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ABSTRACT 

In this work, the effects of Al/(Al+Cr) ratio, nanolayering with TiCN, surface roughness of 

the coated H13 steel, and coating defect population were evaluated for five different AlCrN-

based PVD coatings (Chapter 2). In addition, the failure mechanisms of core pins coated with Si-

DLC by plasma-assisted chemical vapor deposition, or with AlCrN/TiCN or Al2O3 by PVD and 

positioned directly in front of the gate of a die used to produce large automotive die castings 

were investigated (Chapter 3). Regardless of coating type, five failure mechanisms were 

observed including mechanical erosion, chemical soldering, gross chemical soldering, build-up 

on coating, and thermal spalling, although the extent of each mechanism did vary with coating 

type. Selection maps were created by combining the wear resistance and the fraction of the core 

pin surfaces experiencing soldering and used to determine the best coatings for avoiding 

chemical and mechanical degradation leading to soldering. Successful lube-free aluminum 

HPDC can be achieved (Chapter 4) using two simple dies that were coated with an AlCrN PVD 

coating but contained no core pins or other features that were non-perpendicular to the ejection 

direction. It was possible to run both of these dies in the lube-free condition and produce over 

200 lube-free castings. It was observed that aluminum build-up on the die surface was an 

intermittent phenomenon as it did not lead to chemical soldering. There was no chemical 

reaction or intermetallic formation in the interface regions between the aluminum and the H13 

steel, or between the aluminum and the AlCrN coating. A mechanistic lube-free model was 

developed to understand the correlation between surface roughness, wetting angle and pressure 

and explain why lube-free aluminum HPDC was possible for these simple geometries and why it 

becomes challenging for more complex geometries.  
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CHAPTER 1   

GENERAL INTRODUCTION 

1.1 Motivation 

During the aluminum high-pressure die casting (HPDC) process, organic lubricants are 

sprayed onto the casting die surface prior to each shot, to prevent the liquid aluminum from 

soldering and sticking to the die [1-2]. However, the use of these organic-based lubricants causes 

several negative effects including: i) reducing the quality of the castings, ii) increasing 

manufacturing cost, and iii) producing effluents that must be treated and discarded. In addition, 

the life of the die is compromised by the rapid cooling of the die surface that results during the 

spraying of the lubricant (thermal fatigue). Laboratory data suggest that die life could be 

significantly extended by the elimination of lubricant spray [3]. 

Physical vapor deposition (PVD), chemical vapor deposition (CVD) and hot thermal 

diffusion (HTD) coatings started being used in the die casting industry in the 1990s to minimize 

the adhesion and soldering of molten aluminum to core pins, but at that time the coatings were 

relatively simple in nature. Since then, die coaters have developed more complex compositions 

sometimes with multi-layer architectures, which have enabled the use of these coatings and 

reduction in the required amount of die lubricant [4-7]. Historically, die casting trials using 

HPDC machines either in laboratory or industry production environments and laboratory tests 

that attempt to simulate die casting have been conducted to test different materials and coatings 

for aluminum HPDC [4-19]. Many of these studies correlated soldering with: (i) coating 

roughness, (ii) coating defects, (iii) coating oxidation, (iv) coating hardness, (v) coating wear 

resistance, (vi) surface composition, etc. Even though no unified theory exists, it is well accepted 

that an ideal coating for die casting applications must exhibit adequate adhesion to the substrate, 

good mechanical and tribological properties, oxidation resistance, chemical inertness, and no 

wetting by liquid aluminum [20]. 

The goal of this study was to understand the fundamental mechanisms of coating/liquid Al 

interactions, including soldering, in order to develop the most suitable advanced engineered 

coatings that can be applied to H13 steel dies used in the production of aluminum HPDC 

castings, with the goal of reducing and possibly eliminating the need for spraying organic 

lubricants (parting agents) onto the dies prior to the production of each casting. Ideally, this 
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understanding will result in a theory that can explain the aluminum/die interactions and enable 

the goal of achieving lube-free HPDC of Al alloys. In order to achieve these goals, a variety of 

experimental work was conducted. First in Chapter 2, a laboratory test procedure simulating the 

die casting process was developed to test uncoated and coated substrates to understand the effect 

of different surface variables on soldering. Second in Chapter 3, in-plant trials were conducted 

using dies with different coatings to assess their ability to reduce soldering and erosion. Detailed 

characterization was conducted to understand the die failure mechanisms. Finally, in Chapter 4, a 

theory for molten aluminum – die surface interactions was developed and successfully used to 

predict the conditions/constraints in which lube-free aluminum HPDC is possible. Finally, in 

Chapter 5, the most important findings from the work are summarized and conclusions are 

drawn, along with suggestions for future work. 

 

1.1.1 Problem Statement and Research Hypothesis  

The high pressures used in aluminum HPDC result in intimate contact between the molten 

aluminum and the dies and promote aluminum/die chemical reactions that are detrimental to die 

life and casting quality. The common practice for avoiding these issues is to spray die lubricant 

onto the die surfaces prior to each shot. Other attempted solutions include modifying the die 

surfaces through surface treatments, hard coatings, etc. all with limited success. Clearly, 

obtaining a better understanding of the factors leading to these reactions, is critical for 

determining if these reactions can be precluded by controlling such things as coating material, 

surface parameters (roughness, defects), wetting behavior by the liquid Al, wear resistance, etc. 

The research hypothesis addressed in this study is that lube-free aluminum HPDC should be 

possible using coated dies with simple geometries that minimize sliding of the casting relative to 

the die surface during casting ejection, and should become more challenging for complex dies 

where sliding occurs during ejection. 

 

1.1.2 Research Questions 

To test the hypothesis and the challenges associated with achieving lube-free die casting, 

there are several research questions that will be addressed as follows: 
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(1) Are AlCrN die coatings effective against Al soldering and what is the dependence of the 

protection on composition (i.e., Al/Cr ratio), surface roughness, and defect density? 

(2) How important are the wetting characteristics of the coatings when in contact with molten 

aluminum and how does the wear resistance of the coatings correlate with soldering in aluminum 

HPDC? 

(3) Which die failure mechanisms occur and how are they distributed along core pins during 

aluminum HPDC?  

(4) Is lube-free aluminum die casting possible and, assuming so, what are the constraints in 

terms of coating characteristics, die geometry and process conditions? 

 

1.2 Literature Review 

In this section, a literature summary of the main concepts necessary for understanding the 

impetus for conducting this work is presented. Some of these topics are further developed in 

subsequent chapters. 

1.2.1 Aluminum High Pressure Die Casting (HPDC) 

High pressure die casting is a high-volume, high-rate production process used to cast from 

simple to complex shaped parts of light alloys including magnesium, zinc, and aluminum. 

Variations in this process include: (i) hot-chamber die casting, where the injection system 

(normally called a gooseneck) is vertically inserted into the melt, and (ii) cold chamber die 

casting, where the injection system is horizontal and liquid metal is delivered by a ladle and then 

injected into the die at high pressure [2]. This dissertation is focused on HPDC of aluminum 

using cold chamber die casting.  

Figure 1.1 shows a typical die casting cycle for operation of a cold chamber die casting 

machine. It normally consists of: (i) spraying a diluted organic die lubricant, (ii) blowing off the 

die surfaces with air, (iii) closing the die, (iv) ladle feeding molten alloy into the shot sleeve, (v) 

injection to fill the die, (vi) solidification holding time, (vii) opening the die, (ix) ejecting the 

casting, and (x) quenching the casting followed by any sort of post-processing [2].  
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Figure 1.1: Example of a typical cycle in aluminum HPDC. From reference [2]. 

 

Special attention is given to the injection process for filling the die. The shot profile needs to 

be well designed to avoid air entrapment during filling. Also, two parameters are inherent of this 

process: (i) liquid metal velocities at the gate between 25 - 75 m/s, which normally fills the die 

quickly (50 – 100 ms), and (ii) the high intensification pressures up to 120 MPa to ensure liquid 

completely fills the die [2]. 

 

1.2.2 Failure Modes in Aluminum HPDC Dies 

Aluminum HPDC relies on dies being used to produce from tens of thousands to hundreds of 

thousands of castings [2]. These reusable dies are typically made using hot work tool steel grades 

H13 or H11, but historically, other die materials have been used in industry, such as W-based 
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alloys for high conductivity (Anvilloy 1150), Mo-based alloys for high temperature (Mo-785), 

etc. Even Ti-based (Ti-6Al-4V), Ni-based (IN-718) and Cu-based alloys have been laboratory 

tested, but have proven to be inferior to the die steels [16,21].  

Dies in aluminum HPDC normally fail due to one of these causes: (i) soldering, (ii) washout, 

(iii) corrosive wear, (iv) chemical corrosion, (v) erosion, and (vi) heat checking [22]. Deeper 

definitions about each one will be described below. 

Soldering is a general term used broadly in the aluminum HPDC community and describes 

die surfaces covered by solidified aluminum, independent of origin. The conventional 

explanation for chemical (or metallurgical) soldering is the result of an interfacial reaction 

between the die surface and the molten aluminum alloy, accompanied by the formation of 

intermetallic phases [14-16, 21-28]. Chemical corrosion is similar and is caused by the deep 

penetration of molten aluminum and dissolution of the die, with accompanying intermetallic 

formation [22, 29].  

Mechanical soldering, or build-up, or galling, is the result of the mechanical interaction at the 

interface between the die surface and the solidified aluminum, causing aluminum to stick to the 

surface. In this case, there are no reactions or reaction products. Even though drag marks are a 

type of mechanical sticking, they are easily differentiated from the ones described above given 

that they are normally due to misalignments and result in aluminum scratches at the die surface 

that end up being mirrored on the corresponding casting surface. Both are aligned parallel to the 

ejection direction as expected [19, 21, 27-33].  

Washout is the result of the fast filling of molten aluminum at the die surface, causing the 

action of “washing” the surface out by a combination of erosion, corrosion, and soldering. 

Similarly, corrosive wear results from the dissolution of the die material and formation of 

intermetallics at the die surface. The corrosion or oxidation of the die surface at the high 

temperatures the dies are exposed to results in oxidation products that are easily detached and 

soluble in the melt [16, 19, 21-22, 25, 31, 34-35]. 

Erosion is mainly caused by the impact of solid particles, i.e, slag, primary Si particles, 

oxides, carbides, impurities, intermetallics, during the filling process. Erosive wear or simply 

wear is also related to erosion, but in this case, it is caused by the relative motion between the 

solidified casting during ejection and the die surface [1, 16, 20, 22, 34-40]. 
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Heat checking is caused by thermal fatigue cracking or hot cracking due to thermal cycling 

that the die surface experiences given the spray of cold lubricant followed by the injection of 

molten aluminum. Gross cracking occurs when the die material is stressed over its fracture 

strength, and it can be devastating even leading to die fracture [1, 3, 16, 20-22, 25, 34-36, 41-45]. 

Heat checking and soldering are the two major causes of die failure in aluminum HPDC [29]. 

This project will not consider the heat checking mode of die failure, but will focus mostly on die 

soldering and its related mechanisms. 

  

1.2.3 Die Soldering Mechanisms in Uncoated Dies in Aluminum HPDC 

By dipping mild steels into molten aluminum and post-examination, Han and Viswanathan 

(2003) [23] proposed a mechanism for die soldering (i.e., chemical soldering) based on the 

reaction and interdiffusion at the interface between the molten aluminum and the steel. Clearly, 

different phases form in the interfacial regions due to reactions and interdiffusion. These phases 

are expected to follow the Al-Fe phase diagram, as shown schematically in Figure 1.2 (a). The 

accompanying schematic in Figure 1.2 (b) shows the presence of liquid aluminum in the die 

region 1 and the formation of a “zig-zag” two-phase mushy zone that will form the joint between 

the die and casting after solidification, as shown in Figure 1.2 (c). Soldering happens at region I 

due to the eutectic reaction L => Al3Fe + Al, so it needs the die surface to be at 61.3 % of Al. 

Regions 2 and 3 are formed by the solid-state diffusion of aluminum into the H13 die. The 

authors proposed that the transport of aluminum into the die is more important for soldering than 

the dissolution of the die into the liquid. From their analysis, it was also proposed that there is a 

critical temperature (Tc) for soldering to happen. This temperature Tc would be the temperature 

where there is liquid Al alloy in contact with the die surface, i.e., above the eutectic temperature 

of the alloy, which is 655 ºC for pure Al melts, or ~517 ºC for A380 alloy melts. Also, they 

proposed that the soldering tendency was driven by the liquid fraction above Tc. This means 

that, for castings produced using uncoated dies, soldering would normally occur at the hottest 

part of the die [23]. 
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Figure 1.2: Soldering on uncoated dies. (a) phases and compositions at the melt-die interface 

with soldering happening at region I; (b) presence of liquid at region I, and (c) joint formation at 

region I after solidification. Taken from reference [23]. 

 

Domkin et al. (2009) [26] performed modeling simulations of the Viswanathan and Han 

(2003) soldering mechanism coupled with kinetic considerations. They found that the 

intermetallic layer thickness was diffusion controlled. Also, they proposed that the solder 

strength is related to the intermetallic layer and is dependent on the liquid fraction distributed 

within the solder region (Ls) as shown in Figure 1.3 (a), and also of the thermal (temperature) 

history as shown in Figure 1.3 (b).  The solder strength was also calculated as a function of the 

number of die casting cycles, which was proposed to be used as a prediction of the die lifetime 

by defining a critical solder strength and estimating the number of cycles required to reach it 

[26].  

  

(a) 

(b) (c) 
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Figure 1.3: Modeling of soldering mechanism. (a) Diffusional dependence in the solder region 

(Ls), and (b) region where the intermetallic layer growth is possible due to the existence of liquid 

fraction at the die surface. Extracted from reference [26]. 

 

Chen (2005) [27] differentiated between chemical (also referred to as metallurgical) 

soldering from mechanical soldering and proposed a sequence of how both occur. In his analysis, 

mechanical soldering or build-up forms first (Figure 1.4 (a)), followed by chemical soldering 

which occurs by a solid-state reaction at the built-up interface (Figure 1.4 (b)). This theory 

proposed that there are pores and weaker areas on the gate side of core pins, that solidifies first, 

and the contraction causes it to crack at the interface. The difference in thermal conduction 

causes the pin to displace slightly, causing the opposite side of the gate (OG side) to be under 

compression and shear stresses during ejection. During ejection, this condition would cause 

dragging marks at the core pin opposite side of the grate. These interface interactions during 

casting ejection are depicted in Figure 1.4 (c). Finally, Chen (2005) proposed a thermodynamics 

model to explain why in some cases the mechanical soldering will not progress to chemical 

soldering with time while it will in other cases [27]. 

 

(a) 
(b) 
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Figure 1.4: Schematics of HPDC soldering. (a) build-up (mechanical soldering), (b) intermetallic 

formation at previously built-up interface (chemical soldering), and (c) the interface motions 

during casting ejection. Extracted from reference [27]. 

 

Gulizia et al. (2001) [28] tested uncoated H13 core pins in front of the gate with two different 

surface finishes and observed that soldering first formed on the surface of the core pins that were 

facing the incoming molten aluminum alloy flow. The soldering fraction was higher for the 

rougher core pins. The soldering observed for these uncoated core pins was similar to the 

mechanism proposed by Viswanathan and Han (2003) [23], where a cross sectional analysis 

revealed a reaction had taken place at the H13 and aluminum interface that resulted in the 

formation of intermetallics [28]. 

Zhu et al. [29] proposed that the mechanisms of die soldering on a failed die from a die 

casting plant was classified as physico-chemical, mechanical and mixed soldering. They 

proposed: (i) that soldering results from the chemical interaction between the casting and the die 

(physico-chemical soldering); (ii) that mechanical soldering results from aluminum alloy 

penetrating and solidifying inside curved cracks; and (iii) that mixed soldering (combination of 

mechanical and chemical interaction) occurs when the aluminum fills small size cracks and the 

mechanical interaction of solidified aluminum with cracks and microholes. The authors used 

modeling to show that soldering increases with increasing temperature, decreasing Fe content in 

the molten alloy, absence of protective coatings and increasing injection pressures. For uncoated 

(c) 
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dies, the proposed mechanism followed the sequence shown in Figure 1.5. For a die partially 

covered with lubricant (Figure 1.5 (a)), the aluminum will diffuse into the die and Fe from the 

die into the liquid forming the physico-chemical soldering (Figure 1.5 (b)), then with increasing 

number of castings, heat checking will occur at the die surface creating the mixed soldering 

(Figure 1.5 (c)), and finally with crack propagation as shown in Figure 1.5 (d) the soldering is 

serious enough for the die to fail.     

 

 

Figure 1.5: The Zhu et al. (2002) proposed sequence of soldering for uncoated dies. (a) die 

partially covered with lubricant, (b) physico-chemical soldering, (c) heat checking, (d) die 

failure. Extracted from reference [29]. 

 

1.2.4 Die Soldering Mechanisms in Coated Dies in Aluminum HPDC 

Song et al. (2012) [24] and Han (2015) [25] proposed that there were two types of soldering: 

1) chemical metallurgical reaction that occurs at higher temperatures, and 2) a mechanical 

interaction that happens at lower temperatures. Both sets of authors proposed that soldering in 

ceramic coatings starts at places where local coating failures have occurred. Molten aluminum 

gets through these defects and reaches the underlying die steel where it starts to dissolve the steel 

forming small pits (Figure 1.6 (a)). As shown in Figure 1.6 (b), soldering progresses at multiple 

parabolic/pyramidal sites and spreads laterally connecting with other sites. With time, the coating 

is further removed and more severe soldering happens by the formation of a consecutive zig-zag 

soldering layer covering the die surface. The progression of this mechanism leads to loss in 

dimensions as shown in Figure 1.6 (c) and the necessity of die repair or component replacement 

[24-25]. 
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Figure 1.6: Soldering mechanism on coated dies. (a) Start, (b) progression, (c) loss of dimension, 

and (d) sketch of the proposed sequence. Extracted from reference [24]. 

 

Chen (2005) [27] also tested core pins coated with a VC coating. It was observed that the cast 

alloy was “perfectly” attached to the coating surface, but no intermetallics were observed at the 

interface. It was proposed that the coating prevents the formation of intermetallics (chemical or 

metallurgical soldering), even though the build-up formation is still possible since it is 

independent of the formation of intermetallics (only mechanical). They noted that the nature of 

the interface bond between the cast alloy and the VC coating was not examined [27].  

Gulizia et al. (2001) [28] also tested core pins that were gas nitrided and PVD coated, with 

two surface finishes. Again, it was observed that soldering first occurred on the core pin surface 

facing the gate and that rougher core pins presented greater soldering fraction. Core pins that 

were nitrided or PVD coated suffered less soldering (only build-up) compared with uncoated 

H13 which underwent intermetallic formation leading to chemical/metallurgical soldering. It was 

proposed that, in the early stages of soldering in aluminum HPDC, PVD coatings eliminate 

soldering (chemical or metallurgical) by being a physical barrier, even though it still shows a 

certain amount of build-up (mechanical). The build-up was presumably attached to the core pin 

surface by mechanical keying, and not by chemical reaction [28]. 
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Zhu et al. [29] proposed a soldering mechanism for coated dies as shown in Figure 1.7. First, 

the coating prevents direct contact of the molten aluminum with the underlying die material 

(Figure 1.7 (a)), then microholes and microcavities start to form in the coating surface (Figure 

1.7 (b)), followed by cracks that form in the coating allowing mechanical soldering to occur 

(Figure 1.7 (c)), and finally the crack propagates into the die material and connects detaching the 

coating from the die surface until die failure (Figure 1.7 (d)) [29]. 

 

 

Figure 1.7: The Zhu et al. (2002) proposed sequence of soldering for coated dies. (a) Coated die, 

(b)  microholes and microcavities on the coating, (c) cracks form in the coating, and (d) crack 

propagates through coating and into the die material. Extracted from reference [29]. 

 

1.2.5 The Concept of Lube-Free Aluminum HPDC 

The first report of an attempt at lube-free aluminum die casting was performed by Zhu et al. 

[29] in an accelerated die casting soldering test, where they verified that it took only two castings 

for soldering to occur in a die casting die with no coating or separation agent (lubricant). The 

authors claimed that it happened on the second shot because the first shot removed (washed off) 

the oxide films from the die surface [29]. 

Zhu et al. [3] had shown using a dunk test that heat checking could be reduced by reducing 

the length of time the lubricant was sprayed on the die surface. Moreover, as shown in Figure 

1.8, by eliminating the lubricant spray, it also eliminated heat checking in the die during these 

laboratory tests [3].  
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Figure 1.8: Dunk test showing the effect of lubricant spraying time on die heat checking. 

Extracted from reference [3]. 

 

The concept of moving the aluminum HPDC to a lube-free process was further investigated 

by Wang et al. (2016a) [5] who developed a molten aluminum laboratory test and identified three 

PVD coatings that did not experience soldering or reaction with the molten aluminum. Following 

the laboratory work, one of these coatings, an AlCrN PVD coating, was deposited onto a steel 

die component that was part of a bigger die assembly (highlighted in red in Figure 1.9 (a)), 

which was evaluated in a die casting trial. The die insert, which was PVD coated with AlCrN as 

shown in Figure 1.9 (b), was used to produce 40 lube-free castings, even though the remaining 

areas of the die were sprayed as was the norm for these castings [5]. This was the first time that 

lube-free casting had been demonstrated, even though it was limited to a specific insert within a 

die. 
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Figure 1.9: Die used for lube-free casting trial. (a) Casting produced and detail for the insert 

position in red. (b) Pictures of the PVD coated AlCrN die insert before the trial (top row) and 

after the trial (bottom row). Extracted from reference [5]. 

 

After the successful lube-free trials using the die insert, Wang et al. (2016b, 2017) [6-7] 

attempted to run a whole die lube-free. The die as shown in Figure 1.10 (a) was PVD coated with 

the same AlCrN coating from the previous trial. On the first day, 70 castings were successfully 

produced with an 83% reduction in die spray and no evidence of sticking. On the second day, 96 

castings were produced using a 92% decrease in spray time with little-to-no sticking observed. 

While these results were encouraging, an attempt to run totally lube-free was conducted and the 

first casting stuck to the die and bent upon ejection as shown in Figure 1.10 (b). The authors 

identified that sticking occurred in the thicker sections of the castings, likely because of higher 

temperature excursions, and indicated that further investigations were needed to understand the 

mechanisms. Figure 1.10 (d) shows the best reduction in die lubricant spray achieved in the trials 

(83-92%), where most of the die cavity ran lube-free and the spray zone was concentrated at the 

gate region and adjacent areas in the cavity [6-7]. 

