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Abstract: The microstructure and its effects on the high temperature mechanical behavior of Cu−2.7%Al2O3 (volume fraction) 
dispersion strengthened copper (ADSC) alloy were investigated. The results indicate that fine alumina particles are uniformly 
distributed in the copper matrix, while a few coarse ones are distributed on the grain boundaries. Tensile tests results show that 
Hall-Petch mechanism is the main contribution to the yield strength of ADSC alloy at room temperature. Its high temperature 
strength is attributed to the strong pinning effects of alumina particles on the grain and sub-grain boundaries with dislocations. The 
ultimate tensile strength can reach 237 MPa and the corresponding yield strength reaches 226 MPa at 700 °C. Tensile fracture 
morphology indicates that the ADSC alloy shows brittleness at elevated temperatures. Creep tests results demonstrate that the steady 
state creep rates at 400 °C are lower than those at 700 °C. The stress exponents at 400 °C and 700 °C are 7 and 5, respectively, and 
the creep strain rates of the ADSC alloy are controlled by dislocation core diffusion and lattice diffusion. 
Key words: copper alloys; alumina dispersion strengthened alloy; high temperature mechanical behavior; creep behavior; fracture; 
strengthening mechanism 
                                                                                                             
 
 
1 Introduction 
 

Alumina dispersion strengthened copper (ADSC) 
alloys have attached wide attention due to their high 
strength and excellent creep properties at elevated 
temperatures. Reinforced alumina particles are finely 
dispersed in the copper matrix. They do not dissolve or 
coarsen even when the temperature is up to the melting 
point of copper. This can effectively hinder the motion of 
dislocations and sliding of grain boundary and extend the 
using temperature range of the copper alloy [1]. 
Therefore, ADSC alloys have been widely used in many 
fields such as contacts, lead wires, vacuum technique 
parts and electrical conductors employed at high 
temperatures [2,3]. Many investigations have been done 
to characterize ADSC alloys, which were mainly 
concentrated on the preparation methods and 
recrystallization behaviors [4−6]. However, the 
microstructure and its effects on the mechanical 

properties of ADSC alloy are still not clear. SONG et   
al [7] studied the influence of annealing treatment on 
properties and structures, They found that both high cold 
work deformation degree and high alumina content lead 
to high hardness of ADSC alloy under annealing 
treatment. TIAN et al [8] investigated the high- 
temperature tensile properties and fracture of Cu− 
0.5%Al2O3 composite. The results showed that Al2O3 

particles could limit the nuclei formation of 
recrystallization process at elevated temperature. But the 
effect of fine-grain strengthening was not taken into 
consideration. GUO et al [9,10] studied the cold rolling 
effects on properties, microstructures, tensile fracture and 
found that the mechanical properties of the material were 
related to its anisotropy. The high temperature tensile 
properties and creep behaviors of ADSC alloy are very 
important in many application areas. Nonetheless, few 
researches have been performed on it so far. 
KUCHAŘOVÁ et al [11] discussed the creep behaviors 
of Cu−1.5%Al2O3 alloy in two distinctly different 
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temperature intervals, and the results showed that creep 
mechanism was sensitive to the temperature. 
Nevertheless, the effect of microstructure on creep 
properties was ignored in that situation. The nano- 
indentation creep of ultrafine-grained Al2O3 particle 
reinforced copper composites was also investigated by 
SONG et al [12], and the stress exponent determined by 
nano-indentation creep was much larger than that 
determined by traditional uniaxial tensile or compressive 
creep. 

In order to broaden the temperature range of 
applications, both tensile and creep properties of ADSC 
with high content of nano-scale alumina at elevated 
temperatures were investigated in this work. In situ 
X-ray diffraction (XRD) analysis was performed to 
determine the structure transformation of alumina during 
heating. Steady state creep behaviors were studied at  
400 °C and 700 °C to figure out the creep mechanism. 
Tensile fracture and distribution of alumina particles in 
the matrix were examined. 
 
