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Surfaced layers formed by arc cladding of powder wires produced by the Siberian State Industrial University

and used for surfacing articles operating under abrasive wear are studied. The chemical composition, the

microstructure and the hardness of the deposited layers and of the nonmetallic inclusions formed in them are

analyzed. Titanium addition in the wires is shown to affect positively the wear resistance of the layers.
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nonmetallic inclusions, carbon-fluorine addition.

INTRODUCTION

Quarry and mining equipment undergoes abrasive and

impact wear in operation and is susceptible to early failure.

Since purchasing of novel parts and machines takes time and

money, reconditioning and repair of quarry and mining

mechanisms is an important task. The repair works require

development of novel surfacing materials, which prolong the

service life and raise considerably the wear resistance of

such mechanisms [1 – 3].

The main criterion for the development of novel surfac-

ing materials is the choice of the alloying system [4 – 6].

This requires allowance for such factors as the cost of the

surfacing material, the operating conditions of the articles,

the results of tests of various materials by the standard me-

thods and under actual operating conditions, etc. If the che-

mical composition for the powder wire has been selected

correctly and optimally, we can obtain a clad layer with high

tribological properties (the hardness and the abrasive and im-

pact-abrasive wear resistance).

Today, reconditioning with surfacing of powder wires

onto the worn surfaces of machines and mechanisms seems

to be the most promising variant [7, 8]. The power wires to

be surfaced on the quarry and mining equipment are manu-

factured using gas-cleaning dust of the aluminum produc-

tion. The chemical compositions for such wires have been

patented in the RF [9, 10].

The present work continues the studies devoted to deve-

lopment of novel compositions for powder wires to be used

for surfacing of articles operating under conditions of abra-

sive wear in the mining industry. Specifically, we have stu-

died the wear resistance and the hardness of layers clad from

powder wires containing electric filter dust of the aluminum

production, which bears carbon and fluorine, and a titanium

powder component.

The aim of the present work was to study the micro-

structure, to determine the composition of the nonmetallic in-

clusions, and to perform tribological tests of a layer clad by

the electric arc method with the use of powder wires of a

novel developed composition.

METHODS OF STUDY

We designed and prepared blend materials for novel

powder wires. The chosen blend materials were stirred, dried

in an oven for 4 h, and poured into the hopper for making

powder wires. The blends were composed of the following

materials: aluminum production gas-cleaning dust contain-

ing carbon and fluorine (to replace amorphous carbon) [11],

powders of titanium PTS (TU 14-22-57–92), iron PZhV-1
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(GOST 9849–86), nickel PNK 1L5 (GOST 9722–97), chro-

mium PKh-1S (TU 14-1-1474–75), manganese MP-0

(GOST 6008–82), and silicon KR-1 (GOST 2169–69). The

housing of the powder wire was a ribbon from steel St3. The

diameter of the obtained powder wire was 5 mm.

Five specimens of powder wire differing in the content

of titanium powder were clad onto a substrate from steel

09G2S. The specimens were flux-cord welded using the

equipment of the Research and Production Center “Welding

Processes and Technologies” at the following parameters:

current intensity 500 A, voltage 28 V, welding speed

15 cm�min. The flux of grade NFP had been developed ear-

lier (TU 20.59.56.120-001-14796818–2020) and produced

from the technological raw material of the West-Siberian

Electrometallurgy Plant [12].

The chemical composition of the clad layers was deter-

mined using the equipment of the common access center

“Materials Science” by the x-ray fluorescent technique

(XRF-1900 spectrometer) and by the atomic emission tech-

nique (DFS-71 spectrometer).

The structure of the clad layers was studied using an

OLYMPUS GX-51 metallographic microscope against light

background with magnification from � 100 to � 1000 and the

Siams Photolab 700 software. To assess the chemical compo-

sition of nonmetallic inclusions in the clad layers and the dis-

tribution of elements in the inclusions we used a Tescan

MIRA 3 scanning electron microscope. The level of the con-

tamination with nonmetallic inclusions was assessed accord-

ing to GOST 1778–70. The laps with the clad layer fabri-

cated for the analysis of the microstructure were subjected to

polishing and chemical etching in a 4% solution of nitric

acid. The grain size and the structural characteristics were

determined according to GOST 5639–82 at a magnification

� 100 and according to GOST 8233–56 and a magnification

� 1000 by comparison with the standard scales.

