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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 the most frequently occurring part defects that 

cause tool failure. The forming process was characterised, relevant tooling failure 

modes were identified and the mechanical properties and microstructure of the 

tooling was reviewed.  

Case studies have been performed identifying the observable damage in worn 

tooling and investigating the conditions that result in tool failure. The 

investigation made use of finite element analysis, metrology, metallurgical 

analysis and thermal measurement. The dominant failure mode was associated 

with the plastic deformation of 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 

temperatures and strain rates representative of hot forging tooling conditions. 

The microstructural instability during these conditions was investigated. 

A literature review explored state of the art approaches to modelling the plastic 

flow behaviour of tempered martensitic tool steels for the purpose of tool life 

prediction. 

A lifing model was developed to describe the plastic flow behaviour of tempered 

martensitic steel. A physical based model developed to describe the creep 

behaviour of 9-12%Cr tempered martensitic steel has been applied to describe the 

thermo-mechanical fatigue behaviour of 5%Cr tempered martensitic hot work 

tool steel.   

The model was verified by comparing model predictions to experimental data 

not used in the development of the model. The model was then applied to 

predict the life of tooling examined in the case studies. The life predictions were 

within a factor of 10 from measured d ie lives measured from the forge.  
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1 THE RESEARCH AREA  AND MOTIVATION  

In hot forging, the workpiece is forced into impressions cut into blocks of 

material. The blocks with the impressions are called d ies or tooling. In the hot 

forming of nickel based superalloy, the dies suffer high cyclical thermal and 

mechanical loads. These conditions result in the degradation of the impression, 

resulting in defects imprinted upon the workpieces. When the part defects 

develop to a critical amount, the d ies have failed, and acceptable workpieces can 

no longer be formed. The part defect may be a feature affecting the surface finish 

and\ or the d imensions of the parts formed. 

The life of a d ie not only limits production capacity, but also incurs a significant 

cost for forging companies. The costs associated with replacing a d ie 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 tooling (Cser et al. 1993). 

The performance measures of hot forming tooling include the total number of 

parts produced by a d ie and the quality of the parts produced. The quality of the 

parts produced affects the extent of rectification operations required. 

Multip le operations may be required to change the form of the workpiece into 

the desired geometry. The intermediate shapes of the workpiece are described as 

preforms.  

The research is interested in identifying and modelling the dominant cause of 

failure for d ies used in the preforming operations in the production of single 

ended aerofoil blades made out of nickel based superalloy, IN718. The d ies are 

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

The motivation for the development of d ie life prediction capability includes the 

ability to improve d ie life through preform design optimisation, to improve 

production planning, and to improve d ie life through optimisation of process 

parameters. 

1.1 RESEARCH AIMS AND O BJECTIVES  

Many failure modes contribute to d ie failure in the tooling used to hot forge 

nickel alloy components. The failure modes interact to result in the degradation 

of the die, which results in part defects that cause d ie failure. The manner in 
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which the failure modes interact may be defined as the failure mechanism. This is 

illustrated in Figure 1-1. 

 

 

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

 

Examples of failure modes include plastic deformation, abrasive wear, thermal 

softening and so on. In the context of this thesis, the failure mechanism describes 

how the failure modes interact to result in the part defect that fails the d ies. To 

determine the dominant failure mode, the failure mechanism must be 

understood.  

The failure mechanism differs depending upon factors such as the workpiece 

material, the workpiece temperature, the type of press, the press settings, the use 

of lubrication, d ie material, the d ie temperature and the extent of deformation. 

Process variation may contribute to die failure. 

The purpose of this research is to identify the dominant failure mode that 

d ictates life and model the failure to allow life prediction. These aims are 

summarised below: 

a) To identify the dominant failure mode that results in die failure in the hot 

forming operations of Nickel based superalloy aerofoil blades.  

b) To model the dominant damage mode and predict d ie life.  

To satisfy these aims the following objectives are necessary. 

1. Characterise the forming process, identify relevant failure modes and 

evaluate the d ie material. 

2. Perform a failure analysis investigation to identify the dominant failure 

mode in the forging operations. 
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3. Perform a literature review into lifing  models describing the dominant 

failure mode. 

4. Characterise the d ie material with respect to the dominant failure mode. 

5. Develop the lifing  model. 

6. Verify  the lifing  model. 

7. Apply the lifing model. 

1.2 RESEARCH METHODOLOGY  

The research methodology may be split into two stages; a failure analysis 

methodology applied to investigating the 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 followed the Six Sigma DMAIC process. This 

approach was adopted as it was the preferred choice of the manufacturer. The 

phases of this method are outlined below (Antony et al. 2006; John et al. 2009): 

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

project goals and create the project charter. 

Measure: Determine the variables that need measured, implement measurement 

techniques of suitable accuracy and collect data. Use statistical tools to examine 

the data. 

Analyse: Identify and verify potential causes of the problem. Determine 

relationships between the output, process and input. Determine the root cause(s) 

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 project was performed by a multid isciplinary team consisting of the 

author, Kenny McGuire (Manufacturing Engineer), Ravi Kapur (Metallurgist) 

and led by Russell 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 d ie life measurement system was 

implemented to gather statistical data to determine the most frequently occurring 

causes of d ie failure. Statistical analysis was performed to examine relationships 

between measured variables.  

The work documented in this thesis refers to the ñanalyseò phase of the DMAIC 

process. An Ishikawa graph was constructed to assist in identifying the potential 

root causes of d ie failure. A failure analysis was performed upon worn tooling 

obtained from controlled conditions. The investigation was performed following 

the guidelines given by Aliya (2002). 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 d ie temperature was kept within the process 

specifications of the component. A complimentary investigation analysed process 

variation within the forge (Jadhav 2011).  

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 

d ie failure was assessed qualitatively through examining sampled forged 

components.  

The tooling was measured using a 3D scanner before and after the forging trial. 

The d ifference 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 tool. The 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 forging process. The finite 

element models were used to approximate the magnitude of d ie 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 of interest to understand the role of 

thermal softening.  Non-contact thermal measurement was chosen over the use 

of thermocouples to mitigate d isruption to production. Contact measurement of 

the d ie surface at the location of interest is difficult due to the stresses exerted 

upon the dies. 

From these observations and measurements, the failure mechanism was 

evaluated and the dominant failure mode was identified. 

1.2.2 LIFING  

The approach taken to d ie life prediction consists of determining the thermo-

mechanical loading responsible for d ie failure, the material response to the 

thermo-mechanical loading with respect to failure, and the failure criteria. This is 

illustrated in Figure 1-2.  

 

FIGURE 1-2: D IE LIFE PREDICTION REQUIREMENTS  

The thermo-mechanical loading describes the loading of the d ie during a forging 

cycle. The press exerts a force on to the workpiece. The plastically deforming 

workpiece exerts a force on to the tooling. The die increases in temperature due 

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

The material response of the tooling is temperature dependent. The material 

response is strain rate sensitive at high temperature, above the tempering 
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temperature of the tool steel. Hot work tool steel is known to over-temper during 

use as hot forging tooling and soften under fatigue loading. 

The lifing model describes the degradation of 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 d ie material.  

Finite element analysis has been used to approximate the thermo-mechanical 

loading of the tool at the location of failure. A failure criterion was developed 

considering the manner in which the tool failed. The material model describes 

the relevant material behaviour under 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 d ie 

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 this find ing is significant in that the surface degradation of the 

d ie may be addressed through improving the resistance to plastic deformation of 

the substrate opposed to improving the wear resistance of tool surface. 

The find ing is relevant to similar case hardened hot forging d ies that experience 

high thermo-mechanical loads but have sufficient toughness to avoid failure 

through catastrophic failure.  

1.3.2 M ODEL DEVELOPMENT  

The physical based models developed to describe the creep behaviour of 9-12% 

Cr tempered martensitic steel have been examined with respect to the thermo-

mechanical fatigue behaviour of 5%Cr-Mo-V tempered martensitic hot work tool 

steels. The Dyson-Semba model has been adapted to describe the plastic flow 

behaviour of tool steel. The Basoalto model has been applied to describe athermal 

behaviour. Athermal behaviour has been identified by regimes where the 

material does not d isplay significant strain rate sensitivity.  
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1.3.3 LIFE PREDICTION  

A life prediction model has been developed for tooling that fails through plastic 

deformation. The approach taken describes the thermo-mechanical loading at a 

representative location of the tool. The failure criterion is based upon the critical 

amount of strain approximated from failed tooling.  

 The impact of process variation has been included by varying the d ie stress and 

temperature between cycles. The softening resulting from repeated nitrid ing of 

the tooling has been taken into account. The impact of variation between batches 

of d ie material may be included through variation in the mean values used to 

describe microstructural features. The lifing model is capable of predicting 

scatter similar to that observed within the forge with d ie life predictions an order 

of magnitude in d ifference from measured life.   