2 Experimental 
 

The experimental ADSC alloy was produced by 
internal oxidation, and the fabrication procedure was as 
follows: Cu−0.6%Al (mass fraction) alloy induction 
melting → nitrogen atomization → mixing of Cu−Al 
alloy and oxidant → internal oxidation at 1000 °C for        
1 h → hydrogen reduction at 900 °C for 1 h → vacuum 
hot-pressing (950 °C for 3 h, under a pressure of 27 MPa 
and vacuum of 1.33×10−2 Pa) → packaging the billet 
with pure copper → hot-extrusion at 930 °C into bars 
(extrusion ratio 20:1). The extruded bars were annealed 
at 900 °C for 1 h in the argon atmosphere to eliminate 
internal stress and homogenize the microstructure. 

The specimens with the size of 5 mm in diameter 
and 25 mm in length were machined from the annealed 
bars for tensile and creep experiments. Tensile and creep 
tests were conducted on a computer-controlled universal 
WSM−200kN testing machine. The temperature 
fluctuations were controlled within ±0.5 °C. The loading 
direction was parallel to the extrusion direction. After 
chemical etching in solution containing 5 g FeCl3, 25 mL 
HCl and 200 mL C2H5OH, metallographic observation 
was operated using a Leica EC3 optical microscope. 
Microstructures observation was carried out on a 
JEM−2100F transmission electron microscope (TEM) 
with operation voltage of 200 kV. In situ XRD 
experiments were carried out on a Rigaku D/max 
diffractometer using Cu Kα radiation by heating the 
sample successively from 25 to 800, 900, 1000 and   
1100 °C respectively. The scanning speed was 2 (°)/min 
with a range of 20°−80°. Tensile fracture morphology 
observations were performed on a Sirion 200 scanning 

electron microscope (SEM). 
 
3 Results and discussion 
 
3.1 Microstructure 

Figure 1 shows the microstructures of the annealed 
ADSC alloy. Perpendicular to the extrusion direction of 
the sample, the microstructure exhibits fine grains    
(Fig. 1(a)). Grains are elongated along with the extrusion 
direction and fiber-like tissues are formed (Fig. 1(b)). 
 

 
Fig. 1 Optical micrographs of annealed ADSC alloy:        
(a) Perpendicular to extrusion direction; (b) Parallel to 
extrusion direction 
 

Figure 2 shows the TEM images of the annealed 
ADSC alloy. Alumina particles with size of about 25 nm 
are distributed in the matrix grain evenly (Fig. 2(a)). A 
few coarse alumina particles with size of about 80 nm 
are presented on the grain boundaries (Fig. 2(c)). The 
indexation of selected-area electron diffraction (SAED) 
pattern of fine alumina particles indicates that they are 
γ-Al2O3 phase (Fig. 2(b)). The grain size of the fine 
grains varies from 0.2 to 0.5 μm (Fig. 2(d)). 

 
3.2 XRD analysis 

In order to investigate phase transition temperature 
of Al2O3 particles, the Al2O3 particles were extracted by 
dissolving ADSC specimen in 30% (volume fraction) 
HNO3 solution. XRD patterns of the extracted alumina 
particles from annealed ADSC alloy at different 
temperatures are shown in Fig. 3. When the testing 
temperature is below 1000 °C, the structures of alumina  
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Fig. 2 TEM images of annealed ADSC alloy: (a) Bright-field micrograph; (b) SEAD pattern; (c) Coarse particles on grain boundaries; 
(d) Bright-field micrograph 
 

 
Fig. 3 XRD patterns of extracted alumina particles from ADSC 
alloy after being heated at different testing temperatures for 1 h: 
(a) 25 °C; (b) 800 °C; (c) 900 °C; (d) 1000 °C; (e) 1100 °C;   
(f) 1200 °C 
 
are α, γ and θ, and no transformation among the different 
kinds of alumina phase occurs. While γ- and θ-Al2O3 
phases are transformed into α-Al2O3 as the temperature is 
high than 1000 °C. When heated up to 1200 °C, there is 
only α-Al2O3 phase. 
 
