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Nanotribilogy — tungsten inert gas weld

TUNGSTEN INERT GAS WELD OVERLAY USING NANO-SIZED TIN
POWDER

P. TASHEV®, R. LAZAROVA? M. KANDEVA?®,
R. PETROV®, V. MANOLOV®

“ [nstitute of Metal Science, Equipment and Technologies ‘Acad. A. Balevski’ with
Hydro- and Aerodynamics Centre, BulgarianAcademy of Science

67 Shipchenski Prohod Blv., 1574 Sofia, Bulgaria

b Technical University of Sofia, 8 Kl. Ohridski 8, 1000 Sofia, Bulgaria

¢ Department of Materials Science and Engineering, Ghent University,

903 Technologiepark, Ghent, Belgium

ABSTRACT

Automated tungsten inert gas (TIG) weld overlay was carried out on plates of
low carbon steel S235JR (EN 10025) using nano-sized TiN powder coated with
Cr (NM). Metallographic studies have been carried out on the microstructure of
samples taken from the modified welds, as well as on control samples without
nano-modifier. It was found that the use of nano-modifiers refines the average
ferrite grain diameter in the welded overlay from 31 um in unmodified samples

to 15 um in the samples with TiN nano-modifier. The comparison between the
microhardness of the zones of the unmodified and modified weld metals showed
up to 44% increased hardness in the modified samples. The ways of introducing
of the nano-modifiers in the weld were discussed and conclusions are made con-
cerning the effect of using nano-modifier on the structure and microhardness on
the overlaid weld samples.

Keywords: TIG, weld overlay, additional wire, nano-modifier, TiN, modification.

INTRODUCTION

A new direction in material science related to use of nano- and micro-size par-
ticles for modification of metals and alloys has been recently developed!'>. The
introduction of nano-sized particles in the molten metal results in formation of
self-organising dispersion system. The solid particles surrounded by clustered lay-

* For correspondence.
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ers serve as crystallisation nuclei in the micro-volumes of the suspension. Thus a
heterogeneous system is created in which concentration over cooling occurs in the
volume of the adsorbed layer that can substantially alter the process of structure
formation and the quality of the metal. In the process of crystallisation it is the
nano-particles that serve as nuclei for formation of solid phase. The nano-particles
however have such nucleation properties only in case they have been pre-coated
with an activated transitional layer. This layer ensures good wet ability of the
particle from the melt and creates favourable conditions for growth of the solid
phase on the particle surface even after small overcooling. The pre-coating to
form such transitional layer can be made by means of either mechanical or chem-
ical treatment in a planetary mill? or other methods for deposition of metal covers'®.
The experimental research evidences that both aluminum-and iron-based alloys have
refined grain structure, better mechanical properties (strength and hardness) and im-
proved wear resistance after modification with nano-particles*'>. However, there is
still lack of data about nano-modification of welded overlays. The goal of the
present work is to study the possibilities of implementation of nano-modification
during welding and the corresponding microstructural — properties changes in the
weld overlays after modification with nano- and micro- size particles.

EXPERIMENTAL METHODS

The present work aims to study the effect of using nano-sized TiN powder on the
microstructure and the properties of overlaid weld layer of low carbon steel. As is
known, nano-sized ceramic particles are not wetted well in contact with the liquid
melt. For this reason it is necessary to cover them with a suitable metal to improve
the wet ability. A mixture of nano-sized TiN powder with an average particle size
of 70 nm and Cr powder with an average particle size of 44 nm is used in this
work. A mechano-chemical activation of the mixture is performed using a plane-
tary mill. A similar approach is used in Ref. 17.

Welding of the overlay. Plates with dimensions 250%120x3 mm of steel S235JR
(EN 10025) with chemical content shown in 7able I were used in this work.

Table 1. Chemical content of steel S235JR

Chemical c Mn S P i N
element max max max max max
% 0.17 1.40 0.040 0.040 0.15-0.25 0.012

The surfaces of the samples were cleaned by grinding and degreased before
the welding of the overlay.
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The weld overlay is carried out using pulse power source Fronius Magic Wave
2500 for TIG welding. The weld overlays were made with a welding speed of 96
mm/min, welding current of 100 A and voltage of 14 V. Protection atmosphere of
inert gas Ar (BDS ENISO14175) designated as | 1was used with a consumption
rate of 111/min.

