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Abstract: Structure and properties of low-alloyed copper-based alloys with Cr, Zr and Hf after severe plastic deformation (SPD) using
techniques of high pressure torsion (HPT) and equal channel angular pressing (ECAP) have been studied. SPD significantly increases
strength of the alloys by formation of ultrafine-grained structure. Cu5Zr and Cu5Hf particles suppress the grain growth in ultrafine-grained
(UFG) structure more effectively than the Cr particles and provide additional hardening during aging. Moreover, it was found that the
application of additional aging after SPD significantly improves service properties of the alloys (fatigue limit, wear resistance and electrical
conductivity). This combination of properties results in a high durability of electrodes for resistance spot welding produced from UFG Cubased alloys.
KEYWORDS: SEVERE PLASTIC DEFORMATION, ULTRAFINE-GRAINED STRUCTURE, COPPER ALLOYS, ELECTRICAL
CONDUCTIVITY, STRENGTH, WEAR RESISTANCE, FATIGUE LIFE, RESISTANCE SPOT WELDING ELECTRODES

1. Introduction
Low-alloyed chromium, zirconium, and chromium-zirconium alloys
are widely used in electrotechnical industry as resistance spot
welding electrodes due to a good combination of strength and
electrical conductivity. Traditional treatment including quenching,
deformation, and aging provides a high electrical conductivity, due
to decomposition of supersaturated solid solution and a high
strength caused by the precipitation of dispersed chromium and the
Cu5Zr particles. Application of severe plastic deformation (SPD) to
such bronzes leads to significant grain refinement of Cu-based solid
solution and strengthening particles [1]. Previous studies showed
possibility of the formation of submicrocrystalline structure in Cr,
Zr, and CrZr bronzes by SPD methods such as equal channel
angular pressing (ECAP) [2–15] and high pressure torsion (HPT)
[16–23]. Along with strength increase in ultrafine-grained (UFG)
low-alloyed bronzes, SPD allows to improve some functional
properties such as wear resistance [13,15], electrical conductivity
[2,4,12–14,19–23], fatigue life [2–4,6] etc. However, in terms of
electrotechnical applications, the most important is the combination
of high strength and electrical conductivity provided by high
thermal stability. Thus, the alloying of chromium bronzes with Hf is
promising since Hf may better enhance thermal stability, because
the solubility of Hf in Cu at eutectic temperature is higher than that
of Zr. Therefore, the higher hardening effect can be expected after
deformation and aging due to the larger amount of strengthening
particles. The main aim of this study is to investigate the structure,
mechanical and service properties of low-alloyed copper-based
alloys with Cr, Zr and Hf after severe plastic deformation.

2. Materials and methods
The Cu-0.7%Cr, Cu-0.18%Zr, Cu-0.9%Hf, Cu-0.5%Cr-0.08%Zr
and Cu-0.7%Cr-0.9%Hf (in wt %) alloys were selected for the
study. The alloys were prepared by vacuum arc melting and
subjected to hot forging with subsequent water quenching from a
temperature of 1000 °C (2 h) for the Cu-0.7% Cr and Cu-0.5%Cr0.08%Zr alloys and water quenching from a temperature of 900 °C
(2 h) for the Cu-0.18%Zr, Cu-0.9%Hf and Cu-0.7%Cr-0.9%Hf
alloys.
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HPT was carried out on the samples with 10 mm diameter and 0.6
mm in thickness at room temperature with 1 rpm rotation speed
under 4 GPa pressure for 5 revolutions. The deformation was
performed in a “groove” with 0.2 mm depth.
ECAP was conducted on the samples of 10 mm diameter and 70
mm length using Bc route, in which the sample was rotated between
passes successively around its axis by an angle of 90°. The number
of passes was 10. Deformation was performed at room temperature
with direct channels intersection angle.
The Vickers microhardness was measured with a 402 MVD Instron
Wolpert Wilson Instruments tester after holding for 10 s at a load of
50 g. The electrical resistivity was measured with a BSZ-010-2
micro-ohmmeter at room temperature on the basis of four-point
method on flat samples. The resistivity was calculated and
transformed into electrical conductivity according to International
Annealed Copper Standards (IACS). The microstructure was
observed using JEM-2100 transmission electron microscope at an
accelerating voltage of 200 kV. Thin foils for electron microscopy
were prepared by ion polishing with a GATAN 600 unit. Uniaxial
tensile tests were conducted at room temperature with an
«INSTRON 3382» testing machine on flat samples with a gage
zone of 5.75x2x1 mm and a total length of 14mm. Two samples
were used for each regime.
The high-cycle fatigue (HCF) tests were carried out on Cu-0.7%Cr0.9%Hf alloy under repeated tension conditions on an
ElectroPuls™ E3000 machine at 30 Hz testing frequency and a
stress ratio R = 0.1. Scheme of the specimen for fatigue test is
shown in Figure 1.
The tribological properties were studied for the Cu-0.7%Cr0.07%Zr alloy after warm extrusion and HPT at ambient
temperature under 6 GPa pressure for 15 revolutions on samples
with 20 mm diameter.
The wear tests were conducted using a computer controlled UTS
Tribometer T30M-HT test machine with reciprocating ball-on-disc
contact in unlubricated conditions at ambient temperature with
sliding distance of 200 m and 6 mm diameter Al2O3 ball as a
counter-face. The applied normal load was systematically changed
in the range of 5–20 N with a constant sliding speed of 0.1 ms−1.
The wear resistance was determined primarily by measuring the
weight loss.

Additional alloying of binary Cu-Zr and Cu-Hf alloys with Cr can
further improve their thermal stability and strength.

Fig. 1. Scheme of the specimen for fatigue test

3. Results and discussion
HPT leads to significant strengthening of low-alloyed Cu-based
alloys. The microhardness of the alloys after HPT rises in the
following row: Cu-0.7%Cr, Cu-0.18%Zr, Cu-0.9%Hf, Cu-0.5%Cr0.08%Zr, and Cu-0.7%Cr-0.9%Hf alloys from 1.7 to 2.4 GPa (Fig.
2a) while the grain size decreases from 209 to 108 nm (Fig. 3).

(a)
(b)
Fig.3. Structure of Cu-0.7% Cr (a) and Cu-0.7%Cr-0.9%Hf (b)
alloys after quenching and HPT
The results obtained on the alloys after HPT are in good agreement
with data on the alloys after ECAP. Thus, the ECAP significantly
increases strength of the Cu-0.7%Cr-0.9%Hf alloy by formation of
UFG structure with a grain/subgrain size of 220 nm. Yield stress
and ultimate tensile strength are 5 and 2 times higher (465 and 571
MPa), respectively, in comparison to initial coarse grained state
(Table 1). The alloy after ECAP possesses a relatively high
elongation at fracture (10.4%) and low electrical conductivity
(35%IACS).
Table 1. Mechanical and fatigue properties of Cu-0.7%Cr-0.9%Hf
alloy (YS = yield stress, UTS = ultimate tensile strength, EL =
plastic elongation at fracture, σf = fatigue limit)
σf, MPa
Treatment
YS, MPa UTS, MPa EL, %
(107 cycles)
Quenching

89

272

49

185

Quenching +
450 ºС (3.5 ч)

120

306

35.5

215

ECAP

465

571

10.4

310

ECAP + 450 ºС
(2.5 ч)

496

605

11.4

375

Subsequent aging leads to a further increase in strength properties
due to Cr and Cu5Hf precipitation, wherein elongation is practically
unchanged and electrical conductivity reaches 78%IACS.
ECAP increases the fatigue limit of Cu-0.7%Cr-0.9%Hf alloy from
185 to 310 MPa in comparison to quenched state (Fig.4).

Fig. 2. Vickers microhardness (a) and electrical conductivity (b) of
Cu-0.7%Cr (1), Cu-0.18%Zr (2), Cu-0.9%Hf (3), Cu-0.5%Cr0.08%Zr (4), and Cu-0.7%Cr-0.9%Hf (5) alloys as a function of
aging temperature (annealing time 1 h)
The electrical conductivity of the alloys after HPT increases
noticeably with the aging temperature, which gives an evidence of
precipitation from the solid solution (Fig. 2b). However, in the case
of Cu-0.7%Cr alloy hardening is thermally stable only up to 300°C
because of low efficiency of Cr particles for the stabilization of
UFG structure during heating. In binary Cu-0.18%Zr and Cu0.9%Hf alloys allocation of Cu5Zr and Cu5Hf particles suppress the
grain growth in UFG structure more effectively than the Cr particles
and provide additional hardening during aging (Fig. 2). It should be
noted that the Cu-0.9%Hf alloy possesses a higher microhardness
and thermal stability as compared with the Cu-0.18%Zr alloy.
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Fig.4. Stress amplitude versus number of cycles to failure (S–N
curves) of Cu-0.7%Cr-0.9%Hf alloy after different treatments

Fatigue ratio 0.54 in the alloy after ECAP indicates a high
resistance to fatigue failure. Additional aging at 450°C for 2.5 hours
further increases fatigue limit up to 375 MPa.
Also, considerably enhanced wear resistance under dry conditions is
shown in the Cu-0.5%Cr-0.08%Zr alloy after HPT and aging at 450
°C (1h): weight loss decreases by a factor of 8.5 (Table 2).
Table 2 Weight loss (mg) of Cu-0.5%Cr-0.08%Zr alloy after wear
tests under different normal loads
Normal load, N
Treatment
5
10
20
Warm extrusion

1.10±0.10

3.50±0.20

5.10±0.20

Warm extrusion
+ 450 °С (1h)

0.50±0.08

1.30±0.10

2.40±0.15

HPT

0.25±0.05

0.90±0.04

1.25±0.05

HPT + 450 °С
(1h)

0.35±0.05

0.45±0.05

0.60±0.10
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6. References

This combination of high wear resistance, mechanical and fatigue
properties results in a high durability of electrodes for resistance
spot welding. Composite electrode which consists of inexpensive
alloy having good electrical conductivity as a holder and UFG Cu0.7%Cr-0.9%Hf alloy also having good electrical conductivity and
in addition good strength for the insert tip was produced (Fig.5).
1000 and 2000 welding cycles were performed under 5,8-7,4 kA
current and 0.4 sec. pulse duration.

Fig. 5. Sectional view of an resistance welding composite electrode
with an insert tip.
Studies have shown that the working surface wear of the electrode
from the UFG Cu-0.7%Cr-0.9%Hf alloy after 2000 welding cycles
is smaller by a factor of 5, relative to a commercial coarse-grained
alloy (Table 3).
Table 3 Relative widening of the electrodes working surface after
different number of welding cycles
Number of
welding cycles

Relative widening of
the working surface),
%

Indusrtial alloy
Cu-Cr

1000

6.84

2000

7.24

UFG Cu-0.7%Cr0.9%Hf alloy after
ECAP

1000

1.38

2000

1.4

Alloy

2. Cu5Zr and Cu5Hf particles suppress the grain growth in ultrafinegrained structure more effectively than the Cr particles and provide
additional hardening during aging.
3. The application of SPD and subsequent aging leads to
simultaneously high electrical conductivity, strength, wear
resistance and fatigue properties in low-alloyed Cu - based alloys.

4. Conclusions
1. The microhardness of the alloys after HPT rises in the following
row: Cu-0.7%Cr, Cu-0.18%Zr, Cu-0.9%Hf, Cu-0.5%Cr-0.08%Zr,
and Cu-0.7%Cr-0.9%Hf alloys from 1.7 to 2.4 GPa while the grain
size decreases from 209 to 108 nm.
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INVESTIGATION PROPERTIES OF EXPLOSIVE WELDED JOINTS BETWEEN
STRUCTURAL STEEL AND HIGH ALLOYED MATERIALS
Prof. Dr Cvetkovski. S. PhD.1
Faculty of Technology and Metallurgy – Ss. Cyril and Methodius University, Skopje Republic of Macedonia 1
sveto@tmf.ukim.edu.mk
Abstract:
In this research work are presented results of investigation properties of explosive welded joints (bondings) between structural steel and high
alloyed materials. As base material was used SA 516 Gr 70 structural steel, while AISI 316L austenitic stainless and nickel base alloy
Inconel 825 were used as cladding materials.
Performed investigation can be divided as investigation of plates for welding before explosive welding and investigations of welded joints
after performed welding. Chemical, mechanical (tensile testing, shear testing, hardness measurement and impact toughness) and
microstructural investigations were performed of base metal plates. Welded joints were investigated after heat treatment of cut pieces from
welded plates and chemical treatment of bended specimens in acid solution.
Obtained results from testing were compared with the standard requirement. Generally, obtained results correspond pretty well with
standard requirement.
Keywords: EXPLOSIVE WELDING, BONDING, CLADING MATERIAL, SA 516 Gr 70, AISI 316, INCONEL 825, HEAT
TREATMENT, COROSSION

1. Introduction
Unlike other forms of welding such as arc welding (which was
developed in the late 19th century), explosion welding was
developed relatively recently, in the decades after World War II. Its
origins, however, go back to World War I, when it was observed
that pieces of shrapnel sticking to armor plating were not only
embedding themselves, but were actually being welded to the metal.
Since the extreme heat involved in other forms of welding did not
play a role, it was concluded that the phenomenon was caused by
the explosive forces acting on the shrapnel. These results were later
confirmed in laboratory tests and, not long afterwards, the process
was patented and put to use [1-4].
In 1962, DuPont applied for a patent on the explosion welding
process, which was granted on 1964.
Explosion welding (EXW) is a solid state (solid-phase) process
where welding is accomplished by accelerating one of the
components at extremely high velocity through the use of chemical
explosives. This process is most commonly utilized to clad carbon
steel plate with a thin layer of corrosion resistant material (e.g.,
stainless steel, nickel alloy, titanium, or zirconium). Due to the
nature of this process, producible geometries are very limited. They
must be simple. Typical geometries produced include plates, tubing
and tube sheets [5,6].
Explosion welding can produce a bond between two metals that can
not necessarily be welded by conventional means. The process does
not melt either metal, instead plasticizing the surfaces of both
metals, causing them to come into intimate contact sufficient to
create a weld. This is a similar principle to other non-fusion welding
techniques, such as friction welding. Large areas can be bonded
extremely quickly and the weld itself is very clean, due to the fact
that the surface material of both metals is violently expelled during
the reaction [7].
A disadvantage of this method is that extensive knowledge of
explosives is needed before the procedure may be attempted safely.
Regulations for the use of high explosives may require special
licensing Technology [8,9].
It has been found to be possible to weld together combinations of
metals, which are impossible, by other means.
Dissimilar metal explosion bonded joints are applied anywhere
a designer needs to make a high-quality transition between metals.
Typical uses include ultra-high vacuum joints between aluminum,
copper and stainless steel, corrosion resistant claddings on mild
steel substrates, and alloy aluminum joined to low-expansion rate
metals for electronic packages. When an explosive is detonated on
the surface of a metal, a high pressure pulse is generated. This pulse
propels the metal at a very high rate of speed. If this piece of metal
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collides at an angle with another piece of metal, welding may occur.
For welding to occur, a jetting action is required at the collision
interface. This jet is the product of the surfaces of the two pieces of
metals colliding. This cleans the metals and allows to pure metallic
surfaces to join under extremely high pressure. The metals do not
commingle, they are atomically bonded. Due to this fact, any metal
may be welded to any metal (i.e.- copper to steel; titanium to
stainless). Typical impact pressures are millions of psi.
Surface atoms of two joining metals must come in the intimate
contact to achieve metallic bond [10,11].
Explosion welding joins metals together by using a powerful shock
wave. This creates enough pressure between two metals to cause
surface flow and cohesion. It is often used to weld large sheets
together [12].
The basic mechanism of explosion welding is based on molecular
bonding, as a result of high velocity impact. The high velocities are
promoted by carefully detonated explosives.
Basic idea in this work is to check the quality of explosive welded
bonds between structural steel and high alloyed cladding material
trough very complex investigations. In such way will be confirmed
preliminary prescribed explosive welding technology
2. Material and experimental
For experimental explosive welding were used plates of SA 516 Gr
70 structural steel as a base material with thickness of 40 mm. As a
clad material was used plates of INCONEL 825 alloy and AISI
316L stainless steel with thickness of 4 mm in both cases. Chemical
composition of the plates is given in the table 1
Table 1 Chemical composition of base and clad material used for explosive
welding

Comp. %
C
Si
Mn
P
S
Al
Cr
Cu
Ni
Mo
Ti
Co

SA 516 Gr 70
0.15
0.37
1.4
0.01
0.003
0.02
0.04
0.2
0.17
0.01
0,03
0.05

INCONEL 825
0.006
0.24
0.7
0.02
0.005
0.1
23.1
2.4
38.6
2.5
0.8
0.15

AISI 316
0.014
0.5
1.25
0.03
0.005
0.008
17.1
0.4
10.4
1.5
0.02
0.21

Mechanical properties of base metal SA 516 Gr 70 are shown in the
table 2, and in table 3 can be seen measured hardness values (HRB)
of base and clad plates.
Table 2 Mechanical properties of base metal

Reh, MPa

Rm, MPa

388

522

A,
%
38

KV
(-45 0C), J
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a

Table 3 Measured hardness values of base and clade plates

HRB

SA 516 Gr 70
75

INCONEL 825
89

b
Figure 2 (a and b)

AISI 316
100

For determination of grain size of base metal structural steel SA 516
Gr 70 were prepared metallographic specimens with investigated
surface perpendicular for rolling direction Standard metallographic
preparation was performed. It means that after grinding at different
papers and polishing with diamond powder, chemical etching of
specimen with Nital was done. For determination of grain size was
used software for analysis of photography’s VideoTest 5.1
(standard ASME E 1382). Microstructure of base metal is presented
in the figure 1a and grain size distribution is shown in the figure 1b.

The coarsest grains are with size 7.7 and the most
represented grains are the grains with size 10.3.
Microstructure of the base metal is ferritic-perlitic.

Experimentally welded plates were brought for investigation in the
material testing laboratory.
The first step of investigation was ultrasonic testing of the plates
(bonding). Ultrasonic device USN 52R Krautkamer with SEB4
probe (frequency 4MHz) was used for testing. Nonwelded areas or
unallowed defects were not detected.
From the experimentally welded plates were cut pieces,
perpendicular to the rolling direction for heat treatment in order to
relax residual welding stresses. The cut pieces were put in the
furnace previously heated to temperature of 4250C after that the
furnace temperature was increased until 610℃ ±10℃. Heating rate
was 100℃/1h. After reaching the necessary temperature, material
was kept inside the furnace 170 min. After that controlled cooling to
the temperature of 425℃ with the cooling rate of 100℃/1h was
performed. Finally the pieces were taken off from the furnaces and
cooled in the calm air.
From the heat treated pieces were machined specimens for bend
testing Dimension of specimens are the following 300x30x full
thickness. Full thickness means thickness of base metal and clad
metal (44 mm). The view of the specimens after bending test is
given in the figure 3. All specimen fulfilled standard requirement. It
means that cracks on the stretched side of the specimens were not
fount after bending to 1800.

a
b
Figure 1 (a and b) Microstructure of base metal and grain size distribution

Plates from base and clad material were prepared for explosive
welding. Two types of plates with different dimensions were
prepared:

Figure 3 Bend specimens after testing

Round specimens (φ12.7mm) were prepared for tensile testing of
the heat treated pieces too. These specimens were machined from
the base metal i.e. SA 516 Gr 70 A. Tensile testing was performed
on tensile machine INSTRON 600LX. Tested specimens are
presented at figure 4 and obtained results are given in the table 4.

Plate 1
1520x1520x40+4
Base material SA 516 Gr 70, thickness of 40 mm
Clad material INCONEL 825, thickness of 4mm
Plate 2
1650x1650x40+4
Base material SA 516 Gr 70, thickness of 40 mm
Clad material AISI 316L, thickness of 4mm

Figure 4 Tensile specimen after testing

After preparation the plate’s explosive welded at the military
polygon. Explosive welding could be of two types. The oblique and
parallel configuration, the oblique configuration is shown in figure
2a, this method come into play when the size of plate is thin and
small, but when the plate is large then parallel method is taken as
shown in figure 2b. This method was performed in our case.
In parallel method the plates to be welded are clean and polish very
gently so as to form the good welding, in this process the base plate
are keep at the ground in which the flyer plate is placed at top of it
by the predefine distance called stand-off distance, the design of the
stand-off should be able to bear and handle the load of flyer plate
and explosive, above this buffer sheet is kept at the surface of flyer
plate ,so as to protect the top surface from damage due to the shock
impact of the explosive. Now the prepared explosive placed in a
box structure design at the perimeter of the flyer plate is placed at
the top of the flyer plate.

Table 4 Mechanical properties of base metal after explosive
welding and the heat treatment

Value

Reh
375

Rm
504

A%
36

Tensile testing’s or trough thickness testing in order to determine
contraction of base metal in direction of Z axis was performed too.
Round specimens φ6.35 were tested on tensile machine AVERY
DCJ 7109 (50 tons). Results of contraction tastings are given in the
table 5. Tested specimen can be seen in the figure 5
Table 5 Contraction of base metal in the z direction

No. of meas.
Z(%)

184

1
72.6

2
67.74

3
69.54

Average
70.8

Table 8 Results of shear test of different joints

No. of meas.
Shear strength
INCONEL 825
AISI 316L

Charpy testing was performed for determination the base metal
impact toughness. The results are presented in the Table 6 These
measurements were performed at temperature of -45℃.
Table 6 Impact toughness testing

1
162

2
149

3
175

Average
162

In the table 7 are presented results of hardness measurement of the
vase metal and clad material.
Table 7 Hardness measurement of clad plates after explosive welding and
heat treatment

No. of meas.
(HRB)
INCONEL 825
AISI 316

1

2

3

4

95
106

94
105

94
104

94
105

2

3

Average

305
282

298
311

300
299

301
297

Corrosion resistance of explosive welded joint was tested according
to ASTM A262 – E. Acid solution of copper sulphate was prepared.
100 g CuSO4 ( CuSO45H2O ) were saluted in 700 ml distillated
water. After that 100 ml sulphuric acid were added. Finally all this
content was diluted in 1000 ml distilled water. So the solution
contains 5 mas’ % CuSO4 and 16 ma’s %H2SO4.
Machined specimens with dimension 20x80x4 were treated in the
prepared solution. After that the probes are immersed in the acid
solution at room temperature. Testing time was measured starting
from the moment when solution and specimens inside start to boil.
The specimens stay in boiled solution 15 hours. They were cleaned
from the residual copper after they were taken off from the solution.
Cleaned specimens after chemical treatment were bent until the
angle of 1800 with the diameter of thorn with of 4 mm. After that
stretched side of the bent probes was photographed with
magnification of x20 and obtained photos were compared with the
referent figure 7 from the standard. Figure 7a concerns to passing
specimen and figure 7b to the failing specimen. In the figure 8 are
shown are presented tested specimens. Figure 8a is specimen of
INCONEL 825 and figure 8b to specimen of AISI 316.
Metallographic pictures of the explosive welding interface are given
in the figure 9. These figures concern to specimens of INCONEL
825 and AISI 316L Typical wave nature of the interlayer is visible
in both cases.

