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Abstract 

The recrystallization of Al-alloys is controlled by precipitates. Whereas large particles are generally 
assumed to promote recrystallization by particle stimulated nucleation (PSN), finely dispersed 
precipitates, either already present in the as-deformed state or precipitating during the 
recrystallization anneal, are known to strongly retard the progress of recrystallization. 
In was the aim of the present study to elucidate these concurring effects of large particles, and small 
dispersoids as well as of a supersaturation of solutes on recrystallization in a ternary Al-Fe-Si model 
alloy. For that purpose, samples were prepared according to different pre-annealing treatments so as 
to comprise different states of precipitation and supersaturation. The evolution of the microstructure 
and, particularly, of the crystallographic texture was followed during cold rolling and 
recrystallization. From the results obtained, conclusions on the efficiency of recrystallization 
nucleation at the various nucleation sites and, especially, on the influence of dispersoids on 
recrystallization could be drawn. 

Introduction 

It is generally known that the recovery and the recrystallization behaviour of Al-alloys is strongly 
affected by the precipitation state. Small dispersoids are known to strongly retain both recovery and 
recrystallization and, thus, retard the progress of recrystallization [ 1,2]. Large particles (> 1 pm), on 
the other hand, are generally assumed to promote recrystallization by particle stimulated nucleation 
(PSN) [3]. In the presence of a bi-modal particle distribution, however, a complex interaction 
between the large particles and the small dispersoids can occur. In addition, in the case of a 
supersaturation of solute atoms, new dispersoids may precipitate during the early stages of the 
recrystallization anneal which fbrther affects the progress of recrystallization. 



In addition to standard metallographical investigations and kinetics measurements, analysis of the 
crystallographic texture has proved to be a valuable tool in studying the influence of dispersoids, as 
it supplies statistical information about how the grains stemming from the different nucleation sites 
and, hence, comprising different crystallographic orientations, are affected by the dispersoids. In 
recent studies on binary Al-l.S%Cu [4] and on commercial Al-Mn-Mg alloys (AA3xxx) [5,6] it was 
observed that a precipitation of solutes on the deformed substructure occurring concurrently with 
recrystallization strongly promoted a cube-recrystallization texture. As will be discussed later in this 
paper, this effect was attributed to a selective pinning of PSN, while the cube-nuclei could grow 
and, hence, finally dominate the recrystallization textures. Annealing of the same samples at high 
temperatures where no precipitation occurred, in contrast, resulted in a fine grained microstructure 
and a more random texture, which indicated that PSN was most effective. Likewise, in examinations 
of commercial Al-Mg-Si alloys (AAGm) [7,8] as well as in Al-Si model alloys [9], it turned out 
that dispersoids which were already present prior to the final recrystallization anneal were also very 
efficient in inhibiting PSN. 
The present paper presents first experimental results of a current study about the influence of the 
precipitation and supersaturation state on recrystallization in a high purity ternary Al-Fe-Si model 
alloy with 0.35wt%Fe and 0.7wt%Si. The prevailing nucleation mechanism was probed by texture 
analysis, which was supported by metallographical investigations and by measurements of 
microhardness and electrical conductivity so as to characterize the precipitation state. 

Sample Preparation and Experimental Procedures 

From a cast ingot made of a high purity Al-0.35wt%Fe-O.7wt%Si model alloy a 40mm thick bar 
was prepared. In order to receive a homogeneous fine grained initial structure, the bar was cold 
rolled by 50% thickness reduction, annealed for lh  at 550"C, again rolled 50% and finally annealed 
for 30min at 500°C. This pre-treatment led to a recrystallized microstructure with an average grain 
size of -3Opm. To vary the state of supersaturation as well as precipitation prior to the final cold 
deformation process, various specimens prepared from this bar were subjected to different annealing 
treatments (cf. Tab. 1). 
After the final anneal, one specimen, which in the following will be referred to as "Q", was immedi- 
ately water quenched. In this material, a large number of Fe- and Si-containing constituent particles 
were observed (Fig. 1). By means of quantitative metallography an average particles size of -2pm, a 
volume fraction of -2% and a spatial density of -4.10 m were determined (Tab. 1). The electrical 9 -2 
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1 Opm Fig. 1: Precipitation state in 

specimen "Q" (undeformed, SEIM). 

conductivity o was measured by an eddy-current device; in 
the as-quenched state "Q" it was 0=32.8 Rm/mm2. 
A second specimen, denoted "S", was slowly cooled from 
the pre-annealing temperature, 5OO0C, down to 250°C 
within 12h. This slow cooling led to an increase in both size 
and volume fraction of the constituents, whereas their 
spatial density remained comparably constant (Tab. 1). This 
means that mainly the already existing particles grew, rather 
than that new precipitates formed. Simultaneously, the 
electrical conductivity strongly increased from ~ 3 2 . 8  to 
34. 1Qm/mm2, indicating the precipitation of solute atoms. 



