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Three binary alloys of composition Fe-24Al, Fe-28Al and Fe-34Al were prepared to study
the recovery, recrystallization and grain growth processes in FesAl based alloys. These
alloys were rolled and annealed at temperatures in the range 873 K to 1273 K for two hours.
Grain size measurements were performed as a function of composition, annealing
temperature and time. Transmission electron microscopy showed recovered and
recrystallized grains after annealing at 873 K. The mechanisms of recovery processes was
found to be by the migration of single dislocations towards each other to form linear arrays
which can subsequently form square or hexagonal dislocation networks. Recrystallization
can take place either by the enclosure of dislocation free regions by dislocation networks or
by the preferential growth of subgrains. The composition dependence of the recovery and
recrystallization processes is weak. © 2000 Kluwer Academic Publishers

1. Introduction gated microstructure, with minimum transverse grain
Intermetallic compounds are being intensively stud-boundaries, is the most resistant to hydrogen diffusion
ied for high temperature structural applicationsgAe  [11]. Increased recrystallization increased the number
based alloys are one such class of compounds whicbf transverse boundaries, which increased the hydrogen
are potential replacements for stainless steels and sontéffusion and resulted in lower ductility values. Recrys-
nickel base superalloys [1,2]. These low cost alloystallization can also shift the fracture mode from mainly
possess good strength and excellent oxidation and sulransgranular to intergranular. A highly elongated un-
phidation resistance. Applications include engine com+ecrystallized microstructure of a Fe-28.01 Al-5 Cr-0.1
pressor blade and housings, heat exchangers, furnaZe-0.04 B alloy increased the room temperature ten-
fixtures as well as piping and tubing for power gener-sile elongation to 20%. These studies have shown that
ation and chemical industries [3]. The crystal structurethe tensile ductility and strength values are a sensitive
of these alloys in the region of interest is b.c.c. at highfunction of the extent of recrystallization and the extent
temperatures, B2 at intermediate temperatures agd D®f recrystallization can be observed by optical metallo-
at low temperatures (Fig. 1). Two factors limit the fur- graphy in the temperature range of 873 to 1073 K.
ther use of these alloys: their poor room temperature In addition to these practical considerations, there
ductility and low strength above 873 K [4]. Several ap-is considerable interest in the question of how recov-
proaches have been developed to overcome these lirery, recrystallization and grain growth (RRG) processes
itations including additions of alloying elements suchare changed by annealing in the vicinity of the or-
as chromium and a combination of themomechanicatler/disorder temperature. Several workers have found
and heat treatments designed to produce metastable B2 other ordered alloys that such annealing does play
at room temperature [5]. a role in changing the RRG processes. I, lcbm-
Recovery and recrystallization has been studied irpounds (e.g., GiAu and (Co, F&)V), grain boundary
these alloys primarily because of (a) the increased camobility is strongly retarded by ordering. A complex
pacity to hot work these materials through strain relief,interplay between order and recrystallization kinetics
(b) to control the grain size and texture and (c) improveis also often observed [13]. Interestingly, FeCo based
the mechanical properties of these alloys [4-8]. Slugcompounds also show increased ductility if the mi-
gish dislocation recovery has been suggested to limitrostructure was partially recrystallized. Compared to
recrystallization by slowing the grain nucleation rate inthe L1, case, much less information is available on B2
FesAl [9]. Increased dislocation density has also beerbased compounds. Studies on NiAl showed that recrys-
shown to retard the B2 to R@ransformation [10] and tallization and grain growth kinetics were of the normal
provide enhanced ductility and strength [8]. The roleform. The studies of Jiraskowt al. [14], Morris [15]
of alloying additions on the recrystallization tempera-and Morris and Gunther [9] have related the degree of
ture as well the effect of extent of recrystallization on order to the mechanisms of RRG processes, particularly
room temperature tensile ductility have been evaluateth the vicinity of the D@/B2 transition. However, as-
[11, 12]. Earlier studies also showed that a highly elonpects related to the role of alloy composition and the

0022-2461 © 2000 Kluwer Academic Publishers 2379



Weight Percent Aluminum

0] 20 30 40 50 60 70
15600 T T T T 8.0 9.0 100

1400 L

1200 ||t

1000

e
o
je]

