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The effects of Zr content on the yield strength of an Al-Sc alloy are investigated experimentally. It has been
shown that the yield strength increases with time at the beginning of annealing for the investigated one
Al-Sc alloy and three Al-Sc-Zr alloys. Such an increase of yield strength results from the high nucleation
rate for Al3Sc particles in Al-Sc alloy and Al3(Sc12x,Zrx) particles in Al-Sc-Zr alloys. Throughout the
annealing, the yield strength increases with the Zr content, indicating that the alloy with higher Zr content
possesses higher yield strength. The high yield strength of the alloy with high Zr content is due to the higher
number density and volume fraction of the particles as well as their smaller size and inter-particle spacing.
Such a microstructural feature for the particles exhibits a larger Orowan strengthening effect by inhibiting
the dislocation movements.
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1. Introduction

It has been discovered that the addition of trace amount of
Sc and Zr to Al alloys can remarkably improve the mechanical
properties of the alloys due to the formation of uniformly
distributed secondary Al3(Sc1�x,Zrx) particles during annealing.
These particles can substantially inhibit recrsytallization and
pin dislocations (Ref 1-5). Speaking in general, the additions of
both Zr and Sc elements into Al alloys have more remarkable
effect on the strength of Al alloys than the addition of
individual Sc element. The higher yield strength of the Al-Sc-
Zr alloys results from the smaller misfit between Al3(Sc1�x,Zrx)
particle and Al matrix as well as the lower growth rate,
compared to the Al3Sc particles.

The structure and morphology of secondary Al3(Sc1�x,Zrx)
particles have extensively been studied (Ref 6-8). Using three-
dimensional atom-probe and high resolution transmission
microscopy (HRTEM) with EDS microanalysis, Lefebvre
et al. (Ref 6), Forbord et al. (Ref 7) and Tolley et al. (Ref 8)
showed that Al3(Sc1�x,Zrx) particles exhibit a complex core-
shell structure consisting of an Al3Sc core embedded in an
Al3(Sc1�x,Zrx) shell. It is believed that this complex core-shell
structure is due to the difference in diffusion rates of Sc and Zr
in Al matrix. At 300 �C, Sc diffuses four orders of magnitude
faster than Zr in Al. Thus, at the beginning of the nucleation
process, an intense initial precipitation of Al3Sc nuclei is
favored by fast Sc-diffusion rate in the initial solid solution
(Ref 6-8). Then Zr segregates along the interface between Al

matrix and the Al3Sc nuclei to decrease the misfit of the Al3Sc
with the Al matrix. There are several publications in which
kinetics and dynamics on the precipitation of Al3(Sc1�x,Zrx)
particles have been experimentally studied and also modeled
for binary Al-Sc and Al-Zr (Ref 9-13) and ternary Al-Sc-Zr
(Ref 14-17) alloy systems. Using atom-probe tomography,
HRTEM, and conventional transmission electron microscopy
(TEM), Fuller et al. (Ref 14) found that Sc and Zr partition to
Al3(Sc1�x,Zrx) precipitates, and Zr segregates concomitantly to
the a-Al/Al3(Sc1�x,Zrx) interface. The Zr concentration in the
precipitates increases with increasing annealing time. It was
also found that the addition of Zr is shown to retard
significantly the coarsening rate and stabilize precipitate
morphologies (Ref 15).

Up to now, no systematical investigation has been per-
formed on mechanical properties of Al-Sc-Zr alloys, especially
the effect of Zr content on the mechanical properties of Al-Sc-
Zr alloys. The additions of Zr are known to increase the
ambient temperature tensile strength and recrystallization
resistance of Al-Sc alloys (Ref 2). Additions of Sc and Zr to
some commercial Al alloys have been shown to increase the
tensile strength over Zr-free alloys (Ref 18, 19). This effect is
attributed to the pining of grain boundaries by highly stable
Al3(Sc1�x,Zrx) particles. Fuller et al. (Ref 19) investigated the
mechanical properties (including creep resistance) at room and
elevated temperatures for six Al-Sc-Zr alloys and concluded
that the microhardness increases with increasing precipitate
volume fraction and decreasing average precipitate radius. This
study focuses on the effects of Zr content on the tensile yield
strength of Al-Sc alloys.

