
HAL Id: pastel-00790193
https://pastel.hal.science/pastel-00790193

Submitted on 19 Feb 2013

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Correlative approach towards integrated casting-heat
treatment route and machining for sustainable ADI

manufacturing
Anil Meena

To cite this version:
Anil Meena. Correlative approach towards integrated casting-heat treatment route and machining for
sustainable ADI manufacturing. Mechanical engineering [physics.class-ph]. Arts et Métiers ParisTech,
2012. English. �NNT : 2012ENAM0026�. �pastel-00790193�

https://pastel.hal.science/pastel-00790193
https://hal.archives-ouvertes.fr


N°:  2009 ENAM XXXX 

 

Arts et Métiers ParisTech - Centre de Châlons en Ch ampagne 
Laboratoire de Mécanique et Procédés de Fabrication  - (LMPF, EA 4106) 

 

  

2012-ENAM-0026 

École doctorale n° 432 : Sciences des Métiers de l'Ingénieur 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

présentée et soutenue publiquement par 

 
Anil MEENA 

 

le 13 Juillet 2012 
 

Correlative approach towards integrated casting-hea t treatment 

route and machining for sustainable ADI manufacturi ng  

Doctorat ParisTech  
 

T H È S E 
pour obtenir le grade de docteur délivré par 

 

l’École Nationale Supérieure d'Arts et Métiers 

Spécialité “ Procédés de fabrication ” 

Directeur de thèse : Mohamed EL MANSORI  
Co-encadrement de la thèse : Patrick GHIDOSSI  

 

T 

H 

È 

S 

E 

Jury  
M. Jean-Marie DREZET , Professeur, Ecole Polytechnique Fédérale de Lausanne, Suisse  Président 
M. Thomas R. KURFESS , Professeur, BMW Chair of Manufacturing, Clemson University, USA Rapporteur 
M. François BAY , Professeur, CEMEF,  Mines ParisTech, France      Rapporteur 
M. Mohamed EL MANSORI , Professeur, LMPF-EA 4106, Arts et Métiers ParisTech, France  Examinateur 
M. Patrick GHIDOSSI , Maître de Conférences, LMPF-EA 4106, Arts et Métiers ParisTech, France Examinateur 
M. Mohamed BOUDIFA , Ingénieur R&D, CRITT-MDTS, France                                                Invité 
M. Frank KOPPKA , Chef de Service, Renault, France                                                          Invité 
 

 
 
 





Dedicated to my parents





Acknowledgements

I would like to express my deep and sincere gratitude to my thesis director, Prof. Mohamed
EL MANSORI for his guidance and encouragement throughout this research. I would also like
to acknowledge the support and guidance provided by my co-director, Dr. Patrick GHIDOSSI.
I really appreciate his co-operation, continuous support and kind assistance during my stay in
France.

I would like to sincerely thank Prof. Jean-Marie DREZET for accepting of being the presi-
dent of the PhD committee as well as for his insightful comments on the thesis. I am extremely
grateful to Prof. Thomas KURFESS and Prof. François BAY for accepting to be the referees
and for their valuable time and effort in reviewing the thesis. I would also like to thank Dr.
Mohamed BOUDIFA and Dr. Frank KOPPKA for their participation in my PhD committee.

I would also like to thank CRITT-MDTS (technical developments and research centre)
and Dr. Mohamed BOUDIFA (R&D engineer) for providing technical assistance in material
characterization throughout this research.

I am very grateful to the Region Champagne-Ardenne and program CPER-UCOFAM for
providing financial support for this project, which enabled me to undertake the PhD program
at Arts et Métiers ParisTech, France.

I would also like to thank all colleagues and technicians who have worked with me on some
aspects of this project and provided their support and encouragement.

Last but not least, I would like to thank my family for all their support, love and encour-
agement.





Abstract

The use of iron and steel, in particular, in automotive and construction industries, is con-
siderable and widespread. However, the environmental impacts of material production and
processing, particularly those related to energy, are rapidly increasing. These impacts can be
reduced, to some extent, by development of either a suitable material or by implementing a
novel process route to improve the material efficiency of the existing materials. The introduction
of new or modified materials and processes for a given application is dependent on satisfying
a lot of different parameters (production costs, recyclability and machinability, etc.). In such
circumstances, the recent emergence of near-net shape austempered ductile iron (ADI) castings
can be considered as a significant economic advantage to the increasing industrial demand for
cost and weight efficient materials.

The present study is thus dedicated to the development of an innovative methodology for
austempered ductile iron (ADI) manufacturing considering all production aspects such as melt
treatment, casting, heat treatment and machining. The innovative process design introduces
the integrated approach towards casting and heat treatment practices for the production of
near-net shape light weight ADI casting in a permanent mould. It is based on the fundamental
correlation between the production conditions and its combined influences on the microstructure
and mechanical properties of ADI. The both casting and heat treatment practices are imple-
mented efficiently in a control manner using thermal analysis adaptive system (melt quality)
and fluidized bed heat treatment facility (controlled and uniform heat treatment) respectively
to enhance the foundry practice for ADI production. In addition, the present study introduces
a correlative thermal methodology approach to understand the castability of ductile iron in
a permanent mould for the novel ADI production. The approach utilizes the thermal char-
acteristics of the melt to correlate the combined influence of the heat transfer at melt/mould
interface, and melt flow through the critical sections of the casting to produce a sound ductile
iron casting and to predict the casting defects. Finally, the green manufacturing of the novel
ADI was introduced by implementing the dry and near dry machining process. The key aspect
of the machining characteristics of novel ADI was investigated with respect to the tool wear
mechanisms, chip formation characteristics and the machined surface quality.

The combined correlative approaches utilize in the present study comes out with the foun-
dation of the green manufacturing of ADI. In addition, it provides the key findings aim to
(i) understand the influence of microstructural characteristics of novel ADI on its mechanical
properties, (ii) demonstrate the influence of thermal characteristics of melt on the castability
of ductile iron in a permanent mould, and (iii) correlating the machining characteristics of ADI
with its microstructure and production conditions.
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Résumé en français

Ce travail de thèse s’attachera à l’étude de l’influence des paramètres de process de fabrication

sur l’usinabilité d’un nouveau type de fonte ADI élaborée dans la chaude de coulée.

Une première partie d’introduction expose l’objectif de cette thèse.

Le deuxième chapitre consistera en une analyse bibliographique concernant l’état de l’art

associé à la fonte ADI, en particulier les process d’obtention de lit de fusion, les influences des

différents éléments d’alliages et des cycles de traitements thermiques sur les caractéristiques

métallurgiques et mécaniques de la fonte ADI. L’usinabilité de la fonte ADI est également

analysée (paramètres intrinsèques de la fonte, outils utilisés, process d’usinages écologiques).

Le troisième chapitre présente les différentes techniques et équipements expérimentaux

utilisés pour ce travail de recherche.

Le quatrième chapitre s’attachera à analyser expérimentalement les influences des paramètres

des traitements thermiques de ce processus innovant sur les caractéristiques mécaniques et

métallurgiques de cette nouvelle fonte ADI obtenue dans la chaude de coulée.

Le cinquième chapitre prolonge le précédent et présente une méthode de simulation du

refroidissement d’une éprouvette réalisée en fonte ADI obtenue dans la chaude de coulée.

Le sixième chapitre étudie expérimentalement un process d’usinage très courant dans ce type

de fonte ADI (le perçage) dans un double objectif d’optimisation de l’usinabilité et d’usinage

écologique (perçage à sec et avec micro-lubrification).

Enfin, une conclusion générale avec les perspectives de développement termine ce manuscrit

de thèse.

Chapitre 1 : Introduction

Les fontes montrent de grandes variations dans les propriétés mécaniques en fonction des teneurs

en carbone et en silicium, des éléments d’alliage métalliques ou non métalliques, mais aussi

du process de fusion, de moulage, des traitements thermiques. L’objectif fondamental est

de manipuler le type, la qualité, et la morphologie de la structure métallurgique dans le but

d’atteindre les propriétés mécaniques souhaitées.

xiii
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La forme sphéröıdale du graphite dans la fonte (fonte à graphite sphéröıdal ou FGS) est

favorisée par l’ajout de petites quantités de magnésium au métal fondu dans la poche de coulée.

Les propriétés des fontes à graphite sphéröıdal peuvent être commodément modifiées en utilisant

une gamme de traitements thermiques, qui conduisent à l’obtention de matrices perlitiques,

ferritiques, martensitiques et/ou bainitiques.

Dans ce travail, un mode de production innovant de la fonte ADI (Austempered Ductile

Iron) utilisant le processus de transformation bainitique d’une fonte à graphite sphéröıdal di-

rectement dans la chaude de coulée (c’est-à-dire en intégrant le traitement thermique pendant

le refroidissement de la pièce immédiatement après son moulage) a été développé. Grâce à

sa remarquable combinaison de propriétés mécaniques et de résistance à l’usure, cette fonte

ADI est prédestinée se substituer à l’acier forgé ou à des pièces en fonte dans de nombreux

secteurs industriels comme par exemple dans l’automobile. Dans ce scénario, cette fonte ADI

est apparue comme une occasion de répondre à la demande industrielle croissante de minimiser

les coûts de pièces soumises à de hautes sollicitations mécaniques, tout en préservant l’énergie

consommée dans un contexte de développement durable.

Chapitre 2 : Analyse bibliographique

La production de pièces en fonte ADI est contrôlée par les trois étapes importantes : la fonderie,

le traitement thermique et l’usinage. Avant de mettre en œuvre une technologie de fabrication

verte pour la fonte ADI, il est nécessaire de considérer chacune de ces étapes de production.

Dans la deuxième étape, le processus classique de traitement thermique pour l’obtention de

la structure métallurgique de la fonte ADI se compose de deux phases:

• La pièce en fonte GS est chauffée puis maintenue jusqu’à une plage de température de

850 à 950 ℃ pour convertir la matrice métallique ferrite/perlite en matrice austénitique.

L’austénitisation est le premier stade du traitement thermique. La température d’austénitisation

et le temps de maintien conditionne la teneur en carbone de l’austénite qui à son tour

influe sur la structure et les propriétés de la fonte ADI. L’austénitisation se produit

par nucléation et croissance. Augmenter la température d’austénitisation accélère la

cinétique d’austénitisation et la teneur en carbone de l’austénite. La forte teneur en

carbone de l’austénite augmente sa trempabilité et sa stabilité. Erdogan et al. ont

montré que la teneur en carbone augmente avec celle de l’austénite pendant le processus

d’austénitisation.

• La pièce est ensuite refroidie rapidement jusqu’à une plage de température (250-450 ℃)

pour éviter le nez de transformation perlitique. Elle est maintenue ensuite pendant une

période de temps appropriée pour générer complètement la transformation bainitique,



Résumé en français xv

mais sans atteindre la formation de ferrites et de carbures. La fenêtre de ce palier

isotherme dépend de la composition chimique et des paramètres du traitement thermique.

Ces paramètres modifient la microstructure ausferritique et les propriétés mécaniques de

la fonte ADI.

La pièce est ensuite refroidie à l’air jusqu’à température ambiante.

La troisième étape analyse l’état de l’art en usinage des fontes ADI. La médiocre usinabilité

des fontes ADI est due principalement à la microstructure austénitique, à la faible conductivité

thermique, et à une forte limite d’élasticité, un module d’Young et une dureté élevé. Les

matériaux d’outils utilisés pour ce type de fonte sont, par ordre de décroissance, la famille des

carbures métalliques revêtus, les outils en CBN et ceux en céramique.

Chapitre 3 : Techniques expérimentales

Le but de ce chapitre est d’introduire les techniques expérimentales retenues et les équipements

utilisés tout au long de ce projet pour la fabrication de la fonte ADI dans une démarche de

développement durable en intégrant le traitement thermique dans la chaude de coulée.

Le lit de fusion est réalisé dans un four à induction avec une contenance de 100 kg. Un

outil basé sur Excel a été développé pour calculer les masses des différents composants de base

(acier, fonte, éléments d’alliage) constituant la charge du lit de fusion.

Le traitement de sphéröıdisation est effectué par ajout de ferrosilicate de magnésium dans la

plage de température de 1450-1470 ℃ afin que la phase graphite précipite sous forme de nodules.

La masse de ferrosilicate de magnésium est calculée en fonction de la masse de fonte liquide à

traiter pour donner une teneur en magnésium résiduel de 0.030 à 0.040%. La température de

la fusion a été mesurée en utilisant un thermocouple platine-platine rhodium.

Une analyse du lit de fusion est effectuée en utilisant l’outil commercial d’analyse thermique

ATAS (système d’analyse thermique adaptative). Ce système mesure et surveille la composition

chimique en analysant la courbe de solidification de la fonte.

Les pièces d’essais sont coulées dans un moule métallique réalisé dans le cadre du laboratoire,

maintenu à température stable durant les essais. Elles sont de forme rectangulaire de dimensions

182×29×16mm.

Le traitement thermique a été réalisé immédiatement à la suite du processus de coulée (dans

la chaude de coulée) afin de développer l’approche novatrice d’une production intégrée dans une

optique de développement durable. Dans ce processus, les échantillons en fonte GS solidifiée sont

éjectés du moule métallique et immédiatement introduites dans un four à atmosphère contrôlée

à 930 ℃ pendant 90 min pour la phase d’austénisation. Les pièces sont ensuite refroidies à

une vitesse moyenne de 7℃/s jusqu’à une plage de 400/500 ℃ dans un lit fluidisé de sable de
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zirconium maintenu à température ambiante. Elles sont ensuite plongées dans un second lit

fluidisé isotherme pour le temps de la transformation bainitique. Dans ce travail de thèse, les

paramètres de cette transformation bainitique sont réalisés à 3 températures différentes (320,

350 et 380 ℃) et 4 temps de maintiens (60, 90, 120 et 150 min).

La caractérisation microstructurale des échantillons a été réalisée après polissage et attaque

au Nital 4% pendant 2 à 5 secondes à température ambiante. Les microstructures ont été

observées au microscope optique et au microscope électronique à balayage.

Les caractéristiques mécaniques ont été mesurées sur machine de traction INSTRON et une

machine de dureté Buehler MacroVickers 5112 avec une charge appliquée de 20 kgf. La valeur de

dureté est la moyenne des cinq valeurs différentes prises dans les différentes zones pour chaque

échantillon. Les valeurs des propriétés mécaniques qui sont présentés sont des moyennes d’au

moins quatre échantillons.

Les essais d’usinabilité ont été réalisés en perçage sur des éprouvettes de dimensions 182x29x16mm

avec un centre d’usinage Deckel Maho DMU 60. Les essais d’usinage ont été menés en utilisant

différents outils en carbure monobloc revêtus de diamètre 8 mm détaillés dans le Tableau 3.4.

Les essais de perçage ont été réalisés avec trois vitesses de coupe (30, 60 et 90 m/min)

et trois vitesses d’avance (0.05, 0.10 et 0.15 mm/tr). La profondeur de perçage pour chaque

trou débouchant est de 16 mm. L’acquisition des composantes de l’effort de coupe a été menée

pour chaque essai (composante de poussée et couple) avec un dynamomètre à deux composantes

Kistler de type de 9271A. Il en est de même pour l’acquisition et la mesure de puissance avec un

wattmètre DIGITAL WAY. Les copeaux et surfaces usinées on été caractérisées en micro-dureté

et par microscope électronique à balayage équipé de système EDS.

Chapitre 4 : Processus innovant de fabrication de la fonte ADI

Une technologie innovante a été développée dans ce travail de recherche pour la production

d’éprouvettes en fonte ADI en intégrant le traitement thermique immédiatement après la so-

lidification. Les modifications microstructurales et les influences sur les propriétés mécaniques

des échantillons obtenus ont été étudiées dans la présente étude. Basé sur les résultats obtenus,

les conclusions suivantes peuvent être tirées:

• Le procédé innovant de traitement thermique intégré dans la chaude de coulée conduit

bien à la production de fonte ADI avec une microstructure ausferrite (en forme d’aiguilles

de ferrite et d’austénite haute teneur en carbone) et un nombre élevé de nodules de

graphite. Les quantités de nodules élevées sont associées à des vitesses de refroidissement

accrues. Cette technologie de traitement innovante conduit donc à économiser énergie et

temps lors de la production de fonte ADI optimisée.
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• Les paramètres du traitement thermique bainitique de 380 ℃ pendant 120 min conduit

à la production de la fonte ADI ayant résistance à la traction de 866 MPa et une duc-

tilité de 10.3%. Ces paramètres permettent d’obtenir une fonte ADI de caractéristiques

mécaniques plus élevées que celles de la norme ASTM grade 1.

• Les propriétés mécaniques des fontes ADI qui en résultent sont significativement influ-

encées par la variation de la morphologie de ferrite, de la fraction volumique d’austénite et

de sa teneur en carbone en raison de variations des paramètres du traitement bainitique.

• Les faibles duretés sont obtenues pour un maintien du palier de traitement bainitique de

90-120 minutes.

Chapitre 5 : Simulation de la coulabilit de la nouvelle fonte ADI
par corrélation thermique

La simulation de remplissage du moule métallique utilisé et de la solidification ont été simulées

utilisant les logiciel commerciaux CVM et CV de NOVAFLOW. Dans la présente étude, le

modèle de simulation adopte la théorie de quasi-équilibre de la zone à deux phases pour la

solidification. Contrairement aux métaux purs, les alliages cristallisent dans l’intervalle de

température entre le liquidus et le solidus.

L’analyse thermique a montré quatre paliers de température lors de la solidification. Elle

a révélé la variation de la nature de l’alliage au cours de la solidification en raison des varia-

tions de l’eutectique et du carbone équivalent de la phase liquide. Les résultats des simulations

numériques montrent un temps de remplissage du moule de 4.948 s à une vitesse de remplis-

sage de 0.666 kg/s. La simulation a montré des vitesses moyennes fusion bien en dessous de la

vitesse critique de 0.45 m/s pour éviter une turbulence au cours du processus de remplissage

du moule. La solidification est progressive et commence à partir des côtés extérieurs. L’analyse

de simulation a révélé l’absence de porosité et des défauts de retrait à la fin de la solidifica-

tion. Cependant, des résultats expérimentaux montrent quelques petits défauts de porosité à

la section supérieure de la pièce qui sont considérés comme étant des défauts courants dans

le processus de coulée par gravité, qui se produisant par l’entrainement de bulles pendant le

processus de remplissage du moule. En conclusion, le système d’analyse thermique ainsi que

l’outil de simulation aident à améliorer le processus de coulée pendant la production de pièces

en fonte ADI, en fournissant l’évolution thermique et la solidification de la masse fondue, et la

prévision des défauts de retrait se produisant pendant le processus de coulée.
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Chapitre 6 : Usinabilité

Toujours avec un objectif de développement durable, les essais d’usinabilités ont été décomposés

en plusieurs phases : essais de perçage à sec suivis d’une analyse des copeaux, puis essais de

perçage avec micro-lubrification, et enfin comparaison de différents revêtements d’outils de

coupe.

Perçage à sec

L’influence des paramètres de coupe sur l’usinabilité de la fonte ADI a été étudiée dans la

présente section. Les expériences de perçage à sec ont été effectuées à des conditions de coupe

en utilisant plusieurs outils carbure revêtus PVD-TiN/TiAlN. L’usinabilité a été évaluée à l’aide

des forces de coupe spécifiques (ratio effort/surface coupée), de la rugosité de la surface usinée

et de l’usure de l’outil. Il a été constaté que la combinaison d’une vitesse d’avance faible associée

à une grande vitesse de coupe conduit à des charges mécaniques et thermiques plus élevées sur

les arêtes de coupe de l’outil, ce qui entrâıne une hausse des forces spécifiques de coupe. La

vitesse de coupe est plus influente sur la qualité de la surface usinée que la vitesse d’avance au

cours de processus de perçage à sec. L’usure en cratère à la pointe extérieure de l’arête de coupe

est le mode d’usure principale, due de fortes abrasion et adhésion au cours du perçage à sec. Il

a également été constaté que la vitesse de coupe influence de manière significative la durée de

vie de l’outil par rapport à la vitesse d’avance. L’influence de la microstructure bainitique sur

l’usinabilité de la fonte ADI a également été étudiée au cours du processus de perçage à sec. Les

caractéristiques mécaniques et métallurgiques du matériau influencent de manière significative

le process d’usinage de la fonte ADI. Une grande dureté engendre une importante force de

poussée sur le foret lors de l’usinage. La température de maintien du traitement thermique

pendant la transformation bainitique a un effet prépondérant sur l’usinabilité par rapport au

temps de maintien. La forte teneur en ferrite de la fonte ADI obtenue à faible température de

maintien (320 ℃) conduit à une adhésion des copeaux sur la face de coupe, pour déboucher sur

un écaillage rapide de l’arête de coupe.

Analyse des copeaux

L’analyse expérimentale des caractéristiques morphologiques des copeaux, de son taux de com-

pression et de sa micro-dureté ont été réalisés. Sur la base des résultats expérimentaux, les

conclusions peuvent être résumées ainsi :

• A basse vitesse de coupe (30 m/min), les copeaux se présentent sous forme de cônes

brisés et d’un diamètre de cône croissant avec la vitesse d’avance. L’augmentation de la
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vitesse de coupe à faible vitesse d’avance (0.05 mm/tr) conduit à la formation de copeaux

continus.

• A hautes vitesses de coupe (60, 90 m/min) et pour toutes les vitesses d’avance, les copeaux

présentent coté surface libre une structure composée de fines lamelles. A vitesse de coupe

inférieure (30 m/min) une structure lamellaire plus grossière a été observée à toutes les

vitesses d’avance.

• Aux faibles vitesses d’avance (0.05 et 0.10 mm/tr), une augmentation significative du taux

de compression CCR (ratio épaisseur section coupée/épaisseur copeau) a été observée avec

la vitesse de coupe dans la gamme de 30 m/min et 60 m/min. Aux vitesses de coupe

supérieures, le ramollissement thermique dans la zone de coupe conduit à une diminution

du taux de compression. D’autre part, à une grande vitesse d’avance (0.15 mm/tr), le

taux de compression est linéairement croissant avec la vitesse de coupe.

• A grande vitesse d’avance (0.15 mm/tr), la micro-dureté des copeaux est croissante avec

la vitesse de coupe. Aux vitesses d’avances inférieures (0.05 et 0.10 mm/tr), le phénomène

est inversé.

Lubrification par micro-lubrification

L’usinabilité en perçage avec micro-lubrification par brouillard d’huile (MQL), avec des outils

en carbure de tungstène revêtus PVD-TiN/TiAlN, a été analysée expérimentalement dans un

objectif d’usinage écologique de fonte ADI.

Sur la base des résultats expérimentaux obtenus, et par comparaison avec le perçage à sec,

les conclusions suivantes peuvent être tirées:

• La micro-lubrification réduit l’effort de coupe appliqué à l’outil (en moyenne le couple de

6% et la force de pénétration de 10%) par rapport à l’usinage à sec. Il faut noter que la

force de poussée est d’un niveau comparable à celui mesuré en perçage sous lubrification

conventionnelle.

• Le même effet est observé avec la micro-lubrification en ce qui concerne la rugosité de

surface : niveau de rugosité amélioré par rapport au perçage à sec, comparable au perçage

sous lubrification conventionnelle.

• la micro-lubrification augmente la durée de vie de l’outil de 25% et diminue l’usure des

arêtes de coupe de 40% par rapport à l’usinage à sec.
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• Sous micro-lubrification, le mode dominant d’usure des arêtes de coupe est l’usure en

cratère. Elle est la conséquence de frottements élevés et d’adhésion à l’interface co-

peau/face de coupe. Elle débouche sur un écaillage des arêtes de coupe sur les bords

externes de l’outil.

Comparaison des revêtements d’outils

Les comportements de deux revêtements d’outil différents, multicouches (Ti,Al,Cr)N (Outil 1)

et monocouche TiAlN (Outil 2) sont comparés. La comparaison a porté sur une analyse de

l’usure de l’outil, de l’énergie spécifique de coupe (ration puissance consommée/débit copeaux),

la rugosité de surface et de la morphologie des copeaux. Sur la base des résultats obtenus, les

conclusions suivantes peuvent être tirées :

• L’énergie spécifique de coupe reste constante avec l’outil 1(2,80 J/mm3), tandis qu’elle

est croissante jusqu’à 3.73 J/mm3 avec le nombre de trous percés pour l’outil 2.

• L’outil 1 présente une forte résistance à l’usure par adhésion par rapport à l’outil 2. Sur

l’outil 2, l’adhésion de matière usinée a été observée principalement sur l’arête de coupe

à la périphérie du foret alors que, le revêtement de l’outil 1 a été détérioré par abrasion.

• L’analyse EDS des arêtes de coupe a révélé la formation d’oxydes d’aluminium et de

chrome pour outil de 1, ce qui améliore les caractéristiques tribologiques à l’interface

outil/copeau et limite l’usure par adhérence.

• La présence de matière usinée adhérant sur la face de coupe de l’outil 2 au niveau du

sur le substrat provoque une augmentation de la rugosité de surface usinée et de l’énergie

spécifique de coupe.

• La structure lamellaire de la surface libre du copeau a été observée pour les deux outils.

Pour l’outil 1, la surface écrouie des copeaux présente des motifs lisses de type pliage.

Pour l’outil 2, la présence de micro-pores de graphite croissants et coalescents lors de

la déformation de cisaillement est la conséquence des dommages au niveau de l’arête de

coupe de l’outil 2.

Chapitre 7 : Conclusions générales

Dans cette étude, un processus innovant a été développé pour la production de fonte ADI en

corrélation avec la microstructure et l’usinabilité. Il est basé sur lintégration du traitement

thermique aussitôt la solidification, associée à une méthodologie de corrélation thermique. Les

principales conclusions, sur la base de la recherche menée dans cette thèse, sont:
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• Ce processus innovant conduit à une microstructure ausferrite avec un nombre élevé de

nodules de graphite. Dans la phase de transformation bainitique, une faible température

conduit à une densité de fines aiguilles de ferrite, mais à une structure ferritique plus

grossière à haute température.

