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The article is focused on the effect of mixing the additional material with the substrate (base material) 
on the properties of the weld metal during arc welding with TIG technology. The research is aimed at 
the use of arc welding with TIG technology in the repair of foundry molds. These are repairs of permanent 
steel foundry molds. The parts of the mold in contact with the liquid metal are subjected to heat-
chemical-mechanical stress. This load causes mold wear, which causes a decrease in surface quality and 
a change in the dimensional accuracy of the casting. The main cause of wear on the functional surfaces 
of the mold cavity is tribological processes. From the study of professional works dealing with mold wear 
[5,11,22], it is clear that one of the main parameters for determining the intensity of wear is surface 
hardness. The theoretical part deals with wear and the factors that affect wear. The experimental part 
compares the properties of one, two, and three-layer TIG welds, specifically the chemical composition, 
hardness, and coefficient of friction determined by the "ball-on-flat" method.  
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Introduction 

In the era of constantly increasing energy and 
material costs in industrial production, the possibility 
of renovating machinery and recycling material is 
coming to the fore. Foundry is one such area of 
industry. The article deals with the renovation of 
permanent foundry molds for casting non-ferrous 
metals such as aluminum alloys, copper alloys, zinc 
alloys, magnesium alloys, etc.  

Steel foundry permanent molds are financially 
demanding components in the production of castings. 
The lifetime of the foundry mold is limited by the 
number of castings cast. The lifetime is mainly 
influenced by the combination of tribo-degradation 
processes and also the operating conditions during 
production. Tribodegradation processes include 
chemical processes during the interaction of the liquid 
metal with the functional surface of the mold, as well 
as abrasive, adhesive, and erosive wear of the mold. 
Although these are molds made of steels that resist 
damage even at high temperatures (the operating 
temperature of the mold when casting aluminum alloy 
is approx. 250 °C), wear is present [1, 2]. 

The most significant damage to the mold is in the 
locations of changes in dimensions, sharp shapes, or 
changes in the shape and cross-section of the casting. 
The location of the defect is in these places when the 
mold is repeatedly loaded by the casting process. 
Temperature changes cause residual stresses. Residual 
stresses exceeding the strength limit of the material 
cause cracks. Cracks usually spread to the inside of the 

mold. Cracks cause significant damage or destruction 
of the casting mold [2]. 

The most important damage parameters are 
tribological processes attacking the functional surfaces 
of the foundry mold, namely the mold cavity and the 
inlet system. The mutual action of at least two 
tribological elements during their relative movement 
(form-liquid metal) affects the wear of the contact 
surfaces. Form-liquid metal interactions are also 
important in the process of casting into metal molds. 
The wear process is not only present on the mold, but 
also the core for the production of cavities in the 
casting. The cores must be resistant to wear at high 
temperatures as well as the mold. Wear of the mold 
and cores mainly causes turbulence to the dispersed 
filling of the mold, high hydrodynamic pressures 
during pressure casting, and temperature stress. The 
wear of molds and cores is a combination of several 
simultaneously acting types of wear, such as erosion, 
abrasion, corrosion, and thermal fatigue of the mold 
material. Molds for casting are made of highly alloyed 
tool steels. Steels are complexly alloyed, especially with 
the elements Cr, V, Mo, or W [3, 5, 10]. 

Jhavar was devoted to the analysis of the wear of 
various types of molds and dies in his professional 
works. He defined different types of wear and 
influencing factors in casting in his works. Wear is 
mainly caused by abrasive, adhesive wear, erosion, and 
mechanical fatigue caused by temperature changes 
during casting and cooling. Predominant wear 
mechanisms may change during mold wear [2, 23]. 
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Factors affecting wear include working 
temperature, atmosphere, size and shape of the 
contact area, pressure and heat load of the mold, the 
material of the mold, surface treatment of the mold 
cavity, speed of filling the mold with liquid metal, the 
shape of the mold cavity and vibration. The wear of 
the casting mold can also be caused by insufficient 
cleaning of the mold between casting cycles, or 
insufficient separation protection of the surface of the 
mold before casting. During the casting process, solid 
particles can become abrasive particles [2].  

Mold wear can be reduced by applying thin 
separation layers to the mold cavity using PVD or 
CVD technologies. However, these coatings can be 
damaged during manufacturing and will also be 
subject to wear. According to Cander, the cost of 
making the mold represents up to 30% of the 
production cost of the casting. According to Chen, up 
to 80% of molds for automotive components are 
repaired. The topic of finding new possibilities for 
repairs and renovations is therefore highly relevant. 
TIG technology is one of the options for quickly and 
cheaply repairing a foundry mold [6]. 

