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Introduction

The work in this thesis centres around a specific phase in the manufacturing of metal

components, the quenching process. This integral and mass-performed task in industry is

analysed and examined in the context of sustainability in manufacturing using the

recently developed framework known as the 6R theory, which individuates the six pillars

of Reduce; Reuse; Recover; Redesign; Re-manufacture; Recycle. The research and

experimentation discussed concentrate on a virtualisation of the quenching process to

investigate different methods and materials and the possible implications their adoption

could have for industry. Findings are framed in the construct of 6R theory, in particular

the Reduce factor. The research projects presented were conducted at length, in-depth

and often manually carried out, focussing on the dimensional and shape variations

induced by quenching processes and aiming to precisely define machining allowances

and reduce the amount of raw-material utilised to achieve final design requirements. A

multi-physical quenching model was realised for the prediction of distortions occurring

in a standard manufacturing cycle. The model, aided by physical experimental activities,

focused on the evaluation of deformations and took into account varying part geometries

and types of steel. A comparison between mineral and vegetable quenching oily

mediums was also conducted. The software application employed was tailor-made,

using a layered physics approach to predict the range of behaviour of the processed part.

Results show that the calculated deformations throughout the virtual quenching cycle

accurately reflect the trends and magnitudes of the experimental distortions. A large

amount of data was collected allowing for accurate tuning of the mathematical model to

fully replicate the experimental findings. Both hardening and carburising materials were

experimentally investigated to highlight differences in terms of their behaviour and,

specifically, their dimensional variations. The dissimilarities that originated not only

1



2 Introduction

from their chemical compositions but also the technological phases they underwent were

evidenced. A comparison between traditional and die assisted oil quenching processes

was also carried out, assessing the extent of dimensional and shape variations induced by

the mould-aided process. Results were positive and indicated that the combined effect of

modelling and experimentation can accurately define machining allowances, leading to a

reduction or even an avoidance of post-quenching machining operations such as

grinding. The vegetable quenching medium also performed better in comparison with

petroleum-based oil: lowering environmental impact without compromising mechanical

and dimensional results.

All research and activity was conceptualised and developed closely linked to the 6R

concepts, focussing on the Reduce element and highlighting the technological

restrictions of the traditional quenching process and the need to move towards replicable

and reliable hardening stages such as the die-assisted oil technique. This research project

aims at the virtualisation of quenching processes in order to precisely design mechanical

parts, concentrating particularly on the accurate defining of dimensional variations.

These emulations can assist in the accurate planning and reducing of machining

allowances, decreasing energy consumption as well as the amount of raw materials used.

This possible course of evolution, both in process and virtualization, has the potential to

effectively improve the sustainability of industry – and hence the planet’s sustainability -

due to the multiplicity and generic quality of component manufacture around the world.

In chapter one, an industrial comparison in terms of sustainable pillars is presented

and the final section investigates liquid mediums and multi-physical modelling. This is

expanded upon in the second chapter and a complete overview is given of the thermal,

microstructural and stress-strain physical fields required in order to replicate quenching

outcomes. The capabilities of the model are also described in detail. The third chapter

investigates the experiments conducted, considering traditional and die assisted

oil-quenching processes through analyses of dimensional variations and shape tolerance

changes. In addition, vegetable and mineral quenching oils are compared in terms of

mechanical, microstructural, dimensional and environmental performance. The fourth

and final chapter assesses the mathematical model and the experimental findings in order

to evaluate the accuracy of the quenching simulations and also introduces an outline of

the final tuning phase.



Chapter 1

Introduction to Sustainable

Manufacturing and its Application to

Quenching Processes

1.1 A Sustainable Approach to Manufacturing

The world’s continuously growing population is being faced with ever-increasing needs

in order to ensure a high standard of life in developed countries as well as the ongoing

advancement of underdeveloped areas of the world. Thus, these rising demands can only

be supported by a redefinition of the development pattern in which the whole production

phase is re-modelled to better employ natural resources. The ecological balance of our

planet was in actual fact surpassed back in 1985 and we would now need two Earths at

our disposal in order to contain the actual depletion rate of renewable and non-renewable

natural resources [1]. In other words, humankind is rapidly consuming more than the

planet has the capability to restore.

35% of total energy consumption as well as over 20% of carbon dioxide emissions (CO2)

derives from manufacturing [2]. Mass production was substituted by Lean

manufacturing characterised by a waste minimisation which early on became Green

focused on the usage of natural resources and also with particular attention to pollution

and emissions and finally, taking the best aspects of Lean and Green into account,

evolved into Sustainable manufacturing (SM).

3
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SM puts in place lean and green concepts in order to achieve the Triple Bottom Line

(TBL), composed of the following three pillars: Environment; Economy; Society [3] and

can be defined as, ”the creation of manufactured products that use processes that

minimize negative environmental impacts, conserve energy and natural resources, are

safe for employees, communities and consumers and are economically sound” [5].

”Sustainable manufacturing minimizes adverse environmental impacts, improves energy

and resource efficiency, generates a minimum of waste, and provides improved

operational safety and personal health while maintaining and/or improving the product

and process quality with overall life-cycle cost benefit” [7].

Tab. 1.1 makes a clear distinction between different types of manufacturing paradigms in

terms of TBL.

Table 1.1: Manufacturing categories based on the three pillars of sustainability [8]

The 3R concepts (reduce, reuse and recycle) utilised in green technologies, have been

expanded to include three other steps in order to theoretically obtain a closed loop

circulation where raw material resources can be used more than once [9]. SM has been

recently defined through this ”6R” concept that leads directly to a circular economy of

closed loop resources in which the product and processes are designed to ensure more

than a single life-cycle [9]. 6R takes into account the 3Rs deriving from the Green

approach and adds recover, redesign and re-manufacture leading to a comprehensive

definition of product multiple life-cycles [5]. The 6R approach includes: reduce, reuse,

recover, redesign, re-manufacture, recycle.

• Reduce is an essential requirement in order to lessen resource involvement across

all life-cycle stages: pre-manufacturing, manufacturing and usage, [5].

• Reuse relates to making use of materials more then once, not just at the end of the

first life-cycle, so decreasing the employment of raw-resources [5].
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• Recycle turns waste derived from the first life cycle into new materials or products

[5].

• Recover collates operations like sorting, disassembling and cleaning at the end of

the first usage stage in order to bring back useful parts and materials into a new

life-cycle [9].

• Redesign means to implement the Design for Enviroment concepts (DfE) in order

to ease and facilitate future post-use application [9].

• Re-manufacture restores product to as new a state as possible, utilizing already-used

parts in order to replace the original functionality [9].

.

Figure 1.1: The closed-loop 6R approach for sustainable manufacturing [10]

This paradigm stresses the need to re-define present products and services to more

economically achieve the same quality while employing a smaller amount of raw, and

preferably renewable, materials [11]. The societal aspects regard the ensuring of human

rights and the enhancing of living standards; whereas environmental attributes address

the need to make use of materials more than once [12]. This discussion leads to the
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understanding that the sustainable pillars are unequivocally connected and the

achievement of one promotes the obtainment of the others.

Technology developments and the wide spreading of education have been identified as

Key Enabling Factors (KEF) in the advancement of SM [13]. Sustainability can be

achieved by enhancing knowledge through research, education and innovation, a charge

to be given to companies, researchers and students in order to promote SM [14]. New

development technologies can address the reduction of the assessed main impacts,

targeting the realization of eco-factories in which near-to-zero emissions can be achieved

[13], while research focuses on the development of innovative strategies regarding the

implementation of equipment for energy reduction, modelling simulation systems for a

knowledge-based approach to the design and production phases [3].

A structured approach to these steps could eventually result in zero defects as well as

zero waste, providing notable individual savings on cost and more importantly,

considering the enormous amount of daily manufacture around the world, substantially

reduce the environmental impact caused by industry [15]. To achieve this aim, the main

objective of production engineering must be to find solutions to reduce the

environmental impact of manufacturing processes and to enhance working conditions

without affecting the quality of the final product. Particular attention should be paid to

those steps of production that consume high amounts of energy and produce polluting

emissions; an example is the heat treatment of steel, which is a fundamental phase in the

production cycle of many mechanical parts. Along the technological chain of component

production, Quenching is an essential operational step in order to obtain mechanical

performances by modifying the microstructure of materials. To satisfy sustainable

manufacturing issues in heat treatments requires optimisation of the thermal cycles,

adoption of adequate equipment and the selection of the most suitable cooling fluids to

reduce distortions [5]. The design of quenched parts has to accurately calculate

machining allowances in order to maintain components within dimensional tolerances

following machining operations (typically grinding). Processes that increase the time

and cost of the production cycle. The adoption of a more controllable and replicable

quenching treatment is a way to considerably improve process sustainability as it not

only reduces machining allowances but also eliminates the need for subsequent

post-quenching operations.
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1.2 Quenching Deformations

The quenching process of steel is a fundamental heat treatment operation that produces

the best mechanical properties as the treated part undergoes a martensitic transformation

during the cooling phase. The process is able to increase wear characteristics in order to

withstand the higher contact stresses typical in gears or bearing rings [16]. Quenching

improves material properties but it induces unavoidable changes in the shape and

dimensions of the treated parts. Distortions can be classified as positive or negative

variations in dimensions as well as modifications of shape tolerances such as planarity or

out-of-round errors. These distortions mainly depend on thermal gradients encountered

throughout the thermal cycle as well as volume variations associated with material phase

transformations [19]. Deformations are caused by crystal lattice adjustments from initial

to martensite microstructures, leading to volume enhancements [17], [18].

Figure 1.2: Volume variations based on several material microstructures [19]

Fig. 1.2 portrays the volume variations, taking into account each microstructural phase

for 20MnCr5 at room temperature [19]. The martensite induces the highest volume

variations, which, depending on the carbon percentage, results in overall dimensional

increases. Deformations are related not only to each step of the production chain - from

steelworks to final manufacturing operations - but also to the design phase [20]. There

are many factors that influence the occurrence and amount of deformation such as part
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geometry, material quality, the technological and thermal history of the component,

residual stresses and quenching process conditions. This is illustrated in Fig. 1.3.

Figure 1.3: Fish-bone diagram regarding the causes of quenching distortions [20]

The quenching thermal cycle is characterized by steady heating and severe cooling

respectively performed in a furnace and in a tank full of liquid medium. This process is

named Open Tank Oil Quenching (OTOQ). It involves a batch of products in which

mechanical parts are concurrently treated in unequal cooling conditions due to

inhomogeneous oil circulation inside the container and resulting in non-identical

manufacturing outcomes across the batch; components can either be well processed or

fail to fulfil design requirements [21]. This is illustrated in Fig. 1.4.

In addition, shortcomings in the design phase could result in higher distortion

magnitudes due to asymmetrical heat extractions caused by unbalanced shape, holes,

groove and key-ways. An appropriate design has to be put in place in order to reduce

quenching distortions and realise the treated parts in as precise a shape as possible after

quenching processes.

Deformations directly imply the addition of more raw material through allowances in

order to control the side effects of the quenching process. The addition of this material

compensates, in the magnitude of a tenth of a millimetre, in order to obtain the desired

final shape of the part by means of post-quenching machining operations. High-levels of



1.3 Die-Assisted Oil Quenching process 9

Figure 1.4: Oil circulation inside the quenching tank: (a) eductors located at opposite bottom

edges; (b) eductors located under the load [21]

distortions implicate even higher-amount of allowances and thus, the material reductions

cannot fulfil the 6R aims [5]. Reducing distortions lowers the consumption of raw

material and also shortens the technological cycle by giving the possibility to decrease or

even avoid standard post-quenching operations such as grinding or cold-straightening.

The whole discussion highlights the necessity to advance the industry state of the art and

create replicable and reliable quenching processes of steel that target distortion

reduction. The following section looks at an alternative to OTOQ: the process of

Die-Assisted Oil Quenching (DAOQ).

1.3 Die-Assisted Oil Quenching process

OTOQ is at present the most common quenching process and can achieve the highest

material performances by means of martensitic transformation. However, it induces

uncontrolled distortions on the treated parts due to thermal gradients and microstructural

transformations. These geometric variations must be corrected by means of cold

straightening or grinding processes to maintain the required dimensions and shape

tolerances, processes which add cost and time to the production phase [19].

Aiming at reducing these wasteful distortions, DAOQ has been in development since

the beginning of 20th century. It is a highly customizable quenching technique in which

the above-mentioned post-quenching operations can be reduced or even avoided with a

minimisation of machining allowances [22]. DAOQ is defined as: ”Heating a part to the
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austenitic condition and then immersing the same into a liquid to achieve metallurgical

transformation, while at the same time forcing the part to hold size and shape” [23].

DAOQ is suitable for axisymmetric components such as bearing rings or gears, which

have a high sensitivity to quenching distortions. These components are typically

characterised by a high transversal section in comparison with their thickness [24]. The

process is performed by a hydraulic press and a mould working on one single piece at the

time. The pressure exerted by the machine through the mould on the treated parts

Figure 1.5: (a) Die Assisted Oil Quenching Machine; (b) typical gear treated on DAOQ machine

constrains the in-process part. At the same time, the component is completely

surrounded by the quenching medium, cooling it down and ensuring the final martensite

microstructure, Fig. 1.5. The mould has been constituted by:

• a centre expander cone that controls the inner hole and locates components during

the initial stages of the quenching cycle, Fig. 1.6 (a), (b);

• an inner upper die that reduces the flatness of the part, Fig. 1.6 (c);

• an outer upper die that controls the external diameter of the components and can act

on the planarity with a different pressure of inner die, Fig. 1.6 (d).

Three hydraulic circuits independently control the three sections of the mould and each

part can be set with a different pressure. In addition, other process parameters such as flow

rates and the temperatures of the quenchant can be minutely tuned to target the product

needs, resulting in a customisable quenching process.
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Figure 1.6: In process steps concerning the DAOQ process: (a), (b) placement and centring by

means of the expander, (c) the action of the inner and outer upper dies, (d) a complete

visualisation of the DAOQ process conditions

The most efficient cooling path is determined by the correlation between the

decreasing of temperature, to limit thermal gradients inside the part, and the martensitic

transformation. This relation results in a trade-off between the rate of cooling and the

initial point of martensitic transformation in order to select the most appropriate liquid

medium. The highest cooling rate should be set between Ac3 and Ms due to the absence

of material transformations. Following this, a gentle cooling rate should be ensured to

decrease the thermal gradients across the section of the part without compromising the

material transformation from Ms to Mf. After the martensite transformation has been

achieved, a precise cooling rate is no longer required.

