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Abstract: Wear and degradation of tools applied in high-pressure die-casting (HPDC) of Al alloys induce 

significant financial losses. Formation of failures on the surface of mold parts caused by erosion, thermal 

fatigue, corrosion and soldering negatively affects the surface quality of castings. In this study, the lifetime of 

the inserts protected by physical vapor deposited (PVD) coatings (TiN, TiAlN and CrAlSiN) is examined under 

the real manufacturing conditions, while considering requirements for the castings' surface quality (average 

roughness Ra) defined by the customer. The goal was to identify the most suitable solution for the HPDC in 

the foundry organization. The lifetime of all PVD-coated inserts was higher compared with the uncoated insert. 

The highest lifetime was achieved by the application of the TiN-coating on the surface of insert. Optical and 

Scanning Electron Microscopy (SEM) analysis was used to identify examples of wear and degradation on the 

surface of the TiN coated insert. 

Keywords: high-pressure die-casting; Al alloys; insert's lifetime; PVD coatings; wear; casting 

surface quality; Roughness (Ra); SEM 

 

1. Introduction 

HPDC is one of the most important manufacturing processes in the automotive industry as it 

enables obtaining automotive components with complex shapes cost-effectively [1]. Molds are 

exposed to severe conditions during the HPDC such as high pressure and temperature and rapid 

temperature fluctuations. The usual casting speed moves between 20 and 60 m/s and the temperature 

ranges around 700°, depending on the aluminum alloy type [2]. Although die lubricants are applied 

on the mold surface, these severe conditions trigger failure mechanisms due to the complex chemical, 

metallurgical and mechanical processes such as erosion, thermal fatigue, corrosion and soldering [3]. 

Erosion is characterized by the loss of mold material from the surface as the result of mechanical 

processes. Thermal fatigue cracks can be divided by their appearance in heat checks and stress cracks. 

The studies have revealed, that crack initiation and propagation are increased by higher heating 

temperatures and higher heating/cooling rates [4]. According to [5] erosion and soldering are 

regarded as the primary causes of HPDC production downtime. In HPDC molten aluminum tends 

to react with tool steel and forms Fe-Al intermetallic layers because the solidus temperature of Al-Fe 

diagram phase is lower than molten aluminum [6]. This condition is referred to as 

metallurgical/chemical soldering (or die sticking). Die soldering can be classified as 

metallurgical/chemical and mechanical [4]. Metallurgical soldering occurs at high surface 

temperatures and takes time to develop. Mechanical soldering happens almost promptly under high 
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pressure, after one shot or a few shots, when there is not enough time for the formation of an 

intermetallic layer [7]. It does not require too high surface temperatures. Mechanical and chemical 

soldering can appear simultaneously [8]. The formation of soldering often requires rectifying the tool 

surface by mechanical processes (machining, grinding, polishing, etc.) after stopping production [9]. 

The above-mentioned surface failure modes change the mold surface and reduce casting surface 

quality. Surface roughness is one of the most important metrics determining the quality of produced 

castings. Organizations supplying parts in the automotive industry are certified according to the 

International Automotive Task Force (IATF) 16949:2016 automotive quality management system 

standard and they must meet quality requirements specified by customer organizations [10]. 

Therefore, the technological service life of mold is limited by the quality requirements specified for 

the casting and tolerance intervals for HPDC process parameters [11,12]. The maintenance or 

replacement of mold parts due to erosion, cracks, corrosion and soldering that negatively affect 

castings quality induces costs. Therefore, producers need to find the best solution to increase the 

lifetime of tools as well as reduce maintenance costs.  

