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Abstract— The role of boron and alumina particulate on the microstructural stability of as-atomized FeAl40at% base alloys in the 
temperature range of 600-1200°C was evaluated. The alumina particulate reinforcement combined with the boron microalloying prevents 
the abnormal grain growth and enhances the microstructural stability. The anomalous grain growth behavior which occurred in the 
temperature range of 600-900 °C was related with an onset of the recrystallization. The presence of a hardness peak observed at 900°C in 
the as-atomized FeAl base alloy was strongly diminished with the boron microalloying and alumina particulate reinforcement. 

Index Terms— iron aluminides, abnormal grain growth, annealing, microalloying  

——————————      —————————— 

1 INTRODUCTION                                                                     

HE FeAl intermetallic alloys have been attractive for their 
superior performance in mechanical properties and corro-
sion resistance at high temperatures [1-4]. However, their 

low ductility at room temperature has limited many practical 
applications [5-6]. Spray-atomization and deposition metal-
lurgical technique improves the microstructural and mechani-
cal properties in the FeAl intermetallic alloys [7]. Also, this 
technique facilitates the incorporation of strengthening second 
phases that improves creep and other mechanical properties 
[8]. The intrinsic lack of ductility in FeAl intermetallic alloys 
has been limiting the manufacturing of useful commercial 
products. For this reason, the possibility of application of iron 
aluminides as surface coatings may be considered to take ad-
vantage of their superior corrosion performance at high tem-
peratures [4]. Recently, the oxidation behavior of low-pressure 
plasma sprayed iron aluminides were explored [9]. Several 
studies of grain growth [10-12] and recrystallization [14-19] 
have also been reported. These studies include dynamic re-
crystallization, abnormal grain growth in textured alloys, bo-
ron effect on the recrystallization, and anomalous softening 
prior to static recrystallization. In the present study the grain 
growth kinetics of spray-atomized FeAl40at% alloys after 
annealing experiments were evaluated.  

2 EXPERIMENTAL PROCEDURE 
Ingots of FeAl40at.% (FA), FeAl40+0.1at.%B (FAB), and 
FeAl40+0.1at.%B+10at.%Al2O3 (FAL) spray atomized inter-
metallic alloys were used to fabricate cubic shape specimens 
with dimensions of 5x5x5 mm. A spark-cutting machine was 
employed to cut 15 specimens from each ingot. Details of fab-
rication of the ingots were discussed elsewhere [7]. All speci-
mens were mechanical grinded on wet SiC-paper (grit 240-
600).  
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Finally, the specimens were polished using colloidal alumina 
of 1 m . Before the annealing stu d ies, the grain  stru cture w as 
revealed using a solution consisted in 33% nitric acid, 33% 
acetic acid, 33% H2O and 1% flourhidric acid (% volume). The 
intercept method (ASTM-E112) was employed to measure the 
grain sizes before and after of the annealing experiments. 
More than 300 grains were counted for each specimen. Micro-
hardness measurements were performed with a 200 g load 
and 20s of holding time. Annealing experiments at various 
temperatures for various periods were performed in an auto-
matic-control electric furnace (times: 1, 12, 24, 48 and 72 h, 
temperatures: 600, 900 and 1200°C). After the annealing pro-
cesses, the power supply was switched off and the furnace 
was cooled down to room temperature at its natural rate. Fi-
nally, the specimens were polished and etching, and then the 
grain sizes were measured using the procedure described 
above. This is illustrated in figure 1. In order to visualize the 
porosity and alumina particulate distribution in the micro-
structure, the specimens were observed by optical microscopy.  
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Figure 1.  Average grain size as a function of annealing time for 
the (a) FA, (b) FAB, (c) FAL alloys, and (d) effects of boron and 
alumina particulate on the grain growth kinetic at 1200°C in the 
three iron aluminides. 

3 RESULTS AND DISCUSSION 

3.1 GRAIN GROWTH KINETICS 

The grain growth kinetics of the FA alloy is illustrated in 
figure 1a. The grain growth kinetic was not described by 
any normal grain growth fit law equation in all 
temperature range. The non-uniform initial grain size 
distribution could induce this last behavior, but a 
reasonably linear fit describes the grain growth of the FA 
alloy at 1200°C, (see Figure 1a). The results also indicated 
that in the temperature range of 600-900 °C, the grain 
growth kinetics were practically the same.  

