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INFLUENCE OF SOLUTION AND AGING TREATMENT CONDITIONS ON THE FORMATION OF ULTRAFINE-GRAINED 
STRUCTURE OF CuFe2 ALLOY PROCESSED BY ROLLING WITH CYCLIC MOVEMENT OF ROLLS

The effect of second phase particles on grain refinement in CuFe2 alloy has been investigated by using rolling with the cyclic 
movement of rolls (RCMR) method. Two different population of second phase particles of Fe: coherent, about 10 nm in diameter 
and about 100 nm in size were obtained by applying aging treatment followed at 500°C for 2 h and at 700°C for 24 h respectively. 
In addition, solution treated samples were deformed by RCMR method at the same parameters. The microstructures of the CuFe2 
alloy were analyzed using light microscope (LM), electron backscattered diffraction (EBSD) microscope technique and scanning 
transmission electron microscope (STEM). The presence of high-density of coherent Fe particles in the matrix inhibits recovery 
process and in the result obtained grain/subgrain boundaries have diffused character and are weakly visible. The largest particles 
which are not coherent with the matrix act as an effective barrier against the boundary motion.
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1. Introduction

Severe plastic deformation (SPD) techniques are widely 
applied for production of ultrafine-grained (100-1000 nm in size) 
and nano-grained (less than 100 nm in size) microstructures in 
bulk materials [1-4]. Materials produced by SPD have good me-
chanical and physical properties [5-8]. Age- hardening effect in 
connection with grains refinement to ultrafine scale are the main 
approaches to improve strength and ductility. One of the methods 
which can be used for SPD processing is rolling with the cyclic 
movements of rolls (RCMR) because it allows for large deforma-
tions, and therefore grain refinement is possible [9]. This original 
method of deformation has been patented at Silesian University of 
Technology, Faculty of Materials Engineering and Metallurgy in 
Poland [10]. The basis of this method is deformation of a massive 
sample by simultaneously applying rolling and transverse to the 
rolling direction – cyclic movements of rolls. The value of the 
total effective strain eft can be controlled by changing the propor-
tions of the following parameters: rolling reduction εh (%), rolling 
rate v (rpm), amplitude of transverse movement of rolls A (mm), 
frequency of transverse movement of rolls f (Hz). Application 
of cyclic deformation mode (RCMR belongs to this method) 
to grain refinement introduces some restrictions in structure 
refinement. Obtained in literature [6-8,13] results suggest that 
the recovery process plays a significant role in formation of the 
ultrafine-grained structure. These structural effects such as the 
transformation of dislocation tangles into polygonal boundaries 
and annihilation of dislocations, may have a negative influence on 

the grain refinement. The decrease in dislocation density doesn’t 
lead to the formation of an ultrafine-grained structure. Only large 
quantity of dislocations in grain boundaries favorably become 
effective barriers to suppress recovery processes. Pronounced 
recovery during deformation results in decrease of mechanical 
properties. This phenomenon occurs especially in pure Cu [11,12].

It is important to know whether the similar mechanism of 
microstructure recovery is effective in the precipitation hardened 
materials. It is well-known that the presence of second phase 
particles could potentially have a significant effect on the grain 
refinement [13-17]. No investigations have been performed 
however on the effect of second phase precipitates on grain 
refinement during (RCMR) in CuFe2 alloy. For this reason, 
in the present work, effect of second phase precipitates on the 
deformed microstructure by rolling with cyclic movement of 
rolls was studied. Obtained particles during application of vari-
ous parameters of heat treatments are different in dimension, 
distance between them and crystal lattice fit.

2. Materials and experimental procedures

In this study, precipitation hardened copper alloy with 
addition of 2% Fe was used. This alloy was selected for inves-
tigation because can be readily produced by SPD processing 
at room temperature. The alloy was prepared by melting and 
alloying in open-air induction furnace, followed by casting into 
the mould with diameter of 50 mm. Ingots were hot rolled into 
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bars (Fig. 1a) with dimensions of 8×8×60 mm. The samples 
were prepared through:
1) solution treatment at 1000°C for 3 h followed by quenching 

into iced water (in this article referred to as “S” state)
2) solution and aging treatment at 500°C for 2 h (referred to 

as “S+1A”)
3) solution and aging treatment at 700°C for 24 h (referred to 

as “S+2A”)
Specimens with three distinctly different initial conditions 

were deformed by using RCMR method. In our experiments, 
εh = 80%, v = 0.7 rpm, A = 0.8 mm, f = 1.5 Hz. Process was 
realized in 6 passes. The total effective strain εft was ~5. The 
RCMR method and formula of total effective strain calculation 
has been described in more details in [9].