Heat treatment, nitriding and PVD coatings have been employed to withstand the degradation 

mechanisms of the molds. Erosion and soldering can be reduced by maintaining the hardness of the 

mold at 44–48 HRC, nitriding of mold surface and deposition of PVD coatings [13]. Several studies 

have confirmed the positive effect of nitride-based PVD coatings (mono-layer and multi-layer) in 

HPDC of aluminum alloys e. g. [1,2,14–22]. In the study conducted by [14] (pp. 200–205), the positive 

effect of TiN, CrN and TiCN coatings deposited on core pins in terms of soldering was confirmed in 

HPDC (semi-industrial trials). The study also concluded that increased build-up of aluminum alloy 

is connected with the increased surface roughness of PVD-coated pins (blasted). TiN and TiAlN have 

high wear resistance and high hardness [23]. According to [24] (p.123866), despite many advantages 

of TiN it becomes oxidized at the temperature of 550 °C. The oxidation resistance of TiAlN and 

TiAlSiN can be enhanced up to 850 to 950 °C [25]. It is much higher than in the case of TiN-coated 

films. On the other hand, the comparative study of [26] (pp. 260–265) examining TiN and TiAlN 

coating layers showed that TiN coating has higher abrasive resistance than TiAlN. The friction 

coefficient of TiAlN is higher than TiN [27]. In the case of CrAlSiN, the friction coefficient is lower 

than for TiAlN and higher than for TiN [28]. Authors of the study [29] (pp. 74–81) tested the 

tribological properties of selected coatings and concluded that CrN outperforms TiN and TiAlN, 

while TiAlN performed the worst. Chromium-based hard coatings such as CrN or CrAlN have 

proven excellent tribological properties [30]. CrAlSiN has excellent thermal stability. Within the 

study [16] (p. 358), CrAlSiN coating systems with different chemical composition modulations were 

tested regarding washout in HPDC. Washout damages are attributed to corrosion and soldering, 

where molten aluminum comes into contact with the surface of the steel mold. The correlation 

between erosion and soldering of molten aluminum was confirmed by the study [18]. Except for 

washout, the cracks of PVD coatings can also be the primary reason for molten aluminum 

penetration, which dissolves the steel substrate, causing the cracked coating to flake off, as was 

concluded in the study [17]. 

The selection of the optimal PVD surface treatment of molds in foundry organizations has to be 

taken into account in terms of effectiveness and costs [31]. Several factors influence the formation of 

failure mechanisms on mold parts like the chemical composition of casting alloy, casting temperature, 

casting speed, tool shape, mold material, surface treatment of a mold, and other process conditions 

[13,32]. Despite the several studies on PVD coatings (primarily in laboratory conditions) in terms of 

their mechanical wear and chemical resistance we haven’t encountered a study comparing the 

selected nitrid-based PVD coatings (TiN, TiAlN and CrAlSiN) in the HPDC process. Our research 

focuses on the study of the mold inserts' lifetime – uncoated and coated with selected nitride-based 

PVD coatings - TiN, TiAlN and CrAlSiN under the real production conditions. The study also aims 

at the identification of failure modes resulting in the decommissioning of inserts. The lifetime of the 

inserts is limited by the requirements on surface quality (surface roughness) of produced casting that 

is supplied to the car manufacturer, who determines the maximum toleration limit of surface 

roughness (Ra). 
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2. Materials and Methods 

2.1. Material of Inserts and Surface Treatment 

AISI H11 steel (DIN X38CrMoV5-1) was used to manufacture the mold inserts, with high 

toughness and good strength properties at higher temperatures. It is used for manufacturing tools 

like pressing tools, high-pressure die-casting tools, tools to produce screws, nuts, pins, etc. The 

chemical composition of the steel is shown in Table 1. The tool steel went under the heat treatment 

and was hardened and tempered. The surface of the inserts was plasma nitrided in the case of all 

PVD-coated inserts except the uncoated insert. The depth of the nitride layer was 20 𝝁m. 

Table 1. AISI H 11 (DIN × 38 CrMoV5-1) chemical composition (wt. %). 

