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Evolution of phases during mechanically activated annealing (MA2) of nanocrystalline Cr-Al powder
blend with peritectic CrqoAlgp composition was investigated. Significant interdiffusion was observed dur-
ing MA2 at a low temperature of 400 °C, which led to the formation of various Cr-Al phases viz. tetragonal
(I4/mmm) Cr,Al, rhombohedral (R3m) Crq5Al;¢ and the high temperature cubic (I-43m) -CrsAlg. Such
diffusion-induced phase formation was observed only at a higher temperature of 850°C in case of a
coarse (~50 wm) grade Cr-60at.%Al precursor. Hexagonal (P63/mmc) Cr,AlC phase was also obtained on
annealing of the ball-milled nanocrystalline precursor. The carbide phase formation was attributed to the
presence of milling-induced C-contamination (~2.65-2.80 wt.%) in the ball-milled precursor. The Cr,AIC
phase apparently evolved from Cr,Al in the temperature range of 400-850°C.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Mechanically activated annealing (MA2)[1-14] has drawn wide
interest in the synthesis of various alloys and compounds. The pro-
cess involves heating of the mechanically deformed or high energy
ball-milled powder blends at a temperature much below the equi-
librium phase formation temperature. MA2 has been beneficial in
several systems, which are otherwise difficult to synthesize by
mechanical alloying (MA). Usually, these ‘difficult-to-synthesize’
phases belong to immiscible or slow-diffusing systems, where the
phase formation is difficult, if not impossible, even at nanocrys-
talline state. The evolution of peritectic intermetallic phases by
MA or MA2 is noteworthy in this regard as these are observed in
slow-diffusing systems. As per the equilibrium phase diagram, a
peritectic reaction involves a liquid phase in the invariant reac-
tion L+ 3 — a. Since MA and MA2 are low temperature solid-state
processing, equilibrium peritectic reaction involving liquid phase
is not expected. Therefore, its evolution may be termed as peri-
tectic transformation wherein the peritectic a-phase may form by
long-range diffusion [15].

In spite of the fact that several technologically important peri-
tectic compounds are known to exist and some of which have
been synthesized by MA or MA2, the underlying phase formation
mechanism is not well established. A list of peritectic aluminides
synthesized by mechanically activated processing is presented
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in Table 1. Apart from the peritectic aluminides, various other
compounds, e.g., borides [12] and composites [13,14] have been
reported by MA2. The list of the phases and the accompanying
data in Table 1 apparently indicate that the formation of peritectic
aluminides by MA or MA2 is not determined by the equilibrium
reaction temperature or the enthalpy of formation.

Peritectic phases in Cr-Al system present a unique situation,
where the enthalpy of the phase formation is less negative (ref.
Table 1) and Cr has low diffusivity in Al Studies on the synthesis
of peritectic phases in Cr-Al system by MA or MA2 are limited.
In a recent work, high temperature CrsAlg phase formation was
observed at intermediate stages during low temperature (420°C)
annealing of a mechanically milled Cr-rich CrgsAlss blend, which
corresponds to the Cr,Al phase field [16].

Equilibrium Cr-Al phase diagram has been studied extensively
by several groups [34-39]. The binary Cr-Al system consists of six
intermediate phases viz. Crs5Alg, CrgAlg, CrAlg, CryAlyq, CrAl; and
Cr,Al (Fig. 1), five of which evolve via peritectic reaction [38,39].
Apart from academic interest, the Cr-Al alloys find application in
various fields. For example, Al-based alloys with high concentra-
tion of slow-diffusing Cr along with other metals like Fe, Zr, etc., are
employed in high-temperature applications and aerospace indus-
tries due to their thermal stability and low specific weight [40].
Cr-Al alloy thin films have high resistivity and good heat-resistance
which makes them a suitable candidate for highly integrated elec-
tronic components [41].

