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Abstract: Precipitation reactions in the differential scanning calorimetry (DSC) of an Al-Cu-Mg-Ag alloy were identified by analyzing the 
results from hardness test, electrical conductivity test, and transmission electron microscope (TEM) examination. It is discovered that thermal 
effects can be identified through selected area electron diffraction and bright-field images. The reaction peaks around 171, 231, and 276°C 
can be attributed to a structural rearrangement of coherent zones, to the precipitation of Ω phases, and to the precipitation of Ω and θ′ and 
possible combination with the transition of θ′→θ, respectively. In addition, the hardness and electrical conductivity of the alloy change pro-
portionately with the progression of reactions during the heating process. This phenomenon can be attributed to the evolution of the micro-
structure. 
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1. Introduction 

The Al-Cu-Mg-Ag alloy, as a heat-treatable material, ex-
hibits certain excellent properties, such as high strength and 
good creep resistance. With the excellent thermal stability, 
these alloys are considered to be candidate materials for fu-
ture applications in the aerospace industry. The addition of 
trace amounts of Ag to the Al-Cu-Mg alloys with a high 
Cu:Mg ratio changes their precipitation behaviour and al-
lows uniform distribution of their beneficial properties. 
Therefore, understanding of the precipitation behaviour of 
the alloy during the ageing treatment is necessary. 

Differential scanning calorimetry (DSC) is extensively 
employed for the study of precipitation in Al-based alloys 
following heat treatment [1]. There are several reports in the 
published literature detailing the research, including 
qualitative and quantitative analyses, undertaken to analyse 
the precipitation properties in the ageing process for alumi-
num alloys. Starink [1] undertook an excellent application of 
the DSC in the analysis of reactions and reaction kinetics in 
Al-based alloys. He emphasised that attention should, first, 
be focussed on identification of the reaction and phases in-

volved in a DSC experiment prior to their further application. 
The reactions and phases would, in general, be identified by 
applying microcosmic analysis methods, including atom 
probe analysis, high-resolution transmission electron mi-
croscopy (HREM), and transmission electron microscopy 
(TEM) with selected area electron diffraction (SAED). Sev-
eral such studies have been reported in Refs. [2-5]. In addi-
tion, Li and Shenoy [6] reported the results of their study of 
the reactions in the DSC experiment for an Al-Cu-Mg-Ag 
alloy with a low Cu:Mg ratio. The types of precipitates in 
the Al-Cu-Mg series alloys were significantly influenced by 
the Cu:Mg ratio [7]. Therefore, a study of reactions in the 
DSC experiment of this alloy with a high Cu:Mg ratio is 
necessary to extend our understanding of the effect of Ag 
addition to this alloy. 

Considering differences in reactions of Al-Cu-Mg-Ag 
alloys with low and high Cu:Mg ratios, it becomes neces-
sary to identify phases causing the thermal effects involved 
in DSC experiment; this information can provide a basis for 
further application of these and similar alloys. In this study, 
hardness test, electrical conductivity test, and TEM exami-
nation were combined to analyse the reactions and phases in 
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a DSC experiment of an Al-Cu-Mg-Ag alloy with high 
Cu:Mg ratio. 

2. Experimental data 

The Al-Cu-Mg-Ag alloy was provided in the form of a 
25-mm sheet and its composition is listed in Table 1. The 
sheet was produced by processes of casting, homogenisation, 
and extrusion. The solution treatment was performed at 
520°C for 2 h and followed by quenching in cold water. The 
heating-up process was subsequently carried out at a rate of 
approximately 10°C/min, which simulates the process in the 
DSC experiment. These samples were quenched in cold 
water at the start, end, and intermediate stages of the exo-
thermal effect. The temperature was measured by using a 
temperature-acquisition system of YOKOGAWA MX100. 

Table 1.  Composition of the alloy      wt% 

Cu Mg Ag Fe Si Ti Al 
4.80-4.90 0.43-0.47 0.34-0.39 ≤0.01 ≤0.01 ≤0.1 Bal.

Note: the DSC measurements were performed on Q100DSC at a 
constant rate of 10°C/min at 45-400°C. 

