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Abstract: CoFeB alloy, as a promising magneto-resistive material, has attracted extensive attention
concerning the magnetic properties of its thin film in the field of magneto-resistive random memory
(MRAM). Although there are many studies on the magnetic properties of CoFeB thin films, there is
relatively little research on the microstructure and mechanical properties of casted CoFeB alloy. In this
work, Co20Fe60B20 (at%) alloy was fabricated through the vacuum induction melting method, and its
microstructure features and mechanical performance were studied. Scanning electron microscopy
(SEM), electron back scatter diffraction (EBSD), and transmission electron microscopy (TEM) were
utilized to characterize the microstructure, which consists of the coarse, needle-like Fe2B phase that
crystallizes first, the primary lamellar binary eutectic structure (Fe2B + bcc-Fe), and the ternary
eutectic structure (Fe3B + Fe2B + bcc-Fe phase). It is found that Fe3B precipitates on the Fe2B with a
core–shell structure. The orientation of bcc-Fe is randomly distributed, while there are two main kinds
of textures in Fe2B: {100} <001> and Gaussian texture {110} <001>. In terms of mechanical properties,
Co20Fe60B20 alloy’s tensile strength is 140MPa, and the yield strength is 87MPa. Because the cracks
are easy to generate and expand along the needle-shaped pre-crystallized Fe2B, the plasticity of
Co20Fe60B20 alloy is very poor, only 1%.

Keywords: casted CoFeB alloy; magneto-resistive material; microstructure features; mechanical
properties

1. Introduction

Nowadays, with the rise of big data-driven applications such as artificial intelligence
(AI) and internet of things (IoT), the efficient transmission and processing of massive
data have become a major challenge [1,2]. The growing demand for big-data storage and
processing is limited by the von-Neumann architecture due to the memory bottleneck and
power dissipation [3,4]. Taking advantage of nonvolatility, fast read/write speed, and low
power, magnetic random access memory (MRAM) has become a promising candidate to
overcome this limitation through processing-in-memory (PIM) architectures [5–9]. Based
on the tunneling magneto-resistance effect (TMR) [10], two main generations of MRAM
have been derived and commercially applied. The first generation is the magnetic field-
driven MRAM, i.e., the magnetic field generated by the electric current drives the magnetic
moment of the memory cell to perform the write operation, which is typically represented
by the toggle-MRAM [11]. The second generation is the electric current-driven spin transfer
torque MRAM (STT-MRAM), which means that the polarization electric current is used to
perform the write operation on the memory cell. Due to the high density and fast write
speed, the leading industries, such as Intel [12], Samsung [13], and GlobalFoundries [14],
are releasing perpendicular STT-MRAM products as a cost-effective option for IoT, general-
purpose microcontrollers, automotive, AI, and other low-power applications. However,
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the basic storage unit of STT-MRAM is the magnetic tunnel junction (MTJ), which consists
of a free layer, a tunnel gate, and a fixed layer [15]. CoFeB films exhibit excellent magnetic
and electrical properties due to their amorphous structure and high spin polarization, and
are widely used as free and pinned layers in STT-MRAM [16–20]. Currently, physical vapor
deposition, especially magnetron sputtering, is commonly used to prepare MTJ thin film
structures by setting a strong magnetic field on the backside of the CoFeB alloy target and
increasing argon ionization to continuously bombard the target atoms to deposit thin films.
The CoFeB alloy target mentioned in this work is the product obtained by welding CoFeB
alloy with a copper or aluminum backing plate. The quality of target has a significant
impact on the properties of the prepared films such as uniformity, thickness, etc. It can be
seen that the CoFeB alloy target is the key raw material for the preparation of the MTJ free
layer and pinned layer.

The studies [21–23] have performed a thermodynamic evaluation and calculated the
liquid surface projection of the Co-Fe-B system, which was found to contain mainly the fol-
lowing phases: α-Fe, β-B, hcp-Co, (Fe,Co)B, (Fe,Co)2B, and (Fe,Co)3B. It has been reported
that cobalt–boron alloy particles were found to be suitable for use as catalysts, magnetic
materials, and coating materials with high corrosion resistance [24–26]. In addition, the
cobalt–iron boron compounds formed by the addition of iron have a larger active sur-
face area and better absorptive capacity, and have gained much attention in the field of
catalysis [27]. Some CoFeB amorphous alloys are recommended for use in fine and tough
magnetic coating materials [28]. However, as the key raw material for coating, the mi-
crostructure of CoFeB alloy, such as phase composition and distribution, extremely affects
the sputtering coating effect, but the related literature published so far mainly focuses
on the magnetic properties of CoFeB thin films [29–32], and the research results on the
microstructure of raw casted CoFeB alloy are less published.

