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EXECUTIVE SUMMARY

The aim of the thesis is the identification and modelling of the dominant failure
mode in hot forging tooling, used in the production of nickel based superalloy

compressor blades.

A preliminary study identified thenost frequently occurringpart defects that
causetool failure. The forming process was characterised, relevant tooling failure
modes were identified and thmechanicalproperties and microstructure of the

tooling wasreviewed

Case studies have been performed identifying the observable damage in worn
tooling and investigating the conditions that result iool failure. The
investigation made use dfinite element analysismetrology, metallurgical
analysis and thermal measurememhe dominant failurenodewas associated

with theplastic deformatiorof the tooling

Testing was performed to gather sufficient data to allow for the development of a
lifing model. Isothermal tensile and fatigue tests were performed under
temperaturesand strain rates representative of hot forging tooling conditions.

The microstructural instability during these conditions was investigated.

A literature review explored statf the art approaches to modelling the plastic
flow behaviour of tempered marisitic tool steels for the purpose tjol life

prediction.

A lifing model was developed to describe the plastic flow behaviour of tempered
martensitic steelA physical based modetieveloped to describe the creep
behaviour of 912%Cr tempered martensititeelhasbeenappliedto describe the
thermomechanical fatiguédehaviour of 5%Cr tempered mantgtic hot work

tool steel

The model wasverified by comparing model predictions to experimental data
not used in the development of the mad€éhe model wa then appliedto
predict the life of toolng examined in the case studide life predictions were

within a factor of 10 from measured die liveseasuredrom the forge.
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1 THERESEARCH AREA AND MOTIVATION

In hot forging, the workpiece is forced into impressions cut into blocks of
material. The blocks witlthe impressions are called dies or tooling.the hot
forming of nickel based superallpyhe diessuffer high cyclical thermal and
mechanical loads. These conditions result in the degradation of the impression
resulting in defects imprinted upon the workpiec¥¢hen the partdefects
developto a critiml amounfthe dies have failecand acceptable workpieces can

no longer be formedThe partdefectmay be a featuraffecting thesurface finish

and\ or the dimension®f the parts formed.

The life of a die not only limits productiocapacity but also inars a significant
cost for forging companies. The costs associated with replacing a die include
reduced productivity due to press down time, the cost of manufacturing the new
die, and the time taken to set up the press with the new to@lisgr et al. 1993
The performance measures of hot forming tooling include the total number of
parts produced bg die and the quality of the parts produced. Goality of the

parts produced affectbe extent of rectification operations required

Multiple operations may be required to change the form of the workpiece into
the desired geometry. The intermediate sésapf the workpiece are described as

preforms.

The research is interested in identifying and modelling the dominant cause of
failure for dies used in the preforming operations in the production of single
ended aerofoil blades made out of nickel based salfpgy, IN718. The dies are

made out of tempered martensitic hot work tool, AISI H13.

The motivation forthe development odiie life prediction capability includes the
ability to improve die life through preform design optimisation, to improve
productionplanning, and to improve die life through optimisation of process

parameters.

1.1 RESEARCH AIMS AND O BJECTIVES

Many failure modesontribute to die failure in the toolingsed to hot forge
nickel alloy componentsThe failure modes interact to result in thegdadation

of the die which results in part defects that cause die failure. The manner in
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which the failure modes interact may be defined as the failure mechahlgsis

illustrated inFigure1-1.

Failure mode #1
Failure mode #2

Failure mode #3 Failure mechanism #1 ——> Unacceptable part defect #1

Failure mode #4 Failure mechanism #2 ——> Unacceptable part defect #2

Failure mode #5
Failure mode #6

FIGURE 1-1: FAILURE MODES , MECHANISMS AND PART DEFECTS

Examples of failure modes include plastic deformation, abrasive wlearmal

softening and so onln the context of this thesishé failure mechanism describes
how the failure modes interact to result in the part defect that fails the Thes.
detamine the dominant failure modethe failure mechanism must be

understood.

The failure mechanismdiffers depending upon factors such as the workpiece
material, the workpiece temperature, the type of press, the press settings, the use
of lubrication, die material, the die temperature ahe extent of deformation.

Process variation may contribe to die failure.

The purpose of this research is to identitye dominant failure mode that
dictates life and model the failure to allow life predictionhese aims are

summarised below:

a) To identify the dominanfailure mode that results in die failure in the hot
forming operations of Nickel based superalloy aerofoil blades.

b) To model the dominant damage moaled predicdie life.
To satisfy these aims the following objectives are necessary.

1. Characterise the forming pecess identify relevantfailure modesand

evaluatethe die material.

2. Performa failure analysis investigatioto identify the dominanfailure

modein the forging operations
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3. Perform a literature review intlifing models describing the dominant

failuremode.
4. Characterise the die material with respect to the dominant fanhoee
5. Develop thdifing model

6. Verify thelifing model

N

Apply the lifing model

1.2 RESEARCH METHODOLOGY

The research methodology may be split into twimges a failure analysis
methodology applied tdnvestigatingthe dominant failure mode of the hot
forging tooling and a lifing methodology applied to life prediction of hot forging

tooling.

1.2.1 FAILURE ANALYSIS

The failure analysis methodology followdtie Six Sgma DMAIC process. This
approach was adopted as it was the preferred choice of the manufadteer.
phases of this method are outlined bel@Antony et al. 2006John et al. 2009

Define:Describe the problem, identify the stakeholders in the project, identify the

project goals andreate the project charter

Measure:Determinethe variables that need measurathplement measurement
techniques of suitable accuracy and collect data. Use titatisools to examine

the data.

Analyse: Identify and verify potential causes of the problem. Determine
relationships between the output, process and input. Determine the roo{sjause

of the problem.

Improve:Generate and evaluate potential solutions to the problems. Develop and
plan the implementation of the improvements. Implement the solutions and

measure the response.

Control:Ensure the sustainable and long term success of the project.
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The DMAIC projectwas performed by a multidisciplinary team consistingrod
author, Kenny McGuire (Manufacturing EngineerRavi Kapur (Metallurgis)
and led by Rusell Teeling(Forge Manager).

As part of the measure phase, a preliminary study identified the part defects
produced as a result of the forging process. A die life measurement system was
implemented to gather statistical data to determine the most frequently occurring
causes of die failure. Statistical analysis was performed to examine relationships

between meagedvariables

The work documented in this thegisfers tothe fanalys® phase of the DMAIC
processAn Ishikawa graph was constructed to assist in identifying the potential
root causes of die failuréA failure analysis was performed upawvorn tooling
obtained from controlled condition$heinvestigationwasperformedfollowing

the guidelines giverby Aliya (200). Care was taken to preserve evidence that
relates to tool failure and tests were performed in order of least destructive to

most destructive.

Sampled forged components were inspected and the worn tooling was obtained
under known conditions. The forging process was maintained within the

conditions specified by the forge.

The workpiece temperature and die temperature was kept within the process
specifications of the componem.complimentary investigation analysed process

variation within the forgéJadhav 201).

The examination of the worn tooling allowed for the identification of the failure
modes that contribute to failure. The progression of the part defects that led to
die failure was assessed qualitatively through examining sampled forged

components.

The tooling was measured using a 3D scanner before and after the forging trial.
The difference in geometry measured was used to assess the location and

magnitude of damage to the tooling.

Metallurgical samples were taken at critical locations on the. (Boé specimens

allowed the examination of the damages surface layers using light microscopy.
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Hardness measurements were taken to examine changes in material condition as

a result of forging.

Finite element analysis (FEA) was used to simulate the forgmogess. The finite
element models were used to approximate the magnitude of die stress and

temperature during a forging operation.

The temperature of the tooling during a production run was measured using a
thermal camera. The tool temperature was oérnast to understand the role of
thermal softening. Nowontact thermal measurement was chosen over the use
of thermocouples to mitigate disruption to production. Contact measurement of
the die surface at the location of interest is difficult due to thesses exerted

upon the dies.

From these observations and measurements, the failure mechanism was

evaluated and the domamt failure mode was identified

1.2.2 LIFING

The approach taken to die life prediction consists of determining the thermo
mechanical loadingresponsible for die failure, the material response to the
thermoemechanical loading with respect to failure, and the failure crit@tas is

illustrated inFigure1-2.

Material model describing
material response

Thermo-mechanical

- Failure criteria
loading

Die life prediction
FIGURE 1-2: DIE LIFE PREDICTION REQUIREMENTS
The thermemechanical loading describes the loading of the die during a forging
cycle. The press exerts a force on to the workpiece. phestically deforming
workpiece exerts a force on to the toolifkhe die increases in temperature due

to heat transferred from the workpiece and heat generated by friction.

The material response of the tooling is temperature dependémet.material

respase is strain rate sensitive at high temperature, above the tempering
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temperature of the tool ste¢lot work tool steel is known to ovdemper during

use as hot forging tooling and soften under fatigue loading.

The lifing model describes the degradatiof the tooling resulting in the
development of a part defect that fails the tooling. The failure criterion describes

the limit to the degradation in the die material.

Finite element analysifias been usedo approximate the thermmechanical
loading of tie tool at the location of failure. A failure criteriomas developed
considering the manner in which the tool failéikhe material model describes

therelevantmaterial behaviouunder the conditions of interest.
1.3 RESEARCH CONTRIBUTION S

1.3.1 FAILURE ANALYSIS

The plastic deformation of the substrate has been found to be the cause of die
failure in nitrided tooling used in the hot forging of nickel based superalloy using

a crank press, glassed workpieces and water based graphite lubrication.

The implication of his finding is significant in thathe surface degradation of the
die may be addressed through improving the resistance to @teeftirmation of

the substrate opposed to improving the wear resistantmmbs$urface

The finding is relevant teimilar case hardened hot forging dies that experience
high thermemechanical loads but have sufficient toughness to avoid failure

throughcatastrophic failure

1.3.2 MODELDEVELOPMENT

The physical based models developteddescribe the creep behaviour 6f12%

Cr tempered martensitic steel have been examined with respect to the thermo
mechanical fatigue behaviour of 5%®ro-V tempered martensitic hot work tool
steels. The Dysoisemba model has been adapted to describeptagtic flow
behaviourof tool steel.The Basoalto model has been applied to describe athermal
behaviour. Athermal behaviour has been identified by regimes where the

material does not display significant strain rate sensitivity

22



1.3.3 LIFEPREDICTION

A life prediction model has been developed for tooling that fails through plastic
deformation.The approach taken describes the themmechanical loadingt a
representativéocation of thetool. The failure criterion is based upon the critical

amount of strain appromated from failed tooling.

