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Abstract: The paper presents the results of research that is focused on the renovation of molds for
high-pressure aluminum casting. An analysis of the worn molds was carried out after they were
removed from the operator. The extent and mechanism of the wear were determined. GTAW (Gas
tungsten arc welding) technology was chosen for the renovation of the shaped parts of the molds.
The renovation layers were realized with four types of additional materials Cronitex RC 44, UTP A
73 G 3, UTP A 673 and Dievar® TIG. The quality of the coatings was assessed by destructive as well
as non-destructive tests. The mixing of the build-up layers with the base material was determined on
the basis of structural analyses. The hardness of the cladding was determined by a metallographic
analysis of the cross crowns with the Vickers method. The resistance of the cladding was tested by a
complete immersion in a melt of AlSi8Cu3 aluminum alloy which was maintained at a temperature of
680 £ 20 °C in a laboratory resistance furnace for 120 and 300 min. The tribological properties of the
produced deposits were determined using the ball-on-disc dry method. Based on the experiments that
were carried out, it is possible to recommend the additive material UTP A 73 G 3 for the restoration
of the functional surfaces of molds for the injection of Al alloys as the patterns that were created by it
have shown the best results in terms of their resistance to Al melt, which is the dominant degradation
factor limiting the life of the molds.

Keywords: cladding; surfaces; repairing; tribology; immersion; GTAW (Gas tungsten arc welding)

1. Introduction

The issue of mold repair for aluminum die-casting is currently receiving a great deal of
attention. The main reason for this is especially the economic aspect of it. The prices of new
molds in complex shapes or dimensions range between tens and hundreds of thousands of
Euros [1]. The current development of the prices of medium and high-alloy steel grades on
the world markets are also a strong factor for the search for the possibility of restoring the
functionality of damaged parts of injection molds. The service life of the molds is limited
by the influence of a combination of tribodegradation factors, as well as by their operating
conditions. The dissolution of steel surfaces in aluminum is primarily involved in the
degradation of functional surface grades [2,3]. Despite the short-term contact period of
solidifying the Al alloy with the mold material not exceeding 5 s, the damage that occurs to
the surfaces by their dissolution in Al is the dominant degradation factor. The secondary
lifespan of them is affected by the abrasive wear of the inlet ducts and the adhesive wear
of the molds’ contact-splitting parts. Although these are the molds that are meant for
the cold injection molding of Al alloys, the operating mold temperature is approximately
250 °C. The damage to the functional mold surfaces is most evident in the changes of the
casting dimensions and tolerances or in changes in the casting surface morphology. The
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degradation of the molds occurs mainly in their shaped parts. The dissolution of steel in
the Al alloy leads to disturbance of the surface integrity of the surface defects formation
(surface pores), which are filled with a solidified Al alloy [4-6]. The Al alloy continues to
adhere to the defect that is filled with Al in this way, which acts as a wedge on the defect by
applying high filling pressures. The concentration of the internal stresses due to periodic
stress results in crack initiation and propagation into the mold’s body [7,8]. In extreme cases,
it can cause the destruction of the entire mold. For the restoration of the functional surfaces
of the injection molds, currently, several arc or energy beam cladding methods can be
used [9-12]. Depending on the extent of mold damage and the necessary amount of metal
that is needed to restore the functional surfaces, it can be beneficial to apply arc methods
such as GMAW (gas metal arc welding), MMAW (manual metal arc welding) and GTAW
(Gas tungsten arc welding) [13-18]. Within the framework of the energy-beam methods
it is convenient to apply laser cladding for the renewal of the functional surfaces [19-21].
The GMAW or MMAW methods are suitable for being applied for the restoration of the
areas in which it is necessary to restore extensive parts and add a greater thicknesses of
missing base mold material. These methods are suitable to be applied in case of the need
for a greater amount of fill caterpillars. For smaller local repairs or repairs where one or two
layers of cladding are needed, it is advisable to use the GTAW manual cladding method. By
using this method (compared to former arc methods), it is possible to significantly reduce
the amount of heat that is introduced into the area below the cladding, which is a frequent
source of the problems in the renovation process [22-29].

The presented paper deals with the research into the quality of renovation layers
formed by the GTAW technology while one is applying different types of additive materials.
Compared to the conventional type of Dievar® TIG additive, three types of additives with
different chemical compositions were used for cladding. Compared to the conventional
cladding wire, the cladding wires with an increased content of Mn, Si and Mo, also with
the addition of the carbide-forming element W as well as the stabilizing element Ti, were
chosen. The research was conducted in order to verify the possibility of extending the
service life of the injection mold functional surfaces, especially in the areas that are subjected
to the most intense wear. As it was presented in the wear analysis, the limiting factor of
the mold’s lifetime is the surface quality change of the functional surfaces due to their
dissolution in the Al alloy. To determine the dissolution resistance of the cladding layers,
a new methodology for testing the solubility of the cladding layers in Al was proposed.

