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ABSTRACT

The harsh and variable environment encountered in aluminum high pressure die casting 

often results in premature failure, thus creating a cost factor which includes down time, 

loss of productivity and large quantities of scrap. Aluminum die casters are currently 

using a wide variety of PVD die coatings in conjunction with surface treatments in effort 

to prolong die life. This research examines die degradation mechanisms, such as 

washout/erosion, soldering, and thermal fatigue cracking of several commercial PVD 

coatings and surface modifications techniques, by in-plant die casting trials and two 

newly developed laboratory tests known as the ease of release test and multi-mode tester. 

The controlling degradation mechanisms are proposed and promising potential die 

coating systems and duplex systems are recommended.
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1 INTRODUCTION

1.1 High Pressure Aluminum Die Casting

High pressure die casting is a high quantity-net-shaped manufacturing process that has 

the capability to produce geometrically complex aluminum parts with smooth surface 

finishes and close dimensional tolerances at high production rates for various industries 

including automotive, electronics and household goods (Zhu et al. 2004 and Joshi et ah

2003).

General die casting processes involve injecting a liquid alloy into two halves that form a 

mold that is held until the alloy is solidified, after which the mold (die) is opened and 

mechanical core pins release the solidified cast (Srivastava et al. 2003). Unlike gravity 

die casting, liquid metal is introduced by means of pressure. Most high pressure die 

casting systems include the use of a hydraulic driven plunger that can exert pressures as 

high as 300 MPa on the casting alloy through a slot sleeve, during this time; dies are 

locked in place with forces reaching as high as 5000 tons. Aluminum, copper, and 

magnesium alloys are typically used in cold chamber die casting machines, opposed to 

lower-melting alloys such as lead, tin, and zinc that require lower pressure-hot chamber 

die casting machines. Alloys are often stored outside the cold chamber machine in a 

temperature controlled, monitored furnace. Cold chamber die casting machines have 

either horizontal or vertical machines. Horizontal chambers are mostly used because of 

their shorter alloy-to-die distance that requires less energy and can fill die cavities on the 

order of milliseconds, easier mechanized plunger that does not leave the chamber, and 

smaller gating systems that can increase production as high as 200 parts/hr (Xiaoxia et al. 

2004 and Persson et al. 2005). Figure 1.1 displays a typical horizontal cold chamber high 

pressure die casting system manufactured by Biihler (Biihler Catalog 1985), whereas 

Figure 1.2 displays a side view of the process as the slot sleeve is being filled and after 

the cavity is filled (Chen 2005).
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Figure. 1.1 Horizontal cold chamber high pressure die casting unit manufactured by Biihler (Biihler
Catalog 1985).

Figure 1.2 Illustration o f a horizontal cold chamber high pressure die casting unit: a) alloy melt
being filled and b) after the cavity is filled and the cast is made (Chen 2005).

Die casting cycles are determined by complexity of die shape and castability of alloy. 

Castability of an alloy depends upon fluidity length, casting temperature, which, varies 

from 650-730°C, and solidification intervals that range from 50-100°C for common 

aluminum alloys (Han et al. 2005). Typical temperatures and alloys cast at Premier Tool 

and Die Cast for an eight-cavity die containing two core pins per cavity are alloys A383 

and A3 80 with corresponding melt furnace and die chamber temperatures at 675±2°C and 

645±5°C respectively. Typical cycle times associated with this process are shown in 

Table 1.1 (Conversation with Jeff Brennen, Premier Tool and Die Cast Corporation).
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Table 1.1 Typical aluminum high pressure die casting cycle at Premier Tool and Die Cast
Corporation (Conversation with Jeff Brennen, Premier Tool and Die Cast Corporation).

Step Time (sec) Cycle

1 0.00 Start of Cycle (Die closed)

2 2.25 Pour metal

3 1.50 Make shot; piston starts to stop

4 9.50 Dwell time (metal solidification)

5 4.25 Die open; signal to full ejection

6 5.50 Extract gate; verify all parts are 
present

7 9.50 Spray time; signal start to 
complete sweep

8 5.50 Blow off time; signal star to 
reciprocator home

9 4.0 Die close; signal to close until 
fully locked (start of next cycle)

The total time of the cycle is 42 seconds. The alloy is in contact with the die for only 13 

seconds, whereas the majority of the cycle is utilized by spraying and blowing off the 

dies.

Alloys, such as A380, and A383 are chosen for aluminum high pressure die casting not 

only for their material characteristics when solidified, but because of the high amounts of 

silicon (8 -1 1%) retards the diffusion between the aluminum and iron in the die material. 

Furthermore, the small addition of iron (1-2%) into alloys A380 and A383 reduces 

diffusion rates between the melt and the die (Chu et al. 1993).

Die materials need to be carefully chosen because of high melt velocities of 20-70 m/s 

and thermal gradients reaching 1000°C-cm'1. Typical die materials are made from hot- 

worked tool steels such as AISI HI 1, H I3, H20, H21, H22, or H I3, the most common die 

material, is chosen because of its hot hardness; tempering resistance, creep strength, and 

ductility, along with low thermal expansion and high thermal conductivity (Persson et al. 

2004). H13 tool steel contains an alloy composition of: 0.4 wt. pet. carbon, 1.0 wt. pet. 

silicon, 0.4 wt. pet. manganese, 5.0 wt. pet. chromium, 1.5 wt. pet. molybdenum, and 1.0 

wt. pet. vanadium (Xiaoxia et al. 2004).
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1. 1.1 Die Degradation and Failure Mechanisms

Unfortunately, advantages created by aluminum die casting, such as high productivity 

and high tolerances are often detrimental to dies made out of steel because of the high 

thermal stresses and chemical affinities between the aluminum melt and steel experienced 

during cycles. Overtime, dies degrade, lose their tight tolerances, and create scrap. 

Ultimately, thermal fatigue stresses overwhelm the die and cause it to fail. Moreover, the 

dies used are extremely expensive and often cost more than the machinery itself. 

Therefore, extending the life of the dies is crucial to eliminate loss of productivity due 

from down time and wasted scrap (Zhu et al. 2002 and Lin et al. 2005).

Degradation and failure mechanisms of die casting dies have been investigated. There 

are three main types of die degradation; washout, soldering and thermal fatigue cracking.

Washout/Erosion Corrosion

Washout or erosion corrosion is defined as the gradual physical removal of material from 

the die substrate. As each shot of molten alloy enters the die cavity, the die surface is 

bombarded by molten alloy droplets. This liquid impingement strikes the die surface at 

extremely high velocities. The collisions create shear forces that result in plastic and 

brittle deformation (Shivpuri et al. 1996). The liquid impingement removes the corrosive 

resistant passive layer after each shot, thus revealing virgin steel and soldering begins 

between the melt and die surface. Iron begins to diffuse out of the die surface to form 

intermetallics with the alloy melt. During this step, iron also becomes dissolved in the 

liquid aluminum alloy. This dissolution rate is determined by the diffusion coefficients 

between the die material and alloy, thickness of the intermetallic layer, concentration 

gradients imposed by the melt and die surface, and the agitation of the melt (Zhu et al.

2004). As a result, solidified particulates of oxides consisting of aluminum, iron and 

silicon begin to erode the passive film in addition to the molten droplets. Cavitation form 

from highly pressurized bubbles on localized areas of the steel, but only in rare 

occurrences because most die casting velocities are below necessary cavitation pressure 

(Chen et al. 1999). Figure 1.3 displays a cartoon of all three types of erosion that
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eventually causes tear drop-shaped pits as shown in Figure 1.4. The surface erosion 

caused by washout means facilitate soldering and thermal fatigue cracking by creating 

zones of high thermal stress (Zhu et al. 2004, Shivpuri et al. 1996, and Gopal et al. 2000). 

Areas that are near the gate or exhibit sharp geometries are most affected by wear 

mechanisms (Miller et al. 2006 and Chu et al. 1993).

Liquid Al

Solid  
Particle s 
(O xides)

Cavitation from A1 
bubbles

Die

Figure 1.3 Common erosive failure mechanisms found in aluminum die-casting.

Tear drop 
shape

Figure 1.4 Stereograph of a ferritic nitrocarburized core pin after 10,000 cycles displaying tear-drop
shaped wear caused by erosion.

Soldering

The mechanism of soldering is described as the mechanical and chemical interlocking of 

die surface to the aluminum casting alloy causing unwanted sticking between the cast and 

die during ejection (Joshi et al. 2004). As the die is sprayed with lubricant after the 

solidified cast is ejected, a large decrease in die temperature creates a temperature
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gradient between the die and the cast. The die has an increased tendency to adhere to the 

casting through surface defects present on the die, such as machining marks, cracks, pits, 

and holes. Thus, the atomic affinity creates mechanical keying, or physical bonds with 

the die surface and cast alloy, which results in higher cast ejection pressures during 

production. Similar situations are observed in rolling, forging and extrusion 

manufacturing (Chen et al. 1999, 2005 and Bjork et al. 1999). At high temperatures, the 

aluminum cast mechanical interaction initiates diffusion into the die. Consequently, Al- 

Si-Fe intermetallics materialize. This phenomenon is known as soldering. Unfortunately, 

these intermetallics do not exhibit the same toughness and erosive resistant properties that 

the H13 tool steel demonstrated. Instead, the intermetallics exhibit high hardness of 650 

HK (Gopal et al. 2000) and brittleness and have the tendency to spall and form “hot 

spots”, therefore creating defected dies that result in costly scrap.

Figure 1.5 illustrates the phases of soldering. The top left picture depicts common die 

steel microstructure in contact with aluminum cast. The cast begins to permeate via 

diffusion in between the martensitic plates and around prior austenite grain boundaries 

forming Fe-Al intermetallics. The heat released by exothermic intermetallic reactions 

generate more soldering as additional melt hits the surface. Eventually, other elements, 

such as silicon begin to diffuse with the aluminum resulting in more complex 

intermetallics at higher exothermic energies. Layers upon layers of different 

intermetallics form until the thickness reaches a critical limit, after which, intermetallics 

soon break off within the melt revealing highly rough areas that are susceptible to 

increased localized temperatures. These “hot spots” initiate soldering at an even faster 

pace. Therefore, soldering is inexhaustible once the process begins (Xiaoxia et al. 2004, 

Zhu et al. 2002, Shankar et al. 2002, and Joshi et al. 2003).
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Figure 1.5 Schematic of soldering failure observed in aluminum die-casting.

Thermal Fatigue Cracking/Heat Checking

Thermal fatigue cracking or heat checking induces in-surface damage to multiple 

industry components such as rolling mill cylinders, nuclear reactor components and 

turbine blades (Maillot et al. 2005 and Haddar et al. 2005). Furthermore, over eighty 

percent of dies fail during service by thermal fatigue mechanisms (Persson et al. 2005, 

Hu et al. 2006, and Fuchs et al. 2002). The die surfaces endure large thermal gradients 

during the heating and cooling stages causing dimensional variation. As each cycle 

proceeds, carbon leaves the core resulting in core softening as high as 100 HV, while 

carbides along the surface grain boundaries are continually plastically deformed and 

coarsen. Residual stresses near the surface increase. Defects along the surface such as, 

machining marks and pits are susceptible to increased formation of brittle iron oxides 

caused by oxidation. Slip bands begin to glide across carbides and grain boundaries 

(Maillot et al. 2005). Eventually, all of these factors overwhelm areas exhibiting high 

stress, such as surface defects and large carbides and consequently, multiple cracks 

initiate (Sjôstrôm et al. 2004 and Starling et al. 2001). Crack density and depth increase 

proportionally to the number of cycles caused by the sudden change in sample geometry
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(Persson et al. 2004 and 2005). Stress relief around the cracks causes crack length to halt. 

At this point, cracks branch out perpendicularly of the surface as shown in Figure 1.6 

(Lin et al. 2004 and 2005). Washout and soldering mechanisms affect the cracked 

regions and eventually remove die material.

50 pm

Figure 1.6 Thermal fatigue cracking on a ferritic nitrocarburized die core pin showing perpendicular
cracking (Lin et al. 2005).

Thermal fatigue cracking is largely influenced by temperature gradient and sample 

geometry. Increased temperature can amplify several cracking factors such as core 

softening, strain on surface carbides, and surface oxidation that can accelerate thermal 

fatigue several times (Pellizzari et al. 2001). Samples exhibiting complex geometries 

such as sharp corners are especially susceptible, because cracking can take place 

perpendicular to the edge or down the edge itself. Although FEM modeling has shown 

perpendicular cracking is more prevalent (Srivastava et al. 2003 and 2004).

Thermal fatigue cracking is extremely damaging to dies when in conjunction with 

soldering and washout because of the possibility to remove large amount of material in a 

short number of cycles.



1. 1.2 Die Coating Degradation and Failure Mechanisms

Hard ceramic coatings are often applied on dies to provide protection against all failure 

mechanisms. Although coatings provide enhanced corrosion protection, coatings can 

also fail during service in several ways (Lugscheider et al. 1998). Prominent modes of 

failure include erosive wear and thermal fatigue and in rare occurrences, soldering 

(Mitterer et al. 2000 and Lakare et al. 1999).

Erosive wear observed on ceramic coatings is similar to that found on H13 tool steel dies. 

Areas exhibiting higher imperfection densities are more susceptible to erosive wear. 

Common coating imperfections include macroparticles embedded during deposition and 

separation and voids from columnar microstructures (Bhat et al. 1999). Persson et al 

(2 0 0 1 ) developed an aluminum dipping chamber to imitate the soldering found in 

aluminum die casting. They concluded that defects in the coating solely caused higher 

corrosion/soldering rates. Defect densities were reduced by increased film thickness and 

deposition temperature that decreased failure rates.

Thermal fatigue cracking can attack the film by means of coating imperfections that 

exhibit higher stress gradients as well as regions damaged by erosion and soldering. 

Most cracking is caused by thermal coefficient variances between coating and substrate 

interfaces at high stress zones such as machining marks (Persson et al. 2004 and Bhat et 

al. 1999).

Soldering failure is caused when an area of the coating is removed by the previous failure 

mechanisms and the virgin substrate has formed intermetallics with the aluminum melt. 

Coating/substrate regions adjacent to intermetallic regions are susceptible to additional 

intermetallic formation. As cycles continue, an influx of aluminum intermetallics form 

beneath the coating at the interface and stretch the coating upwards. Eventually, the 

coating will stretch and reach its elastic limit and fracture at areas of high defect densities 

(Lakare et al. 1999). Figure 1.7 displays a core pin coated with a cathodic arc evaporated 

(CAE)-CrN hard coating tested in the in-plant trial for 30,000 cycles. The figure shows
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SEM photographs of the soldering region at different magnifications and the 

corresponding EDS scan confirming intermetallic constituents.

c'AS" yjv _

Fe: Al: Si: 
Intermetallies

CrN coating
s. vv-sr*.

Thermal

[Det WD 3/8/2006 i HV Spot, dag _ ------------------20 Oym--------------
IeTD 14 4 mm ■ 2 62 26 PM 20 0 KV 3 5 2500x;_________________ N6______________

Figure 1.7 SEM photographs and corresponding EDS scan of a CAE CrN core pin subjected to
30,000 cycles in the Leggett & Platt Corporation in-plant trial. The left photo was taken 
in back-scatter-image-mode, whereas, the right photo was taken in secondary-image- 
mode.

1.2 Surface Treatment Technology Used in Die Casting

Since the Japanese development of the salt bath carbide process in the late 1960’s at the 

Toyota Central Research and Development Laboratories, surface treatments and the 

addition of thin film coatings have been applied to dies used in aluminum die casting to 

modify and protect the die from failure mechanisms, such as soldering and corrosion 

(Arai et al. 1995 and Fabijanic 2003).

Surface treatments can add residual stress, modify surface microstructure or thermally 

diffuse foreign elements without adding material above the substrate. Conversely, 

coatings involve the addition of material above the substrate which forms a distinct layer.
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Both surface treatments and thin film coatings do not amend the properties held by the 

interior (Shivpuri et al. 1999).

The most widely known surface treatments used on dies in the die casting are, but not 

limited to, nitrocarburizing, nitriding, thermo-reactive deposition and diffusion (TRD), 

and ion implantation (Shivpuri et al. 1999, Smith et al. 1998 and Neale et al. 1995). Most 

techniques are thermochemical in nature that is, requiring the diffusion of metallic or 

non-metallic elements into the substrate surface of the die. Typically, thin film coatings 

are classified by deposition method and the material being coated.

1.2.1 Nitrocarburizing and Processing Methods

The thermochemical process of nitrocarburizing, in which nitrogen and carbon are 

introduced interstitially in a ferrous substrate to form hexagonally closed-packed e- 

carbonitrides (e-Fe2-3 (C, N)), is highly valued in the die casting industry because of its 

superior resistance to multiple wear modes and fatigue (Bell et al. 2000 and Liang et al. 

2000). In addition to the e-carbonitride phase, several other phases such as, y'-Te^N, 

Fe2N, FegC, and Fe20 3  are known constituents in the white layer (the top nitrocarburized 

layer that appears white under optical microscopy) (Pereloma et al. 2001). These phases 

form once the nitrogen content exceeds solubility in the iron. Typically, the thicknesses 

of the white layer are between 1 0 -2 0  pm with a large compound layer below the white 

layer not exceeding 100 pm (Bell et al. 2000). The layer beneath the white layer is 

comprised of oc-(Fe, N), where nitrogen and carbon are interstitially diffused in the 

martensite matrix with large cementite type iron-carbides forming at the grain 

boundaries. The cementite phases can become problematic; hence they can act as crack 

nucléation sites. Figure 1.8 displays a SEM photo the corresponding hardness profile of 

H I3 tool steel that has been ferritic nitrocarburized. Note the white layer on top and the 

cementite grains.
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Figure 1.8 SEM photograph and corresponding hardness profile of ferritic nitrocarburized H13 tool
steel (Lin et al. 2006).

Fiarro et al. (2005) showed that increasing the surface carbon content in e-carbonitrides 

by diffusion from either outside or substrate sources increase surface toughness. 

Additional properties of e-Fe2-3 (C, N) are ease of maçhinability, high resistance to 

scuffing, corrosion, shock, or heat and excellent lubrication. It is also known that the 

formation of e-Fe? ) (C, N) is increased if nitrogen formers such as aluminum, chromium, 

molybdenum, and vanadium are present in the die steel (Psyllaki et al. 2002 and Stratton 

et al. 1995). Other phases, particularly, the face center cubic Y-Fe4N phase, cannot boast 

as many admirable properties as L -Fe^ (C, N) and is detrimental to the die casting 

process due to its brittle nature (Bell et al. 2000, Pereloma et al. 2001, and Fiarro et al.

2005).

Fabijanic (2003) researched the effect of high levels of carbonitrides in die steels when 

coating chromium adhesion layers for duplex surface treatments. The carbonitrides 

produced on the top of the surface layer diffuse upwards into the adhesion layer forming 

stable CrN and CrC phases that enables a stronger adhesion-substrate bond, thus 

providing improved mechanical properties in the die surface.

Nitrocarburizing can be divided into two separate processes, austenitic and ferritic. 

Austenitic nitrocarburizing is carried out between the temperatures 675-775 ° C. While
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these temperatures are just below the austenitic temperature, they will exceed the 

tempering temperatures of tool steels used in most die casting applications (H13, HI 1), 

thus causing core softening of the dies. However, ferritic nitrocarburizing is executed at 

temperatures ranging between 550-580 ° C, and therefore possesses the ability to develop 

e-carbonitrides without the consequence of core softening when treating common tool 

steels. Another consequence of lower process temperature is the advantage of less 

distortion and deformation, enabling the treatment of dies with complex geometries. 

