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Copper, as a basic element, was alloyed with iron (Fe) and phosphorus (P). This paper presents the results of the copper struc-
ture comminution in the Cu-Fe-P alloy, with the chemical composition containing 0.003 w/% and 0.014 w/% of Fe and P, re-
spectively, and with certain mechanical and structural characteristics. A homogeneous Cu-Fe-P alloy was synthesized to gener-
ate certain mechanical and structural properties, meeting the strict requirements of industry. These requirements refer to Vickers
hardness (HV10) which should be from 45 to 70, tensile strength (Rm) with a minimum of 230 N/mm2, relative elongation (A)
with a minimum of 40 %, and number of grains (Kz) of around 4000 grains/mm2. In order to achieve the required conditions, a
series of samples of the mentioned alloy were tested. Molten, chemically homogenized material was subjected to an extrusion
process. Also, to achieve the above characteristics, cold processing (rolling) was used with deformation degrees of (10, 30, 50,
75, 80) %. Recrystallization annealing, for the purpose of creating a fine-grained structure, was done at 450 °C in a protective
atmosphere of nitrogen and hydrogen, with annealing times of (35, 90, and 150) min. The results indicated that optimal condi-
tions for the required mechanical and structural characteristics of the material were achieved at a deformation degree of 80 %,
an annealing time of 150 minutes and a temperature of 450 °C.
Keywords: Cu-Fe-P, microalloying, plastic processing, mechanical and structural characteristics

Avtorji v ~lanku opisujejo legiranje bakra (Cu) z `elezom (Fe) in fosforjem (P) ter opisujejo rezultate mehanskih in
mikrostrukturnih lastnosti izdelane Cu-Fe-P zlitine z 0,003 w/% Fe in 0,014 w/% zaradi mikrostrukturnih sprememb
(udrobljenja). Homogeno Cu-Fe-P zlitino so avtorji sintetizirali tako, da je izpolnjevala vse mehanske in mikrostrukturne
lastnosti, ki so zahtevane za njeno to~no dolo~eno industrijsko uporabo. Zahteve se nana{ajo na njeno mehansko trdoto po
Vickersu (HV10), ki mora biti med 45 in 70, njeno minimalno natezno trdnost (Rm) 230 N/mm2, minimalni relativni raztezek
(A) 40 % in {tevilo kristalnih zrn (Kz) okoli 4000 zrn/mm2. Zato, da bi avtorji dosegli zahtevane lastnosti zlitine so izdelali in
testirali serijo preizku{ancev. Raztaljen, kemijsko homogeniziran material so po ohlajanju ekstrudirali. Prav tako so izvedli tudi
hladno valjanje zlitine z razli~no stopnjo hladne deformacije (30, 50, 75, in 80) %. Sledilo je rekristalizacijsko `arjenje pri
450 °C v za{~itni atmosferi du{ika in vodika z namenom formiranja fino zrnate mikrostrukture. Rekristalizacijsko `arjenje so
izvajali razli~no dolgo ~asa (35, 90 in 150) min. Rezultati preiskav so pokazali, da so dosegli zahtevane mehanske in
mikrostrukturne lastnosti Cu-Fe-P zlitine z izbrano kemijsko sestavo pri 80 %-ni stopnji deformacije in ~asu rekristalizacijskega
`arjenja 150 min na temperaturi 450 °C.
Klju~ne besede: Cu-Fe-P, mikrolegiranje, plasti~no procesiranje, mehanske in mikrostrukturne lastnosti.

1 INTRODUCTION

Only a small concentration of Fe added to pure Cu
significantly changes the characteristics of Cu and meets
different needs, depending on the application. In addition
to Fe, other elements can be added to Cu, such as Mo,
Pb, Co, Ti, W, Cr, Zr, Ni, Si, etc., and new properties of
Cu can then be investigated. Cu and Cu alloys have ex-
cellent mechanical properties, as well as thermal and
electrical conductivity. For this reason, the need for the
production, processing, and application of these alloys in