The experimental part of the article is therefore 
focused on the possibility of using multi-layer TIG 
welding for mold repairs. UTP-A 696 additive material 
was used for welding. TIG UTP-A 696 wire is 

designed for welding with high resistance to wear 
corresponding to the properties of high-speed steels. 
Resistance to abrasion, pressure, impacts, and 
temperature up to 600 °C. The UTP-A 696 material 
was selected based on the results of experiments 
comparing several TIG welding additive materials. 

The evaluation of the weld properties was carried 
out based on a comparison of the wear resistance of 
the weld, hardness, and mixing of the material with the 
substrate (mold material) after welding. 

 Experimental samples 

The experimental part aimed to perform a 
comparison of the useful properties of the made hard-
facings (wear resistance and high hardness) in single-
layer, two-layer, and three-layer hard-facings. A 
sample (base material, substrate) made of low-carbon 
steel S355JR (standard EN 10025-2, Mat. No. 1.0045) 
with dimensions of 120×40×20 mm was used as a 
substrate for making comparative welds. Steel S355JR 
is a structural carbon steel with guaranteed weldability. 
The carbon equivalent according to the chemical 
composition from the inspection certificate is 
CEV=0.422%. The chemical composition of steel 
S355JR from the inspection certificate is in Tab. 1.

Tab. 4 Chemical composition S355JR from the inspection certificate 

Chemical composition from inspection certificate (wt %) 

C Mn Si Cu Nb 

0.170 1.490 0.013 0.020 0.020 

Al S P Fe CEV 

0.035 0.003 0.011 balance 0.42 % 

 
The hard-facings were made using the TIG 

welding technology (141 according to the standard 
ISO STN EN 4063). Additional material UTP-A 696 
(Mat. No. 1.3348) TIG wire with a diameter of ø1.6 
mm was chosen for the production of hard-facings. 
UTP-A 696 weld metal has a high resistance to wear, 

pressure, and shocks. The additive material creates a 
wear-resistant martensitic hard-facing structure. The 
hard-facing can be processed by grinding using 
sintered carbide tools. The chemical composition of 
hard-facing additive material UTP-A 696 is shown in 
Tab.1. [9, 10, 14].

Tab. 5 Chemical composition of hard-facing additive material UTP A 696 

C Si Mn Cr 

1.0 0.2 0.2 4.0 

Mo V W Fe 

8.5 2.0 1.8 balance 

 
The welding inventor Fronius MagicWave 2200 

was used for welding the welds. A tungsten electrode 
with a diameter of ø2.4 mm was used for welding. 
Argon with a purity of 99.996% was used as a 
protective atmosphere. Arc polarity (DC-) was set for 

welding. All welding beads were made with the 
welding current IZ=120 A. The average value of the 
welding voltage was UZ=12.7 V. The average current 
value was read from the display of the welding 
machine after welding. The interpass temperature was 
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200 °C. The value of the interpass temperature is 
recommended by the manufacturer of the additive 
material. 

Three experimental hard-facings were made to 
evaluate the mechanical properties and mixing of the 
material. The single-layer hardfacing was made of a 
total of 6 weld beads in one layer. The two-layer hard-
facing was made of 12 weld beads. The first layer was 
composed of 6 and the second of 6 weld beds. The 
three-layer coating was made of a total of 18 weld 
beads, 6 beads in each layer. The length of each weld 
bead was 100 mm. The welding scheme and the 
procedure for laying the weld beads are shown in Fig. 
1. [18]. 

 
Fig. 2  Scheme of TIG welding for a one-layer and three-layer 

hardfacing 
 
The raw surface of the welds after welding is 

shown in Fig. 2. 

 

Fig. 3 Hard-facing made with TIG technology: a.) one-layer 
b.) two-layer c.) three-layer 

 Experimental measurements 

Visual and penetrant testing was performed after 
welding and cooling the weld to check the quality and 
integrity of the hard-facings. There were no defects or 
cracks in the weld. The non-destructive evaluation of 
the weld was in quality B according to EN ISO 5817. 

Rockwell hard-facing hardness was measured on the 
grinding surface of the hard-facing for the roughness 
of Ra = 3.6 µm.  

