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The microstructure evolution during diffusion induced recrystallization (DIR) on the 1011} surface of
Cusingle crystals is experimentally studied. The selected area channelling technique is used for measuring
the orientation of the grains in the polycrystalline layer fTormed by Zn diffusion from the vapour phasc.
The misoricntation of adjacent grains is determined in terms of rotation angle and axis using «
dircct matrix method. The fraction of low-angle boundaries increases with anncaling time during DIR.
The number of the low-angle boundaries corrclates with the fraction of grains possessing a (114)
texture. The fraction of the grain boundarics with coincidence misoricntations remains roughly the
same during DIR.

IKCNEPHMEHTANIBHO M3YYCHA JBOJIOUSA MUKPOCTPYKTYPBI B NpOLECCe AHDDYIMOHHO-UHNY ITHPO-
BaHHOH pekpHcTamsarmn (DIR) na nosepxnocru {011} MonokpucTainior Meau. Opuentanus 3CPCH
B NIOJIHKPUCTAILUIMYECKOM C10€, 00pasyloniemMes Ha MOBEPXHOCTH MOHOKPHCTAIA MC/IM B PC3YIbTATC
obbemHONA indiby3um HITKA, ONPE/IeIsIach ¢ TOMOUILK)Y KAHATHPOBAHNS JIEKTPOHOB [0 MCTO, LY
M3DPAHHOM TIOIAN. 34T€M PACCHHTBIBATIMCH NAPAMETPhI BIAHMION PA3OPHCHTAIIMU COCCANNX 3CPCH
(OCb H yroJi pa3sopoeTa) ¢ NOMOLIBIO NPSMOFO MATPHYNOLO METOAa. 08 MANOYIIORKIX I'PAHHUIL
sepen B ciioe DIR Bospacraer co spemeneM. KoaHUecTso Ma10yrIoBbIX IpaHIy KOPPETMPYET € /IOCH
3cpeH. uMmcromux Texerypy (114). Jlons rpakuin 3epeH, UMCIOWIMX PA3OPHEHTANMH COBIA/ICHNH,
octacres B Tevenue DIR npubiausnTensHo HocToAHHOIM,

1. Introduction

In the layer of bulk dilfusion elastic tensions can arise due to the dependence of the lattice
parameter on the concentration of the diffusing element. The relaxation mode of these
tensions depends on several factors, like the extent of crystal lattice distortion or anncaling
temperature. One of the most interesting relaxation processes is the diffusion induced
recrystatlization (DIR). DIR at the surface of Cu polycrystals during annealing in a Zn
atmosphere was first reported by Hillert and Chongmo [1] in their study of dilfusion
induced grain boundary migration (DIGM) in the Cu—Zn system. Since this initial study
several studies [2 to 7] have been performed to clarify the DIR behaviour. Unfortunately,
many important features of this fascinating process are still not investigated. Of particular
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interest are the influence of the temperature, anncaling time, and surface Zn concentration
(being the driving force of DIR) on the evolution of microtexture. Recent developments in
the mcthods for local crystallographic measurements permit one to characterize the
recrystallization not only in terms of grain size and average texture. These methods.
particularly the selected arca channelling technique (SAC), permit to dctermine the
orientation of individual grains, Basing on these data, the misorientation parameters of
individual grains can be calculated and the appearance of the grain boundaries (GBs) of
dilferent types can be analysed [8 to 10].

2. Experimental

The DIR studies were carried out on the {011} surface of Cu single crystals. The single
crystals were grown from high purity Cu (SN8) by the Bridgman technique and sectioned
perpendicular to the (011} tilt axis (parallel to {011} planes) by spark erosion. These
surfaces were then chemically cleaned with a 50% HNO, aqueous solution and ground
with 4000 SiC paper. To eliminate any residual siresses or plastic deformation the samples
were then annealed for 15 hat 1123 K. No recrystallization was observed on the 1011} surface.
For DIR anncaling, the samples described above were encapsulated in a single chamber
silica ampoule under an Ar-20% H, mixture at 2 x 10* Pa along with chips of a Cu—Zn
alloy, which served as a Zn source. a Ta foil, and a piece of high purity graphite, which
served as an O, getter. Four different Cu—Zn alloys with a Zn content of 22.5, 25, 27.5,
and 30 wt% were used as diffusion sources. The ampoules with samples were then anncaled
at 693 K for 500 and 700 h in a tube furnace controlled to + 1 K. In all cases care was
taken that the surface to be studied was maintained in a horizontal position facing upward
to guarantee even deposition of Zn. After removing the specimens from the ampoule some
samples were mounted in lucite for metallographic observations of the layers parallcl and
perpendicular to the Zn-rich surface after grinding with a 4000 SiC paper and polishing
with 3 and | pm diamond paste. The samples were etched by swabbing with a solution
containing 3.5 ml H,O, 1.5 ml NH,OH, and 0.3 ml 3% aqueous H,O, for 10 to 30 s. Here
the etchant had to be freshly prepared. The samples for the SAC method were not mounted.
Instead of this they were carefully polished by hand with 3 and 1 pum diamond paste and
chemically polished with a solution of nitric acid, phosphoric acid, and acetic acid in same
parts for a short time (10 to 15s). This procedure was chosen to remove the deformation
layer causcd by polishing and to get a better surface contrast in the scanntng electron
microscopy (SEM).