The hardness of the layers was measured by the Brinell

and Rockwell methods in accordance with the requirements

of GOST 9012–59 and GOST 9013–59. The tribological

tests were performed in a 2070 SMT-1 machine in the

disk-pin mode for 4 h at a load of 78.4 N and a frequency of

20 rpm.

RESULTS AND DISCUSSION

The chemical compositions of the clad layers of the

metal obtained with the use of the fabricated wire are pre-

sented in Table 1. The coefficient of withdrawal of titanium

is 6.2 – 8.6%. Analysis of the mechanical and tribological

characteristics (Table 2) shows that growth of the content of

alloying elements in the deposited layer changes its proper-

ties substantially. For example, the increase of the titanium

content in the clad layer from 0.005 to 0.075% results in a

linear increase of the hardness of the ready article from 35.61

to 53.11 HRC. The wear intensity of the specimens with clad

layer decreases by a factor of 3. Introduction of an addition

of gas-cleaning dust of aluminum production containing car-

bon and fluorine into the blend results in growth of the car-

bon content in the clad layer.

We chose specimens T1 and T5 with minimum and max-

imum contents of titanium powder for further study of their

surface by scanning electron microscopy. The best mechani-

cal and tribological properties were exhibited by speci-

men T5.

The study of the surface of laps T1 and T5 showed the

presence of inclusions of different morphologies. The size of

the inclusions did not exceed 18 �m. The microscopic x-ray

spectrum analysis gave us the elemental composition of an

individual inclusion. The results of such an analysis are pre-

sented in Figs. 1 – 4 and Table 3. It can be seen from Table 3

that the distribution of elements in clad specimens T1 and T5

is not uniform and the elements form different compounds.

We studied three nonmetallic inclusions with diameter

7.14 �m (spectrum 1 ), 14.28 �m (spectrum 2 ) and 9.52 �m
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TABLE 1. Chemical Compositions of Surfaced Layers

Specimen

Content of elements, wt.%

C Cu Mn P Ni Si Nb V Cr Mo Al Ti S

1T 0.18 0.05 1.10 0.013 0.05 0.38 0.001 0.006 2.40 0.06 0.028 0.005 0.094

2T 0.15 0.06 1.01 0.012 0.04 0.36 0.002 0.004 2.25 0.04 0.021 0.005 0.089

3T 0.35 0.06 0.96 0.015 0.04 0.29 0.002 0.004 2.65 0.05 0.020 0.017 0.101

4T 0.38 0.06 1.40 0.014 0.05 0.65 0.003 0.005 2.45 0.06 0.011 0.053 0.085

5T 0.41 0.79 1.50 2.230 0.05 0.06 0.075 0.002 0.015 0.04 0.017 0.075 0.077

TABLE 2. Hardness (HRC, HB ) and Wear Intensity (�m ) of Spe-

cimens of Surfaced Layers

Specimen HRC HB �m, g�rev

1T 35.61 348.32 7.8 � 10
– 5

2T 37.16 310.16 10.2 � 10
– 5

3T 42.46 391.40 2.6 � 10
– 5

4T 52.73 531.70 3.4 � 10
– 5

5T 53.11 555.94 2.7 � 10
– 5

Note. We present the averaged values of HRC and HB.



(spectrum 3 ) on the chosen area of specimen T1. Analysis of

the chemical composition of the inclusions shows that their

main components are oxides of aluminum, silicon, titanium

and manganese; magnesium, sodium and calcium are present

in inconsiderable amounts (Figs. 1 and 2, Table 3).

The chemical compositions of inclusions in specimen T5

are presented in Figs. 3 and 4 and in Table 3. It can be as-

sumed that these inclusions are mostly nitrides and sulfides

of iron, manganese, titanium and aluminum. The sizes of the

inclusions in this specimen vary from 0.11 to 3.76 �m.

The planes of the laps of the clad layers of specimens T1

and T5 also contain randomly distributed sulfide inclusions

of different morphologies, the size of which does not exceed

2.5 �m. Sulfide inclusions are mostly located in grain bound-

aries (Fig. 5).