3.3  Mechanical properties 

Figure 4 shows the tensile test results of ADSC 
alloy at different temperatures, the ultimate tensile 
strength (UTS) and yield strength (YS) of ADSC alloy 
are listed in Table 1. The ultimate tensile strength  

 
Fig. 4 UTS and YS of ADSC alloy tested at different testing 
temperatures (UTS and YS of copper and Cu−0.5%Al2O3 are 
from Ref. [8]) 
 
decreases with the increase of testing temperature. The 
tensile strength tested at 700 °C is 237 MPa, while that 
tested at 25 °C is 563 MPa. 

As shown in Fig. 4, the UTS and YS of ADSC alloy 
decrease with the increase of temperature, while the ratio 
of YS to UTS increases with the temperature increasing 
(Table 1). This might be related to the effect of alumina 
particles. As pointed out by TIAN et al [8], the main 
contributions of alumina particles to the elevated 
temperature strength are the strong pinning effects on the 
grain boundaries and sub-grain boundaries with high 
density dislocations. 
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Table 1 Ultimate tensile strength and yield strength of ADSC 
alloy tested at different testing temperatures 

Testing 
temperature/°C YS/MPa UTS/MPa YS/UTS

25 502 563 0.89 

400 343 367 0.93 

550 287 296 0.97 

700 226 237 0.95 

 
3.4 Creep behaviors 

Creep curves of ADSC alloy the annealed at 400 °C 
and 700 °C under different stresses are shown in Fig. 5. 
It takes longer time to approach the steady state creep 
stage as tested at 400 °C with given applied stresses 
compared with these tested at 700 °C. At the same time, 
the steady state creep rates at 400 °C are also slower than 
those at 700 °C. Because dislocation movement occurs 
more easily by thermal activation at elevated temperature. 
ADSC alloy possesses better creep resistance at 400 °C.  
All the creep data under different testing conditions are 
summarized in Table 2. 
 

 

Fig. 5 Creep curves of ADSC alloy tested at 400 °C (a) and  

700 °C (b) with different stresses 

Table 2 Steady state creep rates ε&  of ADSC alloy measured at 
different temperatures and applied stresses σ 

400 °C  700 °C 

σ/MPa ε& /s−1  σ/MPa ε& /s−1 

118 5.2×10−9  49.6 3.6×10−7 

146 7.6×10−8  59.8 1.1×10−6 

167 4.2×10−7 ` 68.8 3.2×10−6 

 
The power-law relationship for above creep curves 

is as follows [13]: 
 

σε lglglg nA+=&                             (1) 
 
where ε&  is the steady state creep rate, n is the stress 
exponent, σ is the applied stress and A is a constant. 
According to Eq. (1), the steady state creep rates and the 
applied stresses are depicted with a double-logarithmic 
relationship (Fig. 6). The steady state creep rates in 
ADSC alloy at both temperatures are much lower than 
those in pure copper. The creep strain rate is controlled 
by dislocation core diffusion in ADSC copper and the 
stress exponent n is close to 7 as tested at 400 °C; while 
the creep strain rate is controlled by lattice diffusion and 
the corresponding stress exponent is about 5 when tested 
at 700 °C. The results are similar with those reported by 
KUCHAŘOVÁ et al [11]. 
 

