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A B S T R A C T   

High-strength Cu–Ti–Fe alloys were prepared and investigated in this study. The alloy was subjected to cold 
deformation and aging treatment, and revealed the transformation mechanism of the microstructure and 
properties. Cold deformation of 60 %, aging at 450 ◦C for 240 min, can optimize the hardness and conductivity of 
the Cu–Ti–Fe alloy. The hardness and electrical conductivity of Cu-1.5Ti-0.3Fe alloy increased from 196.8 HV to 
7.8 % IACS to 269.3 HV and 19.8 % IACS after aged. Cu4Ti and Fe2Ti are the mainly precipitated phases in 
Cu–Ti–Fe alloy, which effectively obstructs dislocations slipping and delays recrystallization, and the most 
important strengthening mechanism. The concentration of solute atoms increased could further improve the 
grain boundary strengthening, solution strengthening, and deformation strengthening.   

1. Introduction 

Copper alloys have excellent characteristics such as high strength, 
and high thermal and electrical conductivity [1–3]. Copper alloys play 
an irreplaceable role in machinery manufacturing, marine trans
portation, lead frames, the electronic industry, medical equipment, and 
other fields [4–7]. As industrial development continues to move towards 
electrification and new energy, the demand for copper alloys has 
increased, which also puts higher requirements on their performance 
[8]. In order to further improve the performance of copper alloys, 
different alloying elements are added to the copper matrix to adjust the 
alloy properties through solution and precipitation strengthening and 
improve the strength and conductivity of the alloy [9]. 

In order to meet specific application needs, different copper alloys 
have been developed, such as Cu-Be [10], Cu-Ti [11], Cu-Ni-Si [12], 
Cu-Cr-Zr [13] and Cu–Fe–P [14] and so on. Among them, Cu–Be alloy is 
a typical precipitation-reinforced copper alloy, which has excellent 
mechanical properties, wear resistance, and good electrical conductiv
ity, and is widely used in the electronics and aerospace fields [15,16]. 

However, Cu–Be alloy has poor stress relaxation resistance at high 
temperatures. The new concepts of green development, the non-toxic 
characteristics, harmless use, and recycling have received more atten
tion. Due to the high carcinogenicity of the Be element, the use of Cu–Be 
alloys has been gradually limited. 

Therefore, different copper alloys have been developed to replace the 
Cu–Be alloys. Among them, Cu–Ti alloy has attracted wide attention for 
its high strength and elasticity, good welding performance and fatigue 
resistance, and is regarded as the most likely alloy to replace Cu–Be alloy 
[17,18]. In addition, Jiao et al. found a simple method to extract Ti from 
alloys, which will also make the recycling of alloys simple [19]. Cu–Ti 
alloy is a precipitation-strengthened copper alloy, and β′-Cu4Ti is 
considered to be its important strengthening phase. Usually at longer 
aging, β′-Cu4Ti will transform into β-Cu3Ti, and the precipitated phase 
will change from a co-lattice metastable state to a non-co-lattice equi
librium state [20,21]. The tensile strength of Cu–Ti alloy with high Ti 
content in aged state is comparable to the Cu–Be alloy, but when the Ti 
content is greater than 4.5 wt%, the water quenching process cannot 
completely keep Ti in the solid solution, which makes the formability of 
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the alloy poor [22,23]. In order to further optimize the comprehensive 
properties of Cu–Ti alloys, many scholars have tried to add a third 
element to the alloy, such as: Cr [24], Al [25], Mg [26], Fe [27] and so 
on. In the 90s, studies pointed out that Ti and Fe have similar properties 
and can be precipitated from the matrix in the form of FeTi [28,29]. 
Some scholars have studied Cu–Fe–Ti alloys with different element 
content, and found that FeTi or Fe2Ti phases can precipitate, cold 
deformation can promote precipitation, and precipitated phases can pin 
dislocations and slow down the recrystallization [30–32]. Rouxel et al. 
found that adding a trace amount of Fe to Cu–Ti alloy can improve its 
strength after aging to a certain extent, and maintain good formability in 
the solid solution state [33]. However, at present, there are few micro
alloying studies of the Cu–Ti alloys with low Ti content, and the influ
ence of the third element on the properties and microstructure changes 
of the alloy needs further study. 

In this article, we introduce two novel alloys, namely Cu-1.5Ti-0.3Fe 
and Cu-1.5Ti-0.5Fe, and investigate an appropriate heat treatment 
method for Cu–Ti–Fe alloys. By accurately controlling multiple test 
variables, the effects of alloy composition, cold deformation and aging 
temperature on alloy properties were analyzed. Electron backscatter 
diffraction (EBSD), transmission electron microscopy (TEM), high- 
resolution transmission electron microscopy (HRTEM) and other 
methods were used to study the mechanical properties, microstructure 
and precipitated phases after alloy deformation and heat treatment. The 
strength and electrical conductivity of the alloy have been greatly 
improved through process optimization. 

2. Materials and methods 

In this test, 5 kg of Cu–Ti–Fe alloy ingots with different iron content 
were prepared, and the raw materials were high-purity electrolytic 
copper metal, Cu–10%Fe intermediate alloy and high-purity sponge ti
tanium particles. The raw materials were cut into small pieces, pro
portionally placed into a graphite crucible, heated and melted using a 
vacuum medium-frequency induction furnace. In order to ensure the 
quality of alloy preparation, argon was introduced during the melting 
process to prevent the alloy oxidation. For raw materials that oxidize 
easily, the mass proportion can be appropriately increased to ensure that 
the smelted specimen is closer to the design composition. In addition, a 
certain deoxidizer should be added during the alloy melting process, 
which can react with the impurity elements in the alloy to reduce the 
impurities. After sampling the middle part of the ingot, the sample 
composition was obtained by Optima 2100 DV inductively coupled 
plasma atomic emission spectrometer, and the results are listed in 
Table 1. 

