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       Modes of Grain Growth in Cold Rolled 3.Z5% Al-Fe

                 Alloys With and Without Dopant S

                            Hitoshi NAKAE* ･
                            Noriaki GosHI**

                            (Received July 27, 1973)

                             t.                                 Abstract

    In the modes of'grain growth in cold rolled 3.25% Al-Fe alloy sheet, some

points still remained to be explained. In the first point, the growth curves ob-

tained experimentally are rather complicated in contrast to the simple exponential

curve anticipated from a driving force based on the grain boundary energies
constituted by an aggregate of small grains formed in primary recrystallization.

In the second point, the texture with (100) [OOI] orientation qs the main component

is formed in Al-Fe, whereas (110) [OOI] is seen in Si-Fe' during the growth
stage from nearly the same textures in as-rolled and primariiy recrystallized states

 of both alloys.

    The authors assumed a local deviation in compositions from nominal ones

along the grain boundaries possibly motivated by boundary migration, and have

associated them with a characteristic point of phase diagrams of the alloy systems

at which a local phase transition (e.g. from solid to liquid) in a region of deviated

composition along grain boundaries could occur.

    Based on the above the behavior of growth may be described by a charac-
teristic rate and habit of growth in tne presence of a liquid phase and thereupon

a complicated course in growth curves in the alloys and a preferential growth of

(100) [OOI] component in Al-Fe alloy sheet could reasonably be explained.

                             I. Introduction

    The recrystallization texture of 3.25% Al-Fe alloy sheet is known to consist

of a main component of (100) [OOI] in contrast to that of (110) [OOI] orientation

                                               iin 3.25% Si-Fe alloy sheet, while they show simiiar physical properties with

regard to electrical resistivity, magnetic permeability, and mechanical tensile be-

haviorsi),2).

    In the recrystallization of Si-Fe alloy sheets, the main component of the

texture has been known to be strengthened by a small addition of sulfur, titanium,

niobium etc3)N7). The effects of sulfur, and manganese have been reported by

May, Turnbull and one of the present authors8)NiO).
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    It is a!sp'.kriown, that the texture in Si-Fe alloy under certain conditions has

(100) [OOI] component as the main component, e. g. in grain growth in thin sheet

or often at an annealing temperature exceeding 12000Cii)'"i3).

    It would be worthwhile to discuss the effect of sulfur on the grain growth

behavior in Al-Fe alloy with the special reference to the results obtained in Si-Fe

alloy containing sulfur and to elucidate the mechanism involved which leads to

cause the difference in growth behaviors in Al-Fe and Si-Fe alloys.

                       II. Experimental proeedure

    The specimens were melted in a vacuum furnace by adding different amounts

p.f sulfur to 3.17% Al-Fe base alloy. After hot working, they were cold rolled
u'ntil the final thickness 6f O.35 mm. The reduction estimates 75%. The chemical

compositions are listed in Table 1. in which the content of sulfur was O.O04,

O.060, and O.148% in No. 1, 2, and 3, respectively. No sulfur was doped in the

No.1 specimen and the high content of carbon in No.3 specimen was due to
the carbon contained in the doped sulfur material which might give no essential

effect on the results.

    The specimens were annealed and observed at 500C from 600 to 7000C and
at 1000C intervals from 700 to 12000C with an isochronal aRnealing time of 1 hour.

Optical niicroscope, Gonio-microscope'`), X-ray and torque magnetometer were em-

ployed for the observation of structures and the determination of textures,

       TABLE 1 Chemical composition of the Al-Fe alloy specimens (wt %)

/ .

No. 1

No. 2

No. 3

Al

3.17

3.17

3.17

c

O.O07

O.O09

O,030

si

O.Ol

OOI

O.04

s

O.OO4

O.060

O.148

P

O,O02

O,O02

O.O02

Bal.

Fe

Fe

Fe

                         III. Experimental results

    The textures were determined by X-ray method in the three specimens with

various sulfur contents in cold rolling, primary recrystal!ization and the grain

growth, a qualitative analysis of the shift rate of the textures during grain growth

was made by observations of magnetic torque curves together with the X-ray
pole figures.