Temperature °C

Magnetic
Transformation/

400 -

30
Atfomic Percént Aluminum

400
350

(2}

mechanisms in the vicinity of the B2/b.c.c. temperature 5 300
have received less attention. £ 550

The earlier studies mentioned above have alread3E
identified the temperature range in which RRG pro- & 200
cesses occur, mainly by optical and scanning electror @ 150
microscopy, hardness and resistivity. They have alscg
studied superdislocation splitting and order parameteis
changes. These studies provided the base for the prese
investigation, which focussed on grain size measure-
ments and transmission electron microscopy studies
Since RRG processes consist of several heterogeneot..
and statistical processes, it is necessary to study these
processes as a function of temperatanel composi-
tion. Many micrographs are required to obtain a consis-
tentmodel of the RRG processes, which will explain the

Figure 1 Phase diagram of Fe-Al with relevant compositions and an-
nealing temperatures marked.
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sequence of microstructural evolution. The samplescat © 300 L

be highly magnetic and therefore only a few detailed -2
TEM investigations have been performed [9]. Hence, to< 250
obtain greater insight into the mechanisms of RRG pro- & 200

cesses in FAl alloys as a function of temperature and
alloy composition, three binary alloys of composition ‘5 150
Fe-24Al, Fe-28Al and Fe-34Al (atomic percent) were G g
rolled and annealed at various temperatures selecte
on the basis of existing literature. Foils prepared from 20
these samples were examined by transmission electro
microscopy (TEM) and these results are reported in this
paper.
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melting and drop casting into 12x725.4x 127 mm
bars. These bars were then hot forged 25% at 1273 K,
stress relieved at the forging temperature and hot forged
again 33% to a final thickness of 6.4 mm on a 500 ton
Baldwin forging press. After forging, the alloys were
hot rolled 60% to a thickness of 2.5 mm on a Bliss 4
high rolling millwith aroller surface speed of 132 mm/s
at approx. 10%/pass. Finally, the alloys were stress re-
lieved at 923 K for 10 minand warmrolled 70% at 923 K
to a final thickness of 0.8 mm under similar rolling
conditions. Samples from these rolled strips were heat
treated in the temperature range of 873 to 1273 K for
2 h, followed by air cooling. TEM foils were prepared in
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2. Experimental procedure

Three alloys of nominal composition Fe-24Al, Fe-28Al -; 350

and Fe-34Alweighing 0.4 kg each were prepared by arc § 200
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TABLE | Average grain size (in microns) for Fe-24Al, Fe-28Aland ~_ 250
Fe-34Al annealed for 2 h. between 873 K and 1273 K 200
(72}
Annealing £ 150
temperature (K) Fe-24Al Fe-28Al Fe-34AI 2
© |00
As-rolled b b b
873 *% *% *% 5 O
973 60 78 67
1073 113 91 85
1173 114 137 114
1273 146 148 191

1 | 1
3000 5000 7000
time {s)

©

**Quantitative measurement on highly pancaked structures were not cor-igure 2 Average grain size versus time for (a) Fe-24Al, (b) Fe-28Al

cluded.
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TABLE Il Grain size (in microns) for Fe-24Al, Fe-28Al and Fe-34Al annealed for various times between 873 K and 1273 K

Alloy Time (s) 973 1073 1173 1273 1373 1473
Fe-24Al 600 42677 784+ 15.5 104+ 20.7
1200 44474 85+ 19 107+19.3
3600 51+ 8.3 864+ 17.2 129+ 23
7200 59+ 14.4 87+10.7 107+ 12.1
Fe-28Al 600 73:146 103+ 16.8 129+ 17.2
1200 71£13.7 109+ 15.8 160+ 25.5
3600 85+ 14.9 118+ 26.9 156+ 22.3
7200 93+14.7 123k 20 181430
Fe-34Al 600 121+ 16 165+ 23.5 313:49.7
1200 156+ 22.3 165+ 37.8 294+ 50.8
3600 174+39.2 195+ 43.6 357£74.7
7200 174+ 28.2 216+59.3

(b)