a wide area of industry has significantly increased in re-
cent years.1–3

The development of techniques for the production of
materials with specific characteristics must be accompa-
nied by new processing technologies that, in addition to
high productivity, should also ensure high quality. There-
fore, it is not easy to choose the appropriate thermo-
mechanical regime for the processing of such materials,
when certain values of mechanical and structural charac-
teristics are pre-defined according to industry require-
ments. Cu-Fe alloys can be obtained using different
methods. Thus, Zou et al., obtained the Cu-14Fe com-
posite through casting under an alternating magnetic
field,2 while Wang et al. obtained Cu-10 wt% Fe alloy
using double-melt mixed casting and multi-stage
thermomechanical treatment.3 Jang et al. examined the
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strength and electrical conductivity achieved by optimiz-
ing the dual-phase structure of Cu–Fe wires.4 The au-
thors analyzed the influence of microstructural parame-
ters on the mechanical properties and electrical
conductivity of wires. Annealing the alloy at 500 °C led
to the precipitation of Cu nanoparticles in the Fe-phase
and Fe in the Cu-phase. The result of wire drawing de-
formation significantly improved the strength of the
wires, while the electrical conductivity was not signifi-
cantly reduced.4 Ding et al. obtained the Cu–Fe compos-
ite by vacuum casting,5 while Tian et al. used the powder
rolling method.6 Li et al. produced a hierarchical
microstructure and strengthening mechanism of
Cu-36.8Fe alloy with selective laser melting.7 One of the
frequent methods of obtaining the Cu-Fe alloy is using
metal powders.8–10

One of the important required structural characteris-
tics is the grain refinement of Cu and Cu alloys.11,12

Thus, Feng et al. investigated the effect of casting and
crystallization temperature on the grain refinement of
pure Cu hardened by means of a pulsed magnetic field at
low pressures.13 Higher casting and crystallization tem-
peratures resulted in lower cooling rates, providing a lon-
ger time for counteracting the effects of the pulsating
magnetic field, thereby achieving a better grain refine-
ment.13 Zaher et al. investigated the effects of Sn and
strain rate on the grain refinement and defects in severely
deformed Cu.14 In their study, it can be seen that the ad-
dition of Sn significantly reduces the grain size, while a
higher degree of deformation reduces the grain size and
increases the density of defects in CuSn8 alloys.14 Chen
et al. applied a simple and effective powder sintering
procedure to obtain these materials, but they were easily
deformed and had a poor finish.15 On the other hand, ac-
cording to Fang et al., materials produced by electrolytic
deposition techniques have higher density and finer
grain, but lower production capacity.16

The above researches provide information about new
methods of obtaining materials and contribute to a better
understanding of the grain refinement mechanism in cop-
per alloys.

Since in Cu-Fe alloys, during severe plastic deforma-
tions, a large number of dislocations are formed, which
favor the precipitation of Fe atoms in the alloy, Zhang et
al. explained that an addition of alloying elements re-
duced the interphase energy of Fe atoms in a solid solu-
tion with Cu, thereby promoting the precipitation of Fe
from the solid solution. That way, attention was drawn to
microalloying.17 Wang et al. indicate that the presence of
Fe up to 5 w/% positively affects the mechanical proper-
ties of Cu alloys.18 Due to the low solubility of Fe in Cu,
an uneven distribution of the Fe-phase occurs during so-
lidification of Cu-Fe alloys, which leads to serious
macrosegregation that worsens the performance of Cu-Fe
alloys.19,20 Wang et al. pointed out that Cu-Fe alloys with
a relatively uniform composition and uniform structure,

especially alloys with the Fe content higher than 5 %, are
difficult to prepare with the traditional casting method.21

An addition of non-metals such as P significantly af-
fects the properties of Cu. The solubility of P in Cu is
low and it is used primarily as a strong deoxidizing
agent. With an increase in the P content, the area of Cu
superplasticity expands because P, as an active interfacial
component, prevents sudden grain growth and thus im-
proves the technological properties during plastic pro-
cessing. However, experience has shown that with an in-
crease in the P content above 0.4 w/% and an increase in
the casting speed, the quality of the casting surface dete-
riorates sharply.22 Wang et al. showed that the P content
in steel must be controlled and should be below 0.045
w/%.23 However, P, whether present as an impurity or in
trace amounts, is an effective scavenger of oxygen in cast
copper. It can also improve the fluidity of Cu, which
gives an alloy excellent mechanical and electrical proper-
ties.17

The research presented in this paper aimed to analyze
the influence of a certain thermal annealing regime, and
mechanical regimes of processing on the mechanical and
structural characteristics of microalloyed copper. The
tested copper alloy had to meet the requirements includ-
ing a hardness (HV10) of 45–70, a minimum tensile
strength (Rm) of 230 N/mm2, a minimum relative elonga-
tion (A) of 40 %, and a number of grains (Kz) of around
4000 grains/mm2. Tests were first performed in labora-
tory conditions and then continued in semi-industrial
conditions.