1.4 THESIS STRUCTURE 

The thesis has been structured to reflect the objectives outlined in section 1.1. The 

structure and content of the thesis is shown in Figure 1-3. 

 

 

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

failure modes, and the d ie material.  

Chapter 3 presents the find ings 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 dominant failure mode 

that d ictates die life. 

Chapter 4 describes the material characterisation performed to measure the 

mechanical properties relevant to the dominant failure mode. Microstructural 

instability is examined with respect to the observed behaviour and behaviour 

reported from the literature. 

Chapter 5 contains a literature review describing approaches to modelling the 

dominant failure mode identified in chapter 3. The merits of the d ifferent 

approaches are discussed. 

Chapter 6 outlines the development of the lifing model. The model describes the 

change in material behaviour relevant to the dominant failure mode and the 

thermo-mechanical loading of hot forging tooling. The developed model builds 

upon existing models reported in chapter 4. 

Chapter 7 tests the developed model. Verification tests determine the ability of 

the model to predict measured material behaviour relevant to life prediction and 

to evaluate the conditions where the model may be accurately applied.  

Chapter 8 applies the model to predict d ie life. The model has been applied to 

determine whether similar d ie lives may be predicted to those observed in the 

forge. 

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

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

This chapter describes the forming process of interest, the relevant ways in which 

hot forging d ies fail and the microstructure of the d ie material. This information 

is required to investigate the failure of hot forging tooling.  

The forming process of interest is the hot extrusion and upsetting of nickel based 

superalloy, using a mechanical crank press. Key process parameters include the 

workpiece temperature, the die temperature, the geometry of the workpiece, the 

geometry of the tooling, the press kinetics, and lubrication.  

The failure modes and material behaviour relevant to extrusion and upsetting 

tooling include wear, corrosion, plastic deformation, thermal softening/over-

tempering, thermal fatigue and mechanical fatigue.  

The d ie material of interest is AISI H13, a high chromium hot work tool steel. The 

performance of the tooling may be linked to material properties. The material 

properties are a result of the microstructure. Important microstructural features 

include the particle phases, martensitic laths and d islocation structure.  

2.1 THE HOT FORMING OF IN718 COMPRESSOR BLADES 

The manufacturing processes of interest within this work focus on the pre-

forming operations in the production of single ended aerofoil blades. The 

preform geometries in the hot forming of single ended aerofoil blades are 

illustrated in Figure 2-1. 

 

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 w ith filleted edges. The first 

operation is an extrusion operation, to start forming the stem. The second 

operation is an upsetting operation which forms the root block of the aerofoil 

blade. The final operation forms the aerofoil blade geometry and completes the 

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

shown.  

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

mechanism of the d ies used in the extrusion and upsetting operations. 

2.1.1 THE WORKPIECE MATERIA L PROPERTIES 

The workpiece material of interest is Inconel 718. The workpiece material 

properties of interest include the flow stress and thermal properties of the alloy. 

The flow stress impacts the required forging load. The thermal properties impact 

how the workpiece retains and d iffuses heat during the forging operation.  

The flow stress of Inconel 718 is highly temperature and strain rate sensitive, 

making it a d ifficult alloy to forge. The flow stress is shown in Figure 2-3 (Prasad 

1997). The forging operation of interest is performed on a mechanical crank press 

to reduce the contact time between the workpiece and the d ie, reducing the heat 

lost from the workpiece. The trade-off is that the fast ram speed results in high 

workpiece strain rates, and thus high workpiece flow stresses. 

The temperature of the workpiece is important as it impacts the flow stress, and 

thus the stress imparted onto the tooling. The workpiece loses heat upon removal 

of the furnace. Heat is lost to the environment through convection, radiation and 

conduction with the tongs used to transfer the workpiece. When the workpiece is 

positioned upon the tooling, heat is lost with the environment through 

convection and radiation and conduction with the tooling. The reduced 

temperature of the workpiece incurs higher flow stress. The increased flow stress 

caused by the heat lost through conduction between the workpiece and the 

tooling is known as the d ie chilling effect. The thermal properties of the 

workpiece are shown in Figure 2-2.  
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A) THERMAL CONDUCTIVITY  

 

B) SPECIFIC HEAT  

 

C) THERMAL EXPANSION COE FFICIENT  

 

FIGURE 2-2: WORKPIECE MATERIAL PR OPERTIES (AFRC, 2010)  
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A) STRAIN  RATE OF 10
-3
/S 

 

B) STRAIN  RATE OF 10
-1
/S 

 

C) STRAIN  RATE OF 1/S 

 

D) STRAIN  RATE OF 10/S 

 

E) STRAIN  RATE OF 100/S 

 

FIGURE 2-3: FLOW STRESS BEHAVIOUR  OF IN  718 (PRASAD 1997) 
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2.1.2 THE DIE MATERIAL PROP ERTIES  

The d ie material of interest is AISI H13 hot work tool steel. The properties of 

interest include the yield strength, the fracture toughness, and 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 H11. The chemical composition of the H13 hot work tool steel is 

given in Table 2-1. 

 

TABLE 2-1: CHEMICAL COMPOSITION OF H13 HOT WORK TOOL STEEL (WT . %) 

Cr Mo V C Mn  P S Ni  Fe Si 

5.139 1.231 0.847 0.361 0.393 0.019 0.006 0.411 bal 1.023 

 

The carbon content d ictates strength and hardness however coarse carbides are 

detrimental to toughness. Chromium, tungsten, titanium, molybdenum and 

manganese are carbide forming elements (Bazazi 2009).  Chromium and 

Molybdenum act as solid  solution strengtheners and Molybdenum also acts to 

suppress temper embrittlement (Smoljan 2009).  

The d ie material of interest is heat treated to tempered martensite of hardness 

ranging between 52 to 54HRC. The tool steel is heat treated with a flu idised bed 

furnace under a nitrogen atmosphere. The heat treatment process is shown in 

Figure 2-4. 

 

 

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 process. Particles precipitate during the 

quenching operation. During the tempering operation, the martensite relaxes into 

tempered martensite and particles continue to precipitate, grow and coarsen. The 

particle phases may be categorised as either primary particles or secondary 

particles. Secondary particles precipitate during tempering whilst primary 

particles are present in the as-quenched condition. 

The temperature sensitivity of yield strength and toughness of AISI H13 is shown 

in Figure 2-5. In figure a), it can be seen that the strength of the material declines 

at high temperature, making the material more susceptible to wear and plastic 

deformation. In figure b), it can be seen that H13 d isplays good hot toughness. 

A polynomial equation has been used to fit the temperature sensitivity of the 

0.2% proof stress of AISI H13 shown in Figure 2-5b).  This is shown in equation 

2-1  (Bohler 2010). 

„Ȣ υȢωτρπὝ πȢππσττὝ ρȢσπὝ ρτςπ 2-1 

Where; 

„Ȣ  The 0.2% proof stress (MPa) 

Ὕ Temperature (ęC) 

Equation 2-1 may be used to approximate the yield strength of AISI H13 

considering the temperature of the d ie during a forging operation. Ou (2008) 

offers equation 2-2 to describe the temperature dependence of the elastic 

modulus of AISI H13.  

Ὁ πȢρρὝ ςρφzρπππ 2-2 

Where; 

Ὁ  Youngôs modulus of H13 (MPa) 

The thermal properties of hot work tool steels are important. Heat is transferred 

from the workpiece and heat is generated through friction during the forging 

operation. High thermal d iffusivity is desirable to reduce the magnitude of 
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thermal gradients and mitigate thermal fatigue. The thermal properties of AISI 

H13 are given in Figure 2-6. 

A) YIELD STRENGTH WITH T EMPERATURE  

 

B) TOUGHNESS WITH TEMPER ATURE 

 

FIGURE 2-5:A)  HOT YIELD STRENGTH OF  BOHLER 302DE TOOL STEEL HEAT TREA TED TO 1600N/MM
2 

(BOHLER 2010) AND B) CHARPY V  NOTCH TEST RESULTS WITH TEMPERATURE OF H13 (56HRC) 

(HODOWANY ET AL . 2000) 
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A) THERMAL CONDUCTIVITY  

 

B) SPECIFIC HEAT  

 

C) THERMAL EXPANSION COE FFICIENT  

 

FIGURE 2-6: D IE MATERIAL PROPERTI ES (AFRC, 2010)  
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2.1.3 D IE MATERIAL SURFACE TREATMENT  

The tooling of interest is nitrided for improved resistance to abrasive wear and 

plastic deformation. The nitrid ing operation forms a d iffusion layer and a white 

layer at the tool surface.  

The die material is gas nitrided at a temperature of 525ęC in a mixed atmosphere 

of carbon and nitrogen using a flu idised bed gas furnace for 48 hours.  This 

results in a nitride depth of 314µm with an 11µm deep white layer, as shown in 

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

from the surface. The surface hardness varies between 1000-1200Hv. 

