
THE DEVELOPMENT OF RECRYSTALLIZATION TEXTURES IN F.C.C. METALS 
WITH A LOW STACKING FAULT ENERGY*t 

J. W. H. G. SLAKHORSTS 

The texture development of silver single crystals and polycrystalline high purity silver rend a series 
of Ni-Co 8lloys was examined, immediately 8ft.er rolling 8nd 8ftor various annealing treatments. X-ray 
diffmction esd electron-microscopical observations showed that the development of the {841}(447) + 
(310~991) + {,352i}(246) recrystallis8tion texture can be expleined by the inverse Rowland trans- 
form&ion as the prinmry nucliation mechanism followed by recrystellisation twinning and growth 
selection of secondary twins. 

DEVELOPPEMENT DE TEXTURES DE RECRISTALLISATION DANS LES METAUX C.F.C. 
A BASSE ENERGIE DE DEFAUT D’EMPILEMENT 

Le developpement de 18 texture de monocristaux d’argent, de polycristaux d’8rgent de haute puret6 et 
d’une s&e d’allieges Ni-Co a Bt6 Btudie, immediatement apres laminage et spres divers recuits. La 
diffmction de rayons-X et les observations au microscope Blectronique ont montre que l’on pouvait 
expliquer le developpement de la texture de recristallisation {841)(447) + {310}(991) + {862}(246) 
par la trensformation de Rowland inverse comme mecanisme de germination primaire suivi d’un maclage 
de recristellisetion et d’une croissrtnce s6lective de mecles secondeires. 

DIE ENTWICKLUNG EINER REKRISTALLISATIONSTEXTUR IN F.C.C. METALLEN MIT 
NIEDRIGER STAPELFEHLERENERGIE 

Die Entstehung der Textur in Silberenikristallen, in polykristellinem, hochreinem Silber und in einer 
Reihe von N&Co-Legierungen wurde unmittelber naah dem W&en und nach verschiedenen AnleBbe- 
handlungen untersucht. Riintgenbeugung und elektronenmikroskopische Bobachtungen seigen, da3 
man die Ausbildung der {841}(447) + {310}(991) + {852i}(246) Rekrist8llisationstxtur so erkl&mn 
k8nn, da9 8iIfdie Rowland-Umwandlung als prim8rer Keimbildungsmechenismus eine Rekristallisations- 
Zwillingsbildung und Wachstumsselektion sekundilrer Zwillinge erfolgt. 

I. INTRODUCTION 

The apparent success of the theory of oriented 
growth(l-s) in explaining a variety of observed an- 
nealing textures has for some time diminished the 
interest in the older theories of oriented nuclea- 
tion.‘4-g) There is little doubt about the fact that the 
orientation relationship between recrystallisation 
texture and deformation texture is determined exclus- 
ively by the rules of growth selection if nuclei in all 
possible orientations are present.(7**) It is however not 
conceivable that this condition is met in most of the 
deformation structures. A hard nut to crack for the 
theory of oriented growth has always been the cube 
texture in f.c.c. metals and alloys with a relatively 
high stacking fault energy, such as Al, Ni, Cu Au and 
aFe-Ni. More recent observations by Horiuchi et. 
a.?.,(g) Hinkel et uZ.(lD) and Ray et uZ.‘~~ seem to confirm 
the old theory of oriented nucleation proposed by 
Burgers and Verbraak’1z-14) which explains the cube 
texture by an inverse Rowland transformation of the 
main components of the deformation texture. With 
respect to f.c.c. metals and alloys with a low stacking 
fault energy such as Ag and a-brass the theory of 
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oriented growth seemed to provide a reasonable ex- 
planation of the observed annealing textures. The 
experimental fact, however, that in some cases only 
a part of the orientations predicted by the theory of 
oriented growth are actually formed, may be an indi- 
cation that even in these metals oriented nucleation 
cannot be altogether neglected. Besides this, even if 
all orientations were present usually the clockwise 
rotation is about a different angle from the anti-clock 
wise rotation.u5,16) Recently Peters and Reid(‘rpr*) 
concluded from their experiments on bronze and aus- 
tenitic steel that the formation of recrystallisation 
textures in f.c.c. metals with a low stacking fault 
energy is governed by twinning. Their results are in 
agreement with those of Gindraux and Form.(‘9) In 
the present paper, new results on Ag and N-Co alloys 
will be presented. These results confirm the important 
role played by twinning in the formation of annealing 

textures of f.c.c. metals with a low stacking fault 

energy. Quite unexpectedly it w&s found, however, 

that also in these metals the inverse Rowland trans- 

formation apparently is responsible for the first re- 

crystallised nuclei formed in the cold rolled matrix. 