Figure 5 Contraction testing spesimens

No. of meas.
KVL-450C,J

1

Shear test of explosive welded joints was performed according
ASTM A264 Specimens. Preparation of specimen is presented
given if figure 5. Specimens from the plate 1 and 2 were prepared
and obtained values for shear strength are given in the tables.
Minimal value prescribed with the standard is 200 MPa. The view
of specimen before and after testing is given in the figure 6.

a
b
Figure 7 Referent photos of the stretched side of the bend specimens
a. good
b. failing

Figure 6 Preparation of specimens for shear test

a
b
Figure 8 Photos of stretched side after bending a, INCONEL 825 b AISI
316L

a
b
Figure 9 Microstructure of explosive welded bonds (interface)

Figure 6 Specimen for shear test before and after testing

Results from shear test are given in the table 8.
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4. Discussion
Preliminary investigation of base and clad plates intended for
explosive welding confirm that their chemical composition and
mechanical property fulfill standard requirement explosive welding
was performed according preliminary given technology. Complex
investigations of the welded plates were performed. Results of
investigations confirmed that quality of the experimentally welded
plates is at very high level because all results satisfy standard
requirement. It means that prescribed explosive welding technology
can be implemented for regular welding.
5. Conclusion
Performed investigation confirmed that preliminary given
explosive welding parameters completely fulfilled quality
requirement of the explosive welded plates. So, preliminary given
welding technology can be used for regular production.
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Abstract: This work presents the analysis of the stress-strained state of billets processed by such SPD processing techniques as "ECAPConform", "drawing with shear" and "rotary forging" with a special geometry of anvils. We analyze the influence of processing by these
SPD techniques, as well as by their combination with conventional metal working methods, on the structure formation and enhancement of
properties in Al and Cu-based alloys, as well as in low-carbon steel. We demonstrate the critical role of the induced non-monotonous
deformation in the formation of a combination of enhanced physical and mechanical properties in the investigated metallic materials during
treatment by combined and consecutive SPD techniques.

1. Introduction
The severe plastic deformation (SPD) is one of the
effective techniques for fabrication of ultra-fine and nanostructured
metallic materials [1,2]. An important factor for intensification of
the process of the initial structure refinement is implementation of
non-monotonous character of plastic deformation. Non-monotonous
deformation should be divided into the induced one and the applied
schemes’ inherent one, e.g. the shear-inherent one. The induced
non-monotonous deformation as a rule provides more effective
formation of the ultra-fine (UFG) structure of the grained type [3].
Recently there have been developed new methods of SPD providing
high degree of non-monotonous deformation during one operation
(the combined methods), e.g. such as multi equal-channel angular
pressing Conform (ECAP-Conform), drawing with shear, rotary
forging with a special geometry of the die-set, which provides high
level of the accumulated strain [4-6]. The analysis of efficiency of
application of these schemes is presented below.

2. Multi ECAP-Conform technique
The process is implemented in the following way
(Fig. 1): billet 1 is fed to the input channel, which is formed by a
rectangular shaped graving of rotation working wheel 2 and
stationary holder 3. The pressing force, leading to moving of billet 1
through the working channel, is ensured by rotation of working
wheel 2 and appeared active friction forces between the graving of
wheel 2 and billet 1. The working channel in the output has two
graduated bendings, which provides consecutive triple shear
deformation of billet 1 under the circumstances of continuous
treatment.
The results of investigation of the strained state are
presented in Figure 2.

Figure 1 - Scheme of multi ECAP-Conform: 1 – billet,
2 – working wheel, 3 – holder [5].

a)

b)
Figure 2 – Investigation of the strained state: a – the sample after
deformation (the grid method); b – diagram of the accumulated
strain value
The results of numerous trials of aluminum semiproducts, fabricated on the pilot-industrial equipment, showed that
the ultimate tensile strength (UTS) increased from 170±4 to 268±10
MPa, i.e. by 57%, and the electric conductivity – by 4.9%, as
compared with the as-received state (Т1).

3. Rotary forging
Rotatry forging is one of the efficient methods of
reduction treatment of metals by pressure (see the principal scheme
in Fig. 3). It is possible to achieve high values of the accumulated
strain in the billets by using specific regimes of rotary forging and
to form this way the ultra-fine grained structure in them [3]. Thus,
the rotary forging is a promising technique of severe plastic
deformation (SPD).

Figure 3. The principal scheme of modeling of rotary forging:
1 – upper anvil, 2 – lower anvil, 3 – billet
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Rotary forging of commercially pure copper grade M2 at
room temperature showed that special anvils allow to form the
structure with the fragment size of 1-5 µm (Fig. 4) during the
process of plastic deformation, meanwhile the strength grows till
350 MPa.

Figure 6. Pattern of the strain state of the cross section of the billet
from steel grade 10 after one cycle of drawing with shear at room
temperature (Deform-3D).
Investigation of structure of the billet from steel grade 10
in the cross section after one cycle of drawing with shear at room
temperature showed that the heterogeneous type of structure is
being formed. This structure possesses super fine grains in the
periphery area with formation of the superhard layer 100 µm in
width with Hv equal to 700 MPa.
Mechanical properties of steel grade 10 after one cycle of
drawing with shear at room temperature is higher by 10% as
compared with the reduction treatment via conventional drawing
with the same reduction ratio.

Figure 4 – patterns of the strained state and structure of
commercially pure copper grade M2 after rotary forging with the
special geometry of anvils with the total reduction 80%
(Deform-3D)
Computer modeling shows that the special geometry of
anvils provides the increase of the accumulated strain level in two
times (e>3) as compared with the conventional rotary forging
treatment (e=1.6).

5. References

4. The method of SPD – drawing with shear
This method includes operation of reduction treatment,
combined with shear. Implementation of the method includes
deformation of the metal according to the drawing scheme due to
the applied tractive force through two consecutively located conical
wire-drawing dies 1 and 2 with simultaneous rotation of one of the
dies (2) (see Fig. 5).
The distinctive feature of the method is that rotation of
one of the dies provides additional deformation with shear (torsion)
due to a non-symmetric conic channel of the dies and the
eccentricity designated around the axis of rotation. The shear occurs
in the constrained conditions, because the deformation zone is
limited by the shaping tool and at the hydrostatic pressure close to
the yield stress.
The specific feature of the method is fabrication of
heterogeneous strain state and heterogeneous structure in the cross
section of the billet (Fig. 6)

Figure 5. Scheme of the SPD method – drawing with shear [7],
e- eccentricity
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Abstract: System analysis of impact negative bias potential on structure, substructure and mechanical characteristics of single-layer
ZrN and multilayer ZrN/TiN coatings that been obtained by vacuum arc evaporation done at article with the aim of development of direction
«Structural Engineering of Nitride coatings».
Obtained results have allowed to identify three levels of impact:
- macro- level (phase composition, macrostructure, macrostresses state);
- micro- level (preferred orientation of crystallites – texture);
- nano- level (size of areas of coherent scattering (crystallites), microdeformation).
Superhard state with the magnitude micro-hardness of 44.8 GPa been reached in ZrN/TiN coatings as a result of using Structural
Engineering.
KEYWORDS: NEW MATERIALS, СOATINGS, VACUUM ARC, NITRIDES, STRUCTURAL ENGINEERING,
MACROSTRUCTURE, MICRODEFORMATION, SUPERHARD COATINGS
1. Introduction
In recent years is observed heightened interest in new class
of materials with unique functional properties – nanostructured
materials. For today one of most prospective are nanostructured
materials that created in non-equilibrium conditions ion-plasma
condensation. The non-equilibrium of conditions of obtaining
(typical for these processes) leads to impossibility of accurate
modeling of mechanisms of formation and materials properties. Use
of structural approach to managing of properties (structural
engineering) is proposed in the article to resolve this problem.
In recent years zirconium nitride (ZrN) attracts increased
interest due to unique combination of good corrosion resistance,
low electrical resistivity, high melting point (about 2990°C),
sufficiently high mechanical properties and high chemical stability
[1; 2]. Latest makes it demanded as coatings on blade tool that
operating at high cutting speed.
Structure and properties of coatings is largely determined by
negative potential of bias that supplied to substrate at deposition
(Ub) with a high degree of ionization as in the case vacuum arc
method of receiving [3].
The aim of article is explore possibilities of using Ub for
structural engineering of single- and multi-layer coatings based on
ZrN.
2. Material and methods
Vacuum arc with feeding of negative bias potential (in
constant or impulse form) onto a substrate (CIB (condensation - ion
bombardment) method) has been used as a main method of getting.
Basic installation for deposition – modernized «Bulat-6». ZrN
coatings were obtained at a pressure of nitrogen atmosphere PN =
4.7*10-3 Torr, the value of the negative DC bias potential of the
substrate supplied to the Ub = (-27 ... -300)V. The duration of the
deposition process is 1 to 2 hours. Stainless steel plate 12X18H10T
18х18х2 mm sizes and copper foil used as the substrates.
Multilayered two-phase nanostructured coatings TiN/ZrN
were precipitated by evaporation of the two types of cathodes:
titanium Tues 1-0; low-alloy zirconium; active gas – nitrogen
(99,95 %). Procedure of deposition of multilayer coatings is
included following operations. Vacuum chamber was evacuated to a

189

pressure of 10-5 Torr. Then to swivel apparatus with substrate
holder were fed negative potential of 1 kV, were included
evaporator and were produced purification of surface of first of the
two substrates by bombardment of ions of chromium during 3 ... 5
min. Thereafter substrate holder was rotated 180° and was carried
out same purification of second substrate. Further concurrently were
included are both evaporators, was fed nitrogen into the chamber
and were precipitated first layer from one side ZrN, and from the
opposite – TiN.
Process of deposition was performed at the following
technological conditions. After deposition of first layer are both
evaporators were turned off, were turning substrate holder for 180°
and again concurrently have included both evaporators. Arc current
during the deposition was 100 A, nitrogen pressure (РN) in the
chamber 4.8*10-3 Torr, distance from the evaporator to the substrate
– 250 mm, substrate temperature (Ts) was in the interval 250 ... 350
°C. Were obtained coatings of thickness about 10 microns. At the
time of deposition on a substrate was fed constant negative potential
Ub = -70 ... -200V.
Micrographs of coatings obtained by raster electron microscope
JEOL JSM 840. For the electron microscopy studies of the coating
deposited on the copper substrate thickness of 0.2 mm.
Phase composition, structure and substructural characteristics
have been studied by method X-ray diffractometry (DRONE-4)
with use Cu-Kα-radiation. For monochromatisation of registered
radiation was used graphite monochromator, which was installed in
a secondary beam (ahead of the detector). Study of phase
composition, structure (texture, substructure) were produced by
means traditional methods of ray diffractometry through the
analysis of position, intensities and forms of profiles of the
diffraction reflexes. For decryption of diffractograms were used
tables of International Centre for Diffraction Data Powder
Diffraction File. Substructure characteristics were determined by
method approximation.
The hardness of the samples was determined by using
installing "Micron-gamma" equipped pyramid Berkovich at room
temperature (up to a maximum load of 0.5H).

3. Results and Discussion
Research of morphology coatings surface ZrN been
revealed that coatings, which obtained at relatively low constant
potential of bias -40 V have as in volume, than also on surface
sufficiently large number of droplet phase (Fig. 1a, b). Herewith the
structure hasn't pronounced columnar structure of growth of
crystallite. Increasing of the bias potential leads to a decrease
droplet phase and to appearance of columnar structure. Surface
morphology and fracture pattern of coatings that deposited at feed

a

of bias potential with magnitude Ub=-220 V is shown on Fig. 1 c, d.
It is seen that microparticles of droplet phase in volume and also on
the surface practically absent in coatings and structure of coating
growth has columnar appearance (Fig. 1 c). Such considerable
decrease in the content of droplet phase can be explained by that
droplet component, also as any other accumulation of atoms that
placed in plasma acquires a negative (floating) potential and is
repelled by surface, on which negative potential (in this case by
substrate surface) is served [4].

b

c
d
Fig. 1 – Surface morphology and fraktogramma of fracture coatings ZrN (РN=4,7 * 10-3 Torr): a, b – Ub=-40 V; c, d – Ub=-220 V
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Impact of constant potentials of displacement with magnitude -200 V and -110 V is considered in article for multilayer coatings
ZrN/TiN.
Images of fracture morphology of coatings with maximum thickness of layers with bilayer period about 1.5 microns (Fig. 1 a)
and with lesser periods of 0.8 microns (Fig. 3 b) and 0.2 microns (Fig. 3 c).
It is seen that planarity and uniformity by thickness of layers is observed and appearance of drop phase inside layers is not
observed irrespective of number of layers and magnitude period of multilayer systems at constant potential of displacement -200V.

a

b

c
Fig. 2 – Fracture morphology of coatings with 26 layers (13 periods by two layers with average thickness of period 1.5 microns)
(a), b – 36 layers (18 periods by two layers with average thickness of period 0.8 microns) and c – 134 layers (67 periods by two layers with
average thickness of period 0.2 microns)
Lighter layers – ZrN, which are obtained by 1.5 times
thicker, than TiN. Ie evaporation rate TiN lower than zirconium
nitride. At total coating thickness 734 about 17 microns (13 layers
of titanium nitride and 13 layers of zirconium nitride) – layer
thickness of zirconium nitride - about 900 nm and a titanium nitride
– about 600 nm. Despite the fact that time of deposition of each
layer were about 300 seconds – deposition rate of zirconium nitride
3 nm/s and the titanium nitride – 2 nm/s. Then obtain at minimum
deposition time 10 s – will layer thickness of zirconium nitride
about 30 nm and titanium nitride – about 20 nm.
Results of X-ray diffraction research were obtained in
basis of structural engineering.
Diffraction spectrums of coatings that obtained at
different meanings Ub are shown on Fig. 3. It is seen that forming

single-phase structural state that typical for ZrN with face-centered
cubic lattice (structural type NaCl) is happening throughout the
range of submitted displacement potential (-27…-300 V). In this
case attitude of intensities reflections from different planes is
changed depending on magnitude of supplied negative potential of
displacement that evidence of appearance texture (preferential
orientation of crystallites). Large intensity of peak from the plane
(200) at low bias potential (27 ... 40 V) indicates on texture with
axis [100] that perpendicular to plane of growth.
Changing texture is happening with increasing Ub: at Ub =
(-70 ... -150 V) – on bi textured with preferred orientation of
crystallites with axes [311] and [111] that perpendicular to plane of
growth and at Ub, which exceeding by meaningfully -150 V to
almost uniaxial texture with axis [111] (Fig. 3, spectrums 6 and 7).
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Fig. 3 – Sectors of X-ray diffraction spectrums of coatings ZrN that were obtained at Р=4,7 * 10-3 Torr, Ub: 1 – 27 V; 2 – 40 V; 3 –
70 V; 4 – 100 V; 5 – 150 V; 6 – 220 V; 7 – 300 V

(222)ZrN
(311)TiN
(222)TiN

(311)ZrN

(220)ZrN

(220)TiN

values for ZrN) period of 0.4523 nm. This is determined by smaller
atomic radius of titanium, due to which period of isostructural
lattice TiN phase is small and amounts to 0.4241 nm (card PDF 381420).
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X-ray diffraction (XRD) spectrums of coatings of
multiperiod system ZrN/TiN are shown on Fig. 4. Is seen that at
smallest Λ = 10 nm (spectrum 1, Fig. 4) phase is formed based on
ZrN of crystal lattice with reduced (as compared with tabulated
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Increasing thickness of Λ for this system leads to forming
similar phases ZrN and TiN at crystal lattices with same type of
preferential orientation (axis [111]) of crystallites in layers.
Supply of constant potential of displacement on
substructural level leads to increasing crystallite size at meanings
Ub is less -200 V (Fig. 5). Increasing degree of interaction between
metal atoms and nitrogen atoms that were activated by increasing

300

energy are one of main causes of this process. Decreasing crystallite
size when submitting higher potential may be associated with
process of polygonization under impact high compressive stresses
that are reaching magnitude  = -6,7 GPa (critical magnitude for
displacement of dislocations in ZrN). Observed decreasing of
microdeformation can associate with this process (Fig. 5 b).
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Fig. 5 – Dependency of crystallite size (a) and microdeformation (b) from constant potential by PN= 4.8*10-3Торр
Increasing constant potential of displacement in multilayer systems ZrN/TiN on substructural level leads to decrease
microdeformation and to decrease crystallite size in TiN component and to increasing sizes in ZrN component (Fig. 6).

0,8

40
ZrN

0,7

30

1

1

ZrN

20

<ε>, %

L, нм

0,6
TiN

2

0,5
0,4

10

2
TiN

0,3

0
60

90

120

150

Ub, V

180

60

210

a

90

120

150

Ub, V

180

210

б

Fig. 6. Changing substructural (crystallite size, L (a) and microdeformation, <ε> (b)) characteristics on the magnitude supplied
bias potential Ub. 1 – relates to layers ZrN, а 2 – to layers TiN
Reason of observed non-uniform changes can be
associated with more strong radiation damageability ZrN layers due
to large mass Zr atoms that bombarding surface during the growth
of these layers. Decreasing microdeformation and increase of
medium crystallite size at maximum Ub = -200V can be associated
with larger average energy of deposited particles and with

temperature of heating the surface. First and second – allows
increasing surface diffusion and correspondingly more uniform
filling surface plane by atoms. This defines larger average
crystallite size. Herewith period grating decreases as a result of
compaction coating as ZrN, than also in TiN layers that is shown on
Fig. 7.
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Macrostresses state changed by not monotonically: increases with decreasing Λ to 25 nm with subsequent fall at lower period (Fig.
8).
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Fig. 8 – Dependence of magnitude compression stress (-σ) from period of multilayer coatings Λ system ZrN/TiN for components: 1
ZrN, 2 –TiN (Ub = -110 V)
approximately
33
GPa
at
a
large
Ub ≈ -200 V. Hardness is lower and its magnitude is determined by
Λ for multilayer system ZrN/TiN at Ub ≈ -200 V. Hardness
decreases from 31 to 25 GPa at decreasing Λ from 50 to 10 nm.
Considerably higher hardness of coatings that obtained at a lower
Ub ≈ -110 V. Hardness reaches 44.8 GPa at Λ≈ 20 nm. But hardness
of multilayer coatings ZrN/TiN decreases to 40 GPa also in this
case, at reduction of Λ≤ 20 nm.

This reason is because in system ZrN/TiN the depth of
maximum penetration of ions Ti→ZrN about 0.8 nm and total depth
of impact (where penetrating ions are identified) are ≈2,1 nm. The
total depth of impact ions Zr→TiN about 2 nm.
Thus layer with thickness about 2 nm, in which radiation
stimulated stirring affects by decisively is formed during deposition
of coating on borders. Total depth of impact at period is about 4 nm,
because in period Λ are two such boundaries.
Hardness at indentation is most universal express
characteristic to determining the mechanical properties. The
obtained results are show that largest hardness in single ZrN
coatings is 40.5 GPa and achieved at Ub ≈ -100 V. Hardness is
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4. Conclusion

5. References

Impact negative potential Ub on surface morphology at
deposition affects to decrease of droplet phase. This is determined
by the acquisition of drops with negative charge and by repulsion it
from negatively charged surface of substrate at deposition.
Supply Ub leads to forming preferential orientation of
crystallites at structural level. Supply of small in magnitude Ub (to 50 V) in single-layer ZrN coatings leads to preferred orientation of
crystallite growth with axis [100]. Forming texture [311] that passes
into texture with axis [111] at Ub = (-150 ... -300 V) is happening at
higher Ub = (-50 ... -100 V).
Supply Ub in the interval of (-100 ... -250 V) on
substructural level in single layer ZrN coatings leads to decrease
average crystallite size and relaxation of microdeformation. Supply
Ub in multilayer systems ZrN/TiN leads to decrease
microdeformation and decrease of crystallite size in TiN layers and
increasing of sizes in ZrN layers.
Highest magnitude of hardness in single layer ZrN
coatings is 40.5 GPa and achieved at Ub ≈ -100 V. Using higher in
magnitude Ub leads to increased density of defects and to decrease
of hardness. Changing of hardness has nonmonotonic character
depending on Ub in multilayer coatings ZrN/TiN (with Λ≈ 50-100
nm). Maximum hardness 44.8 GPa is achieved at lower
Ub = -110 V. Decrease of hardness is happening at low Λ as a result
of mixing. Herewith ratio H/E (hardness/modulus of elasticity)
reaches 0.14 in hardest coatings that complies to high relaxation
characteristics of material.
Correlation between increased magnitude of compressive
stresses that are developing in coating and increasing hardness is
revealed. Compressive stresses are stimulated by higher specific
atomic density and contribute to increasing strength of relations and
hardness.
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Abstract: Waste materials have been an increasing problem every year. Disposal of waste materials has presented very serious problems
to the human community in the world. Currently, some research has been studied to the recycle of different wastes in concrete. Recent study
is focusing on the usage of a unique blend of recycled polypropylene and copolymer macro fibers (RPCMF) designed specifically for
concrete mixture. The different weight of RPCMF is mixed in concrete to in order to investigate the effect on mechanical properties. By
adding RPCMF obtained a satisfactory improvement on cracking control, compressive strength, flexural strength and also tensile strength,
Moreover, compressive, flexural and tensile strength was positively affected by the addition of RPCMF for some mixtures. More percentage
of weight fractions added gives high result in tensile strength. However, the workability of the concrete reinforced with RPCMF was
negatively affected.
Keywords: Recycled Polypropylene, Copolymer Macro fiber, concrete, compressive strength, flexural strength

Ordinary Portland cement according to TS EN 197-1, CEM I
32.5 R cement was used for every concrete mixture. Raw materials
used in this research include cement, fine aggregate (natural river
sand), coarse aggregate and fibers. Natural river sand with a
maximum size of 5 mm, specific gravity of 1.52, SSD water
absorption of 1.37%, and SSD density of 2512 kg/m3 was used in
this study. Course aggregate with a max a maximum aggregate size
of 15 mm was used. Specific weight of course aggregate is found as
2690 kg/m3 and SSD water absorption of 0.6 %. Both natural river
sand and course aggregates were batched in a dry condition.