To eliminate compositional segregation during the alloy solidifica
tion, the ingots were heated to 880 ◦C and held for 2 h, after which they 
were hot rolled into a cylinder with a 43 mm diameter. The rolled 
sample was cut into a 2 mm × 15 mm × 150 mm plate by wire cutting for 
the next step. Combined with the actual production of the copper alloy, 
the treatment process is shown in Fig. 1. OTF-1200X vacuum tube 
furnace was used for subsequent heat treatment of the samples. The thin 
plate specimen was heated to 920 ◦C for 60 min. During the whole 
process, argon was purged to protect the specimen and prevent surface 
oxidation. After the heat treatment, the sample was quickly placed into 
20 ◦C water for rapid cooling, so that the Ti and Fe atoms in the alloy did 
not have enough time to precipitate, obtaining a supersaturated solid 
solution. The MSK-5070-AC rolling mill was used to cold deform the 
solid solution sample by 60 % to obtain a sample with a thickness of 0.8 

mm. Cold rolling is performed to deform and strengthen the alloy and to 
thin the specimen by 0.1 mm each time in the same rolling direction. 
Finally, samples with two types of deformation (undeformed and 60 % 
cold deformed) were aged at different temperatures. The selection of 
aging temperature should refer to the previous relevant studies, com
bined with the alloy phase diagram, to select the temperature range for 
easy Ti and Fe precipitation [34]. Therefore, the selected aging tem
perature was 400 ◦C, 450 ◦C, 500 ◦C, and 550 ◦C, and the aging time was 
15–480 min. 

The hardness of the specimen was tested using the HVS-1000A dig
ital microhardness tester and measured according to the Vickers hard
ness standard. Prior to hardness measurements, the specimens were 
polished with 400–2000 grit sandpaper. The downforce of the hardness 
tester was 500 gf, and the holding time was 15 s. In order to ensure the 
accuracy of the test results, each specimen was tested 6 times at different 
positions, and the average value was taken as the hardness of the sam
ple. The electrical conductivity tests used the Sigma2008B digital eddy 
current metal conductivity meter to measure the international annealed 
copper standard conductivity (IACS). Each specimen was tested 5 times, 
and the average value was taken as the electrical conductivity of the 
specimen. The JSM-IT100 scanning electron microscope was used to 
observe the microstructure of the alloy. EBSD and EDS results were 
obtained using the JSM-7800F field emission scanning electron micro
scope. For the EBSD analysis, the specimens were mechanically polished 
until their surface was scratch-free, and then electrolytically polished in 
a solution with 50 % CH3CH2OH and H3PO4. The voltage of the DC 
power supply was 5 V, the electrolysis time was 60 s, and the sample was 
placed into the CH3CH2OH solution for ultrasonic cleaning for 3 min 
after the electrolysis was completed. Electrolytic polishing removes the 
stress layer on the specimen surface due to mechanical polishing, 
resulting in more accurate crystallographic data for EBSD analysis. The 
metal specimen was mechanically ground and then subjected to ion 
milling with the Gatan 695 ion thinning instrument, followed by TEM 
analysis using ZEISS’ LIBRA-200FE transmission electron microscope. 

3. Results 

3.1. Mechanical properties and electrical conductivity 

In order to meet the needs of practical applications in industrial 
production, alloys are usually aged [35,36]. In order to explore an aging 
process suitable for Cu–Ti–Fe alloys, it was treated with a combination 
of solid solution quenching, cold deformation, and aging. The best 
properties of the Cu-1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe alloys were 
explored at different strains of cold deformation (0 %, 60 %), different 
aging temperatures (400 ◦C, 450 ◦C, 500 ◦C, 550 ◦C), and different aging 
times (15–480 min). The effects of trace iron on the properties and 
microstructure of the alloy were compared. Fig. 2 shows the mechanical 
properties and conductivity of the Cu-1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe 
alloys at different aging states. In order to explore the effects of cold 
deformation on the properties of Cu–Ti–Fe alloys after aging, the 
hardness and electrical conductivity of the Cu-1.5Ti-0.3Fe and 
Cu-1.5Ti-0.5Fe alloys with different deformation amounts and different 
aging states are shown in Fig. 2(a) and (d), respectively. 

It can be seen from Fig. 2(a) that compared with the sample without 
cold deformation, the hardness of the Cu-1.5Ti-0.3Fe alloy has been 
greatly improved after cold deformation and aging. This is because cold 
deformation introduces a large number of dislocations, which enhances 
the deformation resistance, thereby forming the deformation strength
ening effect. After cold deformation, the hardness of the alloy after aging 
has an obvious increase trend, while the overall conductivity is only 
slightly improved, which basically remains stable. The Cu-1.5Ti-0.3Fe 
alloy with a 60 % cold deformation has the highest hardness after 1 h 
aging at 500 ◦C of 275.1 HV, and has the 21.6 % IACS highest con
ductivity after 8 h aging at 450 ◦C. The maximum hardness of an alloy 
with a cold deformation of 0 % after aging is 217 HV. 

Table 1 
Chemical composition of the Cu-1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe alloys in wt.%.  

Alloys Cu Ti Fe 

Cu-1.5Ti-0.3Fe Bal. 1.5 0.28 
Cu-1.5Ti-0.5Fe Bal. 1.52 0.5  
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Fig. 2(b and c) show the hardness and electrical conductivity curves 
with aging time of the Cu-1.5Ti-0.3Fe alloy with 60 % cold deformation. 
From the hardness change curve in Fig. 2(b), the three stages of under- 

aging, peak aging and obsolescence can be clearly seen, among which 
the peak hardness of the 400 ◦C, 450 ◦C, 500 ◦C and 550 ◦C aging process 
is 256.3 HV, 269.3 HV, 275.1 HV and 255.7 HV, respectively. Taking the 

Fig. 1. Processing of Cu–Ti–Fe alloys.  

