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Abstract

Die casting as a well-known manufacturing method to produce high precision aluminum parts, encounters die failure.
The most important wear and failure mode of die casting process is washout damage on working die surfaces attributed
to erosion, corrosion, and soldering. Washout caused by a thermo-chemical interaction between aggressive aluminum
melt and die steel on the surface. The influence of TiAIN-Si;N, nanocomposite and TiAIN/TiN nano-multilayer thin film
coatings on washout resistance of H-13 tool steel was evaluated in A384 aluminum alloy melt. Thin films were applied
by physical vapor deposition using cathodic arc evaporation technique onto pre-nitrided pin-shape samples at 350 °C.
X-ray analysis was employed to assess films constitutive phases. Scanning electron microscopy (SEM) investigation and
atomic force microscopy approach were employed to indicate surface morphology and roughness of nano-structural
coatings. An accelerated immersion test was conducted to compare washout resistance of coated samples by immersion
them in aluminum alloy melt for periods of 30, 60, 90, and 120 min at 680 °C. Furthermore, specially developed release
test was done to measure wettability and adhesion tendency of samples. SEM investigation of corroded and eroded
surface showed some pitting effect on coatings and tribo-chemical interaction inside the pits between aluminum melt
and substrate. Nano-structural coatings not only prevented intermetallic phase formation at the surface but also reduced
the erosion/corrosion rate which is known as cause for the washout.
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1 Introduction

In aluminum high pressure die casting (HPDC) process, the
dominant failure mechanism in die casting dies is wash-
out caused by the combination of soldering, corrosion and
erosion mechanisms [1-3]. During the filling and solidifi-
cation stages, when bare surface of die steel is exposed
to the molten metal, chemical reaction occurs between
aluminum and steel as die substrate due to their chemical
affinity. This reaction often results in formation of complex
aluminum-iron-silicon intermetallic compounds at the die
surface and soldering of the cast metal to the die [4, 5]. The

soldering and growth mechanisms of intermetallic com-
pound layer have been investigated widely [6-14]. The dif-
fusion of irons’ atoms from the die into the molten alloy
and the subsequent dissolution leads to gradual corrosion
and formation of intermetallic layers and soldering. Ero-
sive wear is defined as the gradual material removal from
the surface of die. This takes place as a result of mechani-
cal impingement of surface by aluminum melt when the
high-speed molten aluminum is injected and forced into
the die. This work investigated the overall effects of nano-
structural coatings on aluminum melt wetting, soldering
and corrosion and erosion resistance of die steel.
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In recent years, there has been a considerable progress
in the development of Nanostructural coatings (hard-
ness>40 GPa) [15, 16]. These coatings are being developed
as an attempt to replace the conventional PVD coatings,
which are vulnerable to high-temperature applications.
Nano-multilayer and nano-composite coatings of transi-
tion metal nitrides have received considerable interest due
to their high hardness and wear resistance and the crack
deflection qualities and thermal stability [8-12]. Therefore,
these coatings have a great potential as protective coat-
ings on cutting tools and die casting processes [17]. This
research evaluates adhesion/wettability and erosion/cor-
rosion performance of TiAIN/Si;N, nano-composite and
TiAIN/TiN nano-multilayer coatings with working layers
of TiN, TiAIN, which will be referred as NM-TiN, NM-TiAIN
and NC coating respectively for the rest of the paper. In
order to have comparative results, these three nano-struc-
tural coating systems were compared with two optimized
commercial surface treatments including plasma nitriding,
‘plasma nitriding + oxidizing’ will be called oxidized, and
uncoated steel as the references.

In order to test and verify the effectiveness of these
coatings in semi-in-plant condition, two novel technique
were developed. The‘ease-of-release’test was employed to
measure the adhesion between the coatings and the solid-
ified aluminum [18]. And also accelerated immersion test
was used to determine erosion/corrosion performance of
coatings.

2 Experimental setup
2.1 Materials and methods

AISI H13 (1.2344) tool steel, as the die material, was used
to manufacture test coupons Table 1. Then the specimens
were machined in the annealed state to a round bar sam-
ple of 10 mm diameter as shown in Fig. 1. Specimens were
vacuum heat treated (hardening at 1050 °C, 5 bar quench-
ing in N, double tempering at 550 and 595 °C, hardness
45-46 HRC) and then grinded, finished and polished to a
surface roughness of R,=0.02 pm.