1. Introduction
Polypropylene (PP) fibers have been widely used to reinforce
concrete as an alternative to steel fibers. The reinforcing effect of
the PP fiber is directly proportional to its tensile strength and Young
modulus. Polypropylene fibers have been widely used in concrete,
plaster, mortar, and shotcrete applications nowadays. The additions
of these fibers to concrete considerably improve the structural
characteristics of concrete such as flexural strength, impact strength,
tensile strength, ductility and toughness [1].

For preparation of all the samples, a water–cement ratio (w/c) of
0.55 (by weight) was used. Table 1 represents the details of the
mixture proportions.

Polypropylene fibers are manufactured in different size and
shape, and with various properties which are hair-like or made of
plastic with the chemical structure containing a long chain of
individual molecules.

Table 1. Concrete mix design

PP fibers are manufactured with three different geometrics.
Monofilaments, film and extruded tape are the typical PP
geometries which the last two forms are used widely for concrete
reinforcement [2]. The PP has a high melting point (165°C), alkali
resistance and low cost of raw material but has a low tensile
strength [2]. And also, since it is hydrophobic material, water
absorption of pp is zero that leads preventing adhesion to the
concrete [3]. However, PP has some weakness points such as:
sensitivity to oxygen and sunlight, poor fire resistance, low modulus
of elasticity and poor bond with the matrix [2].

Fine
Aggregate
Sample

Course
Aggregate

Cement

(gr)

Reference

18090

22110

9900

5400

0

0,125%

18090

22110

9900

5400

0,125

0,25%

18090

22110

9900

5400

0,25

0,5%

18090

22110

9900

5400

0,5

2. Materials and Method
Recycled polypropylene and copolymer macro fibers (RPCMF)
is a unique blend of recycled polypropylene and copolymer macro
fibers produced for concrete applications that consists of 100%
recycled polypropylene fibrillated (network) fibers and a highperformance twisted-bundle macro-monofilament fiber. The
specific gravity of RPCMF is 0,9 and has the tensile strength of 570
MPa. 58 mm length RPCMF is used in this study (Figure 1).

Fig. 1 Recycled polypropylene and copolymer macro fibers

Following materials utilized in the present research:
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(gr)

Weight
Percent

(gr)

The objective of the current research is to study the mechanical
properties of concrete reinforced individually with weight
percentage of with 0.125, 0.25, 0.5 % of RPCMF to evaluate their
strength.

(gr)

Water

(%)

All standard steel moulds for cubes, cylinders and prisms
specimens has been prepared by oiling the inner surface of the
formwork before casting in order to remove the mould after the
concrete hardened.
Concrete mixing process was performed to ensure that steel
fibers were distributed uniformly in the concrete mix. In the first
stage, all ingredients (cement, fine aggregate, water and course
aggregate) were mixed well then after steel fibers are added
gradually.
2.2. Slump Test
In order to obtain workability of fresh concrete mixture slump
test is applied to all mixtures (Figure 2). Slump height for the
control specimen which is plain concrete is 90 mm. Slump height
was decreased since the addition of fiber into concrete mixture.
From 0.125% until 0.5%, the slump height was decreasing. Slump
height is calculated to be 70 mm for 0.125% of fiber weight, 45 mm
for 0.25% of fiber weight and 20 mm for 0.5% of fiber weight. It is
indicates that the slump of the mixture was decreased when the
RPCMF content increased.

From Table 2. above, the highest average compressive strength
is is at 0.25% which is 30.68 MPa of fiber weight whereas the
lowest strength is at 0% which is 28.05 MPa. Although stress for
0.5% fiber weight sample is lower than 0.125% fiber weight
sample, the strain is more. Figure 5. shows that increasing fiber
content also increase ductility of the concrete under compression
force. Increasing fiber content not only develop ductility of concrete
but also compression strength.
Fig. 2 Slump test

The compressive strength test for the cubes was applied at the
ages of 28 days. A total of 18 concrete cubes with the dimensions of
150×150×150mm were prepared. 3 specimens were prepared for
each percentage weight fraction of RPCMF (0.0%, 0.125 %, 0.25%,
0.5 %). ASTM C 109 is use to determine compressive strength for
the concrete that is used in this study (Figure 3.).

Fig 5. Stress-strain diagram for RPCMF concrete

Result of tensile strength of the control cylinder is found to be
2.36 MPa and decrease until 2.57 MPa at 0.125% and increase
again at 0.25% which is 2.64 MPa. It is seen from Table 2., the
highest flexural strength is at 0.5% of fibre content which is 4.38
MPa and the lowest strength is at 0% of fibre volume which is 2.99
MPa.

Fig. 3. Compressive strength test

A total of 3 prismatic specimens with the overall dimensions of
150×150×400 mm were tested for each percentage weight fraction
of RPCMF (0.0%, 0.125 %, 0.25%, 0.5 %). The 3 point flexure test
was carried out at the age of 28 days with the standard of ASTM
D790 (Figure 4.).

4. Conclusions
This research has proved that the performance of RPCMF
reinforced concrete is much better compare to conventional plain
concrete. The conclusions from this research based on the
experimental results are:
•

The test result shows that as the fiber weight of fraction
increase the workability tend to decrease significantly.
Moreover, it can be realized that, the slump test decreases
when the weight of fiber increases.

•

RPCMF reinforced concrete may be used in order to
increase the mechanical properties of concrete. High
percentage of weight fraction gives high flexural strength
of the concrete.

•

The concrete with RPCMF absorb more energy before
and after fail. The RPCMF in concrete grips the concrete
particles when load is applied on it until failure.

•

The crack opening width can be controlled by using
RPCMF in concrete.

•

Split tensile test and 3 point flexural test indicate that
concrete reinforced with RPCMF has much greater
toughness compared to plain concrete. The cylinder does
not split during tensile test since the presence of RPCMF
in concrete. Moreover, concrete prism also does not break
into two because of the RPCMF reinforced in concrete.

Fig 4 Beam specimen after 3 point flexure test

The results of split tensile strength test were based on cylinders
with various weight fraction of tire fiber for 28th days. In the course
of split tensile strength test, specimens were tested by applying an
increasing load throughout the vertical diameter until split failure
occurs. Failure of the specimens comes of along its vertical
diameter, owing to tension developed in the transverse direction.

3. Results
The concrete properties with different weight fraction of
RPCMF are summarized in Table 2.
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Table 2. Concrete properties with different weight fraction of
RPCMF
Weight
of
Fiber
%

Slump
(mm)

0

90

0,125

Unit
Weight

Compressive
Strength
(MPa)

Flexural
Strength
(MPa)

Tensile
Strength
(MPa)

2210

25,05

2,99

2,36

70

2232

27,96

3,11

2,57

0,25

45

2239

30,68

4,29

2,64

0,5

20

2255

30,93

4,38

2,79

(kg/m3)
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Abstract: Metal matrix composites, containing Al (4 wt. % Cu) as the matrix material and SiC particles as the reinforcement, were
produced by hot pressing. SiC(p) content of the composites were in 10 – 50 vol. % range. Appropriate amounts of Al, Cu and SiC powder
were dry mixed and pressed at 25 MPa at 525 and 550 oC. Obtained composites were subjected to density and hardness measurements, 3
point bending tests and optical microscope investigations. Hardness was seen to increase continuously with the increase in the amount of
SiC(p) from 54 HB10 (unreinforced matrix) to 148 HB10 (50 vol. % SiC). On the other hand, bending strength values of the composites first
showed an increase up to 20 vol. % SiC and then decreased. Strain values decreased considerably, with the addition of SiC into the
unreinforced matrix and the composites containing 40 and 50 vol. % SiC did not show plastic deformation before fracture. Yield strength
and elastic moduli of the composites increased with the increase in the SiC amount. It was seen that the properties of Al%4Cu-SiC(p)
composites, such as strength and hardness, can be adjusted by varying their SiC contents.
Keywords: SiC(p) reinforced Al composite, hot pressing

1. Introduction

2. Experimental Procedure

Metal matrix composites (MMCs) are technologically important
materials since they can be tailored for obtaining a desired property,
in order to be utilized in a specific application. The change in the
properties can be imparted through varying the reinforcement
amount, size or shape or the properties of the matrix metal.
Particulate reinforced metal matrix composites have the advantage
of ease in production, as compared to continuously reinforced
composites.
Light and low strength metals such as aluminum and
magnesium have been widely used as the matrix material for
particulate reinforced MMCs. Widely used reinforcement particles
are Al2O3, TiC, SiC and B4C [1]. The main advantage of utilizing
these hard ceramic particles is to enhance hardness and wear
resistance. Al MMCs reinforced with hard ceramic particles can be
utilized in bushes, automotive, train and aircraft brake parts, pistons
for internal combustion engines, etc [2].
Aluminum matrix composites reinforced with SiC particles can
be produced by melting techniques, such as infiltration, stir and/or
squeeze casting [3], and solid state techniques such as powder
metallurgy (PM) methods. In PM, extrusion [4,5] and hot pressing
are commonly utilized. PM presents crucial advantages over liquid
state techniques such as eliminating the wettability issues and
possibility of addition of high fraction of reinforcements [1]. In the
study of Abarghouie et al. [4], Al 2024 alloy powder was mixed
with SiC particles and cold pressed and then hot extruded at 495 oC.
Solution heat treatment was also performed at 495 oC and aging at
191 oC. It was reported that presence of SiC particles accelerated
aging kinetics, when properly solutionized. In the study of Chawla
et al. [5], effects of SiC content and particle size were examined,
specifically on the fatigue behavior of the MMCs containing Al
2080 matrix. It was reported that decreasing SiC particle size and
increasing its amount resulted in an increase in fatigue strength.
Şahin [3] prepared 2014 Al-SiCp composites through stir-squeeze
casting and investigated their machining characteristics.
Due to their lightweight, high hardness and wear resistance, SiC
reinforced Al MMCs are promising structural materials. In addition,
powder metallurgy routes are seen to be advantageous in their
production. Therefore, in the present study, SiC particulate
reinforced Al matrix composites were produced via powder
metallurgy, specifically by hot pressing. Obtained composites were
characterized by microstructural examinations, hardness
measurements and 3 point bending tests.
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Aluminum (Merck, average particle size <10 microns) and
copper (Alfa Aesar, average particle size 1-3 microns) powders
were mixed at 4 wt% Cu ratio. SiC powder (Alfa Aesar, average
particle size <10 microns) was added at amounts corresponding to
10-50 vol. % of the composite. The powders were mixed with 2 mm
zirconia balls in a ceramic vial for 15 minutes. Then the powders
were screened and placed into a die, which was made of hot work
tool steel (AISI H13). The die, with its contents was placed into a
hot press (MSE Technologies) and 50 MPa pressure was applied in
cold state. The furnace of the hot press was adjusted so that it
presented a heating rate of 5 oC/min. A 30 min soaking period was
applied to the die at 525 and 550 oC. During heating and soaking,
25 MPa pressure was maintained. The obtained hot pressed samples
were 37 mm long, 12 mm wide and 6 mm thick.
3 point bending tests were conducted according to ISO 3325
standard (span length is 25 mm), with a 50 kN capacity Universal
Shimadzu unit. Hardness measurements were conducted according
to Brinell 10 (HB10) scale (Bulut Makina, Turkey). Densities of the
samples were determined according to Archimedes’ principle, after
weighing the samples in air and in water. Samples were cut, lapped
on emery paper and polished with diamond paste, prior to
microstructural examinations. Microstructures of the composites
were investigated by an optical microscope (Nicon Eclipse LV150).

3. Results and Discussion
3.1. Microstructure of the Composites
Percent theoretical density values of the prepared composites
were determined via dividing the measured density values by the
theoretical density values of the composites and multiplying by 100.
Percent theoretical densities of the composites hot pressed ad 525
o
C were in 93.5 - 96.3 % range, whereas that of the composites hot
pressed at 550 oC were in 94 - 99.6 % range.
The microstructure of the obtained SiC – Al(%4Cu) MMCs are
presented in Fig.1 (optical microscopy, X500 magnification). In
general, it was seen during the microscopical examinations that the
composites obtained at 525 oC contained more amount of porosity
than the composites obtained at 550 oC. This finding is in accord
with the density measurements. The black angular particles in the
given micrographs in Fig.1 are SiC. It can be seen in these
micrographs that the area covered by the SiC particles increases
with increasing SiC content of the composites. The SiC particles
were seen to be homogenously distributed in the Al(%4Cu) matrix.

As can be seen in these figures, the particle size of SiC was
generally smaller than 10 micrometers. However, there are some
large particles of about 20 micrometers size.
In the optical micrographs, light gray particles were observed at
some points, which are believed to be Al2Cu intermetallic particles.
These particles are believed to form with the reaction of Al and Cu
during the liquid phase sintering of the Al-%4Cu system. At the
sintering temperature, Cu has higher solubility in the formed liquid
and upon solidification, formation of solid Al2Cu particles takes
place, since Cu has low solubility in solid Al at room temperature.

(e)
Fig. 1 Microstructures of composites obtained by hot pressing at 550 oC of
Al(%4Cu)-SiC mixtures containing (a) 10 vol. % SiC, (b) 20 vol. % SiC, (c)
30 vol. % SiC, (d) 40 vol. % SiC, (e) 50 vol. % SiC.

3.2. Hardness of the Composites
Hardness of the unreinforced Al%4Cu matrix alloy was 54
HB10. Addition of SiC particles into the aluminum alloy matrix
resulted in an increase in the hardness values. It can be seen in Fig.
2 that the hardness of the composites increased continuously with
the increase in the amount of SiC(p) in the composites. Hardness of
the composite which contained 50 vol. % SiC was 146 HB10.

(a)

Increase in the hardness of the composites with increasing SiC
particle content may be attributed to restriction of the plastic
deformation of the aluminum alloy matrix, due to the presence of
the SiC particles.

(b)

Fig. 2 Hardness of the unreinforced Al%4Cu matrix alloy and of the
composites containing 10, 20, 30 and 40 vol. % SiC(p).

3.3. Bending Strength of the Composites

(c)

Unreinforced Al alloy sample and samples containing various
amounts of SiC were subjected to 3 point bending tests. Bending
strength of the unreinforced alloy which was sintered at 550 oC was
428 MPa. Addition of SiC particles to the aluminum matrix resulted
in an increase in the bending strength up to 20 vol. % SiC content,
with the highest strength of about 484 MPa (Fig. 3). Strength values
were seen to decrease at higher SiC(p) contents. Bending strength
of the composite which contained 50 vol. % SiC was 410 MPa.
These results indicate that there is an optimum amount of SiC(p),
which may be suggested as 20 vol. % in the present study. The
increase in the strength of the composites may be attributed to the
hindrance of plastic deformation of the Al alloy matrix, caused by
the SiC particles. On the other hand, beyond a certain value of SiC
content, strength of the composite decreases due to the decrease in
the the amount of matrix phase.

(d)

It can be seen in Fig.3 that the samples hot pressed at 525 oC
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presented lower bending strength values, as compared to samples
which were sintered at 550 oC. This can be attributed to higher
amount of porosity in the samples sintered at 525 oC, as revealed by
the density measurements. It can be suggested that 550 oC is more
suitable for hot pressing of the Al%4Cu-SiC(p) composites.

appear to increase with the increase in the SiC content of the
composites. In addition, elastic moduli of the composites,
which can be stated as the slope of the linear portion of the
stress-strain curves, are seen to increase with the SiC content
of the composites.

Fig. 3 Thee point bending strength of the unreinforced Al%4Cu matrix alloy
and of the composites containing 10, 20, 30 and 40 vol. % SiC(p), sintered
at 525 and 550 oC.

Fig. 5 Three point bending stress – strain plots of the unreinforced Al%4Cu
matrix alloy and of the composites containing 10, 20, 30 and 40 vol. %
SiC(p), sintered 550 oC.

Bending strain values of the unreinforced sample and composite
samples are presented in Fig. 4. Unreinforced sample presented
strain values in 21-24 %, whereas addition of SiC resulted in an
abrupt decrease in the strain values of the composites. 10 vol. %
SiC containing composite had a strain value of 12.2 % and that of
50 vol. % SiC containing composite was 3.3 %. Composites
sintered at 525 oC presented lower strain values as compared to
composites sintered at 550 oC. This result may be attributed to
lower % theoretical density or higher porosity of the composites
sintered at 525 oC.

SiC particulate reinforced Al%4Cu matrix composites
were obtained by hot pressing. It was shown that the
properties of the composites such as strength and hardness
can be adjusted by varying the SiC content in the composites.
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The yield strength of the unreinforced Al%4Cu was about
180 MPa and yield strength, which can be determined as the
point of departure from linearity of the stress-strain curves,
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Abstract: Dry sliding wear behaviour of unreinforced Al4%Cu and Al4%Cu - SiC composites was investigated. Composites containing
10-50 vol. % SiC were obtained via hot press by using Al, Cu and SiC starting powders. Wear tests were conducted by an oscillating
tribometer having a 6 mm diameter alumina ball. 2 N load was employed and sliding span was 5 mm with a total test distance of 6 m. Wear
tracks were examined by an optical microscope, track cross sectional areas were determined by a profilometer and wear rates were
calculated. It was seen that the wear track formed on the unreinforced sample was much larger and deeper than the ones on the composite
samples. Wear mechanism was suggested to be initially adhesive and then adhesive and abrasive. The wear rate of unreinforced sample was
about 11x10-3 mm3/N.m. Wear rate was seen to decrease abruptly with the addition of SiC particles into the matrix alloy. When 10 vol. %
SiC was used, wear rate decreased to 1.5x10-3 mm3/N.m. The lowest wear rate was achieved in the sample containing 30 vol. % SiC, 0.5x10-3
mm3/N.m.
Keywords: Dry sliding wear, SiC reinforced aluminum matrix composite, Powder metallurgy

1. Introduction

2. Experimental Procedure

The incorporation of hard ceramic particles such as SiC, B4C,
TiB2, Al2O3 has been utilized in order to enhance hardness and wear
resistance of light alloys such as aluminum, etc. [1-6]. The
properties such as hardness, toughness and wear resistance of the
formed material, which is technologically termed as ceramic
particle reinforced metal matrix composite, can be altered by
varying the particulate size or content and the properties of the
matrix alloy.
Particulate reinforced light metal matrix composite materials are
especially suitable where weight of the part is important, due to
their lightweight. These materials can be used in applications like
aircraft structural and wear parts as well as in automotive industry,
such as pistons, brake components, etc., with the aim of weight
reduction [7]. Sliding wear resistance is important for tribological
applications requiring high performance [6].
Wear resistance of aluminum matrix composites which were
produced by various techniques such as stir casting, extrusion, etc.
and reinforced with hard ceramic particles, have been investigated
[4-7]. The common outcome of these studies, regardless of the
employed production method is that, the incorporation of the hard
ceramic particles enhances wear resistance, as compared to
unreinforced alloy and that wear resistance generally increases with
the increase in the amount of the reinforcement particles [4-6]. In
these studies, in order to determine the sliding wear characteristics,
a pin on disc testing apparatus is commonly utilized [4-6,8] with
various loads and for various distances of wear tests. In the study of
Rao et al. [4], SiC reinforced Al MMCs were produced by stir
casting. It was reported that the wear resistance of the composites
depends to a large extent on the matrix alloy, where AA2024 was
found to possess the best wear resistance. In the study of Alpas et
al. [6], SiC reinforced Al MMCs were obtained as produced
commercially. Shirazi et al. obtained the SiC-Al6061 composites
through hot extrusion at 500 oC [5]. It was seen that when SiC
particles of 25-50 nm size were used, low amounts such as 1-3 wt.%
of SiC was sufficient to enhance hardness and wear resistance of the
Al MMCs [5].

Composite samples, which were subjected to wear tests, were
produced by hot pressing of mixed elemental aluminum (Merck),
elemental copper (Alfa Aesar) and SiC (Alfa Aesar) powders at 550
o
C for 30 min. The SiC amounts were adjusted so that the
composites contained 10 – 50 vol.% SiC, with 10 vol.% increments.
Hardness values of the composites were determined by using a
Brinell hardness tester (HB10). Wear tests of the composites were
conducted with an oscillating (reciprocally sliding) tribometer
(Tribotechnic) according to DIN 50324 Standard (Testing Of
Friction And Wear Model Test For Sliding Friction Of Solids (BallOn-Disc System)). A 6 mm diameter alumina ball was used for
wearing the composites under 2 N load. The span length was 5 mm
and 6 m of total test distance was employed for each specimen. The
test was stopped after 2 m and 1 m intervals and the profile of the
wear track was determined by using a profilometer (rugosimeter,
(Taylor Hobson, Surtronik 25)). The area of the wear track cross
section was multiplied by the span length (5 mm) in order to
calculate the wear track volume. Wear rate (mm3/N.m) was
calculated via dividing the wear track volume by the applied load (2
N) and test distance.