The impact of process variation has been inclubgd/arying thedie stress and
temperaturebetweencycles.The softening resulting from repted nitriding of

the tooling has beetaken into accounfThe impact of variation étween batches

of die material may be included through variation in the mean values used to
describe microstructural feature3he lifing modelis capable of predicting
scatter similar to that observed within the forge with die life predicteom®rder

of magnituden difference frommeasured life.

1.4 THESIS STRUCTURE

The thesis has been structured to reflect the objectiuélinedin sectionl.1. The

structure and content of the thesis is showFRigurel-3.

Introduction to hot forging, die life and AISIH13 Chapter 2
Identify dominant failure mode Chapter 3
Material characterisation Chapter 4

Literature review on modelling approaches Chapter 5

Model development Chapter 6
Verify model Chapter 7
Apply model Chapter 8
Conclusion Chapter 9

FIGURE 1-3: RESEARCH METHODOLOGY AND THESIS STRUCTURE
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Chapter 2 consists of a literature review describingftrging process, relevant

failure modes, and the die material.

Chapter 3 presents the findings of the failure analysis performed upon the
forging operations of interest. The analysis consists of metrology, metallurgy and
finite element analysis. The outcome of chapter 3 is the dantifailure mode

that dictates die life.

Chapter 4describes the material characterisation performed to measure the
mechanical properties relevant to the dominant failure mode. Microstructural
instability is examined with respect to the observed behavand behaviour

reported from the literature.

Chapter 5contains a literature review describing approaches to modelling the
dominant failure mode identified in chapter 3. The merits of the different

approaches are discussed.

Chapter 6 outlines the developmieof the lifing model. The model describes the
change in material behaviour relevant to the dominant failure mode and the
thermoemechanical loading of hot forging tooling. The developed model builds

upon existing models reported in chapter 4.

Chapter 7 tets the developed model. Verification tests determine the ability of
the model to predict measured material behaviour relevant to life predetidn

to evaluate the conditions where the model may be accurately applied

Chapter 8 applies the modul predct die life. The model has been applied to
determine whether similar die lives may be predicted to those observed in the

forge.

Chapter 9summarises the research contribution. Future work and areas of

concern have been highlighted.
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2 BLADE FORMING , DIE LIFEAND HOT WOR K TOOL STEEL

This chapter describes the forming process of interest, the relevant ways in which
hot forging dies fail and the microstructure of the die material. This information

is required to investigate the failure of hot forgingling.

Theforming process of interest is thet extrusion and upsetting of nickel based
superalloy using a mechanical crank p®Key processparametersnclude the
workpiecetemperaturethe die temperaturehe geometryf theworkpiece the

geometryof the tooling the press kinetics, and lubrication.

The failure modes and material behaviour relevanextrusion and upsetting
tooling include wear, corrosion, plastic deformation, thermal softerongf-

tempering thermal fatigue and mechanical fatig.

The die material of interest is AISI H18 high chromium hot work tool steel. The
performance of the tooling may be linked toaterial propertiesThe material
properties are a result of the microstructure. Important microstructural features

includethe particle phasesartensitic lathand dislocation structure

2.1 THEHOTFORMING OF IN718 COMPRESSOR BLADES

The manufacturing processes of interesithin this work focus on thepre-
forming operations in the production of single ended aerofoil blades. The
preform geometries in the hot forming of single ended aerofoil blades are

illustrated inFigure2-1.

Slug Extrusion Upsetting Final stamp
'S Stem
~

£
g
e e Blade surface
t

+ ! \Z

Root block\platform

FIGURE 2-1: THE WORKPIECE GEOMETR IES IN THE FORMING O F SINGLE ENDED COMPRESSOR BLADES
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The initial workpiece geometry is cylindrical with filleted edges. The first
operation isan extrusion operatignto start forming thestem The second
operation is an upsetting operation which forms the root block of the aerofoil
blade. The final operation forms the aerofoil blade geometry @mdpletesthe

root block. The trimming of the fieh produced in the final operation is not

shown.

The purpose of the research is to identify and model the dominant failure

mechanism ofhe dies used in thextrusion andupsettingoperations.

2.1.1 THEWORKPIECE MATERIA L PROPERTIES

The workpiece material of interest is Inconel 7Ithe workpiece material
properties ofmterest include the flow stress atlermal propertiesf the alloy.
The flow stress impacts the required forging load. The thermal properties impact

how the workpieceetainsand diffusesieat during the forging operation.

The flow stress of Inconel 718 isighly temperature and strain ragensitive,
making it a difficult alloy to forgeThe flow stress is shown iRigure2-3 (Prasad

1997. The forging operationf interestis performed on a mechanical clapress

to reduce the contact time between the workpiece and the die, reducing the heat
lost from the workpiece. Thgadeoff is that the fast ram speed results in high

workpiece strain rates, antius high workpiece flow stress

The temperature of th&orkpiece is important as it impacts the flow stress, and
thus the stress imparted onto the toolifige workpiece loses heat upon removal

of the furnace. Heat is lost to the environment through convection, radiation and
conduction with theongsused to transfer the workpiece. When the workpiece is
positioned upon the toolingheat is lost with the environment through
convection and radiationand conduction with the toolingThe reduced
temperature of the workpiece incurs higher flow str@é®increased flow stress
caused by the heat lost through conduction between the workpiece and the
tooling is knavn as the die chilling effectThe thermal properties of the

workpiece are shown iRigure2-2.
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2.1.2 THEDIE MATERIAL PROP ERTIES

The die material of interest is AISI H13 hot work tool steel. The properties of
interest include the yield strength, the fracture toughness$ thermal properties

of the alloy.The manufacturer has chosen this material for the combination of
strength and toughness and better hot strength in comparison to alternatives
such as AISI H11The chemical composition of the H13 hot work tool steel is

given in Table2-1.

TABLE 2-1: CHEMICAL COMPOSITION OFH13HOT WORK TOOL STEEL (WT. %)

Cr Mo \Y/ C Mn P S Ni Fe Si

5139 1.231 0.847 0.361 0.393 0.019 0.006 0.411 bal 1.023

The carbon content dictates strength and hardness however coarse carbides are
detrimental to toughness. Chromium, tungsten, titanium, molybdenum and
manganese are carbide forming elemer{Baizazi 2009 Chromium and
Molybdenum act as solid solution strengtheners and Molybdenum also acts to

suppress temper embrittleme®moljan 2009

The die material of interest is heat treated to tempered martensite of hardness
ranging between 5& 54HRC. The tool steel is heat treated with a fluidised bed
furnace under a nitrogen atmosphere. The heat treatment process is shown in

Figure2-4.
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1st temper 2nd temper
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FIGURE 2-4: HEAT TREATMENT OF AISI H13
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The initial microstructure prior to heat treatment is ferritic. The ferrite transforms
into Austenite during the Austenitization process. The Austenite transforms into
martensite during the quenching proced$&articles precipitate during the
quenching opeation. During the tempering operaticthe martensite relaxes into
tempered martensite and particles continue to precipitate, grow and coahgen.
particle phases may be categorised as eith@mary particles or secondary
particles. Secondary particlesrgzipitate during tempering whilst primary

particles are present in the-geenched condition.

The temperature sensitivity of yield strength and toughness of AISI H13 is shown
in Figure2-5. In figure a), it can be seen that the strength of the material declines
at high temperature, making the material more susceptibleetar and plastic

deformationln figure b), it can be seen that H13 displays gootlitoughness

A polynomial equation has been used to fit the temperature sensitivity of the
0.2% proof stress of AISI H13 shown Kigure 2-5b). This is shown in equation
2-1 (Bohler 2010.

» 8 VBT PTTY TWIMOYT P& Y p1T CTT 2-1

Where;
- The 0.2% proof stress (MPa)
Y Temperature (eC)

Equation 2-1 may be used to approximate the yield strength of AISI H13
considering the temperature of the die during a forging operatian (2008
offers equation2-2 to describe the temperature dependence tof Elastic

modulus of AISI H13.

(0] TPY CPGEPTMT 2-2

Where;
0O Y o u nrgodlglus of H13 (MPa)

The thermal properties dfot work tool steels are important. Heat is transferred
from the workpiece and heat is generated through friction during the forging

operation. High thermal diffusivity is desirable to reduttee magnitude of
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thermal gradients and mitigate thermal fatigdeée thermal properties of AISI

H13 are given irFigure2-6.
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2.1.3 DIEMATERIAL SURFACE TREATMENT

The tooling of interest is nitrided for improved resistance to abrasive wear and
plastic deformationThe nitriding operatiorforms a diffusion layer anda white

layerat the tool surface.

The die material is gas nitrided at a ten
of carbon and nitrogen using a fluidised bed gas furnace for 48 hours. This
results in a nitride depth of 314um witan 11um deep white layer, as shown in

Figure 2-7a). Figure b) shows hardness measures taken from different depths

from the surface. The surface hamks varies between 160Q00HvV.
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FIGURE 2-7: MICROGRAPH OF NITRIDE D AISI H13

The white layer may be made out of two phases; the epsilon phash Xféad
gammaphase(FN) (Pessin et al. 2000 A monophase compound layer is
reported to have better mechanical properties as the two phases weakly bond
together(Strafford et al. 1996 The white layer present in the microstructure is

monophase however it is not known whether it is epsilon or gamma phase.

The diffusion layer is formed when elements such as Cr, Al, V anfdrim sub
microscopic precipitates of nitrides which fit interstitially within the martensitic
lattice and impeddislocation movementresulting in higher yield strength
(Strafford, Smart et al. 1995
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The performance benefit achieved through nitriding can be attributed to the
presence of the white layer, the diffusion zone and compressive st(essesil.
2000.

2.1.4 PRESS KINETICS

The extrusion and upsetting operations are performed using the same dual
action mechanical crank press. One operation is performedtiatea The time
taken to deform the workpiece is approximately a quarter of a second with a

cycle time of half a second. The punch has a total stroke length of 228mm.

The movement of the press may be split into two stages. In the first, shag®p
and bottom dies close. In the second stage the punch enters the closed dies and

deforms the part. This is illustrated Figure2-8.

Figure 2-8a), b) and c) show the different stages of movement of the fly wheel
which define the two stages of press kinetics. Figure a) describes the press at rest.
Figureb) shows the flywheel in a position that allows for the clamping of the top

and bottom dies. Figure c) shows the position where the punch is fully extended.

Figure2-8 d), e) and f) shows a 2D cross section of the extrusion tooling at the
different stages in the movement of the press. Figure d) shows the extrusion
tooling when the press is at rest with the workpiece positioned in the tooling.
Figure e)shows the top and bottom dies closed. Figure f) shows the punch fully

extended and the shape of the extruded workpiece.

