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Abstract
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The objective of thisvork was to study the phenomera Thermal fatigue and Erosion

that occur in the die durirg HPDC process.

It has been demonstrated thaere are different wear mechanisms that contribute to
damage the High Pressubge Castingdies, and erosion and thermal fatigue are both the
topic of this thesis. Erosion and thermal fatigue are both long term failures, that are very
difficult to predict and expensive to repair. Erosion is a mechanical action of the flux
against thanould surface, and thermal fatigue is the cracking that results from the repeated
compression and tension due to the rapid heating and cooling of the mould surface.

The aimwas achieved byhe studyof the literatureof previous tests and by performing
some laboratorytests that have been used to simulate both phenomena and understand
them better, in ater to predict their appearanae the HPDC mouldsThe tests were
carried out orAISI H11 andH13 steelswhich arethe most commonly used die materials

hot work tool steels, thanks their resistance properties

The results of theexperimental studyf thermal fatigue confirmed that ta greater
amplitude and at a constant temperatyureorrespond dessnumber of residues cycles
From the resultof these testsve havemanaged tadentified an equation that cdre
considereda good startingooint to describethe behavior between applied streasd
number ofresidues cyclet rupture It is howevernecessary to clarifthat is still a work

in progress

The results of thexperimental studpf the erosion demonstrated thiite mostaffecting
parametersrethe impact anglendthe velocity of theerodentflow. In particular themass
lost valuesare inverselproportional to the increasirangle, that idarger value®f impact
angle correspondgo a less masdost, while the wear depth has a maximum on 45°, a

minimum at 15° and an intermediate value at 90°.
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Symbol Index

HPDC =High pressure dieasting

PID = ProportionalintegratDerivative;

CL = Congant Load;

CF= Cycle Fatigue

SSR= Slow Strain Rate;

HTMF = High Temperature Mechanical Fatigue
LCF = Low Cycle Fatigue;

FE = Finite Element;



Chapter One: Introduction
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(g'. 9 MUlti-layers control&cognitive System
/ to drive metal and plastic production line
[ ? ( (? for Injected Components
u é_/ Proposal n. 314145 - Collaborative IP Prj - Call ID: FOF-ICT- 2011.7.1
The present work is a little part of an European projeat ts calledd 6 MUS | C6 6 . Bel o

there is an explanation about the principal points and purposes that this project wants to

reach.

006HIi gh Pressure Die Casting (HPDC})scale i s one
productionline in manufacturing field. Dudo the high number of process variables

involved and to the nesynchronisation of the process control units, HPDC is most
fidefeckgener at i ng o-c andu fngpidassayn EU industry showing less

flexibility to any changes inproducts and in pess evolution. The sustainability issue

imposes that machines/systems are able to efficiently and ecologically support the
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Chapter One: Introduction

production with higher quality, faster delivery times, and shorter times between successive
generations of products.

Therefore, theMUSIC is strongly aimed at leading EFIPDC factories to codtased
competitive advanced through the necessary transition to a defmaed industry with

lower waste generation, efficiency, robustness and miniranergy consumption The
development and iegration of a completely new ICT platform, based mmovative
Control and Cognitive system linked to real time monitoring, allows an active control of
guality, avoiding the presence of defects or en@st by directly acting on the process
machine variales optimisation or equipment boundary conditions. The Intelligent
Manufacturing Approach (IMA) will work at machirmould project level to
optimise/adapt the production to the specific product and can be extended at factory level
to select/plan the approated and available production line.

The sensors calibration and quality measurements will be theeguésite of Intelligent
Sensor Network (ISN) to monitor the raahe production and specific focus will be also
devoted to Standardisation issues.

The challenge of MUSIC is to transform a producti@te dominated manufacturing field

into a quality/efficiencydriven and integraticioriented one to exploit the enormous (and

still underestimated) potential of HPDC/PIM through collaborative research and
technological development, along the value chain with research groups, design,
engineering and manufacturing companies and through advances in manufacturing, ICT

and model process technologies. 060



Chapter Two: HPDC Process

# EAD@AO

(0$S# 02/ # %33

|
—

Typical system for High Pressure Die Casting phases [9].