The examples of samples after deformation are presented 
in Figure 1 a) and b). All tests by using the RCMR method were 
conducted at room temperature. The samples in solution condi-
tion and next deformed by RCMR are referred to as “S+RCMR” 
and samples in solution and aging state and next deformed by 
RCMR are referred to as “S+1A+RCMR” and “S+2A+RCMR”.

The investigation of the ultrafine-grained structures was 
performed using a FEI INSPECT F scanning electron microscope 

(SEM) equipped with a cold field emission gun and an electron 
backscatter diffraction (EBSD) detector. SEM specimens were 
polished by using an ion thinning device (PECS) manufactured 
by Gatan, Inc. The polishing was performed using the following 
parameters: beam current – 2,5 keV, and total time – 70 min. 
During the process the sample was rotating with a rate of 15 rpm. 
Moreover, tilt angle was applied. It was changing with a range of 
0-20° with 8°/sec for 45 min, and then the tilt angle was decreased 
to 0-10°. Additionally, scanning transmission electron micro-
scope (STEM) Hitachi HD-2300A was used for microstructure 
characterization. The mechanical properties of the alloys were 
characterized by hardness measurements. The Vickers hard-
ness was measured on an electrolytically polished surface of 
the samples by means of Future-Tech. Corp. Fm-800. A 1000 g 
load applied for 15s was ensured for these measurements. The 
hardness values were taken as the average of a minimum of 
10 measurements. Due to heterogeneity of the deformation, the 
SEM/EBSD observations and hardness measurements were made 
in areas located at a distance of about 1/4 of the sample’s height 
in the transverse plane section. STEM observations of the thin 
foils parallel to the rolling plane were performed from distance 
of about 1/4 of the sample’s height (Fig. 1d).

Fig. 1. Macrostructure of CuFe2 alloy, initial sample before deformation a) and samples after S+1A+RCMR and S+2A+RCMR processing b) 
and c) position where specimens for microstructure analysis and hardness measurements were taken from the deformed specimens d)

3. Results and discussion

Figure 2a shows the microstructure of CuFe2 alloy after so-
lution treatment. Microstructure is characterized by the presence 
of undissolved equiaxial Fe precipitates in Cu matrix. Based on 
STEM/EDS investigations it has been shown, that the precipitates 

are rich in P. Phosphorus was added as an antioxidant during 
casting. The average diameter of precipitates is about 0.5 μm 
and average distance of particles is about 4.5 μm (Fig. 2b,c). 
The initial grain size of the specimen in the solution treatment 
conditions was determined as 200 μm.

Fig. 2. Microstructure of CuFe2 alloy after solution treatment a), distribution of Fe particles b) and distribution of Fe particles distance c)
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Fig. 3 and Fig. 4 show the microstructure of CuFe2 alloy 
after solution and aging treatment followed at 500°C for 2 h 
and at 700°C for 24 h. Aging treatment at 500°C for 2 h results 
in the formation of coherent Fe precipitates within the matrix 
(Fig. 3a). The size of these particles varies between 10-25 nm 

(Fig. 3b). With prolonged aging temperature and time, the pre-
cipitates lost coherence with matrix (Fig. 4a) and amount of the 
particles within the matrix decreases (spacing between particles 
increase). The size of these particles varies between 60 to 140 nm 
(Fig. 4b).

Fig. 3. Microstructure of CuFe2 alloy after ageing in 500°C/2h a) and distribution of average diameter of coherent Fe precipitates b)

Fig. 4. Microstructure of CuFe2 alloy after ageing in 700°C/24h a) and distribution of average diameter of noncoherent Fe precipitates b)

Figures 5-7 show boundary misorientation maps construct-
ed from EBSD results. In the misorientation maps, the thin lines 
represent the boundaries having smaller misorientation θ in the 
range of 2 ≤ θ < 15°, while the bold lines represent the boundaries 

with larger misorientation of 15 ≤ θ. Low angle boundaries with 
misorientation smaller than 2° were out of consideration. Figures 
show that all microstructures processed by RCMR method have 
low and high angle boundary structures elongated along RD.