• Une simulation de coulabilité de la fonte ADI dans un moule métallique par corrélation

thermique a été mis en œuvre. Elle est basée en analysant les paliers de solidification au

cours du refroidissement. L’évolution thermique et la propagation de la solidfication dans

le moule est simulée. Les défauts usuels dans la pièce sont ainsi prévisibles.

• L’usinage à sec de la nouvelle fonte ADI a été étudié pour différentes conditions de coupe

en corrélation avec sa microstructure et des paramètres de traitement thermique. La force

et l’énergie spécifiques de coupe ainsi que la température de coupe sont élévées pour une

grande vitesse de coupe associée à une faible vitesse d’avance. Le mode prépondérant

d’usure de l’outil est la cratérisation de la face de coupe.

• L’usinabilité de la fonte ADI est influencée par ses caractéristiques mécaniques. En

perçage, l’effort de poussée sur le foret est directement relié à la dureté et la résistance

mécanique de la fonte. Lors de la phase d’austénisation, la température est plus influente

que le temps du traitement. Une structure fortement ferritique, obtenue avec une faible

température d’austénisation , engendre une formation de copeaux fortement cisaillés et

adhérents, d’où une faible usinabilité.

• La morphologie des copeaux présente de fines lamelles pour les grandes vitesse de coupe

(60, 90 m/min) quelque soit la vitesse d’avance. Le ratio de compression de la matière

est inversement proportionnel à la vitesse d’avance. Les corrélations entre la micro-dureté

des copeaux, le ratio de compression de la matière et les conditions de coupe ont été

analysées. Un taux d’enlèvement de matière élevé est obtenu avec de faibles ratios de

comperssion et d’énergie spécifiques de coupe.

• La micro-lubrification améliore considérablement l’usinabilité en perçage de la fonte ADI

par rapport à l’usinage à sec, en améliorant l’évacaution des calories produites de la

zone de coupe. En outre, la rugosité des surfaces obtenues est comparable à celle avec

lubrification conventionnelle.

• Le revêtement d’outil multicouche (Ti,Al,Cr)N obtenu par dépôt en phase vapeur est le

plus adapté en perçage à sec. Il montre de meilleures propriétés de résistance à l’adhérence

dues à la formation de dépôts tribo-oxydes.
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Perspectives

Sur la base de la présente étude, les perspectives pertinentes sont:

• Les morphologies de la structure métallurgique (en particulier les nodules de graphite)

sont fonction de la coulée et du traitement thermique. L’influence de l’inoculation sur

les nodules de graphite doit encore être analysée en corrélation avec le phénomène de

surfusion et la nucléation du graphite pendant le processus de solidification.

• Le développement d’un outil de simulation numérique pour optimiser la formation du

copeau et l’usure de l’outil au cours du processus d’usinage, notament la déformation

plastique du matériau lors de l’usinage à sec et en micro-lubrification à haute température

et vitesse de déformation élevée.



Chapter 1

Introduction

The use of iron and steel, in particular, in automotive and construction industries, is consider-

able and widespread. However, the production and processing technologies of these materials

are energy intensive, and their subsequent environmental impacts are critical. Therefore, to

maintain the use of these popular and versatile materials in the future will necessitate an

increased attention to reductions in the energy consumption and greater sensitivity to the en-

vironment [1]. This requirement needs a sustainable development of either a suitable material

or manufacturing process to improve the material efficiency and to reduce the environmental

impacts. The introduction of new, or modified materials and processes for a given applica-

tion is dependent on satisfying a lot of different parameters (production costs, recyclability and

machinability, etc.) [2]. The present study thus attempts to explore the green manufacturing of

the new class of cost and weight efficient materials known as Austempered Ductile Iron (ADI).

1.1 Historical Background

The commercial introduction of ductile iron casting in 1948 have proven to be a cost effective

alternative to malleable iron castings, steel castings, and forgings. It emerged as an excellent

material for structural applications due to its wide range of physical and mechanical properties.

Moreover, it provides positive impacts on economic and environmental aspects by allowing

production of high quality, low priced casting from recycled metal scrap. Furthermore, the

considerable weight savings in ductile irons can be obtained using properly designed improved

castings. The developments of these improved castings are possible through a more effective

nucleation and growth of the graphite phase during solidification, often in combination with

some additional heat treatment of the iron matrix [3].

The two-step heat treatment (austempering process) of the alloyed ductile iron produces ADI

1
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with an excellent combination of strength, ductility and wear resistance [4, 5]. These remarkable

properties of ADI make it suitable for a wide variety of applications in automotive and structural

industries. The mechanical properties of ADI are primarily determined by the metal matrix and

the relative proportions and morphologies of the different phases (retained austenite and acicular

ferrite) which can be altered by the influence of heat treatment parameters. The properties

of ADI are due to its unique matrix of acicular ferrite and carbon-enriched austenite called

ausferrite [6]. The ADI was first commercially produced in 1972 and by 2010 its world-wide

production was approaching 3 × 105 tonnes annually [7]. However, the austempering process

was first applied to steel by Davenport and Bain in the 1930s and the resulting microstructure is

known as bainite, named after Bain [8]. Bainite in steel consists of acicular ferrite and carbides

and therefore, different from the ausferrite microstructure.

The presence of thermodynamically stable, carbon enriched austenite in ausferrite is respon-

sible for its remarkable wear resistance. It can undergo a strain-induced transformation when

exposed to high, normal forces. This transformation in ADI is more than mere work hardening.

In addition to a significant increase in flow stress and hardness (typical in most metallic materi-

als), this strain induced transformation also produces a localized increase in volume and creates

high compressive stresses in the transformed areas. These compressive stresses inhibit crack

formation and growth and produce significant improvements in the fatigue properties of ADI

[8–10]. Moreover, ADI allows considerable weight (10 % lighter than steel) and cost reduction

options as compared to steel. Furthermore, high vibration absorption capacity and damping

capacity can be achieved in a gearbox using ADI material. These all properties together with

high strength and ductility combinations predestine this material to act as a substitute for

steel castings and forgings (crankshafts, gears and connecting rods) in automotive industries.

With this high potential of ADI materials in various industrial applications, the demand of the

ADI material is kept increasing. However, for the successful implementation of ADI material

for a particular application on an industrial scale, further improvement requires in the casting

and heat treatment practices. In addition, to improve the machinability of ADI, there is a

need to correlate the machining characteristics of ADI with its microstructure and mechanical

properties.

1.2 The significance of the research

The material selection for a particular engineering component depends on the correlation be-

tween the key properties of the material (density, strength, and wear resistance, etc.) and its

function requirements [11]. These parameters for material selection are further constrained by
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the energy consumption and its environmental impacts during material production and pro-

cessing and the production cost of the final product. In the current global scenario, iron and

steel are used across a broad range of applications, because of their good combination of prop-

erties. However, the environmental impacts of iron and steel production and processing are

critical and keep increasing. It was revealed that the demand for iron and steel will grow by

double in 2050 and at the same time there is a need to cut the environmental impacts due to

iron and steel production and processing to no more than half present levels [12]. Therefore,

to reduce the environmental impacts and to full-fill the current demands, there is a need to

deliver more sustainable materials with improved material properties. For example in case of

automotive industries, the environmental impacts can be reduced by using weight efficient and

high-performance material components. This requires the materials with high specific stiffness

and strength properties, which allow highly efficient light-weight load bearing structures to

be produced. In addition, materials with enhanced processing capabilities, such as near net

moulding allows greater design freedom in producing complex shapes and reducing machining

costs [2]. The austempered ductile iron can be a solution in such circumstances.

The ADI material is produced by austempering of ductile iron casting. However, to get the

optimum results, there is a need to develop a novel process route for ADI production. This

requires the implementation of the controlled and efficient casting and heat treatment prac-

tices for ADI production. Moreover, the precise control of the spheroidization and inoculation

practices of the melt are becoming more critical as the demand for the thinner section castings

with improved mechanical properties grows. In addition, there is a need to understand the mi-

crostructure formations during the solidification and solid-state transformation of the castings.

These phase transformations are, to a large extent, affected by nucleation and growth kinetics,

which are dependent on, melt quality, alloying elements, spheroidization and inoculation prac-

tices, mould materials, pouring methods and many other factors. Many of these process factors

and influence of their combinations on the final casting quality is still not fully understood

today. Consequently, it is necessary to develop controlled foundry and heat treatment practices

for the ADI casting production in order to achieve the optimum quality and mechanical prop-

erties of the final casting. To this end, a simulation tool is also required. First, to optimize

the casting process at a low cost and second, to predict the filling and solidification behavior of

melt for a particular mould material and correlate it with the evolution of microstructure and

mechanical properties, as well as with the formation of defects in the final casting.

After the material production, the processing of end use product depends on the machining

requirements and machining characteristics of the material. This processing step significantly

influences the production cost of the final product. The growing demand in ADI materials
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components require consistent ADI machinability at higher material removal rates to optimize

the production rate and cost. However, machining at higher material removal rates requires

ADI casting with uniform microstructures, improved mechanical properties and a minimum

volume fraction of abrasive inclusions. This requires developing an approach of correlating the

machinability of ADI castings with its production conditions (casting and heat treatment). Fi-

nally, the other aspects of the machining process from the environmental and economic point

of view are the use of cutting fluids during machining. In these circumstances, the implemen-

tation of the dry or near-dry machining process can be a solution. However, the workpiece

suitability for a dry cutting process depends on the machining operation and inherent proper-

ties of the workpiece material. For example, in case of drilling the use of cutting fluid is critical

where chip transportation is enhanced using cutting fluid and responsible for the better surface

quality of the machined surfaces. In such conditions, the introduction of near-dry machining

or minimum quantity lubrication (MQL) and/or the tool’s coatings significantly improve the

machining conditions and led to the green manufacturing of the ADI components.

1.3 Originality of the research work

The present study is dedicated to the development of an innovative methodology for austem-

pered ductile iron (ADI) manufacturing considering all production aspects such as melt treat-

ment, casting, heat treatment and machining. The development of novel process route to

reduce the environmental impacts and to produce a high-performance ADI material is essential

for its mass exploitation in the current increasing demands. The continuing progress in the

ADI manufacturing is being made by the three inter-related approaches.

First, depending on the detailed understanding of the production conditions and its com-

bined influences on the microstructural characteristics and material performance, an innova-

tive process design is introduced. It is based on the fundamental relationship between the

microstructure characteristics and mechanical properties of ADI. It introduces the integrated

approach towards casting and heat treatment practices for near-net shape light weight ADI

casting production using a permanent mould. Both casting and heat treatment practices are

then implemented efficiently in a control manner using thermal analysis adaptive system (melt

quality) and fluidized bed (controlled and uniform heat treatment) respectively to enhance the

foundry practice for ADI production.

Second, the present study introduces a correlative thermal methodology approach to under-

stand the castability of ductile iron in a permanent mould for the novel ADI production. The

approach utilizes the thermal characteristics of the melt to correlate the combined influences
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of the heat transfer at melt/mould interface, and melt flow through the critical sections of the

casting to produce a sound ductile iron casting and to predict the casting defects. The ther-

mal characteristics of the melt were obtained using the thermal analysis system which further

utilizes to enhance the melt quality.

Third, many studies have dealt with the machinability of ADI during turning and milling

operations specifying the influence of cutting parameters and tool materials. However, not so

much work has been done on the machining characteristics during drilling operation. Drilling

is often carried out at the last stages of the material processing, and it almost compromising

22% of all metal-cutting operations and therefore, require special attention [13]. With this

viewpoint, the present study investigates the drilling machining operation in correlation with

the microstructural characteristics of ADI materials with variable austempering parameters.

The key aspects of the novel ADI machinability were identified and highlighted with respect

to tool wear mechanisms and chip formation characteristics. The dry and near-dry machining

processes are later implemented for the green manufacturing of the novel ADI materials.

1.4 Organization of the thesis

This thesis is composed of seven chapters and their brief descriptions are listed below:

Chapter 1 Introduction

This chapter provides a brief description of the historical background of the ductile iron

and evolution of ADI material. The chapter briefly highlighted the importance and motivation

behind the current project. The originality of the research work is also highlighted briefly in

relation with the major contributions of the thesis.

Chapter 2 Literature review

This chapter is dedicated to the background knowledge of the conventional ADI production

and processing techniques, which help us to understand the current state of ADI in the global

scenario. The background information mainly consists of two inter-related aspects of ADI.

Firstly, the foundry work which includes the casting and heat treatment practices, responsible

for the control and tailor of the ADI microstructures to get the desired mechanical properties. It

highlights the impacts of the different casting and heat treatment parameters that can enhance

the casting quality and material properties of ADI. Secondly, it presents the machinability

of ADI, which is the function of the microstructural characteristics of ADI, including cutting

conditions and tool material constraints. The influences of different tool materials under distinct

cutting conditions are discussed with respect to the inherent properties of the ADI. It concluded
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that with the advancement in the foundry and machining technologies, further works need to be

done to implement the efficient and controlled approach during foundry and machining process

to improve the material efficiency in combination with its machinability.

Chapter 3 Experimental techniques

This chapter is dedicated to the description of the main experimental techniques and

methodology employed in this thesis. It starts with a brief overview of the controlled and

efficient casting and heat treatment practices implemented for the novel ADI production using

a sustainable processing technology. The chapter continues with a description of the various

techniques used in the material characterization of the produced ADI samples. In the later

section, the design of the performed machining experiments and their requirements are high-

lighted. Finally, the techniques used for the characterization of the machined part and tool

materials are described.

Chapter 4 Innovative process route for ADI production

This chapter introduces the innovative process route for sustainable production of ADI ma-

terials by reducing energy consumption during its production cycle and improving material

efficiency. The microstructure of the ADI materials is controlled and tailored to get the desired

combination of mechanical properties by varying the austempering heat treatment parameters.

It demonstrates the correlation between the microstructural characteristics and mechanical

properties of the produced ADI samples. The variation in microstructural characteristics ex-

plained the variation in autempering kinetics during austempering process. In the later section,

the influence of austempering parameters on the strain-hardening behavior of novel ADI materi-

als is presented. As a result, good correlation is observed between microstructural characteristic

and strain hardening behavior of ADI material.

Chapter 5 Correlative thermal methodology for novel ADI castability simulation

This chapter investigates the simulation analysis of simultaneous mould filling and solidifi-

cation of ductile iron casting in a permanent mould by virtue of its thermal characteristics. It

presents the thermal analysis system which is used to obtain the thermal characteristics of the

melt during its solidification. This system further acts as a tool to control the metallurgical

process for ADI production and to get a consistency during the foundry process. The thermal

analysis system also revealed the nature of alloy depending upon the eutectic freezing and car-

bon equivalent of the melt. Based on the simulation tool, casting defects in the produced ADI

materials are predicted.

Chapter 6 Ecological machining of novel ADI: Dry and near-dry machining
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This chapter investigates the ecological machining of novel ADI materials during drilling

machining operations. The influence of cutting parameters, cutting environment and coating

materials are identified. It presents the correlation between the machiniability of ADI materials

and their microstructures obtained by varying the heat treatment parameters. The machining

characteristics of the produced ADI materials are identified with respect to the tool wear mech-

anisms, chip formation characteristics and the machined surface quality. In the later section,

the near dry machining of ADI is introduced for the green manufacturing of ADI.

Chapter 7 Conclusions and future perspectives

Chapter 7 presents the main conclusions of this thesis and proposed future work, with the

purpose of further assess the potential of novel ADI materials for increasing industrial demand.
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Chapter 2

Literature review

2.1 Introduction

The term cast iron, present a large family of ferrous alloys. Cast irons are iron-carbon base

alloys that contain major (carbon, silicon) and alloying elements. Depending primarily on

composition, cooling rate, and melt treatment, cast iron can solidify according to the thermo-

dynamically stable iron-graphite eutectic (gray cast iron) or metastable iron-carbide eutectic

(white cast iron) [14, 15]. The cast irons show wide variations in mechanical properties that

can be achieved by varying the carbon and silicon contents, by alloying with various metallic or

non-metallic elements, and by varying melting, casting, and heat-treating practices. Therefore,

the basic purpose of the metallurgical processing of cast iron is to manipulate the type, amount,

and morphology of the eutectic in order to achieve the desired mechanical properties [14, 16].

Gray cast iron is the most common form of cast iron in which carbon exists in the flake form

in a ferrite or ferrite/pearlite matrix [14, 17]. It can be suitable for a wide range of applications

because of the property changes that can be produced by controlling the characteristics of its

free graphite and matrix structure. The material properties and performance of gray cast iron

can be further improved by the production of spheroidal graphite iron composed of a number

of graphite crystals in spheroidal shape. The spheroidal shape of graphite in as-cast iron is

promoted by the additions of small amounts of magnesium (Mg) to the molten metal into the

ladle which changes the inter-facial energy between the graphite, and the melt [18].

The material properties of spheroidal graphite iron can be conveniently modified by using a

wide range of heat treatments (HT), such as ferritizing, normalizing, quenching and tempering,

and austempering, obtaining ferritic, pearlitic, martensitic and ausferritic matrices, respectively

[19]. Recently, the introduction of austempered ductile iron (ADI) using the austempering

process is one such example. In the current scenario, the ADI material is emerged out as an

9
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opportunity to respond to the increasing industrial demand for the cost and weight efficient

materials. Due to its remarkable combination of mechanical properties and wear resistance,

predestine ADI material to act as a substitute for forged steel and cast iron components in

many industrial sectors [20].

This chapter is thus devoted to an extensive review on the literature regarding foundry

process and machining characteristics of ADI. In this regard, the available processing tech-

niques for ductile iron are explained and their achievements, advantage and limitations are

discussed. Due to the significant impact of heat treatment on the material properties of ADI,

the heat treatment cycle and the correlation between heat treatment parameters and prevailed

microstructure is explained and discussed. Later in this chapter, the machining characteristics

of ADI and the recent advance in the machining process are presented and discussed to get a

future direction in the manufacturing of ADI.

2.2 Ductile iron casting for ADI production

Figure 2.1 presents the mechanical properties of ductile iron family. Ductile iron is considered

as a highly versatile material and is widely used in many engineering applications because of its

wide range of mechanical properties [21]. It is also known as nodular graphite iron or spheroidal

graphite iron. Unlike gray iron, which contains graphite as flakes, ductile iron has an as-cast

structure containing graphite particles in the form of spheroidal nodules. Therefore, ductile

iron possesses higher strength and elongation properties as compared to the gray cast iron [14].

The following section presents a study of techniques to produce ductile iron casting for ADI

production and in the next section, the insights into the production process developed using

these techniques will be reviewed.

2.2.1 Metallurgical control in ductile iron production

Conventionally ductile iron was produced by conducting melting of charge materials either in

a coke-fired cupola or electric arc furnace or induction furnace. To maintain the consistency

of the microstructure and to reduce the contamination of the castings due to certain alloying

elements, the alloying elements in ductile iron casting for ADI production must be carefully

selected [5, 16]. The recommended limits for the chemical composition of the cast unalloyed

ductile iron is given in Table 2.1. Alloying elements should be controlled to the extent needed

to obtain the required mechanical properties and/or microstructure in the critical sections of

the castings [16]. However, all elements within the composition of ductile iron are needed to be

controlled, the influence of most common alloying elements are as follows:
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Title  

 5 

microstructure on the mechanical properties and machinability was reviewed. Hence, a 

viable solution is required to improve ADI’s machinability and to reduce its production 

cost. The paper thus, first present briefly the conventional manufacturing process for 

ADI production, then influence of metallurgical aspects and heat treatment parameters 

during ADI production are discussed. Then, the strategies in the current machinability 

problem with optimized ausferrite microstructure are reviewed. Strategies are discussed 

to improve the machinability of the material which mainly focuses on a detailed 

comparison of metallurgical, heat treatment parameters and machining parameters. This 

leads to the definition of sustainable ADI processing technology known as continuous 

casting-heat treatment technology, for the efficient green production of ADI.  

 

Fig.1. Range of the mechanical properties for ductile iron family. 

 

2. Foundry practice for DI destined for conventional ADI production 

 

Ductile iron is also known as nodular iron or spheroidal graphite iron. Unlike gray 

iron, which contains graphite flakes ductile iron has an as-cast structure containing 

graphite particles in the form of spheroidal nodules. Therefore, ductile iron has much 

higher strength than gray iron and a considerable degree of ductility; these properties of 

Figure 2.1: Ranges of mechanical properties for ductile iron (DI) family [5].

• Carbon (C) affects the fluidity of melt and the shrinkage characteristics of the casting

during filling and solidification processes. The optimum range for carbon is usually 3.4 %

to 3.8 %, depending on the silicon content. Excess carbon leads to a danger of graphite

flotation, especially in heavy sections. It also increased the casting expansion during

solidification, which can offset the casting shrinkage during transformation of melt from

liquid to solid state. On the other hand, lower carbon content leads to the formation of

carbides in the casting, particularly in thin sections [16, 22].

• Silicon (Si) is a powerful graphitizing agent. The preferred range for silicon is about 2.0

% to 2.8 %. The lower silicon levels lead to high ductility in heat-treated irons but to a

danger of carbides in thin sections as-cast. On the other hand, high silicon accelerates

annealing and helps to avoid carbides in thin sections. As the silicon content rises, the

ductile-to-brittle transition temperature in ferritic iron increases. Hardness, proof stress,

and tensile strength also increase with silicon content [16, 22].

• Manganese (Mn): The steel scrap used with the charge material is the main source of

manganese. This element should be limited in order to obtain maximum ductility. In

as-cast ferritic irons, it should be 0.2% or less. Manganese create the undesirable mi-

crosegregation. This is especially true in heavy sections, in which manganese encourages

grain-boundary carbides, which promote low ductility and toughness values [16, 22].

• Magnesium (Mg): The magnesium content required to produce spheroidal graphite iron is

usually ranged from 0.04 to 0.06%. If the initial sulphur content is below 0.015%, a lower

magnesium content (in the range of 0.035 to 0.04%), may be satisfactory. Compacted
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graphite structures with inferior properties may be produced if the magnesium content is

too low, while high magnesium content may promote dross defects in the casting [16, 22].

• Sulphur (S) is derived from the charged metallic raw materials. Before magnesium treat-

ment, the sulphur content should be as low as possible, preferably below 0.02%. Exces-

sive final sulphur contents are usually associated with magnesium sulphide slag and dross

[16, 22].

Element Percentage (%) Functions Remarks

Carbon (C) 3-4 Constituent of the spheroids Excess cause graphite location
Silicon (Si) 1.8-3 Graphitizer, ferritizer Control as cast pearlite

Magnesium (Mg) 0.03-0.06 Spheroidizer Excess promotes carbides
Cerium (Ce) 0.03 max Promotes formation of

spheroids in combination
with Mg

Excess promotes carbides

Sulphur (S) 0.015 max Combines with Mg Sulphur removal is essential
Manganese (Mn) 0.2 max Pearlite former Excess promotes carbide
Phosphorus (P) 0.035 max Embrittles structure Pearlite stabilizer
Chromium (Cr) 0.04 max Very potent carbide former Retards annealing

Nickel (Ni) 0.04-2.0 Strength, hardness Potent pearlite stabilizer
Copper (Cu) 0.03-1.0 Strength, hardness Potent pearlite stabilizer

Table 2.1: Range of chemical composition of ductile iron casting for ADI production [5].

Other than this, Copper (Cu), Nickel (Ni), and Molybdenum (Mo) are also added as hard-

enability enhancing elements during ADI production to provide sufficient hardenability to the

matrix. The Mo and Mn are, however, potent carbide formers [5]. Therefore, their levels should

be carefully controlled to avoid micro-segregation and the resultant degradation of mechanical

properties. To obtain the desired hardenability, Cu and Ni should be added to the melt. Mo

is usually preferred over Mn because of its stronger hardenability enhancement effect for an

equivalent intercellular carbide forming tendency [25].

After the melting and alloy addition, spheroidization (magnesium treatment) is performed

followed by or combined with the inoculation process to ensure a graphitic structure free from

carbides [5]. Spheroidization, or magnesium treatment, of cast iron is a mean of modifying

the solidification structure. It promotes the graphite phase precipitates to grow as spherical

particles instead of flakes, thus resulting in a cast iron with significantly improved mechanical

properties [26]. Figure 2.2 present the correlation between the residual Mg % and the obtained

graphite shape in the cast iron metallic matrix. Depending upon the magnesium content, the

shape of the graphite can be changed to either flake or compacted or spheroidal forms. The
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Fig. 1. Correlation between the Mg residual and graphite shape [3].

on the appearance of their fracture: white and gray. Our knowl-

edge of cast iron was extremely limited for a long time. In 1896,

the first paper on cast iron to be published in the newly created

Journal of the American Foundrymen’s Association [2] stated

the following: “The physical properties of cast iron are shrink-

age, strength, deflection, set, chill, grain and hardness. Tensile

test should not be used for cast iron, but should be confined

to steel and other ductile materials. Compression test should

be made, but is generally neglected, from the common erro-

neous impression that the resistance of a small cube or cylinder,

which is enormous, is always in excess of loads which can be

applied”. It took another 50 years for ductile iron to be discov-

ered (1938–1940 independently by Adey, Millis and Morrogh).

The major discoveries of cast iron ended in the 1970s with the

recognition of compacted graphite (CG) iron as a grade in its

own merit. With that, the dependency of graphite shape on mag-

nesium or cerium content was fully understood (see for example

Fig. 1 [3]).

Today, cast iron remains the most important casting material

accounting for about 70% of the total world casting tonnage.

The main reasons for cast iron longevity are the wide range of

mechanical and physical properties associated with its compet-

itive price.

3. Critical discoveries in understanding the

solidification of cast iron

Before society accepts to continue sinking resources in the

study of solidification rather than of global warming it is

important to understand why solidification is important. Some

of the quick answers include: solidification processing allows

microstructure engineering; solidification determines casting

soundness; heat treatment is scarcely used for cast iron; most

solidification defects cannot be corrected through heat treat-

ment. In summary, solidification is the main driver of casting

properties.

A good resource for the early discoveries that propelled cast

iron in its present position is Piwowarsky’s famous monograph

published in 1942 [4].According to this source, by 1892Ledebur

recognized the role of silicon on the solidification structure of

cast iron, proposing the first equation correlating the carbon and

silicon content: (C + Si)/1.5 = 4.2–4.4.