3. Results and Discussion
Wear tracks formed on the unreinforced alloy and on the SiC
particle containing composites are presented in Fig. 1. These tracks
were formed as a result of the repeated sliding contact of alumina
ball, which was used as the counter body. Detached flakes of wear
debris were seen around the wear tracks of all the specimens,
especially at the ends of the tracks. It can be seen that when no
reinforcement SiC particles were used the wear track was quite
large, about 960 microns. Wear track width was seen to decrease
with the increase in the amount of SiC particles in the Al4%Cu
matrix. There was an abrupt decrease when 10 vol. % SiC was
added into the matrix. In the composite containing 50 vol. % SiC,
wear track width was about 330 microns.
In the wear track of the unreinforced Al4%Cu matrix alloy (Fig.
1a), continuous grooves were seen to form along the sliding
direction. Unreinforced matrix had the lowest hardness and highest
ductility, among the studied samples [9]. There are patches of
smeared particles inside the wear track of this sample. Due to the
repeated stress under the alumina ball, work hardening occurs on
the aluminum surface and this results in the detachment of the
debris. The ductile wear debris, torn and detached from the surface
of the sample, may have stuck or attached back into the wear track

Aluminum alloys reinforced with hard ceramic particles have
the potential to be used in applications where wear resistance is
required. Therefore, estimation of their sliding wear properties is of
technological interest. SiC particle reinforced Al (4%Cu) metal
matrix composites were produced via hot pressing method [9] and
their sliding wear characteristics were determined in the present
study.
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and formed patches of smeared debris inside the track. It is expected
that initially adhesive wear mechanism is dominant and later
abrasive wear mechanism takes place. Initial sticking of the
aluminum matrix and alumina ball results in the initial adhesive
wear. The aluminum particles attached on the surface of the
alumina ball is expected to cause abrasive wear on the work
hardened aluminum surface. This takes place by the tearing of the
aluminum along the sliding direction.
The continuous wear grooves on the wear tracks of the
composite samples (Fig. 1b-d) were seen to become thinner with the
increase in the amount of SiC particles. In addition, patches of
smeared ductile particles were not present and inside of the wear
tracks were smoother.

(d)
Fig. 1 Optical micrographs of the wear tracks on the (a) unreinforced
Al4%Cu matrix alloy, (b) 10, (c) 30, (d) 50 vol. % SiC containing
composites.

Wear track width alone is not sufficient to quantify the wear
amount or rate, since for that, depth of the wear track is also
necessary. Therefore, wear track profiles were determined by using
a profilometer. Wear track profiles of unreinforced sample and of
composite containing 40% SiC are presented in Fig. 2. It can be
seen that the inner surface of the wear track of unreinforced sample
is not smooth, but contains grooves. The presence of the re-attached
soft wear debris on the inner surface of the wear track renders the
wear track surface irregular and rough. The maximum depth of this
wear track was about 40 microns, with a width of about 1 mm. The
width of the track is consistent with the measurements made on
optical micrographs (Fig.1a). Cross sectional area of the wear track
was about 20000 square microns. Volumes of the wear tracks were
calculated via multiplying the cross sectional area by the length of
the wear track (5 mm).

(a)

The wear track width of the composite containing 40 % SiC was
about 0.4 mm and the maximum depth was about 6 microns. Cross
sectional area of the wear track was about 1600 square microns. It
can be seen that the presence of SiC particles in aluminum matrix
reduces wear and increases wear resistance.

(b)

(a)

(c)

(b)

Fig. 2 Wear track profile formed on (a) unreinforced sample and on (b) 40
% SiC containing composite. (note the change in the scales)
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Wear rates were calculated by using the volume of the wear
tracks. Wear rates of the unreinforced matrix alloy and of the
composites are presented in Fig. 3. These wear tests were conducted
for 6 m sliding distance. The wear rates indicate the worn material
volume per unit load and per unit sliding length. The wear rate of
unreinforced sample was about 11x10-3 mm3/N.m. Wear rate was
seen to decrease abruptly with the addition of SiC particles into the
matrix alloy. When 10 vol. % SiC was used, wear rate decreased to
1.5x10-3 mm3/N.m. Lowest wear rate was achieved in the sample
containing 30 vol. % SiC, 0.5x10-3 mm3/N.m.
The increase in the wear resistance may be attributed to the
following factors. First of all, the presence of SiC particles hardens
the matrix and constraints the plastic deformation of the matrix
alloy. This makes the penetration of the alumina ball more difficult.
Secondly, the SiC particles on the surface of the sample, reduces the
contact of aluminum matrix with the alumina ball. This is expected
to decrease the effect of adhesive wear mechanism.

Fig. 4 Wear rates of the unreinforced sample and of the composites, as a
function of sliding distance.
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Abstract: Copper alloy-based metal matrix composite (MMCs) reinforced with different combination of WC-W powders were prepared
using the spontaneous infiltration process of the loose powders. The density, microstructure, and hardness of the produced composites were
characterized. Friction coefficient and wear rate of the samples under different conditions were carried out in order to determine the
tribological properties of the copper based composites as a function of different combination of reinforcement mixtures (WC/WC-W). Wear
surfaces of the composites were analysed by scanning electron microscopy (SEM). Results show that WC-W powders improve wear
resistance of composites significantly. Wear mechanisms were characterized by delamination, micro cracking and abrasive wear.
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1.

Introduction

Metal matrix composites (MMCs) are the combination of
different materials in properties with a metal as matrix phase and
particulates or fiber as reinforcement phase, the composites can
exhibit news properties which each phase does not have. For The
required properties and performance from matrix/reinforcement
combinations, the objective might be to combine different
combination as like as the ductility /stiffness combination, or high
thermal conductivity/ low thermal expansion combination. [1-2]
However, a great interesting for the MMCs combination of a good
ductility and good wear resistance, where there is a widely use of
these composites as highly wear-resistant materials. [2-5]
Copper or copper based-alloy composite reinforced with
Tungsten or its carbide are one such type of these MMCs. The
copper/copper alloy provide the a good ductility and high
toughness, while the tungsten carbide used as reinforcement
planned to be candidates due to their desirable properties of good
wear resistance, high refractory , and excellent mechanical
properties, however, their poor toughness limited there utilization
into many applications [6]. The demand to produce a new materials
with reductions in cost and improvements in performance, for these
reasons, effort has been devoted to producing news copper metal
matrix composites. In recent years, Several studies concerning the
use of Tungsten or Tungsten carbide as reinforcement for copper or
copper alloy-based composites for electrical contact applications
[7], Thermal management, [8] and wear application [4-5]. Copper
or cooper alloy reinforced with WC/W powders are also
characterized by the good wettability and the lowest interfacial
interaction between
matrix / reinforcement led to provide a
good compatibility between these combination [9].
The common MMCs fabrication methods including melt
stirring, pressureless infiltration, pressure infiltration, and powder
metallurgy. [10-12]. the spontaneous infiltration of loose powders is
a promising method for manufacturing MMCs. The advantage of
this process over conventional method is the process’s ability of
complex near net shape Components fabrication with lower cost.
Spontaneous infiltration processing starts with a ceramic preform of
the desired shape, when this preform subjected to elevated
temperatures, the molten metal infiltrates spontaneously into the
preform, the infiltration continues until the preform fills with
molten metal [2-3]. This work presents a tribological study of a
copper alloy-based composites reinforced with WC/WC-W powders
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manufactured by the spontaneous infiltration of loose powders, the
effect of W as reinforcement with WC on microstructure and wear
resistance of the Cu alloy-based composite was investigated.

2.

Experimental

WC (99.7% purity, average particle size of 110 μm), and W
powders (99.5% purity, average particle size of 90 μm) were used
for the elaboration of Cu-alloy based composites reinforced with a
mixture of WC-xW (x=0, 10, 20 and 30 wt.%). Copper-based alloy
with the composition of 30 wt.% Mn and 1 wt.% P was used as
binder. To obtain homogeneous distribution of the powders a
Turbula mixer was used. The mixing time was kept constant as 30
min. After mixing, the loose powders were filled into à graphite
mold with an internal diameter of 14 mm. To improve the
wettability among powders and molten binder, a BORAX flux
(sodium tetraborate decahydrate) was also added on the solid
surface of the powders. The infiltration process was carried out in
H2 atmosphere protection at 1050° C with a heating rate of 5
°C/min and 30 min as holding time using a brand of NEW Borel
furnace. After the infiltration, the sintered composites were cooled
into furnace at 5°C/min to room temperature under H2 atmosphere.
Infiltrated composites were metallographically prepared using
silicon carbide paper from 180 to 1200 grit then polished with 9, 3
and 1μm diamond solution.
The microstructural characterization of the MMCs was
investigated by a JEOL JSM 6060 scanning electron microscope
(SEM), equipped with an Energy Dispersive Spectroscopy (EDS).
Vicker’s hardness (HV30) of each composites was meseared with
indentation loads of 30 kg for 10s (Model FV-700, Future-Tech
Corp., Tokyo, Japan), 5 five hardness measurements were
performed and the results were given with standard deviations. The
densities of composites were measured by the Archimedes method.
Tribological tests were performed using a Nanovea MT/60/NItype pin-on-disc Tribometer, using an Al2O3 ball (6 mm in
diameter). The linear speed was set to 0.135 cm/s with a sliding
distance of 500 m at room temperature. The normal loads of 20 N
and 40 N were applied, respectively. Friction coefficient was
continually measured and recorded. Weight loss the samples before
and after wear tests using an AND GR200-type microbalance with
an accuracy of 10−4 g. The following equation was used to obtain
the speciﬁc wear rate of the composites:

𝑊𝑊 =

𝑀𝑀

𝜌𝜌 .𝐷𝐷.𝐿𝐿

be seen that the density of the composites increased with increasing
W content. The highest values of density was observed for the
composite reinforced with of WC-30W, while MMC reinforced
with WC particles present the lowest one. At the same infiltrated
condition, also, since the wettability behavior of WC and W
powders is almost the same, the density change can be explained by
the highest W powders density (19.25 g/cm3), which can
significantly influenced the final density of the infiltrated
composites.

(1)

Where W is the wear rate (mm3/m.N), M is the weight loss (g), ρ
(g/mm3) is the density of MMC, D (m) and L (N) are and sliding
distance and applied load respectively. Worn surfaces
characterization of composites after wear test was examined by a
scanning electron microscope (SEM) equipped with (EDS).

3.

Results and discussion

3.1. Microstructure characterizations
Fig. 1 shows the representative SEM images of the infiltrated
composites reinforced with WC-xW powders. It can be clearly seen
from the SEM images that all composites have a uniform
distribution of the reinforcement powders. The composites showed
enhanced densification without any visible porosity indicating that
the success of the infiltration process. Fig .1 (E) present a height
magnification micrograph of MMC reinforced with WC-30W, it
can be seen that there is a good bending at the interface between the
reinforced phase and the matrix phase. No change on the initial
shape and surface morphology of the reinforced particles was
observed, which implies the lowest dissolution of WC and W
particles into matrix phase.

The hardness of the MMC has been measured using Vicker’s
method. Compared to the hardness of the binder (copper alloy) with
an average hardness value of 154 HV, the hardness of the copper
alloy was improved with addition of WC/WC-W reinforcements.
Composites reinforced with WC powders present the highest value
of hardness compared to other composites with both WC and W
powders, with increasing W content, the hardness of MMCs
decreased with a highest fluctuation on hardness values as
represented by standard deviation. This is probably due to the
difference between the hardness of WC (1954 HV) and W (504
HV) powders [13], the higher W content the lowest WC hard
particles fraction for the same matrix fraction, therefore, the
hardness of the composites decreased.

(A
)

(B)

Fig. 2 Density and hardness of the infiltrated composites reinforced with
WC/WC-W powders: (A) density and (B) hardness.
Fig. 1 SEM micrograph of the infiltrated composites : (A) WC, (B) WC-10W,
(C) WC-20W, (D) WC-30W and (E) height magnification of WC-30W.

3.3. Wear behavior

3.2. Density and hardness

3.3.1. Friction coefficient and wear rate

The density and hardness of the infiltrated composites
reinforced with WC/WC-W powders is represented in Fig. 2. It can

205

Fig. 3 shows the friction coefficient curves of composites
against Al2O3 ball at the normal load of 20 N, after 500 m as sliding
distance and sliding speed of 0.135 m/s. All the composites can
reaches steady state when sliding distances exceeded ~100 m,
during this state the average friction coefficient value was lower for
the composites reinforced with WC powders than for the
composites reinforced with WC-W. The friction coefficients of
composites were in the range of 0.15–0.19. The composite
reinforced with WC-10W presented the highest friction coefficient

Fig. 4 wear rate of composites reinforced with WC/WC-W powders.

3.3.2. Worn surfaces

despite its hardness was not the highest.
Fig. 3 Friction coefficient of composites reinforced with WC/WC-W
powders.

The wear rate of composites reinforced with WC/WC-W
powders at loads of 20 and 40N after a sliding distance of 500m and
sliding speed of 0.135 m/s is presented in Fig. 4. The wear rate of
composites at loads of 20 and 40N decreased linearly with
increasing W content from 0 to 30 wt.%. The wear rate of the WC–
30W composite was up to five times lower than that of composite
reinforced with just WC powders. All composites present a lower
wear rate above 10-5mm3.N-1.m-1 and decreased with increase in W
wt.% in the reinforcement phase. Fig. 4 shows also that the wear
rate of all composites appears to increase with increasing applied
loads for the same sliding distance. The reduction in wear rate with
increasing the amount of W powders appears to be due to wear
debris and plastic deformation of the matrix phase, which help to
reduce wear rate. Similar results were reported by Fuzeng Ren et al
[14] between Cu-Ag and Cu-W composites, they founded that the
wear rate of Cu-Ag is much lower than that of Cu-W due to the
plastic deformation during wear. In other hand, the W particle size
used in this composite (90µm) compared to WC particle size
(110µm) despite the low hardness of W powders (504 HV)
influenced the wear rate, decreasing in particles size led to increase
the surface area between the reinforcement particles and the matrix
phase which can make the particles–matrix interface more strength
for the composites reinforced with WC-W particles. However, as
describe by Archard’s law [15], there is an inverse relationship
between the hardness (H) and the wear volume loss, which is in
contradiction with the composites presents in this work, the harder
composites exhibiting a much higher wear rate. P.K. Deshpande et
al had studied the wear behavior of Cu/W and Cu/WC composites.
They found that the Cu reinforced with WC particles display a good
wear resistance than those of Cu reinforced with W particles, in
addition the wear rate of this kind of composites can be influenced
by several parameters such as the reinforcements phase ratio and its
mechanical properties, the porosity, the reinforcement particle size
and the reinforcements-matrix interface bonding strength [7].
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Fig. 5 shows the worn surface of the composites reinforced with
WC-30W at a load of 20 N after a sliding distance of 500m. As
revealed from the worn surface, the global mechanism dominant for
all the composites was a combination of a plastic deformation of the
matrix phase and reinforced particles delamination as shown in
Fig. 5. The copper alloy were ploughing between the reinforced
particles and can form a thin layer on the sliding direction, also
some cracks were observed on matrix surface. On the other hand,
reinforced phase were characterized by the delamination
mechanism, where, the brittle reinforced particles can cracked,
fragmentized, and removed partially or totally from the matrix
phase under wear conditions. Generally, wear mechanisms for the
metal matrix composites reinforced with ceramic particles can

varied from the abrasive wear, delamination and plastic deformation
[4-5, 16-18].
Fig .5 SEM micrographs of worn surfaces of composites reinforced with
WC-W powders at 20N after 500m sliding distance: (a) WC-20W, (b) height
magnification of WC-20W.

4.

Conclusion

Copper alloy-based metal matrix composites reinforced with
WC/WC-W with different content of W were fabricated using the
spontaneous infiltration. The following conclusions can be drawn
from this work:
• All the composites present a uniform distribution of the
reinforced phase through the matrix phase with a good
densification of the final composites.
• The addition of W powders led to an increase in the density of
the composites, however, hardness results showed that the

addition of W to WC particle reinforcement reduced the
hardness of the infiltrated composites.
• The results of dry sliding tests showed that the addition of W
improve the wear resistance of the composites, further the wear
rate decrease as the W content increased.
• Composite reinforced with WC-30W showed the bests wear
resistance among all the infiltrated composites.
• Wear mechanism varied between abrasive wear, delamination
and plastic deformation.

[14] REN, Fuzeng, ZHU, Weiwei, CHU, Kangjie, et al. Tribological
and corrosion behaviors of bulk Cu W nanocomposites
fabricated by mechanical alloying and warm pressing. Journal
of Alloys and Compounds, 2016, vol. 676, p. 164-172.
[15] ARCHARD, JeFoa. Contact and rubbing of flat surfaces.
Journal of applied physics, 1953, vol. 24, no 8, p. 981-988.
[16] ONAT, Adem. Mechanical and dry sliding wear properties of
silicon carbide particulate reinforced aluminium–copper alloy
matrix composites produced by direct squeeze casting method.
Journal of Alloys and Compounds, 2010, vol. 489, no 1, p. 119124.
[17] SANNINO, A. P. et RACK, H. J. Dry sliding wear of
discontinuously reinforced aluminum composites: review and
discussion. Wear, 1995, vol. 189, no 1-2, p. 1-19.
[18] ZHANG, Z. F., ZHANG, L. C., et MAI, Y. W. Wear of ceramic
particle-reinforced metal-matrix composites. Journal of
materials science, 1995, vol. 30, no 8, p. 1967-1971.
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Резюме: В настоящата работа са представени резултати от експерименти за уплътняване на железен прах.
Експериментите са проведени в лаборатория „Изследване на технологични ударни процеси” при ТУ-София. Използвана е уредба
за сложен (комбиниран) удар. Основните технически характеристики на уредбата са: максимална височина на падане – 1.1 m;
максимална скорост на удар – от 7 m/s до 8 m/s, в зависимост от масата на падащата част; маса на падащата част – 6.17 kg
или 9.12 kg; максимална енергия на удара – 240 J; максимална допълнителна сила (тяга) - 226 N
Ключови думи: уплътняване, брикетиране, железен прах, комбиниран удар, плътност

1. Въведение

условия брикет с обем

Метални стружки както и метални отпадъци от тънък
листов материал се подлагат на брикетиране поради две
основни причини – по-ефективно транспортиране
и
повишаване на производителността при разтопяване в
металургични пещи. Колкото по-голяма е плътността на
получаваните брикети, толкова по- голяма е икономическата
ефективност в тези две направления. Поради това е оправдан
стремежа за търсене на технологии за брикетиране, чрез които
да се постигне плътност на брикета близка до плътността на
монолитен
метал.
Съществуващите
технологии
за
брикетиране с хидравлични преси са достигнали границите на
възможностите си. Понататъшно увеличаване мощността на
пресите, което би довело до увеличаване плътността на
брикетите е икономически неизгодно. Приложението на
чукове (въздушни и високоскоросни взривни) не е намерило
широко приложение поради технически проблеми, свързани с
трайността на елементи на конструкцията и на щампите. [1, 2,
3]
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където Θ , [cm3] е обемът на получаваното след удара тяло
(брикет).
Този показател се използва, тъй като дава обективна
основа, за приложение на получените в лабораторни условия
резултати. Например, ако в лабораторни условия е установено,
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2.1. За провеждане на експериментите за
уплътняване на железен прах се използва лабораторен стенд
показан на фиг.1 и инструменталната екипировка показана на
фиг.2.
2.2. Едрината на частиците на предоставения
железен прах марка AS29-100, се определя на Fritch Analysette
22 Nano Tec+ (ИИКТ-БАН). Резултатите са показани на
Фиг.3.
2.3. За получаване на по-добро сцепление на
частиците се използва цинков стеатат, в количество 1 % от
масата на железния прах.
2.4. Поради това, че до сега не са били провеждани
експерименти за уплътняване на метални прахове, не може да
се определи масата на праха, при която се получава
максимална плътност. Експериментите ще се проведат при
маса на железния прах: 3.5 gr, 4 gr и 4.5 gr.
2.5. След изваждане на цилиндричните образци от
уплътнен прах, се измерва теглото им Gп с аналитична везна.
Така полученият брикет се поставя в рентгенов Томограф
Nikon XTH 225 Compact Industrial CT Scаnner (ИИКТ-БАН), за
да се изследва структурата му в хоризонтални и вертикални
сечения. Разделителната способност на получаваните
изображения е 5 μm.
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че за брикет с обем
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2. Методика за уплътняване на железен
прах

Специфичната енергия Ес е енергията за единица обем и се
пресмята по формулата:

Ec =

> Θ1 )

(3)
Получената от (3) стойност на необходимата енергия на
удар, за получаване в промишлени условия на брикет с
максимална плътност, ще послужи за избор на машина , с
която да се работи. Еенергията на удара е основна
характеристика на ударните машини. Ако на една и съща
машина се получават брикети от стружки на различни
материали, тогава машината се избира по най-голямата
енергия, от енергиите необходими за получаване на брикети с
максимална плътност за различните материали. [3, 12, 13]

(1)
където:
m е масата на падащата част, [kg] ,
-

( Θ2

същата плътност, ще бъде неоходима енергия на удара

Енергията на удара, която е основна характеристика на
машини с ударно действие, се пресмята по формулата:
2
y

Θ2

максимална плътност се получава

J/cm3, за да се получи в производствени
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Таблица 1. Данни за параметрите на ударния процес и на образци от железен прах
Hотс,
H бр,
V бр,
ρ,
Ау, m/s2 mm
cm
D бр, cm cm3
G , gr
gr/cm3
Eу, J

Ec,
J/cm3

Fy, N

№

Озн.

