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The transition from the normal grain growth to the sccondary recrystallization (abnormal grain growth)
is studied in Al 1 wi% Ga. The orientations of individual grains and grain boundaries arc determined
with the aid of the sclected arca channelling method. The arca of normal grain growth consists of
small uniform grains. In this area almost exclusively twin boundaries are present having low encergy
and low mobility. Such grain boundaries are not present in the contact arca between the abnormally
growing large grains and the normal matrix. [t is concluded that new grain boundaries with a high
mobility are formed during the normal grain growth. Further kinctical sclection of such grain boundarics
can trigger the onset of the secondary recrystallization.

M3yuacH iiepexosl 0T HOPMMILHOCO POCTA 3EPEH K BTOPUUIION PCKPHCTWILTHZANMU  (AHOMUILHOMY
pocty) B cnutase Al | sec% Ga. OpHeHTAIMS HHIUBUTYAIbHBIX 3EPEH H TPAlMI ICPCH ONPE/ICASTICH
¢ OMOIILLIO. KAHATHPOBAHKA MICKTPOHOB TIO METO/Y W3OpanHoit 1L10m@ k. B roii vacri ofpaiia.
[/IC NIPOUCKO/THT1 TOJIBKO HOPMALThHBIH POCT 3CPEH. HAOTIOMAIOTCH MCIKHE PABHOOCHLIC 3¢pha. B 1ol
ODIACTH NPUCYTCTBYHOT HOYTH UCKIIOYHTE ThHO ABOHHHKOBBIC IPAHUIBL. OOKUTAIONINE MATOH e]-
PHCR H MUIOH NOJBUKHOCTBIO. Takue CpPaHMIBLL e HAGUIOMAIONCH B OBIACTH KOHTaK L MCH LY
AHOMANILHO PACTYIIHMH KPYMHBIMH 3¢PHAMHA M MCIKORCPHHACTOR MaTpHuci. CACHiaH BLIBOL 116 BO
BPEMA HOPMATLHOTO DOCTA HOABASIOTCA HOBbIC IPAHUILLL 3CPCH, OO LIIONIHC BLICOKOH 110JIBHK-
HOCTBIO. KHHCTHICCKUIT OTOOP 3THX BBICOKONMOARMKHLIX T PAHUIL MOKCT BbI3BATE WHUEYCK» RTOPKYIIOH
PCKPHCTATIHAA AN,

1. Introduction

The normal grain growth begins during the annealing of a cold deformed material after
the end of the primary recrystallization when the deformed matrix is completely consumed
by the newly formed grains with a low dislocation density. During the normal growth the
sizes of individual grains are relatively uniform and the grain size distribution (i.e. the grain
size d normalized by the mean grain size d,) does not vary with the time ¢. Normally d, ~ 1",
where n should be cqual to 0.5 as it follows from the theory of dimensions [1, 2].
Experimentally, r is known to lie between 0 and 0.5 [3 to 5]. In some conditions the normal
grain growth suddenly changes to the so-called secondary recrystallization or abnormal
grain growth [6, 7]. In this case few grains suddenly begin to grow very fast at the expense
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of all other recrystallyzed grains until these arc consumed. The secondary recrystallization
plays a very important role in defining the microstructure and texture of many tcch-
nologically important materials [8]. In some cases, like for example Fe-Si magneltic alloys
and W alloys for wires, the technologics already exist for many years which permit to
control the secondary recrystallization und to achieve, therefore, the necessary magnetic
and mechanical properties [9, 10]. In these materials the secondary recrystallization begins
after suppressing the normal grain growth by pores or fine particles of a second phase.
Such an inhibition of the normal grain growth was assumed to be a necessary condition
for the secondary recrystallization.

In the last decade it was shown with the aid of computer modelling that the secondary
recrystallization can also occur together with the normal grain growth a) if the energy of a
grain boundary (GB) between normal and abnormal grains 7, is lower than the cnergy of
a GB between normal grains 7. b) if the mobility of GBs between abnormal and normal
grains , is higher than that of the GBs between normal grains .. and ¢) if the size of
abnormal grains d, is large enough in comparison with d, for the normal grains [11]. Later the
conditions were analytically formulated for the mobility advantage M = p, /i, and the
energy advantage G = y,/p,, of the abnormal grains necessary for the occurrence of the
secondary recrystallization [10, 11].