Plasma nitriding was applied as the first step in the
duplex treatment with the following parameters: gas
composition N,/H,=10/90%; pressure 300 Pa; surface
temperature 480 °C and treatment time 8 h. After plasma
nitriding the functional surface of the pins was mechani-
cally polished again to obtain a nitrided surface without
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Fig. 1 Schematic and dimension of test coupons

the compound (white) layer using 1200 mesh Silicon
carbide abrasive paper and diamond paste to reach the
roughness of R,=0.02 um. The deposition of PVD coatings
directly onto the compound layer results in poor adhesion
and spalling [19].

The nano-structural coatings were deposited using an
industrial coating equipment by the means of vacuum
cathodic arc evaporation (CAE). After cleaning in the
water-based then in the alkaline soap solution and drying
at 110 °C, the samples were mounted on rotating fixtures
which were symmetrically placed around the cathode.
For both NM and NC coatings, the main process param-
eters were as: substrate temperature of 350 °C in a reac-
tive Nitrogen atmosphere with gas pressure of 1.0x 1073
Pa, gas flow rate of 150 cm>/min; arc current of 130 A and
negative bias of —30 to —200 V.

The NC coating was deposited using a high purity cath-
odes of (99.95%) TiAl alloy (50:50 at.%) and Si (99.98%).
While for the NM coating, the deposition chamber was
equipped with two cathodes made of high purity Ti
(99.98%) target and (99.97%) Ti-Al alloy (63:37 at.%). Two
group of samples were deposited to the final layers of TiN
and TiAIN as the working layers.

2.2 Characterization
The distribution of hardness in the nitriding layer was

measured using Leitz Mini Load Vickers micro-hardness
testing method using a load of 0.2 N. The Nano-hardness

Table 1 Chemical composition

Element C Si
of AISI H-13 tool steel (wt%)

AISI H-13 0.38 1.3

0.6 52 0.3 1.75 1.2 Bal
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and Young's modulus of the coatings were measured by a
nano Indenter system with the applied load of 5 mN [20].
In order to avoid the substrate effect, the maximum inden-
tation depth was set at 10% of the film thickness.

The thickness and morphology of coatings were deter-
mined in a fractured cross section of samples using a high-
resolution Philips XL 30 FEG SEM microscope, in a high
vacuum, backscattered and secondary electron modes.
This system was also equipped with an EDS-EDAX micro-
probe to obtain the chemical composition of the coatings.

X-ray diffraction patterns of coatings were recorded
with the standard Bragg-Brentano geometry to examine
films constitutive phases using Siemens D5000 X-ray dif-
fractometer with Cu-Ka radiation (A=1.5405 A). The War-
ren—-Averbach method [21] was used to measure average
TiAIN crystallite size and the lattice parameters.

The well-known Rockwell C (150 kgf) indenter adhesion
test prescribed by the German Engineering Association
(VDI 3198) norm was used to evaluate the adhesion qual-
ity of the coatings to the substrate [22]. The indentation
effects on coatings such as cracks on coating surface and/
or presence of coating detachments around the indenta-
tion mark was scaled from HF 1 (the best adhesion) to HF6
(the poorest adhesion). Results then were investigated
using the SEM technique.

Surface topography and hence surface roughness (R,)
of as-deposited samples were carried out using atomic
force microscopy (AFM) in non-contact mode.

2.3 Corrosion/erosion

The dimensional change of the pin, corroded in aluminum
melt, vary from location to location which makes it difficult
to compare quantitative material loss of pins. Therefore,
weight loss (WL) was selected to evaluate their washout
resistance [23]. A dynamic liquid metal immersion experi-
ment (Fig. 2) was carried out using a pedestal drill for the
aim of holding, immersing and rotating the pins in the
molten aluminum alloy A384 (Table 2) at 680 °C for periods
of 30, 60, 90, and 120 min in a purpose designed furnace.
For the duration of the test, each specimen was rotated at
400 RPM along its center axis to simulate high metal flow
rate. This rotational speed was estimated to be equivalent
to a gate velocity of 50 m/s during aluminum HPDC [1, 2].

After immersing the specimens in the molten alu-
minum alloy for a pre-determined time, they were taken
out, cooled and cleaned in a NaOH alkaline solution for
5 h until all of the soldered aluminum was leached out
from the pins’ surface. The WL of the pins were meas-
ured with £0.001 accuracy. Before weighing, the pins
were cleaned with methanol and ethyl alcohol and dried
with a heat gun. In addition, the percentage of soldered
area (SA) was determined using optical photographs
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Fig.2 The dynamic liquid metal immersion test configuration

Table 2 Chemical composition of A384 aluminum alloy wt%

Element Cu Zn Si Mn Al

A384 1.9 0.65 12.2 0.2 Bal

and the computer image analysis system. This was per-
formed after dipping test coupons in the molten alu-
minum for the duration of 10 up to 90 s. Then surfaces
were inspected to evaluate the formation of corrosion/
erosion regions using SEM and EDS analyses.