2 EXPERIMENTAL PART

2.1 Materials and techniques

To obtain the Cu-Fe-P alloy, cathodic Cu with a
99.99 % purity was used (grade A quality produced by
AURUBIS, Bulgaria). The melting of Cu cathodes was
carried out in an electrical resistance furnace with a pro-
tective atmosphere, and the casting of the alloy was car-
ried out using upward casting, Figure 1a.

Cu microalloying was performed by adding the
CuP6.42 prealloy, while Fe was added in the powder
form.

The obtained microalloyed Cu rod was subjected to
multiple remelting cycles after casting to achieve better
homogenization. Control of the chemical composition of
the synthesized alloy was carried out continuously by ex-
amining a sample every hour of the casting. The content
of Fe and P was determined with an optical emission
spectrometer with spark excitation (OES) (manufactured
by ARL, model 4460, USA). The cast rods, with a diam-
eter of 20 mm and a satisfactory chemical composition,
were then transferred to the extrusion device. There,
strips with a 150 mm width and 19.8 mm thickness were
obtained, Figure 1b. Samples were prepared from these
strips, which were interphase annealed in an electric re-
sistance furnace (manufactured by Instrumentaria
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Zagreb, Croatia) at 550 °C for 30 min. After annealing,
all samples were tempered in a mixture of water and
ethyl alcohol.

Cold plastic processing involved rolling of samples
on a rolling mill with smooth rollers (manufactured by
FIOA, Italy), Figure 1c, at different degrees of deforma-
tion of (10, 30, 50, 75, and 80) %. To eliminate the im-
pact of sample thickness on the alloy properties,24 all
samples were planned to have a uniform thickness of
4 mm. Based on the final thickness and final degrees of
deformation, the pre-final thickness values of the sam-
ples were calculated. Before the final rolling, the sam-
ples were annealed at 550 °C for 30 min in an electric re-
sistance furnace to eliminate deformation stress. After
annealing and tempering the samples in a mixture of wa-
ter and ethyl alcohol, the final rolling was performed, re-
sulting in strips with a thickness of 4 mm.

The final recrystallization annealing of the samples
was conducted in a chamber electric resistance furnace
(manufactured by FIOA, Italy). The annealing was car-
ried out at 450 °C in a protective atmosphere of nitrogen
(5 % purity) and hydrogen (5 % purity) for durations of
(35, 90, and 150) min. The furnace was directly linked to
the sample cooling chamber. The samples were cooled in
a mixture of water and 96 % ethyl alcohol in a ratio of
3:1, Figure 1d.

The hardness of the samples was determined using
the Vickers method on the hardness tester device (manu-
factured by VEB-LEIPZIG, Germany), with a load of
10 kg and a load duration of 15 s. The hardness values
represent the average of 8 to 10 measurements, con-
ducted both along and across the rolling direction.

The measurements of the tensile strength and elonga-
tion of the samples were performed on a tear machine
(manufactured by KARL FRANK, Germany, model 81
221-12).

Metallographic preparation of the samples was con-
ducted using an electrolytic polishing and etching de-
vice, (manufactured by METKOM ELOPREP, Turkey,
model 102). An aqueous solution of 85 % phosphoric
acid and 96 % ethyl alcohol (250 mL phosphoric acid,
250 mL ethyl alcohol, and 250 mL distilled water) was
used as the electrolyte for polishing the samples, with a
polishing time of 60 s for each sample. The polished
samples were additionally etched using an aqueous solu-
tion of 96 % ferric chloride and 96 % hydrochloric acid
(1 g ferric chloride, 3 mL hydrochloric acid, and 20 mL
distilled water) for 35 s, after which they were rinsed
with distilled water.