Unfortunately, the existing experimental data about the first stages of secondary
recrystallization are scarce and not unambiguous. They concern mostly systems where the
normal grain growth is inhibited by finc particles and the abnormal growth is triggered by
the dissolution of such precipitates [14]. The goal of this work is an experimental
determination of the crystallographic parameters of the GBs between abnormal and normal
grains during the beginning of the secondary recrystallization in a single-phase alloy of
high purity. It is wcll known that the transition from normal to abnormal growth in Al
alloys is exceptionally sharp [15]. Recently, it was shown that the temperature of the
beginning of the sccondary recrystallization in technically important, very pure Al alloys
lies by 200 to 300 K lTower than usual and depends strongly on the impurity content in the
range of a few ppm [14]. Particularly strong is the influence of Ga content on the grain
growth in purc Al Therefore, the Al-1 wi% Ga alloy was chosen for the measurements.

2. Experimental

The Al-1 wt% Ga alloy was produced from nominally SN Al and 5N Ga as ingots with
a mass of about 7 kg. The Ga conlent in this alloy lies well below the Ga solubility in the
Al based solid solution (18 wt% at 0 C and 10 wt% at 450 C [16]). This fact and the high
purity of the alloy components exclude the formation of any bulk precipitates which can
influence the grain growth in the temperature interval studicd. The flat plates were then
mechanically cut [rom these ingots and cold rolled to a thickness ¢ of 2.5 mm and 0.6 mm
with the same reduction of 60%. During the rolling the plates were periodically cooled in
liquid nitrogen in order Lo conserve their temperature below about — 10 C and to prevent
the recrystallization. The cold rolled bands were anncaled at 450 C for 5 min in order to
have a fully recrystallized structure without deformed matrix. The microstructure of the
bands after this annealing consisted of uniformly reerystallized grains. The about | cm wide
and 3 o 8 ¢m long areas corresponding 1o the rolled old grains were clearly scen. The
difference of the mean grain size measurcd in the different old grains was about 30%. The
recrystallized bands were cut into picces with dimensions about 4 x 5 cm?. These pieces
were then annealed for the grain growth at temperatures of 380, 405. and 425 “C. Each
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specimen was annealed scveral times at the same temperature. After each break the sample
was etched for | to 2 min in a solution of 10 ml HCI, 50 ml HNO,, and 50 ml HCI in order
to reveal the grain structure. The microstructure was photographed and the mean grain
size d, was determined on 400 to 500 grains with aid of the intersection method using
optical microscopy. The measurements were repcated after each new anncal in the same
area in order to diminish the influence of the difference of the starting grain size between
the different old grains.

One sample was specially prepared for the investigation of the onsct of the secondary
recrystallization. In this sample (¢ = 0.6 mm, annealed at 380 "C for I8 h} the fine grain
structure typical for the normal grain growth was still present together with the lurge
abnormal grains. The 3 mm wide and 10 mm long specimens were then cut from this sample
in order to investigate their microstructure with the aid of the selected area channclling
(SAC) technique [17]. The SAC technique was used in order to determine the mutual
misoricntations a) between the small “normal” grains in the recrystallized matrix and b)
between the large abnormal and small normal gruins. In usual X-ray techniques the data
come from a large number of grains due to the lurge diameter of the X-ray beam. In this
case the analysis is tédious. time consuming. and indircct because the actual single grain cannot be
identificd. Transmission electron microscopy (TEM)is the only technique which combines spatial
specilic diffraction information with fine microstructural details. However, there are known
limitations for the application of TEM (small electron transparent region of the foil and the
difficulty in relating the view arca to the whole specimen). Techniques which occupy a position
in between X-ray analysis and TEM are based on scanning electron microscopy. For example,
in the SAC technique all grains can be seen and the misorientations are determined in the actual
image [I18]. It mecans that many grains can be analyzed, and the overall picturc of the
misorientation distribution can quickly be obtained. The orientations of the grains were
measured “by hand” from a channclling pattern. A grain oricntation can be obtained from
ascreen using only a ruler and standard map. This method was adopted as a simple com putcr
program [or routine orientation measurements. It requires the operator o identily poles in
the channelling pattern. Then the screen coordinates of three points on each of two pairs of
lines and of one pole are the input data into the computer program. These data arc comparcd
to a look-up table of rotations and interplanar spacings (band widths) in order to index these
lines and thus solve the pattern. The orientation of a grain with respect to the specimen frame
may be equally described both by rotation angles and rotation axis or by proper orthogonal
matrices. There are 24 geometrically different, crystallographically equivalent rotations for
cubic systems. Luch of these rotations describes completely the orientational position of a
grain in respect to the specimen frame. The direction cosines for the zone axis and for the
axes perpendicular to channelling planes have been determined by a primary processing of
the patterns. Thosc with respect to grain frame were obtained via an indexing procedure. In
this work the channelling patterns and images were analyzed together. In this case the
orientations can be ascribed to individual grains and related to both microscopic and
macroscopic features of the specimen. Knowing the orientation of individuul grains, the
parameters of mutual misorientations of the neighbouring couples of grains were determined.

