
JOURNAL OF MATERIALS SCIENCE35 (2000 )2625– 2633

Structure and properties of rapidly

solidified Al-Zr-Ti alloys
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The Al-Zr-Ti system has recently been suggested as a candidate for Al-based materials
capable of retaining a high strength during a long term exposure to high temperatures up
to 700 K. The Al-1.25 at.% (Zr+Ti) alloys with a variable Zr : Ti ratio were rapidly solidified
using the melt spinning method. The solidification structure was found inhomogeneous
along the direction perpendicular to the ribbon plane and dependent on the Zr : Ti ratio. The
microhardness values were correlated with the structure and chemical composition. The
presence of second phase particles in the as melt-spun ribbons was proved by SAXS
experiments. X-ray and electron diffraction experiments enabled to identify most of
particles as the metastable Al3(ZrxTi1−x) phase with the cubic L12 structure. Especially in the
Zr-rich alloys, these particles precipitated preferentially in a fan-shaped morphology. The
grains of the Ti-rich alloys were nearly free of these particles. C© 2000 Kluwer Academic
Publishers

1. Introduction
A substitution of high-strength Al-based alloys for Ti-
based ones in elevated temperature applications (up to
700 K) is a challenging task of modern metallurgy. One
of the ways how to solve this task is to design Al-based
alloys with a high volume fraction of very small sec-
ond phase particles which are stable at elevated tem-
peratures and contribute to the high strength through a
dispersion or precipitation strengthening. Current age-
hardenable aluminium alloys cannot be used for this
purpose as any annealing at temperatures above about
423 K results in a coarsening or dissolution of strength-
ening phases and, therefore, in a drop of strength. New
compositions and producing methods must be sought.

The suitable additives for elevated temperature Al-
based alloys have to meet the following requirements:

– a capability to form intermetallic phases with Al
which have a similar structure to Al-matrix,

– a low equilibrium solid solubility up to temper-
atures of 700 K in order to avoid the dissolution of
strengthening phases,

– a low diffusivity in Al in order to slow down the
diffusion controlled coarsening of particles of strength-
ening phases.

Transition metals as Fe, Ni, Cr, Ti, V or Zr meet these re-
quirements [1]. Zirconium has a special position among
these additives. It forms the Al3Zr intermetallic phase
the tetragonal DO23 structure of which has a low lattice
mismatch to Al-matrix (about 2.9% [2]). The formation
of this equilibrium phase is usually preceded by the
formation of a metastable Al3Zr phase the cubic L12
structure of which has even smaller lattice mismatch
(about 0.7% [3]). The equilibrium solid solubility of Zr
in Al is very small and reaches its maximum of 0.28
wt.% at 934 K [4]. The diffusion rate of Zr in Al is the
lowest among the additives mentioned above [5]. For
these reasons, zirconium seems to be one of the most
suitable additives for designing the Al-based alloys for
elevated temperature applications.

Conventional ingot metallurgy processing route re-
sults in massive segregations and formation of coarse
primary particles and the desired structure with a ho-
mogeneous distribution of small second phase particles
cannot be formed. On the other hand, rapid solidifica-
tion techniques with quenching rates up to 106 Ks−1

enable to extend the solid solubility limits, suppress
the formation of primary particles and homogenize and
refine the solidified structure [6]. All these effects are
favourable for the designing of Al-alloys for elevated
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temperature applications. In the rapidly solidified bi-
nary Al-Zr alloys, the solid solubility limit can be ex-
tended up to 4.9 wt.% [1] and the desirable distribution
of second phase particles contributing to a high strength
can be formed through a decomposition of the super-
saturated matrix during a subsequent annealing.

