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A family of FeCo-based multiphase composites with a microstructure consisting of nano-lamellar phase
strengthened a-(Fe,Co) dendritic cores surrounded by a network of reinforcement phases of ultraﬁne
eutectics was produced by copper mold casting. The hypoeutectic composites exhibit a high yield stress,
which is up to 7 times higher than the equiatomic FeCo alloy, and plastic deformation up to 18% during
compressive test. Multiscale o-(Fe,Co)3(B,C) reinforcement phases are responsible for the remarkable
improvement of strength, and a-(Fe,Co) dendrites play a key role to inhibit the propagation of microcracks sourced from the eutectics. Furthermore, a fracture model for explaining the relationship between
fracture strain and morphologic characteristics of the composites is presented.
Ó 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Recently, multicomponent metallic composites with high
strength and large plastic deformation have been produced by
copper mold casting in several hypoeutectic alloys [1–11]. These
alloys display a characteristic microstructure consisting of soft
dendritic cores surrounded by a hard network of ultraﬁne eutectics
or metallic glasses (MGs). For example, composites consisting of bTi(Ta,Sn) dendrites embedded into a nano-eutectic matrix have been
produced in multicomponent Ti-based alloys showing high yield
strength of w1.5 GPa, high compressive strength of w2 GPa and
large plasticity up to 10% under compressive conditions [1]. Materials
with a similar dendritic-eutectic composite structure and remarkable mechanical properties (0.8–1.8 GPa yield strength, w3.5 GPa
compressive strength and w10% plasticity) have also been produced
in Fe-based alloys [7–9]. Under tensile conditions Zr- and Ti-based
dendrite–MG composites show tensile strength of 1–1.5 GPa and
ductility of 3–10% [3–6]. This kind of composite materials are
promising candidates as advanced engineering materials due to the
positive combination of the high strength typical of ultraﬁne-crystalline eutectic alloys or bulk metallic glasses with the plastic
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deformation of conventional crystalline materials. The deformation
mechanism of this type of composites has been investigated in detail
[1,4,7,9]. The high strength of the composites is attributed to the
supporting framework of hard network phases combining with
deformable dendritic phases suppressing the propagation of
microcracks or shear bands. However, little attention has been paid
so far to the quantitative relationship between mechanical properties and characteristic microstructure of this kind of composites.
The near-equiatomic FeCo alloy is a well-known magnetic material
with high saturation magnetization and high Curie temperature, which
is ideally suitable for the applications of high magnetic ﬂux density in
electromagnetic system [12,13]. Although independent multi-slips can
occur during the plastic deformation of soft FeCo grains, this alloy is
brittle at room temperature, therefore, limiting its industrial application. The brittleness of this alloy is a result of the intergranular fracture,
which indicates the intrinsic weakness of the grain boundaries [13]. In
this paper, a family of FeCo-based multiscale–multiphase composite
alloys which overcome the brittleness of FeCo alloy has been produced
by combining the relatively high cooling rate of copper mold casting
with the appropriate design of the hypoeutectic multicomponent
alloys. This results in the remarkable enhancement of the yield and
fracture strength of the resulting alloys. Furthermore, the correlation
between the mechanical properties and the microstructure (i.e.,
volume fraction and size of the multiscale phases) was successfully
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evaluated via modeling, which gives a useful guideline to further
develop this kind of composites.