  
Fig. 6 Relationship between steady state creep rates ε&  and 
applied stresses σ for ADSC alloy tested at 400 °C and 700 °C 
compared with that of pure copper [14] 
 
3.5 Tensile fracture 

The tensile fracture mode of ADSC alloy at room 
temperature is observed and shown in Fig. 7. The 
dimples are predominant with a few transcrystalline 
fracture. A few particles with size of about 80 nm 
situated in the dimples (marked by arrow), which are the 
internal oxidized alumina particles and result in the 
nucleation of micro-crack due to incoherence plastic 
deformation. 
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Tensile fractures of ADSC alloy at different 
temperatures are shown in Fig. 8. In the tensile 
fractograph of the alloy tested at 25 °C, the undeveloped 
dimples on the fracture surface can be observed, which 
indicates that stress concentration presents here and 
eventually results in the fracture of material (Fig. 8(a)). 
The morphology at 400 °C is flatter than that at 25 °C 
(Fig. 8(b)), and more developed dimples appear on the 
fracture surface. For the synergistic deformation between 
the alumina particles and the matrix, more heavy stress 
concentration presents before the final fracture. 
Meanwhile, thermal activation results in stress relaxation 
around the interfaces between alumina and copper. The 

reinforced alumina particles become the source of cracks 
and final fracture occurs there. When the alloy is tested 
at 550 °C, the binding strength between alumina particles 
and the matrix copper decreases rapidly with the 
increasing temperature before the failure of the alloy, and 
the proportion of transcrystalline fracture increases     
(Fig. 8(c)). The proportion of transcrystalline fraction 
further increases when tested at 700 °C (Fig. 8(d)), and 
inhomogeneous plastic deformation occurs in the whole 
composite matrix. 

 
3.6 Strengthening mechanism 

The high strength of ADSC alloy is due to grain 
 

 
 
Fig. 7 Tensile fracture morphology of ADSC alloy tested at 25 °C (a) and EDS spectrum of particle marked by arrow in Fig. 7 (b) 
 

 
 
Fig. 8 Tensile fractograhs of ADSC alloy tested at different temperatures: (a) 25 °C; (b) 400 °C; (c) 550 °C; (d) 700 °C 
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boundary strengthening and the interaction of moving 
dislocation and dispersively distributed alumina particles 
when tested at low temperatures (＜400 °C). However, 
both grain refining strengthening and grain boundary 
strengthening would decrease with increasing the testing 
temperature. Diffusion can easily take place through the 
grain boundaries for the irregular arrangement of atoms 
on them. Thus, the grain boundary strengthening 
decreases rapidly and the sliding of grain boundary 
occurs. Meanwhile, inhomogeneous deformation occurs 
between the alumina particles and the matrix copper, 
which would cause stress concentration. At room 
temperature, the strengthening effects of dispersion 
strengthened alloys are mainly related to the alumina 
particles and the grain size. According to HOLZWARTH 
and STAMM [15], the increment of critical resolved 
shear stress (Δτ0) produced by the interaction of moving 
dislocation and dispersion distributed alumina particles is 
as follows: 
 

bL
T284.00 =Δτ                               (2) 

 
where T is the line tension of the dislocation line. For the 
residual concentration of aluminum solid solution atoms 
is very low, the line tension values are those of pure 
copper. The values are different for edge and screw 
dislocations with 1.0×10−9 N and 2.5×10−9 N, 
respectively [16]. b is the modulus of its Burgers vector, 
and L is the mean interparticle spacing of dispersion 
distributed alumina particles decided by the volume 
fraction f and average radius r. So, Δτ0 could be 
expressed as [8] 
 

br
Tf 2/1

0 16.1Δ =τ                                                            (3) 

 
The average radius of alumina particles r is 12.5 nm 

(Fig. 2(a)), the volume fraction f is 2.7% and b is 
2.56×10−10 m for unit dislocation in copper matrix [17]. 
The increments of the critical resolved shear stress of 
Δτ0=60 MPa for edge dislocations and 150 MPa for 
screw dislocations are obtained, which are about 12% 
and 30% of the composite’s yield strength. In other 
words, the alumina particles maintain the strength of 
ADSC alloy to some extent. Dislocations require greater 
stress to overcome obstacles and move forward. So, the 
strength of ADSC is higher than that of pure copper. 
Furthermore, according to the Hall-Petch equation: 
 