(a) 

(b) 

    

    



 15 

  

  

     

Figure 1.10: Lube-free die casting. (a) AlCrN PVD coated die faces with casting. (b) Casting 

stuck in the die with detail of damage to the die component shown. (c) Proposed positions where 

die sticking occurred (in red), and (d) the best operation obtained for the die was in a semi lube-

free condition. Taken from references [6-7]. 
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2.1 Abstract 

AlCrN-type PVD coatings are excellent candidates for die coatings as they reduce or 

eliminate the need for conventional lubricants in aluminum die casting. A variety of AlCrN-

based coatings are commercially available, and an understanding of their differences is needed to 

ensure optimum performance in the die casting process. In this work, the effects of Al/(Al+Cr) 

ratio, TiCN-doped layers, surface roughness, and coating defect population were evaluated for 

five AlCrN-based PVD coatings. Characterization was performed to determine the structure, 

microstructure, roughness, nature and distribution of surface defects and coating adhesion to the 

substrate. Also, tests were conducted to evaluate wear, oxidation, and resistance to molten 

aluminum attack. Using a modified molten aluminum adhesion test, coatings with higher 

roughness and higher fractions of microparticles displayed greater adhesion to the solidified 

aluminum. As-deposited coatings with higher Al/(Al+Cr) ratio provided better protection (little 

or no adhesion) when in contact with the molten aluminum, but the protection decreased when 

post deposition polishing was applied to the coating, where some aluminum reaction was 

observed even without measurable adhesion. Combining the AlCrN coating with alternating  
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nanolayers of TiCN not only provided higher protection to molten aluminum attack compared 

with the higher Al/(Al+Cr) ratio coatings, but also promoted the lowest coefficient of friction, 

smallest wear rate, and a similar air oxidation resistance. Thus, for the five coatings examined, 

the combination of results indicates the multilayer AlCrN/TiCN coating is an excellent candidate 

for industry in-plant trials geared towards moving aluminum die casting towards a lube-free 

process. 

 

2.2 Introduction 

High pressure die casting is a process where aluminum, magnesium and zinc alloys are 

injected into permanent steel dies at high speeds (gate speeds of between 25 and 75 m/s) and 

high pressures of 70 MPa or higher [1]. Prior to each shot, an organic-based lubricant is typically 

sprayed onto the die surface to prevent the liquid metal from soldering and sticking to the steel 

die [2]. The lubricant acts as a parting agent but can also produce several undesirable outcomes 

including reducing the quality of the castings by increasing the amount of entrapped gasses, 

increasing production costs, and producing effluents that must be treated and discarded [3]. In 

addition, the cooling of the die surface associated with spraying of the lubricants onto the die 

face can dramatically hasten the onset of heat checking, thereby shortening the life of the die [3]. 

During aluminum die casting, regions of the steel die experience more aggressive conditions 

that result in higher temperatures and greater abrasion/erosion by the interactions with the 

flowing liquid metal. In particular, small-diameter core pins located near the gate are particularly 

susceptible to these more extreme conditions, as are regions that receive little or no lubricant 

spray because of their locations [4]. If these regions become too hot, above a defined critical 

temperature Tc of approximately 520 ºC [5], the aluminum can solder to the steel, making it 

difficult to eject the casting without developing significant drag marks on the surface of the 

casting. Further, this process can even mechanically deform the casting. One solution is to apply 

coatings, usually by physical vapor deposition (PVD), to these more vulnerable regions of the die 

to minimize soldering [2,4]. The types of PVD coatings that are generally applied to die casting 

components are metal nitrides such as CrN, TiAlN, and AlCrN. Ideally, PVD coatings for die 

casting applications will exhibit excellent adhesion to the die substrate, good mechanical and 
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tribological properties, oxidation resistance, and chemical inertness and non-wetting behavior by 

the liquid aluminum [6-7]. 

Laboratory tests have been used to predict and test different die materials and coatings for 

aluminum die casting applications. The most common laboratory tests include: (i) simple dipping 

tests [5,8-9], (ii) ejection tests [10] or ease-of-release tests [7] for cylindrical samples, (iii) 

molten aluminum adhesion tests for flat samples [11-12], (iv) rotating immersion tests for rods 

[13-16], and (v) wettability tests such as the sessile drop technique [17]. Also, laboratory 

tribology tests (e.g., pin-on-disk) are frequently used to understand the wear behavior of these 

coatings [18-21]. Laboratory oxidation resistance tests have also been used to evaluate coating 

suitability for aluminum HPDC [2]. Laboratory die casting trials [4] and industry die casting 

trials have also been used [15, 18, 22-23], even though these tests are much rarer due to their 

high cost. 

AlCrN-based coatings produced by the PVD process are good candidates to minimize this 

soldering issue during aluminum die casting [11-12,14-15, 18, 20, 22]. Further research 

examined whether PVD coatings could be used to minimize or even eliminate the use of 

conventional organic lubricants applied during die casting. Specifically, Wang et al. developed a 

laboratory test in which they attempted to quantitatively measure the soldering behavior, and the 

resulting adhesion strength of aluminum die casting alloys solidified against steel substrates 

covered with a number of different PVD coatings [11, 24-26]. In this research, three PVD 

coatings, AlCrN, AlTiN, and CrWN, were identified as providing essentially zero adhesion 

strength to the solidified aluminum die casting alloy [9,24]. To evaluate the performance in a 

commercial die casting environment, an entire H13 steel die was PVD coated with their AlCrN 

coating, and the testing demonstrated that the PVD coating enabled a reduction in the required 

amount of conventional lubricant spray by around 85% [24-26]. Several other benefits of this 

significant reduction in conventional lubricant spray were identified, including a 12% 

improvement in cycle rate (due to the reduction in spray time) and a significant improvement in 

die life [24-26]. These authors also noted a significant difference in adhesion strength between 

nominally similar AlCrN coatings produced by different commercial suppliers [11]. The reasons 

for the observed differences were not determined, and it is clearly important to understand why 

nominally similar AlCrN coatings can exhibit differences in performance so that consistent 
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behavior can be assured when AlCrN coatings are applied in commercial production 

environments using lube-free conditions. 

In the present study, five AlCrN-based PVD coatings have been characterized using a variety 

of techniques to determine the coating compositions, crystal structures, microstructures, quality 

of adhesion to substrate, wear resistance, oxidation resistance, and resistance to molten 

aluminum attack. The goal was to evaluate the effects of Al/(Al+Cr) ratio, the addition of TiCN 

nanolayers, roughness, and fraction of coating defects on the performance of AlCrN-based 

coatings. As will be shown, a multilayer AlCrN/TiCN coating is the most effective of the 

coatings studied in reducing or eliminating the need for conventional organic lubricants in the 

aluminum die casting process. 

 

2.3 Materials and Methods 

Five different AlCrN-based coatings obtained from two commercial sources were deposited 

onto polished flat 25.4 mm by 25.4 mm substrates of heat treated H13 hot work tool steel. The 

first supplier produced three different coatings (identified as AlCrN-1 to 3 in this paper), and the 

second supplier produced two coatings (identified as AlCrN-4 and AlCrN-5).  

For the production of the samples, Supplier 1 used a 9-stage ultrasonic cleaning device in 

aqueous detergent with anti-rust properties for the initial cleaning of the substrates. This process 

was followed by a 15-minute etching cycle inside the deposition chamber. For deposition, an 

xPro – L4 unit from Plasma und Vakuum Technik GmbH (PVT, Germany) with 4 arc power 

supplies of 400 A high power pulsed arc (HiParc), and one 15 kW dc bias power supply was 

used. The H13 steel substrates were pre-heated to 350 °C and subjected to a 75 V direct current 

(DC) bias, ~1 A bias current, and 100-150 A for the cathodes. The chamber pressure during 

deposition was held at 6 mTorr for a pressure controlled depoistion, and contained a controlled 

gas mixture of Ar, N2, and C2H2 for producing stoichiometric coatings with flow rates in the 

range of 50-200 cm3/min. The total deposition time was around 140 minutes. The first coating, 

AlCrN-1, produced by cathodic arc evaporation (CAE) using a Ti target for creating a Ti 

adhesion layer and an Al65Cr35 alloy target for the top layer, was supplied in the as-deposited 

condition. The second coating, AlCrN-2, was produced similarly to AlCrN-1. However, after 

deposition, the coating surface received a post-deposition polishing treatment (PDPT) to remove 
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any microparticles that are inherent to the CAE process. The third coating, AlCrN-3, was 

produced by plasma-diffused-arc (PDA) technology and supplied in the as-deposited condition. 

This AlCrN coating followed the same procedures as the first two coatings, but at this time, this 

coating was produced by depositing alternating nanolayers of TiCN. 

The second supplier used a multi-stage ultrasonic cleaning process with an aqueous 

detergent, followed by sputter etching inside the deposition chamber. They also used a patented 

filtered CAE process in a custom made unit described in detail elsewhere [39], with targets 

positioned at 350 mm from the substrate, substrate pre-heat temperatures of 450 – 500 °C, and a 

DC bias applied to the substrate similar to Supplier 1. Deposition was conducted using a nitrogen 

pressure in the range of 0.3 – 0.6 Pa, and the substrates were rotated a 3 - 6 rpm. An initial Cr 

adhesion layer was produced using a pure Cr target followed by a total deposition time from 120 

to 180 minutes using an Al46Cr54 alloy target. Using these parameters, Supplier 2 provided the 

fourth coating, AlCrN-4, in the as-deposited condition. Finally, the last coating, AlCrN-5, was 

produced by Supplier 2 using a duplex process that consisted of initially nitriding the H13 

coupons by ion implantation followed by the deposition of a Cr adhesion layer and an AlCrN top 

layer using the same filtered CAE method described previously. 

A variety of techniques were utilized to characterize the coatings, including calo testing, 

optical profilometry, scratch testing, VDI 3198 indentation, pin-on-disk, thermogravimetric 

analysis (TGA), grazing incidence X-ray diffraction (GIXRD), scanning electron microscopy 

(SEM) with energy dispersive spectroscopy (EDS), electron microprobe analysis (EPMA) with 

wavelength dispersive spectroscopy (WDS), focused ion beam (FIB), and transmission electron 

microscopy (TEM). 

The calo test, also commonly called ball cratering, was performed by spinning a hard 20 mm 

diameter WC sphere against the coating surface to produce a crater. Subsequent analysis of the 

geometry of the crater using an optical stereoscope determined the thickness of each coating. At 

least five measurements were performed on each coating. 

A Wyko NT2000 3D optical profilometer was used to measure the surface roughness of the 

coatings using the following parameters: i) 5X objective lens with a 0.5X field of view; ii) 

vertical scanning interferometry (VSI) mode with a backscan of 15 µm, a length of 15 µm, and a 

modulation threshold of 5%. These parameters produced calibration errors consistently below 
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0.5%. The fraction of the coating surface covered with defects was measured from the 

profilometry data for: (i) % of microparticles (>0.5 µm), and (ii) % of removed microparticles 

(<-0.5 µm), being the ± 0.5 µm height threshold defined based on best practices in industry and 

from literature [12]. At least five repetitions were performed. 

Scratch tests were performed using a micro comb test system (MCT) in accordance with 

ASTM C1624−05. These scratch tests used a Rockwell C diamond indenter (200 µm tip), a 0.03 

N pre-load, 30 N final load, 2 mm scratch length and 2 mm/min scratch velocity. Five repetitions 

were performed for each coating. The scratches were analyzed using an optical microscope for 

the determination of the critical loads (Lc1 and Lc2), and acoustic emission (AE) signals 

recorded during the tests. These recordings were used to help determine Lc2 based on the most 

relevant AE peak. 

To complement the scratch tests, VDI 3198 tests were performed on each of the coated 

samples using a Rockwell C indenter. The indentation marks were analyzed using an optical 

microscope. The coating failure mode was classified following the VDI 3198 standard. At least 

five repetitions were performed for each coating. 

Grazing incidence X-ray diffraction (GIXRD) was performed using a Malvern Panalytical 

Empyrean X-ray Diffractometer with Cu Kα radiation and a grazing incidence angle ω = 1°, and 

2ϴ angles from 30° to 85°. The crystal structure identification was performed usi’g X'Pert 

HighScore Plus. 

Room temperature pin-on-disk wear tests were performed following ASTM G-99. Pure 

aluminum balls with 6.35 mm (¼-inch) diameter were loaded and slid against the coating 

surfaces using a 100 g (0.98 N) load for 10,000 cycles at 400 rpm. The tests were repeated three 

times for each coating, using track radii of around 5 mm, 8 mm and 10 mm (approximately 325 

m, 500 m, and 650 m sliding distance, respectively). Optical profilometry was used to evaluate 

the wear tracks for analysis of wear resistance. 

A JEOL 7000 FESEM and a FEI Quanta 600i SEM, both equipped with EDS capabilities, 

were used to characterize polished cross sections of the coatings, the wear tracks on the coatings, 

and the scar on the surfaces of the aluminum balls after pin-on-disk testing. Also, SEM was used 

to characterize the coating surfaces after the molten aluminum tests. 
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FIB lift-outs from the coating surfaces were prepared using an FEI Helios Nanolab 600i. 

These samples were examined using both conventional TEM and scanning transmission electron 

microscopy (STEM) modes in an FEI Talos F200X (at Colorado School of Mines). Also, a 

Titan3™ G2 60-300 S/TEM (at The Ohio State University) was used for bright field (BF), high 

angle annular dark field (HAADF), selected area diffraction (SAD) and EDS was used to 

produce elemental maps and compositional line scans. 

Thermo-gravimetric analysis (TGA) was performed using a Setaram Setsys STA to assess 

oxidation behavior in air at a heating rate of 10 ºC/min up to 900 ºC and a 50 ml/min air flow 

rate. The 12 x 25 x 2 mm polished H13 steel coupons with and without the five AlCrN-based 

coatings were tested by sectioning the original 25 x 25 x 2 mm samples in half.  

A modified version of the Aluminum Adhesion Test (AAT) developed by Wang et al. [14] 

was used to determine each coating’s resistance to adhesion and soldering when in contact with 

molten aluminum. This modified test apparatus is shown schematically in Figure 2.1 (a) and 

consists of an upper melting crucible and a lower casting mold. The upper melting crucible was 

fabricated from graphite, and the lower casting mold was fabricated from H13 steel and was 

coated with BN spray prior to each test. The AlCrN-based coated material coupons were 

positioned on the lower surface of the casting mold (see Figure 2.1 (a)). The entire test apparatus 

was placed within a vacuum chamber, which was evacuated and backfilled with argon three 

times. In this test, about 30 g of aluminum alloy A380 was melted in the upper crucible using 

induction heating. The temperature of the molten A380 alloy was monitored using a type-K 

thermocouple located inside the melting crucible. Once the molten aluminum temperature 

reached 800 ºC, the induction heater was turned off and the molten alloy allowed to cool to ~750 

ºC. Even though 750 ºC pouring temperature is higher than that used in aluminum die casting, it 

is normally used in laboratory tests for creating a more severe test and to ensure good contact 

between the molten alloy and the testing coupon [12]. Once the alloy reached this temperature, it 

was bottom poured from the upper crucible by removing a graphite rod used to plug a hole in the 

bottom. The molten aluminum alloy rapidly drained from the crucible into the casting mold, and 

the output from a second type-K thermocouple located approximately 10 mm from the bottom of 

the mold was recorded. The vacuum chamber was then quickly opened, (within 30 seconds) and 

the casting mold assembly was transferred to a pre-heated furnace. The setup was held at higher 

furnace temperature in order to enhance the contact between the molten aluminum and the test 
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coupon. A thermocouple was used to monitor the temperature of the aluminum within the mold, 

and once it reached 750 ± 10 ºC it was held at this temperature for 15 minutes. The furnace was 

then turned off and the furnace door was opened to allow the entire apparatus to cool to room 

temperature. Figure 2.1 (b) shows an example of the temperature profile for the molten 

aluminum in the casting mold during the test. The casting mold was then disassembled, to 

evaluate if soldering had occurred between the solidified aluminum and the coated coupons. 

Tensile tests were performed on the soldered samples using a 20 kip Instron universal testing 

machine with the aid of a specially-designed fixture [24]. The cross-head velocity was set at 0.2 

mm/min. Three samples were tested for each coating and the highest breaking strengths are 

presented along with the average values from all three tests. 

 

 

Figure 2.1: (a) Modified AAT schematics illustrating the sequence of the test, and (b) 

temperature vs. time profile during a typical modified AAT. 

 

2.4 Results and Discussion 

2.4.1 Coatings Characterization 

The compositions, thicknesses, roughnesses, and quality of adhesion of the various coatings 

are summarized in Table 2.1. The reported compositions of the coatings were measured by WDS 

in the electron microprobe. The compositions of all of the various coatings were close to 

stoichiometric in relation to N concentration. The AlCrN-1 and AlCrN-2 coatings have similar 

compositions. The AlCrN-3 coating is the AlCrN/TiCN nanolayer coating with a significantly 

different composition. This is because of the presence of the TiCN layers. The coatings from 

Supplier 2 had compositions similar to each other, but different in comparison to coatings from 
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Supplier 1. The Al/(Al+Cr) ratio for coatings AlCrN-1 and AlCrN-2 is 0.66, while the ratio for 

AlCrN-4 is 0.47 and for AlCrN-5 is 0.46. It has been reported by Hirai et al. and by Reiter et al. 

for AlCrN coatings that the phase transition from the desired cubic B1 (NaCl) structure to the 

hexagonal B4 (würtzite) structure occurs when the Al/(Al+Cr) is above 0.75 [27] or 0.71 [28] 

depending on deposition conditions. Thus, within the error of the WDS measurements, it is 

expected that coatings AlCrN-1, 2, 4 and 5 are within the composition limits to ensure that the 

crystal structure is the harder B1 cubic phase, since the compositions are well below these 

critical ratios. It is often desirable that the Al/(Al+Cr) ratio be close to the concentration limit for 

the cubic phase, due to the higher thermal stability and higher wear resistance of these 

compositions [28]. In addition, Al concentrations close to the limit of the cubic/hexagonal 

transition have also been reported to reduce the level of residual compressive stress induced 

during coating deposition, which is desired for heat checking resistance [28]. For the AlCrN-3 

coating, the ratio of Al/(Al+Cr) within the (Al,Cr)N layer is 0.76, so a mixture of the cubic B1 

and the hexagonal B4 phases is expected. It is noted that the TiCN layer has a similar cubic B1 

structure, which might help stabilize the B1 AlCrN phase.  

The thicknesses of the coatings were estimated from the average of the calo testing and SEM 

analysis on polished cross sections, where both methods indicated similar thickness values. The 

coatings from Supplier 2, AlCrN-4 and AlCrN-5, were much thicker than the coatings from 

Supplier 1, but both were within the common range of thicknesses for PVD nitride coatings 

(from 1 to 10 µm [7]). For coatings AlCrN-1 and AlCrN-2 with similar compositions, the 

thickness of the second coating was intentionally almost doubled since these coatings were to be 

subjected to post deposition polishing treatments.  

The roughness measurements for the coatings examined in this study were performed using 

3D optical profilometry and showed that the coatings were smooth with Ra values in the 

nanometer range. The coatings from Supplier 1 had a tendency to exhibit lower roughness values 

in comparison with the coatings from Supplier 2, indicating a tendency towards higher roughness 

values with increasing coating thickness. Coatings AlCrN-1 and AlCrN-2 were the smoothest, 

and AlCrN-3 was intermediate but with a large standard deviation that caused it to overlap with 

all other coatings. Surface roughness has been shown to have a significant effect on soldering 

and coating performance in aluminum die casting [18,29-30]. 
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Cohesion within the coatings and adhesion to the substrates were estimated using the scratch 

test and VDI 3198 measurements, and the results are summarized in Table 2.1 and shown in 

Figure 2.2. Graphs from the acoustic emission signal vs normal load are included with the optical 

micrographs taken from the scratch on the coating surface on the left in Figure 2.2. The results 

indicate how the scratch features on the coating surfaces correlate to the critical loads Lc1 and 

Lc2. The cohesive critical loads (Lc1) were in the range from 6-9 N for all coatings. All three 

coatings from Supplier 1 exhibited similar adhesive critical loads (Lc2) of around 15 N, higher in 

comparison to those for AlCrN-4 (11.3 N) but smaller than AlCrN-5 (~23 N). These results 

suggest that the presence of a nitriding layer provided better adhesion and load bearing support 

for the coating as demonstrated by the superior adhesion values found for coating AlCrN-5. 

Scratch tests are useful for comparing similar coatings, but it is difficult to compare with other 

reports due to the huge variation in test parameters, as summarized in ASTM C1624-05 (2015). 

VDI 3198 tests were used to complement the scratch tests. As shown in the right of Figure 2.2, 

analysis of the indentation marks indicated no cracks or coating spallation around the 

indentation. This indicated adequate coating adhesion to the substrate, with all coatings being 

indexed as HF1 (acceptable failure) [31]. 

 

Table 2.1: Coating nomenclature used in this study, along with composition, deposition method, 

thickness, roughness, and adhesion values. 

General Information Thickness Roughness Quality of Adhesion 

Name Supplier Composition by WDS (at.%) 
Deposition 

Method 
(µm) Ra (nm) 

Lc1 

(N) 
Lc2 (N) 

VDI 

3198 

AlCrN-1 1 Al33.4±0.7Cr17.2±0.3N49.4±1.0 CAE 1.2 ± 0.1 66 ± 6 
7.2 ± 

0.2 

14.6 ± 

1.0 
HF 1 

AlCrN-2 1 Al33.4±0.2Cr16.9±0.3N49.7±0.5 
CAE + 

PDPT 
2.2 ± 0.2 80 ± 5 

7.3 ± 

0.3 

14.9 ± 

1.3 
HF 1 

AlCrN-3 1 

Al28.9±0.3Cr9.1±0.1Ti8.0±0.1C3.2±0.4N50.8±0.3 

or  

(Al0.34Cr0.11N0.55)0.84/(TiC0.4N0.6)0.16 

PDA 1.4 ± 0.1 92 ± 22 
6.5 ± 

0.3 

14.7 ± 

0.8 
HF 1 

AlCrN-4 2 Al23.1±0.3Cr25.9±0.3N51.1±0.7 
Filtered 

CAE 
7.6 ± 0.4 113 ± 17 

6.0 ± 

0.5 

11.3 ± 

0.9 
HF 1 

AlCrN-5 2 Al22.4±0.7Cr26.5±0.7N51.2±0.7 

Duplex: ion 

nitriding + 

filtered 

CAE 

8.6 ± 0.2 100 ± 13 
8.7 ± 

2.0 

23.0 ± 

6.1 
HF 1 
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Figure 2.2: Scratch test results (left) correlated with optical micrograph indicating the critical 

loads Lc1 and Lc2. VDI 3198 results (right) indicating adequate interfacial adhesion (HF1 

index). 

