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a b s t r a c t

In this work, the influence of Al and B concentration on the constituent phases and the mechanical
properties of Fe100−x−yAlxBy (0 < x ≤ 35, 0 < y ≤ 25, and x + y ≤ 50) ternary alloys produced by copper mould
casting was investigated. In this composition range, the rapidly solidified alloys contain two crystalline
ccepted 10 February 2010
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phases: �-Fe(Al) solid solution and Fe2B compound. Contour maps of compressive strength (�c) and
fracture strain (εf) are plotted according to the quasi-static compression test results of the as-cast Fe–Al–B
rods. These rapidly solidified Fe–Al–B crystalline alloys, such as Fe55Al30B15 as a typical sample, can show
an ultra-high �c up to ∼3 GPa and a certain plasticity (∼5%). The formation of ultrafine eutectics and
solid-solution strengthening of Al substitutional solution in �-Fe are considered to be responsible for the

nt of
echanical properties
-ray diffraction

considerable improveme

. Introduction

Recently, much attention has been directed to rapidly solidified
ultiphase composite alloys, especially Fe-, Al-, and Ti-based alloys
ith wide potential applications [1–11]. These composites consist

f hard and soft phases with an ultrafine microstructure formed
uring the rapid solidification process, which can result in high
trength and controllable deformation behavior. For example, Ti-
ased multiphase composite alloys consisting of �-Ti solid solution
nd nano-eutectic matrix produced by copper mold casting show
high strength of ∼2 GPa and a large plasticity up to 10% under

ompressive conditions. Such strength values are comparable to
hose of Ti-based bulk metallic glasses with similar compositions
1,2]. In addition, high-strength bulk Al-based alloys consisting
f deformable Al and hard intermetallic phases, which show
argely improved mechanical properties (above 1 GPa strength
nd up to 150% plasticity) compared to traditional Al-based
lloys, were developed using carbon/copper mold casting [3,4].
e-based rapidly solidified bulk alloys in the Fe–Cr–Mo–(V,Ga)–C,
e–Nb–Al, Fe–Zr–(B,Ti) and (Fe–Co)–Mo–C–Si–B systems with a

imilar soft-hard phase composite structure also exhibit remark-
ble mechanical properties of ∼3 GPa compressive strength and
onsiderable plasticity [5–11]. Therefore, this kind of composite
lloys are promising candidates as advanced engineering materi-
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als due to the positive combination of the high-strength typical
of bulk metallic glasses with the plastic deformation of conven-
tional crystalline materials. The deformation mechanism of this
type of soft-hard phase composite alloys has been discussed in
many reports [1,2,7,9]. Recently, we provided a fracture model
based on the sliding mode of cracks to obtain a quantitative rela-
tionship between the mechanical properties and the characteristic
microstructure, which can be helpful to design and analyze the
fracture behavior of this kind of composites [11].

In the present study, we further extend the studies on the
development of rapidly solidified Fe-based composite alloys with
novel mechanical properties to the ternary Fe–Al–B system because
Fe–Al-based alloys show the great advantage of relatively low den-
sity and cheap resources [12–14]. The addition of B in Fe–Al alloys
could be beneficial for the formation of ultrafine eutectic phases
so as to promote the microstructural characteristics of a soft-
hard phase composite. The constituent phases and the compressive
mechanical properties of the as-cast rods produced by copper
mold casting are evaluated in detail. The strengthening mechanism
occurring in the Fe–Al–B samples is described through establish-
ing a relationship between phase composition, microstructure and
mechanical properties.

2. Experimental procedure
Pure iron (99.5% purity), electrolytic aluminum (99.999% purity), and crystalline
boron (99.8% purity) were used as starting materials. The Fe100−x−yAlxBy (0 < x ≤ 35,
0 < y ≤ 25, and x + y ≤ 50) ternary alloys were melted using a high-frequency induc-
tion furnace in high-purity argon atmosphere. Subsequently, the ingots were
cracked into pieces. A lump of these alloys of about 5 g was remelted in a quartz
tube using a high-frequency induction device in argon atmosphere, and the molten