The strengthening effect of second phase particles
generally decreases with increase in their size. In or-
der to retain a high strength at elevated temperatures,
the particle coarsening has to be avoided. According
to the theory of diffusion controlled ripening [7, 8] the
coarsening rate decreases among others with decreas-
ing interfacial energy, i.e. with decreasing lattice mis-
match between the strengthening phase and matrix. The
metastable Al3Zr phase should be, therefore, more re-
sistant to coarsening and contribute more to the high
strength at high temperatures than the equilibrium one.
Lattice mismatches of both modifications of the Al3Zr
phase may be further reduced by ternary additives as
V, Hf or Ti [9, 10] which would result in a better struc-
ture and strength stability. An extensive study on the
Al-Zr-V system confirmed this expectation. Unfortu-
nately, the formation of an additional Al10V phase es-
pecially at grain boundaries of the Al-matrix deterio-
rated the mechanical properties [11, 12]. The selection
of Ti as the ternary additive should avoid this difficulty.
The measurement of the coarsening rate in the Al-Zr-Ti
alloy containing about 1 vol.% of the Al3(Zr0.75 Ti0.25)
phase revealed an extraordinary stability of this alloy at
698 K [13]. The Al-Zr-Ti system with a higher Zr and
Ti content was, therefore, chosen for our experiments.

The main objective of our investigation was to study
the structure of the as melt-spun ribbons of Al-Zr-Ti
alloys with varying Zr : Ti ratio. In order to obtain a
complex information a variety of experimental methods
was used. A special attention was paid to the structure
and composition inhomogeneities, to the phase compo-
sition and to their influence on microhardness.

2. Material and procedure
The Al-Zr-Ti alloys with the equilibrium phase com-
position of Al-5 vol.% Al3(ZrxTi1−x) in a precipitated
state were used in our experiments. The stoichiomet-
ric parametersx = 1, 0.75, 0.5, 0.25 and 0 were cho-
sen. The nominal chemical compositions of these alloys
are given in Table I. The precastings prepared from
99.995% Al, Al-6 wt.% Zr and Al-10 wt.% Ti mas-
ter alloys were remelted by the induction melting in
a boron-nitride crucible and the melt was then ejected

TABLE I Chemical composition of the Al-Al3(ZrxTi1−x) alloys in wt.%

Nominal EDX analysis EDX analysis
composition chilled surface free surface

x Zr Ti Zr Ti Zr Ti

1 4.1 — 4.0± 0.2 — 3.9± 0.5 —
0.75 3.1 0.55 3.1± 0.2 0.6± 0.1 3.1± 0.6 0.6± 0.1
0.5 2.1 1.1 2.1± 0.2 1.2± 0.1 2.3± 0.4 1.4± 0.1
0.25 1.0 1.65 1.0± 0.1 1.7± 0.1 0.9± 0.3 1.8± 0.1
0 — 2.2 — 2.3± 0.1 — 2.4± 0.2

using argon gas pressure (5× 104 Pa) onto a rotating
copper wheel located in a chamber evacuated to 5×
10−3 Pa. The melt spun ribbons of the thickness be-
tween 15 and 40µm and the width between 1 and 2
mm were prepared.

The chemical composition was studied using the X-
ray microanalyser JEOL Superprobe 733. The energy
dispersive (EDX) analyses were performed both on the
as received chilled and free surfaces, whereas metal-
lographically processed transversal sections were ana-
lyzed by the wave length analysis (WDA) technique.
In order to control the homogeneity and possible direc-
tionality of the chemical composition the point analyses
were carried out at different places along the longitudi-
nal and transversal directions of ribbons.

The solidification structure was studied on the
transversal and longitudinal sections using light (OM)
and scanning electron (SEM) microscopy. The speci-
mens for light microscopy investigation were mounted
into special holders, fixed in DEMOTEC, polished me-
chanically and electrolytically in the solution of 20%
HClO4 in ethanol at 253 K and 30 V, and etched chem-
ically in the Dix-Keller etching solution. The speci-
mens for scanning electron microscopy investigation
were covered electrolytically by pure Ni, mounted and
polished mechanically or electrolytically (20% HClO4,
80% ethanol at 243 K and 15 V).

The Knoop microhardness was measured at room
temperature on the metallographically polished longi-
tudinal sections using a LECO M-400-A microhard-
ness tester at the load of 10 g and dwell time of 15 s.
Some specimens were slightly etched prior to micro-
hardness measurements to allow the correlation of the
microhardness value with the structure.

The small angle X-ray scattering (SAXS) investi-
gation of the ribbons was performed using a Kratky
camera equipped with a linear position sensitive detec-
tor. The measured scattering intensity was converted
into the normalized intensity by means of a Lupolen
standard.

