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Experimental results show that the gradual evolution of precipitate morphology in Al–Mg–Si alloys, from spherical to rod-/
needle-shaped, leads to an increase in ductility but a decrease in both yield strength and fracture toughness. The strength–ductility
relationship reported here is similar to general observations but the strength–toughness relationship is distinctly diﬀerent from the
conventional one. These relationships are rationalized by considering a competition between dislocation–precipitate interaction and
precipitate–matrix deformation discrepancy as the dominant strain localization mechanism, which is modulated by the evolution of
precipitate morphology.
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Both high strength and superior fracture toughness are required for heat-treatable aluminum alloys
used in transportation ﬁelds such as in aircraft and automobiles [1–12]. The relationship between strength and
fracture toughness has been a permanent focus of
research into aged aluminum alloys. First, it is very useful for industrial purposes if toughness can be easily
deduced from a tensile test using unnotched specimens
and simple measurements. Second, a good understanding of this relationship can be favorable for artiﬁcially
controlling the aging treatment to achieve a good combination of strength and fracture toughness. In general,
the toughness of metals decreases as the strength is
raised by alloying and heat treatment. The trade-oﬀ
between strength and fracture toughness in heat-treated
aluminum alloys is usually the result of aging treatment.
From the under-aged conditions up until the peak-aged
point, the increasing nucleation and growth of precipitates causes a successive enhancement in the strength.
At the same time, the fracture toughness degrades gradually because the presence of ﬁne precipitates induces
local shear instability. In the over-aged conditions,
where precipitates coarsen via Ostwald ripening,
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strength goes down and the fracture toughness can
either go up or be almost unchanged, depending on
the composition and fracture mode (intergranular or
intergranular fracture) [5]. The known strength–fracture
toughness relationships in aged aluminum alloys have
mainly been explained based on the evolution of precipitate content and precipitate size with aging treatment
[2–5]. However, the inﬂuence of precipitate morphology
or precipitate shape on the strength–fracture toughness
relationship is still unclear.
Most recently, the evolution of precipitate morphology, from spherical to predominantly rod- and needleshaped, has been obtained in an Al–Mg–Si alloy by
the present authors [13,14] using a two-step aging treatment. It has been found that the strength and ductility of
the alloy were clearly aﬀected by the evolution of precipitate morphology. In this paper, the inﬂuence of precipitate morphology evolution on the fracture toughness is
investigated and the relationships between the mechanical properties, i.e. the strength–ductility and the
strength–toughness relationships, are discussed in terms
of this evolution.
The Al–Mg–Si alloy used in the present investigation
is extruded rod 18 mm in diameter. The composition is
1.12 Mg, 0.57 Si, 0.25 Cu, 0.22 Cr (wt.%), and balance
Al. The alloy had been solution-treated at 703 K for
30 min followed by water quenching and had then been
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pre-aged at 373 K for 20 min. After storage at room
temperature for 50 months, the alloys were secondarily
aged at 473 K for a series of aging times (t) from 2 to
40 h. Yield strength (ry), reduction in area (RA%) and
strain to fracture (ef) were measured in tension testing
and details can be found in our previous paper [13,14].
Fracture toughness (KIC) was determined using threepoint bending sample and J-integral measurement. The
samples, 18 mm in width and 9 mm in thickness, have
a L–R orientation (L, extrusion direction and R, radial
direction) and the V-notch is normal to the extrusion
direction. An initial crack was machined by spark erosion and subsequently grown by fatigue to an a/W value
of 0.55–0.65 (a, crack length and W, sample width).
Since the sample thickness is too small to obtain a valid
KIC according to the ASTM standard, the ductile fracture toughness JIC was determined using the multiplesample technique outlined by ASTM E813. An equivalent KIC, denoted KJC, was then derived from the
JIC measurement using the relationship [15]:

1=2
J IC E
K JC ¼
;
ð1Þ
1  m2
where E (70 GPa) and m (0.33) are the Young’s modulus
and Poisson’s ratio of aluminum. For microstructural
analyses, transmission electron microscopy (TEM) was
used to determine the size and volume fraction of the
precipitates. Details can be found in our previous papers
[11,12,16,17].
Figure 1 shows the precipitate evolution with aging
time (t) during the secondary aging treatment. At t = 0
or before the secondary aging treatment, the alloy contains spherical strengthening particles (Fig. 1b), which
were determined to be the metastable pre-b00 phase of
AlMg4Si6 [16], and were precipitated during the ﬁrst
aging treatment and subsequently grew during the sub1.5
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Figure 1. Evolution of precipitate volume fraction (a) and precipitate
morphology (b–d) with aging time t. (b), (c) and (d) are typical TEM
images of the alloy aged at t = 0, 2 and 40 h, respectively, to show the
precipitate evolution from spherical pre-b00 precipitates of AlMg4Si6, to
rod-shaped b00 precipitates of Mg5Si6 and needle-shaped b0 precipitates
of Mg2Si. Inserts in these images are structural analyses [14] for the
three precipitates, respectively.

sequent storage period. In the secondary aging treatment, the spherical pre-b00 precipitates dissolved
gradually. On the other hand, two other kinds of
strengthening second-phase particles were precipitated,
which are rod-shaped precipitates and needle-shaped
precipitates, examples of which are shown in Figure 1c
and d, respectively. The rod-shaped precipitates, which
were determined to be the metastable b00 phase of
Mg5Si6, formed in situ on the pre-b00 phase and grew
by consuming the pre-b00 phase, while the needle-shaped
strengthening particles, which were determined to be the
metastable b0 phase of Mg2Si, were precipitated from the
matrix. The precipitation sequence is in good agreement
with previous results [18]. During the entire secondary
aging treatment, the volume fraction of spherical preb00 phase reduces progressively, while the volume fraction of rod-shaped b00 phase and needle-shaped b0 phase
rises (Fig. 1a). However, there is not much change in the
total volume fraction (about 1%) of the three kinds of
precipitates. This means that, although the precipitate
morphology changes gradually from fully spherical to
predominantly rod- and needle-shaped, the evolution
of precipitate morphology can simply be regarded as a
conserved process because there is little change in the
overall content.
Table 1 summarizes the measurements of the
mechanical properties. Variations in all these mechanical properties are obvious, along with the evolution of
precipitate morphology. Prolonging the aging time or
increasing t causes ry and KJC to decrease while RA%
and ef increase. The relationships between these mechanical properties will be discussed in detail by taking account of the evolution of precipitate morphology.
The strengthening eﬀect in aged aluminum alloys
mainly derives from precipitates. It is well known that
raising the precipitate content and reducing the precipitate size can promote the strengthening eﬀect. Furthermore, computer simulations have also revealed that
precipitates with diﬀerent shapes should have diﬀerent
strengthening responses [19]. According to our previous
result [13,14], compared to rod-/needle-shaped precipitate, spherical precipitate has a stronger interaction with
dislocation.
Strength and ductility are often mutually exclusive in
a material. The pinning of dislocations, which induces
strengthening, will cause local strain/stress concentration and degrade the deformation capability. A similar
trend is found in the present aluminum alloys (Table
1), i.e. ductility increases while yield strength decreases,
with the precipitate morphology changing from spherical to rod- and needle-shaped. Here, the parameters
used to characterize ductility are ef and RA%, both derived from the measurement of area change. RA% is an
important parameter, especially in industry, because it
has signiﬁcant implications in regard to bending and
collapse. Lloyd [20] has proposed, based on a macroscopic model, that there exists a scaling relationship between RA% and ry in aluminum alloys. This scaling
relationship was clearly found in 6000 series Al–Mg–Si
alloys [20], where strength was varied by aging. Some
data from 2000 series Al–Cu–Mg [11] and 6000 series
Al–Mg–Si alloys [20] are shown in Figure 2a as square
dots. RA% increases with reducing ry, and the relation-
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Table 1. Measurements of the mechanical properties.
t (h)

rys (MPa)

rUTS rUTS (MPa)

RA%

n

ef

KJC (MPa m1/2)

0
5
10
30

255(±5)
228(±4)
215(±3)
205(±2)

330(±5)
308(±4)
293(±3)
272(±4)