Therefore, in this paper, the microstructure of CoFeB alloy was studied in detail.
The phase composition and the orientation relationship between phases and phases were
analyzed by X-ray polycrystalline diffraction (XRD)/SEM/EBSD/TEM, and the mechanical
properties of CoFeB alloy were investigated to provide a basis for the preparation and
optimization of CoFeB alloy. Considering that Co20Fe60B20 (at%) films are commonly used
for the preparation of MTJ [33–36], this composition is adopted here.

2. Materials and Methods

Co20Fe60B20 ingots with dimensions of 60 mm × 60 mm × 15 mm were prepared
through vacuum induction melting (VIM). The crucible used was made of alumina with
dimensions of ϕ 65 mm × 80 mm, and the mold used was copper with dimensions of
80 mm × 80 mm × 16 mm. High-purity argon gas of 0.06 atmospheres was passed during
the melting process to prevent boron volatilization.

Samples of size 10 mm × 10 mm × 15 mm were cut and polished, then eroded with
solution (hydrofluoric acid/nitric acid/sulfuric acid = 2:5:2) to prepare SEM/EBSD samples.
TEM samples were prepared with a twin-jet polishing system (−20 ◦C, 5% perchloric acid
methanol). The physical phase analysis was performed by XRD (Bruker D8, Cu target,
Salbuluken, Germany), the morphology and composition analysis were performed by SEM
(Zeiss ULTRA55, Jena, Germany), and the orientation relationship was analyzed by EBSD
(Oxford C-NANO, Oxford, UK) and TEM (FEI Tecnai G20, Hillsboro, OR, USA). The tensile
specimens (as shown in Figure 1) were polished with sandpaper from 60# to 600#, and the
CMT4204 static hydraulic universal testing machine (Sansi Yongheng Technology, Ningbo,
China) was used for tensile testing to determine the tensile strength, yield strength, and
elongation to fracture. GB/T 228.1-2010 standard [37] was adopted and the displacement
rate was 0.225 mm/min.
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3. Results and Discussions
3.1. Solidification Process Analysis

Figure 2a shows the Co-Fe-B ternary phase diagram, in which point A is the component
point of Co20Fe60B20, point B is the primary eutectic point, point C is the secondary eutectic
point, and point D is the isotropic transition point of iron (912 ◦C, not identified in the
figure). Figure 2b is a schematic diagram of the solidification process of Co20Fe60B20 alloy
in the equilibrium state. When cooling down from the liquid state, the following reactions
will occur:

(1) A→B stage: When the melt cools, the component first passes through the Fe2B solid-
phase surface and crystallizes to form Fe2B.

(2) B→C stage: When the melt continues to cool, it touches the intersection line of the
Fe2B and Fe (fcc, face-centered cubic). The first eutectic reaction L→Fe2B + Fe(fcc)
starts to occur. The phase composition is L, pre-crystalline Fe2B, and primary eutectic
organization (Fe2B + Fe(fcc)) at this stage.

(3) C→D stage: When the melt continues to cool to the eutectic point C, the remaining
liquid phase undergoes a secondary eutectic reaction: L→Fe2B + Fe3B + Fe(fcc). At this
point, the liquid is consumed and completely transformed into a solid state, and the
phase composition of the ingot is pre-crystalline Fe2B, primary eutectic organization
(Fe2B + Fe(fcc)), and secondary eutectic organization (Fe2B + Fe3B + Fe(fcc). When
the ingot temperature continues to decrease to the isotropic transition point D of Fe
(913 ◦C), Fe(fcc) is converted to Fe (bcc, body-centered cubic).

3.2. Microstructure Features

Figure 3 shows the XRD pattern of the casted Co20Fe60B20 alloy. The main phase
composition includes Fe-bcc and Fe2B (tetragonal, I-42m). The upper right corner in
Figure 3 shows the crystal structure of Fe2B in which the orange ball represents an iron
atom and the black ball represents a boron atom. The peak of Fe3B was not found in the
XRD pattern, presumably due to the small amount of Fe3B precipitation. The low Fe3B
content may be related to the use of copper mold cooling, which leads to the ingot being
cooled too fast and thus solidifying in an unbalanced state. However, we discovered the
presence of Fe3B through the TEM method, which will be described subsequently.