High pressure die casting, HPD& a process widely used to manufacture-fesrous

castings for the automotive industry.



Chapter Two: HPDC Process

With HPDC the molten metal is forced into the die cavity under pressure. Typified by high
filling speeds and rapid solidification rates, this casting process can produce shapes which
are more detailed than components manufactured using gravity or low pressure die casting

methods.

Non-ferrous alloys, mainly aluminium, magnesium and zinc are nwatnly cast using
this process. HPDC is ideal for high volume thin walled castings due to the fast cycle
times, ranging from seconds to several minutes depending on casting size and wall
thickness, therefore enabling production in excess of 60 castingi@pefrom one casting

machine.

A production of 100,000800,000 casting per die is a common series, although some dies
fail even after 500025,000 cycles. During aluminium die casting, molten aluminium at
temperatures 67010 °C is injected into the mouldt velocities between 30 and 100 m/s.
The injection pressures are between 50 and 80 MPa.

The important material propées required for HPDC dies aresistance to thermal shock
and to softening at elevated temperatures. The most commonly used dielsnateridl1

and H13 hot work tool steels. The longevity of the die is direelgted to the casting
temperature of the molten metal, thermal gradients in the die aedpbsure frequency to

the high metal temperature.

HPDC it is usedfor almost 70% ofaluminium components manufactured today many
aluminium components for the automotive industry are cast using this method, due to the
high productivity and near net shape production. Large components such as gearbox
housings and engine blocks are typicamples where casting weight can be in excess of

15 kg.



Chapter Two: HPDC Process

2.1 HIGH PRESSURE DEASTING TECHNOLOGY

= qQ

[1] Closing moving die parts [2] High velocity filling

- RY,

[3] Hgh pressure and soldfication : [4] Casting gjection
i m(

[5] Spraying

Fig 2.1 HPDC phases [9].

In Fig. 2.1 are showed the different phases of the HPDC processamabe seen molten
aluminium is poured into the shots sleeand then injected into the die cavity by a plunger

under pressure.

The purpose of the applied pressure is to reduce the amount of gas porosity, feed shrinkage
porosity, and increase dimensioradcuracy of the partThe die is usually internally
cooledto increase the rate of solidification. After solidification the die opens and the

casting is separated from the die by hydraulic ejector pins.

With HPDC, the die surface is rapidly heated when the molten aluminium is injection into
the die cavity. Aftethe casting solidifies, it is ejected and then removed from the die. The
die surface is then cooled by the tlibe spray (mix of oil and water), used to both
lubricate and cool the surface of the die. For HPDC there is no insulating di@ayerat

betweenthe casting and the die, which is commonly used for gravity and low pressure

9



Chapter Two: HPDC Process

permanent mould casting. Therefore, the molten aluminium makes more direct contact
with the die surface, encouraging a fast solidification time due to the high heat transfer
coeficient between the die surface and the casting. As there is little insulation between the
die surface and the molten metal, the heat transfer coefficient between the die and casting
along with the peak die surface temperature are much greatesetbawth other casting
methods

2.2 HPDC PRODUCTS

High-pressure dieasting is a process widely used to manufacturefewous castings for

the automotive industry. The main classes of HPDC products are reported inZERutre

can be observed that 83.7% bétHPDC foundries focus on automotive applications (with

a similar percentage for SMEs and IND ), followed by Electronics (30.2%), Mechanical
Engineering (27.9%), and Architecture and Design (9.3%). In the "Other" category, mainly
applications for mecharis and engineering were mentioned in the survey. SME and

| ND&6 s me a ninadigm danterprisesiant large industries respectively [10].

Application W SME B IND

Other

Architecture and Design

Electronics

Mechanical Engineering

Automotive 39.5%

% 10% 20% 30% 40% 50% 60% T0% BO% 0%

Figure 2.2 Final applications of castings produced by HPDC foundries, divided into SMEs and IND [10]
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Chapter Two: HPDC Process

2.3 DAMAGE OFTHE DIE IN HPDC PROCESS

/ 777777
Corrosion /|
soldering

>Dies|

thickness = .24 mm

3 mm
]

Figure 2.3 Principal Damage of the Die in HPDC Process.

