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Abstract 
In this study, Al, Cr and Si fine powders were alloyed by planetary ball milling to investigate their microstructural evolu-
tion, following their mechanical alloying behavior. The formation of Al(Cr) supersaturated solid solution by the Cr grains 
embedded in Al-matrix, which contributed substitutional structure is discussed in relation to their structural evolution in 
accordance with the distortion of a crystal lattice. The compacts of Al–Cr–Si alloys were prepared by rapid sintering within 
a short time by dense consolidation above the density of 99.9% as the formation of intermetallics, except in the case of the 
distribution of single-phases induced by the Al-melting. The formation behavior of intermetallics was dominated by depend-
ence on the structures of the milled-powder and subsequent sintering temperature. To estimate the consolidated behaviors 
of compacts, various approaches derived from TEM and XRD analysis were taken to obtain microstructural evidences of 
the inter-diffusion, following the presence of thermally stable intermetallics.
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1  Introduction

Al–Cr–Si ternary alloys are typical coating materials that 
can replace the PVD hard-coated films, such as Ti-based 
and Cr-based materials (e.g. TiN, TiAlN, CrN, CrWN, and 
CrN + MoS2N, etc.), and show good oxidation resistance 
that is suitable for application at high-temperature [1–3]. 
In particular, the mechanical and thermal properties can be 
predominantly determined depending on the additional com-
position of films of ternary elements, with their results being 
reported in several studies [4, 5].

Crystallographically, the structure of AlxCr1−x can be 
variably transformed depending on the contents of ‘x’ 
(atomic percent), and its properties can be determined [6, 
7]. For example, in the range (0.6 < x < 0.7), Al–Cr consists 
of NaCl structure (FCC), and is thermodynamically very 

stable. However, in the range (x > 0.7), Al–Cr is transformed 
to a Wurtzite structure (HCP), forming thin films in which 
the Al-component takes precedence, to provide thermal 
stability and good oxidation resistance (> 900 °C), but the 
mechanical properties are deteriorated [6, 7]. To enhance the 
mechanical properties by the addition of Si of (5–20) at%, it 
is possible to improve the mechanical and thermal proper-
ties of thin films by forming amorphous Si3N4 by suppress-
ing the grain growth of nanocrystalline, and by expressing 
strong cohesive energy [8, 9].

However, few studies have yet reported the microstruc-
tural behavior of intermetallics following the fabrication of 
multi-component Al–Cr–Si alloys used as coating targets 
materials, except for their thermodynamic description or 
modeling [10–12]. Notably, in order to overcome the chal-
lenges of limited mechanical and thermal properties in the 
AlCr-based alloys, they could be improved by several means: 
(1) Imparting of solid solution strengthening and even grain 
refining, e.g. severe plastic deformation and mechanical 
alloying [13], (2) Fabricated rapidly densifying sintered-
compacts for multi-component elements having a different 
melting point, e.g. spark plasma sintering, (3) Formation of 
intermetallics with inter-diffusion by means of additive ele-
ments, e.g. Cr: preventing recrystallization [10], Si: stability 
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at the high temperature [14], and (4) Microstructural evi-
dence of two-sublattices with intermetallics [15, 16].

Consequently, this study is to clarify experimental evi-
dence for the formation of intermetallics related to struc-
tural evolution, in which the Al60Cr30Si10 alloys are prepared 
by mechanical alloying using planetary ball milling, fol-
lowed by powder metallurgy using a spark plasma sintering 
method.

2 � Experimental Procedure

Initial powders of Al (Ave. 9.2 μm), Cr (Ave. 17.5 μm), 
and Si (Ave. 20.1 μm) with purity of 99.9% were used for 
mechanical alloying (MA). These powders were alloyed 
mechanically aimed at the composition of Al60Cr30Si10. 
Table 1 shows details of the MA parameters.

To produce dense compacts, the Al60Cr30Si10 alloys 
were consolidated to form intermetallics by means of spark 
plasma sintering in the temperature range (560–1100) °C 
with 60 °C/min heating rate and under 60 MPa sintering 
pressure in a short time (within 18 min). The relative densi-
ties of compacts were then measured by the Archimedes 
method, i.e. compared to the theoretical density (approxi-
mately 3.69 g/cm3) of Al60Cr30Si10 compacts.

