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Abstract: Nickel aluminum bronze with the composition CuAl9Ni3Fe3 was investigated in this paper. After casting, the alloy was annealed 

at 900 °C followed by quenching. Thermodynamic calculation of the existing phases was performed using the ThermoCalc software. 

Quenched NAB samples were further aged for 1 h at 300 °C, 350 °C, and 400 °C. During the experiment, the values of hardness and 

microhardness were examined using standardized Vickers measurement methods. Microstructural analysis was performed using scanning 

electron microscopy equipped with an energy-dispersive spectrometer. During the precipitation hardening, β’ martensite eutectoidly 

decomposed into α and κ phases causing an increase in mechanical properties. 
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1. Introduction 

Nickel-aluminum bronzes (NAB) are copper-based alloys with 

aluminum, nickel, and iron as alloying elements [1]. They have high 

strength, good resistance to wear, and corrosion, which makes them 

suitable as engineering materials for propellers, gears, bearings, 

valves, and dies. The commercial NAB usually have a 

microstructure consisting of α phase which is a copper-based solid 

solution, some β phase, and intermetallic κ phases [2, 3]. Due to the 

relatively low solubility of alloying elements in a metallic matrix, 

designed of the α and β phases, it is characterized by dendritic 

micro segregation [4]. The precipitation processes of the κ phases 

were described in [5]. During cooling the melt, the κI phase rich in 

iron precipitates the first. It is formed in a liquid alloy in the shape 

of a large rosette. A κII phase precipitates next. Particles of the κII 

phase are smaller than the κI particles and have a shape as rosettes 

or globules. Further, a κIII phase rich in nickel precipitates at the α/β 

boundaries. The κIII particles are small with a plate shape. A κIV 

phase precipitates the last. Particles are smaller than the κI and κII 

particles but as well rich in iron.   

To improve the mechanical properties of the NAB, some 

techniques have been used for refining grains and changing the 

microstructure: friction surfacing, equal channel angular extrusion, 

friction stir processing, etc. However, these techniques are 

expensive and have low efficiency. Because of that, heat treatment 

is usually used to improve the mechanical properties of the NAB [6, 

7]. 

There are a limited number of papers in the literature that 

analyze the microstructural changes in the NAB during heat 

treatment. Brezina found that the optimal quenching temperature for 

the NAB was about 900 °C, while the optimal temperatures for the 

precipitation hardening treatment were about 400 °C - 500 °C [8]. 

Liu et al. confirmed that precipitation began at lower temperatures 

[9]. Therefore, in this paper, the precipitation hardening was 

performed at the lower temperatures: 300 °C, 350 °C, and 400 °C to 

follow the influence of aging temperatures on the properties of 

CuAl9Ni3Fe3 alloy.  

2. Experimental part 

The alloy CuAl9Ni3Fe3 was obtained by a casting method. 

After measuring the calculated amount of copper and alloying 

elements, their melting was performed in a flame furnace with a 

silicon carbide pot. The casting of melt was performed in a sand-

clay mold. Chemical analysis by the “Thermo Scientific Niton XL 

3T Gold+” spectrophotometer showed 8.996 wt.% Al, 2.619 wt.% 

Ni, 3.309 wt.% Fe and rest copper in the composition of an ingot. 

The ingot was cut on samples with dimensions 43 mm x 15 mm x 6 

mm, which were subjected to further heat treatment. Cutting was 

performed using the cutting machine “Mesotom – Struers”. 

For further heat treatment, there was not found in the literature 

the vertical cross-section of a Cu-Al-Ni-Fe phase diagram with 3% 

nickel and 3% iron. Because of that, the thermodynamic calculation 

of the phase diagram of a CuNi3Fe3-Al system was performed 

using the ThermoCalc software. Table 1 shows the phases and their 

calculated composition of the investigated CuAl9Ni3Fe3 alloy at 

878 °C. 

Table 1: Phases and their composition in the CuAl9Ni3Fe3 alloy at 878 °C. 

