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ABSTRACT

This thesis aims to study high-velocity oxygen fuel (HVOF) coatings for high pressure
die casting (HPDC). Wear is found in most fabrication processes and is usually hard
to overcome, which is no different for HPDC. Several wear mechanisms are found, and
the die is worn as the process occurs. Processes like nitriding and physical vapor dep-
osition are used to improve the surface quality. Nonetheless, these processes only
create a superficial change, and the geometry barely changes. Therefore, it is not un-
usual to recover these surfaces via welding. However, the surface quality achieved via
welding is as good as the original. Furthermore, the study of coatings applied via ther-
mal sprays is lacking in the literature. As thermally sprayed coatings have a wide range
of properties, a handful of surface engineering problems can be solved by this tech-
nique. Coatings based on Cr3C2 25NiCr and AlISI H13 were chosen due to the short-
age of studies regarding their use for HPDC. Bulk AISI H13 and AISI H13 coated with
AICrN PVD were used as a comparative. Hot corrosion tests were performed to estab-
lish coatings performance against molten A383 aluminum alloy. Additionally, a solder-
ing testing process was proposed. Soldering analyses have shown an extensive
amount of information regarding the soldering mechanisms and corrosion of the sur-
face. The mechanisms of each surface for soldering and corrosion were evaluated
using scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy
(EDS). Concerning the properties of the surfaces, in general, AICrN PVD coating
showed the best performance. Even so, the change in nitrogen concentration indicates
the coating degradation by nitrogen diffusion. The corrosion rate for AISI H13 was di-
minished when sprayed by HVOF. It was explained by the chemical corrosion during
the spraying process, creating iron oxides. However, the uneven corrosion created
spikes which increased the surface soldering. The corrosion of Cr3C2 25NiCr was also
evaluated and showed a small diffusional layer. However, the soldering forces were
high. The stabilization of a Cr-Al-Si strong phase with small spikes created a high ad-
hered intermetallic.

Keywords: HVOF; HPDC; molten metal corrosion; die soldering; wear.



RESUMO

Esta dissertagdo tem como objetivo o estudo de revestimentos de high velocity oxygen
fuel (HVOF) com relagéo as suas propriedades para fundi¢do sob alta presséo. Des-
gaste é encontrado na maioria dos processos de fabricagdo, e normalmente é dificil
de contornar, o que nao é diferente para HPDC. Ao passo que 0 processo ocorre,
diversos mecanismos de desgaste sao encontrados e o molde desgastado. Processos
como nitretacido e deposicéao fisica de vapor sédo utilizados para melhorar a qualidade
superficial. Ainda assim, esses processos apenas criam uma mudanga superficial, e
a geometria € pouco modificada. Sendo assim, ndo é incomum a recuperagao dessas
superficies por soldagem. Entretanto, a qualidade superficial adquirida por soldagem
€ distante da original. Além do mais, o estudo de revestimentos aplicados por spray
térmico para HPDC ¢ insuficiente na literatura. Como revestimento termicamente as-
pergido possuem uma ampla variedade de propriedades, uma grande quantia de pro-
blemas de engenharia de superficie pode ser resolvida com essa técnica. Revesti-
mentos a base de Cr3zCz e AlISI H13 foram escolhidos devido a falta de estudos em
relacéo a seu uso para HPDC. Para comparacgao, AISI H13 e AlISI H13 revestido com
PVD de AICrN foram utilizados. Ensaios de corrosdo a quente foram realizados com
0 objetivo de estabelecer a performance desses revestimentos contra a liga de alumi-
nio A383 fundido. Adicionalmente, um ensaio de soldering foi proposto. As analises
de soldering mostraram uma extensiva quantia de informagao com relacdo nao ape-
nas a mecanismos de soldering, mas também corrosdo da superficie. Os mecanismos
de cada superficie para soldering e corrosao foram avaliadas usando microscopia ele-
tronica de varredura (MEV) e espectrometria por dispersdo de energia de raios-x
(EDE). Quanto as propriedades da superficie, em geral o revestimento de AICrN PVD
mostrou a melhor performance. Ainda assim, a mudanga na concentragao de nitrogé-
nio indica a degradacéao do revestimento por difusdo do nitrogénio. A taxa de corrosao
do AISI H13 diminuiu quando aspergido por HVOF. Isso é explicado pela corroséo
durante o processo de aspersao, criando 6xido de ferro. Entretanto, a corrosdo nao
homogenia criou spikes os quais aumentaram o fenédmeno de soldering da superficie.
A corrosao do Cr3C2 25NiCr também foi analisada, e mostrou uma pequena camada
difusional. N&o obstante, as forgas de soldering foram elevadas. A estabilizagdo de
resistentes fases de Cr-Al-Si com pequenos spikes criaram uma forte adesao de in-
termetalicos.

Palavras-chave: HVOF; HPDC; corrosdo em metal fundido; soldagem do molde; des-
gaste.
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1 INTRODUCTION

High pressure die casting (HPDC) is being used by industries due to its high
production rate, dimensional accuracy, and small dependency on post-processing of
manufactured products. Nonetheless, the costs of maintenance are the main downside
of the process. According to Dadi¢ et al. (2016), the dies price can reach up to
€100,000. Not only is the price exalted due to all the processes involved to make a die,
but its lifespan is also short. Many efforts have been put into the study of minimizing
the wear processes of dies (BONOLLO et al., 2015; DADIC et al., 2016 AND
TORRES-GARZA et al., 2014). When the die gets to its end of life, whether it by nu-
cleation of cracks or roughness changes induced by corrosion, industries usually have
been recovering it via welding processes. Therefore, it has driven the scientific com-
munity to study the effects of welding over tool steels (BORREGO et al., 2009; WANG
etal., 2019 AND ZHU et al., 2021). Another process for recovering surfaces is the use
of thermal spray techniques. While the use of welding processes for die surface recov-
ery is receiving some attention, the same does not occur for thermal sprays. Although
it can be found in the literature, the technique of applying thermal sprays for HPDC has
been barely studied, existing only a few studies available in the literature, such as those
from Mizuno; Kitamura (2007) and Salman et al. (2011). Another advantage of using
thermal spray coatings is the coating thickness when compared to other processes. As
many studies are focused on the improvement by the development of new materials
and thin coatings for HPDC, there is a lack of it as a possible solution for the wear

problems concerning HPDC.

There are several mechanisms to which dies are exposed. Induced by use, high
pressure die casting dies are exposed in a synergically way to wear, impact, and cor-
rosion at high temperatures. Corrosion is one of the mechanisms which plays a signif-
icant role in die wear. The mechanisms of corrosion may vary depending on the sce-
nario. Some of the molten metal corrosion mechanisms were described by Sequeira
(2018). The dissolution of the die to the molten aluminum changes the surface quality,
both of the die and the final product, and creates a variation of corrosion wear called
die soldering. Die soldering occurs due to the corrosion process and formation of in-
termetallics. The intermetallic material formed during the diffusion acts as a bond be-

tween the product and the die. When extracted, the die surface is damaged, affecting
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the next run. Although the die soldering phenomenon derives from corrosion, it also

depends on the bond force generated by the intermetallic.

This work has the aim of answering how coatings deposited by HVOF behave
when exposed to molten aluminum. Two different HYOF coatings were evaluated. The
chemical composition of the coatings was chosen based on some criteria. The first
coat was made using a powder of AISI H13. The choice of coating the surface with
H13 is due to the high performance of this material under high temperature conditions.
Also, the high acceptance of this material for die manufacturing makes the deposition
of H13 an obvious choice. The second coating was made using chromium carbide in
a metallic matrix of NiCr. It was chosen due to its high wear resistance and chemical
stability at high temperatures. Soldering and corrosion analyses were done in order to
evaluate the surfaces and compare them to AISI H13 and AICrN PVD. Moreover, im-
provements could be made by understanding the degradation mechanisms of these

coatings.

1.1 Objectives

The main objective is to evaluate the CrzC2 25NiCr and H13 coatings deposited
by HVOF thermal spray process as protection layers for high pressure die casting
against die soldering and aluminum corrosion and compare them to PVD coating and
AISI H13 bare surface.

1.2 Specific objectives

- Understand how the soldering/corrosion mechanism works for each surface;

- Propose improvements for coating processes for AlSI H13 tool steel applied
to HPDC, based on the analyses of the mechanisms of die soldering and
corrosion;

- Development and evaluation of a methodology to perform corrosion/solder-

ing analyses.

1.3 Justification

The use of thermal spray is not restricted only to surface enhancement. When

compared to other coatings, such as physical vapor deposition, thermally sprayed
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coatings have the advantage of being thicker. As die wear has a magnitude of tenths
of a millimeter, thermal spray coatings are suitable for die recovery. Furthermore,
HVOF thermal spray has the advantage of spraying several different materials. A thor-
ough study concerning the potential of this technology applied for HPDC could improve

the use of this manufacturing process by reducing operational costs.
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2 LITERATURE REVIEW

In this chapter, it will be shown a resume of the technical basis utilized to de-
velop the dissertation. It focuses on summarizing the technics used to recover the
components, like HVOF, and the possible wear mechanism that these surfaces may

be subject to. The general idea is to understand the problem as a whole.

