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The effects of trace silver (Ag) on the precipitation behavior of strengthening
phases and the mechanical properties of Al-Cu alloys have been investigated
by performance testing, scanning electron microscopy, and transmission
electron microscopy. Ag retarded the aging response of the Al-Cu alloys. The
density of the h¢¢ and h¢ phases decreased with increasing Ag content in under-
and peak-aged alloys, and there was almost no h¢ phase in the 0.12 wt.% Ag
alloy in the under-aged state. The h¢ phase morphology was narrower and
longer after addition of Ag. Fatigue striations became more obvious and their
spacing reduced at the fracture surface of experimental alloys with increasing
Ag content, reflecting an improvement in the fatigue life of the alloys. On
addition of 0.06 wt.% or 0.12 wt.% Ag, the fatigue life of the Al-Cu alloys was
increased by 72.7% and 155.5%, respectively.

INTRODUCTION

Aluminum (Al)-copper (Cu) alloys are used exten-
sively in aerospace and military industries as high-
strength and high-toughness casting alloys, which
can reduce the weight, improve the performance,
and conserve raw materials and energy.1 Al-Cu
alloys are typical precipitation-strengthened mate-
rials whose properties can be improved by solid-
solution and aging treatment. Most solute atoms
dissolve in the alloy matrix during solid-solution
treatment, forming a supersaturated solid solution
after quenching. During aging, this supersaturated
solid solution decomposes into fine and dispersed
precipitated phases under a large driving force at a
certain temperature.2 Al-Cu alloys show excellent
comprehensive performance after T6 peak-aging
treatment, with the main strengthening phases
being h¢¢ and h¢.3 h¢¢-Al3Cu has a distorted face-
centered cubic structure consisting of two layers of
Cu atoms separated by three layers of Al atoms; it
precipitates coherently along the {001}a-Al habit
plane.4 Meanwhile, h¢-Al2Cu has a distorted CaF2

structure that is coherent with {001}a-Al and has the
same orientation relationship with h¢¢ phase.5

With the development of materials science,
researchers have found that the type, amount, size,
and distribution of the strengthening phases

directly affect the mechanical properties of alloys.
Addition of trace amounts of alloying elements, i.e.,
microalloying elements such as scandium (Sc),
silver (Ag), and cadmium (Cd), to Al-Cu alloys can
change the morphology, distribution, and size of the
precipitated phases.6–8 Addition of elemental Ag has
been found to enhance the mechanical properties by
promoting X-phase precipitation in Al-Cu-magne-
sium (Mg) alloys and to decrease the width of the
precipitate-free zones (PFZs) and increase the den-
sity of g¢ phase in Al-zinc (Zn)-Mg alloy, with no
interaction between Ag and manganese.9,10 Ag has a
considerable influence on the aging response of Al-
Cu-Mg alloys and enhances their strength.11

Ag addition promotes the formation of X phase on
the a-Al matrix {111} surface, showing a thin
hexagonal strip shape and being coherent with the
matrix.12 The X phase has an excellent aging
strengthening effect and significantly enhances the
high-temperature mechanical properties of Al-Cu-
Mg alloys.13 The mechanism underlying this effect
of trace Ag on Al-Cu-Mg alloys is nanocluster-
assisted promotion of precipitation. The nanoclus-
ters that contain microalloying elements act as
heterogeneous nucleation sites for subsequent pre-
cipitates. Ogura et al.14 found that Ag atoms exhibit
attractive interactions with solute (Zn and Mg)
atoms and vacancies in Al-Zn-Mg alloys, which
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prevents vacancy diffusion to grain boundaries and
enhances the nucleation rate. Therefore, the width
of the PFZs was narrowed and the ductility of the
aluminum alloy was improved. Lin et al.15 found
that trace Ag increased the density of g¢ precipitates
and the Guinier–Preston (GP) zones in different
aged conditions, which was responsible for the
higher strength of Al-Zn-Mg alloys with Ag addi-
tion. c¢-AlAg2 phase was present in Al-3.45 wt.% Ag-
2.05 wt.% Cu alloy, but there was no c¢ phase in Al-
4.00 wt.% Cu-0.33 wt.% Ag alloy.16 The effect of
adding a small amount of Ag to Al-Cu alloys mainly
results due to its significant segregation where h¢
precipitates nucleate. This phenomenon whereby
the precipitates are surrounded by Ag will affect the
precipitation of the strengthening phase in Al-Cu
alloys. Rosalie17 found that Ag segregated to h¢-
matrix interfaces in Al-Cu-Ag alloys. Elemental Ag
segregated to coherent and semicoherent interfaces
of h¢ precipitates, forming an Ag-rich bilayer that
impeded or prevented the growth of h¢ precipitates.