Then, in 1924, Maurer designed his famous structural dia-

gram that established direct correlation between the C and Si

content of the iron and its as-cast microstructure. The first

attempt to understand the solidification microstructure was

apparently that of Roll, who in 1934 outlined the “primary crys-

tals” using Baumann etching to show the position ofMn sulfides

(Fig. 2).

3.1. Nucleation and undercooling

Solidification starts with nucleation, which is strongly

affected by undercooling. Extensive work by Patterson and

Ammann [5] demonstrated that the effect of undercooling on

the eutectic cell count depends on the way the undercooling

occurs. If undercooling is the result of increased cooling rate,

then the number of cells increases (Fig. 3). The opposite is true if

Fig. 2. Roll’s schematic representation of position of MnS around grains and dendrites (after [4]).

(a)

(b) (c) (d)

Figure 2.2: (a) Correlation between the Mg residual and graphite shape, (b) Flake graphite
morphology, (c) Compacted graphite morphology and (d) Spheroidal graphite morphology [23,
24].
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transition of graphite morphology from flake to compacted to spheroidal significantly influ-

ences the material properties of the microstructure [24]. Table 2.2 presents the comparison of

ductile iron material properties with other cast irons. The Mg treatment can be regarded as

desulphuring and deoxidizing treatment as it has strong affinity to both sulphur and oxygen.

Therefore, it prevents unwanted slag to store as a mass, and promotes the dispersion of micro-

particles, which act as potential sites for graphite nucleation during solidification [3, 21]. Hence,

an effective spheroidization also gives a good basis for inoculation [21, 27]. Inoculation is the

process of increasing the numbers of nucleating sites from which eutectic graphite grows during

solidification. Most inoculants are based on ferrosilicon alloys that contain 70-75% silicon or

ferrosilicon-graphite mixtures [28]. Inoculation reduces undercooling during solidification and

helps to avoid the presence of carbides in the structure, especially in thin sections. It increases

the number of graphite nodules, thus improving homogeneity, assisting in the formation of

ferrite, and promoting ductility [3, 21].

Property Ductile irons Gray irons CG irons

Tensile strength (N/mm2) 400-700 160-320 300-600
Elongation(%) 6-25 nil 3-6
Modulus (GPa) 170-190 96-110 140-160
Charpy impact (J) 17 nil 3-7
Fatigue limit un-notched
(N/mm2)

185-280 108-123 230-310

Table 2.2: Comparison of ductile iron properties with gray and compacted graphite (CG)
irons [24].

2.2.2 Casting and solidification

Ductile iron exhibits good fluidity and castability. However, special attention is required during

its casting and solidification characteristics to produce sound, defect-free castings. The ductile

iron normally contains magnesium, oxidation of this element, together with silicon, may give

rise to small inclusions and dross both in the ladle and in the gating system [15, 22]. This

dross must not enter the casting, where it can cause laps, rough surfaces, or pinholes. Other

than this, the excessive temperature gradients in the casting and pouring of cold metal are

undesirable and may promote carbide formation in thin sections and casting extremities. These

can be avoided by pouring at not less than 1315 ℃ for castings of 25 mm section size and above

up to 1425 ℃ for castings of 6 mm section size and by modifying the gating system to include

such features as flow-off and runner bar extensions.
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Figure 2.3: The upper curve temperature and lower curve outward dilatation curve in a green
sand mould, casting of 50 mm plate, measured by thermocouple and dilatation transducer. [29].

The solidification of a ductile iron casting undergo three different stages of volume change

as a result of cooling [22]:

• A volume decrease of the liquid metal as soon as it has been poured, while it cools to the

temperature of eutectic solidification.

• A volume increase during eutectic solidification, when graphite nodules grow and exert

considerable expansion pressure on the mould; depending on casting design and mould

strength, this can lead to oversize castings.

• A volume decreases during the last stage of solidification (secondary shrinkage).

Figure 2.3 presents the influence of ductile iron volume change during solidification on the

green sand mould wall. It can be seen that the eutectic expansion of ductile iron cannot be

effectively utilized to compensate for earlier contraction and shrinkage in case of green sand

mould as the mould wall dilates (move outward) when subject to the enormous expansion

forces. Additionally at the end of solidification when the metal contracts the mould wall stays

at its maximum dilated position leads to the shrinkage defect in the casting. It can be observed

(Fig. 2.3) that the casting at the end of solidification in the green sand mould has increased in

size by about 0.35 mm.

To reduce the shrinkage defects, the risers are used to achieve sound casting by taking

advantage of the second-stage volume increase to reduce the amount of feed metal required.
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This is done with pressure control, in which riser (feeder) necks are designed to freeze during

solidification, causing the solidification volume increase to compensate for any casting expansion

and late-stage volume decrease or secondary shrinkage [15, 22].

The green sand moulding is most widely used method for the production of ductile iron

casting, which has its own limitations. First, it was found that the ductile iron expands slightly

during eutectic solidification due to the formation of graphite [14, 22]. This expansion stresses

the moulding material, causing an enlargement of the mould cavity if the sand is insufficiently

compacted. This can lead to shrinkage defects as the eutectic expansion cannot be effectively

utilized to compensate for earlier liquid contraction from the superheat temperature to liquidus

temperature. Second, the limitations of the dimensional accuracy and surface finish of the final

casing in the sand moulding process. Therefore, to reduce the casting defects and to obtain the

near net shape casting, the mould should be rigid and its hardness is sufficient to withstand

the eutectic expansion of the ductile iron and thus improving dimensional accuracy [22].

2.2.3 DI microstructure and ADI casting quality

The mechanical properties offered by ADI make it an attractive material for demanding ap-

plications in which distinct specifications must be met consistently. While greatly enhancing

the properties of a conventional ductile iron casting, the ADI production process cannot com-

pensate for casting defects that would impair mechanical properties. Therefore, ADI castings

should be a sound defect free casting with the following microstructural parameters [5]:

• Nodularity: >80%;

• Nodule Count: 100/mm2 minimum;

• Consistent chemical composition;

• Essentially free of carbides, porosity and inclusions;

• Consistent pearlite/ferrite ratio.

Typical etched (Nital 2%) as-cast microstructure of spheroidal graphite iron is shown in the

Fig. 2.4 in which graphite nodules are surrounded by a ferrite shell (light) and pearlite phase

(dark) [30]. The typical nodule count is defined as the number of graphite nodules per square

millimeter on a polished surface examined under a microscope at 100 magnifications (100X)

[31]. The microstructure of ductile iron is characterized by the presence of spherical graphite

particles (nodule counts) throughout the material. Nodule count has the following effects on

the microstructure, can significantly influence the material properties of ductile iron [10, 32, 33]:



2.3 ADI castings characteristics 17

Figure 2.4: Typical spheroidal graphite iron microstructure [30].

• Increasing the nodule count decreases the pearlite content, decreasing strength and in-

creasing elongation percentage.

• Nodule count affects carbide content. Increasing the nodule count improves yield strength,

ductility and machinability by reducing the volume fractions of carbides.

• Increasing the nodule count produces a finer and more homogeneous microstructure. This

refinement of the matrix structure reduces the segregation of the alloying elements, which

might produce inter-cellular carbides.

• Nodule count affects graphite size and shape. Increasing nodule count results in a de-

crease in nodule size, which improves tensile, fatigue and fracture properties. Inoculation

practices used to improve nodule count often make the nodules more spherical. Thus,

high nodule count is generally associated with improved nodularity.

Therefore, the production of a high-quality DI casting is an essential step for the ADI

production. However, it is not a sufficient condition to ensure optimum properties in ADI. The

casting must be heat treated suitably by taking into account the interaction between casting

dimensions, composition, microstructure and the desired properties in the required casting.

2.3 ADI castings characteristics

2.3.1 Heat treatment and ADI microstructure

The conventional heat treatment process for ADI production is shown in Fig. 2.5. The heat

treatment process for ADI production consists of the austenitization and austempering processes

[6, 20]. During austenitization, the casting is heated up to a temperature range of 850-950

℃ to convert the ferrite/peralite metallic matrix into the austenite matrix. Isothermal heat
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treatment at the austenitization temperature enriches the carbon content of austenite metallic

matrix. The casting is then quenched down to an austempering temperature range (250-450

℃) and holding for an appropriate time for isothermal transformation, and air cooling to room

temperature.
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Figure 2.5: Conventional heat treatment process for ADI productions.

Depending upon the heat treatment parameters, ADI show versatile behavior in mechanical

properties. The heat treatment parameters can provide insights into the detailed evolution

and change in microstructure and mechanical properties of the ADI during its processing [34].

Austenitization is the first step of the ADI heat treatment. The austenitization temperature

and time control the carbon content of austenite which in turn affects the structure and prop-

erties of ADI. Austenitization occurs by nucleation and growth [35, 36]. The austenite phase

generally nucleates at the ferrite/graphite interface or ferrite/carbide interface if the matrix con-

tains pearlite. The diffusion of carbon to austenite may take place by dissolution of graphite

and cementite from nodules and pearlite, respectively [35]. Increasing the austenitization tem-

perature accelerates the austenitization kinetics and increases the carbon content of resulting

austenite. The higher carbon content of austenite increases its hardenability and stability. It

also favours redistribution of segregated elements and decomposition of intercellular carbides

if present. The optimum austenitization time is that at which austenite with maximum and

uniform carbon has been achieved [5, 34]. Erdogan et al. [37] found that the carbon content of

austenite increases with increasing the austenitization temperature during the austenitization

process as shown in Fig. 2.6.
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ferrite. It has also been reported that after slow

cooling, the new ferrite had a lower transformation-

induced dislocation density than the proeutectoid

ferrite. With respect to the proeutectoid ferrite; the

precipitation free new ferrite is expected to have grater

ductility and lower strength. One of the present

authors also showed that ductility increased with

increasing new ferrite content in dual-phase steels

[30–33].

Figure 9a and b also shows that the new ferrite

content increased with increasing austempering time in

austempered specimens from ICAT range. However

the new ferrite in the specimen C900 austempered

from single-phase (c) region was not observed

(Fig. 9c). The reason for the absence of the new ferrite

in the specimens C900 is explained in Sect. 3.3. As

mentioned previously, increasing the ICAT increases

the parent austenite volume fraction and its carbon

content. Therefore the parent austenite formed at

higher ICAT has a higher carbon content than parent

austenite formed at low ICAT. In turn this parent

austenite carbon content is expected to have an

influence on austenite stabilization or transformation

kinetics during the austempering.

The microhardness variation in martensite with

ICAT in the quenched samples from ICAT range is

given in Fig. 10. Variation in the microhardness of

martensite is a good indication of austenite carbon

content due to diffusionless nature of martensite

transformation from the austenite. The result of the

XRD analyses for measuring the variation of austenite

carbon content with austenitizing temperature at the

constant 120 min austempered time is given in Fig. 11.

The austenite carbon content increased with increasing

austenitizing temperature. This result is in good

agreement with existing literature [13, 36].

As is well known, the austenite stabilization in the

ADI has a vital importance to determine the mechan-

ical properties. In several investigations [37–41], this

feature was explained by the means of process windows

which do not show the effect of quantitative phase

variations with austempering times on the austenite

stabilization as in a microstructure map (Fig. 9).

Effect of the austenite volume fraction and its

carbon content on the austenite stabilization and

the new ferrite formation during austempering

The microstructure maps shown in Fig. 9 were inter-

preted in the form of austenite fi new ferrite and

austenite fi high-carbon austenite diagrams, as in

Fig. 12. In the present experiments, for the same

austempering times, austempered samples from the

highest ICAT produced a grater high-carbon austenite

volume fraction than those samples austempered from

low ICAT (Figs. 12 and 13). These results may be

caused from the higher austenite and its carbon

content formed during the intercritical austenitizing

as predicted by the lever rule. This suggests that for a

given austempering time the average new ferrite

growth rate will be considerably slower for the

austenite with higher carbon content than austenite

with low-carbon content ones. Therefore, less new

ferrite and much higher carbon austenite will form and

this difference will increase with increasing the ICAT.

That is why new ferrite may be absent in the specimen
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Figure 2.6: Variation of carbon content of austenite with austenitization temperature [37].

Figure 2.7: Effect of nickel and copper on the maximum bar diameter that can be austem-
pered without pearlite formation (Base iron composition: 3.5% Carbon, 2% Silicon, and 0.25%
Mn) [34].

The ductile iron casting is then quenched down to austempering temperature followed by

austempering process. To obtain the optimized combination of mechanical properties, the

prealite formation should be avoided during quenching. Blackmore and Hardning [34] illustrated

that for unalloyed irons, the maximum diameter which could be transformed without pearlite

formation increased from 15 mm at a temperature of 450 ℃ to 30 mm at a temperature of

250 ℃. Beyond these values, pearlite initially formed at the centre of sections associated with

graphite nodule boundaries. Figure 2.7 illustrate the influence of Cu and Ni on the maximum

bar diameter that can be austempered without pearlite formation. The presence of pearlite in

the final ADI microstructure is detrimental to its mechanical properties.

Achieving optimal mechanical properties of ADI is a function of constituents of austempered
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If the casting is held at austempering temperature for too long, then second stage 

reaction sets in, where high carbon austenite further decomposes into austenite and 

carbide. 

 

  ------------ [II] 

 

Fig.5. IT (Isothermal transformation) diagram of a processing sequence for 

austempering heat treatment. 

 

The II stage reaction is undesirable since it causes the embrittlement of structure and 

degrades the mechanical properties of ADI. The optimum mechanical properties are 

achieved upon completion of the stage I, but before the onset of stage II. The time 

period between the end of stage I and the onset of stage II is called processing window 

(Fig. 5) (Miguel, 2001). Processing window defines the austempering time interval, (t2-

t1) over which the start of the processing window (time, t1) has been defined as the 

Figure 2.8: Isothermal transformation diagram of a processing sequence for austempering heat
treatment [14]

microstructure, which in turn depends on the austempering temperature and time. Depending

upon the austempering time two important stage reactions [36, 38, 39] occurred during austem-

pering process as shown in Fig. 2.8. In the first stage, the primary austenite decomposes into

ferrite (α) and high-carbon austenite (γHC), attaining a microstructure called ausferrite. The

presence of 2 to 3 wt% silicon (Si) prevents the rapid formation of carbides during the austem-

pering process. In addition, as the stage I reaction progress, the carbon enrichment of austenite

decreases the martensite start temperature (Ms) and the martensite finish temperature (Mf )

as shown in Fig. 2.8.

γ0 = α+ γHC (2.1)

γHC = α+ carbide (2.2)

During austempering process the transformation kinetics is promoted by the nucleation and

growth of ferrite needles by the rejection of the carbon atom to the surrounding austenite [40].

The rejection of carbon from ferrite enrich austenite with carbon and make it more stable. It was

stated that the kinetics of the austempering process is governed by the variation in the volume
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free energy which is proportional to the undercooling generated by the difference between the

austenitizing and the austempering temperatures [41]. Moreover, for a particular austempering

temperature, the nucleation and growth of ferrite needles influenced by the alloying elements

and graphite morphology [42, 43]. As the austempering process proceeds the carbon content of

austenite reached to its saturation values and then it show steady behavior with time, this stage

is known as process window. At this stage the ADI material acquires its optimum mechanical

properties. As the austempering time increases further, the high-carbon austenite further de-

composes into ferrite and carbides and the stage II reaction starts. This reaction detriments the

mechanical properties of the final casting, particularly ductility and toughness. The extent of

processing window depends on many factors, including the percentage and segregation patterns

of alloying elements, and the heat treatment parameters [40].

Processing window defines the austempering time interval, (t2-t1) over which the start of the

processing window (time, t1) has been defined as the austempering time at which the amount

of unreacted austenite, low carbon austenite has been reduced to 3%. The end of the processing

window (time, t2) has been defined as the time at which the maximum retained austenite level

has been reduced by 10% [44].
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Fig. 7.26 Crystalline structure of austenitic-ferritic cast iron with speroidal graphite (ADI)

to a destabilization of the cutting edge. Therefore, the weak edge breaks before the

critical flank wear will be reached. The use of a cutting fluid is recommendable for

continuous cut operations. Mostly, coated cemented carbide tools of the main user

group K, cBN and cutting ceramics are used as cutting tool materials [Kloc03].

The average forces arising when machining ADI are comparable to those of other

cast irons with globular graphite. Due to its particular finely-striped grain structure,

the average cutting forces are superimposed with a high dynamic. Surface quality

is comparable to that of conventional cast iron with globular graphite. In the rim

zone, the austenite converts into martensite because of mechanical stress, which is

accompanied by an approximately 200–300 HB increase in hardness. Segmented

chip formation is similar to that of conventional cast iron with globular graphite.

ADI’s high fracture strain has a negative effect on this [Klöp07].

ADI is basically not more difficult to cut than higher-strength GJS types.

However, cutting strategies specially adjusted to the material are required. Lower

cutting speeds due to high amounts of heat release can be compensated by increased

feeds. Tool geometries specially tuned to ADI machining, such as drills with a radius

or facette shape have a longer tool life. The use of cutting fluids is beneficial in con-

tinuous cut operations. For discontinuous processes such as milling, cutting fluids

are not recommendable due to thermoshock stress on the tool [Schm07].

7.6 Machinability of Non-ferrous Metals

7.6.1 Aluminium Alloys

Mentionable areas of application of aluminium alloys as constructional materials

include the following industries:

Figure 2.9: (a)SEM micrograph of ADI microstructure and (b) Ausferrite microstructure with
acicular ferrite, carbon enriched austenite and graphite nodule [45]

The microstructure obtained by austempering heat treatment process is shown in Fig. 2.9.

It consists of a mixture of acicular ferrite, high-carbon austenite and residual austenite with

graphite nodules embedded in it, defining its unique mechanical properties [20]. Sidjanin et al.

[46], suggested three different type of austenite in ADI based on its carbon percentages, which

are as: (i) Un-reacted metastable austenite with carbon content less than 1.2 %, (ii) reacted

metastable austenite with carbon content between 1.2-1.7%, and (iii) reacted stable austenite

with carbon content between 1.8-2.2 %. Thus, the only desirable type of austenite in ADI,

obtained after austempering is stable high carbon austenite as other forms of austenite may
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be transformed into martensite at room temperature resulting in poor toughness and ductility.

The term retained austenite includes all types of austenite.

Figure 2.10: Micro-hardness survey of abraded surface layers in SG60 austempered at 350 ℃
for 22 min (Abraded length: 14.64 m; load: 31.38 N; Bulk hardness: 366 (HV 30)) [47].

2.3.2 ADI properties

The mechanical properties of ADI are related with its unique ausferrite microstructure. Not

only, ADI is superior to other grades of DI (Fig. 2.1), it also replaced forged steels because of

its equivalent strength. Moreover, the strength to weight ratio of the ADI is among the highest

and its relative cost per unit of yield strength is among the lowest of all engineering materials,

including aluminium [48]. It gives ADI economy in design without loss of performance. The

yield strength of ADI is three times more than that of cast or forged aluminium. In addition,

ADI weighs only 2.4 times more and 2.3 times stiffer as compared to aluminium. It is also

10% less dense than steel. For a typical component, it cost 20% less per unit weight than

steel and half that of aluminium [49]. A significant advantage of ADI is its outstanding wear

resistance. The enhanced wear resistance of ADI is due to the ability of unreacted high-carbon

austenite to strain hardened when the surface of an ADI is subjected to deformation [50]. This

transformation results in a significant increase of the surface hardness as shown in Fig. 2.10.

Shepperson and Allen [47] investigated the abrasive wear behavior of the ADI materials in

correlation with its microstructural characteristics and then they compared it with the abrasion

behavior of mild steels and abrasion-resistance alloys under similar experimental conditions.

They observed that the ADI materials show superior wear resistance as compared to the mild

steel and abrasion-resistant alloys at similar bulk hardness level. In additions, they found that

the lower austempering temperatures results in better abrasion resistance at lower strain values

and higher austempering temperatures results in higher toughness values. They concluded

that at higher strain rates the wear resistance can be accommodated by the strain induced
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transformation of austenite to martensite and the high work hardening rate of the resulting

microstructure.

The material properties and microstructure of the ADI can be controlled and tailored by

carefully controlling the heat treatment parameters, to get the desired combination of mechan-

ical properties, e.g., high strength, high wear resistance or high fracture toughness. Table 2.3

lists the mechanical properties of different ASTM grades of ADI. The influence of the produc-

tion parameters on the austempering kinetics and material properties of ADI are reviewed in

the next section.

Property ASTM A897 grades

1 2 3 4 5

Tensile Strength, min., MPa 900 1050 1200 1400 1600
Yield Strength, min., MPa 650 750 850 1100 1300
Elongation in 50 mm, min, % 9 7 4 2 1
Impact energy, J1 100 80 60 35 20
Typical hardness, HBW,
kg/mm2

269-341 302-375 341-444 388-477 402-512

Table 2.3: Mechanical property requirements of different ASTM A897M grades of ADI [51].

2.4 Influence of production parameters on ADI characteristics

2.4.1 Role of alloying elements

The primary role of alloying elements in ADI production is to provide sufficient hardenability

to the matrix to avoid the pearlite nose of the continuous cooling transformation (CCT) dia-

gram (Fig. 2.8). The alloying elements also influence the processing window and the relative

effectiveness of the austempering kinetics during stage I and stage II reactions. Manganese

(Mn) and Molybdenum (Mo) delay the austempering kinetic reactions during stage I and stage

II of the austempering process [25]. In case of mechanical properties, both tensile strength and

ductility decreases with an increase in Mo content beyond a certain limit. This deterioration

in properties is probably caused by the segregation of molybdenum to cell boundaries and the

formation of carbides [10]. The level of molybdenum should be restricted to not more than

0.2% in heavy section castings. Copper (Cu) does not affect the carbon diffusion in austenite or

the stability of austenite. However, it has been reported that Cu suppresses carbide formation

1Unnotched charpy bar tested at 22±4 ℃. The values in the table are a minimum for the average of the
highest three test values of the four tested samples.
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in lower bainite. Nickel (Ni) acts in a similar way to Cu. If Ni is present in excess of 0.5%, it

slows down the stage I reaction, and thus, causes the formation of martensite at austenite cell

boundaries on cooling [52]. The high carbon and silicon levels in ductile iron casting also play

an important role in their response to heat treatment. The higher carbon levels in ductile iron

increase hardenability, permitting heavier sections to be heat treated with lower requirements

for expensive alloying or severe quenching media. It can also cause to quench cracking due to

the formation of martensite, and/or the retention of metastable austenite. This undesirable

phenomena make the control of composition, austenitizing temperature and quenching condi-

tions more critical in ductile iron. Whereas, higher the silicon content in DI casting, lower the

solubility of carbon in austenite and the more readily carbon is precipitated as graphite during

slow cooling to produce a ferritic matrix [10].

The segregation of alloying elements in the intercellular region during solidification signifi-

cantly influence the austempering kinetics together with mechanical properties as stated above.

These segregations of alloying elements are not removed during the austenitization and produce

heterogeneity in the structural matrix. Figure 2.11 present the segregation behavior of alloy-

ing elements between two graphite nodules. This segregation behavior of alloying elements is

related to the eutectic cell that forms around the graphite nodule during solidification. It leads

to a heterogeneous response towards austempering kinetics in the microstructure depending

upon the position and amount of alloying elements. It show (Fig. 2.11) three different zones

along the eutectic cell illustrating the the distribution of alloying elements in the ductile iron.

Zone I is located along the graphite. In this zone the silicon, nickel and copper levels are high

but the manganese is depleted. In zone II change in solute concentration is more gradual.

Zone III is located at the solidification cell boundary, the silicon and copper levels are low but

manganese, molybdenum, chromium and phosphorus are enriched. Bosnjak et al. [53] studied

the influence of micro-alloying on the kinetics of bainitic reaction in austempered ductile iron.

They concluded that the effect of Ni and Mo alloying elements on stage I kinetics is through

their influence on the carbon content of the austenite. Alloying elements, Ni and Mo, show a

strong influence on the stage II reaction through their effect on the nucleation and growth of

the ferrite and carbide phases from high carbon austenite. According to them Ni and Mo delay

the appearance of the processing window. Due to this, tight control of the alloying elements is

imperative for ADI production if consistent properties have to be maintained.

