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IIposedeno docnidrcenns no enausy Ximiunozo 0caodyiceHHs
Mi0i HA 3MIHY QI3UMHUX, XIMIYHUX MA MEXHOJI02IMHUX BIACTU-
8ocmeil po3nuien0zo nOpowKy Ha oCHo6i 3anizy. Bueueno xine-
muKy npouecy ocaoxcenns mioi i3 po3uuny eniyepamy mioi ma
6CMAHOBIEHO MEXHONI02IYHI NAPAMEMPU NPOUECY 0CAONHCEH-
HSl, W0 00360JA10Mb OMPUMAMU MIOHI NOKPUMMS 3 Pe2Yabo-
eanoro moeuunoro. Jlocnioxcenns Qizuunux enacmusocmeti
KOMNOZUUIUHUX NOPOUWKIE NOKA3AN0, WO NIAKYBAHHS 3MIHIOE
dopmy, po3mip ma moponozito nogepxHi HACMUHOK 3AI3HO20
nopowky. 3a80aKu ubomy 6i00Y6aAECMbCA 3IMIHA MEXHONOZIUHUX
xapaxmepucmux 3anizHuxX nOpowlKie, 3oxpema 30iNbUYeMvbCs
ix mexyuicmv ma Hacunna wjinvHicme. Bueuenns yuwjinvHeHHs
KOMNOZUUIIUHUX NOPOWIKIE NOKA3A0 BI0MIHHICMb NOPUCMOCMI
NPU HUILKUX MUCKAX NICASL NPECYBAHHI, NOPIBHAHO 13 BUXIOHUM
3aNI3HUM NOPOWKOM, WO 0OYMOBIEHO KPAUL010 NepeyKaiaoKoro
yacmunox na cmadii cmpyxmyphoi depopmauii. Ile dozeonse
nposodumu npoyec npecyeants npu Oilvuw HUILKUX MUCKAX 3
ompumanuam 3a0osinvroi nopucmocmi. /Jonpecosxa opuiemie
HA 0CHOBI KOMNOZUUIUHUX NOPOUWKIE NPUBOOUMD 00 3MEHUEHHS
3azanvnoi nopucmocmi mamepiany na 6—-7 %, wo 6iddyeaemvcs
34 paxynox enausy naacmuunoi mioi, wo nezue depopmyemocs
npu mucxy donpecosxu 800 Mlla. /locrioxncenns pizuxo-mexa-
HIYHUX 6aacmuseocmeli mamepianié HA OCHOGI KOMNOSUUIUHUX
nopowKie noKazano, wo NAAKYeanns miodoro 00360J1€ Ni06u-
wumu MiyHicms Ha 32un ma Yyoapny 6’A3Kicmv 3 meepoicmio.
3pocmanns 6aACMU6oCmel no6’a3ano i3 PoO3UUHEHHAM MiOL Y
3a131 NICAA CNIKAHHA MA YMEOPEHHAM MBEPO020 PO3UUHY MIOi Y
a—Fe. Kpim ybozo 66edenms mioi memooom xXimiunozo ocaoice-
HA 00360JIE OMPUMAMU Mamepia i3 piGHOMIPHUM PO3NOOLIOM
Jlezy101020 KOMNOHEeHMY No 00’ My 3aniza, wo niomeeporcyemo-
cs pe3yomamamu Memanopadiniozo ananizy i 6UMIpO8AHHS
NUMOMO20 eJIeKMPUUHOZ0 ONOPY.

€ nidcmasu cmeepoxycysamu npo MONCAUBICMb Pe2Yat06aH-
HSl XIMIYH020 0CAOXHCEHHS, WO 00360JI5€ OMPUMAMU NOPOUWKO-
8ull mamepian i3 6UCOKUMU eKCNIYAMAUTUHUMU XaApaKmepuc-
muxamu

Kanrouoei croea: naaxyeanns, ximiune 0cadyuceHs, KOMnO3u-
ULHHUL NOPOWOK, POPMYEMICMB, KOMNAKMYBAHHS, YUiTbHIO8A-
Hicmb, yoapha 6’a3xicmos, moponozis, erexmpurtnuii onip
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1. Introduction