The DAOQ process, while having many advantages over OTOQ, is also not without

its own negative side effects such as increased complexity in management of the process

control and the need for the mould design to be extremely precise. Table 1.2 compares

OTOQ with DAOQ, displaying the differences among them in terms of sustainable

pillars. A conical bevel gear was processed and the positives and negatives analysed in
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an industrial case study [22].

Table 1.2: Comparison between DAOQ and OTOQ in terms of sustainable pillars[22]

Results show that DAOQ lengthens the manufacturing cycle due to the addition of

one more heating and cooling phases, however, it considerably reduces grinding

operations through the minimisation of machining allowances that require hundredths of

millimetres tolerance and so directly ensures final assembly operation. In addition, it

enhances the quality of the part, ensuring a better load transmission between gear and

pinion. By lowering machining allowances DAOQ significantly reduces both time spent
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on grinding operations as well as raw materials, Table 1.2. DAOQ requires a higher

initial investment than the traditional hardening process due to the press, the die and the

automation system employed to improve working conditions. This hardening process

involves more skilled workers throughout every step: from the die design to the tuning

of the increased number of process parameters.

1.4 Introduction to Oily Mediums

Nowadays, sustainability issues should embrace all manufacturing aspects, from

materials and equipment to processes in order to realise the 6R configuration [5].

Industrial fluids are an important field where SM must be introduced to noticeably

mitigate air and water pollutions derived from petroleum-based mediums [13]. Near-dry

or cryogenic machining phases have been recently developed as gear manufacturing

processes, lowering the adoption of lubricants [5], [26]. For quenching processes, the

Figure 1.7: Representation of the cooling paths concerning the surface and core of a mechanical

part [23]

liquid mediums enable the martensite microstructure during the cooling phase, giving the

highest mechanical performances but at the same time creating unavoidable dimensional

and shape changes [27].

With the aim to minimise distortions, the most efficient process route is to set the slowest
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cooling rate possible in order to maintain a uniform temperature across the part

throughout the quenching process without compromising the martensitic transformation.

Quick heat extraction and limited thermal gradients are fundamental aspects to be

fulfilled to obtain a homogeneous martensite transformation and thus, a reduced level of

distortions [19], [23]. Dissimilar cooling paths cannot instantly enable martensitic

transformations along the cross section of the part and amplify the final amount of

deformations, Fig. 1.7. The cooling conditions strongly depend on the adopted

quenchant. Quenching processes can be executed by means of a wide assortment of

cooling agents. The choice is determined by a range of factors such as processed

materials, part geometries and design requirements. Quenching media traditionally

derive from petroleum industries and the base-stocks are standardly composed of either

naphthalene or paraffin treated with additives to obtain appropriate performances. The

quenching oil should minimise the vapour blanket phase (the first part of the cooling

stage) by restricting heat extraction with the vapour film that covers the whole part.

When the film collapses, the boiling stage begins and leads to the fastest cooling section,

which continues until the oil boiling temperature is reached.

Figure 1.8: Qualitative trend of heat transfer coefficient and heat flux across the part throughout

the quenching thermal cycle [19]

This phenomenon dramatically reduces the heat transfer coefficient (HTC) at higher
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temperatures (Fig. 1.8) and could result at the end of the cooling in untreated areas or

soft spots, causing possible early failures [16]. The negative effects of this stage can be

mitigated by enhancing the oily agitation to collapse the film while boiling, as well as

manipulating the physical properties of the medium such as its viscosity and wettability

[21]. A trade-off has to be identified to match contrasting process requirements and obtain

a performable quenchant.

Fig. 1.9 illustrates a generic cooling curve derived from a cooling test that evaluates

the capability of the medium to cool down a testing sample [33]. It portrays the main

steps encountered by the quenchant (blue line), estimating the in-process characteristics.

Initially, the vapour blanket stage occurs at the beginning of the temperature decrease. The

first inflexion corresponds to the breaking of the film boiling leading to the increase of the

cooling rate until the achievement of the highest value (2-nucleate boiling stage). The

cooling rate then decreases and the third inflexion marks the beginning of the convective

stage. A sustainable approach to manufacturing has to include not only technical aspects

but also the optimisation of the production phase to improve the life cycle of the product.

Towards this aim, innovative quenching mediums have been developed using vegetable

oils. The use of a quenchant derived from organic renewable sources can greatly reduce

the environmental impact of the process [28], [29], [30].

Figure 1.9: Example of a cooling curve test [19]
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1.5 Multi-physical quenching modelling

A successful implementation of digital manufacturing is a key factor of modern

production systems [35]. Product design and process modelling are strictly linked and

process virtualisation plays a crucial role in the obtainment of acceptable standards.

Computer Aided Engineering (CAE) platforms are extremely powerful tools to predict

the behaviour of industrial processes [36] and Finite Element Methods (FEMs)

specifically permit the feasible modelling of chemical-physical phenomena.

The quenching simulation is a necessary step to forecast deformations throughout the

technological chain of mechanical components during the design phase in order to save

machining allowances and produce parts with a reduced amount of raw material. The

simulation can be achieved with the implementation of thermal, mechanical and material

science, applying physical, chemical and metallurgical laws to virtually reproduce the

entire hardening process. The OTOQ process deeply modifies physical and mechanical

properties of finished parts throughout the technological cycle due to the martensitic

transformation [37]; so a large number of multi-physical effects have to be taken into

account to accurately model quenching processes, a virtualisation that requires powerful

computation. FEMs have been successfully applied to generate models that include

thermal evolution, material phase transformations, distortions and residual stresses

estimations [38], [39], [40], [41]. Building a new FEM model means employing several

partial differential equations that describe the quenching process combined with an

experimental activity addressed to validate the mathematical model through the

matching of tangible and intangible (predicted) distortions.

Fig. 1.10 shows the equations and interconnections involved to describe a quenching

cycle. The combining of all the results can accurately estimate the hardening outcomes.

The effect of pressure is fundamental when modelling DAOQ as it is the distinguishable

parameter that changes the virtual manufacturing conditions from OTOQ to DAOQ. A

multi-physics approach of virtualization of the quenching process can be realized by a

layering of the physics involved in the process and in the present version of the model

the effect of the upper part of the mould was not included. Currently available

commercial software that provides heat treatment simulations is not able to take into

consideration the entire range of effect parameters, particularly the complex issue of the
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Figure 1.10: Couplings between the different physical-fields involved in heat treatment simulations

[42]

pressure that is exerted by the die on the treated component. Experimentation has shown

DAOQ to be an advanced heat treatment process providing a range of benefits. The hot

part is located on the expander and during the process the medium constantly wets the

component and equipment. An oily closed-loop circulation is further ensured,

accomplishing a steady temperature of the mould and equipment throughout the

quenching process. The heat exchange was formulated through the convection

conditions (see eq. 2.2 in Chap. 2) and constant HTCs were assessed between the

following interfaces piece-mould and piece-oil. Dissimilar materials were employed for

the mould and part. Microstructural transformation and thermal gradients were coupled

to simulate the quenching deformations, and a model discretization was realized from

minute QL1 elements to well-approximated deformations. A high-carbon alloyed steel

component (100Cr6) was analysed. The material properties were based on mixture rules

linked to temperature evolution and material phase changes [38], [43], [44], [45]. These

principal material properties are illustrated in Tab. 1.4.
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Table 1.3: Microstructural deformations related to austenitic, pearlitic, bainitic and martensitic

transformations [18]

Table 1.4: Material proprieties implemented in the OTOQ quenching model [38]
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1.6 Chapter 1 Summary

• The 6R theory has been discussed and the study of this thesis placed in its context

with focus on the Reduce factor, regarding both reductions in manufacturing time

and cost as well as in the use of rawmaterials. Throughout the technological chain of

steel mechanical parts, quenching operations have to be finely tuned to minimize the

level of distortions. This will allow a saving on machining allowances and reduce

or eliminate post-quenching machining operations.

• Distortions mainly depend on thermal gradients developed through the thermal

cycle and volume variations connected to the changing of material

microstructures. The current standard process of OTOQ performs the hardening

through unequal cooling conditions that require high machining allowances in

order to compensate for distortions. DAOQ is a more replicable quenching

process due to both the press and mould. It is particularly suitable for mechanical

parts characterised by a high-value content in which post-quenching operations,

such as grinding, are demanding tasks, the absence of which would truly simplify

the manufacturing cycle. The liquid medium utilized has to ensure a reduced level

of thermal gradients without compromising the martensitic transformation. The

most commonly used quenchants are petroleum based but liquid mediums that are

vegetable based have and are being developed, providing a more sustainable

alternative.

• In parallel to the ongoing progress of materials sourcing and production, is the

advancing field of virtualization. The accurate emulating of quenching processes

can improve and streamline the design phase. The modelling is complex and a

multi-physical approach is required to virtualise OTOQ and DAOQ. The main

difference between the two processes is in the pressure effect exerted on the

treated parts and this dissimilarity must be calculated for by modifications of the

HTCs. The modelling activities discussed herein were coupled with physical

experimentation in order to describe the modality of deformations of mechanical

parts and accurately compare OTOQ with DAOQ.





Chapter 2

Construction of a Multi-Physical

Quenching Model

2.1 Introduction

This chapter investigates the modelling of the quenching process by means of a

multi-physical approach using open-handed FEM software. This kind of open

customisable software was employed for the modelling to facilitate the precise definition

and tailoring of equations and parameters, presenting a unique software environment

which avoids cascade connections amongst programs.

Firstly, OTOQ was completely modelled. The temperatures as well as microstructural

and deformation behaviours were introduced evaluating themain physical fields that affect

steel quenching processes. The modelling activity was run in parallel to an experimental

activity (presented in Chap. 3) in order to correctly design the mechanical parts, aiming

at a precise prediction of quenching distortions and machining allowances. This chapter

focuses on the estimation of quenching distortions caused by the OTOQ process, utilizing

a FEM-based multi-physical approach.

2.2 Focus and Specifications of the Quenching Model

The model evaluates the main OTOQ outcomes, taking into account temperature

evolution, metallurgical and stress-strain developments (at this stage, the pressure effect

exerted by the press through the mould on the treated part in the DAOQ process is not

21
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yet considered).

Figure 2.1: Typical structure of a quenching thermal cycle

:The OTOQ process hardens a batch production, treating the whole component by

means of a thermal cycle typically composed of: a heating phase above the austenitising

temperature, a maintaining phase that uniforms the temperatures across the parts and a

final cooling phase realised through a liquid medium, Fig. 2.1. A mechanical part was

considered for the realization of the mathematical model due to the higher computational

cost of simulating the entire batch. The virtualization looks at the entire thermal cycle

(Fig. 2.1) and the effects of the quenching fluid and the furnace were simulated by means

of time-dependent interfaces that replicate their effect on the treated part, Fig. 2.5 and

Fig. 2.4. Temperatures and HTCs were managed through functions that firstly replicate

the heating and the maintenance phases in the furnace and subsequently the cooling in

the tank. Thus, the entire quenching thermal cycle was embedded into the virtualization.

The model can be perfectly adapted to a range of different process conditions through the

setting of the temperatures as well as HTCs time-dependent interfaces. The estimation of

the quenching outcomes was carried out by means of the implementation of a

combination of mathematical laws in order to replicate the phenomenon throughout the

quenching process, Fig. 2.2. The quenching virtualisation was realized by means of a

tailored mathematical model in which each equation was self-implemented in an open

software environment. It is notable that the temperature evolution of the treated part is
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Figure 2.2: Structure of the quenching multi-physical model expressed in terms of temperature,

microstructural and deformations couplings

linked not only to the material phase changes but also to the deformations. Fig. 2.2

shows the predicted OTOQ distortions.

The model geometry was outlined, taking into account the geometries derived from the

experimental activity presented in Chap. 3. 2-D representations of the axisymmetric

conditions were realised with 100Cr6 selected for the investigation, Fig. 2.3.

Figure 2.3: Axisymmetric component utilises for the modelling activity

The presented model was based on time-dependent simulation linking the temperature

with the entire set of partial differential equations, describing the quenching process

from a mathematical perspective. The outcomes were portrayed by the OTOQ model in

terms of temperatures, microstructural phase changes and dimensional variations of the

part deriving from the combination of distortions associated with both thermal gradients

as well as material phase transformations.
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2.3 Temperature Determination

The quenching process is classified as a thermal operation in which martensitic

transformation is enabled by rapid cooling, which enhances the hardness and the

resistance of mechanical parts. An accurate quenching simulation starts from a rigorous

thermal description of the processed part throughout the entire quenching thermal cycle.

The whole quenching process was virtualised through the replication of the heating in a

furnace as well as the cooling in an oil tank to accurately forecast the outcomes, Fig. 2.1.

The temperature evolution was governed by the Fourier law, eq. 2.1, considering both

the heating phase from Troom to Tfurnace and the cooling stage from Tfurnace to Toil, by

specific time-dependent interfaces, Fig. 2.4, and Fig. 2.5.

ρCp
∂T

∂x
+ ρCp∇T +∇q = Q (2.1)

q = −k∇T

Temperatures and heat transfer coefficients (HTCs) were addressed as the variables in

order to replicate the effects of the furnace (red arrows in Fig. 2.4, and Fig. 2.5) and the

oil tank (blue arrows in Fig. 2.4, and Fig. 2.5). The switching from heating to cooling

phases was managed by a linear condition to avoid a step function and ensure that there

were no mathematical errors throughout the calculation - represented by the dotted lines

Fig.2.4, and Fig. 2.5.

Heating and cooling stages were set through constant values of temperatures for both

quenching facilities, mirroring the real-process conditions, see. Chap 3. The furnace and

oil temperatures were set at 850◦C and 50◦C, defining the initial conditions and

replicating the experiments, Fig. 2.4 and Fig. 2.5. Air and oil HTCs were respectively

assigned to the heating and to the cooling phases. At the beginning of the quenching

process, the part was virtually placed in the furnace (Tfurnace) for the austenitising time

(theating), to simulate the heating and maintaining phase and also the HTC of the air. Thus,

the furnace effect was replicated in full and represented as the red arrows of Fig.2.4, and

Fig. 2.5.

In the oil tank, time-dependent interfaces were designed to replicate the quenching bath

and define the typical process values in terms of temperatures (T=50 ◦C as



2.3 Temperature Determination 25

Figure 2.4: The temperature time-dependent interface for the OTOQ modelling

above-mentioned), HTC and the type of oil used as the cooling agent - blue arrows in

Fig. 2.4, and Fig. 2.5. The quenching model was based on time-dependent simulation,

Figure 2.5: The HTC time-dependent interface for the OTOQ modelling

allowing every possible thermal cycle to be investigated. The cooling phase was

identified not only by lower temperature and higher HTCs but also by less time in

comparison with the other thermal sections, Fig. 2.4, and Fig. 2.5. Furthermore, the

position of the treated part was mapped in the furnace and the oil tank by means of the

displayed time-dependent interfaces, providing the boundary conditions of the model.
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The cooling phase was identified by not only lower temperature and higher HTCs but

also less simulation time in comparison with the other thermal sections, Fig. 2.4, and

Fig. 2.5.