2.4.2 Heat treatment parameters

The mechanical properties of ADI can be varied over a wide range by a suitable choice of

heat treatment parameters. The properties achieved depend principally upon austempering



2.4 Influence of production parameters on ADI characteristics 25

I II III II I

 !"#$ $
G G

C

Mn

Mo

boundary

S
o
lu

te
 c

o
n

ce
n

tr
a
ti

o
n

Distance

Si

Cu

Ni

%&'()*+,-./01234156789:7;*<=+>?@/AB@/C)D-./C)*E2?.'(;*FGHC;*F>/5BIJK/C?LMN/C/5FOEDPQR@EDST/5FU?V)D-WE2XYZ,'(?@/[F>;\P,+,<(/5B53

]#?^Z,EDB_JK/C/5F`B.+>)D)D/5B@?@/5Pa?.Z,E2?^P>/CbD/5<(;DXYc^/5F!?0;Dde?.Z>/f+,F,'4g7+>/hST;*ciJj'4F,E2?.'(;*Fk;DdeB@?@-./5F>)D?.ZaEDFYP
P,+,ST?.'=<4'(?lme'4F neo ]p'4BqE9-./5B.+,<4?p;DdU?.Z>/rX,-./5B@/5F,ST/r;Dd7?.Z,/s-./5<4E2?.'(bD/5<4meST;*FU?.'4F7+>;*+,BtZ,'4)*Z[SCE2-.JK;*FAED+,B@?@/5F,'4?@/
c^E2?@-u'(vwx y z2{|3

}^~����[���������T�C��� ��� �(� ��� �4� �r��� �K���Q�Q�5~T������� ���u�(���#���2�@�
�,�l  ¡ ¢.£ ¤�¥¦§ ¢u£ ¤�¥¦§ ¨©ª ! ¡
«   ¬.£7­4®�  ¯.°u¥ ­4±�  ².¯@¨©§�­4±�  ³�¯@´Y¥ ­4±�  ¯.£\µ ¶.³W· ¸@± ®@¬@± ¸@± ·L³�±.³ ·@  ³ ¹Kºl»"! !"#$%2·l¸@¶@¶
«   ¯@¬.£7­4®�  ¬ « °u¥ ­4±� ¦·l¯@¨©§�­4±�  ².¯@´Y¥ ­4±�  ²@²u£\µ ¸@±@± ¸@± « ±@± ·l¶@± ·l¬@±@® ·@  ³ &2¥¦§'%�·l¸@¸@¬
«   ²@²u£7­4®�  ²T·L°u¥ ­4±� ¦·l¯@¨©§ ¶@¸@¶ ·l®@± « ±@® ·l®@± ·l¯�·l± ®�  ¶ ª7µ��#!#�¼µ�§()$!*%D·l¸@¸@¸
«   ¶.£7­4®�  ¬.°u¥ ­4±�  ®@¯@¨©§�­4±� ¦·l¨©º ¶@¸.³ ¬@± ®@¸.³ ¬@± ·l¯@±@± ² +%! ,&! -$! #.-T¥/%2·l¸@¸@¬
«   ¬.£7­4®�  ³@°u¥ ­4±�  ®@¨©§�­4±�  ®@¶@¨©º�­4±�  ¬@´Y¥ ­4±�  ¬.£\µ ¸.³�± ¬@± « ² « ¬@± ·l®@¯@± ¸ °u�01|§*2½º340#5%2·l¸@¶@¬
«   ²u£7­4®�  ¸@¯.°u¥ ­(²T  ¶ « ´j¥ ¸@±@± ®@± « ±@± ·l®@± · « ¯@® ·l± 6¾º57'!�¤(!*%Q·l¸@¸@¬
«   ¯@¬.£7­4®�  ¶.°u¥ ­4±�  ¸@¬@´j¥ ¸@±@± « ± « ³�¯ « ± ·@·l¬@¸ ·l¬�  ¬ 8)! 4#! -(4*!"!�¤9%�·l¸@¸@±
¿�E2JY<(/^1234128I:7;*c0/A/Tv>EDc0XY<(/5BI;Dd&c^/5SuZ,EDF,'=SCED<tX,-.;DXK/C-.?.'4/5BCÀ:;�¿�:fEDF,PÁ/5<(;*F,)*E2?.'(;*FÁEDBVEÂd¼+YF,ST?.'(;*Fh;Dd
SuZ,/5c^'4SCED<qST;*c^X¾;*Bu'(?.'(;*FÁEDF,POZ>/5E2?V?@-u/5E2?.c0/5F!?ÃST;*F,P,'4?.'(;*F,BI'4F n�o ]�3<= +>? ED+,B@?@/5FY'(?.'4B.'4F,)Ä?@/5c^X¾/C-WEQÅ
?.+>-./DÀ:@ +>? ED+,B.?@/5F,'(?.'4B.'=F>)Æ?.'=c0/DÀA=BC ? ED+,B@?@/5c^X¾/C-W'4F>)_?@/5c0XK/C-uE2?.+>-./DÀD@EC ? ED+,B@?@/5c0XK/C-u'=F>)_?.'4c0/D3

¿IZ,/ÃÇÈ-u'4?.'4B.ZÁ:7?.EDF,P,E2-WP,B©B@XK/5SC'(ÉYSCE2?.'(;*FwÊËÇI:UÅ5FGHVÅu15ÌDÍQÎUÏIdÐ;D- neo ]È'4B9BuZ>;�MVFf'=FÑ¿�E2JY<(/0123�6_M�'(?.Z
c^'4FY'4cÆ+YcÒEDSCST/CX,?.E2JY<(/Ãb2ED<4+>/5BC3�¿IZ>/5B./IbQED<=+>/5BNSCEDFÓJK/�ST;*c0XjE2-./5PÂM�'(?.ZÂP,E2?.EÄB.Z>;�MVFÂ'=FÂ¿�E2JY<(/Æ1234123

1 y

Figure 2.11: Schematic representation of the segregation zones between adjacent graphite nod-
ules. [54].

temperature and time, but are modified by the austenitizing conditions and the composition

of the iron. The carbon content of austenite is the function of austenitizing temperature and

chemical composition. Avishan et al. [55] had found that at a constant austenitizing temper-

ature, the lower austempering temperature makes the processing window wider. Furthermore,

a lower austenitizing temperature shifts the beginning of the processing window to a shorter

time and makes it wider. Lower austenitization time also results in the coarse austempered

microstructure containing blocky austenite and martensite within it.

Blackmore and Harding [34] illustrated the influence of austempering and austenitization

temperatures on the tensile properties of the ADI as shown in Fig. 2.12. According to them,

the strength properties increases as the austenitizing temperature increases from 850 to 925 ℃.

The effects of these properties were greatest at the lower austempering properties. However,

no significant change was observed in elongation percentage. The variation in tensile properties

with austenitizing temperature revealed that the strength properties are lower at lower austen-

itizing temperature. According to them, the carbon saturation and complete austenitization

of the initial casting increase its strength properties. They stated that at higher austenitizing

temperature, the austenitizing time has no significant effect on the tensile properties of ADI as

the carbon saturation of austenite was reached relatively rapidly at higher austenitizing temper-

atures. They concluded that the longer treated time at higher austenitizing temperatures are

not necessary, and the optimum mechanical properties in ADI can be achieved by the carbon

saturation of initial casting using austenitizing temperatures between 900 and 925 ℃.
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Figure 2.12: Variation of tensile properties with austenitizing and austempering temperatures
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Figure 2.13: Schematic representation of the development of different phases in ADI during
austempering process together with an illustration of the processing window [56].
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The mechanical properties of ADI depend on the relative amounts of different phases (aci-

cular ferrite and stabilized austenite, amount and morphology of retained austenite and the

presence of martensite) in the metallic matrix which are the functions of the austempering

heat treatment parameters [34]. Figure 2.13 show the variation in different phases of ADI

during austempering process. It can be seen that the amount of acicular ferrite and retained

austenite increase with austempering time and get optimized in the processing window range

providing optimized material properties to ADI. The formation of martensite is favoured by low

austempering temperatures and by short treated time. The presence of hard and brittle phase

martensite in the final ADI microstructure causes machining problems and it is detrimental to

the mechanical properties of ADI. In addition, the austempering parameters significantly influ-

ence the ferrite and austenite morphology. The higher austempering temperatures give rise to

high volume fractions of carbon-enriched austenite and coarser acicular ferrite morphology in

the ausferrite microstructure. This type of microstructure is responsible for the combination

of lower strength and higher ductility properties in the ADI materials. On the other hand,

austempering at lower temperatures produces a large-volume fraction of the acicular ferrite

and lower amount of carbon enriched austenite, resulting in higher strength, lower ductility

and increased wear resistance [57]. After selecting the austempering temperature, austemper-

ing time is chosen to optimize the mechanical properties of ADI. The short austempering time

leads to the austenite transformation to martensite, resulting in poor toughness and ductility,

while long austempering time will result in the austenite enrichment with carbon, give rise to

the optimized mechanical properties. If the holding time is too long, austenite decomposes into

ferrite and carbide, resulting in the loss of toughness and ductility.

2.4.3 Conclusions

While the unique ausferrite microstructure developed by the austempering heat treatment of

ductile iron provides many remarkable engineering properties to ADI, certain characteristics

impose limitations on its widespread use. These include (a) requirement of defects free duc-

tile iron casting with a good dimensional accuracy and surface finish for ADI production, (b)

optimization of heat treatment parameters, (c) saving energy and time during its large-scale

industrial production, and (d) achieve better combinations of strength and ductility proper-

ties. Together with this, the opportunity for wide commercial exploitation of light weight ADI

casting has arisen in response to pressure on engineering and automotive industries to produce

components, which provide improved properties and performance at low manufacturing cost.

However, to achieve full potential of ADI, there is a need for the development of controlled
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and efficient casting and heat treatment practices to produce the desired properties and perfor-

mance in ADI microstructure. The continuing progress in ADI processing technology should

be made in twofold approaches. First, to understand the appropriate relationship between the

microstructural characteristics of ADI and its influences on the mechanical properties. Sec-

ond, is the implementation of the innovative process route to save energy and time during

ADI production and to tailor the ADI microstructure to achieve the desired properties and

performance.

The other aspect is to reduce the manufacturing cost of ADI by improving its machinability.

ADI is considered as hard-to-machine material due to its inherent properties. In the current

scenario, there is a growing demand of high material removal rates to increase throughput and

minimize the overall manufacturing cost. However, machining at higher material removal rates

requires parts with uniform microstructures, consistent properties, and a minimum volume

fraction of abrasive inclusions. The ADI materials cause rapid tool wear, which leads to the

loss of tolerances and surface quality, a loss in productivity, machine down time, and higher

scrap rates. To solve this problem, there is a need of correlating the machining characteristics

of ADI materials with its microstructures and production parameters. In the next section, the

machining characteristics of ADI are reviewed.
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2.5 The state of art in machining ADI

Machinability is a critical property controlling the product economy during the manufacturing

of engineering components. It refers to the ease or difficulty with which a given material can be

machined. Machinability of a material is generally defined in terms of three factors: forces and

power consumption, tool wear and surface integrity. Thus, a material with good machinability

is the one requiring low power consumption, with low tool wear and producing a good surface

finish [58].

Understanding the microstructure and mechanical properties of the material is the key to

understand the machinability of the material. In the machining of cast irons, tool life is in-

fluenced by the cutting parameters and the microstructure. The graphite in iron is important

to its free-machining characteristics, but tool’s life is dependent on the microstructure of the

matrix metal around the graphite [14]. The graphite characteristics in cast irons determine

the potential surface finish obtainable with a cutting process and the necessary cutting forces.

Together with this, there are many other factors (different matrix phases, tool materials, and

cutting environment etc.) that can influence the machinability of cast iron. One way to improve

the machinability of hard to cut materials is to identify and rank by severity the influence of cut-

ting parameters, cutting tool materials and conditions that have undesirable effects. The other

approach is to correlate the metallurgical characteristics (chemical composition, microstruc-

tures and morphology of different phases) of material with its machinability. Therefore, a keen

understanding is required for the interactions of microstructure, material properties, machin-

ing parameters, cutting tool’s material and wear mechanisms for the optimization of the ADI

machining process.

The other aspect of the machinability from the environmental and economical point of view

is to reduce the use of lubricants during machining processes. To reduce the production costs

and to make the machining processes environmentally safe, there is a need to move toward

dry or near-dry machining by eliminating or minimizing the use of lubrication. To achieve the

objective under these conditions there is a need for the development and the use of new materials

for tools and coating. Therefore, in the following sections the machining characteristics of hard-

to-machine ADI materials is reviewed and recent work and advances concerning machining of

ADI materials are presented.

2.5.1 Machining characteristics of ADI

The material properties responsible for the poor machining characteristics of ADI are as follows:
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• Austenite has higher work hardening rate than ferrite and this causes problems in machin-

ing of ADI. During plastic deformation of ADI, the austenite lattice show higher tendency

to deform due to the greater number of sliding planes. At the same time it shows increase

in strength and hardness during the deformation due to the transformation of metastable

austenite [59].

• The lower thermal conductivity of austenite leads to the development of higher temper-

ature at the cutting zone. Because of this, chips are formed on the basis on catastrophic

failure in narrow shear surfaces and leads to the formations of unfavorable segmented

chips during machining [59, 60].

• ADI has a coefficient of thermal expansion that is higher than that of carbon steel or

ductile iron, so an increase in workpiece temperature will result in dimensional growth of

workpiece during machining. This should be accounted for in operations such as deep-hole

drilling [55, 60].

• ADI has a yield strength that is higher than most steels but its Youngs Modulus is 20%

lower making it prone to vibrations in machining. Therefore, ADI requires an extremely

rigid workpiece clamping device and similarly rigid tool holders with short tool bending

moments. Failure to account for this reduced workpiece stiffness will result in undesirable

vibrations during metal removal which accelerates tool wear, and results in an undesirable

surface finish and an increased dimensional standard deviation [55].

During machining, these characteristics causes: the formation of built-up edges (BUEs)

when carbide tools are used, breakage of ceramic inserts, and sudden falls in hardness of tools

made from high-speed steels. Low values of tool life, increased cutting forces and the appearance

of unfavourable tough chips are the main characteristics which rank ADI materials among the

group of materials that are hard to machine [59].

2.5.2 ADI as hard to machine material

ADI is considered as hard to machine material due to its inherent properties, particularly the low

thermal conductivity and high work hardening coefficient, which leads to high cutting forces and

cutting temperature during machining and lead to a short tool life [61]. The primary objective

of machining is to separate a certain layer from the rest of the work material with minimum

possible plastic deformation and thus energy consumption [62]. Machining characteristics of

ADI is influenced by a complex interplay of the graphite nodules and its surrounding ausferrite

matrix. During machining the graphite nodules in the plastic zone undergo severe deformation
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and become preferentially elongated in the shear plane direction, ahead of the cutting tool. Due

to the presence of graphite in spheroidal forms, chip formation in ADI is characterized by more

plastic deformation than fracture [63].

consideration of constant cutting forces and the decreasing

material cross-section between borehole and machined web

surface, stresses in this cross-section are increasing, and the

remaining material in front of the cutting edge is pushed

away in the direction of the cutting speed. At this material,

which is pushed away from the rod, the chip root in the

cutting zone can be found (Fig. 5). To minimize plastic

deformation in the moment when the material in front of

the cutting edge is ripped away from the rod, the drilled

borehole in the web is sealed with a splint.

During the machining of ADI 900 under dry conditions

(vc = 160 m/min, ap = 2 mm, f = 0.2 mm), segmented

chips were observed. The chips consist of single chip

segments, which were welded together on the bottom side,

where a strong plastic deformation of the material occurs.

In Fig. 6, for both ADI 900 and ADI 1200 materials some

generated chips were shown, and for each material chips

produced with a new and a worn tool. With increasing

crater wear, a stronger plastic deformation of the chip took

place, resulting in higher temperatures and in a slightly

increase of chip length.

While machining of ADI 1200 discontinuous chips were

observed, irrespective of the usage of lubricoolant. The

chip root analysis supports this conclusion, showing a

strong mechanical deformation in the shear zone in

machining ADI 900 and hardly any plastical deformation

in machining ADI 1200 and hence the chip length varies.

Furthermore, on the chip root from machining ADI 1200 it

is obvious that the spheroidical graphite grains interrupt the

metallic matrix which support chip breakage.

6 Influence of the austempering time on machinability

The influence of the austempering time on machinability

was investigated by machining 5 ADI 900 samples

Fig. 4 Chip roots according to

Buda [15]

Fig. 3 Wear mechanism and

tool life in dry longitudinal

turning
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Figure 2.14: Wear mechanism and tool life in dry longitudinal turning [20].

Klocke et al. [64] stated that ADI exhibits low machinability as compared to conventional

ductile iron materials and steels of similar strengths. They revealed the fundamental wear

mechanisms when machining ADI. According to them the ausferrite microstructure of ADI has

a tendency to adhere with tungsten-based carbide tools, which are commonly utilized for cutting

cast irons. Besides adhesive, abrasive wear effects are also observed when machining ADI. They

stated that abrasive wear is caused by the hardness of the ADI microstructure as well as by

the segregation of alloying elements in the matrix. According to them during machining ADI,

the cutting tools are exposed to a combination of both high abrasive and adhesive wear as well

as to high specific loads on the cutting edge. As compared to other ductile irons the aptitude

of ADI to segmented chip formation is even more which leads to the high dynamic proportion

within the cutting forces and a deep crater wear close to the cutting edge can be detected.

They concluded that the extreme crater wear near the cutting edge is a dominant typical tool

wear mode in machining ADI. Therefore, there is a need to reveal the wear mechanisms being

responsible for the poor machinability of ADI.

To better understand the machining characteristics of ADI, Klocke et al. [20] investigated

the material related aspects of the machinability by varying the heat treatment parameters

and alloying elements. They studied the tool wear behavior for different ADI grades (ADI

900 and ADI 1200) and pearlitic cast iron (GJS 700) for turning operation using the cutting

tools (HC-K20, CNMA 120408)(Fig. 2.14). They found that in case of GJS 700, tool life was

determined by abrasive flank wear (T = 27 min). On the other hand, in machining ADI 900,
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strong crater wear close to the cutting edge was observed as mentioned above and tool life

was reduced by 50% (13.5 min) in comparison to EN-GJS-700-2. However, in machining ADI

1200, delamination of the tool coating takes place, setting particularly the carbide substrate

free, resulting finally in breakage of the cutting edge with tool life was reduced tremendously

down to T = 3 min (Fig.15). According to them, the thermal load on the tool is high and the

usage of coolant has to be preferred in order to suppress crater wear. They found that the flank

wear is the major tool life criterion while using coolant as long as no plastic deformation of the

cutting edge takes place. They found that the shape of the generated chips depends vitally on

the material hardness. They stated that the machinability is influenced negatively and the tool

life is reduced with a molybdenum content of more than 0.3%.

Therefore, for machining hard to machined ADI material, the cutting tool’s materials should

possess high hot hardness and strength together with excellent hot chemical inertia as well as

high toughness. Moreover, the frictional characteristics at the tool-chip interface must be low

for low heat production.

2.6 Cutting tool for machining ADI

The requirements for cutting tool material used for the machining ADI should include [65]:

• Cutting-tool substrate material must be very stable chemically and physically at high

temperatures.

• Material hardness must be kept to the high temperatures suffered at the chip/tool inter-

face.

• Tool material has to present a low wear ratio, both for the abrasion and adhesion mech-

anisms.

• Tool material must present enough toughness to avoid fracture, especially when operation

to perform implies interrupted or intermittent cutting.

Figure 2.15 presents the cutting tool materials for the machining process. It includes tool

steels, cemented carbides, cutting ceramics and super hard cutting tool materials made up of

boron nitride and diamond. Matching the most suited cutting tool material and tool geometry

with the workpiece material to be machined is important for trouble free and productive ma-

chining process. All of these factors added constraints on cutting tools. Cutting tool suppliers

have responded with new tool materials, coatings, and geometries. Each of these components,
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Figure 2.15: Schematic classification of several cutting tool materials [45].

separately and together, plays a critical role in achieving improved cutting performance and

productivity. The following sections thus focus on the current state of cutting tool materials

and coating technologies and outline their impact on ADI machining.

2.6.1 Machining ADI with carbide tools

Cemented carbide belongs to a class of hard, wear resistant, refractory materials in which the

hard carbides of group IVB-VIB metals are bound together or cemented by a ductile metal

binder, usually cobalt or nickel. Cemented carbides for metal cutting applications consist of

more than 80% of hard phase tungsten carbide (WC). It is widely used for machining the ADI

materials [66, 67].

Cakir et al. [57] investigated the machinability of different grades of ADI (ASTM grade 1,

2, 3 and 4) for dry turning operation using coated carbide inserts, ISO SNMG 120408 (K10).

The machining conditions were as follows: (depth of cut: 1 mm; feed: 0.12 mm/rev; cutting

speed: 96.7 m/min). They evaluated the machinability in terms of tool life, cutting forces and

surface finish. They found that ADI material similar to ASTM Grade 1 appeared to cause the

highest tool wear whereas ADI similar to ASTM Grade 3-4 appeared to cause the lowest tool

wear. By reference to the as cast ductile iron, ADI similar to ASTM Grade 1 appeared to

have the highest increase in the tangential cutting force (23%) whereas ADI similar to ASTM

Grade 3-4 appeared to have the second highest increase (18%) in tangential cutting force.

Surface roughness values (Ra) varied between 1.35 and 2.17 µm. ADI similar to ASTM Grade

1 seemed to have the best surface quality. However, these findings should be moderated because
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Fig. 4 The C40 coating with an inner layer of TiCN and an outer 

Al203 layer 

III. RESULTS AND DISCUSSION 

Figs. 5 and 6 describe the tool performance and wear 

development in both dry and wet applications. According to 

Fig. 5 the best tool performance can be achieved by C20 

which is PVD coated and optimized for milling of nodular 

cast iron. This new coating process for grade C20 creates a 

coating with small grains and low compressive stresses which 

leads to high abrasive wear resistance. The combination of 

crack-free coating, compressive stress and high abrasive wear 

resistance gives superior tool performance. The figure shows 

that a CVD coated grade (C40) is the second best candidate 

for dry milling of ADI. This is due to the thicker coating thus 

giving better wear resistance. On the other hand the CVD 

coated grade shows poor performance in wet condition. CVD 

coatings have tensile stresses and generally they have ‘cooling 

cracks’. These pre-existing cracks will constitute a starting 

point for wider and deeper cracks due to thermal/mechanical 

intermittent loading. According to above the state of the stress 

in combination with coating thickness will delay or prohibit 

the crack propagation which resulted in long tool life. The 

figure also shows that the milling condition in terms of 

wet/dry has very large influence on the tool performance. 

According to the results the tool life can be decreased by 60-

80% when the coolant is used. 

The performance of coating C30 is interesting. Despite the 

multilayer structure which is commonly believed to give better 

toughness and crack inhibition, the coating performs less well 

than C20 in both dry and wet operation. The results indicate 

that the wear resistance clearly is more important than 

toughness in this operation. It is also interesting to note that 

the difference between dry and wet milling is less for coating 

C30, reflecting the tougher coating. The CVD-coating C40, 

which performs reasonably good in dry operation due to the 

coating thickness, degrades very much in wet operation where 

the propagation of the pre-existing cracks are rapidly 

degrading the coating. 

 

Tool life as a function of cutting time in face milling of ADI800 

using R390-170408M-KM, Vc=130 m/min, fz=0.18 mm/tooth, ap=7.5 mm 
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Fig. 5 The tool performance in dry and wet milling of ADI 800 

 

Fig. 6 below describes the wear development for the 

variants in both dry and wet milling. The analysis of the wear 

shows clearly that the cutting tool exposed for different wear 

mechanisms depending on the cutting conditions (wet/dry). 

The figure shows that the tool is exposed to abrasive wear 

which is mixed of flank wear and small chipping of the 

cutting edge during the dry milling. In this case the wear 

development is very slow, especially the flank wear and 

resulting in long tool life. The chipping size increases by the 

cutting time faster than the flank wear and limit tool life in 

terms of unacceptable surface finish and/or high sound.        

The figure indicates clearly that the tool is subjected for 

rapid wear development in wet condition.  

 

Wear development on different variant in wet and dry milling of ADI 800

using R390-170408M-KM, Vc=130 m/min, fz=0.18 mm/tooth, ap=7.5 mm 

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

2

0 10 20 30 40 50 60

Cutting time (minute)

w
e
a
r 

d
e
v
e
lo

p
m

e
t 

 (
m

m
)

C20

C30

C40

C20

C30

C40

Wet 

Dry 

 
Fig. 6 The wear development on different variants in wet and dry 

milling of ADI 800 

 

The main wear mechanism in wet condition is notch wear 

which is a result of intermittent load (thermal/mechanical) in 

combination with local cracks propagation, that is why the 

CVD-variant is exposed for faster and larger notch than the 

PVD – variants (see Figs. 6 and 7). 
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C20 after 50 minutes dry 

milling 

 

C20 after 13.5 minutes wet 

milling 

 
C30 after 32.4 minutes dry 

milling 

 
C30 after 10.8 minutes wet 

milling 

 
C40 after 41 minutes dry 

milling 
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Fig. 7 The status of the inserts in the end of the tool life 

 

The difference in performance between the CVD-coated 

variant (C40) and the PVD coated (C20) could be explained 

by the study of wear mechanism in different stage of wear 

development.  

Figs. 8 and 9 describe the ability of the coating to withstand 

the abrasive wear and the crack initiation in the early stage of 

the cutting process. A comparison between the CVD and PVD 

status on the same cutting time shows that the CVD-coated 

expose higher wear rate and thermal cracks compared to the 

PVD-coated edge. This is due to the fact that the new PVD 

coating (C20) has a fine grained structure in combination with 

compressive stresses. The compressive stresses make the 

cutting edge tougher and it is therefore able to withstand crack 

propagation. On the other hand the CVD coating (C40) has a 

coarse grained structure, tensile stress and preexisting cracks 

which accelerate the crack propagation. 

 

 

Fig. 8 PVD-coated edge (C20) after 10 minutes dry milling 
 

 

 

 

 

 
 

Fig. 9 CVD-coated edge (C40) after 10 minutes dry milling 

IV. CONCLUSION  

The chipping mechanism is the main wear mechanism 

which determines the tool life in dry condition, while notch 

wear is the determining mechanism in wet milling of ADI.  

The wear development shows clearly that the new PVD 

process on grade (C20) has better ability to withstand the 

mechanical and thermal impact than C30 and C40 in milling 

of ADI. This is due to the difference in stress, grain structure, 

Al content and lack of preexisting cracks in the coating. 

The coolant decreases the tool life with 70-80% compared 

to dry milling for all kind of coating. 

In spite of the high toughness of the C30 coating, the C20 

coating with high Al content gives better performance than the 

C30 – multilayer with low Al content in milling of ADI. 
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(b)

Figure 2.16: (a) The tool performance in dry and wet milling of ADI 800 and (b) The status
of the inserts in the end of the tool life [68].

of the presence of martensite that was evident in these alloys.

Klocke and Klopper [69] investigated the turning of ADI material similar to ASTM Grade

1 using coated cemented carbide cutting tools (Al2O3-coated K10, Ti(C,N)-coated K10, TiN-

Al2O3-coated P15), Al2O3 and Si33N4 ceramic cutting tools. They performed the machining

test with or without the lubricant using a depth of cut of 1 mm, a feed of 0.2 mm/rev and a

cutting speed in the range of 120-400 m/min. They found that the coated cemented carbide

cutting tools could be successfully used at low cutting speeds. At high cutting speeds, Al2O3

ceramic cutting tools show better performance. The performance of Si3N4 ceramic cutting tools

was very poor. The use of lubrication leads to the reduction of the flank and crater wear scars

of cemented carbide tools, particularly at relatively high cutting speeds.

