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ABSTRACT

During the recent decade the processes and technologies based on energy heat 
sources are increasingly used for manufacture of new machine parts or resto-
ration of worn ones. The surfaces with nanomodified overlaid layers exhibit in-
creased hardness, wear resistance, corrosion resistance, etc. Morover, satisfactory 
manufacture effectiveness is achieved because of the minimum allowances for 
mechanical processing. The processes of weld overlay also allow to control the 
chemical content and the phase content of the layers obtained.

This work suggests a new approach to the modification of surface layers with 
nanoparticles of carbide-, nitride-, oxide- and other powders. The addition of the 
particles is implemented within the low-temperature area of the weld pool, thus 
preventing their overheating. The structure and the microhardness of the surface 
layers modified with nanopowders of Аl2О3 and TiCN and overlaid using Tung-
sten inert gas (TIG) and Impulse TIG (ITIG) methods are examined. Obtained 
are experimental data for the characteristics of wear and the wear resistance of 
coatings in conditions of dry abrasive friction.

Kaywords: nanopowders, weld overlay, TIG weld overlay, ITIG weld overlay, 
wear resistance.
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AIMS AND BACKGROUND

The addition of small quantities of highly heat-resistant nanopowders to tradition-
al metallic alloys reveals new possibilities to improve their mechanical character-
istics and to extend their areas of application.

A lot of studies discuss the influence of titanium-containing nanoparticles 
on the characteristics of the metal after weld overlay. In most cases, titanium car-
bonitride1 or silicon carbide is used2. It is found that the increase of the quantity 
of titanium-containing inclusions changes the microstructure of the metal and 
improves its mechanical properties, e.g. hardness and wear resistance. Beneficial 
results are achieved when nanomodifiers are added during the process of casting3 
or weld overlay4–6. The increased hardness and considerable strength are probably 
due to the more fine-grain structure and the re-distribution of the inner stresses 
resulting from the nanopowders added. Usually, the powders used contain parti-
cles with dimensions of a few tens of nanometers7. The mechanical characteristics 
of the overlaid metal are maximally improved at medium concentration levels 
of nanoparticles8–12, which is explained with the more fine-grain microstructure 
obtained.

The processes of powder weld overlay allow adjustment of both chemical and 
phase content of the overlaid layer13. The method for alloying of surface layers14 
with carbide-, nitride-, oxide-, etc. powders size of nanosized particles can be also 
pointed as a new approach.

The composite14 materials obtained provide a new qualitative leap to increase 
the power of engines, energy- and transport plants, and to reduce of the mass 
of machinery and various devices15. The implemented TIG and ITIG methods 
for weld overlay are not highly-productive methods like the plasma powder weld 
overlay due to the lower power of the arc. However, these methods enable weld 
overlay on relatively small surfaces, such as blades, wear resistant plates, etc. 

Fig. 1. Nanopowders of Al2O3 
and TiCN with size 45–55 nm

Al2O3 TiCN
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where less heating is required to avoid deformation. The development of the new 
method for modification of the liquid phase without remelting and through direct 
injection of the nanodispersed particles into the low-temperature zone of the weld 
pool will help to expand the nomenclature of composite materials and to enhance 
the wear resistance of some machine parts and elements. This innovative tech-
nology has been implemented to modify the surface layers of low-carbon steel 
pieces with Al2O3 and TiCN nanoparticles (45–55) nm (Fig. 1), as samples for 
microstructure, microhardness, and wear resistance testing are elaborated.

EXPERIMENTAL

Technology for preparation of overlaid samples. The material used for experimen-
tal weld overlay is low carbon structural steel S235JR (BSS EN 10025–2:2004) 
with chemical content shown in Table 1. The plates for weld overlay are cut out 
and the uneven edges are trimmed using abrasive disc. The dimensions of the 
plates and the scheme of weld overlay are shown in Fig. 2. The samples for weld 
overlay shall be cleaned to shine of rust, oil and dirt using sandpaper. If necessary, 
the surface can be flat-grinded. After cleaning the plates are fixed to the table for 
welding and continuous arc length with preset length (La = 2 mm) is provided.

Developed is a new method for nanomodification of the liquid phase through 
direct injection of the modifier into the weld pool. The optimum modes for remelt-

ing of strips of the surface of the test plates using 
the methods TIG/ITIG are determined in advance. 
The nanomodifier is fed through a special device 
with injector developed at angle 28÷30°. The an-
gle is determined during the experiments to find 
the manner for optimum feeding of the nanopow-
ders. The powders are fed by the injector in the low 
temperature area of the weld poolafter the tungsten 
electrode, opposite to the direction of movement of 
the welding torch (Fig. 3).