Figure 2-8 g), h) and i) shas a 2D cross section of the upsetting tooling for
different stages in the movement of the press. The figures illustrate similar

conditionsof the upsetting tooling as shown for the extrusion tooling.
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FIGURE 2-8: DUAL-ACTION CRANK PRESS KINETICS

For mechanical crank presses, the velocity of the punch reduces to a halt at the

end of the punch stroke, as shown irFigure2-9.
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FIGURE 2-9: RAM SPEED WITH RAM STROKE FOR CRANK PRESSES

The slowing of the ram speed impacts the strain rate of the workpiece. The
workpie@ strain rate is important when forming strain rate sensitive materials
such as IN718.
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2.1.5 LUBRICATION , HEAT TRANSFER AND FRICTION

Lubrication plays a vital role in improving the surface quality of the formed parts
and improving die life. Thepurposes of lukicants in hot forging include
reducing friction, reducing the heat transferred from the billet to the die and to

protect the workpiece and die from corrosion.

Water based graphite is applied to the tooling to reduce friction, reduce heat
transfer and to mtect the tooling. The workpieces are glass@d provide

insulation toreduceheat lossipon removal othe workpiecdrom the furnace.

Lin (2009 performed Cockroft ring tests and measured the friction and heat
transfer coefficient descriptive of forging Inconel 718 using a mechanical press
with glassed workpiece and graphite lubricant applied to the toolnfgiction

value of 0.2 was found to lrepresentative of the upper limit for friotn for this
forming operation.The heat transfer coefficient was found to be pressure
sensitive up to 263MPa. The pressure sensitivity occurs through the increase in
directly contacting surface area and reachesaximum where the entire surface

is in contact.

2.1.6 SUMMARY OF THE FORGIN G CONDITIONS OF INTE REST

The process consists of extruding angsettingof Inconel 718 at a temperature
of 108&C in dies made out of AISI H]13vhich are preheated to 240 The
tooling has beerheat treated to a tempered martensitic structofrédardness
between 52 and HRC. The tooling is nitrided to forma 310um thick nitride
layer with an 11um thick compound layeiThe workpiece has a d&bum thick
glass coating and water basedaghite is sprayed upon the dies before each
stroke. The peak forging load for the extrusion aapsetting operations is
30tonne and 70tonns for extrusion and upsettingespectively. Theupsetting
operation occurs immediately after the extrusion operatibme deformation

time for each operation spproximately a quarter of a second.
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2.2 DIE FAILURE

Die failure occurs when the degradation of the tool results in defects imparted
upon the workpiece that cannot be acceptéde reason for failure may be
caused B the geometrideviationof theworkpiece orthe degradation isurface
roughnessThe extent of acceptable geometric deviation or surface deterioration

in the workpiece is location specific and

The relevant failure modeinclude wear, corrosion, plastic deformation, thermal
softening overaging creep, thermal fatigue and mechanical fatigue
(Summerville et al. 19955ubramanian et al996. Often failure in hot work dies

is attributed to either abrasive wear or plastic deformafi©ser, Geiger eal.
1993 Kim et al. 200 however the damage evolution is complex and interactions

between these mechanisms oc@chaou et al. 2009

The dominant failure mode depends upon factors such aswbmikpiece
material, the temperature it ferged, the velocity that is forgedhe amountof
workpiece deformation, lubrication, and the die material, die heat treatment and
surface treatment@emiatin 2005 It is possible for the dominant failureodeto

change over the life of the die.

2.21 WEAR

The interaction between the contacting asperities of the workpiece and tool may
result in abasive or adhesive wear. Abrasive wear describes the cutting of one
surface by a harder surface. Adhesive wear describes the welding of the mating

asperities and the removal of a combinatiomoth of the mating bodies

Archard (1956 developed an equation for modelling material removal through
wear,.Bot h adhesive and abrasive wear have

wear equation shown in equati@s (Painter et al. 1996

RPNV |- B
0L QA QMO Q ?Qo 2.3

Where;
0 NormalpressurgMPa)

@ Sliding velocity (m/ s)
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O HardnesgHvV)
ko) Materialconstant

Equation2-3 expresses the empirical relationship relating the wear depth to the
applied pressure, sliding velocity anthrdness of the die materidlin (2010)
made the hardness of the tool temperatuepaehdent taccount forthe impact

of greater material removal when the tool as at higher temperat@teer
authors have included the impactafer-temperingon the tool hardneddee et

al. 2003 Kim, Lee et al. 2005Tan 2007 Biglari and Zamani 2008

Such wear models have been useddaiermine awear inde for comparing
different preform designg¢Lee, Kim et al.2003 Kim, Lee et al. 2005Tan 2007
Biglari and Zamani 2008

2.2.2 CORROSIVE WEAR

Corrosive wear occurs when the two rubbing materials are in a corrosive
environment.The corrosive reaction forma tribological film on the surface
which would normally retard corrosion from further penetrating into the
material.In hot forming,the impact of the workpiece on the die surface can
remove such a protective layer and allow further corrosion to occur. The rate of
delamination of the corroded layer determinikee rate of corrosiofWang et al.

2009.

2.2.3 PLASTIC DEFORMATION AND CREEP

Plasticdeformation is a common cause of failure in hot work toglwgere the
tool deforms to such an extent that parft¥med are no longer within
dimensional toleranceSome researchers have proposed thedeg is also

relevant in hot forging toolingFang et al. 200Berti and Monti 200%

Martensitic hot worktool steel exhibits complex flow behaviour. Under uniaxial
flow the material work hardenswhilst under cyclical loading the material
softens over repeated cycles. The flow stress behaviour during uniaxial flow of

H11 heat treated to 47HRC is shownHigure2-10.
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FIGURE 2-10: COMPRESSIVE FLOW STRESS BEHAVIOUR OF H11 TOOL STEEL (BERNHART ET AL . 1999

Under cyclical loading conditionsnartensitic tool steel softens withbrteaching

stabilisation. Theisotropic behaviour may be observed kigure 2-11 which

shows the hysteresis lospmeasured during uniaxial fatigue of AISI H11 tool

steel.
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The peak plastic strain measured withithe hysteresis loops increadering
cyclical loading. The softening behaviour is more easily observedhen
examiningthe halved peak stress measured in eaute. The halved peak stress
refers tothe sum of the absolute minimum stress and maximum stress within a
cycle divided by twoThis is shown inFigure2-12. Zhang et al (2002)erformed
isothermal fatigue tests with a tensdempression strain ratio of 1%, at

temperature intervals between 209 C and 5
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FIGURE 2-12 HALVED PEAK STRESS AM PLITUDES FROM ISOTHE RMAL FATIGUE TESTS O FH11 TOOL STEEL
(ZHANG ET AL . 2002

AISI H11 cyclical sofens at all temperatures examinedhang et al(2002

observed a relationship between the aallisoftening and the strain amplitude

under strain controlled fatigue. This suggested that the softening was caused by a
straininduced mechanismlhe increase in softening at temperatures above the
tempering temper at urwas atfribué¢dhte theaddditoryal ( ~500
contribution ofthermally inducedmechanism(s)An initial transient drop in

halved peak stress results in a drdp-60MPa in halved peak stress.

Zhang et al(2008 have developed a phenomenological model based upen
approach outlined bizemaitre and Chaboch@990. Krumphals et a{2012 is in
the process of applying thghysical basednodel developed by Ghoniem et al

(1990 describng the creep behaviour of-B2%Cr tempered martensitic steel to
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the plastic deformation behaviour of AISI H11 under hot forging tooling

conditions.

2.2.4 THERMAL SOFTENING \ OVERAGING\ OVER-TEMPERING

Hot work tooling reach high temperatureturing service. The prolonged
exposure to such high temperature results in @eerpering of the tool material
The reduced strength of the die material results in increases susceptibility to

plastic deformation and abrasive wear.

Different terminology mg be used to describe this behaviour. Thermal softening
is used to describe the impact of this behaviour dupgngduction Overaging is
applicable to describing the coarsening of strengthening precipitates.- Over
tempering includes precipitation kinetics addition to the changes that occur
during the transformation from a tempered martensitic microstructurefutya

annealederritic microstructure.

Die failure has been modelled by determining the time taken for thermal
softening to reduce the hardneskthe die material to a level where plastic
deformation is initiatedKim, Lee et al. 200p Alternatively, thermal softening

has also been included when modelling abrasive wear through a reduction in die
hardness(Lee, Kim et al. 2003Kim, Lee et al. 2005Tan 2007 Biglari and Zamani
2008. The interaction between the development of a thermally softened substrate
and the size of theasehardened layer was explored by Saiki e{2€101). Zhang

et al (2008) include the impact of thermal softenimgen modellingthe plastic

deformation behaviour of hot work tool steel.

2.2.5 THERMALFATIGUE

The heat transferred to the die surface and the heat generated through friction
resut in a thermal gradient at the tool surface. The different rates of thermal
expansionwithin a constrained geometmesult in tensile stresses thegsult in

thermal fatigue

The measures used to quantify thermal fatigue include the time taken for
initiation of thermal fatigue cracking, the crack density and the crack length
(Babu et al. 199%ersson et al. 2005
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The surface cracks caused by thermal fatigue are important in regards to causing
delamination wear and spallation. Such damage may cause the workpiece
surface finish to degrade to an extent deemed unacceptable and fail the tooling.

Thermal fatigue ifommon in hot forging tooling.

2.2.6 MECHANICAL FATIGUE

Mechanical fatigue may lead to delamination of the fractured surface layer or
may result in catastrophi@ilure. Fracture may initiate at stress raisers such as
sharp cornersmachining mark®or from defects within the microstructure close

to the tool surface and tensile stre€hattopadhyay 2001

The complex interaction between mechanical fatigue and thermal fatigue is
described by thermmechanical fatigue. The internal stress frahme surface
pressure applied from the deforming workpiece andtttesmal stresgombine

to determine the stress state of the tooling.

The lifetime of tooling that fail through fatigue may be predicted through
modelling the number of cycles until crack initiation or alternatively the number
of cycles required for the crack to propogate c¢atastrophicfailure. The
appropriateapproachdepends upon the ductility of the material and whether
the die fails upon crack iniation or whether the crack propagates significantly

during the lifetime of the tool.

Low cycle fatigue life may be predicted using strain formulated, energy
formulated or stres formulated models (Velay et al. 200p The thermo
mechanical fatigue modelfound within the literature follow Lematire and
Ch a b o ¢1P99 éteess formulatec&pproach for life predicion using empirical
damage mechaniggang, Jiang et al. 200¥elay, Bernhart et al. 200Berti and
Monti 2009.