Welding wire for TIG welding designated as DT-SGMo (DIN 8576) with
nominal diameter 1.6 mm was used in all experiments. The innovative technology
for application of nano-sized powders on weld wire described in Ref. 1 is used.
The procedure for application of nano-powder consists of several steps that ensure
uniform distribution of the powder along the surface of the wire. The selected
weld wire is coated with layer containing nano-modifier (NM) TiN +Cr and binds
ing substance.

The test samples are weld overlaid in bottom position (PA) through tung-
sten inert gas (TIG) welding using as additional metal wire electrode which was
pre-coated with a modifier containing nano-sized particles (TiN +Cr).

The weld overlay is carried out on a device with automated working
movement of the welding torchand the additional metal was added manually
— Fig. 1.

Fig. 1. Weld overlay with automated movement of the welding torch
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The weld overlaid specimens are designated as follows:

eSample 0: one overlaid layer using additional wire without NM;

eSample 1: one overlaid layer using additional wire with NM;

eSample 2: two overlaid layers using additional wire without NM;

eSample 3: two overlaid layers using additional wire with NM.

The dimensions of the overlaid layers are 55%35 mm.

The process of weld overlay is recorded with an infra-red camera model
Therma CAM SC640, (640x480 pixels), with possibility for measurements of
temperature up to 2000 °C. The variation of the temperature field during welding
different seams is recorded.

Methodology and device for testing the abrasion wear resistance. The methodo-
logy for testing of wear was developed by the authors and is based on measuring
the mass wear of specimens for a certain road of friction at constantly set condi-
tions — load, sliding speed and type of abrasive after which the characteristics are
calculated: — speed wear, intensity of wear and abrasion wear resistance!s23.

The experimental part of the methodology comprises the steps of:

— Preparation of samples with dimensions: 15x15 mm,;

— Measuring the mass of the specimen m, using electronic scale WPS 180/C/2
with an accuracy of 0.1 mg. The specimen is cleaned from mechanical and organic
particles before each measurement and dry with ethyl alcohol to prevent electro-
static effects;

— Fixing the specimen to the holder of the testers loading head, setting a spe-
cific normal load P and realising of certain road of friction;

— Measuring the mass m, of the specimen after covering the given road of
friction;

— Calculating the following characteristics (parameters) of mass wear:

Mass wear m, mg — ruined mass of the surface layer of the specimen for a
certain road of friction L, i.e.

m=m,—m,. (1)
Wear-rate v, mg/min — destroyed mass during friction per unit time of friction #:

_n
Y=

2)

Linear wear intensity 7, pm/m is the change of specimen’s height for unit sliding
way:

)
2241
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0 X Fig. 2. Linear wear of the specimen
h after given sliding way

vZ(0)

where p is the density of the surface layer of the sample, 4 —nominal (geometric)
contact area.

Linear wear resistance /, m/um is expressed as reciprocal value of the wear
intensity:

L
I=.= Zz. (4)

And is a quantity showing the length of the sliding way L traveled by the spec-
imen under the given conditions of friction, so that the decrement of the height
h will be 1 um. Most of ten linear wear resistances are given by a dimensionless
value, i.e. [m/m] instead of [m/pm].

Comparing in respect to the indicator ‘wear’ is performed under the same test
conditions.

Abrasion during dry friction is examined with device according kinematics
scheme ‘pin-on-disk’ whose functional design is shown in Fig. 3.

Fig. 3. Functional sche-
me of tribotester ‘pin-on-
disk’ for testing of abra-
sive wear
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The examined coated sample / (finger) is firmly attached in the groove of
the holder 2 of the loading head § in a manner that the coated surface contacted
withthe abrasive surface of the horizontal disk 4. The disk is driven by electric
motor 6 and revolves around its vertical axis with angular velocity m=const.

The normal load P 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 with in the loading head. The road friction is defined by the number
of revolutions of the cyclometer 7 and is calculated using the formula L=2nRN,
where R is the distance between the axis of revolution of the disk 4 and the axisof
the sample /, and N is the number of cycles of abrasion. The nominal contact
pressure is calculated using the formula: p = P/4 .

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

The experimental conditions are given in Table 2.