In this paper, we have discussed the formation and stability of
peritectic CrsAlg and other Cr-Al phases during MA2 of nanocrys-
talline powder blend with peritectic CrygAlgg composition. The
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Table 1
Peritectic phases in aluminides by mechanically activated process.
System A-B Phase Space group Invariant reaction Reaction temperature (°C) AHZK (K] /mol) Method Ref
Al-Cr Al;Cr C2/m L+Aly;Cr, 790 -134 NR
Alj1Cry P2 L+Al4Cr 940 -15.0 NR
Al4Cr P2/m L+AlgCrs 1030 -17.0 NR
AlgCrs -43m L+(Cr) 1350 ~15.0 MA+HT (420) [16]
Al-Ti AlTi P4/mmm L+a-Ti 1460 —40.1 MA+HT (635) [17,18]
Aly;Tis 4/mmm L+Aly4xTi1_x 1416 —40.2 NR
AlsTi 14/mmm L+Aly Tis 1387 —36.6 MA, MA+HT (300, 1000) [19-21]
Al-Ni AlNi3 P4/mmm L+AINi 1395 —40.1 MA, MA+HT (350, 950) [22-24]
Al;Ni, P-3m1 L+AINi 1133 -57.6 MA, MA+HT (477) [25-27]
Al;Ni Pnma L+Al3Niy 854 —-37.7 MA, MA+HT (400) [28,29]
Al-Fe AlgFes 14-3m L+AlFe 1215 -25.0 NR
Al-Mo AlsMo Cm L+AlsMos 1130 -37.0 MA+HT (697)? [30]
AlsMo R-3¢ L+Al;Mo 735 -320 MA+HT (670) [30,31]
Al;;Mo Im-3 L+AlsMo 700 -15.0 MA+HT (397) [30,31]
Al-Nb Nb3Al Pm3-n L+(Nb) 2060 -13.7 MM-+HT (800) [32]
Al-Ru RuzAls Cmcm L+RuAl, 1492 —447 MA+HT (550) [33]

MA =mechanical alloying; HT (****) = heat treatment (temperature, °C); NR = not reported.

2 Trace amount.

polymorphic transition between the low temperature rhombohe-
dral (R3m) and high temperature cubic (I-43m) CrsAlg under MA2
was also investigated.

2. Experimental

Chromium (CERAC™; 99.5%purity; —325 mesh size) and aluminium (Alfa-
Aesar™; 99.5% purity; —325 mesh size) powders were blended with a composition
of Cr-60at.%Al by high-energy ball-milling in a planetary ball mill (Pulverisette P5,
Fritsch GmbH). The milling was done for 20 h at 250 rpm in a cemented carbide vial
under toluene bath at a ball-to-powder weight ratio (BPR) of 15:1. For a comparative
study, Cr and Al powders in identical proportion were blended in a low-energy hor-
izontal pot mill for 20 h under toluene bath at a BPR of 5:1. After milling or blending
the powders were dried before loading in the furnace for annealing. Small amount
of the powder samples were taken in alumina boat and annealed under vacuum
(1073 Torr) in a horizontal tube furnace. The annealing was done at 400, 500, 600
and 850 °C. The heating rate of 5°C/min and holding period of 2 h was maintained for
all annealing experiments unless stated otherwise. The samples were subsequently
furnace cooled to room temperature under vacuum.

The phase evolution in the powder samples at various stages was monitored by
X-ray diffraction (XRD) using BRUKER D8 Max Advance system. Cu Ko radiation in

step scan mode was employed for this purpose. The quantitative analysis of the XRD
profiles was done using FullProf version 4.0 Rietveld structural refinement software
[42]. The microstructure of the powder samples was investigated by transmission
electron microscopy (TEM) using Tecnai G? (200kV) system. The samples for TEM
analysis were prepared by first dispersing the powder in ethanol by ultrasonication
and subsequently high pressure homogenization of the dispersion using homoge-
nizer (EmulsiFlex C5, Avestin Inc.). The carbon content in the samples was estimated
using carbon analyzer (LECO CS 400).

3. Results and discussion

Fig. 2a shows the XRD profile of the mechanically milled (MM)
powder blend and also the profiles after its heat treatment at var-
ious temperatures. The profile for the unmilled powder is also
shown for comparison. Significant broadening of the XRD peaks was
observed for the MM powder when compared with the unmilled
blend, indicating the nanocrystalline nature of the MM powder.
However, no new phase formation was detected during MM for
20h as evident from the XRD phase analysis. The crystallite sizes

1o 20 30 40 SC 6‘0 70 60 %0 100
2°°o 1 T 1 L T 1 T ) T T ] T [ Y T ] Y
wazze=L1863
1800 3 Ui L
",-"-- "--"’
1600+ L Pt el E
1400 - o -
O GO, -~
=3 o '4’1‘ frnd 4
2 1800] f s \ (cr) ]
“"u' _— ] : 1
8 ] A ]
£ 10C0 4 1030°C P2 -
© 5 2 910°C
= 2119 870°C N\
8004 700°C r 2 \ . 3
) ~
700°C. 4 *
080.45200 3—2888°C_| e > \
g . ol b O ' g
800 -, Py ' @ ] Sa F
“r \E St ~
< 3] g 'l“ =\ .,
""(Ai) -‘}r +-> B 23 “.
4904 § ~ 3| I 1SN Foul oo N F
X o T L \
= 'Y [ X\ .
L} .
200 - . ]
¢ 1o 20 30 0 s0 0 0 go 90 100
Al Atomic Percent Chromium Cr

