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Abstract— Wire samples of both Al- 2wt% Ag and Al- 2wt% Ag- 1wt% Sn alloys were prepared by normal casting technique from highly 
pure elements. Creep measurements were carried out under the applied stresses, 116.77, 119.27 and 121.76 MPa, for samples aged for 2 
hours in the temperature range, 513- 563 K. Increasing the applied stress and/or the aging temperature and irregular order in the creep 
curves at 543K were showed itself as a drop in the measured values of the creep parameters. The stress sensitivity parameter, m and the 
activation volume, V, at the transformation temperature, 543K, which is above all of them increased again. All the obtained data show that 
the ternary alloy, containing Sn, is softer than the binary alloy. Sn addition improved the tensile ductility of the alloy under the testing 
conditions. The activation energy values (in kJ.mol-1) before and after transition were measured. The microstructure of the samples was 
obtained by transmission electron microscopy (TEM).. 

Index Terms— Creep; Steady state stage; Phase transformation; Activation energy; Activation volume; microstructure; tensile ductility.   

——————————      —————————— 

1 INTRODUCTION                                                                     
He Al–Ag based alloys are often used in technological 
applications because of their easy casting and coarsening 
of plate-shaped precipitates. Also this system serves as a 

useful model for better understanding of the kinetics of the 
precipitation and the coarsening of plate-shaped precipitates 
[1].  Silver has a strong tendency to bind quenched in vacan-
cies which leads to faster formation of intermediate clusters. 
This promotes nucleation of phases during aging supersatu-
rated quenched silver containing alloy [2]. Al-Ag based alloys 
are more desirable because of their higher strength and excel-
lent thermal stability, but they are more expensive and diffi-
cult to creep-form [3]. Improvement and optimizing the me-
chanical properties have been achieved by the addition of al-
loying elements to binary alloys [4]. Al–Ag samples quenched 
from a high temperature in the solid solution field to room 
temperature that makes the solid solution supersaturated with 
the vacancies and solute atoms. This tends to precipitate in 
some form or another causing increased hardness [5]. 
      Al-Ag alloys are very low interfacial energies, so that, it 
was reported by Legoues and Wright [6] that homogeneous 
nucleation of G.P. zones is so easy, that it begins almost as 
soon as the solves line is crossed during quenching from the 
solution annealing treatment, before the spinodal region is 
reached.  
      The equiaxed G.P. zones in the aged supersaturated Al-Ag 
alloys precipitate because of the small difference of atomic 
radii (0.5%) between the solvent Al and the solute Ag atoms. 
The formation of G.P. zones was attributed [7] to the   exist-
ence of a meta-stable miscibility gap. Two states of G.P. zones 
were suggested to exist before the ý and y precipitates evolve:-  
(i) η-state of presumably ordered precipitates and homogene- 

 

ous in composition with a critical temperature of 500 K, and 
composition of 55-60 at % Ag, (ii)  internally inhomogeneous 
η-state of Ag-segregated clusters with critical temperature of 
720 K and composition of 30 at % Ag. The sudden change in 
composition of the zones around 443 K was caused by the 
transformation from the low temperature, η-state (below 443 
K)  to the high temperature  ɛ -state (above 443 K)[8]. Rever-
sion of some G.P. zones during aging above 443 K into ý- 
plates has been reported by Shchegoleva and Metelloved [9]. 
      It was indicated that the crystalline structures of η - state 
(low temperature) and ε - state (high temperature), G.P. zone 
precipitates should be long- range ordered and disordered, 
respectively[10]. Even though the atomic radii of Al and Ag 
atoms differ by only 0.5%, there still exists a strain field sur-
rounding G.P. zones. These new information was reported 
although their contrast, the ordered state for the µ zones was 
disproved [11]. Different models were presented for ε- zones 
to be either of the silver– depleted shell or the silver– depleted 
core, which was confirmed [12].                 