2. Materials and Methods

The base material that was used in the experiment was chrome-molybdenum-silicon-
vanadium steel Dievar (1.2343), (Bohler-Uddeholm, Vienna, Austria) with a hardness of
45 HRC, which is used for high-pressure casting molds. It has good thermal conductivity,
high toughness and is hot-cracking-resistant. Its chemical composition is shown in Table 1.
The mechanical properties that were defined by the manufacturer are given in Table 2.

Table 1. Chemical composition of the base material Dievar (1.2343) [wt.%].

C Mn Si P S Cr Ni Mo A% Cu Fe

0362 0421 0.166 0.002  0.009 5.09 0.074 2.31 0.64 0.072 Bal.

Table 2. Mechanical properties of the base material Dievar (1.2343) by manufacturer.

Yield Strength Tensile Strength Elongation A5 Hardness
[MPa] [MPa] [%] HRC

1420 1680 12 45
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Information on mold wear and surface morphology of the molded parts was obtained
using a SEM EVO MA15 scanning electron microscope (Carl Zeiss Ltd., Birmingham,
UK) with integrated EDX and WDX analytical methods (Oxford Instruments, Abingdon,
UK). Renovation layers for functional surface restoration of the mold working parts for
manufacturing of castings by high-pressure casting technology were made by manual arc
cladding using the GTAW method. Four types of additive materials were used. Their
diameter was & 1.0 mm and the length was 1000 mm. The chemical compositions of
additive materials are defined in Table 3. Based on the chemical composition of the material
of molds for Al alloy injection, the C and Cr content values were the guideline for the
selection of the additive materials. The additive materials were selected based on the
base material chemical composition. Commercially, the Dievar® TIG additive was applied
for the restoration of functional surfaces. Due to the analysis of the tribodegradation
mechanisms limiting the lifetime of molds, additive materials with approximately the same
C and Cr content as Dievar® TIG wire were chosen for the experiment. The lower C content
(0.25%) of the UTP A 73 G 3 wire was replaced with a higher content of Mn (0.7%) and
carbide-forming Mo by up to 4% as well as Ti (0.6%). The higher Mo content gave the
assumption of there being a higher degree of hardness and coating resistance to the abrasive
wear of the mold’s moving parts. The Cronitex RC 44 additive had a higher proportion of
carbide-forming W (0.4%) as well as V (0.8%) when it was compared to the conventional
additive type, and it was chosen mainly because of the expected higher resistance to
tribological factors. The last evaluated additive material type was a cladding wire with
the designation UTP A 673. Its chemical composition differed from the conventional wire
mainly by the Si content (1%) as well as by the addition of carbide W (1.3%). As it is
known, Si has a significant influence on the intermetallic phase formation in the Al-Fe
binary system. By increasing the Si content, changes in the morphology and dimensions of
the individual phases were expected [30]. Therefore, there are only minimal differences
between the wires for these elements. Cladding with the method GTAW was performed on
the device Fronius TransTig 2200 Job (Fronius, Pettenbach, Austria). The test samples were
made to be of the three-layered cladding type. In cladding processes, the aim is to create
cladding layers with a chemical composition corresponding to the additive material that are
used and thermodynamic effects during its transfer. The mixing of the cladding metal with
underlying base material is mainly influenced by the cladding technology that is used and
the cladding parameters. The intensity of mixing in arc cladding methods depends, e.g.,
on the length of the electric arc, cladding speed, the flow rate of protective atmospheres,
etc. When creating more special or higher quality layers than those of the base material,
the aim is to create cladding layers by performing as little mixing with the base material as
possible so that the newly created layer exhibits the chemistry of the additional material
that was used. Eliminating the effect of mixing is possible by applying multiple layers of
cladding. The authors in [31-34] present that, depending on the cladding technology, the
most intense mixing concentration was in the first cladding layer. This can be up to 50%.
Contamination of the base material can occur up to the second layer depending on the
cladding conditions and the additive that is used. The third cladding layer is made up of
pure cladding metal only.

Table 3. Chemical composition of additive materials for GTAW cladding given by manufacturers [wt.%].

C Mn Si Cr W v Mo Ti Fe

Cronitex RC44  0.35 0.6 0.7 53 0.4 0.8 1.5 - Bal.
UTPA73G3 0.25 0.7 0.5 5.0 - - 4.0 0.6 Bal.
UTP A 673 0.35 0.4 1 5.0 1.3 0.3 1.5 - Bal.

Dievar® TIG 0.32 0.4 0.3 49 - 0.6 21 Bal.
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The cladding parameters are displayed in Table 4. A tungsten-cerium electrode,
designated as WC 202.4 with an electrode grinding angle of 30° was used. The application
of the additive material was performed manually. The protective gas that was used was
argon (Ar 4.6-EN ISO 14175), which was fed to the cladding point through a ceramic
nozzle with an internal diameter of @ 9.5 mm at a gas consumption rate of 12 L-min~!.
The mold renovation was carried out selectively and locally only on worn functional
areas, as documented in Figures 1 and 2, or the entire functional part of the void was
renovated, whereby the entire area was removed by chip machining and the missing mold
base material was supplemented with a multi-layered cladding. The cladding layers were
processed by grinding to the prescribed roughness of Ra 3.2 um.