2.2.7 SUMMARY OF THE RELEVA NT FAILURE MODES

This section has examined the failure modes that are applicable to hot forging
tooling. The tool is failedvhenthe parts produced no longer meet the required

surface roughness or dimensional tolesamf the component.

Many failure modes may contribute to die failure. Potential failure modes

include abrasive wear, adhesive wear, plastic deformation, corrosion, mechanical
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fatigue and thermal fatiguéelhe cause of failure in hot work tooling has been
investigated bysummerville et al (1995), Barrau et al (2003), Bergeron et al (2003),
Behrens et al (2007) and Kchaou et al (20@@pmplex interactions between
failure modes may occur. The dominant failure mode is dependent upon the
workpiece, the tool mtarial, the amount of deformation, the type of press, the
workpiece temperature, the die temperature, and Ilubrication. For given
conditions, it is necessary to identify the dominant failure mode to allow life

prediction.

When die life is limited by weahr char d s wear equation may
die life. This approach has been adoptedHninter et al (1996), Bariani el
(1996), Kim et al (2005) and Lin (2009).

Kim et al (2005), Zhang et al (2008) and Krumphals et al (2012) have developed
die life prediction models describing life limited by plastic deformation. Kim et al
(2005) modelled thenumber of cycles taken for the initiation of plastic
deformation caused by the reduction itool strength from ovetempering
during service.Zhang et al (2008) developed a phenomenological molkdat
captures the flow behaviour and change in material condition of hot work tool
steels. Krumphals et al (2012) adapted a physical based model developed to
describe the creep behaviour of tempered teragitic steel and have applied it to

the thermemechanical fatigue loading of hot work tool steels.

Fang et al (2002), Berti and Monti (2009) and Velay et al (2005) have developed
continuum damage mechanics models to predict the life of hot work tooling

limited by thermemechanical fatigue.

The approaches taken to model die life vairy detail in which the material
behaviourpoundary conditionsr failure criterion are described. Boccessfully
predict die life it is important tomodel the correctailure mode The accuracy of

the prediction iddependentupon the accuracy of the description of the loading
conditions, the failure criteria and the description of the mechanical response of

the die material.
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2.3 THE TEMPERED MARTENSITIC MICROSTRUCTURE OF AISI H13

This section reviews the key microstructural features of hot work tool steel that
relate to die performanceThe change in mechanical properties of tool steel

during use as hot forming tooling aresult of microstructuranhstability.

The microstrieture of AISI H13 has been assessed by reviewing published
literature describing similar tempered martensitic hot work tool steels and -also 9

12% tempered martensitic steels.

The microstructural features present within tempered martensite include prior
Austenite grain boundaries, primary particles, martensitic lath boundaries, lath
boundary particles, subgrains, and subgrain interior particles. This is illustrated

in Figure2-13.

a) Prior Austenite b) Tempered martensite ) Dislocation structure

20N

Prior austenititc grains Martensitic laths Subgrains
Primary carbides lath boundary particles lath boundaryparticles
lath interior particles

FIGURE 2-13: | LLUSTRATION OF TEMPE RED MARTENSITE

The microstructural features associated with the mechanical properties of
tempered martensite include the solutes strengthening, precipitate strengthening,
dislocation strenghtening and subgrain strengthenif@be 2008§. The
relationship between these microstructural features and mechanical strength and
the magnitudes of these microstructural features are reviewed in the following

sections.
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2.3.1 STRENGTHENING FEATURE S OF TEMPERED MARTEN SITE

2.3.1.1 SOLUTE STRENGTHENING

Solute strengtheninmay beattributed to the presence of large solute atoms such
as Molybdenum or Tungsternwhich create lattice distortions that impede
dislocation motion (Abe 2008%olute strengtheninpas been assumed to be a
function of theshear mifit and size misfit caused by the solute ato(dander

2009, as shown in @uation2-4.

A RMR Mo 2-4

Where;

A Strength provided by solutes (Pa)

R Elastic misfit caused by variation in the Burgers vector (m/ m)
® Thefraction of sdute strengthening element (%)
R The elastic misfit caused by variation in shear modulus (m/ m)

The resistance to slip provided by solutes may be taken into consideration
through a frictional stress similar to the Peierls Nabarro st{&soniem,
Matthews et al. 1990

2.3.1.2 PRECIPITATE STRENGTHE NING
The Orowan stress of obstacle bypass may be used to describe the resistance
provided by particlesvithin AISI H13 (Engberg and Larrson 1988 he Orowan

stress is shown in equatidnb.

| 0 "0®
A 2-5
=
Where;
A Orowan stress of particle bypass (Pa)

| A boundedcoefficient
0 The Taylor factor

© The Burgers vector (m)
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O The shear modulus (Pa)
The particle spacing (m)

The types of particles reported in-heat treated tempered martensitic steel are
shown inTable 2-2, considering the particle locatioffable 2-2 also shows the
range in particle radii from published literature regarding tempered martensite
(Kadoya et al. 2002Mebarki et al. 2004Zhang et al. 2004Agamennone et al.
2006 Abe 2008 Bischof et al. 2008Bazazi 2009Medvedeva et al. 2009M_.C, and

M,C have also been reported to be present irheest treated tempered
martensitic tool steel§Medvedeva, Bergstrom et al. 2009he particle shape,

size and volume fraction are related to the particle spacing, and thus the Orowan

stress.

TABLE 2-2: TYPICAL PARTICLE SIZE S BASED UPON PARTICLE LOCATION

Particle location Mean radius, r (nm) Typical particle type
Prior austenite grain boundarie: 300 <r>100 M,C, MX, M C
Lath\ subgrain boundary 70<r>5 M,.C,, MX

Lath\ subgrain interior 40<r>1 MX, M X

The particle measurements describinghaat treated tempered martensitic hot
work tool steels have been summarisadTable 2-3. The term %o refers to the

volume fraction of particles. The termrefers to the mean particle radius.
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TABLE 2-3: PARTICLE MEASUREMENTS OF HOT WORK TOOL STE ELS

Particle Source %o i
M.,.C, Mebarki et a2004 - 100-300nm
Intra-lath particles Zhang et a[2009 8.2 30-70nm
MC Mebarki et al(2004 - <40nm
Medvedeva et a2009 - 2-7nm
M,C Medvedeva et a2009 - 1-3nm
MC and MC Bischof et al2008 0.3% 245nm
M.,.C, Bischof et al(2008 2.3% nm
MXand M,C Bischof et al(2008 1.9% 1.2nm
MX Bischof et al(2008 0.5% 1.2nm

There is a large difference between the mean particle radii and volume fraction of
particles measured by Zhang et(@D04 and those measured by Bischof et al
(2008. The volume fraction of wsbgrain interior MX particles measured by
Bischof et al (2008) is similar measurements taken by Kadoya €t0aP and

Semba(2003 when characterising-22%Q tempered martensitic steels.

The spacing between intlath particles may be approximated by assuming
lattice square spacing using equatigf. This assumes that the particles are

spherical, are afimilar size andareevenly distributed throughout the matrix.

¢ Sl P 2-6

Equation2-6 may be applied to the intréath particles from the measurements
shown in Table 2-3 for measurements that include thelume fraction of

particles. The estimated particle spacing is showmahle2-4.

TABLE 2-4: PARTICLE SPACING OF A S-HEAT TREATED MARTENS ITIC HOT WORK TOOL S TEEL

Source Carbide %o i _
Bischof et al (2008) MXand M,C 1.9% 1.2nm 11nm
Zhang et a(2004) Intra-lath 8.2% 36.4nm 125nm
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From Table 2-4 it can beseen that there is a large difference in approximated
particle spacing from values obtained from the literature. This impacts the
Orowan stress and thus the contribution to streraytling from the intrdath

particles.

2.3.1.3 DISLOCATION STRENGTHE NING

A Taylor stress may be used to describe the back stress@figim dislocation

interaction, as shown in equati@sr.
, | o0b" 2-7

Where;

| A bounded constant

The mobile dislocation density (f

The dislocation densities reported to describe tempered martensite vary
substantially when reviewing published literature describing 5% Cr tempered

martensitic hot work tool steels andl2% Cr tempered martensitic steels.

The values describing the disktéon density within tempered martensitic hot
work tool steels vary by several orders of magnitut¥ebarki et al (2009
measured an initial dislocation density of approximately 2.3x10 Krumphals
et al (2009) assume a smaller initial total dislocation density of ~imfQvith a

mobile dislocation density 8x1tn”,

Mobile dislocation densities reported irR12%Cr tanpered martensitic steel vary
between 2.9x1fm? to 2x10°m?*(Semba 2003Sauzay et al. 2008Bazazi 2009 Abe
(2008 and Bazazi(2009 report mobile dislocatiordensities of approximately
1x10'm? in asheat treated 92% Cr tempered martensitic steels. Semba (2003)
used a higher value of 2x1®? when modelling the creep behaviour ofl2%

tempered martensitic steel.

The upper and lower bounds wfobile disloation density of AISI H13 may be
approximated from the range in values reported describinyeas treated
tempered martensite. The upper limit for the mobile dislocation density is given
by 2x13‘m? and the lower limit given by 1x1n? (Semba 2003Krumphals et al.
2009.
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2.3.1.4 SUBGRAIN STRENGTHENIN G

A Hall-Petch relationship may be used to describe the strengthening arising from
the subgrains within tempered martensite, as shown in equ&i®ifAbe 2008
Bazazi 2009

fo 5
A P 2-8

Where;
A Subgrain strengthening (Pa)
Subgrain spacing (m)

Martensitic laths form as a result of the quenching operation. Subgrains are
described in context of specimens that have experienced creep or fatigue
(Kadoya, Dyson et al. 200Mebarki, Delagnes et al. 20p4Sawada et a1999

use the terms subgrain and martensitic lath interchangeably when measuring the
change in lath structure during creep e1®% Cr tempered martensitic steels.
Assuming tlat subgrains are formed in the rolling operation during the
processing of the steel, it is acceptable to refer to lath width and subgrain

diameters interchangeably.

Zhang et al (2004) measured a mean lath length and mean lath width of 3.49um
and 1.64um repectively in asheat treated AISI H11 hot work tool steel using
quantitative image analysis of SE{dcanning electron microscopiyhages. The

lath width is significantly larger than those measured with regard-12%
tempered martensitic steels which leabeen obtained from quantitative image
analysis of TEM(transition electron microscopymages. It is unknown to what
extent the difference is caused by the difference in alloy composition and in

measurement method.

