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A B S T R A C T   

Co-Al based superalloys have been considered as the promising alternatives to Ni-Al based superalloys. Appro
priate alloy design can stabilize a dual phase structure of face-centered cubic (FCC) Co matrix and L12 Co3(Al, X) 
intermetallics and avoid precipitation of B2 CoAl intermetallics for Co-Al based superalloys. It has been shown 
that stable Co3Al single phase compound does not exist. Instead, at such a chemistry, Co-Al binary phase diagram 
predicts the coexistence of hexagonal close-packed (HCP) Co and B2 CoAl at room temperature. Here we report 
the synthesis of stoichiometric Co3Al via magnetron sputtering. Transmission electron microscopy investigations 
identified metastable phases of Co3Al, dominated by HCP supersaturation with minor L12 intermetallics. 
Furthermore, the phase transformation from HCP-to-FCC Co3Al induced by stacking faults in Co/Co3Al multi
layers is also discussed. This investigation provides new insights on the crystal structures of stoichiometric Co3Al 
and the design of novel Co-Al based alloy systems.   

Co-Al based superalloys have been considered as one of the prom
ising alternatives to Ni-Al based superalloys because of higher melting 
point, better high temperature durability and better welding perfor
mance [1]. However, unlike the strengthening precipitate phase in Ni-Al 
based superalloys, L12 Ni3Al intermetallic, the single-phase Co3Al 
compound does not exist as predicted by the Co-Al phase diagram. The 
phase equilibria for Co-25 at.% Al consist of either dual phases of B2 
CoAl and hexagonal close-packed (HCP) Co below 298 ◦C or dual phases 
of B2 CoAl and face-centered cubic (FCC) Co above 298 ◦C, as shown in 
Fig. S1. There are extensive trial and error designs or density functional 
theory (DFT) calculations revealing the desirable L12 Co3(Al, X) in
termetallics can be stabilized in certain Co-Al-X ternary systems, where 
X can be elements from transition groups such as W, Ta, Ti, V, Nb and Mo 
[2–8]. Nevertheless, few studies focused on the stabilization of binary 
stoichiometric Co3Al compound itself, which is critical to the funda
mental understanding of phase constituents and mechanical behaviors 
of Co-Al based alloys. 

The phase stability of L12 Co3(Al, X) intermetallics has been exten
sively investigated experimentally and computationally [1,9]. The 
long-lasting thermal stability of L12 Co3(Al, X) is nonexistent. Upon long 
time aging at elevated temperatures, the dual phase microstructure of 
FCC Co matrix and L12 ordered intermetallics decomposed to the equi
librium phases consisting of FCC Co, B2 CoAl and D019 ordered Co3X [1, 

5,10,11], even in multicomponent systems with addition of elements 
which have been considered to stabilize L12 Co3Al intermetallics [2–8]. 
DFT calculations confirmed that D019 Co3X phases are thermodynami
cally more stable under elevated temperatures compared to L12 Co3(Al, 
X) counterparts [12]. Recent studies also indicated that L12 Co3(Al, X) 
phases show continuous order-to-disorder transition accompanied with 
atomic site configuration change over a broad temperature range [13]. 
These prior studies imply the structural instability nature of L12 Co3(Al, 
X) intermetallics even in multicomponent systems. Therefore, funda
mental investigations regarding the metastable crystal structures of 
stoichiometric Co3Al are urgently needed to reveal the crystallographic 
nature of Co3Al and improve the stability of L12 Co3(Al, X) 
intermetallics. 