The inward and outward heat fluxes were estimated through convective conditions (Eq.

2.2) across the surfaces of the part, taking into account the temperatures and the HTCs,

Fig. 2.4 and Fig. 2.5.

q0 = HTC furnace-bath(T furnace-bath − T Fourier) (2.2)

The time-dependent functions were respectively assigned to Tfurnace-bath and

HTCfurnace-bath, while the temperature of the part was managed by Eq. 2.1. Combining the

time-dependent interfaces with Eq. 2.2 and Eq. 2.1, the quenching model was able to

forecast the temperature evolution throughout the thermal cycle.

The heat flux across the boundaries was linked to the selection of the most suitable

value of HTCs in order to replicate the experimental conditions. No variations were

encountered throughout the heating with the same process conditions maintained, giving

fixed values of furnace HTCs for all the surfaces. As a counterpart, different cooling

steps were developed using liquid mediums throughout the cooling stage and modifying

HTC magnitudes from austenitising to room temperature, black line in Fig. 2.6, [19].

The actual HTC trend was not recorded due to lack of real-data acquired through the

experiments. An enhancement of the model complexity as well as the calculation time is

necessary to ensure more accurate predictions.

An average value of HTC is compared with a real trend along the quenching cooling

phase, highlighting the differences Fig. 2.6.

Overestimations for vapour blanket and the convective stages can be shown

compared to an average value (red dotted arrows in Fig.2.6), whereas an HTC

underestimation is shown for the nucleate boiling phase, grey dotted arrows in Fig. 2.6.

In conclusion, the average values of HTCs were tested in order to replicate real

quenching cooling conditions.

The quenching model was focused on distortion previsions not considering the

quenchant fluid-dynamics. The first release was characterized by average values of

HTCs throughout the whole thermal cycle. The same value of HTC was set for each
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Figure 2.6: Comparison between real and implemented HTC trends throughout a quenching

cooling phase

surface during the heating stage. In contrast, a virtualisation based on unequal cooling

conditions specially developed along the OTOQ process that shows the effect of HTCs

throughout the cooling process will be discussed in depth in Chap. 4.

Microstructural evolutions and deformation assessments have been linked to the

temperature evolution of the process and this understanding represents a milestone in

quenching simulation. In the following section, the microstructural field will be

introduced, illustrating the implementation of material phase changes for the 100Cr6.

2.4 Implementation of the microstructural evolution

2.4.1 Determination of the starting conditions

A high carbon material content 100Cr6 was utilised to simulate the OTOQ process.

100Cr6 is a hyper-eutectoid steel typically composed of pearlite and carbides constituted
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of cementite (Fe3C) and Chromium carbides that were considered into the Fe3C to

simplify the model. A TTT diagram was used to model the diffusive microstructural

transformations along the quenching cooling phase. The heating process was

implemented through the Fe-C diagram, gauging the initial material composition by

means of the lever rule, Fig.2.7.

Figure 2.7: The Fe-C state diagram utilised for the evaluation of the starting material

microstructure

Thus, the initial microstructure was completely reconstructed in terms of ferrite (Fe-α)

and Fe3C, starting from a carbon percentage equal to 1% and reproducing the 100Cr6, Fig.

2.7. The following ratios were used to determine the percentages of pearlitic and carbides

phases through the lever rule, red dotted line in Fig. 2.7.

%Perlite =
BC

EC
(2.3)

%Fe3C =
EB

EC
(2.4)
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The material microstructure was initially composed of 96,3% pearlite and 3,7% Fe3C, Eq.

2.3 and Eq. 2.4. The pearlite was characterized by a lamellar microstructure of Fe-α and

Fe3C; dividing the pearlitic percentage (96,3 %) into both phases by means of the lever

rule, green dotted line in Fig. 2.7.

%Ferrite =
EF

BF
(2.5)

%Fe3C =
DE

BF
(2.6)

As a result, the 100Cr6 microstructure was composed of 86% Fe-α and 14% Fe3C derived

from two factors. Fig. 2.8 portrays the whole conducted process, resulting in the final

microstructural percentages.

Figure 2.8: The 100Cr6 starting microstructure for the OTOQ modelling
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2.4.2 Microstructural development in the heating stage

The whole microstructural evolution was simulated throughout the quenching thermal

cycle, taking into account both the cooling and the heating in order to accurately assess

deformations that stem from the thermal gradients encountered in the process as well as

volume variations induced by microstructural changes.

The Fe-C diagram determines the initial material microstructure (par. 2.4.1) and the

critical temperatures Ac1 and Acm that enable the material phase changes. Fig. 2.9

magnifies the Fe-C diagram to show the considered transition temperatures for a steel

composed of 1% carbon and without alloy-elements. The material data sheet lists the

evaluation of Ac1 and Acm based on the relevant chromium percentage included in the

steel matrix, 1,4-1,6 %Cr. Thus, the critical temperatures were imposed equal to:

Ac1=755 ◦C

Acm=785 ◦C.

Figure 2.9: The 100Cr6 critical temperatures based on the Fe-C diagram

The microstructural evolution was connected to temperature variations induced by

either the furnace or the oil in the tank (see. par. 2.3) hence, it was correlated not only to

temperatures but also to the duration of the thermal cycle.

Ferritic, austenitic and carbide phases were mapped throughout the heating, considering

critical temperatures and the starting 100Cr6 microstructure previously determined in

par. 2.4.1, 86%Fe-α and 14% of Fe3C. Each phase evolution was analysed coming
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through fixed time steps along the thermal cycle that correspond to the transition

temperatures achieved by the part through temperature assessments, as detailed in par.

2.3. The microstructural evolutions were described by linear interpolations, calculating

the phase fraction variations but not the density changes between material phase

modifications, [43]. The critical temperatures were turned into ranges in order to

consider the transformation delays (hysteresis of the transformations) and to avoid step

functions.

For the heating stage

Ac1 = 750◦C→ Ac1 = (745− 755)◦C

Acm = 785◦C→ Acm = (770− 800)◦C

Fig.2.10 displays ferritic (red line), austenitic (orange line) and carbide (blue line)

evolutions coming through the heating. Microstructural alterations were observed until

Figure 2.10: Material implementation according to critical temperature
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Ac1 resulting in the same initial composition: 0.86% and 0.14% Fe3C, respectively

portrayed by the segment lines α1α2 Fe3C − 1Fe3C − 2. The Fe-α was then

transformed into austenite (Fe-γ) by means of the temperature enhancement induced by

the furnace, α2α3 and γ2γ3. The Ferritic and austenitic phase variations were

accomplished by the linear interpolations. Each function was expressed in the Kelvin

rather than the Celsius scale.

Ferritic transformation between 745◦C-755◦C

-α2: T2=(745 + 273)◦C=1018K and %Fe-α2=0,86

-α3: T3=(755 + 273)◦C=1028K and %Fe-α3=0

α2α3 = 0.86− T part − 1018

10
∗ 0, 86 (2.7)

Austenitic transformation between 745◦C-755◦C

-γ2: T2=(745 + 273)◦C=1018K and %Fe-γ2=0

-γ3: T3=(755 + 273)◦C=1028K and %Fe-γ3=0,86

γ2γ3 =
T part − 1018

10
∗ 0, 86 (2.8)

Afterwards, the Fe3C was gone into the solid solution enhancing as a result Fe-γ and

completely transforming the initial pearlite into austenite for a total amount of 96% at 770
◦C.

Fe3C transformation between 755◦C-770◦C

-Fe3C-2: T2=(750 + 273)◦C=1023K and %Fe3C-2=0,14

-Fe3C-2*: T2*=(770 + 273)◦C=1043K and %Fe3C-2*=0,04

Fe3C − 2Fe3C − 2∗ =
T part − 1023

20)
∗ (−0.1) (2.9)

Fe-γ transformation between 755◦C-770◦C

-γ3: T3=(755 + 273)◦C=1028K -%Fe-γ3=0,86

-γ3*: T3*=(770 + 273)◦C=1043K -%Fe-γ3*=0,96
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γ3γ3* = 0.86 +
T part − 1028)

15
∗ (0.1) (2.10)

Finally, when the Acm critical temperature was reached by the heating, 100% of austenite

microstructure was obtained, including the remaining 4% of Fe3C. The following

relationships describe the last microstructural changes:

-γ3*: T3*=(770 + 273)◦C=1043K -%Fe-γ3*=0,96

-γ4: T4=(800 + 273)◦C=1073K-%Fe-γ4=1,00

γ3*γ4 = 0.96 +
T part − 1043

30
∗ (0.04) (2.11)

-Fe3C-2*: T2*=(770 + 273)◦C=1043K -%Fe3C-2*=0,04

-Fe3C-3: T3=(800 + 273)◦C=1073K -%Fe3C-3=0

Fe3C − 2 ∗ Fe3C − 3 = 0.04 +
T part − 1043

30
∗ (−0.04) (2.12)

The last section of the heating γ4γ5 was characterized by a complete austenite

microstructure, taking into account the temperature evolution from T = 800◦C (the

highest critical temperature) to T = 847◦C (the real-furnace condition) and replicating

the maintaining step of the thermal cycle. The sections γ3γ3* and γ3*γ4 could be joined

in γ3γ4 (orange dotted line in Fig. 2.10). In the same manner, the carbide dissolution

could be noted, coming through Fe3C − 2Fe3C − 2∗ plus Fe3C − 2 ∗ Fe3C − 3 to

Fe3C − 2Fe3C − 3, (blue dotted line in Fig. 2.10). The carbide dissolutions were

separately evaluated, as reported by Fig. 2.8.

In conclusion, each material phase modification was implemented through nested

if-then-else conditions, establishing the right-path of microstructural changes based on

temperature evolution as well as cycle time.
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2.4.3 Microstructural development in the cooling stage

The cooling stage was subsequently activated through the switching of HTCs and

temperatures in order to replicate the oil in the tank (dotted and blue lines in Fig. 2.11),

and when the heating phase ends (red arrow in Fig. 2.11).

The material phase evolution was achieved considering pearlite (Fe-α and Fe3C), that

were included in the same percentage without dividing them as was done in the heating,

carbides, that were represented through Fe3C and bainitic and martensitic

microstructures.

Starting from a complete austenitic phase γ5 (Fig. 2.12), the initial 4% of Fe3C was

ejected from the steel matrix when Acm was achieved by the treated part - set equal to

817◦C in the Fe-C diagram, Fig. 2.7.

Figure 2.11: The HTC and temperature time-dependent interfaces
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Figure 2.12: The cooling path until Acm

The Fe3C formation was resolved in a linear interpolation with the corresponding

austenitic decrease:

Fe3C transformation between 847◦C− 817◦C

-Fe3C-2: T2=(847 + 273)◦C=1070K and %Fe3C-4=0,

-Fe3C-2*: T2*=(817 + 273)◦C=1090K and %Fe3C-5=0,04

Fe3C − 4Fe3C − 5 = (T part − 1120)/30) ∗ (−0.04) (2.13)

Fe-γ transformation between 847◦C− 817◦C Fe3C transformation between

847◦C-817◦C -γ5: T5=(847 + 273)◦C=1070K -%Fe-γ5=1

-γ6: T5=(817 + 273)=1090K -%Fe-γ6=0,96

γ5γ6 = 1 +
T part − 1120

30)
∗ 0.04 (2.14)

The Fe-C diagram was employed until γ6 to determine the microstructural evolution.
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The austenite transformation was then based on diffusive as well as non-diffusive

transformations, using the TTT diagram and JMAK equation [43]. A material phase

evolution was presented in [43], looking at the quenching cooling phase and

implementing a carburising material as well as pearlitic and martensitic transformations.

A hardening steel and bainitic transformation were added, tuned and modified [43].

Firstly, the 100Cr6 TTT diagram was divided into two parts, corresponding to the

pearlitic nose, identifying the transition temperature between pearlitic and bainitic

microstructures, Fig. 2.13; while the martensitic transformation was only activated

below Ms. The material evolution was added to the incubation time (ts) ([38]), turning

the TTT into the Continuous Cooling Transformation (CCT) diagram to consider the

rapid cooling.

Fig. 2.13 portrays the tailored 100Cr6 TTT diagram, showing the evaluation points for

the initial (blue point) as well as the final (orange and green points) material

transformation curves by measuring isothermal cooling steps every 20◦Cbelow Ac1.

Each temperature was related to initial and final transformation times (ts, tf) as well as

the starting and ultimate microstructural phase percentages, 1% and 99% respectively,

connected to ts, tf, [43]. The activation function was described in [43]. Pearlitic and

bainitic functions were extrapolated from the TTT diagram, evaluating the material

changes throughout the quenching cooling.

(tf − ts)f(T,%C) =
∫ tf

ts
f(T,%C)dt =

∫ 0,99

0,01

dm

1−m
= − log

0, 01

0, 99
(2.15)

f(T,%C) = − 1

tf − ts
log

0, 01

0, 99
(2.16)

Thus, a specific activation function was determined for both pearlitic as well as bainitic

microstructures through Eq. 2.16, imposing 1% as the carbon percentage. The pearlitic

transformation was activated until 600◦C, while the bainitic went from the pearlitic nose

to 220◦C, the last green point in Fig. 2.13 and just above Ms. The incubation time was

implemented as described by means of the Scheil’s Sum, eq. 2.17:∫ tf

ts

1

ts(T (t))
dt = 1 (2.17)

The pearlitic and bainitic microstructural transformations were calculated using the
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Figure 2.13: The pearlitic and bainitic activation points concerning the diffusive transformations

following partial differential equations:

1-Perlitic transformation

∂p

∂t
= (1− p− b−m)f perlite(T, 1) (2.18)

p(0) = 0 as the initial condition

2-Bainitic transformation

∂b

∂t
= (1− p− b−m)f bainite(T, 1) (2.19)

b(0) = 0 as the initial condition
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The martensitic transformation was introduced into the model by means of the Koistinen-

Marburger formula [43] that assesses:

3-Martensitic transformation

mKM(T ;%C) = (1− exp−ckm(%C)(Ms(%C)−Tpart))H(M s(%C)− TT part) (2.20)

In this case, the martensitic fraction mKM was solely related to the variable T and the

diffusive transformations. A step function was represented by the H that specifically

activated the a-thermal transformation underneath the Ms, while the martensitic

transformation rate was described by the coefficient ckm. The martensitic evolution was

installed into the model by means of [43]:

m(T ) = min[mKM(T ;%C), 1− p− b−m];

∂m

∂t
= [m(T )−m]+gm(T (t),%C) (2.21)

m(0) = 0 as the initial condition

The activation function gm was set 1
50
s-1, [43]. The par. 2.4.1, par. 2.4.2 and par. 2.4.3

show how the material phase evolution was handled throughout the whole quenching

process. However, the links among each thermal section have not yet been defined; the

next section looks at these connections and how the microstructural evolution can be

replicated.
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2.4.4 Nested Conditions between the Heating and the Cooling phases

The mathematical model must be able to recognize the position of the treated part

throughout the thermal cycle in order to accurately replicate both the heating and cooling

phases. To achieve this calculation, a series of if-then-else conditions were applied to the

presented material phase evolution and combined with the heating and cooling phases.