2.1 High pressure die casting

High pressure die casting (HPDC) process has been extensively used to fit the
industry demand for productivity. However, productivity is not the only advantage of
this process. The high-rate production of metallic parts with outstanding dimensional
precision and small dependency on post-processing of the manufactured parts are
among the process benefits. Figure 1 shows an overview of the HPDC process, citing

the steps for the cyclical process to make the cast part.

Figure 1 - High pressure die casting steps in a casting cycle.
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Reference: Bonollo et al. (2015)

As low melting point temperature alloys are being widely used, this process fits
several production demands. Nevertheless, its use is limited due to high production
costs (EUROPEAN ALUMINIUM ASSOCIATION, 2011). Also, according to the Euro-

pean aluminum association, tool costs for die casting are high; thus, large production
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quantities are required to justify tooling costs. Otherwise, the use of other processes,
like sand casting, is recommended. Even though the investment is lower when com-
pared to other fabrication processes, as shown in figure 2. The tooling cost comes
mainly due to the high wear caused by thermal stresses and corrosion caused by the

molten metal chosen.

Figure 2 - Relationship between manufactured part cost and investment cost.
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One of the various reasons HPDC has a high part cost is die wear. According
to Dadié; Zivkovié and Catipovi¢ (2016), dies have a life span of around 100,000 to
120,000 cycles and prices floating between € 30,000 to € 100,000 at LTH Metal Cast,
which is a Croatian manufacturer. Therefore, the part cost is one of the main reasons

this process may not be chosen for a designed part.

2.2 Tool steels for HPDC dies

High pressure die casting (HPDC) dies nowadays are manufactured with high
quality forged steels, generally made of H11 or H13. Cavities are made by electrical
discharge machining (EDM) or by high-speed milling (VICARIO et al., 2015). There are
several reasons justifying the use of H13, among them the high hardenability, strength,
toughness, and softening resistance (NING et al., 2019). A study executed by Riccardo
et al. (2021) revealed a similar behavior of H11 and H13 regarding fatigue under iso-

thermal temperatures. The chemical composition of H11 and H13 is shown in table 1.
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Table 1 - AlISI H11 and H13 tool steels chemical composition.
Tool Steel C (Wt%) Si (wt%) Mn (wWt%) Cr(wt%) Mo (wt%) V (wt%)
AISI H11 0.38 1.10 0.40 5.0 1.3 0.4
AISI H13 0.38 1 0.40 5.0 1.3 0.9
Reference: Riccardo et al. (2021)

According to Persson (2003), hot work tool steels are classified as either chro-
mium (H10-H19), tungsten (H21-H26), or molybdenum (H42-H43), according to the
main alloying element. Moreover, alloying with vanadium improves the high tempera-
ture wear since the vanadium carbide is the hardest of all carbides, whereas the oxi-
dation resistance of tool steels is improved by alloying with higher levels of silicon. The
tungsten and molybdenum hot work tool steels have higher temper resistance and hot

hardness than chromium hot work tool steels.

2.3 Corrosion process caused by molten metal

Molten aluminum can cause high-rate corrosion of container materials, leading
to an insufficient and, above all, unpredictable lifetime. The tolerance of aluminum alloy
castings may be affected by the wear of dies caused by aluminum flow (SEQUEIRA,
2018). There are several kinds of corrosion, and for molten metals, a few mechanisms

are known. Some of these mechanisms are discussed below.

2.3.1 Simple dissolution in molten metal

Sequeira (2018) stated that simple dissolution has not been properly explained
yet. It is known that the relationship is strongly based on the solute due to its lattice
energy. Figure 3 shows an approach to study simple dissolution phenomena. The sys-
tem can be divided into hot and cold legs, throughout the molten metal flows. When
the molten metal passes inside the corrosion coupon after the hot leg, a solution of
molten metal and coupon material is made. After being cooled, the solution passes
through the coupon after the cold leg, and the nucleation of the solute occurs due to

the temperature change.



22

Figure 3 - Stages in thermal-gradient mass transfer during simple dissolution analysis.
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As stated by Zhu (2014), the dissolution process is a phenomenon that com-
bines corrosive, erosive, and chemical reactions. Physical wear mechanisms can de-
tach small particles from the surface, and the liquid metal flow is capable of acting as
a solvent. Dissolution may also be diffusion controlled, and according to Zhu et al.
(2004), it can be described by the equation (1). Furthermore, the dissolution rate is

strongly influenced by dynamic agitation.

dac _D 1s c ¢ (1)
dt 617( s—0)

Where

C — Concentration of the dissolved metal;

C, — Saturation concentration;

t — Time;

D — Diffusion coefficient of the dissolved metal;

6 — The thickness of the diffusion boundary layer;

s — The specimen surface area;

v — Melt volume.

2.3.2 Intermetallic formation

Another corrosion mechanism is alloying between the molten metal and the
solid metal. To understand how allowing corrosion works, it is necessary to compre-

hend how phase diagrams work. Figure 4 shows a binary diagram of Fe-Al. It is
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possible to observe the high solubility iron has in aluminum. Therefore, many phases
are stable throughout the range of solubility. According to Sequeira (2018), a degree

of solubility is demanded for alloying corrosion. The result of this type of corrosion is

the formation of intermetallics.

Figure 4 — Binary phase diagram of Fe-Al.
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Furthermore, by knowing the temperature of the process, it is possible to cross
a line on the diagram and have an idea of the possible phases that will be found in a
molten metal corrosion scenario. According to Hugh Baker et al. (1992), phase dia-
grams give an indication of which phases are thermodynamically stable; however,
nonequilibrium conditions are usually found in practice. Even though, phase diagrams

are a powerful tool to investigate attacking service problems, such as hot corrosion.

2.3.3 Diffusion

The main driver of corrosion mechanisms in molten metal is diffusion. Whereas

the study of phase transformations is concerned with stable or equilibrium
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arrangements of atoms in an alloy, diffusion is what controls the rate at which many
transformations occur. The reason why diffusion occurs is always so as to produce a
decrease in Gibbs free energy (PORTER et al., 2009).

Fick’s first and second laws describe the diffusional process. The first law as-
sumes diffusion as a time-dependent process (Steady-state diffusion), whereas the
second law considers that the diffusion flux and the concentration gradient at some
particular point in a solid vary with the time (Nonsteady-state diffusion) (CALLISTER,;
DAVID, 2014).

There are some mechanisms in which diffusion occurs. The most common
mechanisms are substitutional and interstitial diffusion. A general case of diffusion for
a nickel and copper couple is shown in figure 5. According to Porter et al. (2009), sub-
stitutional diffusion occurs when the atom oscillates through a certain amplitude at a
defined frequency. The mean vibrational energy is increased by temperature increase-
ment. As the mean frequency remains the same, the amplitude is increased. Normally,
the movement is limited by a neighbor atom. However, if the site is vacant, an abnormal
jump may put the atom into the vacancy. Therefore, the rate at which any given atom
diffuses will depend on the available vacancies. Both the probability of jumping and the

concentration of vacancies are strongly influenced by temperature.

Regarding interstitial diffusion, the atom needs to be small enough to occupy
the interstitial sites, as solute the atom uses the interstitial sites to travel. According to
Porter et al. (2009), the atom can jump to another position as much as its thermal
energy permits it to overcome the strain energy barrier to migration. As the solute con-
centration is usually small, the atoms are surrounded by empty interstitials, and there-

fore the interstitial diffusion occurs much more rapidly than diffusion by vacancy mode.
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Figure 5 - (a) A copper-nickel diffusion couple after a high-temperature heat treatment, show-
ing the alloyed diffusion zone. (b) Schematic representations of Cu (red circles) and Ni (blue
circles) atom locations within the couple. (c) Concentrations of copper and nickel as a function
of position across the couple.
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2.4 Die soldering caused by molten metal

Another wear phenomenon that occurs in the HPDC process is soldering. Die
soldering occurs when the molten melt, usually aluminum, solidifies and “sticks” on the
surface. This phenomenon is also called die sticking. The molten metal is injected into
the die and solidifies. Because of the high temperature and pressure of the process,
the molten metal diffuses into the die and vice versa. After cooling, the cast product is
extracted from the die. Due to the bonding between the surfaces caused by interme-
tallic formation, both die and cast surfaces are prone to surface damage. When another
cycle of the casting occurs after the soldering, the damaged surface of the die in-
creases the chances of soldering. Die soldering causes not only dimensional problems
but also strength issues. Depending on the detached volume material and the region
where it comes from, this defect may cause stress concentration, leading to premature
failure. Photograph 1 shows an example of soldered aluminum on a die surface. The

white arrows show the defects caused by soldering.
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le of die soldering wear on a die surface.