Table 4. Cladding parameters using GTAW method.

Electric current [Iz] 95 A
Voltage [Uz] 18V
Burner nozzle diameter 9.5 mm
Protective atmosphere Ar4.6
Gas flow 12L
Cladding equipment 2-takt
Intercaterpillar temperature <150 °C
Applied polarity DC+

Figure 2. Detail of the cladding layers (CL). M—Maraging layer, D—Dievar layer.
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2.1. Non-Destructive Cladding Layer Testing

A visual inspection of the surfaces was carried out on all of the test samples after the
processing was performed to identify surface defects (voids, cracks, and hairline cracks) that
were protruding onto the surface of the functional layer in accordance using EN 13018. The
capillary test was carried out using the color indication method according to EN ISO 23277.
It was carried out to detect the presence of surface defects. The classification procedure
of cladding defects is covered by ISO 6520-1. The DIFFU-THERM kit was used, the
contrasting substance was Sudan red in kerosene due to the good wettability of the surface.
The surfaces were cleaned, stripped of excess indicator reagent, and CaCO3 developer in
acetone was applied. Internal defects were determined by the EN ISO 17 640 ultrasonic
method. To characterize the indications in the cladding, the reflection method was used
using a VEO+ 32:64 by Sonatest, Wolverton, UK (UT Phased Array) ultrasonic instrument,
the probes X1-PE-10M16E0.3P by Sonatest (Phased Array-10 MHz, 16 transducers) and
T1-PE-5.0M32EQ.8P by Sonatest (Phased Array-5 MHz, 32 transducers) were also used.

2.2. Destructive Cladding Layer Testing

Microscopic and macroscopic structural analysis of the cladding was carried out
in accordance with EN ISO 17639. A Jeol JSM 7000F (Tokyo, Japan) scanning electron
microscope was used for the structural analysis of the cladding layers. A SEM EVO
MA15 scanning electron microscope (Carl Zeiss, Jena, Germany) with integrated EDX
and WDX analytical units (Oxford Instruments, Abingdon, UK) was used for qualitative
EDX microanalysis of the elemental distribution at the interface of the cladding and after
exposure of the samples to AlSi8Cu3 melt (680 £ 20 °C). The hardness of the cladding
was determined by a metallographic analysis of the cross crowns with the Vickers method
according to EN ISO 6507-1; the Shimadzu HMV-2 microhardness tester (Shimadzu, Kyoto,
Japan) was used for this. The quality of the cladding was evaluated under high-temperature
corrosion conditions. The resistance of the cladding was tested by a complete immersion in
a melt of AlSi8Cu3 aluminum alloy that was maintained at a temperature of 680 £ 20 °C in
a laboratory resistance furnace for 120 and 300 min. The aluminum alloy melt was prepared
from a portion of AlSi8Cu3 grade alloy blocks (DIN 226 A), which were embedded in
ceramic crucibles and heated in a laboratory furnace to the melting temperature of the alloy.
This is the casting temperature of the AlSi8Cu3 alloy when were die casting using the cold
filling chamber machines. The samples were in an upright position during the tests. After
the test, the samples were removed from the melt and left to cool freely in the air. Based on
the analysis that was conducted of tribodegradation factors that were limiting the service
life of functional surfaces of Al alloy injection molds, the primary tribodegradation factor
is the mold surface dissolution in the Al alloy melt. As a consequence of this dissolution,
changes in the castings surface quality as well as their shape and dimensions occurred,
which is an unacceptable defect. In order to assess the resistance of surfaces to this type of
damage, a methodology has been established for testing this resistance to the dissolution of
steel in the Al alloy melt. This type of testing has not yet been used for cladding layers, and
this is one of the main research contributions. The influence of alloying additives that were
used in the additive material on the resulting resistance of the newly formed surfaces was
investigated. Since the mold is in direct contact with the molten alloy for about 2 s and then,
it is in direct contact for another 5 s with the solidified casting, which does not degrade its
surfaces, the immersion time of the sample in the melt was determined to be 120 min, which
corresponds to the mold contact with the liquid Al alloy after 3600 moldings took place.
The critical number of moldings is 1000 from the point of view of “so-called” mold run-in,
during which a significant concentration of internal stresses occurs, thereby requiring
an annealing heat treatment. Neglecting this processing leads to a significant shortening of
a mold’s lifetime. Since in the previous experiments that were carried out, no significant
dissolution of Fe in the Al alloy and intermetallic phases formation occurred after the mold
break-in time, the immersion time of 120 min was proposed experimentally. The 300 min
surface contact time with the Al melt corresponds to a occurrence of 9000 moldings for the
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type of mold that was evaluated by us. The immersion time’s influence on the thickness of
formed intermetallic phases was also investigated in the experiments.