(par. 2.4.2 and par. 2.4.3)

Figure 2.14: A quenching thermal cycle addressed to the evaluation of heating and cooling times

The conditions were based on time as well as temperature evolution to precisely activate

the material phase changes along the computation. Setting the heating and cooling times

as ”theating” and ”tcooling considering both the starting point and the ferritic dissolution

(Fe-α), the first nested condition was set as follows:

if(condition, then, else)

if(t<theating, (1), 0) (time condition)

(1)→ if(Tpart≥1028K, 0, (2)) (Tpart≥755◦C)

(2)→ if(Tpart>1018K, α2α3, α1α2) (Tpart>745◦C)

The part was traced throughout the thermal cycle and time condition recognised whether

it was in either the heating or the cooling phases. The Fe-α transformation was activated

by the nesting temperature conditions Tpart≥755◦C that were already connected to the

time condition by Eq. 2.1. As a result, the ferritic evolution was achieved and is pictured
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by the red line in Fig. 2.10. The Fe3C dissolution was fulfilled replicating the Fe-α

evolution even when changing the temperature conditions. The following rules were

applied:

Nested conditions for Fe3C evolution

if(t<theating, (1-heating), (2-cooling)) (time condition)

Nested conditions for the heating stage

(1-heating)→ if(Tpart≥1073K, Fe3C − 3Fe3C − 4, (2)) (Tpart≥800◦C)

(2)→ if(Tpart≥1043K, Fe3C − 2 ∗ Fe3C − 3, (3)) (Tpart≥770◦C)

(3)→ if(Tpart≥1023K, Fe3C − 2Fe3C − 2∗, Fe3C − 1Fe3C − 2 (Tpart≥750◦C)

Nested conditions for the cooling

(2-cooling)→ if(Tpart≥1090K, Fe3C − 4Fe3C − 5, Fe3C − 5 (Tpart≥817◦C)

Fe3C evolution was completely resolved by the nested conditions described above. The

trend is depicted by the blue line in Fig. 2.10.

Finally, the austenite development was totally implemented merging heating cooling

stages, orange line in Fig. 2.10:

Nested conditions for Feγ evolution

if(t≥theating, (1-cooling), (2-heating)) (timely condition)

Nested conditions for the cooling

(1-cooling)→ if(Tpart≥1090K, γ5, (1)) (Tpart≥847◦C)

(2) → if(Tpart<1090K, γ6 - %m - %p -%b, γ6) (Tpart<817◦C)

Nested conditions for the heating stage

(1-heating)→ if(Tpart≥1073K, γ4γ5, (3)) (Tpart≥800◦C)

(3)→ if(Tpart≥1043K, γ3*γ4, (4)) (Tpart≥770◦C)

(4)→ if(Tpart≥1028K, γ3γ3*, (5)) (Tpart≥755◦C)

(5)→ if(Tpart≥1018K, γ2γ3, γ1γ2) (Tpart≥745◦C)

Eq. 2.18, Eq. 2.19, Eq. 2.20 were all enabled by condition (2), resulting in an

evaluation of the final microstructures induced by the OTOQ process.
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2.5 Evaluation of Quenching Distortions

The dimensional variations, induced by quenching processes, typically depend on thermal

gradients as well as material phase transformations developed throughout the quenching

process. Temperatures and microstructural evolutions have been analysed in the previous

paragraphs (par.2.3 and par.2.4), leading to the determination of temperature differences

(∆T) and material modifications across the part as well as the gauging of thermal and

microstructural deformations related to the quenching process by eq. 2.22 and eq. 2.23.

Thermal deformations were estimated by:

ϵthermal = α(T (t), phase(T ))(T part − T furnace-oil) (2.22)

The coefficient of thermal expansion (ϵthermal) was linked not only to temperatures and

material phase evolutions but also to the time, considering the corresponding

microstructural development throughout the thermal cycle. The Tpart was determined by

eq. 2.1 while Tfurnace-oil was connected to the temperatures defined by the time-dependent

interfaces, Fig. 2.11.

Microstructural deformations were based on dimensional changes connected to the

obtained microstructures and carbon percentages [17], Tab. 1.3. The microstructural

deformations can be explained by:

ϵmicrostructural =
n∑

iphase=1

fractioni-phase ∗ displacementi-phase(%C) (2.23)

All microstructural phases were considered by eq. 2.23 with thermal and microstructural

deformations combined to evaluate the quenching distortions.

The volume variations were resolved for both Cartesian and Polar models, defining how

the deformations were set across the part. Infinitesimal elements were taken into account

for both mathematical representations, highlighting differences in terms of deformations.

In the case of minute deformations Fig. 2.15 (a), volume variations for the case of

Cartesian model were described by:

V 0 = x ∗ y ∗ z initial volume of the part

V f = (x+ dx) ∗ (y + dy) ∗ (z + dz) final volume of the part
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Figure 2.15: Volume variations connected to (a) Cartesian and (b) polar model geometries

∆V =
V f − V 0

V 0
=

dx

x
+

dy

y
+

dz

z
(2.24)

Volume variations were based on deformations along each main direction. Assigning to

dx = dy = dz = ∆L, volume variations can be rewritten through:

∆V

V
= 3 ∗ ∆L

L
(2.25)

Looking at the polar model geometry, the volume modifications were resolved by:
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V 0 = π ∗ r2 ∗ z ∗ θ
2π

= (r2∗z∗θ)
2

, initial volume of the part

V f = (r + dr)2(θ + dθ) ∗ (z + dz), final volume of the part

∆V =
V f − V 0

V 0
=

dθ

θ
+ 2

dr

r
+

dz

z
(2.26)

The volume variations were investigated for Cartesian and Polar models geometries by

eq. 2.24 and eq. 2.26. A double radial displacement was determined in comparison with

equal axial and circumferential deformations for the polar model, while the same x, y

and z deformations were resolved for the whole Cartesian coordinates. Eq. 2.26 was

employed to tune the thermal and microstructural deformations into the presented

quenching model and correctly simulate the axisymmetric components, Fig. 2.3.

Finally, thermal and microstructural distortions were re-constructed to assess the

deformations induced by quenching process.

2.5.1 Implemented Material properties

The material properties were set up through mixture rule equations depending on

microstructural percentages, mechanical-thermal properties and temperatures. Eq. 1

shows a general set up of each material property. The properties are shown in Tab. 1.4.

n∑
iphase=1

(fractioni-phase ∗ propi-phase(T (K)))) (2.27)

2.6 Overview of Modelling Results

The OTOQ model was based on FEM, the discretization was defined by QL1 elements,

identifying nodes where partial differential equations were resolved, Fig. 2.16. A 2-D

model was calculated from the axisymmetric condition, turning 3-D simulation into 2-D

virtualization, simplifying model settings and decreasing computational cost. The

simulated outcomes were analysed by graphical visualisations, focussing on Fig. 2.17

(c), 2-D Fig. 2.17 (b) as well as global results.

The boundary conditions were reproduced by the time-dependent interfaces, enabling

through Eq. 2.1 and Eq. 2.2 an evaluation of the temperature trends, portrayed in Fig.

2.17. Starting from Fig. 2.17 (a), temperatures were firstly analysed in terms of contour
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Figure 2.16: OTOQ model to evaluate temperatures, microstructural evolution and deformations

plots to underline critical portions of the part at fixed simulation time steps Fig. 2.17 (b).

Thermal gradients were then analysed by means of evaluation points. Finally, complete

cooling curves were investigated throughout the quenching process, leading to an

examination of cooling paths. An overlapping between a singular temperature evolution

and a time-dependent interface is illustrated in Fig. 2.17 (c). Tfurnace is never undertaken

by Tpart during the heating phase whereas the temperature trends are placed just above

Toil at the end of the cooling. The switching from heating to cooling phases of the Tpart

corresponds directly to the variations of the time-dependent interface. The quenching

simulation was based on well-determined temperature evolution to finely evaluate

microstructures and deformations.

The outcomes were simultaneously calculated in each node by the whole set of

equations. No post-process computation was realised for the quenching model.

Reconstructing 1-D results across the section of the part, 2-D and 3-D outcomes were

achieved. The results are strictly linked to HTCs and the last chapter of the thesis is

dedicated to the effects of this parameter, Chap. 4. An example regarding a complete

microstructural evolution is displayed in Fig. 2.18. Final microstructures are linked to a

range of cooling conditions dependant on temperature, HTCs and positions across the

transversal section. An example regarding a complete microstructural evolution is
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Figure 2.17: Thermal analysis performed by OTOQ model

displayed in Fig. 2.18. Final microstructures were linked to several cooling conditions

that depend on temperatures, HTCs and positions across the transversal section.

A radial deformation is portrayed in Fig. 2.19, evaluating not only thermal but also

microstructural effects. The thermal expansion (1), (3) and austenitic contraction (2)
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Figure 2.18: Microstructural evolution esteemed by OTOQ model

Figure 2.19: The radial displacement assessment derived from OTOQ model

coming from the change from initial to austenite microstructures were simultaneously

implemented throughout the heating phase (Troom to Ac3). The cooling contraction (4)

was then induced until the austenite turned into final microstructures such as bainite or
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martensite (5). The outcomes were all linked together to accurately emulate and describe

the full quenching process.

Investigations concerning the comparison between simulations and experiments are

reported in Chap. 4.

2.7 Summary of modelling results

• An effective multi-physical approach based on FEM can be put in place to simulate

the quenching process and replicate the entire quenching thermal cycle by means of

time-dependent functions. The created model emulated the OTOQ process with the

possibility to expand the virtualisation to DAOQ by accounting different values of

HTCs to replicate the effects of press and mould on the treated parts.

• Microstructural development was calculated and assessed for both the heating and

cooling phases. The heating phase was based on the Fe-C diagram, allowing the

evaluation of material changes and taking into account temperature as well as time

evolutions; while the cooling phase was determined by a combination of the JMAK

equation and TTT diagram along with the incubation time. The position of the part

was completely defined along the quenching process by nested conditions regarding

temperatures and time that enable the corresponding material transformations.

• Deformational models have been presented using Cartesian and Polar coordinates

with a description of material properties and mixture rules given in order to

explore and understand the setting of the presented mathematical model. A brief

analysis was made of the capabilities of the model with particular attention placed

on the workflow. Thermal, microstructural and deformational descriptions have

been explained in order to show the capability and importance of the

multi-physical approach.

• The following chapter looks at the experimental activities conducted in order to

precisely define the dimensional and shape variations induced by a manufacturing

cycle in both the OTOQ and DAOQ processes, examining a range of sustainability

issues such as planarity tolerances.





Chapter 3

Experimental Investigations

3.1 Introduction

Mechanical components are typically deformed by heat treatment operations, changing

dimensions and shape tolerances due to thermal gradients encountered throughout the

thermal cycle as well as volume variations associated with material phase

transformations. In order to compensate for these dimensional variations induced by the

technological chain, machining allowances must always be planned during the design

phase. This causes an extension of the manufacturing cycle and the addition of more raw

materials to account for the final machining operations, such as the grinding process,

which are necessary to obtain the precise design requirements in terms of dimension and

shape.

Distortions can be accurately controlled by DAOQ through the combined effect of the

mould and the press and thus, by modifying the mould design as well as the process

parameters, a reduction of deformations can be obtained. Machining allowances can be

both reduced overall and only added where they are considered indispensable to

compensate the quenching effects. This could reduce or even avoid grinding operations,

saving materials and shortening the technological cycle.

The presented experimental activity was designed to look at dimensional and shape

evolutions of testing geometries. A standard manufacturing cycle of steel parts was

considered, examining both OTOQ and DAOQ.

49
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3.2 Design of the experiment

The experimental activities were engineered by means of the Design of Experiment

(DoE) concepts. Three materials were investigated, involving a bearing ring steel

100CrMo7 as well as two carburising materials, 18NiCrMo5 and 20MnCr5. A billet was

utilised for each material to realise five sets of axisymmetric geometries, using discs and

rings characterized by variable transversal sections, Fig. 3.1. Three replications were

manufactured for each set and material to statistically represent the collected data. Rings

were obtained by modifying the inner holes while maintaining the same outer diameters

and thicknesses throughout the sample geometries, Fig. 3.1. Each series was identified

by either the theoretical thermal module (M%) or the ratio between the volume V and the

surface area S and expressed in percentage terms from 100% for disc-Set A to 72% for

the thinnest ring-Set E. The effect of the transversal sections, typically expressed by the

ratios di
de
, were included in M%.

Figure 3.1: The experimental testing geometries

A sequence of six technological operations was defined to comprehend both OTOQ and

DAOQ. Prior to the machining phase, all the components underwent a spheroidizing

annealing, Ph00, and uniform starting microstructures were obtained (dependant on

chemical compositions). The manufacturing cycle was composed of the following list of

operations (Fig. 3.3):

• Spheroidizing annealing, named Ph00;

• Machining, named Ph01;

• Traditional Open Tank Oil Quenching (OTOQ) Process, named Ph02;
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• Relieving Tempering, named Ph03;

• Spheroidizing annealing for the case of 100CrMo7, named Ph04 (a);

• Carburizing for the case of 18NiCrMo5 and 20MnCr5, named Ph04(b);

• Die Assisted Oil Quenching Process, named Ph05;

Figure 3.2: The DAQO process conditions

• Relieving Tempering, named Ph06;

Figure 3.3: The manufacturing stage realised for the experimental activities

3.3 Metrological inspections

A specific methodology was implemented to define unique sample positions throughout

the heat treatment operations. Scanning procedures were applied to standardise the

experimental activities and limit errors. The components were treated on grates with

narrow openings during all thermal operations excepted for the DAOQ process due to
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the process equipment, as illustrated in Fig. 3.2. The reference plane of each sample was

faced up. The replicable position was realised by a steel engraving that defined Plane 1,

as illustrated in Fig. 3.5 (a). A string of information was contained in each signature,

identifying the correct in-process placement as well as each sample throughout the

experiments.

