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Abstract  

In this paper, the properties and microstructural changes in Cu-Al-Ni-Fe bronze were studied during 

isothermal aging. The alloy was annealed at 900 °C for 2 hours following the casting process and quenched 

rapidly in cold water. Isothermal aging was then carried out up to 10 h at 350 °C, 400 °C, and 450 °C. 

During isothermal aging, hardness was tested and microstructure was examined using the scanning 

electron microscope. Isothermal aging at all selected temperatures contributed to a significant increase in 

hardness values. The alloy aged at 400 °C for 1 h achieved the highest relative hardness increase of 35 %, 

compared to the quenched state.  
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1. INTRODUCTION  

Nickel-aluminum bronzes (NABs) are copper-based alloys containing 8–13% aluminum and 3–

6% nickel, often with small amounts of iron, manganese, and other elements added to increase 

strength and corrosion resistance. NABs are highly valued in marine and industrial applications 

for their excellent combination of strength, toughness, and corrosion- and wear-resistance [1-4]. 

Microstructure of NABs is complex and has a significant influence on their mechanical and 

corrosion-resistant properties. Copper-rich α-phase is the dominant phase, which has a face-

centered cubic crystal structure. The α-phase forms the alloy matrix and is relatively soft and 

ductile. During solidification and subsequent heat treatments, several intermetallic phases known 

as κ phases precipitate. These κ phases have a high concentration of aluminum, nickel, and iron 

and occur as small particles that harden the alloy by preventing dislocation movement, thereby 

improving strength and hardness. Examples of common κ phases include κI, κII, κIII, and κIV, which 

differ in composition and morphology. The particle size, morphology, and distribution of these κ 

phases are highly susceptible to cooling rates and heat treatment conditions. Controlled 

precipitation of κ phases under proper conditions increases mechanical properties [1, 4-9].  

Heat treatment constitutes a critical phase in achieving the maximum properties of the NABs. The 

alloys are typically solid solution-annealed and quenched rapidly to preserve a supersaturated solid 

solution. Intermediate-temperature aging treatments subsequently cause precipitation of κ phases. 

Aging enables precipitates of fine κ phase to develop in a homogeneous distribution within the α 

matrix. The precipitates increase hardness and strength through a resistance to dislocation flow. 

Changing the microstructure is possible through control over the heat treatment parameters. The 

combination of α-phase matrix and highly dispersed κ phases provides optimal wear resistance, 

toughness, and endurance to mechanical stresses [1, 5, 9]. 

A low nickel/iron CuAl9Ni2.6Fe3.3 is between the binary and multicomponent alloys in 

microstructure and mechanical properties. It shows a good combination of ductility with strength 
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and hardness [10, 11]. But their mechanical properties are lower compared to standard NABs with 

higher Fe and Ni content. These properties can be improved by heat treatment, which was studied 

in this paper.  

2. EXPERIMENTAL  

After weighing the required quantities of copper and alloying elements (aluminum, nickel, and 

iron), the materials were melted in a flame-fired furnace. The molten alloy was then cast into a 

mold made up of a mixture of sand and clay. The obtained ingot, with a composition of 

CuAl9Ni2.6Fe3.3 (in wt.%), was cut using the "Mesotom - Struers" machine on samples for 

subsequent heat treatment processes. For solution treatment, samples were annealed at 900 °C for 

2 h in the hydrogen-reducing atmosphere using a "T 40/600" tube furnace. The specimens were 

quenched instantly in cold water so that they would have a supersaturated solid solution. Quenched 

samples were aged in a furnace "Heraeus K 1150/2". Isothermal aging was conducted at 350 °C, 

400 °C, and 450 °C, for a period of up to 10 h. In all the stages of heat treatment processes, hardness 

was tested and microstructure was studied. Hardness was determined using "VEB Leipzig" 

Vickers hardness tester with an applied load of 15 kg. Microstructural observation was performed 

by scanning electron microscopy (SEM) on a "Tescan Vega 3LMU" system.  