 

The GIXRD results for all the coatings and uncoated H13 substrate for comparison are 

shown in Figure 2.3. The crystal structure of all coatings was the expected B1 (NaCl) cubic 

structure, with the hkl reflection indicated in the figure. The peak shifts to the left from the 

average (Al,Cr)N planes indicated in the pattern for the coatings AlCrN-4 and AlCrN-5 are due 

to the higher Cr content, which causes the average lattice parameter increase towards that of the 

cubic CrN phase (~ 4.14 Å) [32] instead of the cubic AlN (~ 4.045 Å) [33]. The one exception is 



 31 

for AlCrN-3 where the peaks were indexed as a mixture of the cubic (Al,Cr)N, hexagonal AlN 

B4 (würtzite), and cubic Ti(C,N) B1 phases. The lattice parameter indicated in the figure for the 

latter phase was 4.2644 Å based on a reported composition of TiN0.7C0.3 [34]. WDS 

measurements indicated that the composition of this phase in AlCrN-3 was around TiN0.6C0.4, 

consistent with the small shift in the peak positions. Also, the peak broadening indicates the 

presence of a fine nanocrystalline structure. The GIXRD confirmed the crystal structures 

predicted based on the WDS composition measurements. 

 

 

Figure 2.3: GIXRD from the H13 substrate and the coatings. All of the coatings can be indexed 

as the B1 (Al,Cr)N cubic phase, except for AlCrN-3 where it also shows the presence of 

hexagonal AlN B4 (würtzite) and cubic Ti(C,N) B1 nanocrystalline structures. 
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Table 2.2 combines the coating information relative to layer structure based on SEM BSE 

images and EDS maps of polished cross sections. The AlCrN-1 and AlCrN-2 coatings have a 

Ti/TiN adhesion layer, with a transition layer of AlCrTiN, followed by the growth of a dense top 

layer with the AlCrN composition measured by WDS. The AlCrN-3 coating also shows the use 

of a Ti/TiN bond layer, transitioning with a AlCrTiCN layer, but now the top layer consists of 

alternating nanolayers of AlCrN/TiCN with the average composition shown by WDS. In 

contrast, the coatings from Supplier 2 do not use a Ti/TiN bond layer. Instead, these coatings 

have a thin Cr/CrN bond layer deposited onto the H13 prior to the growth of the thicker AlCrN 

top layer with the composition measured by WDS. The AlCrN-5 was produced by a duplex 

deposition process, where a nitrided layer was ion implanted prior to deposition of the Cr/CrN 

layer. All coatings are dense and well bonded to the H13 substrate, confirming the results from 

the scratch test and VDI 3198. 

 

Table 2.2: Coatings nomenclature, composition, thickness, layer structure, and crystal structures. 

General Information Thickness Coating Layer Structure Crystal Structure 

Name Composition by WDS (at.%) µm Adhesion Transition Top  

AlCrN-1 Al33.4±0.7Cr17.2±0.3N49.4±1.0 1.2 ± 0.1 Ti/TiN AlCrTiN AlCrN Cubic (B1) 

AlCrN-2 Al33.4±0.2Cr16.9±0.3N49.7±0.5 2.2 ± 0.2 Ti/TiN AlCrTiN AlCrN Cubic (B1) 

AlCrN-3 (Al0.34Cr0.11N0.55)0.84/(TiC0.4N0.6)0.16 1.4 ± 0.1 Ti/TiN AlCrTiCN AlCrN/TiCN 
Cubic (B1) + 

Hexagonal (B4) 

AlCrN-4 Al23.1±0.3Cr25.9±0.3N51.1±0.7 7.6 ± 0.4 Cr/CrN - AlCrN Cubic (B1) 

AlCrN-5 Al22.4±0.7Cr26.5±0.7N51.2±0.7 8.6 ± 0.2 
ion 

nitriding 
Cr/CrN AlCrN Cubic (B1) 

 

Higher magnification analysis in the TEM was conducted on FIB liftouts for the AlCrN-2 

coating and for the nanolayer doped AlCrN coating. The HAADF image and EDS map of the 

AlCrN-2 coating in Figure 2.4 (a) indicate how the different elements are distributed within the 

layers. It can be seen that the H13 is bonded to a Ti/TiN layer, followed by a transition layer of 

(Ti,Al,Cr)N of around 25% of total coating thickness, and then the growth of the AlCrN coating 

itself with the composition measured by WDS. The transition layer used in these coatings is used 

to gradually accommodate the thermal mismatch stresses imposed by the die casting process [7]. 

A BF view of the microstructure of the AlCrN-2 coating from the same region is shown in 

Figure 2.4 (b), which from left-to-right shows the H13 steel substrate, the adhesion layer, a 

columnar like transition layer, and finally the nanostructured AlCrN top layer. The insert in 
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Figure 2.4 (b) shows a selected electron diffraction pattern from the AlCrN top layer, with the 

ring pattern suggesting the nanoscale size of the grains in the coating, with the rings consistent 

with the rock-salt B1 crystal structure.  

The TEM BF image from the AlCrN-3 coating in Figure 2.5 (a) consists of an approximately 

115 nm-thick nanolayered structure. The layered structure has two components, first consisting 

of 2 nm thick modulated nanolayers of alternating AlCrN and TiCN, separated by a 35 nm layer 

of an even finer nanolayer structure of alternating AlCrN/TiCN. A higher magnification STEM 

HAADF image with EDS maps (Figure 2.5 (b)) reveals how each element is distributed within 

the nanolayers. The EDS maps comparing the distribution of Ti with Cr, and Ti with Al makes 

clear how the AlCrN layers are alternated with TiCN layers. Figure 2.5 (c) shows an EDS 

linescan from the same region shown in Figure 2.5 (b), where it can be seen in detail the atomic 

fraction of each element within the layers. It becomes clear that within the 35 nm layer, the Ti 

content increases to its maximum fraction, while the Al and Cr reach their minimum levels, so 

the 35 nm alternating layer seems to be slightly enriched in TiCN than the 80 nm with the ~2 nm 

modulation. The differences from the lower levels not reaching zero atomic fraction are likely 

due to beam spreading and spatial resolution issues resulting from the small dimensions of the 

nanolayers. It is difficult to quantify the carbon and nitrogen concentration across these regions 

due to their low fluorescent yields. Further work is needed to better determine if any preferential 

distribution of these elements exists. 
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Figure 2.4:TEM/STEM analysis of the AlCrN-2 coating microstructures. (a) STEM HAADF 

image and EDS maps, and (b) TEM BF image with inserted SADP showing the nanocrystalline 

structure indexed as the B1 phase of the AlCrN top layer. 
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Figure 2.5: TEM/STEM analysis of AlCrN-3 microstructure. (a) TEM BF of the layered 

structure modulated throughout the coating thickness, (b) STEM HAADF image with EDS maps 

showing elemental distribution within layers, and (c) EDS linescan from the same region from 

(b) showing the atomic fraction of each element within the nanolayers. 
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2.4.2 Wear Resistance 

The results of the pin-on-disk measurements performed in this study are shown in Figure 2.6. 

As shown in Figure 2.6 (a), for the three measurements, the AlCrN-1 and AlCrN-2 coatings 

exhibited a high and almost constant coefficient of friction (COF) of 0.80 ± 0.07 and 0.76 ± 0.07, 

respectively. The large amount of abrasive wear in these two coatings occurred as a consequence 

of the high COF. This can be seen in Figure 2.6 (b) from the 3D optical profilometry images of 

the wear tracks. The AlCrN-3 coating exhibited a varying friction behavior during the test. The 

measured data suggest an initial accommodation or running-in period with a higher COF about 

1.02 ± 0.23 (stage 1) followed by a substantial drop in the COF to around 0.30 ± 0.14 (stage 2). 

The presence of the running-in sliding stage with high COF has been reported in tribology 

measurements for C-containing coatings tested against soft metals [35-36]. This is similar to the 

conditions used here, i.e., an AlCrN-doped TiCN coating against a pure aluminum ball. As a 

result of this lower COF, the wear track for the AlCrN-3 coating is much smaller in comparison 

to the wear tracks from the other coatings. The AlCrN-4 (COF 0.56 ± 0.08) and AlCrN-5 (COF 

0.51 ± 0.10) coatings exhibited similar behavior to the AlCrN-1 and AlCrN-2 coatings where 

they had lower but relatively constant COFs although higher than the stage 2 COF for AlCrN-3. 

Consistent with these results, the 3D profilometry results from the tracks for AlCrN-4 and 

AlCrN-5 (Figure 2.6 (b)) showed slightly smaller track widths than for AlCrN-1 and AlCrN-2, 

but wider than for AlCrN-3. Finally, the AlCrN-4 and Al-CrN-5 coatings had a tendency to have 

areas in the wear tracks above the coatings’ surfaces. This appears to be due to the transfer of 

aluminum from the ball to the track, combined with the removal of the coating by the ball, 

suggesting the presence of a combination of adhesive and abrasive wear. The increase in coating 

hardness due to the increase in Al content within the maximum solubility of the cubic phase [28] 

is a possible explanation for the higher COF and abrasive wear mechanism for coatings AlCrN-1 

and AlCrN-2 in comparison with thicker coatings with lower Al content as AlCrN-4 and AlCrN-

5 where there is greater evidence of the adhesive wear mechanism in combination with the 

abrasive wear mechanism. 
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Figure 2.6: (a) Pin-on-disk results using pure Al balls against the coatings showing the coeficient 

of friction (COF). (b) 3D optical profilometry of wear tracks for all five coatings. 

 

The wear resistance of the coated and uncoated H13 for comparison were calculated as a 

function of sliding distance for COF, wear volume, and wear rate based on the profilometry 

analysis. These results are shown in Figure 2.7, along with the Δd/D parameter for the scar left 

on the aluminum ball surface. As previously discussed, the AlCrN-3 showed a higher COF for 

shorter sliding distances, but having a substantial decrease in COF for longer distances, being the 

smallest among all coatings tested. AlCrN-4 and AlCrN-5 had a COF similar to that of uncoated 
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H13, with the highest COFs being experienced by AlCrN-1 and AlCrN-2. Similar to the COF 

results, the wear volume followed the same trend with the AlCrN-1 showing the highest wear 

volume in the 10-4 mm3 range; AlCrN-2 and uncoated H13 presented wear volume in the high 

10-5 mm3, with AlCrN-4 and AlCrN-5 in the middle of 10-5 mm3. AlCrN-3 had the smallest wear 

volume in the 10-6 mm3 range, which was 1-2 orders of magnitude better than the other coatings. 

The exact same trend was observed for the wear rate, but now the AlCrN-1 wear rate was in the 

10-7 mm3N-1m-1 range, while the other coatings and uncoated H13 were in the 10-8 mm3N-1m-1, 

while AlCrN-3 presented the lowest wear rate in the 10-9 mm3N-1m-1, again, 1-2 orders of 

magnitude better than the other tested materials. These results are in closer agreement with the 

results reported by Ide et al. [48] where Al/(Al+Cr) ratios closer to 50% showed the smallest 

wear rates than coatings with higher ratios. In contrast, Reither et al. [28] reported that coatings 

with higher Al/(Al+Cr) ratios such as AlCrN-1 and AlCrN-2 experienced lower wear rates than 

coatings with lower Al/(Al+Cr) ratios such as AlCrN-4 and AlCrN-5. The different results may 

be due to the fact that the high ratio coatings were thinner in comparison with the low ratio 

coatings resulting in greater abrasive wear due to coating fracture.  

The results for the pin scar diameter ratio (Δd/D) (Fig. 2.7d) indicate the wear mechanism, 

where values closer to 1 correspond to a more abrasive wear mechanism, while smaller values 

are consistent with a more adhesive mechanism. The value of Δd/D for the uncoated H13 

provides a virtual threshold between the more abrasive mechanism present for coatings AlCrN-1 

and AlCrN-2 and the adhesive mechanism expected for the other coatings. Again, AlCrN-3 

showed the smallest Δd/D value, although it increased slightly for longer sliding distances.  

A similar increase in the COF can be seen in Figure 2.6 (a) for the AlCrN-3 coating, 

indicating that the wear mechanism may change at longer sliding distances. Within the limits of 

this study, this value of COF did not exceed that for uncoated H13. It is worth mentioning that 

the values for the wear rates observed here are orders of magnitude smaller than what have been 

reported for uncoated steel and coatings intended to be used in the aluminum die casting industry 

[28,37-40]. The main reason for this difference is related to the use of a soft material (pure 

aluminum) as the pin, while previous authors used hard materials such as hardened steel, 

alumina, or Si3N4. The use of hard materials is not as representative of the casting ejection 

process during the aluminum HPDC, where the soft aluminum casting at around 400 °C slides 

against the die surface or coating [40]. 
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Figure 2.7: Pin-on-disk results from sliding pure Al balls against the coated and uncoated H13 

for sliding distance vs (a) COF, (b) wear volume, (c) wear rate, and (d) Δd/D. 

 

SEM characterization of the wear tracks and the worn surfaces of the pure Al balls was 

performed to better understant the differences in frictional behavior and wear mechanisms 

exhibited during the pin-on-disk testing of the coated and uncoated H13 steel, and the results are 

shown in Figures 2.8-2.13.  

An SEM image of the AlCrN-1 wear track in Figure 2.8 (a) exhibits a combination of 

adhesive and abrasive wear mechanisms. The EDS map from the same region shows transfer of 

aluminum from the ball in the adhesive wear regions, along with a higher oxygen concentration 

indicating that some contact oxidation occurred in these regions during testing. Also, Ti from the 

adhesion/transition layer and Fe from the substrate are evident from those areas where abrasive 

wear was evident. An SEM image and associated EDS map of a worn/deformed region of the 
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aluminum ball tested against the AlCrN-1 coating in Figure 2.8 (b), reveal the presence of Cr, Ti, 

and Fe indicating that transfer of material from the coatings and the H13 substrate to the ball 

surface occurred. This is believed to be due to a combination of abrasive wear and the thin nature 

of the coating [22]. Similar adhesive and abrasive wear is apparent in Figure 2.9 for the AlCrN-2 

coating, where the only difference is the lack of any transfer of elements from the coating to the 

worn region of the ball. This indicates a less severe abrasive mechanism operating in comparison 

with what was seen in Figure 2.8. 

The back-scattered electron (BSE) image of the AlCrN-3 wear track in Figure 2.10 (a) 

reveals a smaller wear track compared with other coatings. Clearly, a small amount of abrasive 

wear occurred during the initial running-in sliding period (stage 1) of the pin-on-disk test. The 

darker regions in the wear track shown in Figure 2.10 (a) appear to be caused by an adhesive 

wear mechanism. The EDS maps show the deposition of plastically-deformed aluminum from 

the ball in these regions, along with an increase in the oxygen concentration from contact 

oxidation during testing. In contrast to what was observed for the AlCrN-1 coating in Figure 2.8 

(b), Figure 2.10 (b) shows an SEM image of the worn area of the aluminum ball tested against 

the AlCrN-3 coating, and the EDS maps suggests only oxidation of the ball, without transfer of 

material from the coating to the ball indicating minimal abrasive wear by the coating. The low 

steady-state COF (stage 2) combined with the low wear rates seen in Figure 2.7 for the AlCrN-3 

coating appear to be related to the sliding of the oxidized and deformed aluminum ball against 

aluminum particles that have been deposited on the upper surface of the coating, forming a 

tribology pair with a lower COF [21]. Similar material transfer from soft Al materials to coating 

surfaces resulting in low COF have been reported before for other tribology testing [22,41]. 

Figures 2.11 and 2.12 show essentially identical behavior for the AlCrN-4 and AlCrN-5 

coatings, respectively. In both cases, adhesive wear was dominant and several areas with Al 

adhesion can be seen in the wear track (Figures 2.11 (a) and 2.12 (a)) due to Al transfer from the 

ball, along with some oxidation. In the ball worn area in Figures 2.11 (b) and 2.12 (b), some 

plastically deformed and oxidized areas are present. The intermediate results seen in Figure 2.7 

for wear rates in these coatings can be correlated with their greater thicknesses which helped to 

minimize the abrasive mechanism and the transfer of Al from the ball. The adhesive wear was 

less damaging to these coatings in comparison with the more abrasive wear that occurred on the 

AlCrN-1 and AlCrN-2 coatings. Due to the thin nature of the AlCrN-1 and AlCrN-2 coatings, a 
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three-body type of abrasion [42] likely occurred, where the thin coating fractures and produces 

hard debris in the interface region between the ball and the remaining coating surface (the sliding 

contact). This, in turn, produces grinding media and leads to abrasive wear and the highest wear 

rates observed in Figure 2.7. In fact, the wear rates for these two coatings were even higher than 

for uncoated H13. Even though AlCrN-3 was also a thin coating, the COF was much smaller and 

the presence of the multilayer structure might have increased the fracture resistance over that for 

single layer coatings [43].  

As shown in Figure 2.13 (a), the surface of uncoated H13 suffers a combination of adhesive 

and abrasive wear. The EDS maps show the transfer of Al from the ball to the H13 surface and 

its oxidation. Note that the Cr map here follows the Fe map since it is in an uncoated condition. 

The worn area of the Al ball in Figure 2.13 (b) contains more scars/scratches, as well as Fe from 

the H13 substrate due to the the presence of higher abrasive wear [21]. 

 

 

Figure 2.8: SEM image and corresponding EDS maps from the pin-on-disk tests. (a) AlCrN-1 

wear track, and (b) worn region of the Al ball tested against the AlCrN-1 coating showing the 

transfer of coating and H13 substrate material to the ball surface. 
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Figure 2.9: SEM image and corresponding EDS maps from the pin-on-disk tests. (a) AlCrN-2 

wear track, and (b) worn region of the Al ball tested against the AlCrN-2 coating. 

 

 

Figure 2.10: SEM image and corresponding EDS maps from the pin-on-disk tests. (a) AlCrN-3 

wear track, and (b) SEM image of the deformed region of the Al ball tested against the AlCrN-3 

coating showing only oxidation and plastic deformation of the Al ball. 

 



 43 

 

Figure 2.11: SEM image and corresponding EDS maps from the pin-on-disk tests. (a) AlCrN-4 

wear track, and (b) worn region of the Al ball tested against the AlCrN-4 coating. 

 

 

Figure 2.12: SEM image and corresponding EDS maps from the pin-on-disk tests. (a) AlCrN-5 

wear track, and (b) worn region of the Al ball tested against the AlCrN-5 coating. 
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Figure 2.13: SEM image and corresponding EDS maps from the pin-on-disk tests. (a) Uncoated 

H13 wear track, and (b) worn region of the Al ball tested against the uncoated H13 substrate. 

 

2.4.3 Oxidation Resistance 

The results of the TGA oxidation experiments conducted in laboratory air are shown in 

Figure 2.14. For a baseline comparison, uncoated H13 was tested using the same conditions. All 

coatings exhibited good oxidation resistance over the range of temperatures tested (chosen based 

on those experienced during aluminum die casting, typically 650 ºC and lower). The onset of 

significant oxidation of the coatings starts around 770 °C, with little difference from one coating 

to another. For comparison, the onset for oxidation of the uncoated H13 substrate initiates around 

400 °C, and indicates the beneficial effect of the coating on the steel die surface. The AlCrN-2, 

AlCrN-3 and AlCrN-4 coatings exhibited the lowest mass change due to oxidation and also the 

lowest oxidation rate. AlCrN-1 shows an intermediate oxidation rate and AlCrN-5 presented the 

highest oxidation and oxidation rate of the coatings approaching that of the uncoated H13.  
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The onset temperatures for oxidation of the AlCrN-based coatings studied here are similar to 

those for Ti(B,N) and (Ti,Al)(C,N) coatings [2] that have also been used for aluminum die 

casting. However, the mass gain for these latter coatings was approximately one order of 

magnitude higher [2]. 

The Al/(Al+Cr) ratio does not seem to be a relevant parameter for the oxidation resistance of 

the coatings over the range of temperatures tested (up to 900 °C). This is in agreement with the 

work performed by Reiter et al. [28], where for coatings with Al/(Al+Cr) ratios in the same range 

as those studied here, a detectable oxide layer thickness was only observed for temperatures 

above 950 °C. Reiter et al. [28] also reported a slightly thicker oxide layer at 950 °C for coatings 

with an Al/(Al+Cr) ratio of 0.46 (similar to coatings AlCrN-4 and AlCrN-5) compared with 

coatings with higher ratios (e.g., 0.71), which are similar to coatings AlCrN-1 and AlCrN-2 

(ratio ~ 0.66), and AlCrN-3 (ratio ~0.76). 

 

 

Figure 2.14: TGA air oxidation results for uncoated H13 and the five AlCrN-based coatings. 
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2.4.4 Resistance to Molten Aluminum Attack 

The results of the modified AAT tests are shown in Figures 2.15 and 2.16 and summarized in 

Table 2.3. Figure 2.15 (a) shows the result for the AlCrN-1 coating where the solidified 

aluminum did not adhere to the coated substrate. Also, there is no evidence on the coated surface 

of a reaction between the molten aluminum and the coating. The AlCrN-2 coating behaved 

differently, however, where, as shown in Figure 2.15 (b), there appears to be some soldering. 