The phase composition was studied using the X-ray
diffraction analysis. The measurement was performed
using Cu-Kα radiation in the diffractometer Siemens-
Kristalloflex at room temperature with the scanning
regime 0.02◦/30 s. The Si reference powder was added
to some samples as an X-ray peak position standard.

The internal structure was studied using the trans-
mission electron microscopy (TEM). The ribbons were
thinned electrolytically in the 66% HNO3-33% CH3OH
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solution. The observations were carried out in an ana-
lytical electron microscope JEOL 2000 FX at 200 kV.

3. Experimental results
3.1. Solidification structure and

microhardness
The rates of solidification and cooling of the solidi-
fied material decrease with increasing distance from the
contact (chilled) surface in the melt spinning process.
This gradient may significantly influence the structure
and physical properties and, therefore, both surfaces of
the ribbons have to be investigated separately.

No particles were observed at the chilled surface ex-
cept for the Al-Ti alloy where relatively coarse (up to
10µm) oval particles were observed. The presence of
Fe was found out in the spectrum taken from these
particles. The results of the EDX analysis (Table I) cor-
respond well with the nominal composition and show
no significant directionality in the surface plane.

Numerous light particles inhomogeneously dis-
tributed within the structure were observed at the free
surface of all materials. Their size was usually between
1 and 5µm and a slight peak of oxygen was found in
their spectrum. A fine grained structure with equiaxed
grains of the size about 1µm was observed in regions
containing less particles (Fig. 1). The results of the EDX
analysis given in Table I reveal a broader scatter espe-
cially in the content of Zr at the free surface. However,
both the content of Zr and Ti correspond to the nomi-
nal compositions within the experimental error of the
method used (about 0.2 wt.%) and the chemical com-
position seems to be reasonably homogeneous.

The solidification structure is not homogeneous
along the direction perpendicular to the ribbon plane
(Fig. 2). A zone of columnar grains with the width
of about 1µm and length of about 10µm was ob-
served at the chilled surface of all materials. The width
of this zone extends usually to the middle of the rib-
bon, however, at places with a smaller ribbon thickness
(Fig. 3a) it may even disappear. A fine microcellular
structure was observed in some columnar grains in the
Al-Ti alloy (Fig. 3b). The zone adjoining the free sur-
face exhibits a cellular structure with the mean size of
individual equiaxed cells of about 1µm in the Zr-rich

Figure 1 The structure of the free surface in the as melt-spun Al-Zr-Ti
ribbon,x = 0.75, SEM.

Figure 2 The grain structure of the Al-Zr-Ti alloy,x = 0.5, light
microscopy.

Figure 3 The grain structure of the Al-Zr-Ti alloys revealed on the
longitudinal section of ribbons (SEM) (a) Al-Zr alloy, (b) Al-Ti alloy.

alloys (x > 0.5) (Fig. 2). Numerous regions with the
petal-like morphology were observed in Ti-rich alloys
with x ≤ 0.25 (Fig. 3b).

WDA point analyses were performed on transver-
sal sections in series along lines going through the re-
gions of a different ribbon thickness parallel to the rib-
bon plane. No statistically significant differences in the
chemical composition were revealed. Further series of
point analyses were performed along lines perpendic-
ular to the ribbon plane in order to detect a possible
gradient in the chemical composition. Most of mea-
surements showed no compositional gradient within the
experimental error of the measuring methods. In some
cases a slightly higher content of Zr and Ti (about 0.2
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TABLE I I Knoop microhardness in the as melt-spun ribbons of the
Al-Al 3(ZrxTi1−x)

x 1 0.75 0.5 0.25 0

HK [kg/mm2] 103± 22 112± 15 110± 25 62± 3 48± 6

Figure 4 The influence of the solidification structure on Knoop micro-
hardness, Al-Zr alloy (OM).

wt.%) was found near the free surface. The minimum
effective area of the point analysis of severalµm2 did
not allow to detect any second phase particles the sizes
of which are expected to be much smaller or any solute
microsegregations in microcell walls.