C Si Mn Cr Mo V Fe 

0,38 0,90 0,40 5,20 1,30 0,45 balance 

The following coatings were deposited by the PVD technique on the H11 steel mold inserts: TiN, 

TiAlN, and CrAlSiN to study their lifetime considering the requirements for the surface quality of 

the castings. Figure 1 shows the inserts used in a study. One insert was uncoated and three were 

coated with CrAlSiN, TiAlN and TiN film to examine and compare their wear resistance in real 

manufacturing conditions, that delivered the same product. The thickness of the deposited coatings 

was around 2 𝝁m. 

 

(a)      (b)        (c)        (d) 

Figure 1. Mold inserts: (a) uncoated; (b) coated with CrAlSiN; (c) coated with TiAlN; (d) coated with 

TiN. 

2.2. Casting and Casting Process Conditions 

Figure 2 shows the 3D model of the produced casting. It is the throttle valve for a turbocharger 

in a car. The functional part of the casting consists, among other things, of the bearing surface for the 

gasket, where the Original Equipment Manufacturer (OEM) mounts the flange. The roughness of the 

bearing surface is a special characteristic and it is required by OEM to achieve the value Ra = max 2,5 

µm. According to IATF 16949:2016, special characteristics are product characteristics or 

manufacturing process parameters that can affect safety or compliance with regulations, fit, function, 

and performance. In this case, the bearing surface can affect the fit and function of the product [33]. 

The standard requires compliance with customer-specified definitions and symbols. Therefore, a 

product with the bearing surface roughness Ra > 2,5 µm is considered to be a nonconformity and 

can't be supplied to OEM.  
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Figure 2. Throttle body with the marked value of the bearing surface roughness specified by the 

customer (Ra = max. 2,5 𝝁m). 

The product was produced within the serial production therefore it was possible to perform the 

required number of shots for the study using different PVD coatings. The casting temperature in the 

process ranged from 708 - 712°C and the casting speed was from 21 - 21,3 m/s. The lubricant was 

applied in the process after each shot (Chem-Trend® SL-61014B). The chemical composition of the 

aluminum alloy AlSi11Cu2(Fe) used in the casting process is shown in Table 2. 

Table 2. AlSi11Cu2(Fe) chemical composition (wt. %). 

Fe Si Mn Ni Cr Ti Cu Pb Mg Zn Sn Al 

max   

1.1 

10 -  

   12 

max   

0.55 

max   

0.45 

max   

0.15 

max   

0.25 

1.5 -  

   2.5 

max   

0.25 

max   

0.3 

max   

1.7 

max   

0.15 

balance 

2.3. Estimation of Hardness of Inserts and Roughness of Bearing Surface of Castings 

The hardness (HRC) of mold inserts (uncoated, with PVD coatings - TiN, TiAlN, CrAlSiN) that 

were subsequently used in the HPDC process was measured with the hardness tester TIME 5100 TH-

170 (Beijing TIME High Technology Ltd., China). The measurement was performed by certified final 

inspection according to ASTM A 956 and DIN 50156. 

The average roughness (Ra) of the bearing surface of inserts was estimated with the surface tester 

Mitutoyo SJ – 210 (Mitutoyo Corporation, Japan) before initiating the casting process. The 

measurement was performed in accordance with the JIS-B-0601-2001 and ISO 4287: 1997 standards. 

The average roughness (Ra) of the cast products' surface was subsequently estimated after every 500 

shots using different inserts in the HPDC process (uncoated insert and inserts protected with TiN, 

TiAlN and CrAlSiN coatings). Mechanical polishing of inserts was done manually in the case of 

uncoated insert and inserts with TiN and TiAlN coatings. 

2.4. Specimen Preparation and Optical Microscopy and SEM 

The metallographic analysis was performed on the surface of the specimen and in cross-section. 