Fig. 2. Mechanical properties and conductivity of the Cu-1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe alloys: (a) The hardness and conductivity of Cu-1.5Ti-0.3Fe alloy before and 
after cold rolling; (b, c) Hardness and electrical conductivity of the 60 % cold rolled Cu-1.5Ti-0.3Fe alloy; (d) The hardness and conductivity of Cu-1.5Ti-0.5Fe alloy 
before and after cold rolling; (e, f) Hardness and electrical conductivity of the 60 % cold rolled Cu-1.5Ti-0.5Fe alloy; (g) Engineering stress-strain curves of the Cu- 
1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe alloys; (h) Hardness of the 60 % cold rolled Cu-1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe alloys; (i) Peak aging hardness and conductivity of the 
60 % cold rolled Cu-1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe alloys. 
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hardness curve of the 500 ◦C aging process as an example, the first 60 
min is the under-aging stage, in which the hardness rises rapidly and 
peaks at 60 min. After 60 min, it is called the over-aging phase, which 
gradually decreases the hardness of the alloy with aging time. The for
mation of these three stages is related to the release of elastic distortion 
energy inside the alloy, the redistribution of dislocations, the precipi
tation of solute atoms, the formation of secondary phases, and the 
recrystallization and the growth of grains during the aging process. It 
takes shorter time for the alloy to reach peak hardness with the aging 
temperature increase. This is because the higher aging temperature in
creases the diffusion rate of the atoms, and the Ti atoms in the matrix are 
easier to precipitate in a short time to form a secondary phase, so that 
the hardness of the alloy reaches its peak faster. 

The electrical conductivity of the alloy gradually increases with 
aging time in Fig. 2(c). Moreover, the higher the aging temperature, the 
more rapidly the conductivity increases in the under-aging phase. In the 
aging process of 400 ◦C, 450 ◦C, 500 ◦C and 550 ◦C, the corresponding 
conductivity is 17.9 % IACS, 19.8 % IACS, 17.9 % IACS and 15.5 % IACS. 
In the aging process, Ti atoms soluble in the matrix are continuously 
precipitated to form a secondary phase, which reduces the lattice 
distortion in the matrix and reduces the resistance of electron move
ment, thereby improving the conductivity. The decrease in conductivity 
after the too-high aging temperature of 550 ◦C may be related to the 
redissolution of solute atoms. 

Fig. 2(d) shows the hardness-conductivity diagram of the Cu-1.5Ti- 
0.5Fe alloy at different aging states, and the overall pattern shows the 
same trend compared with Fig. 2(a), where cold deformation has a 
significant effect on the hardness of the alloy after aging, but has little 
effect on the conductivity. The overall hardness of the Cu-1.5Ti-0.5Fe 
alloy with 60 % cold deformation is the highest after aging, and the 
maximum 270.1 HV hardness is obtained after aging at 500 ◦C for 1 h, 
while the maximum 22.3 % IACS conductivity is obtained after aging at 
450 ◦C for 8 h. The maximum hardness of the alloy with 0 % deforma
tion after aging is 193.5 HV. Fig. 2(e) and (f) show hardness and con
ductivity variations with aging time for the 60 % deformed Cu-1.5Ti- 
0.5Fe alloy. The peak hardness is 256.9 HV, 262.5 HV, 270.1 HV and 
254.4 HV during the aging process of 400 ◦C, 450 ◦C, 500 ◦C, and 550 ◦C, 
respectively in Fig. 2(e). 

The peak hardness gradually increases with aging temperature, but 
at higher aging temperature of 550 ◦C, the peak hardness decreases 
because compared with precipitation strengthening, the grain growth at 
this high temperature plays a dominant role. The peak hardness of the 
alloy aged at 400 ◦C, 450 ◦C, 500 ◦C and 550 ◦C corresponds to the 18.4 
% IACS, 19.6 % IACS, 18.1 % IACS and 15.5 % IACS conductivity in 
Fig. 2(f). Fig. 2(g) shows the engineering stress-strain curves of the Cu- 
1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe alloys at different aging states. The 
tensile strength of the Cu-1.5Ti-0.3Fe alloy aged at the 450 ◦C and 
500 ◦C is 742.1 MPa and 715.7 MPa, respectively, and the tensile 
strength of the Cu-1.5Ti-0.5Fe alloy aged at 450 ◦C and 500 ◦C peak is 
739.6 MPa and 711.8 MPa, respectively. Both alloys achieve maximum 
tensile strength at 450 ◦C aging conditions. Interestingly, Cu-1.5Ti-0.3Fe 
alloy not only has good tensile strength, but also large elongation. 

Fig. 2(h) shows the hardness of the two alloys deformed to 60 % after 
aging at different temperatures. The hardness of Cu-1.5Ti-0.3Fe is 
higher than Cu-1.5Ti-0.5Fe when aged at 450 ◦C and 500 ◦C. This is also 
consistent with the tensile test results in Fig. 2(g). Fig. 2(i) shows the 
peak aging hardness and conductivity of Cu-1.5Ti-0.3Fe and Cu-1.5Ti- 
0.5Fe with 60 % deformation. The hardness and conductivity of the 
two alloys increased with aging temperature, showing a trend of first 
rising and then decreasing. Although the two alloys have the highest 
hardness at 500 ◦C aging, the alloys have higher conductivity and tensile 
strength at 450 ◦C aging with only a slight decrease in hardness. Thus, 
the optimal aging process parameters for the balance of mechanical 
properties and electrical conductivity of the two alloys were obtained: 
60 % cold deformation, 450 ◦C aging temperature, and 240 min aging 
time. The hardness, tensile strength and conductivity of the Cu-1.5Ti- 

0.3Fe alloy is 269.3 HV, 742.1 MPa and 19.8 % IACS, respectively, 
while the hardness, tensile strength and conductivity of the Cu-1.5Ti- 
0.5Fe alloy is 262.5 HV, 739.6 MPa and 19.6 % IACS, respectively. 

3.2. EBSD analysis 

In the aging process, different components have different effects on 
the precipitation of the secondary phases, grain growth and texture 
evolution. To study the microstructure changes of the Cu–Ti–Fe alloy 
during aging, EBSD analysis was carried out using two alloys with 
different iron content. Fig. 3 shows the inverse pole figure (IPF) EBSD 
diagram and grain size of the Cu-1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe alloys. 
The alloys underwent 60 % deformation and were aged at 450 ◦C for 
240 min and 480 min, respectively. After 240 min aging at 450 ◦C, the 
grains of the Cu-1.5Ti-0.3Fe alloy still show obvious deformed charac
teristics in Fig. 3(a), and the direction of grain elongation is parallel to 
the rolling direction. Due to the cold deformation effects, a small num
ber of twins still exist in the aged alloy, and recrystallized grains are 
formed in the area where the grains are violently broken. The average 
grain size of the alloy is 98.7 μm, and there are 39 % grains larger than 
100 μm. Fig. 3(b) shows the Cu-1.5Ti-0.3Fe alloy structure after 480 min 
of 450 ◦C aging. With longer aging time, the elongated grains can still be 
seen along the rolling direction, the number of twins in the alloy 
structure is further reduced, and the recrystallization grains have grown 
to varying degrees. At 480 min aging time the average grain size 
increased to 121 μm, while the proportion of grains smaller than 50 μm 
decreased from 46.8 % to 37.5 %, and the proportion of grains larger 
than 100 μm increased to 44.3 %. This shows that the long-term aging 
allows the recrystallized grains sufficient time for nucleation and 
growth, which is also confirmed by the trends of conductivity and 
hardness in the aging process. 