2.3. Determination of Tribological Properties of Cladding Layers

The cladding layers were evaluated under adhesive wear and dry friction conditions.
This tribological test was carried out to determine the tribological properties of the cladding
for those parts of the mold that were not in contact with the melt. A Si3N4 ball with
a diameter of @ 6 mm was used. Specific wear rates (W) were calculated in terms of
volume loss (V) per distance (L) and applied load (Fp) values were calculated according
to ISO 20808. The measurements were performed using a BRUKER UMT 3 universal
tribometer at room temperature of 20 °C and humidity of 40% using the ball-on-disc dry
method with translational movement of the ball over the sample surface on a 5 mm path.
The speed of the movement of the ball was 0.1 m/s, the normal forces were 3,5 and 10 N,
the frequency of movement was 10 Hz on the 5 mm path, the time was 5000 s, and the
resulting path was 500 m.

3. Results and Discussion

For all of the cladding layers, the hardness values were greater than the recommended
final hardness values of the mold inserts, which occurred in the range of 400-500 HV. In
the microstructure, no defects and the non-integrity of the cladding layers were observed
by the light microscopy technique. It was necessary to temper all of the cladding layers to
a hardness value that was between 400-500 HV. The zones with the release agent on the
surface of the shaped parts, the contact between the moving core and the shaped part and
the cracks on the surface in the area of the ejectors were inspected (Figure 3).

Figure 3. Documentation of mold wear. (a) Crack around ejector and core void. (b) Separation
medium on shaped part surface. (c) Moving core and mold shaped part contact.

On the perpendicular cut through the surface that was in contact with the melt and
was treated with the separating agent, there was an uneven layer of reaction products of
the mold material, the aluminum alloy and the separating agent. The chemical contrast
(COMPO) (Figure 4a,b) method was used to detect the presence of the layer. There was
a locally intense plastic deformation in the area of the contact between the moving core
and the mold part with disruption of the integrity of the mold’s body material (Figure 4c).
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Figure 4. Shaped part’s surface after cyclic treatment with separation medium and areas of moving

core and mold-shaped part contact (a—c).

The non-destructive testing of the cladding confirmed their high quality. No surface
or internal imperfections were observed. Figure 5 displays the structures of the cladding on
the cross crowns. All of the documented structures were observed after the annealing heat
treatment. In all of the crowns, the pattern of multilayered cladding and the deposition of
individual caterpillars were clearly visible. The most distinctive drawing was exhibited
by the overlying cladding layers. In the underlying layers, the texture was finer grained,
which is due to the cross-annealing from the overlapping caterpillars. The metallographic
analysis of the cross crowns did not reveal the presence of internal defects. For all of
the cladding samples, the structures after the heat treatment were composed of sorbite,
which is consistent with the results of the evaluation of the chemical composition of the
cladding layers and also with the results of the hardness evaluation of the cross crowns.
The heat input that was used and the cladding parameters as well as the cladding speed (v)
were appropriately chosen as it is evident by the pattern of the cladding (width-to-depth
ratio). The epitaxial growth of the columnar grains as well as the dihedral angle allowing
the leaching of the impurities and the escape of gases from the weld bath are legible in
the cladding layers. These metallurgical characteristics have a significant effect on the
integrity of the cladding and its properties. In the solidification of the cladding metal, the
grain growth can be planar, cellular or dendritic. In our case, dendritic grain growth was
observed in, e.g., the claddings UTP A 673 and UTP A 73 G3, but mostly, cellular growth
was observed. The area below cladding of the heat-affected zone (HAZ) base material (BM)
Dievar was relatively narrow. The structure at the interface between the base layer and
the blending with the base material was fine-grained sorbitic. Despite the carbide-forming
addition agent (Cr, V, W and Mo), the presence of massive carbide precipitates was not
observed in the cladding metal. The progression of the hardness of the cladding metal
is displayed in Figure 6. The highest hardness value was achieved by the Cronitex RC
44 cladding, namely the 511 HV1 one. The other hardness values of the rest of the claddings
were approximately the same.

CL—Cover Layer IL —Inter layer detailed CL

Cronitex RC44

Figure 5. Cont.
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UTPA73G3

UTP A 673

Uddeholm Dievar® TIG-Weld

Figure 5. The microstructures of covering and inter layer of claddings.
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Figure 6. Progression of cladding layer hardness: (a) Cronitex RC 44, (b) UTP 73 G 3, (c) UTP A 673
and (d) Dievar® TIG-Weld; L1-L3 cladding layer.
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The cladding cross crowns, after their exposure in the aluminum melt, are shown in
Figure 7. It is possible to observe that due to the high temperatures and their contact with
the melt, dilatation occurred especially in the case of the Dievar and UTP A 73 G cladding.
It is possible to observe the formation of intermetallic phases in the strips. The Cronitex
RC 44 type of cladding was not evaluated at this stage of experiment as the cladding layer
separated from the base metal due to the occurrence of high-temperature corrosion.