While surface polishing was performed on the AlCrN-2 coating after deposition in an effort to 

reduce the number of microparticles, it had a minimal influence on roughness where Ra = 80 ± 5 

nm was within the range of the other coatings. However, the removal of the microparticles as 

shown in Table 2.3 creates pin holes that serve as a path for molten aluminum to reach the 

substrate. This is believed to be one of the main mechanisms for soldering to coated surfaces 

[45]. As shown in Figure 2.15 (c), slightly different behavior was observed with the AlCrN-3 

coating where, similar to the AlCrN-1 coating, no adhesion to or reaction with the molten 

aluminum alloy was observed. However, the heating/cooling cycles led to a color change of the 

coating, suggesting surface oxidation. The sample from the TGA measurements showed the 

same surface color change after the oxidation test. For coatings from Supplier 2, AlCrN-4 

(Figure 2.15 (d)) and AlCrN-5 (Figure 2.15 (e)), the solidified aluminum stuck to the coated 

substrates, similar to the behavior for polished and uncoated H13 steel (shown in Figure 2.15 

(f)). The better results for the AlCrN coatings with higher Al contents, such as coating AlCrN-1, 

agrees with the results from similar tests conducted by Wang et al. [11,24], where coatings with 

high Al/(Al+Cr) ratio showed no reaction, while a coating with a lower Al/(Al+Cr) ratio showed 

one of the highest breaking strengths [11,24]. However, this is in disagreement with results from 

Terek et al. [12] where the stoichiometric Al0.5Cr0.5N required lower separation force than the 

Al- or Cr-rich coatings. Significantly, all of the coatings from the Terek et al. study showed 

soldering [12]. The second possible source for the difference in behavior in the molten aluminum 

test can be related to different roughness values, where AlCrN-1 was smoother with a lower Ra 

of 66 ± 6 nm vs. 113 ± 17 nm for AlCrN-4 and 100 ± 13 nm for AlCrN-5. Terek et al. [30,45] 

have previously shown that an increase in surface roughness results in a decrease in ejection 

force for core pins, in contrast with our findings for flat surfaces. Later, Terek et al. [45] 

proposed that, for delayed solidification experiments, similar to those performed in this study 

(e.g., holding 15 minutes at 750 °C), the surface chemistry is more important than surface 
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roughness. This theory supports the findings in this study where the Al-rich coatings showed the 

least adhesion in the molten aluminum tests. For the AlCrN-3 nanolayer coating with similarly 

high Al/(Al+Cr) ratio (similar to AlCrN-1 and AlCrN-2), the effect of the alternating TiCN 

layers had no noticeable effect on the resistance to molten aluminum attack. The slightly better 

oxidation resistance mentioned above for this coating relative to AlCrN-1 and AlCrN-2 may be 

related to some synergistic effect of having the TiCN nanolayers. Past studies have shown that 

TiN, TiC, and/or TiCN were good die coatings for reducing soldering in aluminum HPDC 

[2,4,29]. The third possible cause for the different results might be related to the fraction of 

defects on the coating surface. Coatings with higher fractions of the surface covered with defects 

were those that experienced soldering (AlCrN-2), or that ended up stuck to the solidified 

aluminum (AlCrN-4 and AlCrN-5). This result correlates with the fraction of surface defects 

below -0.5 µm that were removed from the surface rather than with the fraction of microparticles 

(>0.5 µm) that seem to have less influence on the observed soldering/sticking behavior. Even 

though the term used here is “microparticles”, which makes sense for the thin coatings as AlCrN-

1 to 3, and is in agreement with the higher fraction values found for the AlCrN-2 coating that 

was subjected to the polishing treatment, this may not be the appropriate term for the thicker 

coatings AlCrN-4 and 5, since they were produced using the filtered CAE technology, where the 

higher fraction values of the surface below -0.5 µm are more related to coating stresses and the 

difficulties on growing these higher thickness coatings [39]. Figure 2.15 (g), (h) and (i) show the 

surfaces of coatings AlCrN-4, AlCrN-5, and uncoated H13 after the tensile test. It is worth 

mentioning one of the AlCrN-5 coated samples broke during handling while the duplicates 

showed no adhesion, therefore a 0* MPa breaking strength was attributed to this coating. The 

summary of the results from the tensile tests (Table 2.3) indicate that the AlCrN-4 sample 

exhibited approximately three times higher breaking strength than the uncoated H13 even though 

the SEM images of its surface (Figure 2.15 (g)) shows only a relatively small area of fractured 

aluminum on top of the coating in contrast to the uncoated H13 sample (Figure 2.15 (i)) where 

soldering appears to have occurred across the whole surface. Similar results have been reported 

in previous work [11,24], where it was suggested that microcracking between the solidified 

aluminum and the bare H13 steel occurred during cooling and was the reason for the lower load 

required to separate the adhered aluminum from the bare H13 steel substrate. The breaking 

strengths observed in this work were approximately 10 times higher for the uncoated H13 and 
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around 3 times higher for the samples coated with AlCrN than those reported by Wang et al. 

[11,24]. It is proposed that this difference in breaking strength is related to the higher 

temperature used here (750 °C) in comparison with that used by Wang et al. (700 °C), since 

growth of the Al-Fe-X intermetallics is a diffusion controlled process and is, therefore, sensitive 

to temperature [5,46]. 

 

Table 2.3: Summary of numerical results for the coatings for Al/(Al+Cr) ratio, thickness, 

roughness, surface defects, and breaking strength from tensile tests after the modified AAT. 

General Information Ratio Thickness Roughness Coating Surface Defects 
Breaking 

Strength 

(MPa) Name Composition by WDS (at.%) Al/(Al+Cr) µm Ra (nm) 
Microparticles 

>0.5 um (%) 

Removed 

Microparticles 

<-0.5 um (%) 

AlCrN-1 Al33.4±0.7Cr17.2±0.3N49.4±1.0 0.66 1.2 ± 0.1 66 ± 6 0.008 ± 0.007 0.082 ± 0.040 0 

AlCrN-2 Al33.4±0.2Cr16.9±0.3N49.7±0.5 0.66 2.2 ± 0.2 80 ± 5 0.128 ± 0.295 0.452 ± 0.603 0** 

AlCrN-3 (Al0.34Cr0.11N0.55)0.84/(TiC0.4N0.6)0.16 0.76 1.4 ± 0.1 92 ± 22 0.141 ± 0.199 0.203 ± 0.286 0 

AlCrN-4 Al23.1±0.3Cr25.9±0.3N51.1±0.7 0.47 7.6 ± 0.4 113 ± 17 0.033 ± 0.021 0.454 ± 0.320 4.89 

AlCrN-5 Al22.4±0.7Cr26.5±0.7N51.2±0.7 0.46 8.6 ± 0.2 100 ± 13 0.118 ± 0.195 1.732 ± 1.762 0* 

H13 - - - - - - 1.61 

* Sample broke during handling. 

** Aluminum soldering observed. 
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Figure 2.15: Modified AAT results of the coatings: (a) AlCrN-1 showing no reaction at the 

surface, (b) AlCrN-2 with some areas where reaction occurred between the aluminum and the 

coating, (c) AlCrN-3 showing no reaction but a change to a blue color, (d) AlCrN-4 stuck, (e) 

AlCrN-5 stuck, and (f) polished uncoated H13 which also stuck. Fractured surface after the 

tensile test: (g) relative soldering on AlCrN-4, (h) AlCrN-5, and (i) soldered uncoated H13. 
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Figure 2.16 shows SEM images along with EDS maps of the coating surface after  contact 

with the molten aluminum during the modified AAT. Even though the macro picture from Figure 

2.15 (a) showed no aluminum adhesion, under the SEM it was possible to find sparse areas with 

some thin aluminum layers on top of the coating as shown in Figure 2.16 (a). Figure 2.16 (b) 

shows how soldering progressed in the AlCrN-2 sample through the pin holes resulting from the 

microparticle removal during polishing), i.e., where the molten aluminum infiltrated to the H13 

substrate and spread laterally eventually coalescing with other similar infiltration sites. These 

results agree with the main mechanism proposed for soldering from several authors 

[2,4,5,7,13,44,47], namely, soldering through coating defects.  

For the AlCrN-3 coating (Figure 2.16 (c)), there appears to be essentially no reaction, which 

agrees with the macro picture in Fig. 2.15. However, it appears that there are a few small spots 

missing the coating which have given rise to oxidization of the underlying H13 substrate. This is 

in agreement with the results shown in Table 2.3 for the fraction of removed microparticles 

where, for a coating as thin as AlCrN-3, these regions could result in a critical path to the steel 

substrate [12,30]. Figures 2.16 (d) to (f) shows the fractured soldering aluminum at the surface of 

the coating after the tensile tests for coatings AlCrN-4, 5 and uncoated H13, respectively. Even 

though the coatings AlCrN-4 and AlCrN-5 were relatively thick, there was clearly some paths 

that allowed molten aluminum to reach the H13 substrate. Afterwards, a diffusion reaction has 

taken place as can be seen by the EDS maps where Fe can be found in several different areas. 
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Figure 2.16: SEM images along with EDS maps of the coating surface that was in contact with 

the molten aluminum after the modified AAT. (a) AlCrN-1, (b) AlCrN-2, (c) AlCrN-3, (d) 

AlCrN-4, (e) AlCrN-5, and (f) uncoated H13. 
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2.5 Conclusions 

Five AlCrN-based PVD coatings were deposited on H13 steel coupons and characterized for 

crystal structure, microstructure, and quality of adhesion to the substrate by a variety of 

characterization techniques. These coatings were subjected to different tests to evaluate their 

wear resistance, oxidation resistance, and resistance to molten aluminum attack. All coatings 

indicated good cohesion, adequate interfacial adhesion with the H13 substrate, and coating 

thicknesses varying from 1.2 µm to 8.6 µm. All single top layer coatings had an Al/(Al+Cr) ratio 

below 0.70, which is the approximate limit for stability of the B1 (NaCl) hard cubic phase; this 

was confirmed by GIXRD. The doped nanolayer AlCrN/TiCN coating had an Al/(Al+Cr) ratio 

around 0.76, so a mixture of hard cubic phase B1 and a hexagonal wurtzite B4 phase was 

expected and confirmed by GIXRD. Molten aluminum attack resistance was increased for 

coatings with higher Al/(Al+Cr) ratio, with lowest roughness values, and with smaller fraction of 

removed microparticles (surface defects). The AlCrN/TiCN nanolayer structure exhibited greater 

resistance to molten aluminum attack as well as improved wear resistance, and modified 

oxidation behavior. The thinner monolithic coatings experienced greater abrasive wear (three-

body condition) while adhesive wear dominated with the thicker coatings. For the pin-on-disk 

tests, the AlCrN/TiCN nanolayer coating showed the presence of a running-in (stage 1) with high 

COF followed by a substantial decrease in COF (stage 2), leading to wear rates 1-2 orders of 

magnitude smaller. Also, this coating was the best in molten aluminum attack resistance, since it 

was the only one that did not show any aluminum adhesion during the modified aluminum 

adhesion test. The breaking strength for one of the coated samples was approximately three times 

higher than for the uncoated H13. All AlCrN coatings showed similar oxidation resistances that 

were considerably better than for uncoated H13. The best PVD coating in this study was the 

doped nanolayer AlCrN/TiCN coating with composition (Al0.34Cr0.11N0.55)0.84/(TiC0.4N0.6)0.16 

(at.%), ranking it a good candidate for a die coating in an attempt to move the aluminum HPDC 

towards a lube-free process. 
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CHAPTER 3                                                                                                           

CORRELATING COATING WETTABILITY AND WEAR RESISTANCE ON DIE 

SOLDERING AND EROSION DURING ALUMINUM                                                        

HIGH PRESSURE DIE CASTING 

In preparation to be submitted to Journal of Materials Processing and Technology 

Nelson Delfino de Campos Neto*1, Andras L. Korenyi-Both1, Corey Vian2, Stephen P. 

Midson1, and Michael J. Kaufman1 

 

3.1 Abstract 

Core pins located directly in front of the gate in a die used to produce large automotive die 

castings were coated with Si-DLC by plasma-assisted chemical vapor deposition (PACVD), or 

with AlCrN/TiCN or Al2O3 by physical vapor deposition (PVD). The amount of aluminum that 

soldered to each core pin after producing a consistent number of castings was examined both 

qualitatively and quantitatively using image and compositional analysis methods. Regardless of 

the coating type, five die failure mechanisms were observed including mechanical erosion, 

chemical soldering, gross chemical soldering, build-up on intact coating, and coating spallation, 

although the extent of each mechanism did vary with coating type. The wear resistances of the 

coatings were measured using pin-on-disk tests and correlated with the extent of soldering on the 

core pins; this led to the creation of selection maps, which captured the characteristics necessary 

for the coatings to exhibit low soldering tendency. These include: a maximum coefficient of 

friction (COF) of 0.40, a wear rate below 10-8 mm3N-1m-1, a pin scar diameter ratio (Δd/D) below 

0.22, and low wetting (low cos(ϴ)) by the liquid Al. In general, to avoid chemical and 

mechanical degradation leading to soldering, the coatings should be non-wetting with high wear 

resistance (high hardness, low COF, and good adhesion to the substrate).  
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3.2 Introduction 

Aluminum high pressure die casting (HPDC) is a high-volume process where liquid 

aluminum is injected at high velocities and high pressures into reusable steel dies to produce 

castings from simple to complex shapes [1]. Aluminum HPDC relies on the steel dies being used 

for thousands of castings while maintaining dimensional accuracy within the design 

specifications. Several factors can contribute to reductions in die life causing loss of dimensional 

tolerance; these include soldering, washout, corrosive wear, chemical corrosion, erosion, and 

heat checking [2]. Efforts to prolong die life and prevent premature degradation include 

depositing hard, inert coatings onto the die surface by different techniques such as physical vapor 

deposition (PVD), chemical vapor deposition (CVD), hot thermal diffusion processes (HTD), 

and their derivatives [3-6]. A die lubricant or mold release agent is also used in the aluminum 

HPDC process to reduce die wear, act as a die coolant, prevent soldering, and facilitate casting 

ejection [7]. Wang et al. (2016, 2017) have reported that the application of die coatings to the 

whole die can significantly reduce (by ~85%), but not eliminate, the need for die lubricants in 

aluminum HPDC [8-9]. In special cases, it has been shown that it is possible to operate lube-free 

and eliminate the lubricant completely [10]. 

Several mechanisms have been proposed to explain the adhesion of aluminum to die casting 

dies. For castings produced using uncoated dies, soldering normally occurs in the hottest part of 

the die. For example, Han and Viswanathan (2003) [11] suggested that the die has to exceed a 

critical temperature (Tc) for soldering to occur and suggested that soldering occurs due to the 

molten aluminum reacting (alloying) with the die steel to produce Al-Fe-based intermetallic 

phases. For castings produced using PVD-coated dies with hard ceramic coatings such as 

nitrides, carbides, carbonitrides, or oxides, Han (2015) proposed [12] that soldering is a result of 

the molten aluminum reaching the underlying die steel through defects and cracks in the PVD 

coating, allowing the aluminum to dissolve the steel beneath the coating, and the coating then 

detaches from the steel substrate. The Al-Fe phase diagram can be used to predict that the 

reaction products (the Al-Fe-based phases) will have a larger volume than the original steel 

substrate, causing a volumetric expansion beneath the coating, again resulting in delamination of 

the PVD coating, and allowing the steel die substrate to be covered in Al-Fe-based intermetallics 

similar to the uncoated condition [12]. 
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Several laboratory tests have been developed in efforts to determine the efficacy of different 

die materials and coatings for aluminum HPDC. The most common tests include: (i) simple 

dipping tests [11-14], (ii) ease-of-release or ejection [15-16], (iii) molten aluminum adhesion 

[10], (iv) rotating immersion [17-19], (v) ultrasonic vibration [20], (vi) sessile drop wettability 

[21], and (vii) tribology, which have often been used to predict the wear behavior of coatings 

used in aluminum HPDC [22-25]. Even though the laboratory tests enable the identification of 

new die materials and coatings, they fail to provide useful information regarding the role of: (i) 

the high gate speeds of between 25 and 75 m/sec, and (ii) the high pressures of 70 MPa or higher 

that are characteristic of HPDC [1]. As a result, tests using die casting machines have been 

conducted in both laboratory and industrial settings where, even though more expensive, 

complex, and of limited availability, they provide more realistic data on the degradation of die 

materials and coatings during die casting. 

Shivpuri et al. (1995) [3] performed laboratory-scale die casting tests in dies containing 

several core pins in front of the gate. Aluminum alloy A390 was used due to (1) its hypereutectic 

Si content making it more abrasive and (2) its higher casting temperature (735 °C). The authors 

measured weight loss and shape change at the sharp edges of square core pins facing the gate. 

Various coatings were tested, and it was found that wear resistant TiN, VC, B4C, and CrC 

coatings significantly improved the erosion resistance in comparison with uncoated H13 die 

material. Gulizia et al. (2001) [6] performed laboratory and industry die casting trials on several 

core pins coated with different PVD coatings and two different surface finishes. By 

quantitatively measuring the fraction of the surface covered with aluminum, they noted that less 

soldering/buildup occurred on pins with lower roughness that were coated with TiN, CrN, and/or 

TiCN. They found that the application of these coatings to core pins in industrial trials led to 

extended service life especially if any Al soldering and buildup that developed on the core pins 

during production was not polished to remove. 

Bobzin et al. (2016) [19] tested coated core pins in a commercial die casting machine and 

reported better performance when using a tailored CrN/AlN/Al2O3 multilayer coating in 

comparison with two industrially-produced coatings, one being a nitride interlayer with a 

diamond-like carbon top layer, the other being a nitride monolayer coating. Nunes et al. (2017) 

[26] showed an improved resistance to soldering provided by TiAlN coatings in comparison with 

uncoated H13 core pins and that a Ti0.40Al0.60N (Al rich) coating performed better than a similar 
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Ti0.50Al0.50N (stoichiometric) coating in trials consisting of making 30,000 castings. Paiva et al. 

(2018) [22] tested coated core pins to determine the maximum number of high-quality castings 

that could be produced and determined that an AlCrN/Si3N4 nanocomposite coating out-

performed the other coatings, based on a combination of high hardness, good adhesion, low 

soldering tendency, and good oxidation resistance. Specifically, this coating had a 92% life 

improvement in comparison with an AlCrN coating for the same die. Kovačević et al. (2018) 

[27] tested coated and uncoated core pins that had been nitrided and found that a duplex 

(nitriding prior to deposition) TiAlN coating survived 22,000 castings and performed better than 

a standard CrN coating on an un-nitrided substrate, followed by a core pin that had only the 

nitriding treatment. Even though they reported an improvement in performance, they raised the 

concern that even when using the same die casting machine and the same die, the scatter in 

performance due to variations in the die casting process made determination of the optimum 

coating challenging. Clearly, it is important to conduct controlled die casting trials to test and 

compare both existing and new coatings to determine the fundamental factors that limit die life. 

The research results presented in this paper attempts to address these variations in 

performance by examining a variety of different PVD and PACVD coatings on the surfaces of 

core pins selected to reduce soldering during aluminum die casting. A series of casting trials 

were performed at the Stellantis die casting plant in Kokomo, IN, USA where a production die 

was chosen that had two core pins located directly in front of the gate of the casting, and both 

core pins exhibited relatively severe soldering after only 2,500 castings. One PACVD and two 

different PVD coatings were used, and the die was run under normal production conditions. The 

amount of soldering on the core pins was measured qualitatively and quantitatively and 

correlated with the wear resistances of the different coatings and their wetting behavior with 

liquid aluminum. 

 

3.3 Material and Methods 

Coatings were deposited onto core pins, one called model 5205 (longer) and the second one 

called model 5215 (shorter), that had slightly different geometries by PACVD and PVD. Prior to 

coating, the core pins were given slightly different surface finishes, namely (i) diamond 

polishing (smoother), or (ii) draw finish polishing (rougher) where the draw marks were 
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longitudinal, i.e., parallel to the ejection direction. The roughness of the core pins prior to 

deposition was measured using a linear profilometer. The core pins were produced from H13 die 

steel heat treated to achieve hardness values of 46-48 HRC prior to polishing and coating. Square 

25 x 25 x 3 mm heat treated H13 coupons were also diamond polished and then coated during 

the same coating cycles and were used for overall characterization of the coatings. A list of the 

coatings studied is shown in Table 3.1. Coating thicknesses were measured at least five times 

using a calot tester by spinning a 20 mm diameter WC ball for approximately 30 s on the coating 

surface, followed by optical analysis in a stereo microscope. Grazing Incidence X-Ray 

Diffraction (GIXRD) was performed using an Empyrean diffractometer with Cu Kα radiation,  

and an incidence angle ω = 1°, to generate 2ϴ angles in the range 30-85°, for crystal structure 

identification. 

 

Table 3.1: List of coatings tested in this study. 

Coating Supplier 
Deposition 

Method 

Nitriding 

Layer 

Thickness 

(µm) 
Crystal Structure 

Si-DLC #1 PACVD Yes  20  Amorphous 

Al2O3 #1 HVLTS Yes 3  Amorphous 

AlCrN/TiCN #2 PDA Yes 4  Cubic + Hexagonal 

Uncoated 

H13 
-  - Yes - Cubic 

PACVD: Plasma Assisted Chemical Vapor Deposition; HVLTS: High Voltage Low 

Temperature Sputtering; PDA: Plasma Diffuse Arc. Details on the PDA deposition and 

characterization of this coating can be found in Chapter 2. 

 

Tribology tests using a custom-made pin-on-disk tribometer were also conducted on the 25 

mm by 25 mm coupons to evaluate the wear resistance of the different coatings. A 6.35 mm pure 

aluminum ball loaded with 100 g (0.98 N) was used as the pin and was subjected to 10,000 

cycles with three different track radii of approximately 5, 8, and 10 mm (approximately 350, 

500, and 600 m of sliding distance, respectively). The main reason for choosing a soft material 

(pure aluminum) as the pin, instead of more conventional materials, e.g., hardened steel, 

alumina, Si3N4, was based on an attempt to be more representative of the wear expected during 

ejection of the castings during aluminum HPDC (Terek et al., 2020), since in this process a soft 



 63 

aluminum casting at around 400 °C slides on the coated or uncoated die surface (Monroe, 2021) 

[28-29]. 

A 3D profilometer was used to measure the worn area on the coating track. A Keyence 

VHX-5000 microscope was used to measure the scar on the ball surface. Wear parameters 

including coefficient of friction (COF), wear volume, wear rate, and ball pin scar diameter ratio 

(Δd/D), where Δd is the scar diameter left in the ball and D is the ball diameter, were 

calculated/measured for all coatings. Scanning electron microscopy (SEM) coupled with energy 

dispersive spectroscopy (EDS) was performed on the coating tracks and ball scars to assess the 

wear mechanisms. Greater details on the techniques can be found in Chapter 2. 

The industry die casting trials on coated core pins were performed at the commercial 

Stellantis die casting plant in Kokomo, IN, USA using a 3,000 ton die casting machine. Die cast 

machine parameters used to produce the casting are listed in Table 3.2. Figure 3.1 (a) shows the 

3D models of the die, and it can be seen that these experiments involved core pins that 

experienced severe conditions as they are located directly in front of the gate in a die used to 

produce large automotive castings as shown in Figure 3.1 (b). One example of a set of coated 

core pins is shown in Figure 3.1 (c). MagmaSoft simulation was performed in an attempt to 

simulate the filling of the die and for estimating the maximum temperatures each core pin would 

experience. Since only the core pins were coated, these tests were conducted using conventional 

application of lubricant spray, and around 2,500 castings were produced using each set of coated 

core pins. Qualitative comparison and quantitative measurements were performed to identify the 

amount of aluminum soldered to each PVD coated core pin. The qualitative assessment was 

based on visual inspection of the core pins during/after each trial by Stellantis personnel. The 

quantitative analysis was performed by measuring the fraction of the core pin surfaces that was 

covered with aluminum based on image analysis of macrographs taken using the same Keyence 

VHX-5000 microscope. SEM with EDS was performed on the core pin surfaces after the trials. 

EDS line scans coupled with macro SEM images helped identify the different failure 

mechanisms. Higher magnification EDS maps of each core pin were acquired. The analyses were 

performed on the side of the core pins facing the gate (GS) and on the core pin surfaces opposite 

to the gate (OP). 
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Table 3.2: Shot parameters used for casting production in this study. 