Photograph 1: Practical exam

Reference: Pukasiewicz (2021)

There are several mechanisms whereby soldering is generated. Song et al.
(2012) have studied the soldering mechanisms of AISI H13. They proposed a se-
quence of the soldering formation for AISI H13 coated with CrN and exposed to molten
A380 aluminum alloy at 660 °C, as shown in figure 6. The corrosive process which
causes soldering is generated by the incubation of pits after coating failure. As the
exposed AISI H13 surface is prone to the intermetallic formation, the pit starts to grow.

The pits start to bond, and a curly surface is generated.

Figure 6 - Steps of soldering process (I to X) for surface coated with CrN by PVD. Local coating
failure (I to Il), pit formation (lll to V), in-depth growth of a pit (VI to VIII), pit connection (IX to X),
and formation of negative draft (X).
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During die casting processes, dies are protected by a lubricant layer, and die
soldering cannot easily occur. Nonetheless, defects in the lubricant coating caused, for
instance, by hot spots, expose the die to molten metal. High temperatures induce dif-
fusion of the molten metal to the die surface and vice versa. As the number of cycles
increases, the aluminum content diffused into the die increases. After the growth of the
intermetallic layer, the harsh environment causes the detachment of these intermetallic
and causes micro holes. These micro holes will be expanded by erosion of the molten
metal. That way, the contact surface increases to a point where physical-chemical sol-
dering occurs (ZHU et al., 2001). This phenomenon is shown in figure 7.

Figure 7 - Surface soldering due to failure of the lubricant.
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Another critical variable is the surface finish. Gobber et al. (2018) studied the
effects of the surface roughness regarding soldering with the use of lubricant. They
found an optimized spot around 0.8 Ra, and smaller values increased the soldering
probability. They justified the increase in soldering due to the poorer wettability of the
sprayed lubricant. In another study, Gobber et al. (2019) analyzed how the surface
finish changes the contact angle with the lubricant and creates failures in the coating,

as shown in figure 8.

Figure 8 - Lubricant adhesion for polished and micro sandblasted (rough) surfaces.
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Reference: Gobber et al. (2019)



28

2.5 Thermal spray processes

Thermal spraying is a group of processes where a feedstock material is heated
to create molten or semisolid particles. These particles are accelerated towards a sur-
face to create a coating. When hitting the surface, the particles build a coating by
spreading and solidifying on the surface, creating strong adhesion forces. Figure 9

shows the main steps of these processes.

Figure 9 - Steps of a thermal spray process.
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According to Vardelle et al. (2016), thermal spray processes are being regarded
as an environmentally friendly technology. It is because thermal spraying is used not
only to improve surface resistance but also to recover worn components. Another ex-
ample indicated by Vardelle et al. (2016) was the use of thermal spray technology to
replace hard chrome coatings with “greener” thermal spray coatings. As thermal spray
coatings have a considerable thickness, their use is not limited only to surface en-
hancement; it may also be used as an additive geometry process. In figure 10 (a) it is
shown the structure of a thermally sprayed coating. The structure of the coating de-
pends on the process parameters, the chemical composition of the feedstock material,
and the thermal spray process. In figure 10 (b) it is possible to observe the main bond-

ing mechanisms by which thermally sprayed coatings adhere to the surface.
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Figure 10 - Structure of (a) thermally sprayed coatings and (b) bonding mechanisms.
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There are several techniques throughout the coating can be tailored. Depending
on the powder composition and desired characteristics, a certain process may be the

most suitable one. Some processes are shown in figure 11.

Figure 11 - Comparison of various thermal spray processes in terms of velocity and tempera-

ture.
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According to Berger (2014), choosing the right process is critical for the use of

thermal spray as a solution. The range of values for a given property is significantly
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large for thermally sprayed coatings and diverges from bulk materials with the same
chemical composition. It is due to phase transformation and imperfections caused dur-
ing the deposition process. Also, as the particles reach high temperatures along the

process, corrosion products play a big role in coatings mechanical properties.

Among the thermal sprays processes, the main performance of the deposits
applied by the high velocity oxygen fuel process is superior to other thermal spraying
methods. HVOF spraying is also compatible for applying coatings of materials such as
cemented carbides (GHADAMI; AGHDAM, 2019). Figure 12 represents the process
for tailoring HVOF coatings. A convergent-divergent nozzle is used to transform pres-
sure energy into velocity energy. The particles are accelerated in the combustion
chamber and sprayed towards the substrate. Gas or liquid fuel can be used, and a
large variety of powders can be applied. According to ElI-Eskandarany (2020), HVOF
has been receiving great attention as one of the most powerful techniques to deposit

fine powder particles on substrates of different types of material.

Figure 12 - HVOF coating process.
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2.6 Coatings for surface enhancement

There are several studies applied to thermal coatings for a variety of applica-
tions. Some characteristics such as coating adhesion, percentage of oxides/porosity,
and chemical composition will determine how the coating behaves under stress. A

plethora of coatings and materials are available for scenarios where it is required
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physical and/or chemical protection (FOTOVVATI et al., 2019). A few types of coatings

are discussed below based on their main composition.

2.6.1 Molybdenum boride

As discussed before, there are many wear mechanisms in HPDC. Some studies
have brought as solution coatings based on molybdenum boride (MoB) in a cobalt-
chrome matrix. The central reason is the close thermal expansion coefficient to the
alloys utilized to manufactory dies, as in the case of AISI H13. Mizuno and Kitamura
(2007) studied molybdenum boride using a rotational immersion test in molten Al-
45wt.%Zn at 900 K. They came to the conclusion that the MoB-based coating has
excellent durability in molten Al-rich Al-Zn when compared to WC, Al203, and ZrO:2
coatings. Mizuno and Kitamura attributed the high resistance of the MoB/CoCr coat-
ings not only to its physical characteristics, such as low porosity and high hardness but
also to its chemical resistance, evaluated by the immersion test. For depositions on
AISI 316L, it was necessary a bond coating to match the same resistance degree due

to the different expansion coefficient.

MoB-based coatings were also analyzed by Khan et al. (2011). They compared
MoB coatings using CoCr and NiCr as the metallic matrix. Figure 13 shows the results
for 25 hours of immersion test in molten aluminum alloy (ADC-12) at 680 °C. As a
comparative, it was used SKD61, similar to AISI H13. It is possible to observe the
strong resistance the coatings exhibited when compared to bare substrate, using ra-

dius reduction as a comparison parameter.

Figure 13 - Reduction ratio of coating thickness during 25 h immersion test molten aluminum
alloy (ADC-12) at 680 °C.
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2.6.2 Titanium aluminide

Other materials that have been studied in order to coat high pressure dies are
titanium aluminides (TisAl, TiAl, and TiAl3). Compared to titanium, these aluminides
show some advantages such as higher elastic modulus, lower density, in general
higher corrosion resistance, and better behavior under higher temperatures (SALMAN
et al, 2009). A study by Salman (2011) has shown the efficiency of these coatings to
delay the molten aluminum dissolution. Salman has used Ti(Al,0)/Al203 to coat the
surface by the HVOF method. Figure 14 and figure 15 show the AISI H13 and coated
AISI H13, respectively. It is possible to observe how the coating preserved the geom-

etry of the specimen.

Figure 14 — Photographs of uncoated H13 tool steel coupons after (a) one hour, (b) six hours,
(c) 22hours, and (d) 38 hours of immersion in molten aluminum at 700 °C.
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Reference: Salman (2011)

Figure 15 - Photographs of Ti(Al,O0)/Al.O3 coated coupons after (a) one, (b) three, (c) six, (d,e)
22, and (f) 38 hours of immersion in molten aluminum at 700 °C
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2.6.3 Carbides

Chromium carbide is one of the most popular HVOF coatings studied by litera-
ture. Chromium carbides are not only hard but also keep their properties under high
temperatures (CHATHA et al., 2012). Usually, it is mixed in a NiCr matrix to create an
adhesive coating. There are not enough studies about the use of these materials for

the improvement of surfaces exposed to molten metals.

Picas et al. (2015) analyzed the use of Cr3C2—CoNiCrAlY coating with a
CoNiCrAlY bond coating. The idea was to decrease the fast change of the thermal
expansion coefficient from the bulk to the coating, diminishing the thermal stress by
using the bond coating. Besides, Picas et al. (2015) used a surface heat treatment and
obtained a grain refinement on the surface, reaching higher hardness. In the end, Picas
et al. (2015) suggested the use of these coatings where high temperatures and wear
resistance are required, as tooling and high temperature dies. Furthermore, Bolelli et
al. (2016) measured the thermal expansion coefficient for CrsC2 25NiCr HVOF coating
and found it to be 11.08x10-% °C-! in the 30-400 °C range. This result is close to the
AISI H13 tool steel. Even so, the literature lacks the analysis of these coatings regard-

ing the molten aluminum chemical attack.

As well as chromium carbide, tungsten carbide (WC) has been wildly used as
coatings for several demands. The main reasons are its hardness, wear resistance,
and toughness. Lopez and Rams (2015) studied a WC-12Co coating in order not only
to enhance the wear resistance of the bulk but also to evaluate the effect of molten
metals on the surface. Besides showing weak adhesion with aluminum, the WC-12Co
coating improved the corrosion resistance during thermal fatigue tests. After the ther-

mal cycling test, they did not find cracks or delamination.