Tab. 1: Characterization of the three different starting materials. 

The third specimen, denoted "A", was water quenched aRer the 500°C anneal and then aged for 96h 
in a salt bath until it reached approximately the same electrical conductivity as specimen "S", i.e. the 
same number of atoms retained in solute solution. In this sample, the size and the volume of the 
large constituent particles remained virtually unchanged with respect to the as-quenched state 
(specimen "Q") but, in addition, a very high number of small dispersoids with an average size of less 
than 50nm and a density of 5-10 m- had formed, so that a bi-modal particle distribution was 
obtained (Tab. 1). (It should be mentioned here that the analysis of these very small dispersoids by 
SEM analysis is rather inaccurate and so only approximate data are available.) 
Subsequently, the three different specimens were 90% cold rolled to lmm sheet thickness, 
corresponding to a true strain ~=2.3.  Finally, the sheets were annealed at various temperatures 
between T~=250"C and 450°C in a salt bath to achieve recrystallization. 
The precipitation state of the material was characterized by means of SEM analysis, supported by 
measurements of the electrical conductivity and the Vickers microhardness. Standard metallography 
by anodical oxidation of the samples was performed to yield the state of recrystallization and, in 
particular, to yield the grain size after complete recrystallization. For texture analysis, pole figures 
were measured at the centre layer of the sheets by means of an automated X-ray texture goniometer. 
After correction of the pole figure data with respect to background irradiation and defocusing error, 
the three-dimensional orientation distribution functions (ODF) f(@ were computed according to the 
series expansion method (lmar=22) [lo]. Complete ODFs were derived according to the non- 
negativity method [ 1 13 and represented with iso-intensity lines in equidistant sections (A(p2=5") 
through the three-dimensional orientation space defined by the Euler angles <PI, 4 and (p2. 
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EXPERIMENTAL RESULTS 

After the cold rolling, all sample sh wed v ry simila 
band-like microstructures indicating homogeneous 
deformation. As an example of the resulting textures, the 
rolling texture of sample "Q" is shown in Fig. 2. The 
textures were mainly composed f the  typical rolling 
texture orientations C=( 1121-4 11>, S=( 123)<634> 
and B=(011)<211>, which form the (copper-type) 
rolling texture P-fibre. With regard to the different pre- 
annealing treatments, only minor differences occurred. 
The entire texture sharpness of sample "S" was slightly 
lower by -10% than in the other two samples, which is 
attributed to the higher volume of precipitated phases 
(Tab. 1) [12]. 
After complete recrystallization, basically two different 
texture types could be separated. The texture shown in 
Fig. 3a mainly comprises the cube-orientation 
(001 )<loo> with strong scatter about RD, which is the 
typical recrystallization texture of most AI-alloys. In 

l -40, *=const. OAH-0 OOF 
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Fig. 2: Rolling texture of sample "Q". 

accordance with many microtexture investigations in the SEM and the TEM it is anticipated that this 
texture type is dominated by nucleation of cube-oriented nuclei at the so-called cube-bands, i.e. 
band-like structures which are composed of cube-oriented subgrains which can be found already in 
the as-deformed microstructure (e.g. [ 13-1 51). 
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(a) sample "A", TR=3000C (b) sample "S", T~=450"C 

Fig. 3: Textures after complete recrystallization. 



The other texture type is characterized by weaker textures, typicallyf(a)<5, with a high fraction of 
randomly oriented grains. With regard to the first type, the cube-orientation is remarkably rotated 
about ND towards (001}<310> and another orientation, the so-called P-orientation (01 1 )<122> is 
observed (e.g. Fig. 3b). This texture type has frequently been associated with a texture being 
dominated by PSN (e.g. [4,5,12]). 
It is interesting to note that in the samples that depicted recrystallization textures of the former type, 
i.e. cube-recrystallization textures, generally microstructures with an average grain size of 16pm 
were observed (Fig. 4a), whereas the recrystallization textures of the latter type, i.e. the PSN- 
textures, were generally associated with smaller grain sizes of -12pm (Fig. 4b). 

