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Abstract  

This paper presents the study of microstructural changes and microhardness of the martensitic β' 

phase during aging of the nickel-aluminum bronze (NAB) with the nominal composition CuAl9Ni3Fe3. 

After casting, the alloy was annealed at 900˚C for 2 h followed by a rapid cooling in cold water. The 

quenched samples were aged at 350°C and 450°C for 10 min, 60 min, 180 min, and 600 min. After each 

stage of heat treatment, the microhardness values of the martensitic β' phase were studies, and the 

microstructure was analyzed using the SEM microscopy with the EDS. The microhardness of β' 

martensite increased during the aging due to the precipitation of the nano κ phase rich in nickel.  

Keywords: NAB, aging, microstructure, martensite  

1. INTRODUCTION 

The NABs are the copper-based alloys with the addition of aluminum, nickel, and iron 

which have a good combination of properties such as the high strength, toughness, wear, 

and corrosion properties, as well as good castability, machinability, and weldability [1]. 

Their properties can be modified further using the heat treatments that influence the 

complex multiphase microstructures [2]. Depending on the chemical compositions, the 

NABs usually possess the complex microstructures consisting of α and retained β solid 

solutions with intermetallic κ phases different in shape and composition [3]. These κ 

phases are: κi, κii, κiii, and κiv. Some authors confirmed the κv phase. The κi, κii, and κiv 

phases are rich in Fe, based on the Fe3Al intermetallic, whereas κiii and κv are rich in Ni, 

based on NiAl [4,5]. The morphology and contribution of these κ phases are dependent 

on the content of alloying elements and the cooling rate during production, as well as the 

applied heat treatments [6,7]. Quenching from high temperatures leads to occurrence a 

brittle and hard martensitic structure of the β' phase. Additionally, aging can be used to 

produce an adequate microstructure with the desired combination of mechanical and 

corrosion properties [8,9]. Some research groups have studied the precipitation 

hardening due to the evaluation of k phases during different heat treatments which 

contributed to the increment of mechanical properties of NABs [10-13]. The purpose of 

this paper is to study the changes in the β' phase of the low-alloyed NABs during the 
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low-temperature aging concerning microhardness, chemical composition, and 

morphology of this martensitic structure. 

2. EXPERIMENTAL  

After measuring the calculated amount of copper and alloying elements (aluminum, 

nickel, and iron), they were melted in a flame pot furnace with a silicon carbide pot. The 

melt was cast in a sand-clay mold. The obtained ingot with the nominal composition 

CuAl9Ni3Fe3 (in wt.%) was cut into samples, dimensions of 43 mm x 15 mm x 6 mm, 

which were subjected to further heat treatments. The cutting was done using the 

"Mesotom - Struers" device. Samples were the solid solution annealed using a "T 

40/600" tube furnace in a reducing hydrogen atmosphere at 900°C for 2 h. After 

annealing, samples were quenched in cold water. The quenched samples were aged in an 

electro-resistant furnace "Heraeus K 1150/2", without a protective atmosphere at two 

different temperatures: 350°C and 450°C for 10 min, 60 min, 180 min, and 600 min. The 

microhardness of the martensitic phase was measured on the "PMT 3" device, at a load 

of 100 gf. Microstructural changes were analyzed using a scanning electron microscopy 

(SEM) on a "Tescan Vega 3LMU" microscope. For this purpose, the grinding, polishing, 

and etching with an alcoholic solution of ferric chloride were performed. The energy-

dispersive spectrometer (EDS) "Oxford Instruments X-act" was used for the qualitative 

and quantitative chemical analyses of the martensitic phase. 

3. RESULTS AND DISCUSSION 

Figure 1 shows the microstructure of CuAl9Ni3Fe3 alloy after quenching (Figure 

1a) and aging at 350°C and 450°C (Figures 1b and 1c, respectively), as well as the 

chemical composition of the existing phases obtained by the EDS. After quenching from 

900°C, the high-temperature β phase was transformed into β' martensite. No eutectoid 

with the κIII phase is observed, which follows the literature, because the κIII phase 

dissolved at 800oC, and at 850oC the fine precipitates of the κIV phase also dissolved in 

the α solid solution [14]. Thus, after quenching, the α and β' phases and large spherical 

precipitates of the κI and κII phases are present in the microstructure. The β' phase 

(spectrum 1 in Figure 1a) has a higher Al content compared to the α phase (spectrum 2). 