     It is aimed to investigate the effect of 1wt% Sn addition 
on the aging behaviour and the creep characteristics of the 
binary Al-2wt%Ag alloy. Transmission electron microscopy 
(TEM) was used to trace the thermally induced changes in the 
microstructure and the mechanical properties under the same 
different aging conditions. 
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2 EXPERIMENTAL PROCEDURE  
The tested alloys Al-2 wt.% Ag (alloy B), and Al-2 wt.% Ag -
1wt.% Sn (alloy T) were prepared under the same conditions, 
from  Al, Ag and Sn elements of  purity 99.99%, by melting 
each alloy content in a graphite crucible together with calcium 
chloride CaCl2 flux to prevent oxidation. The rod shape ingots 
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(b)  Alloy B (a)  Alloy T 

were homogenized at 773K for 3 days, then swaged into wires 
of 0.5 mm diameter for creep study, and sheets of 2 mm thick 
for electron microscopy investigation. The samples were an-
nealed for 2 h at 806 K, and then quenched in iced water to 
obtain the supersaturated α-solid solution structure. The 
samples were aged for 2 hours in the temperature range, 513-
563K, in steps of 10 K. A conventional - type tensile testing 
machine is described elsewhere [13], which was employed to 
obtain the creep measurements at room temperature under the 
stresses, 116.77-119.27 and 121.76 MPa. The sheet specimens 
for electron microscopy investigation were prepared by elec-
tro-polishing using a twin jet machine. The used solution was 
25% nitric acid and 75% ethanol at 273 K. The voltage and cur-
rent values were around 4 V and 90 mA. Microstructures were 
examined using a JOEL JM-100 transmission electron micro-
scope operating at 100 kV. 

3 Experimental results  
The creep curves for both alloys (Al- 2wt%Ag) and (Al- 
2wt%Ag- 1wt%Sn) showing the same normal creep behaviour. 
The transient creep strain εtr which is characterized by a de-
creasing strain rate is given [14] as;      
                     εtr=β tn,                                                                 (1)  
where the transient creep time (t), the time exponent (n) and 
the creep constant ( β ) are the transient creep parameters 
which depend on both the temperature and the applied stress. 
Fig. 1 shows that, the parameters β, and n, increases with in-
creasing of temperature and/or applied stress. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1- The temperature dependence of the transient creep pa-

rameters: β, (a, b) and n, (c, d) for both alloys B and T. 

    The transient creep parameter β changes [15] when the ag-
ing temperature, T, change according the following Arrhenius-
type relation: 
                        β =const. exp (-Q/KT)                                        (2) 
where Q is the activation energy (in kJ/mol) and K is Boltz-
mann constant. The activation energies before and after trans-
formation were calculated for the transient  stage from the 
slopes of the temperature dependent straight lines which were 
the relation between βln and (1000/T) K-1, as in Fig. 2. The 

steady state creep rate stε , was obtained from the creep 
curves, as shown in Fig. 3, which increased by increasing the 
aging temperature. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2- The relation between ln  and (1000/T) K-1, for the tran-

sient stage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 3- The aging temperature dependence of the steady state 

creep rate stε . 
 

The activation energies, for the steady state stage, before 
and after transformation were calculated from the slopes of 
the temperature dependent straight lines relating stεln  and 
(1000/T) K-1, shown in Fig. 4. 

 (a)   Alloy B  (b)   Alloy T 
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Fig. 4- The relation between ln stε  and (1000/T) K-1 for the 

steady state stage. 
 

The values of the stress sensitivity parameter, m = 

stεln / σln , have been calculated from the slopes of the 
straight lines, as in Fig.5a, while the activation volume 
V= stεln /σ is result from the slopes of the straight as in Fig. 
5b. The behaviour of the aging temperature dependence of the 
stress sensitivity parameter, m, and the activation V, given in 
Fig.6 and Fig. 7, respectively for both alloys, is similar to the 
behaviour of β and n, in Fig.1b, and stε , Fig. 3. All these pa-
rameters, increased by increasing aging temperature. We no-
ticed a drop at 543 K followed by the continuous increase 
above 543K, establishing the two relaxation stages around the 
transformation temperature 543K. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5- The relation between ln stε , and lnσ  at different 

aging temperatures. 
 