Since the cost of the die covers about 20% of the total production cost in aluminium alloy
die-casting, the damage of the dies for HPDC, is a matter which is subjectngraus

studies.

The main reasons are essentially two: the spread of this type of process, about 70% of total
production, and the maintenance and the initial cost of the die. For these reasons, it has
been tried to improve the quality, and in particular dioeation of the dies, in order to
prevent several costs about maintenance and downtime.

Aluminium diecasting dies fail because of a number of different and simultaneously
operating stresses. The stresses are of two basic kinds: the first which are dueatg

the manufacturing of the die, and the second which are produakding exploitation

process As already said the replacement of a die is expensive in both: money and

production time.
11



Chapter Two: HPDC Process

In particular during the real exploitation process of die ngstdifferent type of failure

take place. The most affecting damage are surface heat checks, which are caused by
thermal fatigue of die material, and occurs through a process of crack initiation and
propagation from the thermal stress fatigue induced dre asurface. These die surface
cracks causes the unwanted marks (fins) on the casting surface.

Figure 2.4 Typical macroscopic surface damages observed on worn-out cavity inserts and cores [16].

Furthermore, there are other type of damage ld@rosion and soldering due to
aluminium oxidation to the die surfacetosion due to melt flow;catastrophic failures
due to thermal shocks; arfieating of die material which causes instability of the
mechanical properties.

Visual inspection of damaged mould called identifying the most common failure

mechani sms and most of al | are connected to

A brief presentation of these phenomena is listed below:

Die soldering:

When molten aluminium comes into contact with the ferrous die material, the iraheand
aluminium atoms diffuse into each other, resulting in the formation of a series of
intermetallic phases over the die. Initially, iron and aluminium react to form binary iron
aluminium intermetallic phases. Subsequently, these phases react with tten mol

aluminium to further form ternary irealuminiumsilicon intermetallic phases.

12



Chapter Two: HPDC Process

. 1.A390
W& 2. Al FeSi
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Fig. 2.4 Intermetallic layers formed after dipping H13 steel [11].

Fig. 2.5 Pyramid-shaped intermetallic phase at the soldering interface [11].

The resulting formatiorf a layer of the cast alloy that occurs on the interface is called
soldering. The distinction between corrosion and soldering has its roots in {testiey
engineering practice. The term corrosion emphasizes the undesirable removal of the die
materialdue to a chemical deterioration of the die surface, while soldering refers to the

effect of adhesion (sticking) of cast material to the die surface.
Die soldering can be divide in two categoriegtallurgicatchemicalor mechanical

Mechanical solderingsticking of the melt to the die happens after a few shots. Sticking
is not related to any metallurgieahemical reaction because there is not time/temperature
to form intermetallic layers, but could be related either to high pressure or to an error in the

design of the mould.

Metallurgical -chemical solderinginteractions: dissolution of the die material iron into
the melt or to the cast alloy elements diffusing into the die. As result, intermetallic layers

are formed on the die surface. Chemical interastibatween the die and the melt are

13



Chapter Two: HPDC Process

possible only when any protective skin layer (including iron oxide film and lubricant, or
coating) is removed by erosion.

In detail, the mechanism of soldering consists in several steps as shown ir2Fegiieer
a local coating failure (Figur@.7), the molten aluminium attacks the grain boundaries, and
loosens up the hard grains and martensitic plates giving rise to pitting on the die surface.

The formation of the iromluminium intermetallic phases (such as FeAAR, Fe2Al5
and FeAl3) occurs inside the pits and around the broken grains close to the die surface.

WL\ - Coating

i AN " AP\ Al-Fe Reaction
Vil =) Area

NG R mmm Al Phase
AR vi— 8 — H13 Matrix

N e e

L VN, RN
ViI IX ‘_'—'

5

l“v'_\ Al

Fig. 2.6 Sketched steps of soldering process [12].