Ag has been studied as a trace alloying element to
enhance the mechanical properties of Al-Cu-Mg and
Al-Zn-Mg alloys. However, ag exhibits different
mechanisms of action on the precipitated phases of
Al-Cu-Mg and Al-Zn-Mg alloys. The distribution of
Ag in deformed Al-Cu alloys has been studied, but
little attention has been paid to the effect of trace Ag
on the mechanical properties and fatigue life of Al-
Cu alloys. Therefore, the effect of trace Ag on the
precipitation behavior of strengthening phases was
investigated in this work, and the effect of trace Ag
on the mechanical properties and fatigue properties
of Al-Cu alloys is also discussed.

EXPERIMENTAL PROCEDURES

Experimental alloys were cast from high-purity
raw material at 710�C utilizing a resin sand mold.
Table I presents the chemical composition of each
alloy. The concentrations of the component were
detected by inductively coupled plasma-mass spec-
troscopy. The specimens were solid-solution treated
at 538 ± 5�C for 17 h in a furnace, then quenched in
normal ambient-temperature water. Artificial aging
treatment was carried out in the furnace at
175 ± 5�C for different times (2 h to 35 h) to
determine the peak aging time.

A Brinell hardness tester was used to measure
the sample hardness, using a 10-mm-diameter
indenter with a load of 1000 kgf for 30 s. The T6
heat-treated samples were subjected to tensile
testing on a SANS-CMJ5105-type machine at

loading speed of 2 mm/min and room temperature
(� 23�C). Fatigue testing was carried out using a
QBG-100B high-cycle axial fatigue machine. Test
samples were measured by high-frequency fatigue
under axial loading at room temperature (� 23�C)
with loading stress of 100 MPa, R = 0.1, and
f = 120 Hz. The average value of five effective
experimental data points from the tensile and
fatigue tests was used. The test samples are shown
in Fig. 1. Scanning electron microscopy (SEM)
images were obtained using a Philips FEGSEM at
acceleration voltage of 30 kV and used to study the
fracture morphology of the studied alloys. High-
angle annular dark-field imaging in scanning trans-
mission electron microscopy (HAADF–STEM) was
applied to observe the precipitated phase along
<001>a-Al of the alloys with different Ag content.
Specimens for STEM observation were prepared by
ion-beam thinning. TEM and STEM observations
were performed using a Tecnai G2 F20 S-TWIN
microscope at acceleration voltage of 200 kV.

RESULTS

Hardness

The hardness curves of the investigated alloys
with different Ag contents during artificial aging at
175 ± 5�C are presented in Fig. 2. The three as-
quenched alloys showed almost the same hardness
values, indicating that addition of small amounts of
Ag did not affect the solid-solution strengthening of
the studied alloys. The three alloys showed similar
changes during the subsequent artificial aging
process. The alloy hardness increased with time
until a peak value was reached, then the values
decreased and tended to stability. The Ag-free alloy
peaked at 148 HBW after 6 h of aging treatment,
whereas the 0.06 wt.% Ag alloy showed a peak of
145 HBW after aging for 8 h and the 0.12 wt.% Ag
alloy reached a maximum hardness of 139 HBW
after aging for 12 h. This difference reveals that
addition of Ag decreased the peak hardness value
and suppressed the age-hardening response.