Mechanical properties were characterized by Knoop
microhardness (HK). Table II presents the mean HK
values measured in the as melt-spun ribbons. Each of
these mean values represents an average from at least
20 measurements. It is obvious that the microhardness
is much higher in the Zr-rich alloys (x≥ 0.5) than in
the Ti-rich ones. The former alloys exhibit a much
broader scatter in the HK values (e.g. values between
HK = 70 and 154 were measured in the binary Al-Zr
alloy). A detailed investigation was performed to iden-
tify the reasons of this scatter. It was found that statisti-
cally higher values of Knoop microhardness were mea-
sured at places with larger ribbon thickness. At thicker
places the indents were applied at various distances
from the chilled surface. The highest values were found
in the middle of the ribbon, the lowest values close to
the chilled surface. A correlation with the solidification
structure revealed statistically lower values of micro-
hardness in the zone of columnar grains (Fig. 4).

3.2. Phase composition
The SAXS curves measured in all materials are given
in Fig. 5. The mean square fluctuation of the scatter-
ing density(1ρ)2 was calculated from the integrated
scattering density as [14]

(1ρ)2 = K

4π2

∫ ∞
0

d6

dÄ
(q)q dq (1)

where d6/dÄ is the normalized intensity measured
with an infinitely long primary beam (smeared inten-
sity), q is the scattering vector, andK is an instrument
constant. This procedure may be applied only in Zr-rich

Figure 5 SAXS curves in the as melt-spun Al-Zr-Ti alloys.

alloys (x ≥ 0.5) where the scattering curves can be ex-
trapolated to zero scattering vectors with a reasonable
accuracy. Nevertheless, even in these alloys the exper-
imental error of(1ρ)2 is about 20%.

A two-phase model was adopted in order to deduce
some quantitative structural data from SAXS curves.
According to this model, the mean square fluctuation
of scattering density can be then written as

(1ρ)2 = v1v2(ρ1− ρ2)2 (2)

wherevi andρi are the volume fractions and scatter-
ing densities of the matrix and second phase particles,
respectively. The Al3(ZrxTi1−x) phase is considered as
that forming the second phase particles. Table III shows
the comparison of experimental values(1ρ)2

exp with
theoretical ones calculated on the assumption of the
phase equilibrium characterized by negligible solid sol-
ubilities of Zr and Ti in Al-matrix and, therefore, by
the presence of 5 vol.% of the Al3(ZrxTi1−x) particles.
A big difference between experimental and theoreti-
cal values of(1ρ)2 shows that the alloys are far from
equilibrium and the volume fractionv2 of second phase
particles is close to 2%.

Scattering behaviour at high scattering vectors can
be described by a modified Porod’s law [15]

d6

dÄ
(q) = A+ C3

q3
(3)

Assuming the simplest model of spherical second phase
particles, their diameterD can be evaluated by the

TABLE I I I The results of SAXS measurements

x (1ρ)2
exp1020 cm−4 (1ρ)2

th1020 cm−4 v2 [%] D [nm]

1 1.5 5.6 1.4 6
0.75 1.4 4.4 1.6 6
0.5 1.8 3.3 2.8 8
0.25 — 2.3 — 460
0 — 1.4 — 120
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Figure 6 The X-ray diffractograms of the as melt-spun ribbons.

following equation

D = 6v2

KC3
π2(ρ1− ρ2)2 (4)

where

C3 = lim
q→∞q3

(
d6

dÄ
(q)− A

)
(5)

Table III shows that the characteristic size of second
phase particles in Zr-rich alloys is several nanometers.
The volume fraction of second phase particles in Ti-rich
alloys is not known. The resulting characteristic size of
second phase particles seems to be much bigger than
in Zr-rich alloys even for a hypothetical value ofv2 =
1%.

The X-ray diffraction analysis represents an alter-
native method for the investigation of the phase com-
position. Fig. 6 shows that beside the Al-based matrix
peaks, only very small peaks corresponding to (110)
and (210) reflections of the metastable Al3(ZrxTi1−x)
phase with the cubic L12 structure can be detected in
the Zr-containing alloys. No extra peaks were found
in the Al-Ti alloy. The measured lattice parameters,
both of the matrix and second phase, are summarized in
Table IV.