The materials obtained by the powder metallurgy have
unique properties that cannot be attained by other methods
of metallurgical production [1]. In this case, the quality of
powder products significantly depends on the technological
regimes that provide high functional properties. A char-
acteristic disadvantage of parts obtained by the powder
metallurgy is the residual porosity [2], which is due to
the feature of compacting powder particles at the pressing
stage, during which a porous workpiece is formed, which
then undergoes heat treatment — sintering. In fact, sinter-
ing should ensure the formation of a dense material due
to the diffusion processes occurring between the particles
of the powder [3]. Due to various objective and subjective
factors (quality of the initial powder, deviation from the
technological regimes, and the use of non-matching forma-

tion technologies), a certain percentage of pores remains in
the powder materials, which reduces the performance of the
parts. Taking into account the advantages of the powder
metallurgy method such as a high coefficient of material
use and the provision of precise chemical composition, the
development of methods for obtaining high-density prod-
ucts with high functional properties is an urgent task of
research.

2. Literature review and problem statement

There are two basic approaches to the quality of pow-
der-including parts based on iron. The first is the improve-
ment of the characteristics of the initial powders and their
mixtures; the second is the application of special technolo-
gies that provide a high density of the product. Papers [4, 5]




show traditional technologies that allow for high-density
powder products, including hot stamping and hot press-
ing. The disadvantage of these technologies is the need to
manufacture a special press tool, which is expensive and
has a small work life (for example, graphite moulds). There
is a technology for rolling metal powders, which produces
dense billets [6], but the disadvantage of this technology
is the impossibility of manufacturing products of complex
shape. It is known from [7] that porous frames can be
saturated with low-melting metals. However, this tech-
nology is sufficiently energy intensive and requires special
equipment, which also limits its use in the manufacturing
practice of powder metallurgy. That is why the most com-
mon way of forming iron powders is static pressing in hard
press moulds, followed by sintering of the received presses,
which is confirmed by the results of work [8]. It was shown
in [9] that the density of the powder during the formation
of the billets depends on its characteristics, primarily on
the size, shape, granulometric composition, and particle
surface morphology.

Today, most metal powders, including iron, are pro-
duced by atomizing melts, which determines the shape and
size of the particles obtained [10]. Typically, atomized pow-
ders have a spherical shape of particles of 50 um or more,
which results in good sealing and high bulk density and
fluidity. However, the lack of spherical powders is poorly
formed due to the low surface area of the contact surface,
which, in turn, complicates the processes of sintering and
requires the use of higher temperatures and a long time of
isothermal exposure to the presses during sintering. To
eliminate these defects, it is necessary to conduct prepara-
tory operations with spherical powders, which help increase
the physical and technological properties of iron powder. It
is these approaches that were used in [11, 12] to improve
the characteristics of the powders by rolling, regenerating
annealing, treatment with aqueous solutions of acids, and
plating of particles. Each of these methods changes certain
characteristics of the powder. Thus, the recovery of oxide
films leads to increased plasticity and, consequently, densi-
ty of the powder. Acid treatment provides high roughness
of the surface of the particles and better formability. Roll-
ing and plating change the shape and increase the fluidity,
bulk density, and compaction.

However, some methods have limitations in production
due to the dangers such as the use of concentrated acids or
explosive remnants. Therefore, one of the most promising
ways to change the physical, chemical and technological
properties of powders is to apply plating on their surface by
chemical precipitation from solutions of metal salts. This
method is relatively inexpensive as does not require special
equipment and scarcity materials [13]. The advantage of
the method of chemical precipitation of metals from salt
solutions is also the possibility of applying various materi-
als with their even distribution on the surface of particles.
One of the most common alloying elements for structural
powder materials on the iron base is copper [14], which
improves mechanical properties and regulates shrinkage
during sintering of products. In this connection, the most
expedient direction is to study the features of the process of
chemical precipitation of copper on iron powder. However,
despite the advantages of the method of chemical deposi-
tion, there are no systematic data and clear formulations
on the plating of iron powders of copper, which necessitates
such studies.

3. The aim and objectives of the study

The aim of the work is to study the influence of copper
plating modes on the change of chemical, physical and tech-
nological properties of iron powder particles and to obtain
a compact material based on such composite powders with
high physical and mechanical properties.

To achieve the aim, the following objectives were set
and done:

—to investigate the influence of the time of chemical
precipitation of copper on the change in the composition,
morphology, shape and size of particles of iron powder;

— to research the influence of copper plating on the tech-
nological properties of iron powder: fluidity, bulk density,
and compaction;

— to study the structure, chemical composition and phys-
ical and mechanical properties of the material on the basis of
the iron-copper composite powder.

