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Nanoquasicrystalline Al-Fe-Cr based alloys, which belong to the group of metal matrix 

nanocomposite, show excellent balance between high strength and sufficient ductility [1, 2]. Com-

pared to other commercial Al alloys, Al-Fe-Cr based alloys show better structural stability, making 

them promising to be employed at elevated temperatures and, therefore, attractive for industrial ap-

plication in automotive and aircraft industries [1, 2]. These alloys are composed of icosahedral 

quasicrystalline particles (i-phase) with sizes about 100 nm embedded in -Al matrix [3]. However, 

quasicrystalline particles of i-phase presented in Al-Fe-Cr based alloys are of metastable nature, 

retaining in surrounding of -Al solid solution at heating up to ultimate temperatures. On this evi-

dence detailed knowledge concerning the range of temperatures where i-phase particles survive in 

Al-Fe-Cr alloys of particular elementary composition is of great importance. In the present study, 

therefore, the kinetic parameters for structural evolution and phase transformation in water atomized 

Al-Fe-Cr based alloy have been examined by means of precise method of DSC technique and con-

firmed by the results of XRD analysis.  
Quasicrystalline powders of Al-based alloy with nominal composition of Al94Fe3Cr3 was 

em-ployed in experimentation and fabricated by water-atomisation technique using inhibited high-
pressure water with Ph 3.5 [4]. Fraction volume of quasicrystalline particles contained by 

Al94Fe3Cr3 powders did not exceed 30% [5]. DSC measurements were performed using commercial 

apparatus STA449F1 (Netzsch, Germany). XRD analysis was performed using Cu K radiation. 
The i-phase was indexed using Cahn’s indexation scheme [6]. 

Fig. 1 shows typical DSC run at constant heating rate of 10 Kmin
-1

. 

One endothermic and two exothermic reactions are clearly recognised in DSC runs of pow-

dered Al94Fe3Cr3 alloy detected by DSC measurements. An attention should be paid to the fact that 

endothermic peak is accompanied by powder mass loss, suggesting dehydration of aluminium hy-
droxide usually presented on aluminium surface in a form of ultrathin layer. It should be noted that 
endothermic peak becomes strongly pronounced as powder particles size increases. This is because 
fraction of pores in the interior of powder particles increases, resulting in bigger length of oxidized 
surface. Actually, the results of XRD analysis confirm the presence of hydroxide on the surface of 
powder particles and pores in their interior, as can be seen in fig. 2. 
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Fig, 1. DSC runs and TGA measurements detected under heating of Al94Fe3Cr3 powder with 

different mesh fractions: 1 – particles of 40 m and less; 2 – particle size ranged from 40 to 63 m; 

3 – particle size ranged from 63 to 100 m. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2. Sections of XRD patterns of (a) as-received Al94Fe3Cr3 powder and (b) powder of pure  
Al. 
 

XRD patterns for Al94Fe3Cr3 powder shows pronounced halo at the range of small angles that is 

generally intrinsic to gibbsite Al2O3×3H2O and, thus, strongly suggest the presence of X-ray amorphous 

hydroxide Al2O3nH 2O of variable composition. It should be noted that similar pro-nounced halo of 

increased intensity is observed in the XRD patterns for pure Al powder that has smaller corrosion 

resistance compared to that of Al94Fe3Cr3 alloy. As evidenced from fig. 2, the mass loss history of 

Al2O3nH2O hydroxide starts under temperature higher than 453 K, ensuring its trans-formation into 

intermediate phases. Among those is boehmite, -AlO(OH), which is formed at tem-perature about 500 
K, although it is also gradually decomposed during further heating up to the higher temperatures. These 
results are in good agreements with the data reported previously [12-14].  

There are weak and broad exothermic peaks clearly recognised in DSC curves with a maxi-

mum at 653–673 K (B) and a main exothermic peak around 813K (C) commonly associated with i-
phase decomposition [7-10]. The nature of the first exothermic peak B is rather different from that 

of main exothermic peak C. As opposed to the letter first exothermic peak B is thought to arise from 

dislocation reorganisation and recrystallization processes within the Al matrix. This is of common 
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knowledge that the latter processes arise from dislocation activity and occurred in many other met-
als and alloys result in exothermic heat release [11-13]. Actually, the value of the first exothermic 
peak B is gradually reduced down to complete elimination as the temperature of preliminary heat 
treatment of the powder increases up to 673 K, as can be seen in fig.1. The argumentation above is 

confirmed by the results of XRD analysis. Fig. 3 shows sections of XRD patterns for Al94Fe3Cr3 

powder prior and after heat treatment at different temperatures. XRD pattern of the Al94Fe3Cr3 

pow-der heat treated at 653 K remain similar to that of the as-received powder. Reflections of the -
Al and quasicrystalline i-phase together with weak diffraction peaks corresponded to the metastable 