1) Textures as rolled

    .The pole figures are shown in Fig. 1(A), (B) and (C) in which the textures
afe constituted by the three major components of (112) [IIO], (111) [112] and

(100) [Olll. The (110) [OOI] and (100) [OOI] components which wiil become the

major components of recrystallization texture thereafter were observed by the

orientation etch-pit method using a Gonio-microscope, and it was found that their

concentrations became sharper with the increased sulfur doping.
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Fig. 1. (110)-pole figures of cold rolled 3,17%

      Al-Fe alloy sheets by 70% to 3,5mm
      in thickness. Symbols A, 0 and []
      indicate (111) [II2], (112) [112] and (100)

      [Oll] poles respectively,

2) Primary recrystallization textures

    Thetexturesofthesethree '
annealed at 7000C for 1 hour which

primary recrystallization. The

same components as cold rolled texture

[OOI], and a fair!y large part of

spread though the (li2)[IIO], (111)[112]

ened by the addition of sulfur. By

of (110) [OOI] and (100) [OOI] components
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Fig. 2. (110)-pole figures of cold rolled 3.17%

      Al-Fe alloy sheets annealed at 7000C
      for 1hr in hyarogen atomosphere.

D

 specimens are shown in Fig. 2(A), (B), and (C),

    seems to be at a step generally expressed as

components constituting the texture are of the
       of (112) [IIO], (111) [112], (110) [OOI], (100)

  random components, with a rather increased
        and (110) [OOI] components are strength-

    optical microscopic observation, a major part

        are of recrystallized grains, while other
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components are still in the recovery stage.

    In any event the cold rolled and primarily recrystallized textures of 3.25%

Al-Fe alloy may be considered to be essentially simiiar to those observed in co!d

rolled 3.25% Si-Fe alloy with the same effect of sulfur.

    In a 3.25% Si-Fe alloy sheet, each component of the same orientation ap-

peares as a group forming a colony or flora in each orientation and among them

the (110) IOOII and (100) [OOI] components existed near the surface of the sheet

with small orientation spread, whereas the (111) [112] and (112) [1101 components

existed in the inner part of the specimen with a rather large orientation spread.
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Then the formers are known to grow dominantly against the latters at the stage

of grain growthiO). These behaviors may also be expected to occur in Al-Fe alloy

sheet.

3) Textures during and after grain growth

    (i) Ii'ble figure

    The poie figures of (100)- and (110)- poles on on the specimens, annealed at

12000C for 1hour are shown in Fig, 3(A), (B) and (C), and Fig. 4(A), (B) and (C)

respectively. In the figures, the growth seems to be carried both in (110) [OOI]

and (100) [OOI] components by the consumption of other residual components, in

contrast to the 3.25% Si-Fe alloy sheet whose growth compgnent is mainly a
(iiO)IkOOtih]e O"ioe.n:a/ipOenc'imen, the texture is composed of two main components of

(110) [OOI] and (100) [OOI] with a weak (112) [IIO], (111) [112] and a dispersed

(100) [Oll]. In the No. 2 specimen, the main components are the same as in

No. 1, but other components are hardly seen. In the No. 3 specimen, the main
components are also the same as in the above two specimens, however (111) [11-2]

and (100) [Oll] components are seen at a very small degree. In these three
specimens in common, the (110) [OOI] and (100) [OOI] components which form the

main part of texture are seen with'a siight dispersion of orientation around the

common [OOI] axis.

    (ii) Magnetic tof'que curve ･
    The magnetic torque curves were taken on the specimens annealed at the

temperatures from 6500C up to 12000C and a -tendency of texture shift during

grain growth was observed qualitatively. Although a magnetic torque curve of

a polycrystalline specimen is the statistical mean of basic curves for the orienta-

tions of all the crystals, the effects of several' preferred orientations will be con-

sideredbriefiyreferringtoFig.5'3). r . ,,t
    For (100) [OOI] crystal, the magnetic torque L is given by

       L--(Kl!2)sin4cr, ' ･
    for (100) [Olll crystal which is one of the components of the deformatioh tex-

ture and an orientation obtained by a rotation of 450 from the above crystal, . ･

                                                                      '        L=(K12)sin4cr, ' ' '
and for (110) [OOI] crystal,

                                                               .tl
        L--(Kl14)sin2a-(3Kl/8)sin4a, ., ..
                                                                     '
where Kl is the first anisotropic constant, a the direction cosine of [OOI] directien

referred to the X axis of the three dimensional coordinate. In this case, other

direction cosines of P and r referred to Y and Z axes disappear. The second
anisotropic constant K was neglected because of its meager contribution to the

torque value. The torque values of other components such 'as ･(111) [112] and
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                        '
(112) [IIO] orientations will also be negiected in the analysis for the same reason.