Parameter 
Casting 

Weight 

Pouring 

Temperature 

Cycle 

Time 

Gate 

Velocity 

Intensification 

Pressure 

Value 
11.2 kg 

(24.9 lbs) 

660 oC 

(1215 oF) 

90 

seconds 

61.5 m/s 

(2,420 in/s) 

31 MPa 

(4,500 psi) 
 

 

Figure 3.1: Details of the die used for the die casting trial at Stellantis. (a) 3D models of ejector 

side (left) and cover side (right) of the die. (b) 3D model of the casting indicating position of the 

core pins, and (c) picture of a set of coated core pins where the core pins are of similar geometry 

with one of them somewhat longer than the other. 
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3.4 Results and Discussion 

3.4.1 Wear Resistance 

The results of the pin-on-disk measurements are shown in Figure 3.2 (a) for COF vs. number 

of cycles. The Si-DLC coating showed the lowest COF of 0.16 ± 0.04, followed by the 

AlCrN/TiCN coating with 0.29 ± 0.05. The Al2O3 coating had a similar COF (0.51 ± 0.06) to 

that of the uncoated H13 (0.54 ± 0.08). As can be seen in Figure 3.2 (b), for the COF vs. sliding 

distance, there are no significant changes in the COF with increasing sliding distance. Figure 3.2 

(b) also shows the results for the wear volume (mm3) vs. sliding distance, where the Al2O3 

coating showed the highest values of wear in the 10-3-10-4 mm3 range, being the only coating 

experiencing greater wear than the uncoated H13 steel (10-5 mm3). Si-DLC was in the low 10-6 

mm3 range, while the AlCrN/TiCN coating showed the lowest wear volume in the middle 10-7 

mm3 range and it increased with increasing sliding distance up to the low 10-6 mm3 range, still 

around one order of magnitude better than the other coatings and two orders of magnitude better 

than in the uncoated condition. A similar trend can be seem in Figure 3.2 (b) for the wear rate 

(mm3N-1m-1) vs. sliding distance, where the Al2O3 coating was in the high 10-7 mm3N-1m-1 range, 

uncoated H13 in the middle 10-8 mm3N-1m-1 range, Si-DLC in the middle 10-9 mm3N-1m-1 range, 

and the AlCrN/TiCN coating in the low 10-9 mm3N-1m-1 range although it did increase towards 

the middle 10-9 mm3N-1m-1 range with increasing sliding distance, reaching a value similar to 

that of the Si-DLC coating. The wear volume and wear rates normally reported for uncoated steel 

against an aluminum pin [30-31], as well as coatings for aluminum die casting against hard steel 

pins [32-34] are orders of magnitude higher than those found here.  

The pin scar diameter ratio (Δd/D) parameter is a good indicator of the wear mechanism 

operating in the coating/ball tribopair. The uncoated H13 values serve as a threshold for 

separating the mechanism, where a more abrasive mechanism is expected for higher values, 

while a more adhesive mechanism is expected for lower values. In the current study, the Al2O3 

coating exhibited a more abrasive mechanism, which is also supported by the highest values of 

wear volume and wear rates. For the AlCrN/TiCN coating, a more adhesive mechanism was 

observed, but as seen for the wear volume and wear rates, the value increases with increasing 

sliding distance indicating that the wear tends to become more abrasive with longer sliding 

distances. The value of Δd/D for the Si-DLC coating was the smallest, indicating a more 
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adhesive mechanism. SEM analysis coupled with EDS maps for the tracks and ball scars are 

provided in the Supplementary Material 1 section, and were used to confirm the wear 

mechanisms. 

 

 

Figure 3.2: Results from the pin-on-disk wear tests using a pure Al ball sliding on the different 

surfaces:  (a) COF vs. cycles and (b) COF, wear volume, wear rate, and Δd/D vs. sliding 

distance. 
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3.4.2 Die Casting Trials 

The results from the MagmaSoft simulation for the second cycle of die casting can be seen in 

Figure 3.3. Figure 3.3 (a) shows the casting temperature distribution at the end of die filling, with 

details for the position of the two core pins in front of one of the casting gates. Figure 3.3 (b) 

shows the maximum temperature that the core pin surfaces should experience. This happened to 

core pin 5205 at 79% of solidification. As can be seen, the whole length of the small diameter in 

the longer core pin (5205) is predicted to be above the critical soldering temperature (Tc) for 

A380 (517 °C) as proposed by Han and Vishwanathan (2003) [11], with the maximum 

temperature being ~543 °C. Comparing with the temperature at core pin cross section on Figure 

3.3 (c), there is little difference in predicted temperatures for the longer core pin. The shorter 

core pin (5215), on the other hand, reached the maximum temperature at a smaller fraction of the 

solidification, since the temperatures at the cross section for 79% casting solidification shows 

higher temperature inside the core pin than on the surface. At this frame, it the surface 

temperatures for core pin 5215 are lower by ~50 °C in comparison with core pin 5205. Although 

the temperature are predicted to be higher at the cross section and almost reaching the Tc of 517 

°C as reported by Han and Viswanathan (2003) [11] for A380. Therefore, both core pins 

experienced temperatures above Tc for chemical soldering with A380 alloy. Another interesting 

aspect revealed by the simulation is that, while for core pin 5205 the temperatures are the same 

around the core pin circumference, they are not for 5215. It can be seen in the cross section of 

core pin 5215 that one side, which is the gate side when observing the die filling simulation, it 

concentrates higher temperature than the other side (opposite side of the gate), mostly in the 

transition from the smaller diameter to the intermediate one. This indicates that Han and 

Viswanathan (2003) [11] chemical soldering would be more concentrated in the GS for core pin 

5215 while no difference is expected for core pin 5205. 
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Figure 3.3: MagmaSoft simulations of the temperature distribution for (a) casting 100% filled, 

(b) core pins maximum surface temperature (die 79% filled), and (c) at core pins cross section 

(die 79% filled). Images not to scale. 
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Each set of core pins were subjected to one of the two different surface finishes, where the 

diamond polished core pins had a roughness of Ra = 52 ± 17 nm and Rz = 0.304 ± 0.096 µm, 

while the draw finish resulted in a roughness of Ra = 326 ± 27 nm and Rz = 2.904 ± 0.240 µm. 

The roughness values indicate that, in fact, two different surface conditions are being tested since 

there is no overlap between their roughness values.  

Figure 3.4 shows a detailed 3D reconstruction of both sides of the core pins as acquired using 

the Keyence microscope for the nitrided-draw pins, the Si-DLC-polished pins, the AlCrN/TiCN-

polished pins, and the Al2O3-draw pins. The nitrided-draw pins in Figure 3.4 (a) show similar 

distributions of soldering on both the gate side (GS) and the opposite side (OP), and brownish 

corrosion marks can also be seen in several areas. For the Si-DLC-polished pins (Figure 3.4 (b)), 

the shorter core pin showed similar distribution of soldering on the GS and OP sides, whereas the 

longer core pin exhibited much more concentrated soldering on the GS side with distributed 

soldering on the OP side. Blue oxidation marks were present closer to the tip surrounded with 

some brownish corrosion marks. The AlCrN/TiCN-polished core pins (Figure 3.4 (c)) show a 

more concentrated soldering on the GS side of the longer pins whereas the OP had a smaller 

concentration of soldering in the center. For the shorter AlCrN/TiCN-polished core pins, the OP 

had more dispersed soldering along its length, with a greater amount closer to the tip and 

inclined radial marks along its length. Different surface heights can be inferred from these 

images, and that seems to indicate that the coating had been partially removed in several areas of 

the core pin especially closer to the tip. The Al2O3-draw polished pins in Figure 3.4 (d) exhibited 

concentrated gross soldering along the center of the GS and several spots of gross soldering in 

the same area on the OP. Gross soldering was more continuous along the GS than it was on the 

OP side. Similar results on the soldering behavior have been reported by Chen [35]. By using 

image analysis within the Keyence software, quantification of the percentage of surface area 

covered with aluminum for the GS and OP sides was attempted. Personnel at the Stellantis plant 

also graded the performance of each of the sets of core pins based on visual analysis of soldering 

resistance. 

 



 70 

 

Figure 3.4: Optical 3D images for both sides of the tested core pins where: (a) nitride-draw, (b) 

Si-DLC-polished, (c) AlCrN/TiCN-polished, and (d) Al2O3-draw. 
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Figure 3.5 (a) shows a comparison between measured soldering fractions on models 5205 

(long) and 5215 (short) core pins for the same side (GS vs. GS, and OP vs. OP) with the same 

coating and surface finish for direct comparison of which core pins suffers more from soldering. 

The same number of times were found for each core pin experiencing more soldering, with some 

differences as described in the following. The AlCrN/TiCN-polished pins exhibited more 

soldering on the longer (5205) core pins on both sides, while the AlCrN/TiCN nitrided-draw had 

more soldering on the shorter (5215) pins. The Si-DLC presented more soldering on the GS of 

5215, but the opposite for 5205. Calculating the average soldering for 5205 results in 42 ± 12 %, 

while for 5215 was 43 ± 18 %. Thus, no obvious trend could be found, but more variability of 

soldering could be seen for the 5215 pins. 

Figure 3.5 (b) compares for the same core pin the soldering fraction on the GS vs. the OP. A 

higher number of occurrences were found for the GS (5) against the OP (2). The only two 

occurrences where the OP had more soldering were on core pin 5205 for the Si-DLC-polished 

and on the 5215 for the nitrided-draw, so no tendency based on core pin geometry was found. 

However, a higher total fraction of surface covered with soldering was found for the core pin GS 

= 48 ± 14 % in comparison with the OP = 36 ± 15 % when calculated for all coatings. For the 

GS, the Si-DLC-polished coating showed the smallest amount of soldering for the 5205 pin, 

while for the OP the AlCrN/TiCN-polished coating had the smallest fraction of soldering on the 

5215 pin. Similar results have been shown by Chen, where the GS had more soldering than OP 

[35]. 

Figure 3.5 (c) compared the average of soldering for the different coatings. All the coatings 

had less soldering than the uncoated, nitrided H13 pins. The Si-DCL-polished pins experienced 

the least amount of soldering within the tested coatings. The Si-DLC-polished and the nitride-

draw pins had more soldering on the 5215 core pin than on the 5205, while the opposite 

happened for the AlCrN/TiCN coated pins. In general, the polished condition resulted in less 

soldering than in those with the draw finish, similar to what was found by Gulizia et al. [6], and 

in agreement with the qualitative results from the grading performed by Stellantis personnel. 

Figure 3.5 (d) compared the quantitative soldering results with the qualitative grade provided by 

Stellantis personnel, and some agreement in the tendency on the plot could be found. Visual 

inspection is a qualitative method where results close to the average can be inspected, the 
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discrepancy here was in attributing a better grade to Al2O3-draw than for the AlCrN/TiCN-

polished, this is also consistent with the big spread in the AlCrN/TiCN results. 

 

 

Figure 3.5: Soldering on different coatings comparing (a) models 5205 and 5215 core pins, (b) 

GS and OP, (c) different coatings performance, and (d) quantitatively-measured soldering with 

qualitative grade given by Stellantis. 

 

SEM analysis was performed on the surfaces of the 5215 core pins after the trials. Figure 3.6 

(a) shows an SEM BSE image for the Si-DLC-polished GS and Figure 3.6 (b) for the OP, along 

the length of the core pin together with an EDS line scan. By combining the BSE image and the 

EDS line scan data, it is possible to propose the faiulure mechanisms acting at each position of 

the core pin along its length. As presented for the GS in Figure 3.6 (a), from left to right, the 
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bigger diameter started with a region where the coating is still pristine, then it enters a region 

where coating erosion appears to be the main failure mechanism (Erosion). Likewise, in the 

transition from the bigger to the smaller diameter, the coating seems to have remained protective 

and unscathed (called “OK” region at Figure 3.6). A large portion of the center length of the core 

pin is covered with aluminum soldering, but also there is still coating on those areas with minor 

erosion (Soldering on Coating), before it enters into another region where the coating is 

preserved (called “OK” region at Figure 3.6). Close to the tip of the core pin, erosion and thermal 

spalling dominate combined with some minor soldering (Erosion + Soldering + Thermal 

Spalling). At this point, most of the coating had been removed from the surface of the core pin 

by the combination of the erosion caused by the fast filling of molten aluminum impinging on 

the coating surface, and the thermal spalling caused by the thermal cycling in these regions close 

to the tip of the core pin which reach temperatures higher than for the remainder of the core pin 

[35].  

Similar behavior can be seen on the OP side of the core pin, the main differences being the 

length along which each mechanism occurred. From left to right, the first region exhibits erosion, 

followed by a long length where the coating was preserved with minor erosion marks. Further to 

the right, the differences are bigger, where there are changing mechanisms over small areas: first, 

soldering is observed on an eroded area where the coating has been removed (Erosion + 

Soldering) then, an area where some erosion was observed but there is also soldering to the 

coating (Erosion + Coating Soldering), and finally followed by another area where the coating 

has been totally removed (Erosion). Closer to the tip of the core pin, it is similar to what was 

observed for the GS side, namely, Erosion + Soldering + Thermal Spalling: the coating has been 

removed by a combination of erosion and thermal spalling, leading to soldering, but it seems that 

more soldering has happened on this position for OP than for GS, and these differences are likely 

due to the GS being influenced by fast filling molten aluminum eroding the coating and also 

removing the soldering layers previously formed, and rapid increasing the coating surface 

temperature, while the OP side may be suffering not only from soldering, but also with dragging, 

as previously proposed by Chen [35]. 

Figure 3.7 and Figure 3.8 show more detailed analysis of each different mechanism for the 

Si-DLC-polished core pin GS and OP, respectively. Figure 3.7 (a) and Figure 3.8 (a) shows the 

region of the bigger diameter of the core pin where erosion was the main mechanism, as can be 
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seen by the EDS map for Fe. The same eroded regions suffered with limited soldering as shown 

in the map for Al. Figure 3.7 (b) shows the region of “soldering on coating” where a lot of Al can 

be seen in the EDS maps, but the coating is still present underneath the soldered layer as 

evidenced by the Si and C maps. Also, these results were combined with minor erosion indicated 

by the Fe maps, which could indicate the positions where the aluminum soldering occurred 

underneath the steel [12]. It is interesting to note that in these same regions, a concentration of 

Mg and O can also be found, which suggests that Mg from the A380 alloy may be assisting 

coating oxidation and creating an easy path to the substrate, and similar results have been 

reported previously [36]. Figure 3.7 (c) shows the transition from the soldered region in Figure 

3.7 (b) to the region where the coating was preserved (OK), some very limited erosion (Fe map), 

and some superficial rounded particles containing Mg and O found on the non-soldered side 

(right), which again suggests some influence Mg on this coating failure [36]. Figure 3.7 (d) 

shows a region from the transition where the coating was preserved up to closer to the tip of the 

core pin where erosion + soldering prevailed, as can be seen in the EDS maps for Fe and Al in 

the right side without indication of coating elements (Si and C) present in that region. Figure 3.8 

(b) shows a coated region (OK) with minor soldering (Al map) and minor erosion (Fe map) 

indicating a good preservation of the coating in those regions. Figure 3.8 (c) shows an area with 

erosion and soldering happening on the same area as can be seen by the overlap of Fe and Al 

maps and Si and C absent from those regions. The Fe map also shows areas surrounding the 

soldered Al area. Interesting on this region is that the Mg and O maps lay exactly on the Al 

soldering map, and inside the area where the Al is lacking, the Mg is more concentrated. Since it 

is A380 alloy, the presence of Si particles would be expected on the soldered region but that is 

not observe in the EDS maps, which means that the soldering may be happening by the shear 

fracture of the casting soldered to the surface during ejection as proposed by Chen [35]. Also 

intriguing is that the shearing of soldering marks are happening at 65° in relation to the casting 

ejection direction, what suggests that the fracture is happening in the α-Al casting surface (or 

commonly called, casting skin), instead of being dragging marks or build-up that would be in the 

direction of casting ejection. Finally, Figure 3.8 (d) shows the erosion + soldering up to the 

rounded tip of the core pin. In the rounded region, the Si and C EDS maps show that the coating 

is still present there, surrounded by the Fe map indicating coating erosion, also the Mg and O 

maps surround the coated region and the eroded region, again indicating that the Mg from the 
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A380 alloy may be the key element on the oxidation and failure of the Si-DLC coating, probably 

through oxidation as the O map follows the Mg maps [36]. Similar analysis can be found in the 

Supplementary Material 2. for the core pins AlCrN/TiCN-polished coated and for the nitride-

draw. 

 

 

Figure 3.6: BSE SEM image with EDS line scan of the Si-DLC-polished 5215 core pins, (a) GS 

and (b) OP side. 
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Figure 3.7: SEM images with EDS maps of Si-DLC-polished GS 5215 core pins for the analysis 

of different soldering mechanisms, (a) erosion with minor soldering, (b) soldering on coating 

with minor erosion, (c) transition from soldering on coating to a coated region, and (d) erosion + 

soldering + thermal spalling. 



 77 

 

 

Figure 3.8: SEM images with EDS maps for Si-DLC-polished OP 5215 core pins for the 

different soldering mechanisms, (a) erosion with minor soldering, (b) coated region (called OK) 

with minor soldering and minor erosion, (c) erosion and soldering, and (d) erosion + thermal 

spalling + soldering up to the tip of the core pin. 
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3.4.3 Correlating Wear Resistance and Wetting with Soldering 

Selection maps were developed by correlating wear resistance with the soldering fraction 

measured for each coating in the die casting trial. The filled marks in the figures were used for 

the GS and the open marks for the OP for easy visualization. Figure 3.9 (a) and (b) show the 

results for correlating soldering with wear rates, where four different quadrants could be 

identified: (i) low soldering + low wear rate, (ii) high soldering + low wear rate, (iii) high 

soldering + high wear rate, and (iv) low soldering + high wear rate. Quadrant (iv) is the quadrant 

that depicts the fact that a high wear rate will not lead to low soldering, turning it into a criteria 

for coating selection for aluminum die casting. As can be seen from Figure 3.9 (a), the OP tends 

to experience less soldering than the GS of the core pins. Figure 3.9 (b) shows the same trend 

when using the average fraction of soldering for each coating in each core pin. Identical trends 

can be seen on Figure 3.10 (a) and (b) for COF values and on Figure 3.11 (a) and (b) for Δd/D. 

The Si-DLC coating was the only one only on the 1st quadrant where it presented low soldering 

+ low wear rates, low COF, and low Δd/D values, confirming that smaller (better) tribology 

parameters can lead to low soldering. The AlCrN/TiCN coating was on both 1st and 2nd 

quadrants where it presented low soldering or high soldering + low wear rates, low COF, and 

low Δd/D values, confirming that soldering is not exclusively related to wear, in agreement with 

the several different soldering mechanisms previously presented. The Al2O3 coated pins and the 

uncoated, nitrided H13 pins were always in the 3rd quadrant corresponding to high soldering + 

high wear rates, high COF, and high Δd/D values, and since no data point fell in the 4th quadrant 

(low soldering + high wear rates, high COF, and high Δd/D values), these confirm the selection 

character of these maps where low soldering is not achieved when the tribology parameters are 

non-ideal. Some thresholds could be eliminated where there are possibilities of achieving low 

soldering on coating selection, such as: (a) wear rates in the 10-8 mm3N-1m-1 or lower, (b) COF 

smaller than 0.40, and (c) d/D smaller than 0.22. Even though several studies have reported the 

importance of wear in the aluminum die casting soldering resistance 

[3,5,15,17,20,22,24,26,34,35], this is the first time that the data has been used to create selection 

maps where numerical thresholds are defined. 
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Figure 3.9: Relationship between wear rate parameter and measured soldering of core pins 5205 

and 5215 for (a) GS and OP, and (b) using average soldering fraction data. 
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Figure 3.10: Relationship between wear parameter COF and measured soldering of core pins 5205 and 

5215 for (a) GS and OP, and (b) using average soldering fraction data. 
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Figure 3.11: Relationship between wear parameter Δd/D and measured soldering of core pins 5205 and 

5215 for (a) GS and OP, and (b) using average soldering fraction data. 
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The combined results presented in Figure 3.9 - 3.11 indicate that chemical soldering 

mechanisms dominate the degradation and failure of the core pins on the GS side whereas the 

soldering on the OP side is dominated by erosion and thermal spalling, consistent with previous 

studies [35]. A more complete picture of the soldering degradation of the core pins can be 

obtained by considering the wetting angle (ϴ) observed when in contact with molten aluminum. 

Specifically, in Figure 3.12, the coating’s wear properties, average wetting angles against molten 

aluminum collected from the literature for similar coatings or compositions [37-39], and the 

soldering response from the die casting trials are summarized. As can be seen in Figures 3.12, 

there is a good correlation between wetting and COF (Fig. 3.12 (a)), and wetting and Δd/D 

parameter (Fig. 3.12 (b)), and the soldering response, where the smaller the cos(ϴ) and the lower 

the COF or Δd/D, the lower the fraction of soldering observed on the core pins. This correlation 

involves two soldering mechanisms [40], the chemical (wetting) and the mechanical (wear), 

where those coatings with lower wetting and higher wear resistance experience a decrease in the 

amount of soldering, i.e., it results in better protection for the die in HPDC. No obvious trend 

was found when wetting was correlated against measured wear rates, as shown in Figure 3.12 

(c). Even though it is commonly assumed that the coating should not be wet by molten aluminum 

to be considered a die coating [5-6,8-10,15,39], this is the first time there has been a quantitative 

correlation between wetting, wear, and soldering. 
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Figure 3.12: Quantitative correlation between wetting, wear, and soldering. The tribology axis 

were: (a) COF, (b) Δd/D, (c) linear wear rate, and (d) log scale wear rate. 
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3.5 Conclusions 

Successful aluminum die casting trials were performed at Stellantis by coating sets of two 

core pins that were positioned directly in front of the gate of a large commercial die casting. The 

Si-DLC-polished coatings received the best qualitative Stellantis grade (A-) and the lowest 

fraction of surface covered with soldering by the quantitative image analysis. All coatings 

presented lower soldering fractions than the uncoated H13 with a nitriding treatment showing the 

potential for additional protection by coating the die. The tested core pins where characterized 

and showed that the main soldering mechanisms in each coating were similar and included 

erosion, soldering, gross soldering, soldering on coating, and erosion/thermal spalling, differing 

only in their extent in the different coatings. The wear resistances of the coatings were measured 

using pin-on-disk tests and correlated with the measured soldering fraction on the core pins 

leading to the creation of selection maps, which attempt to identify the combined conditions for 

coating selection, namely COF smaller than 0.40, wear rates in the 10-8 mm3N-1m-1 range, and 

Δd/D smaller than 0.22. There were good correlations between wetting and COF, and wetting 

and Δd/D parameter in the soldering response of the coatings, where small cos(ϴ) (lower 

wetting), low COF, and lower Δd/D lead to a lower fraction of soldering on the core pins. This 

correlation involves two soldering mechanisms, namely, chemical (wetting) and mechanical 

(wear), where non-wetting coatings with high wear resistance result in a decrease in the amount 

of soldering, i.e., it causes a better protection for the die against soldering and erosion in 

aluminum die casting. 
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3.8 Supplementary Material 1 

3.8.1 Characterization of Wear Mechanisms 

SEM analysis coupled with EDS maps for the tracks and ball scars (Figures 3.13 – 3.16) 

were used to examine the wear mechanisms. First, SEM and EDS analysis of the wear track (Fig. 