2.4 Adhesion test

The‘ease-of-release’ was performed to compare surface
adhesion and to measure the separation force of pins
from aluminum casting. The test procedure was con-
sisted of casting the molten aluminum alloy around the
coated pins in a cylindrical mold at 680 °C then pulling
the pins out of the solidified casting. A mechanical ten-
sion testing machine with a fixture mounted on used to
record the variation of pulling load versus pin displace-
ment. The detailed test set-up and testing procedure is
explained in the literature [18]. Figure 3 shows schematic
‘ease-of-release’ casting.

SEM microscopy was used in conjunction with the
energy dispersive spectroscopy (EDS) to provide a semi-
quantitative analysis of tribological interaction between
the coatings’ surface and aluminum alloy after ‘ease-of-
release’ test.
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Fig.3 The schematic figure of casted sample prepared for the
‘ease-of-release’ test

3 Results and discussion
3.1 Hardness

During the plasma nitriding process, a nitride layer of
150 um thick formed on the surface. Vickers micro-hard-
ness measurements on cross-sectioned of the pins after
plasma nitriding showed that the hardness was 1250 HV
at the surface and maintained ~850 HV for 50 um depth.
As expected, there was a gradual hardness drop to the
final substrate hardness. Nano-hardness values for NM
coating were determined as 24 GPa and Young's modu-
lus of 214+ 8 GPa. These values were the same for both
TiN and TiAIN working layers. The hardness of the TiAIN
layer strongly depends on the Al content of the coatings
[22]. The hardness of 38 GPa and Young’s modulus of
246+ 12 GPa was measured for NC coating. The structure
of NC coating consisted of nano-crystalline TIAIN embed-
ded in the amorphous Si;N, matrix. This structure enables
the coating to maintain the high hardness upon annealing
up to 1100 °C [24].

3.2 Coatings adhesion

The primary failure mechanism of PVD coatings is spalling
under high stress due to lack of a strong adhesion
between the coating and the substrate. This mode of fail-
ure becomes more severe due to a sharp hardness profile
from the surface to the substrate. Nitriding layer not only
provides a gradual change in hardness from the surface
to the subsurface but also a better mechanical support for
the PVD hard coating [25].

The appearances of Rockwell C indentation mark on
three coating systems are illustrated in Fig. 4. The inden-
tation craters appeared on the surface of both coated
samples revealed radial cracks at the perimeter of their
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Fig.4 SEM micrograph showing the indentation of VDI cohesion
test on the surface of a NC, b NM-TiN, ¢ NM-TiAIN

indentation. However, a small quantity of spots with flak-
ing of delamination was visible in the case of NC film.
Therefore, the adhesion quality of this layer is related
to HF3 category according to VDI 3198 norm [22]. Since
there is no appearance of detachments of the coating
along the edge of the indentation and no branched
cracks, the adhesion of NM coating evaluated to be HF2
and considered higher than that of NC coating. Namely,
NM coatings have higher cracking resistance than the
corresponding single layer coatings because cracks that
tend to branch are deflected at the interfaces of a mul-
tilayer structure [12].
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Fig.6 The XRD patterns of the NC and NM films deposited on the
steel substrate

%4
Det:
17.0kv 30 7500x SE 8

AccV SpotiMagn

Fig.7 Cross sectional SEM micrograph of a NM and b NC coating

After the adhesion test, the elemental analysis of a criti-
cal zone using an EDS probe in Fig. 5 showed the detected
iron-rich points verifying a coating delamination effect.

3.3 Surface analyses

The X-ray diffraction patterns from the NM and NC coat-
ings deposited on the steel substrate are shown in Fig. 6.
The TiN and TiAIN layers were polycrystalline exhibit-
ing diffraction peaks with the (111) and (200) and (111)
and (220) preferred orientation, respectively. As it was
expected, the diffraction lines of the TiAIN film are shifted
towards higher Bragg angles as compared to theTiN lines.
This happened due to the substitution of Ti atoms with
Al atoms in the B1-NaCl structure of TiN which results in
increased residual stresses in the coatings and decreased
lattice parameter [15]. A similarity observed between XRD
spectra of the NM and NC could indicate a structural iden-
tity of the TiAIN phase of both the coatings. The decrease
in intensities of the (111) and (200) reflections in the NC
coating shows an increase in the amorphous Si;N, content
of coating. The average crystallite size of the regions of
coherent scattering for the TiAIN phase, ranged from 10 to
12 nm, indicating its nano-crystalline structure.