Hence, ferritic nitrocarburizing, not austenitic is preferred when surface treating die 

casting dies (Fabijanic 2003 and Stratton et al. 1995).

Liquid or Molten Salt Bath

Ferritic nitrocarburizing surface treatments can be applied in liquid, gas, fluidized bed, 

and plasma states. It first appeared in France in the early 1940’s as a molten cyanide- 

cyanate salt-bath process, in which E-carbonitrides were created via catalytic reactions of 

cyanide species (Fabijanic 2003). This process is now refined where mixtures of sodium 

and potassium cyanide salts react and provide nitrogen and carbon atoms to the die 

surface to form interstitially. There are many variations of this process, such as Tufftride, 

Sursulf, Sulfinuz, and Melonite (Smith 1998 and Pereloma et al. 2001). All of these 

processes have treatment times ranging from 2-4 hours. Each variation contains new 

developments. For example, the Tufftride process introduces titanium crucibles to 

minimize decomposition of cyanide salts that would otherwise become additional waste 

products, while the Sursulf process uses sulfides that increase cyanide-cyanate 

conversion rates. Another advantage of the Sursulf process is the additional diffusion of 

sulfur into the substrate which assists against component deformation, thus enabling no 

post-machining. However, environmental concerns such as the use of several toxic salts 

caused many of these processes to die out in the late 1970’s (Fabijanic 2003).
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Gas and Fluidized Bed

Gas treatments were created to bypass toxic chemicals found in molten-salt bath 

production by incorporating less toxic gasses consisting of nitrogen and carbon formers 

which react on the surface and diffuse interstitially. Yet, gas surface treatments require 

longer processing times and present hazardous problems such as large amounts of 

exhaust fumes and combustible atmospheres which must maintain strict safety guidelines 

(Shivpuri et al. 1999).

The fluidized bed technology is similar to gas ferritic nitrocarburizing by using gasses 

containing nitrogen and carbon, e.g. NH3 and CO?. Advantages of this process include 

faster processing times and the removal of toxic fumes (Fabijanic 2003 and Pereloma et 

al. 2 0 0 1 ).

Typical nitrogen and carbon mass transfer reactions in fluidized bed nitrocarburizing 

have been presented by Sproge et al (1992) as follows.

Gasses used in most nitrocarburizing fluidized bed reactors consist of nitrogen (N%), 

ammonia (NH4), and carbon dioxide (CO2). At the ferritic nitrocarburizing processing 

temperature (550-580 °C), the rate of nitrogen decomposition is low and N2 maybe 

considered inert. The nitrogen gas present provides the fluidizing condition. However, 

both the ammonia and carbon dioxide will decompose at high rates at ferritic 

nitrocarburizing temperatures, thus forming single nitrogen and carbon atoms that diffuse 

interstitially in the ferrous substrate.

The greatest advantage in using gas and fluidized bed methods is the capability to 

monitor and control the nitrogen and carbon potentials during treating times, therefore 

generating sufficient amounts of carbon in e-Fe2-3 (C, N) phases and reassuring ideal 

properties (Fiarro et al. 2005).
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Plasma Nitrocarburizing

The most environmentally clean nitrocarburizing surface treatment is delivered by means 

of plasma (Smith 1998 and Bell et al. 2000). The process method is quite similar to glow 

discharge plasma nitriding, though methane gas is also introduced in the plasma to insure 

the addition of both carbides and nitrides.

Plasma nitrocarburizing research has been growing throughout the past decade because of 

its ability to reduce environmental problems created in the molten-salt bath and gas 

nitrocarburizing processes. However, large-scale plasma nitrocarburizing has been 

unable to produce a substantial and reliable e-carbonitride phase (Bell et al. 2000, Liang 

et al. 2000, and Pereloma et al. 2001).

1.2.2 Nitriding and Processing Methods

In contrast to the nitrocarburizing surface treatment, nitriding involves only the interstitial 

diffusion of nitrogen into the surface. Nevertheless, the process still relies on the 

presence of nitride formers (aluminum, chromium, vanadium, molybdenum) in the 

substrate to achieve improved wear capabilities. The process is thermochemical and 

more closely related to ferritic nitrocarburizing rather than austenitic nitrocarburizing 

because of its 500-550 °C processing temperature range. Hence, closer tolerances are 

permitted and less post-machining procedures are needed (Shivpuri et al.1999. Smith 

1998, and Nolan et al. 2005).

The nitride depth varies with processing time and amount of nitride formers present in 

substrate. Nolan et al. illustrated that depth increases with additional processing time as 

shown in Figure 1.9 (Nolan et al. 2005). H13 tool steels used in die casting dies contain 

high levels of nitride formers; consequently, the nitride surface layer is quite shallow, but 

extremely hard. Conversely, steels containing a low content of nitride formers are 

comprised of deep nitride layers that are tougher in nature (Shivpuri et al. 1999), as
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shown in Figure 1.10, which displays this relationship of nitriding depth and 

concentration of nitride formers (Smith 1998).
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Figure 1.9 Hardness and depth profiles for gas nitrided H I 1 tool steel with varying processing times
(Nolan et al 2005).
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Figure 1.10 Hardness profiles for four common nitrided-steels (Smith 1998).

Kulkami et al. (2002) nitrided several H I3 tool steel samples at various processing times 

to achieve different nitriding depths and determined the thermal fatigue cracking 

relationship by placing the specimens under extreme conditions similar to those found in 

aluminum die casting operations. Kulkarni et al. (2002) discovered that fewer cracks 

developed for deeper nitride depths; however, cracks present on these steels also
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propagated further at these depths. Thus, the interface between the nitride zone and 

substrate hindered crack propagation, but the nitride zone generated lower crack 

densities. The collection of photomicrographs taken by Kulkarni et al. (2002) illustrating 

this crack density/propagation relationship is shown in Figure 1.11.
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Figure 1.11 M icrographs of H 13 tool steel at various nitride depths and cycles (Kulkarni et al 2002).

The nitriding process develops various compounds of iron-nitrides, such as FegN, at the 

surface layer and forms interstitially diffused nitrogen atoms in solid solution in the inner 

layer. Salas et al (2003) showed that, initially, Y-Fe4Ni.x forms and then transforms in the 

form of e-nitrides as nitrogen content increases However, if process parameters are not 

well controlled, the y-FeaNj-x phase may continue to form at the surface creating 

undesirable wear properties. This layer is known as the “white” layer, not to be confused 

with the ferritic nitrocarburized “white” layer which is generally beneficial to die casting 

operations. Layers of Y-FeaNi-x are extremely brittle and lead to spalling during casting 

(Shivpuri et al. 1999 and Neale et al. 1995).
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Nitriding processing techniques include: liquid/molten-salt bath, gas, and plasma/ion and 

powder nitriding. Liquid/molten salt bath nitriding is the same process as molten salt 

bath nitrocarburizing as mentioned in the next sections.

Gas Nitriding

Gas nitriding involves the use of a nitrogen-rich gas, most typically ammonia, in contact 

with components at temperatures around 520 °C. This method is similar to ferritic 

nitrocarburizing with the addition of carbon-rich gas. Nitride depths range between 20- 

70 pm for processing periods ranging 10-100 hours. Gas nitriding techniques are more 

inclined to form y-Te^N^ unless post process heat treatments are implemented (Smith 

1998 and Stratton et al. 1995).

Plasma/Ion Nitriding

Plasma nitriding is a technique where a mixture of nitrogen and hydrogen gas is ionized 

at low pressures causing nitrogen ions to impinge the substrate surface forming identical 

phases (FegN) to those surfaces produced in gas nitriding, but at faster kinetics than 

conventional gas nitriding (Kovacs et al. 1999 and Bernal et al. 2004).

To create the plasma, the process requires that the components are treated under 

sufficient vacuum to remove contamination, a DC power supply that can provide 800- 

1000 V and proper gas flow control to direct the formation of y'-Pe^N^ white layers 

(Kovacs et al. 1999).

Typical substrate temperatures during glow discharge range from 375-650 °C. Without 

localized overheating, component distortion is low and the energy created by the plasma 

enables quicker processing time compared with gas nitriding (Smith 1998). 

Environmental concerns are at a minimum because of the enclosed chamber environment. 

Selective nitriding can be accomplished by masking components before treatment.
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Plasma nitriding can be extremely expensive through capital investment and upkeep 

during production (Joshi et al. 2003).

Powder Nitriding

Powder nitriding is similar to pack carburizing, borizing, chromizing, aluminizing, and 

siliconizing except parts to be treated are packed with organic nitrogen-rich compounds, 

rather than carbon, boron, etc. The case depth can be as far as gas nitriding depths, but 

no larger, because the short processing times are ten hours or less due to the risk of 

excessive surface pitting. Consequently, powder nitriding is rarely used on die casting 

dies that require a minimum of surface defects (Fabijanic 2003 and Smith, 1998).

1.3 Thin Film Technology Used in Die Casting

There are numerous deposition processes used in aluminum high pressure die casting 

today in order to increase die life. Thermal spray (TS), chemical vapor deposition 

(CVD), physical vapor deposition (PVD), cathodic arc evaporation (CAE) etc., can all be 

used to produce hard coatings based on carbides, oxides and nitrides onto the die 

substrate surface. Coatings pertaining to this project were deposited using CAE and 

subsets of PVD.

1.3.1 Physical Vapor Deposition (PVD)

PVD is a line-of-sight sputtering process used to deposit thin film coatings on materials. 

PVD differs from CVD by involving physical, rather than gaseous or thermal

vaporization. Balzers corporation first introduced commercial coatings deposited by

PVD in 1979, initially on drill bits. In the PVD process, the coating material is vaporized 

in a chamber to produce a flux of atoms or molecules that condense on the substrate to be 

coated. Chemical compounds can be deposited by introducing a reactive gas (nitrogen, 

oxygen, or simple hydrocarbons) containing the desired reactants. These reactants 

dissociate and ionize in the plasma to form reactive species that react with metal atoms
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sputtered from the PVD source or target. The plasma is dependent upon several factors 

such as, chamber geometry, working pressure, and vaporization method (Anton 2005 and 

Smith 1995).

PVD deposit in the range of 150-550°C (Lin et al. 2006) therefore, most ferritic die 

materials can be used as substrates without requiring additional machining or heat 

treatments. A range of desired compositional coatings can be readily produced by PVD 

that exhibit fine grain size, dense structure and improved wear properties. Furthermore, 

PVD is more environmentally friendly than CVD and PACVD processes. Disadvantages 

include that it is a line of sight process and can be vulnerable to contamination. There are 

four main PVD techniques; low voltage electron beam evaporation, triode high voltage 

electron beam evaporation, cathodic arc evaporation and magnetron sputtering (Sproul

1996). Among the most popular is magnetron sputtering, which involves an anode 

(substrate) and a cathode (target) with plasma between the two electrode surfaces. A 

magnet is placed behind the target to generate a magnetic field to create and sustain high 

density plasma by trapping electrons and ions that will produce superior films at higher 

deposition rates (Lin 2007 and Greene 2006). Magnetron sputtering was not as 

successful as other PVD techniques because of the low plasma density around the 

substrate even though the enormous amount near the target. It was not until the 

magnetrons were unbalanced and later placed in a closed field configuration to meet and 

exceed other PVD techniques (Sproul 1996).

Unbalanced Magnetron Sputtering (UBMS)

UBMS is when the magnets at the outer edge of the target are stronger than the magnets 

located on the inside of the target and applying two or four magnetrons in an unbalanced 

fashion (Figure 1.12) (Arnell et al. 1999). The resulting configuration creates a plasma 

area much larger by pulling the electrons away from the target and towards the center of 

the chamber. Thereby immersing the substrate within the plasma and increasing the 

plasma density to produce denser films with better properties.
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Figure 1.12 An illustration of a conventional magnetron (right), two magnetrons in an unbalanced 
configuration (left), and their corresponding plasma area (Arnell et al. 1999).

Closed Field Unbalanced M agnetron Sputtering (CFUBMS)

One disadvantage of UBMS is the potential for electron “leaks” where electrons can 

easily escape from the plasma because the magnetic field is not completely trapped 

(Sproul 1996). One can resolve this problem and increase the plasma density even 

further by adding an even number of magnetrons that have opposite polarity as seen in 

Figure 1.13 (Lin 2007). Furthermore, three dimensional trapping can be achieved with 

the addition of negatively charged shields placed at the bottom and top of the cathode 

region. The negative charge cancels all other electric fields generating a continuous 

three-dimensional magnetic trap (Sproul 1996).
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Figure 1.13 An illustration of a closed field unbalanced magnetron configuration with four oppositely 
magnetized magnetrons and the corresponding plasm a area (Lin 2007).

One of the most important improvements in magnetron sputtering has been to reactively 

deposit coatings of various components. Magnetron sputtering can be used to deposit 

alloy nitrides, carbides and oxides with desired composition, graded or multilayer 

structure by controlling the power density on multiple targets and components of the 

reactive gas (Cook et al. 2004). Pulsing of the magnetron has also been used to better 

control the ion energies and plasma species generated in close field unbalanced 

magnetron sputtering to advance thin film quality (Anton 2005 and Lin 2006).

Cathodic Arc Evaporation (CAE)

The cathodic arc evaporation (CAE) process uses a high current density arc to evaporate 

material from the target surface. The evaporated material becomes highly ionized while 

passing through the arc. The resulting material condenses on the substrate surface, thus 

forming a coating (Mattox et al. 1998, Sproul 1994, Martin et al. 2003, and Lin 2007). 

The significant advantage of using CAE is the high ionization rate of ninety percent at 

10-150 eV whereas other PVD processes obtain ten percent target material ionization at 5 

eV (Westwood 2003). Disadvantages include stabilization and movement of the arc and
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the formation of molten micro-sized droplets. These droplets, often referred as 

“macroparticles” are formed by ablation of molten or solid particles by thermal shock and 

hydrodynamic effects in the molten spot on a solid surface. Macroparticle size and 

quantity depend upon the target melting point and vapor pressure and the arc movement. 

Large (10 > pm) particles are formed with low melting point materials and slow arc 

movement while small particles (< 1 pm) are formed with high melting point materials 

and rapid arc movement (Mattox et al. 2003 and Boxman et al. 1995). The presence of 

these macroparticles degrades critical coating properties such as surface roughness, film 

density, and corrosion resistance.

Variations of the arc process such as filtered arc technology allows the deposition of near 

droplet free coatings by magnetically filtering the droplets from the arc vapor. Most 

filtered arc designs include the use of harnessing magnetic fields to manipulate ion 

trajectories. The most common filtered arc design, known as the “quarter-torus” uses 

magnetic field coils along a tube with a 90° bend, where the cathode and substrate are 

located at opposite ends (Figure 1.14) (Mattox 1998 and 2003). Metallic ions are 

directed along the bend by the magnetic field whereas macroparticles and neutrals deposit 

along the walls of the bend. The result is fully ionized species leaving the filter with very 

few macroparticles at the cost of reducing deposition rates by two or more times 

(Boxman et al. 1995).

Filtered CAE systems can produce exceptionally smooth, dense, hard, and highly 

adherent coatings. A variety of hard die coatings including TiN, CrN, TiCN, TiBN, and 

multilayers based on the above coatings have been successfully synthesized by means of 

large area filtered arc deposition (LAFAD) technology, all of which exhibit improved 

soldering and thermal fatigue resistance compared with the H13 die steel and surface 

treated HI 3 die steel (Kulkarni et al. 2002, Gorokhov sky et al. 2001, and Joshi et al. 

2001).
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Figure 1.14 Illustration showing the major components of the quarter-torus macroparticle filter
(Mattox et al. 1998).

1.3.2 Thin Film Nucléation, Film Growth and Microstructural Evolution

Thin film properties depend highly upon nucléation, growth, microstructural evolution 

and other key parameters vital to the deposition process. In order to create a thin film, 

arriving atoms and molecules must first be physisorbed on the surface and diffuse some 

distance before becoming chemisorbed to the surface (Neugebauer et al. 1970, Smith 

1995). This type of adatom movement is described by the Kossel-Stranski model or 

known as the terrace-ledge-kink (TLK) model (Neumann et al. 1972). According to the 

model, crystal surfaces are flat geometric planes comprised of areas with terraces and 

kinks of atoms chemisorbed to each other. As adatoms arrive on the surface they have a 

large number of dangling bonds, hence, are not in the lowest potential energy state. 

Therefore, once a single adatom attaches itself to the terrace, the adatom will thermally 

diffuse to a kink. After many kinks have formed, they will coalesce and form ledges, 

which will also combine with other ledges and form new terraces and a complete adatom 

layer will form on the substrate to create a monolayer of coating surface.

24



Once a monolayer of material has formed, there are three modes of thought concerning 

the next growth steps. They are 2-D layer-by-layer growth accredited by Frank-Van der 

Merwe, island growth credited by Volmer-Weber, and Stranski-Krastanov, which uses a 

combination of layer-by-layer growth followed by island growth (Smith 1995, Ohring 

2002, and Westwood 2003).

2-D layer-by-layer growth occurs when the bond strength of film atoms to each other are 

equal or less than to that of the atoms to the surface (Figure 1.15). This mode is expected 

when Ysubstmte-Vapor IS large enough for the free energy balance in the equation

rSubs,ra,e-vapor̂  y Film-Sui,s,a,e + 7nim-vapar is reversed and a uniform film is favored. This

growth is predicted for strongly attractive substrates and found on single-crystal 

expitaxial systems with low deposition rates at high temperatures.

ad atom K_

substrate

Figure 1.15 Illustration o f 2-D layer-by-layer growth mode proposed by Frank-Van der Merwe.

Island growth is when small coating clusters nucleate on the surface and form 3-D islands 

(Figure 1.16). This growth type is promoted when deposited atoms are more strongly 

attracted to each other rather than the substrate. Island growth is most often found on 

metal films on oxide substrates.

3-D cluster #

ad atom  ► i j f r  W  M>
substrate

Figure 1.16 Illustration o f 3-D island growth proposed by Volmer-Weber.

The Stranski-Krastanov growth mode is an intermediate combination of both layer-by- 

layer and 3-D island models (Figure 1.17). Evidence from scanning tunneling
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microscopy (STM) now indicates that this mode is the most common growth mode 

among thin films (Westwood 2003).

island formation

ad atom

substrate

Figure 1.17 Illustration of Stranski-Krastanov growth.

It states that a monolayer or two forms after which, surface tension between the layers 

become unfavorable and islands form. As deposition continues, island size and density 

increase at which point, islands coalesce to reduce their free energy. The islands exhibit 

preferred orientations. Continuation of growth by the large islands creates a series of 

channels and holes throughout the film. In the voids, secondary nucléation and island 

coalescence occur each with preferred orientation. The islands in the voids grow and 

combine with the larger islands creating a continuous film (Greene 1994). Figure 1.18 is 

an illustration summarizing Stranski-Krastanov film growth.
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Summarized illustration o f film growth adapted from Greene (1994).

During the first few monolayers of growth, grain sizes are much smaller than the thin 

film thickness and exhibit normal grain growth often seen in bulk materials. The driving
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force or chemical potential for normal growth can be vindicated by the ability of the grain 

to minimize its surface energy by growing or shrinking because of the difference of grain 

curvature (Frost et al. 1988 and 1994).

At first, the size distribution should remain mono-modal and self-similar at relatively 

small grain sizes. Over time, normal growth saturates and will eventually stop. The 

distribution will remain mono-modal, but the size distribution will expand. This 

phenomenon is known as the specimen thickness effect.