Sadik et al. [68] investigated the influence of cutting conditions on the tool life in milling

of ADI 800 using the PVD (C20 and C30) and CVD (C40) coated carbide tools under the

dry and wet conditions. They performed the machining experiment at a cutting speed of 130

m/min, feed: 0.18 mm/tooth, axial pass depth: 7.5 mm and radial engagement of the tool:

50 mm. They found that PVD coated C20 tool show best performance due to the presence

of PVD coating with small grains and low compressive stresses, which leads to high abrasive

wear resistance. They found that CVD coated grade (C40) provides better wear resistance

under dry condition whereas the same coating shows poor performance under wet condition

(Fig. 2.16a). They explained that the CVD coatings have tensile stresses and cooling cracks,
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(a) Al2O3 + ZrO2; Air (b) Al2O3 + ZrO2; Argon

(c) Al2O3 + T iC; Air (d) Al2O3 + T iC; Argon

Figure 2.17: Tool wear pattern in argon and air cutting atmosphere [70].

which will grow continue under the thermal/mechanical loading. They found that under dry

conditions chipping mechanism is the main wear mechanism whereas under wet condition notch

wear is the determining wear mechanism while milling ADI (Fig. 2.16b).

The cemented carbide tools show stable behavior regarding chemical and thermal aspects of

machining. However, they have their own limitations too. The high temperatures and stresses

during machining can cause blunting from the plastic deformation of the tool tip, and high

stresses may lead to catastrophic fracture.

2.6.2 Machining ADI with ceramics tools

Ceramics are inorganic, non-metallic materials, which are subjected to high temperature during

synthesis or use [66]. Masuda et al. [70] investigated the cutting performance and wear mecha-

nism of various commercial ceramic tools such as zirconia-toughened alumina (Al2O3 +ZrO2),

SiC whisker-reinforced alumina (Al2O3 + SiCw) and alumina containing TiC (Al2O3 + TiC)

when turning ADI (UTS: 782 MPa and Elongation percentage: 3.8%) in air. In addition, to

consider the difference in wear behavior between alumina inserts containing TiC and ZrO2,
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(a)

Figure 2.18: Effect of environmental atmosphere on major flank wear rate for ceramic insert
during dry turning (cutting speed: 150 m/min; feed: 0.1 mm/rev; depth of cut: 1 mm) [70].

the effects of oxidation on tool wear were examined by performing the dry turning machining

test under the influence of oxygen (O) and argon (Ar) environment. They observed that the

cutting ADI in argon reduces the amount of adhesion on the flank and rake face (Fig. 2.17).

However, they found that the wear rate of both inserts is more rapid in argon than in air

(Fig. 2.18). They found similar results in case of oxygen as that of argon. They stated that

the major flank wear of the alumina ceramics was more rapid in the argon or oxygen than

in air because of the shorter tool-chip contact length. The shorter tool-chip contact implies

that the high cutting temperature and the high stress are simultaneously concentrated near the

cutting edge responsible for the increase in tool wear. They also found that zirconia added to

alumina ceramic insert was transformed from the m-phase and/or t-phase to the t-phase only

by elevated temperatures at higher cutting speeds. This transformation led to an increase in

hardness, responsible for the increased wear resistance and tool life at higher cutting speeds.

Cristino et al. [71] stated that the contact length (Lc) in steady-state cutting conditions is

due to an energy compromise between the plastic work, a quantity inversely proportional to

radius of curvature of the chip, and amount of frictional work, which is directly proportional

to the contact length and, therefore, to radius of curvature of the chip. According to them,

the cutting in the presence of inert gases such as Ar, decreases the friction coefficient, whereas

cutting in the presence of active gases such as air increases the friction coefficient, it follows

that frictional work will also increase with the formation of oxide films on the new freshly cut

surfaces of material lead to the increase in the contact length.

Goldberg et al. [72] studied the dry interrupted facing of an ASTM Grade 3 ADI with Al2O3-
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TiC and Al2O3-SiCw ceramic cutting tools under conditions close to light roughing (depth of

cut: 2 mm; feed: 0.1-0.4 mm/rev; cutting speed: 425 m/min) and finishing (depth of cut: 0.5

mm, feed: 0.1-0.4 mm/rev; cutting speed: 700 m/min). Their results indicated that Al2O3-

SiCw ceramic insert performed better than Al2O3-TiC ceramic insert for rough interrupted

facing as well as finish interrupted facing at high cutting speeds. The lack of overwhelming

performance for Al2O3-TiC ceramic inserts in this situation was linked to their poor thermal

shock resistance. They reported that cutting tool wear was exclusively flank wear, which was

a direct consequence of adhesion - abrasion wear mechanisms.

It can be concluded that ceramic tools show flank wear characteristics while machining ADI

as a direct consequence of adhesion and abrasion wear mechanism. However, ceramics tools are

suitable for machining the majority of ferrous materials, including super-alloys. Some of the

disadvantage of ceramic materials is its cost and brittleness.

2.6.3 Machining ADI with PCBN tools

Polycrystalline cubic boron nitride (PCBN), is a polymorph boron-nitride-based material. Its

high mechanical properties are due to its crystalline structure and its covalent link [67]. In

addition, it exhibits good toughness and thermal shock resistance. In particular, PCBN tools

provide the required thermal stability, hardness, and strength needed at elevated temperatures

during machining. Modern PCBN grades are ceramic composites with a CBN content of 40-

65%. The ceramic binder adds wear resistance to the CBN, which is otherwise prone to chemical

wear. The PCBN grades are largely used for finish turning of hardened materials [66, 67].

Katuku et al. [73] investigated the wear mechanisms of PCBN cutting tools when dry

turning ASTM grade 2 ADI under finishing conditions. They performed the machining test at

cutting speeds ranging from 50 to 800 m/min. The depth of cut and the feed being constant at

0.2 mm and 0.05 mm/rev respectively. They observed a monotone decrease in the tool life with

the cutting speed. They concluded that adhesion and abrasion were the main wear mechanism

at cutting speeds lower than 150 m/min. They stated that the shearing of built-up edge (BUE)

pressure welds after extensive strain hardening produced attrition that activated abrasion wear

mechanisms. On the other hand, at cutting speeds greater than 150 m/min, wear occurred by

a combination of chemical reaction, diffusion and abrasion. Subsurface cracking in the crater

may have contributed to the wear. Additionally, at cutting speeds higher than 150 m/min,

the high concentrations of Mg, Si, and O on the wear surfaces and the heat-affected zone of

the tools indicated that wear through chemical reaction was the controlling wear mechanism

(Fig. 2.19).
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(a)

(b)

Figure 2.19: (a) Appearance of the heat-affected zone showing blistering, flaking and cracking
(SEM micrographs) and (b) EDS spectrum of an area of the heat-affected zone [73].

Aslantas et al. [74] investigated the performance of CBN cutting tools when dry turning ADI

material. The effects of the austempering process on the cutting forces and surface roughness

were studied. They performed the machining test over three different work materials, namely,

one as-cast and two austempered. Austenitizing of the latter work materials was carried out at

900 ℃ for 60 min and then quenched in salt bath at 250 ℃ and 325 ℃ for 60 min, respectively.

They performed the machining test at four different cutting speeds V = 100 m/min, 200 m/min,

300 m/min and 400 m/min. The depth of cut and the feed being constant at 1 mm and 0.05

mm/rev respectively. According to them, a lower cutting speed would have been preferred in

terms of cutting tool life. They concluded that for as cast material the lower cutting speed

(<300 m/min) are not suitable while machining using CBN cutting inserts in terms of the

obtained surface finish due to higher ferrite contents. In addition, they stated that at higher
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cutting speed austenite undergoes a transformation to martensite due to a high strain rate

and results in the formation of discontinuous chip during machining. According to them the

friction coefficient at the tool-chip interface significantly increases with decreasing austempering

temperature (250 ℃). As a result, the increasing friction coefficient causes significant wear on

the tool rake face.

Due to the higher thermal stability and toughness of PCBN tools, the ADI machining

process is improved by the better dissipation of heat from the cutting zone. The PCBN tools

are more suitable for light cut and high speed machining of ADI.

In terms of the cutting tools, the main objective during machining is to get an optimized

tool in all related aspects (cutting parameters, workpiece material properties, tool wear mecha-

nisms, surface integrity etc.) for a particular machining operation. However, the economic and

environmental impact of cutting and machining is kept increasing. These impacts can be mini-

mized by the implementation of near to net shape technologies and dry or near dry machining

process during the production line for a particular ADI component.

2.7 Ecological machining: Dry or near dry machining

In the metal cutting industry, cooling lubricants (CL) are used to achieve a prescribed result

in terms of tool life, surface finish and accuracy-to-size, and make chip-breaking and chip-

transport easier. However, the use of cutting fluids during machining creates problems in the

immediate working environment and in waste disposal. These problems result in a large number

of ecological problems and in a climate of increasingly strict work safety and environmental

legislation [75]. Considering the threat to the environment and high cost associated with the

use of cutting fluids, the removal of cutting fluids can be a significant economic incentive.

To minimize the use of coolant and lubricant, new concepts of minimum quantity lubrication

(MQL) application and coating technology have been developed in order to sustain high material

removal rates. The coatings on the cutting tools are being used to improve the tribological

characteristics of the cutting tool at the cutting zone. In the following sections, the dry and

near dry machining processes are presented and discussed in relation with the different tool-

coatings [65].

2.7.1 Near dry machining: MQL application

In this cutting fluid application, the tools are supplied with the smallest amounts of a coolant

and/or lubricant. Usually, oils are used, but also emulsions, water or air. They are supplied to
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the tool and/or cutting area in the smallest possible quantities. This is achieved either with or

without a transport medium [45, 65]. Depending on the type and primary task of the added

medium, we can draw a distinction between the lubrication function and cooling function of

the medium. For example, when oils are used, then it is their good lubricating effect that is the

primary function. Their task is to reduce friction and adhesion processes between the workpiece,

chip and tool. By reducing friction, there is less frictional heat. The result is less heating of

the tool and component in comparison to dry machining process (Fig. 2.20). Due to the low

thermal capacity (Cp) of oil (Cp(oil): 1.92 kJ/kgK) and air (Cp(air): 1.04 kJ/kgK) and the small

quantity applied, the direct cooling effect of the oil/air mixture is of only secondary importance

[45]. Therefore, minimal quantity lubrication is a suitable alternative for economically and

environmentally compatible production. It combines the functionality of cooling lubrication

with an extremely low consumption of lubricant and therefore, it has the potential to close the

gap between overflow lubrication and dry machining.

230 6 Cutting Fluids

Minimum quantity cooling lubrication
(MQCL)

Minimum quantity cooling
(MQC)

Minimum quantity lubrication
(MQL)
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Water (cp, Water) = 4.18 kJ/kgK

Air (cp, Air) = 1.04 kJ/kgK
Oil (cp, Oil) = 1.92 kJ/kgK

Fig. 6.8 Definition of “minimum quantity cooling lubrication”
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Fig. 6.9 Influence of minimum quantity lubrication on the tool temperature

Minimum quantity cooling (MQC) with emulsions, water (with a corrosion

inhibitor), cold air or fluid gases is still a relatively seldom used component of min-

imum quantity cooling lubrication technology (MQCL) and is thus little known to

users. MQC technology can however most certainly make a contribution to solving

thermal problems in the tool or component in dry machining operations.

Due to their great importance in dry machining, the following remarks are con-

cerned exclusively with minimum quantity lubrication technology (MQL). The

Figure 2.20: Influence of minimum quantity lubrication on the tool temperature [45].

Meena and Mansori [76] investigated the MQL drilling of ADI material similar to ASTM

grade 2 ADI using the PVD-TiAlN coated tungsten carbide tools. They performed the machin-

ing experiments at a cutting speed of 60 m/min using a feed rate of 0.15 mm/rev. They also

compared the MQL drilling performance with dry and wet drilling under the same experimental

conditions. They concluded that crater wear at the outer cutting edge is the dominant wear

mode in case of dry and MQL drilling.

No doubt that the near dry machining approach can be a partial solution for the ecological

machining of the ADI material. However, proper steps must be taken to implement the near

dry machining approach to make this technology reliable, environmentally friendly and cost

efficient. Additionally, the cutting tool should be design in terms of the tool material, tool

geometry and tool’s coating as per the requirement of the near dry machining process.
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2.7.2 Dry machining

The dry machining process can be another approach for the ecological machining of ADI by

elimination of cutting fluids during machining. However, the basic functions of cutting fluid,

cooling and lubrication are eliminated during dry machining. This elimination leads to the

increase severity of the contact processes at the tool-chip and tool-workpiece interfaces and

significantly affects the tribological conditions at these interfaces [65]. To adapt machining

under such conditions, the heat removal from the cutting zone and better chip transportation

conditions must be confirmed. Coating technology appears to be a good alternative under such

conditions, which improves the tribological properties of the cutting tool. Therefore, the tool

coatings can at least partially substitute the eliminated functions of the cutting fluids.

Tonshoff and Mohlfeld [77] investigated the wear mechanisms of different coated WC-

cemented carbide and cermets tools during dry drilling of tempered steel. They stated that

complex thermal and mechanical loads were developed at the cutting edge during the dry

drilling machining process. Therefore, the cutting tool material requires high hot hardness and

high toughness. They explained that the coating separate tools from the workpiece material in

cutting and offers a possibility to replace coolants. The coating characteristics for dry machin-

ing should include reduced frictional heat at the tool-chip and tool-workpiece interfaces and

enhanced tool life, and thus, improves the tribological characteristics of the cutting tool. The

dry drilling process requires higher thermal stability and a certain toughness of the coating

layer to prevent chipping. They stated that the (Ti,Al)N coating showed the lowest coefficient

of thermal conduction and considerably increased oxidation stability compared with other hard

coatings, particularly with TiN coating. The high hardness of (Ti,Al)N improves wear resis-

tance and the low friction of (Ti,Al)N against steel reduces cutting forces as well as the heat

generated in the process. Figure 2.21 shows the oxidation curves of (Ti1−xAlx) coatings com-

pared with a TiN coating. The oxidation of TiN coating starts at 550 ℃ in air while (Ti1−xAlx)

coatings with a cubic structure begin to oxidize at 750 ℃ for x = 0.25 and at 830 ℃ for x = 0.6.

The weight gain in these coatings increases significantly at temperatures above 900 ℃. It was

found that (Ti1−xAlx) coatings upon oxidation formed two-phase mixtures of TiO2 and Al2O3

at 1000 ℃ in air. The formation of a dense Al2O3 top layer increases diffusion and oxidation

resistance of the (Ti,Al)N film. As compared to TiN, (Ti,Al)N has a high hardness even at

elevated temperatures. For dry drilling operations, the ternary (Ti,Al)N system has remarkable

advantages; as compared to uncoated and carbide and TiN coated tools, it has a superior wear

behavior.

The main objective of the application of any coating during dry machining of hard to
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Figure 2.21: Oxidation curves for (Ti1−xAlx) coatings as a function of temperature [77].

machine materials such as ADI, is to improve the tribological characteristics at the tool-chip and

tool-workpiece interfaces. However, the major resource in improving tribological conditions in

metal cutting (reduced tool wear and improved quality of machined surface), is in the inherent

properties and structure of the work material. The machining characteristics of the work

material can be improved by understanding the properties of the following surfaces [62]:

• Properties of the chip contact surface which is the counterpart of the tool rake face over

the tool-chip contact length;

• Properties of the work material at the tool-workpiece interface (the flank surface), which

define the contact conditions and tool wear over this interface.

Therefore, understanding the inherent properties of the ADI material and its subsequent

influences on the above mentioned contact surfaces leads to the better understanding of the

tool wear. This led to the application of suitable coating for ADI machining process capable of

reducing the severity of this type of wear for the particular case.

2.8 Conclusions

The recent advance in casting and heat treating practices leads to the production of ADI mate-

rials, which offers a better combination of mechanical properties and enhanced wear resistance.
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It comes out as an opportunity to respond to the increasing industrial demand for the cost

and weight efficient materials. Due to its remarkable combinations of mechanical properties

and high wear resistance, ADI act as a light weight (crankshaft, connecting rod, and gears,

etc.) substitute for forged steel and cast iron components in automotive industries. However,

as compared to standard grades of ductile cast irons, ADI is expensive and required high-

quality ductile iron casting with consistent composition and microstructural characteristics.

The composition for ADI production must be selected based on austempering response and not

simply hardenability requirements. Moreover, the austempering heat treatment requirements

are costly and more stringent as compared to other common heat treatments such as annealing,

normalizing, quenching or tempering. All these factors acts as a technological barrier for the in-

dustrial exploitation of light weight ADI casting. The increasingly high-performance materials

demanded by the high-tech industries requires development of new ADI processing technology

and machining advance.

To advance in the innovative processing technology for ADI production, a more detailed

understanding of the manufacturing process (casting, heat treatment, and machining) itself

and of the behaviour of the ADI material during both processing and in-service performance

is required. The innovative processing technology should be based on the knowledge of the

appropriate relationship between the microstructure and its material properties. However, the

applications and subsequent processing of ADI materials in many industrial sectors depend

on the machining characteristics of the ADI microstructure. Therefore, there is a need to

control and tailor the ADI microstructure to give the desired material properties and improve

machining characteristics.

The manufacturability of ADI is controlled by the three important steps: Casting, heat

treatment and machining practices. These three steps during the manufacturing cycle of ADI

component are inter-related with each other. To implement a green manufacturing technology

for ADI production, there is a need to consider simultaneously each production step and their

influences. In addition, special attention must be paid to reduce to energy consumption and to

improve the material efficiency of the final product. The production of near net shape, defect

free sound light ductile iron casting is the first essential step. After that uniform heat treatment

using the optimized heat treatment parameters must be required to get the optimize mechanical

properties in ADI casting. Moreover, machining characteristics of the obtained ADI material

must be improved using the proper tool material, cutting parameters and cutting environment.

The dry and near dry machining should be promoted to make the machining process economic

and environmentally safe. Therefore, the main objective of the present study is to implement
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a sustainable innovative process design for ADI production and to integrate it with the dry or

near-dry machining process for the green manufacturing of the light-weight ADI castings.



Chapter 3

Experimental techniques

The aim of this chapter is to introduce the applied experimental techniques and equipments

used throughout this project for the correlation of the integrated casting-heat treatment route

and machining for the sustainable ADI production. The present chapter is divided into the

following sections:

• Casting and heat treatment practices: This section covers the experimental methods and

equipments used to develop an integrated approach towards casting and heat treatment

processes for ADI production. It includes a brief summary of spheroidization and inoc-

ulation process, thermal analysis tool, and heat treatment practice used in the present

study.

• Material characterization: This section includes the details of the applied techniques and

equipments used for the characterization of the produced ADI material.

• Machining experiments: This section includes the details of the machining practices car-

ried out throughout the project and provided information regarding the cutting parame-

ters, cutting tools, and cutting environments.

• Machinability characterization: This section includes the methodology performed after

the machining test for the characterization of ADI machinability.

3.1 Casting and heat treatment practices

3.1.1 ADI processing cycle: Integrated casting-heat treatment route

The melting of charge materials was conducted in an induction furnace with a holding capac-

ity of 100 kg, power of 120 kW and a frequency of 50 Hz. The charge materials were steel

45
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Figure 3.1: (a) Schematic representation of tundish ladle assembly, (b) Tundish ladle apparatus
for spheroidization, and (c) Filter used in the tundish ladle assembly.

scraps, iron, carbon additive, and ferro-silicon. The metallic charge composition is based on

the estimated losses and compositional requirements of ADI casting. Based on the chemical

composition of the iron and steel scraps, a computational tool (Appendix A) was developed to

calculate the amount of the charge materials to get the required chemical composition. The

melt was initially superheated up to 1500℃ and alloying elements are added to the charge ma-

terials. Table 3.1 gives the recommended chemical composition ranges of the alloying elements

for the ADI production.

Element Recommended range (%)

Carbon (C) 3.60 ± 0.20
Silicon (Si) 2.50 ± 0.20

Magnesium (Mg) (Sulphur(S)×0.76)+0.025 ±0.005
Manganese (Mn) 0.35± 0.05

Copper (Cu) 0.8 maximum, only as needed ± 0.05
Nickel (Ni) 2.0 maximum, only as needed ± 0.10

Molybdenum (Mo) 0.30 maximum, only as needed ± 0.03

Table 3.1: Control ranges for intentionally added elements (ASTM A897M-03) [51].

(i) Magnesium treatment (Spheroidization)

The magnesium treatment is a means of modifying the solidification structure so that the

graphite phase precipitates and grows as spherical particles instead of flakes [21]. In the present

study, the magnesium (magnesium ferro-silicon alloy) was added to the melt using a tundish

cover treatment ladle (Fig.3.1a) to give a residual magnesium content of 0.030-0.040 % [24].

The typical alloy composition of the magnesium ferro-silicon alloy is provided in Table 3.2.

The used tundish cover treatment ladle is a specially designed Mg treatment apparatus to
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(a) (b)

Figure 3.2: (a) Spheroidization process for the melt, and (b) Metallic mould.

improve Mg recovery. The spheroidization process (Fig 3.2a) was performed in the temperature

range of 1450-1470 ℃. The temperature of the melt was measured by using platinum-platinum

rhodium thermocouples. The filter (Fig.3.1c) was used during the Mg treatment to remove the

non metallic inclusions from the melt, which are detrimental to the surface finish, mechanical

properties, machining characteristics of the produced as cast material [78]. The details on the

spheroidization techniques and the apparatus preparation is provided in Appendix A.

Element Percentage (%)

Silicon (Si) 44.85
Magnesium (Mg) 6.13

Calcium (Ca) 2.94
Rare earth elements (RE) 0.90

Aluminium (Al) 0.94

Table 3.2: Chemical composition for ferrosilicon magnesium nodulant.

(ii) Inoculation process

The inoculation process was performed using the ferro-silicon based alloy just after magne-

sium treatment. The typical inoculant used in the present study has 0.7 wt% FeSi (75% Si).

The primary objective of the inoculation process is to reduce under-cooling during solidification

and helps to prevent carbides in the thin sections of the casting. It also increases the nucleating

sites for the graphite nodules, thus improving homogeneity in the matrix structure [21].

(iii) Moulding process

After spheroidization and inoculation process the melt was poured into the permanent

mould, and the casting process started. In the present study, the gravity die casting (permanent
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Figure 3.3: Typical solidification curve and thermal parameters obtained by using ATAS tool
for ductile iron.

mould casting) process was used. The mould was preheated in temperature range of 175-225 ℃

to ease the melt flow during filling process and to prevent damage to the mould as a result of

thermal expansion during pouring. The mould cavity is coated with a refractory material which

prevents the casting from sticking to the mould and prolongs the mould life. The permanent

mould (Fig. 3.2b) used in the present study is made up of gray cast iron because of its high

thermal fatigue resistance [78]. It consists of two halves having dimensions of each 430 mm×280

mm×85 mm (Fig. 5.1a). The permanent mould was used to meet the challenges presented by the

modern manufacturing industry: higher production rate of near net shape ADI castings and the

in-situ heat treatment for austempering [22]. The near net shape casting processes leads to the

reduction in the machining and finishing costs [15]. The mould cavity consists of two specimens

and riser as shown in Fig. 5.1b. Each specimen is in the shape of rectangular block with size

of 182 mm×29 mm×16 mm. The production process was performed by maintaining a regular

time interval for each production cycle (one cycle produce two specimens) including casting

and ejection processes. The temperature of the mould and ejected casting was measured by

using K-type thermocouples fitted to the mould at selected locations. The mould temperature

is controlled by using forced-air cooling method.
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3.1.2 Thermal analysis

The thermal analysis of the melt was carried out by using a commercial thermal analysis tool

known as adaptive thermal analysis system (ATAS). It is a system for measuring and controlling

liquid iron metallurgy by monitoring the temperature-time curve of the melt. The temperature

time curve of the melt is influenced by the metallurgical conditions of the melt [79]. During

melt cooling, the latent heat released by the solidification of different phases causes changes

in the cooling curve and its derivative. These changes are linked with the development and

characteristics of the microstructure observed in the cast product. The correlation among the

changes observed in the cooling curve and its derivative and the microstructure present in the

cast by statistically based models has allowed the foundryman to monitor and control the melt

quality before pouring [80]. In addition, it provides, information on nucleation, growth, graphite

expansion, graphite shape and thermal conductivity [81]. Typical temperature time curve and

thermal parameters obtained by using ATAS are shown in Fig. 3.3. The ATAS parameters range

and their functions for the optimization of ductile iron casting are summarized in Table 3.3.

Parameter Optimal values and functions

TElow
(TEl)

Low eutectic temperature. A high value is normally better, >1145 ℃.
It reflects the nucleation status of the melt.

R Recalescence=TEhigh-TElow. A low value is often the best, <5. R
indicates how fast the eutectic growth is initially.

GRF1 (G1) Graphite Factor 1. G1 indicates the amount of eutectic graphite during
the second phase of freezing. For ductile iron G1 >90 is preferred. High
value means a high nodule count.

GRF2 (G2) Graphite Factor 2. G2 indicates indirectly the heat conductivity and
amount of eutectic at the very end of freezing. For ductile iron
30<G2<50 is preferred.

TS (TS) Solidus temperature: It is lowered with addition of Mg. Too low values
are not good as they indicate too much Mg or high levels of tramp
elements. For ductile iron TS should be 1080 ℃<TS<1105 ℃.

Table 3.3: The ATAS parameters range and their functions for evaluating ductile iron cast-
ing [79].

3.1.3 Heat treatment

The heat treatment was performed just after the casting process to develop the innovative inte-

grated approach towards casting and heat treatment. In this process, the ductile iron samples

ejected from the permanent metallic mould are first austenized immediately after solidification

process followed by austempering heat treatment in fluidized bed and then air cooled at room
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temperature to produce the ADI materials. The austenitization treatment was carried out in

a muffle furnace at 930 ℃ for 90 min. A muffle furnace from Nabertherm model no. N161

was used for the austenitization of the produced samples. After austenitization, the specimens

were quenched down to the austempering temperature in the first fluidized bed furnace (at

room temperature). The specimens were then austempered in another fluidized bed for dif-

ferent austempering conditions (temperature and time). An average quenching rate of 7℃/s

(Fig. 3.5) was obtained by using the fluidized bed at room temperature. The quenching ex-

periment was performed in the riser of the produced sample (diameter: 32 mm) using the

K-type thermocouple. The quenching experiment was performed under the same experimental

conditions as that used for the ADI production. The conventional CCT curve for ductile iron

showing different cooling rates to obtain the combination of the different metallic matrix is

shown in Fig. 3.4. According to this figure, the minimum cooling rate required to avoid the

pearlite region in the temperature range of 700-500 ℃ is 3 ℃/s. However, the characteristics

of the CCT curve can be changed by the alloying elements.