3.11a) on uncoated H13 and the scar on the aluminum ball (Figure 3.13 (b)) indicate that several 

areas of the wear track have suffered from aluminum transferring from the ball which is evidence 

of an adhesive wear mechanism, along with some scratch marks in the track showing evidence of 

some abrasion [25]. The abrasive mechanism is more evident on the ball scar surface as shown in 

the EDS maps of Figure 3.13 (b), where Fe from the H13 surface clearly transferred to the ball 

scar, along with scratch marks, deformation marks and some oxidation in those areas. 

Figure 3.14 (a) shows the track for the Si-DLC coating, where some scratches can be seen in 

the center of the track as a result of abrasive attack, but on the borders of the track, there is a 

concentration of aluminum that transferred from the ball due to adhesive wear. Some Si can be 

seen in the EDS map of Figure 3.14 (b) for the ball scar confirming the presence of abrasion 

along with the dominant adhesive mechanism, and some oxidation on the deformed regions of 

the ball scar [41].  

The wear of the Al2O3 coating in Figure 3.15 (a) indicates a dominant abrasive mechanism 

operating where the coating was almost fully worn from the surface until reaching the H13 

substrate as evidenced by the EDS maps for Fe and Cr. Figure 3.15 (b) shows the ball scar with 

scratches, as well as deformed and oxidized regions. The presence of non-continuous regions on 

the surface of the ball scar can be attributed to transfer of the Al2O3 coating onto the ball. 

The wear behavior of the AlCrN/TiCN coating can be seen in Figure 3.16 (a), where only 

limited aluminum transfer from the ball can be seen in a shallow wear track. The ball scar in 

Figure 3.16 (b) is relatively small with no evidence of coating transfer to the ball. These results 

support the smallest wear volume and wear rates for this coating. 
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Figure 3.13: SEM images and corresponding EDS maps from the pin-on-disk tests. (a) Uncoated 

H13 wear track, and (b) worn region of the Al ball tested against the uncoated H13 substrate with 

ball scar in the insert. 
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Figure 3.14: SEM images and corresponding EDS maps from the pin-on-disk tests. (a) Si-DLC 

wear track, and (b) worn region of the Al ball tested against the Si-DLC substrate with ball scar 

in the insert. 
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Figure 3.15: SEM images and corresponding EDS maps from the pin-on-disk tests. (a) Al2O3 

wear track, and (b) worn region of the Al ball tested against the Al2O3 substrate with ball scar in 

the insert. 
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Figure 3.16: SEM images and corresponding EDS maps from the pin-on-disk tests. (a) 

AlCrN/TiCN wear track, and (b) worn region of the Al ball tested against the AlCrN/TiCN 

substrate with ball scar in the insert. 

 

3.9 Supplementary Material 2 

3.9.1 Die Casting Trials – Die Failure Mechanisms Characterization 

Figures 3.17 to 3.18 show similar analysis for the AlCrN/TiCN-polished coated 5215 core 

pin. From left to right on Figure 3.17, for GS in (a) and OP in (b), it can be seen again that the 

larger diameter section of the core pin has an area where the coating is preserved with only some 

minor soldering, followed by a region where coating erosion was the main mechanism, along 

with some coating remaining and some minor soldering. The GS in Figure 3.17 (a) then shows 

an extensive length of gross soldering along with coating erosion and some regions were the 

coating was still present. In comparison, for same regions in the OP on Figure 3.17 (b), a more 

regular soldering was observed. Again, reaching closer to the tip of the core pin, the GS suffered 

both erosion and thermal spalling in big areas and soldering in areas where the coating was still 
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present. The OP side had similar soldering on the coated region but the difference was that very 

limited erosion and thermal spalling could be found. At the tip of the core pin for both sides, the 

coating was totally removed, and erosion and thermal spalling were the main 

degradation/soldering mechanisms. The detailed analysis of the different mechanisms for GS are 

shown in Figure 3.18, while Figure 3.19 shows similar analysis now at the OP side. 

 

 

Figure 3.17: BSE SEM image with EDS line scan of the AlCrN/TiCN-polished 5215 core pins, 

(a) GS and (b) OP. 
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Figure 3.18: SEM image with EDS maps of the gate side of AlCrN/TiCN-polished 5215 core 

pins for the different failure mechanisms, (a) minor erosion and soldering, (b) gross soldering on 

coating with minor erosion, (c) transition from soldering on coating to a coated region and a 

upper right region that suffered erosion and thermal spalling, and (d) erosion + thermal spalling 

+ minor soldering. 
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Figure 3.19: BSE SEM image with EDS maps of the opposite gate side of AlCrN/TiCN-polished 

5215 core pins for the different failure mechanisms, (a) transition from oxidized coating to 

erosion, (b) soldering on coating, (c) soldering on coating with oxidation, and (d) erosion and 

thermal spalling on core tip. 

 



 97 

Similar analysis were carried out for the Nitrided-draw 5215 core pin as shown in Figures 

3.20 and 3.21. As for the coated core pin, GS and OP for the Nitrided-draw also have similar 

behaviors, but now three distinct regions can be observed: (i) a “mixed” behavior where there are 

alternating areas with soldering and no soldering, (ii) the central region of the core pin with gross 

soldering, and (iii) for closer to the tip a more regular soldering is experienced. The difference 

between GS and OP is more related to the extension of each region, where GS presented a 

shorter “mixed” region, but a greater gross soldering region, while the length of “soldering” was 

similar for both. Since the mechanisms were the same for GS and OP, higher magnification 

detailed analysis was done for GS and is shown in Figure 3.21. 

 

 

Figure 3.20: BSE SEM image with EDS line scan of the uncoated H13 draw condition 5215 core 

pins, (a) GS and (b) OP. 
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Figure 3.21: SE SEM image with EDS maps of GS of uncoated H13 draw condition 5215 core 

pins for the different failure mechanisms, (a) mixed due to the presence of machining marks, (b) 

gross soldering on right lower corner, and (c) soldering close to the core pin tip. 
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CHAPTER 4                                                                                                                   

PROGRESS TOWARDS UNDERSTANDING THE POSSIBILITY OF USING           

DUPLEX AlCrN PVD COATINGS FOR LUBE-FREE ALUMINUM                            

HIGH PRESSURE DIE CASTING 

In preparation to be submitted to Journal of Materials Processing and Technology 

Nelson Delfino de Campos Neto*1, Ryan Brune2, Alan A. Luo2, Paul Brancaleon3, Andras 

L. Korenyi-Both1, Stephen P. Midson1, and Michael J. Kaufman1 

 

4.1 Abstract 

Successful lube-free aluminum high pressure castings (HPDC) were achieved using dies that 

had been coated with AlCrN PVD coatings, thereby eliminating the need for conventionally-

sprayed die lubricants. To achieve this, two dies with simple geometries, i.e., flat plates of 

different thickness, containing no core pins or other features non-perpendicular to the ejection 

direction were coated with an AlCrN PVD coating, and tested using a 250-ton die casting 

machine. It was possible to run both coated dies completely lube free (no lubricant) to produce 

over 200 castings. The temperature simulation on the dies matched the thermal camera 

measurements during the trials, where the hottest spots were where small amounts of soldering 

developed on the shot blocks, but also where aluminum marks were seen inside the insert 

cavities. Aluminum build-up on the die surface was observed as an intermittent phenomenon as 

it did not lead to soldering. An analysis of die plugs (inserts that were flush with the die surface 

that could be removed for post-trial analyses) showed that, due to the high gate velocity used in 

these trials, a large fraction of the AlCrN coating was washed out from the plug surfaces with the 

remaining coating cracked in several places. A 3D slice and view analysis indicated that there 

was no chemical reaction or intermetallic formation in the interface regions between the 

aluminum and the H13 steel, or between the aluminum and the AlCrN coating, representing a  
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build-up mechanism by mechanical keying instead of chemical soldering. A mechanistic model 

was developed to understand the correlation between surface roughness, wetting angle and 

HPDC pressure and successfully explain why lube-free aluminum HPDC is possible for these 

simple geometries and to shed light on why it is more challenging for castings with more 

complex geometries. 

 

4.2 Introduction 

Aluminum high pressure die casting (HPDC) is an economical, high-volume, high-rate 

process used to produce a variety of different geometry light-weight castings for different 

applications. Bonollo et al. (2015) [1] described the aluminum HPDC characteristics, namely, the 

injection of a molten aluminum alloy at high speeds and high pressures resulting in extremely 

short filling times that overcome solidification shrinkage, into a die cavity made of reusable tool 

steel. Unfortunately, aluminum HPDC has a 5-10% scrap rate that result from more than 30 

different causes. Abdulhadi et al. (2016) [2] have listed the several factors that can contribute to 

reduction of die life, with the main causes being: (i) soldering, (ii) washout, (iii) corrosive wear, 

(iv) chemical corrosion, (v) erosion, and (vi) heat checking. Reducing or eliminating any or all of 

these mechanisms of die failure is one of the main challenges in aluminum HPDC, since this 

process relies on the steel dies withstanding the production of thousands of castings inside design 

specifications. 

Shivpuri et al. (1995) [3] studied the erosion of die casting dies containing several core pins 

in front of the gate. This was an aggressive condition expected to cause accelerated erosion. 

They also used the hypereutectic A390 alloy which results in primary Si particles that cause 

greater abrasion in addition to requiring higher (more aggressive) casting temperatures (735ºC) 

than the more common hypoeutectic alloys such as A380. For these accelerated tests, the authors 

measured any changes in the shape of the pins as well as any weight loss. Typical gate velocity 

in industrial HPDC is ~40 m/s. The authors initially used 65 m/s, but faced premature soldering 

problems and machine stops, and then lowered the gate velocity to 48-55 m/s to overcome this 

challenge. Erosion rates for H13 pins were 2.02x10-2 mg/shot for the pins in the front row and 

6.02x10-3 mg/shot for those in the back row, and nearly 300 shots were required prior to 

observing any measurable wear of the pins. They also reported that nearly 50 shots were 
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necessary to reach a steady state in the temperature exposure of the pins cycling from ~260 °C to 

~470 °C, and that the temperatures were also slightly higher for the pins in the front row (closest 

to the gate). The authors’ objective in selecting coatings was to include the most promising 

candidates from each family of commercial coatings and surface treatments. They noted that VC, 

TiN, Fe3Si, and Cr pack coatings exhibited similar erosive wear during HPDC. They noted that 

the erosion rate of VC coatings was ~ 1/4 that of uncoated H13, whereas that of TiN coatings 

was ~1/2 of that of H13, although they became similar at higher numbers of castings. The 

authors found that the melt temperature influences the erosion resistance, where lower 

temperatures were worse than higher temperatures due to the presence of a higher volume 

fraction of primary Si particles, and that the soldering resistance was worse at the higher melt 

temperatures due to higher diffusion and reaction rates. 

Venkatesan and Shivpuri (1995) [4] have shown using numerical simulation that erosive 

wear in die casting dies increases with decreasing melt temperature and that the maximum 

erosion occurs when the liquid metal impinges on die features (e.g., core pins) that lie between 

72 ° and 90 ° (orthogonal) to the metal flow direction and is controlled by solid particle impact 

rather than diffusion. Erosive wear in die casting has four significant types, including (i) gate 

erosion, (ii) washout, (iii) cavitation erosion, and (iv) erosion caused by flow separation. 

Using static dipping tests and rotating immersion tests (RIT), Yu et al. (1995) [5] observed 

that the fast dissolution of H13 steel into the A390 melt also resulted in the formation of 

multilayer intermetallics. Turbulence and melt temperature increases caused accelerated 

dissolution of H13 rods. Due to supercooling at the die surface during solidification, primary Si 

with irregular faceted shapes formed at the casting/die interface for A390. The RIT was an 

efficient test for evaluation of soldering and dissolution resistance at different conditions in a 

reasonable time. Yu et al. [5] also observed a relatively constant thickness of intermetallic layers 

between H13 and A390. The total intermetallic thickness decreased with increasing rotational 

velocity (rpm). The authors hypothesized that aluminum soldering started with formation of 

intermetallic compounds. Also, dimensional loss was caused by dissolution of Fe into the melt 

and detachment of the non-protective Al4FeSi outermost intermetallic layer. In static melts at 680 

°C, the Cr23C6 coating significantly increased resistance to molten aluminum corrosion, while the 

TiN coating didn’t provide corrosion resistance significantly greater than that for uncoated H13 

steel. Much thinner intermetallic Al4FeSi was observed during actual die casting, i.e., 
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intermetallic regions were not as thick as in the static dipping tests. The authors suggested that 

effective wear resistant coatings should be able to reduce or eliminate severe soldering and 

washout in die casting dies, and that coatings to be applied on aluminum die casting dies should 

meet 5 criteria: 1) high hardness, 2) inertness in liquid Al, 3) similar coefficient of thermal 

expansion (CTE) to the tool steel, 4) a nonporous bond layer, 5) high temperature oxidation 

resistance. For high temperature coating processes such as hot thermal diffusion, heat treatments 

(HT) after coating are required, along with possible machining operations necessary to overcome 

distortions and achieve the target dimensions.  

Bobzin et al. (2016) [6] compared the results of RIT tests on CrN/AlN/Al2O3 coatings (the 

top layer is Al2O3) with actual aluminum HPDC tests, where post-analysis after the RIT tests 

revealed a gap between the solidified Al and the coatings. However, in the aluminum HPDC test, 

there appeared to be intimate contact. The authors attributed the Al sticking due to coating failure 

at localized positions and suggested that a phase transformation from amorphous alumina to γ-

alumina caused internal cracks within the coatings, creating a path for the molten Al to reach the 

underlying steel. The authors suggested that depositing γ-alumina should avoid the phase 

transformation during HPDC and then the damage would be minimized. 

Nunes et al. (2017) [7] examined two AlTiN coatings using a laboratory block-on-ring 

apparatus and actual aluminum HPDC tests, and showed that a PVD Al0.60Ti0.40N coating out-

performed an Al50Ti50N coating. No explanation for the performance differences was provided.  

Paiva et al. (2018) [8] performed industrial in-plant trials to evaluate three different coatings, 

namely, AlCrN, AlCrN/Si3N4, and AlTiN/Si3N4 deposited using PVD. The nanocomposite 

coating AlCrN/Si3N4 provided the best combination of hardness, adhesion, soldering resistance, 

and oxidation resistance and provided a 92% life improvement in comparison with an AlCrN 

coating for the same die and processing conditions. They provided no details of the reason for 

the improvement, but did provide a good discussion about nanocomposite coatings, where the 

nanoindentation hardness (H) and modulus (E) used in the empirical H/E (resistance against 

elastic strain to failure) and H3/E2 (resistance against plastic deformation) toughness parameters 

along with the oxide formation were shown to be important aspects for achieving low coefficient 

of friction. The authors claimed that erosion and sticking were the major wear degradation 

mechanisms faced by the die coating. 
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Kovačević et al. (2018) [9] studied the wear (erosion) mechanism for core pins that 

experience the incoming flow of liquid Al during HPDC, and proposed that the cause of die 

erosion damage is due to the impact of the primary solid particles that have already started to 

solidify in the liquid alloy before entering the die cavity; these can be primary Al dendrites 

(hypoeutectic compositions) or primary Si (hypereutectic compositions). The authors raised 

concerns about the challenges in comparing different coatings, given that their nitrided pins 

lasted 5,500 castings in the first set of tests and over 22,000 in the second set under presumably 

similar conditions. Thus, the authors proposed that the coatings need to be tested in the same set 

of tests in order to be able to directly compare the results or to use one material as comparison in 

all of the runs (baseline comparison). 

Gulizia et al. (2001) [10] performed die casting trials on coated core pins using a 250 ton die 

casting machine, with die gate velocity of 50 m/s and final pressure of 78 MPa in a special die 

where 50 HPDC castings in this design was equivalent to thousands of cycles in industry HPDC. 

Core pins with 6 mm diameter x 30 mm long with a 1.5º draft angle were sprayed with 100 cm3 

of die lubricant (diluted 100:1) for 3 s prior to each casting. The authors observed that soldering 

first occurred on the side of the core pins facing the gate. They also measured the fraction of 

aluminum that had adhered to the surface by light optical microscopy (LOM) and concluded that 

that rougher pins led to a general increase in the fractional coverage. They also showed that 

coated pins had lower coverage and less intermetallic formation/soldering than uncoated pins. 

The authors proposed that PVD coatings effectively eliminate soldering in early stages by being 

a physical barrier, even though they still experience a certain amount of build-up that is 

presumably attached to the core pin surface by mechanical keying (interlocking), and not by a 

chemical reaction. They also reported that, for the PVD coated core pins in the industry trials, it 

was beneficial not to remove any of the built-up layers of the casting alloy as they found that this 

practice extended the life of the core pins significantly. 

Chen (2005) [11] proposed that there are two modes of soldering: (i) mechanical soldering or 

build-up that forms first, and (ii) chemical soldering that forms by solid-state reaction at the 

built-up interface. Chen proposed a theory that there are pores and weaker areas on the gate side 

of core pins, which solidifies first, and the solidification contraction causes it to crack at the 

interface between the core pin and the solidified casting. Also, the difference in thermal 

conduction causes the pin to shift, causing the face of the core pin opposite to the gate side to be 
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under compression and to develop shear stresses during ejection that result in dragging marks. 

Chen (2005) [11] also proposed a thermodynamic and kinetic based model to determine why in 

some cases the mechanical soldering will not progress to chemical soldering with time. 

Han and Viswanathan (2003) [12] proposed that soldering happens when the die is above a 

critical temperature (Tc) and occurs by molten aluminum reacting with the die steel and 

producing Al-Fe-based intermetallics. The Tc was found to be at approximately the eutectic 

temperature for Al-Fe during dipping experiments.  

For PVD coated dies, Song et al. (2012) [13] proposed that soldering initiates at defects in 

the PVD coating, such as cracks, pin holes, macroparticles, all of which tend to provide a path 

for molten aluminum to reach the underlying die steel. If/when this happens, the molten 

aluminum can dissolve and react with the tool steel, and the Al-Fe-based intermetallics formed 

may lead to further coating failure at multiple parabolic/pyramidal sites, causing the remaining 

coating to detach from the steel substrate, leading to a total coating removal. The surface of the 

die is then covered with consecutive zig-zag soldering layers. The soldering progresses until the 

die loses dimensions and needs to be repaired or replaced. 

In the aluminum high pressure die casting process, the lubrication spray acts as a parting 

agent, to prevent the aluminum from sticking and soldering to the die. The spray also helps to 

control the die surface temperature. There are, however, as listed by Zhu et al. (2004) [14], a 

number of disadvantages resulting from the application of liquid lubricant spray, including a 

reduction in the casting quality, a significant reduction in die life, and an overall increase in 

manufacturing costs. Zhu et al. (2007) [15] evaluated the impact of die lubricant spray on heat 

checking by varying the spray time from no spray to 13 s of spray using a “dunk” test. This test 

consists of dunking steel rods into a molten aluminum bath, removing them from the bath, 

spraying them with die lubricant, blowing any excess off, and repeating this process for hundreds 

to thousands of cycles. They went on to show that by decreasing the spray time, the total crack 

area (heat checking) also decreased, and that, without any spray, no crack areas where observed.  

Although the spray of lubricant is a common practice, Wang et al. (2016) [16] and Wang et 

al. (2017) [17] developed a simple test called the aluminum adhesion test (AAT), where molten 

aluminum was poured against coated and uncoated coupons and, after solidification, the strength 

required to separate the cast Al from the coupons was recorded using tensile tests. Using these 
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tests, Wang et al. (2016) [16] identified three coatings, namely AlCrN, AlTiN, and CrWN that 

exhibited non-sticking behavior in the AAT. A removable die insert in a bigger die assembly was 

then PVD coated with the AlCrN PVD coating that was identified as effective in the AATs. 

Using this die, attempts were made to conduct lube-free aluminum die castings by not spraying 

this small insert with lubricant, even though the rest of the die assembly received normal 

lubricant spray. Over two days of trials, 40 lube-free castings were successfully produced with 

this coated insert. 

Given the success with the insert, Wang et al. (2017) [17] coated an entire die with the same 

AlCrN coating and tested it in a commercial die casting machine at Mercury Castings in Fond du 

Lac, Wisconsin, USA. They reported that it was possible to reduce the amount of conventional 

lubricant spray by around ~85% but not completely, i.e., when they tried to operate completely 

lube-free, the first casting stuck and bent upon ejection. The die was then reassembled, and 

castings were successfully run as before (85% reduced lubricant) for several years and over 

70,000 castings as reported by Bell et al. (2019) [18]. 

In 2015, Bonollo et al. [1] reported some of the significant challenges in HPDC of Al, 

namely that, while the die temperature, melt temperature, water, and oil can all be managed, 

there have been no correlations with the final casting quality. For example, die lubrication is 

commonly applied with a focus on maintaining die integrity, cycle time, and casting ejection 

with no consideration of the metallurgical impacts on the castings produced. 

In this paper, we report the results of two recent studies on the application of the same AlCrN 

PVD coating previously applied by Wang et al. (2016, 2017) [16,17] to the surface of die inserts, 

so a direct comparison with those previous results would be possible, with the goal of better 

understanding the factors that limit the ability to eliminate the use of die lubricants in aluminum 

die casting. The series of casting trials were performed using a 250-ton Buhler die casting 

machine located at The Ohio State University in Columbus, OH, USA. Two new dies were 

designed and fabricated, PVD coated, and operated in the lube-free condition, without the 

application of any die lubricant. A mechanistic model is proposed to explain the limited 

conditions where lube-free die casting is possible. 
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4.3 Material and Methods 

The lube-free die casting experiments were performed using a Buhler 250-ton die casting 

machine at the Center for Design and Manufacturing Excellence (CDME) at The Ohio State 

University (OSU). Two die casting dies were designed (discussed in greater detail at Section 

3.4), one a simple thin plate (100 x 165 x 4 mm, total casting weight of 0.35 kg) and the second a 

thicker plate (100 x 165 x 19 mm, total casting weight of 0.90 kg) but with a portion that has a 

reduced section. These geometries were chosen to determine if dies this simple could be run 

under lube-free conditions as neither die contained core pins or other complicating geometric 

features. All die inserts corners and edges were rounded to a 3-6 mm radius along with a 5° draft 

angle. The two thicknesses were chosen to evaluate the impact of thermal mass of the casting 

upon soldering and die temperature. The die inserts were fabricated using heat treated H13 steel 

with a final hardness of 46-48 HRC. 