At this point, it should be noted that the solidus temperatures of the bingdy, Fe

intermetallic plases are well above 700°C, i.e. much higher than typicatadigng

temperatures. Hence such intermetallic-yers will remain in solid state throughout the
casting operation. $A Fes Sigphase growg with pyhaeidat er nar
shape(Fgur e 3. 2) o n-FeRASeandghe pits expamddaterally el in depth.

When the aluminium concentration in the die surface layer reaches a value sufficient to

form a eutectic Arich phase and the surface temperature is high enougbnelré, the

molten aluminium sticks resulting in the beginning of soldering. The intermetallic layers

grow and theneighboringpits merge to form a consecutive zigzag shape. After that, the

closing of the gaps between the adjacent pits occurs, the chen@cbmemechanism
becomes very sl ow, and silicon -lpeRAMbSplapei t at es

and at the intersection boundaries between the binary and ternary intermetallic layers.

14



Chapter Two: HPDC Process

Irrespective of the process conditions (time, temperatureliensurface area), the ratio of
the intermetallic layer thickness and the soldered aluminium is ca. 1:5.

! B

H13 Matrix H13 Matrix

10 um

Fig. 2.7 SEM images of the reaction areas: (a) coating broken by lateral growth in soldering area, (b)

coating cracked and migrated away, and (c) coating washed-out [12].

Washout:

The term washout (literallfailure), in the field of casting, and in particular in the case of
die casting, indicates a type of damage that developed on the dies. This type of failure is
defined as a set of damage that oaour simultaneously, but which have fully different

behaviors.

Corrosive wear results from the fact that tool steel and other metal are in some degree
dissolvable in liquid aluminium and the high pouring temperatures may cause oxidation of
the die surfaceDespite this type obehavior in literature, is often associated to tiie
soldering it is not entirely true. In fact there are different types of damages due to the

effect of corrosion. It is important to clarify the two main phenomena.

The high temgrature corrosion(or oxidation) is the formation of an iron oxide layer with

no chemical reaction and is beneficial to protect the die from damage.

The chemical(or electrochemicalrorrosionis closely related with die soldering, and it
could have alsonfluence on thermal fatigue or erosion because of the changes of

mechanical properties of the corroded die.

15



Chapter Two: HPDC Process

Fig. 2.8 SEM Fractographs taken from tested pins after 94 casting (a) and after 50 casting (b) [13].

Erosive wear is defined as the gdual physical removal of material from the die

substrate with every liquid aluminium impingement. This takes place as a result of the

motion of the aluminium melt.
Three basic erosion mechanisms have been proposed:

Liquid-impingement erosiorthat createspits on the eroded sample surfaces, mostly
affected by droplet or jet sizes and impact velocities, die material properties, die working
temperature, angle of attack, amount of hard particles in the alloy melt (chemistry and

impurities).
Impinging Jet

New pit forming .
N

— \\,-'i]f‘
)Sngf_agelGraln\ \1 /
‘ Stn.fch.lra_‘/ /‘;4%» ]

/ -
Fig 2.9 Representation of a high angle impinging jet of molten aluminum, and (Inset) pit formation
through erosive wear and local deformation [14].

Solid particles in—~,_ | *
the melt ™ |
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Chapter Two: HPDC Process

Cavitation which is the result of the formation and collapse of bubbles (cavities) in a fluid
due to local pressureuttuations that comes from the flow characteristics and from casting

metal vapor pressure.

720 min CrN

720 min A&

Coating
Coating

Fig 2.10 Wear mechanisms (a) AICrN and (b) CrN after 720 minutes of cavitation erosion testing. [15].

And solid erosion which is caused by the impact of solidified particles (Si particles,

oxidation particles, and impurity or intermetallic particles) during filling.

Thermal fatigue:

As mentioned previously, the last typé damage described here, is considered the most
affecting. It is called thermal fatigue because the material is subjected to real alternating
cycles of heating and cooling phases, therefore the stresses to which is submitted the steel

of the dies, can beonsidered fatigue, considered as the original meaning of the word.

Two are the different types of cracks that form due to these stiessesheckandcorner
cracks In addition to notice them on the die surface, their presence can be seen on the cast

causing the unwanted marks (fins) on the casting surface.

