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Abstract: The microstructure evolution and phase transformation of Cu−20Ni−20Mn (mass fraction, %) alloy at 450 °C were 
investigated by X-ray diffraction and transmission electron microscopy (TEM). The variations of tensile strength, yield strength and 
hardness of this alloy during aging process were also analyzed. The results show that no significant variations of hardness and 
strength in the initial stage of aging, with a long incubation period, are observed at 450 °C. Subsequently, the ordered face-centered 
tetragonal (FCT) NiMn phase nucleates and grows up with prolonging the aging time. The hardness and tensile strength of the alloy 
increase up to their maximum values with increasing the ordered particle size, i.e., the strength of the alloy reaches 942 MPa after 
being aged at 450 °C for 40 h. The main cause of the age-hardening is considered to be precipitation strengthening due to the ordered 
FCT-NiMn particles. 
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1 Introduction 
 

Cu−Ni−Mn alloy has been widely used due to its 
high strength, high elasticity and good resistance to stress 
relaxation [1]. However, there is very limited 
understanding on the microstructural evolution in the 
aging process for Cu−Ni−Mn alloys. A new phase is 
precipitated in the grains and at the grain boundaries [2] 
when Cu−Ni−Mn alloy precipitation is hardened. 
RONDOT and MIGNOT [3] considered that high 
hardness of Cu−20Ni−20Mn alloy was achieved because 
of the development of FCT phase that grew rich in 
Ni−Mn, on the basis of the separation method of X-ray 
diffraction. Many researchers have investigated the phase 
diagram of the Cu−Ni−Mn system in very long     
time [4−9]. SUN et al [5] established a thermodynamic 
model for the Cu−Ni−Mn system. According to the 
thermodynamic model, Cu−20Ni−20Mn alloy consists of 
a θ-MnNi phase with ordered L10 structure and 
γ(Cu,Ni,Mn) with FCC structure in the temperature range 
of 300−500 °C. PAN [10] and SHAPIRO et al [11] 
found that the spinodal decomposition could take place 
during aging at 450 °C, the periodic structure appeared in 

initial stage of the aging process, and coarsening of the 
periodic structure and its degeneration into the discrete 
ordered precipitates were obtained with continuing aging 
at this temperature. Nevertheless, the evidences of the 
spinodal decomposition process in the early stage of 
aging process are quite limited. The phase transformation 
of Cu−20Ni−20Mn (mass fraction, %) alloy during aging 
process is very complex. Thus, it is necessary to perform 
more detailed studies on the microstructure evolution of 
aging process. In this study, tensile test and hardness 
measurement, as well as X-ray diffraction and 
transmission electron microscopy, were used to 
investigate the mechanical properties and microstructural 
evolution of Cu−20Ni−20Mn alloy during aging process. 
The precipitation transformation during aging process 
and strengthening mechanism of Cu−20Ni− 20Mn alloy 
were also discussed. 
 
2 Experimental 
 

Cu−20Ni−20Mn alloy was prepared by melting 
pure metals of Cu, Ni and Mn in a vacuum induction 
melting furnace. The ingot was subsequently hot-forged 
at 850 °C into a rod with a diameter of 30 mm, and then 
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hot-rolled at 850 °C into sheets with 3 mm in thickness. 
The hot-rolled plate was cold-rolled into a sheet with  
0.3 mm in thickness, and solution-annealed at 800 °C for 
30 min followed by rapid water quenching. The sheet 
samples after quenching were aged at 450 °C for 
appropriate time. The aged samples were followed by 
tensile test and hardness measurements. Vickers hardness 
(at load of 0.5 kg) of these samples aged at 450 °C for 
different time was measured by a 430SVD Vickers 
hardness tester. Flat tensile samples with a gauge length 
of 50 mm, were machined from the solution-treated 
sheets and those aged for 3, 10, 16, 30 and 40 h at    
450 °C and tested for tensile properties according to the 
GB/T 228.1−2010 standard. 

The specimens for X-ray diffraction experiments, 
with dimensions of 15 mm × 25 mm ×0.3 mm, were 
ground to 2000 grade waterproof abrasive paper. The 
experiments were carried out using a D8 Advance X-ray 
diffractometer of Bruker with Kα diffraction rays of Cu 
target at an accelerating voltage of 40 kV, current of   
40 mA and step-scanning rate of 40 min−1. The direction 
of X-ray was perpendicular to the rolling plane. 

Thin foil samples for TEM observation were 
prepared from sheet materials. Sheet samples were 
mechanically polished to 50−60 μm. Discs of 3 mm in 
diameter punched out from the samples were 
electropolished using a twin-jet electropolisher, using a 
solution of 8% perchloric acid and 92% ethanol (volume 
fraction) at −30 °C and 50 V. The microstructures of the 
foil samples were observed using a JEM 2100F TEM 
with an operation voltage of 200 kV. 
 