 
 
 
 
 
 
 
 
 
 

      Fig.6- The aging temperature dependence of the stress sen-
sitivity parameter, m.   

 
 

 

 

 

 

         Fig. 7- The aging temperature dependence of the activa-
tion volume V. 

The micro-graphs of Fig. 8 were obtained for sheet samples of 
both alloys homogenized, solution treated, quenched and 
aged at (533, 543, and 553 K). 
 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
Fig. 8- Room temperature micro-graphs obtained for sheets 

of: alloy B (a, b, c) and alloy T (d, e, f), aged at (533, 
543, and 553K). 
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4 DISCUSSION  
Al–Ag samples quenched from a high temperature in the 

solid solution field to room temperature that makes the solid 
solution supersaturated with the vacancies and solute atoms. 
This tends to precipitate in some form or another causing in-
creased the hardness. The changes in the physical properties 
during aging, may be either due to the solid solution passing 
through a state of pre-precipitation characterized by a differ-
ent atomic structure, or that the alloy contains precipitates so 
fine that they escape observation.  
    In the micrographs of Fig. 8, the white phases are the matrix 
α (Al) where most of them belong to dendrite crystal. The 
black phases are inhomogeneous structure of Ag fine, coarse 
particles of ɛ -state GP zones and meta-stable ý phase. Both of 
GP zones and ý phase form thick boundaries for the envel-
oped dendrite crystals of α (Al matrix). The gray reticulate 
phases are the Sn phases in the ternary alloy disperse in the α 
(Al matrix) and the Ag-depleted cores. This may stabilize 
some Sn and Ag particles and consequently lower their hard-
ening effect. Moreover, Sn prevents the formation of the high 
strength large plate-like structure which forms in the binary 
alloy. This makes the samples of the ternary alloy T, softer 
than the samples of the binary Al-Ag alloy. 
    The primary and steady state creep stages in Al-Ag alloys 
containing regions of G.P zones or ý- plates that may be the 
result of combined action of a hardening and recovery pro-
cesses, that force created dislocations to move through the 
matrix under the creep recovery mechanisms, depending on 
the interaction between these precipitates and dislocations. 
Above transition temperature, the dislocation motion in G.P. 
zones [16] region is slower than that in the solid solution re-
gion. This is consistent with the higher values of n, β  and stε  
in Figs. (1 and 3), the stress sensitivity parameter m, Fig. 6, and 
the activation volume V, Fig. 7, above the transition tempera-
ture 543K compared with those in the G.P. zones region.  
     In general, the increase of n, β , stε , m and V  values by 
increasing aging temperatures, Figs. (1, 3, 6 and 7) respective-
ly, occur due to raising the temperature that makes easier dis-
locations overcome obstacles in the matrix. This due to the 
annihilation or clustering of large amounts of the quenched-in 
vacancies which reduces the density of dislocation pinning 
points; or, the increase of temperature which leads to gradual 
recovery of internal strains until reaching to the hardness level 
caused by the presence of the second phase atoms in the ma-
trix[4]. 