The SAC method of SEM permits to see the microstructure of the sample and to determine
the orientation of the individual grains in the same experiment. Therefore, many grains can
be analysed and an overall picture of the misorientation distribution can be obtained. The
SEM-SAC method has been used by us in order 1o determine the orientation of individual
grains in the DIR layer. The physical background and experimental aspects of channelling
phenomena are presented in detail in some reviews [11, 12]. We have measured the orientation
by hand from an electron channelling pattern. A grain orientation can be obtained from a
screen using only a ruler and a standard map. This method was adopted as a computer
program for routine orientation measurements, and requires the operator to identify poles
in the channelling pattern. The orientation of a grain with respect o the specimen frame
may be equally described both by rotation angles and rotation axis or by proper orthogonal
matrices. It is well known [13, 14] that there are 24 geometrically different, crystallographically
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equivalent rotations for cubic systems, each of which describes completely the orientation
of a grain with respect to the specimen frame.

After the determination of the orientation of individual grains, the misorientation
parameters, namely the axis and misorientation angle, for the GBs between the neighbouring
grains can be determined using a special computer program [15]. After that the GBs can
be classified as follows:

— low-angle GBs with a misorientation angle less than 15°:

— high-angle GBs with a misorientation angle more than 15"

— GBs of coincidence type [or coincidence site lattice (CSL) GBs].

Under CSL GBs we understand the GBs with misorientation parameters lying near the
coincidence misorientations with a low value of the reciprocal density of the coincidence
sites X. Geometrically, the CSL exists for any value of X and only for the misorientation
angles of the exact coincidence. Experimentally, GBs possess a special structure and special
properties a) only for 2 values which are small enough and b) in some angular interval Af)
near the coincidence misorientation #; [16]. The cut-off value of % at which the CSL ceases (o
have any physical, significance depends on the temperature; A((X) depends on X and
decreases with increasing X [16]. Different vestigators set the upper limit for X usually
between 2 = 25 and 49. In this work we have chosen the cut-off value & = 27 [17,18]. AGB
was classified by us as CSL GB if its misorientation angle ¢ diffcrs from the corresponding 0,
no more than A8(2). For cvery sample the orientations for 200 1o 500 grains and the
mutual misorientations for neighbouring grains were determined. During these measure-
ments the region of interest has been located in the image. After that the orientation data
can be collected without further reference to the image. The operator moves the sample in
a linear traverse and mcasures the orientation every time the channelling pattern changes.
This method of data collection permits one to estimate the grain size together with the
orientation measurements. After the whole width of the sample has been traversed, the
process can be repeated along a different trajectory. The distance between the trajectories
is cqual to the mean grain size in the section to be invesligated.

3. Results

After diffusion anneals new small grains can be scen on the surface of Cu single crystals.
These DIR grains were formed in the layer of bulk diffusion of Zn. Fig. I displays the mean
grain size d in the DIR layer for two annealing times ¢ and four values of Zn concentra-
tion ¢y, in the diffusion source, The grain size increases with increasing ( and c,,.

The grains in the DIR layer can be primarily characterized by their orientation, e.g. by
the crystallographical direction of the grain which is parallel to the normal direction (ND)
of the sample surface. The surface of the sample is in all cases a 1011} plane. The
microstructure of the polycrystalline DIR layer consists of three kinds of grain regions:

— The ND of the investigated grains coincides with (011, being the orientation of the
investigated single crystal. Such regions occupy 40% of the structure for an annealing time
of 500 h and 50% for an annealing time of 700 h.