Al6Fe phase are identified in the XRD pattern of the Al94Fe3Cr3 powder heat treated at 783 K, sug-
gesting the partial decomposition of i-phase. Gradual dissolution of metastable quasicrystalline par-
ticles and simultaneous formation of more stable crystalline particles is still in progress with further 
increasing the temperature of heat treatment, as was shown by direct observation of TEM images 

[14]. Coexistence of the quasicrystalline i-phase and metastable Al6Fe phase with the stable crystal-

line -Al13Cr2 phase becomes true for the Al94Fe3Cr3 alloy powder heat treated at 803 K, which is 

in agreement with the data published by other authors [9, 15]. Diffraction peaks of the -Al together 

with reflections of the stable crystalline -phases compositionally corresponded to the -Al13Cr2 

and -Al13Fe4 are identified in the XRD pattern of the quasicrystalline powder after heat treatment 
at 873 K.  

Attention should be drawn to the fact that main exothermic heat release C increases with in-

creasing the temperature of preliminary heat treatment up to 673 K for 10 min, as can be seen in 

Fig.1. Again, the main exothermic heat release B increases essentially with increasing the annealing 

time up to 4 hours during heat treatment at 673 K. These phenomena are thought to be caused by 

increasing the fraction volume of quasicrystalline particles. As evidenced from [9, 10] coarsening 

by 150% of the icosahedral quasicrystalline particles accompanied by extraction of solute Fe and Cr  
from the Al matrix of melt-spun Al93Fe4.2Cr2.8 alloy was found to be true after heat treatment at 723 K 
for 30 min, indicating the increased fraction volume of quasicrystalline particles. This is because  
of Al matrix for as-spun Al93Fe4.2Cr2.8 alloy was oversaturated by solute Fe and Cr compared to 
that corresponded to the stable equilibrium concentration at liquidus temperature [9, 16].  

In the present study, the results of XRD analysis proof of the evidence above. As can be seen in 

Table, lattice parameter a for the -Al solid solution presented in Al94Fe3Cr3 alloy powder is gradually 
reduced with increasing the annealing temperature up to 783 K, indicating the enrich-ment of the Al 
matrix by solute Fe and Cr whose atomic radii are smaller by roughly about 12 % than Al atomic radius. 
Kinetic of i-phase decomposition is presumably to be faster compared to that for nucleation and growth 

of Al6Fe phase. The increase of lattice parameter a resulted from extrac-tion of solute Fe and Cr from the 

Al matrix occurs only after heat treatment at 803 K when amount of metastable Al6Fe phase increases in 

comparison with that indicative of Al94Fe3Cr3 alloy powder heat treated at 783 K. This fact is evidenced 

from increased integral intensity of reflections corre-sponded to Al6Fe phase that was detected after heat 
treatment at 803 K, as can be seen in Fig. 3. It is noticeable that increasing the temperature of heat 

treatment up to 803 K causes the reflections corresponded to Al6Fe phase to shift towards smaller 2θ, 
suggesting its alloying by Cr whose atomic radius is greater than that of Fe. However, lattice parameter 

a, for the α-Al somewhat decrease after heat treatment at 873 K when metastable Al6Fe phase transforms 
into conventional crystalline θ- 

phases such as θ-Al13Cr2 and θ-Al13Fe4.  
Another aspect concerns the fact that the start of main exothermic reaction tends to shift to-

ward lower temperatures with increasing the annealing parameters (temperature and time). Alt-
hough the reason for this effect is not clear at the present, it could be thought that promoting action 

of dislocation activity under preliminary heat treatment favours the achievement of a stable equilib- 
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rium concentration of solute elements in the -Al and growth of the metastable quasicrystalline 

particles, accelerating their further dissolution and simultaneous formation of more stable 

crystalline particles. 

 
 

Fig. 3. Sections of XRD patterns for Al94Fe3Cr3 powder (a) prior and (b-e) after heat treat-
ment at different temperatures during 30 min. 