Uddeholm Dievar® TIG-Weld/120 min. Uddeholm Dievar® TIG-Weld/300 min.

UTP A 73 G 3/120 min. UTP A 73 G 3/300 min.

UTP A 673/120 min. UTP A 673/300 min.

Figure 7. Cladding cross crowns after their exposure in aluminum melt—120 min and 300 min.

The following figures display the spectral analyses of the transition regions between
the individual cladding layers and the base material after their exposure in the Al melt.
Subsequently, the EDX line analyses were performed.

Figures 8-25 display the spectral, line and EDX element analyses of the individual
cladding layers after their exposure in the aluminum alloy melt for between 120 and
300 min. Based on these analyses, it can be concluded that during the immersion of the
cladding in the melt, the dissolution of the elements Fe, Al, Cr and Si in the cladding
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occurred. The intensity of the Fe dissolution increased with the increase in the immersion
time. Due to dilatational changes, the separation of the cladding layers occurred in some
parts of the Uddeholm Dievar® TIG-Weld and UTP A 73 G 3 claddings. The resistance of
the Cronitex RC 44 cladding was not evaluated in the immersion test as the cladding layer
separated after its immersion in the aluminum melt. Figure 8 shows the microstructure
of the UTP A 673 cladding layer interface after 120 min of exposure in the Al alloy melt,
with selected areas having been marked for a qualitative EDX elemental analysis. The
interaction of the Al alloy melt with the UTP A 673 cladding layer surface resulted in
the formation of Al-Fe-Si-based intermetallic phases (Figure 8). The EDX linear analysis
of the intermetallic phases that were formed on the cladding surface detected the zones
with relatively constant concentrations of iron, aluminum and chromium (Figure 9). The
thickness of these zones was used as a criterion to evaluate the cladding layer dissolution
in the aluminum alloy melt.

Spectrum 22

Spectrum 19
Wt[%] o Spectrum 21
Fe 911 Wt [%] o
Cr 54 559 02
Mo 18 304 02
Si 08 2 114 01
Mn 05 Spectrum 21 15 01
vV 04 Mo 06 0.1
Mn 03 01
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Wt [%] Spectrum 22
Al 510 0. Wt[%] o
Fe 425 02 Al 73.0 02
Si 34 01 Si 255 02
Cr 25 01 Fe 07 01
Mo 07 01 Spectrum 19 O 06 01
Ni 02 01

100 pm

Figure 8. Spectral analysis of UTP A 673 cladding layer after exposure in aluminum melt at 120 min.
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Figure 9. EDX line analysis of the transition region between the UTP A 673 cladding layer and the
base material after exposure in aluminum melt at 120 min.
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UTP A 673 UTP A 673

250 pm 250 um

Cr Kal Mo Lal Mn Kal

UTP-A 673 UTP A 673 UTP A 673
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Figure 10. Qualitative EDX area elemental analysis for UTP A 673 cladding after immersion at 120 min.
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Figure 11. Spectral analysis of the UTP A 673 cladding after exposure in aluminum melt at 300 min.

Al Kal 2.400- e Kal
1.800-
1.200-
600 -
“"\ r T T T T T T Ty T 0 R T T T T T o et ) T T I ) " T T I r S T T 0 T
0 20 40 60 80100120 140 160 180 200 220 240 260 280 300 320 340 360 380 um 0 20 40 60 80100120 140 160 180 200 220 240 260 280 300 320 340 360 380 um
400 -
: 1001
: Cr Kal Mn Kal
300 -
i 80-
200 - 604
100 - 40-
;- 20-
0 20 40 60 80100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 um 0 20 40 60 80100120140 160 180 200 220 240 260 280 300 320 340 360 380 um

Figure 12. EDX line analysis of the transition region between the UTP A 673 cladding and the base
material after exposure in aluminum melt at 300 min.
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Figure 13. Qualitative EDX area elemental analysis for UTP A 673 cladding after immersion at 300 min.
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Figure 14. Spectral analysis of the UTP A 73 G 3 cladding after exposure in aluminum melt at 120 min.
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Figure 15. EDX line analysis of the transition region between the UTP A 73 G 3 cladding and the base
material after exposure to aluminum melt at 120 min.
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Figure 16. Qualitative EDX area elemental analysis for UTP A 73 G 3 cladding after immersion at 120 min.
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Figure 17. Spectral analysis of UTP A 73 G 3 cladding after exposure in aluminum melt at 300 min.
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Figure 18. EDX color surface element analyses for UTP A 73 G 3 after immersion at 300 min.
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Figure 19. Qualitative EDX area elemental analysis for UTP A 73 G 3 cladding and the base material
after exposure in aluminum melt, 300 min.
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Figure 20. Spectral analysis of Uddeholm Dievar® TIG-Weld cladding after exposure in aluminum
melt at 120 min.
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Figure 21. EDX line analysis of the transition region between the Uddeholm Dievar® TIG-Weld
cladding and the base material after exposure in aluminum melt at 120 min.
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Figure 22. Qualitative EDX area elemental analysis for Uddeholm Dievar® TIG-Weld cladding after
immersion at 120 min.
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Figure 23. Spectral analysis of Uddeholm Dievar® TIG-Weld cladding after exposure in aluminum
melt at 300 min.
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Figure 24. EDX line analysis of the transition region between Uddeholm Dievar® TIG-Weld cladding
and the base material after exposure in aluminum melt at 300 min.
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Figure 25. Qualitative EDX area elemental analysis for Uddeholm Dievar® TIG-Weld cladding after
immersion at 300 min.