Figure 3 BF TEM micrograph of Fe-24Al annealed at 873 K, (a) showing elongated grains of averagesizg(l2) linear arrays of dislocations
(c) rectangular dislocation networks and the stepped nature of single dislocations, (d) square and hexagonal dislocation@ettintkes) (
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Figure 3 (Continued.

atwin jet polishing system using a 3 : 1 methanol : nitric At higher temperatures, average grain size increases

acid electrolyte solution, operating at 14 V and 200 mAupto 191um at 1273 K. The Fe-34Al alloy showed

at 293 K. Grain size measurements were made on crossmarked increase in grain size between 1173 K and

sectioned alloys polished and etched with a solution 0.273 K, which is just above the/B2 order-disorder

5 ml water, 25 ml acetic acid, 15 ml HCI and 15 ml temperature.

HNOs. Grain size measurements were determined us- The kinetics of grain growth was studied by mea-

ing the linear intercept method and averaged over 1@uring grain size at various times for selected tempera-

measurements. tures. These temperatures were selected on the based on
the«/B2 order-disorder temperature for each compo-
sition. Grain size was measured after 600, 1200, 3600

3. Results and 7200 s (Table I1). Fig. 2a—c show the relationship
The grain size of the Fe-24Al, Fe-28Al and Fe-34Al al- patyeen grain size and time for each temperature and
loys as a function of temperature are tabulated in Table 'composition. Grain growth follows the relation:

The as-rolled condition was a highly pancaked structure

in all 3 alloys, with grain size ranging from 0m to n

120m width and 40 to 45@um length. This structure D = Do + Ayt

was retained in all 3 alloys heat treated upto 873 K. At

973 K, the average grain size was 60, 78 and«67 wheren is ideally 0.5. Since the starting materials was
for Fe-24Al, Fe-28Al and Fe-34Al alloys, respectively. as-deformed, the final grain size is a function of RRG
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kinetics. Quantitative analysis of grain growth expo-extents of recovery and recrystallization. Many grains
nents cannot be obtained from these curves since thaf average size Zm were observed, often containing
incubation time for recrystallization at these temperadong straight dislocations (Fig. 3a). Various stages of re-
tures is less than 600 s. Also, due to sample size coreovery could be inferred: Linear arrays of dislocations
straints the grain size cannot exceed 208 without  which formed low angle tilt boundaries were observed
intersecting a surface. The grain size after 600 s does naind the mutual interaction of dislocations in these ar-
vary much with composition. For example, at 1073 K, rays can lead to the formation of irregular networks
the grain size of Fe-24Al (for which the/B2 order-  (polygonization) through bending to form networks of
disorder temperature is 973 K) and Fe-28Al (for whichdislocations (Fig. 3b). Hexagonal and square disloca-
« /B2 order-disorder temperature is 1173 K) was 77 andion networks, with an average spacing of 100 nm be-
72 um, respectively. Therefore, the ordering temperatween parallel dislocations, were seen (Fig. 3c and d).
ture had only a weak effect on the kinetics. Subgrains formed by these dislocation networks
In the Fe-24Al alloy, after annealing at 873 K in were observed (Fig. 4a and b). Triple junctions formed
thea + B2 phase field, a heterogeneous microstructuréy the intersection of both square and hexagonal net-
was produced, with different regions showing differentworks were commonly seen and the average spacing

(b)

Figure 4 BF TEM micrograph of Fe-24Al annealed at 873 K (a) subgrain formation associated with dislocation networks, (b) subgrains enclosed
by dislocation networks, (c) triple junctions formed by the intersection of well formed dislocation networks (d) a triple junction and the @ssociate
dislocation network.Continued
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(d)

Figure 4 (Continued.

between parallel dislocations in these well formed netfield, recrystallization and grain growth was advanced
works was 30 nm (Fig. 4c and d). Recrystallized grainsand large equiaxed grains with high angle grain bound-
(average size Lm) were also observed; one side of aries were observed.

the grain boundary of such grains was essentially free The Fe-28Al alloy in the as-rolled condition dis-
of dislocations, while on the other side polygonizedplayed a large number of dislocation tangles as well as
dislocation networks were observed (Fig. 5a). Inter-irregular arrays of parallel dislocations (Fig. 6a and b).
estingly, the migration of high angle grain boundariesAnnealing at 873 K in the B2 phase field showed that
parallel to themselves could be inferred from Fig. 5b,several subgrains of approx.in size had formed, with
since displacement fringes have formed at the positiom substantial reduction in the dislocation density, and
of the grain boundary prior to migration. The migrating such subgrains were separated by low angle boundaries
boundaries have long trailing dislocations in a few ar-with small relative misorientation (Fig. 6¢ and d).