Figure 7a, b shows representative cross-sectional SEM
micrograph for NM and NC coatings, respectively. The total
coating thickness was measured to be 1.6 um for NM layer
consisted of 18 alternating TiAIN/TiN layers applied on the
pre-nitrided steel substrate. Whereas, the thickness of NC
coating was measured to be 1.2 um.

Figure 8a—c shows the SEM surface micrograph of as-
coated NM coatings with TiN and TiAIN working layer and
NC coating, respectively. Namely, thin films deposition by
the cathodic arc evaporation (CAE) process leads to the
formation of droplets on the top of the coated surfaces.
The film with the larger size of droplets on the top was
grown in the case of NM coatings with both TiN and TiAIN

. -
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Fig. 8 surface micrograph of as-coated a NM-TiN, b NM-TiAIN, ¢ NC coatings deposited by CAE technique

working layers. The melting point of Al is relatively low, in
comparison with Ti, therefore it could enhance a droplet
formation. The use of these coatings for tribological appli-
cations requires grinding and polishing after deposition to
remove droplets. It can be seen that the NC coating sur-
face was much smoother than those of NM coatings, show-
ing fewer white particles on it. An increase in the number
of defects, on the top of the coatings, could activate local-
ized corrosion.

3.4 AFM

The AFM three-dimensional micrograph illustrating the
surface topography of the NM-TiAIN, NM-TiN, and NC
coatings are shown in Fig. 9a-c, respectively. Evaluation
of surface morphology revealed a columnar nature of the
layer microstructure for both NM coatings. The average
roughness (R,) of the NM-TiAIN and NM-TiN working layers
were 3.8 nm and 3.3 nm, respectively. This value for the NC
coating was measured to be 2.6 nm. The addition of the
crystalline TiAIN in the amorphous Si;N, matrix is known
to change the surface morphology from a columnar micro-
structure to a dense structure [15]. The size of grains on the
NM films was approximately 20 nm. In Fig. 1¢, the obvious
sharp-island shape is present in the case of NC. Upon The
measurement of the grain size of 12 nm, confirmed the
value calculated from XRD patterns.

3.5 Adhesion/wettability

Wettability of different PVD coatings using the sessile drop
laboratory tests have been investigated and reported in
pervious researches [18, 26]. However, the test by which
candidate coatings can undergo a semi-in-plant exami-
nation rarely developed. The ‘ease-of-release’ experi-
mental set-up provides direct line-of-sight allowing to
examine of soldering and to measure the wettability and
adhesive tendency of the casting toward the pin surface
[18]. During the test, pins are subjected to a high friction
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force. Figure 10 exhibits the load versus the displacement
curves of the six coatings system after applying the ease-
of-release test. The maximum point of each curve is the
critical load for release of the pin from the aluminum cast.
These critical loads represent the adhesion/wettability
force between the coating and the aluminum.

The higher critical load, the better wettability of the
coating. The area under each curve is related to the adhe-
sion energy between the coating and the solid aluminum
which can be divided into two parts. The area from the
start to the critical load is the adhesion energy, while the
area between the critical load to the end relates to the
friction energy [18]. It is obvious that the uncoated sample
the highest and the oxidized coating exhibits the lowest
critical load comparing with the other four coatings. This
quality of oxidized sample can be attributed to low wetta-
bility and friction coefficient nature of magnetite, i.e. Fe;0,
film which prevents the formation of intermetallic phases
and provides solid-lubricating to a great extent [27, 28].
Figure 10 also demonstrates the critical load and friction
energy of the NC coating which were much lower than
that of the other samples. It can be related to the lower
roughness of the friction surface and crystal grain size. This
behavior is also related to the presence of the Si content
in the coatings as reported in Al-Ti-Si-N based nanocom-
posite systems [16]. The coatings of such structure are able
to maintain a low friction coefficient (self-lubricating coat-
ings) in extreme environments, combined with high hard-
ness to improve the mechanical resistance [29]. Despite
its relatively high surface roughness, NM-TiAIN presented
lower critical load and friction energy in comparison to
smoother NM-TiN layer. It can be explained by the pres-
ence of Al as a substitute for Ti atoms in the TiN crystal-
line structure which forms a high oxidation resistant,
low friction, and wettability Al,O5 layer on top of coating
surface [30]. Nitriding treatments also slightly improved
tribological properties and wettability of H-13 steel. This
is consistent with the findings reported concerning that
thermochemical treatments such as nitriding can retard
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Fig. 9 Three-dimensional AFM images of a NM-TIiAIN coating, b
NM-TiN coating, ¢ NC coating

the growth of soldering by providing chemical stability
for H13 tool steel [4].