2. Experimental procedure
Master alloys with nominal compositions (Fe0.5Co0.5)x(Mo0.1C0.2B0.5Si0.2)100x (x ¼ 95, 90 and 85) were prepared by melting
the mixtures of pure elements in a induction furnace under an argon
atmosphere. The three compositions are referred in this paper as
FC95 (x ¼ 95), FC90 (x ¼ 90) and FC85 (x ¼ 85). Rod-shaped specimens of 3 mm diameters and 50 mm length were produced using
injection casting into a water-cooled copper mold. Phase structures
were examined using a Philips PW 1050 X-ray diffractometer (XRD)
with Co Ka radiation. The microstructure of the as-cast and the
deformed samples was examined by scanning electronic microscopy
(SEM) using a Gemini LEO 1530 microscope equipped with a Bruker
energy dispersive X-ray spectrometer (EDX). The observed surface
was etched in 5 vol% nitric acid–ethanol mixture for 10–25 s. Characteristic grain sizes and phase volume fractions were measured by
image analysis. Hysteresis loops were measured with a Quantum
Design PPMSÒ with a vibrating sample magnetometer (VSM) at
ambient temperature in a DC magnetic ﬁeld up to 25 kOe. Cylindrical
samples with 3 mm diameter and 6 mm length were tested at
constant strain rate (1 104 s1) using an Instron 5869 testing
facility. A laser extensometer (Fiedler) monitored the strain directly
at the sample. At least ﬁve samples for each composition were tested
under the same compressive condition to insure the reliability of the
results.
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3. Results and discussion
Fig. 1(a) shows the XRD patterns for three composites. The
structure consists of a body centred cubic a-(Fe,Co) (bcc) solid
solution together with a complex metastable Fe3C-type o(Fe,Co)3(B,C) intermetallic phase (space group: Pnma). The relative
intensity of the diffraction peaks belonging to the (Fe,Co)3(B,C) phase
increases with decreasing the FeCo content from x ¼ 95 to x ¼ 85,
indicating a larger volume fraction of the (Fe,Co)3(B,C) phase in the
corresponding alloys. According to EDX results, the ratio of Fe and Co
contents in the a-(Fe,Co) and (Fe,Co)3(B,C) phases is found to be near
1:1 for all the composites. In contrast to former reports on multicomponent Fe-based composites [7,9], no austenitic or martensitic
phases have been observed in the present samples. A possible reason
for this might be the enrichment of Si in the a-(Fe,Co) solution, which
may favor the formation of the a-(Fe,Co) phase. Because of the high
volume fraction of a-FeCo, these composites display a high saturation magnetization (Bs) (see Table 1). For example, the Bs for the FC95
composite (2.10 T) is as high as the value for pure iron.
SEM and EDX investigations reveal that the composites exhibit
a uniform network structure with similar morphology and spatial
distribution of the a-(Fe,Co) and (Fe,Co)3(B,C) phases. Fig. 1(b) gives
a schematic illustration of the microstructural characteristics of the
multiphase composites. As typical examples, SEM images of the
FC90 sample are shown at low and high magniﬁcation (Fig. 1(c) and
(d), respectively). The a-(Fe,Co) dendritic cores are surrounded by
a network-like eutectic structure, consisting of a-(Fe,Co) and
(Fe,Co)3(B,C), to form the dendrites–eutectics composite structure.
Interestingly, a nano-lamellar (Fe,Co)3(B,C) phase of w65 nm width

Fig. 1. (a) XRD patterns of the as-cast FC95, FC90 and FC85 composites. (b) A schematic illustration of the microstructural characteristics for the multiscale–multiphase composites.
Typical SEM secondary electron images of etched cross-section for the FC90 at low magniﬁcation 1000  (c) and high magniﬁcation 5000  (d).
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Table 1
Mechanical and material properties of FeCo-based multiscale–multiphase composites. The properties listed are yield strength (sy), yield strain (3y), compressive strength (sc),
fracture strain (3f), modulus of elasticity (E), volume fraction of dendritic phase (fd), mean linear size of dendritic phase (ld), mean linear size of eutectic phases (le), strain
hardening exponent (n), density (r), and saturation magnetization (Bs).
Name

Alloy

sy (MPa)

3y (%)

sc (MPa)

3f (%)

E (GPa)

fd (%)

ld (mm)

le (mm)

n

r (g/cm3)

Bs (T)

FC95
FC90
FC85

(Fe0.5Co0.5)95(Mo0.1C0.2B0.5Si0.2)5
(Fe0.5Co0.5)90(Mo0.1C0.2B0.5Si0.2)10
(Fe0.5Co0.5)85(Mo0.1C0.2B0.5Si0.2)15