Large spherical particles (spectrum 3) indicate the iron-rich phases, i.e., the κI or κII 

phases, which after quenching have the same morphology and do not differ. 

After aging, the bright α phase and needles of β' martensite with the spherically 

shaped κ phases are still observed (Figures 1b and 1c). Based on the literature data, β' 

martensite does not transform into the α phase until above 550°C [15,16]. It is noted that 

the aluminum content in β' martensite is still higher compared to the α solid solution. 

Compared to the quenched state during aging, β' martensite is continuously enriched in 

Al and Ni, which is a confirmation that within β' martensite the intermetallic rich in Ni 

precipitated [17].  
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S Al Si Fe Ni Cu 

1 - β' 16.61  3.38 4.76 75.25 

2 - α 12.09  3.37 4.28 80.26 

3 - κ 10.71 5.41 64.50 4.92 14.45 

 

S Al Fe Ni Cu 

1 - β' 17.43 3.82 6.62 72.14 

2 - α 13.55 4.46  82.00 

a) b) 

 

  

S Al Fe Ni Cu 

1 - β' 18.24 2.64 7.17 71.95 

2 - α 13.92 4.27  81.81 

c) 

 

 

Figure 1. Microstructure of CuAl9Ni3Fe3 alloy after a) quenching from 900°C; b) quenching 

from 900°C and aging at 350°C; c) quenching from 900°C and aging at 450°C 

 

Figure2 shows changes in the microhardness values of the martensitic β' phase 

during the aging at two temperatures - 350oC and 450oC. 
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Figure 2. Microhardness of the martensitic β' phase 

during the aging at 350oC and 450oC 

Figure 3. Nano κ phase rich in Ni within 

β' martensite after aging 

 

It can be seen that the microhardness of the β' phase of the CuAl9Ni3Fe3 alloy 

during aging at 350°C increases with increasing aging time due to the precipitation of the 

hard intermetallic phase rich in Ni within β' martensite. The nano κ phase within β' 

martensite, appeared after aging, was shown in Figure 3. This phase is a barrier for 

moving the crystal imperfections, resulting in a hardening of this type of alloy [17]. The 

NiAl precipitates after heat treatment were designated as the κV phase in some literature 

[18]. But this phase has the same composition and crystal structure as the κIII phase; 

some authors do not consider it as a separate phase and avoid using the κV terminology 

[9,19]. 

Compared to the quenched state (310 HVμ), the microhardness of the β' phase 

achieved the highest increase after aging at 350°C after 180 min (442 HVμ). This is an 

absolute increase in microhardness of the β' phase of 131 HVμ, or that is a relative 

increase in microhardness of 43% compared to the quenched state. A further increase in 

the aging time up to 600 min affected the decrease in the microhardness value of the β' 

phase, but its value is still above the value for the quenched state. 

Aging at 450°C results in a higher increase in the microhardness values of the β' 

phase. The microhardness of the β' phase achieved the highest increase after aging for 

180 min (486 HVμ). This is an absolute increase in the microhardness of the β' phase of 

176 HVμ, i.e., a relative increase in hardness of 57%, compared to the quenched state. 

4. CONCLUSION 

In this paper, the cast NAB was produced with superior mechanical properties on 

the account of conducted heat treatment. The key conclusions of this paper are: 

- The β phase undergoes martensitic transformation to the β' phase during the rapid 

cooling from high temperatures.  
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- After aging at 350°C and 450°C, the microhardness values of the martensitic β' 

phase achieved the peak values as the result of precipitation the nano κ precipitates rich 

in Ni within the metastable phase.  

-  The microhardness of the β' phase achieved the highest increase after aging for 

180 min (486 HVμ) which is an increase of approximately 57% compared to the 

quenched NAB alloy.  

- Longer lasting aging contributed to a decrease in the microhardness value of the β' 

phase due to the effect of over-aging. 
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