These primary nuclei with a cube orientation and 

their twins limit the number of possible orientations 
as predicted by the theory of oriented growth. 

$ Mechanical Depertment Materials Section, Technical 
University Twente Enschede, The Netherlands. 
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II. EXPERIMENTS 

The experiments were carried out mainly with poly- 

crystalline Ag (99,999 per cent, obtained from Johnson 
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and Matthey) and an Ag single cry&al randomly 
oriented (obtained from Metals Research). From the 
single crystal, small specimens with an orientation 
(lOO)[Oll] were cut, with a M.R. sparking machine. 
Both the single crystal and the polycrystalline Ag 
were rolled, while being inserted in soft-annealed poly- 
crystalline Cu. The rolling process was carried out on 
a Biihler rolling mill with a roll diameter 100 mm at 
24 rev/min per min in steps of 1 per cent of the total 
deformation. The &al deformation was always more 
than 99.5 per cent. After the rolling process, the 
specimens were stored in liquid nitrogen. For observa- 
tions in the electron microscope, part of the specimens 
were polished electrochemically in a solution of 
67.5 g KCN, 15 g K-Na tartrate,, 15 g K,Fe(CN),, 
19.5 cm% H,PO, and 2.5 cmJ N&OH in 11 H,O (after 
Bailey and Hirsch). The recrystallisation kinetics of 
the polycrystalline Ag were measured by means of 
resistivity measurements. From these recrystallisa- 
tion data specific annealing treatments could be chosen 
for the study of the development of the recrystallisa- 
tion texture. The texture determinations were carried 
out on a on a Philips texture goniometer with a pitch 
of 5“. The angle from the rolling plane (i.e. the plane of 
the stereographic projection) was restricted to 80’. Be- 

sides this, a number of specimens have been studied 
in the electron microscope (Philips E.M. 300). 

III. RESULTS 

(a) The aa rolled spcimens 

Both in the rolled polycrystalline Ag as in the rolled 
Ag single crystal, the deformed material had a very 
sharp (Oll)[flf] + (Oll@il] texture. However, a 
large number of microtwins are observed as shown in 
Fig. 1. In the (Oll)[Zli] component most of the twins 
were formed on the (El) plane and in the (Oll)[?$il] 
component on the (i1T) plane. So, most of the twins 
were formed on the (111) plane perpendicular to the 
rolling plane and parallel to the rolling direction. 
Some twins, however, were observed on the (Tli) 
and (nl) planes respectively, which results in the 
orientations (011)[%5] and (011)[25b] (compare 
Fig. 11). 

None of these twins are oriented favorably for 
deformation (the resolved shear stress for twinning 
on these planes is zero). Because of this, these twins 
have to be attributed to recrystallisation during 

rolling. This is also confirmed by the fact that they are 
nucleated at the grain boundaries, and have very 
sharp and straight boundaries. From these observa- 

tions it may be concluded that during the rolling proc- 

ess, twinning occurs due to recryztallisation. 

FIG. l(a). Micro twins produced on the (111) planes 
perpendicular to the rolling planes in polycristalline Ag 

(52-J) rolled 99.5 per cent; immediately after rolling. 

FIG. l(b). Diffraction pattern of Fig. l(a). 

(b) Recrystallimtion kinetics 

For the study of the development of recrystallisation 
textures, it is necessary to know the degree of recrys- 
tallisation as a function of both time and tempera- 
ture. These functions are given in the curvea of Fig. 
2. From these curves, a number of heat treatments 
were chosen to be examined by X.-ray diflkaction and 
the electron microscope. These specimens are indi- 
cated in Fig. 2. 