Figure 4 shows the microstructure of the casted Co20Fe60B20 alloy in SEM backscat-
tering mode. The Fe2B phase shows black contrast in the backscattering mode due to the
higher percentage of B content than in the matrix. As shown in Figure 4, the microstructure
of Co20Fe60B20 alloy includes the pre-crystallized Fe2B phase, the lamellar eutectic organi-
zation, and the point-like eutectic organization. The pre-crystallized Fe2B phase is a coarse
needle-like phase. This is due to the large temperature gradient caused by the excessive
cooling speed of the copper mold casting, and then the pre-crystallized Fe2B phase grows
rapidly in the direction of the temperature gradient in a needle-like manner. In order to
prove the accuracy of the analysis as above, we further performed the energy dispersive
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spectrometer (EDS) analysis, as shown in Figure 5. It can be seen that the atom ratio of the
needle phase is (Fe,Co)/B ≈ 2:1. It is worth mentioning that cobalt atoms displaced some
of the iron atoms in the Fe2B phase, causing lattice distortions but not changing the crystal
structure of Fe2B. Therefore, (Fe,Co)2B is abbreviated as Fe2B in this work. Similarly, the
(Fe,Co)B phase is abbreviated as FeB, and the (Fe,Co)3B phase is abbreviated as Fe3B.
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The lamellar eutectic organization was analyzed as a primary eutectic structure, as
shown in Figure 4c,d, consisting of the black contrast Fe2B phase and white contrast bcc-
Fe phase. The first eutectic reaction (L→Fe2B + Fe(fcc)) occurs when cooling from the
liquid state to the eutectic composition point B, as shown in Figure 2b. Although both
phases can be formed simultaneously, there is actually always one that is the leading
crystalline phase. When the leading phase appears (assuming that the leading phase is the
boron-rich Fe2B phase), the liquid phase component on its side must be iron-rich, which
induces the formation of the iron-rich bcc-Fe around Fe2B phase. Similarly, the liquid
phase around the iron-rich bcc-Fe phase must be rich in boron, which in turn prompts the
boron-rich Fe2B phase to form next to it, so that the two phases alternately promote each
other, and finally form this lamellar eutectic organization. In addition, the point-like and
lamellar organizations are considered to be the same kind. It is point-like due to the growth
direction perpendicular to the observation surface. It can be seen that the micro-structure
of Co20Fe60B20 alloy mainly includes the pre-crystallized coarse needle-like Fe2B phase
and primary eutectic organization (Fe2B + bcc-Fe), and no secondary eutectic organization
is found, which is not easy to be detected by SEM. Boron-based coatings (e.g., FeB, Fe2B,
etc.) are commonly used in ferrous and non-ferrous metals and high-temperature alloys to
improve the physicochemical properties of the material, especially in corrosive, thermal,
and abrasive environments [38,39]. In the case of ferrous materials, boron particles diffuse
on the surface of the material, filling the interstices of the substrate lattice and forming
single-phase (FeB) or two-phase (FeB-Fe2B) layers. The growth kinetics of the layers are
temperature- and time-dependent, and layer thicknesses between 30 and 200 µm can be
obtained [40]. However, in the casted CoFeB alloys, the Fe2B phase is coarser, with a length
of up to 400 µm, which is detrimental to the physical properties of the alloy.

Figure 6 shows the EBSD inverse pole figure (IPF) map and phase map of the casted
CoFeB alloy. Based on the EBSD analysis, we further confirmed the phase compositions:
bcc-Fe (blue) and Fe2B (yellow). Fe2B was distributed in long strips, with bcc-Fe distributed
in between. The results show that the area proportion of Fe2B is 29% and that of bcc-Fe
is 71%.
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Figure 7a shows the IPF diagram of bcc-Fe, while other phases are shown in white.
Combined with the pole figures in Figure 7c, it can be seen that the grain orientation
distribution of bcc-Fe is randomly distributed. Figure 7b is the IPF diagram of Fe2B, while
other phases are shown in white. Combined with the pole figure in Figure 7d, it can be
seen that there are two main kinds of textures in Fe2B: {100}<001> and Gaussian texture
{110}<001>. The reasons for the formation of textures in Fe2B are related to the rate of
crystal growth during solidification, the action of heat flow, and differences in thermal
conductivity in different crystallographic directions [41].
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We further confirmed the existence of the Fe3B through TEM analysis. From the
selected diffraction of the area shown in the red circle of Figure 8a, it can be determined
that Fe3B (I-4 tetragonal) precipitates on the surface of Fe2B in an encapsulated form and
forms a core–shell structure, which can be treated as the secondary eutectic organization
shown in Figure 2b. It is worth mentioning that the thin layer structure of Fe3B is only
30–50 nm thick, which is not easily detected in SEM. Fe2B and Fe3B are both hard and
brittle phases, and this encapsulated structure will further reduce the plasticity of the alloy.
In addition, the following orientation relationship exists: (21-1) Fe3B//(-200) bcc-Fe, as
shown in Figure 8d. Core–shell structures are a class of particles consisting of two or more
distinct layers of material. One of them forms the inner core and the others form the outer
layer or shell [42,43]. This type of design provides the opportunity to tune composites to
have properties and performance that cannot be achieved with the individual materials of
the core and shell. Some researchers have implemented different solidification conditions
to prevent coarsening by using intrinsic heat treatment (IHT) to form a zirconium-rich
shell around AlSc precipitates. This approach is applicable to a wide range of precipitation-
hardened alloys to trigger in situ precipitation [44,45]. In this casted CoFeB alloy, the Fe3B
phase precipitates in a core–shell over the Fe2B phase, which prevents the Fe2B phase
from growing too large. In any case, under the present experimental conditions, there
is less of this core–shell structure, so the Fe2B phase essentially precipitates as a coarse
needle-like phase.