Figure 11a-f illustrates tribological behavior of these
coatings after the ease-of-release test using SEM investi-
gation. Referring to Fig. 11¢, it can be seen that NC coat-
ing surface carried the least, and the uncoated sample
(Fig. 11f) carried the most fraction of adhered aluminum.
In the case of NM coatings, TiAIN working layer (Fig. 11¢)

47 - = Nitriding+Oxide = = == NM-TiN
r -++- Un-coated NC
35 4 - == Nitriding NM-TIiAIN

Load (Kgf) X1000

Displacement (mm)

Fig. 10 Results of ease-of-release test

performed more effective than TiN working layer. The
nitrided and oxidized samples (Fig. 11a, d), unexpectedly,
had almost the same tribological trace. Notwithstand-
ing, the oxidized sample had the minimum critical load
and friction energy in the ease-of-release test (Fig. 10), it
showed the considerable aluminum build-up on the sur-
face. It can be explained by the low activation energy of
Fe;0, which means that the adhered aluminum does not
to react and create chemical bond with the surface. During
the test, these built-up materials can easily separate from
the surface and results in low critical load. Therefore, what
is seen on the tribological surface is only a smooth and
very thin trace of aluminum coverage called cold solder-
ing. The uncoated sample was thoroughly covered with
aluminum layer bonded on the steel surface explaining its
highest critical load among the other samples.

3.6 Soldering

Optical examination and image analysis of the coat-
ing systems revealed that the uncoated specimen after
the immersion for 30 s in the molten aluminum alloy
was severely affected by soldering over its entire area
(Fig. 12). It was assumed that soldering started on bare
steel surface immediately on contact with the molten
aluminum alloy also reported by Han et al. [31]. While,
For the same immersion duration, the surface of NM-TiN,
NM-TiAIN, and NC coatings covered with respectively 20,
10, and 5% of soldered area. In the other word, 20% of
surface coverage with aluminum, took place respectively
after 50 and 30 s of exposure for NM-TiAIN and NM-TiN
coatings, while, the NC coated sample resisted up 90 s.
The oxidizing treatment protected samples slightly bet-
ter than that of nitrided sample due to the presence of
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Fig. 11 The tribological trace of coatings after ease-of-release test, a oxidized, b NM-TiN, ¢ NM-TiAIN, d nitrided, e NC, f uncoated

protective oxide layer. As mentioned above, the native
film composed of the iron-oxide (Fe;0,), layer produced
on steel sample provides protection against further sol-
der formation. However, if the temperature of a die sur-
face exceeds 560 °C, then the oxide FeO forms at the
metal interface and the rate of soldering increases dra-
matically [32].
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3.7 Washout

The results of accelerated corrosion/erosion test are sum-
marized in Fig. 13 as weight loss (WL) versus dipping time.
In this figure, the result of uncoated steel was omitted due
to a higher WL range making it incomparable with the
coated samples in the same graph. The results presented



SN Applied Sciences (2019) 1:1308 | https://doi.org/10.1007/s42452-019-1299-1

Research Article

— & —NC e Aeeeeer NM-TiAIN

e NM-TiN = - @ - = Nitriding+Oxide

===m-~-- Nitriding Un-coated

100 +
.- '_'_—_;-ﬂ--"
90 + - ——-
® a---w
80 + _ilm
o=

70 + - &

Soldered Area Coverage %

Time (Sec)

Fig. 12 Percentage of soldered area coverage (SA)

— % — NC
...... .....“ NM.TiAlN

———p—— NM-TiN
===fh=== Nitriding
0.9 A — @— - Nitriding+Oxide A -------

0.8
0.7
0.6
0.5
0.4
203

0.2

eight Loss (g)

0.1

0 30 60 90 120
Dipping Time (min)