Figure 3.5 showing the schematic presentation of the integrated casting-heat treatment

process for ADI production. It presents the controlled correlative approach towards casting and

heat treatment process by implementing thermal analysis system (melt quality) and fluidized

bed heat treatment (controlled cooling heat treatment) to improve ADI foundry process.

3.2 Material characterization

3.2.1 Metallographic analysis

The microstructural characterization of the samples was carried out at three different sections

(bottom, middle and top) of the samples as shown in Fig. 3.6a. The obtained samples were sec-

tioned using wet abrasive cutting method at different sections and mounted in resin (Fig. 3.6b)

for wet grinding and polishing to prepare the samples for metallographic analysis. Grit re-

ductions of 180, 400, 600, 800, and 1200 silicon carbide are used. A final surface polish of 3

µm and 1 µm grain size was also performed. The polished surfaces are then etched with 4%

Nital (96-98 mL ethanol and 2-4 mL nitric acid (HNO3)) for 2-5 seconds at room temperature.

Microstructures were observed by optical microscope (OM) and scanning electron microscope

(SEM). The graphite nodule counts at different zones (centre and outer zones) were determined

on the un-etched sample surface by taking the average of five different regions (100X) at each

section (bottom, middle and top) of the samples using an optical microscope.
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Figure 3.4: The CCT curve for ductile iron with cooling rates [82].

3.2.2 Mechanical properties and strain hardening analysis

Tensile test was conducted according to ISO 6892-1:2009 standard [83]. The tests were carried

out at a cross head speed of 10 mm/min on an MTS (material testing system) servo-hydraulic

machine (MTS810) at room temperature in an ambient atmosphere. Load and displacement

plots were obtained on an X-Y recorder and from these load-displacement diagrams 0.2% yield

strength, ultimate tensile strength and percentage elongation values were calculated. Samples

for the tensile tests were taken from the centre zone (Fig. 3.7) of the material. Hardness test

was performed using a Buehler MacroVickers 5112 tester with an applied load of 196.13 N (20

kgf). The hardness value is the average of five different values taken in the various zones for

each sample. The values of mechanical properties presented are the averages of testing at least

four samples.

The strain hardening behavior of the produced ADI samples were determined using the



52 Experimental techniques

M
el

tin
g

S
ph

er
od

iz
at

io
n

an
d 

th
er

m
al

 a
na

ly
si

s

50
0

60
0

70
0

80
0

90
0

10
00

Temperature (°C)

A
ve

ra
g

e
 c

o
o

li
n

g
 r

a
te

: 
7

 °
C

/s

N
ov

el
 p

ro
ce

ss
 d

es
ig

n

C
as

tin
g 

an
d 

ej
ec

tio
n

A
us

te
ni

tiz
at

io
n

Q
ue

nc
hi

ng

A
us

te
m

pe
rin

g

A
ir 

co
ol

in
g

50
0 80

90
10

0
11

0
12

0
13

0
14

0
15

0

T
im

e 
(s

)

T
im

e 
(m

in
)

Temperature ( °C)

Figure 3.5: Schematic representation of novel process route for ADI production.
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(a) (b)

Figure 3.6: (a) Different sections (bottom, middle and top) for the microstructural characteri-
zation of the obtained ADI samples, and (b) Samples in resin.
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Figure 3.7: Samples for the tensile test (centre zone).

stress-strain data obtained in a uniaxial tension test. The strength hardening exponent (n) and

strength coefficient (K) were determined using the Hollomon Equation 3.1 [9, 84, 85] presented

as follows:

σ = Kεn (3.1)

where: σ = true stress; ε = true plastic strain; K = strength coefficient and n = strain

hardening exponent

logσ = logK + nlogε (3.2)

The logarithms (Equation 3.2) of the Hollomon’s equation ((Equation 3.1)) are calculated

within the plastic range. From these paired sets of (log σ, log ε), calculate, via linear regression

analysis of log σ versus log ε, the slope, n, the y-intercept (K) and the standard error of the
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slope are calculated. The Equation 3.3 for the slope of the linear regression line provides the

strain-hardening exponent as follows:

n =
N

∑
xy −

∑
x
∑
y

N
∑
x2 − (

∑
x)2

(3.3)

The equations for the strength coefficient are as follows:

K = exp(b) (3.4)

b =

∑
y − n

∑
x

N
(3.5)

The calculation of the standard deviation (SD) of the n-value is based upon the variance of

the slope of the regression line. This measure of variability contains the computed n-value and

the computed strength coefficient.

SD = (

∑
(y − b− nx)2

N
∑
x2 − (

∑
x)2
× N

N − 2
)1/2 (3.6)

where y = logσ; x = logε; b = logK

N = Number of data pairs (N=150 for the present study);

SD = Standard deviation of the n value;

n = Strain hardening exponent

The typical relationship between logσ and logε is shown in Fig. 3.8 The values of n and b

computed via linear regression analysis are 0.180 and 3.164 respectively. The values of K and

SD are 1460 MPa and 0.0037 respectively.

3.2.3 X-ray diffraction (XRD) analysis

The X-ray diffraction analysis was used to determine the retained austenite volume fraction in

the produced ADI by comparing the integrated cobalt (Co) X-ray diffraction intensity of ferrite

(body centered cubic, BCC) and austenite (face centered cubic, FCC) phases with theoretical

intensities. The X-ray diffraction studies were carried out on an INEL X-ray diffractometer

equipped with CPS 120 wide-angle curved proportional counter. The analysis was performed

using a monochromatic Co Kα radiation at 30 kV and 30 mA. The X-ray diffraction patterns

were fitted using a WINDIF software. Integrated intensities of the (2 0 0) peaks of ferrite and

the (2 0 0) peaks of austenite were used for the calculation of the amount of retained austenite
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Figure 3.8: Log true stress vs log true strain (Austempering temp.: 380℃; Austempering time:
120 min).

(γ) and ferrite(α) in the microstructure by using Equation 3.7 [4, 86]. Schematic representation

of X-ray spectrum as a function of wavelength is shown in Fig. 3.9.

Iγ(hkl)

Iα(hkl)
=
Rγ(hkl)Xγ

Rα(hkl)Xα
(3.7)

Where, Iγ(hkl) is the integrated intensity from a given plane (hkl) of austenite (γ) phase;

Iα(hkl) is the integrated intensity from a given plane (hkl) of ferrite (α) phase and Rγ(hkl) and

Rα(hkl) are constants, where

R = (1/υ2)(|F |2pL)e−2m (3.8)

Where,

υ is the atomic volume of unit cell;

F is the structure factor;

p is the multiplicity factor of the (hkl) reflection;

L is the Lorentz-polarization factor (LP) factor;

e−2m is the Debye-Waller or temperature factor.
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Figure 3.9: Schematic representation of X-ray spectrum as a function of wavelength.

The carbon content of austenite was determined by the following Equation 3.9 [4, 87]:

aγ = 0.3548 + 0.0044Cγ (3.9)

Where aγ is the lattice parameter of austenite in nanometre and Cγ is the carbon content

of austenite in wt%. The (1 1 1), (2 0 0) and (2 2 0) planes of austenite were used for the

calculation of lattice parameter. The ferritic cell size (d) was calculated by using B1/2 of FWHM

(full width at half its maximum intensity) at (1 1 0) planes of ferrite. The following Scherrer

Equation 3.10 [4, 86] was used for the calculation of ferritic cell size (d).

d =
0.9λ

B1/2cosθB
(3.10)

Where λ is the wave length, B1/2 is the FWHM (full width at half its maximum intensity)

at (1 1 0) peak of ferrite and θB is the Bragg angle.
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Machining experiment: Drill tool and Experimental setupMachining experiment: Drill tool and Experimental setup

PVD-TiAlN/CrN coated tool
KCK10 grade

PVD-TiAlN coated tool
KC7315 grade

Point angel: 135

Helix angle: 30

Diameter: 8 mm

Design: Monolayer/Nanolayer 

1.5 mm 1.5 mm

12

Flooded drilling: Mixture of Eco cool cat + and water has

been used as a coolant (viscosity: 35 mm2/s at 40°C)

Cutting parameters:

Cutting speed: 60 m/min

Feed rate: 0.20 mm/rev

Maximum no. of drilled holes: 120

Experimental setup 
(Deckel Maho five axis machining centre DMU 80 P) 
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Figure 3.10: (a) The experimental setup for dry and wet drilling, and (b) Typical thrust force
and torque during dry drilling of ADI (Cutting speed: 60 m/min; Feed rate: 0.15 mm/rev).

3.3 Machining experiments

3.3.1 Instrumented test and data collection

The produced ADI material in the form of a rectangular box of size 182 mm×29 mm×16 mm

was used as the workpiece. The dry drilling tests were carried out on a Deckel Maho five axis

machining centre (DMU 80 P). The machining experiments were carried out at three different

cutting speeds (30, 60 and 90 m/min) and three different feed rates (0.05, 0.10 and 0.15 mm/rev)

in an ambient atmosphere. A single drill tool was used for each set of experiments. The drilling

depth for each hole is 16 mm. The cutting parameters, tool diameter and drilling depth were

chosen based on the industrial drilling application. The machining tests were conducted using

different PVD-coated carbide tools of diameter 8 mm. Thrust and torque components generated

during drilling of each hole were measured simultaneously with a two-component dynamometer

of type 9271A made by Kistler. The experimental set-up is shown in Fig. 3.10a.

The average torque (N-cm) and thrust force (N) generated during drilling for each individ-

ual hole was calculated within the time period corresponding to the drills first contact with

the workpiece surface and its complete retraction at the end of the drill cycle, as shown in

Fig. 3.10b(cutting speed 60 m/min and feed rate 0.15 mm/rev).

3.3.2 MQL and wet drilling

The MQL drilling experiments were carried out on the Mikron HSM 700 machining centre

equipped with an external MQL system. The experimental set-up for the MQL drilling is
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Figure 3.11: (a) The experimental setup for MQL drilling, and (b) Schematic diagram of the
external MQL supply system.

shown in Fig. 3.11a. For MQL drilling, Swiss cut frisco 6122 S lubricant was used, having a

density of 0.835 g/ml at 20℃ and a viscosity of 6 mm2/s measured at 40℃. In MQL drilling,

the MQL is applied to the drill tip at a flow rate of 10 ml/h for oil and air at a pressure of 0.3

MPa. For wet drilling condition, lubricant, eco-cool cat+ has been used with a viscosity of 35

mm2/s at 40℃. The dry drilling tests were carried out on a Deckel Maho five axis machining

centre of the model DMU 80 P.
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(c) Tool 3

Figure 3.12: The tool geometries used in the present study.
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3.3.3 Cutting tools

In the present study, the machining tests were conducted using three different PVD-coated

carbide tools of diameter 8 mm. The tool tips of the drill tools are shown in Fig. 3.12. The

tool specifications and coating details are provided in Table 3.4. A schematic representation of

the drill and the terms used in describing its geometry are shown in Fig. 3.13. The dry, MQL

and wet drilling experiments were conducted using tool 1 whereas, the cutting performance of

the PVD based coatings during the dry drilling machining process was conducted using tool 2

and tool 3.

Specifications Tool 1 Tool 2 Tool 3

Reference R840-0800-30-A0A 1220 B254A08000YPC B254A08000HPC
Company Sandvik Coromant Kennametal Kennametal
Coating type PVD PVD PVD
Coating structure Multilayer Multilayer Monolayer
Coating material TiN/TiAlN (Ti,Al,Cr)N TiAlN
Point angle (°) 140 135 135
Helix angle (°) 30 30 30

Table 3.4: Tool specifications and coating details used in the present study.

3.4 Machinability characterization

3.4.1 Chip morphology

Chips generated from the different cutting conditions were collected to study the chip mor-

phology and its characteristics. Free and back surfaces of the chips were examined using the

scanning electron microscope (JEOL JSM-5510 LV model). The top surfaces of the chips were

observed after mounting it in cold resin. The specimens were then ground, polished, and sub-

sequently etched with 4% Nital (96-98 mL ethanol and 2-4 mL nitric acid (HNO3)) for 2-5

seconds at room temperature for metallographic preparation. An image analyser software was

also used to measure the geometrical parameters of the chip cross-section. The chip micro-

hardness measurements were conducted using a 1600-5101 MicroMet analog micro indentation

hardness tester. A load of 50 gf and a dwell time of 10 s were used in each measurement. The

average micro-hardness value is corresponded to a series of four measurements for each value.
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3.4.2 Tool wear analysis

(i) Optical and scanning electron microscopy

Tool wear was measured using Scanning Electron Microscope (SEM) and Optical Microscope

(OM). The microscope consists of a telescope binocular Nikon SMZ-2T magnification 10 to 120

times. It is equipped with a Sony SSC-DC38P camera. This equipment is coupled to an image

analysis software CLEMEX Vision. The SEM used was a JEOL JSM-5510 LV model. Its main

features are:

- Magnification of 18 to 300,000;

- Maximum size of specimens: diameter = 32 mm;

- Modes of operation: HV (high vacuum) and LV (low vacuum);

- SEI detector (secondary electrons) and BEI (backscattered electrons);

- Accelerating voltage: 0.5 to 30 kV.

(ii) Energy dispersive spectroscopy (EDS)

The local chemical analysis of the drill flutes and the worn surfaces of the drill tool materials

were performed by using the Energy Dispersive Spectroscopy (EDS) analysis. The EDS analysis

was carried out with using the scanning electronic microscope (JEOL, model JSM 5510-LV)

and energy dispersion spectrometry (EDS) (Oxford Instrument, INCA).

Figure 3.14: Surface roughness profile.
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3.4.3 Surface roughness measurements

Surface roughness values were measured using a stylus based instrument (Hommel wave) having

an accuracy of 0.5 µm with a cut off length of 0.8 mm. The average values correspond to a series

of four measurements for each value. The surface parameter used to evaluate surface roughness,

in this study, is the roughness average, Ra. This parameter is also known as the arithmetic mean

roughness value, arithmetic average (AA) or centerline average (CLA). The average roughness

(Ra) is the area between the roughness profile and its center line, or the integral of the absolute

value of the roughness profile height over the evaluation length (Figure 3.14). Therefore, the

Ra is specified by the following equation:

Ra =
1

L

∫ L

0
|Y (x)|dx, (3.11)

when evaluated from the digital data the integral is normally approximated by the trape-

zoidal rule:

Ra =
1

n

n∑
1

|Yi| (3.12)

where Ra is the arithmetic average deviation from the mean line, L is sampling length and

Y represent the ordinate of the profile curve.

3.5 Conclusions

The experimental approach developed throughout this chapter helps to implement the con-

trolled innovative process design for ADI production. It led towards the correlative approach

towards foundry practices (casting and heat treatment) for ADI production and its microstruc-

tural characteristics. This correlative approach should be investigated within the interest of

interaction between the inherent process conditions and prevailed ADI microstructure. With

this viewpoint, the microstructural and mechanical characteristic of produced ADI was inves-

tigated in the next chapter in correlation with the foundry practices.
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Chapter 4

Innovative process route for ADI
production

4.1 Introduction

Recently, the environmental impacts of material production and processing, particularly those

related to energy, are rapidly increasing [88, 89]. These impacts can be reduced, to some extent,

by implementing innovative processing technologies and/or by improving material efficiency

[12]. By implementing innovative processing technologies for material production we mean to

control and tailor the microstructure of materials to get the desired properties at low cost.

On the other hand, material efficiency means providing improved material services with less

energy consumption and material production [11]. Both of these factors are interrelated and

can be put in a single term known as green manufacturing of the product. Thus, the growing

demand of engineering materials in construction and automotive industries required either a

new material with improved material properties and/or an optimum manufacturing route to

yield the desired material and performance.

The recent emergence of near net shape ADI casting can be considered as a significant

economic advantage in terms of the material efficiency options. The material efficiency options

provided by light weight ADI castings are the upgraded combination of material properties and

enhanced component life through increased wear resistance [4, 50]. However, due to limited

resources and the growing environmental impacts of material production, the ADI produc-

tion process needs an innovative processing technology. The present chapter thus attempts

to explore the innovative process route for the production of near-net shape light weight ADI

casting in a permanent mould. It is based on the integrated approach towards casting and heat

treatment process within the framework of correlation between microstructure and mechanical

properties of ADI. In the following sections, the recent technologies for ADI production will

63
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be discussed. Then, the results related with the novel process route for ADI production are

presented and discussed in terms of the microstructural characteristics, mechanical properties

and strain hardening behavior of the resultant ADI materials.

4.2 Background

The first part of this section will elaborate upon the recent advance in the optimization of ADI

microstructure by applying various processing technologies to acquire better combination of

mechanical properties. These technologies include ausforming, cold rolling, controlled cooling,

two-step austempering, and dual phase ADI production. The second section provides a brief

summary of the innovative process route developed in the present study for ADI production.

4.2.1 Existing technologies

During the last few years, industrial applications of ADI have grown enormously. This fact

can be accredited to the improvement achieved in casting technology as well as in the heat

treatment technology. Many researchers [4, 7, 38, 90] in the past try to optimize the ausferrite

microstructure by applying various processing technologies. Achary [38] investigated a new

processing method for improving the strength and elongation percentage of ADI by grain re-

finement of parent austenite using thermo-mechanical treatment. They deformed the material

at the austenitization temperature by single and multipass rolling before the austempering heat

treatment. They choose three different austenitization temperature 900, 950 and 1000 ℃ with

an austenitization time of 90 min. They performed austempering heat treatment at different

austempering temperatures between 260 ℃ and 340 ℃ and austempering times between 30 and

100 min. They found an increase in tensile properties with increasing austenite deformation up

to 40%, and then it starts to decrease. They obtained tensile properties (Tensile strength/Yield

strength/Elongation %) in the range of 1790 MPa/1275 MPa/5 % and 1355 MPa/ 920 MPa/15

% with thermo-mechanical treatment of ADI. They concluded that higher ductility and lower

strength values can be obtained at higher austempering temperature due to the higher volume

fraction and higher carbon content in saturated austenite.

Janowak and Gundlach [90], investigated controlled cooling experiment for the production

of ADI. Their test involved a 25 mm Y-block casting poured from a ductile iron containing

3.3% C, 2.3% Si, 0.32% Mn, 1.5% Ni, 1.0% Cu and 0.5% Mo. They performed the casting

shake out from the oil-bonded sand mould at 870 ℃ and allowed it to air cool down to 370 ℃.

The casting was then placed into a container of insulating material (Sil-O-Cel). In 2 hours the

temperature had declined to 345 ℃ and the casting was removed and allowed to air cool. They
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found that mechanical properties of the obtained samples show good combination of strength

and elongation properties (Tensile strength: 876 MPa, Yield strength: 504 MPa and Elongation

percentage: 7.9%). They concluded that control cooling options are more feasible to achieve

high strength and toughness.

Yang and Putatunda [4] investigated the influence of two-step austempering process on mi-

crostructure and mechanical properties of ADI. They performed the austenitization of samples

at 927 ℃ for 120 min. According to their two step austempering process, the samples were ini-

tially quenched for 5 min in a salt bath maintained at 260 ℃ and then austempered for 120 min

at the different austempering temperatures. They found that the volume fraction of austenite

and carbon content of austenite increases with an increase in austempering temperature. The

tensile properties of the obtained ADI samples processed by the two-step austempering pro-

cess was in the range of 900-1300 MPa for yield strength, 1200-1500 MPa for ultimate tensile

strength and 2-10% for elongation percentage. In addition, they found that strength properties

decrease with austempering temperatures and elongation properties increases with austemper-

ing temperatures. They concluded that two-step austempering process resulted in higher yield

strength, tensile strength and fracture toughness as compared to the conventional single step

austempering process.

Recently, a new grade of ADI known as dual phase ADI consists of pro-eutectoid ferrite and

ausferrite or martensite was found to be validated for the suspension parts of the automotive

owing to its greater ductility than the conventionally heat treated ADI [37]. From the literature

[19, 37], it was found that the dual phase ADI was obtained by the partial austenitization of

ductile iron within the single phase (austenite) region followed by austempering or quenching

the material at room temperature. Basso et al. [19] investigated the fatigue and mechanical

properties of dual phase ADI. They obtained three different dual phase ADI by partial austen-

itization of ferritic samples at temperatures of 800, 820, and 835 ℃ for 60 min, followed by

austempering process at 350 ℃ for 90 min (for each sample). They found that the tensile

properties of the dual phase ADI is in the range of 521-728 MPa for ultimate tensile strength,

354-410 MPa for yield strength and 18-24% for elongation percentage. They concluded that

dual phase ADI could provide a wide range of mechanical properties based on the relative

percentage of different phases in the matrix.

The recent advance in the ADI processing technology significantly enhances the mechanical

properties of ADI. However, still there is a need to improve the material efficiency of ADI in

correlation with its environmental impacts and microstructural characteristics. Therefore, in the

coming sections, a novel processing route was investigated for the sustainable ADI production.
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Figure 4.1: Schematic representation of the conventional and innovative processing technology
for ADI production.

4.2.2 Integrated continuous casting-heat treatment technology

Figure 4.1 shows the schematic representation of the conventional and developed innovative

process route for ADI production. In this innovative processing technology, the ductile iron

samples obtained using the permanent mould are first austenized immediately after solidification

process followed by austempering heat treatment in the fluidized bed and then air cooled at

room temperature to get ADI material [76, 91]. The permanent mould was used to meet the

challenges presented by the modern manufacturing industry: higher production rate of near-net

shape ADI castings and the in-situ heat treatment for austempering [22]. The near-net shape

casting process leads to the reduction in the machining and finishing costs [15]. The ductile

iron samples are first austenitized at 930 ℃ for 90 min. The obtained specimen were then

quenched down to austempering temperature in first fuidized bed at room temperature and

then austempered in another fluidized bed for different austempering temperature (320, 350

and 380 ℃) and time (60, 90, 120 and 150 min). Fluidized bed technology is being increasingly

used in the heat treatment industry, due to the increased energy efficiency, more uniform and

controlled heat treatment option [92]. The detail procedure regarding the foundry and heat

treatment practices of the novel process route for ADI production is provided in Chapter 3.
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Fig.5. Unetched microstructure of resulting ADI samples at outer and centre zones (austempered for 90 

min). 

0.5mm 

Outer zone Centre zone Centre zone  

Outer zone  

40 µm 

Edge 

40 µm 

Figure 4.2: Typical unetched microstructure of resulting ADI sample (produced by the innova-
tive processing technology) at outer and centre zones (Austempered at 380 ℃ for 90 min).

4.3 Results and discussion

4.3.1 Typical green ADI microstructure

The chemical composition of the ductile iron used in the present chapter is shown in Table 4.1.

The typical un-etched microstructure of the produced ADI sample is shown in Fig 4.2. Based on

average graphite nodule counts and average graphite nodule size, two different zones exhibiting

slightly different microstructures were observed. First is the outer zone at the outer surface

which is approximately 0.5-1 mm thick and second is the centre zone which is at the interior of

the samples. Image analysis of optical micrographs of un-etched samples at different sections

(bottom, middle and top) gave an average graphite nodule density in the range of 900±150

nodules/mm2 at centre zone with a mean graphite nodule size in the range of 13-17 µm whereas

average graphite nodule density at the outer zone is in the range of 1300±160 nodules/mm2

with a mean graphite nodule size in the range of 5-10 µm. The variations in the average

graphite nodule counts and its average size in the resultant microstructure can be explained

due to the distinctly different cooling rates during solidification at the centre and outer zones.

The outer zone is in contact with the metallic mould, solidified rapidly resulting in higher

nodule counts with smaller size compared with those in the interior zone of the casting. Salazar

et al. [93] explained the relationship between cooling rate and graphite nodule count and its
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size. They stated that the nucleation of graphite nodule and its size increases due to the higher

under-cooling which can be achieved by larger cooling rates.

Element Percentage (%)

Carbon (C) 3.50-3.60
Silicon (Si) 2.70-2.80

Manganese (Mn) 0.23-0.25
Molybdenum (Mo) 0.19-0.21

Copper (Cu) 0.75-0.80
Nickel (Ni) 0.55-0.63
Sulphur (S) 0.017-0.022

Magnesium (Mg) 0.030-0.038

Table 4.1: Chemical composition range for the resultant ADI samples.

Figure 4.3: SEM micrograph of resultant ADI microstructure (Austenitized at 930 ℃ for 90
min; Austempered at 380 ℃ for 120 min).

Figure 4.3 shows the SEM micrograph of the typical ADI microstructure produced by us-

ing an integrated continuous casting heat treatment process route. Due to the in-situ heat

treatment of ductile iron samples, the obtained microstructure consists of a matrix having dark

needle-shaped ferrite and bright austenite with graphite nodules embedded in it. The dark

needle-shaped ferrite and bright austenite between the needles in the micrograph constitute

an ausferrite matrix, and the bright bulky region is untransformed austenite volume [20, 94].

The austempering temperature and time during the austempering heat treatment process of

ductile irons play a critical role in the development of microstructural characteristics of ADI

and its mechanical properties. The combined effect of austempering temperatures (320, 350

and 380 ℃) and times (60, 90, 120, and 150 min) on the resultant ADI microstructures are

shown in Fig. 4.4. At a constant austempering time and lower austempering temperature (320

℃), fine needles of acicular ferrite were observed with only a small amount of retained austen-
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(a) 320 ℃; 60 min (b) 350 ℃; 60 min (c) 380 ℃; 60 min

(d) 320 ℃; 90 min (e) 350 ℃; 90 min (f) 380 ℃; 90 min

(g) 320 ℃; 120 min (h) 350 ℃; 120 min (i) 380 ℃; 120 min

(j) 320 ℃; 150 min (k) 350 ℃; 150 min (l) 380 ℃; 150 min

Figure 4.4: Typical ADI microstructure obtained by integrated continuous casting heat treat-
ment process for different austempering conditions (Austenitizing temperature: 930 ℃; Austen-
itizing time: 90 min), scale: 20 µm.