The die inserts, the shot block on the ejector side of the die and the ejector pins for the two 

dies tested at OSU were PVD coated with an AlCrN PVD coating using a duplex process that 

consisted of initially nitriding the heat-treated H13 steel via ion implantation, followed by the 

deposition of a Cr adhesion layer, and then an AlCrN top layer with total deposition time from 

120 to 180 minutes (note that the runner insert on the fixed side of the die was not coated). For 

purpose of characterization of the coatings, polished flat 25 mm by 25 mm test coupons of the 

heat treated H13 steel received the identical treatment. For the PVD coating, a patented filtered 

cathodic arc evaporation (CAE) deposition process was utilized and included a substrate pre-heat 

temperature of 450 – 500 °C, targets positioned at ~350 mm from the substrates, and application 

of a 75 V direct current (DC) bias voltage. Deposition was conducted using a nitrogen pressure 

in the range of 0.3 – 0.6 Pa as the substrates were rotated at 3 - 6 rpm. Photographs of the two 

dies tested are shown in Figure 4.1 (a) and (b). 

A variety of techniques were used to characterize the coating, including calo testing, 3D 

optical profilometry, scratch testing, VDI 3198 indentation, pin-on-disk wear testing, grazing 

incidence X-ray diffraction (GIXRD), scanning electron microscopy (SEM) with energy 

dispersive spectroscopy (EDS), and electron microprobe analysis (EPMA) with wavelength 

dispersive spectroscopy (WDS). Details on the characterization procedures can be found in 

Chapter 2. The characterization analysis to be presented here was performed using three different 
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scanning electron microscopes (FEI Quanta 600i, FEI Helios Nanolab 600i, and TESCAN  

S8252G), where slice and view and EDS maps were conducted with the TESCAN instrument. 

For each die casting trial session, around 130 kg of A380 aluminum alloy was melted, and 

nitrogen gas degassing was performed on the molten bath for 15 minutes to reduce the hydrogen 

levels prior to casting. Standard samples for composition analysis were produced for each casting 

trial, and measured using a desktop SpectroMaxx spark Optical Emission Spectrometer (OES). A 

two-axis servo-driven Rimrock ladle was used to ensure consistent casting weight during the die 

casting trials. For mapping the effect of process conditions on the ability to produce lube-free 

castings, two parameters were varied during the trials, (i) two aluminum alloy melt temperatures 

were examined (680 and 720 °C) and (ii) the oil used to pre-heat the dies was varied between 

200-305 °C. Table 4.1 shows the six combinations of conditions examined.  

Prior to the trials, shot profiles were calculated based on NADCA recommendations designed 

to provide gate speeds of around 35.5 m/s (1,400 in/s). Unfortunately, problems with the Buhler 

machine prevented programing of the shot profile, and a shot profile stored in the machine’s 

memory from a previous run had to be used. This generated a high gate speed of 67.7 m/s (2,665 

in/s) or almost double the optimal value, which may have encouraged soldering in the die cavity 

by exposing the die to more aggressive conditions although no attempt was made to estimate the 

increased severity. Figure 4.1 (c) shows the desired shot profile, along with the profile used in 

the trials. 

Each casting trial started with the application of BN spray to the surface of the die, and then 

transitioned to decreasing application of die lubrication using Chem-Trend SL-90078 diluted 

1:30 in water, until the lubricant was totally omitted from the process steps to produce a series of 

lube-free castings. It is noted however, that the plunger lubricant PL-208 from ChemTrend was 

painted onto the uncoated plunger tip prior to each shot. 

Following ejection of each casting, a FLIR thermal camera was used to track the die surface 

temperature of the ejector side of the dies. To estimate the maximum temperature experienced 

for both dies at each of the first five conditions examined, HPDC simulations were performed 

using the ProCast software, and these predictions were compared with the measured 

temperatures. 
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Figure 4.1: The two dies used in the lube-free die casting trials (a) die #1 and (b) die #2. The 

cover side was the same for both dies. (c) Differences in the shot profiles for the desired and 

actual conditions resulting in more aggressive soldering conditions. 

 

Table 4.1: Different conditions for the A380 melt and heating oil temperatures examined in this 

study. 

Condition Temperature (°C) 

A380 Oil 

C1 680 200 

C2 720 200 

C3 720 230 

C4 720 260 

C5 720 290 

C6 720 305 
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4.4 Results and Discussion 

4.4.1 Duplex PVD AlCrN Coating Characterization 

Table 4.2 shows the results from the general characterization of the AlCrN coating applied to 

the dies for the lube-free trial for composition, thickness, roughness, and adhesion quality. The 

ratio of Al/(Al+Cr) for this coating is 0.46. It has been reported by Hiray et al. (2001) [19] for 

(Al,Cr)N that the phase transition from the cubic B1 (NaCl) structure to the hexagonal B4 

(würtzite) structure occurs when the Al/(Al+Cr) is above 0.75, and so this coating was expected 

to have the B1 cubic structure; this was confirmed using GIXRD measurements. 

The thicknesses of the coatings were also within the range (1 to 10 µm) commonly reported 

for PVD nitride coatings used in aluminum die casting applications as proposed by Lin et al. 

(2006) [20]. Surface roughness measurements showed that the coating was smooth, with Ra 

values in the nanometer range. The scratch tests resulted in determining that the cohesive critical 

load (Lc1) was 8.7 ± 2.0 N and the adhesive critical load (Lc2) was 23.0 ± 6.1 N. VDI 3198 tests 

were performed, and the results showed no cracking or coating spallation around the indentation, 

indicating adequate coating adhesion to the substrate (indexed as HF1) based on Vidakis et al. 

(2003) [21]. 

 

Table 4.2: Composition, thickness, roughness, and adhesion for the duplex AlCrN PVD coating. 

Composition by WDS 

(at. %) 

Thickness 

(µm) 

Roughness 

Ra (nm) 

Cohesion 

Lc1 (N) 

Adhesion 

Lc2 (N) 

VDI 

3198 

Crystal 

Structure 

Al22.4±0.7Cr26.5±0.7N51.2±0.7 8.6 ± 0.2 100 ± 13 8.7 ± 2.0 23.0 ± 6.1 HF 1 Cubic 

(B1) 

 

The microstructure of the AlCrN coating (Fig. 4.2) shows that the coating is structured with a 

thin Cr/CrN adhesion layer on the H13 followed by the thicker AlCrN top layer. As noted in 

Table 4.2, based on WDS measurements, the composition of the top layer is 

Al22.4±0.7Cr26.5±0.7N51.2±0.7. This coating was deposited on an ion nitrided layer underneath the thin 

Cr adhesion layer, which was produced during the duplex deposition process (not apparent in 

Figure 4.2). 
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Figure 4.2: BSE image and EDS maps of polished coating cross-section of AlCrN coating. 

 

The results of the pin-on-disk measurements are shown in Figure 4.3 and summarized in 

Table 4.3. The results show the improved wear resistance of the AlCrN coating in comparison to 

uncoated H13 for all tribology parameters tested. The 3D profilometry from the wear tracks for 

AlCrN and for uncoated H13 are consistent with the numerical results. 

 

 

Figure 4.3: Pin-on-disk results using pure Al balls against the AlCrN coating (top) and uncoated 

H13 (bottom) showing the measured coefficient of friction (COF) and 3D optical profilometry 

images of the wear tracks. 
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Table 4.3: Comparison of tribology results for AlCrN and uncoated H13. 

 COF Wear volume 

x10-6 (mm3) 

Wear rate x10-8 

(mm3N-1m-1) 

Pin scar ratio 

(Δd/D) 

AlCrN 0.51 ± 0.10 7.49 ± 0.97 1.66 ± 0.56 0.22 

Uncoated H13 0.54 ± 0.08 16.64 ± 5.99 3.86 ± 0.56 0.26 

 

4.4.2 Lube-Free Die Casting Trials 

The compositions of the A380 aluminum alloy used on different trial session are listed in 

Table 4.4 and they were kept essentially constant during the trials. For the testing performed on 

trial session 1, die #1 was installed on the die casting machine and the molten A380 temperature 

was kept at 680 ± 20 °C, the hot oil temperature was 200 ± 5 °C, and the test sequence shown in 

Table 4.5 was followed for die lubricant application. By the end of the trial, 40 castings had been 

produced under lube-free conditions (i.e., without the application of any die lubricant). 

The same die (die #1) was used for the testing performed on trial session 2, where the 

objective was to examine the effect of different processing conditions on the ability to produce 

die castings under lube-free conditions. The testing followed the conditions listed in Table 4.6, 

where the molten metal temperature and the oil temperature used to pre-heat the die were varied. 

As shown in Table 4.6, it was possible to produce 117 castings under lube-free condition for all 

the conditions examined. Combining the two trial sessions, a total of 157 lube-free castings were 

produced successfully using die #1. 

 

Table 4.4: Measured composition of the A380 alloy used in the lube-free trials. 

A380 Al Si Fe Cu Mn Mg Cr Ni Zn Ti 

Trial Session 1 Balance 8.2 1.0 3.1 0.20 0.20 0.03 0.05 1.0 0.06 

Balance 8.4 1.0 3.1 0.20 0.21 0.03 0.05 1.1 0.06 

Trial Session 2 Balance 8.0 1.0 3.1 0.19 0.22 0.03 0.05 1.2 0.06 

Balance 8.1 1.0 3.2 0.19 0.22 0.03 0.05 1.2 0.06 

Trial Session 3 Balance 9.1 1.0 3.1 0.19 0.18 0.03 0.05 1.2 0.06 
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Table 4.5: Die casting sequence at trial session 1. 

Castings # of times die lube was sprayed 

# Quantity cavity runner cover shot block 

1 to 6 6 BN 

7 to 11 5 3 3 3 3 

12 to 14 3 2 2 2 2 

15 to 17 3 1 1 1 1 

18 to 57 40 Lube-Free 

 

Table 4.6: Die casting sequence on trial session 2 using six different combinations of A380 and 

oil temperatures. 

Castings Temperature (°C) Condition 

# Quantity A380 Oil Lube 

1 to 5 5 680 200 BN, spray 

6 to 25 20 680 200 

Lube-Free 

26 to 45 20 720 200 

46 to 65 20 720 230 

66 to 85 20 720 260 

86 to 105 20 720 290 

106 to 112 7 720 305 

113 to 122 10 720 200 

 

During the lube-free testing using die #1, the aluminum casting would occasionally stick to 

the ejector pins during ejection, as shown in Figure 4.4 (a). The negligible lateral force required 

to remove the casting indicates little-to-no adhesion strength. It is possible that the flat ends of 

the ejector pins were areas of poorer quality or were somewhat lacking in PVD coverage, due to 

the line-of-sight nature of the PVD deposition process (Jehn, 1999) [22]. Figure 4.4 (b) shows 

the ends of the ejector pins, where aluminum soldering can be observed around their periphery. 

Intermittent build-up of aluminum was also observed on the cavity faces close to the gate 

(identified by the red circles in Figure 4.4 (c)). This build-up would intermittently appear and 

then disappear during the casting trials, i.e., although this phenomenon occurred throughout the 

entire trial, there was no evidence of the build-up developing into soldering in these areas of the 

coated inserts. Similar results have been reported by Gulizia et al. (2001) [10] when working 

with coated core pins in front of the gate, where build-up as thick as 150 µm was observed and 

related to mechanical keying (interlocking) with no chemical reaction, i.e., no true soldering. 
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Figure 4.4: Lube-free casting trial using die #1 where (a) ejector side showing the casting stuck 

to the tip of the ejector pins, (b) sides of the ejector pins where aluminum can be seen adhered to 

the tip regions, and (c) example of intermittent aluminum build-up at the coated die surface 

appearing at casting #20 and disappearing at casting #21. 

 

Die #2 was installed in the machine and tested on trial session 3 of the lube-free trials. The 

plan for this trial was to test the conditions listed in Table 4.1, but due to a problem with the die 

casting machine, the trial had to be interrupted at condition C3 (molten A380 temperature of 720 

°C and die oil temperature of 230 °C). Table 4.7 shows the conditions and number of castings 

produced on trial session 3 for each condition examined. This trial demonstrated that it was 

possible to run lube-free with die #2, where 56 castings lube-free castings were produced under 

different conditions. 

 

Table 4.7: Die casting sequence on trial session 3 mapping the first three combinations of 

conditions. 

Castings Temperature 

(°C) 

Condition 

# Quantity A380 Oil Lube 

1 to 5 5 680 200 BN, spray 

6 to 25 20 680 200 Lube-Free 

26 to 45 20 720 200 

46 to 61 16 720 230 
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As observed with die #1, the castings would occasionally stick to the tips or sides of the 

ejector pins, but no significant force was required to remove them (Figure 4.5 (a)). However, a 

different condition was noted halfway through the trial with die #2, where significant flashing 

started to occur as shown in Figure 4.5 (b). The flashing was associated with spikes in the 

injection pressures that went from ~125 bar (Figure 4.5c) to above 700 Bar and it is likely that 

this pressure spike was the cause of the flashing as shown in Figure 4.5 (d). 

 

 

Figure 4.5: Lube-free casting on trial session 3 using die #2: (a) ejector side showing the casting 

stuck to the side/tip of the ejector pins, (b) casting with aluminum flashing, (c) normal injection 

pressure, and (d) pressure spike during injection. Monitoring graphs digitized from Buhler Pro-

Vis software using WebPlotDigitizer. 

 

The condition of the die inserts by the end of the trial session 3 are shown in Figure 4.6 

where aluminum build-up in a swirl shape can be seen towards the center of the lower and upper 

portions of the cavity and blue oxidation marks on the elevated section of the plate on the ejector 

side of the die (Fig. 4.6a). Figure 4.6 (b) shows the fixed side of the die, with aluminum build-up 

in a similar location towards the top of the die cover, and blue oxidation markings downstream 

from the three gates. The red arrows in Figures 4.6 (c) and (d) show relatively thick aluminum 

soldering on the lower part of the PVD coated ejector-side shot block, and on the uncoated cover 

shot block. Most likely, these are regions of the die that became relatively hot during die casting. 

Even though soldering developed at these positions, it did not prevent the coated dies from being 
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run lube-free. In summary, a total of 157 lube-free castings were produced using die #1 and 56 

lube-free castings using die #2. 

 

 

Figure 4.6: Condition of the die inserts by the end of the three sessions of lube-free trials: (a) 

ejector side showing the presence of aluminum marks (red arrows), (b) aluminum marks on the 

top (red arrows) and blue oxidation marks at the gate area, (c) soldering on the coated shot block, 

and (d) soldering on the uncoated cover shot block. 

 

The surface temperature for the ejector side of the die was monitored between shots with a 

thermal camera for all casting conditions over the three sessions of the lube-free trials. Figure 4.7 

(a) shows the temperature distribution after one casting in each condition for die #1 at casting 

trial session 2, and Figure 4.7 (b) for die #2 at casting trial session 3. The casting number relating 

to each picture is shown in the pictures. The data from the thermal camera shows that the 

temperature increased and became more uniformly distributed as the testing progressed. As 

expected, due to the higher thermal mass of the casting produced in die #2, the maximum 

temperature experienced was higher by ~60 °C. 

ProCast simulations were performed for both dies for the first five conditions tested 

(conditions C1 to C5 as listed in Table 4.1). Figure 4.8 shows the results of the simulation, 

showing the maximum die temperature for each condition. By comparing Figure 4.7 and Figure 

4.8, the simulated results matched well with the experimental observations. Also, the positions of 

highest temperature for all conditions shown in Figure 4.8 corresponds to the regions where 
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soldering was observed on the shot block (shown in Figures 4.6 (c) and (d)). Even though the 

maximum temperature shown by the simulation was around 500 °C, which is below the critical 

temperature (Tc = 520 °C) for soldering to occur as proposed by Han and Viswanathan (2003) 

[12], soldering was still observed. This may mean that the simulation results underestimate the 

actual temperatures by ~20 °C or the difference in alloy composition may lower Tc. 

Also, as was observed in Figure 4.7 (b) for the center of the lower and upper part of the 

cavity for die #2, the simulation confirmed the thermal camera results, as those positions showed 

the presence of some aluminum similar to that observed at the highest temperatures in the 

simulation. By combining these results, the positions where soldering or aluminum build-up 

were present on the die are like those where the maximum temperatures were observed. The 

difference here is that build-up was also observed, but did not lead to soldering, suggesting that 

Han’s and Viswanathan’s (2003) [12] theory might not only be related to soldering, but also as 

an indicator of build-up, and that the temperature for build-up, if necessary, is lower than the Tc 

for soldering. 

Each lube-free casting was visually inspected based on five criteria: (i) no filling defects, (ii) 

filling defects, (iii) surface marks due to build-up on the die, (iv) gas blistering, and (v) surface 

marks from excessive use of plunger lube. Castings displaying each of these issues are shown in 

Fig. 4.9a for the thin plate castings (die #1), and Fig. 4.9 b for the thicker plate castings (die #2). 

The results of this analysis are summarized in Figure 4.10 where it is noted that, as the trials 

progressed, a higher percentage of castings without filling defects were produced, most likely 

due to an increase in melt and die temperatures, and by reaching steady-state production 

conditions. Also, as the temperature increased during the trial, a greater percentage of castings 

with Al build-up, surface defects and gas blistering was produced. 
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Figure 4.7: Temperature distribution for (a) die #1 and (b) die #2 during the lube-free trial for all 

tested conditions. 
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Figure 4.8: ProCast simulated temperature distribution for die #1 and die #2 for conditions C1 to 

C5. 
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Figure 4.9: Inspection criteria for (a) thin plate castings (die #1) and (b) thicker plate castings 

(die #2). 
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Figure 4.10: Results of the quality inspection analyses on the lube-free castings produced during 

the lube-free trials: (a) session 1, (b) session 2, and (c) session 3. 
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4.4.3 Die Insert Characterization After Lube-Free Die Casting Trials 

The parts used for the analysis after the lube-free die casting trials are the duplex AlCrN 

PVD coated plugs that were inserted in the cavity insert die #2. Figure 4.11 (a) shows the die 

insert and detail of the plugs. As can be seen, the plugs were in the gate area where the aluminum 

was seen. Figure 4.11 (b) shows the surface of the plugs in more detail from the optical images 

acquired using a Keyence microscope. Brownish corrosion marks can be seen along with blue 

oxidation marks on the plug surface. Also, brighter gray soldered or built-up areas can also be 

seen. A more detailed analysis was carried out on the SEM for the left plug. From the macro 

SEM images in Figure 4.11 (c), it can be seen that there are only a few small areas still coated 

with AlCrN (dark gray). For most of the surface, the coating had been removed leaving the H13 

surface unprotected. The remaining coating presented several fractured regions, and some 

aluminum soldering marks can be identified in the images. Figure 4.11 (d) shows EDS maps 

from a central region of the plug where the AlCrN PVD coating is still present. The maps 

confirmed the presence of the AlCrN coating by the overlapping maps for the Al, Cr, and N 

elements. Also, soldered areas can be identified in the regions where the Al and Si maps overlap. 

The uncoated and soldered areas can be seen with higher intensity on the Fe map. EDS maps 

were also obtained closer to the border of the plug revealing the presence of an intact coating 

near the border of the plug, with aluminum soldering at the edges of the coating and on some 

uncoated areas. 
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Figure 4.11: Detail of die plugs from die #2. (a) position of plugs in die #2, and (b) optical image 

of plug surface after lube-free trials showing brownish corrosion marks (brown arrows), blue 

oxidation marks (blue arrows), and aluminum-like lighter gray soldering areas (gray arrows). 

SEM analysis of the left die plug from die #2. (c) lower magnification SEM image, and (d) EDS 

maps from a central region of the plug. 
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Figure 4.12 (a) shows a high magnification image at an oblique angle taken from the central 

region of the left plug. Cracks are apparent in the AlCrN coating along with some areas where 

the coating was washed out exposing the surface of the H13 steel, and some areas with soldered 

and/or built-up aluminum. The blue arrow indicates the most probable direction of the molten 

aluminum flow across the plug surface, based on the impingement of aluminum on the coating in 

that area. Also, as can be seen on the right side of the coating, the coating fractured producing a 

clean fracture surface. It appears that the impingement of molten aluminum caused the coating to 

fracture and, in some cases, get pushed up to form a “pyramidal” shape with cracks forming its 

edges. The slice and view technique was performed in the Focused Ion Beam through the region 

of interest inside the red rectangle shown in Figure 4.12 (a). The analyzed volume was 50 µm 

wide by 20 µm height x 40 µm depth, and a video was generated from 200 BSE images 200 nm 

apart in depth. Figure 4.12 (b) shows EDS maps from an early slice where there is only H13 and 

soldered aluminum. The lack of intermetallic/diffusion layers between the H13 and the soldered 

or built-up aluminum corroborates the Gulizia et al. (2001) [10] and Chen (2005) [11] theory that 

build-up happens prior to soldering by a mechanical keying mechanism without the need of 

chemical reaction. It also supports the observations of build-up forming and disappearing 

intermittently during die casting as reported above in Figure 4.4. Figure 4.12 (c) shows the EDS 

maps taken at an intermediate position, where there is an indication that the incoming molten 

aluminum flow infiltrated underneath the coating, forming the sequence from bottom to top as 

H13, aluminum, and fractured AlCrN coating on the right side of the image. Again, a flat 

interface is seen without the indication of dissolution or reaction between the Al and the H13 

steel. Interestingly, some Cu presumably from the aluminum alloy was observed in between the 

H13 and the AlCrN coating. Figure 4.12 (d) shows the EDS maps at the end position of the 

volume, where there is a clear indication that the molten aluminum has filled the cracked AlCrN 

coating, and it is also underneath the coating. Clearly, the Cu is concentrated in the interfaces 

with H13 and also with AlCrN. The Cu concentration in the A380 alloy used is only a few at.%, 

so the reason for the increase in Cu concentration in these interface regions is still unknown and 

will be evaluated in future work. Vian (2021) [23] had shown similar behavior for Mg 

concentrating in fractured coating interfaces and also at the interface with H13, but that was 

attributed to the higher reactivity of Mg, even though, that explanation is not appropriate for Cu. 

None of the images showed any diffusion or intermetallic at the interface between the soldered 
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aluminum/H13 steel at least at the magnifications used. Yu et al. (1995) [5] and Song et al. 

(2012) [13] have reported the presence and growth of intermetallic is necessary for the total 

removal of the coating from protecting the steel surface. The results presented here support the 

mechanism proposed by Gulizia et al. (2001) [10] where first mechanical build-up can occur but 

not progress to chemical soldering by reaction. Even though, the results can also support Chen’s 

(2005) [11] theory where first is necessary for alloy build-up for a subsequent intermetallic 

formation. Since only hundreds of castings were produced, no evidence of intermetallic 

formation in the early stage of build-up was observed, but it doesn’t preclude the possibility that 

build-up could progress to soldering if tens of thousands of castings were made. 
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Figure 4.12: Detail of the left die plug from die #2. (a) high magnification tilted SEM image, (b) 

EDS maps from the beginning of slice and view, (c) EDS maps from middle of slice and view, 

and (d) EDS maps from the end of slice and view. 
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4.4.4 Modeling Conditions for Lube-Free 

The only attempt in the literature to perform lube-free aluminum HPDC was conducted by 

Wang et al. (2016) [16] who used a die insert inside a bigger die that was PVD coated but not 

sprayed, i.e., it ran lube-free. In a subsequent study, Wang et al. (2017) [17] coated an entire die 

with the same AlCrN coating used in this work and tested it at Mercury Castings in Fond du Lac, 

Wisconsin. Significantly, they demonstrated that it was possible to reduce the required amount of 

conventional lubricant spray by ~ 85%, but during an attempt to produce castings with no 

lubricant, the first casting stuck and bent upon ejection. After reassembly, the die was operated 

with the reduced spray (only 15% of normal) and continued to run under these conditions for 

several years as reported by Bell et al. (2019) [18].  

