1.08/nm?, 1.20/nm? and
1.20/nm?, respectively. They are remarkably higher than that of the
general random GBs, whose PCSD is usually lower than 0.5/nm? when
same NCS criterion is used. This result indicates that the {111}/{111}
GBICs could be more stable compared with the general random GBs if
only crystallography is considered.

For further consideration, O-lattice theory [45] is used to figure the
dislocation structures in {1 1 1}/{1 1 1} GBICs. Taking the [1 1 1]/45°
misoriented (1 1 1)/(1 1 1) GBIC for example, the nearby CSL
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Fig. 8. Grain boundary plane distributions (GBPD) of the <0 1 1> GB component (projected onto (0 0 1)).
(a)-(i) corresponding to [0 1 1]/20°, [0 1 1]/25°, [0 1 1]/30°, [0 1 1]/35°, [0 1 1]/40°, [0 1 11/45°, [0 1 11/50°, [0 1 11/55°, [0 1 1]/60°, respectively.

Fig. 9. Grain boundary plane distributions (GBPD) of the <0 0 1> GB component (projected onto (0 0 1)).
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Table 2
The GBICs of the <1 1 1> GB component.
Misorientations Misorientation matrix GBICs Misorientations GBICs
(Specific) (Specific) (Specific) (General) (General)
[111]/20° 0.9598 —0.1774 02176 | 111/01D) {111}{111}
0.2176 0.9598 —0.1774 (-3 -22)/(-2-32) <111>/20° {223}/{223}
| —0.1774 0.2176 0.9598 | 011)/(023) {011}/{023}
[111]/25° 0.9375 —0.2128 0.2752 | 111/01D) <111>/25° {111}{111}
0.2752 0.9375 —0.2128 (-3 -22)/(-2-32) {223}/{223}
| — 0.2128 0.2752 0.9375 |
[111]/30° [ 09107 — 02440 0.3333 ] (117 8)/(1187) <11 1>/30° {7 8 11}/{7 8 11}
0.3333 09107 — 0.2440 174/11111) {147}/{11111}
| —0.2440 0.3333 0.9107 |
[111]/35° [ 0.8794 —0.2709 0.3914 ] 111)/111) <111)/35° {1113/{111}
03914  0.8794 — 0.2709 011)/(012) {011}/{01 2}
—0.2709 0.3914 0.8794 |
[111]/40° 0.8440 —0.2931 0.4491 111/A11D) <11 1>/40° {1113{111}
0.4491 0.8440 —0.2931 (-101)/(-1-23) {011}/{123}
| —0.2931 0.4491 0.8440 |
[111]1/45° [ 0.8047 —0.3106 0.5059 ] 111/a11D) <111>/45° {111}/{111}

0.5059  0.8047 — 0.3106
|- 03106 0.5059  0.8047 |

[111]/50° [ 0.7619 —0.3232 0.5614 ] a1n/a1n <111>/50° {1113/{111}
0.5614  0.7619 — 0.3232 (-101)/(-1 —45) {011}/{145}

|- 03232 0.5614  0.7619 |
[111]/55° 0.7157 —0.3308 0.6151 | a11)/a11) <111>/55° {1113/{111}

0.6151 0.7157 —0.3308
| —0.3308 0.6151 0.7157 |
[111]/60° [ 0.6667 —0.3333 0.6667 ] 111)/a11) <111>/60° {1113/{111}
0.6667 0.6667 —0.3333
—0.3333  0.6667 0.6667 |