Phases Phase’s content, wt.% Composition, wt.% 

B2_BCC#1 

 (κIII) 

3.64868 Ni 68.270 

Al 31.730 

BCC_B2#1 

(κI or κII) 

2.19779 Fe 84.280 

Al 12.272 

Cu 3.358 

Ni 0.089 

BCC_B2#2   

(β) 

15.74899 Cu 87.959 

Al 9.320 

Fe 2.699 

Ni 0.021 

FCC_L12#1  

(α) 

78.40454 Cu 90.649 

Al 7.787 

Fe 0.922 

Ni 0.642 

 

 The samples were heated in the “T 40/600” tube furnace in the 

atmosphere of pure hydrogen at 900 °C for 1 h. After solid-solution 

annealing, the samples were quenched in cold water. The quenched 

samples were aged in the electric resistance furnace “Heraeus K 

1150/2” without the protective atmosphere at three temperatures 

(300 °C, 350° C, and 400 °C) for 1 h. 

After the casting, quenching, and aging, hardness and 

microhardness of phases were measured, and microstructure 

analysis was conducted. The Vickers hardness test was performed 

using the load of 10 kgf (98 N) during 15 s, on the “VEB Leipzig” 

hardness tester. The microhardness was measured using the “PMT 

3” microhardness tester; at the load of 100 gf (0.98 N) during 15 s. 

Microstructural changes were analyzed using the scanning electron 

microscope (SEM) “Tescan Vega 3LMU” equipped with an energy-

dispersive spectrometer (EDS) “Oxford Instruments X-act”. After 

standard metallographic preparation by grinding and polishing, the 

samples were etched with an alcoholic solution of ferric chloride.  

3. Results and discussion 

The microstructure of as-cast CuAl9Ni3Fe3 alloy was shown in 

Fig.1. Since cooling speed was higher than that in equilibrium 

condition, the microstructure of the alloy was composed of an α 

solid solution (light phase), a residual β phase (dark phase), and 

different κ phases rich in iron and nickel which appeared in the 

rosette, spherical or platelet shapes. Four types of the κ phase 

denoted as κI, κII, κIII, and κIV can be found in the literature [10, 11]. 

The κI phase appears as large rosette form particles which consist of 

Fe3Al with copper and nickel. The κII phase has similar composition 

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS" WEB ISSN 1314-507X; PRINT ISSN 1313-0226

29 YEAR XVI, ISSUE 1 , P.P. 29-32 (2022)



but the particles are smaller and globular in form. The κIV are very 

fine particles (significantly smaller than the κI and κII) based on 

Fe3Al within grains. The κIII phase has a plate or lamellar shape and 

it is rich in nickel [12]. 

 

Fig. 1 Microstructure of as-cast CuAl9Ni3Fe3 alloy. 

 

a) 

 

 

 

b) 

Fig. 2 Microstructure of quenched CuAl9Ni3Fe3 alloy (a) and EDS analysis 

of the α and β’ phases (b). 

Fig. 2a shows the SEM microphotograph of the CuAl9Ni3Fe3 

alloy after quenching from 900 °C. It is noticed that the quenching 

contributed to a significant change in the microstructure in 

comparison to the as-cast sample (Fig. 1). The amount of the α 

phase significantly decreased due to an increase in β’ martensite 

content. The α phase gradually dissolved into the β phase, which led 

to a decrease in the volume fraction of the α phase [10]. There was 

no more the κIII phase and fine precipitates of the κIV phase because 

they were dissolved in the α solid solution at 800oC and 850oC, 

respectively [12]. In the microstructure of the quenched sample, the 

α and β’ phases were presented together with un-dissolved 

precipitates of the κI and κII phases. A phases’ composition of the 

main α and β’ phases from Fig.2a was shown in Fig. 2b. 

The hardness of CuAl9Ni3Fe3 alloy after different stages of 

thermal treatment was shown in Fig. 3. The hardness of cast alloy 

was around 152 HV10. After quenching from 900 °C, it increased 

up to 185 HV10. Quenched samples were isochronally annealed at 

300 °C, 350 °C, and 400 °C. After precipitation hardening of the 

quenched sample at 300 °C, the hardness reached a value of 220 

HV10. After aging at 350 °C, the hardness increased to 232 HV10, 

while the maximum value of the hardness was reached at the aging 

temperature of 400 °C when the hardness increased to 244 HV10. 