The mean lath widtAsubgrain diameterseported from the literature with
regard to 912% tempered vary between 0@ and 0.7um (Sawada, Takeda et
al. 1999 Agamennone, Blum et al. 200B8be 2008 Sauzay, Fournier et al. 2008
Bazazi 2009 The lath width of AISI H13 may vary between 0.36pm to 1.64pum

considering the range in reported values desagliempered martensitic steel.
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2.3.2 THERMALLY INDUCED SOFTENING BEHAVIOUR

The thermally induced microstructural instabilities relevant to hot forging
tooling include particle coarsening, dislocation annihilation and subgrain/ lath
coarsening. Extensive research has examined the microstructural instability in the
creep of9-12% Crtempeaed martensitic steelshe behavioursrelevant to hot

forging tooling may be examined from these studies.

2.3.2.1 PARTICLE COARSENING

Particles come out of solution during the quenching stage of the heat treatment of
martensitic hot work steels where théngle phase system changes into a
multiple-phase metastable systelfiRatke and Voorhees 2002The carbide
particles nucleate, grow and coarsen during heat treatment and exposure to
elevated temperatures. The majority of particles nucleate during hiat
treatmentprocess howeveparticles may continue to nucleate during service

depending upon the temper.

Bischof et a2008 measured the coarsening kinetics of particles within tempered
martensitic hot work tool steefigure2-14 describes the coarsening of j, lath
boundary particles and MM X intra-lath particles duringoveraging at a
temperature of 650°C. Hardness measuretrmamne also shown on a separate axis

on the graph. A small increase in particle radius is measured alongside a large
reduction in hardness. The hardness measurements show that after 24hours at
650°C the hardness is close to the annealed condifibe. intra-lath and lath

boundary particles have significantly coarsened after this extesmarfiging.

Figure 2-15 shows the coarsening kinetics measured by Zhang et al (2004) when
overaging AISI H11 at temperatures of either 560°C or 600°C. It can be seen that
the increase in temperature from 560°C t®%D has a large impact upon the
coarsening rate of the particles and the softening behaviour resulting from the
overaging process. At 560°C there is only a small reduction in mhenalness

after exposure to this temperature for 18 hours.

The sizes of thentra-lath particles measured by Zhang et al (2004) are much
larger than the intrdath particles measured by Bischof et al (2008). The Orowan

stress for particle bypass is significantly smaller for the larger particles. Both
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studies show significant pacte coarsening within temperatures applicable to

hot forging tooling.

A) COARSENING BEHAVIOUR OF LATH \ SUBGRAIN BOUNDARY PARTICLES AT 680°C
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FIGURE 2-14: PARTICLE COARSENING K INETICS MEASURED BY BISCHOFET AL (2008

Zhang et al (2004) measured a similar volume fraction of particles in all over
aged specimen however didot distinguish between the typef intra-lath
particle. Bischofet al (2008) measured an initial volume fraction of 1.9% of small
MX and MX particles within the subgrain interior. After 2 hoursaMeraging at
650C, Bischof et al (2008) observed thidite subgrain boundary )\C, particles

had coarsened at the expense of all thgX Marticles. It can be seen that a
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complex interaction occurs between the different types of particles during

overaging.

A) COARSENING OF INTRA -LATH PARTICLES AT 560°C
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FIGURE 2-15. PARTICLE COARSENING K INETICS MEASURED BY ZHANG ET AL (2004)

2.3.2.2 DISLOCATION ANNIHILAT ION

Another relevant microstructural instability is thermally induced dislocation
annihilation.Mebarki et al (2004) measured dislocation densitielsot work tool
steelas a result obvertemperingat different temperatures for 2 hour$he
dislocation densitymeasurementfrom theovertemperedspecimen are shown
in Figure2-16.
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FIGURE 2-16. DISLOCATION DENSITY A S A RESULT OF 2 HOURS OF EXPOSURE TO DIFFERENT OVER-
TEMPERING TEMPERATURES (M EBARKI , DELAGNES ET AL. 2004

A reduction from approximatel2x10°m® to 1x13°m® has been measured as a
result ofovertemperingfor 2 hours at 640°C. Such a reduction in dislocation
density incurs asignificant reduction in Taylor stress arising from dislocation
interaction, contributing to the softening observiedhaviour observed in the

overtempering of steels

Bazazi (2009) measuredlsimilar reduction in mobile dislocation density during
overtempering9-12% Cr tempered martensitic stesl 550°C as shown irFigure
2-17.
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FIGURE 2-17: M OBILE DISLOCATION DE NSITY DURING OVER-TEMPERING AT 550°C

The dislocation density reduces from 1.2%40 to a steady state of 5xi@™ The

timescales shown iRigure2-17are much greater than those of interest regarding
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hot work tool steel. It can be arguedatduring the conditions of interesthis

steady state is not reached.

2.3.2.3 SUBGRAIN\ LATH COARSENING

During overtempering the tempered martensite transforms intderrite, as

observed inthe annealed condition. A coarsening in the lath wid#s not been

measured during thevertempering timescales and temperaturggvant to the

service conditions ohot work tool stee(Zhang, Delagnes et al. 200Bazazi

(209 measured similar behaviour whgemi msasur
during overtemperingat 550°C in 912% Cr tempered martensitic steel. The
measurements were taken from TEM micrographs and thetseatd shown in

Figure2-18.
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FIGURE 2-18. IMPACT OF OVER-TEMPERING AT 550°C uPON 9-12% CR TEMPERED MARTENSIT IC STEEL
(Bazazi 2009

It can be concluded that within th@ver-temperingconditions of interestthe
thermally induced coarsening of the laBubgrain structure is not significant

microstructural instability

2.3.3 STRAIN -INDUCED SOFTENING BEHAVIOUR

The softening behaviour observed in the creep loading and fatigue loading of
tempered martensitic steels has been partially attributetheoformaion and
coarsening of subgrain@adoya, Dyson et al. 2002Mebarki, Delagnes et al.

2009). The same softening behaviour observed in the fatigue loading of hot work
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tool steel is observed in the fatigue loading e12®6 Cr tempered martensitic

steel(Bernhart, Moulinier et al. 199%auzay, Fournier et al. 2008

The formation of subgrains is associated witle thange in dislocations structure
from a relatively homogeneous structure of high dislocation density to a
heterogeneous dislocation structure of equiaxed subgf&exlacek et al. 2002
The subgrain formation and coarsenirtescribed by Kadoya et gR002 is
illustrated inFigure2-19.

a) As-heat treated b) Plastically deformed ¢) Increased plastic deformation

FAw

- i
i

d) Pockets of dislocations e) Formation of subgrains f) Coarsening of subgrains

FIGURE 2-19: SUBGRAIN FORMATION AND COARSENING

The following sections describe the reported change in dislocation density and

subgrain structure associated with the creep and fatigue of tempered martensite.

2.3.3.1 DISLOCATION KINETICS

The initial dislocation structure consists of pockets of high dislocation density as
shown inFigure2-19d). A heterogeneous dislocation density isnfi@d with the
creation of the dislocation structure shownHhigure 2-19). This is associated
with the reduction in mobile dislocation density and tbhemation of boundary

dislocations.

Krumphals et al (2009) modelled the change in mobile, immobile and subgrain

boundary dislocations in the cyclical loading of tempered martensitic hot work
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tool steel. The immobile dislocations refer to the dislocations that have become
pinned by subgrain boundaries. The predicted dislocation kinetics is shown in
Figure2-20.
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FIGURE 2-20: DISLOCATION KINETICS PREDICTED BY KRUMPHALS ET AL (2009

Figure 2-20 showsa reduction in mobile dislocation density and an increase in
total dislocation density as a response to fatigue loading. A reduaiion

approximately 80%f mobile dislocatiosis predtted.

The reduction in mobile dislocation density is in agreement with the
measurements taken bawada et al1999 however the increase in total
dislocation densityonflictswith measurements takdyy Sauzay et a(2008 and
Mebarki et al (2004)A reduction in total dislocation density was meashies a
response tofatigue loading in hot work tool steel and9% Cr tempered

martensitic steelsespectively

Sauzay et al2008 measured te mobile dislocation density before and after

isothermal strain controlled fatigue loading with symmetrical strain amplitude of

1% and a temperature of 550eC for 1800

density of 1.6x180m* was measured to reduce teh80°m* as a response from
the cyclical loading. This is a reduction of approximately 80% in total dislocation

density.
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Bazazi(2009 measured the mobile dislocation density during the creep of 12%Cr
tempered martensitic steel at a temperatu

120MPa. The measurements are showRigure2-21.
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FIGURE 2-21: M OBILE DISLOCATION DE NSITY DURING CREEP ( 5 5 @&20MPA) (BAzAzI 2009

The measurements iRigure2-21 show a sharp reduction of approximately 90%

in mobile dislocation density after 12500 hours of creep loading. The measured
change in mobile dislocation density during creep are similar todtlactions in

total dislocation density measured by Sauzay et al (2008) in the fatigue loading of

tempered martensitic steel.

Sawada et al1999 measured a reduction in mobile dislocation density of 80% as
a result of O0.14mm/ mm plastic strain dur.i
a load of 98.1MPa.

The measurements taken by Sauzay et al (1999), Sawada et al (1999) and Bazazi
(2009) suggesthat the mobile dislocation density reduces by approximately 80

90% as a response to fatigue loading.

2.3.3.2 SUBGRAIN COARSENING

From reviewing the literatureno measurements have been found describing the
change in subgrain diameter as a response to the fatigue loading of hot work tool
steel.Sauzay et al2008 measured the subgrain coangeg in asheat treated and
fatigued specimen d3% tempered martensitic steél specimen has undergone

1800 cycles of strain controlled fatigue wistrain amplitude of+1% and a
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temperature of 550e¢C. The initiaO7usubgr ai

which more than doubled th5um as a response frothe fatigue loading.

Bazazi (2009) measured subgrainr il Agir carcoardeningduring the creep
of 12%Cr tempered martensitic stestl a temperature 8 50e C wi t h a con

stress of 120MPa’he measurements are showrFigure2-22.
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FIGURE 2-22: MICRO-GRAIN COARSENING DURING CREEP LOADING OF 120MPA AT 5 5 0 (8A42AzI 2009

An increase of 46% in mio-grain width was measured, lower than the
coarsening measured in fatigue loading by Sauzay et al (1999). The mean
subgrain size measurements taken from Kadoya et al (2002)bevween 0.8m

and 1.em.