 

A) M ICROGRAPH  

 

B) HARDNESS MEASURES 

 

FIGURE 2-7: M ICROGRAPH OF NITRIDE D AISI  H13 
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The performance benefit achieved through nitrid ing can be attributed to the 

presence of the white layer, the d iffusion zone and compressive stresses (Li et al. 

2000). 

2.1.4 PRESS KINETICS 

The extrusion and upsetting operations are performed using the same dual 

action mechanical crank press. One operation is performed at a time. 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 stage, the top 

and bottom dies close. In the second stage the punch enters the closed dies and 

deforms the part. This is illustrated in Figure 2-8. 

Figure 2-8a), b) and c) show the d ifferent stages of movement of the fly wheel 

which define the two stages of press kinetics. Figure a) describes the press at rest. 

Figure b) 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.  

Figure 2-8 d), e) and f) shows a 2D cross section of the extrusion tooling at the 

d ifferent stages in the movement of the press. Figure d) shows the extrusion 

tooling when the press is at rest w ith 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) shows a 2D cross section of the upsetting tooling for 

d ifferent stages in the movement of the press. The figures illustrate similar 

conditions of the upsetting tooling as shown for the extrusion tooling.  
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FIGURE 2-8: DUAL-ACTION CRANK PRESS K INETICS  

 

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

end of the punch stroke, as shown in in Figure 2-9. 

 

FIGURE 2-9: RAM SPEED WITH RAM STROKE FOR CRANK PRESSES 
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2.1.5 LUBRICATION , HEAT TRANSFER AND FR ICTION  

Lubrication plays a vital role in improving the surface quality of the formed parts 

and improving d ie life. The purposes of lubricants in hot forging include 

reducing friction, reducing the heat transferred from the billet to the d ie and to 

protect the workpiece and d ie from corrosion.  

Water based graphite is applied to the tooling to reduce friction, reduce heat 

transfer and to protect the tooling. The workpieces are glassed to provide 

insulation to reduce heat loss upon removal of the workpiece from 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 tooling. A friction 

value of 0.2 was found to be representative of the upper limit for friction 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 

d irectly contacting surface area and reaches a maximum where the entire surface 

is in contact.  

2.1.6 SUMMARY OF THE FORGIN G CONDITIONS OF INTE REST 

The process consists of extruding and upsetting of Inconel 718 at a temperature 

of 1080ěC in d ies made out of AISI H13, which are preheated to 240ěC. The 

tooling has been heat treated to a tempered martensitic structure of hardness 

between 52 and 54HRC. The tooling is nitrided to form a 310µm thick nitride 

layer w ith an 11µm thick compound layer. The workpiece has a 30-50µm thick 

glass coating and water based graphite is sprayed upon the d ies before each 

stroke. The peak forging load for the extrusion and upsetting operations is 

30tonnes and 70tonnes for extrusion and upsetting respectively. The upsetting 

operation occurs immediately after the extrusion operation. The deformation 

time for each operation is approximately a quarter of a second. 
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2.2 D IE FAILURE  

Die failure occurs when the degradation of the tool results in defects imparted 

upon the workpiece that cannot be accepted. The reason for failure may be 

caused by the geometric deviation of the workpiece or the degradation in surface 

roughness. The extent of acceptable geometric deviation or surface deterioration 

in the workpiece is location specific and relates to the productôs function. 

The relevant failure modes include wear, corrosion, plastic deformation, thermal 

softening\ overaging, creep, thermal fatigue and mechanical fatigue 

(Summerville et al. 1995; Subramanian et al. 1996). Often failure in hot work d ies 

is attributed to either abrasive wear or plastic deformation (Cser, Geiger et al. 

1993; Kim et al. 2005) however the damage evolution is complex and interactions 

between these mechanisms occur (Kchaou et al. 2009).  

The dominant failure mode depends upon factors such as the workpiece 

material, the temperature it is forged, the velocity that is forged, the amount of 

workpiece deformation,  lubrication, and the d ie material, d ie heat treatment and 

surface treatments (Semiatin 2005). It is possible for the dominant failure mode to 

change over the life of the d ie.  

2.2.1 WEAR 

The interaction between the contacting asperities of the workpiece and tool may 

result in abrasive or adhesive wear. Abrasive wear describes the cutting of one 

surface by a harder surface. Adhesive wear describes the weld ing of the mating 

asperities and the removal of a combination of both of the mating bodies.  

Archard (1956) developed an equation for modelling material removal through 

wear. Both adhesive and abrasive wear have been modelled using Archardôs 

wear equation shown in equation 2-3 (Painter et al. 1996). 

ύὩὥὶ ὨὩὴὸὬ Ὧ
ὖȢὠ

Ὄ
Ὠὸ 2-3 

Where; 

ὖ  Normal pressure (MPa) 

ὠ  Slid ing velocity (m/ s) 
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Ὄ Hardness (Hv) 

Ὧ  Material constant 

Equation 2-3 expresses the empirical relationship relating the wear depth to the 

applied pressure, slid ing velocity and hardness of the d ie material. Lin (2010) 

made the hardness of the tool temperature dependent to account for the impact 

of greater material removal when the tool as at higher temperature. Other 

authors have included the impact of over-tempering on the tool hardness (Lee et 

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

Such wear models have been used to determine a wear index for comparing 

d ifferent preform designs (Lee, Kim et al. 2003; Kim, Lee et al. 2005; Tan 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 forms a 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 d ie surface can 

remove such a protective layer and allow further corrosion to occur. The rate of 

delamination of the corroded layer determines the rate of corrosion (Wang et al. 

2008). 

2.2.3 PLASTIC DEFORMATION  AND CREEP 

Plastic deformation is a common cause of failure in hot work tooling, where the 

tool deforms to such an extent that parts formed are no longer within 

d imensional tolerance. Some researchers have proposed that creep is also 

relevant in hot forging tooling (Fang et al. 2002; Berti and Monti 2009).  

Martensitic hot work tool steel exhibits complex flow behaviour. Under uniaxial 

flow the material work hardens, whilst under cyclical loading the material 

softens over repeated cycles. The flow stress behaviour during uniaxial flow of 

H11 heat treated to 47HRC is shown in Figure 2-10.  



39 

 

 

FIGURE 2-10: COMPRESSIVE FLOW STRESS BEHAVIOUR OF H11 TOOL STEEL (BERNHART ET AL . 1999) 

 

Under cyclical loading conditions, martensitic tool steel softens without reaching 

stabilisation. The isotropic behaviour may be observed in Figure 2-11 which 

shows the hysteresis loops measured during uniaxial fatigue of AISI H11 tool 

steel. 

 

FIGURE 2-11: ISOTHERMAL STRAIN CON TROLLED FATIGUE AT 500°C WITH A SYMMETRICAL S TRAIN 

AMPLITUDE OF ±0.8 (ZHANG ET AL . 2008) 
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The peak plastic strain measured within the hysteresis loops increase during 

cyclical loading. The softening behaviour is more easily observed when 

examining the halved peak stress measured in each cycle. The halved peak stress 

refers to the sum of the absolute minimum stress and maximum stress within a 

cycle d ivided by two. This is shown in Figure 2-12. Zhang et al (2002) performed 

isothermal fatigue tests with a tensile-compression strain ratio of 1%, at 

temperature intervals between 200ęC and 550ęC, with a strain rate of 1.6x10
-4
/ s. 

 

FIGURE 2-12: HALVED PEAK STRESS AM PLITUDES FROM ISOTHE RMAL FATIGUE TESTS O F H11 TOOL STEEL 

(ZHANG ET AL . 2002) 

 

AISI H11 cyclical softens at all temperatures examined. Zhang et al (2002) 

observed a relationship between the cyclical softening and the strain amplitude 

under strain controlled fatigue. This suggested that the softening was caused by a 

strain-induced mechanism. The increase in softening at temperatures above the 

tempering temperature of the alloy (~500ęC) was attributed to the additional 

contribution of thermally induced mechanism(s). An initial transient drop in 

halved peak stress results in a drop of ~50MPa in halved peak stress. 

Zhang et al (2008) have developed a phenomenological model based upon the 

approach outlined by Lemaitre and Chaboche (1990). Krumphals et al (2012) is in 

the process of applying the physical based model developed by Ghoniem et al 
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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 temperatures during service. The prolonged 

exposure to such high temperature results in over-tempering of the tool material. 

The reduced strength of the d ie material results in increases susceptibility to 

plastic deformation and abrasive wear.  

Different terminology may be used to describe this behaviour. Thermal softening 

is used to describe the impact of this behaviour during production. Overaging is 

applicable to describing the coarsening of strengthening precipitates. Over-

tempering includes precipitation kinetics in addition to the changes that occur 

during the transformation from a tempered martensitic microstructure to a fully 

annealed ferritic microstructure.  