Microstructural analysis of the prepared samples was
performed on an optical microscope (OM), (manufac-
tured by LEICA, Germany, model DM 2700M),
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Figure 1: View of the plant: a) upward casting of the microalloyed copper rod, b) extrusion procedure, c) rolling mill with smooth rollers, and d)
annealing furnace



equipped with a Flexcam – C1 digital camera. Grain
counting was performed using the Leica Grain & Phase
Expert image analysis software following the planimetric
method from the STM E112-10 standard.25 To determine
the average number of grains, in accordance with the re-
quirement of the standard, 3 to 5 representative areas
were measured at a magnification of 100× on each exam-
ined sample.

X-ray analysis was performed using a Rigaku
MiniFlex 600 with a D/teX Ultra 250 high-speed detec-
tor and a Cu anode X-ray tube. The range of angles was
3–90°, the step was 0.02°, the recording speed was
10°/min, with 40 kV and 15 mA. The identification of
the samples was made with the PDXL 2 Version 2.4.2.0.
software, and the ICDD database (PDF-2 Release 2015
RDB). The detection limit was 1 %.

The surface appearance was investigated with SEM
(JEOL, JSM IT 300LV) and EDS (OXFORD Instru-
ments).

2.2 Methods

The solubility of Fe in Cu is low. It reaches a maxi-
mum of 3.5 % at a temperature of 1050 °C and decreases
as the temperature decreases, so that at 635 °C it is only
0.15 %.17

P was added to allow deoxidation, increase the fluid-
ity and make the alloy easier to process.26

The extruded pieces were rolled with varying degrees
of deformation of (10, 30, 50, 75, 80) %, up to a final
thickness of 4 mm for the copper plates. The samples
were marked according to XXDD-YY, where DD stands
for the Degree of Deformation, XX (%) represents the
value of DD, and YY (min) determines the annealing du-
ration of each sample. XX corresponds to the values of
(10, 35, 50, 75, 80) % DD, while YY corresponds to the
times of (35, 90, 150) min, which are the annealing dura-

tions at 450 °C for each of the above deformations. In
other words, the general marking system of the prepared
and tested samples is 10÷80DD-35÷150, while the indi-
vidual marking system is, for example, 80DD-150.

After each degree of deformation, mechanical char-
acteristics such as Vickers hardness (HV10), tensile
strength (Rm), and relative elongation (A) were examined.
In addition to Fe as an alloying element, the extrusion
process and cold plastic processing, i.e., rolling of the al-
ready extruded material, play a major role in the
comminution of the structure.27

Changes in the mechanical and physical properties of
the Cu-Fe alloy, compared to pure Cu, are to the greatest
extent a consequence of the influence of the Fe content
on the microstructure. The addition of Fe to Cu affects
the density and arrangement of dislocations, the rate of
dynamic recovery, recovery, recrystallization, and thus
the resulting grain size and texture.

3 RESULTS AND DISCUSSION

In order to obtain a Cu-Fe-P alloy with predeter-
mined characteristics, the influence of the thermo-
mechanical processing regime on the achievement of the
mechanical and structural characteristics of the Cu-Fe-P
ternary system alloy was examined. Fe and P were used
as alloying elements in concentrations of 0.003 w/% and
0.014 w/%, respectively. The results of the analysis of
the chemical composition of the synthesized alloy are
presented in Table 1.

The XRD diagram for the Cu-Fe-P alloy with an
80 % deformation degree is shown in Figure 2. The re-
sult shows that Cu-Fe-P alloy has Cu diffraction peaks
corresponding to pure Cu and copper oxide (Cu2O). Dif-
fraction lines for Cu are shown by peaks at angles of
42.91°, 51.84°, and 74.96° of 2� corresponding to reflec-
tions of Cu from (111), (200), and (220), respectively.
Considering the detection limit of the instrument, there
were no diffraction peaks corresponding to Fe and P or
their potential compounds. Unlike the results we ob-
tained on the diffractogram where all peaks correspond
to pure Cu for the Cu-Fe-P alloy, Zhang et al.17 analyzed
a series of Cu-20Fe-xP alloys, in which the Fe concen-
tration was constant, being 20 w/%, and the P concentra-
tion varied in a range of 0.05–1.0 w/%. With the concen-
tration of Fe and P in the alloy, peaks corresponding to
the Fe3P compound with reflections (321) and (411), and
the �-Fe phase corresponding to reflections (110) and
(200) appear on their diffractogram. Low-intensity peaks
corresponding to Cu2O indicate the beginning of oxida-
tion due to the nature of the material.
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Figure 2: XRD analysis of Cu-Fe-P alloy with 80DD-150