17



Chapter Two: HPDC Process

Heat checksare normally observed on the flat die surface, where normally stress
concentration does not take place. Because of the large thermal gradients, during heating,
the die steel surface isxder compression and it is in tension during cooling. This leads to
die surface cracks, which are popularly know
depends on which component of strain is dominant, but could exist a point in the die where
thereare two directions of maximum strain because of symmetry, thus the cracking can
occur in both directions. This phenomenon deteriorates the surface but can also initiate
crack propagation, leading to gross failure of the die.

An example of thermal fatigueracks in a large transssion die is shown in figure 2.12
and2.13.

Fig 2.13 An example of heat checking. [17].

18



Chapter Two: HPDC Process

Corner cracks the type that, irmost of the laboratory testate observedore oftenmay
appear in corners thate more susceptible tbis type of damage, in particuler presence

of sharp edges or abrupt transitiodsiring the cyclic strain, cracks can appears in two
different directions [Z], perpendicular to the edge,dagise of cyclic strain in direction 1,
and along the edge because of cyclic strain in directidig 2.14 (a),(b)).

(a) (b)

Fig 2.14 (a) Schematic of crack direction and stress direction and (b) corner cracking [17].
The damage due to thermal fatigue, againdnsidered the most critical, therefore will be
analyzedand discussed in detail in the following chapters. As the subject of this analysis,

will be detailed theoretical studies, from the literature, and also discussed some practical

experiments for thanalysis of this phenomenon.

19
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3.1 THERMAL FATIGUE

Low cycle fatigugLCF) has been described as a progressive failure phenorhemaght about by
the cyclic application of strains that erds into the plasticange to produce failure in about 105
cycles or less. High cycle fatiguedaused when elaststrain exceeds plastic straimesulting in a
failure in more than 105 cycleslhermal fatigueis categorized as low cycle fatigu@ften the
strains produced during thermal cycling are not high, yet plestige is reached due to decrease in
yield strength at elevated temperatutemust be observed that for equal valuegplafstic strain
range the number of cycles to failure is much fesshermallycycled specimen. This result shows
that although the mechanical low cydatigue phenomenon and thermal low cycle fatigue

phenomenon are versimilar, the use of mechanical low cycle fatigue results for prediction of

20



Chapter Three: Wear Mechanism in HPDC Dies Studied

thermal fatigue life mst be undertaken with caes they significantlyoverpredict the cycle to
failure [45]

Many methods have been used to evaluate the thermal fatigue resistance. Previous work used direct
flame impingement on a surface. However, the combustion conditiofg iotroduce an arbitrary
environment, which may influence the cracking mechanism. High frequency heating and electrical
resistance heating systems are generally expensive to construct and may not represent the rapid
heating and cooling experienced in diasting. An effective way of simulating thermal fatigue
conditions as well as dimolten metal contact is to use liquid metal bath heating followed by water

guenching [45].

3.1.1 NATURE EXPLANATION OF THE FAILURE

The formation of thermal cracks can beided into three stages: nucleation, initial
growth, and proceeded crack growwvhich produces surface destruction or surface
delamination of the degraded matef#i)].

The crack nucleation is associated with the accumulation of the local plasticistthe
surface material, which is typical for low cycle fatigue (LCEB|[ This could in turn
produce sharp surface corners i.e. weak regions in which crack nucleation could occur. The
initial growth of the thermal fatigue cracks is facilitated by otaa of the cracked
surfaces by increasing the volume of thedizedlayer. Proceeded growth is facilitated by
filling of cracks with cast material, by oxidation, and softening of the tool material due to

tempering or aging of surface laydd].

Nucleation and initial crack growth.

During thehot phase of die casting cycle a higpmpressivestresses are produced in the
surface material. These stresses are additionally increased by a filling pressure of the die.
Generally a compressive stresses are sgpprg the crack nucleation and crack growth,
which is favorable, if no local plastic deformation would occur. Instead a local plastic
deformation occurs as a consequence of exceeding local material yield strength at working
temperature, which is especiallgxpressed on locations with notch effects, stress

concentrators, sharp transitions and large changes in the mass of the tool.