8(±1)
19(±2)
21(±2)
23(±2)

0.142
0.141
0.123
0.117

0.08(±0.02)
0.17(±0.03)
0.19(±0.04)
0.21(±0.03)

36.79(±2.2)
36.15(±1.7)
32.75(±1.1)
32.43(±0.8)

ship is almost linear. The current results also show a
scaling relationship – see the circular dots in Figure
2a. This indicates that the relationship between strength
and ductility caused by the evolution of precipitate morphology is similar to previous observations.
However, the evolution of precipitate morphology
does result in the strength–fracture toughness relationship being very diﬀerent to traditional ones. Figure 2b
gives the experimental results from some other researchers for conventional 2000 series Al–Cu–Mg alloys [3],
6000 series Al–Mg–Si alloys [21] and 7000 series Al–
Zn–Mg alloys [2]. All three types of conventional heattreated aluminum alloys exhibit fracture toughness
(KIC or UPE (the unit propagation energy in Kahn tear
testing)) varying with yield strength in a reverse way.
Conversely, the current results show that the fracture
toughness varies directly with yield strength, as shown
in Figure 2c. Because no visible changes were found in
grain size, grain boundary and in the other two second-phase particles of constituents and dispersoids during the aging treatment, the unusual strength–fracture
toughness relationship in the present experiments is ascribed to the evolution of precipitate morphology.
Precipitates generally have two eﬀects on the fracture
toughness of aged aluminum alloys [2]. On one hand,
they increase the resistance to deformation, and thereby
enhance toughness. On the other hand, the hardening
caused by the precipitates is also accompanied by a tendency for slip localization, i.e. the development of superbands and large slip oﬀsets which represent strain
KIC
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Figure 2. (a) Scaling of RA% with yield strength (ry) in the present
alloy and previous 2000 series [11] and 6000 series [20] alloys. (b)
Relationship between toughness (KIC or UPE) and ry commonly
observed in aged aluminum alloys, including 2000 series [3], 6000 series
[21], and 7000 series [2]. (c) Dependence of KJC and ef on ry in the
pﬃﬃﬃﬃﬃ
present experiments.(d) Scaling of toughness with n ry in the present
6000 series, and previous 2000 series and 7000 series [3] aged aluminum
alloys.