(c) Texture development 

1. Measuremen& ~6% the texhre goniometer. The 
specimens, heat treated at 100% and 140% have been 
studied most extensively. From these texture me&8- 
urements it may be concluded that the texture de- 
velopment due to recrystallisation is as follows: 

The first change of the texture due to reurystallisa- 
tion is the development of a texture component which 
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Fro. 2. Recrystallisation curves of polycrystalline Ag 
(6N) rolled 99.6 per cent; calculated from.resistivity 
mecrsurements. Those treatments, from which pole fig- 
ures are measured, are merked by crosses of which the 
numbers correspond to those of the pole figures and the 
treatments which are studied in the electron microscope 
8re marked with small circles with the corresponding 

figure numbers. 

can be described as {862)(452) of which the permuta- 
tions (%8)[452] ,(286)[425], (268)[&2] and (285@5] 
are observed. Also a considerably weaker (310}(001) 
texture component has developed (permutations 
(013)[00] + (031)[iOO]). This is shown in Fig. 3 
for a specimen heat treated 18 set at 14O’C. At this 
stage of recrystallisstion, however, the strongest 
texture component is still the deformation twintexture 
(Oll)[zTl] + (011)[2llj. Furthermorein this stage an- 
other new component has developed which can be de- 
scribed&s {841.}[474]. (Permutations which are present 
(148)[474], (i84)[‘W7]; (148)[474] and (184)[447].) 
After an anneal of 30 set at 14O’C (Fig. 4a,b), by far 
the strongest texture component is the {852}(452) 
texture. By now, the deformation texture seems to 
have vanished and the (031}(100) and @X41)(474) 
oomponents have increased in strength. This tendency 
is observed throughout the recrystallisation process, 
but further pole figures have been omitted for the 
cause of brevity. 

111 A l (852K524~ 

A 0 {841)(44Z 

A 0 ~310~~11: 

FICJ. 3(a). (111) pole figure of Ag specimen, rolled 99.6 
per cent annealed 18 set at 140°C. 

Although it is not easy to distinguish between the 
maxima of the various texture components, a plot of 
the highest maximum of a certain texture component, 
as a percentage of the sum of all the highest maxima 
gives a fairly good impression of the texture develop- 
ment due to recrystallisation (Fig. 6). This method 
was proposed by F. Haessnercm) for the Cu to Ag type 
rolling texture development in a series of Ni-Co 
alloys. Although this method is used here for a much 
more complicated case, it seems to provide fair 
resuhs. 

2. ObeervaGns with the electron microscope. The 
be&nine of recrvstallisetion was observed after 

FIG. 3(b). {200} pole figure of Ag specimen, rolled 99.5 _ ___ 
Y v I per cent snnealecl I8 set at 140°C. 
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FIG. 4(a). {ill} pole Sgure of Ag specimen, rolled 99.6 
per cent annealed 30 set at 140%. 

Fro. 4(b). {ZOO} pole figure of Ag specimen, rolled 99.5 
per cent annealed 30 set at 140°C. 

FIG. 5. Qualitative recrystalliaation development curves. 
Rel. intensity of one of texture components A is Qa/CQ. 

heat-treatments of 10 set at 140°C, 30 and 60 set at, 
120°C and 180 set at 100°C. From these observations 
it may be concluded that the recryatallisation process 
starts with an in situ recrystallisation. After a re- 
arrangement of the dislocations in a more or less 
ordered structure (Fig. 6-10 set 140%) isolated fully 
recrystallised nuclei are observed. In every case re- 
crystallisation twinning was observed (compare Fig. 
Q-35 set 140°C). Shortly after this, isolated grains 
with a different orientation are appearing in the still 
heavily deformed parts of the matrix (Fig. 7-180 
set at 100°C). The orientation of the recrystallised 
grain A and its immediate surrounding can be seen 
from the diffraction patterns in Fig. 8. The orienta- 
tion of A turns out to be (lOO)[OOl] while the surround- 
ing matrix has the (011)[2li] + (Oll)[zTl] twin 
orientation. These orientations are frequently ob- 
served near the first recrystallised grains. Unfor- 
tunately it is not possible to obtain a good bright field 
image of the boundaries between these texture com- 
ponents. This is due to the fact that the viewing plane 

FIG. 6. Bright field image of a Ag specimen rolled 99.5 
per cent and heat treated at 10 sea 140°C. 
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FIG. 7. Bright field image of a Ag specimen rolled 99.5 
per cent and heat treated 180 set et 100°C. 

FIG. 8(c). 

(8) 
FIG. 8. Diffmction pattern of the areas indicated in Fig. 7. 