Mechanical Properties

Figure 3 shows that addition of trace Ag had an
important effect on the mechanical properties of the
studied alloys; For instance, the tensile strength
decreased from 461.6 MPa to 452 MPa after added
0.06 wt.% Ag, then to 401 MPa with 0.12 wt.% Ag
addition. The yield strength also decreased with Ag
addition. However, there was an opposite trend in

Table I. Chemical composition (in wt.%) of each experimental alloy

Cu Mn Ti Zr V B Cd Ag Al

Alloy 1 5.00 0.42 0.20 0.11 0.2 0.01 0.19 0 Bal.
Alloy 2 4.98 0.42 0.19 0.12 0.22 0.009 0.20 0.06 Bal.
Alloy 3 4.99 0.41 0.18 0.12 0.22 0.009 0.19 0.12 Bal.
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the ductility. The elongation of the Al-Cu alloys
increased significantly with increasing Ag content,
from 1.38% to 1.9% with 0.06 wt.% Ag addition,
reaching 3.5% with 0.12 wt.% Ag addition. These
results suggest that addition of trace Ag could
improve the plasticity and toughness but decrease
the strength of Al-Cu alloys.

Fatigue Life

Figure 4 indicates that the fatigue life of the
studied alloys increased with Ag addition. Under
the same test condition, the fatigue life of the Ag-
free alloy was 1.1 9 106 cycles, while that of the
0.06 wt.% Ag alloy reached 1.9 9 106 cycles, and the
0.12 wt.% Ag alloy showed a fatigue life of 2.8 9 106

cycles. The fatigue life of the Al-Cu alloys was
increased by 72.7% on 0.06 wt.% Ag addition and by
155.5% when the Ag content reached 0.12 wt.%.
These experimental data show that trace Ag addi-
tion could ameliorate the fatigue life of Al-Cu alloys.

Figure 5 shows the fatigue fracture morphology of
the experimental alloys after the high-cycle axial
fatigue test. The alloys with different Ag contents
showed different features of cleavage steps and
fatigue striations. The fatigue fringes on the fatigue

fracture surfaces of the alloys with different Ag
contents were analyzed to understand the effect of
Ag addition clearly. The number of fatigue fringes
within the same distance was counted to calculate
the average distance between adjacent fatigue
fringes. Many cleavage steps and some fatigue
striation characteristics in the Ag-free alloy are
shown in Fig. 5a. According to the statistical
results, the distance between adjacent fatigue
fringes was 5.56 lm in the Ag-free alloy. Figure 5b
shows that the cleavage steps decreased while
fatigue striations were obvious and the distance
between adjacent fatigue fringes reduced to
3.13 lm, indicating that the alloy with 0.06 wt.%
Ag had better toughness. In Fig. 5c, the cleavage-
step characteristics are weak while the ridges of the
fatigue striations are obvious. The number of
fatigue striations continued to increase while their
distance decreased. In the 0.12 wt.% Ag alloy, the
distance between adjacent fatigue fringes was only
2.38 lm, indicating that addition of 0.12 wt.% Ag
improved the alloy toughness. These changes in the
fatigue fracture morphology indicate that trace Ag
had a significant effect on the fatigue properties of
the studied alloys.

Precipitation-Strengthening Phases

Figure 6 shows typical STEM micrographs and
corresponding selected-area electron diffraction
(SAED) patterns of precipitates in the studied alloys
after 2 h of artificial aging. The appearance of the
diffraction patterns in Fig. 6a, b, and c remained
unchanged, confirming that Ag addition did not
affect the habit plane of the precipitated phase. The
SAED patterns in Fig. 6a, b, and c taken from
smaller precipitates embedded in the a-Al matrix
show discontinuous streaks through the {020}a-Al

SAED pattern with the maximum intensities of the
streak located at {010}a-Al (marked by yellow arrow).

The characteristics of the diffraction pattern and
the phase structure confirm that the small precip-
itates were h¢¢ phases. The h¢ feature in the SAED
pattern in Fig. 6a is indicated by the red arrow. The
microstructure of the different investigated alloys
near the [001]a-Al zone axis was characterized by
plate-like precipitates. Two type of structures of h¢

Fig. 1. Schematic of specimens: (a) tensile test specimen at room temperature; and (b) high-cycle axial fatigue test specimen at room
temperature.