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:r.li@ifw-dresden.de
dx.doi.org/10.1016/j.jallcom.2010.02.082
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Fig. 1. XRD patterns of rapidly solidified (a) Fe85−xAlxB15 (x = 5, 10, 15, 20, 25 and
R. Li et al. / Journal of Alloys and

lloys were injected into a copper mould in order to obtain rapidly solidified rod-
hape samples with 5 mm diameter and a length of 50 mm. The phases were checked
sing a RIGAKU RINT-2000 X-ray diffractometer (XRD) with Cu K� radiation. The
hermal properties associated with melting of the samples were measured by high-
emperature differential scanning calorimetry (DSC) at a heating rate of 0.33 K/s. The

icrostructure of the specimens was examined by scanning electron microscopy
SEM). Cylindrical samples with 5 mm diameter and 10 mm length were tested at
oom temperature at a constant strain rate (1 × 10−4 s−1) under compression using
SANS CMT5504 testing facility.

. Results and discussion

In the whole tested composition region, only two crystalline
hases can be identified for the rapidly solidified Fe–Al–B alloys
t the sensitivity of X-ray diffraction. One is a disordered �-
e(Al) solid solution; the other is the Fe2B compound. The
on-equilibrium fabrication process restricts the formation of the
03-ordered Fe3Al intermetallic phase, which normally exists

n Fe–Al-based alloys produced under equilibrium conditions
12–14]. In order to elucidate the possible influence of the Al or
concentration on the phase composition, a series of XRD patterns
f Fe85−xAlxB15 and Fe80−yAl20By alloys is shown in Fig. 1(a) and (b).
ith the increasing Al content (x) in Fe85−xAlxB15 alloys with a fixed
content, the Bragg peaks of �-Fe(Al) shift towards lower diffrac-

ion angles, as shown in Fig. 1(a), which indicates an increase of the
attice parameter of this phase. More Al solute in the �-Fe(Al) solid
olution can be responsible for the distortion of the crystal lattice
15]. The effect of the increase in the Al content on the peak shift
f Fe2B is indistinctive. This indicates that the change of Al concen-
ration will not influence the phase composition of Fe2B. For the
e80−yAl20By alloys with a fixed Al concentration, the increase in
content decreases the intensity of �-Fe(Al), while enhancing the

ntensity of Fe2B [Fig. 1(b)], which suggests a lower (higher) volume
raction of �-Fe(Al) and (Fe2B), respectively, in the corresponding
lloys.

The melting behavior of these alloys was evaluated by DSC. The
iquidus surface in the Fe–Al–B ternary system shows a “tempera-
ure valley”. The eutectic point of the Fe–B binary system projects
nto the Fe–Al–B ternary system as a boundary curve along the
ontour lines of about 15 at.% B to form this valley. Actually, so
ar little information on the constituent phase(s) or thermody-
amic data (especially at high temperature) are available for the
e–Al–B system [16]. Combining the information from the Fe–Al
nd Fe–B binary phase diagrams, the Fe–Al–B ternary system can
e simplified as a pseudo-binary eutectic system with two ter-
inals: Fe(Al) solid solution and the Fe2B compound, because

nly these two phases can be found in the whole composition
egion [17]. This assumption was used for the following analysis
f the microstructure and the mechanical properties of our sam-
les.

Fig. 2(a) shows some typical compressive strain–stress curves
f the as-cast Fe–Al–B alloys. Considering the B content in the
amples, the alloys can be divided into three types: hypo-eutectic
B content < 15 at.%), near-eutectic (B content ≈ 15 at.%) and hyper-
utectic (B content > 15%) alloys. The hypo-eutectic alloy, i.e.
e75Al20B5, exhibits large plastic deformation (εp) up to 14%. The
ield strength (�y) and compressive strength (�c) of this alloy are
40 and 1350 MPa, respectively. The as-cast alloys with a composi-
ion near to the eutectic point, i.e. Fe85−xAlxB15 (x = 10, 20, 30), show

uch higher �y and �c (1.3–1.7 and 1.7–3.0 GPa) but lower plastic-
ty (εp of 1.6–5.0%) compared to the hypo-eutectic alloy. When the B
ontent is further increased up to 25 at.% to form the hyper-eutectic