(a) sample "A", TR=30OoC (b) sample "S", TR=4500C 

Fig. 4: Microstructure after complete recrystallization. 

The slowly cooled samples "S" that were recrystallization annealed at all the different temperatures 
showed very similar recrystallization textures (Fig. 3b), which indicate the occurrence of PSN. 
Furthermore, recystallization proceeded comparably quickly (e.g. within 100s at 300°C; Fig. 5) and 
very fine grained microstructures (grain size -12pm) were obtained (Fig. 4b). These two latter 
observations also hint at preferable nucleation conditions which are given in case of PSN. Thus, it is 
concluded that the large constituent particles which formed during the pre-annealing in this material 
acted as viable nucleation sites for recrystallization. An increase in the annealing temperature TR 
exerted no significant influence on the recrystallization textures, as the slowly cooled samples "S" 
were close to the equilibrium state after the pre-treatment and, thus, no fbrther precipitation reaction 
was to be expected. 
All samples "A", which were pre-annealed to receive a bi-modal particle size distribution, showed 
the other type of recrystallization textures. Here, the typically sharper cube-recrystallization textures 
dominated at all annealing temperatures (e.g. Fig. 3a). The final recrystallized grain size (-16pm; 
Fig. 4a) was significantly higher than that in samples "S". So, in material "A" the small dispersoids 
introduced through the ageing anneal at 250°C appeared to effectively inhibit PSN, so that the 
grains forming at the cube-bands eventually dominated the recrystallization textures. Again, no 
significant influence of the annealing temperature TR has been observed. This means that the time to 
initiate nucleation of recrystallization was shorter than the time necessary to re-dissolve the finely 
dispersed phases that suppress PSN. 
In the quenched samples "0" a more complex behaviour was observed: At low annealing 
temperatures the cube-orientation prevailed. This means that the precipitation of finely dispersed 
precipitates out of the supersaturated matrix efficiently inhibited PSN but, as in the case of the aged 
sample "A", did not significantly affect the growth of the cube-nuclei. The concurrence of 
precipitation and recrystallization was confirmed by measurements of the evolution of the electrical 
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conductivity and the microhardness with 
progressing annealing time until 
recrystallization had been completed (Fig. 5).  
At high annealing temperatures, in contrast, 
the typical weak PSN-textures and fine 
grained microstructures with an average grain 
size of -12y.m were obtained. Here, 
recrystallization nucleation apparently 
occurred before possibly fbrther precipitation 
could retard the growth of the new grains, 
leading to a fine grained microstructure as 
controlled by PSN. 

SELECTIVE SUPPRESSION OF PSN BY 
DISPERSOIDS 

The most prominent recrystallization texture 
orientation of Al and most Al-alloys is the 
cube-orientation. In the present investigation, 

, . , ,,1,,,1 , , ,,,,,,, , , , , ,.A a strong cube recrystallization texture was 
32 obtained in the samples containing 

dispersoids, either already present in the as- 0 10' 1 o2 10' io' i o 5  
(b) deformed microstructure (material "A") or 
Fig. 5: Evolution of microhardness HV and precipitating during low temperature 
electrical conductivity (T with progressing annealing of the supersaturated samples "Q" . 
annealing time t (TR=300 T). (Figs. 3% 5). Nuclei with cube- and RD- 

rotated cube orientations are known to form 
in the cube-bands (e.g. [13-151). During the subsequent growth, grains with the exact cube- 
orientation prevail, which is due to their optimum growth conditions into several components of the 
deformation texture by means of compromise growth effects [ 151. 
In two-phase Al-alloys, the recrystallization is accelerated by particle stimulated nucleation (PSN), 
which takes place in the deformation zones around the large constituent particles [3]. Owing to the 
nearly random distribution of the subgrain orientations within the deformation zones very weak 
recrystallization textures with only slight preference of the P-orientation and a characteristic scatter 
of the cube-orientation about ND form. In the present study, such weak PSN-textures were 
observed in the recrystallized samples where no dispersoids were to be expected (Figs. 3b, 5) .  In 
these samples the large constituent particles (Fig. 1) proved to be effective as to initiate PSN. 
However, although irrespective of the pre-annealing treatment the number of constituent particles 
which would be sufficiently large to initiate PSN remained more or less constant throughout the 
present investigation (Tab. l), the efficiency of PSN and, consequently, the final microstructures and 
recrystallization textures appeared to strongly depend on the pre-annealing treatment and, thus, on 
the dispersoids (Figs. 3, 4). This effect indicates a selective pinning of PSN-grains by the finely 
dispersed particles which formed during the various pre-annealing treatments. 