The aging at 400 °C for 1 h caused an absolute increase in the 

hardness for 59 HV10 compared to the quenched state, or 92 HV10 

compared to the cast state, which corresponded to a relative 

increase in the hardness for 32 % and 60 %, respectively. 

 

Fig 3. The hardness of CuAl9Ni3Fe3 alloy after different stages of thermal 

treatment (C – casting; Q – quenching; A-300°C – aging at 300°C; A-350°C 

– aging at 350°C; A-400°C – aging at 400°C). 

 

Fig 4. Microhardness of α and β/β’ phases of CuAl9Ni3Fe3 alloy after 

different stages of thermal treatment (C – casting; Q – quenching; A-300°C 
– aging at 300°C; A-350°C – aging at 350°C; A-400°C – aging at 400°C). 

The microhardness of the α and β/β’ phases in CuAl9Ni3Fe3 

alloy after different stages of thermal treatment was shown in Fig. 

4. The quenching of the cast sample caused an increase in 

microhardness values of the β phase from 230 HV0.1 to 280 HV0.1, 

Phases Al Fe Ni Cu 

α 8.2 3.38 2.43 85.99 

β’ 10.94 3.49 3.52 82.05 
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due to its transformation to martensite β’ phase. Further, the 

microhardness of the β’ phase increased during aging in comparison 

to the quenched state. During the aging at 300 °C, the 

microhardness value increased to 323 HV0.1. After the aging at 350 

°C, the microhardness of the β’ phase increased intensively to 368 

HV0.1, while its maximum value was achieved after the aging at 

400 °C, and it was 382 HV0.1. The aging at 400 °C for 1 h caused 

an absolute increase in the microhardness of a dark phase for 102 

HV0.1 compared to the quenched state, or 152 HV0.1 compared to 

the cast state, which corresponded to a relative increase in the 

microhardness for 36 % and 66 %, respectively. 

Quenching of the cast sample caused an increase in the 

microhardness values of the α phase from 181 HV0.1 to 191 HV0.1, 

However, the results of measuring the values of the microhardness 

of the α phase during the aging showed different tendencies. It was 

noticed that the values of the microhardness of the α phase were 

lower after the aging compared to the quenched state. With an 

increase in aging temperature, there is the tendency to a slight 

decrease in the microhardness of the α solid solution. It decreased to 

181 HV0.1, 173 HV0.1, and 174 HV0.1 after the aging at 300 °C, 

350 °C, and 400 °C, respectively. 

 

a) 

 

 

 

b) 

 

c) 

Fig. 5 Microstructure of quenched CuAl9Ni3Fe3 alloy after aging at 300 °C 

(a) results of EDS analysis of α and β’ phases (b) EDS analysis of one κ 

phase particle (c). 

During the aging, fine particles of the κ phases precipitated 

from the martensite β’ phase [13]. The κ precipitates formed during 

the aging were finer compared to those formed during casting. The 

κ phases were harder than β’martensite. However, the contribution 

of the α phase increased with an increase in the aging temperature. 

Two opposite effects occurred during the aging. The first effect is a 

decrease in the hardness due to an increase in the contribution of the 

α phase, and the second effect is an increase in the hardness due to 

the precipitation of the fine particles of κ phases [14]. The second 

effect became more dominant in comparison to the first one, 

consequently, the hardness increased with increasing the aging 

temperature. 

Fig. 5a shows the SEM microphotograph of CuAl9Ni3Fe3 alloy 

after quenching from 900 °C and aging at 300 °C. The β’ martensite 

needles with the κ phases spherical or rosette in a shape were still 

observed. The needle martensite formed by the quenching at 900 °C 

did not change its morphology into the banded martensite after the 

aging at 300 °C. However, the martensite’s structure started to 

transform into the α phase. 

A phases’ composition of the main α and β’ phase from Fig.5a 

was shown in Fig.5b. The content of the alloying elements in the β’ 

martensite is higher than in the α solid solution therefore, phase 

changes that occurred in the β’ phase were the main causes of an 

increase in the mechanical properties during the aging. The 

precipitation of the fine κ particles in the β’ martensite is most 

likely to occur [2, 10]. The EDS analysis of one κ phase particle 

from Fig.5a was shown in Fig.5c. 