1153  31
1514  81
1936  72

0.85  0.01
0.98  0.10
1.13  0.12

2163  76
2513  38
2846  86

18.62  0.73
6.05  1.00
2.75  0.27

182  7
197  18
211  13

79.8
63.5
49.3

6.1  3.7
3.1  1.3
2.2  1.1

0.95  0.83
1.3  1.1
1.8  1.3

0.17
0.26
0.30

8.087
7.984
7.894

2.10
1.87
1.74

and homogenously distributed in the a-(Fe,Co) dendrites is visible,
leading to the formation of a secondary composite structure within
the dendrites. The microstructure of similar soft dendrites–hard
eutectics/MGs composites has been discussed for many alloy
systems [1,4,7,10,11]. An appropriate volume fraction and average
size of the soft and hard phases in the composite are expected to
lead to good mechanical properties [5,6].
Quantitative microscopy was employed to evaluate the volume
fractions and the average sizes of the constituent phases in the
three composites by SEM image analysis [14]. (For every sample, at
least ﬁve SEM images were analyzed.) The volume fraction of the
dendritic phase (fd), mean linear size of the dendritic phase (ld) and
mean linear size of the eutectic phases (le) are listed in Table 1. The
value of fd decreases from 79.8 to 49.3% with decreasing FeCo
content (x) from 95 to 85. We ﬁnd that fd (or the volume fraction of
the eutectic phases fe ¼ 1  fd) is approximately linearly dependent
on x. These results indicate that the volume fractions of the
constituent phases can be controlled by adjusting the composition
of the hypoeutectic alloys. The value of ld rapidly decrease with
reducing x, while the dependence of ld on x is opposite.
The stress–strain curves for the three composites are shown in
Fig. 2(a) and the resulting mechanical properties are summarized in
Table 1. The FC85 has the highest yield strength (sy ¼ 1936  72 MPa)
and
compressive
strength
(the
maximum
strength)
sc ¼ 2846  86 MPa, while the FC95 exhibits the largest plastic strain
3p ¼ 3f  3y ¼ 17.80  0.70%, where 3y and 3f are the strain at yield and
the fracture strain, respectively. The strength (deformation capability) increases (decreases) in the sequence FC95 / FC90 / FC85.
This indicates that the mechanical properties of such FeCo-based
composites can be tuned by the proper choice of the chemical
composition. The present composites with high FeCo content exhibit
high values of sy that are 3–7 times higher than the equiatomic
brittle precursor FeCo which shows low values of sy of about
300 MPa [12]. In addition, the multicomponent FeCo-based alloys

Fig. 2. (a) Typical compressive stress–strain curves for the as-cast FC95, FC90 and FC85
composites at room temperature. (b) Yield stress and compressive stress dependence
on volume fraction of dendritic phase for the three alloys.

display up to 18% plastic deformation, therefore, overcoming the
weakness of the grain boundaries characterizing the binary FeCo
alloys.
It has been reported that eutectic alloys produced by rapid
solidiﬁcation from the liquid can exhibit a superhigh strength,
comparable to the value of bulk metallic glass, and a certain amount
of plastic deformation [15,16]. The increase of volume fraction of the
eutectic phases (fe) with the decrease of x is most likely responsible
for the improvement in strength and for the decrease of the deformation capability for the composites. With the assumption that the
stresses in the two constituent phases dendrites and eutectics (sd
and se) are uniform, the stress (s) of the FeCo-based composite can
be given by the linear rule of mixtures [17]:

s ¼ fd sd þ fe se ¼ se þ ðsd  se Þ fd :

(1)