Figure 3.4: The CMM machine utilised for the experimental investigations

A Coordinate Measurement Machine (CMM) was adopted for the dimensional

investigations. A unique measurement position was engineered using a tailored clamping

system aided by two gauge blocks to turn the un-processed sample zones down, Fig. 3.5

(b). Other possible measurement configurations, such as mandrel fixing, were also tested

and consequently rejected as complete measurements required two placements, which

greatly reduced experimental accuracy. Each part was placed in the CMM working space

as showed in Fig. 3.5. A reference notch realized by a gauge marker was applied to each

component, corresponding to the outer diameter on both planes. The replicable position

was determined by aligning the external reference marks to the clamping system while

maintaining contact with the support structure that controlled the part rotation, Fig. 3.5.

The measurement programmes were defined for each geometry, evaluating diameters,

thicknesses and planarity tolerances as follows:

• Inner and Outer Diameters: five different scans were realised at different

thicknesses through 3600 point samplings. Each measurement was expressed by

means of an average value, plus/minus standard deviations generating a statistical

representation of the collected data. The measurement paths are illustrated in Fig.

3.6.
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Figure 3.5: The sample measurement position utilised during the experiments

Figure 3.6: The strategy of the inner and outer diameters evaluations during the experimental

campaign

• Thickness: each component was split into eight sections, cut in concentric

circumferences at an angle of 45 degrees, Fig. 3.7(b). Detection points were

obtained by the intersections among the angular sectors and the concentric

circumferences, allowing for thickness assessments, Fig. 3.7 (b). These
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assessments were obtained for each detection point by touching both sample

planes at the same Y and Z coordinates, while changing X in order to measure the

depth of the part, Fig. 3.7(a).

Figure 3.7: The thickness determination: (a) the feeler pin movement; (b) detection points for the

measurements

• Planarity: the estimation was carried out by means of point samplings, taking an

even number of concentric circumferences into account through the sample

geometries, Fig. 3.8.

3.4 Analysis of the experimental data: An Overview

The collected data were managed through ANOVA analysis and realised for OTOQ and

DAOQ to highlight deformation trends and to understand main effects and interactions

of materials as well as geometries on the detected dimensions and tolerances. OTOQ and

DAOQ were compared with the machining phase (Ph01) and pointing out the distortions

through percentage variations. Materials were identified by five labels whereas the

geometries were associate with the theoretical thermal modules M%. 18NiCrMo5 and

20MnCr5 were recognised by indicators ”1”, ”2” after Ph02, while labels ”4” ”5” were
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Figure 3.8: The evaluation of planarity tolerance

assigned to the same materials for Ph05 due to the changes of chemical compositions

induced by Ph04-a. As a counterpart, 100CrMo7 was always referred to number ”3”.

First of all, the volume variations were investigated and overall summarizing the effects

of diameters and thicknesses alterations generated by Ph02 and Ph05. Afterwards, each

dimension was deeply investigated in the following sections.

F-valuematerial=3,3

F-valuegeometry= 2,7

F-valueinteraction= 2,3



56 Experimental Investigations

3.5 Volume

3.5.1 Determination of Volume Variations

The volume variations were evaluated by reconstructing each geometry through the

measurements of the diameters and thicknesses, as described in par. 3.2. The data were

compared with Ph01 as the reference point. The diameters and thicknesses of the

samples were mainly modified by the technological operations. Each sample was rebuilt

according to the detection points of the diameters and thicknesses. Compiling the

experimental findings Fig. 3.6, Fig. 3.7, the volume changes were assessed throughout

the thermal operations. The entire range of sample dimensions was included in this

global indicator and all the dimensional changes induced by OTOQ and DAOQ were

estimated.

Figure 3.9: The calculated volume variations through the experimental measurements

The calculated volume variations were negligible, providing the same starting

microstructures were maintained throughout the technological cycle. The significant

volume variations were induced by the martensitic transformation. In fact, close-to-zero
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variations were determined from Ph04-b in comparison with Ph01, indirectly validating

the implied method for the volume variations evaluation. The same microstructures were

detected from Ph04-b and Ph01 for 100CrMo7.

V ring = π
(de − di)

2

4
s (3.1)

Where:

di= inner diameter (mm)

de= outer diameter (mm)

s=thickness (mm)

The volume estimation regarding Ph01 was calculated by:

V tot-ring = V tot-ring1-Ph0x + V tot-ring2-Ph0x + V tot-ring3-Ph0x + V tot-ring4-Ph0x + V tot-ring5-Ph0x

Vtot-ringPh01 =
π
4
((de3Ph01 − di3Ph01)

23 + (de8Ph01 − di8Ph01)
25 + (de12,5Ph01 − di12,5Ph01)

24, 5 +

+ (de18Ph01 − di18Ph01)
25, 5 + (de22Ph01 − di22Ph01)

27)

Each step of the manufacturing cycle was characterised by the following volume

variation estimation:

Vtot-ringPh0x =
π
4
((de3Ph0x − di3Ph0x)

23 + (de8Ph0x − di8Ph0x)
25 + (de12,5Ph0x − di12,5Ph0x)

24, 5 +

+ (de18Ph0x − di18Ph0x)
25, 5 + (de22Ph0x − di22Ph0x)

2(7 + ∆sPh0x))

Volume variations were derived from the comparison between each sub-volume by

performing the consecutive operations:

∆V tot-ringPh0x-Ph01 = (V tot-ring1-Ph0x − V tot-ring1-Ph01) + (V tot-ring2-Ph0x − V tot-ring2-Ph01) +

+ (V tot-ring3-Ph0x − V tot-ring3-Ph01) + (V tot-ring4-Ph0x − V tot-ring4-Ph01) + (V tot-ring5-Ph0x −

V tot-ring5-Ph01)

The formulae reported above bring clarity to Fig. 3.9.
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3.5.2 OTOQ-Volume variations

Fig. 3.10 displays the experimental findings regarding the volume variations after Ph02

for the whole materials and geometries in terms of means values and standard deviations.

The OTOQ technological stage induced an enlargement of each geometrical

characteristic leading to positive volume variations. In particular, for high carbon

alloyed steel the specimen modifications are bigger than the carburising steels due to

carbon percentages equal to 0,18% and 0,20% instead of 1%. Thus, lower volume

variations, induced by martensitic transformation, can be expected and resulting in lower

distortion magnitudes, F.ig. 3.10

Figure 3.10: Volume variations induced by Ph02

Positive variations were determined for 100CrMo7. A trend can also be visible coming

through the geometries and particularly decreasing the thermal module, the green line in

Fig. 3.10.

The volume variations are minute for the carburising materials, while the variations are

shown an order of magnitude equal to a tenth of volume percentages that increase when

the theoretical thermal modules decrease for the case of 100CrMo7, Fig. 3.10.

Considering the standard deviations, an higher variability of volume variations can be

visible for Set E linked to the thinnest transversal section.
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An investigation regarding the F-values was also conducted by means of the

ANOVA technique in order to point out the effect of materials and geometries on the

volume variations. Coming through F-Values, materials (F-valuematerial=179), geometries

(F-valuematerial=11,3) and finally the interaction (F-valueinteraction=1,41 were shown

decreasing influences on the process outcomes.

Figure 3.11: The ANOVA main effects concerning (a) materials and (b) geometries of the volume

variations induced by Ph02

The ANOVA results are illustrated in Fig. 3.11 and Fig. 3.12. Close to zero volume

variations are pointed out for materials ”1” and ”2” due to the absence of previous

carburising, Fig. 3.11 (a) . The material microstructures were characterised by starting

carbon percentages (0,18%C for 18NiCrMo5 and 0,2%C for 20MnCr5) and thus,

resulting in less-distorted martensite microstructures in comparison with material ”3”

that was identified by 1% of carbon percentage, as reported in Tab. 1.3.

Higher volume variations were induced by more rapid cooling conditions that were

considered by the theoretical thermal modules. An enhancement in volume variations

were obtained coming across the disc (M=100%) to the thinnest ring (M=71%), as

shown in Fig. 3.11 (b). Any relevant variations were addressed to the combined effect of

materials and geometries for the whole carburising samples whereas a typical trend was

identified for the hardening material. An increase in volume changes was detected by

decreasing the theoretical thermal module, or in other word accelerating the cooling
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phase. This is observable in Fig. 3.12.

Figure 3.12: The ANOVA interaction regarding the volume variations induced by Ph02
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3.5.3 DAOQ-Volume variations

Figure 3.13: Volume variations induced by Ph05

Fig. 3.13 illustrates the volume variations caused by DAOQ, examining all the

materials and geometries in terms of mean values and standard deviations. In this case,

as opposed to Ph02, major volume changes were determined not only for the hardening

steel but also for the carburising materials due to a previous enrichment in carbon

percentage induced by Ph04-a, as illustrated in Fig. 3.3.

The carburising materials display comparable trends and for 18NiCrMo5 a quasi-linear

behaviour was identified. Overlapping values were estimated for 18NiCrMo5 and

20MnCr5 - Set A and Set E (red and blue lines in Fig. 3.13). A standardization of the

quenching outcomes for the carburising materials was also evidenced due to the same

treated components, carburising depths and final carbon percentages. The bearing ring

steel revealed different levels of volume variations depending on the theoretical thermal

module. The lowest variation was determined for Set A, while comparable alterations

were obtained for Set D and Set E as well as for Set B and Set C. This is reported in Fig.

3.13.

An ANOVA analysis was also conducted. It is notable that each factor had a

significant influence on the volume variations. The material effect was not as influential
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as the geometry, yielding a lower F-Value (F-Valuematerial=16,2 and F-valuegeometry=39,9).

Fig. 3.14 shows that volume variations decrease from Material 3 to Material 5 as well as

from M%=71 to M%= 100.

Figure 3.14: The ANOVA main effects concerning (a) materials and (b) geometries of the volume

variations induced by Ph05

Any significant changes were attributed to the interaction between the investigated

factors. A more rapid cooling can be achieved decreasing the theoretical thermal

modules, and by combining geometries with increasing carbon percentages, higher

volume variations can be produced through the martensitic transformation. This is

shown in Fig. 3.15.

3.5.4 Conclusion concerning volume variations

High volume variations were recorded for 100CrMo7 for both quenching processes due

to martensitic microstructures characterized by a carbon percentage equal to 1%.

Fig. 3.16 documents the differences between Ph02 and Ph05 for 100CrMo7. A more

effective martensitic transformation was assessed after DAOQ and Ph05 produced major

volume variations in comparison with Ph02, especially for the heavier geometries (Set

A, Set B and Set C). The highest volume variations were registered for Set D and Set E,

resulting in the most shape distortions following Ph05. This is illustrated in Fig. 3.16.

Volume modifications were negligible in 18NiCrMo5 and 20MnCr5 after Ph02 due
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Figure 3.15: The ANOVA interaction regarding the volume variations induced by Ph05

Figure 3.16: Direct comparison among volume variations induced by Ph02 and Ph05 for the case

of 100CrMo7

to the absence of the carburising stage. The obtained martensite was identified as having

carbon percentages equal to 0,18% and 0,20% respectively; rather than 0,8%, the usual

requirement for carburising materials. Therefore, the absence of the carburising phase

decreases the volume variations. The variations increase with the addition of the

carburising stage produced overlapping trends for both considered materials from Set A

to Set E. This is illustrated in Fig. 3.17 and Fig. 3.18.

Volume variations represent macroscopic indicators regarding how geometries deform

throughout quenching processes. These variations were calculated through experimental

estimations of diameters and thicknesses and the following paragraphs will look closely
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Figure 3.17: Direct comparison among volume variations induced by Ph02 and Ph05 for the case

of 18NiCrMo5

Figure 3.18: Direct comparison among volume variations induced by Ph02 and Ph05 for the case

of 20MnCr5

at the variations in these dimensions for OTOQ and DAOQ.

3.6 Inner Diameter

As discussed, quenching processes typically modify the design of treated parts,

particularly affecting shapes and dimensions. In this phase, a deep analysis regarding

inner diameter modifications was conducted, considering both the OTOQ and DAOQ

processes. Firstly the ANOVA technique was utilised for analysing what effects material
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and geometry have on the inner diameter deformations induced by Ph02 and Ph05. The

variations were compared with Ph01 except for the final conclusions that were drawn by

selecting both quenching operations from the previous manufacturing step. Hence, Ph01

was compared with Ph02, and Ph04 with Ph05, Fig. 3.3.

3.6.1 OTOQ-Inner diameter variations

The variations of inner diameter regarding the whole set of samples are displayed in Fig.

3.19. A negative deformation was detected for Set B of the hardening steel; whereas

decreasing the transversal sections of the samples, turned the variations into positive

values, reaching the maximum evaluation for Set D. This is visible in Fig. 3.19.

18NiCrMo5 and 20 MnCr5 show the same deformation trends, reaching the maximum

for Set B. The geometrical variations also decreased from Set B to Set E, showing

minute differences. Increasing M% produced the highest values of deformations for

geometry B (blue and red lines in Fig. 3.19.

Figure 3.19: Inner diameter variations induced by Ph02

The ANOVA investigation evaluated not only the influence of the material selection

(F-Value=30,1) and M% (F-Value=27,4) but also the interaction, which played a

fundamental role in obtaining the maximum F-Value, 93,1. Fig. 3.20 keeps account of

the main effects of M% and materials on the dimensional modifications of the inner
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diameters.

Figure 3.20: The ANOVA main effects concerning (a) materials and (b) geometries of the inner

diameter variations induced by Ph02

The deformations noticeably augmented when increasing the virtual thermal modules

(Fig. 3.20 a) whereas a trend which go up and down is induced by the materials Fig. 3.20

(b). 18NiCrMo5 had the lowest level of overall deformations and 100CrMo7 presented

more relevant inner diameter distortions than 20MnCr5, Fig. 3.20 (b). An inner diameter

enhancement is seen when decreasing the theoretical thermal module for 100CrMo7,

whereas an inverse effect is reported for the carburising materials, Fig. 3.21.

3.6.2 DAOQ-Inner diameter variations

Fig. 3.22 displays the inner diameter variations with the entire set of geometries and

materials. The variations of 100CrMo7 are always negative and increase from Set B to

Set E, showing also restricted standard deviations. 18NiCrMo5 and 20MnCr5 show

positive changes and show the same trends and an overlapped maximum value - blue and

red lines in Fig. 3.22.