Singh and Kaur (2019) studied the addition of WC-Co in NiCrSiFeBC powder
for HVOF coatings. This composition kept its resistance even under 400 °C. A leading
issue with WC-based coatings is dealing with higher temperatures and keeping its me-
chanical properties. According to Oerlikon Metco (2014), for its Amdry 5843 and WOKA
3903, the maximum working temperature is 500 °C. In case of higher temperatures, it

is recommended the use of biceramics, as the mixture of WC and CrsCa, for instance.

Generally, WC-based coatings are inclined to be more resistant and harder than

CrsCz-based ones. However, the maximum service temperature for these coatings is
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around 500 °C. A potential solution is to combine these carbides to create a more
resistant coating as well as minimize high temperatures wear. Zhou et al. (2017) stud-
ied these coatings behavior and its temperature relationship. Even for the highest tem-
perature studied by them, 650 °C, the addition of tungsten carbide increased the wear
resistance. However, the wear rate for the CrsC2-NiCr did not significantly change by
increasing the temperature, whereas the CrzC2-WC-NiCoCrMo has almost doubled the
wear rate from 450 to 650 °C.

There still are no deep studies of these coatings for molten aluminum alloys.
Nevertheless, CrsC2, WC, and its combination show promising properties for this ap-

plication.

2.6.4 Boron nitrides

Some studies have analyzed the deposition of hexagonal boron nitride by HVYOF
in reason of its hydrophobic behavior with molten aluminum (FUJII et al., 1993). Be-
sides, h-BN coatings have great thermal shock resistance, high thermal conductivity,
and good chemical inertia (ZHANG et al., 2015). As it is a self-lubricant material, its
application creates advantages in environments where grease and oil cannot be used
(DONNET; ERDEMIR, 2004). Despite its great surface and chemical characteristics,
Zhang et al. (2015) deposited h-BN with a nickel-based matrix and did not achieve high
hardness. This happens due to the low h-BN concentration in the coatings, by increas-

ing the h-BN concentration, Zhang et al. (2015) have observed delamination.

Shivalingaiah et al. (2020) used cubic boron nitride (c-BN) with Inconel 718 ma-
trix for surface coating and achieved a hardness of about 500 HV. In spite of c-BN
coatings having a higher hardness, some characteristics as being a self-lubricant ma-

terial are lost.

2.6.5 Oxides

Several oxides are available for deposition using thermal sprays. Among them,
zirconium oxide exhibits excellent properties to handle molten materials. Peter et al.
(2015) compared zirconium oxide-based and nickel-based coatings to protect AISI H11
bulk. For zirconium oxide-based (ZrO2-Y203 and ZrO2-MgO), a NiCoCrAl bond coat-
ing was used to enhance corrosion resistance under high temperatures. Nevertheless,

for thermal fatigue tests, the nickel-based coating showed to be more efficient. Both
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cases did not show expressive aluminum dissolution; the predominant wear mecha-
nism was stress generated by thermal cycling, which caused cracks and delamination.
One of the main reasons zirconium oxide has excellent resistance to molten aluminum
is its poor wettability. Yang et al. (2016) found a contact angle of 148° for ZrOz plates.

As the wettability is limited, the chemical reactions are retracted.

Usually, coatings based on ZrO:2 are used in environments where temperatures
are high and low thermal conductivity is required. A classic example of its use is as
thermal barrier coating. According to Takahashi et al. (2019), a thermally grown oxide
(TGO), usually alumina-based, is used to improve the effective adhesion between the

bond coating and the top coating.

Liu et al. (2003) have worked on alumina/titania coatings deposited by HVOF
and plasma-sprayed. The HVOF coating showed to be extremely dense, adherent, and
wear resistant. Generally, alumina coatings are not suitable for corrosion enhance-
ment. However, the improvement in the density of these coatings has changed their

poor corrosion protection by decreasing its permeability (PINZON et al., 2018).

Abu-warda et al. (2019) analyzed coatings made of Al2O3-NiAl deposited by
HVOF regarding corrosion and wear under high temperatures. It was possible to obtain
good adhesion, with no substrate degradation in thermal fatigue analyses even under

850 °C, although having coating degradation.

2.6.6 Physical vapor deposition

Physical vapor deposition (PVD) is a technique that uses heat, usually from a
cathodic arc, to vaporize a solid target in a vacuum and deposits the atoms on the
surface. Gulizia et al. (2001) showed the improvements achieved by PVD coatings
regarding soldering. It was found that the coating did not chemically react with the
aluminum. Nonetheless, the soldered area grew in percentage over the cycles. A study
performed by Lugscheider et al. (1998) compared an H11 substrate after nitriding and
several PVD coatings using the polarization technique in die lubricant as environment.
The authors reached the conclusion that PVD coatings showed a lower current density

and, therefore, diminished the corrosion rate of the samples.

PVD coatings are also widely used due to its high hardness, wear resistance,

and corrosion resistance, enabling surfaces to improve their performance (LIU et al.,
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2012). The characteristics of these coatings make them one of the most common sur-
face enhancements for the HPDC application (KOVACEVIC et al., 2018).

According to Gilewicz et al. (2019), AICrN is one of the most promising PVD
coatings. It is because of its high wear resistance by the formation of permanent oxide
layers on the worn surfaces. There are two expected aluminum nitrides: c-AIN and h-
AIN (Cubic and hexagonal lattice, respectively). Also according to Gilewicz et al.
(2019), the increase in aluminum promotes the formation of the hexagonal phase, as
h-AIN is more stable, reducing the hardness and leading to drastic degradation in
strength. The typical cross-sectional TEM image of an AICrN coating made by Wu et
al. (2015) is shown in figure 16. It is possible to observe the formation of AIN and CrN
phases in alternated distribution with modulation of 18 nm and the presence of CrN

layers containing a larger number of particles with 0.5 — 3.0 nm in diameter.

Figure 16 - Magnified TEM image of a typical cross-section from AICrN coating.

Reference: Adapted from Wu et al. (2015)

2.7 Corrosion in molten aluminum tests

Several processes of corrosion in molten metal were described by Zhang and
Chen (2015). Most of the equipment described by Zhang and Chen involved the use
of rotational samples. A similar equipment was used by Zhu (2014), figure 17, to eval-

uate several materials regarding corrosion resistance; by changing the temperature of
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the molten aluminum, time of exposition, and angular velocity, it was possible to com-

pare several materials with the H13 tool steel.

Figure 17:Rotation test setup. (1) Spindle, (2) sample, (3) crucible containing the molten alumi-
num and (4) frame structure.

Reference: Zhu (2014)

A different system was used by Salman (2011) to evaluate HVOF coatings. The
corrosion results found by Salman were shown in figure 14 and figure 15. Salman used
a quiescent corrosion analysis by exposing the specimen to molten aluminum and re-
cording photographs over time. A similar analysis was made by Chen et al. (2020). In
both studies, the samples were cleaned with NaOH solution before measuring the

mass change.

2.8 Soldering in molten aluminum tests

Terek et al. (2019) have proposed an ejection test to evaluate soldering effects.
They analyzed three different ways to pour the aluminum and found different ejection
forces. The methods evaluated by Terek et al. are shown in figure 18. The first and
second methods are similar, they change with regard to the moment when the alumi-
num is poured into the crucible. The third analyzed method uses a preheated system.
They found the second method to have a smaller coefficient of variation. Another sim-
ilar methodology was proposed by Fazlalipour et al. (2019). They designed pins to
evaluate H13 tool steel and proposed the use of nano-composite and nano-multilayer

thin films.
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Figure 18: Three different methods of pouring the aluminum to evaluate ejection forces.
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Reference: Terek et al. (2019)

Wang et al. (2016) proposed a different methodology. Instead of using a pin cast

into the aluminum, they cast the pin on a flat surface, as represented in figure 19. First,

the boron nitride tube was preheated along with the molten aluminum at 700 °C. After

that, the coupon was placed inside the furnace, and the boron nitride tube was posi-

tioned on it. The molten aluminum was then poured, and the system was kept inside

the furnace for about 15 minutes.

Figure 19: Tensile test proposed by Wang et al. for evaluating solderlng
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3 MATERIALS AND METHODS

Corrosion and soldering analyses were performed to evaluate the resistance of
the coatings. The A383 (ADC12) aluminum alloy was used for all tests involving molten
aluminum. The composition of the alloy is shown in table 2. Before any test involving
molten aluminum, the surface of the samples was prepared using sandpaper to
achieve a Ra of 0.8 £ 0.2 ym. For corrosion and soldering, samples were machined
according to the requirements of the analyses, which will be discussed later. For metal-
lography, sheets of 3/16” x 1” x 6” were used for HVYOF and cylinders of 1” diameter

and 1/2” height for physical vapor deposition.