70 Innovative process route for ADI production

ite in between. As the austempering temperature is raised from 320 ℃ to 380 ℃ the amount

of bright austenite between ferrite needles increases. At higher austempering time, increased

austempering temperature leads to the coarsening of the ferrite needles. This can be explained

due to the fact that at lower austempering temperatures, due to high supercooling, a high

nucleation rate results in a large number of fine ferrite needles [87, 95]. On the other hand,

at higher austempering temperatures, the lower nucleation rate results in fewer ferrite needles,

each growing to a larger size. Thus at 380 ℃ coarse feathery ferrite characteristic was observed.

It can be also observed that on increasing the austempering time at a constant austempering

temperature the white retained austenite region between ferrite needles first increases and then

show decreasing behavior.
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Figure 4.5: Variations in the retained austenite volume fraction with the austempering condi-
tions.

The quantitative estimation of the resultant ADI samples was obtained by the XRD analysis.

The austempering temperature and time has a significant influence on the relative amount of the

acicular ferrite and retained austenite produced during the austempering process. The volume

fraction of retained austenite varying with austempering conditions is shown in Fig. 4.5. It can

be observed that for higher austempering temperatures (350 and 380 ℃), retained austenite

volume fraction show increasing behavior with austempering time in the range of 60-90 min

and then it starts to decrease with austempering time in the range of 90-150 min. On the other

hand, at lower austempering temperature (320 ℃), the retained austenite volume fraction shows
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Figure 4.6: Influence of austempering temperature and time on the carbon content of the
retained austenite (wt%).

constant behavior in the austempering time range of 60-90 min and then it shows decreasing

behavior with austempering time in the range of 90-150 min. It was also observed that the

decreasing rate of retained austenite volume fractions at higher austempering time is directly

proportional to the austempering temperature. The difference in the retained austenite volume

fraction generated at higher and lower austempering temperature have an important influence

on the spatial distribution of this phase, as can be seen in Fig. 4.4. The ferrite growth during

austempering process depend on the carbon diffusion from the ferrite to the surrounding. Since

the carbon diffusion during austempering process is directly proportional to the austempering

temperature, the carbon diffusion from the ferrite to the surrounding region is higher at higher

austempering temperature than that of lower austempering temperature [95]. The variation of

the retained austenite volume fraction with austempering time can also be understood from

the initiation of stage I reaction in the range of 60-90 min. During this reaction, the austenite

volume gets enriched with carbon and improves its stability [87]. However, on increasing the

austempering time further from 90 min to 150 min there is a decrease in the retained austenite

volume fraction due to the execution of stage II reaction.

Figure 4.6 shows the variation of carbon content of retained austenite as a function of

austempering time in the lower and higher ausferritic temperature ranges. It can be observed

that at lower austempering temperature (320 ℃), the carbon content of retained austenite rises
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Figure 4.7: Influence of austempering time on the mean ferritic cell size (d).

gradually from a low value of 1.65 wt.% at 60 min to 1.73 wt.% at 90 min. After that it show

decreasing behavior with an increase in austempering time. On the other hand, at 350 ℃ the

carbon content of retained austenite shows a constant behavior (1.7 wt.%) with austempering

time in the range of 60-90 min. However, it found to be increases to a value of 1.8 wt.% at

the austempering time of 120 min. On further increasing the austempering time to 150 min,

the carbon content of retained austenite reaches to its constant values of 1.7 wt.% at 350 ℃.

At higher austempering temperature (380 ℃), the carbon content of retained austenite shows

a gradually increasing behavior with austempering time in the range of 60-120 min and then

it increased to 1.9 wt.% at the austempering time of 150 min. It can also observe that in

the austempering time range of 60-120 min, the higher values of carbon content of retained

austenite were found at the austempering temperature of 350 ℃. The low carbon content of

retained austenite at lower austempering temperature (320 ℃) is due to the low diffusion rate

of carbon and fast kinetics of ferrite formation, little carbon diffuses into the austenite. As the

austempering temperature increases more carbon will diffuse to the surrounding austenite and

leads to the carbon enrichment of the austenite.

Figure 4.7 shows the variation of ferritic cell size (d) with austempering time at different

austempering temperatures. It can be observed that the lower values of mean ferritic cell size

was obtained at lower austempering temperature (320 ℃). For higher austempering tempera-

tures the mean ferritic cell size shows constant behavior with austempering time in the range
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of 60-120 min. The d values increases significantly with an increase in austempering time in

the range 120-150 min. The increase in d values at higher temperatures and time is indicative

of rapid grain coarsening of ferrite.
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Figure 4.8: Influence of austempering time on the hardness values (HV 20)

4.3.2 Austempering kinetics

The austempering temperature and time have a marked influence on the retained austenite

volume fraction and its carbon content. All these microstructural characteristics can be further

used to gain information regarding the kinetics of stage I and stage II reactions during austem-

pering process. The change in measured properties (retained austenite volume content, carbon

content of retained austenite, ferrite cell size, etc.) during the austempering process reflects the

progress of stage I and II reactions [53].

The austempering kinetics were also followed by observing the hardness modification of the

resultant ADI microstructures as a function of austempering time. The influence of austemper-

ing time on the hardness values of resulting ADI samples are shown in Fig. 4.8. The austem-

pering temperature show a significant influence on the hardness values as compared to the

austempering time. The hardness values decrease with an increase in austempering temper-

ature. Lower hardness values are obtained at the higher austempering temperatures. It can

be observed that the hardness values show constant behavior with austempering time in the
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range of 60-120 min for all austempering temperature. However, a significant rise was observed

in hardness values for longer treated time (120-150 min) for all austempering temperatures.

This behavior can be explained by the fact that as the austempering time increases, more of

the softer phase of high-carbon austenite formed and the average matrix hardness decreases.

This continues until the onset of stage II of the reaction, after which the hardness is expected

to rise slightly due to the formation of carbides during stage II reaction. Thus, the progress

of stage I reaction during austempering kinetics can be explained by an increase in retained

austenite volume fraction and by a decrease in hardness values. On the other hand, the stage II

reaction during austempering process is accompanied by an increase in hardness and a decrease

in retained austenite volume fraction.
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Figure 4.9: Influence of austempering time on the ultimate tensile strength (MPa).

4.3.3 Tensile properties

Figure 4.9 shows the influence of austempering time on the ultimate tensile strength (UTS) for

different austempering temperatures. It can be seen that austempering temperature play a crit-

ical role in the evolution of UTS as compared to the austempering time. It can be also observed

that UTS decrease gradually with an increase in austempering temperature for all austempering

time. Austempering time did not show significant influence over the UTS values in the range of

60-150 min. However, higher UTS values are obtained at higher austempering time (150 min).
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Figure 4.10: Influence of austempering time on the 0.2% yield strength (MPa)

The variation of 0.2% yield strength of the resultant ADI samples with austempering time for

different austempering temperature is shown in Fig. 4.10. It shows similar behavior with re-

spect to austempering time as that of UTS. However, significant influence of austempering time

was observed in case of yield strength. It can be seen that at lower austempering temperature

(320 ℃), the yield strength values increases initially with austempering time in the range of

60-90 min and then attains constant values at higher austempering time. On the other hand,

at higher austempering temperatures (350 and 380 ℃), the yield strength values show constant

behavior with austempering time. Figure 4.11 shows the evolution of ductility behavior of the

resultant ADI samples as a function of austempering time for different austempering tempera-

ture. It can be seen that the ductility behavior is significantly influenced by both temperature

and time parameters during austempering process. It was found that at lower austempering

temperature (320 ℃) the ductility of the resultant ADI samples show constant behavior at

higher austempering time. However, at 380 ℃ the ductility increases with austempering time

and attains its maximum value at 120 min. On further increasing the austempering time it

shows decreasing behavior. On the other hand, at 350 ℃ the ductility of the samples are higher

in an intermediate time interval (90-120 min).

The variation in mechanical properties with austempering parameters (temperature and

time) depends on the change in the evolution of microstructural variables, particularly, the

ferrite morphology, the retained austenite volume fraction and the carbon content of retained
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Figure 4.11: Influence of austempering time on the ductility of the resultant ADI.

austenite. The decrease in strength properties with an increase in austempering temperature

can be explained due to the change in the ferrite morphology and amount of the retained

austenite volume fractions with austempering temperature. At lower austempering tempera-

ture, the ferrite has fine acicular ferritic characteristics. The fine ferrite morphology provides

higher strength to the ADI microstructure by providing greater resistance to dislocation mo-

tion [87]. Other than this, on increasing the austempering temperature the retained austenite

volume fraction increases resulting in a decrease in strength properties. In additions, at lower

austempering temperatures the carbon precipitation within the ferrite is high due to low dif-

fusion rate of carbon, which increases its stability. On the other hand, at higher austempering

temperature, coarsening of ferrite together with higher retained austenite volume fraction de-

creases its strength values. The high retained austenite volume fraction at higher austempering

temperature is also responsible for the increased ductility of resultant ADI samples. The ductil-

ity of ADI samples improves with an increase in the carbon content of retained austenite with

austempering time. However, at higher austempering time, the ductility values are lower due

to the occurrence of stage II reaction. It can be also observed that the variation in strength

properties with austempering temperature show decreasing behavior with respect to the mean

ferritic cell size (d). This behavior is well supported by the Putatunda et al. [95]. They stated

that to obtain high strength values, ADI microstructure must have simultaneously the following

microstructural characteristics:
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• The fine ferrite and austenite morphology;

• The high carbon content of austenite;

• The lower values of mean particle ferritic size (d).
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Figure 4.12: The UTS-elongation % comparison of resultant ADI samples with ASTM ADI
grades.

Figure 4.12 shows the strength properties plotted in the form of UTS-elongation percentage

relationship. The minimum properties defined for the ASTM grade 1, grade 2, grade 3 and

grade 4 ADI are denoted by the points G1, G2, G3 and G4 respectively. It can be seen that the

resultant ADI produced at the austempering temperature of 380 ℃ and austemering time of

120 min is comparable to ASTM grade 1 ADI. On the other hand, the resultant ADI produced

at the selection of treatments 350 ℃/90-120 min and 320 ℃/90-150 min are comparable to

ASTM grade 2 ADI.

4.4 Interpretation of tensile stress-strain curve

Figure 4.13 compares the stress-strain curves of resultant ADI at the different austempering

time. The stress-strain curve was analysed to understand the elastic and plastic behavior of

the material. In addition, the area under the stress-strain curve signifies as strain energy
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Figure 4.13: Tensile test curves of the novel ADI samples for different austempering time
(Austempered at 350 ℃).

required to shear the metal during the machining process. It is the combined function of the

strength, modulus, strain hardening coefficient and strain to failure of the material. The stress-

strain curve is divided into two parts. First part in which, the deformation of the material is

proportional to the applied stress. This deformation is known as elastic deformation and it is

reversible. The proportional relation between the stress and elastic strain is described by Hookes

law (Equation 4.1). The elastic deformation can be explained by the reversible displacements of

atoms from their equilibrium positions [84]. Plastic deformation of material started as soon as

the stress applied exceeds its elastic limit, it imparts permanent non-recoverable deformation in

the material. Plastic deformation involves breaking of the original atomic bonds, movements of

atoms and the restoration of bonds. In the present study, the plastic behavior of the material

was described using the Hollomon equation (Equation 4.2) [84, 85].

σ = Eεe (4.1)

σ = Kεnp (4.2)

Where, σ is the true stress, E is the Youngs modulus (Pa), εe is the true elastic strain, K is
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the strength coefficient (Pa), εp is the true plastic strain and n is the strain hardening exponent.

The shape and size of the engineering stress-strain curve depends on material properties, heat

treatment, prior history of plastic deformation, strain rate, temperature and state of stress

imposed on specimen during the test.

In literature [84, 85], the dislocation processes are considered as the dominant deformation

mechanism for plastic deformation of metals at room temperature. The dislocation is the defect

responsible for the phenomenon of slip, by which most metals deform plastically. During the

plastic deformation of metals, the shear stress required to produce slip continuously increases

with increasing shear strain. The increase in the stress required to cause slip because of previ-

ous plastic deformation is known as strain hardening. It is caused by dislocations interacting

with each other and with barriers, which impede their motion through the crystal lattice. In

Hollomon equation (Equation 4.2), the strength coefficient (K) determines the strength poten-

tial of the material whereas the strain hardening exponent (n) determines the strain hardening

capacity of the material. The constants n and K are determined by evaluating data from the

tensile test curves.

The n values determined the strain hardening capacity of the material when it is plastically

deformed. A high n value indicates a more uniform strain distribution which results in a

greater resistance to deformation. A lower n values indicate lower work hardening rate, which

is preferred from a machining point of view. As stated earlier that ADI microstructure consists

of austenite and ferrite phase with austenite has a higher work hardening rate than ferrite.

Thus, the machinability of the material will highly depend on the amount and morphology of

retained austenite which in turn depend on the austempering temperature and time. Therefore,

the present chapter also investigates the strain hardening behavior of ADI material with respect

to the amount of retained austenite.

4.4.1 Strain hardening behavior

The strain hardening exponent (n) and strength coefficient (K ) are determined from the loga-

rithmic form (Equation 4.3) of the Equation 4.2, representation of the true stress versus true

strain curve within the plastic range.

logσ = logK + nlogεp (4.3)

The true stress (σ) and true strain (ε) values are calculated from the following equations:



80 Innovative process route for ADI production

0,1

0,15

0,2

0,25

0,3

60 90 120 150

320 °C
350 °C
380 °C

S
tr

ai
n 

ha
rd

en
in

g 
ex

po
ne

nt
 (

n)

Austempering time (min)
 

 

 

Figure 4.14: Influence of austempering time on the strain hardening exponent (n)

σ = S(1 + e) (4.4)

ε = ln(1 + e) (4.5)

Where:

S=Engineering stress and,

e=Engineering strain.

4.4.2 Strain hardening exponent

Figure 4.14 shows the influence of austempering time on the strain hardening exponent of the

resultant ADI samples for different austempering time. It can be observed that for all austem-

pering temperature, strain hardening exponent show decreasing behavior for shorter treated

time (60-90 min). On further increasing the austempering time, strain hardening exponent

show different behavior for each austempering temperature. At lower austempering tempera-

ture (320 ℃) the property showed approximately constant behavior. However, at 350 ℃ the

property attains its minimum value 0.12 at 120 min and then it reaches to its maximum value
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Figure 4.15: Influence of austempering time on the strength coefficient

of 0.21 at 150 min. On the other hand, for higher austempering temperature (380 ℃), the

property gradually increases with austempering time > 90 min and attains maximum value of

0.21 at 150 min.

The variation in strain hardening exponent with different austempering conditions can be

understood from variations of the austenite and ferrite volume fractions in the ADI microstruc-

ture. The austenite shows higher strain hardening characteristics as compared to the ferrite

[60]. Together with this, the carbon content of retained austenite plays a critical role in its

strain hardening characteristics [95–97]. The carbon content of retained austenite increases its

stability at room temperature. The strain hardening behavior of resultant ADI samples with

austempering temperature can be explained due to the change in the ferrite morphology and

its content with austempering temperature. On increasing the austempering temperature, the

ferrite morphology changes from fine to coarser. This leads to the fewer interface areas and

weaker interactions between dislocation and carbon atoms, resulting in a lower strain hard-

ening exponent. It can be seen that the maximum strain hardening exponent value of 0.27

was obtained from the combination of lower austempering temperature (320 ℃) and time (60

min). This can be explained due to the lower diffusion rate of carbon at lower austempering

temperature. This can lead to the high volume of untransformed austenite in ADI microstruc-

ture, which can be transformed to martensite at room temperature. The presence of martensite

significantly increases the strain hardening exponent. The variation in strain hardening expo-
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nent with austempering time can be understood from the fact that during the initial phase

of austempering process the growth of ferrite needles was higher. This leads to the decrease

in strain hardening exponent values. However, on further increasing the austempering time,

strain hardening exponent values increases for higher austempering temperature due to the

higher diffusion rate of carbon from ferrite to austenite, which improves the strain hardening

behavior of austenite.

4.4.3 Strength coefficient

Figure 4.15 shows the influence of austempering time on the strength coefficient of the resul-

tant ADI samples for different austempering temperature. It can be seen that the strength

coefficient values decrease with austempering time in the range of 60-90 min for all austemper-

ing temperatures. On further increasing the austempering time, the property shows different

behavior with respect to austempering temperature. At 320 ℃ the property show constant

behavior and then reaches to its minimum values at 150 min. On the other hand, at 350 ℃

the strength coefficient increase slightly and reaches a plateau. However, at 380 ℃ the strength

coefficient show increasing behavior with austempering time > 90 min.

The higher values of the strength coefficient at lower austempering temperature in the

austempering time range of 60-120 min can be explained due to the fine ferritic morphology

in ADI microstructure resulting in higher strength values. The gradual decrease in strength

coefficient values with initial austempering phase (60-90 min) indicate the progress of stage

I reaction and the increase in the retained austenite volume fraction. However, the further

increase in strength coefficient values with austempering time indicate the occurrence of stage

II reaction and decrease in retained austenite volume fraction. The higher value of strength

coefficient at the combination of low austempering temperature (320 ℃) and low treated time

(60 min) indicate the transformation of austenite to martensite at room temperature due to the

lack of carbon enrichment. The formation of martensite in the resultant ADI microstructure

leads to the high strength coefficient.

4.5 Conclusions

An innovative process route was developed for the light-weight ADI casting production using

an integrated casting-heat treatment route. The microstructural characteristics of the pro-

duced ADI samples were investigated in correlation with its mechanical properties and strain

hardening behavior. Based on the results obtained, the following conclusions can be drawn:
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1. The integrated casting-heat treatment process route leads to the production of light weight

ADI casting with ausferrite microstructure (needle-shaped ferrite and high-carbon austen-

ite) and high graphite nodule counts. The high nodule counts are associated with the

increased cooling rates due to the thin wall ADI casting. This innovative process route

leads to save energy and time during ADI production.

2. The quantitative estimation of resultant ADI revealed an increase in ferritic cell size with

austempering temperature due to rapid grain coarsening of ferrite.

3. The lower values of retained austenite volume fraction and ferritic cell size at lower austem-

pering temperature give rise to high strength ADI samples with lower ductility. The duc-

tility of ADI samples improved with an increase in retained austenite volume fraction and

its carbon content.

4. The selection of austempering parameters of 380 ℃/120 min leads to the production of

ADI casting having tensile strength of 866 MPa and ductility of 10.3%, which is higher

as compared to ASTM grade 1 ADI.

5. The strain hardening behavior of the resultant ADI samples are influenced by the mi-

crostructural characteristics of produced ADI. The low strain hardening values are ob-

tained in the austempering time range of 90-120 min.

It was revealed that the innovative process route is capable for the production of ADI

casting having combination of strength and ductility comparable to ASTM grades of ADI. In

addition, the present study significantly elaborate the correlation of strain hardening behavior

and mechanical properties of ADI with its microstructural characteristics. However, in order to

get a sound ductile iron casting and to develop a controlled casting process for ADI production,

there is a need to develop a simulation tool to predict the castability of ductile iron in permanent

mould. The correlative thermal methodology for novel ADI castability simulation is introduced

in the next chapter.
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Chapter 5

Correlative thermal methodology for
novel ADI castability simulation

5.1 Introduction

The use of simulation technologies to simulate mould filling and solidification processes during

casting has expended greatly in recent years. The advance in simulation technology has been

driven by the inherent complexity of the process involved, namely, interrelated fluid flow and

thermal effects coupled with phase change [98]. The numerical simulations provide a means

of understanding the combined effects of chemical composition, heat transfer, fluid transport

phenomena, and their relationships to microstructure and the formation of defects during mould

filling and solidification processes. Thus, the numerical simulation process can be used as a vital

tool for the optimization of the overall casting process at a moderate cost.

However, numerical simulation of mould filling and solidification during casting is a challeng-

ing task. It involves various phenomena such as fluid mechanics with phase change, inter-facial

heat transfer between the melt and the mould, solidification mechanisms, microstructure evolu-

tion and mechanical stress, which make the overall casting process more complex [99]. Moreover,

the heat transfer between the different contacts interfaces (melt, mould and air) and thermal

resistances to heat flow from the interior of casting due to air gap at melt/mould interface leads

to change in the melt castability and thus final casting quality [100, 101]. Therefore, there is

a need to correlate and understand the combined effect of melt thermal characteristics, heat

transfer at melt/mould interface, and melt flow through the critical sections of the casting to

produce a sound defect-free ductile iron casting for ADI production.

The present chapter, explores the recent advances in the simulation analysis of simultaneous

mould filling and solidification during casting. In this regard, the simulation of mould filling and

85
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solidification is performed considering a permanent mould for ductile iron casting by virtue of its

thermal characteristics. The thermal characteristics of the melt are obtained by using thermal

analysis. This thermal analysis system acts as a tool to control the metallurgical process for ADI

production and to get a consistency in the foundry process. Due to the significant impact of the

filling and solidification on the melt castability (i.e. property of melt, which determine the ease

of forming a quality casting depends upon interactions of the alloy and/or addition elements

and part design) and final casting quality, an effort has been made to analyse the influence

of process parameters on the formation of casting defects. The present chapter thus focus on

the implementation of the correlative thermal methodology for ADI castability simulation in a

permanent mould to develop the novel process deign for ADI production.

5.2 Background

Casting involves two important steps. First step is the filling of melt in a mould, and second

step is the solidification of melt by withdrawal of heat. In literature [102, 103] it was stated

that mould filling affects the heat transfer, and solidification characteristics of the melt which

in turn influences the fluidity of the melt. Han and Xu [104] defined the fluidity of the melt

as an empirical measure of the distance that the melt can flow in a specific channel before

being stopped by solidification. Ravi et al. [105] described that during mould filling, the

fluidity of the melt is affected by the thermal characteristics of the melt and mould, pouring

conditions, reinforcement characteristics and solidification mechanisms. The next step is the

solidification of the melt by virtue of heat transfer. The heat transfer during solidification in

a permanent metallic mould plays a significant role in determining the mechanical properties

and the quality of the final casting [99]. In past many researchers [100, 101, 106], tried to

understand the heat-transfer mechanisms at the melt-mould interfaces during solidification and

tried to optimize the casting quality. They stated that during casting in a permanent mould the

heat transfer at the melt/mould interfaces varies due to the formation of an air gap and due to

the relative expansion and contraction of mould and casting during solidification. The formation

of the air gap significantly reduces the heat transfer at the melt-mould interfaces. Additionally,

temperature gradients are influenced by the geometry of the casting. These factors influence

the quality of the final casting by generation of tensile thermal stresses at the solidification

front that can ultimately lead to the appearance of hot tears/cracks in the final casting [107].

Recently, numerical simulation of casting processes has received huge attention because of

its potential in increasing productivity and improving casting quality in metal casting industry.

Vijayaram et al. [108] stated the significance of the use of accurate thermo-physical data,
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boundary conditions and elimination of few uncertainties to get realistic descriptions of the

casting process. The heat transfer and the air gap formation at the melt/mould interface

and thermal characteristics of melt are some such uncertainties, which affect the dissipation of

heat flow at melt/mould interfaces and also affect the overall solidification process. The thermal

characteristics of the melt can be obtained by using the thermal analysis, i.e. by monitoring the

changes in cooling curves and its derivative curves during solidification. These changes occurred

as the latent heat released by the solidifying micro-constituents and enables the identification

of important parameters (liquidus, eutectic, and solidus temperatures, etc.) which are linked

with the development and characteristics of the microstructure observed in the final casting

[80]. The thermal characteristics of the melt is influenced by the metallurgical conditions of

the melt which in turn influence the fluidity of the melt [80, 109]. The correlation between the

changes observed in the cooling curve and its first derivative using thermal analysis has allowed

foundries to monitor and control the melt and treatment procedures with higher precision.

There are mainly two methods, FEM (finite-element method) and FDM (finite-difference

method) for numerical simulation of casting [108]. Kermanpur et al. [110] illustrated the differ-

ence between the FEM and FDM. According to them, the FEM uses body fitted computational

grids leading to a more accurate representation of melt/mould interface as compared to FDM.

The FEM has its ability to handle complicated geometries (and boundaries) with relative ease.

However, FEM requires higher memory resources for calculations and the usage of special gen-

erators for building 3D meshes. On the other hand, FDM offers ease of mesh generation due

to the structured nature of the mesh and use fewer memory resources as compared to FEM.

In contrast, FDM often requires fine grids to describe complicated geometry to reduce errors

associated with the stair-step representation of curved boundaries. The latter introduces inac-

curacies when computing liquid metal flow along the wall and heat fluxes normal to wall. In the

present study, CVM (control volume meshing) is used instead of FDM and FEM. In CVM the

domain is partitioned into small control volumes, and the approximation is derived using the

conservation properties over each control volume. The CVM associates to each interior mesh

point a volume. Miller (1998) defined these volumes as non-overlapping regions which union

approximates the domain [111]. As compared to FE/FD methods, it reduces the simulation

time and gives higher accuracy.

5.3 Numerical simulation procedure

Mould filling and solidification during casting in a permanent metallic mould were simulated

using commercial CVM casting simulation software, NovaFlow&Solid CV. In the present study,
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Figure 5.1: All dimensions are in (mm)(a) Permanent mould design and (b) Casting design.
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Element Percentage (%)

Carbon (C) 3.39-3.44
Silicon (Si) 2.44-2.48

Manganese (Mn) 0.23-0.25
Molybdenum (Mo) 0.20-0.21

Copper (Cu) 0.84-0.87
Nickel (Ni) 0.7-0.71
Sulphur (S) 0.014-0.018

Magnesium (Mg) 0.036-0.038

Table 5.1: Chemical composition range for the obtained ADI samples.

the simulation model adopts the quasi-equilibrium theory of the two-phase zone for alloy crys-

tallization. In contrast to pure metal alloys, crystallize in the temperature interval from liquidus

temperature to solidus temperature. This zone is named as two-phase as both liquid and solid

phases are present. In literature [112–114], it was stated that during casting solidification, su-

percooling of melt occurs ahead of the crystallization front due to concentration changes, which

cause the formation of a region where the melt temperature is lower than the equilibrium tem-

perature of the phase transition. This physical transition of the melt leads to the appearance

of a metastable zone between solid and liquid phases, known as two-phase zone, which is also

referred as quasi-equilibrium zone.