    As for the (110) [OOI] and (100) [OOI] orientations the torque curves are in

phase, therefore, maximum torque values are associated to the' degree of alignment

of the (110) [OOI] plgs (100) [OOI] colnponents. The (100) [Oll] compQnent is anti-

phase to the former two components, hence its existence in the texture diminishes

the maximum torque values markedly. As for the quantitative balance of the

(110) [OOII and (100) [OOI] components in the texture, the ratio bf the maximum

values of the first to the second may be estimated, since they are O.43 and unity

with (110) [OOI] and (100) [OOI] orientations respectively. The magnetic torque

curves taken for the specimens over the entire range of recrystallization show

the characteristic curve shape of (110) [OOI] plus (100) [OOI] components and there-

on the analysis wi11 be made. In the primary recrystallization, the maximum
torque values show a decrease･with the increased sulfur doping, while the torque

ratios are Iarge and almost the same in No. 1 and 2 and small in No. 3 as seen

in Fig. 6(A)･and (B). They will be explained together with the pole figures in
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                                                          '
Fig. 3 as having (110) [OOI], (100) [OOII and (111) [112] and (100) [Oll] components

which exist commonly in these three specimens and the former two components

occupy a large part of the specimens in which the (110) [OOI] is the most
dominant.

    As for the tendencies of quantitative balance of (110) [OOI] and (100) [OOI]

components in the textures during the growth, a torque ratio versus temperature

curves in Fig. 6(B) may be considered. A increase of the torque ratio against

temperature would mean that the growth of the (100)[OOI] component was
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dominant over the (110) [OOI] component during growth. The tendency was
most marked in the No.3 specimen. Here the growth of these major compo-
nents may be achieved by absorbing the other components such as (111) ll12],

(II2) [IIO], (100) [Oll] and others existing in the primary recrystallization texture.

These tendencies may be characteristic only in Al-Fe alloy and somewhat different

from those in Si-Fe alloy whose dominant growth component has a (110) [OOI]
orientationiO).

    The maximum torque values at raising temperatures show at first a direct
increase in the No. 1 specimen presenting no sulfur practica!ly, while remaining

unvaried uptill 8000C and 10000C in the No. 2 of moderate suifur and the No. 3

of the highest sulfur respectively. Then, a retardation of growth beginning at

9000C is observed in No. 1, whereas no retardation is seen in No. 2 containing

sulfur. (also in No. 3 specimen)

    The (111) [112] and (112) [110] components consisting a main part of as rol!ed

texture remain slightly in No. 1 and considerably higher in No. 3, while they

are hardly seen in No. 2 speeimen annealed at 12000C for 1hour.

                              IV. Discussion

    The grain growth invoMng a grain boundary migration in alloys is cornpared

to the crystallization or crystal growth of many other substances (e.g. ionic or

homo-polar) in which crystals grow from a vapor or Iiquid as well as from a
solid phase'6). In these substances, a growing crystal generally tends to be free

of defects and foreign atoms, and crystalllzation is known to be one of the ways

                Direction of
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of purifying materials. The tendency may be due to the familiarity of interac-

tions between respective like atoms and foreign atoms which are transported to

meet by grain boundary migration. It may not be unreasonable to extend the

thinking also to a grain growth in alloys. Then, the hinter and forward regions

of a moving boundary could tend to be of free and rich regions of foreign atoms

respectively (cf. Fig. 7).

    In the case of Ai-Fe and Al-S-Fe alloy systems, a foreign atom may imply

the alloying addition Al as well as the doped element sulfur. In the course of

achievement of grain growth, the inner part of the moving boundary wili become

rather pure Fe, while the outer region may be enriched by Al and S.

    This phenomenon may be a tendency against a thermodynamical or phase
equilibrium. Then, for the sake of high atomic diffusivity in meta!s, the regions

with deviated cornpositions from nominal one will become a transient and minute

layer inside and outside the moving boundaries. If either one of these regions

meet the characteristic points or transition lines corresponding to its deviated

composition on the phase diagrams of the al!oys at raising temperatures, they will

be subjected to a phase transformation in the alloys in which no transformation

appears until an intersect!on with a solidus line over 15000C in nominal composi-

tions. Then, the alloy can meet the A3 point, eutectic points and solidus Iine in

their deviated compositions at the stage of grain growth. If a iiquid phase ap-

pears in a grain boundary, the grain growth will be obeyed by a general feature

of crysta! growth in the presence of a liquid phasei')Ni9) for which much work on

the characteristic rate and habit of growth has been reported.