lloy, i.e. Fe55Al20B25, this alloy shows brittle fracture with �c of
.3 GPa without plastic deformation. The deformation mechanism
f hypo-eutectic, near-eutectic and hyper-eutectic alloys has been
laborated in many papers [1,2,7,9,11]. Normally, the high strength
s attributed to the supporting framework of a hard network-like
30) and (b) Fe80−yAl20By (y = 5, 10, 15, 20 and 25) alloys. The red dotted lines and
the blue dashed lines are guidelines for the eye to identify a possible peak shift. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

ultrafine eutectic, whereas the plasticity is believed to mainly stem
from plastically deformable primary dendrites. Because the pri-
mary phase in the hyper-eutectic alloy is a brittle intermetallic
phase, the catastrophic fracture of this kind of alloys without any
plasticity can be easily understood. These results indicate that the
mechanical properties, such as strength and plasticity, can be tuned
by proper choice of the B concentration in these rapidly solidified
alloys. It is worth to note that the increase in the Al content in
the Fe–Al–B system can considerably improve the strength, while
only indistinctively decreasing the plasticity. As typical examples,

the compressive engineering stress–strain curves for Fe85−xAlxB15
(x = 10, 20, 30) are shown in Fig. 2(a). It is well known that the
improvement of strength can be explained by the mechanism of
substitutional solid-solution strengthening [18]. When Al solute
atoms are introduced in the Fe solid solution, local stress fields can
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Fig. 2. (a) Typical compressive engineering strain–stress curves for Fe–Al–B alloys and contour maps of compressive strength (b) and fracture strain (c) in the Fe–Al–B ternary
system showing the dependence of the mechanical properties on the B and Al content.

Fig. 3. Typical cross-sectional microstructural images for the Fe55Al30B15 alloy at low (a) and high (b) magnification, and characteristics of the fracture surface low (c) and
high (d) magnification.



Comp

b
t

(
t
c
d
f
a
F
(
i
a
e
p
m
p
c
t
m
w
v
w

4

s
t
s
C
i
a
w
a
a

[

[
[
[

[

[
[

[17] T.B. Massalski, H. Okamot, R.P. Subramanian, L. Kacprzak, Binary Alloy Phase
Diagrams, 2nd ed., ASM International® , United States, 1991.

[18] F.R.N. Nabarro, Theory of Crystal Dislocation, Oxford University Press, Oxford,
R. Li et al. / Journal of Alloys and

e formed which can impede dislocation motion so as to increase
he strength of the resulting alloys.

Contour maps of compressive strength (�c) and fracture strain
εf) in the Fe–Al–B system are shown in Fig. 2(b) and (c) according
o the mechanical properties of all tested samples. Samples in the
omposition range of 10 at.% ≤ B ≤ 20 at.% and 55 at.% ≤ Fe ≤ 60 at.%
isplay a high �c of ∼3 GPa, which is comparable to the values found
or Fe-based bulk metallic glasses [19,20], together with consider-
ble plasticity (∼5%). As a typical example, as-cast and fractured
e55Al30B15 samples were further studied by SEM. Fig. 3(a) and
b) shows the microstructure of the as-cast Fe55Al30B15 alloy. An
rregular ultrafine eutectic with a size below 1 �m can observed
s matrix. Some undergrown ∼10 �m-sized dendritic cores are
mbedded in this eutectic matrix. This kind of multiphase com-
osite structure with excellent mechanical properties has been
entioned in many reports [1,2]. The fracture surface of this sam-

le is shown in Fig. 3(c) and (d). Because the images show fracture
haracteristics similar to intergranular fracture on the 1 �m-scale,
he cracks in this alloy should appear and propagate in the eutectic

atrix. The similar deformation behavior of this type of material
as also described in [2,8,9]. These contour maps can give a global

iew of the mechanical properties in the Fe–Al–B ternary system,
hich is useful for further research.

. Conclusions

The constituent phases and mechanical properties of rapidly
olidified Fe100−x−yAlxBy (0 < x ≤ 35, 0 < y ≤ 25, and x + y ≤ 50)
ernary alloys were evaluated. Two crystalline phases of �-Fe(Al)
olid solution and Fe2B compound can be found in all samples.
ontour maps of strength and deformability are plotted accord-
ng to the compressive test results of the as-cast Fe–Al–B rods. The
lloys can exhibit high compressive strength up to ∼3 GPa together
ith considerable plasticity. The formation of ultrafine eutectics

nd solid-solution strengthening are responsible for the remark-
ble improvement of strength.
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