Table 1: Chemical composition of Cu-Fe-P alloy

Element Cu P Fe Si Pb Se S Ag Cr Mn
w/% 99.98 0.0139 0.0028 0.0012 0.0002 0.0001 0.001 0.0009 0.0001 0.0001



Figure 3a shows the microstructure of a rod obtained
with upward casting. The grains are relatively large due
to slow hardening, and grains are directed towards the
crystallization axis, which is strictly in the center of the
casting. The extrusion process takes place under the in-
fluence of active friction that occurs between the work-
piece and the working wheel. As the wheel rotates, it
pulls the rod into the charging chamber, where, due to
high compressive stresses and shear deformation, the
metal is being heated. The temperature in the deforma-
tion zone can reach between 450 °C and 600 °C, result-
ing in dynamic recrystallization and significant
comminution of the grains during extrusion, Fig-
ure 3b.28,29

Figure 3c shows that after rolling with an 80 % re-
duction, visible crystal boundaries are formed and the
grains are elongated, i.e., a deformation texture is pres-
ent. Also, it can be seen that the samples cold rolled in
one direction, have grains that are elongated in the direc-
tion of rolling, and compressed in the direction normal to
the direction of rolling. Cold-deformed samples exhib-
ited good surface conditions, dimensional tolerances, and
a uniform structure. Since plastic deformation also in-
creases the internal energy of a crystal, deformed crystals
were etched faster than undeformed ones.

Under the effect of Fe, the structure is comminuted
and the recrystallization time of Cu is prolonged, thus in-
creasing the mechanical properties, as explained by
Rouxel et al.30 and Yu et al.31 Their finding was also con-
firmed in our case.

After each degree of deformation, mechanical char-
acteristics such as hardness, tensile strength, and relative
elongation were examined. Their dependence on the de-
gree of deformation and annealing time at a constant
temperature is shown in Figures 4, 5, and 6.

Based on the obtained results, it can be concluded
that at room temperature, with an increase in the degree
of deformation, the values for hardness increase propor-
tionally, confirming that the density of dislocations in-
creases significantly with cold deformation. This means
that greater deformation leads to an increased dislocation
density, causing the formation of grain boundaries that
hinder the movement of these dislocations. As a result,
higher levels of applied stress are required to continue
the deformation process, leading to an increase in the
metal hardness.32,33 After annealing for 35 min, a sudden
drop in the hardness is observed at all degrees of defor-
mation. This annealing time indicates the area of primary
recrystallization, characterized by a completely new
structure of the crystal lattice that contains defects. In the
structure, during recrystallization, elongated grains dis-
appear and new polygonal grains are formed. With a fur-
ther increase in the annealing time, the hardness values
do not change significantly at different degrees of defor-
mation.
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Figure 4: Dependence of hardness on the degree of deformation and
annealing time

Figure 3: Micrographs of the samples at a 100× magnification: a) rod
obtained with upward casting, b) after the extrusion, and c) after the
rolling with 80DD



By analyzing the graph that shows the dependence of
the tensile strength on the degree of deformation and an-
nealing time, it can be concluded that the tensile strength
increases with the increase in the degree of deformation
at room temperature. This is because the cold rolled ma-
terial hardens, increases its strength, and decreases plas-
ticity.34 After annealing for 35 min, there is a sudden
drop in the tensile strength for all degrees of deforma-
tion, which corresponds to the primary recrystallization.
By further extending the annealing time after
recrystallization, the tensile strength remains approxi-
mately constant at all degrees of deformation.

Considering the dependence of the relative elonga-
tion on the degree of deformation and annealing time,
presented in Figure 6, it was observed that with the in-
creasing of deformation degree, there is a decrease in the
relative elongation at room temperature. This is because
the material lost its ductility due to cold rolling.35 After
annealing for 35 min, the relative elongation increases,
while with a further extension of the time, its change is
insignificant.