3. Results

Fig. 1 shows the time dependence of the mean grain size d,, for three different temperatures.
At the beginning of the anncal normal grain growth with diminishing growth rate occurs
(solid lines). After about 20 to 40 h the abnormal grain growth begins (dashed lines). A few
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grains begin to grow very fast in the fine-grained recrystallized matrix consuming it. Fig, 2
shows the typical microstructures at the different stages of the grain growth. The stage of
the normal grain growth is shown in Fig. 2a when all grains are equiaxial and uniform.,
The microstructure at the intermediate stage is shown in Fig. 2b when the first abnormally
large grains begin to grow in the fine-grained matrix. In Fig. 2¢ the microstructure is shown

Fig.

g
r 1 h), b)at the transition from the normal grain growth to the secondary recrystallization (¢ = 0.6 mm,

for 1 h
Cfor 18 h). and c) at the final stage of the secondary recrystallization (¢ = 2.5 mm, 405 “C for 187h)

380"

2. The microstructure of Al -1 wt% Ga samples a) after normal grain growth (¢ = 2.5 mm, 380 "C
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Fig. 3. The orientation parameters of grains and GBs in the fine grained matrix formed after normal
grain growth in the sample shown in Fig. 2b. a) Inverse pole figure of grain normals. b) misorien-
tation axcs and angles of GBs. The position of the digit marks the misoricntation axis of the
corresponding GB
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Fig. 4. The orientation parameters of grains and GBs in the contact area of the fine grained matrix
formed after normal grain growth (small points) and of the large abnormally growing grains (big points)
in the sample shown in Fig. 2b. a) Inverse pole figure of grain normals, b} misoricntation axes and
angles of GBs. The position of digit marks the misorientation axis of the corresponding GRB



Orientation Relationships between Grains and Grain Boundaries in Al | wi% Ga 385

which consists almost exclusively of large abnormal grains and the fine-grained “normal”
matrix is practically fully consumed.

Fig. 3 and 4 contain the information about the orientation of grains and the misorientation
parameters of the GBs in the early stage of the secondary recrystallization when only about
20 to 30% of the fine grained matrix is consumed by the grains growing abnormally fast.
This information was obtained with the aid of the SAC method. The microstructure of the
sample is shown in Fig. 2. Fig. 3a shows the inverse pole figure of grain normals determined
in the fine-grained matrix. In all grains studied the normal to their surface lics very close
to the {112} axis. Fig. 3b reveals the GB misorientation axes and angles in the same fine
crystalline area. Each numbcr reveals the misorientation angle of the GB, its position marks
the misorientation axis. The majority of the GBs studied has misorientation parameters
close to those of the twin GBs which have the misorientation axis <111 and the
misorientation angle ¢ = 60°. Fig. 4 displays the data for the border between 1. the area
of large abnormal grains and 2. the area of small equiaxed normal grains. Fig. 4a shows
the inverse pole figure for the large grains which grow abnormally fast and for the small
grains in the “normal” matrix surrounding the large ones. The large points correspond to
the large grains. The small ones reveal the orientations of the small grains. Fig. 4b shows
the positions of the misorientation axcs and the values of the misorientation angles for the
GBs between the large grains and the small ones.