Eq. (1) indicates that the stress of composites is linearly dependent
on the volume fractions of the constituent phases. This is in good
agreement with the experimental measurements, as shown in the
inset in Fig. 2(b), where both sy and sc show a linear relationship
with fd. By extrapolating fd / 1 (i.e., fe / 0), the yield strength of the
FeCo dendrites ðsdy Þ was estimated to be about 640 MPa. The FeCo
phase in the present alloys has a much larger yield strength than
that of the traditional equiatomic FeCo alloy (300 MPa [12]). This is
probably due to the strengthening effect of the nano-scale lamellar
phase distributed within the FeCo dendritic phase (Fig. 1(d)). The
results indicate that comparing with the equiatomic FeCo alloy the
strength improvement in present composites is contributed by
multiscale reinforcements, i.e., not only by micrometer scale
eutectic phases but also by nano-scale lamellar phase.
The strain hardening exponent ðn ¼ ð3=sÞðds=d3ÞÞ is an important parameter used to characterize the deformation behavior [18].
A high n value is usually related to the storage and interaction of
dislocations in deformed materials [19]. In the present experiment,
the values of n are 0.30, 0.26 and 0.17 for the FC85, FC90, and FC95
alloys, respectively. This indicates that n is also composition
dependent or microstructure dependent. As discussed later, the
deformation capability of the composites is related to n.
The cross-section of fractured samples was investigated by SEM
to reveal the fracture mechanism of the composites. As a typical
example, Fig. 3(a) shows the fracture surface of the FC90 alloys. The
fracture process of the current FeCo-based composites can be
described as follows: under the applied compressive strain/stress,
microcracks appear in the relatively brittle eutectic phases (indicated by red arrows1 in Fig. 3(a)) when local strain of the brittle
phase is near to the deformation limit. The applied stress drives the
microcracks to propagate mainly along the direction of resolved
maximum shear stress (sm). However, the propagation of microcracks is retarded/suppressed by the plastic deformation of the
dendritic phase that serves as ligament between adjacent microcracks, as demonstrated by Fig. 3(a), where local slip bands within
the dendritic ligament can be clearly observed. With further

1
For interpretation of the references to colour in this text, the reader is referred
to the web version of this article.
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Fig. 3. (a) A typical SEM secondary electron image of etched cross-section for the fractured FC90 composite under compressive condition. sm is maximum shear stress. (b) A
schematic illustration of the local fracture mechanism for the composites under shear stress (s). (c) Dependence of normalized fracture strain/fracture strain on n values as
a function of ld/le for FC95, FC90 and FC85 composites.

increasing of the applied stress, the strain/stress ﬁelds ahead of the
microcracks gradually rise, and the local plastic deformation within
the dendrite phase is more and more intense up to a critical
condition, where the ligament fracture leads to the failure of the
whole specimen. This critical condition corresponds to the point of
3f, which is believed to be sensitive to the microcrack size, the
ligament size, and the plastic deformation capability of the
dendritic phase [20,21].
There have been extensive works dedicated to study the inﬂuence of pre-formed microcracks or voids on the mechanical properties of metal materials, see for example [22,23]. Most recently,
a micromechanical model [20,21] has been suggested to quantitatively describe the dependence of fracture strain on pre-formed
microcracks, which has been successfully applied to Zr-based alloys
[20] and Al-based alloys [21,24], both containing brittle second
phase particles that are ready to fracture under applied stress. This
model, based on fracture mechanics, is originally for Mode I fracture under applied tension stress and can be applicable to any metal
based composites that contain brittle second phases or pre-formed
microcracks. On the other hand, the stress ﬁelds ahead of crack tip
in Mode II fracture (shear fracture) are similar to those in Mode I
fracture, this model can be easily modiﬁed to be applicable for
Mode II fracture. In present experimental, the brittle eutectic phases have been found to be ready to crack, forming pre-microcracks.
The propagation and coalescence of pre-microcracks are mainly
along the resolved maximum shear stress direction. This fracture
process can be looked as a Mode II fracture. As a result, we can

modify the aforementioned micromechanical model to relate 3f to
these inﬂuencing factors. In the model, the hard (eutectic phase)
and the soft (dendritic phase) phases are assumed to be distributed
alternatively (Fig. 3(b)). Under the applied stress, microcracks are
pre-formed in the hard phase. These microcracks are initially
stabilized by the soft phase. But the stress/strain ﬁelds ahead of the
microcrack tip are intensiﬁed with increasing applied stress. In the
ligament, the stress/strain ﬁelds of adjacent microcracks (microcracks A and B in Fig. 3(b), for example) are overlapped. Quantitatively, the strain tensor 3A
ij ahead of microcrack A at a distance r is
given from fracture mechanics as [25]

3Aij ¼ a3y





1
1þn

J

a3y sy In r

~3ij ðqÞ;

(2)

where J is the J-integral, 3y and sy are the yield strain and yield
stress, respectively, ~3ij ðqÞ is a normalized parameter in the HRR ﬁeld
[25], n is the strain hardening exponent, In is a function of n

In ¼ 10:3

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0:13 þ n  4:8n;