Given that for most of the tested samples, the ex-
pected values of the mechanical characteristics are
achieved, it remains to demonstrate with the test which
samples meet the required structural characteristics, i.e.
the number of grains (Kz) per mm2 under specific

thermomechanical processing conditions. At a small de-
gree of deformation in the metal, there is only a small
number of highly deformed places that can recrystallize.
The grains formed during annealing in these places grow
without significant interfering with each other and, as a
result, often reach a considerable size. In a highly de-
formed metal, on the contrary, there are many deformed
regions of the lattice. As a result, during recryst-
allization, numerous nuclei are formed, from which
grains grow. By adding Fe and using the appropriate pro-
cessing method, their growth is hindered, and a
fine-grained recrystallization structure is created.

In addition to the presence of Fe and P, as well as the
applied degree of deformation, the size of the grains
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Figure 5: Dependence of tensile strength on the degree of deforma-
tion and annealing time

Figure 6: Dependence of relative elongation on the degree of defor-
mation and annealing time

Figure 7: Optical micrographs for sample 80DD-150 at different mag-
nifications: a) magnification of 100×, b) magnification of 200×, c)
magnification of 500×h



formed during recrystallization depends on the annealing
temperature, annealing time, and cooling rate after an-
nealing. As recrystallized grains are formed similarly to
casting grains, through the formation of nuclei and their
growth into microscopic or macroscopic grains, similar
principles apply to both methods of formation. At shorter
annealing times, and higher microscopic magnification,
polygonal grains cannot be determined. Prolonging the
annealing at the same temperature, as in our case, leads
to the formation of numerous very small recrystallized
grains. By further prolonging the annealing time, the
grains become larger. It follows that a recrystallized
grain is larger if a longer annealing time is chosen. How-
ever, slow cooling after annealing acts similarly to pro-
longed annealing time and leads to the formation of
larger grains than when cooling is rapid. For this reason,
rapid cooling with a solution of water and ethyl alcohol
was chosen. It is concluded that the grains formed during
recrystallization are finer if there are more impurities,
such as the insignificant amount of Fe in our case, i.e.,
heterogeneously excreted foreign substances in the metal
that hinder the grain growth and prolong the recryst-
allization temperature. Unlike pure Cu, which, after criti-
cal deformation recrystallizes with very large grains, Cu
alloyed with Fe is quite insensitive to grain growth. In
this case, it could be suggested that trace amounts of Fe
in Cu prevent the formation of large grains.

As confirmation of the earlier observation, micro-
alloying Cu with Fe, followed by extrusion, cold pro-
cessing with a high deformation degree of 80 %, and
recrystallization annealing for 150 min, resulted in a
very fine-grained structure, shown in Figure 7.

Figure 8a shows an SEM micrograph of sample
80DD-150 and 14 points where the same spectral lines
were checked and confirmed, as shown in spectrum 10
(Figure 8b), being the representative spectrum. Since the
investigated Cu-Fe-P alloy contains trace amounts of Fe
and P, the EDS (energy dispersive spectrometry) analy-
sis, Figure 8, confirmed only the presence of Cu, just
like the XRD analysis.

To investigate the distribution of Fe and P phases, an
EDS image was obtained by mapping sample 80DD-150,
Figure 9a. Based on individual images, obtained by ele-
mental mapping, for Cu, Fe, and P, Figure 9b, it can be
concluded that the distribution of Fe and P is quite bal-
anced, indicating that te alloy is quite homogeneous.

During cold rolling, the grains are elongated along
the rolling direction. The level of deformation signifi-
cantly affects the final grain size after the annealing pro-
cess. The higher the deformation level, the finer is the
grain size after annealing because deformation intro-
duces dislocations and texture into the microstructure.
Dislocations introduced by cold rolling provide suitable
nucleation sites and are fixed by Fe precipitates, as ex-
plained by Dong et al.36 Therefore, higher deformation
leads to a higher speed of grain nucleation. Grains are re-
fined after annealing, as explained by Sun and Li37 and
Sofyan and Basori,32 which was also demonstrated in our
case.