Figure 9a shows the TEM bright-field image of the casted Co20Fe60B20 alloy. A large
number of stacking faults are observed in bcc-Fe, which may be a result of the fast-cooling
rate leading to the initiation of incomplete dislocations in bcc-Fe to coordinate the stress.
From the diffraction spot calibration results of Figure 9b, it can be seen that the long strip of
the second phase is Fe2B, which will significantly reduce the mechanical properties of the
alloy since Fe2B is a hard and brittle phase. As shown in Figure 10, there are substructures
inside the Fe2B, and there is a 3◦ orientation angle between the substructures.
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3.3. Mechanical Properties

Figure 11 shows the tensile test results of Co20Fe60B20 alloy. It can be seen that it has
poor room-temperature tensile properties, with a tensile strength of 140 MPa, yield strength
of 87 MPa, and elongation of only 1%. The hard and brittle Fe2B phase is interspersed
in the bcc-Fe matrix, causing the alloy to crack easily along the hard and brittle second
phase during plastic deformation. Figure 12 shows the fracture morphology of the tensile
specimens, which shows that the samples undergo brittle cleavage fracture at the location
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of the Fe2B phase. It is widely recognized that the deconvoluted fracture of steel is related
to the carbide precipitates. For example, brittle second-phase particles such as carbides in
ferritic/martensitic steels are potential nucleation sources for deconvoluted fracture [46].
During the loading process, brittle particles in the high-stress region may fracture and
form microcracks. These microcracks can even extend to neighboring grains, although the
crack extension can be prevented by grain boundaries. With further development of the
extension process, unstable deconvoluted fracture occurs, leading to catastrophic structural
damage. Based on the above microstructure analysis, we suggest that the main reasons
for such poor physical properties are as follows: (1) the coarse hard and brittle phase Fe2B
precipitates in the form of needles; (2) the Fe3B phase wraps around the Fe2B surface, and
the junction of the two phases is more likely to produce cracks.
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In summary, Co20Fe60B20 alloy has very poor mechanical properties at room temper-
ature. The next focus will be to study the effect of cooling rate and the direction of the
temperature gradient on the orientation of the first precipitated phase and the elimination
of the core–shell structure to improve the mechanical properties of the CoFeB alloy target.

4. Conclusions

In this study, the microstructure and mechanical properties of casted Co20Fe60B20
alloy prepared through vacuum induction melting were investigated, and this can provide
guidance for the preparation of CoFeB alloy targets. The conclusions obtained were
as follows:
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(1) The microstructure of Co20Fe60B20 alloy consists of a coarse, needle-like Fe2B phase
that crystallizes first, a primary lamellar eutectic organization (Fe2B + bcc-Fe), and a
secondary eutectic organization (Fe3B + Fe2B + bcc-Fe phase, in which Fe3B precipi-
tates on the surface of the Fe2B in a core–shell form).

(2) The orientation of bcc-Fe is randomly distributed, while there are two main kinds of
textures in Fe2B: {100} <001> and Gaussian texture {110} <001>.

(3) The Co20Fe60B20 alloy has poor mechanical properties at room temperature, with a
tensile strength of 140 MPa, yield strength of 87 MPa, and elongation of 1% only. The
reasons for the poor plasticity of the Co20Fe60B20 alloy are as follows: (1) the hard and
brittle Fe2B precipitates in the form of needles; (2) Fe3B precipitates on the surface of
Fe2B in a core–shell form, and cracks tend to form at the phase interface.
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