The analysis of the microstructure of the clad metal after

electrolytic etching showed that specimens T1 and T5 had

identical dendritic (columnar) structures typical for a cast

metal and represented by martensite. Scanning electron mi-

croscopy allowed us to measure the sizes (the length) of the
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Fig. 1. Structure of specimen T1 (a) and distribution of chemical elements in nonmetallic

inclusions (b – f ).
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Fig. 2. Energy spectra obtained from regions 1 (a), 2 (b ) and 3 (c) in the structure of specimen T1 (see Fig. 1a ).
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martensite needles (Fig. 5, Table 4). In specimen T5 (0.075%

Ti), the average size of the needles was 13.05 �m.

We obtained regression models describing the effect of

the content of chemical elements entering the clad layer on

the wear and hardness of the clad layer. The equation for cal-

culating the wear rate (v
w
, 10 – 4 g�rev) is as follows:

v
w
= 0.000257 + 0.003031C + 0.006191Si –

0.00265Mn – 0.03179Ti. (1)

The hardness of the clad layer is describable by the

equation

HRC = 47.4078 + 1344.28C + 2358.56Si –

989.44Mn – 12327.4Ti. (2)

with an approximation error of 0.00011%.

CONCLUSIONS

We have studied inclusions in layers surfaced on steel

09G2S with the use of powder wires with different amounts

of added titanium powder and gas-cleaning dust of alumi-

num production, which contained carbon and fluorine to re-

place amorphous carbon. The chemical composition of such

inclusions was represented by aluminum, silicon, titanium
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TABLE 3. Chemical Composition of Nonmetallic Inclusions in

Specimens T1 and T5

Element

Inclusions in T1 Inclusions in T5

1 2 3 1 15

O 46.06 49.06 47.85 0.00 6.32

Na 0.00 0.00 0.31 – –

– – – 1.45 12.04

Mg 0.00 0.00 0.44 – –

Al 6.89 8.14 8.31 0.05 1.35

Si 16.00 16.23 16.53 0.53 0.53

S 1.26 1.30 1.04 12.56 0.72

P – – – 0.00 0.06

Ca 0.00 0.00 0.95 – –

Ti 2.22 1.66 1.53 0.00 52.52

Cr 1.54 1.34 1.22 2.26 1.78

V – – – 0.00 1.33

Mn 25.48 21.78 21.24 27.34 2.37

Fe 0.54 0.49 0.56 – 55.81

Total 100.00 100.00 100.00 – 100.00

*
See Fig. 1a.

TABLE 4. Length of Martensite Needles in Clad Layer of Speci-

men T5

Needle Size, �m Needle Size, �m

L1 9.452 L11 14.012

L2 13.360 L12 13.739

L3 11.758 L13 11.691

L4 15.327 L14 16.895

L5 9.014 L15 11.360

L6 22.039 L16 11.779

L7 9.312 L17 9.742

L8 21.940 L18 13.538

L9 19.388 L19 16.837

L10 11.265 L20 7.125

*
See Fig. 5b.
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Fig. 4. Energy spectra from typical inclusions in the structure of specimen T5.
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Fig. 5. Nonmetallic inclusions (a) and structure (b ) in a transverse section of the clad layer of specimen

T5 with imposed segments denoting the length of martensite needles (SEM).
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Fig. 6. Microstructure of specimens of clad

metal 1T (a), 2T (b ), 3T (c), 4T (d ) and 5T (e)

obtained with the use of powder wires of diffe-

rent compositions (� 500).



and manganese oxides. The clad layer also contained some

magnesium, sodium and calcium.

By the data of the tribological tests, elevation of the con-

tent of titanium in the powder wire blend, and hence of the

content of carbon in the clad layer, increases its hardness.

Introduction of an addition containing carbon and fluo-

rine into the powder wire blend also raises the carbon content

in the clad layer. However, this is accompanied by increase

in the content of nonmetallic inclusions, which may affect

unfavorably the physical and mechanical properties of the

layer.

The content of this addition should be optimized to im-

prove the quality of the clad layer. Another variant is to use

refining additions that should lower the contamination of the

layer with nonmetallic inclusions, which will be considered

in our further studies.

The work has been performed within a state assignment

(topic identifier 0809-2021-0013).
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