Table 3
The GBICs of <1 2 2»,<1 12> <01 1) and <0 0 1> GB components.
Misorientations GBICs Misorientations GBICs Misorientations GBICs Misorientations GBICs
(Specific) (Specific) (General) (General) (Specific) (Specific) (General) (General)
[122]/20° a1un/a1n <12 2>/20° {1113/{111} [112]/20° (223)/(223) <11 2>/20° {223}/{223}
[122]/25° 111ya1n <12 2)»/25° {111}/{111} [112]/25° 111ya1n <11 2)»/25° {111}/{111}
(-553)/(-535) {355}/{355} 112)y112) {112}/{112}
[122]/30° 111111 <12 25/30° {1113/{111} [112]/30° 111111 <11 2>/30° {1113/{111}
(-1 -44)/4-107) {144}/{47 10} (433)/(343) {334}/{334}
[122]/35° A11ya1n <122>/35° {111}/{111} [112]/35° (111)y1Q11) <11 2>»/35° {111}y/{111}
[1 2 2]/40° 111111 <12 25/40° {1113/{111} [11 2]/40° 111111 <11 2>/40° {111y/{111}
(-121)/(-112) {112}/{112} (656)/(566) {566}/{56 6}
[122]/45° (-232)/(-439) <122>/45° {223}/{349} [112]/45° (-101)/(-1-23) <11 2>/45° {011}/{123}
(-441)/(-414 {144y/{144} (-1 -53)/B -51) {135}/{135}
[122]/50° (111)/(232) <12 25/50° {111}3/{223} [112]/50° (-1 -11)/1 -52) <11 2>/50° {111}/{125}
(-101/(-1-712) {011}/{1712}
[122]/55° (-121)/(-112) <12 2>/55° {112}/{112} [112]/55° (-101)/(0-11) <11 2»/55° {0113/{011}
(5633)/(353) {335}/{335}
[122]/60° (-110)/(-101) <122>/60° {011}/{011} [11 2]/60° NA <11 2>/60° NA
(010)/(-586) {001}/{56 8}
[011]/20° (-1 -44)/0 -44 <01 1>/20° {1443/{144} [0 0 1]/20° 001)/(001) <00 1>/20° {001}/{001}
(-2-27)/(0 -27) {227}/{027} (-230)/(-320) {023}/{0 23}
[011]/25° (-3 -11)/(-1-11) <01 1>/25° {113}/{111} [0 0 1]/25° (323)/(233) <00 1>/25° {113}/{111}
144)/(-144 {1443/{144}
[011]/30° (-2 -32)/(0 -32) <01 1>/30° {223}/{023} [0 0 11/30° (113)/137) <00 1>/30° {113y/{137}
(-221)/(-212) {122}/{122}
[011]/35° (-210)/(-201) <01 1>/35° {012}/{012} [0 0 11/35° (-120)/(-210) <00 1>/35° {012}/{012}
(-310)/(-3-10) {013}/{013}
(133)/(-133) {133}/{133}
[011]/40° (-434)/(-214 <01 1>/40° {344}/{124} [0 0 1]/40° 101)/(223) <0 0 1>/40° {011}/{223}
[0 1 1]/45° (-3 -11)/(-1-22) <01 1>/45° {113y/{122} [0 0 1]/45° (001)/(001) <0 0 1>/45° {001}/{001}
(-211)/(-2-11) {112}/{112}
[011]/50° (-111)/(-113) <01 1>/50° {111}/{113} [0 0 1]/50° NA <0 0 1>/50° NA
[011]/55° (-100)/(-1-11) <01 1>/55° {001}/{111} [0 0 11/55° NA <0 0 1>/55° NA
(-331)/(-3-13) {133}/{133}
[011]/60° (-441)/(-414 <01 1>/60° {144}/{144} [0 0 1]/60° NA <0 0 1>/60° NA
(-111)/(-113) {111}/{113}
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Fig. 11. Schematic illustrations of atomic structure of some {11 1}/{1 1 1} GBICs relevant to <1 1 1> GB component. (a) [1 1 1]/20°, (b) [1 1 1]1/35°, (c) [1 1 1]/45°,
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Table 4
The interfacial dislocations in (1 1 1) plane with misorientation of [1 1 1]/45°.

No. Burgers Orientation of Dislocation Angle between
vector dislocation line spacing D (nm)  Burgers vector and
dislocation line
1 b;=1[61 [0.6478 0.1065 14 0.081°
—71/86 —0.7543]
2 b,=[-76 [-0.7543 14 0.081°
11/86 0.6478 0.1065]
3 b;=[-17 [-0.1065 14 0.081°
—6]/86 0.7543
—0.6475]

orientation is [1 1 1]/44.82° for 43 and it is the reference state for
figuring the dislocation structure in this GBIC. According to CSL/DSCL
(Displacement complete shift lattice) theory [45,67], the smallest
translation vector of DSCL are possible Burgers vector for dislocations,
because these vectors will keep the CSL pattern invariant. The atomic
structures of the reference state (£43) and the DSCL are given in Fig. 12
in which the NCS criterion is set to be 0.04a. The basis of DSCL are
[0.06976 0.01162 —0.08138], [ —0.08138 0.06976 0.01162] and [1 1
1], respectively. Based on the misorientation of [1 1 1]/45°, the actual
deviation from the ideal matching (reference state), i.e. transformation
strain, can be calculated as [68,69]:

1.0 0.00182 — 0.00181
A =]-0.00181 1.0 0.00182
0.00182 — 0.00181 1.0 8)

According to the O-lattice theory, the principle O-lattice vector X°,
the center of good matching site (GMS) cluster or O-point, can be cal-
culated from

TXO=b ©

where T =1— A~! is the displacement matrix and b are the Burgers
vectors. Since we calculate the interfacial structure in the (1 1 1) plane,
the possible translation DSCL vectors are [6 1 —71/86, [-7 6 1]1/86
and their combination [—1 7 —6]/86. The calculated O lattice is su-
perimposed in Fig. 13 with filled big red circle. All the O-points are the
center of GMS clusters. Next, the dislocation spacing will be determined
for the interface. The dislocation line is given by [70]:

f=nxc’ (10)
where n is unit interface normal, the normal of O-cell wall is ¢;° = T’b;*
and b;* = b;"/|b"|%. The dislocation spacing is given by [70]:

D; = 1/|&| an)

The calculated results for three Burgers vectors are shown in
Table 4. They are all screw dislocations and dislocation spacing D is
around 14 nm. The dislocation configurations or networks in the (1 1
1)/(111) GBIC of [1 1 1]1/45° is shown by red lines in Fig. 13. The local
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Fig. 13. O-lattice and dislocation config-
& urations in the (111)/(111)GBICof [11
11/45° grain boundary. Red balls are O
points, green balls are the good matching
sites (GMS), Red and blue circles are atoms
in the two abutting planes. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
web version of this article.)
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magnification (dotted line framed area in Fig. 13) which shows the
atomic structure of (1 1 1)/(1 1 1) GBIC of [1 1 1]/45° in detail with a
NCS criterion setting to be 0.04a is given in the right of Fig. 13.

It is clear that, in addition to its higher PCSD, (1 1 1)/(1 1 1) GBIC
with a given misorientation of [1 1 1]/45° has definite dislocation
structures comparing to the general GBs, and these dislocation struc-
tures can be rationalized by CSL/DSCL theory. Same results can be
obtained when same analyses are applied to the other (1 1 1)/(11 1)
GBICs with misorientations rotated around [1 1 1] for varied angles,
such as [1 1 1]/20° [1 1 11/35° [1 1 1]/55° and so on. Such features
may be closely related to the structure stability and, or in other words,
the {111}/{11 1} GBICs observed in present work may possess higher
structural stability and it could be the reason for their sluggish mobility
compared to the general GBs observed by Janssens et al. [63]. This
result implies that, apart from the coherent twin boundaries of very
limited frequency, to pursue other {1 1 1}/{1 1 1} GBICs as high fre-
quent as possible is a pint-cut for the GBE research and applications in
the high SFE FCC materials.

5. Conclusions

The GBICs in a multi-directional forged and recrystallized high
purity aluminum, whose crystallographic textures can be neglected
(random orientation) have been investigated by EBSD measurement
and stereology-based FPA coupled with crystallographic analysis. Some
conclusions can be drawn as following

(1) The GBICs for any group of GBs with a given misorientation are not
random, showing remarkable preference on the planes of low Miller
index forming mixed and twist GBs.

(2) Among the HABs, {11 1}/{1 1 1} including coherent %3 boundaries
is the most frequent GBIC, mainly coming from the GBs formed by
rotations around <1 1 1>, <1 2 2> and <1 1 2)> axes.

(3) The {1 1 1}/{1 1 1} GBICs usually possesses higher planar coin-
cidence site density (PCSD) and definite dislocation structures
compared to the general GBs, implying their more structural sta-
bility if only crystallography is considered.

(4) Apart from the coherent twin boundaries, to pursue other {1 1 1}/
{1 1 1} GBICs as high frequent as possible may be a pint-cut for the
GBE research and applications in the high SFE FCC materials.
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