Die failure has been modelled by determining the time taken for thermal 

softening to reduce the hardness of the d ie material to a level where plastic 

deformation is initiated (Kim, Lee et al. 2005). Alternatively, thermal softening 

has also been included when modelling abrasive wear through a reduction in d ie 

hardness (Lee, Kim et al. 2003; Kim, Lee et al. 2005; Tan 2007; Biglari and Zamani 

2008). The interaction between the development of a thermally softened substrate 

and the size of the case hardened layer was explored by Saiki et al (2001). Zhang 

et al (2008) include the impact of thermal softening when modelling the plastic 

deformation behaviour of hot work tool steel.  

2.2.5 THERMAL FATIGUE  

The heat transferred to the d ie surface and the heat generated through friction 

result in a thermal gradient at the tool surface. The d ifferent rates of thermal 

expansion within a constrained geometry result in tensile stresses that result 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. 1999; Persson 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 is common in hot forging tooling. 

2.2.6 M ECHANICAL FATIGUE  

Mechanical fatigue may lead to delamination of the fractured surface layer or 

may result in catastrophic failure. Fracture may initiate at stress raisers such as 

sharp corners, machining marks or from defects within the microstructure close 

to the tool surface and tensile stress  (Chattopadhyay 2001). 

The complex interaction between mechanical fatigue and thermal fatigue is 

described by thermo-mechanical fatigue. The internal stress from the surface 

pressure applied from the deforming workpiece and the thermal stress combine 

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 to catastrophic failure. The 

appropriate approach depends upon the ductility of the material and whether 

the d ie 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 stress formulated models (Velay et al. 2005). The thermo-

mechanical fatigue models found within the literature follow Lematire and 

Chabocheôs (1990) stress formulated approach for life predicion using empirical 

damage mechanics (Fang, Jiang et al. 2002; Velay, Bernhart et al. 2005; Berti 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 failed when the parts produced no longer meet the required 

surface roughness or d imensional tolerance of the component.  

Many failure modes may contribute to d ie failure. Potential failure modes 

include abrasive wear, adhesive wear, plastic deformation, corrosion, mechanical 
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fatigue and thermal fatigue. The cause of failure in hot work tooling has been 

investigated by Summerville et al (1995), Barrau et al (2003), Bergeron et al (2003), 

Behrens et al (2007) and Kchaou et al (2009). Complex interactions between 

failure modes may occur. The dominant failure mode is dependent upon the 

workpiece, the tool material, the amount of deformation, the type of press, the 

workpiece temperature, the d ie temperature, and lubrication. For given 

conditions, it is necessary to identify the dominant failure mode to allow life 

prediction.  

When d ie life is limited by wear, Archardôs wear equation may be used to predict 

die life. This approach has been adopted by Painter et al (1996), Bariani et al 

(1996), Kim et al (2005) and Lin (2009). 

Kim et al (2005), Zhang et al (2008) and Krumphals et al (2012) have developed 

d ie life prediction models describing life limited by plastic deformation. Kim et al 

(2005) modelled the number of cycles taken for the initiation of plastic 

deformation caused by the reduction in tool strength from over-tempering 

during service. Zhang et al (2008) developed a phenomenological model that 

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 martensitic steel and have applied it to 

the thermo-mechanical 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 thermo-mechanical fatigue.  

The approaches taken to model d ie life vary in detail in which the material 

behaviour, boundary conditions or failure criterion are described. To successfully 

predict d ie life, it is important to model the correct failure mode. The accuracy of 

the prediction is dependent upon the accuracy of the description of the loading 

conditions, the failure criteria and the description of the mechanical response of 

the d ie 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 d ie performance. The change in mechanical properties of tool steel 

during use as hot forming tooling is a result of microstructural instability.  

The microstructure 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 w ithin tempered martensite include prior 

Austenite grain boundaries, primary particles, martensitic lath boundaries, lath 

boundary particles, subgrains, and subgrain interior particles. This is illustrated 

in Figure 2-13. 

 

 

FIGURE 2-13: ILLUSTRATION OF TEMPE RED MARTENSITE  

 

The microstructural features associated with the mechanical properties of 

tempered martensite include the solutes strengthening, precipitate strengthening, 

d islocation strenghtening and subgrain strengthening (Abe 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 strengthening may be attributed to the presence of large solute atoms such 

as Molybdenum or Tungsten, which create lattice d istortions that impede 

d islocation motion (Abe 2008). Solute strengthening has been assumed to be a 

function of the shear misfit and size misfit caused by the solute atoms (Zander 

2009), as shown in equation 2-4. 

ʎ ʀȟʀȟὧ 2-4 

Where; 

ʎ Strength provided by solutes (Pa) 

ʀ Elastic misfit caused by variation in the Burgers vector (m/ m) 

ὧ The fraction of solute strengthening element (%) 

ʀ 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 stress (Ghoniem, 

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 particles within AISI H13 (Engberg and Larrson 1988). The Orowan 

stress is shown in equation 2-5. 

ʎ
‌ὓὋὦ

‗ὴ
 2-5 

Where; 

ʎ Orowan stress of particle bypass (Pa) 

‌ A bounded coefficient 

ὓ The Taylor factor 

ὦ The Burgers vector (m) 
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Ὃ The shear modulus (Pa) 

‗ The particle spacing (m) 

The types of particles reported in as-heat treated tempered martensitic steel are 

shown in Table 2-2, considering the particle location. Table 2-2 also shows the 

range in particle radii from published literature regard ing tempered martensite 

(Kadoya et al. 2002; Mebarki et al. 2004; Zhang et al. 2004; Agamennone et al. 

2006; Abe 2008; Bischof et al. 2008; Bazazi 2009; Medvedeva et al. 2009). M
7
C

3
 and 

M
3
C have also been reported to be present in as-heat treated tempered 

martensitic tool steels (Medvedeva, Bergström et al. 2009). The 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 rad ius, r (nm) Typical particle type 

Prior austenite grain boundaries 300 < r > 100 M
23
C

6
, MX, M

6
C 

Lath\ subgrain boundary 70 < r > 5 M
23
C

6
, MX 

Lath\ subgrain interior 40 < r > 1 MX, M
2
X 

 

The particle measurements describing as-heat treated tempered martensitic hot 

work tool steels have been summarised in Table 2-3. The term  ‰  refers to the 

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

Particle Source ‰  ὶ 

M
23
C

6
 Mebarki et al (2004) - 100-300nm 

Intra-lath particles Zhang et al (2004) 8.2 30-70nm 

MC 
Mebarki et al (2004) - <40nm 

Medvedeva et al (2009) - 2-7nm 

M
2
C Medvedeva et al (2009) - 1-3nm 

MC and M
6
C Bischof et al (2008) 0.3% 245nm 

M
23
C

6
 Bischof et al (2008) 2.3% 7nm 

MX and M
2
C Bischof et al (2008) 1.9% 1.2nm 

MX Bischof et al (2008) 0.5% 1.2nm 

 

There is a large d ifference between the mean particle radii and volume fraction of 

particles measured by Zhang et al (2004) and those measured by Bischof et al 

(2008). The volume fraction of subgrain interior MX particles measured by 

Bischof et al (2008) is similar measurements taken by Kadoya et al (2002) and 

Semba (2003) when characterising 9-12%Cr tempered martensitic steels. 

The spacing between intra-lath particles may be approximated by assuming 

lattice square spacing using equation 2-6. This assumes that the particles are 

spherical, are of similar size, and are evenly distributed throughout the matrix.  

‗ ς ςσὶ
“

τ‰
ρ  2-6 

Equation 2-6 may be applied to the intra-lath particles from the measurements 

shown in Table 2-3 for measurements that include the volume fraction of 

particles. The estimated particle spacing is shown in Table 2-4. 

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

Source Carbide ‰  ὶ ‗ 

Bischof et al (2008) MX and M
2
C 1.9% 1.2nm 11nm 

Zhang et al (2004) Intra-lath 8.2% 36.4nm 125nm 
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From Table 2-4 it can be seen that there is a large d ifference in approximated 

particle spacing from values obtained from the literature. This impacts the 

Orowan stress and thus the contribution to strength arising from the intra-lath 

particles. 

2.3.1.3 D ISLOCATION STRENGTHE NING  

A Taylor stress may be used to describe the back stress arising from dislocation 

interaction, as shown in equation 2-7. 

„ ‌Ὃὦὓ”  2-7 

Where; 

‌ A bounded constant 

”  The mobile d islocation density (m
-2
) 

The d islocation densities reported to describe tempered martensite vary 

substantially when reviewing published literature describing 5% Cr tempered 

martensitic hot work tool steels and 9-12% Cr tempered martensitic steels.  