The TEM observations were performed on a JEM-2010 
transmission electron microscope operated at an acceleration 
voltage of 200 kV. The disc for TEM was mechanically 
thinned down to 50 μm and then electropolished by using a 
twinjet machine employing a 25vol% nitric acid solution in 
methanol at −30°C and in the range of 15 to 20 V. 

Samples for hardness and electrical conductivity meas-
urements were cut from the same metal sheet prepared for 
the DSC experiment. Hardness measurements were carried 
out on the 430SVD digital Vickers hardness equipment, and 
the electric conductivity was evaluated by a direct reading 
type conductivity meter. 

3. Results and discussion 

3.1. DSC 

Fig. 1 presents the DSC trace of the Al-Cu-Mg-Ag alloy 
after solution and quenching treatments. Three exothermal 
peaks marked by I, II, and III are apparent in the DSC ther-
mogram. This indicates that three different reactions occur 
during the heating process. The peak temperatures corre-
sponding to the recorded exothermic effects are 171, 230, 
and 276°C, respectively. 

3.2. Heating-up curves 

To identify the phase transformation unambiguously, a  

 
Fig. 1.  DSC curve of solution and quenched Al-Cu-Mg-Ag 
alloy. 

sample should be heated to a condition that corresponds 
with the start of the thermal effect; another sample should be 
heated to the condition that corresponds with the end of the 
thermal effect [1]. Therefore, four samples with different 
codes of A, B, C, and D were treated by the specified pro-
tocol listed in Table 2. The heating-up and linear fit curves 
obtained are depicted in Fig. 2. This indicates that the heat-
ing-up rate is less than 10°C/min for all samples tested. 

Table 2.  Parameters of heating-up and quenching 

Sample Heating / (°C·min−1) Quenching / °C 
A 9.17 168 
B 9.12 232 
C 9.00 276 
D 9.48 330 

 
Fig. 2.  Heating-up and quenched curves of samples with their 
linear fit curves.  

3.3. Hardness and electrical conductivity 

The hardness and electrical conductivity of the tested 
samples are presented in Fig. 3. The change of the two pa-
rameters indicates the evolution of the microstructure, which 
is investigated by using TEM and is described in the fol-
lowing section. The hardness indicates an increasing trend 
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with slight fluctuation, whereas the electrical conductivity 
decreases at the beginning and increases continuously dur-
ing the heating-up process. These phenomena are explained 
by the corresponding change in microstructure. 

 

Fig. 3.  Hardness and electrical conductivity of samples 
treated at different conditions.  

3.4. TEM 

Fig. 4 presents SAED and the corresponding BF image of 
sample A. Weak streaks are present in the SAED, and this 
indicates the existence of GP zones in the {100} of the ma-
trix [8]. No obvious diffraction spot of precipitates is ob-
served. Fig. 4(b) reveals that no visible precipitates are pre-
sent in the microstructure. In addition, the electrical conduc-
tivity of this sample is less than that of other quenched sam-
ple shown in Fig. 3. 

This indicates that the precipitation correlates with the 
microstructure of the dominant matrix in this condition. 
From the report presented in Ref. [9], it can be inferred that 
the exothermic evolution occurred with a broad maximum at 
approximately 150°C is possibly related to a structural rear-
rangement of coherent zones. 

Fig. 5 shows SAED and BF images for sample B. This 
sample retains a microstructure that corresponds with the 
intermediate stage of the exothermal peak II. Two streaks 
along [111]α are observed in Fig. 5(a), and there are no ob-
vious streaks in Fig. 5(b). The BF image recorded near 
[110]α corresponds with Fig. 5(a) and is depicted in Fig. 5(c). 
The image indicates that the microstructure is composed of 
a dense and uniform distribution of precipitates. The char-
acteristics of SAED and BF are consistent with that of the Ω 
phase reported in Refs. [8-10]. It is concluded that the pre-
cipitation of Ω is involved in the thermal effect II. Previ-
ously, studies have reported that the Ω phase, with a face- 
centred orthorhombic structure [7, 11-12] and a chemical 

composition similar to that of CuAl2, exists as a hexagonal 
plate-like precipitate in the matrix {111}α planes. Ref. [13] 
reported that precipitates on the {111}α planes could per- 

 

Fig. 4.  SAED (a) for zone axis <110> of the matrix and cor-
responding BF (b) of a sample A. 