Based on the EDX line analysis and the qualitative EDX area elemental analysis in
Figures 9 and 10, respectively, it can be concluded that the thickness of the intermetallic
phases with relatively constant concentrations of iron, aluminum and chromium on the test
sample’s surface after 120 min exposure was 85 um.

Figure 11 shows the microstructure of the UTP A 673 cladding layer interface after
300 min exposure in the aluminum alloy melt, with selected areas having been marked
for the qualitative EDX elemental analysis. On the UTP A 673 cladding surface (Figure 11,
Spectrum 23), an Al-Si-based inter-metallic phase was observed (Figure 11, Spectrum 24).
Due to the EDX linear analysis of the inter-metallic phases that were present on the cladding
surface, the zones with relatively constant concentrations of iron, aluminum and chromium
were detected (Figure 12).

Based on the EDX line analysis and the qualitative EDX area elemental analysis in
Figures 12 and 13, respectively, it can be concluded that the thickness of the intermetallic
phases with relatively constant concentrations of iron, aluminum and chromium on the test
sample’s surface after 300 min exposure in the aluminum alloy melt was 150 pm.

Figure 14 shows the microstructure of the UTP A 73 G 3 cladding layer interface
after 120 min of exposure in the aluminum alloy melt, with selected areas having been
marked for the qualitative EDX elemental analysis. On the cladding surface (Figure 14,
Spectrum 15), the Al-Si-based inter-metallic phases were observed (Figure 14, Spectrum 15).
Due to the qualitative EDX micro-analysis, the area with relatively constant concentrations
of iron and aluminum was detected (Figure 15).

Based on the EDX line analysis and qualitative EDX area elemental analysis in
Figures 15 and 16, respectively, it can be concluded that the thickness of the intermetallic
phase on the test sample’s surface with UTP A 73 G 3 cladding after 120 min of exposure
with relatively constant iron and aluminum concentrations was 10 pm.

Figure 17 shows the microstructure of the UTP A 73 G 3 cladding layer interface after
300 min exposure in the aluminum alloy melt, with selected areas having been marked for
the qualitative EDX elemental analysis. On the UPT A 73 G 3 cladding surface (Figure 17,
Spectrum 11) after 300 min of exposure in the aluminum alloy melt, the inter-metallic
phases with different iron concentration were observed (Figure 17, Spectrum 12, 13, 14).

The qualitative EDX microanalysis identified a region of relatively constant iron and
aluminum concentrations (Figure 18).

Based on the EDX line analysis and the qualitative EDX area elemental analysis in
Figures 18 and 19, respectively, it can be concluded that the thickness of the intermetallic
phase on the test sample’s surface with UTP A 73 G 3 cladding after 300 min of exposure
with relatively constant iron and aluminum concentrations was 37 um.
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Figure 20 shows the microstructure of the Dievar® TIG cladding layer interface after
120 min exposure in the aluminum alloy melt, with selected areas having been marked for
the qualitative EDX elemental analysis. On the cladding surface (Figure 20, Spectrum 1)
after 120 min of immersion in the aluminum alloy melt, a multi-layer strip of intermetallic
phases that were based on Al-Fe (Figure 20, Spectrum 2, 3) was observed.

By the EDX linear analysis of intermetallic phases that were formed on the cladding
surface, the zones of relatively constant iron and aluminum concentrations were detected
(Figure 21).

Based on the EDX line analysis and the qualitative EDX area elemental analysis in
Figures 21 and 22, respectively, it can be concluded that the thickness of the intermetallic
phase on the test sample’s surface with Dievar® TIG cladding after 120 min of exposure
with relatively constant iron and aluminum concentrations was 125 um.

Figure 23 shows the microstructure of the Dievar® TIG cladding layer interface after
300 min exposure in the aluminum alloy melt, with selected areas having been marked for
the qualitative EDX elemental analysis. On the cladding surface (Figure 23, Spectrum 5)
after 300 min of exposure in the aluminum alloy melt, a multi-layer strip of intermetallic
phases that were based on Al-Fe (Figure 23, Spectrum 6, 7, 8, 9) was observed.