It is known that magnetron sputtering enabled the stabilization of 
supersaturated single phase, supersaturated solid solution with pre
cipitates or metastable phases due to the extremely high quenching rates 
during sputtering process [14–23]. Textured or epitaxial nanoscale 
metallic multilayers can also be obtained via appropriately controlling 
substrates, seed layers and deposition conditions [24–25]. When the 
thickness of periodical multilayers reduces to several nanometers, 
metastable phases can be stabilized [26–30], as one of the layer con
stituents acts as template for the pseudomorphic stabilization of 
nonequilibrium phases in the adjacent layers [31]. Below the critical 
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layer thickness, the interfacial energy or surface energy will be domi
nated over bulk free energy and strain energy, therefore encouraging the 
formation of metastable phase with low interfacial energy [32], as evi
denced in metastable cubic AlN in AlN/TiN multilayers [33], metastable 
BCC Cu in Cu/Nb multilayers [34] and metastable body-centered cubic 
(BCC) Mg in Mg/Nb multilayers [31]. 

In this work, we report several metastable crystal structures in the 
sputtered stoichiometric Co3Al. Transmission electron microscopy 
(TEM) studies reveal that L12 intermetallics are embedded in HCP su
persaturated matrix in the as-deposited Co3Al single layer films. The 
formation of FCC Co3Al induced by stacking faults (SFs) was also 
captured in the as-deposited Co 5 nm/Co3Al 5 nm multilayers. Our 
studies shed light on the metastable phases of Co3Al and provide new 

possibilities for the design of novel Co-Al based alloys. 
500 nm thick Co-25 at.% Al (referred to as Co3Al hereafter) films 

were co-sputtered at room temperature using Co (99.95%) and Al 
(99.999%) targets on Co 50 nm/Cu 50 nm double seed layers onto HF 
etched Si (110) substrates in an AJA ATC-2200-UHV magnetron sput
tering system. Prior to deposition, the sputter chamber’s base pressure 
was 8 × 10− 8 torr. Ar pressure was kept as 3.5 mtorr during deposition. 
Meanwhile Co 5 nm/Co3Al 5 nm multilayers (referred to as Co/Co3Al 5 
nm multilayers hereafter) with a total film thickness of 150 nm were 
deposited on 50 nm Cu seed layer onto HF etched Si (110) substrates. 
The deposition conditions are the same as single layer Co3Al films. X-ray 
diffraction (XRD) investigation was performed on Panalytical Empyrean 
X’pert PRO MRD diffractometer operated at 40 kV using Cu Kα1 

Fig. 1. (a) XRD pattern of as-deposited Co3Al 500 nm/Co 50 nm/Cu 50 nm stacking on Si (110) substrate. (b) XRD pattern of as-deposited Co/Co3Al 5 nm multilayers 
on Cu 50 nm seed layer on Si (110) substrate. The first order superlattices between Co3Al (0002) and Co (0002) are labeled. 

Fig. 2. Cross-section TEM images of as-deposited Co3Al 500 nm/Co 50 nm/Cu 50 nm stacking on Si (110) substrate. (a) STEM image showing the stacking of layers. 
(b-c) EDS maps showing the uniform distribution of Co and Al in the co-sputtered Co3Al layer. (d) BF TEM image of the Co3Al layer. (e) The corresponding SAD 
pattern of (e) in (d) is identified as HCP. The discrete diffraction spots indicate strong texture. (f) DF TEM image examined from g = [2110]. TEM images were all 
taken along the Si [111] zone axis. 
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radiation to check the texture of as-deposited films. Cross-section TEM 
specimens were prepared via focused ion beam (FIB) with Pt protection 
coating on Thermo Fisher Scientific Helios G4 UX dual beam scanning 
electron microscope (SEM) system equipped with an Omniprobe 
manipulator. 2 kV low energy Ga+ ion beam polishing was also carried 
out to minimize the ion beam damage on sample. TEM and scanning 
transmission electron microscopy (STEM) studies were conducted on FEI 
Talos 200X transmission electron microscope operated at 200 kV with a 
Fischione ultra-high resolution high angle annular dark field (HAADF) 
detector and a super X energy-dispersive X-ray spectroscopy (EDS) 
detector. 