eas. Displacement fringes were also observed in some As in the case of the Fe-24Al alloy, linear, square
grains and these features have been attributed to trend hexagonal networks of dislocations were observed
condensation of impurity atoms on the (100) planegFig. 7a and b). Recrystallized grains were also ob-
(Fig. 5¢) [9]. In the samples annealed at 973 K in theserved and the matrix around such grains contained
vicinity of the B2/b.c.c. order-disorder transition tem- a high density of dislocations (Fig. 7c and d). Occa-
perature, and at higher temperatures in the b.c.c. phas#onally, large strain-free grains (approxu8 in size)
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(b)

©

Figure 5 BF TEM micrograph of Fe-24Al annealed at 873 K (a) recrystallized grains can be observed in a grain containing single dislocations and a
loose dislocation network, (b) a grain boundary with trailing single dislocations, (c) triple junctions and displacement fringes observedgeithin |
grains.
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Figure 6 BF TEM micrograph of Fe-28Al in the as-rolled condition (a) revealing a large density of dislocations, (b) single dislocations and loose
dislocation network formation, (c) BF TEM micrograph of Fe-28Al annealed at 873 K, in which subgrain formation can be observed, (d) BF TEM
micrograph of Fe-28Al annealed at 873 K, revealing low angle dislocation boundaries formed between two subgratins.ed

surrounded by small sub grains were observed (Fig. 76}. Discussion
and at higher temperatures (973 K to 1273 K), recrys-The above results on Fe-24Al, Fe-28Al and Fe-34Al al-
tallization and grain growth led to the formation of large loys showed that the RRG processes which occurred on
equiaxed grains (Fig. 7f). annealing in the temperature range 873 Kto 1273 K are
The Fe-34Al alloy in the as-rolled condition showed highly heterogeneous with various processes occurring
dislocation tangles, slip bands and in a few areas, an isimultaneously in various parts of the sample. These
regular array of dislocations (Fig. 8a—c). Annealing atprocesses showed only a weak dependence on Al level.
873 K in the B2 phase field resulted in the formation of This behavior can be compared with other b.c.c. based
hexagonal dislocation networks as well as parallel sinmaterials. The present results are broadly consistent
gle dislocations, with superjogs coexisting with squarewith earlier work [3—6], although direct comparison is
dislocation networks (Fig. 8d and e). After annealing atnot possible due to compositional differences; previous
973 K and higher temperatures, large equiaxed graingork was primarily conducted on complex alloys. Ear-
were observed, corresponding to extensive grain growther studies had indicated that RRG processes would
(Fig. 8f). depend on composition, initial microstructure, retained
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(d)

Figure 6 (Continued.

cold work and type and extent of order [8]. In the caserecovery and recrystallization. It was inferred that the
of FeAl alloys [16], there are only small differences in heavy cold deformation given to the samples destroyed
recrystallization temperature as Al content is increasedhe DG order and significantly disturbed the B2 or-
from 40 to 48 Al. The results of Jiraskoeaal. [L4] on  der. Grain boundary mobility was also not increased in
Fe-28Al indicated that the recovery process consistedhe B2 structure compared to the D03 structure. It was
sequentially, of (a) annihilation of defects, dislocationconcluded that there is a similarity in the mechanisms
straightening and glide, (b) dislocation cross slip andover the range of annealing temperatures examined and
glide (c) cell wall sharpening, annihilation of cell walls also irrespective of whether the material is B2 orzDO0
and transformation into subgrains or grains. This lasbrdered.