Based on the EDX line analysis and the qualitative EDX area elemental analysis in
Figures 24 and 25, respectively, it can be concluded that the thickness of the intermetallic
phase on the test sample’s surface with Dievar® TIG cladding after 300 min of exposure
with relatively constant iron and aluminum concentrations was 170 um.

The results of conducted Fe solubility tests in molten Al alloy are in agreement with the
authors’ study results [35-40]. The phase sizes are presented in the graph in Figure 26. The
phases that were formed on the Dievar® TIG cladding after the 300 min exposure showed
the largest thickness. The lowest thickness was achieved by the cladding with the additive
material UTP A 73 G 3. The relative dissolution of the UTP 73 G 3 and UTP 673 cladding
layers in the Al-Si melt was determined and it was normalized to the corrosion dissolution
of the Dievar cladding (Figure 27).
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D
o
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Figure 26. The intermetallic phase thickness with relatively constant iron and aluminum concentra-
tions [um].
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Figure 27. Relative dissolution of UTP 73 G3 and UTP 673 cladding layers in the Al-Si melt was
determined, and then, this was normalized to the corrosion dissolution of the Dievar cladding Dievar.
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The solubility of the UTP A 73 G 3 cladding metal in the Al alloy was the lowest due to
the highest Min concentration. Fe is highly soluble in molten Al, and it has a high tendency
to react with other elements to form intermetallic compounds of various types [30]. The Mn
presence in the cladding metal and its subsequent dissolution in the Al alloys suppresses
the development of the long needle-like Fe-rich phases and promotes the formation of
compact Fe phases [32]. The mechanical properties of the AlSi alloys are significantly
influenced by the size, morphology and distribution of the Si particles as well as the Al
grain size [41,42]. The critical Fe level depends on the Si concentration in the alloy.

The cladding selection was based on their durability in the aluminum alloy melt, and
at the same time, their suitability for the renovation of the moving parts of the molds,
which are not in contact with the aluminum alloy melt. The wear rate of Cronitex RC 44,
UTP A 73 G 3, UTP A 73 G 3 and UTP A 673 cladding layers at normal loads of 5 and 10 N
which were experimentally measured by the conduction of tribotests was lower than the
wear rate of the Dievar® TIG cladding. The results of the ball-on-disc test are presented
in Figures 28-30. The wear volume of the sample and the specific wear rate in mm?/N
were determined. The application potential of the cladding is on moving parts of the molds
and cores where the adhesive wear is to be expected. Under the given loading conditions,
the evaluated cladding achieved similar values to that of the coefficient of friction. The
lowest wear rate was achieved by the cladding that was made with the additive material
CRONITEX RC 44, but this cladding failed the immersion test. Therefore, the UTP A 73 G 3
cladding may be recommended for future practice.

0.5
0.4 I
0
(=l M Dievar® TIG
< E 03
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B k
5 £ 02 UTPA73G3
2 UTPA673

) .
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Figure 28. Results of wear rate of claddings under 3 N load.
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Figure 29. Results of wear rate of claddings under 5 N load.
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Figure 30. Results of wear rate of claddings under 10 N load.

4. Results

On the basis of the analyses that were carried out, the following conclusions can

be reached:

The metallographic analysis that was carried out by light microscopy on the cross
crowns displayed the presence of a loose martensitic structure, i.e., a sorbitic structure,
in the filler and also in the covering cladding layers for all of the types of additive ma-
terials. The as-prepared cladding layers have a characteristic columnar arrangement
of the dendrites, with a well-defined dihedral angle, especially in the covering layers.
In the fill and base layers, the legibility was slightly impaired because of intercalation
of the superimposed caterpillars. The base material, which was made of annealed steel
Dievar, had a structure consisting of sorbite. The presence of internal defects in the
form of pores or cracks was not observed on the metallographically analyzed crowns.
Taking into account the same cladding parameters that were used, the wire diameters
and also the execution of the cladding by one welder (which is often a major factor
influencing the quality of the cladding in manual cladding), equally large heat-affected
areas of the base material were observed on the macrostructures (HAZ were in the
range of 1.0-1.1 mm).

The influence of the chemical composition of the cladding was evaluated by the EDX
and WDX analyses. These analyses did not show any changes in the chemical compo-
sition of the cladding or variations in the content of them due to, e.g., the burning of
elements in an electric arc, etc. The chemical composition that was guaranteed by the
wire manufacturers was confirmed by the analyses.