Table 2. Parameters of the testing for wear resistance

Load | P=4.53N

Aparent contact area
A,=22510°m’

Aparent contact area p,= 0.2 MPa
Sliding speed V=13.1 cm/s
Abrasive surface corundum P 120

Microstructural characterisation. The specimens for metallographic and micro-
hardness analyses were cut off by water jet from the central zone of the weld over-
lay and prepared following the standard procedures — Fig. 4. The macrostructure
was revealed with 10% solution of ammonium per sulfate in water and for reveal-
ing the microstructure 4 vol. % solution of nitric acid in ethanol was used. The
microstructure is characterised by means of optical metallographic microscope
PolyvarMet equipped with digital camera.

Figure 4 shows double weld overlaid layer with additional wire with na-
no-modifier in binding substance (sample 3). The rectangular zones from where
the samples for microstructural analysis were cut are clearly visible.

Electron backscatter diffraction analysis (EBSD) was carried out on the cross
section of the specimens on a distance of ~100 pm from the top surface of the
weld. EBSD data were acquired on FEI Quanta 450 SEM with a field emission
gun, operating at 20 kV, working distance of 16 mm and a beam corresponding to
FEI spot size # 5. The samples for EBSD were mechanically ground and polished
to final polishing step of 1um and next polished by means of A2 Struers ® elec-
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Fig. 4. Sample 3 — dou-
Central zone of the weld ble weld overlaid speci-

men with additional wire
with nano-modifier

trolyte at room temperature (22°C), 40 V for 10 s. EDAX- TSL Data Collection
v.6 software was used for EBSD data acquisition with step sizes of 1.5 um and
0.5 um (depending on the magnification) in hexagonal scan grid. The EBSD data
were post-processed by means of TSL-OIM data Analysis v.6.2 software. Raw
data were cleaned up to remove the points with low indexation reliability (CI<0.1)
which in the worst cases did not exceed 5% of total number of points in the scan.

Micro hardness of the samples was measured using Vickers micro hardness
measuring device Duromat 4000 with 50 g load and duration of 10 s.

The measurements were made on a distance of 1 mm from the overlaid sur-
face — Figs 5 and 7. It is assumed that the thermal cycles at these zones of the sam-
ples are identical in all samples and hence the differences in the microstructure
and the hardness can be associated only to the influence of the nanomodifiers.The
results from the measurements are shown in Table 3.

P
W

Fig. 5. Macrostructure in the cross section of a
weld overlaid layer on plate, sample 3 (2 layers,
with nanomodifier). One division of the scale
bar is 1 mm
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Table 3. Wear parameters of the reference samples No 0 — 3