The grain growth kinetics of the FAB alloy is illustrated in 
Figure 1b. Basically, the fit of the grain growth data of the 
FAB alloy follows a similar behavior of the FA alloy. 
However, the grain growth kinetics of the FAB alloy 
diminishes considerably at 1200°C as compared with the 
FA alloy. At this temperature a good linear fit of the grain 
growth data with a statistical coefficient of determination 
(R2) of 0.9668 was obtained. The final grain size 
distribution at 1200 °C was more uniform compared as the 
FA alloy. In this case is evident that the boron 
microalloying plays a key role in the diminished grain 
growth rate at 1200°C. The boron effect on the grain growth 
of iron aluminides was observed previously for Yang and 
Baker [14]. They proposed that the boron atoms 
presumably form boron atomic environments around 
dislocations, reducing their mobility, as well as reducing 
also the grain boundary mobility. The boron segregation 
influences the structure of lattice defects and segregation 
also could be occurring in planar or line defects in the FeAl 
alloys [20]. The results also indicated that in the 
temperature range of 600-900 °C anomalous grain growth 
kinetics was presented. In this case the average grain 
growth kinetics at 900 °C was lower compared to the 
average grain growth kinetics at 600 °C. Recently, 
Bystrzycki and Varin [15] founded a recrystallization onset 
in specimens of FeAl40at.% doped with Zr and B deformed 
by shock-waves, after annealing experiments during 1 hour 
at 700°C, and a completely recrystallized microstructure at 
800°C. Also, Yang and Baker observed similar behavior in 
FeAl40at.% doped with boron [14]. In the present study, 
the anomalous grain growth kinetics observed in the 
temperature range of 600-900 °C suggest that the presence 
of a recrystallization onset occurred in the last temperature 
range. The fabrication procedure suggests [7] the presence 
of the residual stresses generated by the high-impacts and 
thermal shock resulted during the deposition of the FeAl 
spray. The driving force that induced this last 
recrystallization onset could be generated from these 
residual stresses. It is known that in normal grain growth 
the average grain size increases without essential changes 
in the size and shape distributions [21]. During normal 
grain growth the logarithm of the grain diameter, the 
number of neighbors (or sides) in a planar intersection, and 
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the number of faces in three dimensions can all be 
approximated by Gaussian normal distributions [22-23]. 
Also, normal grain growth is controlled by the rate of loss 
of grains from the lowest topological class. The topological 
distribution after 24 hours of annealing in the FAB alloy is 
shown in the Figure 2. It be can shown that at 900 °C the 
frequency of grains with topological classes of 3, 4, 5 and 6 
were larger as compared to the frequency of grains with 
topological classes above 7. This typical distribution reflects 
the recrystallization onset occurred at this temperature. 
Also, the most stable topological class distribution 
observed at 1200 °C confirms the grain growth kinetics 
behavior occurred at this temperature. 

The grain growth kinetics of the FAL alloy is shown in 
figure 1c. A reasonably linear fit describes the grain growth 
of the FAL alloy in all temperature range, but only at 
temperatures of 900 °C and 1200 °C good R2 values of 
0.9755 and 0.9739 respectively were obtained. In the same 
way that the FAB alloy, the FAL alloy showed anomalous 
grain growth kinetics in the temperature range of 600-900 
°C. In the same way that in the FAB alloy, this last behavior 
could  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 Figure 2.  Number of sides per grain distribution for the 
FAB alloy annealed during 24 h. 

occur by an onset of recrystallization. Compared withs the 
FAB alloy, the gap between the linear fit in the temperature 
range of 600-900 °C were about 2 times smaller than the 
FAL alloy. This last result suggests that the reinforcement 
with alumina particulate diminish the effects of the boron 

microalloying on the grain boundaries, by the grain size 
reduction. Consequently, the recrystallization mechanism 
could be affected. 

3.2 MICROSTRUCTURE CHARACTERISTICS 

In the Figure 3, the as-atomized microstructures of the 
three iron aluminides alloys before the annealing 
experiments are presented. The FA and FAB alloys (Figure 
3a and 3b, respectively) showed noticeably porosity as 
compared to FAL alloy (Figure 3c). In this case, the 
reinforcement with alumina particulate (Al2O3) prevents 
the porosity formation in the microstructure (see detail of 
the Figure 4). Not noticeable effect on the grain size 
refinement was induced by the boron microalloying. 
However the presence of Al2O3 alumina particulate 
induced a grain size refinement and improves the 
microstructure of the FAL alloy. The initial mean grain 
sizes for the FA, FAB, and FAL intermetallic alloys were 77, 
79 and 33 m , respectively. After  the annealing 
experiments the average grain sizes as a function of the 
annealing time (t) were plotted. The grain growth curves 
for the FA, FAB, and FAL alloys were showed in the 
figures 1a, 1b, and 1c, respectively. 
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Figure 3.  As-atomized microstructures of the (a) FA, (b) 
FAB, and (c) FAL iron aluminides 