The grain size and internal strain of Al(Cr) supersaturated 
solid solutions in alloyed powder were measured by Stokes 
and Wilson’s formula [17] using the XRD patterns:

In Eq. (1), b is the full-width at half-maximum (FWHM) of 
the mechanical correction value of the diffraction peak, and 
bd and be are the measured values of the decrease by inter-
nal stress and the FWHM. k is the Scherr constant of 0.9, 
λ is the X-ray radiation wavelength using CuKα radiation 
(1.5406 Å), d and ε are the measurements of the grain size 
and internal strain, respectively, and θ is the Bragg’s angle.

To clarify the structural evolution from Al60Cr30Si10 
milled powder, their compacts were investigated depend-
ing on the milling times using the XRD patterns with peak 
shifting and broadening, in which the corresponding single 
phase or intermetallics were referred to phase indexing to 

(1)b = b
d
+ b

e
= k�∕(d cos �) + 4� tan �

match the Joint committee on powder diffraction standards 
(JCPDS) card provided by High-Score Plus application.

Furthermore, in order to demonstrate the microstructural 
evolution, the Al60Cr30Si10 compacts were investigated 
depending on sintering temperature using the TEM analy-
sis, and subjected to enlarged HR images or FFT diffraction 
patterns that were identified clearly with the distribution of 
intermetallics that indicated the presence of the two sublat-
tices. In particular, the estimated phases for the intermetal-
lics within microstructure were examined by means of the 
SEM–EDS.

3 � Results and Discussion

Figure 1 shows the microstructure of the Al60Cr30Si10 alloy 
powder according to milling time. As the milling time 
increased, following MA in a randomly distributed state 
of the initial single-phase, a supersaturated solid solution 
is formed by a severe plastic deformation [18, 19] (SPD). 
In other words, their MA behaviors were divided into two 
major mechanisms, i.e. ductile–ductile and ductile–brittle 
components [20–22]. The Al–Cr system with ductile–ductile 
components underwent the initial stage to be flattened by 
micro-forging [23]. The micro-morphologies that occurred 
were from flattened agglomerates (see Fig. 1b AlxCry) to 
form cold welded mutually forming lamellar structure corre-
sponding to work hardening [23]. As the interlamellar spac-
ing decreased accompanying the lattice defect concentration, 
particles tended to reach saturation stage with the formation 
of solid solution (see Fig. 1c Al(Cr)).

On the other hand, in the Cr–Si system with ductile–brit-
tle component, brittle particles tend to be trapped into duc-
tile particles. With further milling, chemically homogene-
ous intermetallics are formed with the solubility of Si into 
Cr. However, the SPD that may impair the solid solubility 
collapsed this chemical bonding in CrxSiy structures, which 
induced precipitation into a single-phase of Si (see Fig. 1c 
Si). Consequently, the Cr particle was rapidly refined simul-
taneously with the decrease of interlamellar spacing to accel-
erate the formation of solid solution [21, 22] (see Fig. 1c 
Al(Cr)) with the Al-matrix.

Figure 2 shows the formation behavior of the Al(Cr) 
supersaturated solid-solution according to the milling time 
in relation to their structural evolution. The lattice param-
eter of Al decreases (4.032 → 4.014) Å, see JCPDS 04-4713 
[24]) with the formation of intermetallics by the MA behav-
ior at the 15 h-milled; even so, the volume of unit cell also 
shrinks (65.54 → 64.67) × 106 pm3, see JCPDS 04-4713 
[24]). In addition, the AlxCry intermetallics were substituted 
by Cr in the Al-matrix due to the difference in ion radius 
between Al (1.431 Å) and Cr (1.249 Å), causing compres-
sive stress. As reported in the Hume-Rothery theory [25], 

Table 1   Mechanical alloying parameters by planetary ball milling for 
Al60Cr30Si10 synthesized powders

Composition Milling 
time (h)

Rotation 
speed 
(rpm)

Atmos-
phere

Ball:powder 
(wt%)

PCA

Al60Cr30Si10 5, 15, 
25

250 Ar gas 15:1 Ethanol 
(4 
wt%)
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when the difference in size between the solute and solvent 
atoms is less than 15%, there is a strong tendency to form 
a solid solution. In other words, it can be determined that 
the formation of a substitutional solid solution is promoted, 
because the atomic radius ratio of the Al/Cr atoms repre-
sents a difference of about 13% in this work. Furthermore, 
in Al(Cr) supersaturated solid solution at 25 h-milled, the 
tendency of Cr to precipitate by the grain refinement accu-
mulates [26] irregular strain and potential energy inside the 
lattice of the particle. Due to these two internal energies, 
tensile stress is applied, considering that the lattice param-
eter increases (4.014 → 4.034) Å, see JCPDS 89-2871 [27]).