Fig. 1. Phase diagram of Cr-Al [38].
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Fig. 2. (a) XRD patterns of MM and MA2 samples at temperatures 400, 500, 600 and
850°C. (b) Magnified section of the profile for MM +HT 400 °C showing 103 peak of
Cl‘zAl.

of Al and Cr in the MM powder blend, as estimated from the
peak broadening by Scherrer’s formula [43], were about 14 and
18 nm, respectively. The TEM studies (Fig. 3), on the other hand,
indicate that the ball-milled Cr-Al powder blends are nanostruc-

40nm_ |

Fig. 3. TEM micrograph of mechanically milled Cr-Al powder showing nanostruc-
tured particles.

tured with an average particle size in the range of 5-8 nm. The
higher crystallite size data from XRD could be due to the fact
that XRD provides information on the average size while TEM
takes into account only the finer particles, which remains sus-
pended in the organic solvent during sample preparation. The
XRD profiles in Fig. 2 further illustrate that the peak due to free
nanocrystalline Al in the mechanically milled precursor (MM for
20h), disappears on heating at 400°C, while the nanocrystalline
Cr-peaks are retained even at 600°C. A careful phase analysis
of the XRD profiles reveals multiple Cr-Al phase formation on
annealing of the MM powder blend at 400 °C. The observed phases
include tetragonal (I4/mmm) Cr,Al, low temperature rhombohe-
dral (R3m) Crg5Alyg and also the high temperature cubic (I-43m)
B-CrsAlg. A magnified section of the profile for the MM powder
heat treated at 400°C is shown in Fig. 2b, in order to illus-
trate the presence of small fraction of CrpAl. The presence of
the phase was validated by the minimization of the agreement
factors viz. weighted profile factor Rwp and the goodness-of-fit
index (GoF) during Rietveld refinement. The agreement factor,

o 1/2
Rwp,isgivenby Rwp = 100[3,_;  wilyi = yeil* /3y Wiy} /
GOF =Rwp/Rexp, Where w; = 1/02, o2 being the variance of the
observation y; while Rexp is the expected weighted profile factor

and

given by Rexp = 100[(n — p)/ZiW,'in]U2 for ‘n’ number of points
used in the refinement with ‘p’ number of refined parameters.

The Cr-peak intensity in Fig. 2a gradually diminishes with the
increase in the annealing temperature. This possibly indicates a
drop in free Cr, apparently due to its diffusion into various inter-
metallic phases formed at lower temperature. At higher annealing
temperature of 850°C, the low temperature CrgsAlyg is the only
binary phase in the system apart from Cr,AIC.

Low intensity peaks of Cr,AlC phase was detected in the MA2
samples at 400 °C, which is substantially lower than that reported
previously (850 °C) for coarse grade precursor [44]. [t may be noted
that CryAIC, which is a M+ AX, or MAX system (where M is early
transition metal, A is a IlIA or IVA element, Xis Cor Nand n=1, 2,
3), has excellent high temperature oxidation resistance along with
high elastic modulus and high room temperature plasticity [45,46].
The solubility of C in Al is negligible even at higher temperature
of 1300-1500°C, while it is about 0.0535 at.% at the eutectic tem-
perature (1490°C) in Cr [47]. Consequently, the formation of Cr or
Al-based carbides are not expected at low temperature. It is plausi-
ble that the formation of Cr-Al compounds like Cr, Al facilitated the
Cr,AlC formation by diffusion of C into the aluminide as proposed
earlier [44]. Carbon analyses of the ball-milled as well as the MA2
processed samples showed nearly 2.65-2.80 wt.% of carbon in the
system. Such high carbon pick up during high-energy mechanical
milling is possible due to degradation of the toluene, which was
added as a process control agent (PCA).

The weight fraction and lattice parameter data for the phases
evolved during MA2 were estimated by Rietveld structural refine-
ment of the XRD profiles. The lattice parameter data for the various
phases, agreement factors viz. Rwp and GoF index values for the
Rietveld refinement are presented in Table 2. Fig. 4a shows a typi-
cal Rietveld refined profile for a powder sample after MA2 at 850°C
indicating the presence of two phases viz. Crg5Al1g and CrAlC.
The highly overlapped maximum intensity peak is decomposed in
Fig. 4b for clarity. It is evident from the data in Table 2 and Fig. 5
that 3-CrsAlg fraction increases till 600 °C and is, however, absent
at higher temperature of 850 °C while Cr,Al and Cr phase fraction
decreases till 600°C and disappears at 850°C. Cr,AlC phase, on-
the-other-hand, shows a gradual rise with temperature and seems
to have reached a saturation level at or beyond 600 °C. The results
indicate that the depletion of Cr,Al and Cr is followed by increase
in the Cr,AlC fraction, which apparently points to preferential car-
burization of Cr,Al over Crg5Al; and 3-CrsAlg phases. The CrAlC
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Table 2

Rietveld refined data on lattice parameters of the phases obtained by MA2 of nanocrystalline Cr-60at.%Al.