2. Experimental

One Al-Sc binary alloy and three Al-Sc-Zr alloys were
investigated in this study. The nominal compositions of the
alloys are shown in Table 1. Alloy 1 is a binary Al-Sc alloy,
and alloys 2, 3, and 4 are Al-Sc-Zr alloys with various Zr
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content. The alloys were prepared in an induction furnace in an
argon atmosphere by mixing appropriate amounts of Al
(99.9%) and master alloys of Al-10 wt.%Zr and Al-2 wt.%Sc.
All the alloys were solution treated at 873 K for 72 h, followed
by water quenching to the room temperature. The quenched
alloys are then annealed at 613 K for various periods of time.

Yield strengths of all the specimens of the annealed alloys
were measured at the room temperature. The dog-bone-shaped
tensile specimens from all annealed alloys, having a gage size
of 6 mm in diameter and 40 mm in length, were subjected to
the tensile test at a constant strain rate of 59 10�4 s�1 on an
Instron-8802 testing machine. The yield strength was deter-
mined as the 0.2% offset. Each point of the yield strength
values has been measured on 5-7 specimens, and the average
value of the measurements has been used.

The microstructures of the alloys before and after annealing
were observed using optical microscopy and TEM. Thin foils
for microstructural characterizations in TEM were prepared by
twin jet electro-polishing in a 30% nitric acid and 70%
methanol solution at �35 �C and examined in an FEI Tecnai
G2 20 microscopy operating at 200 kV. The size and volume
fraction of the precipitates were determined from at least

50 random precipitates seen edge on. Since the radius of the
precipitates in the matrix was in the same order as and even
greater than the thickness of the thin foil, a correction was
employed for differentiating the real dimension from the
observed one (Ref 20) and the volume fraction of the
precipitates in a thin foil projection was determined by (Ref 21)

fv ¼
�2pr

pr þ 4t

� �
lnð1� AÞ ðEq 1Þ

where r is the radius of the precipitates, t is the foil thickness,
and A is the project area fraction of the precipitates, deter-
mined by the point count method. The foil thickness was eas-
ily obtained by utilizing a grain boundary fringes technique
(Ref 22).

3. Results

3.1 Microstructure of the As-Quenched Alloys

Figure 1 shows the optical microstructures for the
as-quenched alloys. It can be seen that increasing the Zr
content can refine the grains. The grain size of binary Al-Sc
alloy is �100 lm, and decreases to �45, �40 and �30 lm
when 0.37, 0.54 and 0.68 wt.% Zr contents are added to the
alloy, respectively. The most important feature is that increasing
the Zr content can remarkably increase the size and number of
the primary Al3(Sc1�x,Zrx) particles formed during solidifica-
tion since some large-sized primary Al3(Sc1�x,Zrx) particles can
be clearly observed in Zr-containing alloys. It is known that the
maximum Sc solid-solubility is about 0.23 at.% (0.38 wt.%) in
the primary solid solution (a) at the eutectic temperature of

Table 1 The nominal composition of the alloys
in this study

Alloy Sc, wt.%, at.% Zr, wt.%, at.% Al

Alloy 1 0.39, 0.24 0, 0 Bal.
Alloy 2 0.39, 0.24 0.37, 0.11 Bal.
Alloy 3 0.39, 0.24 0.54, 0.16 Bal.
Alloy 4 0.39, 0.24 0.68, 0.20 Bal.