The planimetric method from the ASTM E112-10
standard was used to automatically determine the num-
ber of grains.25,38 The planimetric method takes into ac-
count the grains within a surface that is defined with an
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Figure 9: a) EDS analysis of sample 80DD-150 at a 200× magnifica-
tion, b) images of elemental mapping at a 200× magnification for Cu,
Fe, and P

Figure 8: SEM-EDS analysis of sample 80DD-150: a) SEM micro-
graph at a 200× magnification, b) EDS spectrum of point 10



accuracy of ±0.25 grain size unit, with the repeatability
and reproducibility of grain size units of 0.5. ASTM
E112-10 was used as the reference method. Figure 10
presents a statistical grain count performed using Leica
Grain & Phase Expert image analysis software on a se-
lected surface of sample 80DD-150.

The summarized results of the grain count per mm2 at
all DDs and all annealing times, together with the maxi-
mum value and standard deviation, are given in Table 2.
The largest grain count of 4044 belongs to sample
80DD-150. Its main peak is shown in Figure 10c and is
9.519; the standard deviation is 1.003, and the minimum
grain size is 12.61 μm.

Table 2: Number of grains per mm2 of all Cu-Fe-P samples with dif-
ferent DDs and different annealing times

Sample Total count Mean St. dev
10DD-35 2454 8.894 ±1.132
10DD-90 2795 9.048 ±1.088

10DD-150 2967 9.135 ±1.095
30DD-35 3258 9.240 ±1.064
30DD-90 3512 9.324 ±1.026

30DD-150 3556 9.367 ±1.070
50DD-35 3526 9.338 ±1.047
50DD-90 3593 9.335 ±1.001

50DD-150 3591 9.350 ±1.036
75DD-35 3539 9.342 ±1.042
75DD-90 3761 9.443 ±1.052

75DD-150 3918 9.474 ±1.011
80DD-35 3793 9.523 ±1.004
80DD-90 3850 9.421 ±0.975

80DD-150 4044 9.519 ±1.003

The histogram in Figure 10c has the shape of a
Gaussian distribution and represents the grain size distri-
bution. According to the statistics, the limit value (T) is

determined at the highest point, and in the case of
sample 80DD-150, T is about 9.5. On both sides of the
maximum, the number of grains decreases depending on
the grain size, as shown on the X-axis.

Based on the results from Figure 10, and the values
of the number of grains in accordance with the plani-
metric method, Table 2, it can be concluded that only
sample 80DD-150 meets the specified structural require-
ments, including a number of grains of 4044 grains/mm2.

The extruding procedure combined with rolling dem-
onstrated the comminution of the structure of all the ex-
amined samples.39 However, higher degrees of deforma-
tion (75 % and 80 %) resulted in higher internal stresses
as the driving force of the recrystallization process. The
higher the level of deformation, the finer is the grain size
obtained after annealing. Table 2 shows that sample
75DD-150 also has a high number of grains, but consid-
ering that the tests were carried out at the request of the
customer, who expected as fine a structure as possible,
the number of grains was the decisive factor for choosing
sample 80DD-150 as the representative.

4 CONCLUSIONS

The paper presents the effects of microalloying, ex-
trusion, degree of rolling deformation, temperature, and
annealing time on the mechanical and structural charac-
teristics of Cu-based materials developed for the require-
ments of industry. Based on the obtained results, the fol-
lowing conclusions can be drawn:

Microalloying with iron affected the microstructure
comminution, preventing the grain growth and prolong-
ing the recrystallization time, which was the goal of the
work;

The extrusion process has proven effective in achiev-
ing grain refinement;

Cold plastic processing (rolling) with a high degree
of deformation is the third stage in a series of procedures
leading to the comminution of a structure. The result of
rolling is an increase in the hardness and tensile strength,
with a simultaneous decrease in the relative elongation;

At a constant annealing temperature of 450 °C, the
values of hardness and tensile strength show a sudden
drop at the beginning of annealing, while the values of
relative elongation increase sharply (up to 35 min). After
that, the changes in all the observed quantities become
insignificant;

The analysis of the experimental results showed that
the optimal conditions for the required mechanical and
structural characteristics were achieved at a degree of de-
formation of 80 %, an annealing time of 150 min, and a
temperature of 450 °C.
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