Table IV shows a nearly constant lattice parameter
of the matrix in Zr-rich alloys. A slight decrease in
the matrix lattice parameter exceeding the experimental
error was found in Ti-rich alloys. The measured values
are compared with the theoretical values computed for
two hypothetical states:

TABLE IV Lattice parameters of phases present in the as melt-spun ribbons

a (matrix) [nm]

Computed a (Al3(Zr, Ti)) [nm]

x Measured ass aeq Measured Theoretical

1 0.4049± 0.0004 0.4071 0.4050 0.408± 0.001 0.4077
0.75 0.4049± 0.0004 0.4062 0.4050 0.405± 0.001 0.4050
0.5 0.4051± 0.0004 0.4054 0.4050 0.404± 0.001 0.4022
0.25 0.4045± 0.0004 0.4045 0.4050 0.399± 0.001 0.3994
0 0.4042± 0.0004 0.4036 0.4050 — 0.3967

a) all Zr and Ti atoms are dissolved in the supersat-
urated matrix

b) the amounts of Zr and Ti atoms dissolved in the
matrix correspond to the equilibrium solid solubility
limits

It was reported that Zr atoms extend the lattice parame-
ter of Al by 0.00168 nm/at.% [16] and Ti atoms shrink
it by −0.00105 nm/at.% [17]. The matrix lattice pa-
rameters corresponding to the case a) are marked as
ass in Table IV. The equilibrium solid solubilities are
about 0.01 wt.% Zr and 0.025 wt.% Ti at room tempera-
ture [4]. Such small amount of solutes cannot influence
the lattice parameter of the Al-matrix and, therefore,
the lattice parameter of pure Al can be used as the
lattice parameteraeq for the case b). It can be seen
that the measured lattice parameters of the matrix do
not simply correspond to any of both models.

The detection of non-matrix phases is very difficult
in the alloys studied, especially because of their low
volume fraction. In addition, the structure of expected
Al3(ZrxTi1−x) phases is similar to that of pure Al and
their most intensive diffraction peaks are overlapped by
matrix peaks. The presence of second phases may be
then proved only by the detection of some less intensive
diffraction extra peaks resulting from the ordering of
these phases. The extra peaks observed in our as melt-
spun ribbons are very small and diffuse. Their half-
width is about 0.4◦ and the corresponding experimental
error in the lattice parameter may be then estimated to
about 0.001 nm. Table IV shows a good correlation of
the measured parameters with the values determined by
the interpolation from the known lattice parameters of
both metastable Al3Zr and Al3Ti phases [2].

3.3. Internal structure
The above given results suggest significant differences
between the Zr-rich (x ≥ 0.5) and Ti-rich (x ≤ 0.25)
alloys. Moreover, TEM experiments confirmed differ-
ences also in the internal structure. Fig. 7a shows the
typical structure of the Zr-rich alloys at low magnifica-
tion. The mean grain size evaluated from micrographs is
below 1µm in all these alloys . The interfaces exhibit
a marked curvature. A slightly coarser structure with
the mean grain size of about 2µm was found in Ti-rich
alloys (Fig. 7b). The most interfaces are straight and
meet at tripple points characterized by dihedral angles
close to the equilibrium value of 120◦.
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Figure 7 The internal structure of the as melt-spun ribbons (TEM): (a)x = 0.5, (b)x = 0.

Figure 8 The particles present in the as melt-spun ribbons (TEM): (a)x = 0.5, dark field in (110) reflection of coherent L12 phase modification, (b)
x = 0.5, the same place, dark field in (111) reflection of non-coherent L12 phase modification, (c)x = 0.5, (d)x = 0.

A typical feature of Zr-rich alloys is the presence
of two types of particles—very fine particles (below 4
nm) arranged into a fan shaped morphology (Fig. 8a)
and individual coarser (about 10 nm), probably spheri-
cal particles located both between the arms of fans and
at boundaries (Fig. 8b). At some places (Fig. 8c), the

individual particles are arranged into arrays. Electron
diffraction experiments proved the fans to be formed
by coherent particles of the metastable Al3(ZrxTi1−x)
phase with the cubic L12 structure in the “cube to
cube” orientation relationship to the matrix. The indi-
vidual particles are probably formed by the same phase,
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however, they are not coherent with the matrix. The
ratio of grains exhibiting the fan shaped precipitation
decreases rapidly in the Al-Zr-Ti alloys withx = 0.25
and no fans were observed in the Al-Ti alloy (Fig. 8d).
Only individual coarser particles were observed both
within grains and at interfaces. The presence of Fe was
proved in many of these particles.