The methods used for remelting of the surface 
layer are TIG and ITIG.

Technologic parameters of TIG and ITIG weld 
overlay:

Table 1. Chemical content of S235JR steel

С (%) Mn (%) Si (%) Cr (%)
0.1 – 0.15 1.6 – 1.8 0.4 – 0.8 0.2 – 0.4

Fig. 2. Sample for weld overlay
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• current I = 80 A (for TIG);
• impulse current Iimp = 120 А, background current Ib =  40 А, average current 

Iav = 80 А (for ITIG);
• duration of the impulse and the pause 50%, i.e. timp = tp = 50% (for ITIG);
• frequency of the impulse 4 Hz (for ITIG);
• arc voltage Ua = 10.5 ÷ 11.5 V;
• welding speed Vweld = 2.5 mm/s;
• flow rate of protective gas Qgas = 6 ÷ 7 l/min Ar;
• electrode tungsten-lahntal, diameter del = 2.4 mm;
• electrode setback Lstb = 6÷7 mm;
• nozzle No 7, diameter ∅11 mm;
• electrodeobliquity/drag angle 28 ÷ 30°.
The experimental surface modification 

of Al2O3 and TiCN with nanopowders at the 
above specified modes was carried out in ac-
cordance with two technological approaches 
for weld overlay: (1) conventional, through 
remelting of nanopowders pre-applied on the 
surface, and (2) new technology for direct in-
jection of nanodispersed particles in the low 
temperature zone of the weld pool.

After the weld overlay, test samples with 
dimensions 15×15 mm (Fig. 4) for abrasion and 
wear-resistance testing were cut out through 
water jet cutting.

Fig. 4. Test sample for abrasion and 
wear resistance
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Fig. 3. Position of the torch 
and the injector during the 
process of weld overlay. The 
nanomodifier is fed in the low 
temperature area of the weld 
pool
1 – grinded S235JR plate; 2 – 
injector for nanopowder; 3 – 
torch; 4 – tungsten electrode 
WL20
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Method and device for study of wear resistance. The method to study the char-
acteristics of abrasion is developed by the authors herein and is based on the 
measurement of mass loss of samples for a definite path of abrasion at permanent 
conditions, e.g. load, speed of sliding, intensity of wear and wear resistance16.

The experimental part of the method involves the following steps:
– Elaboration of samples with dimensions 15×15 mm.
– Measurement of the initial mass m0 using electron scale WPS 180/C/2 with 

accuracy of 0.1 mg. Prior to each measurement the scale is cleaned of mechanical 
and organic dirt and is dried with ethyl alcohol to prevent the electrostatic effect.

– The sample is attached to the holder of the loading head of the tribotester; 
then a certain normal load P is applied and a certain path L of friction is travelled. 

– The mass mi of the sample is measured after abrasion.
– The characteristics of mass wear are calculated:
Mass loss m (mg) is the mass destroyed during abrasion while the sample 

travels along the path of friction L, i.e.:

 0 .= − im m m  (1)

Mass wear rate γ (mg/min) is the mass destroyed per unit time during time 
for abrasion t:

 .
m

t
=g  (2)

Intensity of linear wear (µm/m) is the variation of the height of the sample, 
i.e. the linear wear h (µm) (Fig. 5) after travelling a certain path of friction L:

 
a

m h
i

A L L
= =

r
 (3)

where r is the density of the surface layer, Aa – the nominal (geometric) area of 
contact.

Linear wear resistance I (m/µm) is reciprocal of the linear mass wear i:
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.aA L

I
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r
= =  (4)

Fig. 5. Linear wear of the 
sample after travelling a 
certain path of friction
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Table 2. Parameters of the testing for wear resistance

Normal loading Р = 4.53 N
Nominal contact surface Aa = 225.10–6 m2

Nominal contact pressure ра = 2.01 N/cm2

Average speed of sliding V = 13.1 cm/s
Abrasive surface corundum Р 120

The wear resistance I is indicative for the path of friction which the sample 
shall travel in order to reduce the depth of its surface layer with 1 mm.

The comparison for wear resistance between different parts shall be per-
formed under the same test conditions. 