3. RESULTS AND DISCUSSION 

In the as-cast condition, the CuAl9Ni2.6Fe3.3 alloy demonstrated a hardness of approximately 

150 HV15. After solution treatment at 900 °C followed by rapid quenching, the hardness increased 

to 176 HV15, indicating the formation of a supersaturated solid solution. The evolution of hardness 

during isothermal aging at 350 °C, 400 °C, and 450 °C is shown in Fig. 1.  

 

Figure 1. Hardness evolution during isothermal aging at 350 °C, 400 °C, and 450 °C after quenching 

from 900 °C 

Aging at 350 °C led to a gradual increase in hardness with increasing aging duration. The 

maximum hardness of 219 HV15 was recorded after 2 h of aging, representing a significant 

enhancement compared to the quenched state. Further prolongation of aging up to 10 h did not 

result in a notable decrease, suggesting the alloy remained within the effective precipitation 

strengthening range.  

The most substantial increase in hardness was observed at 400 °C, where a peak value of 237 HV15 

was achieved after 1 h of aging. This corresponds to an absolute increase of 61 HV15, or a relative 
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improvement of approximately 35 % compared to the quenched condition. However, aging 

durations beyond 2 h resulted in a significant drop in hardness. 

At the highest aging temperature of 450 °C, the alloy also exhibited an increase in hardness, 

reaching a maximum of 217 HV15 after only 30 min. However, the overall hardening response at 

this temperature was less pronounced. Prolonged aging beyond this point led to a decrease in 

hardness, indicating that the kinetics of overaging were accelerated at this temperature. 

It is evident that with increasing aging temperature, the time required to reach peak hardness 

decreases. The highest overall hardness values were observed at the intermediate temperature of 

400 °C, particularly in the aging range of 30 min to 2 h. 

  

a) b) 

  

c) d) 
                                                                                                           

Figure 2. Microstructure of CuAl9Ni2.6Fe3.3 alloy after (a) quenching from 900 °C and (b) aging at 

350 °C; (c) aging at 400 °C; (d) aging at 450 °C  

Fig. 2a shows the microstructure of the CuAl9Ni2.6Fe3.3 alloy after quenching at 900 °C. A α 

phase, a needle-like β' phase, as well as precipitates of the ƙ phases are observed. By quenching, 

the high-temperature β phase transformed into β' martensite. Eutectoid with the κIII phase is not 

observed, because the κIII phase dissolved at 800 oC, and at 850 oC the fine precipitates of the κIV 

phase also dissolved in the α solid solution [6]. Thus, α and β' phases and large spherical 

precipitates of κI and κII phases are presented in the microstructure. 

Similarly, the microstructures of aged alloy (Fig. 2b-d) show the α phase and needles of β' 

martensite with spherical κ phases. Based on data from the literature, β' martensite does not 
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transform into the α phase until above 550 °C [8,9]. Aging up to 450 °C of previously quenched 

samples from 900 °C did not cause significant microscopically visible changes in the size and 

shape of the main phases under the magnification of 2000x. The κ phases that precipitated during 

aging are finer (nano size) [12,13] than the precipitates formed during casting, so they are not 

distinguishable in the microstructure at this magnification. 

4. CONCLUSION 

After quenching, there was a slight increase in the hardness of the CuAl9Ni2.6Fe3.3 alloy 

compared to the as-cast state. Aging at all selected temperatures contributed to a significant 

increase in hardness values. The alloy aged at 400 °C for 1 h achieved the highest hardness values 

of 237 HV15. With an increase in the aging temperature, there is a decrease in the aging time at 

which the maximum increase in hardness occurs. After aging at selected temperatures, α solid 

solution, β' martensite and ƙ phases are still observed in the microstructure, as in the microstructure 

of the quenched alloy. 
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