Fig. 3(c) and (d) show the EBSD diagram and grain size of the Cu- 
1.5Ti-0.5Fe alloy after 450 ◦C aging of 240 min and 480 min. The 
aging structure of the alloy clearly shows deformation and elongation 
along the rolling direction, and there are more recrystallized grains in 
Fig. 3(c). The average grain size of the alloy was 37.6 μm, and the grain 
size greater than 100 μm accounted for 7.7 %. The structure after 480 
min aging is shown in Fig. 3(d), and its microstructure shows similar 
characteristics to Fig. 3(c). The average grain size is 25 μm, and the grain 
size greater than 100 μm accounts for only 3 %. Compared with the Cu- 
1.5Ti-0.3Fe alloy, the grain size of Cu-1.5Ti-0.5Fe is greatly reduced 
after aging. In the peak aging state, the grain size is reduced to 62 % after 
increasing the iron content. This is because the addition of alloying el
ements reduces the migration rate of the grain interface, and the densely 
precipitated secondary phase will also have a pinning effect on the grain 
interface, hindering grain growth. Fe can delay the recrystallization 
process and inhibit the grain growth during aging at 450 ◦C, which has 
great potential in improving the high temperature mechanical proper
ties and enhancing the alloy thermal stability. 

The deformation work consumed in the cold deformation process of 
metals is stored in the grains as dislocations, defects, subgrain bound
aries and other structures. During the aging process, the alloy is at a 
higher temperature and the internal energy is released, often accom
panied by the movement, elimination and combination of dislocations. 
Therefore, characterizing the distribution of dislocations in the alloy is 
helpful for studying structural changes during aging. Fig. 4 shows the 
kernel area misorientation (KAM) diagram and orientation angle dis
tribution of the Cu-1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe alloys with 60 % 
deformation at different aging states. The red part in the KAM diagram is 
the area with a high dislocation density, and both alloys have different 
number of dislocations. The average dislocation density ρ in the alloy 
can be calculated as in Ref. [37]: 

ρ= 2θ/μb (1)  

Here, ρ is the geometrically necessary dislocation density in m− 2, θ is the 
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mean local orientation difference in radians, μ is the EBSD scanning step 
size in μm, and b is the Burgers vector of the alloy (0.255 nm). It can be 
seen from Fig. 4(a) and (b) that the average dislocation density of the 
Cu-1.5Ti-0.3Fe alloy aged at 450 ◦C for 240 min and 480 min is ρ =

6.77 × 1013 m− 2 and ρ = 6.53 × 1013 m− 2, respectively. The average 
dislocation density of the Cu-1.5Ti-0.5Fe alloy aged at 450 ◦C for 240 
min and 480 min is ρ = 1.15 × 1014 m− 2 and ρ = 1.12 × 1014 m− 2 in 
Fig. 4(c) and (d), respectively. 

The dislocation density of Cu-1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe alloys 

decreases to varying degrees with aging time. This indicates that the 
dislocation-related energy storage structure inside the alloy releases 
distortion energy during aging, which further promotes the formation of 
recrystallized grains. A horizontal comparison of the KAM plots in Fig. 4 
(a–c) and (b, d) shows that compared with Cu-1.5Ti-0.3Fe, the dislo
cation density of the Cu-1.5Ti-0.5Fe alloy is significantly higher for the 
same aging conditions. This further shows that increasing the Fe content 
can inhibit the dynamic recovery and recrystallization during aging, and 
the release of internal distortion energy is reduced, thereby retaining the 

Fig. 3. EBSD diagram and grain size of the Cu-1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe alloys with 60 % deformation: (a) Cu-1.5Ti-0.3Fe alloy aged for 240 min at 450 ◦C; (b) 
Cu-1.5Ti-0.3Fe alloy aged for 480 min at 450 ◦C; (c) Cu-1.5Ti-0.5Fe alloy aged for 240 min at 450 ◦C; (d) Cu-1.5Ti-0.5Fe alloy aged for 480 min at 450 ◦C. 
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Fig. 4. Kernel average misorientation diagram and orientation angle distribution of the Cu-1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe alloys with 60 % deformation: (a) Cu- 
1.5Ti-0.3Fe alloy aged for 240 min at 450 ◦C; (b) Cu-1.5Ti-0.3Fe alloy aged for 480 min at 450 ◦C; (c) Cu-1.5Ti-0.5Fe alloy aged for 240 min at 450 ◦C; (d) Cu- 
1.5Ti-0.5Fe alloy aged for 480 min at 450 ◦C. 

Fig. 5. Pole figures of the Cu-1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe alloys with 60 % deformation: (a) Cu-1.5Ti-0.3Fe alloy aged for 240 min at 450 ◦C; (b) Cu-1.5Ti-0.3Fe 
alloy aged for 480 min at 450 ◦C; (c) Cu-1.5Ti-0.5Fe alloy aged for 240 min at 450 ◦C; (d) Cu-1.5Ti-0.5Fe alloy aged for 480 min at 450 ◦C. 
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high dislocation density. It can be seen from the orientation angle dis
tribution in Fig. 4(a) and (b) that the large angle grain boundaries of the 
Cu-1.5Ti-0.3Fe alloy aged at 450 ◦C for 240 min and 480 min are 24.3 % 
and 24.5 %, respectively. The orientation angle distribution in Fig. 4(c) 
and (d) shows that Cu-1.5Ti-0.5Fe alloy has 27.2 % and 31.7 % large 
angle grain boundaries when aged at 450 ◦C for 240 min and 480 min, 
respectively. 