The new results presented in the present paper have shown that lube-free could be achieved 

for over 200 castings in two dies with simple plate geometries after being coated with the same 

AlCrN duplex PVD coating. The die used by Wang et al. (2017) [17] was more complex, 

including nine core pins and several complex geometries. The main difference between Wang’s 

die and the two dies used in the present work is the presence of these complex geometries and 

core pins that are positioned in the direction of casting ejection. As will be explained below, the 

reasons for the different behavior is the necessary development of shear stresses in the ejection 

direction. To address this, the concept of a shearing plane is introduced and comes into play 

when there are die/casting interfaces that are parallel to the ejection direction.  

The effectiveness of conventional liquid lubricants applied to the die/coating surface is 

related to the physical barrier they create between the liquid aluminum and the die/coating 

surface. The position of the shearing plane lies in between the lubricant and the solidified 

aluminum, as presented in Figure 4.13 (a). Lubricants are normally organic-based oils or 

graphite, which can be easily sheared and prevent intimate contact between the aluminum and 

the die surface. For lube-free conditions when the die lubricant is completely eliminated during 

HPDC, the position of the shearing plane in the presence of intimate contact would be moved 

down as schematically shown in Figure 4.13 (b). Eustathopoulos (2015) [24] proposed the 

existence of two interface conditions when a liquid is in contact with a solid surface. As shown 

in Figure 4.13 (c), the liquid might have intimate contact with the whole solid surface, or as 
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shown in Figure 4.13 (d), the liquid might touch only the peaks of the surface, and in this case, 

form a “composite” interface that includes both the solid-air regions and the solid-liquid regions.  

Using these contact scenarios, a mechanistic model was developed and is being used to 

explain the early stage adhesion of molten aluminum to non-wetting PVD coated dies, such as 

AlCrN, during aluminum HPDC. This model is based on similar principles to those used for 

calculating infiltration behavior for metal/ceramic composites formed by the infiltration of a 

molten metal into a porous ceramic. For the case of infiltration, based on Eustathopoulos (2015) 

[24], the governing equation (4.1) is: 

𝑃𝑐 = −
2∗𝜎𝑙𝑣

𝑟𝑒𝑓𝑓
∗ cos(Ɵ)     (4.1) 

where Pc is the capillary pressure, σlv the liquid-vapor surface energy, reff the effective radius of 

the ceramic pore and Ɵ the wetting angle.  

Figure 4.13 (e) shows a schematic of an idealized surface roughness of a PVD coating on a 

die casting die, where the roughness is considered as semi-porous with a characteristic radius r. 

Since the ceramic PVD coating is not wet by the molten aluminum (Ɵ > 90º), the external 

pressure (Papp) applied during aluminum HPDC can easily overcome the capillary pressure Pc 

(∆P = Papp – Pc ~ Papp), and so the intimate contact of the molten aluminum into the valleys of the 

coating surface can be predicted by modifying equation (4.1) as in equation (4.2):  

     𝑟 = −
2∗𝜎𝑙𝑣

∆𝑃
∗ cos(Ɵ)      (4.2) 

This surface roughness configuration is the same as the definition of the roughness parameter 

Ra, where Ra = 
𝑟

2
. Replacing r in equation (4.2) by Ra gives: 

     𝑅𝑎 = −
𝜎𝑙𝑉

∆𝑃
∗ cos(Ɵ)      (4.3) 

Equation (4.3) provides a correlation between the surface roughness of the coated die with 

the applied pressure (processing parameter) during aluminum HPDC. When the measured Ra of 

the die surface is larger than the value calculated using equation (4.3), the molten aluminum will 

fill the valleys of the surface and intimate contact will occur as shown in Figure 4.13 (c). For Ra 

values smaller than that calculated with equation (4.3), the liquid Al will form a partial vapor-

solid interface as shown in Figure 4.13 (d), where the molten aluminum only touches the tops of 
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the peaks on the surface of the coatings. For this latter case, Eustathopoulos (2015) [24] stated 

that even limited stress produced during solidification and cooling will lead to detachment of the 

solidified metal from the substrate purely by adhesive rupture. By applying equation (4.3) it is 

possible to estimate the critical roughness parameter Ra as a function of the applied pressure for 

avoiding the intimate contact of molten aluminum to the coated die surface valleys during HPDC 

of aluminum. 

 

 

Figure 4.13: Schematic configurations at solid/liquid interfaces. (a) Lubricant acting as a 

physical barrier between die surface and casting, (b) lube-free condition where casting and die 

surfaces are in intimate contact. (c) an intimate contact exists at any point of the interface, and 

(d) the liquid contacts the coating surface only at the top of the peaks creating a solid-vapor 

interface. (e) modeling of coating surface as semi-pores with radius r. (f) Direction dependence 

of shear stress and ejection direction on the coated die and casting interface. 

 

As described by Bonollo et al. (2015) [1], the applied pressure in aluminum HPDC normally 

varies from 70 to 120 MPa and typical roughness (Ra) for diamond polished core pins is 50 nm. 

As reported by Keene (1993) [25] a typical value for σlv for liquid Al is 0.865 J/m2 at around 660 

ºC, but considering that an oxide layer always covers the molten aluminum, an upper boundary 

estimation could be calculated using σlv = σSVAl2O3 = 1.8 J/m2 as reported by Chatain et al. (1988) 

[26] for the same temperature. Figure 4.14 (a) shows graphically the typical operating window in 
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aluminum HPDC by the intersection of typical die roughness (Ra > 50 nm) with typical HPDC 

pressure (P > 70 MPa). Two different regions are shown in this operation window depending on 

the technique applied to surface finish the die, as from our measurements, by diamond polishing 

the die an Ra = 52 ± 17 nm is achieved, while by the draw finish that is most typically applied in 

high volume industry resulted in a roughness of Ra = 326 ± 27 nm. Also, it shows what is the 

required decrease in the critical value of the roughness Ra with the increase in aluminum HPDC 

pressure for different wetting angles above 90° (non-wetting condition). The wetting angle Ɵ is 

material dependent, and in theory a coating composition may achieve a totally non-wetting angle 

of Ɵ = 180º, where the critical r would follow the green curve in Figure 4.14 (a). From 

Eustathopoulos et al. (1999) [27] an estimation for the wetting angle with molten aluminum was 

approximately Ɵ = 130º for AlCrN coating at temperatures up to around 700 ºC. In equation 

(4.3), Ra has a direct dependence on cos(Ɵ), and since cos(130º) = -0.643, and in the best case 

cos(180º) = -1, that means that the maximum possible improvement in coating composition 

would lead to an ~50% increase in the value of Ra critical (Rac). Figure 4.14 (b) shows equation 

(4.3) applied to AlCrN PVD coating, where for typical HPDC conditions, two critical values can 

be inferred. For keeping a typical die roughness at Ra = 50 nm, the critical pressure that should 

be applied in the aluminum HPDC needed to be smaller than ΔPc = 12 MPa. For keeping a 

typical aluminum HPDC pressure as ΔP = 70 MPa, the critical roughness that the surface of the 

AlCrN coated die should present needed to be smaller than Rac = 8 nm. Comparing with Figure 

4.14 (a), in the best condition where a total non-wetting coating (Ɵ = 180º) could be found, Rac 

would still be necessary to be smaller than 12.5 nm to avoid intimate contact. A value of Ra in 

this range is very challenging to achieve, even by high precision lapping or lithography 

techniques, and almost impossible to achieve in non-flat areas of the die. 
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Figure 4.14: Graphical plot of equation (4.3), where (a) shows for wetting angles of Ɵ ~90º (red 

curve), Ɵ = 120º (blue curve) and Ɵ = 180º (green curve), along with typical HPDC operating 

window; and (b) shows for curve for AlCrN PVD coating with Ɵ = 130º identifying the critical 

values Rac and ΔPc. 

 

Most of the non-flat regions of the die consist of corner radii and core pins, and for these 

regions the situation is more critical. Not being possible to produce a surface finish below the 

critical Ra means that these areas will suffer intimate contact with the molten aluminum. The 

most critical case is during casting ejection for the areas parallel to the ejection direction, since 

maximum shear stress will be present at the contacting surface. A schematic of the position of 

the shearing plane in the presence of intimate contact is shown in Figure 4.13 (f). For ejecting the 

casting in this condition, a nano-mechanical interlocking will be present, and all the asperities 

above the shearing plane would need to break in order for relative movement between die 

coating surface and aluminum casting to occur. It was reported in 2017 by Wang et al. (2017) 

[17] during the aluminum HPDC lube-free attempt that the casting stuck to core pins and 

prevented casting ejection causing the core pin to bend. If the casting ejection was to have 

occurred, that means the aluminum casting peaks and coating peaks would need to have 

fractured. PVD hard coatings are normally brittle and this shearing stress could be the cause for 

crack initiation and failure of the coating. As described earlier by Song et al. (2012) [13], most of 

the proposed soldering mechanisms for PVD-coated dies start with defects and/or cracks in the 

coating creating a path for the molten aluminum to contact the underlying steel die. 
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The proposed model suggests that lube-free die casting of complex castings would be 

possible at low pressures (ΔPc <12 MPa) and with smooth surfaces (Rac < 8 nm), or if there is 

little or no shear component during ejection, as shown in Figure 4.13 (f). Since decreasing the 

applied pressure below 12 MPa (no longer HPDC) or lowering the Ra to below 8 nm are both 

impractical, it suggests that it would be necessary to avoid any features that will produce a 

significant shear component during ejection. These two aspects of the model were not possible to 

be checked experimentally. Instead, for this work it was experimentally checked the latter 

statement about designing and AlCrN PVD coating the die cavity without the presence of core 

pins or other features non-perpendicular to the ejection direction as shown in Figure 4.13 (f) (no 

shear). In this condition, successful lube-free aluminum HPDC was achieved and reproduced for 

over 200 castings, confirming the latter statement about the proposed mechanistic model and 

explaining why lube-free was not possible to be achieved in the Wang et al. (2017) [17] work. 

The limit of the amount of features non-perpendicular to the ejection direction where lube-free 

would still be possible was not attempted in this work, but it is believed to be somewhere in 

between the simple die designs used in this work where lube-free was achieved and the die 

design used at Wang et al. 2017 [17] work where lube-free was not possible. Also, as 

demonstrated by Kridli et al. (2021) [28], the pressures applied in the low pressure die casting 

(LPDC) process are only to overcome the gravity pressure and less frequently the difference in 

height from the liquid bath reservoir that is feeding the liquid metal to the machine, therefore 

around only 0.1 MPa. Therefore, the model described here could also be applied for LPDC, even 

though it was not attempted in the present work. 

 

4.5 Conclusions 

Two dies with simple geometries without the presence of core pins or other features non-

perpendicular to the ejection direction have been coated with PVD AlCrN and tested using a 

250-ton die casting machine. It was possible to run both coated dies in the lube-free condition 

(without the application of any die lubricant) in spite of coating degradation that occurred while 

making the castings. More than 200 lube-free castings were produced before the machine 

malfunctioned and the process was terminated. The temperature simulation of the dies matched 

the observed from the thermal camera measurements during the trials, where the hottest spots 
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where those where small amounts of soldering developed on the shot blocks, but also where 

aluminum marks were seen inside the insert cavities. Aluminum build-up on the die surface was 

observed as an intermittent phenomenon but did not progress to soldering. The analysis of the die 

plugs showed that the high gate velocity used in the trials resulted in much of the AlCrN being 

removed (washed out) from the plug surfaces with any remaining coating experiencing cracking 

in several places. A slice and view of a 3D volume through the damaged coating revealed no 

reaction or intermetallic formation between the aluminum and the H13 steel or with the AlCrN 

coating, indicating that the build-up occurs by mechanical keying instead of chemical soldering. 

Based on visual inspection of the produced castings, it was found that the casting conditions with 

higher melt and die temperatures led to castings with fewer filling defects, but with greater 

surface defects where build-up occurred, and gas blistering. The proposed mechanistic model 

based on the correlation of surface roughness Ra, wetting angle and HPDC pressure successfully 

described why lube-free aluminum HPDC was achieved in this work and provided one possible 

explanation why lube-free die casting was not achieved in previous work. The proposed model 

suggested that lube-free aluminum HPDC of complex castings on AlCrN coated dies might be 

possible at low pressures (ΔPc <12 MPa) and very smooth surfaces (Rac < 8 nm), or when there 

is little or no shear component during ejection (i.e., by eliminating any core pins and complex 

curved geometries). 
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CHAPTER 5                                                                                                                  

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

5.1 Summary and Conclusions 

For achieving the project goals, and to test the hypothesis and answer the various research 

questions, targeted experiments were designed and conducted. From Chapter 2, a laboratory test 

procedure simulating the die casting process was developed to test uncoated and coated 

substrates, to understand the effect of different surface variables on soldering. This enabled 

answering the first research question and drawing the first set of conclusions: 

(1) How does the AlCrN coating composition, roughness, and fraction of defects affect its 

efficacy in protecting the die steel against soldering in molten aluminum? 

• Resistance to molten aluminum attack increased for coatings with higher 

Al/(Al+Cr) ratios, lower surface roughness, and smaller fractions of 

microparticles or pinholes. 

• All AlCrN coatings showed similar levels of resistance to oxidation, all of which 

were superior when compared to uncoated H13. 

• The PVD coating providing the greatest protection against aluminum soldering in 

this study was the multilayer AlCrN/TiCN with 115 nm-thick nanolayered 

structure, where the first 80 nm consisted of 2 nm thick modulated nanolayers of 

alternating AlCrN and TiCN, separated by a 35 nm layer of an even finer nano-

layer structure of alternating AlCrN/TiCN. 

In Chapter 3, the results of the Stellantis in-plant trials, conducted to test the resistance of 

different coatings to soldering and erosion were described. Characterization of the die failure 

mechanisms was conducted and provided insight into research questions (2) and (3) as shown 

below: 

(2) How does wetting of the coating by the molten aluminum alloy and coating wear 

resistance correlate with soldering in aluminum HPDC? 

(3) Which die failure mechanisms occur and how are they distributed on the core pins during 

aluminum HPDC?  
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Five die failure mechanisms were identified to be operative during the aluminum HPDC 

trials and include mechanical erosion, chemical soldering, gross chemical soldering, mechanical 

build-up on intact coatings, and erosion caused by thermal spallation. All five mechanisms 

tended to occur to various extents regardless of the type of protective coating applied.  

• The coatings that provide the best resistance against the different failure 

mechanisms tend to have a low COF (below 0.40), wear rates in the 10-8 mm3N-

1m-1 range or lower, Δd/D values smaller than 0.22, and/or low wetting (low 

cos(ϴ)) by the molten aluminum alloy. 

• Of the several coatings studied in these die casting trials, a Si-DLC PACVD 

coating with a proprietary diamond polish surface finish performed the best in the 

tests conducted. 

Finally, in Chapter 4, an “intimate contact model” that considers molten aluminum – die 

surface interactions as related to lube-free aluminum HPDC was developed and tested. A 

laboratory size die casting machine was used to successfully perform lube-free aluminum HPDC 

in a controlled environment. This helped answer research question (4) as shown below, test the 

hypothesis and generate some conclusions about lube-free aluminum HPDC: 

(4) Is lube-free aluminum die casting possible on dies with little to no shear component 

during ejection, i.e., by eliminating core pins and complex curved geometries? 

• The proposed intimate contact model suggested that lube-free aluminum HPDC of 

complex castings in AlCrN coated dies should be possible at low pressures (ΔPc 

<12 MPa) and with smooth surfaces (Rac < 8 nm). 

• More than 200 lube-free castings were produced using two simple dies where 

there was little to no shear component experienced during casting ejection (i.e., by 

eliminating core pins and complex curved geometries). 

• Aluminum build-up on the coated die surface was observed as an intermittent 

phenomenon and did not progress to chemical soldering. 

• For the buildup observed, no reactions or intermetallic formation were observed at 

the interfaces between the aluminum and the H13 steel, or between the aluminum 

and the AlCrN coating. This suggests a build-up mechanism that involves 
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mechanical keying instead of chemical soldering. 

 

5.2 General Conclusions 

Considering all of the results collectively, it is possible to draw some general conclusions 

that shed light on the factors determining whether lube-free die casting is feasible. For example, 

several of the observations indicate that the AlCrN coatings are not attacked by the liquid alloy 

although they can be compromised making them no longer protective to the underlying steel 

which is readily attacked leading to chemical soldering and die failure. As shown in the Stellantis 

trials, this degradation can occur via several mechanisms and all of these appear to occur in the 

regions of the die that experience the most aggressive attack, e.g., core pins located in front of 

the gate where the molten or partially-solidified alloy impinges at high velocities causing 

mechanical erosion, thermal shock/spallation, etc. leading to removal of the protective coating 

and attack of the underlying steel.  

On the other hand, in simple dies (e.g., flat plates) with no core pins or other complexities, it 

does appear that lube free castings are possible when coated with AlCrN. Presumably, many 

more lube-free castings could have been made as long as the coating was not degraded by the 

flowing liquid. But as casting complexity increases, the ability to avoid the different coating 

degradation mechanisms becomes more challenging as shown experimentally and modeled with 

the intimate contact model that was developed in this work. Thus, coating durability becomes 

paramount in moving towards the industry goal of lube-free.  

Based on the work presented here, it appears that at least two different types of soldering can 

occur during the die casting process: (i) mechanical soldering, also called build-up, galling or 

keying, which is caused by mechanical interlocking, misalignment of the die or from shrinkage 

of the casting; and (ii) chemical soldering that is formed by chemical interaction between the 

molten aluminum and the die, in which intermetallic formation and inter-diffusion may or may 

not occur. Coated dies are more protective of soldering than uncoated dies. As the coatings are 

not directly attacked, when the molten aluminum penetrates the coating to react and dissolve the 

steel die substrate, this would occur at defects in the coatings. Those defects may be produced 

during the deposition process itself, and/or they may be developed during the aluminum die 

casting operation. This suggests that chemical soldering only occurs when defects are present in 
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the coating, or when the coating has been removed from the faces of the die.  Therefore, to avoid 

chemical soldering, it is important to produce high quality coatings (containing minimal defects), 

and to avoid casting conditions that allow the coatings to be removed from the die faces. 

It is possible to conclude that an ideal coating would be one that is fully dense (no pin holes 

or macro particles) with low surface energy that is not wetted by molten aluminum (ϴ = 180°), 

and excellent wear resistance, both of which tend to reduce the interaction between the coating 

surface and the molten aluminum. The coated die surface should also be extremely flat, with any 

roughness (such as that resulting from draw polishing) aligned with the casting ejection 

direction, to avoid the necessity of breaking (shearing) the portion of the casting filling any 

valleys arising from surface roughness. Finally, the coating would need to be configured to deal 

with the stresses developed during the thermal cycling imposed by the aluminum HPDC process. 

This could be achieved first by nitriding or nitrocarburizing the steel die surface, then selecting a 

suitable bond layer on the nitrided steel, followed by gradually grading the coating composition 

until the desired top coating is produced. In this way, it should be possible to produce a 

functionally-graded protective coating with low coefficient of thermal expansion mismatch and 

high hardness/elastic modulus ratio that will exhibit greater resistance to thermal cracking and 

spallation during the die casting process. 

Based on these guidelines, it is possible to explain the behavior of some of the coatings used 

in this study, e.g., Si-DLC which showed the best combination of these parameters, as well as 

predict the behavior other coatings that might be considered for Al HPDC. For example, it is 

known that the wetting angle can be increased by applying vitreous carbon, TiB2 or TaN coatings 

(ϴ = 170°), Si3N4 or BN (ϴ = 160°), or ZrO2 (ϴ = 150°). ZrO2 coatings also tend to have lower 

COF and lower wear rates, and might perform better than the coatings tested in this work. While 

other coatings may have one or more of these parameters that are superior, they still must be 

stable up to die casting temperatures, display low tendency towards thermal cracking/spallation, 

etc. Other coatings such as MS2-types (M = metal such as Mo or W) while lubricious, they are 

unstable at the die casting temperatures and are unsuitable for die casting dies. Also, important is 

the deposition temperature which needs to remain below those temperatures that might cause the 

underlying H13 steel to soften; this precludes the use of hot thermal diffusion and many CVD 

processes. Thermal spray may be a good source for creating stable oxide coatings, but may not 

be suitable due to the porosity and rough nature of these coatings. Taken collectively, the design 
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of the coating structure should better accommodate the cyclic thermal stresses in order to avoid 

thermal spallation and crack propagation. This suggests that tailored nanolayered coatings, such 

as the AlCrN/TiCN coating used in this study, that combine individual layers that meet those 

selection criteria should be an effective approach towards finding or developing new coatings for 

aluminum die casting dies. 

 

5.3 Recommendations for Future Work 

While this dissertation sheds considerable light on our understanding of the many factors that 

result in coating degradation, mechanical and chemical soldering, and, ultimately, the conditions 

where lube-free die casting is possible, there are certainly questions that remain unanswered and 

that could be addressed in future studies. Suggestions include:   

• Perform lube-free tests on the other coatings identified as superior in this study, 

namely, the multilayer AlCrN/TiCN PVD coatings and the Si-DLC PACVD, in a 

die similar to that used in Chapter 4. 

• Test the coatings selection criteria to confirm its applicability. 

• Test the lube-free model by (i) lowering roughness below Rac, and (ii) decreasing 

the pressure below ΔPc. 

• Test the efficacy of the lube-free model by gradually introducing die complexity 

(e.g., core pins) and determine the conditions where operating lube-free is no 

longer possible.  

• For the lube-free model, correlate the empirical results with simulations to predict 

the interface strength dependence on Ra and ΔP. 

Finally, while this work focused on the soldering mechanisms, it did not address the thermal 

management of the dies even though many of the features are expected to be temperature 

dependent. Thus, the conclusions drawn in this study most likely need to be adjusted for 

temperature. Ideally, one could repeat some of the work here using die components made from 

higher thermal conductivity materials (such as Anvilloy-1150 or K1705), or by producing die 

inserts by additive manufacturing where conformal cooling channels could be introduced to 

enhance cooling the more challenging components (e.g., core pins). 
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