4, Discussion

The results of the SAC measurements show (Fig. 3) that in the fine-grained matrix, which
contains the equiaxed grains formed after the primary recrystallization and the normal
grain growth, all the grain normals have an orientation very close to the <112 direction.
The majority of the GBs in this matrix have misorientation axes near {111 and the
misorientation angles are close to 60°. This means that their misorientation paramecters lic
very close to those of the coherent twin boundaries. The twin GBs in Al and other metals
are known to have a very low mobility which is close to that of small-angle BGs and is
much fower than the mobility of high-angle GBs, both special and general ones {19, 20]. It
is known also that the GBs possess special propertics not only exactly at the coincidence
misorientation ¢, with a low inverse density of the coincidence sites X. There is an interval
of the misorientation angles A¢ = 2|@, — ¢4 near the coincidence misorientation ¢y Where
the properties of the GBs differ very strongly [rom the properties of the general GBs which
have an angle ¢ far from any ¢, [20]. The angular existence interval Ap of GBs with
special properties decreases fastly with increasing X. The twin GBs (£ = 3) conserve their
special propertics, for example the low mobility, in a large misorientation interval
Ap (Apg; = 10°) [21]. At the border of the named existence interval o, the phase transition
“special GB-general GB™ occurs and the GB loses its special properties [22]. Two
neighbouring grains with a misorientation ¢ close to ¢, can also have additional
misorientation components. In this case the misorientation axis of two grains does not
coincide exactly with the corresponding axis with low indexes. It was experimentally revealed
that addition of the twist or the second tilt components affects the special GB properties
much weaker than the same deviation of ¢ from ¢y [23]. Therefore, in our case (Fig. 3b)
all the GBs with the misorientation axes lying in the triangle <1115, ¢233), (334> and
the misorientation angles ¢ in the interval from 49 to 60° can be treated as twin GBs
which have a low energy and a low mobility. However, there is also a minority of grains
in this array which cannot be treated as twins,
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Let us consider now the area of the contact between the abnormally growing large grains
in the “normal™ matrix. Like in the previous case, the normals for most grains in this array
lie close to the {112} dircction, but the scatter of the orientations is now definitely wider
(Fig. 4a). Some grains have even orientations close to the <012% and <0133 directions.
Fig. 4b shows the misorientation axes and angles for the GBs studied. There is one important
difference in comparison with Fig. 3b: the GBs with a misorientation axis near <111 and
¢ near 60" are absent. Therefore, there are no twin GBs among the GBs on the front of
the growing abnormal grains. The majority of these GBs have misorientation paramelers
lying far [rom the coincidence misorientations. Basing on the experimental data about the
oricntation dependence of the GB cnergy and mobility in Al we can conclude that the GBs
in the front between the abnormal and normal growing grains have a high energy and high
mobility [19. 24 to 26].

Thercfore, the data obtained reveal that the GBs dividing the abnormal and normal
growing grains have a) the advantage of a higher mobility and b) the disadvantage of a
higher energy in comparison with the majority of GBs in the fine-crystalline matrix formed
during the normal grain growth [12, 13]. It means that the mobility advantage M
predominales over the energy disadvantage G and therefore makes possible the fast growth
of the abnormal grains. Comparing Fig. 3 and 4 it can be concluded that the grains which
prevail in the stage of the secondary recrystallization exist alrcady in the stage of normal
grain growth. During the normal grain growth the new GBs steadily form when the small
grains dividing the large growing grains disuppear. If the new GB formed in such a way
has a misorientation ¢ far from ¢, and, therefore, possesses also a higher mobility. it will
predominate over the old GBs during the further grain growth. The selection of such mobile
GBs can trigger the abnormal growth.

The transition from the normal growth to the secondary recrystallization in Al was also
studicd with the aid of local X-ray diffractometry [27]. The authors have not found the
nuclei of the abnormal grains at the stage of the normal grain growth. They suppose that
the nuclei of the abnormal grains form due to the dissociation of existing GBs. We have
studied the onset of the secondary recrystallization with the aid of the SAC method which
has a higher spatial resolution in comparison with the local X-ray diffractometry. The data
obtained reveal the pre-existence of abnormal grains during the normal grain growth.
Therefore, we mean that for the onset of the secondary recrystallization in the Al 1 wt%
Ga alloy not the nucleation of new grains is critical but the formation of new neighbourhoods
between existing grains and therefore of new GBs having a high mobility.
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