The XRD patterns shown in Fig. 3 confirm that the struc-
tural evolutions are related to the microstructures of the 
Al60Cr30Si10 alloy powder mentioned in Fig. 1. In particular, 

Fig. 3b shows the phase transition in the 2 theta region 
of (44–46)° where the peak shifting were most actively 
observed, representing the MA behavior. The structural evo-
lution was related to the broadening of peak intensity, which 
was considered to be the transition of Al(Cr) supersaturated 
solid solution. Brodova et al. reported [28] the formation 
behavior of the crystalline and amorphous Al–Cr alloy under 
rapid cooling. They demonstrated the formation of Al(Cr) 
supersaturated solid solution by substitution into Al and 
segregation in their grain boundaries due to discontinuous 
precipitation of fine Cr grains generated in the cooling and 
solidification process of Al–Cr alloy.

Prior to setting the sintering conditions, intermetallics 
with related invariant reactions (see Table 2) correspond-
ing to the variation of temperature of the Al–Cr–Si ternary 
system was predicted using the Pandat software. In addition, 
Table 2 shows the reaction of Cr–Si binary and Al–Cr–Si 
ternary intermetallics through thermodynamic calculations 
reported in several studies [29–32]. In order to prevent the 
melting of Al8Cr5 phase, the sintering temperature was 
fixed to 1000 °C, which process was terminated in accord-
ance with the melting behavior under the applied pressure 
of 60 MPa. Figure 4 presents that variation in shrinkage 
displacement–sintering temperature in Al60Cr30Si10 com-
pacts with their relative density. Due to the melting of Al-
component at around 560 °C, the shrinkage displacement 
increased rapidly in the (5 and 15) h-milled powder, caused 
by the dominant distribution of single phases. On the other 
hand, the 25 h-milled powder being fully alloyed presents 
drastic shrinkage behavior from (580 to 1000) °C, which was 
considered to be due to consolidation close to the theoretical 
density by the formation and inter-diffusion of intermetal-
lics [33].

Figure 5 shows the XRD patterns of the Al60Cr30Si10 com-
pacts for different milling time and sintering temperature. 

Fig. 1   Microstructural morphology their EDS results of Al60Cr30Si10 powders with different milling time: a 5 h, b 15 h, and c 25 h

Fig. 2   Structural evolution of Al and Cr grains with their lattice 
parameters for different milling times
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Figure  5a shows that compacts by 5  h-milled powder 
detected only single phases (e.g. Al, Cr, and Si), because the 
Al-phase was melted to the liquid (L) state at around 560 °C, 
without being inter-diffused thermodynamically between 
adjacent phases at the corresponding temperature. Interest-
ingly, intermetallics, such as Al3Cr15Si2 and Al0.98Cr0.02, 
were observed in compacts prepared by the 15 h-milled 
powder, in conflict with the expectation that the distribution 
of single phases induced by Al-component melting would 
dominate. In fact, these metastable phases can be attributed 
to inter-diffusion for Al9Cr3Si (τ2) phase referring to the 
invariant reaction around 548 °C (see Table 2) not being 
completed, and in which the ternary system bonds were dis-
sociated by the melting of Al-component. However, Fig. 5b 
presents the structural evolutions in compacts by 25 h-milled 
powder in accordance with the variation of temperature.

Firstly, it was confirmed that the MAed powder having 
Al(Cr) supersaturated solid solution has a distribution of 

inter-diffused phases (e.g. Al9Si, Cr9.1Si0.9) into the Al and 
Cr-rich corner embedding the Si single-phase when the tem-
perature of 600 °C was applied. Hereby, the behavior of Si 
could be classified after high-pressure solidification into dis-
solution in Al-matrix, or precipitation as Si-rich phase in the 
interface Al–Si [34]. This was caused by the isomorphism 
of the Al–Si binary system. In addition, the formation of the 
Cr3Si phase being metastable bonding was considered to be 
due to the decomposition of the Al-rich corner component 
in the Al9Cr3Si (τ2) ternary intermetallics, which was unre-
lated to thermodynamic stability (see the invariant reaction 
at 912 °C in Table 2).