21



Chapter Three: Wear Mechanism in HPDC Dies Studied

During the cold phase of die casting cycle a higgnsile stresses are produced on the
surface material, which are increased by plastic deformation of the surface material.
These stresses exceed the local yield strength and sometimes ultimate tensile strength of
the surface material at working temperature. At cyclic loading (repetition of these loads) a
low cycle fatigue occursyhich produces nucleation and initial crack growth.

Crack growth promoted by crack oxidation.

The crack growth is facilitated mxidationof theworking surface and surface of the crack
(Fig. 3.1a). Iron atoms from thsteel surface layer diffuse to therface and to the oxygen.
Vacancies in the steel surface layer are filled with alloying elen{®itand Mo) (Fig

3.1b). On the surface of tools and cracks a layer of iron oxides is generally formed, due to
the presence of air oxygen and high tempematanvironment. Additionally oxides of
aluminium and silicon are present, white the result of reaction between air oxygen and
aluminium alloy. At the oxide side of the boundary between the oxide dangkhot work

tool steel a chromium oxides are lakg. 3.1b).

The negative influence of the oxide laygiits low thermal expansion, bigger volume and
fragility. The presence of nitrogen and aluminium alloy inside the crackseases the
tension at the crack tip (during the cold phase of the cyaeisiieg the growth of cracks
(Fig. 3.1c)

Tensle stresses during cold phase of the cycle, causes local crack formation in the oxide
layer and in the crack fillingFig. 3.1c). This causes crack opening due to fragility of oxide
layer and the difference imérmal expansion between the oxidger and subsurface steel.
These cracks act as the channels for introducing the aluminium alloy and air oxygen into
the crack Air oxygen in high temperature environment is causing the oxidation of the
crack @2].

22
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Air oxygen is moving thought

Molten metal filling the crack Oxide |5Y960unda Iawer cracked aluminium alloy and oxide
oo noary ay to the crack tip causing oxidation
! Steel underneath T —_———.

. [}
B

Crackinthe / | the oxide layer
metal filing-~" *Oxide layer -y Crack inthe _}/ Oside layer
and in the _ Steel _‘.-E‘-‘ | metal filling -
oxide layer..._ | ' underneath g and in the
] i the oxide 8 oxide layer...___
i L layer £ .
(a) ______ @ (b) ﬁ% Distance from the surface (C) A Crack tip

Fig 3.1 Mechanism of crack growth promoted by oxidation [42].

Crack growth promoted by thermal softening

During aluminium diecasting process, the dies operate at temperatures around secondary
hardening or even at higher temperatures. Under such operatingicot)dalmost all

steels present a general softening trend. In some conditions a hardening is observed in
early cycling, but very soon softening prevails. Three softening stages are observed: rapid
softening controlled by a dislocation density reductian,quasistationary softening
governed by carbide evolution, and a drastic stress reduction, due to gross cracking.
Depending on the type of steel, a strain rate and exposure time also influence on softening.
The undesired softening also aggravates matgedd strength. This in turn causes rapid
progression of the crack length up to the layer of unaffected material [42].

From an accurate measurement of the die surface temperature, the thermal fluctuations
could be used to determine the stress fluctuabonhe die surface. The stress fluctuations
could then be applied to a fatigue prediction model, the results of which could be compared
to actual die surface damagis].

A common approach for estimating theak temperaturef the die surface is proposeg

Hattel [46]. The theory presumes that the molten aluminium and the die can be treated as
semiinfinite bodies and that there is perfect contact between the two, thus neglecting
thermal resistance at the interface.

A consequence of the first assumptisrthat the predicted temperature is independent of
time, which clearly it is not. However, the method provides a reasonable estimation of the
die surface temperature at the instant in which the molten aluminium first makes contact.

This temperature appxonates the peak cycle temperature. Figure 3.2 illustrates the
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Chapter Three: Wear Mechanism in HPDC Dies Studied

predicted temperature variation between domain 1, representing the molten aluminium, and

domain 2, representing the die.

T

_______‘\ il
a

a—p

T,

Domain 1 Domain 2

Casting — X Die

Fig 3.2 Analytical solution for the two domains, i.e. the casting and the die [46].