    For the discrimination of the process, the phase diagrams of ternary Al-S-Fe

alloy system should be referred to. But we have, however, no sufficient information

concerning this, it is referred to the diagrams of each binary alloy system of

Al-Fe and S-Fe, assuming that the characterstic points of these binary alloy

diagrams will be linked with the characteristic points of the ternary systems to

some extent and also give some significant knowledges on the effects').

    Now, the growth curves expressed by a torque maximum and a torque ratio
will be referred to the phase diagrams of the binary alloy systems20) (cf. Fig. 8).

The retardation of growth observed on the torque maximum begins at 9000C in

plain Al-Fe alloy which has also been observed in Si-Fe alloy coincides with A3

transformation in pure Fe at 9100C. It may be deduced that at the inner region

of moving boundaries, the alloy may tend to be rather pure iron and may give

rise to A3 transformation or stagnation of boundary migration. The fact that

no retardation is observed in Al-Fe alloy doped sulfur wi!1 support the above

explanation, since only a smal! addition of S to Fe degenerates the A3 transforma-

tion drastically as seen in the phase diagram of S-Fe system.

    The increased rate of growth and the growth of (100) [OOI] component ob-

served at 10000C in Al-Fe alloy doped sulfur which is also observed as a growth

of single (110) [OOI] component in Si-Fe alloyi5) may be associated to the eutectic

point of 9880C in Fe-FeS system. The coincidence of another eutectic point at
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           Fig. 8. Phase diagrams of alloy system of Fe-Al, Fe-Si and Fe-S20),

11600C to the growth would appear, if the plots against temperature were taken

precisely around the point, though it was not obvious on the curves.

    A mode of crystal growth in the presence of a liquid phase may be compared

to the dendritic growth in a cast ingot of iron whose direction and plane of

growth relative to a crystal coincide with <100> direction and {100}. plane respec-

tively.

    In the grain growth in alloys, the process may, however, be carried in a

two-fold manner, firstly to minimize an interfacial energy which depends chiefiy

on the geometry of interfaces and then to satisfy the preference for growth in

crystallographic planes between the grains facing each other.

    As for the growth of (100) [OOI] component in Al-Fe a!ioy in the' growth

stage, it may be ascribed to the lower solidus line against temperature in the Al

rich side of the phase diagram to the extremity of 6600C of melting point of Al.

The effect will, however, be integrated and become conspicuous although occurring

in a minute region, because the reacting regions travel through the matrix fol-

lowing the migrating boundaries.

    Another remark will be made here to the effect that the temperature at which

the growth of (100) [OOI] component begins in Si-Fe alloy also corresponds to the

eutectic points 1200, 1208 and 12120C of the alloy.

                             V. Conclusion

    The conclusions brought about from the experimental results on the texture

formation in cold rolled 3.17% Al-Fe alloy with or without doped sulfur will be
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                                                       '                           'summarised as follows. -
    (1) The as-rolled and primarily recrystallized textures were essentially the

same at each stage as those observed in 3.25% Si-Fe alloy regardless of sulfur

content, being

      (i) the as-rolled textures were composed of (112) [IIO], (111) [112], (100)

          [OOI] and other random components in the descending order of con-

          centration and
      (ii) the primarily recrystallized textures were composed of nearly the same

          components of as-rolied textures with a rather increased spread, ap-

          pearing a (llO) [OOI] component as minute but distinctly recrystallized

          one.
    (2) During the grain growth, the (110) [OOI] plus (100) [OOII components

grew commonly in the alloys with or without doped sulfur in which the growth

of (100) [OOI] components was dominant over that of (110) [OOI] in contrast to

Si-Fe alloy whose dominant component during growth was of a single (110) [OOI]

  --orlentatlon.

    (3) In view of the association of the growth behaviors in alloys to the
crystal growth or crystallization in other substances, the origination of liquid

phase along moving boundaries and thereupon the mode of grain growth in the
presence of a liquid phase were proposed.

    The modes of grain growth in Al-Fe alloy sheet may eventually be attributed

to the presence of a liquid phase in the stage of, or in the temperature range

of grain growth and the effect of sulfur as the dopant should aiso be discussed

in the same situation. However, the prominent contribution by Taguchi and
Sakakura will also be one of the influential proofs for the growth of cube texture

in Al-Fe alioy2i).

    For the confirmation of above conclusions especially on (3) term, the experi-

ments on other alloys entailing the similar energy process as well as the precise

plots of growth curves in AIFe alloys were undertaken with aflirmative results.
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