Metallographic cut in cross-section was prepared by standard procedures: grinding, polishing and 

etching in Nital 4% solution. The microstructure observations of specimens prepared were carried 

out using a light optical microscope (LOM) OLYMPUS GX71 (Olympus Corporation, Tokyo, Japan) 

equipped with a digital camera. The local microstructures were observed using the scanning electron 

microscope (SEM) JEOL JSM-7000F (Jeol Ltd., Tokyo, Japan) equipped with back scatter electron 

(BSE) detectors. 
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3. Results and Discussion 

3.1. Optical Microscopy and SEM Analysis 

Optical and SEM analyses were performed to identify possible failures on the surface of the 

insert. TiN-coated insert served as an example for illustration of emerging failures on the surface. The 

examined insert was after 15000 shots. Figure 3 shows the surface morphology and cross-sections of 

the specimen of the TiN-coated insert. The image of surface morphology illustrated by Figure 3a 

shows the erosion of the coating presented by multiple craters, which were concentrated in a ring 

around the inner hole of the insert. Figure 3b shows the wear and degradation of the coating. There 

are areas of missing coating and indentation. Figure 3c illustrates in addition to wear and uncoated 

areas, a visible rise of material above the coating. These failures have significant importance in terms 

of the surface quality of produced casting (there is a low maximum toleration limit of average surface 

roughness). The failure negatively impacts the insert's lifetime. 

   
(a) (b) (c) 

Figure 3. Optical microscopy images of the specimen of the insert coated with TiN after shots: (a) 

cross-section of the specimen; (b) cross-section of the specimen; (c) surface morphology of specimen. 

Figure 4 shows the SEM images of the specimen of the TiN-coated insert. Figure 4a illustrates 

the detail of the crater, whose center is formed by island-like formations of the coating. In Figure 4b 

a more detailed way of coating failure is visible, which is accompanied by the gradual breaking off 

of small sharp parts of the coating. This cracking is probably caused by the cyclic thermomechanical 

effect of the HPDC process. 

 

 

a) (b) 

Figure 4. SEM backscattered electron images of surface morphology of the insert's specimen coated 

with TiN after shots: (a) crater; (b) surface failure. . 

Figure 5 shows cross-sections of the specimen of the insert coated with TiN. The first Figure a, 

shows the intact coating whose thinned thickness is around 1,25 µm. Figure 5b, shows local erosion 
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of the surface under 0,8 µm in the form of a regular crater. Under the coating, local plastic 

deformation of basic material is visible. It is probably caused by high temperatures and high stress. 

Cavities were visible in several places in the cross-section. Figure 5c, shows local coating failure at 

the bottom which is the basic metal of the mold insert. The failures and cracks (Figure 4b) can be a 

prerequisite for the formation of intermetallic layers Fe-Al as it was mentioned by several studies, 

but within our analysis the intermetallic layers were not identified. 

   
(a) (b) (c) 

Figure 5. SEM of cross-section of insert's specimen coated with TiN after shots: (a) intact coating; (b) 

local erosion; (c) local coating failure. 

3.2. Hardness and Surface Roughness 

Table 3 shows the values of parameters that were measured on the surface of the inserts before 

the initiation of the casting process. As can be seen in Table 2, the uncoated insert achieved the 

optimal value of hardness - 48 HRC after the heat treatment, as it was mentioned as the value within 

the desired range according to [13] (p. 120), [34] (p. 235). The roughness of the uncoated insert was 

the lowest, achieving Ra=0,10 µm. Nitriding and PVD coatings increased the hardness of the inserts. 

The highest hardness of the PVD-coated inserts was measured for the TiAlN and the lowest for the 

TiN-coated surface. The TiN-coated insert had the highest roughness Ra = 0,46. The lowest roughness 

was measured for the surface with deposited CrAlSiN coating - Ra = 0,34. 

Table 3. Values of Parameters of uncoated insert and inserts coated with CrAlSiN, TiAlN and TiN. 