XRD pattern of the as-deposited 500 nm thick Co3Al in Fig. 1a reveals 
strong HCP (0002) texture for Co3Al on HCP (0002) Co and FCC (111) 
Cu seed layers. Fig. 1b reveals evident HCP (0002) Co3Al and HCP 
(0002) Co textures for 150 nm thick Co/Co3Al 5 nm multilayers 
accompanied by the satellite peaks due to the formation of superlattice 
structure at small layer thickness. The positions of satellite peaks can be 
calculated by [35]: 

2sinθ
λ

=
1
d
±

n
h

(1)  

where λ is the X-ray source wavelength, d is the average interplanar 
spacing, n is the order of satellite peaks, and h is bilayer thickness. The 
satellite peaks in Fig. 1b can thus be identified as first order superlattice 
peaks. 

Fig. 2a shows the cross-section STEM image of as-deposited Co3Al 
500 nm/Co 50 nm/Cu 50 nm stacking on Si (110) substrate. The cor
responding EDS maps in Fig. 2b, c confirm the uniform distribution of Co 
and Al in the co-sputtered Co3Al layer. The bright field (BF) TEM image 

in Fig. 2d reveals the columnar grain morphology in the as-deposited 
500 nm thick Co3Al film. The inserted selected area diffraction (SAD) 
pattern taken in area (e) in Fig. 2d was indexed to be polycrystalline HCP 
Co3Al, and the discrete diffraction spots indicate the formation of strong 
texture (Fig. 2e). The dark field (DF) TEM image in Fig. 2f taken along 
the [2110] g vector reveals a majority of the columnar grains along 
vertical growth direction exhibit HCP Co3Al [2110] texture. 

The zoom-in BF TEM image of the 500 nm thick Co3Al film in Fig. 3a 
reveals that nano-scale L12 Co3Al intermetallics are embedded within 
the HCP Co3Al matrix. High-resolution TEM (HRTEM) in Fig. 3b shows 
the interface between L12 Co3Al intermetallic and HCP Co3Al 

Fig. 3. (a) BF TEM image showing L12 Co3Al intermetallics are embedded within HCP Co3Al supersaturation in the 500 nm thick Co3Al film. (b) HRTEM image 
showing interface between L12 Co3Al intermetallic and HCP Co3Al supersaturation. (c, d) HRTEM images and inserted FFTs examined from [0001] and [2110] zone 
axes of HCP Co3Al. (e, f) HRTEM image and inserted FFT examined from [001] and [110] zone axes of L12 Co3Al. The configurations of diffraction patterns were also 
labelled on the inserted FFTs. The circled spots are superlattice spots in L12 intermetallic. 

Table 1 
Comparison of lattice parameters of different crystal structures of Co3Al and Co.  

Source Chemistry Approach Crystal structure Lattice parameters 
(Å) 

This study Co3Al sputtering L12 in Co3Al 500 
nm 

a = 3.633 

This study Co3Al sputtering HCP in Co3Al 500 
nm 

a = 2.379, c =
4.010 

This study Co3Al sputtering HCP in Co/Co3Al 
5 nm 

a = 2.381, c =
4.014 

This study Co3Al sputtering FCC in Co/Co3Al 
5 nm 

a = 3.476 

Xu et al. [2, 
36] 

Co3Al DFT L12 a = 3.575 
a = 3.574 

Yang et al. 
[37] 

Co3Al DFT L12 a = 3.572 

ICDD [55] Co PDF HCP a = 2.503, c =
4.061 

ICDD [55] Co PDF FCC a = 3.548  
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supersaturation is not epitaxial. These two metastable crystal structures 
are verified along two different zone axes via HRTEM images and cor
responding Fast Fourier Transform (FFT) analyses in Fig. 3c-f. The 
calculated lattice parameters of two crystal structures based on our ex
periments are also summarized in Table 1. It should be noted the 
calculated lattice parameters of L12 Co3Al intermetallics via DFT [2,36] 
are close to our observations. For example, the calculated lattice 
parameter from Yang et al. [37] is 3.572 Å, comparing to the experi
mentally measured value, 3.633 Å. In general, the equilibrium phases of 
Co-25 at.% Al should be B2 CoAl and HCP Co at room temperature 
(Fig. S1). How do we account for the formation of metastable and sto
chiometric Co3Al phases in the sputtered film? Several potential for
mation mechanisms of metastable phases of Co3Al are subsequently 
discussed. 