Fig. 5. EBSD map a) and STEM micrographs in dark – field image b) and bright- field image, typical for S+RCMR state
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The map in S+RCMR state obtained using the EBSD tech-
nique is shown in Figure 5a. The microstructure is characterized 
by boundaries with small and high misorientation angles. Vis-
ible fragments of high angle boundaries (HABs) belong to the 
original grain boundaries and the shape of the primary grains is 
related to the direction of the RCMR deformation. Only indi-
vidual equiaxal ultrafine-grains of the HABs are visible. From 
the EBSD data, the fraction of HABs is determined and reached 
about 23% as is plotted in Figure 8. The average grain /subgrain 
size was 0.49 μm and 0.42 μm respectively.

The refined microstructure is characterized by a mixture 
of equiaxed and elongated subgrains/grains with dislocations 
(Fig. 5b,c). Very often equiaxed subgrains/grains are near without 
of dislocation inside (Fig. 5c). Many of the visible boundaries 
are straight, however very often curved boundaries are observed. 
This means that motion of grains is possible. S+1A+RCMR 
specimen shows the ultrafine lamellar structure with HABs elon-
gated to RD but very often the structure is subdivided by other 
lamellar structures (Fig. 6a). Intersection of ultrafine lamellar 
bands is typical feature of microstructure for S+1A+RCMR state. 
The STEM micrograph (Fig. 6b) shows the tangles of disloca-
tions and elongated subgrains (dense dislocation walls)/grains 
with high dislocation density. In some microareas, the boundaries 
of new grains/subgrains are poorly defined (Fig. 6c). The frac-
tion of HABs is lower than that of the S+RCMR state (Fig. 8). 
It should be noted that for S+1A+RCMR state relatively large 
amount of MABs (medium angle boundary) is observed. Finally, 
fractions HABs of 20% and MABs of 40% were achieved. The 
presence of coherent precipitates especially reduces the mobility 
of dislocations and as an effect, dense dislocation walls slowly 

develop into the grain boundaries. From EBSD measurement 
the average grain/subgrain size was determined as 0.39 μm and 
0.36 μm respectively.
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Fig. 8. Changes of misorientation angles in dependence of deformation 
state. The misorientation angles have been divided into three ranges: 
low angle – 2°-5°, medium angle – above 5°-15°, high angle above 15°

On EBSD map obtained for S+2A+RCMR state there are 
some well visible ultrafine equiaxed grains/subgrains with ran-
dom orientations (Fig. 7a). In S+2A+RCMR state a structure of 
equiaxed grains with dislocations inside or without dislocations, 
which are quite frequently delineated by sharp boundaries was 
developed (Fig. 7b-c). The fraction of HABs is 27% (Fig. 8). 
The average grain/subgrain size was determined as 0.44 μm and 
0.40 μm respectively. Typical examples of deformed structure 
with small Fe particles are shown in Figure 7b. The precipitates 

Fig. 6. EBSD map a) and STEM micrographs in dark-field image b, c) typical for S+1A+RCMR state

Fig.7. EBSD map a) and STEM micrographs in dark- field image b, c) typical for S+2A+RCMR state
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are located in the grain/subgrain boundaries and limit the grain 
growth by providing local pinning of the grain boundary. Ad-
ditionally precipitates resided inside grains/subgrains. In this 
case, high density of dislocation – was observed around most 
of Fe particles.