— The ND deviates very little from <1145, <0013, or {012>. The mujority of GBs in
these regions are low-angle GBs. Such regions occupy 20 to 30% of the structurc.

— Randomly oriented grains. The majority of GBs arc high-angle GGBs. Such regions
occupy 20 to 40% of the structure.

46 physica (a) 1502
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Fig. 1. The dependence of the mean grain size d on the Zn concentration in the diffusion source Crn
after anncaling at 693 K for 500 and 700 h, respectively

The most frequent orientations of DIR grains were <0115, (114>, ¢ 12>, <0015, and
<0125, Other orientations, like (013>, <015>, {1163, <1225, {123%, (1255, {1275, and
{223}, were very seldom (about 5% of all DIR grains). The number of different orientations
decrcases with increasing annealing time. The analysis of the microstructure demonstrates
that the grains of the preferred orientations <1145, 112>, <0125, and <001> are not
distributed absolutely randomly over the specimen volume. They form clusters containing
at least several tens of grains. These grains are separated onc from another by a low-angle
GB, which is consequently a low-mobility GB. As a rule, a cluster is surrounded by a
high-angle GB. The increase of the volume fraction of grains having orientations {1145,
{1123, (0123, or {100 proceeds by an expansion of these clustcrs.

Fig. 2 displays the relative number of grains having the most frequent orientations <0115,
{0015, (1143, and (112} after anneals for 500 and 700 h for different ¢,,. Most frequently
(27 to 43%) appear the (011> grains having an orientation coinciding with the orientation
of the single crystalline substrate. Their number increases with increasing ¢ and ¢,

Fig. 3 shows the [raction, S, of the surfacc area for the grains with the orientations <0115,
<0015, (114>, {0123, and <112} after anneals for 500 and 700 h for different Cyne SOMe
features not displayed in Fig. 3 can be clearly seen. The arca fractions of <01 1> and {1145
grains definitely increase after longer anncaling time on the cost of the other components.
For example, the component (012> completely disappears after 700 h.

In the DIR layer there are many low-angle and high-angle GBs, but only a few CSL
GBs (about 5 to 10%). Practically, all these GBs were twins of different order: X = 37
(where n = 1, 2, or 3). In the grain clusters <114, {1105, and <012> the orientation of the
individual grains has a very low deviation from the corresponding cluster orientation.
Therefore, there are many low-angle GBs in the DIR polycrystalline layer. Fig. 4a shows
the [raction, f,,, of low-angle GBs among all GBs in the DIR layer for different Cone Jra IN-
creases with annealing time. After anneal for 500 h f,, decreases with increasing ¢, . After
an anneal of 700 h the high maximum of f,, appears at the concentration of 25 wt% Zn.
For comparison, Fig. 4b shows the evolution of S, for grains with a (114> orientation for
different ¢,,,. Interesting is the comparable behaviour of f;, and §,,.
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Fig. 2. The dependencies of the relative number, s, of grains having the most frequent oricntations

<OT1%, <0013, {114>, and {1123 on the Zn concentration in the diffusion source Crn

4. Discussion

DIR 15 one of the important processes which may accompany the interdiffusion process at
low temperatures. During DIR new (small) alloyed grains form in the diffusion zone. The
new grains initiate at the original GBs and progressively, by an avalanche type of process,
repeated nucleation of new grains occurs on the surface of the previously formed new grains
until cventually the interface is completely composed of a fine-crystalline alloy layer [4].
New grains grow by diffusion induced grain boundary migration (DIGM). The DIR
process has been found to be the dominant mass transfer mechanism in regions of high

46%
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Fig. 3. Fraction of the surface arca, S,,. of the grains with the orientations (011, <001, <1143, <0123,
and {112} for different Zn concentrations in the diffusion source ¢,

concentration gradients, and to be even more important there than DIGM. The mechanism
of the nucleation of new grains by DIR still remains an object of discussion.
Purathasarathy and Shewmon [6] in their study of the diffusion of iron from the vapour
phase into nickel explained the formation of Fe Ni alloy DIR grains at or close to migrating
GBs as due to the tensile stresses which develop in regions ncar the boundaries because of
the faster GB out-diffusion of nickel compared with the GB in-diffusion of iron. These
tensile stresses then would be relieved by the volume expansion which occurs on alloying
nickel with iron. This explanation is contradicted by the observation of DIR along copper
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Fig. 4. The dependencics of the fraction of a) low-angle GBs in the DIR layer f;, and b) of the surface
area for the grains with the orientation (114> S on the Zn concentration in the diffusion source Con