The peak temperature calculated at the interface between the two domainRienthan
temperaturelsgiven by [46]:

Y — 3.1

Whereb = Q8 is the mould cooling capacity,is the thermal conductivity, is the

density,0 is the specific heat capacity.

Considering the first cycle, that means when the die is started from cold (23°C), the peak
measured die surface temperature is aboutaleqo the corresponding Riemann
temperature. For other cycles, however, the Riemann temperature underestimated the peak
cycle temperaturéMost of the thermal fatigue theories are based on this case, in which a
bar is fixed at its endbetween two immovde plates, so that the length of the bar must
remain constant. This bar is assuntedbe gradually cooled and heated. In this case,
cracking will takeplace only when there is plastygelding in both cooling and heating
cycles, which leads to accumulatiaf plastic strain in evergycle. The constraint to
thermal expansion is due to thermal gradient between surfaceoaadf material and
therefore, the thermal strain does not completely convert into mechanical 8thessthe
surface of the die is haat, a part of thermal strain converts into mechanical stress because

of thermal gradient, and the remaining appears on the surface as it is.
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3.1.2 FACTORS AFFECTING THERMAL FATIGUE AND HIGH TEMPERATURE
MECHANICAL FATIGUE

During the studyf thermal fatgueit showed that there asme parametetbat influence
the effect increasing or decreasinthe impacton the materialsThey can be divided into
categorieslependingpn whatelementof the analysisregoingto affect

The most important are of ca# the raterial properties: thermal expansion coefficient,
thermal conductivity, yield stress, ultimate strain, Young modulus, resistance to tempering.
Also during theexperimental parit was highlightechow fundamentabnd howthey can
change theorogres of the testFor example de to the repeated temperature fluctuations
on the die, it must bdimensionally stable, have high hot yield strength, good resistance
high temperature softening and good thermal conductij4y]. Furthermore higher
thermalconductivity of steels enables quicker transmissibheat from the die surface to

the core of the die. This lowers the thermal gradients i.e. thermal stresses and has the
beneficialinfluence on the prolongation of the tool lifetime[4Zhe negative irfience of

the oxide layeits its low thermal expansion between the oXalger and subsurface steel,
thebigger volume and fragility.

The extremehermal fatigue resistance wofaterials likeAnviloy1150, Me785results from

the combination of high thermalonductivity, small hermal expansion, and very high
melting point temperatur@his will result in very high softening resistanatthe tested

temperaturg4].

The other category of affecting parameters is related to itheulface temperature and
gradent during cycle:depends on casting temperature, cooling channels temperature,

spraying, mould design.

Finally Stress concentrators: due to the mould cavity geometry (corners) as discussed, but

also at microscopic level (surface finishing) and also vedigtresses.

Regarding High Temperature Fatigue, apart from the parameters that affect fatigue such as
the stress, material properties, and stress concestitaaffected by temperature.
In a HTMF test temperature and strain change simultaneouslyndegendently. The

changes in strain arise from a combination of thermal and mechanical effects. Since the
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thermal strains are not associated with loading, it is customary to subtract the thermal
strain to give the mechanical strain. It is also possibldefine various paths in terms of
temperature and strgf0].

A schematiof the stress/strain response in acatled bithermal is shown in Figure 3in

which the total (mechanical + thermal) strain is shown for purpose of clarity.

Tension Low temperature (650°C)
Stress 0 - : _:
Strain g
High temperatare {1 050°C)
Compression

Fig 3.3 lllustration of a Thermo-mechanical cycle [50].

According to literaturehe effects of high temperature in properties that can affect fatigue

are the following:

The tensile strength is reduced but elongation increases
Young modulus reduced: Less stress for the sd@fiermation. It has to be kept in
mind that Low Cycle Fatigue (what concerns this study) is ruled by deformation
and not by stress like in High Cycle Fatigue.

9 Oxidation: thermal fatigue is generated by an intergranular cracking in the surface.
Oxidation & an intergranular effect as well. Its influence increases with time.
Clearly oxides that form at high temperatures are easily cracked by the slip bands
that form at the lower temperatures.