Fig. 2. Brinell hardness values of studied alloys as function of aging
time at 175�C.

Effect of Trace Silver on Precipitation Behavior of Strengthening Phases and Mechanical
Properties of Aluminum-Copper Alloys

2959



observed in the studied alloys are shown in Fig. 6d
and e. Figure 6a shows a STEM image of the Ag-
free alloy. The main precipitation phase was h¢¢,
while a small amount of h¢ phase was present. The
content of both h¢¢ and h¢ decreased when 0.06 wt.%
Ag was added, as shown in Fig. 6b. In the 0.12 wt.%
Ag alloy in Fig. 6c, the number of h¢¢ phases
continued to decrease and there was almost no h¢
phase.

Figure 7 shows STEM micrographs of the alloys
with different Ag content after peak aging. It is seen
that the long strip-like precipitated phase corre-
spond to h¢ precipitates (marked by red arrow) while
the short phase corresponded to the h¢¢ precipitates
(marked by yellow arrow) seen in Fig. 6d, e, and f.
The number density of h¢¢ and h¢ phases decreased
with Ag addition. The h¢ phase narrowed and
lengthened, as shown in Fig. 7a, b, and c. Therefore,
the inhibition effect of Ag on the aging of the Al-Cu
alloys was long acting. Figure 7g, h, and i show that

the PFZ width was 96.2 nm, 90.51 nm, and
92.65 nm for the Ag-free, 0.06 wt.% Ag, and
0.12 wt.% Ag alloy, respectively. This illustrates
that Ag did not affect the PFZs of the experimental
alloys.

DISCUSSION

Influence of Ag Addition on Precipitation

Supersaturated solid solution (SSS) fi Guinier–
Preston (GP) zones fi GP II zones
(h¢¢) fi metastable phase (h¢) fi equilibrium
phase (h) is acknowledged to be the evolutionary
process for describing the fundamental theory of
precipitation hardening in Al-Cu alloys.18 HAADF
images along <100>a-Al were captured to observe
the plate-like h¢¢ and h¢ precipitates. A small amount
of Ag addition decreased the density of h¢¢ and h¢
precipitates in the under-aged condition, suggesting
that trace Ag in the Al-Cu alloy influenced its age-
hardening performance. In Fig. 7a, b, and c, both h¢¢
and h¢ precipitates were observed among the studied
alloys after peak-aging treatment. This observation
indicates that the precipitates are the main
strengthening phases in the peak-aged condition,
similar to the results of Bourgeois.19 The STEM and
SAED results showed that addition of Ag did not
change the type of precipitated phase or the habit
plane of the precipitates, as shown in Fig. 6. How-
ever, the density of h¢¢ and h¢ precipitates decreased
after peak-aging treatment, and the h¢ phase was
narrower and longer, as shown in Fig. 7b. Figure 7-
g, h, and i show that the width of the PFZ zones of
the alloys did not change after addition of elemental
Ag. The grain boundary is a highly disordered
region composed of many dislocations, and nearby
Cu atoms diffuse mainly into the grain boundary
along dislocation lines.20 Elemental Ag has little
effect on such diffusion of Cu atoms near the grain
boundary. Therefore, the effect of elemental Ag on
the precipitation of the strengthening phase at the
grain boundary is not obvious. In summary, the

Fig. 3. Mechanical properties of studied alloys after peak aging treatment: (a) strength and (b) plasticity.

Fig. 4. Fatigue life of experimental alloys in peak-aged state under
axial high-cycle fatigue.
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change in the strengthening phases was responsible
for the change in the mechanical properties of the
Ag-containing alloys.