The values describing the d islocation density w ithin tempered martensitic hot 

work tool steels vary by several orders of magnitude. Mebarki et al (2004) 

measured an initial d islocation density of approximately 2.3x10
16
m

-2
. Krumphals 

et al (2009) assume a smaller initial total dislocation density of ~1x10
12
m

-2
 w ith a 

mobile d islocation density 8x10
11
m

-2
.  

Mobile d islocation densities reported in 9-12%Cr tempered martensitic steel vary 

between 2.9x10
13
m

-2
 to 2x10

14
m

-2 
(Semba 2003; Sauzay et al. 2008; Bazazi 2009). Abe 

(2008) and Bazazi (2009) report mobile d islocation densities of approximately 

1x10
14
m

-2
 in as-heat treated 9-12% Cr tempered martensitic steels. Semba (2003) 

used a higher value of 2x10
14
m

-2
 when modelling the creep behaviour of 9-12% 

tempered martensitic steel.  

The upper and lower bounds of mobile d islocation density of AISI H13 may be 

approximated from the range in values reported describing as-heat treated 

tempered martensite. The upper limit for the mobile dislocation density is given 

by 2x10
14
m

-2
 and the lower limit given by 1x10

12
m

-2
 (Semba 2003; Krumphals 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 equation 2-8 (Abe 2008; 

Bazazi 2009).  

ʎ
ρπὋὦ

‗
 2-8 

Where; 

ʎ  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. 2002; Mebarki, Delagnes et al. 2004). Sawada et al (1999) 

use the terms subgrain and martensitic lath interchangeably when measuring the 

change in lath structure during creep of 9-12% Cr tempered martensitic steels. 

Assuming that subgrains are formed in the rolling operation during the 

processing of the steel, it is acceptable to refer to lath width and subgrain 

d iameters interchangeably.  

Zhang et al (2004) measured a mean lath length and mean lath width of 3.49µm 

and 1.64µm respectively in as-heat treated AISI H11 hot work tool steel using 

quantitative image analysis of SEM (scanning electron microscopy) images. The 

lath width is significantly larger than those measured with regard to 9-12% 

tempered martensitic steels which have been obtained from quantitative image 

analysis of TEM (transition electron microscopy) images. It is unknown to what 

extent the d ifference is caused by the d ifference in alloy composition and in 

measurement method. 

The mean lath widths\ subgrain diameters reported from the literature with 

regard to 9-12% tempered vary between 0.36 µm and 0.7 µm (Sawada, Takeda et 

al. 1999; Agamennone, Blum et al. 2006; Abe 2008; Sauzay, Fournier et al. 2008; 

Bazazi 2009). The lath width of AISI H13 may vary between 0.36µm to 1.64µm 

considering the range in reported values describing tempered 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, d islocation annihilation and subgrain/ lath 

coarsening. Extensive research has examined the microstructural instability in the 

creep of 9-12% Cr tempered martensitic steels. The behaviours relevant 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 the single phase system changes into a 

multip le-phase metastable system (Ratke and Voorhees 2002). The carbide 

particles nucleate, grow and coarsen during heat treatment and exposure to 

elevated temperatures. The majority of particles nucleate during the heat 

treatment process however particles may continue to nucleate during service 

depending upon the temper.  

Bischof et al (2008) measured the coarsening kinetics of particles within tempered 

martensitic hot work tool steel. Figure 2-14 describes the coarsening of M
23
C

6
 lath 

boundary particles and MX\ M
2
X intra-lath particles during overaging at a 

temperature of 650°C. Hardness measurements are 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 condition. The intra-lath and lath 

boundary particles have significantly coarsened after this extent of overaging.  

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 to 600°C 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 micro-hardness 

after exposure to this temperature for 18 hours.  

The sizes of the intra-lath particles measured by Zhang et al (2004) are much 

larger than the intra-lath 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 particle coarsening within temperatures applicable to 

hot forging tooling. 

 

A) COARSENING BEHAVIOUR OF LATH \ SUBGRAIN BOUNDARY PA RTICLES AT 680°C 

 

B) COARSENING BEHAVIOUR OF LATH \ SUBGRAIN INTERIOR PA RTICLES AT 680°C 

 

FIGURE 2-14: PARTICLE COARSENING K INETICS MEASURED BY BISCHOF ET AL (2008) 

 

Zhang et al (2004) measured a similar volume fraction of particles in all over-

aged specimen however d id not d istinguish between the type of intra-lath 

particle. Bischof et al (2008) measured an initial volume fraction of 1.9% of small 

MX and M
2
X particles within the subgrain interior. After 2 hours of overaging at 

650ęC, Bischof et al (2008) observed that the subgrain boundary M
23
C

6
 particles 

had coarsened at the expense of all the M
2
X particles. It can be seen that a 
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complex interaction occurs between the d ifferent types of particles during 

overaging.  

 

A) COARSENING OF INTRA -LATH PARTICLES AT 560°C 

 

B) COARSENING OF INTRA -LATH PARTICLES AT 600°C 

 

FIGURE 2-15: PARTICLE COARSENING K INETICS MEASURED BY ZHANG ET AL (2004) 

 

2.3.2.2 D ISLOCATION ANNIHILAT ION  

Another relevant microstructural instability is thermally induced dislocation 

annihilation. Mebarki et al (2004) measured d islocation densities in hot work tool 

steel as a result of over-tempering at d ifferent temperatures for 2 hours. The 

d islocation density measurements from the over-tempered specimen are shown 

in Figure 2-16. 
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FIGURE 2-16: D ISLOCATION DENSITY A S A RESULT OF 2 HOURS OF EXPOSURE TO DIFFERENT OVER-

TEMPERING  TEMPERATURES (M EBARKI , DELAGNES ET AL . 2004) 

 

A reduction from approximately 2x10
16
m

-2
 to 1x10

15
m

-2
 has been measured as a 

result of over-tempering for 2 hours at 640°C. Such a reduction in d islocation 

density incurs a significant reduction in Taylor stress arising from dislocation 

interaction, contributing to the softening observed behaviour observed in the 

over-tempering of steels.  

Bazazi (2009) measured a similar reduction in mobile d islocation density during 

over-tempering 9-12% Cr tempered martensitic steel at 550°C, as shown in Figure 

2-17.  

 

FIGURE 2-17: M OBILE DISLOCATION DE NSITY DURING OVER-TEMPERING  AT 550°C 

 

The d islocation density reduces from 1.2x10
14
m

-2
 to a steady state of 5x10
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hot work tool steel. It can be argued that during the conditions of interest, this 

steady state is not reached.  

2.3.2.3 SUBGRAIN \ LATH COARSENING  

During over-tempering, the tempered martensite transforms into ferrite, as 

observed in the annealed condition. A coarsening in the lath width has not been 

measured during the over-tempering timescales and temperatures relevant to the 

service conditions of hot work tool steel (Zhang, Delagnes et al. 2004). Bazazi 

(2009) measured similar behaviour when measuring subgrains or ñmicro-grainsò 

during over-tempering at 550°C in 9-12% Cr tempered martensitic steel. The 

measurements were taken from TEM micrographs and the results are shown in 

Figure 2-18. 

 

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 w ithin the over-tempering conditions of interest, the 

thermally induced coarsening of the lath\ subgrain structure is not a 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 attributed to the formation and 

coarsening of subgrains (Kadoya, Dyson et al. 2002; Mebarki, Delagnes et al. 

2004). The same softening behaviour observed in the fatigue loading of hot work 
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tool steel is observed in the fatigue loading of 9-12% Cr tempered martensitic 

steel (Bernhart, Moulinier et al. 1999; Sauzay, Fournier et al. 2008).  

The formation of subgrains is associated with the change in d islocations structure 

from a relatively homogeneous structure of high d islocation density to a 

heterogeneous d islocation structure of equiaxed subgrains (Sedlacek et al. 2002). 

The subgrain formation and coarsening described by Kadoya et al (2002) is 

illustrated in Figure 2-19. 

 

FIGURE 2-19: SUBGRAIN FORMATION AND  COARSENING  

 

The following sections describe the reported change in d islocation density and 

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

2.3.3.1 D ISLOCATION KINETICS  

The initial dislocation structure consists of pockets of high d islocation density as 

shown in Figure 2-19d). A heterogeneous d islocation density is formed with the 

creation of the d islocation structure shown in Figure 2-19e). This is associated 

with the reduction in mobile d islocation density and the formation of boundary 

d islocations.  

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

boundary d islocations in the cyclical loading of tempered martensitic hot work 
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tool steel. The immobile d islocations refer to the d islocations that have become 

pinned by subgrain boundaries. The predicted d islocation kinetics is shown in 

Figure 2-20. 

 

 

FIGURE 2-20: D ISLOCATION KINETICS PREDICTED BY KRUMPHALS ET AL (2009) 

 

Figure 2-20 shows a reduction in mobile d islocation density and an increase in 

total d islocation density as a response to fatigue loading. A reduction of 

approximately 80% of mobile d islocations is predicted. 