Table 2 - Chemical composition of the A383 aluminum alloy (in wt.%).
Alloy Al Si Cu Zn Fe Mg Mn Ni

A383 Bal. 105 25 15(Max) 1.0(Max) 04 (Max) 05 0.3

Reference: Liu et al. (2020)

The flowchart in figure 20 summarizes the proceedings for the study of the

coatings.
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Figure 20 - Flowchart of the experimental procedure for characterization of the coatings.
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3.1 Tool steel AISI H13 substrate

The AISI H13 was received as normalized, provided by Villares Metals. Before
any coating process, substrates were quenched in the air at room temperature after 1
hour at 1020 °C and double tempered at 620 °C for 2 hours for each temper. A ma-
chining allowance of 1 mm was used, and the surface was machined to final dimen-

sions before analyses and surface coating to avoid dealloying caused by oxidation.

3.2 High velocity oxygen fuel (HVOF) deposition

Samples were coated with AISI H13 and CrsC2 25NiCr by HVOF to evaluate

corrosion resistance in molten metal. The spraying parameters are shown in table 3.
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Before the coating process, the samples were blasted using Al203 to achieve a rough
and clean surface. The coatings were deposited on AISI H13 quenched and double

tempered.

Figure 21 shows images of the powders utilized. Both powders present a sphe-
roidal morphology. The MetcoAdd H13-A powder is obtained by gas atomization (Ar-
gon), whereas the WOKA 7205 was agglomerated and sintered.

Table 3 - Parameters and powder for HVOF deposition.
Parameter Cr3C; 25NiCr AISI H13

Oxygen flow 1950 I/min 1950 I/min
Nitrogen flow 23 I/min 23 I/min
Kerosene 56 I/min 56 I/min
Spray Distance 381 mm 381 mm
Gun JP5000 JP5000
Powder WOKA 7205 MetcoAdd H13-A

Reference: Author
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Figure 21 - SEM images of (a) H13 powder and (b) its cross-section, (c) Cr:C, 25NiCr and (d) its
cross-section.

eference: Author

3.3 AICrN coating deposition

Physical vapor deposition was made using Balinit Alcrona from Oerlikon
Balzers. It was also deposited by Oerlikon Balzers in Sdo José dos Pinhais — PR,
Brazil. Before depositing the AICrN PVD coating, the surface was polished to an aver-
age surface roughness (Ra) of 0.1 um or below. A similar process was used by Biava

(2019). The parameters for the deposition are shown in table 4.

Table 4 - Parameters for AICrN deposition via PVD.

Parameter AICrN
Reactive Gas Nitrogen
Nitrogen deposition pressure (Pa) 3.5
Target Power (kW) 3.5
Substrate bias voltage (V) -40 to 170
Substrate temperature (°C) 450+ 5

Reference: Adapted from Biava (2019)
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3.4 Hot corrosion in molten aluminum methodology

Corrosion in molten aluminum was analyzed by mass measurement and visual
analysis over immersion time in molten aluminum. Figure 22 shows the arrangement

utilized and the dimensions of the samples.

Figure 22 — (a) Coated crucible used for corrosion tests and (b) standardized dimensions of the

samples.
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Reference: Author

The bullet profile of the sample was chosen to avoid any coating defects caused
due to sharp edges. The immersion depth was 20 mm, and a lid was used to minimize
oxygen interactions. For every interval, the mass was measured and the sample pho-
tographed. Before measuring the mass, the samples were ultrasonic cleaned in 99.8%
ethyl alcohol. The total corrosion time was 40 hours, and the intervals chosen were 1-
1-2-4-8-8-8-8 hours. After corrosion, cross-section images using SEM and chemical

analyses using EDS were performed.

3.5 Die soldering testing methodology

The apparatus to make samples for soldering analyses are shown in figure 23.
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Figure 23 - (a) Finned graphite crucible, (b) graphite crucible and (c) standardized dimensions
of the samples.
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Two different processes were used to make the samples. The first one, figure
23 (a), was made using a finned graphite crucible to perform a simple cast. The pins
were positioned in the middle of the crucible using a positioning ring. Molten aluminum
at 720 °C was poured into the crucible and heat removed by the fins. The second one,
figure 23 (b), was a graphite crucible used to put the pin in molten aluminum and return
the system to the furnace at 720 °C, keeping the molten metal in contact with the sam-
ple surface. Figure 23 (c) shows the dimension of the sample. The pin was manufac-
tured with a cylindrical shape and had all the contact surface coated. In addition, a draft
angle was used to assist with releasing. For both systems, the sample was cooled at
room temperature. After cooling, the samples were machined to standardized dimen-
sions, as shown in figure 24 (a). The aluminum ring was machined to 10 £ 0.1 millime-

ters in height and 28 + 2 millimeters of external diameter.
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Figure 24 - (a) Sample after turning process and (b) extraction system.
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After the machining process, the samples were attached to a tensile testing ma-
chine using the coupling system shown in figure 24 (b), and the extraction stresses
were measured. To avoid any machinery influence, only facing operation was used
during the turning process to standardize the height of the samples. After extraction,

the aluminum ring and pin were analyzed.

3.6 Microstructural characterization

Optical microscopy (OM) was performed using Zeiss A2.m (Zeiss, Zeiss Micros-
copy, Oberkochen, Germany) with Axio Vision software for image analysis. For scan-
ning electron microscopy (SEM), a Tescan VEGAS3 (Tescan, Brno, Czech Republic)
was used with an x-act silicon drift detector (Oxford Instruments, Abingdon-on-
Thames, United Kingdom) for energy dispersive spectroscopy (EDS). Seven OM im-
ages were used to evaluate porosity according to ASTM E 2109-01. Prior to any anal-
ysis, the samples were grinded with sandpaper and polished with 0.25 ym diamond
suspension. Polishing was done using an automated polisher, using 25 newtons of
applied force. Chemical etching for metallic samples was performed using nital 5%
concentration for 20 seconds. Vickers hardness was measured with a Shimadzu HMV-
G20 (Shimadzu Corporation, Kyoto, Japan) in accordance with ASTM E 384-99 and
500 gf load. For XRD analyses, a Bruker ECO D8 Advance X-ray diffractometer
(Bruker AXS Inc., Madison, WI, USA) and a Diffract.EVA v4.2.2 were used. The
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wavelength was 1.54 A (Cu-Ka) for HVOF and PVD coatings. Other parameters are
shown in table 5. Nanoindentation was performed using Asmec UNAT (Dresden, Ger-
many) equipment with a Berkovich-type pyramidal diamond tip. The method used was

quasi-continuous stiffness measurement (QCSM) with a maximum load of 400 mN.

Table 5: Parameter used in the XRD analyses for HVOF and PVD coatings.

Parameter HVOF coating PVD coating
Voltage (kV) 30 40
Current (mA) 30 25
Incidence angle (°) 30 5
Sampling pitch (°) 0.02 0.025
Time per pitch (s) 4 0.2

Reference: Author



47

4 RESULTS AND DISCUSSION
4.1 HVOF and PVD coatings

The microstructure of the AISI H13 used for the analyses is shown in figure 25.
After heat treatment, the H13 tool steel disclosed a hardness of 477.9 £ 12.6 HVso0q. It
is possible to observe that the microstructure achieved a predominant martensite com-
position. According to the heat treatment quality microstructure chart found in NADCA
Die Materials Committee (2006), this microstructure is similar to HS4 and HS7 micro-

structures.

Figure 25: (a) 500x and (b) 1000x optical microscopy images of the microstructure of the AISI
H13 used as substrate for the analyses after heat treatment.
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Figure 26 shows the coatings deposited by HVOF. It is possible to observe mor-
phological differences between them. Figure 26 (b) shows the chromium carbide coat-
ing. It is possible to discern carbides, metallic matrix, and porosity. Meanwhile, the AISI
H13, figure 26 (c), shows a lamellar distribution of metallic phase with oxides and a
small amount of porosity. It is also possible to observe the martensite presence in the
substrate, figure 26 (a and c). Several measured characteristics of the HVOF coatings
are shown in table 6.
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Figure 26 — Cross-section optical microscopy images of (a) CrsC2 25NiCr and (c) AISI H13 HVOF
coatings after chemical etching and SEM images of (b) CrzC2 25NiCr and (d) AISI H13 HVOF
coatings before chemical etching dgpo'sited on AISI H13.

)

Reference: Author

Table 6 - Composition of the thermally sprayed coatings.

Property Cr;C; 25NiCr AISI H13
Porosity (%) 3.6x1.4 1.1110.22
Oxides (%) * 3.3541
Hardness (HVso00g) 707.2 £ 89.9 560.0+22.5
Coating Thickness (um) 545.1£41.5 412.1+£27.5

Reference: Author

Figure 27 shows the SEM images of the AICrN PVD coating. In figure 27 (a), it is pos-
sible to observe some defects on the surface, such as microdroplets/macrodroplets
and pores. These defects are well known, as shown in some studies (ADESINA et al.,
2019; BARONINS et al, 2018; MISHRA et al., 2021). According to Adesina et al.
(2019), the surface defects are the main setbacks of PVD coatings. These defects
affect the corrosion properties causing sticking to the workpiece, localized coating fail-
ure, and pitting corrosion. Figure 27 (b) shows the cross-section image of the AICrN
PVD coating. After the deposition, the AICrN PVD coating resulted in a thickness of
2.05 + 0.057 um. Graph 1 shows the hardness of the AICrN PVD and the H13 tool



49

steel after heat treatment. The hardness exhibits a plateau up to approximately 200
nm. It corresponds, as expected, to about 10% of the measured thickness of the AICrN
PVD coating. In this range of contact depth, the plastic deformation does not reach the
substrate, as shown by Saha and Nix (2002). Therefore, this value corresponds to the

hardness of the film, which the average is 29 + 6 GPa.