As part of the evaluation of the cladding layers’ mechanical properties, the progression
of hardness which was measured in a line from the surface towards the base material
was determined on the cross crowns. The functional surfaces of the injection molds
which were made of the Dievar material have the required hardness in the range of
43-48 HRC, which is (423-489 HV). These values are necessary for the surfaces of
the already heat-treated cladding that will form the functional surfaces of the molds.
Among the evaluated additive materials, the hardness values of the cladding that
was made with UTP A 73 G 3 exhibited the lowest values, namely 427 HV1. The
lowest hardness values can be explained by the lowest C content in the 0.25% metal in
the surfacing and in the absence of the carbide-forming additives of the elements W
and V. Higher hardness values (483 HV1) were measured in the covering layer of the
cladding that was made with the UTP A 673 wire. The hardness of the Dievar cladding
layer metal was 505 HV1 and the greatest hardness of 511 HV1 was exhibited by the
cladding that was made with the Cronitex RC 44 wire. The reason for the occurrence
of the greatest hardness value was probably due to it having the highest C content
(0.35%) and content of carbide-forming additives (Cr, W, V). The measured hardness
values correspond to the chemical composition of the additives that were used, the
heat treatment of the test samples and the observed structures.
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- The guideline test for the grade evaluation of the cladding layers that were intended
for the restoration of the injection molds is a technological test simulating the real
conditions in the steel-Al alloy interaction. The results of this test have shown that it
is this interaction of the pair of materials is the limiting factor in the lifespan of the
injection molds. The microscopic analysis showed the separation of the entire cladding
layers at the base material-base layer interface. The most extensive destruction which
was due to the sample dilation occurred in the Cronitex RC 44 cladding. Here, the
entire cladding layer was separated. The formation of linear intermetallic phases was
observed in the sample that was made with the Dievar and UTP A 73 G3 cladding.
The sample with UTP A 673 cladding also showed damage, but to a lesser extent, and
the breach was jagged.

- Spectral, EDX line and elemental analyses were performed on the samples after their
exposure in the melt for 120 and 300 min. During the immersion of the cladding in the
melt, the dissolution of the elements Fe, Al, Cr and Si in the cladding occurred. The
diffusion of Al into the cladding was observed. The cladding that was made with the
Cronitex RC 44 wire was not evaluated as it was destroyed during the immersion test.

- Within the evaluation of the tribological properties of the surfaces, the resistance to
adhesive wear was evaluated by the ball-on-disc test. This type of wear occurred on
the moving parts of the molds. The lowest wear rate was exhibited by the cladding that
was made with the Cronitex RC 44 material, which is consistent with the measured
hardness values.

5. Conclusions

This paper presents the research results on the grade evaluation of the cladding lay-
ers that were made with the selected additive materials. As already presented in the
introduction, the production of Al alloy castings is an increasing trend. The automobile,
aerospace, shipbuilding and refrigeration industries are the dominant customers of this
product. Injection molding technology is primarily oriented towards serial or mass pro-
duction; hence, there are high expectations of injection mold durability. However, their
durability depends on several factors. The lifespan of the molds tends to be in the range of
10,000 to 500,000 moldings. Due to these tools’ prices, their repair is currently an issue. The
restoration of the damaged functional surfaces of the injection molds can be carried out
using both conventional and progressive technologies. However, the primary ones are the
cladding methods. Of the conventional methods, the GMAW manual cladding methods
are applied in practice, especially for the restoration of surfaces requiring a larger volume
of cladding layer metal. For the local repairs of mold cavities, short sections, etc., the most
widely used method is GTAW manual arc cladding. Among the progressive methods of
cladding, the methods of robotic laser cladding or the CMT (Cold Metal Transfer) method
are used.

Based on the dimensions, shape, granularity and extent of the damage of the repaired
injection mold, the GTAW method was chosen for the restoration. Based on the chemical
composition of the mold’s base material, which was made of Dievar steel from Uddeholm
Boehler, four types of additive materials were selected for the experiment. Specifically,
these were two additive materials from the UTP production, namely, the cladding wires
(UTP A 73 G3 and UTP A 673), and one from the Cronitex (RC 44) and Uddeholm (Dievar
TIG) production. The limiting criteria for the wire selection were the values of C in the
interval (0.25-0.35%) and Cr (4.9-5.3%). The test samples were produced as three layers to
eliminate the blending of the cladding layer metal with the base material. Of the samples
that were prepared in this way, a comprehensive material analysis and tribological tests of
the cladding were carried out under the dry sliding friction conditions. To simulate the
realistic load conditions, the cladding layers were subjected to immersion testing in a melt
of AlSi8Cu3 aluminum alloy at the temperature 680 £ 20 °C.

Based on the experiments that were carried out, it is possible to recommend the
additive material UTP A 73 G 3 for the restoration of the functional surfaces of the molds
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for the injection of Al alloys, as the patterns that were created by it have shown the best
results in terms of their resistance to the Al melt, which is the dominant degradation factor
limiting the life of the molds. The hardness of this cladding meets the minimum hardness
requirements for cladding, and it is also suitable for functional surfaces that are subjected
to adhesive wear as it achieved the lowest wear rate after Cronitex RC 44 cladding. The
restoration of the functional surfaces of the components is highly current due to the rapid
increase of medium and high-alloyed steels on the world markets.
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