 

Table – Lattice parameter a of the -Al solid solution presented in Al94Fe3Cr3 alloy powder 

af-ter heat treatment for 30 min at different temperatures 
 

Tempera- As- 

653 783 803 873 
ture, K received     

a, nm 
0.403 0.40 0.40 0,40 0.40 

91 369 356 456 434  

 

By using water atomised powder of Al94Fe3Cr3 alloy efficient application of newly devel-
oped precise method of DSC analysis for examination of phase transformation and microstructural 
stability of nanoquasicrystalline Al-Fe-Cr alloys composed of metastable quasicrystalline particles 
embedded in an Al matrix was justified. Two exothermic reactions during continuous heating of 

powdered Al94Fe3Cr3 alloy up to 873 K were detected by DSC measurements. Weak and broad 
exo-thermic peak with a maximum at 653–673 K can be explained by dislocation reorganisation 
and recrystallization process within the Al matrix whereas the main exothermic peak around 813 K 
was believed to arise from decomposition of icosahedral quasicrystalline particles and simultaneous 

formation of the metastable Al6Fe phase and more stable crystalline particles compositionally corre-

sponded to the -Al13Cr2 and -Al13Fe4 phases. Promoting action of dislocation activity on 
diffusive mobility of Fe and Cr in the Al-matrix under preliminary heat treatment is thought to 
favour the arrangement of solute elements, accelerating dissolution of quasicrystalline particles and 

simultane-ous formation of more stable Al6Fe phase. 
 

List of references 



88 

 

International Scientific-Methodological Conference «How to teach material sciences: 

new approaches and experiences from the MMATENG project» 

 

1. Inoue A., Kimura H. High-strength aluminum alloys containing nanoquasicrystalline particles // Ma-
ter. Sci. Eng. A. – 2000. – V. 286 (1). – P.1-10.  

2. Chlup Z., Todd I., Garcia-Escorial A., Lieblich M., Chlupova A. and O'Dwyer J. G. Bulk nanostruc-

tured aluminium alloy Al93Fe3Cr2Ti2: processing and characterisation // Materials Science Forum. – 2003. – 
Vols. 426-432. – P. 2417-2422.  

3. Inoue A. Amorphous, nanoquasicrystalline and nanocrystalline alloys in Al-based systems // Prog. 
Mater. Sci. – 1998. – V. 43. – P, 365-520.  

4. Neikov O.D., Kalinkin V.G., Lednyansky A.F., Vasilieva G.I. Method for production of Al and Al-
based alloys. Patent Ru No 2078427, Information Bulletin 12. – 1997.  

5. Milman Yu.V., Sirko A.I., Iefimov M.O. and et al. High Strength Aluminum Alloys Reinforced by 
Nanosize Quasicrystalline Particles for Elevated Temperature Application // High temperature materials and 
processes. – 2006. – V. 25 (1-2). – P. 19-30.  

6. Cahn J.V., Schehntman D., Gratias D.. Indexing of icosahedral quasiperiodic crystals // J. Mater. Res.  
– 1986. – V. 1. – P.13-26.  

7. Prima F., Tomut M., Stone I.C., et al. In situ resistometric investigation of phase transformationsin 
rapidly solidified Al-based alloys containing dispersed nanoscale particles // Mat.Sci. Eng. A. – 2004. – Vols. 
375-377. – P. 772-775.  

8. Galano M., Audebert F., Cantor D., Stone I. C.. Structural characterisation and stability of new 
nanoquasicrystalline Al-based alloys // Mat.Sci. Eng. A. – 2004. – Vols. 375-377. – P.1206-1211.  

9. Galano M., Audebert F. Stone I.C., Cantor D. Nanoquasicrystalline Al-Fe-Cr-based alloys, Part I: 
Phase transformations // Acta Materialia. – 2009. – V. 57. – P. 5107-5119.  

10. Galano M., Audebert F., Escorial A.G., Stone I. C., Cantor B. Nanocrystalline Al-Fe-Cr-based al-
loys with high strength at elevated temperature // J. of Alloys and Compounds. – 2010. – V. 495. – P. 372-376.  

11. Gorelyk S.S., Dobatkyn S. V., Kaputkina L. M. Recrystallisation of metals and alloys. – Moscow: 
MISAA, 2005. – 432 p.  

12. Benchabane G., Boumerzoug Z., Thibon I., Gloriant T. Recrystallization of pure copper investigat-
ed by calorimetry and microhardness // Materials Characterization. – 2008. – V, 59. – P.1425-1428.  

13. Takata N., Yamada K., Ikeda K. and et al. Annealing behavior and recrystallised texture in ARB 
processed copper // Materials science Forum. – 2006. – Vols. 503-504. – P. 919-924.  

14. Kestenbach H.-J., Bolfarini C., Kiminami C.S., and Botta Fiho W.J.. In-situ observation of the dis-
solution of quasicrystalline particles in an aluminum alloy during annealing // J. of Metastable and Nanocrys-
talline Materials. – 2004. – Vols. 20-21. – P.382-387.  

15. Allen C. M., O’Reilly K. A. Q., Cantor B., Evans P. V. Intermetallic phase selection in 1XXX Al 
alloys // Pog. Mater. Sci. – 1998. – V. 43, – P. 89-170.  