The proportion of large angle grain boundaries increased with aging 
time. This is because the small angle grain boundaries form the recrys
tallization core through the merger and migration mechanisms. The 
grain boundaries of the crystal nuclei grow to areas with high disloca
tion and large distortion energy, forming large angle grain boundaries 
during aging. Compared with Cu-1.5Ti-0.3Fe, the proportion of high 
angle grain boundaries in the Cu-1.5Ti-0.5Fe alloy is relatively high. 
This is because iron inhibits recrystallized grain growth, which gives 
regions with high dislocation density and high distortion energy enough 
time to form more nuclei, and eventually more and finer large-angle 
grains. 

At larger deformation due to rolling, the grains inside the alloy will 
be broken and rearranged, so that they show a preferred orientation in a 
certain direction and form a deformation texture. In the aging process, 
due to the recrystallization effects, the grain will change, sometimes still 
showing a preferred orientation in a certain direction, forming a 
recrystallization texture. Therefore, the texture evolution can also 
reflect the organizational changes of the alloy aging process to a certain 
extent. 

Fig. 5 shows the pole figures of 60 % deformed Cu-1.5Ti-0.3Fe and 

Cu-1.5Ti-0.5Fe alloys aged at 450 ◦C for 240 min and 480 min. 
Compared with the standard pole figures, the Cu-1.5Ti-0.3Fe shows 
strong characteristics of the {110}<112> Brass and {123}<634> S 
texture in Fig. 5(a) and (b). In Fig. 5(c) and (d) the texture of Cu-1.5Ti- 
0.5Fe after 240 min aging at 450 ◦C is mainly {110}<112> Brass texture 
and {123}<634> S texture, and the texture after 480 min aging is 
mainly {112}<111> Copper texture and {123}<634> S texture. After 
the aging time of the Cu-1.5Ti-0.3Fe alloy is extended from 240 min to 
480 min, its maximum texture strength increases from 5.071 to 8.562. 
However, after the aging time of the Cu-1.5Ti-0.5Fe alloy is extended, 
the maximum texture strength does not change much, which may be 
caused by the increase of Fe content inhibiting the growth of recrys
tallized grains and the slow microstructure change. 

Fig. 6 shows the texture content and distribution of the Cu-1.5Ti- 
0.3Fe and Cu-1.5Ti-0.5Fe alloys with 60 % deformation. Let’s consider 
the Cu-1.5Ti-0.3Fe alloy in Fig. 6(a) as an example to study the texture 
evolution due to the aging process. After the 450 ◦C 240 min aging, the 
volume proportions of Cube, Goss, Brass, Copper and S texture were 
4.49 %, 7.68 %, 31.4 %, 11.1 % and 24.3 %, respectively. The proportion 
of Cube and Goss texture increased, while the proportion of Brass, 
Copper and S texture decreased to varying degrees with longer aging 
time. The increase of the recrystallization Cube texture also indicates 
that the recrystallization degree of the Cu-1.5Ti-0.3Fe alloy is further 
improved after extending the aging time. In Fig. 6(b) the Cu-1.5Ti-0.5Fe 
alloy texture changes with aging time. The volume proportion of Cube, 
Goss and Brass texture decreases, while the volume proportion of Copper 
and S texture increases significantly, becoming the main alloy texture. 

Fig. 6. Texture content a nd distribution of the Cu-1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe alloys with 60 % deformation at different aging states: (a) The texture of the Cu- 
1.5Ti-0.3Fe alloy aged at 450 ◦C for 240 min and 480 min; (b) The texture of the Cu-1.5Ti-0.5Fe alloy aged at 450 ◦C for 240 min and 480 min; (c) Texture dis
tribution of the Cu-1.5Ti-0.3Fe alloy aged at 450 ◦C 240 min; (d) Texture distribution of the Cu-1.5Ti-0.5Fe alloy aged at 450 ◦C 240 min. 
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The difference in the main texture of the two alloys indicates that 
compared with the Cu-1.5Ti-0.3Fe alloy, the aged Cu-1.5Ti-0.5Fe alloy 
has a higher stacking fault energy. This is related to the internal 
distortion of the alloy after increasing the solute content, and at the same 
time, it also corresponds to the high dislocation density of the Cu-1.5Ti- 
0.5Fe alloy after aging. 

3.3. TEM analysis 

After the deformation and aging treatment of copper alloys, their 
strength will be greatly improved, which is inseparable from the changes 
in internal structure. Fig. 7 shows a TEM image of the aginged Cu-1.5Ti- 
0.3Fe alloy with 60 % deformation. There are obvious dislocation tan
gles and dislocation walls inside the alloy in Fig. 7(a). This is because the 
atoms inside the metal are misaligned under the action of external 
forces, forming dislocations during the deformation process. During the 
movement of the dislocations, the dislocations are intertwined to form 
this structure due to the hindrance of the precipitated phase. Fig. 7(b) 
shows multiple precipitated phases. The precipitated phases play the 
role of purifying the alloy matrix, nailing the dislocations, and 
improving the mechanical properties of the alloy. At the same time, due 
to the reduction of solid solution atoms between alloy matrixes, the 
lattice distortion of the matrix is further reduced, which is conducive to 
further improvement of copper alloys electrical conductivity. 