The reduction in mobile d islocation density is in agreement with the 

measurements taken by Sawada et al (1999) however the increase in total 

d islocation density conflicts w ith measurements taken by Sauzay et al (2008) and 

Mebarki et al (2004). A reduction in total d islocation density was measured as a 

response to fatigue loading in hot work tool steel and 9% Cr tempered 

martensitic steels respectively. 

Sauzay et al (2008) measured the mobile d islocation density before and after 

isothermal strain controlled fatigue loading with symmetrical strain amplitude of 

±1% and a temperature of 550ęC for 1800 cycles. An initial total dislocation 

density of 1.6x10
14
m

-2
 was measured to reduce to 3.4x10

13
m

-2
 as a response from 

the cyclical loading. This is a reduction of approximately 80% in total d islocation 

density. 
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Bazazi (2009) measured the mobile d islocation density during the creep of 12%Cr 

tempered martensitic steel at a temperature of 550ęC and with a constant stress of 

120MPa. The measurements are shown in Figure 2-21. 

 

FIGURE 2-21: M OBILE DISLOCATION DE NSITY DURING CREEP (550ęC @ 120MPA) (BAZAZI 2009) 

 

The measurements in Figure 2-21 show a sharp reduction of approximately 90% 

in mobile d islocation density after 12500 hours of creep loading. The measured 

change in mobile d islocation density during creep are similar to the reductions in 

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

tempered martensitic steel.  

Sawada et al (1999) measured a reduction in mobile d islocation density of 80% as 

a result of 0.14mm/ mm plastic strain during creep at a temperature of 650ęC and 

a load of 98.1MPa. 

The measurements taken by Sauzay et al (1999), Sawada et al (1999) and Bazazi 

(2009) suggest that the mobile d islocation density reduces by approximately 80-

90% as a response to fatigue loading.  

2.3.3.2 SUBGRAIN COARSENING  

From reviewing the literature, no measurements have been found describing the 
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temperature of 550ęC. The initial subgrain diameter was approximated at 0.7µm 

which more than doubled to 1.5µm as a response from the fatigue loading.  

Bazazi (2009) measured subgrain, or ñmicro-grainò coarsening, during the creep 

of 12%Cr tempered martensitic steel at a temperature of 550ęC with a constant 

stress of 120MPa. The measurements are shown in Figure 2-22. 

 

FIGURE 2-22: M ICRO -GRAIN COARSENING DUR ING CREEP LOADING OF  120MPA AT 550ęC (BAZAZI 2009) 

 

An increase of 46% in micro-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) vary between 0.8µm 

and 1.6µm. 

The subgrain coarsening kinetics of AISI H13 may vary between an increase in 

subgrain d iameter by anywhere between 46-114% when considering the 

increases reported from fatigue and creep of 9-12% tempered martensitic steels.  

2.3.4 D IE MATERIAL SUMMARY  

AISI H13 is a chromium hot work tool steel which provides high strength and 

ductility under the conditions experienced by hot forging tooling. The 

microstructural features of AISI H13 have been assessed through examining 

similar tool steels and 9-12% Cr tempered martensitic steels.  

Tempered martensite is unstable during use as hot forging tooling. Within the 

temperatures and time scales of interest, the relevant thermally induced 

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

representative of hot forging d ies.  

The strain induced microstructural instabilities include the formation and 

coarsening of subgrains. This is associated with the reduction in mobile 

d islocation density. 

The subgrain interior particle size, subgrain diameter and dislocation density of 

AISI H13 have been evaluated through reviewing published literature describing 

similar tempered martensitic hot work tool steels and 9-12%Cr tempered 

martensitic steel. This information is important, as the mechanical response of the 

tool material during hot forging relate to such microstructural features. 
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3 THE IDENTIFICATION OF TH E DOMINANT FAILURE MOD E 

The dominant failure mode in the preform tooling used to forge single ended 

compressor blades has been investigated. The dominant failure mode must be 

known to guide improvement initiatives and allow for d ie life prediction.  A 

failure analysis approach has been taken, examining worn tooling and analysing 

the conditions of the tooling.  

This section describes the experimental methods used in the study, the results of 

the investigation, a discussion of the root cause of d ie failure and a conclusion.  

3.1 EXPERIMENTAL METHODS  

3.1.1 M ETALLURGICA L METHODS  

The metallurgical preparation procedure outlined by Vander Voort (2004) was 

followed. The samples were etched with 1% Nital solution 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 surfaces. The measurements were compared to datum specimens of 

H13 tool steel which had undergone similar heat treatment as the tooling of 

interest. A Mitutoyo MVK-G1 micro Vickers hardness measurement machine 

was used with a 200g load.  

3.1.2 M ETROLOGY  

The d ifference in geometry between the initial, as-machined 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 extrusion and upsetting 

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 the von Mises stress. The von Mises stress is calculated 
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from equation 3-1, which is compared to the 0.2% proof stress. The temperature 

dependence of the 0.2% proof stress is shown in equation 2-1. 

„
ρ

Ѝς
„ „ „ „ „ „ φ† † †  3-1 

The commercial FEA software DEFORMÊ was used to simulate the operation 

using elastic bodies to represent the extrusion tooling. DEFORMÊ has been 

developed to model the large strains required for forging simulation and 

includes adaptive re-meshing. The workpiece flow behaviour was obtained from 

the DEFORMÊ material library. The flow stress is shown in Figure 2-3. 

The extrusion operation simulation was 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 spring-back 

of the workpiece is not included in the simulation. At high temperature the 

elastic modulus of the workpiece is low, resulting in small elastic deflections. For 

example, at 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 extrusion operation.  

Die stress was approximated by assuming elastic body tooling. This assumption 

allows for greater stresses to be predicted than reality. To identify locations prone 

to plastic deformation, the approximated von Mises stress was compared to the 

temperature dependent 0.2% proof strength of AISI H13 shown in Figure 2-5 b).  

Sensitivity studies were performed to determine acceptable mesh designs for the 

workpiece and the die. Simulations were performed first w ith rigid  body tooling 

and plastic workpieces to evaluate d ifferent workpiece meshes. Simulations were 

repeated using elastic d ies to determine appropriate mesh designs for the d ies.  

The sensitivity study showed than a workpiece of minimum and maximum of 

0.4mm and 0.88mm element size was acceptable. The workpiece during 

upsetting had a minimum and maximum element size of 0.8mm and 1.6mm 

respectively. The upsetting and extrusion d ie meshes had a minimum 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 included the heat lost from the workpiece to the environment 

through convection and radiation. It was assumed that the effective heat transfer 

coefficient descriptive of heat loss through convection was approximated by 20 

W/ m
2
/ K (Groseclose et al. 2008).   

Table 3-1 summarises the simulation steps and convection, conduction and 

friction values. The material properties of the workpiece and d ie are shown in 

section 2.1.1.  

TABLE 3-1: BOUNDARY CONDITIONS  

Stage 
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1) Workp iece moved on to the extrusion d ie 2 20 - - 

2) Workp iece makes contact with extrusion d ie 2 - 1000 - 

3) Extrusion of the workpiece 0.25 - 24000 0.2 

4) Workp iece remains upon extrusion d ie 1 - 1000 - 

5) Workp iece moved to upsetting d ie 2 20 - - 

6) Workp iece makes contact with the upsetting d ie 2 - 1000 - 

7) Upsetting of the workpiece 0.25 - 24000 0.2 

8) Workp iece remains upon the upsetting d ie 1 - 1000 - 

 

The same heat transfer and friction conditions are assumed to describe the 

upsetting operation as the extrusion operation. As the upsetting operation occurs 

immediately after the extrusion operation, the workpiece is not re-glassed. The 

heat transfer and friction would d iffer due to the d ifference in properties of the 

deformed glass in the upsetting operation, however, investigating this d ifference 

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 

was a DIAS Pyroview 380L, with a spectral range between 8 to 14µm. 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 record ing 

and evaluating thermal imaging data. 

To measure temperature using a thermal camera, the 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 the radiated energy. 

The emissivity of the tool surface with and without a graphite coating has been 

considered to allow the temperature measurement using a thermal camera. An 

experiment was performed to determine the variation of the surface emissivity 

w ith 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 

measured with the thermal camera and a 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 achieved is similar to an as-machined d ie surface. 

The specimen material was obtained from off-cuts from the metallurgical 

analysis performed during the case studies. 

A calibrated K type thermocouple probe was attached to the sample and the 

readings were recorded using a NI DAQmx data logger connected to a laptop. 

The software NI signal express was used to record the data. The experimental 

setup is shown in Figure 3-1.  
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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 un-lubricated samples are shown in Figure 3-2. 

A) AS POLISHED 

 

B) LUBRICATED  

 

FIGURE 3-2: THERMAL IMAGE OF SAMPLE DURING COO LING  

 

The emissivity was measured by calibrating the thermal camera reading to align 

with the temperature measured from the thermocouple. The emissivity of the 

polished surface was measured at 0.32±0.07 whilst the lubricated surface had an 

emissivity of 0.82±0.06.  