Secondly, at 1000 °C, several intermetallics were fully 
alloyed to consolidate into the Al-rich corner (e.g. Al9Cr3Si 
(τ2), Al13Cr2, and Al8Cr5) and the Cr-rich corner (e.g. AlCr2 
and Cr5Si3) being the thermodynamically preferred phase, 
which were derived from two-sublattice behaviors by their 
relation of inherent solubility, respectively. Table 3 shows 
the details of their behaviors. In particular, the solubility 
of Si into AlxCry structures rather tended to decrease with 
high temperatures. It was estimated that the intermetallics, 
which have been inter-diffused as thermodynamic steady 
state, were no longer able to dissolve the Si. In other words, 
unconsumed Si atoms were considered to terminate the reac-
tion after finally forming Cr5Si3 phase via dissolution into 
the Cr within two-sublattices (see Table 3, i.e. the interface 
of Al9Cr3Si/Cr5Si3).

Finally, the Al9Cr3Si (τ2) intermetallics due to melt-
ing of the Al8Cr5 component were observed at dominant 
peak intensity at 1100 °C. In particular, it is considered 
that the sintering immediately before the phase transition 
from (Al,Si)11Cr4 (τ3) to Al58Cr31Si11 (τ4) in the tempera-
ture range [12] (1053–1083) °C were terminated, leading to 

Fig. 3   XRD patterns of Al60Cr30Si10 synthesized powders for different milling times: a 2 Theta (20–80)° range, and b peak shifting at the 2 
Theta (44–46)° range by the mechanical alloying

Table 2   Invariant reaction 
with Intermetallics on Al–
Cr–Si ternary alloy for each 
temperature derived from 
Pandat software and previous 
works

Tempera-
ture (°C)

Intermetallics [Ref.]

548 Al9Cr3Si (τ2) [29]
577 Al13Cr2

625 Al11Cr2

718 Al4Cr
801 αCr5Si3 [30]
862 Al9Cr4

912 Cr3Si [31]
912 AlCr2 [32]
914 Al8Cr5

1016 Al8Cr5 (melted)
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dominant behavior of the intermetallics with the Al–Cr–Si 
ternary system. In addition, the appearance of the Al8Cr2 
metastable phase was believed to be formed by rapid solidi-
fication after the Al8Cr5 component was melted. Referring 
to the JCPDS card (40-1242) [35], this intermetallic forms 
a single phase with icosahedral structure, i.e. similarly to 
Mg4Zn7 phase growing on a quasicrystal [36].

Figure  6 shows the microstructural evolution in 
Al60Cr30Si10 compacts, in which the EDS results in the spec-
ified regions were also presented. Figure 6a, which included 
regions from 1 to 3, confirmed that the single-phases were 

Fig. 4   Schematic of 
Al60Cr30Si10 compacts with 
temperature and shrinkage 
displacement profile during the 
spark plasma sintering

Fig. 5   XRD patterns of Al60Cr30Si10 consolidated compacts: a for different milling times, and b phase transition of intermetallics in Al60Cr30Si10 
compacts (25 h milled) corresponding to each sintering temperature

Table 3   Details for two-sublattices and their solubility in Al60Cr30Si10 
sintered at 1000 °C

Intermetallics Consists of two sublattices Solubility information

Al9Cr3Si(τ2) (Al, Si)11Cr4(Al, Si)11Cr4 
(coexisting with Cr5Si3) 
[29]

Al, Si: first sublattice 
Cr: second one [29]Cr5Si3

Al13Cr2 (Al, Si)13(Al, Cr)2 –
Al8Cr5 (Al, Cr, Si)8(Al, Cr, Si)5 [29] ~ 5.6 at% Si [29]
AlCr2 (Al, Cr, Si)(Al, Cr)2 [29] (1.7–3.0) at% Si [32] 

(depends on tem-
perature)
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randomly distributed in compacts prepared by the 5 h-milled 
powder (see Fig. 6f, expressed as 1: Al, 2: Cr, and 3: Si). 
The MA region shown in Fig. 6b exhibits a typical lamellar 
structure, and was considered to be caused by the mechani-
cal agglomeration of the 15 h-milled. As a result of the phase 
indexing, the non-stoichiometric composition distribution 

remained, which indicated only mechanical bonding before 
the inter-diffusion of the initial, i.e. AlxCry or AlxCrySiz. 
Furthermore, Fig. 6c–e show the microstructures of the com-
pacts fabricated by 25 h-milled powder in accordance with 
the correspondent of each temperature. At 600° C, between 
the Al rich-corner (see Fig. 6f, expressed as 5: Al9Si) and 