These different trends can be attributed to the comparison between Ph05 and Ph01,

although several important issues could be overlooked if previous manufacturing

operations are not also considered. Fig. 3.23 displays inner diameter changes compared
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Figure 3.21: The ANOVA interaction regarding the inner diameter variations induced by Ph02

Figure 3.22: Inner diameter variations induced by Ph05

with Ph04 (either a or b depending on investigated materials, Fig. 3.3).

The deformations are always positive, showing similar tendencies that are based neither

on the materials nor the geometries and thus illustrating the replicable effect of the press

and the mould on the treated parts. Regarded through the ANOVA analysis, these effects
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Figure 3.23: Inner diameter variations induced by Ph05 compared with Ph04

are more noticeable; restricted variations of inner diameters were revealed for all

geometries with 1.84 as F-Value, Fig. 3.24 (b).

Figure 3.24: The ANOVA main effects concerning (a) materials and (b) geometries of the inner

diameter variations induced by Ph05

A significant influence was evaluated for the materials with an F-Value equal to 330,7.

Fig. 3.24 (a) portrays the modifications that increase from Material 3 to Material 5.
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Significant differences were also attributed to the interaction. The inner diameter

variations increased from material 3 to material 5 showing a range of trends dependent

on the geometries.

Figure 3.25: The ANOVA interaction regarding the inner diameter variations induced by Ph05

3.6.3 Conclusion regarding inner diameter variations

The inner diameter variations were affected by both Ph05 and Ph02 as well as by the

materials and geometries, revealing a range of different trends of impact on the

outcomes. The following graphs directly compare the differences induced by Ph02 and

Ph05 (matched against Ph04) and clearly point out the higher level of control in terms of

diameter modifications achieved by Ph05. Fig. 3.26 overlaps the variations of

100CrMo7 for both quenching processes.

Set B was characterised by a negative variation after Ph02, which then transformed into

a positive one after Ph05 and actually produced the maximum distortions. A levelling of

distortions was derived from DAOQ process across Set C to Set E; while OTOQ

obtained major distortions as well as standard deviations in comparison with Ph05. This

is visible in Fig. 3.26.
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Figure 3.26: Inner diameter variations induced by Ph02 and Ph05 for 100CrMo7

Figure 3.27: Inner diameter variations induced by Ph02 and Ph05 for 18NiCrMo5

Fig. 3.27 and Fig. 3.28 show the minute variations for both carburising materials

expected for Sets B. These negligible deformations are linked and attributed to the

martensitic microstructures, constituted by the initial carbon percentages 0,18%C and

0,20%C. A standardization of the inner diameter deformations can be observed for

18NiCrMo5 and 20MnCr5 after Ph05. Similar deformations were determined across the

entire range of experimental samples, as reported in Fig. 3.27 and Fig. 3.28.
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Figure 3.28: Inner diameter variations induced by Ph02 and Ph05 for 20MnCr5

3.7 Outer Diameter

An investigation regarding the outer diameter modifications was conducted in order to

individuate the effects of OTOQ and DAOQ on this dimension. The experimental findings

were reported through mean values and standard deviations and aided by the ANOVA

analysis.

3.7.1 OTOQ-Outer diameter variations

Fig. 3.29 portrays the variation of outer diameters for all the samples following Ph02.

The outer diameters changes were all positive and they increased when the transversal

sections for 100CrMo7 were decreased. Similar variations were identified for Set A and

Set B, magnitude enhancements were determined for Set B to Set D and a decreasing

trend was obtained from Set D to Set E, as illustrated in Fig. 3.29. Carburising materials

produced close to zero changes due to the absence of the carburising phase prior to Ph02.

In fact, higher carbon percentages led to higher deformations, as shown by Fig. 3.29.

The most relevant influence was attributed to the material effect (F-Value=326,4),

followed by the interaction (M*Material, F-Value=13,9) and finally by the geometry

(M%, F-Value=9,9). The material impact is clearly portrayed in Fig. 3.30(a), while no

identifiable trends can be drawn for the geometrical factor due to minute alterations, Fig.
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Figure 3.29: Outer diameter variations induced by Ph02

3.30 (b). The interaction displays notable increments of deformations from material 1 to

Material 3 along with a decreasing in the theoretical thermal modules, Fig. 3.31.

Figure 3.30: The ANOVA main effects concerning (a) materials and (b) geometries of the outer

diameter variations induced by Ph02
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Figure 3.31: The ANOVA interaction regarding the outer diameter variations induced by Ph02

3.7.2 DAOQ-Outer diameter variations

Fig. 3.32 illustrates the dimensional variations of outer diameters after Ph05, reporting

the experimental measurements for all the materials and geometries. Regarding the

carburizing materials, comparable deformation trends were obtained from Set A to Set C

– depicted by the red and blue lines in Fig. 3.32; whereas higher distortions were

evaluated for 100CrMo7. Increasing variations were detected from Set C to Set E for

18NiCrMo5 and 20MnCr5, while a reduction was noted for the hardening steel when

selecting the same geometries. In summary, different trends of the outer diameter were

observed, depending not only on the geometries of the treated parts but also on the

materials.

The ANOVA analysis was carried out, reporting any significant outer diameters

variations induced by both materials (F-value=0,7) or geometries (F-value=1,0), Fig.

3.33. The interaction was characterised by an F-Value equal to 10.9 and thus, a relevant

impact could be assessed on the investigated dimensions. Fig. 3.34 depicts this

interaction, illustrating the differences through each theoretical thermal module.

Quasi-linear trends can be observed for Set E across the materials, reaching the

maximum value for Material 5. Decreasing behaviour was detected from Sets A to C as
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Figure 3.32: Outer diameter variations induced by Ph05

well as from materials 3 to 5. A levelling trend was observed for Set D throughout the

carburising materials, whereas an enhancement was evaluated between 20MnCr5 and

100CrMo7 for the same geometries.

Figure 3.33: The ANOVA main effects concerning (a) materials and (b) geometries of the outer

diameter variations induced by Ph05
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Figure 3.34: The ANOVA interaction regarding the outer diameter variations induced by Ph05

3.7.3 Conclusion regarding outer diameter variations

A comparison between Ph02 and Ph05 for each material showing the outer diameter

variations is summarised in Fig. 3.35, Fig. 3.36 and Fig. 3.37. Increasing variations are

seen in the bearing ring steel (100CrMo7) from Set A to Set D after Ph02, whereas a

decreasing trend is observable from Set D to Set E. The highest standard deviation is in

Set E, orange bars in Fig. 3.35. Comparable distortion magnitudes are evident for Set A

to Set B in terms of means values as well as standard deviations. After decreasing the

theoretical thermal module, an enhancement was visible from Set B to Set D and a

plateau from Set D to Set E, the blue line in Fig. 3.35. To summarise, Set A and Set B

showed major deformations after Ph05 as opposed to Set D and Set E in the case of

Ph02, while Set C revealed comparable values of outer diameter variations for both

quenching processes.

Minute variations were induced by Ph02 for the carburising materials due to martensitic

microstructures respectively characterised by 0.18%C and 0.20%C, orange bars in Fig.

3.36 and Fig. 3.37. Close outer diameter distortions were also evidenced for 18NiCrMo5

(0.06-0.08 percentage variations), blue line in Fig. 3.36. 20MnCr5 showed linear

enhancement from Set A to Set D subsequently followed by a changing in the gradient
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Figure 3.35: Outer diameter variations induced by Ph02 and Ph05 for 100CrMo7

from Set D to Set E (blue line in Fig. 3.37).

Figure 3.36: Outer diameter variations induced by Ph02 and Ph05 for 18NiCrMo5
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Figure 3.37: Outer diameter variations induced by Ph02 and Ph05 for 20MnCr5

3.8 Thickness

The thickness analysis was carried out through the same methodology that governed the

diameters investigations presented in the previous paragraphs.

3.8.1 OTOQ-Thickness variations

Fig. 3.38 displays the thickness distortions for the whole materials and samples induced

by Ph02. The variations increase when the theoretical thermal modules decrease. Faster

cooling rates were achieved from Set A to Set E, inducing a more effective martensitic

transformation. 18NiCrMo5 and 20MnCr5 were characterised by minute changes in

comparison with 100CrMo7 due to the absence of a prior carburising phase. This is

shown in Fig. 3.38.

ANOVA analysis attributed the major influence to the material effect (F-Value=378,5

), followed by the geometry impact (F-Value=63,6) and finally by the interaction that was

not relevant due to F-Value=2 (below the threshold=2,7). Fig. 3.39 and Fig. 3.40 illustrate

the ANOVA results, looking at both main effects as well as the interaction. The variations

enhance from M%=100 to M%=71, display a linear behaviour from Set A to Set D and

a maximum value for geometry E, Fig. 3.39 (a). Overall distortions were close to zero

after Ph02 due to the absence of the carburising phase for 18NiCrMo5 and 20MnCr5 and,
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Figure 3.38: Thickness variations induced by Ph02

thus, the correct microstructure was only induced for 100CrMo7, which fully-hardened

and produced the highest distortion. This is visible in Fig. 3.39 (b). Fig. 3.40 shows the

Figure 3.39: TheANOVAmain effects concerning (a)materials and (b) geometries of the thickness

variations induced by Ph02

comparison of thickness variations in material 1 and material 2 for all sets of geometries.

The highest variations occurred in Material 1 while 100CrMo7 presented an increasing
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trend from M%=100 to M%=71.

Figure 3.40: The ANOVA interaction regarding the thickness variations induced by Ph02

3.8.2 DAOQ-Thickness variations

Fig. 3.41 illustrates the thickness variations induced by Ph05 for all the experimental

samples. The carburising steels display lower distortions in comparison with 100CrMo7.

18NiCrMo5 shows an increasing trend from Set A to Set C that then turns into a plateau

until Set E. 20MnCr5 also portrays a similar trend for the heavier geometries, followed by

a linear enhancement from Set C to Set E, red and blue lines in Fig. 3.41.

100CrMo7 reveals an enhancement from Set A to Set B, a plateau from Set B to Set C and

a linear increase from Set C to Set E, the green line in Fig. 3.41.

The ANOVA analysis determined the highest effect of material (F-value=808),

followed by the M% (F-Value=99,3) and then the interaction (F-Value=8,4). Fig. 3.42

(a) pictures a linear increase from M%=100 to M%=71, while Fig. ??(b) illustrates the

highest variations for Material 3, followed by Material 4 and then Material 5.

The highest deformations were obtained for Set E, while lower distortions were

determined for the other sets depending on the transversal sections. No substantial

increases in thickness variations were determined for the carburising materials, whereas

significant changes were evidenced for 100CrMo7. This is illustrated in Fig. 3.43.
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Figure 3.41: Thickness variations induced by Ph05

Figure 3.42: The ANOVAmain effects concerning (a) materials and (b) geometries of the thickness

variations induced by Ph05

3.8.3 Conclusion regarding thickness variations

The final analyses regarding the thicknesses were conducted comparing both quenching

processes with previous manufacturing steps (Ph02-Ph01) and (Ph05-Ph04). Fig. 3.44

displays the variations induced by Ph02 and Ph05 for 100CrMo7. Higher magnitudes after

Ph05 were determined for the hardening steel and the 18NiCrMo5 in all geometries when
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Figure 3.43: The ANOVA interaction regarding the thickness variations induced by Ph05

compared with Ph02. This is visible in Fig. 3.44 and Fig. 3.45. Fig. 3.46 portrays the

variations for 20MnCr5. No identifiable trend for Ph05 can be seen but an enhancement

can be assessed from Set A to Set E.

Figure 3.44: Thickness variations induced by Ph02 and Ph05 for 100CrMo7
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Figure 3.45: Thickness variations induced by Ph02 and Ph05 for 18NiCrMo5

Figure 3.46: Thickness variations induced by Ph02 and Ph05 for 20MnCr5
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3.9 Shape Tolerance: investigation into the Planarity

Tolerance

As well as the quenching process distortions examined, there are also alterations

regarding shape tolerances. This section investigates the planarity variations induced by

both Ph02 and Ph05, taking into account the experimental finding and comparing them

for each material, firstly looking at changes in 100CrMo7, then carburising materials and

finally conclusions regarding the planarity modifications.

Each statistical value, expressed by a mean value and a standard deviation, was

determined through the replications that characterised each set of material and geometry.

All data were evaluated in percentage values comparing Ph02 with Ph01 as well as Ph05

with Ph04 through the following equations:

∆plane%Ph02 =
PlanePh02 − PlanePh01

PlanePh01
100 (3.2)

∆plane%Ph05 =
PlanePh05 − PlanePh04

PlanePh04
100 (3.3)

The figures show the planarity variations regarding Plane 1 and Plane 2, individually

considering 100CrMo7, 18NiCrMo5 and 20MnCr5. When the changes were positive,

the planarity tolerances enhanced due to the induced quenching distortions, whereas

when the differences were negative the flatness tolerances recovered along the process.

Across the whole set of geometries and materials, Plane 1 and Plane 2 displayed similar

behaviours, in particular, a worsening after the OTOQ process but an improvement after

DAOQ, signifying that tolerance levels were returned by Ph05 thanks to the combined

effect of press and mould. Fig. 3.47, Fig. 3.48, Fig. 3.49, Fig. 3.50, Fig. 3.51, Fig. 3.52.
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Fig. 3.47 and Fig. 3.48 display the planarity variations for 100CrMo7.

Figure 3.47: Plane 1 - planarity tolerances induced by Ph02 and Ph05 for 100CrMo7

Figure 3.48: Plane 2 - planarity tolerances induced by Ph02 and Ph05 for 100CrMo7
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Fig. 3.49 and Fig. 3.50 portray the planarity variations for 18NiCrMo5.

Figure 3.49: Plane 1 - planarity tolerances induced by Ph02 and Ph05 for 18NiCrMo5

Figure 3.50: Plane 2 - planarity tolerances induced by Ph02 and Ph05 for 18NiCrMo5
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Fig. 3.51 and Fig. 3.52 illustrate the planarity variations for 20MnCr5.

Figure 3.51: Plane 1 - planarity tolerances induced by Ph02 and Ph05 for 20MnCr5

Figure 3.52: Plane 1 - planarity tolerances induced by Ph02 and Ph05 for 20MnCr5

Results show that the DAOQ process minimises distortions, which allows for lower
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machining allowances during the product design and consequently a reduction in the

amount of employed material as well as a decrease, or perhaps even avoidance, of

post-process quenching operations.