FIG. S(b). 

was the rolling plane, which is “clouded” by the 
numerous dislocations. It would be advantageous 
to study a plane which is perpendicular to the trans- 
versal direction. In those specimens which are com- 
pletely or almost completely recrystallised it is noticed 
once again that the majority of the grains have a 
twin structure. The orientations which are observed 
are those mentioned in the previous part as they are 
measured with the texture goniometer. (Fig. 9- 
35 set at 140°C). There is some spread around these 
orientations, but the number of electron microscopical 
orientations is insufficient for analytical treatment. 
The results obtained thus far are summarised schema- 
tically in Fig. 10. 

Fro. 9. Bright field image of a Ag specimen rolled 99.5 
per Cent and annealed 56 BBC at 140°C. 
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FIQ. 10. Schematic summery of the obtained results. 

IV. DISCUSSION 

Any theory explaining the texture development due 
to recrystallisation should explain the observations 
shown in Fig. 10. The first question is whether the 
theory of oriented growth can explain this texture 
development. The type of texture predicted by this 
theory can be related to the deformation textures 
which is a (Oll)[ZlT] + (Oll)[%!il] texture, by a 
rotation of 38” around the plane normals of the active 
slip planes (ill) end (111) (see Fig. 11). A clock wise 
rotation of the rolling plane normal around (ill) will 
produce a new plane parallel to the rolling plane with 

Fm. 11. (011) stendard sgreographic projection with 
rotational relationship of the deformation texture end 
the recrystellisation texture nround the (111) axis. 

an orientation of approximately (1, 5, 11) (A). A 
counter clock-wise rotation produces a similar 
(i, 11, 5) (B) orientation. The great circles of these 
orientations on which the rotated rolling directions 
have to be situated are marked A end B in Fig. 11. 
A clock-wise rotation of the rolling direction [!&T](2) 
produces a new direction very close to [T21](2A, 
angular distance 4’). A counter clock-wise rotation of 
the alternative rolling direction (1): [El] produces a 
similar lJi23 direction (1 B). In this way t,he rotational 
relationship produces a (I, 6,ll)[i2’zT] _t (i, 11,5)[n2] 
texture from (Oll)[%i] + (Oll)[Zrl]. These “rota- 
tion textures” could explain the four {841}(447) 
texture components, but not the other components 
which are observed. 

Q QJ 
rllo~ll2, i1001(001) 

1100KOOl) 

FIU. 12. !l!he inverse Rowland transformation (after C. A. 
Verbraak). 

For the (031)[iOO] + (013)[iOO] components, the 
rolling plane normal (013) could be explained, because 
it is only 7”38’ from (T, 6, 11) but the rotation of 38” 
of [Xl](l) clockwise and [Sir] counter clock-wise do 
not produce the [TOO] rolling direction. The {852}(452) 
components can neither be explained in this way. 

An interesting question is whether the cube nuclei 
that were observed may play a role in the texture 
development. The mechanism for cube texture 
formation, as it is proposed by Burgers and Ver- 
braak,(l*ld) is from crystallographic point of view 
able to produce the cube texture from a8 well the 
{112}(111) as from the {110}(112) twin textures. 
(Fig. 12). These authors proposed that the energy for 
this inverse Rowland mechauism came from the in- 
coherent boundary in the {112}(111) twin. This 
source of energy is not available in a {110}(112) twin 
texture, so an inverse Rowland transformation would 
not be possible in this texture. Nevertheless Horinchi 
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cube texture.” In a {112}(111) matrix this is the 

{210}(001) orientation and in a {110}(112) texture 
this is the {210}(120) orientation. The (210}(120) 
orientation is never observed to grow into a (1 lO}( 112) 
oriented structure, nor is its twin {210}(452) (also 
produced by the inverse Rowland transformation) ; 
although these orientations could be responsible for 
the observed spread in the Ag recrystallisat,ion tex- 
ture. The twin of {210}(245) (the secondary twin of 
{210}(120)) has the orientation (852}(452) which fits 
the observed texture rather well (Figs. 3, P), although 
its rotational relationship is only 25’. The ternary 
twin of the tilted cube texture in {110}~112! has an 
orientation of almost {310}(001) which has a rota- 
tional relationship of 35” opposite to t.he secondary 
twin. Thus, the asymmetrical rotat.ion, mentioned be- 
fore, which was observed is explained as well. The 
mechanism proposed here, thus, explains all the ob- 
served orientations as well as their twin relationship. 
It is very interesting to notice that, the recrystallisa- 
tion texture of heavily rolled Ni44Co is composed of 
(100}(001) + {&41}(447) + {210}(001~ + (221}(122) 
(Fig. 13). From this observation it may be concluded 
that the mechanism which is proposed above holds for 
all f.c.c. metals, regardless of their S.F.E. The change 