Fig. 6   FE-SEM micrographs of Al60Cr30Si10 consolidated compacts 
processed by the various process conditions: a at 560 °C (5 h milled), 
b at 560 °C (15 h milled), c at 600 °C (25 h milled), d at 1000 °C 

(25 h milled), e at 1100 °C (25 h milled) and f EDS results and phase 
indexing with examining the regions
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the Cr rich-corner interfaces showed the division into single-
components, respectively. In particular, the Cr3Si metastable 
phase (see Fig. 6c region (7) of dark-grey) formed by inter-
diffusion with Si inner, the Cr phase (see Fig. 6c region 
(6) of grey) in the enlarged image within the interface was 
clearly investigated. At the 1000 °C, the distribution of inter-
metallics inner of fully densified compacts could be con-
firmed by the micro-morphology (see Fig. 6d). It was con-
firmed that the Cr5Si3 phase with chi-phase [37] morphology 
produced by polymorphic transition [38] was co-existent in 
the Al9Cr3Si (matrix), and in which the nano-sized Al8Cr5 
and Al13Cr2 phases were embedded in the matrix phases 
(see the enlarged image for Fig. 6d). At 1100 °C, in the 
microstructures with the Al9Cr3Si intermetallics as a matrix, 
localized regions of the melted were observed to be distrib-
uted similar to the typical cast structure of powder metal-
lurgy. In particular, the trace of melted Al8Cr5-component in 
the AlCr2 phase rich-region was investigated in the enlarged 
regions.

Figure 7 shows the microstructural evolution of consoli-
dated compacts with the concentration of intermetallics. 
In Fig. 7a, the heterogeneous distribution of intermetallics 
could be confirmed by the contrast shown in accordance with 
their difference of density in the BF image. Figure 7b shows 
the microstructure of the enlarged A-region, which was esti-
mated to be Al13Cr2 intermetallics. Also, it was confirmed 
that their structural behaviors were preferentially oriented in 
the (112)m and (023)m planes by the FFT images converted 
from the diffraction patterns (the ‘m’ means with monoclinic 

structure). Likewise, Fig. 7c shows that the microstructural 
order was evident from the enlarged B-region, which was 
considered to be Al8Cr5 intermetallics having an irregular 
morphology. In particular Fig. 7d clearly shows evidence of 
the presence of two-sublattices for the co-existent Cr5Si3 in 
matrix phase (Al9Cr3Si). In addition, the behavior of inter-
diffusion in the Cr5Si3 phase of peritectic type [39] was 
closely related to the two sublattice structure. In other words, 
since the formation of Al9Cr3Si phase was prioritized in the 
nearby Cr5Si3 phase, a certain amount of time was consumed 
in the diffusion, and the reaction proceeds in the form that 
the Al9Cr3Si phase surrounds the Cr5Si3 phase.

With reference to the FFT images, it can be confirmed 
that the diffraction patterns representing their crystal struc-
tures are overlapped, i.e. co-existent with the hexagonal/
tetragonal structures based on the [0001]h and [111]t zone 
axes.

4 � Conclusion

This study discussed the experimental proofs to clarify 
the microstructural and structural evolutions based on 
Al60Cr30Si10 consolidated compacts prepared by mechani-
cal alloying and rapid sintering with densification.

1.	 The Al60Cr30Si10 powder was mechanically alloyed by 
their structural properties as the intermetallics, and peak 
shifting and broadening of the supersaturated solid solu-

Fig. 7   Microstructural evolution of Al60Cr30Si10 compacts with representative intermetallics by the FE-TEM and FFT images, i.e. 25 h milled 
powder and at SPS 1000 °C: a BF image and their mapping results, and b–d enlarged image of each region
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tion from initial agglomeration to severe plastic defor-
mation could be observed.

2.	 The Al60Cr30Si10 compacts were rapidly consolidated by 
spark plasma sintering. Their microstructural evolution 
depends on the invariant reaction with the formation of 
thermodynamically stable phases, even so solubility and 
lattice structures.

3.	 The behavior of intermetallics was determined by the 
Al-rich corner (e.g. Al9Cr3Si, Al8Cr5, AlCr2, Al13Cr2) 
or Cr-rich corner (Cr3Si and Cr5Si3) components in 
accordance with the applied temperatures, in which 
the microstructural evidence was investigated using the 
SEM-mapping and FFT images of TEM.
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