 
Fig. 5.  SAED and BF of sample B: (a) SAED for zone axis 
<110α>; (b) SAED for zone axis <100α>; (c) BF corresponding 
to (a). 
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form more effectively with regard to strength than those on 
the {100}α planes. However, Fig. 3 indicates that the hard-
ness of the sample that corresponds with the exothermal ef-
fect II is less than those of the other samples for the exo-
thermal effect. This conflicts with the discussion reported 
above. Nevertheless, it can be explained by the instability of 
GP zones that dissolve by further heating from the tempera-
ture of the thermal effect I to that of thermal effect II. By 
taking into consideration the dissolution temperature and the 
heat released by the dissolution of GP zones, it can be con-
cluded that the thermal effect II can primarily be attributed 
to the precipitation of the Ω phase. 

Fig. 6 presents SAED and BF images of sample C. In Fig. 
6(a), reflections at the l/3 and 2/3 {022}α indicate the pres-
ence of the Ω phase, whereas reflections at l/3 and 2/3 
{ 1 10}α indicate the presence of the θ′ phase [8, 14]. Further 
confirmation of the presence of Ω and θ′ phases, evidenced 
by stronger reflections, is also recorded with the electron 
beam parallel to [110]α, as shown in Fig. 6(b). In addition, 
pronounced streaks are present in Figs. 6(a) and (b) along 
different directions. A BF image recorded near [110]α, cor-
responding with Fig. 6(b), is shown in Fig. 6(c). The micro-
structure is composed of a dense and uniform distribution of 
the Ω phase and a small quantity of θ′ nucleating consis-
tently on dislocation. Therefore, the precipitation of both θ′ 
and Ω can be responsible for the increase in hardness and 
electrical conductivity. 

 
Fig. 6.  SAED and BF of sample C: (a) SAED for zone axis 
[100]α; (b) SAED for zone axis [110]α; (c) BF corresponding to 
(b). 

In comparison with the thermal effect II, it can be con-
cluded that the precipitation of θ′ is involved in the exo-
thermal peak III. 

Fig. 7 depicts SAED and BF images of sample D. An 
observation of Fig. 7(a) and (b) leads to conclude that the 
characteristics of reflections is consistent with that in Figs. 
6(a) and (b). This indicates that both Ω and θ′ phases are 
present in the microstructure. From Fig. 7(c), a coarsening 
of Ω and θ′ during the exothermal effect III can be observed. 
The coarsening of the phases could bring about a decrease in 
hardness. Careful comparison of the precipitates size in Figs. 
6 and 7 indicates that the process of coarsening primarily 
occurs in the latter part of the thermal effect III. In addition, 
the thickness of θ′ in Fig. 7(c) is much greater than that of 
sample C corresponding to the peak of effect III. This indi-
cates that the semi-coherent interface between the matrix 
and the θ′ can potentially turn into an incoherent interface, 
and the precipitate θ′ evolves to the stable phase θ. There-
fore, the exothermal effect III is mainly attributed to the 
precipitation of Ω and θ′ phases and possible combination 
with the transition from θ′ to θ. 

 
Fig. 7.  SAED and BF of the sample D: (a) SAED for zone axis 
[100]α; (b) SAED for zone axis [110]α; (c) BF corresponding to 
(b). 

4. Conclusion  

Three exothermal effects are observed in the DSC ex-
periment of the Al-Cu-Mg-Ag alloy after the treatment of 
solution and quenching in cold water. The effect peak at ap-
proximately 171°C may primarily be attributed to a struc-
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tural rearrangement of coherent zones, the effect peak at ap-
proximately 231°C is attributed to the precipitation of the Ω 
phase, and the effect peak at approximately 276°C is attrib-
uted to the precipitation of the Ω and θ′ phases and possible 
combination with the reaction of θ′→θ. 
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