1

P7

7.35646

2386.896

17.005

0.176

2.011

0.558736

3.0214

5.407565

246.7758

441.6682

21768.49

2

P8

6.98668

2287.302

16.503

0.181

2.018

0.578616

2.9597

5.115135

222.5905

384.6945

20860.19

3
P9
Средно
3 гр

7.35451

2402.917

16.902

0.148

2.018

0.473123

3.1002

6.552636

246.645

521.3131

21914.6

7.23255

2359.038

16.80333

0.1683

2.015

0.536825

3.0271

5.691779

238.6704

449.2253

21514.43

1

P4

7.37522

2310.821

14.71

0.17

2.012

0.540225

3.5303

6.534872

248.036

459.1349

21074.69

2

P5

6.99422

2284.346

15.526

0.193

2.039

0.629885

3.699

5.872498

223.0712

354.1457

20833.24

3
P6
Средно
3.5 гр

7.36929

2296.861

14.414

0.159

2.015

0.506777

3.4249

6.7582

247.6373

488.6515

20947.37

7.246243

2297.343

14.88333

0.174

2.022

0.558962

3.5514

6.388523

239.5815

433.9774

20951.77

Vy, m/s

1

P1

7.37616

2236.851

13.916

0.222

2.038

0.723821

4.0105

5.540737

248.0993

342.7635

20400.08

2

P2

7.32333

2301.987

13.841

0.183

2.045

0.600769

4.075

6.782975

244.5581

407.0752

20994.12

3
P3
7.17439 2261.286
14.534
0.232
2.053
Средно
4 гр
7.291293 2266.708
14.097
0.212 2.045333
От Таблица 1 се вижда, че най-голяма средна плътност
ρ = 6.388 gr/cm3 се получава при използване на прах с маса 3.5
gr, специфична енергия Ес = 434 J/cm3 и скорост на удара

0.767601

4.0088

5.222505

234.7117

305.7731

20622.93

0.697397

4.031433

5.848739

242.4564

351.8706

20672.38

Vy =

7.246 m/s. При това, максималната плътност от трите

експеримента е ρmax = 6.758 gr/cm3, a минималната плътност
е ρmin = 5.872 gr/cm3.
Трябва да се обърне внимание на факта, че масата на
получаваните цилиндрични образци G е с около 0.5 gr помалка, от първоначалната маса на поставениия в матрицата
материал. Това се обяснява с условията на експеримента, при
който действието на силни въздушни струи, излизащи от
двигателя, част от праховите частици излизат от матрицата и
се разпръсват в околното пространство.
От сечения се определят автоматично диаметъра Dбр, [mm], и
височината Нбр, [mm], на брикета, с точност до четвъртия
знак.
С данните за Dбр и Hбр се определя обема на брикета Θ,
[cm3], и се пресмята специфичната енергия Ес по формула (2).
2.6. Масата на брикета Gбр (в грамове) се определя,
чрез измерване с аналитична везна (Лаборатория
«Трибология» при ТУ-София), с точност до четвъртия, после
се пресмята плътността ρбр, по формулата:

ρ бр =

Gбр
Θ

Фиг.1. Лабораторен стенд за сложен удар с високоскоростна
камера

, [gr/cm3].

(4)

Фиг.2. Инструментална екипировка за брикетиране на
метални стружки

2.7. На Фиг.2 е показана инструменталната
екипировка, използване за брикетиране. Диаметърът на отвора
на матрицата, в който се насипват стружките, е Dм = 20 mm.
Диаметърът на поансона Dп = 19.6 mm. Между матрицата и
поансона има хлабина 0.2 mm на страна. Тази хлабина служи
за излизане на въздуха, който се намира между
микрочастиците, при уплътняването им.
3.

Резултати от изследванията
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Фиг.3. Диаграми за разпределение едрината на частиците от
железен прах
На фиг.3 са показани резултатите от изследването
едрината на микрочастиците на железния прах, от графиката
се вижда че в
прахта има частици с едрина от 30 до 217 µm. Но 80% от
частиците са в интервала от 60 до 150 µm.
На Фиг.4 са показани получените цилиндрични детайли,
след ударно уплътняване на железен прах. Означенията 4.5, 4,
3.5 определят масата на детайлите от една група. В Таблица 1
са показани данните от тези експерименти.

Фиг.5. Диаграми на път, скорост и ускорение за един случай
на уплътняване на железен прах На Фиг.5 са показани
диаграмите за изменение на път, скорост и ускорение за един
удар, при уплътняване на железен прах

а)

б)
Фиг.6. Снимка с рентгенов томограф на брикет от Железен
прах, деформиран чрез сплескване: а – напречно сечение по
височина през центъра на брикета; б – 3- D изображение

Фиг.4. Цилиндрични образци с маса 4.5 gr, 4 gr, 3.5 gr
получени след уплътняване на железен прах чрез сложен удар

Рентгеновите снимки на образците не дават добра
представа за структурата им, поради малкия размер на
микрочастици. За изясняване на структурата и големината на
въздушните пори е необходимо, структурата да се наблюдава
с електронен микроскоп.

4. Изводи

● При специфична енергия Ес = 488 J/cm3 и скорост на

удара
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Vy =

7.37 m/s е

получен цилиндричен образец от

железен прах с плътност ρ = 6.7582 gr/cm3 –Таблица 1. Тези
параметри на ударния процес трябва да се приемат като найдобри за уплътняване на предоставения железен прах, при
използваната тяга R = 226 N на ракетния двигател .
● В работата е показано, че при уплътняване на железен
прах със скорост на удара 15 m/s, е получен цилиндричен
образец с размери Н = 20 mm, D = 25 mm и плътност ρ = 7.4
gr/cm3, при плътност на монолитен материал ρ = 7.5 gr/cm3.
Основна роля в този случай играе голямата енергия на удара,
която се получава в резултат на високата скорост на удара (в
съответствие с формула (1), сумиран
с ефекта от
високоскоросния удар. Тъй като, в РБългария има
високоскоростен чук (произведен и експлоатиран от фирма
„Б+К” ООД), на който може да се постигне скорост на удара
6-18 m/s, е възможно да се внедри подобна технология.
● Получените резултати в настоящото наше изледване,
както и световния опит показват, че ударните машини
(чукове) може да се използват успешно, за получаване на
брикети от метални стружки и за уплътняване на метални
прахове. И в двата случая се получава по-голяма плътност,
отколкото при използване на хидравлични или механични
преси. Ефектът от тези технологии се увеличава значително,
ако се използва сложен (комбиниран) удар. Нашите
изследвания показват, че в този случай се получава:
Нарастване до 27% % на ефекта при пластична деформация и
до 20 % при брикетиране [1], в сравнение с обикновен удар, в
резултат на което се подобряват технико – икономическите
показатели на производството. Увеличава се трайността на
инструменталната екипировка, поради намаляване на силата
на удара и премахване (или голямо намаляване) на големината
и броя на отскоците след удар.
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Introduction
The secondary heat resisting nickel alloys containing rare metals
and, in particular, rhenium processed by pyro-, hydro-and
electrometallurgical ways now. Among the pyrometallurgical the
methods
connected
with
oxidation
and
chlorination,
hydrometallurgical – with acid leaching and the subsequent sorption
of rare metals are most known, electrometallurgical are based on
anode dissolution, electrolysis and electrodialysis. But most often
use after all combined methods when for complex processing carry
out all above-stated methods. Processing of heat resisting alloys is
complicated by the high content of a number of non-ferrous metals
and mutual influence of components of alloys on technological
processes [1-6]. At the same time in literature problems of
receiving powders of non-ferrous metals which is possible when
processing such alloys are a little consecrated. Therefore the
purpose of the work is to show a possibility of receiving electrolytic
nickel-containing powders of the predicted structure at anode
dissolution of secondary heat resisting alloys.

Experimental
As an object of researches heat resisting alloy of the following
structure has been chosen (masses. %): Re - 4,0; Co - 9,3; W - 8,6;
Y - 0,005; La - 0,005; Al - 6,0; Cr - 5,0; Ta - 4,0; Nb - 1,6; Mo 1,1; With - 0,16; B - 0,15; Ce - 0,025, Ni-60,05. Alloy represents
difficult system at which along with non-ferrous metals there are
rare and rare-earth elements.
For processing of the specified secondary nickel-containing alloy
with receiving powders of non-ferrous metals used a method of
anode dissolution with the subsequent sedimentation of nickel and
the accompanying metals on the titanic cathode.
Anode dissolution of secondary heat resisting nickel-containing
alloy was performed in the galvanostatic mode using acid

electrolytes – muriatic, sulfate and nitrate. Preliminary experiments
showed that most effectively dissolution proceeds with use of
electrolytes with concentration of acids of 100 g/l.
Content of non-ferrous and rare metals as a part of electrolyte was
controlled by a photometric method, besides, made the element
analysis with use of ICP of a mass spectrometer for the isotope and
element analysis of ELAN DRC-e (Perkin Elmer, Canada).
The phase composition of the received powders was carried out
with use of the Shimadzu XDR 6000 diffractometer (radiation
СuKα, rotation of a sample, continuous (1 hail/min.), step-by-step
(a step 0,02 °, an exposition 10s) by the modes in the range of
corners 2Θ 5-80 °).
Determination of the sizes of particles by method of measurement
of dynamic light scattering is executed on the analyzer of the size of
submicronic particles and dzeta-potential of Delsa™ Nano, PN
A54412AA.
The polarization phenomena in the course of anode dissolution is
studied on the electrochemical technological complex (development
of LLC IP Tetran, the Russian Federation) using not compensation
way of measurement of potential.
It is known that the polarizing agent promotes formation of a set of
the centers of crystallization and by that to increase in dispersion of
the received electrolytic powders of metals.
In the real work the polarizing effect of the following organic acids
is considered: sulfosalicylic, sulfamic and malic.

Results
At anode dissolution of heat resisting alloy in nitrate electrolyte
influence of current on a bathtub which was varied within I = 0,52,5A, on compositions of the received electrolyte (within 3 hours)
(table 1) and anode slime (table 2) was estimated.

Table 1. Influence of current on composition of nitrate electrolyte at anode dissolution of nickel-containing heat resisting alloy
Content of metals
Dissolution rate,
Current efficiency for
2
in
electrolyte,
g/l
g/h*cm
nickel, %
I, A
Ni

Re

Co

Al

Cr

0,5

10,9

1,06

0,46

0,08

0,05

1,0

10,43

1,08

0,35

0,10

0,05

1,5

12,1

1,13

0,39

0,18

0,11

2,0

15,65

1,37

0,56

0,21

0,18

2,5

17,03

1,86

0,61

0,29

0,20
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0,030

58,5

0,045

59,1

0,055

58,9

0,056

49,9

0,055

41,3

Table 2. Chemical composition of anode slimes
I, A
0,5
1,0
2,5

Al
7,63
6,98
5,23

Cr
3,88
3,95
1,88

Co
6,23
5,23
4,23

Ni
41,09
25,98
27,49

Content of metals, %
Re
Nb
2,83
3,18
1,93
5,58
1,83
6,18

Mo
3,89
6,22
7,89

Ta
11,43
15,35
15,43

W
19,84
28,78
29,84

The structure of a cathodic deposit was influenced not so much by the electrolysis mode, how many the nature of the used acid electrolyte.
Results of researches are shown in table 3.
Table 3. Influence of the nature of electrolyte on structure of cathodic deposites
Electrolyte
100 g/l
H2SO4

100 g/l
HNO3

100 g/l
HCl

Duration, h
1
2
3
4
1
2
3
4
1
2
3
4

Content of metals, %
Co
Re
5
4
4
3
17
16
18
16
16
16
14
15
16
18
18
19
-

Ni
94
95
95
96
54
52
54
55
68
66
66
64

The data on studying of influence of the polarizing agents obtained
during the researches – sulfosalicylic, sulfamic and malic acids have
shown that their presence doesn't affect structure of a cathodic
deposit, but exerts impact on particle size distribution of the
received powder. Results of researches of particle size distribution
of the received powders have shown that the greatest impact is
exerted by introduction of sulfosalicylic acid thanks to which the
share of small fraction (less than 0,1 microns) increased to 99,599,7% (the figure 1 – on the example of nitrate electrolyte).

Al
trace
trace
trace
trace
13
14
14
16
16
16
16
17

Discussion
Apparently from table 1, the maximum exit of nickel on current is
observed at current 1,0 A. The nature of transition of rhenium,
cobalt, aluminum and chrome to composition of electrolyte at
electrolysis is similar to behavior of nickel.
On the basis of the data presented in table 2 follows that at increase
in current at anode dissolution, anode slime is impoverished by
nickel, cobalt, chrome and rhenium, but it is considerably enriched
with rare metals – niobium, tantalum, molybdenum and tungsten
and actually represents their concentrate that can be processe by
methods of ammoniac hydrometallurgy.

а
b
Figure 1. Particle size distribution of the cathodic deposit received at anode dissolution of heat resisting nickel alloy from nitrate electrolyte
(a) and nitrate electrolyte with additive of 10 g/l of sulfosalicylic acid (b)
The chemical composition of the received cathodic deposite is
established and the link of structure with the used electrolyte is
revealed. It is shown (table 3) that depending on the nature of
electrolyte and conditions of carrying out electrochemical process –
parameters of process and the current program – cathodic deposits
of various quality can be received:
a) from sulfate electrolyte – nickel-containing powder with the
content of nickel about 95%;
b) from nitrate electrolyte – nickel-containing powder of structures:
Ni:Re:Co:Al = 3:1:1:1 and Ni:Re:Co:Al = 10:1:1:1;
c) from muriatic electrolyte – nickel-containing powder of structure
Ni:Co:Al = 4:1:1.
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On the basis of the results presented in the figure 1 follows that
among the organic acids used as the polarizing agents on dispersion
of the received powder the greatest impact is exerted by
sulfosalicylic acid.
Thus, the possibility of receiving nickel-containing powder of the
predicted structure and dispersion at electrochemical processing of
secondary heat resisting alloy with use of acid electrolytes is
considered. It is shown that the structure and dispersion of the
received powder are influenced by the choice of the nature of acid,
the mode of anode dissolution and addition to electrolyte of the
polarizing agent.
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INFLUENCE OF THE TYPE OF IRON POWDER ON THE TENSILE STRENGTH
OF Fe – C POWDER MATERIALS ALLOYED WITH COOPER
Assoc Prof. Mitev, I., Ph.D
Faculty of Mechanical and Precision Engineering – Technical University of Gabrovo, Bulgaria
Abstract: In the present study the influence of the monitored type iron powder, and the process of sintering in the presence of a liquid phase
on the tensile strength of the powder metallurgical samples of the system Fe-C-Cu . Research samples are subjected made of three types of
iron powders – ASC 100.29, SC 100.26 and NC 100.24. Thereto is added of 0,2 to 0,8% carbon and 2,5% copper. After sintering the
measured density of the samples in the range of 6,20÷7,00g/cm3. Are presented graphics, amending the tensile strength of the samples
depending on their density and the concentration of copper and carbon in the iron matrix.
KEYWORDS: POWDER METALLURGY; TENSILE STRENGTH; SINTERING; LIQUID PHASE; DENSITY; CARBON;COPPER .
 Medium density products can be made from spongy

1. Introduction
In the most general sense powder metallurgical technology
consists of three stages - mixing the starting powders, compression
into the desired shape and sintering [1,5,12,13].
Sintering is a kind of heat treatment which undergo extrusion
billets to acquire a complex of physical and mechanical properties.
Feature of this process is that it is carried out at temperatures of
0,7÷0,9 of the melting point of the most low-melting component in
the alloy. Effectiveness of the process is judged by the strength, the
ductility, the specific electrical resistivity, density and other
properties of sintered workpieces [5,6,8].
Chief thermodynamic factor in the case of sintering of pure
metals is striving for minimum surface free energy and in multisystems further reduction of chemical free energy.
Kinetics of hardening of the samples thermally activated and is
determined by the existing mechanisms of mass transfer in the
sintering workpieces such as volume, surface and boundary
diffusion, vapor, condensation and other [5].
Although the process of sintering in powder metallurgy are
realized in the solid state, often to increase their effectiveness resort
to sintering in the presence of a liquid phase.[8] Sintering in the
presence of a liquid phase is carried out when the feedstock has a
low-melting component or in the process of sintering to form
eutectic. The amount of liquid phase must be substantially less than
that of the solid phase. Otherwise possible distortion of the shape of
the workpiece during sintering [2,5,6].
Most often as a source of the liquid phase using copper. It is an
element that does not apply to conventional steel but has a number
of characteristics that favor its use in powder metallurgy. The most
important of them are: [3,10,14]
 can be prepared in powder with different technologies;
 resulting copper particles may be of different shapes;
 there is easily recoverable oxides;
 has high plasticity which makes it easier for pressing;
 has a lower melting point than iron which determines
the sintering of Fe-Cu pressings in the presence of
liquid phase and other.
Purpose of this study was to determine the influence of the type
of iron powders on the values of the tensile strength of the most
commonly used in the practice of powder metallurgy twocomponent system of limited solubility - Fe-С, after sintering in the
presence of a liquid phase – Cu.

2.Experimental part
Basic mechanical characteristics used in practice sintered iron
products are directly dependent on the shape and particle size
starting powder. Based on literature data on the use and
characteristics of the most used in the practice of powder metallurgy
iron powders [1,2,12], can be formulated following conclusions:
 The reduction sponge iron powders are mainly used in
instances where the device does not require high
compressibility- in antifriction products. Their application
is required when the final product to be required of high
raw strength - friction materials, thin and long details and
other;

215

powders and from water atomized iron powders Choice of
powder in them is made on the basis of the statement of
requirements to each case;
 In the manufacture of products with high density using a
water atomized iron powders. They possess high
compressibility and purity. These powders are used in the
production of magnetically soft and hot forged products
because they are less impurities.
Based on the conclusions of a study we have selected three types
of iron powders manufactured by the company „Höganäs”- Sweden:
NC100.24; SC 100.26 and ASC 100.29.
One of the most common practice in powder metallurgy of iron
powder prepared by the method of the reduction is NC 100.24. Its
compressibility is very good. The particles have a spongy form and
determines its high forming. Raw (after compression) and final (after
sintering) strength of the details of these powders is very high and the
hydrogen concentration therein is low.
Best compressibility of all spongy iron powders produced by the
company „Höganäs” by the reducing method has the iron powder SC
100.26. This makes it suitable for working out the details with a
single press to which has brought demands for higher density.
Similarly to previous powders, and these have a high raw strength but
somewhat higher densities of these. Recommended in the preparation
of details which will subsequently undergo thermochemical treatment.
Iron powder ASC 100.29 is representative of the group water
atomized powders. At present it is the highest quality iron powder
produced by the company „Höganäs”. It is characterized by a very
high purity. Has excellent compressibility. It is a consequence of the
fact that its particles are nearly spherical. This makes it possible after
a single compression to achieve a high density - 7,20÷7,30g/cm3.
Powders are particularly suitable for making structural parts of high
density and also to devices with specific magnetic characteristics.
Maximum size fractions used iron powders, compatibility their
exertional 420МРа, and the concentration of oxygen and carbon are
shown in Table 1.
Table 1. Used iron powders

Type Fe
powder
mах. size,
µm
2

NC 100.24/150
SC 100.26/150
ASC100.29/170

compressibility
with 420МРа
average

min.

concentration
О2, %
average

concentration
С, %

max. average

4

5

6

7

8

6,45
6,65

6,40
6,63

0,20
0,10
0,10

0,30
0,15
0,15

0,01
0,01
0,01

6,82

max.
9

0,02
0,01
0,02

Basic mechanical properties of structural powder materials in
the course of their operation is their tensile strength. In her research
used samples with a chemical composition corresponding to the
results obtained in a quantitative optimization of the elements of the
triple system [3]. The percentage of copper in the samples is
2,5÷2,6%, and the amount of carbon ranges 0,2÷0,8%.
Studied samples were made according to the methodology
developed in [5,7]. Pressed with force in the range of 300÷700МРа.

This allows, after sintering at 1150°С under an atmosphere of
dissociated ammonia, they possess different densities. After mixing
of the starting components of the specimen table is set so that after
pressing and sintering density is in the range 6,20÷7,00g/cm3.
Tensile strength is defined according to EN 10045-1. The form
of the test samples corresponds to Fig.1.

Fig.2. Tensile strength of the iron samples
depending on their density

Fig.1. Drawing of a tube of material powder
for testing the tensile strength

To remove the influence of the porosity on the final outcome in
the studies used three sample values of the figures are arithmetic
averages obtained for each type of samples.
On specimens of pure iron experimental results are presented in
Fig.2.
From the figure it can be seen that with increasing the density of
the samples increased and the values for tensile strength, for
samples of the iron powders NC100.24 and SC 100.26 , the increase
is of the order of 60÷70МРа, while that of ASC 100.29 is
70÷80МРа. In this case the change in the values for tensile strength
are due only to reduced porosity, and increased surface contact
between the iron particles in sintering. In all investigated densities
results for the tensile strength of samples of iron powder ASC
100.29 are higher by an average of 20МРа compared with those
obtained when samples of the powders NC100.24 and SC 100.26.
Results confirm that the powders of spherical shape have better
compatibility compared to sponge. This allows the tensile strength
in compacted with spherical particles of iron powder is higher by an
average of 10%.
Addition of 0,2% carbon results in increased values for tensile
strength. For the three types of tested by us iron molds this increase
ranges 30÷60МРа, and is a function of their density – Fig.3. Lower
values are registered in samples with lower density and higher in
samples with density 7,00g/cm3. These results can be explained by
the fact that the denser sample is increased contact between the iron
and carbon particles. This facilitates the diffusion of carbon in
ferrite at the sintering and the formation of pearlite structure in the
tested samples.
With the increase of the carbon concentration of 0,2 to 0,8%, the
values for tensile strength increased in the range of 70÷120MPa. As
in the previous case the higher increase of 11÷125MPa registered in
samples with lower porosity and a correspondingly higher density Fig. 3÷6.
The highest values of tensile strength were measured in samples
alloy with 2,5% Cu. In parts containing 0,2% carbon by increasing
the density of 6,20 to 7,00g/cm3 values for the tensile strength
increased in the range of 200÷360MPa - Fig.7. This is an increase
of about 25÷30%. To increase the concentration of carbon in the
samples from 0,2 to 0,8% and increased values for the tensile
strength of the samples from the triple system - Fig.7÷10.
For samples containing 0,8% C, the tensile strength varies in
the range of 260÷560МРа - Fig.10. Analogously to the samples
with 0,2% C, and in this case the larger the differences in the values
are registered in the samples examined by us the maximum density
– 7,00g/cm3.
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Fig.3. Tensile strength of the iron samples to 0,2%C,
depending on the density

Fig.4.Tensile strength of the iron samples to 0,4%C,
depending on the density

Fig.5. Tensile strength of the iron samples to 0,6%C,
depending on the density

Fig.8. Tensile strength of the iron samples
to 0,4% C and 2,5% Cu, depending on their density

Fig.6. Tensile strength of the iron samples to 0,8%C,
depending on the density

Fig.9. Tensile strength of the iron samples
to 0,6% C and 2,5% Cu, depending on their density

Fig.7. Tensile strength of the iron samples
to 0,2% C and 2,5% Cu, depending on their density

Fig.10. Tensile strength of the iron samples
to 0,8% C and 2,5% Cu, depending on their density
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Comparing the results obtained for the tensile strength of
samples of systems Fe-C and Fe-C-Cu, can conclude that the
addition of 2,5% copper increases the experimental results with
50÷150MRa, with higher rates reported in samples with higher
density - 7,00g/cm3.
In samples containing carbon, as well as those doped with 2,5%
Cu is observed and the effect of the type of iron matrix the values
for tensile strength. At all concentrations tested values for tensile
strength in the iron matrix of the powders NC 100.24 and SC
100.26 are with 10-20MPa lower than those measured in samples
whose matrix is from iron powder ASC 100.29.