Fi SEM images of the AICrN PVD coating.
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Graph 1: Hardness of the AICrN PVD coating and AISI H13 substrate after heat treatment.

40 ! T T T T T T T
AICrN PVD
AlISI H13 Tool Steel
30 H -
g
T
O 20 A iETT -
~— LLEI
104 i
0 I T T T T

——
0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6
Contact Depth (um)

Reference: Author

Graph 2 shows the XRD diffractogram for HVOF coatings. The H13 HVOF coat-
ing showed peaks of martensite (a’) and some retained austenite (y). The main mar-
tensite structure is because of the high cooling rates. The CrzC2 25NiCr showed the
main peaks of nickel at 43° and 44°. It also disclosed many Cr3C2 peaks, showing the
strong retention of the carbide. Other CrxCy were not found in this analysis. Graph 3
shows the XRD diffractogram for AICrN PVD coating. Peaks for c-CrN and c-AIN are
represented in the diffractogram. The peaks are found in the between due to the good

solubility of c-CrN into c-AIN, according to Biava et al. (2022).



51

Graph 2: XRD diffractograms of the HVOF coatings.
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Graph 3: XRD diffractogram of the AICrN PVD coating.
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Energy dispersive spectroscopy was also applied to analyze the chemical com-
position of the coatings after deposition, as shown in table 7. Oxygen is found in AlSI

H13 composition due to the spraying process, as the particles react during its
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projection and the atmosphere exposition between the deposition layers (LIMA; TRE-
VISAN, 2007).

Table 7 - EDS measurement of the chemical composition after coating processes.

Cr3C; 25NiCr Chromium Nickel Carbon
HVOF(Wt%) 65.0 21.9 13.2
AISI H13 HVOF Iron Chromium Oxygen Silicon Vanadium Molybdenum
(Wt%) 88.5 5.1 3.7 1.2 0.91 0.6
AICrN PVD Chromium  Aluminum  Nitrogen
(Wt%) 35.0 31.8 29.6

Reference: Author
4.2 Molten aluminum corrosion

Graph 4 shows the mass change for all analyzed samples. Some mechanisms
change the mass of the samples; the first one is the aluminum adhesion. At the begin-
ning of the curve, it is possible to observe the mass gain due mechanical and chemical
adhesion of the aluminum alloy. Chemical bonding occurs between the sample surface
and the molten aluminum. Depending on the bonding forces of the corrosion products,
the material starts to gain more or less mass. During the test, the chemical reaction
between the molten aluminum alloy and the sample surface reduces the adhesion
strength, and the aluminum intermetallic detaches from the surface. A new surface is
created, promoting new reactions, and the corrosion of the material continues until the

mass change reaches negative values.

From figure 28 to figure 31, the specimens are shown; in the top left-hand corner
of each figure, the accumulated corrosion time in hours can be observed. Figure 28
shows the corrosion behavior of AISI H13, which is being used as a standard. In the
photograph after 24 hours of corrosion, it is possible to observe a change in the diam-
eter of the sample at its tip. A blue oxide has been shown after 32 hours, and the same
oxide has appeared for AlISI H13 HVOF and H13 with PVD. In the case of the CrsC:2
25NiCr, the bonding forces were great that at 40 hours of corrosion it had not reached
negative mass change, graph 4. Nonetheless, it does not mean superior corrosion re-
sistance to molten aluminum. As shown in figure 31, the adhesion of aluminum and
corrosion products create an increase in diameter. As HVOF AISI H13 is concerned,
the photographs have shown similar results compared to AISI H13. The results were
also similar for mass change from 0 to 8 hours, with a deviation for higher corrosion

time.



Graph 4 - Mass change over time for corrosion in molten aluminum (A383) at 720 °C.
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Figure 28 - Photographs of AISI H13 after corrosion in molten aluminum (A383) at 720 °C and
_EDS of blue oxidation after 40 hours of immersion.
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Figure 29 - Photographs of AISI H13 coated with AICrN by PVD process after corrosion in mol-
ten aluminum (A383) at 720 °C.

Reference: Author
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Figure 30 - Photographs of AISI H13 coated with AISI H13 by HVOF process after corrosion in
molten aluminum (A383) at 720 °C.

Reference: Author
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Figure 31 - Photographs of AISI H13 coated with Cr;C; 25NiCr by HVOF process after corrosion
in molten aluminum (A383) at 720 °C.

Reference: Author
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A second run of samples was performed until 8 hours to evaluate the cross-
section, shown in figure 32. All coated specimens had the substrate totally exposed
after 40 hours of corrosion. AICrN PVD has shown great protection for up to 8 hours.
Nonetheless, pitting incubation has been observed. Furthermore, similar behavior is
shown in the cross-sectioned sample after 40 hours, comparing it to AlISI H13. The
AISI H13 deposited with HVOF has shown some coating remnants after 8 and 40 hours
of corrosion. These remnants were found surrounded by iron oxides formed during the
corrosion test, shown in figure 33. The coating that was not protected by oxides was
consumed after 8 hours. EDS analysis has shown an average composition of 40.7At%
Fe and 59.3At% O of the oxide after 40 hours in molten aluminum, indicating a com-
position of Fe203. Concerning CrsC2 25NiCr, a thin layer of the coating resisted after 8
hours, and it is possible to observe the beginning of the strongly adhered layer (g).

After 40 hours (h), the coating was completely consumed.

Figure 32 - Cross section image for AISI H13 after 8 (a) and 40 (b) hours, (b) PVD AICrN after 8
(c) and 40 (d) hours, AISI H13 by HVOF after 8 (e) and 40 (f) hours and Cr3C2 25NiCr by HVOF
after 8 (g) and 40 (h) hours.

Reference: Author
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Figure 33 - Remaining AISI H13 coating after 40 hours of corrosion in molten aluminum (A383)
at 720 °C.
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4.3 Molten aluminum soldering

The results of die soldering tests are shown in graph 5, and the samples images
after extraction are shown in figure 34. The extraction resistance of the simple cast
samples (a) is similar for every sample, except for the H13 coated with AICrN PVD.
After 10 minutes at 720 °C (b), the extraction resistance changed significantly, and H13
HVOF had the highest extraction resistance. However, extraction resistances for H13
HVOF after 10 and 30 minutes are not valid, as the coating could not bear the forces
and detached from the substrate, as shown in figure 34 (c). Also, the presence of oxi-
dation underneath the coating was visible in the sample after 30 minutes of exposition
to molten aluminum. This underneath corrosion is believed to be the main reason for
the drop from 34.86 MPa to 29.85 MPa in extraction resistance. The CrsC2 25NiCr
coating has shown the second lower extraction stress for 10 minutes. However, after
30 minutes, bonding forces widely changed the results. For all tests, PVD coating
showed the best results. Figure 35 shows SEM images of the surface after extraction
of the aluminum ring; it is clear the difference on PVD surface after aluminum corrosion
in figure 35 (b). In a similar way, the PVD surface has changed in the figure 34 (b).
Regarding H13, the results for 10 and 30 minutes are close, with 10 minutes being
strongly adhered to the surface. This result will be further discussed based on SEM
and EDS analyses. Also, these graphs showed the importance of evaluating soldering

over time, as the extraction resistance has significantly changed over time.
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Graph 5 - Soldering extraction resistances. (a) Simple cast, (b) after 10 minutes in molten alu-
minum and (c) after 30 minutes in molten aluminum.

(a) 7 simple Cast (b) **7 10 min at 720 °C
404 AISIH13 prl AISIH13
. Cr,C, 25NiCr HVOF = Cr,C, 25NiCr HVOF
& 351 AISI H13 HVOF @ 354 AIS| H13 HVOF
= AICTN PVD =S AICTN PVD
o 30 © 30
Q Q
& &
_% 25 - 3 25
7] w
& 20 & 20
c =
£ 15+ £ 15+
Q o
] @
% 10+ % 104
w w
5+ 5
0 T T T 1 0 T T T 1
0 2 4 6 8 0 2 4 6 8
Displacement (mm) Displacement (mm)
(C) 457 30 min at 720 °C
. AISI H13
. Cr,C, 25NiCr HVOF
@ 351 AIS| H13 HVOF
=3 AICIN PVD
© 30
o
5
2 25+
7]
2 204
c
£ 15
©
= 10
w
5 =
0 T T T 1
0 2 4 5] 8

Displacement (mm)

Reference: Author

Figure 34 - Samples after aluminum ring extraction. From left to right: simple cast, 10 minutes
and 30 minutes aluminum contact. (a) AlSI H13, (b) AlISI H13 coated with AICrN PVD, (c) AlSI
H13 coated with H13 by HVOF and (d) AlISI H13 coated with CrsC; 25NiCr by HVOF.
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For simple cast AISI H13 (a-0), it is possible to observe the grooves from griding the
sample to reach the desired roughness, along with aluminum adhesion. After 10
minutes at 720 °C (a-1), the surface shows a drastic change in surface roughness.
Notwithstanding, the intermetallic detached after aluminum ring extraction. After 30
minutes at 720 °C (a-2), the surface is completely covered by intermetallic formed by
the corrosion process between the substrate and aluminum alloy. For both HVOF coat-
ings, surfaces have shown corrosion products after 10 minutes. In spite of being the
most resistant surface for soldering, it is possible to notice in the AICrN PVD images a
change throughout the time. The EDS analyses from the images in figure 35 are shown

in appendix A.
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Figure 35 - SEM images of the surface after aluminum ring extraction. (x-0) Simple cast, (x-1) 10
minutes and (x-2) 30 minutes. (a) AISI H13, (b) AICrN PVD, (c) AISI H13 HVOF and (d) CrsC;
25NiCr HVOF.