4. Methods of studying the influence of time of chemical
deposition on the physical and technological properties of
powders

4. 1. Methods and materials for chemical precipitation
of copper on particles of iron powder

Water-atomized iron powder of grade PZhRV 200.28
was used, with a mean particle size of 100 um; the copper
source was copper sulphate CuSO45H,0; the complex-
ing agent was glycerol; the alkali was caustic sodium; and
the reducing agent was a solution of formaldehyde (30—
40 mg/dm?). It was found that the main factors influencing
the reaction and deposition of the plating on particles of iron
powder are the composition and pH of the solution [15, 16].
The main advantage of chemically deposited copper plating
is that the process is carried out at room temperature. In
this case, the chemically deposited copper is more elastic
in comparison with other chemical platings and can serve
as an independent type of plating and underlayer for other
platings. The deposition process is based on the recovery of
copper from its complex salt formalin in alkaline medium.
Two containers were used to prepare the solution. In one
vessel in one volume of distilled water, copper sulphate was
dissolved, and in the other — in the proportion of distilled
water — the caustic sodium and glycerol were dissolved.
Then the first solution was poured into the second, stirring
thoroughly. When adding a solution of alkali and glycerol to
a copper sulphate solution, a copper hydroxide precipitate
first appears, which then reacts with glycerol to form a dark
blue solution of copper glycerate.

The solution thus prepared can be stored for a long
time. Formalin is poured directly before the beginning of
copperization. Besides, an additional stabilizing additive
was introduced into the solution, which prevented copper
recovery in the solution volume and contributed to its
maximum deposition on powder particles. As a stabilizer,
thiourea was used in an amount of 0.1 mol/dm?, which was
injected into the bath every 30 minutes. Before the plating
process, the iron powder was degreased in gasoline, dried
in air, and loaded in the copper bath. In this case, the bath
was equipped with a stirrer that rotated with a frequency of
30 rpm, which allowed the powder to be mixed to ensure the
full contact of the particles with the solution and achieve an
even layer of plating.



Copper recovery occurs in the following reaction:

Cu?"+2HCHO+40OH =Cu+H,+2HCOO +2H,0.

It was established that the recovery of copper depends
on the concentration of copper salt in the solution and the
content of the complexing agent as well as increases with an
increase in pH>10. The deposition time was 30 to 180 min-
utes. Particles of iron powder were obtained covered with a
layer of copper plating.

4.2. Methods of studying the properties of plated
powders

The chemical analysis of the source and plated iron pow-
ders was carried out using an X-ray fluorometre EXPERT 3L
(Ukraine).

Metallographic analyses conducted on a microscope
NEOPHOT 21 (Germany) at increments from 100 to 1000.
Morphology studies were performed on a scanning electron
microscope SELM 106 (Ukraine). The granulometric com-
position of the powders was determined using the Malvern
Mastersizer 2000 (United Kingdom) laser diffraction anal-
yser, which was controlled using standardized measurement
protocols, or standard operating procedures (SOPs).

The flux density and bulk density of the powders were
determined according to standard methods, in compliance
with the requirements of ISO 4490 and ISO 3923 for metal
powders. Static compression of the powders was carried out
in a steel collapsible mould with a diameter of a matrix of
10.0 mm on a hydraulic press PG-10 in the pressure range
of 300—800 MPa. Pressed briquettes weighed 8.0 grams,
which ensured the ratio of the height of the presses to their
diameter of about 1.5. After pressing, the resulting bri-
quettes were measured by the micrometre and weighed on
analytical weights according to ISO 3927-77. The densities
and porosity of the presses were calculated according to
DSTU 18898-89, while the theoretical density of the iron
was calculated to be 7.81 g/cm?, and the theoretical density
of the composite powder when converted to copper content
was 7.85 g/cm?.

To determine the physical and mechanical properties
of the powder materials on the basis of iron, standard
techniques were used with all the necessary conditions.
Determination of HRB hardness was carried out on the
instrument TK 2 by the Rockwell method of pushing a ball
onto the surface of the specimen, following the requirements
of ISO 4498. Testing of the samples for stretching was car-
ried out by ISO 2740 on the test machine PM 102M. The
impact test was carried out on the pendulum impact testing
machine KM 5, which meets the requirements of ISO 148
according to DSTU 3669-97 on rectangular specimens of
55 mm in length.