4. Discussion
4.1. Solidification structure
The Al-based alloys containing Zr, V or Ti which were
suggested as candidates for elevated temperature ap-
plications should deduce their high strength from a
very dense distribution of small second phase particles
formed due to a precipitation reaction in solid state. A
microsegregation free solidification structure is a de-
sirable precursor for this reaction. It was shown that
such a solidification structure cannot be achieved us-
ing chill casting [18, 19]. Coarse petal-like particles
composed of a dendritic structure of the L12 Al3Zr or
Al3Ti phases and Al-based matrix were usually formed
at the centers of grains [20, 21, 22]. A new way to a
microsegregation free structure was open by the devel-
opment of rapid solidification techniques. Especially
the melt spinning method characterized by cooling
rates of about 106 Ks−1 is often used in laboratory
experiments.

The solidification structure of as melt-spun ribbons
of Al-based alloys consists generally of two zones [23].
The zone A adjoining the chilled surface of the ribbon
exhibits usually a featureless structure if observed in
optical microscope. On the other hand, the zone B ad-
joining the free surface has typically a cellular or den-
dritic structure. A two zone solidification structure was
observed in our Al-Zr-Ti alloys, too. The zone A was
found to be formed by columnar grains which are de-
composed to a microcellular structure in Ti-rich alloys.
This result seems to be inconsistent with the above men-
tioned featureless structure. However, more detailed in-
vestigations performed with other Al-Zr based alloys
revealed similar differences. Columnar grains were ob-
served in Al-Zr-V alloys at places of a good contact of
the melt with a wheel [16]. A cellular structure within
grains was found both at binary Al-Zr alloys [24] and at
Al-Zr-V alloys with a low V : Zr ratio [12]. Therefore,
a fully microsegregation free solidification structure is
not a general feature even at very high solidification
rates.

The structure of the zone B was found cellular and de-
pendent on the Zr : Ti ratio. An increasing amount of Ti
favoures unambiguously a formation of petal like parti-
cles. This finding is in agreement with previous results
on binary Al-Zr and Al-Ti alloys. In the Al-Zr alloys,
the petal like particles were found only at low solidifi-
cation rates of the order of 10 Ks−1 [20, 21] and no such
particles were observed in rapidly solidified alloys even
at very high Zr contents (up to 8.6 wt.%) [25]. On the
other hand, the petal like particles in Al-Ti alloys were
observed even in melt-spun specimens [22, 26, 27]. It
was shown that solidification rates of 2×105 and 106

Ks−1 are necessary to suppress the formation of petal-
like particles in Al-Ti alloys the composition of which

is close to our Ti-rich Al-Zr-Ti alloys (x ≤ 0.25) [22].
These values are in good agreement with solidifica-
tion rates expected at the free surface of melt-spun
ribbons.

4.2. Phase composition
Rapid solidification can extend the solid solubility of
Zr and Ti in Al in a significant manner and suppress the
formation of second phase particles. However, the data
on the extented solid solubility limit and on the presence
of second phase particles are very diverse. The expla-
nation of this diversity can be sought not only in the
composition of alloys and solidification rate in individ-
ual experiments but also in the selection of experimen-
tal methods used. TEM experiments give only a local
information on the structure and, in case of inhomo-
geneous structures, the results may be misleading. The
general information on the phase composition can be
obtained using X-ray diffraction analysis. However, the
volume fractions of second phases and the intensities
of their diffraction peaks are very low. Also the changes
in the lattice parameter of the Al-based matrix due to
dissolved Zr and Ti lie usually within the experimental
error. In order to avoid this difficulty and to get a more
reliable information on the phase composition of the
Al-Zr-Ti alloys studied, several experimental methods
were combined.

SAXS measurements revealed unambiguously the
presence of some centres contributing to the scattered
intensity. Assuming that these centres are particles of
the Al3(ZrxTi1−x) phase their volume fractions and
mean sizes were estimated. The volume fraction close
to 2% in Zr-rich alloys represents only a very rough
estimate. However, it can be concluded that the vol-
ume fraction of the second phase is deeply below the
value corresponding to the phase equilibrium. Despite
of many simplifications (a two phase model, the spher-
ical form of particles) the SAXS results suggest clearly
a different size of second phase particles in Zr-rich and
Ti-rich alloys.