1. Cycle number 50 100 150 200

2. Sliding time (min) 0.24 0.48 0.72 0.96

3. Sliding way (m) 11.3 22.6 33.9 452
Sample No 0

4. Mass loss (mg) 6.2 12.5 154 17.5

5. Wear rate (mg/min) 25.8 26.04 21.4 18.23

6. Wear Intensity (m/m) 3.3x10°¢ 3.1x10° 2.57x10¢ 2.2x10¢

7. Wearresistance (m/m) 0.3x10°¢ 0.32x10¢ 0.39x10°¢ 0.45x10°
Sample No 1

4. Mass loss (mg) 34 53 6.1 8.4

5. Wear rate (mg/min) 14.2 11.04 8.47 8.75

6. Wear Intensity (m/m) 1.7x10¢ 1.3x10¢ 1.01x10° 1.05x10°¢

7. Wearresistance (m/m) 0.59%10°¢ 0.76x10° 0.99%x10°¢ 0.95x10°¢
Sample No 2

4. Mass loss (mg) 3.7 10.2 13.8 18.3

5. Wear rate (mg/min) 15.4 21.2 19.2 19.1

6. Wear intensity (m/m) 1.85x10¢ 2.52x10° 3.2x10° 2.39x10¢

7. Wearresistance (m/m) 0.54x10°¢ 0.4x10° 0.31x10°¢ 0.42x10°
Sample No 3

4. Mass loss (mg) 2.4 53 8 11.6

5. Wear rate (mg/min) 10 11 11.1 12

6. Wear intensity (m/m) 1.2x10¢ 1.3x10¢ 1.33x10¢ 1.45x10°

7. Wearresistance (m/m) 0.83x10° 0.75%10° 0.75%10°¢ 0.7x10°

RESULTS AND DISCUSSION

Temperature field. Figure 6 shows the temperature field in the area of weld over-
lay of the seam at point corresponding to time =16 softer the beginning of the
welding process, as well as the variation of the temperature as a function of time in
point Sp1 of the overlaid area. The chosen point is located within the heat affected
zone close to the line of fusion in the overlay weld. It is seen from the graph that
the temperature in this point reaches maximum of 1050°C. The average heating
rate of the surface of the overlaid weld in the linear part of the curve is 183 °C/s,
and the average cooling rate is 75 °C/s.Similar data are acquired for any point of
the overlaid weld for either single or double layer.
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Fig. 6. Temperature
filed in the area of
weld overlay ac-
quired with infrared
camera and tem-
perature—time  de-
pendence in selected
point Sp1 within the
area

It is seen from the image that due to the double layer weld overlay, the struc-
ture of the specimen is changed throughout the whole depth.

Microstructure characterisation. The microstructure of the base metal in all stud-
ied specimens is ferrite with equiaxed grains and lamellar pearlite. The micro
hardness is almost the same in all samples, i.e.155-159 kg/mm?. However sample
No 3 has slightly higher micro hardness indicating that the base metal probably
has been influenced by the multiple welding.

The results from microhardness measurements of the specimens are com-
pared graphically in Fig. 9.

A single layer welded sample without nano-modification (sample 0) has fer-
rite and pearlite microstructure of the overlay. The pearlite is uniformly distribut-
ed and after the weld overlay the grains have equal axed shape. The microstruc-
ture of the overlay does not differ significantly from the microstructure of base
metal. The slightly increased microhardness of the layer might be associated to the
residual stresses after welding.

The microstructure of the overlaid layer of sample 1 is also ferrite and pearl-
ite. The pearlite does not show clearly separated colonies and could be associat-
ed to sorbate — Fig. 7; Pearlitic strips (extended pearlitic colonies) are also ob-
served in this sample. The microhardness of the single overlaid layer with NM is
239 HV, .. which is with 44% higher than that the hardness of the sample without

0.05
nano-modification (sample 0).
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Fig. 7. Single-layer weld overlaid specimens with/without NM: (@) sample 0, base metal; (b) sample
0, weld overlay without NM; (¢) samplel, base metal; (d) sample 1, weld overlay with NM

Ferrite and needle-shaped pearlite organized in Widmannstitten type struc-
ture are the characteristic features of the microstructure of the welded overlay of
sample 2. The average length of pearlite colonies in this specimen is 14.5 um and
the average width is 2 pm. Microhardness on the overlaid zone is increased to 220
HV, . i.€. the increase in hardness is 39% in comparison with the base metal.
That increase in microhardness is due to both, changes in the morphology of the
microstructure and the residual stresses in this zone as a result of the weld overlay.

After the weld overlay of sample 3, the layer has homogenous microstructure
of fine grain pearlite of average size pearlite colony of 0.6 um, Fig.8 which means
that the refinement of pearlite is about 91% in comparison to the base metal. The
layer in specimen No 3 has microhardness 282 kg/mm?, which is with 71% higher
than that of the base metal and 28% higher than that of the overlaid metal in
sample 2 which is without nano-modification of the weld. Several microstructure
strengthening mechanisms could play a role for increasing the hardness in this
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Fig. 8. Double-layer weld overlaid welded specimens with/without NM: () sample 2, base metal; (b)
sample 2, weld overlay without NM; (¢) sample 3, base metal; (d) sample 3, weld overlay with NM

Specimen 3

Specimen 1

Specimen 0

0 50 100 150 200 250 300

B Microhardness (HV)

Fig. 9. Comparison of Vickers microhardness of specimens measured with loading 50 g and dura-
tion 10 s
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Fig. 10. Sample 3: a) without nano-modification and b) sample 3 with nano-modification, on which
the zones of the EBSD measurement are marked with white rectangles

zone: (i) grain refinement due to modification with nano-particles; (ii) generation
of internal stresses due to weld thermal cycle and (iii) possibly precipitation hard-
ening.

EBSD measurements were carried out on the surfaces shown in Figs 10 a, b
on a distance of 1 mm under the surface in order to correspond exactly to the zones
where the microhardness was measured.