Fig. 13 Weight loss of pins versus immersion time

in this figure show that erosion/corrosion, defined as
washout, can be declined in the early stages of immersion
test by the utilizing of PVD nano-structural coatings. Simi-
lar results have been reported by other researcher [4]. It is
seen that both NM-TiN and NM-TiAIN layers significantly
decreased the WL of the H13 pin up to 1-h exposure in
comparison with nitrided and oxidized pins. As expected,
TiAIN working layer protected steel against corrosion/ero-
sion attack slightly better than TiN layer due to a higher
thermal stability. Both NM-TiN and NM-TiAIN coatings pro-
vided the same level of protection. While the NM coatings
outperformed the nitrided and oxidized samples in resist-
ance to washout, they failed to maintain their corrosion/
erosion resistance for a longer period of test (>60 min).
However, NC coating held up the best and hindered WL of
steel substrate up to 90 min of immersion and rotating in

aluminum alloy. Both the densification effect and reduced
crystallite size, hence high hardness of NC coating are
believed to be responsible for enhanced corrosion/ero-
sion behavior of the coating. A dense micro-structure in
case of NC coatings prevents the diffusion of the corro-
sive medium into the substrate. Furthermore, the addition
of Al to transition metal nitrides improves the corrosion
resistance by the formation of a passive Al,O; layer on the
surface of the coating during chemical attack [16, 33]. This
prevents the coating from further failure.

As mentioned above, in some of PVD deposition pro-
cesses including CAE, small particles of the target metal
could be embedded in the coating (Fig. 8). These parti-
cles can be dissolved or removed by the molten metal
and led to formation of a weak sites where pitting may
occur (Fig. 14). These pits also can initiate via cracks in the
coating. Penetrating under the coating through these pits,
aluminum starts to dissolve the underlying substrate as a
form of high-temperature corrosion and to form Fe-Al-Si
intermetallic phases as soldering. Furthermore, the reac-
tions of formation of these intermetallic phases are exo-
thermic and the heat generated from these reactions will
increase the kinetics and the rate of chemical attack [32].
Therefore, the damaged area increases gradually all over
the surface by developing new sites and merging of the
pitting areas.

Figure 14 shows the typical appearance of pitting dam-
age of the six coatings system after 60 min of washout test.
These pits are randomly dispersed in the specimen and the
size of the cones increased over time. Erosion first appears
as small pits then gradually the size of pits increases until
it develops into a rough surface [14]. For the NM-TiN pin,
the film remained on the substrate, although many corro-
sion pits were observed. For the NM-TiAIN, a similar corro-
sion pits were observed, although the number of the pits
were smaller than that of the NM-TiN working layer. On
the contrary, for the NC-coated pin, the pitting corrosion
was scarcely observed which is attributed to few pinholes
on the films and exceptional high temperatures stability.

NC NM-TIiAIN NM-TiN

Fig. 14 Aluminum corrosion pitting on PVD coatings
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Fig. 15 A corrosion pit, the attacked zones in which intermetallic
compounds form

In Fig. 15 the SEM examination of a pitting zone at a
higher magnification illustrated presence of soldered
materials within the pits. Using EDS elemental analysis,
determined the compounds comprised of Si, Al, and Fe.
Structural analysis of soldering, which was investigated in
previous works [7, 13], have shown three distinct layers
consisted of Fe—Al-Si intermetallic phases.

4 Conclusion

e It was found that nanostructural coatings not only act
as a physical and chemical barrier to preventing atomic
diffusion and intermetallic phase formation but also
reduce wettability and adhesion between steel and
molten aluminum alloy.

e PVD coatings, however, contain pits, holes and defects
thereby allowing direct contact between the molten
aluminum alloy and the steel substrate, thus exposure
to the failures of corrosion/erosion and soldering lim-
ited to those defective sites. Suitable coatings’ practices
are essential in ensuring a high performance PVD coat-
ing.

e Based on the quantities achieved from weight loss and
percentage of soldered area and the quality of corro-
sion marks in the form of pitting in pin surface, the
nanocomposite coating had the best washout and sol-
dering resistance, followed by nano-multilayer coating
with TiAIN and TiN working layers, oxidized, nitrided,
and uncoated H-13 steel. Also, a higher reduction in
erosion was seen in the case of nanocomposite coating.

e The accelerated soldering and washout testing tech-
niques are needed for further developments to offer
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more accurate and near-practical results in aluminum
die-casting.

* In general, soldering is a short-term phenomenon
because soldering will be formed on the die surface
onset of exposure to aluminum melt. On the contrary,
washout is a long-term phenomenon whereas an obvi-
ous washout will occur after atomic diffusion which
takes time.
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