The subgrain coarsening kinetics of AISI H13 mary between an increase in
subgrain diameter by anywhere betwee®-144% when considering the

increases reported from fatigue and creep-22% tempered martensitic steels.

2.3.4 DIEMATERIAL SUMMARY

AISI H13 is a chromiumhot work tool steel whictprovideshigh strength and
ductility under the conditions experiencetly hot forging tooling. The
microstructural features of AISI H13 have been assessed through examining

similar tool steels and-22% Cr tempered martensitic steel

Tempered martensite is unstaldering useas hot forging toolingWithin the
temperatures and time scales of interedte relevant thermally induced

behaviour of interest includes particle coarsening and dislocation annihilation.
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Thermally induced subgrain coarsening is not significammder conditions

representative of hot forging dies.

The strain induced microstructural instabilities include the formation and
coarsening of subgrains. This is associated with the reduction in mobile

dislocation density.

The subgrain interior particlsize, subgrain diameter and dislocation density
AISI H13 have beervaluatedthrough reviewing published literature describing
similar tempered martensitic hot work tool steeddsid 9-12%Cr tempered
martensitic steellThis information ismportant as the mechanical response of the

tool material during hot forging relate smchmicrostructural features.
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3 THE IDENTIFICATION OF TH EDOMINANT FAILUREMOD E

The dominant failurenodein the preform tooling used to forge single ended
compressor blades has been investigafdde dominant failure mode must be
known to guide improvement initiatives and allow for die life predictioA.
failure analysis approach has been takeramining wan tooling and analysing

the conditions of the tooling.

This section describes the experimental methods used in the study, the oésults

the investigationa discussion of theoot cause of die failurand a conclusion.

3.1 EXPERIMENTAL METHODS

3.1.1 METALLURGICA LMETHODS

The metallurgical preparation procedure outlined by Vander V{004 was
followed.The samples were etched with 1% Nitalwodn for 3 seconds to reveal
the nitride layer. An Olympus GX51 microscope was used for the light

microscopy analysis.

The hardness of the surface layers was measured at regular intervals along the
damaged surfacesThe measurements were compared to datspecimes of

H13 tool steel which had undergone similar heat treatment as the tooling of
interest. A Mitutoyo MVKG1 micro Vickers hardness measurement machine

was used with a 200g load.

3.1.2 METROLOGY

The difference in geometry between the initial;machned geometry and the
worn geometry after forging was assessed using a GOM ATOS ISO 3D camera.

3.1.3 FEA ASSUMPTIONS

Finite element analysis has been used to simulate the extrusionusetting

preforming operations involved in manufacturing single ended compressor
blades. The purpose of the process simulation is to evaluate the thermo
mechanical loading of the tooling. The mechanical loading of the tooling has

been assessed through then Mises stress. The von Mises stress is calculated
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from equation3-1, which is compared to the 0.2% proof streBlse temperature

dependence of the 0.2% proof stress is shown in equaition

p
— T T T )
e ¢ 31
The commer ci al FEA softwar e DEFORME was (

using elastic bodies to represhasbeent he e»
developedto model the large strains requirefdr forging simulation and

includes adaptive reneshing.The workpiece flow behaviour was obtained from

the DEFORME materi al Il i br aFigure2-3rhe fl ow st

The exrusionoperation simulatiorwas halved along the line of symmetry. The

upsetting operation was modelled in full.

The deformation of the workpiece was modelled as a plastic body with no elastic
deformation. The implication of this simplification is that the elastic sptiagk

of the workpiece is not included in the simulation. At high temperature the
elastic modulusof the workpiece is low, resulting in small elastic deflectiorar.
example, & 1050°C and a strain rate of 10/s, the elastic deflection is
approximately 1.1%. This is compared to the plastic strain of 230% locked into

the workpiece during the extrusiomperation.

Die stress was approximated by assuming elastic body tooling. This assumption
allows for greater stresses to be predicted than redlityd entify locations prone
to plastic deformation, the approximated von Mises stress was compathe to

temperature dependel®t2% proofstrength of AISI H1Zhown inFigure2-5b).

Sensitivity studies were performed to determine acceptable mesh desighg fo
workpiece and the die. Simulations were performed first with rigid body tooling
and plastic workpieces to evaluate different workpiece meshes. Simulations were

repeated using elastic dies to determine appropriate mesh designs for the dies.

The sengivity study showed than a workpiece of minimum and maximum of
0.4mm and 0.88mm element size was acceptable. The workpdegéng
upsettinghad a minimum and maximum element size of 0.8mm and 1.6mm
respectively. Thaupsettingand extrusion die meshes hadmnimum element

size of 0.5mm.
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The heat lost from the workpiece during travel and during waiting times when
resting upon the die prior and proceeding forming operations was included in

the simulation.

The simulations includedhe heat lostfrom the worlpieceto the environment
through convection and radiation. It was assumed that the effective heat transfer
coefficient descriptive of heat loss through convection wpproximatedby 20

W/ m? K (Groseclose et al. 28]

Table 3-1 summarises the simulation steps and convection, conduction and
friction values. The material properties of the workpiece and die are shown in

section2.1.1

TABLE 3-1: BOUNDARY CONDITIONS

c c 3
2 8 < B = w5
Stage e ¢ g 3 E 5°©
g c = c = = \..‘_U
= o =2 o = o
1) Workpiece moved on tthe extrusion die 2 20 - -
2) Workpiece makes contact with extrusion die 2 - 1000 -
3) Extrusion of the workpiece 0.25 - 24000 0.2
4) Workpiece remains upon extrusion die 1 - 1000 -
5) Workpiece moved tapsettingdie 2 20 - -
6) Workpiece makes contact with th@settingdie 2 - 1000 -
7) Upsettingof the workpiece 0.25 - 24000 0.2
8) Workpiece remains upon thupsettingdie 1 - 1000 -

The same heat transfer and friction conditions are assumed to describe the
upsettingoperation as the extrusion operation. As tipsettingoperation occurs
immediately after the extrusion operatiaime workpiece is not rglassed. The

heat transfer and friction would differ due to the difference in properties of the
deformed glass in #hupsettingoperation however investigatingthis difference

was not feasible within the scope of this research.
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3.1.4 THERMAL MEASUREMENT

The temperature of the tooling is of interest to determine whether the tool
temperature increases during a production run. The tool temperature impacts the

mechanical response.

The tool temperature has been measured using a thermal camera. The camera
wasa DIAS Pyroview 380L, with a spectral range between 8 to 14um. The camera
was calibrated to measure temperature between 0 and500°C. The data was
recorded at 12.5Hz. The software Pyrosoft professional was used for recording

and evaluating thermal imaging ta

To measure temperatutesing a thermal camerthe emissivity of the surface of
interest must be known. The emissivity of the surface describes the ratio of
energy that is absorbed by the object of interest compared to a perfect black body.

Black bodies absorb almost 100% of thadiatedenergy.

The emissivity of the tool surface with and without a graphite coahiag been
considered to allow the temperature measurement using a thermal camera. An
experiment was performed to determine the variationhef surface emissivity

with changing temperature for a coated and uncoated surface.

Each surface condition was heated to 400°C and then allowed to cool to room
temperature whilst the thermal radiation and tool surface temperature was
measuredwith the themal camera anda thermocouple The temperature

measured from the thermocouple was used to determine the emissivity of the

tool surface.

The surface of interest was grinded with 180 grit paper to form a uniform surface
finish. The surface roughness achidvis similar to an asnachined die surface.
The specimen material was obtained from-afts from the metallurgical

analysis performed during the case studies.

A calibratedK type thermocouple probe was attached to the sample and the
readings were recordedsing a NI DAQmx data logger connected to a laptop.
The software NI signal expresvas used to record the dafde experimental

setup is shown ifrigure3-1.
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FIGURE 3-1: EMISSIVITY MEASUREMEN T

Each experiment was repeated by reheating the sample in the furnace. Thermal

images of the lubricated and dmbricated samples are shownhkigure3-2.

A) AS POLISHED B) LUBRICATED
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FIGURE 3-2: THERMAL IMAGE OF SAMPLE DURING COOLING

The emissivitywas measured by calibrating the thermal camera reading to align
with the temperature measured from the thermocouple emissivity of the
polished surface was measured at 88BQ7 whilst the lubricated surface had an

emissivity of 0.82+0.06.

The method outlined by Taylo2010 has been followed to determine the
measurement error from temperature measurement using a thermal cdinera.

error of the reading from the thermal camera is calculated by determining the
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percentage change in output from a 1°C rise in object temperdiheeequation
is shown belowTaylor 2010:

Where;

5
p 736 pnnTY 3-2

P 7J5 Percentage changeer degree

Q

wy

The measurement error in Kelvin is given below:

Pl anckdéds second constant

Wavelength (m)

Temperature (K)

e e e L PQUTRRIG QI T QL QO ©
aQwi 01 ABiDeta 575 3.3

The percentage error in emissivity is 7% for themaagchined surface cordition

and 6% for the graphite coated condition. Equats®is used to determine the

error in all temperature measurements. The measurement i

emperature

sensitive and is shown ifrigure 3-3. The measurement ersfor increases with

wavelength, temperature and the error in emissivity.
analysing the temperature using a wavelength

caculations as this is the worst case scenario.
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3.2 RESULTS

The results from the investigation has been categorised hreetsections; the
examination of the extrusion tooling, the examination of the upsetting tooling

and the examination of the thermal cycle.

The examination of the extrusion and upsetting opgenst include 3D scan
measurements, metallurgical observations and FEA approximations of die stress
and temperature. The findings have been separated into different locations that

relate to the part defects that fail the tooling.

The third section outline the findings from the investigation into the thermal
cycle of the preform tooling. The oveéempering behaviour of the die material

has been measured to evaluate the role of thermal softening dunmidgi ction

3.2.1 THEEXTRUSION TOOLING

The extrusiortooling openvertically to allow for the removal of the workpieas
illustrated in Figure 2-8. A cross section through the line of vertical line of

symmety of the tool set up is shown iFigure3-4.
Workpiece inserted Workpiece extruded

Top Die

Parting
Line * 7

Direction _|
of punch

[ ! movement
h g \
Bottom die

X
a) Elevation b) Isometric section X-X c) Isometric section X-X

Extrusion radius

FIGURE 3-4: CROSS SECTION OF TOOL SET UP.

The terminology used to describe the par
Afl ashingo. Scoring describes the grooves
extend along the aerofoil blade. Tlaeceptable depth and density of scoring

marksvaries cepending upn the product.
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fiFlashing describes the damage where the workpiece flows between the
partingline. A maximum tolerance exists far h dashingd defectwhich varies
from part to part. The rate of part defect formation from one trial is shown in

Figure3-5.