Fig. 1 As-quenching-treated microstructures of (a) alloy 1, (b) alloy 2, (c) alloy 3, and (d) alloy 4. Note that the primary Al3(Sc,Zr) particles
are arrowed
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660 �C, while the addition of Zr element will obviously
decrease the maximum Sc solid-solubility (Ref 10). Conse-
quently, the primary Al3(Sc1�x,Zrx) particles can be observed in
all the types of alloys with Zr addition because Sc and Zr
contents are above solid-solubility limit. It should be noted that
the grain refinement with the addition of Zr element is due to
the formation of primary Al3(Sc1�x,Zrx) particles, since this
phase can effectively inhibit the grain boundary migration.
Thus, the higher the Zr content, the more the primary
Al3(Sc1�x,Zrx) particles and the finer the grain size.

3.2 Microstructure of the Annealed Alloys

Figure 2 shows the TEM microstructures of the prepared
alloys after annealing for 5 h at 613 K. It can be seen that the
secondary Al3Sc particles (for alloy 1) and Al3(Sc1�x,Zrx) (for
alloys 2, 3, and 4) distribute uniformly in the matrix after
annealing. The size of the particles decreases, and the density
and volume fraction of the particles increases with Zr content.
This results in a smaller inter-particle spacing between neigh-
boring particles for the alloys with higher Zr content, compared
to the alloy with lower Zr content and the binary Al-Sc alloy.
Figure 3 shows the experimentally determined average diameter
and volume fraction of the precipitates during annealing for the
tested four alloys. It can be seen that the size and volume
fraction of the particles in the present alloys increase with
annealing time up to 70 h. In general, the size of the particles
decreases, while the volume fraction of the particles increases
with increasing Zr content at any annealing stage, which results
in the decrease in the particle interspacing with increasing Zr

content. The results further proved that increasing the Zr content
can substantially improve the nucleation ratio and decrease the
growth velocity of the second phase particles.

3.3 Yield Strength

The dependence of the yield strength on the annealing time
was experimentally measured, as shown in Fig. 4. It can be
seen that the yield strength increases dramatically with time at
the beginning of annealing for all the four types of the alloys.
After annealing for about 20 h, the increasing velocity
decreases and the yield strength remains almost constant. It
should be noted that at any stage of annealing, the yield
strength increases with the Zr content, which indicates that the
alloy with higher Zr content has the higher yield strength.

4. Discussion

It has been shown in Fig. 4 that increasing the Zr content
leads to the increase of the yield strength for the investigated
alloys throughout the annealing. Two possible reasons can be
used to explain this phenomenon. First, the increase of the yield
strength is attributed to the grain refinement. It can be seen from
Fig. 1 that increasing Zr content can substantially decrease the
grain size of the alloys, and this improves the yield strength
according to Hall-Petch relationship. Second, the high yield
strength of the alloy with high Zr content is due to the smaller
size and larger density of the Al3(Sc1�x,Zrx) particles, which

Fig. 2 TEM microstructures of (a) alloy 1, (b) alloy 2, (c) alloy 3 and (d) alloy 4 after annealing at 613 K for 5 h
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results in a smaller inter-particle spacing. It is widely accepted
that the contributions of the yield strength of the Al-Sc-Zr
alloys includes the matrix intrinsic strength, solution strength,
and particle strength. In this study, the solution strengths are
from Sc and Zr solid solutions in the matrix, while the particle
strength results from the inhibition of the dislocation move-
ments by Al3(Sc1�x,Zrx) particles in Al-Sc-Zr alloys or Al3Sc
particles in Al-Sc alloy (Orowan mechanism). Figure 5 shows a
strong interaction between secondary Al3(Sc,Zr) particles and
dislocations (arrowed) in alloy 4 after annealed for 40 h and
tensile testing. It can be seen from Fig. 5 that a large number of
the dislocations have been pinned by the Al3(Sc1�x,Zrx)

particles during deformation, which substantially improve the
yield strength. Based on a previous study (Ref 23), the increase
in the yield strength due to the Orowan strengthening, DrOr,
can be expressed by

DrOr ¼ KMð1� tÞ�0:5ðGb=kÞ lnðr=bÞ ðEq 2Þ

where M is the Taylor factor, t is the matrix Poisson�s ratio,
G is the matrix shear modulus, b is the magnitude of the Al
matrix Burgers vector, K is a constant which depends on the
particle size distribution, r is the mean particle radius on the
dislocation slip plane, and k is an effective inter-particle spac-
ing on the dislocation slip plane.