In order to further explore the types of precipitated phases of the 
alloy, the Fourier transform was performed in the white box area in 
Fig. 7(c), and the diffraction spots are shown in Fig. 7(d). It is found after 
calibration that the nanoscale precipitated phase is Cu4Ti, and the four 
crystal plane directions of the precipitated phase are (200)Cu4Ti, 
(113)Cu4Ti, (013)Cu4Ti and (113)Cu4Ti in Fig. 7(d). It was determined by 
inverse fast Fourier transform (IFFT) conversion of the diffraction spots 
in Fig. 7(d), that the crystal plane spacing of (113)Cu4Ti was 0.3053 nm 
and that of (113)Cu4Ti was 0.248 nm. In the IFFT diagram of Fig. 7(e and 

f) there are misaligned atoms and dislocations. 
Fig. 8 shows a TEM image of the aged Cu-1.5Ti-0.5Fe alloy with 60 % 

deformation. In Fig. 8(a) there are obvious dislocation tangles and 
dislocation walls inside the alloy, and the dislocation density is signifi
cantly higher than Cu-1.5Ti-0.3Fe, which is consistent with the EBSD 
results. Two different types of precipitated phases can be observed from 
the HRTEM in Fig. 8(b). In order to explore the type of precipitated 
phase, the diffraction spot in Fig. 8(d) was obtained by performing the 
Fourier transform of the boxed region in Fig. 8(c). After calibration, the 
precipitated phase was determined as Cu4Ti, and the four crystal plane 
directions of (113)Cu4Ti, (103)Cu4Ti, (113)Cu4Ti and (020)Cu4Ti were ob
tained. By IFFT conversion of the diffraction spots in Fig. 8(d), the 
crystal plane spacing of (020)Cu4Ti was determined to be 0.2133 nm, and 
the crystal plane spacing of (113)Cu4Ti was determined to be 0.2418 nm. 

A short rod-like nano-precipitated phase can be seen in the white 
frame in Fig. 8(f), resulting in the diffraction spots shown in Fig. 8(g) by 
Fourier transform. Two sets of diffraction spots can be clearly seen in 
Fig. 8(g), and after calibration, the precipitated phases are determined to 
be Cu and Fe2Ti. The orange part in Fig. 8(g) is calibrated as Cu, and 
there are three (002)Cu, (111)Cu, and (111)Cu crystal planes. The crystal 
plane spacing shown in Fig. 8(h and i) was obtained by inverse Fourier 
transform of the diffraction spots, and the crystal plane spacing of 
(002)Cu was determined to be 0.1821 nm, while the crystal plane 
spacing of (111)Cu was 0.2099 nm. The blue part in Fig. 8(g) is calibrated 
as Fe2Ti, and there are three crystal plane orientations: (211)Fe2Ti, 
(121)Fe2Ti and (112)Fe2Ti. The facet spacing shown in Fig. 8(j and k) was 
obtained by performing the inverse Fourier transform of the diffraction 
spots, and the crystal plane spacing of (211)Fe2Ti was determined to be 
0.2369 nm, while the (112)Fe2Ti crystal plane spacing was 0.2049 nm. 
Fig. 8(l) is the atomic model of Fe2Ti, which can intuitively demonstrate 
the stacking of Fe atoms and Ti atoms. It is found that in the aging 
process, the supersaturated Ti and Fe atoms in the Cu–Ti–Fe alloy 

Fig. 7. TEM microstructure analysis of peak aging of the Cu-1.5Ti-0.3Fe alloy with 60 % deformation: (a) Brightfield image; (b, c) HRTEM microstructure of Cu4Ti; 
(d) FFT diagram of Cu4Ti (e, f) IFFT diagrams of Cu4Ti. 
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precipitated from the matrix in the form of precipitated phases, 
improving the alloy strength and electrical conductivity. 

The main precipitated phases in Cu–Ti–Fe alloys are nanoscale Cu4Ti 
and Fe2Ti, but when the content of Fe is low, the precipitated phase is 
mainly Cu4Ti. This is because lower Fe content can be completely dis
solved in the copper matrix at room temperature, as it plays more of a 
solid solution strengthening role, and it is difficult to combine with other 
elements to form a precipitated phase. After further increasing the iron 
content, iron atoms that cannot be dissolved in the matrix will combine 
with titanium atoms to form a Fe2Ti precipitated phase. Due to the 
consumption of titanium, this will reduce the precipitation of the Cu4Ti 
phase. Due to the different strengthening effects of the two precipitated 
relative alloys, different precipitated phase content changes the alloy 
properties. 

4. Discussion 

4.1. Strengthening of copper alloys 

In order to improve the strength of copper alloys and obtain excellent 
comprehensive properties, a variety of approaches are often used. In this 
experiment, trace amounts of Ti and Fe were added to the Cu matrix as 
solute elements, which were uniformly distributed in the matrix by so
lution treatment. Due to the difference in the atomic radii of the three 
metals, the crystal lattice causes distortion under the action of internal 
stress and improves the strength of the alloy. After that, the grains are 
broken during cold deformation of 60 %, and a large number of dislo
cation cells and walls are introduced, which further increases the 
strengthening effect. Finally, in the aging process, under the compre
hensive action of the precipitation and recrystallization of the secondary 
phase, the alloy strength is further improved. These are the main 
strengthening mechanisms of copper alloys: grain boundary, solution, 
deformation, and precipitation strengthening. In order to evaluate the 
contribution of different strengthening mechanisms to the strength of 
Cu-1.5Ti-0.3Fe alloy, the combined yield strength of the alloy σ is 
separated into: 

σ = σ0 + σGB + σss + σds + σp (2)  

Here, the lattice frictional stress of the copper matrix σ0 is 60 MPa [38]. 
σGB, σss, σds and σp correspond to the strength contributions due to grain 
boundary, solid solution, deformation, and precipitation strengthening, 
respectively. 

The contribution of grain boundary strengthening can be described 
by the Hall-Petch formula [39,40]: 

σGB =Kyd− 1/2 (3)  

Here, d is the average grain size, 1/1/2024which is 98.7 μm in Fig. 3(a), 
and the Hall-Petch coefficient Ky is 150 MPa μm1/2. Therefore, the grain 
boundary strengthening mechanism contributed 15.1 MPa to the Cu- 
1.5Ti-0.3Fe alloy strength. 

σss is the improvement of the alloy strength by the solid solution 
strengthening mechanism, which is closely related to the radius differ
ence between the solute and matrix atoms, and is expressed as in 
Ref. [41]: 

σSS =G
(

|δ| +
1
20

)

|η|
3
2

̅̅̅̅̅
xa

3

√

(4)  

Here, G = 46 GPa is the shear modulus of the copper alloy. δ is a lattice 
change factor caused by solute elements, which is 0.1105. η = 0.3171 is 
a factor that describes the change in shear modulus. xa is the percentage 
of solute atoms in the solid solution, which can be converted from the 
mass percentage to obtain xa = 1.98%+ 0.32% = 2.3%. Therefore, the 
strength contribution of the solution strengthening mechanism to the 
Cu-1.5Ti-0.3Fe alloy is 115.4 MPa. 