First, from the thermodynamic point of view, the ultra-high 
quenching rate of sputtering expands the solubility limit and favors 
the synthesis of metastable supersaturated phases [38–40]. The forma
tion of HCP Co3Al supersaturated matrix in our study also supported this 
argument. Second, the underlying physical mechanisms kinetically 
governing the formation of metastable phases are surface diffusion, 
adatom mobility and nucleation [38,21,41]. These physical processes 
can be varied by tuning the deposition parameters, such as deposition 
rate, flux ratio between ions and sputtered materials, and Ar ion 
bombardment through applying substrate bias [38]. When the mobility 
of sputtered atoms is low, the migration of adatoms to stable nuclei sites 
is prominently retarded because of the low surface diffusion, thus 
leading to the preferential nucleation and precipitation of metastable 
crystals or various microstructure evolution [38,21]. Previous studies on 
microstructure transformation in the sputtered VAlN film supported this 
viewpoint by demonstrating the following: (1) formation of metastable 
FCC VN nanocrystalline grains with amorphous AlN grain boundary 
distributed phases at lower atomic mobility; (2) formation of metastable 
single phase FCC (V, Al)N at medium atomic mobility; (3) formation of 
thermodynamically stable FCC VN and HCP AlN at higher atomic 

mobility [38]. The formation of L12 Co3Al intermetallics in HCP Co3Al 
supersaturated matrix during magnetron sputtering, rather than in bi
nary Co-Al bulk systems during casting could be thus illuminated via this 
theory. The formation of nuclei of metastable ordered phases depends 
upon atomic mobility and is typically described through critical diffu
sion distance (Xc) [39]: 

Xc =

̅̅̅̅̅̅̅̅̅

2μaj

rD

√

ajexp
(

−
QD

2kTc

)

(2)  

where μ is the atomic vibrational frequency, aj is the individual atom 
jump distance, rD is the deposition rate, QD is the diffusion activation 
energy, k is the Boltzmann constant and Tc is the critical temperature at 
a given rD. The predicted Xc during room temperature deposition is 
around one interatomic spacing, significantly less than that for con
ventional casting and quenching from elevated temperature [39]. Such a 
low atomic mobility in the sputtering process favors the formation of L12 
Co3Al intermetallic in our study. We should also consider a third pos
sibility here: the influence of residual stress on the metastable phase 
formation via ion bombardment [38,41]. Point defects or agglomeration 
of point defects in form of dislocation loops induced by ion bombard
ment may alter the residual stress condition inside films, therefore 
broadening solubility limit and stabilizing supersaturation [42]. 

In addition to the TEM studies on formation of metastable phases in 
the single layer Co3Al, the cross-sectional TEM analyses about the Co/ 
Co3Al 5 nm multilayers were also conducted. Fig. 4a-c show the STEM 
image and corresponding EDS maps of multilayer structure. The EDS 
line scan across several Co/Co3Al 5 nm multilayers in Fig. 4d indicates 
the chemically periodic and modulated layer interface without inter
mixing even at the layer thickness of 5 nm. Fig. 4e, f show the SAD 
patterns of Co/Co3Al 5 nm multilayers examined along two orthogonal 
directions. Only one set of diffraction spots was captured along HCP 
[2110] and [0110] respectively, implying the formation of coherent 
interface in Co/Co3Al 5 nm multilayers. The vertical streaking lines in 