3. Conclusions
Of the examination and received at these results can be
formulated following important conclusions:
 It is confirmed that the samples of pure iron with
increasing density from 6,20 to 7,00g/cm3, the values for tensile
strength increased by 60÷70МРа and independent of the type of
iron powder
 It was shown that addition of 0,2%C to the iron matrix
increases the values for tensile strength with 30÷60МРа. this
increase is a function of their density. denser samples with greater
strength as a result of increased contact between particulates and
processes of coalescence in sintering.
 It was shown that addition of 2,5%Cu increases the
values of the tensile strength of the iron-carbon powder materials
with 50÷150МРа. as larger differences are recorded in the samples
with higher density - 7,00g/cm3. In this case the increased strength
characteristics are a result of the intensification of the process of
sintering in the presence of liquid phase sintering in the samples.
 It is confirmed that the samples made from powders of
spherical shape - ASC 100.29, they have higher values for the
tensile strength compared with those made from sponge iron
powders - NC 100.24 and SC 100.26. Difference in values of the
order of 10÷20МРа. This is a result of better compacting of the
powders of spherical shape as compared to those whose particles
have a spongy or dendrite shape.
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DIMENSION CHANGES OF IRON POWDER MATERIALS
ALLOY WITH PHOSPHORUS DEPENDING ON
THE PROCESS PARAMETERS DURING SINTERING
Assoc Prof. Mitev, I., Ph.D; Eng. Todorova, I.
Faculty of Mechanical Engineering – Technical University of Gabrovo, Bulgaria
Abstract: As a result of sintering the powder workpieces large part of the separated free energy leads to higher density of sintered body.
This in turn is accompanied by a change in linear dimensions of workpieces. These linear changes in addition to the alloying elements in
iron matrices largely depend on the technological parameters of the sintering process - temperature, duration, protective atmosphere and
others. This study monitored the impact of the type of protective atmosphere and duration of sintering on the size change of powder
workpieces of iron powder ASC 100.29 alloyed 0,15 ÷ 0,60% P. Sintering is conducted at 1150ºC a duration of 15 ÷ 90min in two protective
environments - endothermic gas and dissociated ammonia. Presented are graphical relationships of the relative change in the diametric
dimensions of the workpieces in dependence on the concentration of phosphorus in them, the type of the protective atmosphere and the
duration of sintering.
KEYWORDS: POWDER METALLURGY; ENDOTHERMIC GAS; DISSOCIATED AMMONIA IRON POWDERS ASC 100.29;
FERROPHOSPHORUS.

1. Introduction
The powder metallurgy process, which is composed of three
main steps - mixing the starting powders, pressing them into the
desired shape and subsequently sintering. [1,3,12,13,14]
Sintering is a thermal treatment leading to thickening of free
bulk or pressed powder mass. In essence it is a series of physical
processes providing more or less fill the pores. In the singlecomponent systems of technological temperature sintering
constituted 2/3 ÷ 4/5 of their melting temperature, and multicomponent systems are sintered at equal to or slightly higher than
the melting temperature of the fusible component at [5.7].
The role of sintering in the making of the final product is
different. In the production of highly porous powder products filters, or in cases where at the final product is not brought great
demands on the final set of mechanical properties, sintering is the
final operation. In some cases in order to increase density, strength
and plasticity of sintered products may need to be re-pressing and
sintering secondary [3,4,13]. In practice occurs combined thermomechanical treatment - hot forging or hot pressing, and grading has
already won products in order to reduce the size tolerances. Ironcopper details or tungsten-copper contacts sealing can be carried out
by infiltration of pressed or pre-sintered skeletons of low-melting
substances [2.4].
To prevent undesirable oxidation during sintering in industrial
furnaces fed restorative or protective gas, and in some cases
creating a vacuum.
As a result of caking of powder preparations large part of the
separated free energy leads to higher density of sintered workpiece.
Driving a spontaneous ongoing process is the difference in free
energies of the initial and final state of the substance. The specific
ways of reducing these differences consist in a significant reduction
of external (surface of the workpieces, open pores) and inner
surfaces (closed porosity, grain boundary), and also eliminate the
defects in the structure and equilibrium conditions of the system. In
the sintering, depending on the nature and state of the system in the
powder mass moves a large volume of material, wherein the
displacement can be used a number of migration mechanisms [1,2].
Final theory about the processes occurring in sintering at this
stage does not exist. There are many unknowns in physical laws
describing the process of sintering as a whole and helps to predict to
some extent the properties of the sintered materials. In real
conditions of sintering run multiple partial processes that depend on
each other many cumulative factors - temperature, time, protective
atmosphere and others. For example, the combination of surface
and boundary diffusion can evolve kineticheski to volume diffusion.
In the process of sintering it is possible, and the progress of a
number of partial phenomena that are not accompanied by a
thickening of the parts.
Analysis of the processes in the kinetic compaction in sintering
under the law of the generalized diffusion during this stage does not
give satisfactory results. Different authors believe that the main
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reason for the change in time of the voids in sinter bodies are the
size of grains and grain sub, viscosity and reducing the overall
concentration of defects. Entered on this basis equations of delay,
however, are practically less applicable.
Powder bodies before sintering have generally significant
porosity. During the sintering frequently occurs contraction of the
pore volume which increases the density of sintering fixtures.
In the most general case of sintering process takes place in
three stages.
Heating the sintering samples in the initial stage - 100 ÷
150˚C, is accompanied by an increase in volume, as occurs the
separation of water vapor, gas, vapor or burning grease relaxation
of tensions and the like, to reduce flows the total area of contact
between the particles.
With increasing temperature to values 0,4 ÷ 0,5 of the melting
ends relaxation of tensions, but continued degassing and burning
grease and binders and oxide wafers are recovered. As a result of
all this non-metallic contacts are replaced with metal and their area
is growing. The electrical conductivity of the briquettes increased
sharply. At this stage, the occurrence of contact between the partial
depends not only on the presence of a partial oxide wafers, but by
the mutual arrangement of the particles, the presence of external
load and other factors.
The final stage of sintering is carried out at temperatures in the
range of 0,7 ÷ 0,9 of the melting temperature of the powder. When
it is already complete recovery of the oxide, the contact between
particles is fully metallic and run all the basic processes
accompanying the heating of: flattening the surface of the
particles, spheroidization and koalistsentsiya pore recrystallization
and primarily strengthening.
In most instances the process is characterized by the sintering
shrinkage the output blanks. For samples molded under high
pressure - holding large output density, contraction occurs less in
absolute value is less in comparison with the samples pressed at
low pressures [13]. The peculiarity of the particulate blanks
contraction occurs in that in the event of a subsequent rise in
temperature after prolonged isothermal sintering, when the
shrinkage is almost stopped, its velocity increases again. The
shrinkage in sintering is associated with volume deformation of
the particles obtained by volume self-diffusion. Accordingly, the
coefficient of self-diffusion change over time, as a result reducing
the initial high concentration of defects in the crystal lattice [2].
The change in the values of shrinkage on sintering at a
constant temperature is a result of the stabilization of the crystal
structures and increase the density of the sintering workpieces,
which is accompanied by an increase in the viscosity and
influences the kinetics of compacted. The influence of the defects
on the process of sintering refers to structural factors, but the
influence of the compaction (increasing the density of the porous
workpiece, reduces deformations under the action of the same
capillary forces increase on account of the contact area) - to
geometrical factors [1,3].

under an atmosphere of dissociated ammonia

Based on all that the purpose of this study is to trace the
impact of technological parameters of the sintering process duration of sintering and type of protective atmosphere on the
amount change of iron powder blanks alloyed with phosphorus.

t,
min

2. Experimental part
Research are subjected cylindrical specimens with a diameter of
10mm and a length of 50mm. Made of water atomized iron powder
ASC 100.29 production company "Höganäs" - Sweden. At present it
is the highest quality iron powder produced by the company
"Höganäs". It is characterized by very high purity. It has excellent
compressibility, which results from the fact that the particles are
nearly spherical.
This allows after a single pressing to achieve a density in the
range 7,2 ÷ 7,3g / cm3 [8]. Particularly suitable are those powders in
the production of structural articles with high density, as well as for
products with specific magnetic characteristics.
To the iron powder was added 0,15 ÷ 0,60% phosphorus and
0,8% lubricant "Kenolube", after which the components of the batch
are mixed for 30min in a non-metallic hopper of the mixer with
intersecting axes of rotation.
The samples are pressed once struggled 600MRa [13].
Sintering is conducted in a horizontal muffle furnace with a
ceramic pipe „Сarbolitte“ in protective atmospheres of endogaz and
dissociated ammonia - Table №1.

15
30
45
60
75
90

Relative change in the size of preparations,%
0%Р
-0,02
-0,04
-0,06
-0,09
-0,13
-0,14

0,15%Р
-0,04
-0,06
-0,08
-0,11
-0,14
-0,15

0,30%Р
-0,08
-0,10
-0,12
-0,14
-0,16
-0,17

0,45%Р
-0,24
-0,27
-0,29
-0,31
-0,32
-0,32

0,60%Р
-0,60
-0,73
-0,81
-0,87
-0,92
-0,95

The graphical interpretation of the relative change in the
straight-line dimensions of the samples at time of sintering
15÷90min is shown in Figure 1 ÷ 6.

Table №1. Composition of protective atmospheres
Type of
atmosphere
Dissociated
ammonia
Endothermic
gas

Chemical composition, %
H2O
CO
CO2

H2

N

CH4

75

25

0,5

-

-

-

40

40

-
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1,0

1,0

Fig.1. Relative dimensional changes in the diameters of the workpieces
after sintering at 1150ºC for 15min in a medium by:
1 - endogaz; 2 - dissociated ammonia.

From previous studies [10,11] has been shown that the most
suitable temperature for the sintering of samples from the test system
is 1150ºС. For this sintering of the samples was conducted at this
temperature for 15÷90min. controlling the velocity of the incoming
gas and its dew point.
To prevent oxidation of specimens in the course of sintering they
were placed in sealed containers with a backfill of a mixture
according to 1 [9]:
75%Al2O3 + 15%FeMn + 10%C

(1)

Density of the samples after sintering is determined by the
weight method - 7,20g / cm3, according to a methodology
developed in [2].
To determine the influence of the duration of sintering on the
dimensional changes of the samples in the process of sintering each
15min from the furnace are taken out on 5 samples of which were
measured diameters in two mutually perpendicular directions and
defined the relative change in dimensions to those of the starting
workpieces.
The results for the samples sintered in an environment of about
endogaz presented in Table №2, but these sintered in a dissociated
ammonia atmosphere of Table №3.

Fig.2. Relative dimensional changes in the diameters of the workpieces
after sintering at 1150ºC for 30min in a medium by:
1 - endogaz; 2 - dissociated ammonia.

Table №2 Linear changes in sintering
in an environment of endogaz

t,
min
15
30
45
60
75
90

Relative change in the size of preparations, %
0%Р
-0,01
-0,02
-0,03
-0,04
-0,05
-0,05

0,15%Р
-0,02
-0,03
-0,04
-0,05
-0,07
-0,07

0,30%Р
-0,04
-0,05
-0,06
-0,08
-0,09
-0,10

0,45%Р
-0,13
-0,17
-0,19
-0,20
-0,21
-0,21

0,60%Р
-0,28
-0,37
-0,41
-0,45
-0,49
-0,53

Fig.3. Relative dimensional changes in the diameters of the workpieces
after sintering at 1150ºC for 45min in a medium by:
1 - endogaz; 2 - dissociated ammonia.

Table №3 Linear changes in sintering
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and can reach values 0,55÷0,95% depending on the type of the
protective atmosphere.
This change in size can be explained by the phase equilibrium
diagrame iron-phosphorus - fig.7.

Fig.4. Relative dimensional changes in the diameters of the workpieces
after sintering at 1150ºC for 60min in a medium by:
1 - endogaz; 2 - dissociated ammonia.
Fig.7. Phase equilibrium diagrame iron-phosphorus [14].

It is seen that phosphorus is an element which greatly narrows
the austenitic zone. When the temperature of sintering - 1150ºC
pure austenitic zone only we have a concentration of phosphorus in
the samples 0,15%. Above a concentration of 0,45% P at the
temperature of sintering iron matrix is pure ferrite. Since the rate of
diffusion in the ferritic steel is significantly greater than that in the
austenitic region, it at the same sintering temperature diffusion
processes occur in intensive in ferritic zones above 0,45% P. This
leads to considerably reduce the volume porosity in the details, and
hence the change in their linear dimensions. At a concentration of
phosphorus 0,15 ÷ 0,45% at the temperature of sintering the
samples are located in the two-phase austenitic-ferritic region, and
therefore the change of the linear dimensions of the workpieces is
not so pronounced as in those sintered in pure ferritic area of the
diagram.
With increasing duration of sintering from 15 to 90min creating
conditions except to reduce the total volume porosity of workpieces
for smoothing and pore spheroidization. This in turn leads to a
further contraction of the tested samples. Regardless of the
concentration of phosphorus therein and the type of protective
atmosphere to increase the duration of sintering the relative values
of dimensional change increased 1,5 ÷ 2,0 times.
From the literature it is known that during sintering in
recreational environments is achieved a higher density of samples
[1,3,9]. The activity of restorative environments depends mainly on
the amount of hydrogen in them. It was with a large amount of
hydrogen in the protective atmosphere of dissociated ammonia 75% is explained by intense change in linear dimensions of
samples. It is two times greater than the contraction seen in the
other conditions being equal, after sintering in an environment of
endogaz wherein the hydrogen concentration is approximately 2
times smaller - 40%.

Fig.5. Relative dimensional changes in the diameters of the workpieces
after sintering at 1150ºC for 75min in a medium by:
1 - endogaz; 2 - dissociated ammonia.

3. Conclusions

Fig.6. Relative dimensional changes in the diameters of the workpieces
after sintering at 1150ºC for 90min in a medium by:
1 - endogaz; 2 - dissociated ammonia.

From the obtained experimental results it can be seen that the
addition of phosphorus in the iron matrix leads to shrinking
dimensions of the samples in all investigated durations of sintering.
The graph shows that the process of change in the size of the blanks
takes place in three stages conditionally. In the first stage when
phosphorus in the iron matrix is of the order of 0,15% registered
dimensional changes are minor and can be ignored. Reproving
contraction was observed in the samples having a phosphorus
concentration of 0,15 ÷ 0,45% and it is in the range of 0,1 ÷ 0,3%.
When increasing the concentration of phosphorus over 0,45%
shrinkage of the dimensions of the starting workpieces is intensified
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Of the examination and received at the results they can draw the
following important conclusions:
 It is confirmed that addition of phosphorus in the iron
matrix of particulate materials is accompanied by a change of the
dimensions of the starting preparations after sintering;
 It was found that the change in the size of blanks is directly
dependent on the phase composition of the samples. At
concentrations up to 0.15% P in sintering temperature alloys are in
austinitnata area of the diagram iron-phosphorus and relative
change in size is negligible and can be ignored. The most
significant change in size in samples containing 0,45÷0,60% P.
These alloys at sintering temperature are present in the ferrite zone
where diffusion processes are significantly more intense;

 It confirmed that with increasing duration of sintering from
15 to 90min occurs further contraction of the samples, which is a
consequence of both the reduction in the total volume porosity and
by smoothing and spheroidization pore;
 Was confirmed that sintering in a more intense flow
diffusion processes in a protective atmosphere containing a larger
amount of hydrogen.
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Abstract
In this paper we study the structure, phase composition, microhardness, wear resistance boride coatings obtained on metals and alloys at
complex saturation with boron and copper in various physical and chemical conditions, namely carrying satiation without application of an
external magnetic field (EMF) and in its simultaneous imposition . Studies have shown that the use of EMF when applying boride coatings
allows in 1.5 - 2 times reduce the duration of saturation detail and get coatings with high hardness and wear resistance.
Established that the application EMF on carbon steels formed a continuous, homogeneous boride layer, thickness is 2 times higher than the
boriding without EMF. On the diffraction patterns of the surface layers of boride coatings obtained after boriding at application EMF fixed
presence phases FeB and Fe2B, the redistribution of the proportion of boride phases, the change of the crystal lattices and the decrease in
the volume of the unit lattice phase FeB. When the complex is saturated steel 45 with boron and copper diffusion layer is composed of the
phases FeB, Fe2B and Cu. Chemical heat treatment with the simultaneous action of EMF leads to the formation of phases in the diffusion
zone FeB and Cu, crack resistance layers obtained after saturation with boron and copper increases to
2.23 MPa · m0,5 compared to 1.12 MPa · m0,5 for boride coatings obtained without action EMF .
Formation diffuse boride layers under the action EMF improves tribological characteristics and leads to an increase in wear resistance of
2.2 – 2.6 times.
KEYWORDS: BORIDING, BORIDE LAYER, MAGNETIC FIELD, COPPER, DIFFUSION, MICROSTRUCTURE, MICRO
HARDNESS, WEAR RESISTANCE, CRACK RESISTANCE, STRESS SPALLING

1. Introduction
Analysis of work, aimed at increasing productivity processes
chemical and heat treatment, indicates that, along with traditional
research in this field is the search in the direction of intensification
of diffusion processes [1].
It is known that the resulting diffusion methods boride layers on
steel with high hardness and wear resistance in various conditions
wear as in couple of friction in dry friction-slip, and at
hydroabrasive action. The main disadvantages of forming boride
layers is a low growth rate boride needles and predisposition to
cracking while increasing layer thickness. High operational
characteristics obtained only when a layer of borides sufficiently
solid foundation.
Boriding in an external magnetic field (EMF) – one of the new
trends in physical materials. The external magnetic field is used to
intensify the diffusion saturation working surfaces of metal products
chemical elements (boron, carbon, silicon, etc.). At boriding in
EMF significantly intensified diffusion processes, which in turn
leads to a decrease the time necessary for saturation. Because
considerable interest is the study of the effect of external magnetic
field on the processes boriding.
The aim of this work was to study the structure and
characteristics of complex diffuse boride coatings on iron-carbon
steels obtained in powder boriding mixtures with the addition of
copper containing compounds Cu2O or Cu3P in various physical
and chemical conditions, as well as the establishment impact of the
saturating powder environment on the characteristics of the coating
thickness, micro-hardness, crack resistance, stress spalling, wear
resistance.

2. Materials and methods research
Complex boriding powder method performed in a special
container under reduced pressure at a temperature of 975 °C for 4
hours using fusible shutters. The research was conducted on
samples of carbon steel (steel 20 45, U8).
Saturation alloys boron and copper performed in mixtures
containing technical boron carbide B4C and powders Cu2O, Cu3P.
As the activator used ftoroplast.
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Heating the crucible and the subsequent isothermal holding was
carried out in a laboratory oven type HSOL - 1.6,3 / 11. Electric
furnace at a temperature of saturation placed in the solenoid, which
served as the source of the magnetic field.
After the isothermal exposure container with details removed
from the furnace and cooled to room temperature in air, disclose
and took out details with clean surfaces that do not require further
purification.
This method has the following advantages: simplicity of the
process, allows the processing of products of different
configurations can be obtained diffusion layers of different
thickness.
Polishing was performed on samples of diamond polishing
circles paste grit from 28 to 1 micron, that provided to obtain high
surface quality research. As a reagent for chemical etching using
3...5% – solution was nitric acid in ethanol; exposure – 30 - 90 sec.
Also, carried out the thermal etching by heating the polished
microsection in a box furnace to a temperature of 400 °C and held
at this temperature during 30 minutes and cooling on air. Thermal
etching, which is known, is based on the chemical activity of the
phases depending on their composition, allowing the cells to
determine the place of appearance of the phases and their
distribution in the structure. It should be noted that the sensitivity of
cells to thermal etching phase nucleation is significantly higher than
that of ordinary chemical etching. This is due to the advent of color
painting phases.
Visual study, measuring the thickness of diffusion layers and
microstructure coatings investigate performed on metallographic
microscope Axio Observer A1m, Zeiss, in the range the increase
100...1000.
Microhardness measurements were carried out on the instrument
PMT – 3 no less than 15 – 20 fields of view at a load of 0.49 – 0.98
N. Measuring accuracy microhardness was – 500 MPa.
The phase composition, quantitative analysis phase, the crystal
lattice period, the volume of the elementary gratings phase, region
of coherent scattering of boride coatings were analyzed on X-rays
diffractometer Ultima-IV, of Rigaku, Japan, in copper Kα1, Kα2
monochromatic radiation and chemical composition was determined
by scanning electron microscope SEM – 106I.

For measurement fracture toughness monocrystals of solid
crystalline material used method Evans – Charles. In this case K1c
determined by the length of the radial cracks that formed around
imprint of Vickers indenter, with semi-empirical relationship:
(1)
K1c=0,015·(E/H)1/2·P/C3/2
or graphical dependence between (K1c-F/H) - (H/E-F) and c/a,
where F – the constant Marsha; H – Vickers hardness; a – semi
diagonal imprint; c – the length of the radial cracks; E – Young's
modulus [2 – 4].
Test coatings for wear resistance was carried out on the friction
machine M-22M as described in [5] and GOST 26614-85 (the
method of determining the tribological properties). The method
consists in determining the dependence of the frictional force and
wear of the mating surfaces of the sample material and the
counterface (45 steel after quenching and low temperature
tempering of 180 °C with a hardness 50 HRC) sliding velocity,
power and computation load intensity and the coefficient of friction.
To test used samples of steel 45 with boride coatings.