Figure 9 shows Vickers hardness of the CuFe2 alloy for 
different conditions of heat treatment and RCMR deformation. 
The specimens after ageing (S+1A and S+2A) showed much 
higher hardness than the S state. This was due to the presence 
of precipitates in the aged specimens. Higher values of hard-
ness observed in the sample aged at 500°C/2h are attributed to 
the formation of very small particles which are coherent with 
the matrix. The increase in hardness for samples in S+RCMR 
state compared with S state should be attributed to the strong 
deformation and generation of dislocation. The best results in 
hardness measurement (150 HV1 and 133 HV1) were obtained 
for all alloys in S+1A+RCMR and S+2A+RCMR states. The 
enhancement of hardness in S+1A+RCMR state may be attributed 
both the ultrafine-grained matrix with high dislocation density 
and the presence of fine precipitates which provide resistance 
to dislocation slip and increased dislocation accumulation. The 
hardness measurements were approximately two-times higher 
after deformation than in the initial state. The alloy was deformed 
for a total effective strain εft ~5. The sample in S+RCMR state 
exhibit a typical large strained structure, i.e. subgrains/grains 
with high dislocation density in the interior and with mixture of 
low angle and high angle boundaries (Fig. 5). This means that 
it is difficult to obtain an ultrafine-grained structure with high 
fraction of HABs under RCMR deformation. Reversible cyclic 
methods of deformation delay process of dislocations rearrange-
ment, which run on the same slip planes. For this reason, the 
cyclic extrusion compression (CEC) method is slower than the 
hydrostatic extrusion (HE) and as equal-channel angular pressing 
(ECAP) methods [18]. The RCMR method is cyclic, and thus high 
values of total effective strain must be used for grain refinement 
with high fraction of HABs. In S+1A+RCMR state the presence 
of dislocations inside new grains/subgrains and inside grains/
subgrains boundaries (S+1A+RCMR state appears to be most 
efficient in formation of non-equilibrium grain boundaries) should 
be attributed to the strong deformation and mainly by increase the 
rate of dislocation generation by encouraging the formation of 
Orovan loops. It should be taken into account that the high amount 
of dislocation produced in the first passes of RCMR thanks to 
presence of fine precipitations can strongly accelerate formation 
of numerous band deformations. Barlow et al. [19] have reported 
that dispersed particles are effective in reduction of the slip dis-
tances. In the result the lamellar structure with finer spacing is 
thus retained during deformation. During next passes, the coherent 
precipitates inhibit the long-range migration of dislocation and, 
less dynamic boundary migration occurs. Therefore, it is possible 
to obtain much finer deformation of structures. This result sug-
gests that in order to improve the strength (hardness) by RCMR 
it is recommended to process CuFe2 alloy at S+1A+RCMR state.

In S+2A+RCMR state, the grain/subgrain boundaries are 
strongly pinned by fine precipitates with 100 nm dimension. In 

the result the structure recovery is suppressed in large extent 
because these particles constitute additional barriers to the move-
ment of grains/subgrains. STEM research has shown, that these 
precipitates stopped not only motion of grains/sugrains but also 
partly stopped dislocation motion inside grains/subgrains, be-
cause in favorable conditions i.e. when spaces between them are 
small, the Fe precipitates were enclosed by dislocation network.

In literature the effect of influence of fine particles on grain 
refinement in CuFe2 alloy is not well documented. Research 
carried out in CuFe2 alloy after solution and rolling with 50% 
reduction, shown that the hardness was 155 HV5 [20]. After 
applying ECAP methods with a strain of 8 for deformation with 
route Bc (in Bc route the specimen is rotated 90° counter-clock-
wise around its longitudinal axis after each pass) for Cu-Fe-P 
alloy in the as-cast state, an ultrafine-grain structure consisted 
of grains and subgrains was produced and the grain were nearly 
equiaxed, ranging from 50 nm to slightly larger than 200 nm [14]. 
In as-cast state, the microhardness was 80 HV0.1 and after SPD 
deformation was 167 HV0.1. Our results are comparable with 
other methods of SPD.

4. Conclusions

Precipitation-hardened CuFe2 alloy was solution-treated 
and aged to prepare different microstructures, which may have 
quite different effect on the grain growth during SPD. SPD 
process was realized by using RCMR method. The main results 
obtained in this experiment are as follows:

The transverse movement of rolls refined structure of CuFe2 
alloy. The mean grain/subgrain size in S+RCMR state was 0.49 
μm and 0.42 μm respectively. The fraction of high angle grain 
boundaries was 23% but the fraction of medium angle grain 
boundaries was 32%. Processes of recovery appeared after sub-
jecting of the samples to a total effective strain εft ~ 5. Presence 
of second-phase particles have a significant effect on formation 
of ultrafine-grained structure during RCMR deformation:
– Existence of fine coherent particles (10 nm in size) is ef-

fective in dislocations pinning and increase of dislocations 
density. Inside new grains/subgrains and inside grain/sub-
grain boundaries high amount of dislocations are present.

– The particles with the average dimension of 100 nm were 
found to be effective in hindering dislocation and grain/
subgrain boundaries motion.
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Due to the nature of the RCMR method, promising state 
in grain refinement effect is S+1A+RCMR. The specimens 
showed ultrafine-grained structure with grain/ subgrain size 
about 0.39 μm and 0.36 μm respectively. The fraction of high 
angle grain boundaries was 20% but the fraction of medium 
angle grain boundaries was 40%.
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