16. Binary alloy phase diagrams. (Eds. T. B. Massalski, H. Okamoto, P. R. Subramian, L. Kacrzak). 
Material Park (OH): ASM International, 1990. 



 
194 

 

International Scientific-Methodological Conference «How to teach material sciences: 

new approaches and experiences from the MMATENG project» 

 

 

QUANTITATIVE PREDICTION OF PHYSICAL AND MECHANICAL  

PROPERTIES OF METALLIC SOLID SOLUTIONS BASED ON THE ATOM  

ELECTRONIC PARAMETERS OF THE COMPONENTS. K. Tkachenko ………… 45 

 

ПРО НЕОБХІДНІСТЬ ВПРОВАДЖЕННЯ ДИСЦИПЛІНИ «МАТЕРІАЛИ ІЗ  
ПОНОВЛЮВАНИХ РЕСУРСІВ» В НАВЧАЛЬНІ ПЛАНИ УКРАЇНСЬКИХ ВУЗІВ. В. 
Ю. Іващенко…………………………………………………………………..… 57 

 

ПРЕПОДАВАНИЕ ДИСЦИПЛИНЫ «МАТЕРИАЛОВЕДЕНИЕ»  

В ТЕХНИЧЕСКОМ ВУЗЕ. Э.Р.  Галимов, А.Г. Аблясова, А.В. Беляев ……..……… 53 

ВЫСОКОЭФФЕКТИВНЫЕ ТЕХНОЛОГИИ ПОЛУЧЕНИЯ НОВЫХ  
КОМПОЗИЦИОННЫХ МАТЕРИАЛОВ НА ОСНОВЕ  

ПОЛИВИНИЛХЛОРИДА. Э.Р. Галимов, Н.Я. Галимова, А.Г. Аблясова,  

Р.Ф. Шарафутдинов ……………………………………………………………………… 55 

НОВАЯ ЭНЕРГОРЕСУРСОСБЕРЕГАЮЩАЯ КОМБИНИРОВАННАЯ  
ТЕХНОЛОГИЯ НАНЕСЕНИЯ ПОЛИМЕРНЫХ ПОРОШКОВЫХ ПОКРЫТИЙ.  

Э.Р. Галимов, Н.Я. Галимова, А.Г. Аблясова, А.В. Беляев ………………………….… 59 

ПЕРСПЕКТИВЫ ИСПОЛЬЗОВАНИЯ ЗНАНИЙ ПО НОВЫМ  
ДИСЦИПЛИНАМ ПРОЕКТА MMATENG В НАУЧНОЙ РАБОТЕ  

СТУДЕНТОВ МАГИСТРАТУРЫ КНИТУ-КАИ.  

Т.А. Ильинкова, Ф.Н. Куртаева, А.В. Черноглазова .…….. …………………………… 65 

РЕАЛИЗАЦИЯ ПРОЕКТА «TEMPUS-MMATENG» В ОБРАЗОВАТЕЛЬНОЙ  
ПРОГРАММЕ «МАТЕРИАЛОВЕДЕНИЕ И ТЕХНОЛОГИИ МАТЕРИАЛОВ»  

В КНИТУ-КАИ. Ф.Н. Куртаева, А.В. Черноглазова, Т.А. Ильинкова ……………..… 69 

СПОСОБЫ ПОЛУЧЕНИЯ КОМПОЗИЦИОННЫХ МАТЕРИАЛОВ.  
А.В. Черноглазова, Б.Е. Байгалиев ………………………………………………………… 73 

HIGHER  ENVIRONMENTAL  EDUCATION  FOR  SUSTAINABLE  DEVELOP-  
MENT  THROUGHOUT  THE  TEACHING  DISCIPLINE  “ENVIRONMENTAL  

MATERIALS”. L.G. Murtazina …………………………………………………………….. 79 

STRUCTURAL EVOLUTIONAND PHASETRANSFORMATION  
IN NANOQUASICRYSTALLINE Al-Fe-Cr ALLOY.  

А. Yurkova, A. Byakova,  A. Kravchenko ……………………………………………….. 84 

PHASE AND STRUCTURAL EVOLUTION DURING MECHANICAL MILLING  
AND SUBSEQUENT ANNEALING OF HIGH-ENTROPY AlCuNiFeCr ALLOY.  

V. Chernyavsky, A. Yurkova ………………………………………………………………… 90 

 

ДОСВІД  ІМПЛЕМЕНТАЦІЇ  НОВИХ  НАВЧАЛЬНИХ  ДИСЦИПЛІН В 
РАМКАХ ПРОЕКТУ «MMATENG» НА ІНЖЕНЕРНО-ФІЗИЧНОМУ 