The experimental error of the lattice parameter of
the matrix was estimated to be about±0.0004 nm.
This scatter excludes any reasonable conclusions on
the phase composition of the Al-Zr-Ti alloys withx =
0.25 and 0.5. The decrease in the lattice parameter of
the matrix in the Ti-rich alloys (x ≤ 0.25) correlates
with the expectation that rapid solidification extends the
solid solubility of Ti in Al. However, the relatively low
value of the matrix lattice parameter measured in the
Al-Zr alloy is surprising as it suggests only a very low
content of Zr atoms dissolved in the Al-matrix. Such an
interpretation is incosistent both with SAXS results and
with literature data. This discrepancy may be caused by
the uncertainty of data relating to the influence of Zr
on the lattice parameter of Al taken from [16]. Other
experiments [25, 28] show also much weaker extension
of the Al lattice due to dissolution of Zr - about 0.0004
nm/at.%. Considering this value and the volume frac-
tion v = 2% resulting from SAXS experiments, the ex-
pected lattice parameter of the supersaturated Al-matrix
in the Al-Zr alloy should be about 0.4052 nm which is
very close to the value found experimentally.
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The X-ray diffraction and TEM experiments enabled
to identify the particle forming phase. Extra diffrac-
tion peaks observed in the Zr-rich Al-Zr-Ti alloys can
be interpreted as (110) and (210) reflections of the
metastable Al3(Zr, Ti) phase with the L12 structure.
The decrease in the lattice parameter of this phase with
increasing Ti-content (see Table IV) supports the idea
that Ti atoms substitute for Zr atoms in the Al3Zr phase.
The measured values of the lattice parameter agree well
with the values calculated using the Vegard’s law from
lattice parameters of both Al-Zr and Al-Ti binary alloys.
This suggests that the composition of the Al3(ZrxTi1−x)
corresponds well with the nominal composition.

The Al3(ZrxTi1−x) phase appears mostly in the form
of fans composed of very small particles in the Zr-rich
(x ≥ 0.5) alloys. A similar structure was reported in as
melt-spun ribbons of the Al-3.3 wt.% Zr [29] and Al-
5 vol.% Al3(Zr0.75V0.25) [16] alloys. The fan shaped
morphology is a typical feature in Al-Zr alloys aged
at temperatures between 573 and 773 K [10, 24, 25,
29, 30]. In-situ TEM experiments confirmed that this
structure was formed by a discontinuous reaction [31].
The same mechanism seems to be operating also in our
Zr-rich alloys. Fig. 8c shows the grain boundary bulges
which extend alternatively into opposite grains, create
undulations of the boundary and contribute to a signif-
icant curvature of boundaries. A proper investigation
of the structure within boundary bulges revealed that
all of them contained very fine particles arranged into
fans.

The formation of fans is very limited in the alloy with
x = 0.25 and fully suppressed in the binary Al-Ti al-
loy. The absence of discontinuous reaction results into
straight grain boundaries. A similar absence of fans was
observed in the V-rich Al-Zr-V alloys [12, 16] where
only individual spherical particles were observed. A
very low lattice mismatch between the Al3(Zr,V) parti-
cles and Al-matrix in these V-rich alloys was believed
to reduce the energy barrier for homogeneous nucle-
ation of particles and to support the formation of in-
dividual particles rather than discontinuously formed
fans. This explanation does not seem plausible with
our experiments in Al-Zr-Ti alloys. The lowest lattice
mismatch should be achieved in the Al-Zr-Ti alloy with
x = 0.75, i.e. in the alloy where the fans are very fre-
quent. On the other hand, the Ti-rich alloys which do
not exhibit fan shaped structure have much worse lattice
mismatch. We suppose that the difference between the
structure of Zr-rich Al-Zr-Ti alloys and Ti-rich Al-Zr-
Ti alloys (and probably also V-rich Al-Zr- V alloys) is
caused by substantially lower diffusion rate of Zr in Al
as compared to that of V and Ti [32]. In the case of Zr,
a much faster kinetic of diffusion along grain bound-
aries favoures the discontinuous reaction. A pining ef-
fect of particles located at grain boundaries in Ti-rich
and V-rich [11, 12] Al-alloys may further suppress the
migration of grain boundaries and, consequently, the
discontinuous reaction.