GBs in Cu Ni diffusion couples [19]. Here, tensile stresses are also expected to develop
owing to the faster GB diffusion of copper than that of nickel, but alloying copper with
nickel brings about a decrease in the molar volume. 1t is therefore unlikely that the occurrence
of DIR is to bc associated with a particular stress situation to be relicved by the lattice
parameter change on alloying. Instead, in [4] was suggested that, when the net mass or
vacancy flow along the GBs is very violent, drastic structural rearrangements in these GRBs
occur, leading to the emission of dislocations by glide into the grain interiors. Here these
dislocations may coalesce by climbing into dislocation walls which eventually form new G Bs.

Indeed, below the temperatures of DIR the nickel grain interiors were shown by
transmission electron microscopy to have a very high dislocation density [19]. The
temperature at which DIR started to be observed was about the same as that needed to
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induce normal primary recrystallization of parts of the sample which were cold worked by

activated to initiate DIR are the same as those that bring about normal recrystalization,
i.c. dislocation wall formation by lattice dislocation climb; after dislocation emission from
the original GBs. Therefore, the studies of the orientation distribution of new grains formed
by DIR and its evolution are important for decovering the DIR mechanism. The results
of this work display some important features of the DIR process. Some facts can be casily
understood due to the similarity with the usual processes of recrystallization and grain
growth. Other peculiaritics are specific to DIR.

The increase of the mean grain size d with increasing annealing time is one of the common
features of DIR and usual recrystallization. The increase of d with increasing ¢, can be
also explained if we take into account that d was measured in the upper layer of the sample
which is enriched by Zn. The addition of 20 wt% Zn to Cu lowers the melting temperature
I, ofa Cu- Zn altoy by about 100 K [20}. Therefore, the recrystallization in a Cu- Zn solid
solution proceeds at a higher homological temperature T/7), than in pure Cu, and the
recrystallization rate increases with increasing ¢, as with increasing 7.

The number of different grain orientations present in the DIR layer decreases with
increasing annealing time. For example, it can be seen (Fig. 3) that the orientation 012>
exists in the sample after an anneal of 500 h, but disappears after 700 h. This fact can be
understood if we suppose that the grains with the most energetically favourable orientations
consume the grains having the orientations which are cnergetically less favourable. The
analogue of this process is the secondary grain growth in the recrystallized sheets driving
by the difference in the surface energy of the grains with different orientations. Therefore,
the observed process is a kind of a diffusion induced secondary recrystallization.

Remarkable is the similarity in behaviour of the fraction, f;,, of small-angle GBs in the
DIR layer and area [raction, S, of grains with {114} orientation (comparc Fig. 44 and
b). Both curves have a maximum at 25 wt% Zn for ¢ = 700 h. This behaviour shows that
the quick growth of the grain clusters with the (114) orientation proceeds due to the
nuclcation of new slightly misoriented {114 grains.

Itis interesting to compare the f;,(c,,) dependence (Fig. 4a, ¢ = 700 h) with the behaviour
of the recrystallization in Al foils [15]. The maximum of the low-angle GB fraction f;, was
there revealed on the dependence of f), on the annealing time. The disappearance of the
low-angle GBs in Al with increasing ¢ was driven by the beginning of the secondary
recrystallization. The increasing temperature shortens 1 for the transition to the secondary
recrystallization [21, 22]. In our case, the increase of ¢, acts like an increase of temperature.
Thercfore, we can suppose that the gradual disappearance of the small-angle GBs in Cu
has something in common with the process studied in Al [15] though Cu and Al have
very different stacking-fault energies and different recrystallization behaviour.

Small-angle GBs possess a lower energy than high-angle GBs. Only the CSL GBs can
have an energy comparable with the energy of low-angle GBs. In the studied case the
fraction of CSL GBs in the polycrystalline layer DIR was about 5 to 10%. but practically
all of them were twins of diffcrent order having low energy. There is a tendency to increase
the small-angle GB fraction in the DIR layer with increasing time ¢. Therefore, basing on
the data of orientation measurcments for individual grains we can suppose that the decreasc
of Gibbs cnergy of the sysicm during DIR is connected not only with the increase of d,
but also with the time displacement of the GB energy distribution towards the GBs with
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low energy. Kinetically, the formation of the low-angle GBs is also favourable as a simplest
way for dislocations formed in the distorted bulk diffusion layer to relax into the low energy
configurations like walls or networks.
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