The method outlined by Taylor (2010) has been followed to determine the 

measurement error from temperature measurement using a thermal camera. The 

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 temperature. The equation 

is shown below (Taylor 2010): 

ϷȾЈὅ ρππ
ὅ

‗Ὕ
 3-2 

Where; 

ϷȾЈὅ Percentage change per degree 

ὧς Planckôs second constant  

‗  Wavelength (m) 

Ὕ  Temperature (K) 

The measurement error in Kelvin is given below: 

άὩὥίόὶὩάὩὲὸ Ὡὶὶέὶ
Ϸ Ὡὶὶέὶ Ὥὲ ὩάὭίίὭὺὭὸώ

ϷȾὅ
 3-3 

The percentage error in emissivity is 7% for the as-machined surface condition 

and 6% for the graphite coated condition. Equation 3-3 is used to determine the 

error in all temperature measurements. The measurement error is temperature 

sensitive and is shown in Figure 3-3. The measurement error increases with 

wavelength, temperature and the error in emissivity. The error involved when 

analysing the temperature using a wavelength of 14µm is to be used in the 

calculations as this is the worst case scenario. 

A) POLISHED SURFACE 

 

B) LUBRICATED SURFACE 

 

FIGURE 3-3: M EASUREMENT ERROR CON SIDERING THE WAVELEN GTH OF THE THERMAL C AMERA  AND 

ERROR IN EMISSIVITY  
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3.2 RESULTS 

The results from the investigation has been categorised into three sections; 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 operations include 3D scan 

measurements, metallurgical observations and FEA approximations of d ie stress 

and temperature. The find ings have been separated into d ifferent locations that 

relate to the part defects that fail the tooling.   

The third section outlines the find ings from the investigation into the thermal 

cycle of the preform tooling. The over-tempering behaviour of the d ie material 

has been measured to evaluate the role of thermal softening during production.  

3.2.1 THE EXTRUSION TOOLING  

The extrusion tooling open vertically to allow for the removal of the workpiece as 

illustrated in Figure 2-8. A cross section through the line of vertical line of 

symmetry of the tool set up is shown in Figure 3-4. 

 

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

 

The terminology used to describe the part damage consists of ñscoringò and 

ñflashingò. Scoring describes the grooves formed on the extruded surface which 

extend along the aerofoil blade. The acceptable depth and density of scoring 

marks varies depending upon the product.  
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ñFlashingò describes the damage where the workpiece flows between the 

parting-line. A maximum tolerance exists for the ñflashingò defect which varies 

from part to part. The rate of part defect formation from one trial is shown in 

Figure 3-5.  

The scoring and flashing damage is observed upon the majority of parts 

produced. Similar damage is observed upon the tool surface, relating the part 

defect to the worn die surface.  

 

FIGURE 3-5: PART DAMAGE LOCATION AND TERMINOLOGY  

 

3.2.1.1 EXAMINATION OF THE FA ILED TOOLING  

Figure 3-6 reports the geometrical d ifference between the initial and worn 

geometries of the top extrusion tool. Different scales are shown to highlight 

either material gained or material lost. Figure 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 scan may be caused by either plastic 

deformation or adhesive wear. The d ifference in microstructure between the 

workpiece and tool material and the lack of pitting marks associated with 

adhesive wear ind icate that the material gain is caused by plastic 

deformation(Chattopadhyay 2001). Material lost may be caused by the removal 

of material through wear or plastic deformation. 
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The following sections go into further detail exploring the d ifferent defects that 

fail the tooling. ñScoringò damage is investigated by examining the tool surface 

at the location of the extrusion radius. The ñflashingò damage is investigated by 

examining the tool surface at the parting line. 

 

FIGURE 3-6:  D IFFERENCE IN GEOMETR Y BEFORE AND AFTER A  PRODUCTION RUN / 

 

3.2.1.1.1 4ÈÅ ȰÓÃÏÒÉÎÇȱ ÄÁÍÁÇÅ 

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 along the extrusion radius aligned with the direction of extrusion. The 

location of the cross section is illustrated in Figure 3-7. 
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FIGURE 3-7: LOCATION OF EXTRUSION  RADIUS  

 

Figure 3-7 displays the location of the extrusion radius. The difference in tool 

geometry, measured before and after a production run, at the location 

highlighted in Figure 3-7 b), is shown in Figure 3-8. 

 

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 the top of the extrusion radius. This find ing corresponds well 

w ith the nitride depths measured along the extrusion radius as shown in Figure 

3-10.  

Bottom of 
extrusion radius 

Top of extrusion 
radius 

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0 5 10 15

G
e

o
m

e
tr

ic
a

l D
iff

e
re

n
c
e

 (
m

m
) 

Distance along the extrusion radius (mm) 

Material 
gain 

Material  
loss 



70 

 

The surface 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 damage, the 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 location of damage. Portions of the nitride layer are missing at the 

location of most damage. Figure 3-10 shows the reduction in nitride depth 

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

 

Figure 3-9 also highlights a heat affected zone as well as a white layer. The white 

layer is formed during nitrid ing. The presence of the white layer suggests that 

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

Figure 3-11 shows large plastic deformation of the substrate from a similarly 

failed die as shown in Figure 3-9. The tooling had the same heat treatment and 

surface treatment.  

The graphite lubrication or ñdagò was identifiable as the graphite could be seen 

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 removed at these 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. Protruding segments of the nitride layer is removed 

through abrasive wear with the workpiece. Further evidence of plastic 

deformation of the substrate is shown in Figure 3-12. 

In Figure 3-12 the micro-segregation banding is used to highlight the amount of 

plastic deformation observed near the surface. The micro-segregation is formed 

during the manufacturing of the d ie material. The banding is normally aligned in 
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the rolling d irection and the change in direction of the banding is ind icative of 

plastic deformation. The micrograph has been d igitally enhanced to show the 

deviation in the direction of the micro segregation. The cracks present in the 

material are not influenced by the banding, similar to the observations made by 

Castro et al (2007) and Summerville et al (1995). 

 

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

 

 

FIGURE 3-12: CRACKING AND PLASTIC DEFORMATION OF THE EX TRUSION RADIUS AT X 50 

MAGNIFICATION . 

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

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

The results are shown in Figure 3-13. 

 

FIGURE 3-13: M ICROHARDNESS 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 hardness relate to a change in mechanical response from 

the tool material. Possible explanations of the change in hardness include surface 

fractures, thermal softening and plastic deformation (Summerville, Venkatesan et 

al. 1995).  

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

is nitrided for 48 hours before service. A failed tool is re-cut and re-used. The 

reduction in core hardness has been found to be caused by repetitive nitrid ing 

operations. Over-tempering tests were performed with the aim of determining 

the hardness of the substrate as a result of repeated nitrid ing operations. AISI 

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

time applied to d ies used in the forge. The results are shown in Figure 3-14. 
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FIGURE 3-14: CORE SUBSTRATE HARDNESS FROM RE-PEAT NITRIDING AT A TEMPERATURE OF 525°C 

 

A linear equation has been fitted to the data to allow the prediction of the 

substrate hardness as a result of repeated nitrid ing operations. This equation has 

been applied to interpolate the core hardness of d ifferent cuts of d ies considering 

24 or 48 hour nitrid ing. The results are shown in Table 3-2. The reduction in core 

hardness of the extrusion and upsetting tooling has been explained by the 

repeated nitrid ing operations. The failed extrusion tooling examined was a C cut 

w ith 48hour nitrid ing. 

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

NITRIDING  

24 hour nitriding 48 hour nitriding 

Die Cut 
Core hardness 

(HV_1Kg) 
Die Cut 

Core hardness 
(HV_1Kg) 

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 

 

y = -0.3656x + 562.09 
R² = 0.9738 
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The core hardness of the d ie material has reduced due to repeated nitrid ing 

operations. The change in hardness near the damaged surface has been caused as 

a result of forging. 

The following observations have been made when investigating the worn 

extrusion tooling at the location of the ñscoringò defect: 

¶ Regular cracking of the nitride layer w ith cracks penetrating the substrate 

at the top of the extrusion radius. The cracks may be caused by 

mechanical fatigue, thermal fatigue or the plastic deformation of the 

substrate.  

¶ The substrate is observed to be extruded between cracks in the nitride at 

the top of the extrusion radius. 

¶ The nitride layer is d ifferent depths along the extrusion radius. The 

d ifference is ind icative of material removal through abrasive wear. 

¶ The nitride layer remains intact at most locations of the tool surface 

except at the location of most damage where the substrate is observed at 

the tool surface. The exposed substrate is much more prone to abrasive 

wear than the nitrided regions.   