3.10 Comparison between Mineral and Vegetable Quenching

Oils

A study was also conducted of different quenching oils derived from petroleum or

vegetable base-stocks. The cooling properties and in-process performances were

analysed, focusing evaluation on their sustainability aspects.

3.10.1 Cooling curve analysis

A preliminary comparison was conducted to understand the main characteristics and

differences between a vegetable based oil (named ”tempro G Bio Plus”) and a petroleum

based quenchant (named ”tsp6”). A technical comparison was realised by the cooling

test to determine the oily in-process performances, [33]. Fig. 3.53 shows the

experimental curve for both the oil formulation [29]. A notable difference is that the

”tempro G Bio Plus” displays a reduced vapour formation at a higher temperature and its

maximum cooling rate is at 640◦C, as opposed to 575◦C in the case of the mineral

medium.

Fig. 3.53 displays the quenching cooling stages realised by liquid mediums. The

petroleum-based oil shows a more extended vapour blanket stage than the vegetable

medium due to the lower boiling temperature, [31]. A shorter boiling stage results in a

more effective boiling section, reaching the maximum cooling rate at the higher

temperature and hence a more rapid cooling could be ensured by the vegetable medium.

The Convective stage was achieved equally by means of both oils. Decreasing the

quenchant severity meant a better control of shape and dimensions could be obtained

although it induces unwanted microstructural phases such as upper bainite.

Thus it was observed that the selection of the right mediums is a critical choice when

aiming to reduce distortions. The film boiling, that surrounds the part, should collapse at

the same time ensuring equal cooling conditions in terms of HTC across the quenched
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Figure 3.53: Cooling rate as a function of the oil temperature. Experimental curves of the

vegetable (blue curve) and mineral (black curve) quenching medium

part. Consequently, homogeneous decreasing in temperature reduces residual stresses

and distortions. In this respect, the vegetable based mediums performed better.

3.10.2 Impact comparison

In [54] a Life Cycle Assessment (LCA) was realized by comparing petroleum-based

diesel oil with a soy-based lubricant. Only the production chain was considered without

additives. Agriculture, crushing and refining were taken into account for the production

of vegetable medium whereas extraction, finish and refining were accounted for the

mineral based oil.

The soy-based oil presented lower impact evaluations in terms of global warming,

acidification potential, water intact, air pollution and human toxicity. The eutrophication

potential was higher in the case of the vegetable quenching media; this could be also

related to the use of unsafe substances such as pesticides that modify soil conditions.

The impact assessments of vegetable quenching media were also correlated to the

working method implied for the growing of the oily based plants as well as to the
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in-working conditions that can change the oil properties. These innovative fluids have to

be appropriately modified with additives especially for increased oxidation resistance

[29], [55].

The main sustainability indicators were modelled by means of an LCA regarding the

production of the vegetable quenching oil. Agriculture and crushing were determined by

utilising bibliography data [30] and by considering the production of the investigated oil

as equal with the data presented in the reference study for the soybean quenchant [30].

The refining stage was set by using real data obtained from the oil manufacturer but with

no estimation of the additive influences. The LCA of the mineral quenching oil was also

deducted from [30]. Fig. 3.54 shows the adopted structure of the LCA that was

implemented by the Open LCA software. Fig. 3.55 displays the main results of the

impact comparison between the vegetable and mineral media.

Figure 3.54: Open LCA software model for a soybean vegetable oil

An increasingly notable issue in manufacturing is the factor of climate change.

GWP100 indicates a negative trend for the vegetable quenchant: a life cycle for the oily

plant with an increased absorption of carbon dioxide and a decreasing of the GWP100

indicator. The mineral quenching oil also shows a low GWP100 impact, indicating the

high standards utilised in its production. [30]. Ozone Layer Depletion (OLD) and

Acidification potential could be further reduced by means of the vegetable quenching oil,

as reported in Fig. 3.55.

3.10.3 Experimental activity

Sustainable manufacturing promotes improvements of processes and products in order to

achieve a better working environment by enhancing the manpower value without

compromising manufacturing results. The following experimental activity investigates
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Figure 3.55: Comparison between mineral and vegetable oils for relevant impacts

the performance of mineral and vegetable oil for quenching, determining mechanical and

metallurgical outcomes, geometrical results and the emission of quenching fumes.

Conical bevel gears made of steel were chosen as the sample geometries. Three

geometries were used, characterised by means of the following parameters: the inner

diameter (di), the ratio between di and the outer diameter (de) as well as the proportion

between the part thickness (s) and di, see Fig. 3.2 (a).

Three batches - one batch for each considered geometry - composed of a total amount of

420 mechanical components - 140 part/batch - were submitted to the carburizing phase

(Ph01), then to the DAOQ process (Ph02) and, finally, to temper (Ph03). Each half batch

was hardened by the use of mineral oil (210 parts, 70x3 specimens) and the rest by the

vegetable-based medium. An in-line process control was realised by means of

dimensional analyses of each component after Ph02. The dimensional analyses were

carried out by utilising manual micrometres and altimeters for the evaluation of

diameters, thicknesses and planarity tolerances, as showed in Fig. 3.56 (b). A specific

standard for the measurements was established by defining characteristic detection

points. 5+5 parts per batch out of the 70+70 components per batch were randomly

selected to be submitted to a further dimensional control after the carburizing phase

(before the DAOQ process) and after the tempering phase (after the DAOQ process). In

the following sections, these selected parts are referred to as the ”TOP 5”.

Metallurgical samples were analysed through an optical microscope in order to

determine the final material microstructure. Quenching fumes were also detected by
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Figure 3.56: (a) Identification of the investigated conical bevel gears; (b) measurement equipment

for the evaluation of the planarity tolerances

means of a probe through a by-pass installed above the quenching chamber that directly

captured the fumes from the hardening zone. Oily fog and CO contents were measured

in-process. The in-process fume equipment is depicted in Fig. 3.57.
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Figure 3.57: In-process equipment for the detection of quenching fumes

3.10.4 Analysis of the experimental data

The mentioned t-test was carried out for the TOP5 selection by comparing the dimensions

of each controlled geometrical characteristics after Ph01, Ph02, Ph03.

The t-critical value was set for the two sides t-distribution with 0,95 as the probability

reference [56]. The comparison generated eight degrees of freedom for the experiment,

which resulted in a critical value equal to 2,3.

Table 3.1 collates, for each geometrical investigation, the t-test parameter matched with

the corresponding threshold value. These variations point out the impact of the quenching

oils on to the detected geometrical characteristics (Ph02). Ph02 analysis is also compared.

Table 3.1: In-process equipment for the detection of quenching fumes

The outer diameters were virtually always affected by the use of mineral or vegetable

quenching oil. The inner diameter of geometry 1 showed the same behaviour while

geometry 2 and geometry 3 presented a different result. Thicknesses did not produce

relevant variations (in comparison with the Ph01). Planarity tolerances had relevant
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variations only in the case of geometry 1.

The DAOQ equipment controls and modifies the heat extraction by means of a direct

metallic contact between the part and the die surfaces, which are cooled through the

quenchant. The process outcome is then connected not only to the quenching media but

also to the process equipment and related parameters (die contact-surface and pressure,

oil flux and pressure, etc.). The experiment showed that the DAOQ process in particular

allowed the control of some distortion magnitudes (planarity and thicknesses) whereas

the effect of different cooling oils is evident on the dimensions that are not influenced by

the constrained heat flux (the inner and outer diameters).

Metallurgical and hardness inspections

The cooling curves (Fig. 3.53) of investigated oils show comparable trends also if

relevant differences are present. It implied that, concerning the cooling severities of the

considered media, no large dissimilarities were observed. In fact, both the oils

determined the formation of the martensite microstructure after the DAOQ process.

Furthermore, the hardening depths of the two oils show overlapping trends, thus

implying the same mechanical results in terms of superficial hardnesses (equal to 60

HRC) and process effectiveness seen by the absence of noteworthy hardness variations,

see Fig. 3.58 (b). The presence of comparable hardening depths underlines the

effectiveness of the vegetable quenching oil on heat treatment outcomes.
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Figure 3.58: (a) Martensite microstructure obtained by the usage of mineral and vegetable

quenching oils; (b) Experimental evaluation of superficial hardnesses and case

depths for both mediums

Analysis of part dimensions

After the carburising phase, due to the absence of process dissimilarities at his stage of

the manufacturing cycle, no relevant dimensional variations were reported for the

considered geometrical characteristics thus leading to the same starting conditions for

the quenching phase. Following the DAOQ process, it is notable that the inner hole of

geometry 1 was significantly increased. After starting from equal conditions following

the carburising phase, all the dimensions unavoidably increased. One example is the

inner diameter variation using the vegetable quenching oil, which was lower than the one

determined by the mineral medium, Fig. 3.59 (a). A further and more important
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difference is a more accurate quenching stage as the in-process analysis clearly

evidences in Fig. 3.59 (b).

Figure 3.59: (a) TOP 5 analysis: Evolution of inner diameters of geometry1 along the process

stages; (b) In-line process control: Gaussian distributions of distortions regarding

the inner diameters of geometry1

To summarise, the renewable based medium achieves an equal metallurgical

microstructure, Fig. 3.58, and equivalent mechanical results by increasing the possibility

of dimension control, Fig. 3.59.
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Oily fog measurements

Samplings of quenchant fumes were recorded for one hour through an in-process

experimental measurement for both the considered oils. The vegetable quenching

medium put in evidence the presence CO (1.7 mg/Nm3) and the absence of oily fogs

(less than 0.01 mg/Nm3). The mineral oil showed both these pollutants in its emission

with 1.8 mg/Nm3 of CO and about 1.2 mg/Nm3. By considering a yearly industry

scenario (220 days/year and 8 hrs/day), the mineral oil produces 7 kg/year of oily fog.

Air purification is required before its re-introduction in the environment and the choice

of vegetable based mediums would create additional sustainable savings by reducing the

energy used in this purifying process.

Conclusion regarding the oil comparison

In conclusion, the conducted activities successfully compared the mineral and the

vegetable quenching mediums. The same mechanical and metallurgical results were

achieved by both oils, the vegetable-based one producing no loss in quality, furthermore

it allowed for superior control of specific crucial dimensions, such as in the inner

diameter of the considered conical gear. The preliminary LCA analysis puts in evidence

several possible points of strength for this production media alongside the evident

environmental advantages. Tests have shown the important comparative differences of

these mediums through the analysis of a typical production cycle and the measurement

of emitted pollutants including oily fogs and carbon monoxide, which must be controlled

and purified before the reintroduction of the air into the environment.

The presented work suggested that innovative vegetable-based oils could be a worthy

choice and a potentially good starting point to transform the heat treatment production

plant into a more sustainable working environment. A more detailed LCA is required in

order to completely understand all possible advantages and weaknesses of both

solutions. Further tests and investigations are called for to discover the full potential of

these mediums.
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3.11 Summary of Experimental Activities

This chapter presented the whole range of conducted experimental activities 3.2 3.3,

focussing on the differences induced by the OTOQ and DAOQ processes. Procedures to

measure all the varying types of distortions and volume variations were outlined and an

in-depth analysis concerning the diameters and thicknesses was described. The results

can be summarised as follows:

• A more effective martensitic transformation was obtained for the 100CrMo7

sample due to its highest carbon percentage but this also led to the major volume

variations for both OTOQ and DAOQ in comparison with 18NiCrMo5 and

20MnCr5, as reported in par. 3.5.

• Levelling distortions were determined for the inner as well as outer diameter

variations especially regarding the carburising materials. Positive distortions were

determined for all the samples except for Set B of 100CrMo7 that showed negative

dimensional variations, par. 3.6, par. 3.7.

• The most relevant thickness modifications were determined for the thinner

geometries (Set D and Set E) for both OTOQ and DAOQ. Positive variations were

also derived from DAOQ even with the pressure effect exerted by the press on the

treated part through the outer upper die, par. 3.8.

• Overall, better dimensional and shape controls were performed through DAOQ as

highlighted by the investigation on the planarity tolerance, par. 3.9.

• Comparing the two oils, petroleum or vegetable based, the same metallurgical and

mechanical outcomes and qualities were achieved. The vegetable quenching

medium brought advantages both in improvements to the part geometries and also

in reductions in the oily fogs due to a minute vapour blanket stage, par. 3.10.

• The following chapter examines the matching between the modelling achievements

and the experimental results. Investigating accuracy and looking at ways to fine-

tune and improve both the virtualisation of quenching distortions and the process

design.





Chapter 4

Comparison of Model Predictions with

Experiments

4.1 Introduction

As discussed, the quenching simulation is a multi-physical process due to the presence of

thermal, microstructural and mechanical fields that have to be simultaneously coupled in

order to evaluate not only microstructural changes but also the deformations associated

with the thermal gradients and volume variations.

Fig. 4.1 illustrates the main results achieved by the OTOQ model through a layered

approach, in which the time-dependent conditions manage the entire thermal cycle, as

Fig. 4.1 (e) clearly highlights. The presented mathematical model (see Chap. 2)

estimates the complete range of process results for each meshing node, generating

contour plots Fig. 4.1 (c), aiming at precise outcome previsions in the transversal

section. The microstructural evolution was put into practice through Fe-C, as well as the

TTT diagrams in the case of 100CrMo7. Several if-then-else conditions were defined to

enable the correct path of material evolution, see par. 2.4.4. Fig. 4.1 (a) shows the

passage between the initial and austenitic microstructures, leading to a temperature

reduction induced by the cooling which activates the development of the final

microstructure.

Fig. 4.1 (d) shows the radial displacement evolution and details the dimensional changes

encountered by the simulated part during the entire quenching process. During the

heating stage, the model is able to manage not only the thermal expansion due to the

99
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Figure 4.1: (a) 2D axisymmetric model, (b) microstructural evolution, (c) temperature contour

plot, (d) evolution of radial displacements, (e) temperature evolution

temperature increase between the treated part and the furnace but also the contraction

induced by the austenitic phase transformation. Conversely, the component shows

negative radial variations at the beginning of the cooling stage due to the temperature

decreasing. The deformation recovers the initial distortions when Ms is reached,

becoming positive and achieving a tenth of a millimetre as a final order of magnitude.

The mathematical model is able to summarise the mechanical results through an

estimation of the hardness, considering all the differing microstructures by means of a

mixture rule, eq. 4.1 . This is illustrated in Fig. 4.2.

HV total = %mHV martensite +%pHV pearlite +%bHV bainite +%Fe3CHV Fe3C (4.1)
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Figure 4.2: The Hardness estimation taking into account the mixture rule

4.2 Model setting: definition of the deformations

The deformational modalities were precisely set by selecting coefficients in order to

maintain proportion amongst the deformations as presented in par. 2.5. The

axisymmetric geometries imposed the definition of two deformational settings in order

to replicate the actual part behaviour during the quenching processes.