4. Conclusions 

Based on the experimental results on the investigation of the 

effect of precipitation hardening on the microstructure and hardness 

of the CuAl9Ni3Fe3 alloy, the following conclusions can be drawn: 

• The microstructure of as-cast CuAl9Ni3Fe3 alloy consisted of 

the α solid solution, the residual β phase, and the κI, κII, κIII, and κIV 

phases. 

• The quenching has caused microstructural changes. The 

amount of the α solid solution decreased due to an increase in the 

content of the β’martensite. The eutectoid rich in the κIII phase and 

fine precipitates of the κIV phase were dissolved. Only the 

precipitates of κI and κII pha’ses have remained. 

• The aging of the quenched alloy further increased the values 

of hardness and microhardness of the β’ phase due to the 

precipitation of the fine κ particles from the β’ phase. The content 

of aluminum in the β’ martensite was higher than in the α solid 

solution, so phase changes that occurred within the β’ phase were 

the main causes of an increase in the mechanical properties during 

the aging. 

• Maximum values of hardness (244 HV10) and microhardness 

of the β’ phase (382 HV0.1) were achieved after the aging at 400 

°C. 

• The aging caused a decrease in the microhardness value of the 

α solid solution. Due to the precipitation of the κ phase, the content 

of alloying elements in the α solid solution decreased, causing a 

decrease in the microhardness value. 

• The martensite lamellas were still observed in the aged state, 

which eutectoidically decomposed into the α and κ phases. 
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Phases Al Fe Ni Cu 

α 7.57 2.81 2.54 87.09 

β’ 10.55 3.67 3.78 82.00 

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS" WEB ISSN 1314-507X; PRINT ISSN 1313-0226

31 YEAR XVI, ISSUE 1 , P.P. 29-32 (2022)



5. References 

1. Jain P., P. K. Nigam, J. Mech. Eng., 4 (6) (2013) 16-21. 

2. Chen R., Z. Liang, W. Zhang, D. Zhang, Z. Luo, Y. Li, T. 

Nonferr. Metal Soc., 17 (2007) 1254-1258. 

3. Ding D., Z. Pan, S. van Duin, H. Li, C. Shen, Materials, 9 

(2016), 652. 

4. Pisare B. P., Arch. Foundry Eng., 12 (2012), 187-204. 

5. Łabanowski J., T. Olkowski, Arch. Foundry Eng., 14 

(2014), 73-78. 

6. Lv Y., M. Hu, L. Wang, X. Xu, Y. Han, W. Lu, J. Mater. 

Res., 30 (20) (2015) 30401-30408. 

7. Fuller M.D., S. Swaminathan, A.P. Zhilyaev, T.R. 

McNelley, Mater. Sci. Eng. A, 463 (2007) 128-137. 

8. Brezina P., Int. Mater. Rev., 27 (1) (1982) 77-120. 

9. Liu Y., J. Mazumder, K. Shibata, Metall. Mater. Trans. A, 

25 (1) (1994) 37-46. 

10. Lin G., H. Wang, Y. Wei, Z. Zhang, K. Zhou, J. Mater. 

Res., 31 (24) (2016) 3832-3840. 

11. Thossatheppitak B., S. Suranuntchai, V. Uthaisangsuk, A. 

Manonukul, P. Mungsuntisuk, Adv. Mat. Res., 683 (2013) 

82-89. 

12. Sláma P., J. Dlouhý, M. Kövér, Mater. Tehnol., 48 (2014) 

599-604. 

13. Lv Y., L. Wang, X. Xu, W. Lu, Metals, 5 (2015) 1695-

1703 

14. Shirazabad M.M., A. Karimi, A. Babakhani, Proceedings 

of 3th International Conference on Materials Heat 

Treatments, 2012, 51. 

 

 

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS" WEB ISSN 1314-507X; PRINT ISSN 1313-0226

32 YEAR XVI, ISSUE 1 , P.P. 29-32 (2022)