Measured 

Parameters 

Uncoated CrAlSiN  

coated 

TiAlN 

coated 

TiN 

coated 

Hardness (HRC) 48 52 53 50 

Roughness (Ra) 0,10 0,34 0,39 0,46 

The following Figure 6 shows the measured Ra values of the casting surface (uncoated, protected 

with CrAlSiN, TiAlN and TiN) after every 500 shots. The uncoated insert during the examination was 

3x polished as the roughness value was rapidly increasing. However, it had a low effect on the 

lowering of the roughness value and lifetime prolongation of the insert. The first polishing helped to 

slightly decrease the roughness Δ Ra 0,32. A similar effect of the lowering of roughness was observed 

also after the second and third polishing. The lifetime of the insert ended after 7000 shots as the Ra 

value reached the tolerance limit of Ra = 2,5 µm. If the production had been continued nonconforming 

castings would have been produced. 

 In the case of the inserts protected by CrAlSiN, and TiAlN coatings, the polishing was made 

one time, when the value of Ra was approaching 2 µm. The roughness of the CrAlSiN coated insert 

started to grow significantly after 4500 shots (linear growth). Polishing was performed after 7000 

shots. The polishing brought a more significant decrease or roughness in comparison with uncoated 

insert. However, it started to increase at the same pace and after 3000 shots the roughness achieved 

the value before polishing. The Ra value of the TiAlN-coated insert started to rise more significantly 

(linear) after 3500 shots. At 900 shots as it significantly increased up to the value of Ra=2, it was 

polished, and after 11000 shots the value reached that before polishing. This insert was used until 
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12000 shots. The highest efficiency was achieved using the coated TiN-coated insert, where increasing 

of roughness was the lowest. It was possible to use this insert until 15000 shots without polishing.  

  
(a) 

 

 
 

(b) 

 

 

(c) (d) 

Figure 6. Average roughness values (Ra) of the bearing surfaces of castings after the shots using: (a) 

uncoated insert; (b) insert with CrAlSiN coated film; (c) insert with TiAlN coated film; insert with TiN 

coated film. 

Figure 7 shows the increase of roughness (Ra) of the castings produced using uncoated insert 

and PVD-coated inserts (TiN, TiAlN and CrAlSiN). There is a significant difference between 

uncoated insert and other PVD-protected inserts in terms of the insert lifetime. Deposition of PVD 

coatings prolonged the inserts' lifetime. Despite the highest initial roughness of TiN coated insert it 

enabled to achieve the highest number of shots until the produced castings achieved the limited value 

of Ra without polishing. Although, TiN have a lower oxidation temperature in comparison with the 

TiAlN and CrAlSiN coatings and some studies concluded better wear and corrosion resistance of the 

TiAlN than TiN, in our study under the given process condition (described in Material and Methods) 

the TiN coating achieved the longest lifetime. It is considered to be the best option for the organization 

in terms of effectiveness and efficiency.   
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Figure 7. Average roughness values (Ra) of the bearing surfaces of casting using uncoated insert, 

coated insert with TiN, TiAlN and CrAlSiN. 

4. Conclusions 

Based on our study, the main conclusions resulting from the investigations and analysis are as 

follows: 

• The optical and SEM analysis showed wear and formation of craters at the bottom of which the 

uncovered basic material of the insert is visible. The study of surface morphology revealed the 

presence of cracks probably caused by the cyclic thermomechanical effect. These failures can be 

prerequisites for the formation of intermetallic Fe-Al layers. They negatively affect the surface 

quality of castings manifesting by increasing average roughness (Ra). 

• The PVD-coated inserts achieved a significantly longer lifetime than uncoated inserts concerning 

the requirements on casting surface roughness (Ra), while the TiN-coated insert performed the 

best in comparison with TiAlN and CrAlSiN-coated inserts. The difference in lifetime using 

TiAlN and CrAlSiN coated inserts was only 10000 shots with an advantage for TiAlN. 

• Polishing performed to prolong the inserts' lifetime has a low effect on uncoated insert (brought 

prolongation of lifetime by 500 shots). It was applied also in the case of TiAlN and CrAlSiN 

coated inserts when they were approaching the critical value of Ra and the prolongation of 

lifetime ranged from 2000 – 3000 shots. 
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