Temperature (°C) Dwell time (h) Phases Lattice parameter (A) Rwp (GOF)
a b c
400 2 Cr 2.88207 2.88207 2.88207 6.99(1.1)
CryAl 3.00984 3.00984 8.62080
Cr,AlC 2.85935 2.85935 12.80978
CrsAlg 9.08415 9.08415 9.08415
CrgsAlys 12.74556 12.74556 7.95007
500 2 Cr 2.88307 2.88307 2.88307 6.80(1.2)
CryAl 3.01220 3.01220 8.60568
Cr,AlC 2.85570 2.85570 12.81175
CrsAlg 9.08414 9.08414 9.08414
CrosAlys 12.73395 12.73395 7.95490
600 2 Cr 2.88392 2.88392 2.88392 7.33(1.2)
CryAl 3.00984 3.00984 8.62080
Cr,AlC 2.85935 2.85935 12.80978
CrsAlg 9.07912 9.07912 9.07912
CrosAlyg 12.75121 12.75121 7.94829
850 0 Cr,AlC 2.86160 2.86160 12.81710 7.57 (1.3)
CrosAlis 12.76610 12.76610 7.95020
2 Cr,AlC 2.86009 2.86009 12.80919 7.93(1.3)
CrgsAlis 12.75540 12.75540 7.94560

phase possibly forms by one of the reactions proposed earlier for
coarse grade Cr-Al [44] viz. CryAl + C — CryAlC. The Crg 5Al;6 phase
shows a sharp rise only above 600 °C, which implies that the rhom-
bohedral (R3m) Crg 5Alg phase is thermodynamically more stable
when compared to the high temperature cubic 3-CrsAlg in the
temperature range of 600-850°C.

It is worthwhile mentioning that the preferential carburization
of CryAl over other phases may be due to the presence of consecu-
tive Cr—Cr planes with octahedral voids in the tetragonal (I4/mmm)
structure. The atomic arrangement in CrpAl and Cr,AIC are shown
in Fig. 6. The calculated octahedral void size in Cr,Al is 0.864 A. Con-
sequently, the carbon atom, which has a covalent radius of 0.76 A
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Fig. 4. (a) Rietveld refined XRD profile of MA2 sample at 850°C showing CrgsAlss
and Cr,AlC phases. (b) Decomposed maximum intensity peak of the XRD profile for
MA2 at 850°C indicating Crg5Al;6(1) and Cro AIC(II).

[48], is expected to enter CryAl lattice only under thermodynam-
ically favorable conditions. It may be noted that the (100) and
(100) planes of Cr,Al shown in (Fig. 6a) has interplanar spacing of
1.917 A. After carburization, the (100)and (1 00) spacing increases
by 0.4337 A (to 2.354 A) to accommodate the C atom in the lattice
(Fig. 6b). The absence of consecutive Cr-Cr planes and sufficient
void space in the lattice structure of CrsAlg and CrgsAl;g do not
favor diffusion of C in the lattice.

Fig. 7 shows the high resolution TEM micrograph of MA2 sample
at 600 °C. The different interplanar spacing in the micrograph indi-
cates the presence of multiple phases as also confirmed by XRD.
However, the phase composition for the individual grains could
not be ascertained due to similar lattice spacing in different phases
present in the system. The crystallite sizes appeared to be in the
range of 5-15 nm. The TEM micrographs of the samples subjected
to MA2 at 850°C (Fig. 8a and b), on-the-other-hand, show inter-
planar spacing of 0.25 and 0.29 nm, which corresponds to (100)
of CryAlC and (1 2 2) of Crg 5Al;6, respectively. The Crg5Al;g grains
were nanostructured (~15nm) while it was difficult to ascertain
the grain size of Cr,AIC from the TEM micrographs as the particles
appeared to be in a highly agglomerated state.
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Fig. 5. Change in the fraction of various phases with annealing temperature.
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Fig. 6. Atomic arrangementin 001 and 1 00 view along with 3D representation of
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The variation of the lattice parameter of Cr after ball milling and
subsequent annealing is shown in Fig. 9. It is evident that there is
an increase in the lattice parameter of Cr even after ball-milling.
However, the lattice parameter drops on annealing at 400 °C but
shows marginal increase with increase in annealing temperature.
The initial shift in the lattice parameter on ball-milling may be due
to the dissolution of Al in nanocrystalline Cr as well as the lattice
strain caused by severe deformation during mechanical activation.
Subsequent drop in the lattice parameter could be attributed to the
removal of lattice strain at elevated temperature. The increase in
lattice parameter with annealing temperature possibly reflects the
dissolution of Al and/or C in nanocrystalline Cr. However, this could
not be confirmed from the TEM studies.