Fig. 4. (a-c) Cross-section STEM and corresponding EDS maps of as-deposited Co/Co3Al 5 nm multilayers on Cu 50 nm seed layer on Si (110) substrate show abrupt 
layer interfaces. Images were taken along the Si [111] zone axis. (d) EDS line scan along the line (d) in (a) shows chemically modulated Co/Co3Al composition. (e, f) 
SAD patterns from orthogonal zone axes taken along Si [111] and Si [112] exhibited coherent HCP [2110] and [0110] for Co/Co3Al 5 nm multilayers respectively. 
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the SAD pattern in Fig. 4e indicate the existence of SFs orthogonal to the 
growth direction, which is also confirmed in the succeeding HRTEM 
images. 

The cross-sectional HRTEM analyses were performed along HCP 
[2110] zone axis for Co/Co3Al 5 nm multilayers. Fig. 5a shows the Co/ 
Co3Al 5 nm multilayers are decorated with a high density of SFs, which 
are parallel to the basal plane of HCP structure. In contrast, no SFs were 
captured in the as-deposited 500 nm thick Co3Al film in Fig. 3. The 1/3 
[0110] partial misfit dislocations were identified along Co/Co3Al 
interface in Fig. 5b1. The Inverse Fast Fourier Transform (IFFT) of 
Fig. 5b1 reveals the locations of [0110] type of dislocations. IFFT of 

HRTEM images in representative regions (c-g) of both Co and Co3Al 
layers in Fig. 5a are presented in Fig. 5c-g. HCP [2110], FCC [110] and 
distorted L12 [110] zone axes were identified in Co3Al layers via FFT 
analyses, and corresponding IFFTs were exhibited in Fig. 5c-e respec
tively. Similarly, HCP [2110] and FCC [110] zone axes were identified 
in Co layers in Fig. 5f, g. It is noteworthy that the stacking sequences of 
HCP, FCC and distorted L12 were intersected frequently by the SFs, 
implying the SF induced phase transformation between HCP and FCC in 
both Co and Co3Al layers. Furthermore, the formation of L12 Co3Al 
intermetallic is also interrupted. 

Next, we will attempt to understand the formation mechanisms of 

Fig. 5. Cross-section HRTEM of as-deposited Co/Co3Al 5 nm multilayers. (a) HRTEM image showing high density of SFs in both Co and Co3Al layers. (b1) Misfit 
dislocations along Co/Co3Al interface from HCP [2110] zone axis. The Burgers circuit indicates the formation of 1/3 [0110] partial dislocation. (b2) IFFT image of 
(b1) showing locations of [0110] type of dislocations. (c-e) IFFT and FFT images of region (c-e) in Co3Al layers display HCP [2110], FCC [110] and distorted L12 

[110] zone axes respectively. (f, g) IFFT and FFT images of region (f, g) in Co layers display HCP [2110] and FCC [110] zone axes respectively. SFs were captured in 
(c-g). 
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parallel SFs in Co/Co3Al 5 nm multilayers. First, we consider the for
mation of misfit dislocations along interfaces between Co and Co3Al. 
Interfacial misfit dislocations were identified in Fig. 5b1. The XRD result 
in Fig. 1b reveals the lattice mismatch between Co (0002) and Co3Al 
(0002) is 1.9 % (dCo(0002) = 2.045 Å, dCo3Al(0002) = 2.007 Å). The critical 
thickness to form full misfit dislocations (hc) and partial misfit disloca
tions (hp) can be estimated via the following equations [43,44]: 

hc =
b

8πf
⋅

1
(1 + v)

⋅
(

ln
(

hc

b

)

+ 1
)

(3)  

1
2
b2

p = fhpbpcosλ⋅
2(1 + v)