Eventually, the grain sizes are 2-3 times the size of the film thickness, creating a structure 

where all grain boundaries intersect the top and bottom surfaces of the film. These 

intersections develop areas of high surface energy, thus are the evident cause of normal 

growth stagnation. To explain this in a physical sense, the boundary velocities reach zero 

when the curvature driven force falls below critical levels. Therefore, grains cannot 

move to minimize their surface energy because their intersections are at the top and 

bottom surface of the film. Second phase particulates are also known to impede grain 

growth.

Abnormal growth begins after the stagnation of normal growth. Abnormal grain growth 

is the phenomenon in which a subpopulation of grains is favored and continues to grow, 

whereas the other population remains stagnant or grows at a much slower pace. The 

driving force for abnormal grain growth is similar to normal grain growth with the 

exception that grains are so large compared to the thickness of the film that there is a 

reduction in the interfacial energy created by the grain boundaries. With the addition of 

eliminating pinning sites, few boundaries will overtake or slow down the other 

boundaries growth. This behavior creates what is known as “secondary recrystallization” 

or “self-annealing”.

Secondary recrystallization implies the different size distributions with respect to time. 

Initially, the distribution is mono-modal with a large number of grains that are relatively 

small. However, as time progresses, a small number of grains increase in size quite
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rapidly leaving other grains behind. This effect causes the size distribution to become bi- 

modal, with a large amount of grains that are small and few grains, which are much larger 

in size. After more time, the large grains inhibit their growth and the smaller grains have 

time to increase in size. This behavior is known as secondary recrystallization, even 

though there is no apparent nucléation mechanism to cause this reaction. The size 

distribution of this final stage is once again mono-modal; however there are now few 

large grains.

Once abnormal grain growth begins the microstructure evolves much differently than 

observed in bulk materials. Adatom motion at the surface during evolution can 

dramatically change the microstructure. Low adatom movement can inhibit nucleated 

islands from coalescing that form dense films with optimal properties. Adatom motion 

can be modified by several factors including ion bombardment energy, pressure, and 

substrate temperature.

In 1969, Movchan and Demchishin (1969) proposed a diagram that predicted three 

separate structural zones as a function of T/Tm, where T is the substrate temperature and 

Tm is coating melting temperature. The temperatures used were considered approximate 

guidelines only. Thornton (1974) revised the diagram by including functions of gas 

pressure, and several common deposition influences such as, shadowing, surface 

diffusion, and bulk diffusion. He based his findings on 25 pm metal and alloy films 

sputtered at deposition rates 100-200 nm/min. He found three distinct zones and one 

transition zone shown in Figure 1.19.
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Figure 1.19 Drawing o f the microstructure zone diagram proposed by Thornton (1974).

Zone 1 microstructures occur at low T s/Tm temperatures (< 0 . 2 - 0 . 3 ) that increase with 

rising pressure. The microstructure consists of cone-like crystals containing numerous 

voids and dislocations at grain boundaries. The columnar structure concludes in domes at 

the surface of the coating creating a rough surface that appears black resulting from 

trapped light in the pores. The consequential open columnar structure is caused by low 

ad-atom mobilities caused by higher deposition pressure and lower temperatures. Higher 

pressures often decrease the mean free path causing decreased energetic ad-atoms that 

result in shadowing. The shadowing phenomena result from low angle impingement 

from depositing atoms that creates areas of higher coating flux resulting in formation of 

islands. Increasing the temperature can eliminate pores caused by shadowing by 

increased ad-atom movement.

Zone 1 microstructures include poor mechanical properties due to low density, poor 

optical properties caused by the dome-like surface, and extreme anisotropic 

magnetization and electrical resistivity properties. Zone 1 structures rarely exhibit 

significant residual stress values caused by the porous network.
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Zone T of the Thornton Diagram is known as a transition region between zones 1 and 2. 

The substrate/melting temperatures range from 0.2 to 0.5 (Smith 1995), noting that 

raising the pressure while maintaining a low substrate/melting temperature will result in 

the formation of a Zone 1 structure. The microstructure consists of poorly defined 

fibrous grains with reduced columnar structure. Zone T exhibits much higher density 

than Zone 1 and overcomes the initial nucléation of the substrate roughness resulting in a 

smooth coating surface.

The surface diffusion of ad-atoms is high enough to prevent some pore formation. 

However, overhanging atoms create self-shadowing effects that create small void 

networks. Thus, the anticipated properties for Zone T microstructures are similar, yet not 

as discouraging on Zone 1 structures. However, the smooth surface enhances the optical 

properties. Residual stress becomes apparent caused by the increased density of the film.

The Zone 2 structure improves significantly by means of raising the substrate/melting 

temperature to 0.2-.05. The increase of temperature enhances surface diffusion of ad- 

atoms, which were once subjected to shadowing. The porous columns of Zone T 

recrystallize and form grains that have fewer defects at higher densities. The overall 

structure consists of columns, which have tight grain boundaries. However, the surface is 

rough due to the continuing columnar structure. The appearance of the film is matte or 

milky in nature.

Since defects are at a minimum, the overall anticipated properties are significantly 

improved. The coatings exhibit high strength with low ductility. However, optical 

properties are poor because of the rough surface.

The Zone 3 transition begins at a substrate/melting temperature of 0.5. The growth 

features are characterized by the addition of equiaxed or columnar grains depending on 

stress distribution and structure. The grains are extremely dense and often form twinning 

boundaries.
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Transport features include large diffusion among the bulk of the material. Hence, 

recrystallization and grain growth occur on a bulk scale. However, recrystallization is 

time dependent due to nucléation.

The surface of Zone 3 is smoother than any of the previous zones due to bulk diffusion. 

Nevertheless, the grain boundaries have a tendency to develop grooves. Most residual 

stresses are removed by recrystallization.

Zone 3 anticipated properties are similar to Zone 2 that is the coating can exhibit high 

strength, but low ductility. Yet, coatings deposited at higher Zone 3 temperatures 

demonstrate properties analogous to bulk annealed materials. Nevertheless, Zone 3 is 

often not observed in most materials.

Obtaining a zone 2 or 3 microstructure without increasing deposition temperature has 

become a goal for most coating techniques. Kelly et al (1998) developed zone 2 and 3 

microstructures of several metal films below temperatures recommended by Thornton 

(1974) by increasing the ion energy and ion flux ratio using CFUBMS with biased 

voltages. They found that high ad-atom movement caused by increased deposition 

temperature is replicated by higher energy ion bombardment.

1.3.3 Background on Thin Films Used in this Study

The main principle of surface coating in die casting is to produce a barrier between the 

die surface and the liquid aluminum being cast and then preventing it against all forms of 

physical (wear, thermal load) and chemical (corrosion) attack. In the majority of cases, 

die coating materials are constituted from transition metal elements belonging to group 

IVb, Vb and VIb of the periodic table. Some of the most common transition metal 

elements are titanium, vanadium, zirconium, chromium, tantalum, molybdenum, tungsten, 

niobium, and hafnium. The most common reactive gases are nitrogen, hydrogen and 

oxygen. Vapors of sulfur, boron, silicon or other elements (e.g., aluminum or carbon) are 

also used which combine to form nitrides, sulfides, carbides, oxides, borides or other
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combinations (Burakowski et al. 1999). The most common of which, are transition metal 

nitrides such as, CrN, TiN, TiAIN, etc (Wang et al. 1997).

In recent years, the development of multilayer die coating has increased rapidly. Better 

adhesion, increased hardness and decreased residual stress are achieved through multiple 

components in the coating and thinner individual layers (Lin et al. 2005). Multilayer 

coatings are obtained by alternately depositing at least two chemically different materials 

from separate target sources. Layers can range from micrometer to nanometer scales. 

Films deposited on a nanometer scale are known as superlattice coatings.

A super lattice coating system based on multilayered stacking of CrN and Cr thin films 

with bilayer thickness of 22 nm was produced by both RF magnetron sputtering and 

reactive cathodic-arc physical vapor deposition (PVD) on a hardened tool steel substrate 

and used in die casting (Lousa et al. 2001). The coating structure (Figure 1.20) 

improved the adhesion of the coating to the steel substrate by reducing the stress and film 

brittleness by matching thermal expansion coefficients. When the bilayer thickness was 

reduced, a reduction in residual stress and an increase in hardness and critical load were 

observed.

Figure 1.20 SEM images displaying m ulti-layer coatings of: (right) a magnetron sputtered 20-bilayer 
Cr/CrN multilayer; and (left) a cathodic arc-deposited 6-bilayer Cr/CrN multilayer 
(Lousa et al. 2001).

Multilayered coatings can also heavily influence oxidation and corrosion resistance. Ho 

(2004) observed less hemispherical corrosion pits on CnOg/CrN multilayer films
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deposited by CAE rather than monolayered CAE-CrN. TGA/DTA analysis confirmed 

similar oxidation results by revealing supplementary weight gain of CrN coatings 

compared with the CAE- Q^Ch/CrN coatings at equivalent temperatures.

Ma et al (1995) examined the role of multilayering metal and ceramic coatings with crack 

initiation. Ti/TiN multilayer coatings were deposited by UBMS and were subjected to 

indentation crack tests. All multilayer coatings exhibited less brittle cracking because the 

titanium layers dissipated energy by shear deformation rather than brittle fracture. Lee 

conducted similar crack initiation tests and tribological tests to simulate impact failure on 

TiN, CrN and TiN/CrN duplex films (Lee et al. 2004). Lee et al. (2004) determined the 

hardness values of the TiN/CrN multilayer films were 1.4 higher than that of the TiN and 

CrN monolayered films and that the multilayer films exhibited a higher critical load 

during scratch tests.

1.4 Duplex Surface Engineering

In most wear and corrosion applications, coatings require strong adhesion and small 

thermal expansion variations between the substrate. Achieving these properties is 

difficult because of the sharp variance of properties across the coating/substrate interface. 

“Duplex surface engineering” is a technique that is used to improve material property by 

reducing the discontinuity by mimicking the coating properties on the substrate surface 

(Fabijanic 2003 and Gulizia et al. 2001). This process combines plasma and/or thermal 

diffusion treatments such as, ferritic nitrocarburizing or ion nitriding with hard coatings 

(Muller et al. 2002) to create a diffusion layer in the surface of the hot working steel 

surface that provides increased hardness in addition to a graded thermal coefficient to 

serve as a strong base for the hard coating. Therefore, the benefit of the hard coatings 

could be fully applied to protect the die surface and the service life of the coatings can be 

extended. It was found that applying either plasma nitriding or PVD coatings alone for 

the die protection could not improve the steel thermal fatigue resistance due to the brittle 

nature of the diffusion layer and the thermal expansion mismatch between the hard 

coating and the substrate. However, an increase of the thermal fatigue resistance was
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obtained in the duplex system (Sokovic et al. 2004, Pellizzari et al. 2001 and Dong et al.

1997).

1.5 Review of Past Work

Due to the complexity of die casting failures, it is apparent that there is not one single 

coating or surface treatment that can fully protect dies from all type of failure. Therefore, 

the Advance Coatings and Surface Engineering Laboratory (ACSEL) designed a coating 

architecture consisting of a graded multilayered system tailored for each failure 

mechanism. The entire coating system is shown in Figure 1.21 and consists of surface 

treated H13 tool steel and four coating layers having a total thickness of 5-7 pm.

Working Layer

Intermediate Layer 

Adhesion Layer

Surface Modified 
Substrate

Figure 1.21 An illustration of the proposed optimized coating architecture for aluminum die casting 
dies.

The commonly used H13 tool steel substrate is ferritic nitrocarburized or ion nitrided at 

the surface to increase hardness and toughness that promotes mechanical support for the 

coating. The modified surface is lightly sputter cleaned and deposited with either 

chromium or titanium metal to provide improved adhesion. The intermediate layer 

consists of a compositionally graded coating and/or several different multilayers to 

decrease residual stresses that often cause thermal fatigue cracking. The last and final 

layer is the working layer, which is in direct contact with the aluminum alloy melt. This

Inert Film

Graded or 
Multilayered Film

FeNC or Ion Nitrided 
H13 Substrate
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coating requires wear, corrosion, and oxidation resistance while being completely non

wetting.

There are several phases regarding this optimized die coating. They are the 

determination of the “working layer”, finite elemental modeling (FEM) of the 

intermediate layer, optimization of the developed coating and an ability to test and 

compare the coating system with several commercial coating candidates.

The first research task involved the identification of potential coating working layers by 

an examination of binding energies and current wear/oxidation/wettability data available. 

The coating candidates selected based off the preliminary investigation was CrC, CrN, 

TiAIN, ZrN, MoZrN, MoNx, TiN-TiAIN, Cr3Si, FeNC, TiB2-TiC, TiBCN, and MoSi2- 

SiC.

Coatings were testing for wettability using the “sessile drop” test (Kearn 2002) and tested 

for tribological behavior by Salas et al. (2003). The sessile drop experiment consisted of 

placing a molten drop of aluminum alloy on the coating candidate and measuring the 

contact angle as a function of temperature and time. Once solidified, the droplet was 

sheared off using a MTS mechanical tester. Coating layers were ranked by using the 

measured shear force and the contact angle.

Coating candidate tribological properties were measured using an ST2200 Teer Scratch 

Tester. Adhesion properties, wear rates and hardness properties were recorded and 

coupled with the data collected from the sessile drop test. The most potential working 

layer coatings were CrN, TiAIN, TiBC and Al2O3-Cr2O3.

Kunrath et al. (2003) and Zhong (2001) developed an additional test to measure oxidation 

resistance and soldering tendency using differential thermal analysis (DTA) and 

differential scanning calorimetry (DSC). Freestanding samples containing aluminum and 

die material or selected coating chemistries were prepared by PVD. The samples were 

monitored using DSC and oxidation products were characterized by x-ray diffraction.
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Tested materials were AISI H I3 tool steel, Anviloy®, TIN, CrN, and TixAlyN. With the 

exception of CrN, and AlTiN, all materials exhibited exothermic reactions below the die 

casting processing temperature. Therefore, CrN and AlTiN should exhibit superior 

soldering resistance.

Once the working layers were determined, finite element modeling (FEM) was 

implemented by Carrera (2005) to theoretically determine residual stress and thermal 

states during each die casting cycle in hopes to predict intermediate coating layers 

performance. The FEM analysis consisted of a two-step nonlinear thermal-mechanical 

procedure that includes a critical strain analysis covering the entire die and then applying 

them to a local model that exhibits the maximum stress during each cycle (Lin 2006).

Carrera (2005) applied the several working layers to her FEM models. The results show 

that an intermediate graded coating layer exhibits the most compatible residual stress 

values between an adhesion layer and the working layer as shown in Figure 1.22. 

Additional findings include a steady state is achieved after ten die casting cycles and that 

the critical stress points are at areas of sharp geometries.
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Figure 1.22 FEM o f an optimized coating system where the graded intermediate layer assists the 
mismatch of residual stresses caused by the working and adhesion layers (Carrera 2005).

Several coating candidates tested to determine the working and intermediate layers were 

also commercially coated. The top performing coatings were subjected to an in-plant 

trial to truly evaluate the coating failure mechanisms. Lin (2006) characterized the first
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in-plant trial pins using XRD, SEM, stereoscopy and optical microscopy. The results 

show that multilayered coatings outperformed single-layered coatings and that CrN and 

TiAIN coatings, provided optimum protection from soldering and thermal fatigue 

cracking.

Several coating systems were designed after the working and intermediate layer 

investigations were completed. The general coating systems were H13/Cr/graded Cr-Al- 

N/(Al,Cr)20 3 , H13/Ti/graded Ti-C-B-N, H13/Ti/graded Ti-Al-N, H 13/Ti/graded Ti-Al- 

N/(Al,Cr)2Q3.

Carrera (2005) began to optimize the AI2O3 working layer in addition to the TiAIN 

intermediate layer. While the results were satisfactory, the results from Lin (2006) with 

AlCrN provided greater possibilities. Lin was able to fully optimize wear resistance, 

oxidation resistance while grading the AlCrN coating by modifying the substrate-to- 

chamber wall distance, chemical composition, and pulsing parameters of the magnetrons.

1.6 Objectives for this Thesis

The primary objective is to develop and modify in-house tests that can provide data 

regarding die casting failure mechanisms such as soldering and thermal fatigue cracking. 

These tests are the “ease-of-release” test and the “multimode” tester. Characterization 

techniques were applied on all core pins to determine the certainty of the in-house tests. 

This primary objective will be supported by sets of in-plant trial to determine die failure 

mechanisms to establish if the results from the in-house tests are portrayed accurately.

With the completion of these objections, the optimized coating system developed by 

ACSEL can be deposited on core pins and subjected to future ease-of-release and 

multimode tests. After complete optimization of all layers, the ACSEL optimized coating 

will be tested in future in-plant trials.
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2 EXPERIMENTAL PROCEDURES

2.1 Surface Treatments and Thin Films Investigated

H13 tool steel die core pins were used for this study rather than entire dies because of 

their lower cost and ease of use during characterization. Two different core pins were 

used for all tests. Core pins used for the in-plant trial and previous ease of release test 

(conducted by Lin and Myers) were 0.25 in (0.635 cm) diameter and 3.25 in (8.255 cm) 

length as shown in Figure 2.1. Core pins used for the ease of release test and in the 

multimode tests were larger and exhibited a diameter of 0.5 in (1.27 cm) and a length of 

4.061 in (10.315 cm) as shown by the machining diagram in Figure 2.2. Both sets of core 

pins were manufactured and machined at Premier Tool and Die Cast.

3.25 (in)

Figure 2.1 Photograph o f a typical core pin used in the in-plant trial.
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Figure 2.2 Machining diagram for core pins used for the ease of release test and multimode tester.
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2 . 1.1 Core Pin Surface Treatments and Thin Films Used in the In-Plant Trial

Die core pins consisting of tool steel H13 were all ferritic nitrocarburized commercially 

and coated using five commercial coatings. The coating candidates were selected based 

on previous wettability and tribological tests completed by Kearns (2002). The core pins 

were separated into six sets, one of which were not coated, but used as a control sample 

set during testing. Table 2.1 displays the coating candidates used in the in-plant trial. 

They are: cathodic arc evaporated-multilayered CrN (CAE-multi-CrN) deposited by 

Company A, unbalanced magnetron sputtered-multilayered TiN/TiAIN (UBMS TiAIN) 

deposited by Company A, cathodic arc evaporated TiN/TiAIN (CAE-TiAIN) deposited 

by Company B, cathodic arc evaporated-monolayered CrN (CAE-mono-CrN) deposited 

by Company C, and closed field unbalanced magnetron sputtered CrAIN (CFUBMS- 

CrAlN) deposited by Company D.

Table 2.1 Table o f surface treatments and coatings used for the in-plant trial and the corresponding
quantity o f core pins used for each trial.