The abrasion wear in conditions of dry friction is examined using the tribo-
tester in Fig. 6 operating upon kinematic scheme ‘finger-disc’17,18.

The examined coated sample 1 (finger) is firmly attached in the groove of the 
holder 2 of the loading head 8 in a manner that the coated surface contacted with 
the abrasive surface of the horizontal disc 4. The disc is driven by electric motor 
6 and revolves around its vertical axis with angular velocity w = const. 

The normal load Р is applied in the centre of gravity of the area of contact 
between the sample and the abrasive surface and is weighed via lever system 
position within the loading head. The path of friction is defined by the number 
of revolutions of the cyclometer 7 and is calculated using the formula L = 2pRN, 
where R is the distance between the axis of revolution of the disc 4 and the axis 
of the sample 1, and N is the number of cycles of abrasion. The nominal contact 
pressure is calculated using the formula ра = P/Aa.

The abrasion surface 3 is impregnated corundum (Е) with hardness 9.0 on 
the Moos scale that meets the requirement for at least 60% higher hardness than 
that of the tested material.

The conditions of the experiment are presented in Table 2.

Fig. 6. Schematic view of tribo-
tester ‘Finger-disc’ for testing of 
wear with fixed sample and rotat-
ing abrasive disc 8
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RESULTS AND DISCUSSION

Study of wear resistance. Table 3 exhibits the results obtained for the characteris-
tics of abrasion and wear resistance of all examined samples for different paths of 
friction. The methods used for remelting of the surface layer are TIG and ITIG. The 
results for abrasion and wear resistance of remelted strips of sample 1 using the two 
methods are averaged due to overlapping data. In samples 7 and 8 the nanomodifi-
cation with TiCN is carried out through remelting of a pre-applied layer.

Table 3. Characteristics of abrasion and wear resistance of nanomodified samples and the refer-
ence sample

Number of cycles N 200 400 600 1000
Time t (min) 0.96 1.92 2.88 4.8
Sliding distance L (m) 46.4 92.8 139.2 232
Sample No 1: reference sample – averaged values from strips remelted using TIG and ITIG with-
out nanomodification
Mass loss m (mg) 46.8 85.7 109.8 138.2
Wear rate g (mg/min) 48.75 44.6 38.2 28.8
Wear intensity i (µm/m) 5.75 5.3 4.5 3.4
Wear resistance I (m/μm) 0.17 0.19 0.22 0.29
Sample No 3: TIG + TiCN nanopowder; direct injection in the weldpool
Mass loss m (mg) 29.7 56.1 79.5 102.7
Wear rate g (mg/min) 31 29.2 27.6 21.4
Intensity i (µm/m) 3.65 3.4 3.25 2.52
Wear resistance I (m/μm) 0.27 0.29 0.31 0.4
Sample No 4: ITIG + TiCN nanopowder; direct injection in the weldpool
Mass loss m (mg) 34.1 66.2 87.6 101.3
Wear rate g (mg/min) 35.5 34.5 30.4 21.1
Intensity i (µm/m) 4.19 4.06 3.6 2.6
Wear resistance I (m/μm) 0.24 0.25 0.28 0,38
Sample No 5: TIG+ Al2O3 nanopowder; direct injection in the weldpool
Mass loss m (mg) 50.3 78.8 97.2 117.1
Wear rate g (mg/min) 52.4 41.1 33.75 24.4
Intensity i (µm/m) 6.2 4.85 4.14 2.87
Wear resistance I (m/μm) 0.16 0.21 0.24 0.35
Sample No 6: ITIG + Al2O3 nanopowder; direct injection in the weldpool
Mass loss m (mg) 39.3 73.1 94.3 121.6
Wear rate g (mg/min) 41 38.1 32.4 25.3
Intensity i (µm/m) 4.8 4.5 4 3.1 
Wear resistance I (m/μm) 0.21 0.23 0.25 0.32
Sample No 7: TIG + TiCN nanopowder; remelting of pre-applied layer
Mass loss m (mg) 44.7 68 96 126.9
Wear rate g (mg/min) 46.6 35.4 33.3 26.4
Intensity i (µm/m) 4.5 4.15 3.9 3.1
Wear resistance I (m/μm) 0.18 0.24 0.3 0.3
Sample No 8: ITIG+ TiCN nanopowder; remelting of pre-applied layer
Mass loss m (mg) 37.2 66.4 98.7 124.3
Wear rate g (mg/min) 38.75 34.6 34.3 26
Intensity i (µm/m) 4.57 4.1 4 3.1
Wear resistance I (m/μm) 0.22 0.24 0.25 0.31
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The dependence of the rate of wear on the path of friction and the dependence 
of wear resistance on the number of cycles of friction for all examined specimens 
are presented graphically in Figs 7 and 8, respectively.