From Eq 2, we know that decreasing the inter-particle
spacing or increasing the particle diameter can increase the
yield strength. The relationship between the inter-particle
spacing and particle diameter can be expressed as

u ¼ 2pSr3=k3 ðEq 3Þ

where u is the volume fraction of the particles and S is the
shape factor (aspect ratio) and equals 1 for spherical particles.
Substituting Eq 3 into Eq 2, we have

DrOr ¼ KMð1� tÞ½Gbu1=3=rð2pSÞ1=3� lnðr=bÞ ðEq 4Þ

Equation 4 indicates that a smaller particle size and larger
volume fraction of the particles will result in a larger increase
in the yield strength by Orowan mechanism. In this study, the
volume fraction and density of the particles are larger, and
the size of the particles is smaller for the alloys with higher
Zr content in any annealing stage, as shown in Fig. 3, result-
ing in a larger Orowan strength effect during the entire
annealing stage up to 70 h. Figure 6 shows the dependence
of the yield strength on the average inter-particle pacing for
all the tested alloys. The particle interspacing was calculated
using Eq 3 and the data from Fig. 3. It can be seen from
Fig. 6 that the yield strength decreases as the inter-particle
spacing increases, which agrees well with the Orowan
strengthening mechanism since smaller inter-particle spacing
results in a larger shear stress to push the dislocations bypass-
ing the particles, as shown in Eq 2 and 4.

Fig. 3 Particle (a) average diameter and (b) volume fraction evolu-
tions with annealing time

Fig. 4 Yield strength evolutions of four types of alloys

Fig. 5 The interaction between secondary Al3(Sc,Zr) particles and
dislocations in alloy 4 (arrowed, after annealing for 40 h and tensile
testing)
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In general, the addition of Zr element will obviously
decrease the maximum Sc solid solubility and increase the
supersolid-solution degree, which can increases the nucleation
driving force and nucleation ratio at the subsequent annealing
process (Ref 10). Thus, the nucleation ratio of Al3(Sc1�x,Zrx)
particles is larger than Al3Sc particles with the same Sc
concentration. After nucleation, the coarsening speed of
Al3(Sc1�x,Zrx) particles is slower than Al3Sc particles, resulting
from smaller mismatch between the particles and Al matrix by
the addition of Zr, and the inhibition of the Sc diffusion to the
particles by Zr-rich shell around the Al3Sc nuclei. At the
beginning of the nucleation process, an intense initial precip-
itation of Al3Sc nuclei is favored by fast Sc-diffusion rate in the
initial solid solution. Then Zr segregates along the interface
between Al matrix and the Al3Sc nuclei to decrease the misfit
of the Al3Sc with the Al matrix. Previous studies (Ref 6-8)
showed that Al3(Sc1�x,Zrx) particles exhibit a complex core-
shell structure consisting of an Al3Sc core embedded in an
Al3(Sc1�x,Zrx) shell. The segregation of Zr on the interface of
the particles substantially inhibit the diffusion of the Sc atoms
form the Al matrix to the particles, thus, decreases the
coarsening speed of the Al3(Sc1�x,Zrx) particles.

5. Conclusion

In this study, the effect of Zr content on the yield strength
and microstructure of Al-Sc alloys has been studied. It has been
shown that the second phase particle in the alloy with higher Zr
content has larger nucleation ratio and slower coarsening speed,
which result in smaller size and inter-particle spacing, and
larger density and volume fraction of the particles. The alloy
with higher Zr content exhibits a larger Orowan strength effect
by inhibiting the dislocation movements. As a result of the
microstructures, the yield strength of the alloy increases as the
Zr content increases throughout the annealing, indicating that
the alloy with higher Zr content has higher yield strength.
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