The age-hardening curves in Fig. 2 show that
addition of 0.06 wt.% or 0.12 wt.% Ag to the Al-Cu
alloy retarded its aging response. One reasonable
interpretation for the precipitation is associated
with the presence of vacancies, which have an
important effect on precipitation processes in age-
strengthened aluminum alloys21,22 Cu atom migra-
tion during aging occurs mainly via vacancies. In
the vacancy cluster mechanism developed by
Ozawa,23 vacancy clusters are considered to form
first and then act as locations for favored nucleation
of precipitates. Solute atoms that combine with

vacancies have an obvious impact on the aging
process and precipitate nucleation. Figure 6 shows
that the h¢¢ phase precipitation gradually reduced
with Ag addition after the same aging time of 2 h
(under-aging). It is considered that Ag inhibited the
aging response of the Al-Cu alloys. Ag atoms
affected the diffusion of Cu atoms in the alloy. On
the one hand, the energy of vacancy generation will
increase after Ag element addition, leading to a
decrease in the number of vacancies in the alloy and
thereby inhibiting the diffusion and migration of Cu
atoms.24 On the other hand, the obvious change
observed in the aging behavior after addition of Ag
can be interpreted by considering solute–vacancy
interactions. The interaction energy between Cu

Fig. 5. Fatigue fracture morphology of high-cycle axial fatigue test samples of (a) Ag-free, (b) 0.06Ag, and (c) 0.12Ag alloys after peak aging.

Fig. 6. Representative STEM micrographs after 2 h of artificial aging treatment showing the microstructure in (a) Ag-free, (b) 0.06Ag, and (c)
0.12Ag alloys; (d)–(f) Morphology of h¢¢ and h¢ phases of experimental alloys.
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atoms and vacancies is 0.5 eV, while the energy
between Ag atoms and vacancies is � 0.8 eV.25

These positive and negative signs indicate repulsive
and attractive interactions, respectively. Therefore,
Ag atoms will preferentially combine with vacancies
during the aging process. The radius of the Ag atom
is greater than that of the Cu atom, so Ag atoms
occupy more space, further reducing the concentra-
tion of vacancies in the matrix. Both of these factors
hinder migration of Cu atoms. Huang20 and
Ringer26 proved that there was almost no interac-
tion between Ag and Cu, so there are no Cu-Ag-
vacant clusters. Ag failed to promote the migration
of Cu atom by capturing Cu atoms to form GP zones
and precipitates. The h¢¢ phase is an intermediate
transition phase formed during atom ordering in the
GP zones and remains coherent with the aluminum
matrix. The occupation of vacancies by Ag atoms
and the inhibition of Cu atom migration will lead to
a reduction of the h¢¢ phase, as shown in Fig. 6.
Some h¢ phases were observed in the Ag-free alloy
after aging for 2 h, as shown in Fig. 6a. The h¢ phase
decreased with addition of 0.06 wt.% Ag as seen in
Fig. 6b, and there was almost no h¢ phase when the

Ag content reached 0.12 wt.%, as seen in Fig. 6c.
This reflects the fact that Ag suppressed the pre-
cipitation of h¢ phase and that this inhibitory effect
increased with increasing Ag content.

Figure 7a, b, and c show the morphology and
distribution of the precipitated phases of the Ag-
free, 0.06 wt.% Ag, and 0.12 wt.% Ag alloys after
peak aging. The number of h¢¢ and h¢ phases
decreased with increasing Ag content. This result
further confirms the long-term effect of Ag in
inhibiting the precipitates in the Al-Cu alloy, corre-
sponding to the variation in the age-hardening
curves seen in Fig. 2. Addition of Ag inhibited
formation of GP zones in the Al-Cu alloys, resulting
in the decrease in the number of h¢ phases. There
are two modes of nucleation and growth for h¢
phase.27 One is formation of heterogeneous nucle-
ation at high-energy locations such as defects or
dislocations. The other is due to continuous enrich-
ment and rearrangement of Cu atoms in h¢¢ phase. It
is difficult for h¢ phase to nucleate heterogeneously
on dislocations or vacant clusters with Ag addition,
because it has a large misfit energy at semicoherent
interfaces with the matrix.28 Thus, h¢ phases