The variation of the rate of wear is linear and decreases with the increase 
of the road friction for almost all samples. A certain nonlinearity is observed in 
sample No 7 up to path of friction L = 92.8 m. 

The examination for wear resistance of the nanomodified samples is made at 
the same number of cycles of friction N = 1000.

It is obvious from the diagram of wear resistance in Fig. 9 that all samples ex-
amined have higher wear resistance in stationary mode than sample No 1 (without 
nanomodification). 

Sample No 3 obtained using TIG method with injection of TiCN in the 
low-temperature area of the weld pool has the highest wear resistance with value 
about 1.4 times higher than that of the reference sample.

The lowest wear resistance is observed in the coatings of sample No 7 and 
sample No 8 nanomodified with remelting of pre-applied TiCN powder upon TIG 
and ITIG methods, respectively.

Fig. 7. Dependence of wear rate on the 
path of friction
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Study of microstructure. The metallographic specimens are made out of the over-
laid samples following the methodology developed. The microstructure is ob-
served using metallographic microscope with magnification ×100.

In Figs 10 and 11 are shown microstructures of strips remelted upon TIG and 
ITIG methods, respectively. In Figs 12 and 13 are shown microstructures of strips 
remelted upon TIG and ITIG, respectively, with direct injection of TiCN nano-
powder. The microstructure observed is bainitic (Fig. 12), as the finest bainite is 
obtained using the TIG method with direct injection of TiCN.

Fig. 9. Wear resistance of 
the samples at cycles of 
friction N = 1000

Fig. 10. Microstructure of remelted strip, TIG, ×100

Fig. 11. Microstructure of remelted strip, ITIG, ×100
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Measurement of Vickers microhardness. The measurement of microhardness HV 
0.1 is made in selected areas of the overlaid metal and the base metal. The high-
est microhardness is achieved using TIG method with modification with TiCN 
introduced through injection into the low-temperature zone of the weld pool. The 
graph shown in Fig. 14 visualises the results for the variation of microhardness 

Fig. 12. Microstructure of remelted strip, TIG+TiCN with injection of nanoparticles, ×100

Fig. 13. Microstructure of remelted strip, ITIG+TiCN with injection of nanoparticles, ×100

Fig. 14. Variation of microhardness along the depth of the processed layer of test samples remelted 
using methods TIG (curve 1) and ITIG (curve 2) without modification, and samples with directly 
injected TiCN nanopowder using methods ITIG (curve 3) and TIG (curve 4)
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along the depth of the processed layer of the test specimens remelted using meth-
ods 1 (TIG), 2 (ITIG) without nanomodification and specimens modified through 
direct injection of TiCN nanopowder using methods 3 (ITIG) and 4 (TIG).

CONCLUSIONS

• Developed is innovative technology for introduction of nanosized particles 
through direct injection in the low-temperature zone of the weld pool behind the 
weld arc using TIG and ITIG methods.

• The surface layers of test samples are modified according to technological 
modes specified in advance with introduction of Al2O3 and TiCN nanopowders by 
two methods: (1) conventional technology consisting in remelting of pre-applied 
nanomaterial, and (2) the new technology developed.

• Comparative study is conducted for wear resistance according to the meth-
od of accelerated wear from abrasive surface.

• The lower values of microhardness and wear resistance established in case 
of nanomodification upon ITIG method compared to those obtained upon TIG 
method are explained with the typical powerful current pulses in the case of ITIG 
that probably throw a part of the nanomodifier out of the melting zone and in-
crease excessively the temperature in the zone of injection.

• The maximum wear resistance is achieved in specimen 3 (Table 3), whose 
surface is nanomodified with TiCN upon TIG method through direct injection of 
the nanomodifier in the low-temperature zone of the weld pool. The increase of 
wear resistance found is 27.5% compared to the reference specimen.

• The high value for wear resistance of specimen 3 (Table 3) can be explained 
with the fine-grain structure (Fig. 12) resulting from nanomodification and the 
properly selected technology of introduction of the nanomodifier. The same spec-
imen exhibits the highest values of microhardness measured in depth. 
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