Reference: Author

Table 8 summarizes all the information regarding soldering for the surfaces. The

diffusional layer thickness was calculated using the extracted rings and pins, shown in
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figure 61 in appendix A. Due to the adhesion forces of the chromium carbide
coating, the diffusional layer was measured using the pins, since the intermetallics

were totally detached from the aluminum ring. For the AICrN PVD, no diffusion was

observed.
Table 8 - Results summary for soldering.
Detachment Stress (MPa) Diffusional Layer Thickness (um)
Surface Simple cast 10 min 30 min 10 min 30 min

H13 14.81 30.03 27.99 51.9 + 3.1 145.7 +6.4
AICrN PVD 10.08 11.40 12.61 Null Null

H13 HVOF 14.98 34.86 29.85 125+5.1 23.2+3.8
CrsC2 25NiCr HVOF 15.12 22.24 41.05 8.2+2.3 55.1+£9.2

Reference: Author
4.4 High temperature aluminum corrosion mechanisms

In this section, the mechanisms of corrosion by A383 aluminum alloy will be
discussed. As soldering and corrosion are intrinsically the same phenomenon, both
corrosion and soldering specimens will be used to explore the corrosion mechanisms.
As the main focus is to identify the mechanisms for each surface, the chapters are
divided based on the materials and coatings used. Furthermore, no chemical reactions
were found for simple cast samples, as shown in figure 58 and figure 59 in appendix
A.

4.4.1 AISI H13

Figure 36 shows the surface after aluminum ring extraction of the AISI H13 sam-
ples for both 10 and 30 minutes in molten aluminum. It is possible to observe the nu-
cleation of generalized corrosion. Even being generalized, there is a curling pattern
creating the bonding connection between the H13 tool steel and intermetallic. Similar
morphology was found by Chen et al. (2019). Also, EDS point analyses were made on
the surface to measure the chemical composition of the intermetallic layer in contact
with the H13 surface, the chemical composition of the H13 samples is shown in table
9.
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Figure 36 - SEM and EDS images of AISI H13 (a and b) After 10 minutes and (c and d) after 30
minutes.
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Table 9 - Chemical composition of the intermetallic layer after the surface in function of time in
molten aluminum.

Time (min) Fe (At%) Al (At%) Si (At%)

10 18.0+1.0 672+1.0 13.7+£0.2

30 26.3+04 67921 58+24
Reference: Author

It is possible to observe an increase in iron and a decrease in silicon contents.
The chemical composition calculated and EDS images suggest the formation of a
FeAls phase after 10 minutes of testing at 720 °C, as also found by Han and Viswana-
than (2003). After 30 minutes, a phase of Fe2Als stabilized with the presence of silicon
nodules. Even after the surface contact increase between AISI H13 and the interme-
tallic phase after 30 minutes, the extraction stresses for the H13 in graph 5 were similar
due to the more brittle nature of the FezAls phase, as evaluated by Matysik et al. (2015).
It is also possible to find cracks in the intermetallic formed after 30 minutes. Further-
more, the diffusional layer thickness grows from 51.9 + 3.1 pm after 10 minutes to
145.7 + 6.4 pm after 30 minutes. This linear growth behavior means that the diffusion,
for this interval of time, can be modeled using Fick’s first law. Nonetheless, the growth
of the new phase of Fe2Als will probably change the diffusion rate for longer periods.

Therefore, the main mechanism of soldering is simple dissolution corrosion,
driven by diffusion, with well-distributed dissolution in a curling pattern. As time is given,
new phases are stabilized because of the saturation of the aluminum alloy with iron.
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The curling pattern of corrosion grows, but soldering extraction stresses do not signif-
icantly change from 10 to 30 minutes due to the mechanical properties of the interme-

tallic grown.

4.4.2 Corrosion mechanisms of the AICrN PVD coating

AICrN PVD coating has successfully been able to diminish the aluminum reac-
tion along the 8 hours of molten aluminum exposition, figure 32. Also, soldering extrac-
tion resistances were the smallest. The coating thickness has also not changed until 8
hours. Nonetheless, EDS analysis on the surface after aluminum ring extraction has
shown a chemical composition change after only 30 minutes. Graph 6 shows the sur-
face composition over time for aluminum corrosion. The molten aluminum has a clear
effect on the nitrogen concentration of the coating on the surface of the sample. As
shown by Wu et al. (2015), AICrN coatings have a typical alternated structure of AIN
and CrN. Therefore, by diffusing the nitrogen, the phases of the coating are degraded,
and the remaining surface is more prone to corrosion. Furthermore, figure 37 and fig-
ure 38 show some defects found in the cross-section of the sample after 30 minutes
and 8 hours, respectively. From 30 minutes to 8 hours, the occurrence and size of
defects increased. Some of these defects were described by Song et al. (2012), where
they described the steps for the CrN PVD coating failure and soldering. It is also pos-
sible to observe the presence of initial pits, figure 32 (c). The pits are described by
Song et al. (2012) in figure 6 and are the leading defect to reach the curly surface

shown in figure 32 (d).
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Graph 6 - Chemical composition of AICrN PVD coating over corrosion time.
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Figure 37 - (a-d) Surface defects of AICrN PVD after molten aluminum corrosion for 30 minutes.

Reference: Author



67

Figure 38 - (a-c) Surface defects of AICrN PVD after molten aluminum corrosion for 8 hours. Ar-
rows are pointing to coating defects.

Reference: Author

It was also possible to observe a small degree of wettability for AICrN coating,
due to the presence of voids after the solidification of the aluminum. The presence of
non-wet spots after the solidification of the aluminum was found by Gobber et al. (2019)
for the surface that disclosed better adhesion of lubricant. Figure 39 shows two exam-
ples found in the samples analyzed after 8 hours in molten metal. In the first example,
figure 39 (a), itis shown a void space between the AICrN PVD coating and the solidified
aluminum. The second example, figure 39 (b), shows a spot where the aluminum is

touching the coating. It is also possible to observe nonwetted spots in figure 38 (b).
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Figure 39 - AICrN PVD coating after 8 hours of immersion in molten aluminum at 720 °C. (a) Ex-
ample of a poor wettability region and (b) a region where the aluminum wets the coating.
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The aluminum corrosion decreased the nitrogen content on the coating surface.
As nitrogen atom has a relatively small diameter, its diffusion to the molten aluminum
is the most probable mechanism. Also, the cross-section images have shown some
defects in the coating. These defects are pre-existing defects that increase in size after
molten aluminum corrosion. It is also possible to observe in figure 34 (b) the increase
in adhered aluminum. Soldering has increased due to the defects created on the sur-

face, allowing the molten aluminum to have contact with the substrate.

4.4.3 Corrosion mechanisms of the AISH H13 HVOF coating

Figure 40 shows the H13 HVOF surfaces after aluminum ring extraction for 10
and 30 minutes. EDS images of both regions are shown in appendix A. It is possible
to observe the formation of circular regions rich in iron and silicon. This is caused by
the iron-rich phases in the rupture region. Furthermore, the intermetallic formation ex-

hibits a high adhesion and spiky form.
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Figure 40 - SEM images (Backscattered-Electron) of AISI H13 HVOF from top surface (a) 10
minutes and (b) 30 minutes of corrosion in molten aluminum and cross-section (c) 10 minutes
and (d) 30 minutes of corrosion in molten metal.
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EDS analysis shown in figure 41 indicates the composition map of the first dif-
fusion layer between H13 HVOF coating and cast aluminum. It can be observed a
higher concentration of iron in the inner layer. It is also possible to observe preferential
corrosion behavior on the surface. The particle oxidation during the HVOF deposition
process formed a protective intersplat oxide layer. These layers, along with the metallic
phase, are shown in figure 42. This phenomenon has been explained by Chen et al.
(2019, 2020), where iron oxides (Fe203 and Fe304) were induced by air oxidation. As
the main mechanism passes from dissolution to oxidation for the AISI H13 HVOF coat-
ing, the corrosive process is decelerated. Even the soldering forces being higher due

morphology of the intermetallic formed, the corrosion was decelerated. Oxidation of
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the particles during deposition process could be used to enhance the coating re-
sistance with respect to molten aluminum corrosion. Additionally, some studies have
shown these iron oxides being used as a solid lubricant for HVOF coatings
(ZORAWSKI et al., 2017 AND ZORAWSKI; SKRZYPEK, 2013).