1 − v
(4)  

where b is the magnitude of Burgers vector of full misfit dislocation, f is 
the misfit strain, ν is the average Poisson’s ratio, bp is the magnitude of 
Burgers vector of partial misfit dislocation and λ is the angle between 
slip plane and interface. For the case of full misfit dislocation, when b, f 
and ν are taken as 0.255 nm, 1.9 % and 0.3 respectively [45,12], the 
calculated hc is 1.21 nm. In a similar way, for the case of partial misfit 
dislocation with slip plane parallel to interface, when bp, f, λ and ν are 
taken as 0.144 nm, 1.9 %, 0◦ and 0.3 respectively [45,12], the calculated 
hp is 1.02 nm. These estimations are consistent with our experimental 
observations showing the formation of misfit dislocations along inter
face between Co/Co3Al 5 nm multilayers. One should also notice that 
the formation of misfit dislocation is considered to release the coherency 
strain [43,46]. When the stored elastic strain energy (induced by 
interfacial tensile/compressive stress in between Co/Co3Al multilayers) 
is sufficient, the formation of misfit dislocations is energetically favored 
to relieve the coherency strain energy. Second, in HCP metals, the par
allel SFs can be generated via the shear of Shockley partials with Burgers 
vector 1/3 <1010> on the basal plane as it has the lowest energy barrier 
[24,47–52]. This mechanism is also aligned with the finding of 1/3 
[0110] partial misfit dislocations in Fig. 5b1, explaining the formation 
of parallel SFs in Co3Al layers. 

The periodic slip of Shockley partials (1/3 <1010>) and formation 
of SFs on basal plane in HCP may lead to the HCP-to-FCC phase trans
formation [24,47–49,53,54], consistent with our experimental obser
vations. This phase transformation can also be seen as a faulted 
structure. It is also worth mentioning that no perfect L12 intermetallics 
were observed in Co3Al layers, presumably because the consecutive slip 
of Shockley partials and formation of SFs interrupt the formation of L12 
Co3Al intermetallic or result in the order-to-disorder transition. The 
Co/Co3Al 5 nm multilayers still maintain epitaxial and HCP like features 
under mesoscale, as shown in the XRD pattern of Fig. 1b and the SAD 
patterns of Fig. 4e, f, in spite of the frequent coexistence of SFs, indi
cating the formation of FCC or distorted L12 phases in the multilayers is 
localized. The schematic of orientation relationships of HCP, FCC and 
distorted L12 phases formed in Co/Co3Al 5 nm multilayers is shown in 
Fig. S2b. The calculated lattice parameters of HCP and FCC Co3Al in 
Co/Co3Al 5 nm multilayers are listed in Table 1. One should note that 
the lattice parameter difference between HCP Co3Al in Co/Co3Al 5 nm 
multilayers and HCP Co3Al in 500 nm thick single layer is less than 
0.1%, which indicates the formation of misfit dislocations along 
Co/Co3Al interfaces relieve the corresponding coherency stress. In 
addition, lattice parameters of HCP and FCC Co3Al are both lower than 
those of HCP and FCC Co (extracted from powder diffraction file (PDF) 
cards in International Center for Diffraction Data (ICDD) database) as 
shown in Table 1, implying the shrinkage of lattice unit cell after the 
formation of Co3Al supersaturation. 

We report the finding of several intriguing metastable crystal struc
tures of sputtered Co3Al in this work. The primary HCP Co3Al super
saturated matrix and secondary L12 Co3Al intermetallics were identified 
in the as-deposited Co3Al single layer film via transmission electron 
microscopy. In comparison, the HCP-to-FCC Co3Al phase transformation 
induced by Shockley partials and SFs was captured in the as-deposited 

Co/Co3Al 5 nm multilayers. The consecutive SFs interrupted the for
mation of L12 Co3Al and resulted in the order-to-disorder transition. The 
experimentally measured lattice parameters of metastable Co3Al phases 
were also listed. The measured lattice parameter of L12 Co3Al interme
tallic is close to the DFT calculations. Our investigations shed light on 
formation mechanisms of metastable Co3Al phases and provide new 
perspectives for the design of novel Co-Al based alloy systems. 
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