The scoring and flashing damage is observed upon the majority of parts
produced Similar damage is observed upon the tool surfaetating thepan

defectto theworn die surface.

Part damage
@ Parting line
@® Extrusion radius

il

15t Off =i Damage progression g | ast off

Scoring=—

Flashing -

FIGURE 3-5: PART DAMAGE LOCATION AND TERMINOLOGY

3.2.1.1 EXAMINATION OF THEFA ILED TOOLING

Figure 3-6 reports the geometrical difference between the initial and worn
geometries of the top extrusion tool. Different scales are shown to highlight
either material gained or material logtigure 3-6 shows that 0.5mm of material

has been lost at the parting line at the location of the flashing damage.

The material gain measured from the 3D scaay be caused by either plastic
deformation or adhesive wear. The difference in microstructure between the
workpiece and tool material and the lack of pitting marks associated with
adhesive wear indicate that the material gain is caused by plastic
deformaion(Chattopadhyay 20Q1Material lost may be caused by the removal

of materialthrough wear or plastic deformation.
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The following sections go into further detail exploring the differdefects that
fail the tooling AfScoringod damage is investigated
at the | ocation of 't he @anrageussinvestigatedadby i u s .

examining the tool surface at the parting line.

Damaged Top Extrusion Die Material Gained

+0.053
-0.06

5 =

-0.12

i |

-0.123)
-0.18 -0.058/ | -0.007
-0.351

1, M

-0.24

8.0.30

FIGURE 3-6. DIFFERENCE IN GEOMETR Y BEFORE AND AFTER A PRODUCTION RUN/

32111 4EA OOAIT OET ¢c6 AAI ACA
The scoring damage describes the scoring marks that occur along the extruded

stem of the workpiece. Similar scoring marks are observed upon the worn

extrusion tool.

A cross section of the 3D scan data was created to examine the geometrical
deviation alonghe extrusion radius alignedith the direction of extrusion. The

location of the cross section is illustratedFigure 3-7.
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Bottom of radius
a) Sectioned isometric b) Close up of extrusion radius

FIGURE 3-7: LOCATION OF EXTRUSION RADIUS

Figure 3-7 displays the location of the extrusion radius. Tdiéference in tool
geometry, measured before and after a production run, at the location

highlighted inFigure3-7b), isshown inFigure3-8.

Ma.lterial Bottom of Top of extrusion
gain 0.03 7 extrusion radius radius

0.02
0.01
0
-0.01
-0.02

-0.03

Geometrical Difference (mm)

-0.04

-0.05

] 0.0
loss

Distance along the extrusion radius (mm)

FIGURE 3-8: GEOMETRICAL DEVIATION CROSS SECTIONS ALIGNED WITH THE EXTRUSIO N DIRECTION

The measured surface is reflective of the heat checking observed upon the tool
surface. The scan shows small geometrical deviation with the largest deviation
measured near thep of the extrusion radius. This finding corresponds well
with the nitride depths measured along the extrusion radius as shofigune

3-10.
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The suface layers of the worn tool have been examined using light microscopy.
Figure 3-9 shows a metallurgical sample taken to examine the surface layers

along the extrusion radius.

The most damage is observed around two thirds up the extrusion radius. Regular
cracks are observed along the extrusion radius. As the cracks get closer to the
area of most damageahe cracks start to penetrate the substrate. A delaminated
layer is observed along the bottom of the extrusion radius but not at the region of
most damage. The nitride thickness varies in depth with the least amount of
nitride at the locdon of damage. Portions of the nitride layer are missing at the
location of most damagerigure 3-10 shows the reduction in nitride depth

measured frm the sample.
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FIGURE 3-9: LIGHT MICROSCOPY AND LOCATION OF HARDNESS MEASUREMENTS.
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FIGURE 3-10: NITRIDE DEPTH ALONG T HE EXTRUSION RADIUS .

Figure3-9 also highlights a heat affected zone as well as a white layer. The white
layer is formed during nitriding. The presence of the white lasieggests that

little material has been lost from the die surface at these locations.

Figure 3-11 shows large plastic deformation of the substrate frangsimilarly
failed die as shown irigure 3-9. The tooling had the same heat treatment and

surface treatment.

The graphite | ubrideatdigble asnthegmmaphiieccauty be seem s
out of plane from the polished surface. The white layer in the nitride is not
evident in the nitride regions of shorter depth than the undamaged locations.
This is proof that the nitride layer is being removedtla¢se locations. The

substrate shows severe plastic deformation.

An explanation for the observed surface condition is that the nitride is fractured
into segments. The plastic deformation of the substrate results in the collision of
the nitride segments. rBtruding segments of the nitride layer is removed

through abrasive wear with the workpiece. Further evidence of plastic

deformation of the substrate is shownFigure3-12.

In Figure3-12the micresegregation banding is used to highlight the amount of
plastic deformation observed near the surface. The nsegregationis formed

during the manufacturing of the die materiahelbanding is normally aligneid
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the rolling direction and the change in direction of the banding is indicative of
plastic deformation. The micrograph has been digitally enhanced to show the
deviation in the direction of the micro segregation. The crgukssent in the
material are not influenced by the banding, similar to the observations made by
Castro et al (2007) and Summerville e(195.

No nitride rich

substance
between grain

Much material loss

boundaries

Severe plastic deformation

 Large particle of die material
lost during preparation

100 um

=

Large chip removed .
then filled with dag

100 pm

FIGURE 3-11: LIGHT MICROSCOPY OF A WORN EXTRUSION DIE.

" Original Picture B Enhanced Picture

100 pm

FIGURE 3-12 CRACKING AND PLASTIC DEFORMATION OF THE EX TRUSION RADIUS AT x50
MAGNIFICATION .

Microhardness measurements have been taken in a line normal to the surface at

the locations shown inFigure 3-9. The micrdvardness measurements are
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compared to a datum sample of similarly heat treated and nitrided H13 tool steel.

The results are shown Figure3-13.
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Distance from surface (mm)

FIGURE 3-13. MICROHARDNESS MEASUREMENTS.

The core hardness of the tool is lower than the datum. Localised reductions in
hardness are observed in the surface layers at the regions of damage. The lowest
hardness measured is 320HV near the surface where most damage has been
observed. Changes in haress relate to a change in mechanical response from
the tool material. Possible explanations of the change in hardness irlufaee
fracturesthermal softening and plastic deformati@ummerville, Venkatesan et

al. 1995.

The core hardness has reduced from ~600HV to ~500H¥.tooling in question

is nitrided for 48 hars before service. A failed tool is-oeit and reused. The
reduction in core hardness has been found to be caused by repetitive nitriding
operations.Overtemperingtests were performed with the aim of determining
the hardness of the substrate as a testirepeated nitriding operationalSlI

H13 specimens were heated in a furnace for times equivalent to the nitriding

time applied to dies used in the forgdwe results are shown Figure3-14.
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FIGURE 3-14: CORE SUBSTRATE HARDNESS FROM REPEAT NITRIDING AT A TEMPERATURE OF 525°C

A linear equationhas beenfitted to the data to allow the prediction of the
substrate hardness as a result of repeated nitridirgadipns.This equation has
been applied to interpolate the core hardness of different cuts of dies considering
24 or 48 hour nitriding. The results are shownlable3-2. The reduction in core
hardness of the extrusion and upsetting tooling has been explained by the
repeated nitriding operations. The failed exdion tooling examined was a C cut

with 48hour nitriding.

TABLE 3-2: SUBSTRATE MICROHARDNE SS RESULTING FROM OVER-TEMPERING AS A RESPONSE FROM
NITRIDING

24 hour nitriding 48 hour nitriding
pie cur COTSRAINESS gy Core hardness
A 553 A 545
B 545 B 527
C 536 C 509
D 527 D 492
E 518 E 474
F 509 F 457
G 501 G 439
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The core hardness of the die material has reduced due to repeated nitriding
operations. The change in hardnegar the damaged surface has been caused as

a result of forging.

The following observations have been made when investigating the worn

extrusion tooling athelocati on of the fAscoringo defect

1 Regular cracking of the nitride layer with cracks penetratimgsubstrate
at the top of the extrusion radius. The cracks may be caused by
mechanical fatigue, thermal fatigue or the plastic deformation of the
Substrate.

1 The substrate is observed to be extruded between cracks in the nitride at
the top of the extrusih radius.

1 The nitride layer is different depths along the extrusion radius. The
difference is indicative of material removal through abrasive wear.

1 The nitride layer remains intact at most locations of the tool surface
except at the location of most danmeghere the substrate is observed at
the tool surface. The exposed substrate is much more prone to abrasive
wear than the nitrided regions.

I The white layer remains at certain locations of the die surface suggesting
the wear at these locations is minimal.

1 Plastic deformation of the substrate has been identified through the
change in the direction of the segregation bands.

1 A reduction in hardness has been measured within the nitride layer with
largest reductions at the location of most damagehange inhardness
may be explained througmicrostructural changehe reduced size of the
case hardened layer and plastic deformation.

1 A reduction in hardness localised to the nitHslebstrate interface has

been measured with hardness measurements as low a¥320H
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The Aflashingo d a mmangmeenad leere cthiei woekgiecet Has
flowed in betweera gap at theparting line of the extrusion toolingrigure 3-15
shows the surface layers when examining the material loss of the tool at this
location. The location of the sample from the worn tool is shown in the figure.
cross section of the 3D scan has been overlaid upon the microdoaplow

comparison. Adepth of 924m of material has been lost at the parting line.

The nitride and part of the substrate is missing at the parting line. A high amount
of plastic deformation is observed in the neighbouring nitride and substrate.
Plastic deformation of the nitride is surprising as the nitride has mechanical

properties more similar to a ceramic than a metal.

Large nontangential cracks are noticeabkEdure 3-15a). Figure 3-15b shows an
example where the white layer has suffered brittle fracture under compressive

load.

In Figure 3-15¢) different surface layers have been identified within the nitride
layer. The figure highlights an oxidised layer, a white layer, a visibly coarsened

nitride layer and the nitride layer.

Figure 3-15d) shows the content of a large crack at the surface. The
microstructure of this debris differs to timétride, the tool steel and the graphite
lubrication. It is likely that the debris consists of workpiece material which has

been removed due to abrasive contact with the die surface.

Figure 3-15¢) shows severe plastic deformation of both the martensitic tool steel
and the nitride layer. The nitride layer normally exhibits mechanical properties
more similar to a ceramic than a metal and this amouptiadtic deformation in
thenitride plasticitylayer indicatehigh temperature and high pressure localised

to this region. The small gap between the parting lines would act as a stress raiser

due to the sharp radii.