The electrical resistance of the samples was measured us-
ing a single-double DC bridge RZO0O9 with elemental veri-
fication and adjustment, designed for measuring in a range of
108 to 1.1111 108 Q at a DC current of TE 3.454.019.

5. Results of studying the structure and properties of
materials on the basis of composite powders

The results of chemical analysis in Table 1 show that cop-
per plating has led to a change in the chemical composition
of iron powder. Composite powder contains about 4.5-5.0 %

copper after precipitation for 120 minutes. It was found that
in the investigated time interval the amount of copper was
from 2.5 to 7.0 %. This amount corresponds to the content
of total dissolution of copper in iron at temperatures of
sintering of powder materials on the basis of iron powder
950-1300 °C, according to the diagram of equilibrium state
of the dual system Fe—Cu [17].

Table 1

The chemical composition of the initial iron powder and
plated with copper 120 minutes after deposition

Mass fraction, %
Element
Fe Fe—Cu
Fe 99.482+0.057 94.538+0.027
Cu 0.043+0.016 4.721+£0.117
S 0.174+0.055 0.325+0.041
Others 0.301£0.053 0.416+0.098

Thus, the concentration of the solution for deposition
provides the required amount of copper in the iron and does
not exceed the limit of solubility. Such concentration of the
solution in the future should ensure the formation of solid
solutions of copper in a—Fe after sintering without interme-
tallic phases and improve the mechanical properties of the
material.

It was found that particles of iron powder were plated
with layers of copper of different thickness, depending on the
time of deposition (Fig. 1).

S0 pm

Fig. 1. The structure of particles of copper-plated iron
powder after different deposition time:
a— 60 min, b— 120 min

As can be seen from the metallographic analysis, the
placement of particles of iron powder leads to a change in
their shape. The shape of the particles becomes closer to
spherical. In this case, the thickness of the plating on dif-
ferent particles differs even at the same time of depositing,
which is due to different surface area and the form of the
initial iron particles. Thus, on particles with a more devel-
oped surface, a thicker plating layer is observed. Moreover,
there is a change in the surface relief of the particles: before
plating, the iron powder particles have a more developed
non-uniform surface due to the peculiarities of the crystalli-
zation process of the droplets of the melt during atomization.

Plating changes the morphology of the surface of iron
particles by reducing their roughness and smoothing the
relief (Fig. 2).

The study of the kinetics of depositing has shown that
after 60 minutes the thickness of the plating is 1215 pm;
increasing the time to 120 minutes leads to an increase in the
plating layer to 18—22 um (Fig. 3). A further increase in time



does not lead to a significant change in the thickness of the
plating, indicating the completion of the reduction process.

Fig. 2. The morphology of the surface of the particles:
a — iron powder; b — copper-plated iron powder
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Fig. 3. The dependence of the thickness of the plating on the
time of the process of depositing copper on particles of iron
powder

In addition to changing the shape of the particles of iron
powder, plating also changes the size in the granulometric
composition (Fig. 4). Fig. 4 shows that the content of the
main fraction of the original iron powder is about 8-9 %
with the particle size of 60—100 um. Pouring iron powder
results in an increase in the content of the main fraction to
10-11 % when the particle size is 80—110 pm.
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Fig. 4. The distribution of the particle size of the input iron
powder and the copper clad powder as to the granulometric
composition: —— — Fe — Average; —— — Fe—Cu — Average

The shape and size of the powder particles determine
its technological properties such as flow and bulk densi-
ty. The results of the measurements of the technological
characteristics of the powders showed that plating of iron
leads to an improvement in the yield from 33-34s/50 g to
28-305s/50 g, as well as to the growth of the bulk density of
the powder from 2.85-2.9 g/cm® to 3.12-3.15 g /cm?.