3 Results and discussion 
 
3.1 Material properties 

The hardness of the solution-treated Cu−20Ni− 
20Mn alloy aged at 450 °C is shown in Fig. 1. There is  
a long incubation period at 450 °C, during which no 
appreciable change in hardness is observed. Once age 
 

 
Fig. 1 Hardness of Cu−20Ni−20Mn alloys at aging temperature 
of 450 °C 

hardening is initiated, the increase of hardness is quite 
rapid when the aging time exceeds more than 10 h. The 
amplification of the hardness decreases gradually with 
increasing time, whereas the hardness does not attain the 
peak value at 450 °C even after aging for 44 h. 

The effect of aging time on yield strength, ultimate 
tensile strength and elongation of Cu−20Ni−20Mn alloy 
aged at 450 °C is shown in Fig. 2. As can be seen from 
the curves, there are no appreciable changes in yield 
strength and ultimate tensile strength in the initial period 
of aging. However, the yield strength and ultimate tensile 
strength increase gradually with prolonging the aging 
time. The yield strength is raised from 177 to  856 MPa 
and tensile strength from 409 to 942 MPa with increasing 
aging time from 0 to 40 h. The elongation, however, 
decreases from 35% in solution-treated condition, to 
1.4% when aging at 450 °C for 40 h. The variation in 
strength and elongation of the alloy is due to the 
microstructure evolution or precipitation during the 
aging process of the alloy, which will be discussed in the 
following section. 
 

 
Fig. 2 Strength and elongation of Cu−20Ni−20Mn alloys at 
aging temperature of 450 °C 
 
3.2 XRD analysis 

The XRD patterns of Cu−20Ni−20Mn alloy aged at 
450 °C for different time and solution-treated at 800 °C 
for 0.5 h are shown in Fig. 3. The diffraction patters in 
2θ ranges of 48°−53° and 70°−78° are respectively 
magnified in Figs. 3(b) and (c) to reveal the phase 
transformation during the aging process. It is found that 
the (200) and (220) peaks of solid solution are gradually 
widened with prolonging the aging time, and the peaks 
of ordered FCT phase appear in the vicinity of matrix 
peak after a long incubation period. The (200)NiMn and 
(002)NiMn peaks can be obtained because the appearance 
of the ordered NiMn phase with FCT symmetry, and the 
two peaks on both sides of the (200)Cu indicate that the 
lattice parameters of the copper matrix and ordered  
phase by Bragg equation are very close, which is in good 
agreement with the analysis of TEM. 
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Fig. 3 XRD patterns of Cu−20Ni−20Mn alloy aged at 450 °C 
for different time and solution-treated at 800 °C for 0.5 h in 
different 2θ ranges: (a) 10°−80°; (b) 48°−53°; (c) 70°−78° 
 
3.3 Microstructure 

The TEM image and the corresponding selected 
area electron diffraction (SAED) patterns of specimen 
aged at 450 °C for 3 h are shown in Fig. 4. A few 
dislocations without spinodal structures are observed in 
the matrix, as shown in Fig. 4(a), which is supported by 
the diffraction pattern in Fig. 4(b). The pattern is a 
typical face-centered cubic (FCC) pattern for a foil 
normal of [011]FCC. 

Figure 5 shows the TEM and the corresponding 
selected area electron diffraction patterns of specimen 
aged at 450 °C for 16 h. The intragranular structure is 
significantly different from that in Fig. 4(a). A large 
number of finely dispersive distributed particles are 
shown in Fig. 5(a), and the images of the particles 
resemble butterflies or coffee beans with a line in the 
center of no contrast. The micrograph indicates that 
particle geometry is approximately spherical, which is 
coherent with the matrix [12]. Furthermore, lattice-strain 
effects around larger precipitates appearing as rings 
without a line of no contrast can be observed in Fig. 5(a). 
Besides the matrix spots, there are some weak spots 
appearing in the SAED pattern from Fig. 5(b). It should 
be noted that this intensity is hardly visible in the 
electron microscope and that it can only be recorded by 
overexposing the SAED pattern, as seen from the size of 
the basic reflections. The new weak spots reveal that the 
ordered phase is present, and the precipitate particles 
may belong to L10 structure. Compared with the 
specimens aged at 450 °C for 3 h, the hardness and 
strength of the alloy aged for 16 h increase significantly 
due to the appearance of the precipitate particles. 
 