Figure 4.3: Definition of the proportions among the deformations for model 1

Following Fig. 4.3:

ϵr = (ϵx+ ϵy)
1
2
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In addition:

ϵx = ϵy =
∆L

L
= ϵl

Eq. 2.25 defines:

∆V

V
= 3 ∗ ϵl

Model 1 was set as follow:

ϵr =
√
2ϵl

ϵθ = (2−
√
2)ϵl

ϵz = 1ϵl

As a counterpart, model 2 was defined by:

ϵr = 1,5ϵl

ϵθ = 0,75ϵl

ϵz = 0,75ϵl

The quenching model and the real measurements were compared by considering average

values of inner diameters and selecting the detection points evaluated through the

experimental activity. HTCs were equally assigned to each surface (Fig. 2.3) and

derived from [57], [58]. HTCs are investigated in terms of real-trends, [57], and ranges

depend on the liquid mediums, [58]. It is crucial to note that the quenching outcomes are

strictly connected to the selection of suitable HTCs in order to replicate the in-process

conditions.

The multi-physical software was utilised for the simulation of the quenching process

by implementing the whole set of partial differential equations as well as the functions

and variables of the material properties. Fig. 4.4 illustrates the overlap between virtual

and experimental results regarding the setting of model 1. By setting up a constant

during the cooling phase as well as an equal HTC for each external surface, the model
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can replicate the both experimental trend of the inner diameter variations - particularly

well approximated for geometries D, C and B – and also show the negative deformation

for geometry B. Thus, the negative variation is both experimentally and virtually

obtained, Fig. 4.4. This confirms the capability of the model to well replicate the

measured dimensional variations. A more precise quenching model can be achieved for

geometry E: components characterised by lower theoretical thermal modules, such as Set

E or Set D. The tuning activities are presented in par. 4.3 and investigate the effect of the

HTCs on the quenching outcomes.

Figure 4.4: The Overlapping between modelling and experimental outcomes for model 1

In summary, the self-developed quenching model is able to accurately replicate the

experimental outcomes, particularly regarding inner diameters variations. Furthermore,

the transformation from negative to positive deformations was successfully addressed

not only by the experiments but also by the simulations, obtaining an equivalence of

results. Fig. 4.5 portrays the section where the inner diameter deformation becomes

non-existent.

Model 2 was based on differing deformational coefficients and it revealed dissimilar

modelling results in comparison with Model 1. The negative deformation predicted by

Model 1 was not registered by Model 2, nonetheless the overall trend was substantially
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Figure 4.5: Simulated null deformations of inner diameter taking into account model1

approximated. This is visible in Fig. 4.6. Decreasing the inner diameter of the part,

Model 2 is also able to evaluate the negative deformations and evidence where the radial

displacement becomes close-to-zero, as illustrated in Fig. 4.7.

The virtual outcomes are strictly connected to process conditions. They change by

modifying HTCs throughout the heating as well as the cooling stages. Due to the main

focus on final predictions, the most suitable HTC values along the cooling stage have to

be accurately determined in order to replicate the experimental findings. The following

section concerns a virtual design of experiment in which both models were analysed

through nine simulations based on the Taguchi method to understand the effects of HTCs

on the predictions, [56]. Set C was used exclusively for this investigation.
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Figure 4.6: The Overlapping between modelling and experimental outcomes for model 2

Figure 4.7: Simulated null deformations of inner diameter taking into account model2
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4.3 Influence of HTCs on the Predictions

The outcome predictions are linked to the process conditions in which mechanical

components are treated. The realised mathematical model is based on the determination

of reliable-HTC-values in order to replicate the experimental conditions. This parameter

drives the modalities of heat flux exchanges by means of equations and time-dependent

interfaces, chap. 2. The analysis regards the magnitudes as well as the assignment of

HTCs based on the position of each surface. The investigation was engineered

employing DoE concepts and only the HTCs were changed without modifying the other

model settings. The HTCs were respectively assigned to:

• HTC1: inner edge that determines heat exchange modality along the internal

surface;

• HTC2: bottom edge that determines heat exchange modality along the lower

surface;

• HTC3: outer edge that determines heat exchange modality along the external

surface;

• HTC4: upper edge that determines heat exchange modality along the upper surface;

Figure 4.8: Matching between HCTs and model boundaries

HTCs were set at three levels to comprehend all the oily mediums in the experiment,

[58]. Tab. 4.1 summarises the developed simulations for both models. Taking into

account three levels of HTCs (1500-3000-4500 W
m2K

) and four factors



4.3 Influence of HTCs on the Predictions 107

(HTC1-HTC2-HTC3-HTC4), eighty-one simulations were required to develop the

virtual experimental plan. The Taguchi Method allowed for a reduction in the total

number of simulations, as reported in Tab. 4.1.

Table 4.1: Realised simulations for both models through Taguchi method

Each simulation was analysed by looking at 2D results as well as evaluation points

(characterised by r and z coordinates), as explained in par. 2.6 and illustrated in Fig. 4.9.

Figure 4.9: Evaluation points for each simulation

The following sections show how the analyses were conducted and outline the entire

investigation process regarding temperatures, microstructures and displacements.
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4.3.1 investigation regarding Model1

Model 1 Results

This section displays the thermal, microstructural and deformation outcomes obtained by

Model 1. Firstly, just one random simulation is fully illustrated and then the whole range

of results are examined using Taguchi Analysis, graphically representing the influence of

each HTC on the selected outcome. The initial temperature investigation is presented in

Fig. 4.10.

Figure 4.10: Temperature analysis concerning the first simulation ofModel1: (a) complete thermal

cycle; (b) 2D temperature contour plot; (c) changing from heating to cooling phases;

(d) cooling path of the evaluation points

Fig. 4.4 (a) displays the whole thermal cycle developed by the part while Fig. 4.4 (c)

and Fig. 4.4 (d) show the cooling paths determined for each detection point. It is notable

that the inner and outer diameters cool down equally while the middle section reveals a

different trend stemming from its absence of contact with the liquid medium and linked

to the HTC selection.

Identical cooling paths lead to comparable microstructural results; inner and outer
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Figure 4.11: Microstructural evolution concerning Model1: (a) internal, (b) external, (c) middle

microstructural evolutions along the cooling phase, (d) detection points

sections reveal similar microstructures with a relevant presence of martensite, (Fig. 4.11

(a) and Fig. 4.11 (b)) whereas a bainitic material phase is predicted for the middle

section due to the slower cooling. This is visible in Fig. 4.11(c). Finally, radial and axial

displacements were evaluated throughout the entire quenching cycle, portrayed in Fig.

4.12 and Fig. 4.13.

Taguchi Analysis Model1

The following section investigates the influences of HTCs on the outcomes using Taguchi

Analysis, evaluating the final martensitic percentages as well as the radial displacement

in the inner, middle and outer sections of the treated part. The martensite is linked to

the modalities of the cooling and thus, it augments when the HTCs increase from 1500

to 4500 W
m2K

. This can be considered a valid statement for all the detection points. The

surface boundaries are strictly interconnected and influence the overall results across the

whole section of the part. Fig. 4.14 portrays the HTCs influence on the inner martensitic

percentages, whereas Fig. 4.15 and Fig. 4.16 display the behaviours of the middle and
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Figure 4.12: Evolution of radial displacements for internal, exthernal and middle sections

Figure 4.13: Evolution of axial displacements for internal, exthernal and middle sections

the outer sections. In the same manner, HTC1 and HTC3 reduce the martensite for the

middle section, Fig. 4.15. Neither HTC1 nor HTC3 has an effect on the outer martensitic
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Figure 4.14: Influence of HTCs on the martensitic percentage taking into account the inner section

transformation, Fig. 4.16.

Figure 4.15: Influence of HTCs on the martensitic percentage taking into account the middle

section

The results regarding the radial displacements are shown in Fig. 4.17, Fig. 4.18 Fig.
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Figure 4.16: Influence of HTCs on the martensitic percentage taking into account the middle

section

4.19. The displacements show decreasing trends from 1500 W
m2K

to 4500 W
m2K

for both

the inner and middle sections. Conversely, the variations in the outer section of the part

are negligible for HTC1, HTC2 and HTC3 while HTC4 produces the highest influence.
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Figure 4.17: Influence of HTCs on the radial displacement in correspondence of the inner section

Figure 4.18: Influence of HTCs on the radial displacement in correspondence of the middle section
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Figure 4.19: Influence of HTCs on the radial displacement in correspondence of the outer section
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4.3.2 Investigation regarding Model2

Model 2 Results

This section illustrates the thermal, microstructural and deformation outcomes obtained

by Model 2. As previously, a single simulation is first illustrated and then the whole range

of results are examined using Taguchi Analysis to show the full outcomes and influence

of each HTC. The seventh simulation was chosen at random and detailed. Temperature

was firstly investigated, as presented in Fig. 4.20.

Figure 4.20: Temperature analysis concerning the seventh simulation of Model2: (a) complete

thermal cycle; (b) 2D temperature contour plot; (c) changing from heating to cooling

phases; (d) cooling path of the evaluation points
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The microstructures were then detected, shown in Fig. 4.21. Each detection point

was analysed and Fig. 4.21 (a), Fig. 4.21 (b) and Fig. 4.21 (c) display the microstructural

evolutions in accordance with the detection points. A map of martensitic microstructure at

the end of the quenching thermal cycle is shown in , Fig. 4.21 (d). The major martensitic

percentages were obtained in the inner and outer section of the part where the cooling rates

are higher than the core of the component.

Figure 4.21: Microstructural evolution concerning Model2: (a) internal, (b) external, (c) middle

microstructural evolutions along the cooling phase, (d) detection points

Finally, the displacements were assessed. The graphs display both the radial

displacement in the different zones of the part and also the axial displacement, noting the

deformations along the z axis. Fig. 4.22 and Fig. 4.23 show the dimensional

developments of the cooling stage. The radial displacement is illustrated in Fig. 4.22.

Fig. 4.23 reports the axial variations.
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Figure 4.22: Evolution of radial displacements for internal, exthernal and middle sections

Figure 4.23: Evolution of axial displacements for internal, exthernal and middle sections

Taguchi Analysis of Model 2

The following section investigates the influences of HTCs on the modelling results, using

the Taguchi Analysis to consider all the simulations and individuate the effect of each
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HTC on the outcomes.

Figure 4.24: influence of HTCs on the martensitic percentage taking into account the inner section

Figure 4.25: influence of HTCs on the martensitic percentage taking into account the outer section

The investigation evidences the increasing impact on martensitic percentages in both
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the inner and outer section of the part. The displacement analysis determines a decreasing

effect of HTC from 1500 W
m2K

to 4500 W
m2K

. In short, the inner displacements decrease

when HTCs increase, as seen in Fig. 4.26. The middle section is relevantly affected by

HTC2 and HTC4 whereas HTC3 and HTC1 have less effect on the outcomes.

Figure 4.26: Influence of HTCs on the radial displacement in correspondence of the inner section

In addition, HTC1, HTC2, HTC3 show substantially the same effect from W
m2K

to 4500
W

m2K
, while HTC4 has the highest influence on radial displacement regarding the outer

section of the part.
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Figure 4.27: Influence of HTCs on the radial displacement in correspondence of the middle section

Figure 4.28: Influence of HTCs on the radial displacement in correspondence of the middle section
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4.4 Modelling Conclusions

• In this chapter a comparison of the modelling activities and the physical

experimentation was investigated. A multi-physical quenching modelling was

successfully realised in order to evaluate the main heat treatment outcomes,

looking at temperature, microstructures and displacements.

• The model was demonstrated to be an adequate instrument to replicate an actual

quenching cycle through the definition of time-dependent interfaces regarding

temperatures as well as HTCs. The complete microstructural evolution was

implemented and approximated the deformations induced by both thermal

gradients and material microstructures.

• Regarding the traditional quenching process, the model was able to replicate the

inner diameter trends derived from the experimental activity. Negative deformation

was also predicted and showed an overlap between real and virtual concerning the

null value of radial displacement.

• The modelling outcomes were always affected by the HTC and different results

can be obtained through the setting of diverse magnitudes, replicating multiple in-

process conditions. With a combination of experiments andmodelling activities, the

pressure effect for DAOQ can be realised and incorporated by the specific definition

of heat transfer coefficients.





Conclusions

A comprehensive investigation into quenching processes was carried out in order to

assess and improve the sustainability of the operation in its various forms.

Multi-physical modelling and physical experiments were conducted to analyse the

quenching processes and focus on the determining of dimensional and shape variations.

Die assisted oil quenching (DAOQ) was rigorously tested, compared with the more

commonly used Oil-assisted process and shown to be a superior solution in terms of final

part precision and the energy and raw material savings that this implies. DAOQ

produced a more effective martensitic transformation and this resulted in better overall

control of the part geometry and reduced main dimensional variations and planarity

tolerances.

DAOQ leads to a precise form of the treated part through a replicable and reliable

quenching process; thanks to the combined effect of the press&mould, an accurate

quenching stage can be performed. Its drawback, however, is the increased complexity

of the whole operation. A more complex tuning process is required due to the regulation

of multiple process parameters and more time and precision must be dedicated to the

creation of the die design. Nevertheless, the DAOQ technique can significantly reduce

machining allowances, reducing or even eliminating the need for post quenching

machining operations, which shortens the technological cycle and saves energy, time and

materials. The process is particularly suitable for high-value components such as gears

or bearing rings that require complex post-quenching machining operations. The

achievement of the final design in terms of dimensions and mechanical properties can be

directly obtained using DAOQ.

Further measures to increase the sustainability of this sector were found in the choice of

the liquid medium. Through comparative experimentation, the vegetable quenching oil

123
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was proved to be more effective than the petroleum-based one used as industry standard,

both in the achievement of mechanical, dimensional and metallurgical requirements and

in the greatly reduced impact it has on the environment.

To conclude, the adoption of the die-assisted oil quenching process in combination with

the use of vegetable oil based mediums can be considered as a solid starting point for this

industry sector to improve sustainability and strive for implementation of the 6R

concepts. The advancement of virtualising technology can also play a role in these aims.

The prediction of manufacturing effects and side effects can provide invaluable

assistance to the product design phase, helping improve and streamline the entire

technological chain.

Future developments of this research will involve continued refinements to the

virtualisation with incorporation of the carburising material into the multi-physical

modelling, further testing of the realised model in an actual industrial application and the

realisation of experimental investigations into a range of different manufacturing cycles.
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