Surface 
T reatment/Coating

Coating
Process Company Designation

In Plant Trial Quantity
5000 10000 30000

Ferritic Nitrocarburized NA NA FeNC 2 2 2

Ferritic
Nitrocarburized/CrN

Cathodic Arc 
Evaporation- 

multilayer
A CAE-multi-

CrN

2 2 2

Ferritic N itrocarburized/ 
TiN/TiAIN

Unbalanced
Magnetron
Sputtering-
multilayer

A UBMS
TiAIN

2 2 2

Ferritic Nitrocarburized/ 
TiN/TiAIN

Cathodic Arc 
Evaporation B CAE-TiAIN 2 2 2

Ferritic
Nitrocarburized/CrN

Cathodic Arc 
Evaporation C CAE-mono-

CrN
2 2 2

Ferritic
Nitrocarburized/CrAIN

Closed Field 
Unbalanced 
Magnetron 
Sputtering

D CFUBMS-
CrAlN

2 2 2
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2.1.2 Core Pin Surface Treatments and Thin Films Used in the Ease of Release
Test

Table 2.2 displays the surface treatments and commercial coatings used for the ease of 

release test. All H13 tool steel core pins were ferritic nitrocarburized, ion nitrided or 

untreated. Given that the ease of release test determines wettability between the 

aluminum melt and die surface, commercial coatings were applied to the untreated core 

pins to reduce costs. The ease of release core pins were: untreated H I3 tool steel, ferritic 

nitrocarburized, ion nitrided, cathodic arc evaporated-multilayered CrN (CAE-multi- 

CrN) deposited by Company A, and cathodic arc evaporated CrC/TiAIN (CAE- 

CrC/TiAlN) deposited by Company B. It should be noted that the surface treatment 

applied to this set of core pins were slightly modified from the previous in-plant trial core 

pins.

Table 2.2 Table of surface treatments, coatings and the corresponding quantity used for each ease
of release test.

Surface 
Treatment/Coating

Coating
Process Company Designation Test

Quantity
H 13 Untreated NA NA Untreated 6

Ferritic
Nitrocarburized NA NA FeNC 3

Ion Nitrided NA NA IN 3

Untreated/CrN
Cathodic Arc 
Evaporation- 

multilayer
A CAE-multi-

CrN 3

Untreated/
CrC/TiAIN

Cathodic Arc 
Evaporation B CAE-

CrC/TiAlN 3

2.1.3 Core Pin Surface Treatments and Thin Films Used in the Multimode
Tester

Core pins used for the multimode tester are shown in Table 2.3. The pins are identical to 

the ones used for the ease of release test and originate from the same surface treatment 

and coating process batches. Core pins used for the test are: untreated H13 tool steel, 

ferritic nitrocarburized, ion nitrided, and cathodic arc evaporated-multilayered CrN 

(CAE-multi-CrN) deposited by Company A.

40



Table 2.3 Table of surface treatments, coatings and the corresponding number o f core pins used for
each m ulti-mode test.

Surface 
T reatment/Coating

Coating
Process Company Designation Test 1 

Quantity
Test 2 

Quantity
Test 3 

Quantity
H 13 Untreated NA NA Untreated 1 1 1

Ferritic
Nitrocarburized NA NA FeNC 1 1 1

Ion Nitrided NA NA IN 1 1 1

Untreated/CrN

Cathodic
Arc

Evaporation-
multilayer

A CAE-multi-
CrN 1 1 1

2.2 In-Plant Trial Testing

The five coating candidates along with the ferritic nitrocarburized control sample were 

placed in a multi-cavity (twelve) die at Leggett and Platt Corporation and subjected to 

normal die casting cycles. A schematic of the die displaying core pin locations is shown 

in Figure 2.3. The core pins used in the in-plant trial were weighed, labeled and 

separated into sets which would designate number of cycles for each trial before 

shipment to Leggett and Platt. Two pins of each coating/control sample (one set) were 

placed in the die at random locations to ensure similar flow regimes. Each 

coating/control sample were subjected nominally to 5000, 10000, and 30000 cycles 

(Table 2.1), after which, the core pins were returned to ACSEL where half of one set (one 

pin) were treated to remove the remaining lubricant and aluminum solder and 

characterized by an optical stereoscope, whereas the other half of the core pins (one pin) 

were cross-sectioned and characterized using scanning electron microscopy (SEM), and 

energy dispersive X-ray spectrometry (EDS).
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EJECTOR INSERT EJECTOR INSERT

CAVITY # 9  CAVITY #10

Figure 2.3 Schematic of the die cavity used for the in-plant trial at Leggett and Platt Corporation.
The numbered m arkers indicate core pin placement.

2.3 Ease of Release Test

The ease of release test provides a direct and efficient method to compare 

wettability/soldering tendency between different dies and casting materials. This test can 

also directly compare the effectiveness of die lubricants and useful in determining the 

working layer for coatings in forming dies since the method can also test frictional forces 

between the die and cast. The ease of release test places a core pin into molten aluminum 

in a standard mold and cooled to room temperature; and the casting is machined to 

provide the same length of core pin embedded in the aluminum and to minimize torsion 

effects. The core pin is then pulled out from the aluminum using a mechanical tensile 

testing machine. The corresponding load-time curve is then analyzed for adhesion and 

frictional forces. Higher loads correspond with higher wettability and increase soldering 

tendency. Hence, dies and coatings that exhibit lower loads and energies should surpass 

their counterparts in future in-plant trials.

The testing method was considered to be a "worst case” scenario where the core pin and 

casting material are left in contact with each other without lubricant at casting 

temperature for period of one hour and then cooled to room temperature.
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Prior to testing, one pin from each surface treated group was tested for microhardness, 

surface roughness, and case depth, whereas one pin from each coating group was 

examined for coating microstructure, film depth, and surface roughness. At least three 

core pins from each set were tested to decrease statistical error caused by unforeseen 

anomalies.

The procedure and corresponding photographs of sample pins for the ease of release test 

were as follows: 95 g of A383 Aluminum were melted in a small crucible at 720° C. 

This amount of aluminum covered the tapered bottom of the core pin shown in Figure 2.4.

Once melted, the unit that suspends the core pin in the crucible was placed in the furnace. 

The furnace was returned to maximum temperature to ensure the aluminum cast was 

completely melted. The core pin was cleaned with ethanol and then placed in the middle 

of the molten aluminum in the crucible as seen in Figure 2.5a and lightly shaken to 

remove any unwanted air pockets. The furnace was allowed to return to maximum 

temperature. The “worst case” test held the contents at 720° C for one hour and let the 

contents cool by opening the furnace door, after which, the furnace door was opened to 

quickly cool to room temperature.

Once the sample was completely cooled and removed from the furnace (Figure 2.5b), 

additional machining work on a lathe (Figure 2.5c) was needed on the solidified

4.0B1±,005

3.976±.005

2.845
i— 00.350

(.180)

1
0.500

Molten aluminum level 
Test

Figure 2.4 Schematic o f core pins used in the ease of release test and the corresponding aluminum
depth during testing.
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aluminum to reduce torsional forces while pulling the core pin out of the solidified cast. 

Aluminum is removed such that the top cast surface is perpendicular to the core pin shaft. 

The resultant sample is shown in Figure 2.5d.

To conduct the test, the top fixture and the bottom steel plate of the bottom fixture were 

secured to the tensile tester. The sample was placed in between the two steel plates of the 

bottom fixture and tightened. Figure 2.5e displays the sample and secured fixtures prior 

to testing. All samples were pulled at a rate of 0.5 in/min. (1.27 cm/min) until the 

aluminum cast lost complete contact with the core pin as shown in Figure 2.5f.

Load-time measurements were recorded and modified in Microsoft Excel to present the 

data in graphical form. The data were also modified in Origin to determine the area 

present in each load-time curve to calculate the energy required for the test. Each core 

pin set maximum load and required energy were averaged to form one data point. After 

all tests were completed, the core pins were examined via stereography, profilometry, and 

microscopy methods.
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Figure 2.5 Photographs of the ease of release test sample preparation where a), sample during
submerged in the crucible of molten aluminum during heating, b). cooled sample after 
heating, c). post machining on a lathe to create a smooth aluminum cast surface 
perpendicular to the core pin to reduce torsional effects, d). fully prepared core pin, e). 
ease of release fixtures and core pin secured prior to testing, f). ease of release test after 
testing.

2.4 Multimode Tester

The multimode tester is a rotation system designed and built by Kearns (2002) in ACSEL 

that is capable of reproducing soldering/corrosion and thermal fatigue failure mechanisms 

that occur during aluminum die-casting. The tester can modify die casting parameters 

such as melt temperature, cast alloy composition, sample geometry, die cooling lubricant, 

and cycle times. With the modification of these parameters one can determine aspects 

vital to increasing die life such as wettability, thermal fatigue and oxidation resistance
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and assistance in finite element modeling. The multimode tester is shown in Figure 2.6. 

Core pins are placed at the end of the robotic arm (shown right) where the arm moves and 

dunks the pin into a crucible of molten aluminum inside the furnace (shown left) for a 

predetermined amount of time. The robot moves the core pins to the cooling chamber 

(shown right) where the pins are cooling by four pressurized water jets. After cooling, 

the robot moves the core pins back to the furnace to preheat the pins that removes all the 

residual water from the cooling chamber. The entire system is controlled by computer 

(shown far right).

Figure 2.6 A photograph of the multimode tester. The computer, cooling chamber, and robotic arm
where samples are placed are shown right, whereas, the furnace is shown left.

The cooling chamber was redesigned and the computer software was modified by an 

undergraduate senior design group (CSM MT466, John Nickell, Michael Sanders, and 

Nathan A. Kitners). The cooling chamber can now be interchanged from “spraying” 

mode of four pressurized water jets to a “dunking mode” that includes the core pins being 

submerged into a bucket of water with four pressurized jets moving the water. The 

resulting modifications increase the severity of thermal shock associated with the test, 

thus cycling times are much faster.
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Three multimode tests were conducted using the modified multi-mode tester. The first 

test was conducted with die lubricant in the spraying mode. The second test was 

modified by the addition of a bucket in which the pins would be immersed during testing 

and the third test ran without die lubricant and increased melt and preheat temperature to 

create a “worst case scenario”.

Table 2.3 displays the core pins used in each test, whereas Table 2.4 displays the cycle 

parameter times for each test. Die lubricant was added to the cooling water (die 

lubricant: water, 1:40) prior to testing for tests 1 and 2. Test 3 was run with water only. 

All tests were run for 500 cycles. Core pins were periodically cleaned of aluminum 

during the first 100  cycles, after which, the aluminum appeared to fall off from the pins 

without assistance.

Table 2.4 Cycle parameter times used in multimode tests.

Cycle Parameters Test 1 time (sec)
spray/die lubricant

Test 2 time (sec)
dunk/die lubricant

Test 3 time (sec)
dunk/high temp/no 

lubricant
Preheat 10 30 20

M elt 20 20 15
Cooling 20 15 15

Various thermal couples were periodically checked to maintain consistent melt, preheat, 

and cooling water temperature. The aluminum melt was kept at 665-685°C for tests 1 

and 2 and above 700-720°C for test 3. The preheat zone temperature was measured to be 

above 800°C, however the measurements were inconsistent due to open air thermal 

couple measurements with a Type K thermocouple. Cooling water was maintained 

between 20-30°C. Ice was added to the cooling tank if the water temperature rose above 

30°C.

Core pins were allowed to cool after 500 cycles. The core pins were immersed in a 

strong solution of sodium hydroxide to remove any remaining aluminum. The core pins 

were then characterized by stereoscopy and microscopy.
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2.5 Characterization

Various characterization techniques were employed in this study to determine 

micro structural differences between different coatings and surface treatments, as well as 

qualitative and quantitative measurements after the in-plant trial, ease of release tests, and 

multimode tests. Unfortunately, several characterization techniques such as x-ray 

diffraction, nanohardness, and wear testing were not used because of the curvature of the 

core pins.

2.5.1 Metallographic Sample Preparation

Selected samples from the in-plant trial and multimode tester were prepared 

metallographic ally to observe die casting failure mechanisms in two dimensions. It is 

often problematic when preparing coated cross-sections due to edge rounding. Therefore, 

strenuous efforts were taken to prevent excessive sample edge removal during cutting, 

grinding and polishing stages. Two separate metallographic approaches were taken for 

both types of core pins to ensure proper edge retention. Core pins designated for the in- 

plant trials were especially difficult due to their smaller dimensions that often lead to 

coating removal during cutting and grinding steps. Consequently, these core pins 

required additional steps.

The in-plant trial core pin metallography procedure was as follows: All specimens were 

cut in a cross-sectional plane using an Allied High Tech Products Inc. Tech Cut 4 Saw 

with a diamond blade at 300 rpm. The resulting sample piece ranged from 0.75-1.25 in. 

in length and was then nickel plated using an electroless nickel plating solution until a 

noticeable uniform nickel layer formed. The plated sample was mounted in Leco 7007 

epoxy resin to insure greater edge retention and the entire sample was cut again in a 

cross-sectional plane. The mounted-sample cut is necessary for small samples to prevent 

unwanted saw vibrations that can result in loss of coating and other surface regions at the 

sample edge. Metallographic procedures followed that included grinding and diamond 

polishing in sequential steps stopping at 1 pm. The polished sample was etched with 2%
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Nital etching solution (concentrated nitric acid: ethanol, 50:1) for 10-15s, or until 

cementite and marten site phases were observed in the ferritic nitrocarburized layer. 

Samples designated for microhardness measurements were not etched.

Metallographic sample preparation for core pins used in the ease of release tests and 

multimode tester are as follows: All specimens were cut in a cross-sectional plane using 

an Allied High Tech Products Inc. Tech Cut 4 Saw with a diamond blade at 300 rpm. 

Unlike samples from the in-plant trial, these larger samples were not susceptible to saw 

vibration damage. Samples were mounted in “fine” Bakelite powder to assist edge 

retention. Traditional sequential grinding and diamond polishing steps proceeded to 1 pm 

diamond polish. Polished samples designated for microhardness measurements were 

reserved whereas all other samples were etched with 2% Nital etching solution 

(concentrated nitric acid: ethanol, 50:1) for 10-60s until cementite and martensitic grains 

were revealed.

2.5.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to examine coating microstructure, core 

pin cross sections, and assist in microhardness measurements. A JEOL Field Emission 

Scanning Electron Microscope -  JJM-7000F (FE-SEM) was used determine pre-tested 

coating microstructure on as-deposited core pins. The FE-SEM was used rather than a 

conventional SEM because of its high resolution capabilities enabling one to observe thin 

films in much greater detail. Samples were prepared by cutting the core pins with an 

Allied High Tech Products Inc. Tech Cut 4 Saw with a diamond blade at 300 rpm until 

100-200 pm from going through the sample. Samples were immersed in liquid nitrogen 

for 25 minutes and fractured using pliers such that the fracture surface was not damaged. 

Samples were warmed to room temperature and examined in the FE-SEM. The FE-SEM 

was operated in high vacuum mode with accelerating voltages ranging from 5-10 kv and 

a working distance of 9-12 mm. Both secondary electron imagining (SEI) and back 

scattering imaging (BSI) were used. BSI enables one to differentiate chemical or 

topographical differences by contrast.
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FE-SEM was also used to measure indentations from a microhardness tester, ensuring 

precise measurements of the indentation dimensions. Samples were prepared 

metallographic ally as stated in Section 2.5.1. Samples were electrically grounded by the 

use of a conductive carbon tape to prevent potential charging that can detriment image 

quality.

A FEI Quanta 600 Environmental Scanning Electron Microscope (ESEM) was used to 

examine cross sections from post-tested core pins. This SEM was used rather than the 

FE-SEM because samples were polished and did not require greater detail. Working 

conditions include operation in high vacuum mode at an accelerating voltage of 2 0  kv 

and a working distance of 12-15 mm. Both secondary electron imagining (SEI) and back 

scattering imaging (BSI) were used. Samples were electrically grounded by the use of a 

conductive carbon tape to prevent potential charging.

Energy Dispersive X-ray Spectroscopy (EDS)

Energy dispersive X-ray spectroscopy (EDS) was conducted using both SEMs equipped 

with EDS capabilities. This analysis tool was used to observe different chemical 

compositions of the core pins before and after testing. Both elemental point and mapping 

analysis were used. EDS quantitative analysis was obtained using software from 

Princeton Gamma-Tech, Inc.

Chi squared values are a method to statistically measure error and are often used to 

indicate reliability of quantitative EDS data. Lower values indicate lower reason for error. 

As expected, lighter elements generate higher chi squared values, therefore increased 

error and opposite for heavier elements. Values that range from one to five are 

considered excellent, whereas values from five to ten are satisfactory. In this study, 

quantitative data were not accepted if the chi squared value was more than 5.

Samples were prepared as indicated in previous sections. FE-SEM working conditions 

include operation in high vacuum mode at an accelerating voltage of 10  kv and a working
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distance of 9-12 mm, whereas working conditions for the ESEM include operation in 

high vacuum mode at an accelerating voltage of 2 0  kv and a working distance of 12-15 

mm.

2.5.3 Profilometry

A Wyko NT200 Surface Profilometer with Vision 32 software (V. 2.21 ) was used to scan 

the average surface roughness (Ra) and the root mean square (Rq). Ra values were 

collected because they are often sited in literature and Rq values were collected because 

their values provide data on the rms average of height deviations measured from the 

mean surface.

Scans were completed in the Visual Scanning Image (VSI) mode. Testing regimes for 

the scans include 15 pm scan length with 15 pm backscan length, 5x objective lens, 

modulation threshold of five percent and a 0.5-2.0 field of view. Once the scan was 

obtained, the cylinder-tilt feature was enabled to remove any data marred by sample 

curvature and tilt.

Randomly picked as-received samples were scanned prior to any in-plant trial, ease of 

release, or multimode testing on both small and large core pins. Each pin was scanned 

longitudinally five times and then averaged. Samples were rinsed in ethanol and dried 

prior to scanning.

Post-tested ease of release core pins were also scanned longitudinally to determine 

increase surface wear from soldering or corrosion mechanisms. Selected areas were 

scanned five times and averaged. Samples were immersed in a strong solution of sodium 

hydroxide and ultrasonicated to remove any remnants of aluminum from the ease of 

release test. Samples were then rinsed in ethanol and dried prior to scanning.
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2.5.4 Stereography

Stereography was performed on post in-plant trial and multimode tested core pins to 

observe wear and soldering mechanisms on a macro scale. In-plant trial core pins were 

dissolved in a strong basic solution of 2 M sodium hydroxide and placed in an ultra-sonic 

bath until complete removal of the soldered aluminum. However, it was apparent that the 

remnant lubricant from the die casting process impeded stereoscopic characterization, 

thus the pins were degreased using a commercial degreaser and placed in an ultra-sonic 

bath until complete removal of lubricant had been achieved. Figure 2.7 displays before 

and after stereographs of core pins during the lubricant cleaning process.

Figure 2.7 Before and after die lubricant cleaning stereographs of a CAE-multi-CrN coated FeNC
surface treated AISI H I3 tool steel core pin after 10,000 cycles in the Leggett and Platt 
Corporation in-plant trial.

2.5.5 Microhardness

The microhardness work was completed on a Leco M HT Series 200 Microhardness 

Tester. As-received samples used for this test were incased in Bakelite and polished to 1 

pm such that a microhardness cross section could be obtained. Four indentations were 

made at the same cross section depth. Each indentation was placed at least 35 pm apart 

from existing indentations to minimize error caused by plastic deformation from existing 

indentations and surface effects. Testing regimes include the use of a ten-gmf-load cycle 

with a ten-second dwell time. Indentations from the microhardness tester were measured 

using the Field Emission SEM and imaging software for the most accurate results. 

Indentations were focused at 15,000x and both diameters of the indent were measured
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within a hundredth of a micron. Vickers hardness was obtained using the equation 2.1 

where P is the load cycle used in kgmf, d is the diameter of the indentation measured in 

mm, and 1.72 is the constant to obtain the hardness measurement in the Vickers scale. 

The calculated hardness for the four indentations at each depth was averaged to obtain a 

final hardness value.