  Below 543 K, m and V, increases with increasing of tem-
perature, this is due to some ordering in the dislocations and 
the defect systems affected by the thermal agitation which 
makes easier the motion of dislocations and lower values of m 
and V are expected at such temperatures [17].     
      Up to the transition temperature, 543 K, the increase of n, 
β , stε , m and V, values are attributed to the amount of the 
second phase existing and its corresponding diffusivity with 
the matrix which control the dislocation mobility at the inter-

face boundary[18]. Aging the solution treated samples, the 
precipitated α  (Al) and β  (Ag)-phases coarsen and the solu-
bility of Ag in Al increases by increasing temperature leading 
to the formation of widely separated less number of large pre-
cipitated particles which increase the values of m, V and re-
duce the strength in this stage, as shown in Fig. 6, Fig. 7, Fig. 
8a, at 533 K and Fig. 8b, at 543 K. In this temperature range at 
493K [19], or 498K [20], the start of small size coherent ý- pre-
cipitates formation takes place. At 543K the formation of an 
important quantity of ý-precipitate particles and the increased 
area of the coherent ý- matrix interfaces provides a major bar-
rier to dislocation motion and increases the strength of the 
alloy leading to the observed drop in the measured values of 
all parameters. This agrees with the maximum Vickers hard-
ness which were reported before [19] when the volume frac-
tion of continuous precipitation was higher, Fig.8.         
    Above the transition temperature, the precipitated 
( βα + )-phases transform into f.c.c. α -solid solution phase, 
so the β -phase dissolves completely and disappears (as 
shown in Fig. 8c, at 553K) to attain the equilibrium composi-
tion [21].   
    The higher values of the parameters obtained at higher 
temperatures are attributed to the reduced crack initiation life 
associating the existing large grain size. In this stage, above 
543 K, the rapid increase of n, β  and stε  values are due to 
the subsequent coalescence and partial dissolution of G.P 
zones and the early stages of precipitation of coherent meta-
stable γ ′ - phase achieved on the expense of the number of 
G.P zones (as shown Fig. 8c). Both coarse G.P zones of small 
numbers and smaller-sized γ ′ -precipitates with a relatively 
lower density provide small barriers to dislocation motion 
resulting in a relatively lower strength [20]. Values of m, in 
Fig. 6, show that the dominating mechanism in the low tem-
perature region (below 543 K) is dislocation glide, while in the 
high temperature region the dominating mechanism is dislo-
cation climb [22]. 
      The activation energy values (in kJ/mol) before and after 
transition were 48, 57.6 in alloy B, and 51, 60 in alloy T, for the 
transient creep stage while 72.96, 96 for alloy B, and 90.53, 
105.6, for alloy T in the steady creep stage. Thus, it is reasona-
ble to correlate the values obtained for the activation energy 
with the sequences of the precipitation processes that take 
place in the matrix during deformation controlled by just a 
grain boundary diffusion mechanism [23], before transfor-
mation temperature (543 K) and a dislocation glide mecha-
nisms after transformation [24].   
     Although alloying the Al-Ag alloy, (Alloy B), with Sn is 
expected to harden it [4], the observations in the present data 
show continuous softening and improved tensile ductility be-
haviour for the samples of the alloy T containing Sn under the 
same testing conditions for alloy B. This can be explained as 
follows.  
It may be that the difference in ductility between the Ag pre-
cipitate particles, (Young’s modulus Y Ag = 80.5 GNm-2), which 
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are harder, than the Al matrix, (YAl = 71 GNm-2), and the add-
ed Sn (YSn = 52 GNm-2), makes the whole structure similar to a 
non-Newtonian fluid containing rigid particles [25] which ro-
tate practically without deformation while the soft Sn-phase 
undergo plastic deformation performing accommodation be-
tween both by sliding along the interfaces [26].  

5 CONCLUSION  
The increase of the creep parameters n, β, stε , m, and V, for 
both alloys B and T, with increasing aging temperature 
and/or the applied stress, was interrupted by a drop at the 
transformation temperature, 543K, above which it raised again 
to higher levels than those before transformation. 
     Adding Sn prevents the formation of high strength large 
plate-like structure which formed in the binary alloy. There-
fore, the expected role of Sn as a hardening alloying element 
changed, making the samples of the ternary alloy T, softer 
than the samples of the binary alloy B. 
     The obtained activation energies suggest the grain bounda-
ry diffusion and the dislocation glide mechanisms to control 
the creep process. 
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