An important technological characteristic of metal pow-
ders is its sealing in the process of static pressing, which de-

termines the possibility of creating compact presses with low
porosity and, accordingly, high technological strength. This
allows working with raw presses without any risk of damage
to sintering. Fig. 5, a shows the dependence of porosity of
powdered briquettes on the pressure of pressing.
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Fig. 5. The dependence of porosity of the powder briquettes
on the pressure of pressing and recompacting:
a— 1 — copper-clad iron powder; 2 — initial iron powder;
b— 1—iron powder clad with copper after pressing;
2 — iron powder clad with copper after recompacting at
800 MPa

As can be seen from Fig. 5, a, the plating of particles of
iron powder reduces porosity of briquettes by several per-
cent. At low pressures, the difference in the values of porosi-
ty of the presses reaches 6-7 %. With increasing pressure of
pressing from 600 MPa, the difference in porosity decreases
to 1-3 %. The reason for this difference in porosity is due to
the difference in the mechanisms of sealing of plastic metal
powders at different pressures. At low pressures, compres-
sion happens due to the structural deformation of the parti-
cles, which is characterized by the destruction of bridges and
the regrouping of particles. Accordingly, an increase in the
particle size leads to a decrease in the specific surface, which
facilitates a better slip of the powder particles relative to one
another. At high pressing pressures, the main factor affect-
ing the density of powders is the plasticity of the material.
Iron powder plating with copper can increase the plasticity
of the material and improve its deformation.

To determine the effect of copper plating on the density
of iron, a re-deformation of powdered briquettes was carried
out by statically recompacting them in a collapsible mould
at a single pressure of 800 MPa (Fig. 5, b). It is shown that
recompacting of briquettes leads to a decrease in the total
porosity of the material to 11-13 %. In this case, recompact-
ing of briquettes at one pressure results in the unification
of their porosity, regardless of the porosity of the briquettes
after the primary pressing. This is due to the fact that the
recompacting eliminates the zone of non-prescription of the
central part of the briquettes, which is typical for the condi-



tions of static pressing of the powder in strong press moulds
and unifies the density of briquettes in height. A relatively
small increase in the density of briquettes after second press-
ing (5-6 %) is due to the fact that recompacting was carried
out without prior annealing, which could have increased the
plasticity of the briquettes.

The analysis of the structure of the samples obtained
from the composite powder showed that after compression,
there is a consolidation of particles of iron powder, surround-
ed by a layer of copper plating (Fig. 6). In this case, neither
pressing nor recompacting leads to the destruction of copper
plating, which retains a solid layer around the iron particles.

Fig. 6. The microstructure of the samples on the basis of iron
powder clad with copper: a — after pressing at 800 MPa;
b — after recompacting at 800 MPa

Sintering of the samples at a temperature of 1150 °C
for 1 hour in vacuum results in the material compaction to
porosity of about 4-5 %, which occurs as a consequence of
liquid-phase sintering. At the same time, there is a thinning
of the plating layers due to the diffusion of copper in the
iron (Fig. 7).

Fig. 7. The samples on the basis of composite powder after
sintering at 1150 °C: @ — the microstructure of the material;
b — the renegenspectral analysis

As shown by the X-ray spectral analysis of the material
(Table 2), after the sintering, there was a partial dissolution
of copper in the iron with the formation of the solid solution
and the preservation of thin copper layers in the structure of
the material. In this case, the boundaries of the interaction of
iron grains and copper are observed in layers saturated with
sulphur, which is due to the modes of chemical precipitation
of copper from sulphuric salt.

Table 2

The chemical composition of the material based on
composite powder after sintering at 1150 °C

Content, %
Element
1 2 3 4
Fe 95.29 5.5 99.03 18.24
Cu 4.71 94.5 0.97 59.13
S - - - 22.63

Formation of solid solutions of copper in iron strength-
ens the material, expanding areas of using the powder
products. At the same time, the necessary condition that
ensures high properties of the material based on iron is
to limit the amount of copper to 8 % in accordance with
the diagram of the state of the system of iron and copper.
The employed method of chemical deposition enables clear
adjustment of the amount of copper that gets deposited on
the iron powder.

The results of the tests of the physical and mechanical
properties are shown in Table 3.

Table 3

The mechanical properties of powder materials on the basis
of iron powder sintered at a temperature of 1150 °C for
1 hour, in vacuum

No. Material G, MPa | 6;, MPa| KCV, kJ/cm? | HRB

on the basis of
1 | the original iron 360 620 46 62
powder

on the basis of
2 | iron powder clad 320 680 61 79
with copper

The results of the tests of the mechanical character-
istics have shown that the materials of clad powders have
greater bending and impact strength values of 680 MPa and
61 kJ /em?, respectively. Although slightly inferior to tensile
strength, this is due to reduced plasticity and increased
hardness. Determination of the hardness of the obtained
materials showed that the materials based on composite
powders have a post-sintering hardness of 78—80 HRB. This
is 20 units more than the iron powder sintered in the same
modes (60—62 HRB).