1.72 • P
Vickers Hardness = H V  =  — — ----- Equation 2.1

Tested samples were: (i) an as-received ferritic nitrocarburized core pin designated for 

the in-plant trial; (ii) as-received untreated H I3 tool steel, ferritic nitrocarburized, and 

(iii) ion nitrided core pins selected for the ease of release/multimode tester. Coated core 

pins were not tested because the microhardness indentations were too large for any 

coating cross-section. Nano indentation was attempted to measure coated cross-sections, 

however all indentations were larger than the coating layer and all measurements were 

considered inaccurate.
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3 RESULTS

3.1 Characterization of Core Pins Used in the In-Plant Trial

Section 3.1 displays all results regarding surface treatments and coatings applied to core 

pins used in the in-plant trial.

3.1.1 Ferritic Nitrocarburized (FeNC)

Figure 3.1 displays a cross-sectional SEM image of a FeNC core pin. The 10 pm thick 

layer located at the top of the micrograph is known as the “white layer”, which contains 

undesirable phases such as y-Fe4N, Fe2N, Fe3C, and Fe^Cb. Beneath the white layer is 

the “compound layer”, which is distinguished by a heavier etched surface. The 

compound layer contains a combination of cc-(Fe, N) and E-Fe2.3 (C, N) phases. This 

layer is 95-105 pm thick. Cementite phases are observed along prior-austenite grain 

boundaries throughout the compound layer. The density of these phases is inversely 

proportional to case depth. The entire surface treatment is 100-115 pm thick. Large 

amounts of pitting are seen at the ferritic nitrocarburized layer/H 13 tool steel interface 

that was most likely caused during metallographic preparation or nitrogen desorption.

■white la1

Figure 3.1 Cross-sectional SEM m icrograph o f a FeNC surface treated AISI H13 tool steel core pin.
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Microhardness data for the FeNC in-plant trial core pin are displayed in Figure 3.2. The 

maximum hardness is 12.7 GPa and is located at 30 pm away from the surface. The case 

depth is located at 100-115 pm from the surface.
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Figure 3.2 Microhardness values as a function o f case depth for a FeNC surface treated AISI H I3
tool steel core pin used in the in-plant trial.

Surface roughness results and a typical profilometry scan for ferritic nitrocarburized core 

pins are shown in Figure 3.3. Average Ra and Rq values are 260 ± 30 nm and 340 ± 35 

nm, respectively.

FL = 260 ± 30 nm
Hr, = 340 ± 35 nm

■ ■ t y -
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Figure 3.3 Profilometry scan and results for a FeNC surface treated AISI H13 tool steel core pin
used in the in-plant trial.
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3.1.2 Cathodic Arc Evaporated-Multilayered Chromium Nitride

Figure 3.4 shows a cross-sectional BSI-SEM micrograph and consequent EDS maps of 

CAE-multi-CrN. The coating contains three distinct regions that show different 

microstructures and chemical composition. The first layer is a 2 pm thick chromium 

adhesion layer; however, nitrogen EDS mapping revealed a thin layer of nitrogen 

embedded in the interface. The nitrogen content most likely originates from the ferritic 

nitrocarburized surface treatment and diffused into the adhesion layer during deposition. 

Nitrogen is introduced after the adhesion layer and graded to form CnN for one micron. 

The final and working layer of the film is stoichiometric CrN that is five microns thick.

Average grain size for the bottom chromium adhesion layer is 195 ± 25 nm. The 

following CriN layer grain size is 215 ± 35 nm, and the CrN working layer is 250 ± 55 

nm. All layers show dense microstructures and can be labeled as a Zone T/II structure.

a) b)
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CrN Layer

Cr2N Graded Layer 
Cr Adhesion Layer
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c) d)!
Higher Cr content
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H13 Substrate

N

Lower N content

 7*--------
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Figure 3.4 a) Cross-sectional BSI-SEM  micrograph o f a CAE-multi-CrN coating on a FeNC surface
treated AISI H13 tool steel core pin used in the in-plant trial and corresponding EDS 
elemental maps o f b) Iron c) Chromium and d) Nitrogen.
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Surface images and profilometry results confirm that the coating surface is extremely 

smooth compared to other films tested as observed in Figure 3.5. Surface roughness Ra 

and Rq values are 230 ± 1 8  nm and 297 ± 1 9  nm, respectively. A minimal amount of 

surface macroparticles were observed. Profilometry scans reveal shallow machining 

marks throughout the core pin surface.

Figure 3.5 Surface SEM micrograph (a) and matching profilometry scan (b) o f  a CAE-multi-CrN
coating on a FeNC surface treated AISI H I3 tool steel core pin used in the in-plant trial.

3.1.3 Unbalanced Magnetron Sputtered-Multilayered Titanium Nitride/Titanium
Aluminum Nitride

Figure 3.6 displays a cross-sectional BSI-SEM micrograph and corresponding EDS 

element maps for UBMS-TiN/TiAIN used in the in-plant trial. The film exhibits six 

individual layers of Ti/TiAlN/TiN/TiAlN/TiN/TiAIN totaling to one micron. The first 

layer is a titanium adhesion layer measuring 100 nm. The next four regions are 100 nm 

thick layers of TiN and TiAIN with a 500 nm working layer of TiAIN.

It should be noted that Company A found these thickness values as a surprise as the total 

coating thickness should have been seven microns with thicker individual TiN and TiAIN 

layers. Apparently, deposition parameters were somehow changed during processing.
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Figure 3.6 a) Cross-sectional BSI-SEM  micrograph o f an UBM S-TiN/TiAIN coating on a FeNC
surface treated AISI H13 tool steel core pin used in the in-plant trial and corresponding 
EDS elemental maps o f b) Nitrogen c) Aluminum and d) Titanium.

The rough UBMS-TiN/TiAIN surface is displayed in Figure 3.7. Abnormal processing 

conditions presumably produced the porous Zone I microstructure generating columnar 

grains with high surface roughness. Grain size is 125 ± 65 nm. Surface roughness Ra 

and Rq values are 295 ± 20 nm and 380 ± 25 nm, respectively.

Figure 3.7 SEM micrograph (a) and corresponding profilometry scan (b) o f an UBM S-TiN/TiAIN
coating on a FeNC surface treated AISI H I3 tool steel core pin used in the in-plant trial.
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3.1.4 Cathodic Arc Evaporated-Titanium Nitride/Titanium Aluminum Nitride

The cross-section of CAE-TiN/TiAIN coating used in the in-plant trial is shown in Figure 

3.8. At 11-12 pm, CAE-TiN/TiAIN is the thickest coating used during the in-plant trial. 

EDS element maps illustrate one 500 nm thick TiN layer in between two 4.5-5 pm TiAIN 

layers.

Average grain size for the CAE-TiN/TiAIN film is 120 ± 35 nm. The grain structure is 

very dense and can be categorized as a Zone T/II microstructure.

The surface exhibits numerous micron-sized macroparticles as seen in Figure 3.9. 

Consequently, surface roughness is much higher. Ra and Rq values are 397 ± 85 nm and 

517 ± 69 nm, respectively. Profilometry scans reveal shallow machining marks 

throughout the core pin surface.

TiAIN

Increased Ti

TiAIN

Absent AlContinuous N

Figure 3.8 a) Cross-sectional SEM micrograph of a CAE-TiN/TiAIN coating on a FeNC surface
treated AISI H13 tool steel core pin used in the in-plant trial and equivalent EDS element 
maps of b) Titanium c) Nitrogen and d) Aluminum.
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Figure 3.9 SEM micrograph (a) and corresponding profilometry scan (b) o f a CAE-TiN/TiAIN
coating on a FeNC surface treated AISI H13 tool steel core pin used in the in-plant trial.

3.1.5 Cathodic Arc Evaporated-Monolayered Chromium Nitride

CAE-mono-CrN EDS element maps and its matching cross-section BSI-SEM micrograph 

are displayed in Figure 3.10. The film exhibits a continuous single 5 pm thick CrN layer. 

The microstructure consists of highly dense 125 ± 15 nm sized grains. It is the only 

monolayered film used in this study and has grains resembling a columnar Zone II 

microstructure.
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Figure 3.10 a) Cross-sectional BSI-SEM micrograph of a CAE-mono-CrN coating on a FeNC surface 
treated AISI H I3 tool steel core pin used in the in-plant trial and equivalent EDS element 
maps o f b) Chromium c) Nitrogen and d) Iron.

A SEM micrograph of the surface and a matching profilometry scan are shown in Figure 

3.11. The macroparticle density of CAE-mono-CrN is not as high as exhibited by CAE- 

TiN/TiAIN. However, individual macroparticle sizes are bigger, some as large as five 

microns. Ra and Rq values are 380 ± 85 nm and 530 ± 165 nm, respectively. These 

values recorded for CAE-mono-CrN are anticipated when compared with the rougher, but 

smaller-sized macroparticles observed in the CAE-TiN/TiAIN films because lower Ra 

and higher Rq values indicate an overall smoother surface with larger anomalies 

(macroparticles).
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Figure 3.11 SEM micrograph (a) and matching profilometry scan (b) of a CAE-mono-CrN coating on
a FeNC surface treated AISI H13 tool steel core pin used in the in-plant trial.

3.1.6 Closed Field Unbalanced Magnetron Sputtered- Chromium Aluminum
Nitride Coating System

Unfortunately, all attempts to create a smooth fracture surface failed to achieve quality 

EDS element maps because x-ray signals were too low on the poorly fractured 

CFUBMS-CrAIN coating surface. Individual EDS spots were recorded to indicated 

coating composition, but provided inconsistent data. Therefore, the exact chemical 

composition is unknown.

When processed, Company D was asked to coat core pins with their patented adhesion 

layer with the addition of a thin layer of chromium, CrN with graded nitrogen, CrAIN 

with graded aluminum, and finally a combination of CnO] and AI2O3. The final coating 

should be Cr/CrN/CrAlN/C^CbCAFCb).

Figure 3.12 displays the best obtained BSI and SEI SEM micrographs of the CFUBMS- 

CrAIN film. Total film thickness ranges from 6-10 pm. Overall, the film is quite poor 

presumably caused by the lack of a strong adhesion layer and the top porous cauliflower 

oxide grain structure. There are four distinct layers that range in various thicknesses. It 

is deduced that the adhesion layer was lost during fracture and the first visible layer is 

CrN. This layer is two microns and consists of loosely packed columnar grains. Grain 

size for this region is 220 ± 55 nm. The next layer, CrAIN, is two microns thick and 

exhibits little grain structure. Oxygen was most likely introduced and graded to form the
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next two micron layer. Although, porous, the layer does not exhibit columnar structure 

often observed in thin films. It is most likely that excessive oxygen content in the 

and AI2O3 constituents created a puffy, cauliflower like grain structure in the final portion 

of the film. This layer is extremely porous and highly susceptible to wear mechanisms 

such as erosion and mechanical sticking. Additional micrographs of this layer are shown 

in Figures 3.13 a and b.

In summary, all layers are categorized by porous Zone I microstructures. Furthermore, 

due to the severity of poor film quality, implicit processing difficulties similar to UBMS- 

TiN/TiAlN coatings are plausible during the depositing of this film.
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Figure 3.12 SEI (a) and BSI (b) SEM micrographs of a CFUBMS-CrAIN coating on a FeNC surface 
treated AISI H I3 tool steel core pin used for the in-plant trial.

Figure 3.13 SEM micrographs at (a) 5000 X and (b) 20,000 X presenting the cauliflower oxide 
microstructure of a CFUBM S-CrAIN coating on a FeNC surface treated AISI H13 tool 
steel core pin used for the in-plant trial.
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Figure 3.14 displays a SEM micrograph and its matching profilometry scan. The surface 

is riddled with large oxide mounds exceeding 100 pm in diameter. The mounds 

themselves are composed of highly rough domed-columnar grains (Figure 3.13). As 

expected, surface roughness values are extraordinarily high when compared to most thin 

films. Ra and Rq values are 2420 ± 460 nm and 3280 ± 600 nm, respectively, which are 

an order of magnitude higher than other films used in this study.

Figure 3.14 SEM micrograph (a) and equivalent profilometry scan (b) of a CFUBMS-CrAIN coating
on a FeNC surface treated AISI H I3 tool steel core pin used in the in-plant trial.

3.2 Characterization of Core Pins Used in the Ease of Release Test and Multi-
Mode Tester

Section 3.2 displays all results regarding surface treatments and coatings applied to core 

pins used in the ease of release test and multi-mode tests.

3.2.1 AISI H13 Tool Steel

AISI H I3 tool steel core pins were used as a “control” material system for the ease of 

release test and multi-mode tests. Figure 3.15 displays the cross-sectional micrograph. 

As expected, the microstructure mainly consists of martensite. There were large 

vanadium-carbide grains throughout the microstructure (center Figure 3.15). 

Microhardness results are shown in Figure 3.16. Values indicate the lack of core 

softening or surface treatment. Average hardness is 6.2 GPa.
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Figure 3.15

Figure 3.16

SEM cross-sectional m icrograph of an AISI H 13 tool steel core pin used in the ease of 
release test and multi-mode tester.
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160

M icrohardness values as a function of case depth for an AISI H13 tool steel core pin used 
in the ease of release test and m ulti-mode tester.

A typical profilometry scan is shown in Figure 3.17. Ra and Rq values are 560 ± 160 nm 

and 750 ± 240 nm, respectively. Profilometry scans reveal deeper machining marks than 

those observed on core pins used in the in-plant trial.
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Figure 3.17 Profilometry scan of an AISI H I3 tool steel core pin used in the ease of release test and
multi-mode tester.

3.2.2 Ferritic Nitrocarburized (FeNC)

Figure 3.18 displays a cross-section BSI-SEM image of an as-received FeNC surface 

treated core pin that was used in the ease of release test and multi-mode tester. The pin 

appears to exhibit several distinct surface layers in contrast to the FeNC pins used in the 

in-plant trial that exhibited a single 10 pm thick white layer. The first layer is one micron 

thick and appears to be damaged during metallographic preparation. The next layer is 

slightly larger at 1.5 pm thick and is similar to the first layer. Both of these layers are 

similar to the white layer found on the FeNC in-plant trial pins. The third surface layer is 

6 pm thick and exhibits a much different microstructure than the other layers and was not 

etched by the nital etchant. All of these separate layers suggest a chemical composition 

that includes of y'-Fe^N, Fe^N^ FegC, and Fe^C^ phases.

Beneath the white layers is the “compound layer”, which is distinguished by a heavier 

etched surface. This layer is 80-90 pm thick. Cementite phases are observed along prior- 

austenite grain boundaries throughout the compound layer. The density of these phases is 

inversely proportional to case depth. The entire ferritic nitrocarburized layer is 90-100 

pm thick.
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Figure 3.18 BSI-SEM micrographs of the entire case layer (a) and white layer (b) of a FeNC surface 
treated AISI HI 3 tool steel core pin used in the ease of release test and multi-mode tester.

Microhardness results validate case depth values observed by SEM microstructures by 

exhibiting a sharp decrease in hardness at 90-100 pm denoting a transition from the 

harder FeNC surface treatment to base H13 tool steel. Hardness values as a function of 

surface depth are shown in Figure 3.19. Maximum hardness is 12.5 ± 0.75 GPa (1275 ± 

75 HV).
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Figure 3.19 M icrohardness measurements as a function o f case depth for a FeNC surface treated AISI 
H 13 tool steel core pin used in the ease o f release test and multi-mode tester.

Figure 3.20 is a representative profilometry scan of a FeNC surface treated core pin. Ra 

and Rq values are 570 ± 1 1 0  nm and 740 ± 150 nm, respectively. Profilometry scans
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reveal deeper machining marks than those marks observed on core pins used in the in- 

plant trial.
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Figure 3.20 Profilometry scan o f a FeNC surface treated AISI H13 tool steel core pin used in the ease
of release test and multi-mode tester.

3.2.3 Ion Nitrided

Figure 3.21 displays a cross-sectional SEM micrograph of an ion nitrided surface treated 

AISI H13 tool steel core pin used in the ease of release test and multi-mode tester. The 

ion nitrided layer exhibits smaller martensitic grains compared to the base tool steel. 

Observed case depth is 50 pm thick with a 500 nm thick white layer that was susceptible 

to spalling during metallography procedures as indicated by the rough surface.

White layer
;

Figure 3.21 SEM micrograph o f the case layer of an ion nitrided surface treated AISI H I3 tool steel 
core pin used in the ease of release test and multi-mode tester.
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Microhardness results validate case depth values observed by the SEM micrograph by 

exhibiting a sharp decrease in hardness at 50 îm denoting a transition from the harder ion 

nitrided surface treatment to base H I3 tool steel. Hardness values as a function of 

surface depth are shown in Figure 3.22. The maximum hardness is 11.4 ± 0.20 GPa 

(1160 ± 20 HV), which is lower than the hardness of FeNC treated core pins.
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Figure 3.22 M icrohardness measurements as a function o f case depth for an ion nitrided surface 
treated AISI H13 tool steel core pin used in the ease o f release test and multi-mode tester.

Figure 3.23 is a typical profilometry scan of a FeNC surface treated core pin. Ra and Rq 

values are 780 ± 105 nm and 1085 ± 90 nm, respectively. Profilometry scans reveal 

deeper machining marks than those observed on core pins used in the in-plant trial. 

Scans are not as detailed as other core pins because the non-reflecting nature of the ion 

nitride surface, which limited precision of the optical profilometer.
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Figure 3.23 Profilometry scan of an ion nitrided surface treated AISI H I3 tool steel core pin used in
the ease of release test and multi-mode tester.

3.2.4 Cathodic Arc Evaporated-Multilayered Chromium Nitride

Figure 3.24a shows a cross-sectional SEM micrograph of CAE-multi-CrN deposited by 

Company A used for the ease of release test and multi-mode tester. EDS spot scans 

confirm that this CrN coating deposited by Company A is identical to core pins used in 

the in-plant trial found in section 3.1.2. To reiterate, the coating layers are: 2 pm thick 

chromium adhesion layer, one micron thick graded Cr^N, and 5 pm thick stoichiometric 

CrN.

Average grain size for all layers is found in section 3.1.2. All layers exhibit dense 

microstructures and can be categorized as a columnar Zone T/II structure.

Surface images and profilometry results confirm that the coating surface is extremely 

smooth compared to other films tested as observed in Figure 3.24b. Surface roughness 

Ra and Rq values are 215 ± 60 nm and 285 ± 75 nm, respectively. Minimal amount of 

surface macroparticles were observed. Profilometry scans reveal shallow machining 

marks throughout the core pin surface.
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Figure 3.24 SEM micrograph (a) and an equivalent profilometry scan (b) of a CAE-multi-CrN coated 
AISI H13 tool steel core pin used in the ease of release test and multi-mode tester.

3.2.5 Cathodic Arc Evaporated-Chromium Carbide/Titanium Aluminum Nitride

Core pins coated with CAE-CrC/TiAIN were designated for the ease of release test only. 

EDS element maps and the corresponding cross-section BSI-SEM micrograph are 

displayed in Figure 3.25. The film exhibits four distinct layers. The first two layers 

comprise CrC as shown in the matching EDS chromium and carbon maps. The first layer 

is 0.85 p m  thick and exhibits a dense Zone T/II microstructure. Average grain size for 

this layer is 90 ± 25 nm. The second 0.315 p m  layer has a similar CrC composition, but 

displays a much different microstructure. Upon EDS and BSI-SEM investigation (Figure 

3.26), the second CrC layer is hypothesized to be several 10 nm thick alternating 

superlattice layers consisting specific compositions of chromium and carbon. Above the 

two CrC layers lies a 0.185 p m  layer. EDS maps reveal increased amounts of titanium 

and nitrogen with an absence of aluminum implicating that the layer consists of TiN. 