1 .-’ 
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111 
n 1100K001) 

v l221N122) 

A i841M47) 

A 12 ~OKOOI) 

FIG. 13. {ill} pole figure of a Ni 44% Co alloy, rolled 98 
per cent and annealed at 6OO’C during 1800 sec. 

et uZ.(g) and Hinkel et ~JZ.‘~O) observed cube grain8 in 
Cu in a (110}(112) oriented matrix. The cube texture 
will, however, not be able to grow into the {110}(112) 
texture due to the infavorable rotational relationship. 
According to Verbraak,o”) the inverse Rowland 
transformation does not only produce the {100}(001) 
texture, but also its twin {221}(112) which is supposed 
to provide an extra accommodation between the cube 
nucleus and the surrounding matrix. It is known 
from the investigations of Gindraux and Form,os) 
from Peters and Reido7J*) and from the results pre- 
sented here, that primary recrystallisation is charac- 
terised by twinning. These observations are also 
supported by the growth accident theory for twin 
formation by Gleiter’al) which makes continual twin- 
ning inevitable during primary recrystallisation. The 
attention is now drawn at the fact that the twin of the 
{122}(221) texture (the secondary twin of the cube 
texture) ha8 the orientation {S41}(474) which has a 
34’ rotational relationship with respect to the de- 
formation texture and which is actually observed upon 
recrystallisation. Theoretically besides the {100}(001) 
+(122}(221) textures, the inverse Rowland trans- 
formation also has to nroduce the so called “tilted I 

711 
A ilOOKOO1) 

0 1221K122) 

A ~3411~447) 

A i2 101 301) 

FIG. 14. (111) pole figure of a Ni $?A Co alloy, rolled 98 
per cent and annealed at 600°C during 1800 sec. 
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in S.F.E. makes the deformation texture change. 
When the S.F.E. is lowered, the amount of Ag type 
texture increases gradually as F. Haessner showed 
for a series of Ni-Co alloys’20) (S.F.E. decreases with 
an increase of Co-content). It is observed that in 
the recrystallisation textures of Ni-Co alloys the 
{841}(474) component increases with the Co-content.. 
This is expected because this type of texture is ori- 
ented more favorably for growth in the (IlO}(ll2) 
matrix than the cube texture and its twins. Further- 
more it is observed that the {210}(001) texture which 
is produced by the inverse Rowland transformation 
itself in a {112}(111) matrix (the tilted cube t’exture) 
rotates gradually to {310}(001) which is very near to 
the ternary twin in the tilted cube texture in the 
{llO}( 112) matrix. It is also striking to notice that. 
the {221}(122) texture is eliminated as soon as the 
(841}(474) texture is produced. (Compare the pole 
figures of recrystallised Ni44Co and NiSOCo Figs. 
13,14.) An important question, however, still remains 
to be solved: where does the energy for the inverse 
Rowland mechanism in the (110}(112) matrix come 
from! A possible explanation could be based on the 
micro-twins observed in the rolled Ag specimens. A 
considerable part of the energy in these twins is repre- 
sented by the incoherent tip of kink energy. This may 
be a driving force for the annihilation of the twins b;v 
the inverse Rowland transformation. This might ex- 
plain too why Verbraak did not observe cube texture 
formation in Ag single crystals, which were observed 
to have a rather coarse twinned structure after de- 
formation (14). In this coarse structure the balance 
between t’he coherent boundary energy and the inco- 
herent kink energy dips to the first side. 

texture transitions : 

(a) {112}(111) (twin) + {100}~001j + (122}(221 
+ (210}(001) +- twins 

(b) {110}(112) (t’win) + {100}(001) + {122}(221) 
+- {210}(120) + twins. 

(4) In case 3(a) all components except the t,wins of 
the tilted cube texture are able to grow, so they will 
make up the recrystallisation texture. 

(5) In case 3(b) due to growth accident,s the follow- 
ing t’winning occurs : 

{221}(122) -+ {841}(474) 
{210}(245) (twin of the tilted cube text,ure) -+ 
{852)(245) -+ {310}(001). 

These twins will grow and they will thus produce the 
recrystallisation texture. 
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