Application of a magnetic field leads to an intensification of the
diffusive penetration of the atoms in the crystalline lattice of γ-Fe.
To establish a relationship between the phase and structure,
diffusion layers obtained after saturation with boron and copper,
samples were subjected to X-ray analysis. Characteristic areas
diffraction pattern shown on Fig. 1 – Fig. 4.
Diffraction patterns taken from the surface of boride coatings on
steel 45 after boriding without EMF showed that in the surface layer
up to 15 – 20 microns formed phase FeB (Fig.1), and at the
complex saturated with boron and copper without action EMF –
phase FeB, Fe2B, Fe and Cu (Fig .2).

3. Results and discussion
The mechanism of diffusion boriding powder technical boron
carbide is described in [6]. According to this operation, boron
carbide at the saturation temperature recovers to the lower boride
anhydride boron oxide В2О2 by reaction:
(2)
В4С + В2О3 → В2О2 + ВmСn
Vapor formed В2О2 carried transport of boron to the surface
that is saturated. In this way, boron transporter is oxygen. Vapor
В2О2 disproportionate on the surface that is saturated with
formation of atomic boron and B2O3 by the reaction:
(3)
3В2О2 → 2В + 2В2О3
Atomic boron formed diffuses into the material to form the
corresponding metal borides.
The surface that is saturated, covered with a film B2O3 in the
molten state. The role of boron carbide is also that the point of
contact with the surface of the particles is saturated, there is a
restoration B2O3, thanks to the surface is cleaned by melting film.
At this formed additional portions of В2О2 and is facilitated access
to a vapor of В2О2 to the metal.
Steels St3 boriding in technical powder of boron carbide (2.13%
B2O3) powder and boron carbide, boron anhydride purified by the
same conditions (T = 1000 °C, and τ = 2 h). The thickness of the
boride layer in the first case was 160 – 180 microns. At boriding in
powder of boron carbide, of purified from anhydride, it fixed
extremely low rate of saturation [7]. The results of this experiment
show boride anhydride participate in the formation of active boron
atoms.
On the basis of the data obtained, we can conclude that the
carrier is B2O3 with boron carbide, formed suboxides boron and
carbon
[4]
5В2О3 + В4С → 7В2О2 + СО
Since the temperature boriding high enough, evaporation takes
place of boron oxide B2O3 and B2O3. Condensing on the products,
the evaporation of oxides of boron formed melt system B2O3 –
B2O3, containing ions of bivalent and trivalent boron.
A necessary requirement diffusion layer formation is the
presence of near surface saturable active atomic boron addition,
temperature and duration of exposure should ensure the flow of
atomic diffusion of boron in steel.
In the system Fe – B mass transfer elements is carried out
mainly by diffusion of boron through the boride layer to the main
reaction front, located at interfaces iron – Fe2B borides and boride
Fe2B – borides FeB [8]. In forming a diffusion layer on the metal
surface reaches saturation limit of the solid solution boron (γ) the
germ arises first, and then the needle borides tetragonal Fe2B
(a = 5,109 Å, c = 4,249 Å and с\а = 0,832), containing 8,84 % B,
a density of 7.336 g\cm3. These needles grow gradually becoming
isolated in continuous layer of borides Fe2B. Then, on the surface of
boride layer having individual needle and then the second layer
formed rhombic borides FeB, which has a density of 6.706 g\cm3 (a
= 5,506Å, b = 4,061Å and c = 2,952Å), containing 16.25% B.
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Fig. 1. Diffraction pattern taken from the surface steel 45
with boride coatings obtained after boriding

Fig. 2. Diffraction pattern taken from the surface steel 20 with
boride coatings obtained after boriding with adding powder Cu2O,
diffraction peaks of copper lines (111) (200) (220)

Fig. 3. Diffraction pattern taken from the surface steel 45 with
boride coatings obtained after boriding at using EMF
In the application of an external magnetic field observed
redistribution boride phase. At using EMF in boride layers observed
decrease volume phase FeB and on the diffraction patterns surface
layers of boride coatings fixed presence phases FeB and Fe2B
(Fig. 3), and after the complex saturation boron and copper under
conditions of external magnetic fields fixed phases FeB and Cu (Fig. 4).

Fig. 4. Diffraction pattern taken from the surface steel 45 with
boride coatings obtained after boriding at using EMF and
introduction to the saturating environment copper-containing
powder Cu2O, diffraction peaks of copper lines (111) (200) (220)

When applying EMF in boride layers observed the
redistribution of the proportion of boride phases, changes in the
crystal lattice period and a decrease volume of the unit lattice phase
FeB (Table. 1). When the complex saturated with boron and copper
steel 45 diffusion layer composed of the phases FeB, Fe2B, Fe and
Cu. Chemical heat treatment (CHT) with the simultaneous action of
EMF leads to the formation of the diffusion zone phases FeB and
Cu. When the complex saturated with boron and copper volume
ratio of copper in the surface layer, the results of X-ray diffraction,
volume was 4%, and at the CHT with the simultaneous action of
EMF quantity of copper component in the surface phase FeB
increased to 18.9% (Table. 2). Areas of coherent scattering in phase
FeB, obtained by complex saturation with boron and copper with
the simultaneous action of EMF, decreased to 38.3 nm as compared
to 66.1 nm in the phase FeB, obtained without action EMF.
Table 1. Parameters crystal lattice phase after boriding and
complex saturation with boron and copper in different physical chemical conditions
The process Name Parameters of crystal lattice, Å Volume
of saturation of the
(A3)
а
b
c
phase
Boriding
FeB
65,66
4,056248 5,497254 2,944663
without EMF
Boriding +
FeB
4,048051 5,497390 2,943259 64,50
EMF
Fe2B
5,104722 5,104722 4,242536 110,55
Complex
FeB
4,052739 5,494320 2,942284 65,52
saturation
Fe2B
5,095910 5,095910 4,247051 110,29
with boron
2,948823 2,948823 2,948823 25,64
and copper Fe
without
Cu 3,669155 3,669155 3,669155 49,40
EMF
Complex
FeB
4,054046 5,492628 2,942097 65,51
saturation
with boron
3,606553 3,606553 3,606553 46,91
and copper + Cu
EMF
Metallographic analysis established that obtained the powder
technology coating after saturation with boron and copper have a
structure with a clear boundary between the coating – base (Fig. 5 and
Fig. 6). Diffusion layers are needle of iron borides, which are oriented
perpendicularly to the sample surface and are wedged in the ferritic
grains. In the near-surface zone boride phase FeB concentrate
individual inclusions of copper, which are dropping form.

a
b
Fig. 5. Microstructures complex boride coatings on steel 45
obtained in different physical – chemical conditions: a – boriding,
duration saturation – 4 hours, x200; b – boriding + EMF,
saturation duration – 2 hours, x200 (color high temperature etching
at 400 °C)

Table 2. Quantitative phase analysis of boride layers and layers
obtained after complex saturation with boron and copper in
different physical - chemical conditions
The process of saturation
Name of
Contents
the phase
(%)
Boriding without EMF
FeB
100
Boriding + EMF
FeB
15,8
Fe2B
84,2
Complex saturation with boron
FeB
62
and copper without EMF
Fe2B
30,5
Fe
3,5
Cu
4
Complex saturation with boron
FeB
81,1
and copper + EMF
Cu
18,9
Obtaining boron coating at simultaneous applying allows in
1.5 – 2 times to reduce the period saturation detail and get coatings
with high hardness, wear resistance, crack resistance. At applying
the EMF changing morphology boron layers, needles grains
decreases sharply, disappear individually disappear sprouted grain
borides in the matrix. Needles boron phases closely adjoin to each
other and formed a continuous, homogeneous boron layer thickness
is in 1.5 times higher than the boriding without EMF.
Investigation of the kinetics of growth of boride layers in a
variety of physical - chemical conditions. It was established that
after the diffusion saturation in boriding mixture for 4 hours without
EMF obtain coating thickness of 125 – 150 microns, whereas when
applied EMF formed coating thickness of 160 – 195 microns in 2
hours; at complex saturation with boron and copper at 4 hours
without EMF formed coating thickness of 160 – 185 microns,
whereas at after saturation with boron and copper the conditions in
action EMF at 2 hours diffusion saturation obtained boride phase
thickness to 200 – 230 microns.
Conducted research showed that microhardness boride phase
after boriding was respectively – phase FeB – 19 – 20 GPa, and
phase Fe2B – 16,5 – 17,5 GPa (Fig. 7). In the complex saturation
with boron and copper using EMF get boride layers of
microhardness – for phase (Fe, Cu)B – 17 – 18 GPa, and for phase
(Fe, Cu)2B – 15 – 16 GPa. Thus, the complex saturation with boron
and copper, observe a decrease of microhardness boride layers and
increasing plasticity (Fig. 8).
The calculated data crack resistance and stress spalling, which
may occur in the boride phases, depending on physical - chemical
conditions on the steel 45 is presented in Table 3.

Fig. 7. Microhardness boride phase after boriding at using
EMF, on the steels: 1 – steel 20; 2 – steel 45, 3 – U10

a
b
Fig. 6. Microstructures coatings on steel 45 obtained after complex
saturation with boron and copper in different physical – chemical
conditions: a – complex saturation with boron and copper without
EMF, duration saturation – 4 hours, x200; b – complex saturation
with boron and copper + EMF, saturation duration – 2 hours, x200
(color high temperature etching at 400 °C)

Fig. 8. Microhardness boride phases obtained after complex
saturation with boron and copper at using EMF, on the steels: 1 –
steel 20; 2 – steel 45, 3 – U10
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The highest level of of crack resistance is achieved in the boride
phases produced in powdered environments with copper powder
when applying EMF, and accordingly is 2.23 MPa · m0,5, wherein
the spalling stress is 420 MPa. Then as at boriding without action
EMF crack resistance – 1.12 MPa · m0,5 and stress spalling –
160 MPa. Increase the value of spalling stress in layers obtained
after complex saturation with boron and copper is caused the
formation of higher viscosity phase, for which crack resistance K1C
1.2 – 1.5 times higher than the output phase boride (FeB, Fe2B).
Table 3. Crack resistance and spalling stress coating obtained
in different physical – chemical conditions (phase Fe2B)
Physical-chemical conditions К1c, MPa · σspalling,
of saturation
m0,5
MPa
Boriding without EMF
1,12
160
After complex saturation with
1,52
225
boron and copper without EMF
Boriding at applying EMF
1,79
345
After complex saturation with
2,23
420
boron and copper at applying EMF
A study wear resistance of coatings of boride obtained in
different physical - chemical conditions (Table 4). As counterbody
used steel 45 after hardening and low tempering with hardness 50
HRC. It was established that the diffusion boride coating obtained
by application of external magnetic fields have a higher tribological
characteristics. Thus, the average linear wear boride coatings
obtained in EMF is reduced by 2.4 times, and the friction
coefficient is 0.63 compared to 0.66.

1,6
1,2
0,95
0,45

Spot of contact area on the sample, S
(cm2)

0,94
0,51
0,45
0,25

Average linear wear of the friction
pair, Iaverage, um/km (3 km traversed)

Mass wear,
I (mg/km)

Linear wear of the friction
pair , I, um,

counter-body

0,66
0,65
0,63
0,6

The road
friction (km)
1
2
3
7 19,5 26
6,4 14,7 17,7
6,0 8,4 16,4
5,2 7,2 10,1

sample

1
2
3
4

Coef. of friction

Coating

Table 4. Tribotechnical characteristics boride coatings
obtained in different physical – chemical conditions: 1 – boriding
without EMF; 2 – after complex saturation with boron and copper
without EMF; 3 – boriding at applying EMF; 4 – after complex
saturation with boron and copper at applying EMF

8,7
5,9
5,5
3,4

0,26
0,23
0,22
0,18

Complex saturation of carbon steels, boron and copper at using
EMF improves the wear resistance of boride layers in 2.2 – 2.6
times compared with 1.4 – 1.5 times without the use of EMF, this is
due to the formation of more perfect structure with a smaller
quantity pores and higher crack resistance and spalling stress which
grow up to 420 MPa as compared with 160 MPa for diffusion
boride layers.

4. Conclusion
Application EMF with simultaneous deposition boride coating
allows 1.5 – 2 times to decrease the duration of the saturation detail, and
obtain a coating of high hardness, wear resistance.
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When applying EMF in boride layers observed the
redistribution of the proportion of boride phases, changes in the
crystal lattice period and a decrease volume of the unit lattice phase
FeB and change the morphology of boride layers. Observed a
decrease needle-like grains, disappear individually disappear
sprouted grain borides in the matrix. Needles boron phases closely
adjoin to each other and formed a continuous, homogeneous boron
layer thickness is in 1.5 times higher than the boriding without
EMF.
Investigation of the kinetics of growth of boride layers in a
variety of physical - chemical conditions. It was established that
after the diffusion saturation in boriding mixture of carbon steels at
simultaneous action EMF coating thickness increases, and the
duration of the saturation decreases to 1.5 – 2 times.
Established that еhe highest level of of crack resistance is
achieved in the boride phases produced in powdered environments
with copper powder when applying EMF, and accordingly is 2.23
MPa · m0,5, wherein the spalling stress is 420 MPa. Then as at
boriding without action EMF crack resistance – 1.12 MPa · m0,5
and stress spalling – 160 MPa. Increase the value of spalling stress
in layers obtained after complex saturation with boron and copper is
caused the formation of higher viscosity phase, for which crack
resistance K1C 1.2 – 1.5 times higher than the output phase boride
(FeB, Fe2B).
Formation diffuse boride layers under the action EMF improves
tribological characteristics and leads to an increase in wear
resistance of 2.2 – 2.6 times.
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Abstract: The research paper presents the improvement on the mechanical and service properties of the austenitic stainless 0.07% C17% Cr-9% Ni-0.7%-Ti steel in the fully austenitic state obtained by equal-channel angular pressing (ECAP) at the temperatures of 200 °C
and 400 °C. Subgrain oriented structure in the Cr-Ni-Ti steel after ECAP significantly enhances the strength characteristics of steel at
satisfactory plasticity. The fatigue limit of steel after ECAP at T = 200 ° C is higher than that after ECAP at T = 400 ° C, increasing in
comparison with the initial state by 2.2 and 1.7 times, respectively. It was revealed that severe plastic deformation by ECAP increases the
friction coefficient of the material by the 1.1 and 1.7 times at T = 200 ° C and 400 ° C, respectively. Despite this, the wear rate after ECAP
at T = 200 ° C and 400 ° C decreases by 7 and 40 times, respectively, compared to initial state.
Keywords: austenitic stainless steel, equal-channel angular pressing (ECAP), ultra-fine grained structure, austenite, martensite, strength,
fatigue, wear

1. Introduction
Austenitic stainless steels are one of the most widely used
materials because of their high corrosion resistance and good
formability. However, they exhibit a relatively low yield strength
and poor tribological properties. Nowadays a lot of attention is paid
to increasing the strength of stainless steel, using a variety of
methods and approaches. The refinement of the structure is one of
the effective approaches for increasing the strength. It can be
produced by equal-channel angular pressing (ECAP) [1, 2]. Several
researches have shown a significant improvement in the mechanical
properties of stainless steels after ECAP [3 - 5]. For instance, the
yield strength (YS) of stainless steels increased from 198 to
1100 MPa and 1300 MPa after 4 and 8 ECAP-passes, respectively
[5]. At the same time, decrease of plastic properties after ECAP can
be effectively improved by heat treatment [5]. In the study [6] was
observed structure of the two samples of steels 316L and 316L(N)
after four ECAP-passes with elongated grains and the high density
of dislocation. Different microstructural features were revealed in
different areas of the samples. They were formed both by sliding
and twinning deformation mechanism. The increase of deformation
twins density with an increase of the number of passes was shown
in study [6]. Greger et al. [7] obtained SUS 316L steel after four
ECAP-passes at 280 °C with twinning in the ultrafine grained
microstructure, which the yield strength (YS) and the ultimate
tensile strength (UTS) were 106.3 and 109.9 MPa, respectively,
with the elongation to failure (EL) of 15%. The authors of the study
[8] show that the combination of the high strength (to 1600 ± 30
MPa) with the endurable ductility (EL=17%) can be achieved by
ECAP in the temperature range of 0 - 250 ° C.
The structure formation of the austenitic stainless steel 316L
during high pressure torsion (HPT) in the temperature range from 196 ° C to 720 ° C was investigated in research [9]. It was found
that the structure formation at different deformation temperatures
similar to the evolution of the microstructure of other materials with
the low stacking fault energy: the dominant mechanism of
deformation at high temperature of deformation (Tdef> 450 ° C) is
the slip of dislocation, while the typical mechanism for medium
deformation temperature (450 ° C> Tdef> 20 ° C) is mechanical
twinning. The mechanical twinning at low temperatures of
deformation (20 ° C> Tdef> -196°C) was replaced by deformation
induced martensitic transformation γ (fcc) → ε (hcp) mechanism.
Steels of 316L - type contain metastable austenite, which can be
transformed to martensite of deformation at temperature below Md.
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The sizeable fraction of deformation martensite increases with the
applied load and leads to substantial increase in strength but
decrease of corrosion resistance. The purpose of this work was to
study the mechanical and service properties of the Cr-Ni-Ti steel in
the fully austenitic state obtained by ECAP.

2. Materials and experiment
The chemical composition of the stainless Cr-Ni-Ti steel used
in this study is shown in Table 1. The material in as-received
condition is austenitized at 1050 °C for 1 hour and water
quenched. ECAP was carried out on the billets 20 mm in diameter
and 80 mm in length using a die with channels intersecting at 120°
via route Bc, when the billet rotated by 90° between the passes [10].
The samples were processed by six ECAP - passes at temperatures
200 °C and 400 °C. The equivalent plastic strain applied to the
billet per pass for t h e defined die geometry equals 0.9 (shear
strain γ = 1.5) [11, 12].
Table 1: Chemical composition of the stainless Cr-Ni-Ti steel
Elements

C

Cr

Ni

Cu

Ti

Si

Mn

S,P

Amount

0.07

17.3

9.2

0.2

0.7

0.6

1.4

0.003

[wt%]

The tensile and fatigue plate-type specimens with a 5.75 mm
gage length and the cross-section 1 mm × 2 mm were shaped by
spark erosion from the ECAP billets. The specimens were
mechanically polished using SiC grit papers and diamond paste
and electrolytically polished in a solution containing 100 g of
chromic anhydride and 850 ml of orthophosphoric acid at 20 °C
and 15 V for 5 min.
Static tensile tests were performed using an INSTRON 3380
tensile testing machine with a load capacity of 100 kN. The highcycle fatigue (HCF) tests were carried out under repeated tension
conditions on an ElectroPulsTM 3000 servo-hydraulic machine
with a load capacity of 100 kN operate at 30 Hz testing frequency
and a stress ratio R = 0.1.
The microstructure was investigated using an Olympus PME 3
optical microscope and a JEM- 1400 transmission electron
microscope operated at 120 kV in longitudinal direction. The
samples for the metallographic analysis were electrolytically etched
in aquafortis at 20 °C and 3V. An X-Ray diffraction (XRD) analysis
was carried out on a DRON 4.07 diffractometer.

Dry-sliding tribological tests of the stainless Cr-Ni-Ti steel were
carried out on multipurpose CETR UMT-3MO "pin on-disc" wear
tester in the air at room temperature. AISI52100 steel disk (60 HRC
hardness) of 100 mm in diameter and 10 mm in thickness were
employed as a counterface. The stainless steel pins were 5 mm in
diameter and 10 mm in thickness. Steady-state wear rates were
calculated by weight loss measurements. Friction coefficient was
also measured during the wear, which increased at the beginning of
the test and reached a steady-state value.

grain-subgrain structure is partially oriented. The separated grains
with high angle boundaries are formed too, that can be defined by
banded contrast.
The XRD analysis revealed the presence of the completely
austenitic phase in the stainless Cr-Ni-Ti steel after ECAP at T =
200 ° C and 400 ° C at 6 passes.
The thermal stability of the stainless Cr-Ni-Ti steel after ECAP
by changes of the microhardness depending on the annealing
temperature in the range of 20 - 800 ° C was studied. Figure 2
shows the dependence of microhardness of stainless steel after
ECAP from the annealing temperature. A sharp drop in
microhardness above 650 ° C was observed. It can be explained by
a significant increase of the grains size.

Taking into account the possibility of the biomedical
applications in orthopedic surgery, and that the peak normal stress
of joints is in the range of 0.5-5.0 MPa [13] pin-on-disk wear tests
were performed in air under load of 10 N, which corresponds to the
nominal contact pressure in the range of peak normal stress of
joints. A constant slow sliding velocity of 0.1 m/s was selected to
suppress flash heating at the contacting surfaces.

ECAP Тdef=200оС, n = 6

4,0

3. Results and discussion

ECAP Тdef=400оС, n = 6

HV , GPa

3,5

The microstructure of the Cr-Ni-Ti steel after the heat treatment
reveals an average grain size of about 20-30 μm. TEM analysis of
the stainless Cr-Ni-Ti steel after ECAP at T = 200 ° C showed the
formation of nano- and submicrocrystalline structure with dispersed
deformation twins (Figure 1a, b). The presence of predominately
high angle boundaries, ie, grain structure was defined by point
reflections of electron diffraction ring and banded contrast at the
boundaries.