This layer exhibits an average grain size of 90 ± 50 nm. The working layer consists of a 

dense 1.65 p m  thick TiAlN. This layer is identical to the TiAIN deposited by Company 

B used in the in-plant trial and exhibits a Zone T/II microstructure with an average grain 

size of 120 ± 20 nm.
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Figure 3.25 a) Cross-sectional BSI-SEM micrograph of a CAE-CrC/TiAIN coated AISI H13 tool 
steel core pin used in the ease of release test and equivalent EDS element maps o f b) 
Aluminum c) Titanium d) Nitrogen e) Chromium and f) Carbon.
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Figure 3.26 Cross-sectional SEM micrographs at magnifications of 15,000 X, 75,000 X, and 250,000 
X illustrating alternating 10 nm superlattice layers of chromium and carbon found in
CAE-CrC/TiAIN coating on AISI H13 tool steel used in the ease o f release test.

The CAE-CrC/TiAIN surface has numerous macroparticles on the coating surface shown 

in Figure 3.26 and in the equivalent profilometry scan in Figure 3.27. Consequently, 

surface roughness values are much higher. Ra and Rq values are 405 ± 30 nm and 525 ±

55 nm, respectively. The profilometer scan also reveals large machining marks.

throughout the sample.



Figure 3.27 Profilometer scan of a CAE-CrC/TiAIN coated AISI H I3 tool steel core pin used in the
ease o f release test.

3.4 In-Plant Trial of Core Pins

The following chapter displays results obtained from the in-plant trial. Each section is

designated for each coating or surface treatment.

3.4.1 Ferritic Nitrocarburized (FeNC)

In-plant trial stereographs and SEM photographs of FeNC core pins at various cycles are 

shown in Figure 3.28. Farge amounts of soldering and numerous 100 pm sized pits 

(microvoids/micropits) are observed as early as 5000 cycles (Figure 3.28a). The 

soldering revealed a silver color indicating the aluminum cast interacted through the 

ferritic nitrocarburized region to the virgin H13 tool steel substrate. Microvoids indicate 

the large amount of nitrogen and carbon gasses leaving the surface in addition to erosive 

wear. All damaged regions were present on one side, suggesting the pin was possibly 

near an area of high liquid aluminum velocity.

At 10,000 cycles, micropits grew around the tips of the pins, removing large amount of 

die material (Figures 3.28b and c). Furthermore, “tear drop” shaped corrosive pits 

commonly found in materials subject to large erosive-flow stresses were observed on one 

side of core pin. Heat checking was also identified at 10,000 cycles (Figure 3.28d) near 

areas of increased soldering and die removal. The cracking followed prior austenite and 

cementite grain boundaries.



In summary, FeNC core pins displayed the largest amount of soldering, erosive wear, 

heat checking and material removal of all core pins tested.

Tear drop 
erosion

soldering

Figure 3.28 Stereograph and SEM images of in-plant trial tested FeNC surface treated AISI H13 tool
steel core pins where a) core pin at 5k cycles displaying soldering and microvoids b) core 
pin at 10k cycles displaying “tear drop” erosive wear and increased die removal c) core 
pin at 10k showing increased pit size d) core pin at 10k cycles displaying heat checking
and soldering.

3.4.2 Cathodic Arc Evaporated-Multilayered Chromium Nitride

CAE-multi-CrN stereoscope and SEM photographs are seen in Figure 3.29. All core pins 

including this coating outperformed all other pins tested. Neither noticeable erosive wear 

nor any substrate damaged were observed on any core pins except for a small crack 

identified in Figure 3.29a that was possibly caused by metallographic preparation 

(grinding and polishing) since the crack is located in the middle of the coating. Figure 

3.29b further illustrates this latter statement by comparing an unused CAE-multi-CrN 

core pin (top) with one subjected to 10,000 cycles (bottom): The bottom core pin appears 

as if it had not been subjected to the in-plant trial.
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Figure 3.29 Photographs of CAE-multi-CrN coated FeNC surface treated AISI H13 tool steel core
pins that were used in the in-plant trial where a) SEM micrograph displaying a small 
coating crack at 10,000 cycles b) stereograph image comparing an unused core pin (top) 
with a cleaned core pin that was subjected to 10,000 cycles in the in-plant trial.

3.4.3 Unbalanced Magnetron Sputtered-Multilayered Titanium Nitride/Titanium
Aluminum Nitride

Photographs of the UBMS-TiN/TiAIN in-plant trial core pins are shown in Figure 3.30. 

Several core pins from 5000 and 30,000 cycles were broken near the edge of the pin 

(Figure 3.30a). It is unclear if the cause of fracture was thermal fatigue or an error in 

operation. All pins were difficult to clean and deteriorated during preparation procedures. 

It appears as if the coating flaked away while in the ultra-sonic chamber, which suggests 

poor adhesion properties.

Coating delamination was observed as early as 5000 cycles and intensified as cycles 

increased. All tested core pin exhibited coating delaminated during all trials. Die 

removal was most prevalent in areas of coating delamination.

Intermetallic formation was observed as early as 5000 cycles as shown in Figure 3.30b by 

the color contrast between the dark aluminum cast (top), light grey substrate (bottom), 

and grey intermetallic region. Similar intermetallic regions were found on all tested core 

pins. Small thermal fatigue cracks were observed at 10,000 and 30,000 cycles. Thermal 

fatigue cracks appear to have been propagated along martensite grain boundaries.
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This coating performed poorly compared with the top performing in-plant trial coatings 

(CAE-multi-CrN, CAE-TiN/TiAIN, and CAE-mono-CrN). Nevertheless, soldering and 

erosive wear was not nearly as high as observed on the FeNC pins.
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Figure 3.30 Photographs of UBMS-TiN/TiAIN coated FeNC surface treated AISI H13 tool steel core 
pins that were used in the in-plant trial, a) Stereograph image of broken 30k pin b) BSI- 
SEM micrograph displaying Fe-Al-Si formation c) SEM micrograph of coating 
delamination d) SEM micrograph of thermal fatigue cracking and coating delamination.

3.4.4 Cathodic Arc Evaporated-Titanium Nitride/Titanium Aluminum Nitride

The CAE-TiN/TiAIN coating performed very well. The coating tested at all cycle 

intervals protected the substrate from soldering and thermal fatigue. Figure 3.31a is a 

typical cross-section area that displays a fully intact coating with no apparent substrate 

damage. Comparative stereographs of an unused CAE-TiN/TiAIN core pin (top) that 

was subjected to 10,000 cycles (bottom) (Figure 3.31b) further illustrate minimal coating 

damage by showing that the bottom core pin appears as if it were not tested.
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Coating wear observed among the selected cross-sections was minimal. Small micron

sized pits were observed on the top TiAIN layer as early as 5000 cycles (Figure 3.31c) 

and pits began to coalesce with each other to form erosive depressions as large as 15 

microns wide (Figure 3.3Id) as the in-plant shots increased. The majority of coating 

wear observed was located on the top TiAIN layer. Coating damaged observed on the 

two bottom layers was minimal cracking.
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Figure 3.31 Photographs of CAE-TiN/TiAIN coated FeNC AISI H I3 tool steel core pins that were
used in the in-plant trial, a) Characteristic SEM image o f 30k pin b) stereograph image 
comparing an unused core pin (top) with a cleaned core pin that was subjected to 10,000 
cycles in the in-plant trial c) SEM micrograph of core pin cross-section at 5000 cycles d) 
SEM micrograph o f core pin cross-section at 10,000 cycles.

3.4.5 Cathodic Arc Evaporated-Mono-Layered Chromium Nitride

Representative photographs of CAE-mono-CrN coated core pins subjected to the in-plant 

trial are shown in Figure 3.32. The coatings performance was average as it exhibited 

more cracking and delamination than CAE-multi-CrN and CAE-TiN/TiAIN, but 

outperformed core pins coated with UBMS-TiN/TiAIN and CFUBMS-CrAIN.
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Horizontal cracks throughout the coating were found on core pins tested at 5000 cycles. 

Further trials showed that crack density increased as the number of cycles increased. A 

small number of pits were observed at areas of sharp geometries as early as 10,000 cycles 

suggesting slight coating delamination. Eroded coating areas as wide as 50 pm were also 

observed at 10,000 cycles. Core pins tested at the expected failure limit of 30,000 cycles 

exhibited 20 pm thermal fatigue cracks at depths no more than 30 pm. EDS also 

confirmed small areas of soldering beneath areas of coating delamination and around 

thermal fatigue cracking zones. Nevertheless, core pins tested at 30,000 cycles appeared 

undamaged at a macroscopic view.

erosive
wear
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Figure 3.32 Photographs of CAE-mono-CrN coated FeNC surface treated AISI H13 tool steel core 
pins that were tested in the in-plant trial, a) Horizontal coating cracking at 5,000 cycles b) 
stereograph image of pitting observed at 10,000 cycles c) SEM micrograph showing 
erosive wear d) SEM micrograph at 30,000 cycles showing heat checking and coating 
removal.

An interesting phenomenon was observed on a core pin tested to 30,000 cycles as shown 

by the BSI-SEM micrograph in Figure 3.33. It appears that a layer of solder (dark) is 

located between the coating (light) and substrate; thereby, illustrating that the solder
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region was formed at a different cross section of the core pin and interacted with the 

substrate underneath the coating. As soldering progressed, the coating was lifted to 

account for the volume increase. This particular coating cross-section showed other areas 

around the core pin exhibiting this occurrence, in addition to regions where the coating 

was completely delaminated because of soldering. This phenomenon was confirmed 

from EDS analysis. Several areas were tested at each zone and confirmed that the top 

region contained high levels of aluminum, silicon, and magnesium indicating that this 

region is the aluminum cast material. The light colored layer directly below the cast 

exhibited stoichiometric values of chromium and nitrogen confirming the CAE-mono- 

CrN coating chemistry. The substrate confirmed levels of iron and chromium. The 

analysis of the darker region directly below the coating and above the substrate also 

confirmed large amounts of iron, chromium, in addition to aluminum cast constituents 

indicating a reaction between the aluminum melt and the steel substrate.
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Figure 3.33 BSI-SEM micrograph of a CAE-mono-CrN coated FeNC surface treated AISI HI 3 tool 
steel core pin tested to 30,000 cycles in the in-plant trial. Corresponding EDS spot scans 
display the aluminum cast region, CrN coating and soldered layer.
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3.4.6 Closed Field Unbalanced Magnetron Sputtered- Chromium Aluminum
Nitride Coating System

Characteristic stereograph images of CFUBMS-CrAIN core pins tested in the in-plant 

trial are shown in Figure 3.34. Unfortunately, SEM analysis could not be completed on 

any of the CFUBMS-CrAIN core pins because coating deterioration during sample 

preparation indicating very poor coating/substrate adhesion. Stereographs at all cycles 

confirmed poor adhesion qualities by the large amounts of coating delamination. Core 

pins tested to 5,000 and 10,000 cycles were returned broken. There is no verification 

whether the cause of fracture was thermal fatigue or an error in operation.

a) b) c)
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Figure 3.34 Stereograph images of CFUBMS-CrAIN coated FeNC surface treated AISI H I3 tool
steel core pins tested to a) 5000 cycles b) 10,000 cycles and c) 30,000 cycles in the in-
plant trial.

3.5 Ease of Release Test of Core Pins

Figure 3.35 is a typical load as function of crosshead curve observed during testing. The 

maximum load on each curve is the critical load required for the release of the pin from 

the solidified aluminum cast. The area under the curve represents the adhesion energy 

between the working layer and aluminum. This curve can be divided into two parts: 

adhesion energy and frictional energy. The area from zero-load to critical load is the 

adhesion energy between working layer and aluminum. This area behaves linearly 

except for a small disorder observed between 820-850 lb. All tested samples exhibited 

this change and is most likely caused by the testing fixtures. After the soldered bonds 

break, the load immediately decreases to a certain point, after which, frictional forces 

determine the energy required to fully remove the pin.
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Figure 3.35 Typical load as a function of displacement curve for the ease o f release test.

Summarized maximum load and energy required results of all tested surface treatments 

and coatings from the ease of release test are shown in Figure 3.36. Sections 3.5.1-3.5.5 

will address each of the results in addition to post-test characterization.
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Figure 3.36 Ease o f release test results of all tested core pins where a) displays the maximum load 
required to eject the pin from the solidified aluminum and b) is the corresponding 
required energy.
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3.5.1 AISI H 13 Tool Steel

AISI H13 tool steel core pins exhibited a maximum load of 5200 ± 765 lb (23.1 ± 3.4 kN) 

and energy of 165 ± 80 in-lb (18.6 ± 9 I). Figure 3.37a reveals excessive soldering 

throughout the testing surface. SEM and EDS analysis confirm soldering reaction zones 

100 pm x 10 pm (Figure 3.37b). Profilometry scans show that the surface roughness (Ra) 

increased from 560 to 960 nm.

35 % Fe 
45 % Al 
5 % Si

4 5 # F e

1 0 1

50 % Al 
2 % Si

Figure 3.37 a) Stereoscope image o f an AISI H I3 tool steel core pin after the ease o f release test 
illustrating numerous areas of soldering, b) Corresponding SEM cross-sectional image 
and EDS results.

3.5.2 Ferritic Nitrocarburized (FeNC)

FeNC surface treated H13 tool steel core pins exhibited a maximum load of 2600 ± 270 

lb (11.6 ± 1.2 kN) and energy of 70 ± 15 in-lb (7.9 ± 1.7 J). Deep pitting was observed 

on the stereoscope and by profilometry (Figure 3.38). Surface roughness (Ra) increased 

from 570 to 900 nm. Pitting was the result of soldering as Figure 3.39 illustrates the 

soldering zone and different Fe-Al-Si intermetallics shown by BSI-SEM. The darker 

phases represent iron-rich phases; whereas the lighter phases indicated additional 

aluminum and silicon. 60-100 pm deep soldering reaction zones were observed 

throughout the cross-section.
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Figure 3.38 a) Stereoscope image of a FeNC surface treated AISI H13 tool steel core pin after the 
ease of release test illustrating large amounts of pitting caused by soldering, b) 
Profilometry scan displaying a magnified view of the pitting.
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Figure 3.39 BSI-SEM image o f a FeNC surface treated AISI H l3  tool steel core pin tested in the ease
of release test where a) displays the soldering zone and b) shows the different Fe-Al-Si
phases.

3.5.3 Ion Nitrided

Ion nitrided surface treated H13 tool steel core pins exhibited a maximum load of 1975 ± 

325 lb (8.8 ± 1.4 kN) and energy of 55 ± 15 in-lb (6.2 ± 1.7 J) during the ease of release 

test. Surface roughness (Ra) increased from 780 to 830 nm. The slight increase in 

surface roughness is because of cracking formation and soldering as indicated by 

stereoscope and BSI-SEM analysis shown in Figure 3.40. SEM observed soldered pits 

were as large as 200 pm x 100 pm; however, pit density was not nearly as high as in the 

FeNC and H13 tool steel core pins.
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Figure 3.40 a) Stereoscope image of an ion nitrided surface treated AISI H13 tool steel core pin after
the ease of release test illustrating small cracking throughout the pin. b) BSI-SEM cross- 
sectional image presenting the solder reaction zone.

3.5.4 Cathodic Arc Evaporated-Multilayered Chromium Nitride

CAE-CrN coated H13 tool steel core pins exhibited a maximum load of 4800 ± 1570 lb 

(21.3 ± 6.9 kN) and energy of 105 ± 55 in-lb (11.9 ± 6.2 J) during the ease of release test. 

Surface roughness (Ra) barely increased from 215 to 220 nm. However, there appears to 

be a large number of pits ranging from 50-100 pm as seen in Figure 3.41. The depth of 

the pits is unknown since the pit depths were not within the limitations of the 

profilometer. Furthermore, the pits were not calculated into the total surface roughness 

because of this limitation. Therefore, surface roughness values may be incorrect. No 

apparent soldering or pitting was observed with the SEM for reasons explained in the 

ease of release discussion section.
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Figure 3.41 a) Stereoscope image of a CAE-CrN coated AISI H13 tool steel core pin after the ease of
release test illustrating numerous amounts of 50-100 pm sized pits, b) Profilometry scan 
displaying a magnified view of the pitting.

3.5.5 Cathodic Arc Evaporated-Chromium Carbide/Titanium Aluminum Nitride

CAE-CrC/TiAIN coated H13 tool steel core pins exhibited a maximum load of 1225 ± 

425 lb (5.5 ± 1.9 kN) and energy of 20 ± 10 in-lb (2.3 ± 1.1 J) during the ease of release 

test. The increase in surface roughness (Ra) was nominal from 400 to 460 nm. 

Stereoscope analysis revealed no surface defects after testing (Figure 3.42a). SEM and 

EDS analysis confirmed these results with the absence of soldering formation nor coating 

delamination (Figure 3.42b). The curve seen in the coating cross-section is from 

machining marks prior to processing magnified by the profilometry scan in Figure 3.42c.
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Figure 3.42 a) Stereoscope image of a CAE-CrC/TiAIN coated AISI H I3 tool steel core pin after the
ease of release test illustrating no coating damage, b) BSI-SEM cross-sectional image 
showing no coating damage, c) Profilometry scan displaying machining marks.

3.7 Multi-Mode Test of Core Pins

Results for the multi-mode tests are displayed in the following subsections. Three 

separate multi-mode tester trials were performed to observe the effect of testing 

parameters on the core pins as well as a direct comparison of die life. The three trials 

were 500 cycles with core pins being sprayed with water/lubricant solution during 

cooling cycles (Spray/Lube), 500 cycles with core pins being dunked in water/lubricant 

solution (Dunk/Lube), and 500 cycles with core pins being dunked with water at higher 

temperature (Dunk/EEO). Post-test micrographs are shown in the subsections below for 

the three separate multi-mode tests for each surface treated/coated core pin selection. 

Stereographs are only shown for tests not using die-lubricant because die surface was 

deposited with lubricant and could not be removed in a timely manner.
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3.7.1 AISI H I3 Tool Steel

A micrograph of an AISI H13 tool steel core pin tested with the Spray/Lube scenario is 

shown in Figure 3.43a. The pin showed signs of the die material being removed. There 

is a consistent 100 pm thick solder region on the surface underneath the lubricant layer 

throughout the pin, in addition to large pitting resulting in a soldered region 50 pm below 

the surface.

The Dunk/Lube test revealed damage to the die as shown in Figure 3.43b. The solder 

region is 100 pm and EDS and ESI confirmed the existence of several Fe-Al-Si 

intermetallics. Heat checking density qualitatively increased as well, suggesting that 

dunking the specimens rather than spraying them can greatly accelerate the test.

Figures 3.43c and 3.43d display micrographs of the core pin used in DunkÆLO test. The 

increase in testing temperature further accelerated heat checking and die-material 

removal. Damage areas as wide at 100 pm were removed resulting in a flawed die- 

surface.
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Figure 3.43 BSI-SEM micrographs o f AISI HI 3 tool steel core pins after a) 500 cycles Spray/Lube b) 
500 cycles Dunk/Lube c) 500 cycles Dunk H20  d) stereograph of the surface after 500 
cycles DunkÆFO test.

3.7.2 Ferritic Nitrocarburized (FeNC)

A micrograph of a FeNC surface treated AISI H13 tool steel core pin tested with the 

Spray/Lube multi-mode test is shown in Figure 3.44a. Large amounts of die material 

were removed as well as thermal fatigue cracking resulting in soldered regions below the 

surface. There is a consistent 20 pm thick solder region on the surface underneath the 

lubricant layer throughout the pin.