The hardness of the material is one of the 
properties by which we can decide on the suitability of 
the steel for the given application. The hardness test 
was performed on the AQUASTYL RB-1E/AQ 
device. The hardness was measured in all hard-facing 
layers, even in the case of multi-layer hard-facings. 12 
measurement points were distributed evenly over the 
surface of the grinding sample. The surface for 
measurement was prepared by grinding. Hardness was 
measured according to the following procedure. When 
measuring the surface of the last hard-facing layer, the 
surface was only leveled by grinding. When measuring 
the hardness of the penultimate hard-facing layer, the 
surface was ground to the thickness of the last layer. 
The thicknesses of the grinding removed layer were 
measured from the macrostructure of each hard-
facing. Average hardness values are shown in Tab. 3. 
The hardness variance during measurement was ±1 
HRC. 

Tab. 6 Average hardness on the layer 

Experimental  
sample 

Layer 
Hardness 

HRC 

One-layer 1st 60 

Two-layer 
1st 61 

2 nd 63 

Three-layer 

1 st 63 

2 nd 63 

3 rd 64 

 
The analysis of the chemical composition of the 

surface layers was performed on metallographic 
cuttings. A desktop CCD spark optical emission 
spectrometer Q2 ION BRUKER was used to 
determine the chemical composition.  

The mixing of the hard-facing material with the 
base material was evaluated using the chemical analysis 
of the individual hard-facing. Chemical analysis was 
performed on the ground surfaces for each layer. The 
material removal thickness by grinding was the same 
as for the hardness measurement. The chemical 
composition of the layer was calculated by averaging 5 
measurements. In the case of a one-layer hard-facing, 
the coating was ground down to the level of the 
surface of the base coating. This measurement is in 
Tab. 2 named layer 0th. The results of the chemical 
composition for all experimental samples and all hard-
facing layers are shown in the Tab. 2. 
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Tab. 7 Chemical composition hard-facing layers 

Sample Layer C W V Mn Si Cr Mo Ni Cu Fe 

One- 
layer 

0th 0.38 - 0.89 0.83 0.29 1.83 3.07 0.06 0.11 92.2 

1st 0.42 - 1.09 0.86 0.26 2.05 3.57 0.05 0.11 91.4 

Two- 
layer 

1st 0.75 - 1.08 0.50 0.32 3.31 5.71 0.08 0.16 86.9 

2nd 0.78 - 1.07 0.45 0.34 3.45 6.30 0.06 0.15 87.9 

Three- 
layer 

1st 0.57 - 1.08 0.55 0.40 2.96 4.93 0.09 0.16 88.4 

2nd 0.8 - 1.08 0.40 0.30 3.50 6.50 0.07 0.15 85.4 

3rd 0.87 0.98 1.56 0.40 0.30 3.30 7.40 0.12 0.17 83.2 

 
The course of the content of chemical components 

in individual layers for three-layer hard-facing is 
shown in Fig. 3. 

 
Fig. 3 The content of steel chemical components in the 

individual layers of the three-layer hard-facing 
 
The process of material mixing can be seen from 

the course of the chemical composition in the 
individual layers (Fig. 3). The approximately identical 
chemical composition of the hard-facing with 
additional material was only achieved in the third layer 
of the hard-facing. However, it is necessary to take 
into account not only the mixing but also the burning 
of individual chemical elements during welding. 

A tribological test of the hard-facing properties 
was carried out next. The “ball on flat” method was 
used for the tribological test. The coefficient of 
friction can be determined by a tribological test for a 
tribological pair under specific conditions. The 
friction coefficient is defined as the ratio of the 
frictional force and the normal force acting 
perpendicular to the surface on which the body 
moves. It is a dimensionless quantity. The value of the 
coefficient of friction can range from 0 to 1. A friction 
coefficient value of 0 means that there is no friction 
between the tribological pair. If the friction coefficient 
is 1, friction is very high. In terms of measurement, the 
coefficient of friction depends on several factors such 

as the internal material structure, contact surface 
pressure, sliding speed, temperature and humidity, 
surface roughness, and material pair. The coefficient 
of dry friction of the mold and hard deposits was 
experimentally determined by the “ball-on-flat” 
method. The tribological pair during the test was 
composed of a hard-facing surface (UTP-A 696) and 
a hardened steel ball with a diameter of ∅3mm. The 
hardness of the hardened ball was 64 HRC. A 
hardened steel ball is pressed against the tested surface 
with a determined force and performs a linear 
movement along the segment. The line segment 
length of ball motion was 50 mm and the forces during 
the test were F=10 N. The movement of the pin with 
the ball on the hard-facing surface is linear and 
continuous. The “ball on flat” tribological test was 
made at a temperature of 20 °C under normal 
atmospheric conditions. The pin with ball speed was 
0.017 m.s-1, and the duration of the test was 5000 s. 
The time course of wear coefficient values for one-
layer, two-layer, and three-layer hard-facing under a 
load of 10N are shown in Fig. 3 [9, 13, 20, 22]. 