¶ The white layer remains at certain locations of the d ie surface suggesting 

the wear at these locations is minimal.  

¶ Plastic deformation of the substrate has been identified through the 

change in the d irection of the segregation bands. 

¶ A reduction in hardness has been measured within the nitride layer with 

largest reductions at the location of most damage. A change in hardness 

may be explained through microstructural change, the reduced size of the 

case hardened layer and plastic deformation.  

¶ A reduction in hardness localised to the nitride-substrate interface has 

been measured with hardness measurements as low as 320HV. 
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3.2.1.1.2 4ÈÅ ȰÆÌÁÓÈÉÎÇȱ damage 

The ñflashingò damage describes the phenomena where the workpiece has 

flowed in between a gap at the parting line of the extrusion tooling. Figure 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. A 

cross section of the 3D scan has been overlaid upon the micrograph to allow 

comparison. A depth of 924ɛm 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 non-tangential cracks are noticeable (Figure 3-15a). Figure 3-15b shows an 

example where the white layer has suffered brittle fracture under compressive 

load.  

In Figure 3-15c) d ifferent surface layers have been identified within the nitride 

layer. The figure highlights an oxid ised 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 d iffers to the nitride, 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 3-15e) 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 amount of plastic deformation in 

the nitride plasticity layer ind icates high 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 other micrographs.  
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In Figure 3-15A) the substrate is observed to be forced through gaps in the nitride 

layer. H igh stress and temperature is required to make hot work tool steel this 

ductile. Image B) shows the damaged parting line where a section of the tool 

material has been lost during preparation. The nitride is missing at this location. 

The substrate makes d irect contact with the workpiece. The rate of abrasive wear 

is much higher due to the lack of the high hardness nitride layer.  

The observations made from examining the worn tool are listed below.  

Å Both nitride and substrate is missing at the parting line of the tool.  

Å The substrate is present at the tool surface at the parting line.  

Å The substrate extruded between cracks in the nitride. 

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

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

w ith the workpiece. 

A likely explanation for the loss of material from the parting line is brittle 

fracture of the nitride layer followed by abrasion of the relatively soft substrate. 

The sharp angle of the parting line may act as 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 DEF ORMATION OF THE SUBS TRATE AT (X50 

MAGNIFICATION ). IMAGE B - THE CORNER OF THE EXT RUSION PROFILE (X50 MAGNIFICATION ). 

 

3.2.1.2 INVESTIGATION OF THE THERMO -MECHANICAL LO ADING  

The thermo-mechanical loading at the location of ñscoringò and ñflashingò 

damage has been approximated using finite element analysis applying the 

assumptions outlined in section 3.3.  

The punch moves the workpiece into the d ie cavity to form the aerofoil blade 

preform geometry. The press measures a punch load of approximately 30 tonnes 

during the extrusion operation. The simulated forging load is shown in Figure 

3-17. The simulation shows reasonable agreement with the measured load of the 

forging press. 

 

FIGURE 3-17: SIMULATED FORGING LOA D  
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3.2.1.2.1 FE simulation of the cÏÎÄÉÔÉÏÎÓ ÁÔ ÔÈÅ ÌÏÃÁÔÉÏÎ ÏÆ ȰÓÃÏÒÉÎÇȱ 

The thermal gradient at the extrusion radius, at the end of the forming operation 

is shown in Figure 3-18. The figure also shows the thermal history at points taken 

at intervals into the tool surface.  

A) M AXIMUM THERMAL GRADI ENT IN TOOL  

 

B) TEMPERATURE AT SELECT  LOCATIONS  

 

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 in image b). The highest predicted temperature is 742°C at the 

tool surface. The simulation suggests that d ie temperatures exceed 500°C to a 

depth less than 1mm.  

Figure 3-19a) shows the effective stress at peak loading and the location of five 

points of interest. The temperature dependent 0.2% proof stress has been 

compared with the von Mises stress in figures b) 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 radius. The lowest proof strength has 

been predicted at location 3 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 

ind icates that the tool is prone to plastic deformation during service.  
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FIGURE 3-19: D IE STRESS PREDICTIONS AT PEAK LOADING  AND POINTS OF INTEREST 

 

3.2.1.2.2 FE simulation of the cÏÎÄÉÔÉÏÎÓ ÁÔ ÔÈÅ ÌÏÃÁÔÉÏÎ ÏÆ ȰÆÌÁÓÈÉÎÇȱ 

Figure 3-20 shows 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 extrusion radius where scoring occurs.  

A) PEAK TEMPERATURE AND POINT LOCATIONS  

 

B) TEMPERATURE AT POINT LOCATIONS  

 

FIGURE 3-20: APPROXIMATED T EMPERATURES AT THE E ND 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 d ie geometry and surface condition 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 line and the location of specific points of interest. The 

approximated von Mises stress at these locations are shown in figures b) to d). 

The  approximated proof stress and von Mises suggest that the tool is prone to 

plastic deformation with shock loading.   

 

FIGURE 3-21:  APPROXIMATE VON M ISES STRESS AND PROOF STRESS AT THE PARTING LINE  
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3.2.2  THE UPSETTING TOOLING  

This extruded workpiece is upset to form the root block geometry of the single 

ended compressor blade. The d ie material, heat treatment and nitrid ing are the 

same as the extrusion operation. The tooling excluding the top d ie can be seen in 

Figure 3-22. The geometry of the upsetting tooling is shown in Figure 3-23. 

 

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

 

 

FIGURE 3-23: GEOMETRY OF UPSETTING  TOOLING  
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The most common part defects which fail the upsetting tooling are termed as 

either ñsmiley facesò or ñcrimpingò. The location of these part damage modes 

can be seen in Figure 3-24. 

 

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

 

The ñsmiley faceò defect describes an indentation which forms upon the root 

block of the workpiece near the stem. Figure 3-24 highlights this defect in red. 

The ñsmiley faceò part defect results in d ie failure when the indentation formed 

upon the workpiece becomes tactile during part inspection.  

The ñcrimpingò part defect describes the scoring marks observed upon the 

workpiece at the interface between the stem and the root block. These scoring 

marks are observed on both the workpiece and the tool surface. The ñcrimpingò 

defect is similar to the ñscoringò defect in the extrusion operation in that the 

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

tool.  

3.2.2.1 EXAMINATION OF THE FA ILED TOOLING  

The worn tooling from the upsetting operation has been examined. The tooling 

failed through the formation of a ñsmiley faceò part defect; however the 

ñcrimpingò defect was also evident. Figure 3-25 shows the geometrical deviation 

of the failed header d ie compared with the initial as-machined geometry. 

There is noticeable geometric deviation in the fillet rad ius that connects the 

workpiece stem to the root block. The scan ind icates that this radius has 

collapsed with material protruding on the surface that 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. 

 

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 ñsmiley faceò and ñcrimpingò damage. Figure 3-26 shows the sample 

locations.  

 

FIGURE 3-26: M ETALLURGICAL SAMPLE LOCATIONS FROM UPSET TING DIE  
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3.2.2.1.1 4ÈÅ ȰÓÍÉÌÅÙ ÆÁÃÅȱ defect 

Figure 3-27 shows a section taken from a 3D scan which aligns with the defect 

ñsmiley faceò. The cross section shows greater material lost in comparison to the 

material gained. It can be seen that material is lost from above and below the 

protrusion which forms the ñsmiley faceò on the workpiece.  

A metallurgical sample was taken to examine the cross section shown in Figure 

3-27. This allowed the examination of the ñsmiley faceò damage. The 

micrographs are shown in Figure 3-28. In the top right of Figure 3-28 the location 

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

The geometric deviation in the surface profile is most noticeable in Figure 3-28 f).  

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 result of over-tempering caused by repeated nitrid ing 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. 

 

FIGURE 3-27: CROSS SECTION EXAMINI NG 2D AREA OF GEOMETRIC DE VIATION . 
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Figure 3-28a) shows the relatively undamaged microstructure. The nitride layer 

is present at all of the surface, indicating minimal material loss. The geometric 

deviation shown in Figure 3-27 and Figure 3-25 must be a result of plastic 

deformation. The hardness depth profile at location 1 shows high hardness 

within the nitride layer. Nitride precipitates can be seen in the nitride layer. The 

white layer is observed upon the d ie surface. Regular cracking is noticeable in the 

white layer. Figure 3-28h) shows a similar relatively undamaged microstructure.  

Figure 3-28b) shows a perpendicular crack through the nitride layer which is 

retarded by the increased toughness of the substrate. Figure 3-28c) highlights the 

white layer where evidence of fracture-delamination is observed. Figure 3-28d) 

shows a part of the nitride where the white layer has been removed and graphite 

is visible in its place.  



89 

 

 

FIGURE 3-28: LIGHT MICROSCOPY &  HARDNESS MEASURES EXAMINING THE ROOT BLO CK ï STEM RADIUS . 








































































































































































































































































































































































