The increase in thermal shock induced by immersing rather than spraying the pins 

ultimately caused die failure for the pin tested with the Dunk/Lube scenario as shown in 

Figure 3.44b. The thermal stresses created a crack 200 pm deep across the entire pin. 

The cross-section revealed a continuous layer of solder ranging from 20-30 pm thick.
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The core pin tested at increased temperature showed additional intermetallic formation in 

addition to deeper solder penetration. A continuous 50 pm solder surface layer covered 

the observed cross-section. Although thermal fatigue cracking was not observed on the 

cross-section, stereograph photographs confirm very large thermal fatigue cracks with 

networks of finer cracks in between the large cracks throughout the testing surface.

die removal

Dunk/Lube
Z /^00 7 HV S pv t 
• • pr.- - »

Dunk/H20
1 9 /2 0 0 ,

Figure 3.44 BSI-SEM micrographs o f FeNC surface treated AISI HI 3 tool steel core pins after a) 500
cycles Spray/Lube b) 500 cycles Dunk/Lube c) 500 cycles Dunk H20  d) stereograph of
the surface after 500 cycles Dunk/H20  test.

3.7.3 Ion Nitrided

Micrographs of multi-mode tested ion nitride surface treated AISI H13 tool steel core 

pins are displayed in Figure 3.45. The Spray/Lube core pin exhibited a 20 pm thick 

solder layer along the pin surface. BSI revealed soldering formation along prior 

austenitic grain boundaries 100 pm deep illustrated in Figure 3.45a.
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The core pin tested with the Dunk/Lube scenario behaved similarly to that of the FeNC 

Dunk/Lube test with respect to thermal fatigue cracking shown in Figure 3.45b. The 

cracking continued along the entire pin with soldering reaction zones adjacent to the 

cracking. The cross-section revealed an uninterrupted layer of solder ranging from 20-30 

pm thick.

Thermal fatigue cracking increased for the Dunk/FFO pin like all the other pins tested. 

The larger testing temperature generated a fine network of cracking throughout the 

testing zone, specifically along regions of sharp geometries. In addition to the cracking, 

the pin showed signs of soldering around grain boundaries observed on the other ion 

nitrided pins. BSI-SEM and EDS analysis confirmed a continuous 50 pm solder surface 

layer that covered the entire cross-section.

large thermal 
fatigue crack

X1 _  - tr-f -

soldering around 
grain boundaries

Spray/Lube Dunk/Lube
p o t M nq  ---------------------lO C O prr-■

checking

network of heat 
0 checking |

Dunk/H20Dunk/HgO

Figure 3.45 BSI-SEM micrographs o f FeNC surface treated AISI H13 tool steel core pins after a) 500 
cycles Spray/Lube b) 500 cycles Dunk/Lube c) 500 cycles Dunk H20  d) stereograph of 
the surface after 500 cycles Dunk/FEO test.
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3.7.4 Cathodic Arc Evaporated-Multilayered Chromium Nitride

Figure 3.46 displays core pins tested in the multi-mode tester. Figure 3.46a shows the 

cross-section of the tested pin after the Spray/Lube method. The core pin exhibited few 

signs of soldering and die failure due to the protective coating that stopped the aluminum 

from reacting with the substrate. The Dunk/Fube testing increased thermal fatigue 

stresses and caused minor coating cracking that led to small soldering reaction zones 5 

pm deep (Figure 3.46b). Cracking intensified with the DunkÆFO test as shown in 

figures 3.46 c and d. 10 pm deep solder pits were observed at areas of coating cracking 

throughout the film. All the observed pits were shaped hemispherically before forming 

additional cracking along prior austenite grain boundaries. All cracks observed were no 

more than 50 pm deep.

coating coating cracking 
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Figure 3.46 BSI-SEM micrographs o f FeNC surface treated AISI HI 3 tool steel core pins after a) 500 
cycles Spray/Lube b) 500 cycles Dunk/Lube c) 500 cycles Dunk H20  d) stereograph of 
the surface after 500 cycles DunkÆEO test.
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4 DISCUSSION

4.1 In-Plant Trial

The following section discusses all important aspects regarding the in-plant trial.

4.1.1 Influence of Core Pin Location

One parameter that affected the results of the in-plant trial test was the core pin location 

in the die chamber. Pins located near the casting gate endure significantly larger erosive 

stresses caused by an increase in cast pressure and are more prone to increased thermal 

gradients as shown by (Zhu et al. 2002). Therefore, pins that were place near or at the 

gate are more likely to fail than pins placed away from the gate. Unfortunately, the 

placement of each pin was randomly picked and was not recorded. Consequently, this 

test cannot directly correlate an increase in wear caused by the gate. However, some pins 

(Figures 3.25 a-c) exhibited wear only on one side, thereby indicating that particular side 

was located by the gate.

4.1.2 Comparison of Coated and Non-Coated Pins

All coatings used in this study outperformed their non-coated counterparts in the in-plant 

trial test. Even the worst coatings showed less failure mechanisms than non-coated pins. 

This observation can be attributed for several reasons, one of which, all tested coatings 

(CrN, TiAIN, CrAIN) are known to suppress soldering reactions by exhibiting higher 

oxidation resistance and higher reaction temperatures with aluminum (Kunrath et al. 2003 

and Wang et al. 1997). The in-plant trial findings also correlate to the work done on 

duplex systems by (Dong et al. 1997, Sokovic et al. 2004, and Pellizzari et al. 2001) 

because the combination of an inert coating protects the die from reacting with the 

aluminum cast, where as, the ferritic nitrocarburized layer adds supplementary support to 

the coating and increases toughness at the substrate/coating interface. Thermal fatigue 

cracking density, and crack length were also reduced among the coated pins as Srivastava 

et al. (2003) and Persson et al. (2004 and 2005) observed.
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The ferritic nitrocarburized surface treatment exhibited little to no resistance against 

soldering, erosion, and thermal fatigue cracking because the lack of an inert coating 

surface. These pins showed gross amounts of removed die material as early as 5,000 

cycles and exhibited a higher tendency to fail well before their theoretical life span of 

30,000 cycles.

Core pins coated with CAE-multi-CrN showed the least amount of coating wear from 

erosion, minimal signs of coating cracking, and no soldering up to 30,000 cycles. It is 

considered as the top performing coating. CAE-TiN/TiAIN coated pins also performed 

well during all testing regimes, although there was considerably more erosion wear than 

pins coated with CAE-multi-CrN. Nevertheless, the coating remained intact and 

protected the die from soldering and thermal fatigue cracking through 30,000 cycles. 

CAE-mono-CrN is regarded as an average coating because erosion and coating cracking 

was observed as early as 10,000 cycles, and coating delamination, thermal fatigue 

cracking, and soldering was observed at 30,000 cycles. However, CAE-mono-CrN 

greatly exceeded the performance of UBMS-TiN/TiAIN and CFUBMS-CrAIN, where 

CFUBMS-CrAIN exhibited the most soldering and coating delamination among the 

tested coatings, most likely caused by adhesion and porosity problems during processing 

(Figures 3.12-13).

4.1.3 Other Influential Parameters

There are several factors observed during characterization that affected the results. 

Firstly, the top performing coatings (CAE-multi-CrN, CAE-TiN/TiAIN, and CAE-mono- 

CrN) all exhibited dense. Zone T/2 microstructures (Figures 3.4a, 3.8a, and 3.10a). The 

increased density insures additional wear resistance against erosive wear and a diffusion 

barrier between the melt and substrate. Coatings that performed poorly (UBMS 

TiN/TiAIN, CUBMS-CrAIN) had porous. Zone 1 microstructures that could not endure 

the stresses imposed by the die casting pressures (Figures 3.7a and 3.12a).
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Regions of increased surface roughness can cause increased die sticking because rough 

areas exhibit high curvature and are more susceptible to increased temperature gradients. 

Consequently, these regions have higher diffusion rates than bulk and form intermetallics 

at faster rates (Joshi et al. 2004). The in-plant trial showed that decreased surface 

roughness played a key role in erosive wear resistance between the top performing 

coatings because of a reduction in die sticking. Hogmark et al. (2000) proposed several 

design and evaluation criteria for wear resistant coatings and states that smoother 

coatings minimize contact surface area and potential cracking and failure sites. CAE- 

multi-CrN exhibited the smoothest coating (230 nm) and fewest macroparticles, and 

consequently, exhibited the least erosive wear. Whereas the other top performing 

coatings, CAE-TiN/TiAIN (395 nm), and CAE-mono-CrN (380 nm), exhibited much 

larger surface roughness and macroparticles and increased erosive wear. UMBS- 

TiN/TiAlN also exhibited a smooth surface of 295 nm, but performed poorly, not because 

of erosive wear, but of soldering and thermal fatigue cracking. CFUBMS-CrAIN 

conversely performed poorly because of the extremely large surface roughness caused by 

the porous Zone 1 working layer microstructure (Figure 3.13). This coating exhibited 

large amounts of erosive wear most likely caused by material pick up and die sticking.

Grain size did not heavily contribute as a wear factor in this test. The best coating, CAE- 

multi-CrN exhibited one of the largest average grain sizes (Figure 3.4a) but; UBMS- 

TiN/TiAIN had small grain sizes (Figure 3.7a) similar to the other CAE coatings, yet still 

performed poorly. Typically, smaller grain sizes indicate increased hardness and 

increased wear resistance, but for this particular test, it appears that several factors are 

coupled to each other, such as microstructure and adhesion. For example, a coating that 

exhibits a dense microstructures is more resistant to wear and thermal fatigue, however if 

the same coating also exhibits poor adhesion, the entire coating will likely be removed in 

large sections leaving the substrate vulnerable. The converse is also true. If a coating 

exhibits excellent adhesion, but has a porous Zone 1 micro structure, the wear and thermal 

fatigue stresses will not endure wear and thermal fatigue.
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Film thickness had a significant effect on UBMS-TiN/TiAIN. Originally, the coating 

thickness was designed to be in the range of 5-7 [im, but because of processing error by 

the commercial coating company, the final coating was only 1-2 pm. Films that are too 

thin often lack the ability to support mechanical and thermal stresses from the impinging 

aluminum and are more susceptible to earlier cracking and delamination (Bjork et al. 

1999). The SEM analysis confirmed numerous microcracking and delamination 

throughout the coating (Figure 3.30c and d) similar to the observations of Bjork (1999). 

Furthermore, any removed coating material was detached in large pieces rather than 

eroded wear (Figures 3.30b-d) suggesting coating delamination was caused by abrupt 

increases of stress, not gradual removal of material. As for the other coatings in this test, 

coating delamination failure was not observed without signs of gradual material removal; 

therefore, the thicker coatings possessed adequate support and failed by means other than 

delamination observed in the thinner coating.

Both CAE-multi-CrN and CAE-TiN/TiAIN showed few signs of thermal fatigue, where 

as CAE-mono-CrN, UBMS-TiN/TiAIN, and CFUBMS-CrAIN showed coating 

delamination and substrate thermal fatigue cracking. UBMS-TiN/TiAIN and CFUBMS- 

CrAIN coating failure can be attributed to several reasons, such as poor adhesion, high 

surface roughness, porous microstructure, and film thickness. However, CAE-mono-CrN 

had moderate adhesion and surface roughness, and a thick and dense microstructure. Yet, 

both CAE-multi-CrN and CAE-TiN/TiAIN are multilayered films, which have been 

shown to suppress thermal stresses by creating a smoother gradient across the film 

(Srivastava et al. 2003 and Lousa et al. 2001). Multilayers can also act as an energy 

barrier. For example Lii et al. (1998) found that wear resistance increases significantly 

by adding TiAl or TiN layer in between TiAIN. This research confirms the findings 

through SEM analysis in Figure 3.3Id where wear and cracking is stopped at the 

TiN/TiAIN interface; thereby showing supplementary energy is needed to surpass the 

additional coating interface. Therefore, the average results of CAE-mono-CrN are not 

surprising because of the inability of a single coating layer to suppress thermal gradients 

and additional wear through energy barriers caused by additional interfaces.
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4.2 Ease of Release Test

The following sections discuss all important aspects relating to the ease of release test.

4.2.1 Comparison between Ease of Release Tests

Figures 4.1 and 4.2 display load as a function of displacement data for the ease of release 

test conducted by Lin and Myers (2005) and a typical curve from this current ease of 

release test. Both sets of curves exhibit a sharp increase in load at the start of the test. 

However, after the critical load is met, the load in Figure 4.1 gradually tapers off 

(decreases) where as, the load decreases almost instantaneously on Figure 4.2 and 

eventually tapers off until the aluminum and pin are no longer in contact. These 

differences can be explained by the different pin geometries used for both tests.

The first ease of release test used pins that were also used during the in-plant trial (Figure 

2.1). These pins were cylindrical except for the bottom where there is a slight taper. The 

depth at which the aluminum was in contact with the pin is shown in Figure 4.3. The 

resulting load as a function of displacement curve not only measured the critical load to 

break the bonds between aluminum and pin surface, but also determined the amount of 

friction between the aluminum and pin surface indicated by the gradual decrease in load.

The second ease of release test was a much thicker pin with a much longer tapered zone 

at the bottom (Figure 2.2). Trials were first run with the aluminum level well above the 

tapered zone as indicated from Figure 4.4. However, the bonding between the pin and 

aluminum were much greater than observed in the first test because of the increase in 

surface contact area from the larger pin diameter. To reduce the maximum load, the 

aluminum contact layer was decreased to the beginning of the pin taper as shown in 

Figure 4.4. Consequently, after the pins reached the critical load, the aluminum and pin 

surface were no longer in contact because of the tapered zone and the aluminum simply 

fell off the pin as seen in Figure 2.4f. As a result, friction was not obtained through this 

particular test.
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Figure 4.1 Ease o f release test load as a function of displacement data of all tested core pins for the
first ease o f release test conducted by Lin and Myers (2005).
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Figure 4.2 Typical load as a function o f displacement curve for the second ease of release test
conducted by Myers (2008).
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Figure 4.3 Typical core pin used for the first ease of release test conducted by Lin and Myers (2005).
The aluminum/pin contact depth is indicated.
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Figure 4.4 Schematic of the core pins used in the second ease of release test conducted by Myers
(2008). The trial and test aluminum/pin contact depth is indicated.

4.2.2 Comparison of Results

The AISI H I3 tool steel pins exhibited the highest critical load and energy among all 

samples, indicating that it has the highest potential to stick and react with the molten 

aluminum during die casting. There have been many previous papers supporting this 

finding (Zhu et al. 2002, Kearns 2002, and Chen 2005), which is not surprising since 

aluminum forms Fe-Al-(Si) exothermic intermetallics with H13 tool steel as low as 486 

°C, well below the die casting operating temperature of 650-730 °C. Consequently, the 

brittle intermetallic phases separated from the pin during the ease of release test, leaving 

the surface much rougher (Figure 3.37a), and correlates to the increase in the average 

surface roughness from 570 to 900 nm. The large amount of deviated error from the 

critical load confirms that the intermetallic formation is dependent upon several factors
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that may have changed throughout the test, such as porosity in the aluminum melt, the 

furnace air environment, and difference of surface roughness between the pins that may 

have created additional hot spots. The error from the energy is further magnified from 

the critical load because not only does it depend upon the factors mentioned above, but 

also friction.

Both surface treatments lowered the critical load and energy when compared to the H13 

tool steel pins. FeNC exhibited half the required load and ion nitride exhibited a third 

and both exhibited a third less energy. Therefore, not only does the surface treatment 

provide benefits of a harder, wear resistant surface, but also minimizes the surface energy 

between aluminum. EDS analysis and SEM-BSI revealed a complex network of 

intermetallics in the soldered surface region (Figure 3.39). This observation is because 

the molten aluminum and pins were in contact with each other at 700 °C for 60 

continuous minutes, not short 5-30 second intervals as in typical aluminum die casting. 

Therefore, surface diffusion was greatly increased and intermetallic formation was 

dependent upon surface roughness and hot spots. The ion nitrided pins performed better 

than FeNC pins. Both surface treatments were compared in die casting trials at Premier 

Tool and Die Cast Corporation and FeNC exhibited much less soldering and sticking 

(Conversation with Jeff Brennen, Premier Tool and Die Cast Corporation) than ion 

nitrided pins.

CAE-CrC/TiAIN is considered the top performing coating/surface treatment of the ease 

of release test because it exhibited the lowest critical load and required energy at 1225 ± 

425 lb (5.5 ± 1.9 kN) and 20 ± 10 in-lb (2.3 ± 1.1 J), respectively. Cross-sectional SEM 

analysis reveals no soldering or wetting between the coating surface and aluminum 

(Figure 3.42b); thereby, decreasing the load required to remove the pin.

CAE-CrC/TiAIN was produced by the same company that provided CAE-TiN/TiAIN; 

therefore it can be assumed that both working layers (TiAIN) are the same. Figure 3.3Id 

displays the CAE-TiN/TiAIN coating after 10,000 cycles in the in-plant trial. It reveals 

coating wear where as. Figure 3.42b does not display any coating wear. By comparing



both micrographs and realizing that the ease of release test does not generate erosion, the 

failure mechanism of CAE-TiAIN is caused largely from erosive wear and not soldering.

CAE-multi-CrN Results

There is a large discrepancy between the first test conducted by Lin and this current test 

concerning the performance of CAE-multi-CrN coated pins. The first test conducted by 

Lin (2005) showed CAE-graded-CrN (CAE-multi-CrN) as the top performing coating 

with 1456 lb (6.5 kN). This value was much lower than all other tested specimens. Yet, 

the second test exhibited an average of 4800 ± 1570 lb (21.3 ± 6.9 kN). This value is 

well above values for C AE-CrC/T i AIN and even FeNC and Ion Nitride. These data are 

confusing because previous data collected by Kearn (2002) and Kunrath et al. (2003) 

suggest that CrN should not react with aluminum, yet data collected from this test reveal 

otherwise.

To determine the reason for these different data, it was first assumed that the coatings 

were different caused from processing error as seen with several other coatings from this 

study. However, SEM analysis showed no discernable differences between the coated 

pin from Lin (2005) and the coated pin from this current (second) test. To further 

analyze these discrepancies, all tested CAE-multi-CrN pins were examined via 

stereoscope and profilometry. The observations were quite conclusive. Figure 4.5a 

displays the surface of the single tested CAE-multi-CrN core pin. The surface is very 

smooth and similar to the surface presented in Figure 3.5. However, a stereoscope image 

from one of the coated pins used in this current test reveals a surface with numerous pits 

(Figure 4.5b). Furthermore, when all three pins from the current test were observed, it 

was revealed that the number of pits found on each pin correlated to the maximum load 

required during the test. Figure 4.6 displays these results. This observation explains why 

the standard deviation for this coating was ± 1570 lb (6.9 kN).

The pits appear to have formed by chemical soldering rather than mechanical soldering as 

observed by Persson et al. (2004) and Chen (2005) since the pins were immersed in a 

chemically-corrosive environment at high temperatures and not subjected to any type of
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mechanical force (erosion). One would suspect that macroparticles from the coating 

acted as stress concentrators, which increased the soldering tendency. However, 

profilometry prior to testing (Figure 3.24b) show that the surface exhibited very few 

macroparticles. Furthermore, if this observation were the case, CAE-CrC/TiAIN pins 

should have exhibited much higher maximum loads as the corresponding profilometry 

results reveal numerous macroparticles located throughout the coating surface (Figures 

3.26a and 3.27).