Fig. 7. Representative STEM micrographs under peak aging showing the precipitation in (a) Ag-free, (b) 0.06Ag, and (c) 0.12Ag alloys; (d)–(f)
corresponding SAED patterns and (g)–(i) TEM images showing the PFZ width.
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precipitated heterogeneously in the alloys with
added Ag after peak-aging treatment. The morphol-
ogy of h¢ generated by this mechanism was more
susceptible to the influence of elemental Ag. More-
over, more vacancies would be occupied and the
inhibitive effect on GP formation would be stronger
with increasing Ag content. As a result, less precip-
itation of h¢ phase will occur in the alloy, as seen in
Fig. 7. Silcock et al.29 proved that h¢ cannot trans-
form into h at an aging temperature of 175�C.
Therefore, these results confirm that Ag inhibited
the entire aging process of the Al-Cu alloys. Fig-
ure 7a, b, and c show the change in the h¢ morphol-
ogy with Ag addition. According to the results of
Rosalie,17 Ag segregated on h¢ phase coherent and
semicoherent surfaces and formed a two-atom-wide
layer, which will affect the growth of h¢ phase. The
segregation energy of an Ag atom at the h¢ phase
coherent interface with Ali is � 0.01 eV and with
Ali-1 is � 0.04 eV, while the value for Cu at the h¢
phase coherent interface with Ali is 0.04 eV and
with Ali-1 is 0.01 eV.30 Meanwhile, Ag shows high
solid solubility in the aluminum matrix and is
therefore more likely to segregate on the h¢ phase
coherent surface and form a layer two atoms thick.16

However, Cu atoms have a more negative value at
the h¢ phase semicoherent interface with Ali and Ali-
1 compared with Ag atoms. It was not easy for Ag
atoms to segregate at the semicoherent interface of
the h¢ phase. The partial convergence of Ag atoms
reduces the interfacial energy between the coherent
interface of h¢ phase and the matrix. The segrega-
tion of Ag atoms at the h¢-matrix coherent interface
hinders the segregation of Cu atoms, thus affecting
the transverse growth of the h¢ phase. This explains
why the h¢ phase precipitated in the Al-Cu alloys
became finer and longer after Ag addition. The
density of h¢ and h¢¢ decreased and the morphology of
the h¢ phase changed after Ag addition.

Effect of Ag Addition on Mechanical
Properties and Fatigue Life of Alloys

Figure 7 shows that the density of the h¢¢ and h¢
precipitates decreased, while the h¢ phase became
narrower and longer, with increasing Ag content.
This decrease of the precipitated phases will reduce
the accumulation of dislocations during the defor-
mation process, thereby decreasing the stress con-
centration and resulting in stress relaxation, which
will facilitate dislocation slip, while the narrower h¢
phase could also reduce the stress concentration
during deformation. Therefore, the alloy will be
more evenly stressed during deformation. More
deformation will therefore occur for a given force,
indicating an improvement in the ductility. The
weakening of the dislocation pinning would reduce
the strength of the experimental alloys. The
increase in the strength of precipitation-strength-
ened alloys containing<100> plate-like phases can
be expressed using the Orowan formula:31

r ¼ 2Gb

2p 1 � tð Þ2

1

k
ln

D

d

where b is the Burgers vector, G is the matrix shear
modulus, m is the Poisson ratio, k is the precipitated
phase spacing, D is the initial particle radius, and d
is the average size of the precipitated phase. For the
studied alloys, G, b, m, and D are fixed. The
lengthening of h¢ will increase d, while the decrease
in the h¢¢ and h¢ precipitates will cause an increase in
k, resulting in a decrease in the strength r of the Ag-
containing alloys. Ag addition inhibited the precip-
itation of the strengthening phase in the studied
alloys, resulting in greater Cu atom retention in the
alloy matrix. This will enhance the solid-solution
strengthening and contribute to the improvement of
the strength and toughness in the Al-Cu alloys.
However, the experimental alloys exhibited a more
significant improvement in strength from the pre-
cipitated h¢¢ and h¢ phases, so the ductility of the Ag-
containing alloy was improved but with a slight
decrease in strength resulting from the residual Cu
in the Al matrix. Figure 7g, h, and i confirm that the
PFZ width of the studied alloys remained
unchanged, indicating that addition of trace Ag will
not affect the precipitation of the strengthening
phases at grain boundaries. Therefore, the change
of the ductility is independent of the PFZs in the
investigated alloys.