step was connected with the B2/P6rdering transi- The presentresults showed that some of these conclu-
tion. Morris and Gunther showed that recrystallizationsions could be extended to the three alloy compositions
had taken place by simplification of dislocation tanglesinvestigated and also to the behavior of these alloys near
leading to cell and subgrain formation. Some of thesehe b.c.c./B2 order-disorder transition. The weak com-
subgrains transformed to new grains. In the vicinity of position dependence of RRG processes can be under-
the B2/DQ ordering transition, the initial state of or- stood as follows [9, 15] as the Al content increases (a)
der played no role in the mechanisms and kinetics othe APB energy between thH#11) partial dislocations
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Figure 7 BF TEM micrograph of Fe-28Al annealed at 873 K (a) a linear dislocation array and subgrain formation can be observed, (b) square and
hexagonal dislocation network formation, recrystallized grains with a high density of dislocations in the surrounding grain (d) equiaxdiizeztrysta
grain found in a region with a high density of dislocations, (e) large strain free recrystallized grain adjacent to smaller abutting subgraimg formed
polygonization, (f) BF TEM micrograph of Fe-28Al annealed at 1073 K, showing a triple junction formed after extensive grain @ontinugd
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(d)

Figure 7 (Continued.

Figure 8 BF TEM micrograph of Fe-34Al in as-rolled condition, (a) showing single dislocations and dislocation tangles, (b) slip band formation,
(c) loose dislocation network formation, (d) BF TEM micrograph of Fe-34Al annealed at 873 K, showing single dislocations and the early stages of
dislocation network formation, (e) BF TEM micrograph of Fe-34Al annealed at 873 K, revealing well formed hexagonal dislocation nets, (f) BF TEM
micrograph of Fe-34Al annealed at 973 K, extensive grain growth has occurred leading to the formation of high angle grain boGoddnesd
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Figure 8 (Continued.
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Figure 8 (Continued.

increases leading to easier dislocation climb and (b)n Ta, can form by this process [18]. Both square and
the diffusivity decreases. Because of these opposingexagonal networks have also been seen in semicon-
effects, the effect of composition is small. ductor ErAs/GaAs heterojunctions grown by molecu-
The effect of annealing at 873 K is firstly, to reduce lar beam epitaxy. Such IlI-V semiconductors with the
the average density of dislocations followed by the mi-NaCl structure are being extensively studied for novel
gration of single dislocations to form linear arrays. Dis- device structures [19]. As in the case of tantalum, the
locations in such arrays often show superjog formationsize of such networks was distributed into two groups,
The nature of interaction of neighboring dislocations insome networks had a spacing of 200 nm and others with
such arrays depends on their Burgers vector and if tha spacing of 50 nm. These networks may have formed
two dislocations have the same Burgers vector, mutuaénclosed dislocation free regions which can act as re-
annihilation can take place. Alternatively, dislocationscrystallized grains. Alternatively, low angle boundaries
of the (11 1) type can interact to form dislocation seg- can form, resulting in subgrain formation. Subgrain
ments. Such segments do not lie in the original slipmigration can then take place by the migration of “Y-
plane and their Burgers vector is of t{t00) type [17].  junction” nodes such as those observed in Fig. 4cand d.
Both hexagonal networks such as those observed iniroAnnealing of the Fe-24Al alloy at 873 K also resulted
and tungsten and square networks such as those seendisplacement fringes which may have arisen from
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the formation of stacking faults, as in the case of Nb orgated. The effect of the B2-b.c.c. order/disorder transi-

W, or by the condensation of impurity atoms (00}
planes [20—22]. Further investigations are underway to
resolve this issue.

tion temperature was also small.
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grains were formed with a large dislocation density dif-
ference between the two sides of the grain boundary

of such grains. The presence of polygonized dislocaReferences

tion structures in the vicinity of such grains (Fig. 5a) 1.
suggested that this dislocation density difference was
the driving force for recrystallization. This agreed with
earlier results [18] that recrystallization occurred by the 5
migration of boundaries which are formed by polygo-
nization in regions with a large misorientation. Growth

of grains by the migration of their boundaries parallel 3-
to themselves could also be inferred. In Fe-28Al, the ,
recrystallized grains often showed a large orientation
difference between the grains and the surrounding ma=s.
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gonization produced high angle boundaries which are”
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5. Conclusions 11.

A study of Fe-24Al, Fe-28Al and Fe-34Al alloys was
conducted to examine the recovery, recrystallization.
and grain growth processes in these alloys. Samples
from these alloys, which were rolled and subsequently3.
annealed at various temperatures, showed that:
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