T

0.28nm 0.27nm

Fig. 7. High resolution TEM micrograph of MA2 sample at 600 °C.

In order to evaluate the influence of milling-induced nanocrys-
talline Cr-Al structure on the MA2 process, a comparative study
was done with identical composition comprising of coarse (50 p.m)
grade powder blend prepared by low-energy conventional horizon-
tal blender (pot mill). Fig. 10a shows the XRD profile of the blend
and the profiles after subsequent annealing at temperatures in the
range of 400-850 °C. Insignificant broadening of the Cr and Al peaks
in the XRD profile was observed for the blend obtained after pot
milling for 20 h indicating the coarse crystallite size of the pow-
der. Itis evident from Fig. 10 that Cr and Al apparently remains in a
free-state even at 600 °C with no trace of any other phase. At higher
temperature of 850 °C, on-the-other-hand, Cr,Al, CryAlys, Crg5Alg
and B-CrsAlg phases were found to evolve apart from some free
Cr (Fig. 10b). Rietveld structural refinement of the XRD profile for
the coarse grade sample treated at 850°C revealed about 62 wt.%
Crg5Aly6, 29Wt.% Cr7Alys, 4wt.% 3-CrsAlg and 3.5 wt.% of free Cr
apart from very small fraction of Cr,Al. Since all of Cr and Al in the
blend remained in free-state even at 600 °C, it may be assumed that
the phase formation at higher temperature (above 600 °C) possibly
involves liquid phase due to melting of Al (m.p. of Al=660°C). The
presence of the high temperature 3-CrsAlg phase at lower temper-
ature of 850 °C, which is otherwise expected only above ~1150°C,
possibly indicate that the peritectic reaction involving liquid Al
initiates on the surface of the Cr particles, which leads to the for-
mation of some amount of peritectic 3-CrsAlg. Under energetically
favorable condition at 850°C, a polymorphic transition leads to
the ordered rhombohedral (R3m) Crg 5Alyg structure. The formation
of Al-rich Cr;Alys phase (monoclinic; space group: C2/m) possibly
takes place by the diffusion of Cr in Al after melting of Al. It may
be noted that CryAl, Cr;Alys and the disordered 3-CrsAlg phases
were not observed at 850 °C in case of nanocrystalline powder pre-
cursors. The other interesting aspect of the results is the absence
of any carbide phase in case of the powder blended by low-energy
blender (Fig. 10). Carbon analysis of the coarse grade powder blends
revealed no trace of carbon. The above observation indicates that
the CryAlC phase obtained during MA2 of the nanocrystalline pre-
cursor evolves preferentially from Cr,Al, while the carburization of
disordered 3-CrsAlg and ordered Crg5Al;g phases are not favored
in the temperature range of 400-850°C.
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Fig. 8. TEM micrograph showing (a) (122) interplanar spacing of Crqs5Al;¢ and (b)
(100) interplanar spacing of CrAlC in MA2 sample at 850°C.
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Fig. 9. Variation in the lattice parameter of Cr after milling and subsequent anneal-
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Fig. 10. (a) XRD profiles of the pot milled (PM) and subsequently heat treated (HT)
samples at 400, 500, 600 and 850°C. (b) Magnified section of the profile for PM + HT
850°C.

4. Conclusions

Mechanically activated annealing of nanocrystalline
Cr-60at.%Al powder blend led to the formation of various Cr-Al
phases like CryAl, CrgsAlig and B-CrsAlg at a low temperature
of 400°C. Such diffusion-induced phase formation was observed
only at a higher temperature of 850°C in case of conventional
coarse Cr-Al precursor with identical composition. The forma-
tion of CrpAlIC phase was also observed in case of ball-milled
nanocrystalline precursor, which contained about 2.65-2.80 wt.%
of milling-induced C-contamination. The Cr,AIC phase evolved on
preferential carburization of Cr,Al between 400 and 850°C.
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