A strengthening phase can hinder dislocation slip
in Al-Cu alloys. Dislocation stacks on the h¢¢ and h¢
phase result in stress concentrations under cyclic
loading. When the stress concentration exceeds the
barrier fracture strength or the bond strength with
the matrix, the barriers will break or separate from
the matrix along the h¢¢/h¢-matrix interface.32 This
mechanism provides a preferential path for fatigue
crack growth, reducing the energy required for
fatigue crack growth and facilitating crack expan-
sion.33 The density of h¢¢ and h¢ phases decreased, so
that the stress concentration was weakened and the
stress distribution became more uniform during
deformation. As a result, the growth rate of the
fatigue crack will be retarded. Ag segregation at the
coherent surface of h¢ phase was not conducive to
dislocation pinning during deformation, hindering
fatigue-crack initiation and improving the fatigue
properties of the 0.06 wt.% and 0.12 wt.% Ag alloys.
The ductility of the alloys increased with Ag addi-
tion, so the crack tip was passivated easily under
cyclic loading. The crack propagation distance
decreased during each cyclic period, as manifested
by the decrease in the spacing of the fatigue
striation seen in Fig. 5, thus the crack growth rate
decreased.

A change in the shape of the strengthening phase
in the experimental alloys was mainly seen for the h¢
phase after peak aging. The h¢ phases have a short
and rough appearance in Fig. 7a. This shape is not
easily sheared by dislocations during deformation,
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so dislocations will bypass the h¢ phase and form an
Orowan ring around it.34 In this situation, defor-
mation proceeds in a double-slip mode, which
straightens the expansion path, thus facilitating
crack expansion. The narrower h¢ precipitates were
easily sheared by the slip zone of the fatigue-crack
front in Fig. 7b and c. In this situation, dislocations
slide mainly along the sliding system in the grain
during deformation, making the crack path in the
alloys serrated and tortuous in this single shear-
failure mode. Therefore, the fatigue-crack growth
rate of the alloy decreased while the fatigue life
increased. Suresh et al.35 proposed a bridging effect
in which the long second phase contacts the crack
surface, resulting in crack closure during unloading.
Thus, the increase of h¢ phase in the Al-Cu alloys
with Ag addition could improve the fatigue crack
closure and reduce the effective driving force for
crack growth, as manifested by the increase of the
fatigue life of the Ag-containing alloys seen in
Fig. 4.

CONCLUSION

The effects of adding trace amounts (0.06 wt.% or
0.12 wt.%) of Ag on the microstructure and mechan-
ical properties of Al-Cu alloys were investigated,
revealing an obvious influence on the precipitated
phases and mechanical properties after peak-aging
treatment. The following conclusions can be drawn
from this work:

1. Addition of small amounts of Ag to Al-Cu alloy
suppressed the age-hardening effect and pro-
longed the time to peak aging. However,
increasing Ag content had no effect on the PFZ
width.

2. Addition of Ag inhibited formation of h¢¢ and h¢.
The density of h¢¢ and h¢ phases decreased with
Ag addition in both the under- and peak-aged
Al-Cu alloys. There was almost no h¢ phase in
the under-aged Al-Cu alloy with 0.12 wt.% Ag
addition.

3. The plasticity of the Al-Cu alloys was enhanced
while their strength was weakened after addi-
tion of trace amounts of Ag. The cleavage step
features became less visible, the ridges of the
fatigue striations became more obvious, and the
striation spacing was reduced at the fracture
surface of the studied alloys with increasing Ag
content. The fatigue life of the investigated
alloys was increased by 72.7% after addition of
0.06 wt.% Ag and by 155.5% after addition of
0.12 wt.% Ag.
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