After 60 % cold deformation, a large number of deformation bands, 
dislocation cells and other morphology features are introduced into the 
copper alloy, and the strength of the alloy is greatly improved by their 
joint action as in Ref. [42]: 

σds =MαGb
̅̅̅ρ√

(5) 

Here, M = 3.06 is the Taylor factor of the copper alloy. α = 0.3 is a 
geometric constant. G = 46 GPa is the shear modulus of copper alloys. B 
is the Burgers vector of the copper alloy (0.2556 nm). ρ is the dislocation 
density, as in Fig. 4(a), ρ = 6.77× 10− 13 m− 2. Therefore, the 

Fig. 8. TEM microstructure analysis of aged Cu-1.5Ti-0.5Fe alloy with 60 % deformation: (a) Brightfield image; (b, c) HRTEM microstructure of alloys; (d) FFT 
diagram of Cu4Ti; (e) IFFT diagram of Cu4Ti; (f) HETEM microstructure of the alloy; (g) FFT diagram of Cu and Fe2Ti; (h, i) IFFT diagram of Cu; (j, k) IFFT diagram of 
Fe2Ti; (l) Atomic stacking model of Fe2Ti. 
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deformation strengthening mechanism contributed 88.8 MPa to the 
strength of the Cu-1.5Ti-0.3Fe alloy. Finally, one can obtain the 
improvement of the alloy strength by the precipitation strengthening 
mechanism: σp = σ − σ0 − σGB − σss − σds = 462.8 MPa. In the same way, 
the contribution of different strengthening methods to the strength of 
Cu-1.5Ti-0.5Fe alloy is calculated, as shown in Fig. 9(a). 

Fig. 9(a) shows the strength contribution of different strengthening 
mechanisms to the two alloys. As can be seen from the figure, with the 
increase of the content of Fe atoms in solute atoms, the contribution of 
grain boundary strengthening, solution strengthening and deformation 
strengthening mechanisms to the strength of the alloy increases signif
icantly. This is because after the addition of solute atoms, the resistance 
of dislocation motion becomes larger, and the cold deformation makes 
more dislocations retain inside the alloy, which enhances the effect of 
solution strengthening and deformation strengthening. Finer grains 
result in more grain boundaries inside the alloy, which facilitates grain 
boundary strengthening. 

It can also be seen from Fig. 9(a) that precipitation strengthening is 
the main strengthening mechanism of copper alloys, which is an 
important reason for the high strength of Cu–Ti–Fe alloys. Fig. 9(b and c) 
show the tensile fracture morphology of the two aged alloys, where the 
fracture surfaces of both alloys have a large number of dimples, mani
festing plastic fracture. Among them, the dimples of the Cu-1.5Ti-0.3Fe 
alloy are larger and deeper, while the dimples of Cu-1.5Ti-0.5Fe alloy 
are relatively small. This shows that the Cu-1.5Ti-0.3Fe alloy has better 
plasticity after aging, which is also consistent with the stress-strain 
curves in Fig. 2(g). 

4.2. Transition analysis of the precipitated phase 

After solution treatment, excessive Ti and Fe atoms distort the crystal 
lattice of the copper matrix to form a supersaturated solid solution, and 
these internal distortion stresses will hinder the movement of electrons 
and reduce the conductivity of the Cu–Ti–Fe alloy. With the advance
ment of the aging process, Ti and Fe atoms in the solid solution are 
continuously precipitated to form dispersed fine precipitated phase 
particles. The strength of the alloy is greatly improved during this pro
cess. The electrical conductivity will also increase with the continuous 
purification of the matrix. The alloy electrical conductivity and the 
conversion variable of the precipitated phase are proportional. There
fore, to a certain extent, the change in conductivity can reflect the de
gree of transformation of the precipitated phase [43]. Therefore, the 

amount of precipitation phase conversion variable (PPCV) during alloy 
aging can be expressed by Ref. [44]: 

f =V/Vc (6) 

Here, V is the precipitated phase volume precipitated under certain 
aging conditions, and Vc is the equilibrium volume of the precipitated 
phase after aging completion. The resistivity R of an alloy is expressed 
using the Machisen-Fuleminger rule: 

R=R0 + αR1 (7) 

Here, R is the measured electrical resistivity of the alloy, R0 is the 
matrix resistivity, α is the mass ratio of solute atoms, and R1 represents 
the resistivity of the alloy when the solute atoms content is 1 %. Since 
there is a relationship between resistivity R and conductivity γ, and the 
precipitated phase is continuously precipitated during aging, the rela
tionship between conductivity and PPCV is expressed as: 

γ = γ0 + Af (8)  

Here, γ is the electrical conductivity of the alloy after aging, γ0 is the 
conductivity of the alloy in the cold-rolled state, and A is the conduc
tivity coefficient. Let’s consider an example of Cu-1.5Ti-0.3Fe 450 ◦C 
aging after 60 % cold rolling. From the measured conductivity of Cu- 
1.5Ti-0.3Fe alloy in different aging states in Table 2, the following for
mula can be obtained: 

γ = 7.79 + 13.85 × f (9) 

Therefore, according to the conductivity of the alloys at different 
aging times, the precipitated phase conversion variable of the two alloys 
in different aging states can be calculated, as shown in Table 2. 

It can be seen from Table 2 that with the continuous precipitation of 
solute atoms during the aging process, the volume fraction of the 
precipitated phase continues to increase. The lattice distortion of the 
alloy matrix is weakened, the scattering effect on electrons is reduced by 
the purified matrix, and the conductivity of the alloy is significantly 
increased. Compared with the conductivity of the cold-rolled state, the 
conductivity at the end of aging is nearly three times higher, and the 
increase is obvious. 