1 Creep: Viscousbehaviour at high temperature. Deformation increasfor a
constant stress Fatigue resistance reduction and fatigue limit disappears. Creep
temperature for these steels is around 580°C, not being probably an influencing

effect.
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3.1.3 EXISTING TESTPROCEDUREBND PROTOCOLS

Severalauthors haveonductedresearchregarding the behaviaf a specimersubjectto
thermal fatigue The startingpoint of any study are definitely the E606 and E2368
standard [1, 2] which describéboth the analysifor strain controlled thermomechanical
fatigue testing and for normal strain-controlled fatigue testing Using these starting
guidelinessome studiebave beermlevelopedusing differenttest rigto evaluate the effect
of stress causealy bothmechanicabnd thermastresss

One of the mosinnovativework on how to ést an element subjected to thermal stresses,
andwhich describes the developmeutt a test righas beemevelopedoy someauthorsin
the University ofjubljana[40].

The laboratory test rigequipment) for their evaluation must leapable of carrying du

such tests avarioustemperatures and have the capabilitythatsame testing temperature,

to generatevarious temperature (stress) fields anderto better evaluate the usage of
materialsfor a specific applicationThe test rig developedenables gneration of high
thermal stress with wellefined thermal boundary conditions which allows the study of the
temperature and thermal stress distribution in order to better evaluate the thermal shock or

fatigue resistance of the tested matgt@jl

The man idea was that the specimens would be rapidly heated to the maximum holding
temperature and then the surface would be quenched with water. It was estimated that the
cracks would form earlier than in 1000 cycles (for tool steel); this would shortentihg tes

time of a given specimeithis advantagbecomes cruciah the analysis ofyclical stress

becausehey mayneedperiodsof verylong experimentation

Circular and hollow shaped specimen were applied for testing, using a thermocouple inside
welded gstem. The outer testing part of the specimen was placed in a cooling chamber
(Fig 34). The cooling and emptying process was optimized by a pair of magnetic computer
controlled valves. One valve controlled water quench and the other controlled the air

conpression to empty cooling chamber.
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Fig 3.4 The cooling chamber with water quenched sample [40].

The setup of test rig, without working jaws is shown in Figub¢a3.and its positioning in
the load cell is shown in Figure5gb).

(b)

Fig 3.5 (a) Testing device with specimen, (b ) Inserted test rig in the load cell [40].

At the end it was showed that the test was efficient and repeatable. In particular with a
combination of simultaneously controlled cooling and resistance heating of the specimen,
greater termal gradients in relatively thin specimen surface layer were achieved, while the

remaining depth of the specimen kept approximately the same value. This reduced the

number of cycles needed for crack nucleation and resulted in faster crack growth.
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With the possibility of generation various thermal gradient, the test can also simulate

various thermal loading conditions in an applicative environment.

If we go more specifically to evaluate the procedures developed in the analysis of the
damae in case of dieasting dies it is possible tefer to the analysis of tHe. K| obc gar ,
Kosec, B. Koo daenage of dies calisedybg thermo fatigue craghihgl?].

In these workst was tried to developan optimal geometryfor the specimensusedin
thermal faigue analysisthe development of the optimized tesgiecimen geometry is
represented (Fig. 8).

)
o -
' * '|" "-'
{ | | |
o WY L2 4 N

Fig 3.6 Evolution of the specimen geometry through the optimal one [41].

The aim ofthe optimized geometris to accelerate thermal fatigue testing on Ension
test apparatusthe immersion test apparatu?] is shown in Figure3.7 (a). It enables a
controlled thermal fatigugesting at conditions similar to aluminium alloy giasting.
Thermal fatigue loading is achieved byclic movement of specimengtween baths of
molten aluminium thought the air into the bathwaterbased lubricant. Nevertheless, the
test specimens are not subjected to pressure and aluniiloiws) unlike the die during

die-casting.

Fig 3.7 (a) Schematic of immersion test apparatus, (b) schematic of classic thermal fatigue test
specimen, and (c) cross section of optimal test specimen [42].
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