The critical size dCrit of a nucleus being able to grow and, thus, to contribute to the recrystallization 
texture depends on the driving pressure Po and, in the presence of dispersoids, on the Zener-drag 
PZ that is exerted by these dispersoids [16]: 

Y G B  d,, = 
'D - 'Z  

( ~ G B :  specific grain boundary energy). In the case of PSN, nucleation can obviously only occur if the 
critical nucleus size is smaller thanthe maximum possible nucleus size, which is limited by tke size of 
the deformation zones around the large particles (cf Fig. 6a). Under the assumption that the size of 
the deformation zone h is related to the particle size d p ,  it follows: 

which explains that PSN in AI and Al-alloys is restricted to particles with a size exceeding -1pm [3]. 
According to these equations (Eqs. 1, 2), in the case of a strong Zener-drag PZ the critical nucleus 
size increases, until it eventually exceeds the maximum size h provided by the deformation zones 
present in the given material. In that instance, PSN-grains are not longer able to grow and the 
nucleation of recrystallization must take place at other sites. 
The grains nucl&ting at the cube-bands, 
in contrast, appeared to still be able to 
grow in the present samples, which 
finally led to the cube-recrystallization 
textures (Fig. 3a). The maximum 
possible nucleus size, i.e. the length 6~ of 
a given subgrain within a cube-band (e.g. 
Fig. 6b), is not geometrically limited as 
in case of the deformation zones (Fig. 
6a). This means that also in the presence 
of dispersoids a subgrain can exceed the 
necessary critical nucleus size (Eq. 1) by 
subgrain growth or, possibly, by 
subgrain coalescence, which eventually 
enables successid growth. 
It should be noted here that under 
extreme circumstances, e.g. in case of 
very heavy precipitation reactions, any 

h 

(a) PSN (b) nucleation at 
a cube band nucleus growth - including that of nuclei 

at cube-bands [ 171 - is inhibited and the Fig. 6: Inhibition Of n U C h t i Q n  by dispersoids. 
entire microstructure recovers rather than recrystallizes ("continuous recrystallization", cf [2,4,18]). 
It is interesting to note that in some earlier investigations concerning the influence of dispersoids on 
the recrystallization textures the strongest retarding effects were obtained by a precipitation of 
solutes out of a supersaturated matrix which occurred simultaneously with the recrystallization [4- 
61, whereas in other materials the pinning dispersoids were already present in the as-deformed state 
[7,8]. In the present investigation both cases have been studied and the present results prove that 
indeed in both cases PSN could be suppressed in favour of a cube recrystallization texture. 
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CONCLUSIONS 

In was the aim of the present study to investigate the influence of dispersoids on the recrystallization 
in a ternary Al-Fe-Si model alloy. In dispersion-free sample states, PSN occurring within the defor- 
mation zones around the large constituent particles gave rise to fine grained microstructures and 
very weak recrystallization textures with a characteristic rotation of the cube-orientation about ND 

present in the as-deformed state or precipitating during the recrystallization anneal, however, a more 
pronounced cube recrystallization texture and larger grain sizes were obtained. This indicates that 
the dispersoids selectively suppressed PSN but do not significantly affected nucleation at cube- 
bands. 
This difference is attributed to the different geometrical features at the two nucleation sites: The 
Zener-drag exerted by the dispersoids results in an increase in the critical size for successfbl nucleus 
growth. In case of PSN, the critical nucleus size may eventually exceed the maximum size provided 
by the deformation zones, so that PSN can not longer take place. The subgrains in the cube-bands, 
in contrast, can more easily expand by subgrain growth or, possibly, by subgrain coalescence, until 
they exceed the critical nucleus size and, hence, the cube-orientation prevails in the presence of 
dispersoids. 

~ 

and a minor P-component. In the presence of small finely dispersed precipitates, either already 
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