In the aging process of Cu-1.5Ti-0.3Fe alloy, the relationship be
tween aging time t and secondary phase change rate f can be expressed 
by the empirical equation of precipitation dynamics [32,45]: 

f = 1 − exp ( − mtn) (10) 

Fig. 9. (a) Strength contribution of different reinforcement mechanisms; (b, c) Tensile fracture morphology of 60 % deformed aged Cu-1.5Ti-0.3Fe and Cu-1.5Ti- 
0.5Fe alloys. 
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Here, m and n are constants, m is related to factors such as grain size, 
temperature and initial phase composition. After deforming the formula, 
take the logarithm of base 10 on both sides, and the formula can be 
expressed as: 

lg
(

ln
1

1 − f

)

= n lg(t) + lg(m) (11) 

Fig. 10(a) was constructed using the calculated data in Table 2, 
which have a linear relationship y = 0.7235x − 0.1041. Here, the con
stant n is the slope of the fitted line n = 0.72. lg(m) is the intercept of the 
fitted line, and the result is m = 0.79. 

By using the obtained constants in equation (10), the phase transition 
kinetic equation of the Cu-1.5Ti-0.3Fe alloy with 60 % deformation aged 
at 450 ◦C can be written as: 

f450◦C = 1 − exp
(
− 0.79t0.72) (12) 

By using the phase transition kinetic equation (12) with equation (8), 
the conductivity equation of Cu-1.5Ti-0.3Fe alloy with 60 % deforma
tion aged at 450 ◦C can be obtained: 

γ450◦C = 7.79+ 13.85 ×
[
1 − exp

(
− 0.79t0.72)] (13) 

Similarly, from Fig. 10(c), it can be seen that during the aging pro
cess of Cu-1.5Ti-0.5Fe alloy 450 ◦C, n = 0.71, b = 0.71, the phase 
transition dynamics equation and the conductivity equation are shown 
in equations (14) and (15): 

f450◦C = 1 − exp
(
− 0.71t0.71) (14)  

γ450◦C = 8.29+ 14.01 ×
[
1 − exp

(
− 0.71t0.71)] (15)  

In order to verify the accuracy of the conductivity equation of Cu-1.5Ti- 
0.3Fe and Cu-1.5Ti-0.5Fe alloys at an aging temperature of 450 ◦C, the 
calculated values of conductivity can be obtained by bringing the aging 
time into equations (13) and (15), respectively. Table 3 compares the 
test and calculated values. 

As can be seen from Table 3, the measured and calculated values of 
the alloy conductivity are basically close. This shows that the conduc
tivity equation of the alloy can accurately reflect the actual conductivity 
of Cu-1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe alloys with 60 % cold-rolled 
amount at 450 ◦C. 

In order to visualize the transition of the precipitated phase of the 
alloy, the phase transition kinetic S-curve of the alloy during aging at 
450 ◦C is shown in Fig. 10(b–d). At the initial stage of phase transition, 

Table 2 
Conductivity (measured value) and PPCV (calculated value) of Cu-1.5Ti-0.3Fe and Cu-1.5Ti-0.5Fe at 450 ◦C aging.  

Alloy Aging time, h 0 0.25 0.5 1 2 4 6 8 

Cu-1.5Ti-0.3Fe Conductivity, % IACS 7.79 10.49 14.39 15.86 17.75 19.79 20.76 21.64 
Cu-1.5Ti-0.3Fe PPCV, % 0 19.53 47.68 58.31 71.89 86.68 93.63 100 
Cu-1.5Ti-0.5Fe Conductivity, % IACS 8.29 11.06 13.78 16.13 17.95 19.65 21.13 22.30 
Cu-1.5Ti-0.5Fe PPCV, % 0 19.77 39.19 55.96 68.95 81.08 91.65 100  

Fig. 10. Alloys with 60 % cold deformation are aged at 450 ◦C: (a,c) linear fitting plot of precipitation phase conversion variable and aging time; (b,d) Phase 
transition dynamics S-curve for ageing processes. 
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the precipitation phase transformation rate of the alloy is low, and with 
the longer aging time, the transformation rate of the precipitated phase 
increases rapidly, while at the later aging stage, the transformation of 
the precipitated phase tends to be slower again. When f is less than 0.2, 
that is, the stage where the precipitation phase conversion variable is 
less than 20 %, the speed of alloy precipitation phase conversion in
creases the most. This also means that the alloy’s conductivity increases 
at the fastest rate at the beginning of aging, which is also confirmed by 
the increasing trend of conductivity in Fig. 2(c). 

It can be seen from the strengthening contribution equations (2)–(5) 
that precipitation strengthening is the most important strengthening 
method in the Cu–Ti–Fe alloy aging process. For precipitation- 
strengthened copper alloys, the content of solute elements in the cop
per matrix has a huge impact on the conductivity of the alloy. Due to the 
scattering of solute atoms, too many solute atoms will hinder the 
movement of electrons, resulting in increased resistivity. Therefore, the 
phase transition kinetic equation and the conductivity equation show 
that with the continuous precipitation of the precipitated phase in the 
supersaturated solid solution, not only it has a huge impact on the 
strength of the alloy, but also greatly improves the conductivity, while 
the precipitated phase is also an important factor affecting the alloy 
conductivity. By regulating the precipitated phase in the aging process 
and strictly controlling the aging parameters, the precipitation 
strengthening effect and the dynamic softening effect are balanced to 
obtain Cu–Ti–Fe alloy with excellent comprehensive performance. 

5. Conclusions  

(1) Cold deformation of 60 %, aging at 450 ◦C for 240 min, can 
optimize the hardness and conductivity of the Cu–Ti–Fe alloy. 
After treatment, Cu-1.5Ti-0.3Fe alloy hardness and electrical 
conductivity increased from 196.8 HV to 7.8 % IACS to 269.3 HV 
and 19.8 % IACS, with a tensile strength of 742.1 MPa.  

(2) The main precipitated phase in the Cu-1.5Ti-0.3Fe and Cu-1.5Ti- 
0.5Fe alloys are Cu4Ti, Cu4Ti and Fe2Ti phases, respectively. The 
Cu4Ti and Fe2Ti phases could purify the matrix and delays 
recrystallization, which effectively improving the strength of 
Cu–Ti–Fe alloys. In particular nanoscale Fe2Ti phase strongly 
obstructs recrystallization and grain growth.  

(3) Upon calculation, it was determined that the precipitation 
strengthening mechanism is the primary contributor to the high 
strength of the Cu–Ti–Fe alloy. Enhancing the concentration of 
solute atoms can lead to improved grain boundary strengthening, 
solution strengthening, and deformation strengthening. 
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