Figure 3-15f) shows no white layer. This means that the white layer must have
been removed through either continuous abrasion or delamination at this region.
Figure 3-15g shows the relatively undamaged nitride layer for comparison with

the othemicrographs
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In Figure3-15A) the substrate is observed tofoecedthrough gaps in the nitride
layer. High stress and temperature is required to make hot work tool steel this
ductile. Image B) shows the damaged parting line where a sectitheofool
material has been lost during preparation. The nitride is missing at this location.
The substrate makes direct contact with the workpiece. The rate of abrasive wear

is much higher due to the lack of the high hardness nitride layer.
The observatins made from examining the worn tool are listed below.

A Both nitride and substrate is missing at the parting line of the tool.
A The substrate is present at the tool surface at the parting line.

A The substrate extruded between cracks in the nitride.

A Plastic deformation has also been observed within the nitride layer.

A The white layer is not present along the nitride surface that makes contact

with the workpiece.

A likely explanation for the loss of material from the parting line is brittle
fracture ofthe nitride layer followed by abrasion of thelatively soft substrate.

The sharp angle of the parting limeay actas a stress raiser. Any misalignment

in the top and bottom dies causes the protrusion of this material into the path of

the workpiece.

Figure 3-16 shows a close up of regions showing plastic deformation of the

substrate.
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FIGURE 3-15: LIGHT MICROSCOPY OF T HE DAMAGE SEEN AT TH E PARTING LIN E
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FIGURE 3-16. IMAGE A - EXTENSIVE PLASTIC DEFORMATION OF THE SUBSTRATE AT (x50
MAGNIFICATION ). IMAGE B - THE CORNER OF THE EXT RUSION PROFILE (X50MAGNIFICATION ).

3.2.1.2 INVESTIGATION OF THE THERMO -MECHANICALLO ADING
The thermeme chani cal l oading at t he l ocati on
damage has been approximated using finite element analysis applying the

assumptions outlined in section 3.3.

The punchmovesthe workpiece into the die cavity to form the afibblade
preform geometryThe press measures a punch load of approximately 30 tonnes
during the extrusion operatiofhe simulated forging load is shown Kigure
3-17. The simulation shows reasonable agreement with the measured load of the

forging press.

35 -

Load (Tonnes)

= = N N w
ul o (61 o (6] o
LI N T T T T T T T T T T A O A O Y
T T T T T T

o
0 0.05 0.1 0.15 0.2 0.25 0.3
Time (s)

FIGURE 3-17: SIMULATED FORGING LOA D
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3.2.1.2.1 FE simulatonofthe¢ T AEOET T O AO OEA 11 AAQEI I
The thermal gradient at the extrusion radiasthe end of the forming operation

is shown inFigure3-18. The figure also shows the thermal historypaints taken

at intervals into the tool surface.

A) M AXIMUM THERMAL GRADI ENT IN TOOL B) TEMPERATURE AT SELECT LOCATIONS

750 (°C) 800 - -
0.00mm O 700 + )

648 ) E ———0.35mm
0.35mm\ ® 600 + 1.0mm
1.00mm = EI TS 1.5mm

546 1.50mm © 500 + - - 30mm
3.00mm 8400 1 [/ ee—

E 300 S emTTTTT
200
0 0.5 . 1 1.5

FIGURE 3-18: PREDICTED TEMPERATURE OF THE TOOL

Figure 3-18a) shows the thermal gradient at the end of deformation. The image
also highlights locations of interest. The temperature during the forging
operation is shown iimage b). The highest predicted temperature is 742°C at the
tool surface. The simulation suggests that die temperatures exceed 500°C to a

depth less than Imm.

Figure 3-19a) shows theeffective stressat peak loading and the location fofe
points of interest. The temperature dependent 0.2% proof stress has been
compared with the von Mises stress in figsire) to d) at the locations

highlighted in figure a).

The approximated stress and temperature dependent proof strength suggests
that plastic deformation occurs at the extrusion radius. The largest stresses are
predicted near the base of the extrusion raditse lowest proof strengthas

been predicté at location3 which aligns with the region of most observed

surface damage upon worn tooling.

The comparison of the von Mises stress and temperature dependent proof stress

indicates that the tool is prone to plastic def@tion during service.
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a) Von Mises stress at peak loading b) Loading at location 1
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c) Loading at locatlon 2 d) Loading at location 3
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FIGURE 3-19: D IE STRESS PREDICTIONS AT PEAK LOADING AND POINTS OF INTEREST

3.2.1.2.2 FE simulationofthe ¢ T A

OETTO AO OEA 11T AAOQEII
Figure3-20shows the temperature at the parting line at the end of the extrusion

operation. Lower temperatures have been predicted at this location in

comparison to the extrusiomdius where scoring oars.

A) PEAK TEMPERATUREAND POINT LOCATIONS B) TEMPERATURE AT POINT LOCATIONS

Temperature (OC) 2 Distance from surface
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200

100

314 .
240 0 0s 1 15

Time (s)

FIGURE 3-20: APPROXIMATED T EMPERATURES AT THE END OF THE CYCLE AT T HE EXTRUSION RADIUS

A depth of approximately 0.45mm reaches a temperature above 500°C. The
simulation suggests higher temperatures are observed at the extrusion radius
where scoring occurs. The simulation does not take into account the change in

the die geometry and surfacendition with die degradation. Higher friction
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would be incurred as the workpiece is forced between the parting lines causing
the flashing damage.

Figure 3-21a) shows the approximated von Mises stress at the moment of peak
loading at the parting linand the location of specific points of intere3he
approximated von Mises stress at these locations are shown in figures b) to d).

The approximated profostress and von Mises suggest that the tool is prone to
plastic deformation with shock loading.

a) Von Mises stress at peak loading
2000 (mpa)

b) Von Mises stress at location 1
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€) Von Mises stress at location 2 d) Von Mises stress atlocation 3
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FIGURE 3-21: APPROXIMATE VON M ISES STRESS AND PRO® STRESS ATTHE PARTING LINE
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3.2.2 THEUPSETTING TOOLING

This extruded workpiece is upset to form the root block geometry of the single
ended compressor blad€he die material, heat treatment and nitriding are the
same as the extrusion operation. The tooling excluding the top die can be seen in

Figure3-22. The geometry of the upsetting tooling is showrFigure3-23.

Start position End position

/ Punch direction

Bottom die

FIGURE 3-22: DIE SET UP EXCLUDING TOP DIE.

Plan Isometric

Elevation End elevation

FIGURE 3-23: GEOMETRY OF UPSETTING TOOLING
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The most common part defects which fail thpsettingtooling are termed as
either Asmiley faceso or Acri mpingo. The

can be seen ifigure3-24.

\: Smiley Face
Crimping

FIGURE 3-24: PART DAMAGE FROM THE UPSETTING OPERATION .

The #smildefectddsailtes an indentation which forms upon the root
block of the workpiece near the stefigure 3-24 highlights this defect in red.
The fAsmil ey f @esulsin diedailurevheéretheciredentation formed

upon the workpiece becomes tactile during part inspection.

The A croi nppairntg def ect describes the scori
workpiece at the interface between the stem and the root block. These scoring
mar ks are observed on both the workpiece
defecti s simil ar t defed ifh the ektsusianropemagioln in that the

forge operator determines the allowable extent of part damage before failing the

tool.

3.2.2.1EXAMINATION OF THE FA ILED TOOLING

The worn tooling from thaipsettingoperation has been examined. The tooling

failed through h e formati on of a defecs; mawkeverythe f ac e 0
i cr i mpédfectgas also evidentrigure3-25shows the geometrical deviation

of the failed header die compared with the initialnaachined geometry.

There is noticeable geometric deviation in the fillet radius that connects the
workpiece stem to the root block. The scamdicatesthat this radius hs

collapsed with material protruding on the surfdkat forms the root block. The
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geometric deviation measured from the 3D scan aligns with the defect observed

upon the formed part.

[mm]

0.040
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FIGURE 3-25: GOM IMAGE OF THE BOTTOM HEADER DIE. BLUE = MATERIAL LOST . RED = MATERIAL
GAINED .

The surface condition has been examined using light microscopy at the locations
of the fAsmiley f aceo Fagura3-26ishaws the sampgle® d a m:

locations.

=y

“Smiley face” sample location “Crimping”sample location

=y
Plan Section Y-Y Section X-X

FIGURE 3-26. M ETALLURGICAL SAMPLE LOCATIONS FROM UPSET TING DIE
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Figure 3-27 shows a section taken from 3D scan which aligns with the defect
ismil e.ylhefcss asaxtion shows greater material lost in comparison to the
material gaimd. It can be seen that material is lost from above and below the

protrusion which forms the Asmiley facebo

A metallurgical sample was taken to examine the cross section shoWwigumne

3-27. Thi s all owed t he examination of t
micrographsareshown inFigure3-28. In the top right ofFigure3-28the location

of the metallurgical sample is shown. This sample was taken from the top die.

The geometric deviation in the surface profile is most noticeabfégnre3-28f).

The datum hardness measurements were taken from a sample of similarly heat
treated H13. Similar to the extrusion tooling, the reduction in core hardness was
a resul of overtempering caused by repeated nitriding operations. Localised
softening was measured at the start of the substrate at lines 2, 3 and 4. This aligns

with the collapsed region measured from the 3D scan.

M Material Gained: 115163um’
M Material Lost: 481905um?

FIGURE 3-27: CROSS SECTION EXAMINING 2D AREA OF GEOMETRIC DE VIATION .

87



Figure 3-28a) shows the relatively undamaged microstructditee nitride laye

is present at all of the surface, indicating minimal material loss. The geometric
deviation shown inFigure 3-27 and Figure 3-25 must be a result of plastic
deformation. The hardness depth profilet docation 1 shows high hardness
within the nitride layer. Nitride precipitates can be seen in the nitride layer. The
white layer is observed upon the die surface. Regular cracking is noticeable in the

white layer.Figure3-28h) shows a similar relatively undamaged microstructure

Figure 3-28b) shavs a perpendicular crack through the nitride layer which is
retarded by the increased toughness of the substmptere 3-28c) highlights the

white layer where evidence of fractidelamination is observedtigure 3-28d)
shows a part of the nitride where the white layer has been removed and graphite

is visible in its place.
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FIGURE 3-28: LIGHT MICROSCOPY & HARDNESS MEASURES EXAMINING THEROOT BLO CK | STEM RADIUS.
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