It appears that the formation of these pits may be caused by the difference in reaction 

time the pins were in contact with the aluminum at high temperatures. Pins were in 

contact at high temperature for twenty minutes during the test conducted by Lin (2005), 

where as pins were held for sixty minutes during this current test. Therefore, this test can 

depend on the reaction kinetics. Further tests are required to fully understand this 

dependency.

6Q90 lb (27.0.kN) 
Numerous Pits

1456 lb (6.5 kN)
No Pitting

459 4

Figure 4.5 a) Profilometry micrograph of a CAE-multi-CrN coated AISI H13 tool steel core pin
tested by Lin and Myers (2005) and b) stereoscope micrograph of a CAE-multi-CrN 
coated AISI H I3 tool steel core pin tested by Myers (2008). The pin tested by Myers 
(2008) reveals numerous pits on the surface, where as the pin tested by Lin and Myers 
(2005) does not.
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3050 lb (13.6 kN) 6090 lb (27.0 kN)

Figure 4.6 Profilometry results o f CAE-multi-CrN coated AISI H I3 tool steel core pins tested by
Myers (2008) showing how the number of pits correlate to the maximum load observed
during the ease of release test where a) corresponds to the test where the maximum load 
is 3050 lb (13.6 kN) and b) corresponds to the test where the maximum load is 6090 lb 
27.0 kN). Figure 4.5a is the same pin as Figure 4.6b.

4.3 Multi-mode Test

The following sections are observations important to the multi-mode tester.

4.3.1 Comparison of Specimens

The following sub-sections are comparisons of specimens for each multi-mode test.

Test 1 (spray/die lubricant)

Among all the samples tested, CAE-multi-CrN exhibited the least signs of substrate 

soldering. Among those soldered regions were small zones underneath coating cracks 

caused by thermal fatigue cracking. H13 tool steel was the most damaged with a 100 pm 

thick soldered zone. The two surface treated pins exhibited a reduced soldered zone as 

compared with the H13 tool steel pin, but were unable to completely suppress removal of 

die material compared with the CAE-multi-CrN coating. As more die material was 

removed, the surface was increasingly susceptible to thermal fatigue cracking as shown 

in Figure 3.44a. This clearly demonstrates that the coating provided an inert barrier 

against the molten aluminum, which also protected against thermal fatigue cracking 

because the lack of new nucléation cracking sites caused from die removal (Starling et al. 

1997).
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Test 2 (dunk/die lubricant)

Dunking the specimens rather than spraying them increased the cooling rate, which 

increased thermal fatigue stresses. Hence, failure modes in this test were greatly 

amplified and accelerated. CAE-multi-CrN continued to protect the substrate from heavy 

soldering and die removal. However, cracking in the coating increased, which is likely 

caused by the increase in temperature gradient.

More noticeable is the severe cracking found in the FeNC and Ion Nitride pins and to a 

lesser extent, in the bare H I3 tool steel pin. Figures 3.44b and 3.44b provide examples of 

cracking across the entire pin. The crack length observed on the FeNC and Ion Nitride 

pins are approximately 100 pm and 40 pm, respectively parallel from the surface. Both 

cracks initiate at the surface, and then change direction approximately where the surface 

treatment ends (diffusion layer), and continue to propagate parallel from the surface. 

These findings also correlate with the FeNC pins from the first in-plant trial conducted by 

J. Lin (2005). Alternatively, cracks found on H13 tool steel were only perpendicular to 

the surface and never changed direction. A. Persson et al. (2004) observed similar 

findings on H I3 tool steel with and without multiple surface treatments at varying depths. 

They concluded that thermal fatigue cracks move perpendicular to the die surface until 

the there is a change in the thermal expansion coefficient (i.e. end of surface treatment), 

at which point the cracks suddenly stop and propagate along the surface treatment/tool 

steel interface. Therefore, cracking observed on the H13 tool steel should be 

perpendicular to the surface and not change direction (as indicated) unless affected by an 

outside force, such as a large vanadium carbide inclusion.

Test 3 (dunk/high temp/no lubricant)

All failure mechanisms, particularly thermal fatigue cracking, in all pins were further 

intensified on increasing the molten aluminum temperature from 665-685°C to 700- 

720°C. Samples were analyzed via stereoscope since the test used water as a coolant and 

not a lubricant/water mixture. Soldering is apparent only on the H I3 tool steel pin;
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however, the other samples display a large cracking network comprised of larger and 

smaller cracks throughout the entire tested area. These networks suggest that cracks 

initiated at a lower number of cycles. The same cracking appears on both surface treated 

pins. However, the CAE-multi-CrN coating displays only large cracks, which suggests 

that the cracks formed at higher cycles, which concurs with the modeling of Haddar et al. 

(2005 and 2005) and Maillot (2005). SEM analysis confirms similar cracking 

phenomena (Section Test 2 (dunk/die lubricant) were observed on both surface treated 

pins.

Coating cracking observed on the CAE-multi-CrN pin created zones for increased 

soldering. The solder reacted along prior austenitic grain boundaries to form semi- 

hemispherical pits. The shape of the pits were formed because the aluminum reacts with 

softer regions of the substrate first that are between grain boundaries (Shankar et al. 

2002). These pits acted as nucléation sites for additional thermal fatigue cracking as seen 

in Figure 3.46c. The potential of cracking at these sites may have been offset if the 

substrate was surface treated as both Persson et al.(2005) and Pellizzari et al. (2001) 

observed that only duplex systems can hinder thermal fatigue growth.

4.3.2 Surface Roughness

Surface roughness did not affect the results of this test as much as the in-plant trial or the 

ease of release test because pins were never ejected from a solidified aluminum and were 

not subjected to die sticking. Furthermore, inert coating surfaces are more dependent on 

surface roughness rather than uncoated steel dies because the steel will form 

intermetallics with the aluminum that are very rough, brittle, and prone to thermal fatigue 

cracking. An example of this result is shown in Figure 3.44a. Consequently, CAE-multi- 

CrN performed better than the other three non-coated samples because of the increased 

CrN resistance to aluminum (Kunrath et al. 2003).
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4.3.3 Comparison of Tests

The three multi-mode tests were designed to determine the effect of: addition of lubricant, 

increase in thermal gradient by immersing the specimen in water rather than water 

spraying; and increase in testing temperature.

The lubricant did not noticeably protect the non-coated pins from solder formation even 

though a layer of lubricant up to 1 mm thick formed on all of the pins as cycles increased. 

Instead, the lubricant film left on the pins after testing limited stereoscope analysis.

Immersing the pins in a bucket of water, rather than spraying them greatly amplified 

thermal stresses that lead to an increase in thermal fatigue cracking density and crack 

length among all specimens. Increasing the temperature from 665-685°C to 700-720°C 

further increased this observation. The higher operating temperature also increased 

diffusion between the aluminum melt and iron in the pins generating larger soldered 

zones.

Each test simulates one or more functions of the die casting process. The first test is most 

likely closest to industry by spraying rather than dunking the samples in coolant that is a 

combination of water and lubricant, but the test cannot generate the temperature gradients 

observed in normal die casting and the lubricant often forms on the surface making post 

test analysis difficult.

The advantage of the second and third test is the increase in temperature gradient that 

generates more realistic thermal fatigue stresses and quicker testing times; even though 

dies are never fully immersed in coolant during die casting. However, it appears that the 

gradient observed in the third test was too high and thermal fatigue cracking was 

dependant on substrate attributes rather than surface attributes. Therefore, future tests 

should be conducted at 665-685°C with no lubricant and cooling by dunking.
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4.3.4 Dependence of Temperature on Thermal Fatigue Cracking

All tested samples exhibited thermal fatigue cracking; however, as mentioned in section 

4.3.3, the severity of damage increased as the temperature gradient between heating and 

cooling increased. Samples tested at 665-685°C, showed less thermal fatigue cracking 

than samples tested at 700-720°C. This behavior is attributed to the total strain, which is 

a function of mechanical strain and thermal strain as shown in equation 4.1 (Persson et al. 

2005) and that the thermal strain is dependent upon the material’s thermal expansion 

coefficient (a) and the temperature change during a single thermal cycle (equation 4.2) 

(Persson et al. 2005). Increased cracking found in dunked samples rather than sprayed 

samples are also caused by the increased temperature gradient.

Total Strain = £Kml (T) = £thennal (T ) + £mechanica! {T ) Equation 4.1

Thermal Strain = £thennal {T) = a(TXT -  Tmin ) Equation 4.2

Dependence o f Substrate on Thermal Fatigue Cracking

Most often, thermal fatigue cracks associated with die casting initiate at the surface and 

propagate at the surface treatment/core interface because these areas exhibit the largest 

temperature gradients (Persson et al. 2004 and Srivastava et al. 2003). Nearly all cracks 

observed in this study were found at the surface as shown in Figure 4.7a. In some 

instances, cracks were found 200-500 pm below the surface (Figure 4.7b). Hu et al 

(2006) proposed that a chromium and vanadium rich carbide (MogCe), formed after long 

periods of service quickly expands and contracts during thermal fatigue cycles at 700 °C 

and this leads to cracking well below the surface. Figure 4.7c is a magnified view of the

crack in Figure 4.7b that shows a large inclusion that contains a large amount of

chromium and vanadium concurring with the hypothesis of Hu. There are several ways 

to retard the behavior of the M93C6 carbide formation, such as small additions of niobium 

to the H13 tool steel (Hu et al. 2006) and increasing the H13 tool steel quenching 

temperature (Li et al. 1998 and Sjôstrôm et al. 2004).
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Carbide containing large 
amounts of V, Cr

%

Figure 4.7 BSI-SEM images of a) surface cracking found on an ion nitrided surface treated AISI
H13 tool steel core pin after 500 cycles (dunk/die lubricant) in the multi-mode tester b) 
large crack away from the surface on an ion nitrided surface treated AISI H13 tool steel 
core pin after 500 cycles (dunk/high temp/no lubricant) c) the same crack at higher 
magnification showing carbide inclusion.

4.3.5 Limitations of the Multi-Mode Tester

The multi-mode tester is designed to replicate the die casting process in a laboratory 

setting. This test provides corrosive and thermal fatigue aspects endured during the 

process, but lacks pressurized aluminum to produce realistic erosive stresses. Thus, this 

test can only determine if the coating/surface treatment is inert to aluminum and a 

reduction of thermal fatigue cracking, but not high temperature wear resistance.

Another limitation is the slow increase in temperature of cooling water during testing. In 

order to cool the water, a single 5 lb block of ice was added every 100 cycles. If one 

were testing certain lubricant effects, these blocks of ice would dilute the lubricant.
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4.4 Degradation Mechanism

This sub-section is a step-by-step summary of the failure mechanisms observed during 

the tests conducted in this study.

4.4.1 Coating Degradation

In contrast to uncoated steel, there are only two main modes of coating failure in die 

casting: erosion and thermal fatigue cracking since all coatings used in this study were 

designed to be inert to aluminum and consequently, resistant to soldering. Both failure 

mechanisms are known as long term because fatigue and plastic deformation occur after 

many cycles rather than immediate interaction as found with soldering on steel. Erosion 

is caused by impingement from either liquid aluminum or from solidified particulates 

such, A I2O 3, SiOz, or iron-aluminum-silicon intermetallics (Shankar et al. 2002). The 

impingement plastically deforms the coating at vulnerable areas such as, machining 

marks, macro particles from CAE, and coating structures, which are highly columnar 

(Sun et al. 1995). Eventually cracks appear throughout the coating at those areas. Ma et 

al. (2004) and Ma et al (1995) found that columnar grains shear away from each other 

whereas, areas of sharp local geometries (machining marks) exhibit lateral edge cracking. 

These sites are also nucléation points for thermal fatigue, although thermal fatigue 

requires much longer times (Hadavi et al. 2004, Zuchowski et al. 2000, and Srivastava et 

al. 2003).

As crack length increases to the thickness of the coating, the crack encounters the 

coating/substrate interface or a multilayer coating interface. Ma et al. (1995) also studied 

the effects of cracks along interfaces and found that the cracks required additional energy 

to bypass interfaces and often propagate along the interface. This observation was 

detected with CAE-TiN/TiAIN multilayered films from the in-plant trial (Figure 3.3Id) 

as cracks and erosion were halted at the TiN/TiAIN interface, but propagated along the 

interface. This cracking mode eventually leads to total coating delamination where the 

substrate is in contact with the molten aluminum.
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4.4.2 H13 Tool Steel Substrate Degradation

After portions of the protective coating are washed away, the only protection the die 

substrate has to soldering is anti-soldering lubricants that are sprayed on to the die each 

cycle. However, the lubricant does not fully coat the die, especially if the surface is very 

rough. These areas are prone to have contact with the aluminum melt. Once contact is 

made, the surface can either react by solid-state diffusion or by chemical reaction and 

dissolution into the melt (Joshi et al. 2004). The solid-state diffusion process is driven by 

temperature and concentration gradients, yet the time scale required for adequate die 

degradation is too large for normal die casting cycles. Conversely, physisorbed and 

chemisorbed reactions can happen immediately.

The first physisorbed reactions are between iron and aluminum. Thermodynamically, 

FeAl, FeAh, Fe^Al^, FeAl], and Fe^Al^ can form at die casting operating temperatures of 

680 °C (Joshi et al. 2004 and Kunrath et al. 2003). Aluminum forms with iron directly at 

the surface. Aluminum rich layers begin to grow by physisorption as more aluminum is 

introduced at each cycle. These layers are very hot and diffusion of iron in aluminum is 

initiated. Shankar et al. (2002) states that the origin of the diffused iron is from softer 

areas between the hard marten side and carbide grain boundaries. This study confirms 

this hypothesis in Figure 4.8. These regions are not only more susceptible to diffusion, 

but cannot withstand the plastic deformation caused by the high pressures of aluminum 

during each cycle. Furthermore, surface treatments with the addition of harder carbides 

and nitrides can slow solder growth and withstand more erosive stresses.
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SubstrateSubstrate

Figure 4.8 BSI-SEM micrographs of an ion nitrided surface treated AISI H13 tool steel core pin
subjected to the ease of release test where a) is a soldering pit and b) is the same pit at
higher magnification. The micrographs display how aluminum reacts with the softer
regions of the AISI H13 tool steel substrate.

As cycles and diffusion increase, silicon from the melt is introduced. However, as 

Xiaoxia et al. (2004) showed, silicon actually suppresses iron and aluminum reactions. 

Therefore, soldering layers stop growing and phases begin to coalesce as seen in Figure 

4.9. These regions are very brittle compared with the substrate and are more inclined to 

break off in the melt from either erosion or thermal fatigue cracking. Soon, fresh H I3 

tool steel surfaces will be subjected to the same process. These reactions are much 

slower than before because much of the unreacted iron is in the form of hard martensitic 

plates and carbides. Once these phases are completely dissolved, the reaction slows 

down further because of the increased silicon content located at the prior austenitic grain

boundaries. The resultant soldering takes the shape of hemispherical pits that form

around these grain boundaries and it attacks the steel on a grain-by-grain basis. Figure 

4.10 displays these steps.
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Figure 4.9 BSI-SEM micrographs of a FeNC surface treated AISI H13 tool steel core pin subjected
to the ease of release test where a) is a soldered layer and b) is the layer at higher 
magnification. The micrographs display how soldered phases coalesce. Darker phases 
indicate higher aluminum content and lighter phases indicate higher iron.

Figure 4.10 BSI-SEM micrographs o f an ion nitrided AISI H13 tool steel core pin subjected to the 
ease o f release test where a) is a soldering pit and b) is the same pit at higher 
magnification. The micrographs display the entire soldering sequence of how aluminum 
reacts with the softer regions of the AISI H13 tool steel substrate, and around silicon- 
rich-prior austenite grain boundaries at a grain-by-grain basis.

Since the soldering reacts on a per-grain basis, sharp geometries are created. These areas 

exhibit high surface roughness and high degrees of curvature that accelerate soldering, 

erosion, and thermal fatigue cracking. Thus, soldering is a never-ending process.

Therefore, to fully protect dies from all failure mechanisms, one must apply a coating that 

is completely inert to aluminum and exhibits a coating microstructure that is both hard 

and tough to suppress plastic deformation from erosion and thermal fatigue cracking.
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5 SUMMARY and CONCLUSIONS

Aluminum high pressure die casting is a high quantity-net-shaped manufacturing process 

that has the capability to produce geometrically complex aluminum parts with smooth 

surface finishes and close dimensional tolerances at high production rates. Unfortunately, 

the dies used are extremely expensive and often cost more than the machinery itself. 

Furthermore, advantages created by aluminum die casting are often detrimental to dies 

made out of steel because of the high thermal stresses and chemical affinities between the 

aluminum melt and steel experienced during cycles. Overtime, dies degrade, lose their 

tight tolerances, and create scrap. Ultimately, thermal fatigue stresses overwhelm the die 

and cause it to fail. Therefore, extending the life of the dies is crucial to eliminate loss of 

productivity due from down time and wasted scrap.

A wide variety of die coatings and surface treatments are currently being used in die 

casting campaigns in efforts to prolong die life. This research examined die degradation 

mechanisms of several commercial PVD coatings and surface modifications techniques, 

by in-plant die casting trials and two newly developed laboratory tests known as the ease 

of release test and multi-mode tester.

Several commercial coatings were characterized and then subjected to an in-plant trial for 

a certain number of cycles and returned for additional characterization. Results from the 

in-plant trial show that all coatings outperformed their non-coated counterparts in the in- 

plant trial test. This performance is because the coatings were inert to aluminum and 

provided a solder barrier. Core pins coated with CAE-multi-CrN showed the least 

amount of coating wear. The performance is attributed the combination of a dense 

microstructure and a smooth surface without macroparticles. CAE-TiN/TiAIN coated 

pins also performed well, although there was more erosion wear than pins coated with the 

macroparticle free CAE-multi-CrN. CAE-mono-CrN show signs of all failure 

mechanisms at 30,000 cycles and is considered average among all tested coatings 

because the lack of multilayers to suppress cracking. UBMS-TiN/TiAIN and CFUBMS-
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CrAIN exhibited large amounts of coating delamination and were considered poor 

because of adhesion and porosity problems during processing.

Coatings that performed well exhibited a combination of smooth surface, dense 

microstructure, and adequate film thickness with multiple coating layers.

The ease of release test was developed to determine soldering tendencies between 

potential coatings and aluminum. Pins coated with CAE-CrC/TiAIN exhibited the least 

maximum load and therefore, the least soldering tendency whereas, AISI H13 tool steel 

had the highest. The results were different than results previously conducted by Lin and 

Myers (2005) because of pin geometry and heating times. Therefore, the coefficient of 

friction between the aluminum and die could not be determined from this test. In 

addition , these discrepancies may provide explanations for difference of maximum loads 

required for CAE-multi-CrN pins and for the corrosion pitting.

Modifications were made to the multimode tester to better simulate the die casting 

process. Three separate scenarios were tested. It was found that dunking the pins in a 

100 pet. water solution at 665-685°C yielded results similar to normal die casting. In all 

tests, CAE-multi-CrN exhibited the least amount of soldering and thermal fatigue 

cracking.

Coating and substrate degradation mechanisms are proposed using the results of this 

study. It is apparent that coatings prolong die life by suppressing soldering and erosion. 

However, to fully protect dies from all failure mechanisms, one must apply a coating that 

is completely inert to aluminum and exhibits a coating microstructure that is both hard 

and tough to suppress plastic deformation and thermal fatigue cracking.
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