 
 
Fig. 4 TEM image (a) and [011]FCC SAED pattern (b) of 
Cu−20Ni−20Mn alloy aged at 450 °C for 3 h 
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Fig. 5 TEM image (a) and [001]FCC SAED pattern (b) of 
Cu−20Ni−20Mn alloy aged at 450 °C for 16 h 
 

The bright filed TEM image and the corresponding 
SAED pattern of specimen aged for 30 h are shown in 
Fig. 6. With further aging to 30 h, the line of no contrast 
does not appear in the micrograph (Fig. 6(a)), and 
discrete precipitate particles have grown to a sufficient 
size such that coherency strains are evident, as shown in 
Fig. 6(b). A typical face-centered cubic pattern for a foil 
normal of [001]FCC, with the diffuse spots, is sharpened 
and extra intensities become visible. Again, the presence 
of the ordered phase is indicated by the (001)NiMn 
reflection. Contrast to the SAED pattern after being aged 
for 16 h, the spots at intermediate position such as (110) 
spot are extinct. It is further confirmed that the ordered 
phase is L10 structure with FCT symmetry. Different 
zone axes correspond different SAED patterns for 
ordered L10 single crystals, For example, the (110) spot 
appears and (100) spot vanishes in the [001]L10

 pattern. 
Therefore, the SAED pattern mainly consists of [001]FCC 
pattern, [100]L10

 pattern and [010]L10
 pattern. The 

intensity of the spots at L10 (110) position is too weak to 
be observed since the quantity of ordered phase [001]L10

 
pattern on the specific orientation is too small. The 
orientation relationship between the copper matrix and 
the ordered MiMn phase (L10 phase) is: (020)Cu// 

(001)NiMn and [001]Cu//[010]NiMn. Combined with the 
thermodynamic model in Cu−Ni−Mn alloy [5], the 
precipitation is the ordered NiMn phase with FCT 
structure. 
 

 
Fig. 6 TEM image (a) and [001]FCC SAED pattern (b) of 
Cu−20Ni−20Mn alloy aged at 450 °C for 30 h 
 

The hardness and strength properties of the alloys 
are greatly influenced by the microstructural changes that 
take place during the aging treatments [13−16]. A long 
incubation time prior to general precipitation is observed 
in aged samples. The microstructure of Cu−Ni−Mn alloy 
aged at 450 °C for 3 h has no significant change, 
corresponding to the hardness and strength, of which 
spinodal decomposition structure cannot be observed. 
The spinodal decomposition can take place by uphill 
diffusion instead of nucleation and growth, and the 
transformation rate of spinodal decomposition is very 
high [17]. Therefore, the spinodal decomposition may 
not occur during aging process at 450 °C. The main 
precipitation mechanism of the alloy aged at 450 °C 
could be nucleation and growth, indicated by the discrete 
nucleation sites and ordered NiMn phases observed by 
TEM in Cu−Ni−Mn alloy aged for 16 h. The average 
size of particles without a line of no contrast aged at  
450 °C for 16 h is about 19 nm, which is larger than the 
real average size of precipitate because the sizes of 
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particles with a line of no contrast cannot be measured. 
The average size of particles aged for 30 h statistically 
measured by TEM is about 25 nm, indicating that the 
precipitates are coarsened with prolonging aging time. 
And the tensile strength and hardness are evidently 
improved because the sizes of the coherent FCT-NiMn 
phases are large. This indicates that the strength is 
mainly affected by the precipitation of the ordered 
coherent NiMn phase. 
 
4 Conclusions 
 

1) The Cu−20Ni−20Mn alloy is a precipitation 
hardening alloy. The dominating precipitation process of 
the alloy aged at 450 °C can nucleate and grow, and no 
spinodal decomposition structure is observed in the 
initial stage of aging. 

2) There is a long incubation period of nucleation, 
growth and coarsening for Cu−20Ni−20Mn alloy at the 
initial 10 h and its mechanical properties do not change 
obviously. Subsequently, the tensile strength, yield 
strength and hardness rapidly increase, the maximum 
yield strength and tensile strength can reach 856 MPa 
and 942 MPa for the alloy aged at 450 °C for 40 h, 
respectively. 

3) Precipitate phase is the ordered NiMn phase with 
L10 type FCT structure maintaining coherent with the 
matrix. And the ordered phase has an orientation 
relationship with the matrix: (020)Cu//(001)NiMn and 
[001]Cu//[010]NiMn. 
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摘  要：通过 X 射线衍射(XRD)和透射电镜(TEM)研究 Cu−20Ni−20Mn 合金在 450 °C 时效过程中的显微组织及相

转变，并对时效后合金的抗拉强度、屈服强度和硬度进行分析。结果表明，时效开始阶段存在一个很长的孕育期，

此时合金的强度和硬度没有明显变化。随着时效时间的延长，有序的面心四方结构 (FCT) NiMn 相在晶粒中形核

并长大。随着有序 FCT 结构相尺寸的增加，合金硬度和强度提高并达到极大值。在 450 °C 时效 40 h 后合金强度

达到 942 MPa。由有序 FCT 结构 NiMn 相所产生的沉淀强化是合金主要的时效强化因素。 
关键词：Cu−Ni−Mn 合金；显微组织；力学性能；有序相 
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