The fans forming particles were found to be fully
coherent with the Al-matrix. On the other hand, the in-
dividual particles seem to be only semicoherent. There
may be two reasons for this orientation difference. Chen

et al. [16] argued that the individual particles were orig-
inally formed in a coherent orientation which was dis-
torted by the migration of the grain boundary during
the discontinuous reaction. Another possibility is the
preferential nucleation of these particles on disloca-
tions, especially in case of individual particles arranged
into arrays (see Fig. 8c). Similar bands within grains
were observed in the structure of the rapidly solidified
Al-6 wt.% Zr alloy [24] and interpreted as arrays of
dislocations. This observation may support the latter
explanation.

4.3. Microhardness
The difference between the microhardness values of the
as melt-spun Zr-rich (x ≥ 0.5) and Ti-rich (x ≤ 0.25)
Al-Zr-Ti alloys, respectively, exceeds 100%. As the
grain size and solute content are nearly identical in both
groups of alloys, the phase composition plays probably
the decisive role in the explanation of the microhardness
values. The HK values measured in the Ti-rich alloys
are close to the value of HV= 59 found in the as melt-
spun Al-3.9% Zr [25] and Al-0.54% Zr-2.23% V [33]
alloys which have similar solute content as our alloys.
Similarly to our Ti-rich alloys, the above mentioned al-
loys were found as nearly single-phase supersaturated
solid solutions without the fan shaped arrangement of
second phase particles. The main contribution to micro-
hardness is probably given by solid solution strength-
ening in these materials.

The microhardness values measured in our as melt-
spun Zr-rich alloys are closer to values reported for
alloys of similar composition after ageing. The peak
microhardness values of HV= 100 [33] and 140 [25]
were obtained in ribbons of Al-Zr alloys which should
contain about 2.5 and 4.8 vol.% of the Al3Zr phase in
a fully decomposed state, respectively. In both these
materials the fan shaped precipitation was developed
and it can be concluded that the precipitation strength-
ening due to the metastable coherent Al3Zr particles is
responsible for their high microhardness. Similar ex-
planation seems to be valid in our Zr-rich alloys, too.
The comparison of our HK values with the literature
data [25] enables to estimate roughly the volume frac-
tion of the Al3(ZrxTi1−x) in our Zr-rich alloys as about
2%. This estimate agrees very well with the volume
fraction resulting from SAXS experiments.

A remarkable scatter of microhardness values was
observed in the Zr-rich Al-Zr-Ti alloys with a tendency
to lower values in thinner parts of ribbons and in the
zone adjoining the chilled surface. The WDA analy-
sis proved the nonexistence of significant composition
gradients through the ribbons. The variations in HK re-
flect probably a difference in the phase composition, i.e.
a different degree of decomposition at various places
of ribbons. As the rates of solidification and subse-
quent cooling decrease with increasing distance from
the chilled surface a higher degree of decomposition is
more probable in thicker parts of ribbons and in the zone
adjoining the free surface. Therefore, higher values of
microhardness can be expected at these places.
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5. Conclusions
1. The solidification structure, the phase composition
and the microhardness depend on the Zr : Ti ratio in the
as melt-spun Al-Zr-Ti alloys. No composition gradients
were observed in the ribbons.

2. The as melt-spun Ti-rich alloys (x ≤ 0.25) are
nearly single-phase. The few particles found in had the
sizes up to 100 nm and contained frequently Fe.

3. The as melt-spun Zr-rich alloys (x ≥ 0.5) contain
second phase particles of the size below 10 nm which
are preferentially arranged into fans. These particles
are fully coherent with Al-matrix and were identified
as the metastable A13(ZrxTi1−x) phase with the cubic
Ll2 structure. The contents of Zr and Ti in these particles
are in good agreement with nominal compositions. The
volume fraction of this phase reaches about 2%.

4. The microhardness values in the range between
HK = 48 and 62 were found in Ti-rich alloys. The main
contribution is expected from solid solution strength-
ening.

5. The microhardness values exceeding HK= 100
were found in Zr-rich alloys. The main contribution is
expected from precipitation strengthening. The higher
microhardness observed in the zone adjoining the free
surface reflects a higher degree of decomposition at this
place of ribbons.
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