The results of the EBSD analysis of samples without and with nano-modifi-
cation are shown in Figs 11 a and b correspondingly. The microstructure in the
modified layer Fig. 11 b consist of fine equal axed grains with an average grain
diameter of 15 um, whereas the microstructure of the sample taken from the sim-
ilar place from unmodified sample Fig. 11 a contains acicular ferrite and pearlite
with large elongated grains with an average calculated diameter of 31 um. The
distribution of the average grain size calculated on the base of 5° disorientation
between the neighbouring pixels and minimum 4 pixels per grain is shown in Fig.
12. All points with a confidence index lower than 0.1 are excluded from the data
quantification as dubious. These points appear in black in the colour coded maps
and were not counted in the grain size calculation. The EBSD data show that the
nano-modification changes not only the grain size but influences significantly the
grain morphology. Figures 11 ¢ and d display high resolution EBSD maps of the
zones from Figs 10 a and b. It is clear that the pro-eutectoid ferrite on the prior
austenite grain boundaries Fig. 11 ¢ is replaced by ferrite with acicular morpholo-
gy Fig. 11 d in the alloy with addition of nano-particles.

Key for orientation coding is shown in the right upper corner as an unit tri-
angle.
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Fig. 11. Combined Image quality and normal direction inverse pole figure maps from sample: (a)
without modification, (b) with modification. Detailed view of the zones from samples: (¢) without

modification, (d) after modification
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Study of wear resistance. Characteristics of abrasion and wear resistance of
nanomodified samples and the reference sample.

The results obtained for the characteristics of abrasion and wear resistance of
all examinedamples for different paths offriction are shown in Table 3.

The relative wear resistance of samples in comparison with the base sample
(No 0) one is shown in Table 4 and Fig. 13.

Table 4. Relative wear resistance

Relative wearresistance E,, = I, for N =200 cycles

E, E E E

1.0 2.0 3.0

1.0 2.1 0.93 1.56

The results show that as a consequence of single layer weld overlay with
nanomodifying the relative wear resistance increases with 210%. In two-layer
weld overlay with nanomodifying it increases with 156% compared to the base
sample single-layer weld overlaid without nanomodifying. Less effect of improv-
ing the wear resistance in two-layer welding with nanomodifying the liquid phase
is probably due to excess of concentration of nano modifiers in the overlaid layer
above a certain threshold level which is recommended to be established with
further researches on the impact of the concentration of nano modifiers on the

1.2

0.8 F = —imimimim oo

0.6 |

041 _ _

wear resistance x 10°

023 -- - .. ._._.]

sample number

Fig. 13. Diagrams of the linear wear resistance of the tested specimens
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abrasion resistance. For practical impact of the increasing durability of 210%. It
has a significant economic impact, taking into account the saving of energy and
materials in the use of single-layer instead of two-layer weld overlaying.

The impact of the increasing wear resistance with 210% a significant eco-
nomic impact for the practice taking into account the saving of energy and mate-
rials in the use of single-layer instead of two-layer welding.

CONCLUSIONS

1. TIG weld overlay with introduction of nano-size TiN powder embedd-
ed in coated electrode wire was applied on a low carbon steel grade to study the
effect of the nano-particles on the properties of weld overlaid layers.

2. The comparison between microstructures of single-layer overlaid weld
with and without nano-modifier revealed the presence of ferrite-pearlite struc-
tures in both cases. In the modified specimen however, the pearlite refines and its
morphology changes from lamellar with separate grains towards sorbite-like one.

3.Double-layer overlaid welds with or without nano-modifiers displayed
always microstructure of ferrite and pearlite. However in the unmodified samples
lamellar pearlite colonies with average dimensions of 14.5x2 pm were present
whereas nano-modification refined the average size of pearlitic colony to 0.6 um.
Expresed in persentage the pearlitic colonies after modifications are 91% smaller
than that of the unmodified specimen.

4. Nano-modification changed the ferrite morphology to acicular and decreas-
es the average grain diameter from 31 to 15um in the samples with double-layered
overlays.

5. The microhardness in nano-modified specimens is 44% higher for sin-
gle-layer weld and 28% for double-layer weld in comparison to unmodified sam-
ples with the same number of layers.

6. The relative wear resistance increases with 210% after single layer weld
overlay with nanomodifying.
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