The specific electrical resistance of the sintered mate-
rial from the composite powder is 3.5—-4.5 uQ-cm, which
is almost 3 times less than the specific electrical resistance
of the sintered iron (11-12 uQ-cm). This distinction is also
explained, in addition to the smaller number of pores act-




ing as dielectrics, by the formation of a continuous chain
of copper layers in the structure of a material of composite
powder, which provides better electrical conductivity of
the material.

6. Discussion of the results of studying the influence of
plating on the characteristics of composite powders and
materials

The results of the tests have shown the possibility of
forming a solid layer of copper plating on particles of iron
powder, which changes the shape, size and morphology of the
surface of the particles (Fig. 1, 2). It should be noted that the
thickness of the plating depends, first of all, on the kinetics
of the precipitation process (Fig. 3). By changing the depo-
sition time, the thickness and size of the deposited particles
can be adjusted (Fig. 4).

Changing the physical properties of the powder leads in
turn to changes in the technological characteristics of the
iron powder. The growth of technological characteristics
is due to several reasons: firstly, changing the shape and
increasing the size of the particles leads to a decrease in
their specific surface, and secondly, plating leads to the
smoothing of the surface, which reduces the roughness of
the surface of the particles. These circumstances collective-
ly affect the reduction of friction between the particles of
powder, which contributes to their better repositioning and
increases bulk density.

The study of the compression process of composite
powders has shown a difference in the densification of the
plated powders from the input at the first stage of structural
deformation (Fig. 5, @). This is explained by the fact that the
mechanism of the first stage of powder compacting is based
on the processes of repositioning the particles, and the main
factors influencing this process are the shape, size and mor-
phology of the surface of the particles. The second pressing,
or recompacting, of the briquettes from composite powders
can reduce the total porosity to 11-13 %, which is due to the
high plasticity of clad iron powders (Fig. 5, b).

The study of the structure of pressed and sintered materials
has shown that the chemical deposition of iron powder with
copper allows for uniform distribution of copper over the entire
volume of the material (Fig. 6, 7). The uniform distribution of
copper in the structure of the samples provided an increase in

the physical and mechanical properties of the material based
on iron (Table 3) and the reduction of its electrical resistance.

The tests have shown that iron powder plating provides
an improvement in its properties at the level of powders that
are annealed in a reducing medium. However, the advantage
of plating is the simultaneous change in the characteristics of
the powder with its alloying, with a significant reduction in
the cost of the process. Therefore, chemical deposition can be
recommended as a preparatory operation, which effectively
helps change the technological properties of the iron powder
obtained by atomization.

Of course, it should be taken into account that the chem-
ical precipitation process is optimal for an iron powder with
a particle size of at least 50—100 um, since for particles of
smaller fractions, the process of applying copper is compli-
cated due to their large specific surface.

In the future, it would be essential to compare the phys-
ical and mechanical properties of powder materials, depend-
ing on the method of introducing copper: chemical precipi-
tation and mechanical mixing. Such an integrated approach
would clearly identify the advantages and disadvantages of
composite powders.

7. Conclusion

1. The kinetics of the process of chemical precipitation of
copper on a powder of iron was investigated. It has been es-
tablished that after 60 minutes of depositing the thickness of
the plating is 12—15 pum; increasing the time to 120 minutes
leads to an increase in the plating layer to 18—22 um.

2. It has been shown that iron powder plating with copper
changes its physical properties, which leads to an increase in
the technological characteristics: the yield to 28-30¢/50 g
and the bulk density of the powder to 3.12-3.15 g/cm?®. The
compaction of composite powders at low pressures increases
by 5-6 %, and adding composite powder helps obtain mate-
rial with a total porosity not exceeding 11-13 % without the
use of the sintering operation.

3. Plating of iron powder with copper allows obtaining
a material with an even distribution of the alloying element
throughout the volume, with a high bending strength of
680 MPa, a toughness of 61 kJ/cm?, and a hardness of 78—
80 HRB. It can be used in the design of economically alloyed
powder materials for structural and electrical purposes.
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