3.3 MICROSTRUCTURAL STABILITY 

In the present study the microstructural 
stability was discussed after that the 
recrystallization onset was occurred. The figure 
1d shows a plot of grain growth kinetics for the 
three FeAl alloys tested at 1200 °C. The results 
indicated that the grain growth stability at 
1200°C was most notable in the FAL alloy, less 
notable in the FAB alloy, and least notable in 
the FA alloy. Since the initial average grain size 
in the FAL alloy was about 2 times smaller than 
the FAB alloy, it was conceivable a possible 
reduction also of about 2 times of boron 
concentration along the grain boundary. This 
suggests that the boron microalloying plays a 
key role in the last behavior. Also, the results 
indicated that the alumina particulate stabilize 
the grain growth kinetics and prevents the 
abnormal grain growth. The microstructural 
evolution after the annealing  
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Figure 4.  (a) Normal grain growth in the FAL alloy and (b) 

abnormal grain growth in the FA alloy annealed at 1200 °C 
for 48 h. 

experiments for 12 hours is shown in the Figure 5. It can be 
seen the better grain growth stability in the FAL alloy 
compared with the FAB and FA alloys. Also the anomalous 
grain growth at 900 °C was clearly shown. The 
microhardness as a function of annealing temperature at 
various times is presented in the Figure 6. The FA alloy 
showed a hardness peak above 900 °C at all the evaluated 
annealing times (see Figure 6a). In the most ordered 

intermetallics alloys, the hardness depends both on the 
change of dislocation density and on the change of long-
range order degree. The hardness behavior in the FA alloy 
suggests that a reduction in dislocation density decreases  

 Figure 5.  Microstructural evolution after 12 hours of 
annealing of the three iron aluminides  

.the hardness from room temperature to 900 °C. The results 
also suggest that the increases in the hardness above 900 °C 
could be promoted by a strong reordering in the long-
range order degree during the annealing. In the case of the 
FAB and FAL alloys, both alloys showed a reduction of 
hardness at all evaluated times and temperatures. In this 
case, the addition of boron and alumina particulate affects 
the dependence of hardness on reordering above 900 °C, as 
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compared with the behavior observed in the FA alloy. One 
exception occurred in the hardness behavior after 72 h of 
annealing in both FAB and FAL alloys. In the same way 
that in the FA alloy, a hardness peak above 900 °C was 
presented. This last result suggests that at long annealing 
times, the effect of boron and alumina particulate on the 
reordering that affect the hardness, was eliminated. 
 
 

4 CONCLUSIONS 
The grain growth data in the all three FeAl intermetallic al-

loys was not described by any normal grain growth fit law 
equation. Only FAL and FAB alloys shows a good linear fit at 
1200 °C and at 900 °C, respectively. Anomalous grain growth 
kinetics was observed in the temperature range of 600-900 °C 
in both FAB and FAL alloys. The possible presence of residual 
stresses generated by the high-impacts and thermal shock 
resulted during the deposited of the alloys suggest the occur-
rence of a recrystallization onset in the last temperature range. 
The results indicated that the grain growth stability at 1200°C 
was most pronounced in the FAL alloy, less pronounced in the 
FAB alloy, and more less pronounced in the FA alloy. The 
alumina particulate combined with boron microalloying stabi-
lizes the grain growth kinetics and prevents the abnormal 
grain growth. The FA alloy showed a hardness peak above 900 
°C at all evaluated annealing times. This result suggests that 
the increases in the hardness above 900 °C could be promoted 
by a strong reordering in the long-range order degree during 
the annealing. The FAB and FAL alloys, showed hardness 
reduction at all evaluated times and temperatures. One excep-
tion occurred in the hardness behavior after 72 h of annealing, 
where a hardness peak above 900 °C was presented. The addi-
tion of boron and alumina particulate affects the dependence 
of hardness above of 900 °C, but at long times of annealing 
(above 72 h) this effect was eliminated. 
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Figure 6. Microhardness as a function of the annealing tem-
perature, (a) FA, (b) FAB, and (c) FAL alloys. 
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