(3)

and a is the material constant in the Ramberg–Osgood constitutive
relation



3
s
¼ a
3y
sy

1=n
;

(4)
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with 3 and s being applied strain and stress. Similarly, the strain
tensor at r due to microcrack B is given as

3Bij ¼ a3y





1
1þn

J

a3y sy In ðll  rÞ

~3ij ðqÞ;

(5)

where ll is the width of ligament. Eq. (5) is added to Eq. (2) to yield

3ij ¼ 3Aij þ 3Bij ¼ a3y



QJ



1
1þn

a3y sy In r

~3ij ðqÞ;

(6)

where

Q ¼

 1 1þn


1þn
r
1þ
:
ll  r

(7)

Eq. (6) represents the increase in the near-tip strains at r due to the
interactions of microcracks A and B. One can easily obtained that
the local strain tensor has the lowest value at r ¼ 1/2(ll) or at the
ligament center, as shown in Fig. 3 (b). The J-integral can be derived
from fracture mechanics [25] as

J ¼

0:405phsy lm ð3Þ1þn
;

n

(8)

a3y

where lm is the width of microcracks and h is a function of strain
hardening exponent n [26]

h ¼

3
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ:
2 1 þ 3n

(9)

Submitting above equation into Eq. (6) leads to

3 ¼

1
 1  1þn

1þn
1
In
ll
h
~3n ðqÞ 0:405ph
lm

~3r
1þ

r
ll r

1
1þn

i;

(10)

where ~3r is the local effective strain at r and ~3n ðqÞ is the effective
value for the normalized coefﬁcient ~3ij ðqÞ. This equation relates the
local effective strain at location r in the ligament to the nominal
macroscopic strain 3. Fracture of the whole composites is taken to
commence when the lowest local effective strain at ligament center
(r ¼ (1/2)ll) reaches the fracture strain of the dendrite phase, 3d, at
q ¼ 0 (shear fracture). The nominal fracture strain, 3f, at the onset of
fracture is then obtained from Eq. (10) by setting ~3r ¼ 3d , 3 ¼ 3f ,
and r ¼ (1/2)ll leading to

3f ¼

1

 1  nþ1
nþ1
3d
1
In
ll
:
~3n ð0Þ 0:405ph
lm
2

(11)

For calculation purpose in the present composites, the mean linear
sizes of the dendritic and the eutectic phases, ld and le, were taken
as ll and lm, respectively, to evaluate the fracture behavior of the
dendrites–eutectic composite materials. 3d is approximately
a constant as for the FeCo dendrites phase. At this consideration, 3f
is a function of ld/le and n. Calculations are performed using Eqs.
(11), (9) and (3) to quantitatively reveal the dependence of 3f on n as
a function of ld/le. The value of 3d and ~3n ð0Þ is difﬁcult to evaluate.
However, these two parameters are constant. Normalization
treatment can be then employed [24,27] in order to remove these
l =l ¼1
constants. In present case, the fracture strain at ld =le ¼ 1ð3fd e Þ is
chosen as the reference and all the predicted 3f will be normalized
l =l ¼1
by 3fd e . Following this treatment, calculated results of normalized fracture strain are shown in Fig. 3(c) to compare with the
experimental results. The calculations are in good agreement with
the experimental results. Eq. (11) clearly indicates that 3f of the
composites is related to the size of both constituent phases (ld and
le) and the deformation behavior of the ductile phase (n and 3d).
This model can be also applicable to other dendrites–eutectics/BGs
composites with similar microstructures to achieve tunable

mechanical properties by tailoring the microstructures, especially
by artiﬁcially controlling the composition.
4. Conclusions
In summary, FeCo-based multiscale–multiphase composites,
characteristic of nano-lamellar phase strengthened a-(Fe,Co)
dendritic cores surrounded by network reinforcement phases of
ultraﬁne eutectics in micrometer scale, were produced by rapid
solidiﬁcation. These composites exhibit 1.1–1.9 GPa yield stress
and 2.2–2.8 GPa maximal stress as well as 3–18% deformation
behavior during compressive test. A fracture model based on
Model II is presented to reveal the relationship between fracture
strain and morphologic construction of the constituent phases,
which can be widely applied to evaluate and design this kind of
composites.
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