Figure 41 - SEM and EDS images of diffusional layers observed on the H13 HVOF sample in die
soldering tests after 30 minutes in molten aluminum at 720 °C.
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Figure 42 - HVOF of AISI H13 after 30 minutes of corrosion in molten metal. (a) Diffusional lay-
ers, (b) oxide layers acting as protection and (c) metallic particles being dissolved.

Reference: Author

To summarize, the soldering mechanism for AlISI H13 deposited via HVOF is a
mixture of dissolution of metallic phases and reaction of the oxides formed during the
spraying process. Spiky intermetallics are observed between the intermetallic structure
and aluminum molten alloy, likely due to the non-homogeneous diffusion process. A
smaller amount of iron is consumed when compared to bulk material, as most of the
iron content is concentrated in the inner diffusion layer. Therefore, even with the cor-
rosion rate being lower than H13 tool steel, the soldering effect is strong because of

the spiking formation.
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4.4.4 HVOF of Cr3C2 25NiCr

Figure 43 and figure 44 show the cross-section images of the H13 tool steel with
Cr3C2 25NiCr HVOF coating succeeding die soldering tests after 10 and 30 minutes in
molten aluminum at 720 °C. It is possible to observe that the initial corrosion depth is
small after 10 minutes and suddenly grows after 30 minutes. Also, the die soldering
extraction resistance at 10 minutes is higher only than AICrN PVD coating. However,
the extraction resistance became the highest value with the increase in time.

The initial detachment of chromium carbides from the matrix started after 10
minutes at 720 °C. This mechanism is more evident after 30 minutes at 720 °C, shown
in figure 45. After the dissolution, an Al-Si-Cr phase was formed. The measured inter-
metallic and coating compositions are shown in table 10. After breaking the chemical
bonding of the chromium carbide, the aluminum forms an intermetallic phase, and the
carbon is free to diffuse via interstitials. Figure 60, in appendix A, shows the amount of

carbon being diffused.

Additionally, the intermetallic creates spikes, with different morphology than ob-
served in the H13 HVOF. In this case, the spikes are smaller and in higher density.
These spikes create a strong bonding by increasing the surface area and, conse-
quently, the contact of the intermetallic and aluminum. Furthermore, the hardness of

the intermetallic layer has shown a value of 1,235.8 + 92.14 HVso0q.

Figure 43 - Cross section of Cr;C, 25NiCr after 10 minutes of corrosion in molten metal.
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Figure 44 - Cross section of Cr3C2 25NiCr after 30 minutes of corrosion in molten metal.
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Figure 45 - (a) Carbide detachment and dissolution and (b) linear EDS for Cr3;C, 25NiCr after 30
minutes of corrosion in molten aluminum.
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Table 10 - Chemical composition in weight percentage of the Cr;C; 25NiCr HVOF coating and
the intermetallic layer formed after corrosion for 30 minutes in molten A383 at 720 °C.

Cr (wt%) Ni (Wt%) C (wt%) Al (Wt%) Si (wt%)

Nominal Cr3;C2 25NiCr 65.9 20 141
Measured Cr3;C2 25NiCr 64.05+2.33 23.5+297 12.2+0.7 * *
Intermetallic 35.35+0.78 0.4+0.1 785+091 26.0+0.99 30.2+1.41

Reference: Author
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It was seen that the molten aluminum first dissolves the NiCr metallic matrix of
the coating. After dissolving it, the chromium carbide reacts with the aluminum, losing
its chromium and creating a tough intermetallic interface. The interface also shows
spikes, which contributes to the adhesion phenomena. After chromium carbide disso-
lution, the carbon diffuses fasters, and it is found in the molten aluminum. As the car-
bides move by concentration gradient, the molten aluminum degrades its chemical
bond. As the chromium carbide has shown a superior resistance, compared to the

metallic matrix, a better relation of carbide/matrix may be found.
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5 CONCLUSIONS

Corrosion and soldering properties for different coatings were evaluated and com-
pared to AISI H13. The mechanisms of corrosion and soldering were evaluated and

described using SEM and EDS analyses, and the main conclusions are shown below.

e Corrosion has been decelerated for all coatings. None of the coatings were able to
withstand the total of 40 hours of corrosion. After coating failure, AICrN PVD and
H13 HVOF showed a similar behavior compared to H13 tool steel. The CrsC2
25NiCr coating showed a higher adhesion of intermetallics.

e AICrN PVD coating has shown the best performance regarding soldering. A strong
adhesion was observed for Cr3C2 25NiCr coating, even having relatively low corro-
sion rate. The HVOF H13 coating has shown a better corrosion resistance com-
pared to AlISI H13. Nevertheless, the soldering increased. For both HVOF coatings,
a spiking phenomenon, due to non-homogeneous corrosion, increased soldering
extraction stresses.

e Corrosion/soldering mechanisms were described for all the surfaces. The carbide
detachment followed by aluminum corrosion was described in detail for the CrsCz
25NiCr coating. Also, the oxides in the H13 HVOF coating decreased the corrosion
rate. However, the spiking phenomenon was the main cause of soldering for both
HVOF coatings by increasing the surface contact area of the intermetallics and the
aluminum. Regarding AICrN PVD coating, the decrease in nitrogen and growth of
defects were attributed as the main mechanisms of coating degradation.

e The proposed methodology to evaluate soldering has shown to be extremely solid
by the amount of information given. It was possible to evaluate soldering forces,
corrosion/soldering mechanisms, corrosion rate, and intermetallic formation. When
combined with corrosion analysis, the corrosive behavior of the surface was evalu-
ated, and mechanisms were proposed.

¢ Nanolayers of iron oxide were found in the H13 HVOF coating. These nanolayers
were capable of retard corrosion. The increase of the oxide content could be used
to improve the corrosion resistance to a point where the spiking effect would be
less significant. Finding a relation between the amount of oxidation and mechanical

resistance of the coating by changing parameters could improve the resistance of
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the coating. Whereas for C3C2 25NiCr, the matrix has shown a smaller resistance

than the carbides. A better relation of carbide/matrix may be found.
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Appendix A — Scanning electron microscopy and energy dispersive spectros-
copy auxiliar data
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i le cast AISI H13.
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Figure 47 - Surface EDS after extraction of the aluminum ring for AISI H13 after 10 minutes in
molten aluminum.
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Figure 48 - Surface EDS after extraction of the aluminum ring for AISI H13 after 30 minutes in
~molten aluminm.
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Figure 49 - Surface EDS after extraction of the aluminum ring for simple cast AISI H13 with
AICrN PVD coating.
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Figure 50 - Surface EDS after extraction of the aluminum ring for AISI H13 with AICrN PVD coat-
ing after 10 minutes in molten aluminum.
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Figure 51 - Surface EDS after extraction of the aluminum ring for AISI H13 with AICrN PVD coat-

ing after 30 minutes in molten aluminum.
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Figure 52 - Surface EDS after extraction of te aluminum ring for simple cast HVOF of AISI H13.
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Figure 53 - Surface EDS after extraction of the aluminum ring for HVOF of AISI after 10 minutes
in molten aluminum.
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Figure 54 - Surface EDS after extraction of the aluminum ring for HVOF of AISI after 30 minutes
in molten aluminum.
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Figure 55 - Surface EDS after extraction of the aluminum ring for simple cast HVOF of CrsC;

25NiCr.
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Figure 56 - Surface EDS after extraction of the aluminum ring for HVOF of Cr;C; 25NiCr after 10
minutes in molten aluminum.
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Figure 57 - Surface EDS after extraction of the aluminum ring for HVOF of Cr;C2 25NiCr after 30
minutes in molten aluminum.
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Figure 58: Extracted aluminum rings from simple cast samples SEM images. (a) AISI H13, (b)
AICrN PVD, (c) HVOF of AISI H13 and (d) HVOF of Cr3C; 25NiCr.
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Figure 59:Extracted aluminum pins from simple cast samples SEM images. (a) AISI H13, (b)
AICrN PVD, (c) HVOF of AISI H13 and (d) HVOF of Cr3C2 25NiC
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Figure 60 - Weight percentage of carbon after the formed intermetallic layer.
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Figure 61 - Images of the diffusional layers for every sample. Aluminum ring extracted from
AISI H13 after (a) 10 minutes and (b) 30 minutes at 720 °C. Aluminum ring extracted from AICrN
PVD after (c) 30 minutes. Aluminum ring extracted from AISI H13 deposited by HVOF after (d)
10 minutes and (e) 30 minutes at 720 °C. Cr3;C2 25NiCr samples deposited by HVOF after being
extracted from the aluminum ring after (d) 10 minutes and (e) 30 minutes at 720 °C.
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