2/1
a0YS
−+= kdσσ                             (4) 

 
where σ0=40 MPa is the total resistance of the dislocation 
motion in single crystals of copper, and k=0.19 MPa·m1/2 

[18], da is the average grain size of the composite. The 
grains are usually grown abnormally at elevated 
temperatures for ADSC alloy, but the results show that 
fine grains are stable at high temperatures due to the 
grain boundary pinning effect of alumina particles [19]. 
According to ZHAO et al [20], da could be calculated by 
the following equation: 
 

1
fc

1
cc

1
a )1( −−− ×−+×= dfdfd                    (5) 

 
where df=0.3 μm is the average grain size of the fine 
grained region from the typical image shown in Fig. 2, 
dc=4 μm is the average grain size of the coarse grained 
region and fc=0.5 is the area fraction of the coarse 
grained region (from Fig. 1(a)). The contribution of grain 
boundary strengthening to the yield strength σYS is 
calculated to be 294 MPa according to Eqs. (4) and (5), 
which is more than half of the composite’s yield strength. 
In sum, the overall strengthening effect of the interaction 
of moving dislocation and dispersively distributed 
alumina particles and Hall-Petch mechanism can reach 
354 MPa (edge dislocations) and 444 MPa (screw 
dislocations), which are about 70% and 88% of the 
composite’s yield strength. It can be concluded that the 
above two mechanisms are the main contributions to the 
yield strength of ADSC alloy at room temperature. 
Moreover, the screw dislocations in ADSC alloy should 
be dominated, because the calculated yield strength using 
screw dislocation mode is more close to the experimental 
results. The rest might be attributed to some coarse 
alumina particles and other strengthening mechanisms 
such as strengthening effect of enhanced dislocation 
density due to the residual plastic strain caused by 
thermal expansion mismatch between the matrix and 
reinforcement particles and between processing and 
testing temperatures [21]. 
 
4 Conclusions 
 

1) Fine alumina particles distribute homogeneously 
within the matrix grain. A few coarse alumina particles 
are merely presented on the boundaries. α, γ and θ 
alumina particles coexist in ADSC alloy as the 
temperature is lower than 1000 °C. Phase transition 
among these alumina particles only occurs above   
1000 °C. 

2) Tensile cracks generate around the alumina 
particles because of the inconsistency between alumina 
particles and matrix during deformation. Furthermore, 
the plasticity of ADSC alloy decreases at elevated 
temperatures. 

3) Due to the existence of alumina particles, the 
effect of strengthening of ADSC alloy is rather dramatic 
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compared with the pure copper. By analyzing the steady 
state creep, the stress exponent is close to 5 at 700 °C 
and is close to 7 at 400 °C for the ADSC alloy. 
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高浓度氧化铝弥散强化铜合金的高温力学行为 
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摘  要：研究 Cu−2.7%Al2O3 弥散强化铜合金的微观组织及其高温力学行为。结果表明：细小的 Al2O3 粒子均匀

分布在铜基体当中，部分粗大的 Al2O3 粒子分布在晶界上。拉伸试验表明 Hall-Petch 机制是影响氧化铝弥散强化

铜合金室温屈服强度的主要因素，其高温强度主要由于 Al2O3粒子对晶界和亚晶界与位错的强烈钉扎作用。合金

在 700 °C下的抗拉强度和屈服强度分别达到 237 MPa和 226 MPa。拉伸断口表明弥散强化铜合金显示出高温脆性。

蠕变测试表明 400 °C 下的稳态蠕变速率比 700 °C 下的稳态蠕变速率小很多，其 400 °C 和 700 °C 的蠕变应力指数

分别为 7 和 5，蠕变机制为位错核心扩散型和晶格扩散型蠕变。 

关键词：铜合金；氧化铝弥散强化合金；高温力学行为；蠕变行为；断口；强化机制          (Edited by Yun-bin HE) 