concentrations. Premature cracking within the strain
concentrations leads to a loss of toughness. The yield
strength of common heat-treated aluminum alloys is
mainly varied by artiﬁcial aging, where the key is usually
to control the precipitate content and precipitate size
(for a mixed composition). Increasing the precipitate
content (such as in the under-aged conditions) or reducing the precipitate size for the same content (such as by
decreasing the aging temperature), can raise the yield
strength. But, at the same time, these methods degrade
both ductility and fracture toughness because they induce more intense slip localization.
In present experiments, however, the yield strength is
changed by varying the precipitate morphology rather
than by varying the precipitate content and size. The total volume fraction of the precipitates is almost
unchangeable and the rod-shaped b00 precipitates are
even nucleated directly on the spherical pre-b00 precipitates. In these conditions, the deformation capability
and resistance to fracture of the alloys are mainly related
to two eﬀects: (i) the interaction between dislocations
and precipitates; and (ii) the deformation compatibility
between the elastic precipitates and the plastic matrix.
As mentioned earlier, the dislocation interaction with
spherical precipitates is stronger than that with rod-/
needle-shaped precipitates, and so the spherical precipitates are more likely to cause local stress concentrations.
On the other hand, applied stresses drive the aluminum
matrix to deform plastically, while the hard precipitates
embedded in the matrix cannot deform plastically but
can be rotated [22]. Geometrically necessary dislocations
have to be induced in order to make up for the deformation incompatibility between the precipitates and matrix
[22]. Compared with the spherical precipitates, the rod-/
needle-shaped precipitates have a much higher fraction
of well-ordered surface, which makes ir more diﬃcult
to compensate for their deformation discrepancy.
A competition between the above two eﬀects under
diﬀerent constraint conditions is responsible for the different trends observed here in strength–ductility and
strength–fracture toughness relationships. In tensile testing of the smooth and unnotched samples, where the
structural constraint is relatively low, the matrix can deform homogeneously throughout the sample (at least
before the formation of necking). This continuous
deformation allows the matrix to accommodate itself
to the rotation of the rod-/needle-shaped precipitate
and compensation for deformation incompatibility is
not a problem. In this case, the deformation capability
is controlled by the dislocation–precipitate interaction:
the stronger this interaction, the larger the local strain
concentration and thus the lower the deformation capability. Ductility decreases with increasing yield strength,
as shown in Figure 2a. However, in testing the notched
sample with large constraint, the plastic zone is localized
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mainly ahead of the crack tip. In this case, the free
deformation of the matrix is limited and it is diﬃcult
to compensate for the deformation discrepancy between
the rod-/needle-shaped precipitates and matrix. Local
stress/strain concentrations are thus induced in the precipitate–matrix interface, growing with further applied
stress, and causing local strain concentration. In this
case, the matrix–precipitate deformation discrepancy
rather than the dislocation–precipitate interaction will
be the dominant mechanism for local strain concentration. This enables the samples containing rod-/needleshaped precipitates, although having lower strength,
nevertheless to exhibit lower fracture toughness. From
the above discussion, one can see that, with the precipitate morphology changing from spherical to rod- and
needle-shaped, the reduction of fracture toughness is
similar to that of yield strength, though their mechanisms are diﬀerent.
Some previous studies of aluminum alloys have attempted to model the fracture toughness based on critical strain criteria for void formation [2,3,6] or critical
stress criteria for matrix–particle decohesion [23]. Garrett and Knott [3] adopted the criterion that fracture will
occur when the maximum strain ahead of the crack tip
exceeds a critical value e* and suggested the following
relationship for the eﬀect of aging treatment on the fracture toughness of aluminum alloys:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2CEe ry n2
K IC 
;
ð2Þ
ð1  m2 Þ
where C is a constant (about 0.025) and n is the strainhardening exponent. Chen and Knott [23] assumed that
the fracture initiates when the tensile stress at the dispersoid–matrix interface exceeds the cohesive strength rc,
which leads to the relationship that:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mb
k
K IC 
Erc ry n2 ;
ð3Þ
10A
d
where m and A are constant, and k and d are the average
spacing and diameter of the dispersoids. After some
modiﬁcations, such as replacing the parameters of dispersoid by those of precipitates, Eq. (3) can also be used
to model the inﬂuence of precipitate–matrix interface
decohesion on fracture toughness. Both Eqs. (2) and
pﬃﬃﬃﬃﬃ
(3) reveal the correlation between KIC and n ry , i.e.
pﬃﬃﬃﬃﬃ
KICa n ry , which has been directly veriﬁed by experimental results, such as shown in Figure 2d for 2000
and 7000 series alloys [3]. Since the variation in n with
aging runs counter to the dependence of yield strength
on heat treatment, the combination of n and ry as described in Eqs. (2) and (3) was considered to provide a
better understanding of correlation between fracture
toughness and tensile properties (Fig. 2b vs. 2d). The
current results, although exhibiting a strength–fracture
toughness relationship diﬀerent from the conventional
one, follow a similar scaling law between KIC and
pﬃﬃﬃﬃﬃ
n ry , as commonly observed and analytically predicted.
This indicates that the relationships between mechanical
properties are essentially identical to some degree, no
matter whether the relationships are varied by changing
the precipitate content, size or morphology.

In summary, the inﬂuences of precipitate morphology evolution on the mechanical properties were studied in aged Al–Mg–Si alloys. When the precipitate
shape changed from fully spherical to predominantly
rod-/needle-shaped, the ductility of alloys increases
but yield strength and fracture toughness both reduce.
The current strength–ductility relationship (ductility
varying inversely with strength) is similar to previous
observations but the strength–toughness relationship
(toughness increasing with increasing strength) is opposite to the conventional one. These relationships can be
explained by considering a competition between dislocation–precipitate interaction and matrix–precipitate
deformation discrepancy as the main strain localization
mechanism, which is modulated both by the evolution
of precipitate morphology and by the constraint
conditions.
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