3,0
2,5
2,0
1,5

initial state (Тq=1050оС,1h)
0
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800

1000

Аnnealing temperature, oС

Fig. 2 The microhardness vs annealing temperature of the Cr-Ni-Ti steel
after ECAP at Т=200°С and 400°С

Severe plastic deformation by ECAP of the austenitic stainless
Cr-Ni-Ti steel significantly increases the strength characteristics
(YS, UTS) and at the same time leads to some reduction in ductility
(Fig. 3). The level of ductility and strength of the samples after
ECAP at temperatures 200 and 400 ° C is practically identical. It
was noticed that the increased density of dislocations and twins
during ECAP at 200°C is compensated then by a decrease in the
size of the structural elements at 400 ° C. As a result both samples
have nearly the same strength.

initial state (Тq=1050оС,1h)

1400

ECAP Тdef=200оС, n = 6

Stress, MPa

1200
a

ECAP Тdef=400оС, n = 6

1000
800
600
400
200
0
0

10

20

30

40

50

Strain, %
Fig. 3 The mechanical properties of the Cr-Ni-Ti steel in the initial
state, after ECAP at Т=200°С and Т=400°С

The fatigue strength is an important criteria for evaluating
stability of the structural state of the material and its workability
under cyclic loads. Figure 4 shows the curves of the high-cycle
fatigue tests of the stainless steel samples in the initial state and
after ECAP at 200 °C and 400 °C. The high-cycle fatigue curves
show that fatigue strength of the steel at 107 cycles after ECAP at
200 ° C (600 MPa) is higher than that after ECAP at 400 ° C (475
MPa) i.e. it increases, compared with the initial state (275 MPa).

b
Fig. 1 TEM images of the microstructure of stainlessCr-Ni-Ti steel
after ECAP at Т=200°С (a,b), and after ECAP at Т=400°С (c,d)
The grain-subgrain structure with a size of the structural
elements of 100-300 nm after ECAP at T = 400 °C was formed. The
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The reason for increasing the fatigue strength should be sought
not only in the initial structure, but also in the structural and phase
transformations that take place during the cyclic tests.

initial state (Тq=1050оС,1h)

Stress, MPa

900

ECAP Тdef=400оС, n = 6

800

ECAP Тdef=200оС, n = 6

700
600

400
105

106

Number of cycles, N

107

3. The fatigue strength of steel after ECAP at T = 200 ° C (600
MPa) is higher than that after ECAP at T = 400 ° C (475 MPa),
increasing in comparison with the initial state by 2.2 times and 1.7
times, respectively.

Fig. 4 The high-cycle fatigue tests of the Cr-Ni-Ti steel in the initial
state, after ECAP at Т=200°С and 400°С

Average coefficient of friction

Tribological tests revealed that severe plastic deformation by
ECAP increases the coefficient of friction of the austenitic stainless
Cr-Ni-Ti steel at T = 200 ° C and 400 ° C by the 1.1 and 1.7 times,
respectively (Figure 5a). In this case, the wear rate after ECAP at T
= 200 ° C and 400 ° C decreases by the 7 and 40 times, respectively,
compared with the initial state (Figure 5 b).

4. It was revealed that severe plastic deformation by ECAP
increases the friction coefficient of the material by the 1.1 and 1.7
times at T = 200 ° C and 400 ° C, respectively. Despite this, the
wear rate after ECAP at T = 200 ° C and 400 ° C decreases by 7 and
40 times, respectively, compared to initial state.

References

0,7

[1] V.M. Segal, Materials processing by simple shear, Mater.
Sci. Eng. A 197 (1995) 157–164.
[2] R.Z. Valiev, T.G. Langdon Prog. Mater. Sci., 51 (2006) 881
[3] X. Huang, G. Yangb, Y.L. Gao, S.D. Wu , Z.F. Zhang,
Materials Science and Engineering A .485 (2008) 643–650
[4] S. Qu, C.X. Huang, Y.L. Gao, G. Yang, S.D. Wu, Q.S.
Zang, Z.F. Zhang Mater. Sci. Eng. A 475 (2008) 207–216.
[5] Z.J. Zheng, Y. Gao, Y. Gui, M. Zhu. Mater. Sci. Forum
667–669 (2011) 937–942.
[6] F.Y. Dong, P. Zhang, J.C. Pang, D.M. Chen, K. Yang, Z.F.
Zhang. Materials Science&Engineering A587 (2013)185–191
[7] A. Greger, L. Kander, R. Kocich Arch Mater Sci Eng 31(1)
(2008):41
[8] H. Ueno, K. Kakihata, Y. Kaneko, S. Hashimoto, A.
Vinogradov. J Mater Sci (2011) 46: 4276.
[9] S. Scheriau, Z. Zhang, S. Kleber, R. Pippan. Mat. Sci. Eng.
A. 528 (2011) 2776-2786.
[10] R.Z. Valiev, T.G. Langdon. Progress Mater. Sci. Vol. 51
(2006)
[11] Y. Iwahashi, Z. Horita, M. Nemoto, T.G. Langdon, Acta
Mater. 45 (1997) 4733.
[12] Y. Iwahashi, J. Wang, Z. Horita, M. Nemoto, T.G.
Langdon, Scripta Mater. 35 (2) (1996) 143.
[13] Brand, R.A., 2005. Joint contact stress: a reasonable
surrogate for biological processes? Iowa Orthop. J. 25, 82–94
[14] V.E. Panin, A.V. Kolubaev, A.I.Slosman et al. Physical
Mesomechanics. 3 (1) (2000 ) 67-74 (in Russian).
[15] L.G. Korshunov The Physics of Metals and Metallography
8 (1992) 3 – 21 (in Russian).
[16] P. Heilmann, W.A. Clark, D.A. Rigney Acta Met. 31 (8)
(1983) 1293-1305.
[17] A.V. Makarov, R.A. Savrai, I.Y. Malygina,
N.A. Pozdeyeva // Physics and Chemistry of Materials Treatment 1
(2009) 92-102 (in Russian).

0,6
0,5
0,4
0,3
0,2
0,1
0,0

Initial state

ECAP

ECAP

ECAP

ECAP

о
(Тq=1050оС, 1h) Тdef=200оС, n=6 Тdef=400 С, n=6

Wear rate, 10-3,mg/m

a
3,5
3,0
2,5
2,0
1,5
1,0
0,5
0,0

1. It was revealed that predominantly oriented subgrain
structure with the 100-350 nm size of the structural elements and
enhanced density of dislocation and 5-10 nm in thick deformation
twins in austenite is formed in the samples during ECAP at 200 ° C.
The grain-subgrain structure with the average grain size about 100
nm, the lower dislocation density and deformation twins is formed
after ECAP at 400 ° C.
2. Subgrain oriented structure in the Cr-Ni-Ti steel significantly
enhances the strength characteristics of steel with satisfactory
plasticity after ECAP at T = 200 ° C: UTS = 966 MPa and EL =
23%, compared with initial state: UTS = 601 MPa, EL = 48%.
ECAP at T = 400 ° C leads to a certain reduction of strength
properties (UTS = 937 MPa) compared with the ECAP at 200 ° C
and to slight increase in ductility (EL = 25%).
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Initial state
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b
Fig. 5 The friction coefficient (a) and the wear rates of Cr-Ni-Ti steel
in the initial state, after ECAP at Т=200°С and 400°С

The austenitic stainless Cr-Ni-Ti steel after ECAP at T = 400 °
C shows the maximum wear resistance, which changes the
mechanism of frictional effects, and, in turn, affects the reduction of
mass wear rate.
The research of friction and wear processes in steels with
different structures and levels of strength in [14-17] identified
common patterns of improvement of this process.

Asknoledgements

Reasons for changes in the wear mechanism of Cr-Ni-Ti steel
after ECAP at T = 400 ° C should be looked in a more closely study
of the structure and phase composition of the surface layers of
samples subjected to friction.

229

The work was supported by the Ministry of Education and
Science of the Russian Federation (project No.14.A12.31.0001) and
RFBR (grant 16-08-00365-а).

SOME PROPERTIES OF MORTARS CONTAINING CHROMIUM-STEEL WASTE
CHIPS
N.U. Kockal1, H. Erdem Çamurlu2
Akdeniz University, Faculty of Engineering, Civil Engineering Department, 07058
Antalya, Turkey 1
Akdeniz University, Faculty of Engineering, Mechanical Engineering Department, 07058
Antalya, Turkey 2
niyaziugurkockal@gmail.com, erdemcamurlu@gmail.com
Abstract: Especially in recent times, many studies have been performed on cementitious mortar materials to have different properties.
Some of these studies include the production of different building materials to reduce the harmful effects of devices emitting electromagnetic
and radioactive waves used at industrial scale. For this purpose, in this work, chromium steel shavings in metallic character obtained during
metal machining processes, were used in cementitious mortar mixes by replacing with limestone fine aggregate in a certain ratio. These
mixes were tested to examine their physical and mechanical properties. The findings were compared with those of control specimens. With
the inclusion of chromium steel chips, bulk density, apparent porosity, water absorption and capillarity of the mortars increased while
flexural and compressive strength decreased.
Keywords: Cementitious mortar, Chromium steel chips

waste chromium-nickel chips. Figure 1 illustrates the aggregates
used in the specimens.

1. Introduction
The use of recycled wastes in cementitious material
manufacturing has attracted worldwide interest due to increasing
disposal costs and environmental concerns. Disposal waste from
solid metal technology is a global environmental problem and there
are a lot of research works, trying to solve this problem [1]. Steel
chips or shavings are formed during the machining operations that
are performed on cast or formed steel products. These operations
include milling, drilling, etc. The steel chips or shavings formed as
a waste material could replace sand or aggregate in the cementitious
mortars. In the study of Furlani et al. [2] steel scale wastes were
utilized in the production of mortars by replacing sand in 5-40 %
range. It was reported that the obtained mortars presented good
compressive strength and low water absorption, however, higher
apparent density [2]. Alwaeli et al. [3] used steel chips and shavings
from the iron and steel industry in the production of concrete. They
replaced sand in the concrete with steel shavings in 25 – 100 %
range. Their aim was to enhance compressive strength and gamma
radiation absorption property of the concrete. They reported that the
concrete containing steel shavings presented better compressive
strength in addition to gamma ray attenuation properties, as
compared to the conventional concrete [3]. In the study of Ismail
[4], flexural strength of the concretes was also reported to increase
slightly with the addition of waste iron aggregate into the concrete
instead of sand.

Table. 1. Some properties of limestone and waste chromium-steel chips as
aggregates

Sand
Limestone
ChromiumSteel

Loose
Specific
Rodded
Rodded Loose
unit
gravity unit weight
porosity porosity
weight
(g/cm3)
(g/cm3)
(%)
(%)
(g/cm3)
2,71
1746
1611
35,43
40,42
7,83

1291

1000

83,48

87,20

Some of the recent studies on building materials focus on the
reduction of the harmful effects of devices emitting electromagnetic
and radioactive waves. These materials contain metals in the form
of wire, etc. The present study aims to produce mortars containing
metal chips, by utilizing waste chromium steel chips obtained from
metal machining operations. Therefore, in addition to utilization of
cheap starting materials, elimination of waste products through a
useful process has been aimed. For this purpose, in this work,
chromium steel shavings in metallic character obtained during
machining processes were used in cementitious mortar mixes by
replacing 10 vol. % with limestone aggregate. The mechanical
properties of the cementitious mortar mixes were assessed along
with some other properties. Further characterization of the obtained
mortars is in progress.

2. Experimental Procedure
CEM I 42.5R complying with TS EN 197-1with a specific
gravity of 3.06 was used as cement. The mixtures had a w/c ratio of
0.60 and aggregate/cement ratio of 4.7. Limestone aggregate was
replaced with waste chromium-steel chips by a ratio of 10% in
volume. Table 1exhibits some properties of limestone aggregate and
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Figure. 1. Images of limestone (upper) and waste chromium-steel chips
(lower) used in mixes as aggregates.

The specimens were cast into steel moulds and maintained for
24 h. The hardened specimens were then demoulded and kept under
lime-saturated water at 20 ± 2 oC until the age of testing. The 24-

hour sorptivity was determined by the measurement of the capillary
rise absorption rate. The bulk density, water absorption and porosity
values were obtained by testing prism specimens according to
ASTM C 642. The flexural and compressive strength of hardened
specimens were determined in accordance with TS EN 1015-11.

3. Results and Discussion
Although the specific weight of chromium nickel in Table 1 is
higher, the effect of this specific weight is not reflected on the unit
weights of the mortars. This is because the gradation of the
limestone aggregate is more consistent and appropriate than the
chromium steel particle size distribution. This fact can be
understood from the unit weights of the aggregates and the amount
of voids between aggregate particles. The unit weights of chrome
steel aggregates are lower because of intergranular voids.
It is seen that the intergranular voids mentioned above are one
of the reasons causing the drops in the strengths in Table 2.
According to the 7 and 28-day results, the increase in unit weight,
the decrease in the apparent porosity and in the capillary voids were
greater for control samples. This can be attributed to the fact that
the control samples with less voids have more cement paste volume
and thus more CSH gel resulting from hydration. This kind of
behavior was also observed in some other investigations [5-7]. In
addition, similar reductions in water absorption rates are due to the
fact that the water absorption of chromium steel aggregates are
negligible when compared to the limestone aggregates. Taking the
strengths into consideration, the flexural strength development was
higher in the control samples, while the compressive strength
development was lower in the same control samples than the
chromium steel aggregate samples. This may be due to the hydrated
gels forming a more packed structure. The amount of void in the
samples is a parameter that is more effective in flexural strength
than the compressive strength. Also, under compressive stresses,
voids and other defects tend to close.

samples that contain chromium steel chips reveal that the chips
were homogenously distributed in the structure of the mortars.
A high magnification image of the mortar that contained
chromium steel chips is given in Fig. 2 (c). It was seen that there
were no voids or porosity between the cementittious mix and
chromium steel chips. The interface seemed clean and it can be
inferred that the bonding between the cementitious mix and the
chromium steel chips is good.

(a)

(b)
Table. 2. Physical and mechanical properties of the specimens

Properties

Control

Chromium

7-day
28-day
7-day
28-day
SSD bulk
2.32
2.36
2.50
2.52
density (g/dm3)
OD bulk density
2.16
2.21
2.31
2.34
(g/dm3)
Apparent bulk
2.55
2.60
2.86
2.87
density (g/cm3)
Apparent
15.30
14.97
19.31
18.52
porosity (%)
Water
7.07
6.78
8.36
7.92
Absorption (%)
Capillarity
0.001961 0.000714 0.002547 0.001029
(cm/s1/2)
Flexural
6.91
8.78
6.14
7.77
strength (MPa)
Compressive
43.79
50.99
31.12
38.49
strength (MPa)

(c)
Figure. 2. Images showing the structures of (a) plain mortar, (b) mortar
containing chromium-steel chips and (c) mortar containing chromium-steel
chips (higher magnification image)

Images of the structures of the plain mortar and of the mortar
containing chromium steel chips are presented in Fig. 2 (a) and 2
(b,c), respectively. It can be seen that the plain mortar is composed
of cementitious mix and fine limestone aggregates. The sizes of
these aggregates were smaller than 3 millimeters, as seen in Fig. 2
(a).
The black shaving-like thin strips are chromium steel chips in
the structures given in Fig. 2 (b) and (c). It can be seen that the
lengths of the chromium steel chips were in 1-2 mm range and their
widths were smaller than 1 mm. Structural examination of the
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Compressive stress-strain plots of the plain mortars and mortars
containing chromium steel chips are presented in Fig. 3 (a) and (b),
respectively. In general, replacement of fine aggregate with
chromium steel chips resulted in a slight decrease in the
compressive strengths of the mortars. This can be attributed to the
lower strength of the chromium steel chips as compared to the
limestone aggregates. This finding is in agreement with the
literature, where ferrous alloy chips are added into different mortars
[2-4].
Strain at maximum stress was seen to increase with the
replacement of fine aggregate with chromium steel chips. This may
be a result of the higher ductility of the chromium steel chips.

In addition, the elastic modulus of the mortar which contained
chromium steel chips was seen to be lower. This is most probably
due to the lower elastic modulus of the chromium steel chips, as
compared to limestone aggregates. This results in lower rigidity but
higher elastic strain of the mortars.
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Figure. 3. Compressive stress – strain plots of (a) plain mortar and (b)
mortar containing chromium-steel shavings.

4. Conclusion
Cementitious mortar mixes were produced by replacing
limestone fine aggregate with chromium steel chips at 10 vol. %
ratio. Obtained mortars presented higher bulk density, apparent
porosity, water absorption and capillarity, toughness, and lower
flexural and compressive strength. Produced mortar will be further
characterized as a candidate material for electromagnetic or
radiation shielding purposes.
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focused in SE measurement technique for characterization of the
thin films especially grown by ALD.

1. Introduction
In our daily life we are surrounded by electronic devices which
have inside some or many microelectronic parts even though we do
not see them. The quality of their constituent components will
influence in the working performance of electronic devices in
general and especially in microelectronics [1, 2]. Among the key
components of modern microelectronic and photonic products are
various types of thin film materials, which play an important role in
their performance. Based on it, thin films have to meet the demands
for specific device requirements [3, 4]. A thin film in our context is
a layer of solid material ranging in thickness from fractions of a
nanometer (monolayer) to several micrometers.

2. Experimental Setup
A Sopra GES-5E variable angle spectroscopic ellipsometer
(VASE) was used to determine the thickness (d) and optical
properties (n, k) by using ‘Winelli II’ software as can be seen in
(Fig. 2) and simplified schema in (Fig. 3).

On the manufacturing yield of integrated circuits, small
variations in film uniformity can have a large influence. For verylarge-scale integrated (VLSI) circuits, at present, film uniformity
deviations, should not exceed 5%. Even more stringent the
uniformity requirements are expected to become in the near future,
decreasing to a deviation limit of 1 to 2% [4]. Uniformity of
thickness is an important requirement for thin solid films used in
electronic and optoelectronic devices (Fig. 1). The one method
which is particularly suitable for making uniform and conformal
film layers is atomic layer deposition (ALD) [5].

Fig. 2 The main physical parts of ellipsometer GES-5E instrument: 1.
light source, 2. polarizer, 3. analyzer, 4. detector, 5. sample stage, 6.
Goniometer.

Fig. 1 Main applications of thin films in daily products. a) a household
mirror, b) sunglasses, c) a very-large-scale integrated (VLSI) circuit [3].

In a device fabrication process sequence, thin films have to be
deposited even on a non-planar surface and the film deposited
should be uniform across all structural details of the substrate
topography. For example, in VLSI circuit structures, contact holes
with micron or submicron dimensions should be uniformly coated
with metal films not only inside the small contact cavities, but also
on their vertical walls [4]. This is referred to as step coverage or
conformality.
One of the advanced measurement techniques used in thin film
measurement is Spectroscopic Ellipsometry (SE). It has become
common technique for its advantages in fulfilling several important
measurement requirements in thin film industry. Ellipsometry
measures the change in polarization state of light as it reflects or
transmits from a thin film material structure [6]. This paper will be
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Fig. 3 The simplified schema with main instrumental components of a SE.

A light source (a xenon lamp in case of SE) produces
unpolarized light which passes through a linear polarizer. The
polarizer allows only a preferred electric field orientation of light to

pass through while the polarizer axis is oriented between the p- and
s- planes (noticed as wave 1 and 2 in Fig. 3), in such a way that both
arrive at the sample surface. The linearly polarized light becomes
elliptically polarized after reflection from the sample surface, and
travels through a continuously rotating polarizer (referred to as the
analyzer). The amount of light which will go through the analyzer
will depend on the exact elliptical polarization state of light coming
from the sample. Further, a detector converts it to electronic signal
to determine the polarization of reflected light. This information
will be compared to the known linearly polarized input light to
determine the polarization state changed by the sample’s material
reflection. Furthermore, layer thickness and optical constants (n, k)
were determined from the ellipsometric tan ψ and cos Δ parameters
by using equations (1) and (2).

tan ψ =

rp
rS

,

cos ∆ = δ rp − δ rs

(1)
(a)

(2)

Where, δrp and δrs are the phase changes and, rp and rs are
originally defined by the ratios of reflected electric field to incident
electric field for p and s components.
All the main parameters, d, n, and k parameters were obtained
for each layer by using a Levenberg–Marquardt non-linear
regression algorithm. Ellipsometric measurements were generally
made at incidence and reflectance angle of 75°. Layers of Ho2O3
and TiO2 were modeled as homogeneous mixtures of supposedly
dense materials and addition of void content for refractive index, n,
and absorption coefficient, k, adjustment.
The optical properties of thin films were examined in air at
ambient conditions. Optical constants quoted in this paper will
further refer to those measured at 633 nm wavelength. In addition,
using the same optical model, thicknesses were measured as a
matrix laid over an area of 25 cm2 with steps of 7 mm in X and Y
horizontal directions in order to profile the thickness along and
across the gas flow direction in the ALD reactor as can be seen in
(Fig. 4).

(b)

Fig. 4 The gas flow direction in the ALD reactor.

3. Experimental Results
The results for characterizations of the thin films by using SE
are shown in the (Fig. 5).

(c)
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Fig. 5 The spectrum fitting accompanied with results (a), (b) and thickness
of the films (c).

from single-layers. There is a slightly increase of refractive index
values in multilayer stack’s results for Ho2O3 and TiO2 comparing
to single-layer values of Ho2O3 (1.91) and TiO2 (2.38), especially in
the layers near to silicon substrate. The reason for such an increase
in refractive index values could be the densification of layers
especially near to silicon substrate, as a result of increasingly longer
time spent at temperature for layers deposited earlier in the process
[7]. This phenomenon of densification can be also the main reason
for such a reduction in thickness values. Small variations in

By relying on fitting spectrum obtained on (Fig. 5ab), it was
possible to estimate thickness (d) and refractive index values (n) for
each layer of laminate Ho2O3-TiO2.
The (Fig. 5c) shows results obtained from fitting in one of 49
measurement points on the laminate structure). It was supposed to
get higher values of thicknesses for each layer of TiO2 and Ho2O3
based on theoretical calculations (growth rate and number of cycles)
thickness may be caused as well due to errors in fitting
procedure during data analysis process.
Thickness distribution over an area of 25 cm2 was profiled as
mentioned in (Fig. 4). The film thickness is often higher at the
leading edge of the substrate, i,e, closer to the inlet of precursor
gases, plausibly due to some overlap of the fronts and tails of the
precursor pulses, and decreases towards the trailing edge of the
substrate.

4. Conclusions
In this paper it was shown that Spectroscopic ellipsometry (SE)
is a very suitable measurement technique for atomic layer deposited
thin films and probably thin films in general. Application of SE
technique has enabled accurate determination of film thicknesses
and refractive indices of thin films. SE is useful not only for singlelayer films but also for multilayer-films consisting of multiple thin
films alternately deposited. Accurate determination of film
thicknesses and refractive indices for single and multilayer thin
films, sensitivity to very thin films, uniformity determination etc.,
make SE a proper measurement tool for characterization of thin
films in general and ALD thin film especially.
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