 

Fig. 4 Friction coefficient for one-layer, two-layer, and three-
layer hard-facing 
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The friction coefficient for a one-layer hard-facing 
sharply increased from 0 to 1000 s, reaching a value of 
0.670 at 1000 s. A coefficient of friction of 0.875 was 
reached in 5000 s at the end of the test. The friction 
coefficient of the two-layer hard-facing reached a 
value of 0.625 at the time of 1000 s. The coefficient 
increased more moderately than in the case of a single-
layer hard-facing in the time interval from 0 to 1000 s. 
The coefficient of friction at the end of the test at 5000 
s was 0.770. The friction coefficient of the three-layer 
hard-facing reached a value of 0.576 at the time of 
1000 s. The friction coefficient of the three-layer hard-
facing reached a value of 0.753 in 5000 s. The course 
of the friction coefficient for a three-layer hard-facing 
is very close to the course of the friction coefficient 
for a two-layer hardfacing. It is caused by only a small 
change in the chemical composition due to the mixing 
of the base material with the hard-facing material. 

From the point of view of wear, it can be said that 
the three-layer or two-layer hard-facing surface 
achieved better results compared to the single-layer 
hard-facing surface. 

The comparison of tribological properties was also 
carried out on the surfaces created by grinding the 
hard-facing to the required weld layer. A comparison 
of the tribological properties of a one-layer, two-layer, 
three-layer  hard-facing and the properties of the first 
and second layer in a three-layer hard-facing are 
shown in Fig. 4. 

 

Fig. 5 The friction coefficient for single-layer hardfacing 
surface and three-layer hard-facing ground to the first layer 

 
Significant differences in the friction coefficient 

can be seen in Fig. 4. The friction coefficient of the 
first and second layers of a three-layer hard-facing is 
significantly lower than that of a one-layer and two-
layer hard-facing. The lowest friction coefficient was 
achieved in the second layer of the three-layer coating. 
The friction coefficient of the three-layer hard-facing 
reached a value of 0.205 at the time of 5000 s. The 
lowest friction coefficient also means the best 
resistance to wear. The course of the friction 

coefficient in the second layer of the three-layer hard-
facing has a constant course and as a result, is 
approximately 60% lower than the surfaces of all hard-
facing despite the same hardness. The low friction 
coefficient was achieved due to the heat treatment 
(annealing) of the layer during TIG welding of the 
third layer of the three-layer hard-facing. 

The result can also be applied to real repair 
technology. A three-layer coating is best used for 
repair, while the third-layer of hard-facing will be an 
addition for chipping the surface. With this procedure, 
we achieve the highest wear resistance of the repaired 
part [4, 22-24]. 

 Conclusions 

The contribution aimed to determine the effect of 
mixing additive material in multi-layer hard-facings on 
the properties of the hard-facing, namely hardness and 
tribological properties. These multi-layer welds were 
made by welding technology with a non-melting 
tungsten electrode in an argon inert atmosphere 
(TIG).  The chemical analysis of the weld metal, 
mechanical properties, and resistance to wear using 
the "ball on flat" tribological test was carried out in the 
experimental part of the work. The result of the work 
is the assessment of the individual weld layer's 
properties of the weld. The structural steel S355 JR 
was used as the base material. UTP-A 696 was chosen 
as additional material.  The weld metal properties are 
equivalent to high-speed steel (HSS) for high 
performance. The hard-facings were made as one, 
two, or three-layers.  The following conclusions can 
be drawn from the results of experiments and 
analyses: 

• A chemical composition close to the additive 
material was only achieved with the third layer 
of the three-layer coating. 

• The third layer of the three-layer hard-facing 
reached the highest surface hardness with an 
average value of 64 HRC. The influence of 
the annealing temperature on the hardness of 
the deposit was confirmed here. The 
theoretical and practical assumptions were 
confirmed here, that the influence of the 
mixing of the base material and the weld 
metal is lost only in the third-layer hard-
facing. (Jankura, 2013) This value is the 
highest measured value that we measured on 
individual samples.  

• The second layer of the three-layer hard-
facing achieved the best tribological 
properties. The friction coefficient measured 
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by the tribological test with a load of 10 N was 
the lowest in the second layer of the three-
layer hard-facing, namely 0.205 at the end of 
the test at a time of 5000 s.  

• The results obtained with the help of the 
experiment confirmed that with each layer of 
the weld, the effect of mixing the additional 
material in multi-layer welds is reduced, which 
has a good effect on the mechanical 
properties of the weld. 
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