The chemical composition of the melt is provided in Table 5.1. The permanent metallic

mould design is shown in Fig. 5.1. It is made up of gray cast iron. It consists of two rectangular

blocks each having dimensions of 430 mm×280 mm×85 mm. The sprue is 345.5 mm in length

with an average diameter of 17.96 mm at top and 11.57 mm at bottom. The mould cavity

consists of two specimens and riser as shown in Fig. 5.1. Each specimen has the shape of

rectangular block with size of 182 mm×29 mm×16 mm. The mould cavity was coated with

thick silica coating to gain a good insulation effect for the casting.

The present simulation software adopts the heat-transfer model, which calculates the in-

terfacial heat transfer coefficient by considering the variation in interfacial air gap size. The

interfacial air gap size usually develops at the metal-mould interface during the solidification.

Griffiths [115] suggested that initially a thin skin of solidified metal formed in contact with the

mould surface, and that heat transfer occurred by conduction through the peaks of the rough

surface of the casting. However, as solidification proceeds, a thin air gap is formed by a relative

movement of the solidifying melt and mould, caused by the thermal expansion of the mould

and solidification shrinkage of the melt. Conduction is thus gradually reduced, and the heat

transfer can be described by a simple superposition of conduction and radiation terms.
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Figure 5.2: Schematic representation of standard non-tellurium cups for thermal analysis.

5.4 Results

5.4.1 Thermal analysis

Thermal analysis is an important tool for characterizing the melt preparation and to evaluate its

solidification [80]. By virtue of thermal characteristics of melt and its solidification behavior; it

provides information regarding nucleation potential of graphite and its morphology [81]. In the

present study, thermal analysis of the melt was performed using the adaptive thermal analysis

system (ATAS). At the time of pouring the standard non-tellurium (Te) cups were simultane-

ously filled (Fig.5.2) to get the thermal characteristics and thermo-physical parameters of the

melt by recording the cooling curves using the commercial ATAS tool. The cooling curves were

subsequently analyzed for determining the solidification behavior and eutectic point of alloy

during its solidification. The obtained thermo-physical parameters and pouring parameters

used in the simulation process are summarized in Table 5.2.

Figure 5.3 presents the typical cooling curves recorded using the thermal analysis tool.

It describes the balance between evolution of heat in the samples, and heat released from

the samples during solidification. Chaudhari et al. [116] described the cooling curve for the

solidification of ductile iron in three successive steps: (i) primary formation of either austenite

or graphite, (ii) initial and limited growth of eutectic, and (iii) bulk eutectic growth. However,

the recorded cooling curves provide four arrest points during solidification, which are described

as follows:
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Property Value

Liquidus temperature 1156 ℃
Solidus temperature 1104 ℃
Mould temperature 200 ℃

Pouring temperature 1360 ℃
Thermal conductivity (1140 ℃) 71.4 W/m-℃
Thermal conductivity (500 ℃) 34 W/m-℃

Density (1156 ℃) 7003 kg/m3

Density (1104 ℃) 6932 kg/m3

Table 5.2: Thermophysical properties of ductile iron and other parameters used in the simula-
tion.

Figure 6 
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Figure 5.3: The typical cooling curves obtained from thermal analysis tool for different experi-
ments.

• TL: (Liquidus temperature): Starts precipitation, usually as pro-eutectic austenite.

• TEl: The lowest eutectic temperature, the minimal point from where the temperature is

increasing.

• TEh: The highest eutectic temperature, the maximum temperature after the increase in

temperature.

• TS : The solidus temperature
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The cooling curve (Fig. 5.3) gives us information about the solidification behavior of the

melt. TL (liquidus temperature), is the first temperature arrest during the solidification of

the melt. It represents the beginning of the solidification process. At this stage, the austenite

nucleates and the liquid iron gets enriched with carbon. The lowest eutectic temperature TEl,

is second thermal arrest during solidification. At this stage, the heat generated from released

specific heat and latent heat during the phase precipitation give rise in the temperature, and the

temperature reaches to TEh, known as highest eutectic temperature. The difference between

the highest eutectic temperature and lowest eutectic temperature is known as recalescence (R).

After that the sample continues cooling until solidus temperature TS is reached and all metal

has solidified. The cooling curve analysis further provides parameters such as graphite factor

1 (G1), which is an indication of overall eutectic graphite precipitation during eutectic freezing

after TEh. The other parameter is (G2), which is the angle of the first derivative of the cooling

curve at the end of freezing.

Figure 7 
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Figure 7

Figure 5.4: Cooling curve and its first derivative curve, with arrest points labelled for the curve
(c).

The cooling curve and its time derivative are presented in Fig. 5.4. The derivative (dT/dt) of

the cooling curve provides information about the cooling rate of the samples. It can be observed

that at the beginning of solidification the derivative values increases, and then it decreases at

the end of solidification. The obtained thermal characteristics and thermal parameters of the
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melt during its solidification for all cooling curves are listed in Table 5.3. Graphite factor 1 (G1)

indicates the amount of eutectic graphite precipitation occurs between TEh and TS . A high

value of (G1) shows high graphite precipitation during solidification which further improves

casting quality by reducing the micro shrinkage defects in the casting. Thus high value of (G1)

reflects the high shrinkage resistant of the casting. The thermal parameter, Graphite factor 2

(G2) is inversely proportional to the thermal conductivity of the obtained material and thus

reflects graphite shape. The low values of (G2) indicate higher precipitation of graphite at the

end of the freezing. The thermal parameter, recalescence (R) reflects the increase in temperature

during eutectic reaction. The rise in temperature depends on the precipitation of austenite and

graphite during the first part of eutectic freezing. Therefore, it indirectly represents the amount

of graphite that precipitates during eutectic reaction and the time span for the reaction. High

values of recalescence (R) show high volume expansion of the casting which leads to the high

probability for microshrinkage and porosity defects in the casting. Table 3.3 provides the ATAS

parameters range and their functions for the optimization of ductile iron casting.

Parameters Curve (a) Curve (b) Curve (c) Curve (d)

TEl 1151.0 ◦C 1155.0 ◦C 1152.0 ◦C 1153.0 ◦C
TEh 1149.5 ◦C 1156.0 ◦C 1154.0 ◦C 1154.0 ◦C
R 0 1.0 2.0 1.0
G1 98 94 99 101
G2 34 51 40 46
TS 1107.2 ◦C 1099.9 ◦C 1106.3 ◦C 1103.6 ◦C
TL 1153.0 ◦C 1155.0 ◦C 1159.0 ◦C 1158.8 ◦C

Alloy nature Hypo eutectic Eutectic Hyper eutectic Hyper eutectic
TEP 4.21 4.17 4.20 4.19
CE 4.19 4.17 4.22 4.20

Table 5.3: Thermal parameters for different curves obtained from the thermal analysis of ductile
iron.

5.4.2 Casting simulation

Figure 5.5 shows the temperature profile of the melt at different stages of mould filling. At first,

the melt is poured in pouring basin from a ladle and then the melt passes through a sprue at

the top of the mould. The melt flows then through a runner system and enters into the mould

cavity through the gate 2 of the casting at 0.5 s with an average temperature of 1244 ℃. The

melt then starts filling the casting through the gate 1 at 0.7 s with an average temperature

of 1260 ℃. The melt then reaches the middle section of the casting at 2.4 s with an average

temperature of about 1222 ℃. At 4.0 s the molten metal reaches the top of casting with an
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(a) (b)

(c) (d)

Figure 5.5: The temperature profile of the melt at different stages of mould filling: (a) 0.5 s,
(b) 0.7 s, (c) 2.4 s, and (d) 4.9 s.

average temperature of about 1179 ℃. The simulated filling time is about 4.9 s, that is close

to the experimentally measured one, 5.1 s. The numerical simulation has been carried out at a

filling rate of 0.666 kg/s.

For a given, alloy melt, the velocity profile usually determines the filling behavior of the

mould under the gravitational field. Figure 5.6 shows the velocity profile of the melt at different

stages of mould filling. The melt was poured in pouring basin at the filling rate of 0.666 kg/s,

which gives melt the velocity of 1.46 m/s at the top cross-section of sprue at 0.06 s. The melt

falls through the sprue to reach the lowest level of casting with a velocity of 2.04 m/s at 0.3 s.

The melt then flowed through a runner system and enters to the mould cavity through the gate

2 of the casting at 0.5 s with a velocity of 0.42 m/s. The melt then started filling the casting

through the gate 1 at 0.7 s with a velocity of 0.31 m/s.

Liquid phase analysis shows the presence of 92.9 % liquid phase by volume at 100 % filling.

Figure 5.7 shows the solidification time profile of the casting at different solidification stages.

The melt solidification was started at the top of sprue and riser at 7.4 s with the solidification
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(a) (b)

(c) (d)

Figure 5.6: The velocity profile of the melt at different stages of mould filling: (a) 0.06 s, (b)
0.3 s, (c) 0.5 s, and (d) 0.7 s.

time of 2.06 s. The gates are completely solidified at 9.6 s with the solidification time of 3.67

s and 3.09 s for gate 1 and gate 2 respectively. The solidification patterns show a progressive

solidification behavior starts from outer sides of the casting and move towards the casting

centre. At 18.9 s the only liquid fraction present is within the riser and in the pouring basin.

The whole casting was finally solidified at 29.7 s. The simulation results show the presence of

the last solidification zone (Fig. 5.7c) in the riser, which prevent cavities due to shrinkage in

the casting.

Property Top Middle Bottom

Centre Outer Centre Outer Centre Outer

Nodule counts 1304±83 1704±23 1368±72 1764±51 1440±72 1896±83
Nodule size (µm) 11±2 7±1 11±2 7±1 9±1 6±1

Table 5.4: Variation in graphite nodule counts and graphite nodule size at different sections
and zones.
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(a) (b)

(c) (d)

Figure 5.7: The solidification time profile of the melt at different stages of melt solidification:
(a) 7.4 s, (b) 9.6 s, (c) 18.9 s and (d) 29.7 s.

5.4.3 Microstructure observation at different sections

The microstructure of the produced ADI samples is observed at different positions with respect

to the metal/mould interface. As stated previously, two distinct zones (centre and outer zones)

were observed in the un-etched micrograph based on average graphite nodule counts and average

graphite nodule size (Fig 4.2). Figure 5.8 show the un-etched micrographs of the different zones

at different sections (bottom, middle and top). The average graphite nodule counts and average

graphite nodule size for different zones and different sections are summarized in Table 5.4. It

can be observed that the centre zone has lower average graphite nodule density as compared to

the outer zone whereas the average graphite nodule size is higher at centre zone as compared

to the outer zone of the matrix.

Figure 5.9 shows the hardness variations of the ADI samples at different sections (bottom,

middle and top) of the casting for centre and outer zones. It can be observed that the hardness

values at the outer zones are higher as compared to the centre zones for all sections.
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(a) Top section; Centre zone (b) Top section; Outer zone

(c) Middle section; Centre zone (d) Middle section; Outer zone

(e) Bottom section; Centre zone (f) Bottom section; Outer zone

Figure 5.8: Unetched optical micrograph of the novel ADI sample at different sections (top,
middle and bottom) and at different zones (centre and outer zones).

5.5 Discussion

The carbon is dissolved in the melt above liquidus temperature. In case of hypo eutectic

alloys, the carbon first dissolves in the initially precipitated austenite during solidification. The

remaining carbon is then ideally precipitated as graphite at the eutectic temperature. For

hypereutectic alloys, graphite is precipitated instead of austenite when liquidus is reached. The

variation in the nature of alloy is based on the variation of carbon equivalent (CE) with respect

to the true eutectic point (TEP) of the alloy. True eutectic point is defined as the point where

the horizontal eutectic line crosses the liquidus line. The liquidus line is mainly dependent on

the chemical composition of the alloy whereas, the horizontal eutectic line is a function not only
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 Figure 5.9: Variation in the micro-hardness at centre and outer zones for different sections (1:
Bottom section, 2: Middle section and 3: Top section).

of the chemical composition but also of nucleation and cooling rate.

According to Campbell [117], the mould filling simulation helps us to predict how running

and gating design affects surface turbulence in the mould which may trap oxidation products

and cause potential defects. There is a critical velocity below which a liquid metal should enter

the mould cavity to minimize the surface turbulence during mould filling [117, 118]. In addition,

there is a risk that the surface of the liquid metal may be folded over by surface turbulence if

the liquid velocity exceeds the critical velocity. The liquid velocity above its critical velocity,

give rise to sessile drop in the melt, which is no longer supported by its surface tension. It will

therefore, fall back under gravity and may thus entrain its own surface in an enfolding action

and give rise to the risk of entrainment leading to defect creation. The critical velocity for

iron alloys is 0.45 m/s [118]. From the simulation results, it was found that at gate 1 the melt

velocity is around 0.31 m/s and at gate 2 the melt velocity is around 0.42 m/s, both of which

are under critical velocity.

The solidification time of any casting is controlled by a parameter known as the modulus,

m (cm). The modulus for a given casting is defined as the ratio of a solid volume to its surface

area; for a section, it is defined as the ratio of section area to its perimeter [118–120]. In

addition, Campbell [118] also illustrated that for a given mould material the modulus of a

casting is directly proportional to the fluidity of the melt. Higher modulus values show higher
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Figure 5.10: (a) Modulus values of casting at 29.7 s and (b) Variations of m/tf (proportional
to (Heat transfer coefficient (h)/Proportionality constant (k)) with time during solidification
process (m: modulus (cm); tf : solidification time (s)).

Figure 5.11: Evolution of the interfacial heat transfer coefficient for different types of alloys [100].

fluidity of melt for a given mould material and improve filling. The modulus values for the

given casting are in the range of 0.19-0.22 cm at the end of solidification as shown in Fig. 5.10a.

Campbell [118] described the relation between solidification time and modulus of the casting,

in case where interfacial heat transfer dominates heat flow, by (Equation 5.1):

tf = k ∗ m
h

(5.1)

Where, tf (s) is the maximum solidification time of the casting at the particular instant, k is
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Figure 5.12: (a) The shrinkage % at 29.670 s, (b) The Niyama criterion at 29.670 s and (c)
Porosity defects at the top section of the casting.

proportionality constant, m (cm) is the maximum modulus of casting at the particular instant

and h (Wm−2K−1) is the coefficient of heat transfer.

Figure 5.10b shows the variation of m/tf with respect to time during the solidification. It

can be observed that the ratio m/tf decreases with time during the solidification. It means

that heat transfer coefficient decreases with time during the solidification as the ratio m/tf

is directly proportional to the heat transfer coefficient. The decrease in the interfacial heat

transfer coefficient with solidification time can be explained due to the formation of the air

gap at the melt/mould interface, which acts as a thermal resistance to heat flow during the

solidification.

The similar behavior in the heat transfer coefficient has been reported in the literature

[100, 101, 121]. Lau et al. [100] noted that the interfacial heat transfer coefficients (h) between

the metallic mold and spheroidal graphite (SG) iron (Fig. 5.11) drops rapidly as a result of

air gap formation at the initial stage of solidification, but then h values reach a steady state

for a short period of time. They found that with the progress of the solidification, the heat

transfer coefficient increases slightly due to the expansion of the ductile iron which reduces the
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(a) Bottom section (b) Middle section

(c) Top section

Figure 5.13: The variation in temperature at different sections.

air gap size at the melt/mould interface. According to Ho et al. [121], interfacial heat transfer

conductance is subjected to a variation caused by the change of interfacial gap width with time.

Santos et al. [101] illustrated that the interfacial heat transfer coefficient shows a high value at

the initial stage of solidification. However, as solidification progresses, air gap forms due to the

expansion of the mould. Once the air gap forms, the heat transfer across the interface decreases

rapidly and a relatively constant value of the heat transfer coefficient is attained. They also

stated that the mode of heat transfer across the melt/mould interface has been suggested to

be due to both conduction through isolated melt/mould contacts and through gases present in

the gap and radiation between the surfaces.

The influence of solidification time and thermal modulus (both of which are depended on

mould geometry and casting cooling rate) on the casting defects can be better understood by

knowing the variation of the local thermal parameters known as “Niyama criterion”.

Niyama criterion [122] is a local thermal parameter defined as:
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Ny =
G√
Ṫ

(5.2)

Where G is the temperature gradient in K/mm at the solidus temperature and
√
Ṫ is the

cooling rate in K/s. Carlson et al. [123], suggests a critical value of 0.775 K1/2s1/2mm−1

below which shrinkage defects occur according to Niyama criterion for iron and steel alloys.

Niyama criterion was evaluated at the end of solidification. Physically, the criterion was justified

by Darcy’s law, which relates the inter-dendritic feeding flow velocity to the pressure drop

across the mushy zone. It shows the difficulty of providing liquid feeding in the later stages of

solidification when inter-dendritic liquid channels are almost closed [124]. It takes into account

the effect of casting shape and size, but also can evaluate the loss of flowing pressure more

accurately. According to Niyama criterion, the shrinkage porosity increases with an increase

in cooling rate, because the feeding flow velocities and the resulting pressure drop across the

mushy zone are higher for higher solidification rates [122]. Therefore, the chances of obtaining

shrinkage defects at the thin section of casting are more pronounced. The simulation result show

0.9 K1/2s1/2mm−1 Niyama criterion values at different locations of the casting at 29.7 s which

is higher than the critical value. The simulation results (Fig. 5.12a) show no shrinkage defects

at the end of solidification, which show good correlation with the Niyama criterion values along

the center-line of the casting at 29.7 s (Fig. 5.12b). However, the experimental results show

porosity defects at the top section of the casting (Fig. 5.12c), which can be explained due to

entrainment defects caused by the folding action of the (oxidized) liquid surface during filling

[117, 118]. These types of defects are common in gravity poured casting. Figure 5.13 shows the

temperature field at different positions (bottom, middle and top) for the casting at 22.0 s. It

can be seen that the temperature drop at outer zone is faster as compared to the centre zone

of the casting which gives rise to the different nodule counts and hardness values at outer and

centre zones of casting.

5.6 Conclusions

The simulation analysis of mould filling and solidification of ADI casting in a permanent mould

by virtue of its thermal characteristics was investigated in the present chapter. Thermal analysis

of the melt was performed using the commercial adaptive thermal analysis system (ATAS).

Thermal analysis of the melt showed four different temperature arrests during solidification.

It revealed the variation in the eutectic nature of alloy for different solidification curves due

to the variations in true eutectic point and carbon equivalent of the melt. The numerical

simulation results show filling time of 4.9 s at a filling velocity of 0.666 kg/s. The simulation
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results showed the average melt velocities at gate 1 and gate 2 of the casting as 0.31 m/s

and 0.42 m/s respectively, which are well below the critical velocity of 0.45 m/s for cast iron

to avoid the surface turbulence during the mould filling. The solidification patterns show a

progressive solidification behavior starts from all outer sides of the casting and move towards

the casting centre. The whole casting was solidified at 29.7 s. The ratio of thermal modulus and

solidification time is directly proportional to heat transfer coefficient and decreases with time

during the solidification. This behavior can be explained by the formation of thin air film at

the melt/mould interface, which decreases the heat transfer from the melt to the surrounding.

The simulation analysis revealed the absence of porosity and shrinkage defects at the end of

solidification. However, experimental results show porosity defects at the top section of the

casting, which are considered as common defects in the gravity die casting process and can

be explained due to entrainment defects caused by the folding action of the (oxidized) liquid

surface during filling. Thus thermal analysis and simulation tools helps in improving the overall

casting process during ADI production by providing the realistic thermal description of the melt

and by predicting the porosity and shrinkage defects.

The introduction of novel process route and foundry simulation tool build up a system

to set-up the optimal process parameters for ADI production. This system can be used as a

iteration tool to optimize the ADI casting in correlation with its microstructural and machining

characteristics. Therefore, there is a need to understand machining characteristics of the novel

ADI. The machining characteristics of ADI within the framework of green manufacturing in

introduced in the next chapter.
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Chapter 6

Ecological machining of ADI: Dry
and near dry machining

This chapter presents the results obtained from the dry drilling machining process of the novel

ADI material. The main objective of this chapter is to evaluate the machinability of ADI

materials under various cutting conditions by investigating the specific cutting forces, surface

roughness of the machined surface and tool wear behavior. In the later section, influences

of austempering parameters on the machinability of ADI are addressed and discussed with

respect to the cutting forces and tool wear mechanism. The chip morphology characteristics

were then introduced to evaluate the ADI machiniability during dry drilling. To improve the

ADI machinability in relation with ecological machining, the near dry machining process was

also introduced. Finally, dry drilling of ADI was investigated using different PVD-coated tools.

6.1 Characterization of ADI machining: Dry drilling

This section shows the influence of cutting parameters on the machinability of produced ADI

during dry drilling in terms of cutting forces, surface roughness and tool wear behavior. The

dry drilling experiments were carried out using the Deckel Maho five axis machining center

(DMU 80 P). The drilling tests were performed at three different cutting speeds (30, 60, and

90 m/min) and three different feed rates (0.05, 0.10, and 0.15 mm/rev). The machining tests

were conducted using the PVD TiAlN-coated tungsten carbide tools of diameter 8 mm. The

tool was produced by Sandvik Coromant with tool reference R840-0800-30-A0A 1220 (helix

angle:30, point angle:140). The chemical composition and mechanical properties of the the

work piece are summarized in Table 6.1 and 6.2 respectively.

105
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Element Percentage (%)

Carbon (C) 3.65-3.75
Silicon (Si) 2.60-2.70

Manganese (Mn) 0.23-0.25
Molybdenum (Mo) 0.19-0.21

Copper (Cu) 0.75-0.80
Nickel (Ni) 0.55-0.63
Sulphur (S) 0.017-0.022

Magnesium (Mg) 0.030-0.038

Table 6.1: Chemical composition of the workpiece material (ADI).

Property Range

Ultimate tensile strength (MPa) 890-1000
0.2 % yield strength (MPa) 573-696

Elongation (%) 7.2-10.4

Table 6.2: Tensile properties of the workpiece material (Austempering temperature: 350℃;
Austempering time: 90 min).

6.1.1 Specific Cutting force and specific cutting energy

In machining, for a given chip section any variation of cutting force with cutting speed can

be attributed to variation in the specific cutting force. The specific cutting force Kc (MPa)

[125, 126] is calculated by the following equation (Equation 6.1).

Kc =
8×Mz × 1000

f × d2
(6.1)

where Mz is the cutting torque in N-m, f is the feed in mm/rev, and d is the diameter of

the drill in mm.

Variation of specific cutting force (Kc) during dry drilling of ADI for different feed rates as

a function of cutting speed is shown in Fig. 6.1. It can be observed that at higher feed rate

(0.15 mm/rev), the specific cutting force shows steady behavior with cutting speed. However,

at lower feed rate (0.05 mm/rev), the specific cutting force first decrease with an increase in

cutting speed from 30 to 60 m/min and then it attains its maximum value at a cutting speed of

90 m/min. On the other hand, at a feed rate of 0.10 mm/rev, the specific cutting force increases

with an increase in cutting speed from 30 to 60 m/min and then it show constant behavior at

higher cutting speed. It is also noteworthy that the combined effect of cutting speed at its
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Figure 6.1: Influence of cutting conditions on the average specific cutting force.

higher value (90 m/min) and feed rate at its lower value (0.05 mm/rev) give significant rise in

the specific cutting force value.

The specific cutting force signifies the cutting force per unit area of chip removed. The

change in the evolution of specific cutting force with cutting parameters is dependent on the

tool-workpiece material properties. Together with this, the specific cutting force is largely

influenced by the cutting temperature [125–127]. Therefore, it can be concluded that the

combination of high cutting speed and low feed rates give rise to high temperature at cutting

zone, which can be detrimental to the tool life and resulting in the higher values of specific

cutting force.

Figure 6.2 shows the variation of specific cutting energy (u) with respect to feed rate for

different cutting conditions. The specific cutting energy, u (J/mm3) was calculated by (Equa-

tion 6.2):

u =
Mz × ω
MRR

(6.2)

where Mz is cutting torque in N-m, ω is rotation speed in rad/s, and MRR is material

removal rate in mm3/s.

The specific cutting energy is defined as the amount of energy required to remove a unit
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 Figure 6.2: Influence of cutting conditions on the specific cutting energy (u).

volume of workpiece material during the machining process. It can be used as a parameter

to quantitatively measure the machinability of material under the particular machining condi-

tions [128]. The specific cutting energy is a function of inherent properties of work material,

cutting conditions, and tool material and geometry. It can be observed that (Fig. 6.2), at higher

cutting speed (90 m/min), specific cutting energy decreases with an increase in feed rate from

0.05 to 0.10 mm/rev. On further increasing the feed rate, it shows constant behavior. On the

other hand, for lower cutting speeds (30 m/min and 60 m/min), the specific cutting energy

shows constant behavior with an increase in feed rate. This behavior can be understood from

the well known phenomenon known as size effect, which states that there is a substantial in-

crease in the specific energy with a decrease in chip size. The increase in specific cutting energy

at a small feed rate has been explained by specific mechanisms such as material strengthening

due to lack of defects, strain rate hardening, and lack of thermal softening [129]. This behav-

ior is in good correlation with the variation in specific cutting pressure with different cutting

conditions.

6.1.2 Surface roughness

Figure 6.3 shows the variation of average surface roughness values (Ra) as a function of cutting

speed for different feed rates. Analyzing the obtained roughness values, one can observe that the
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Figure 6.3: Influence of different cutting conditions on the average surface roughness values.

Ra values are within the range of 0.29 and 1.87 µm. The obtained results show clear tendency

towards the reduction in Ra values as the cutting speed increases in the range of 30-60 m/min.

However, on further increasing the cutting speed to 90 m/min, Ra values show no significant

difference. It can be observed that the Ra values show gradual decreasing behavior with an

increase in feed rate. The increase in surface roughness values with an increase in feed rate

can be explained due to an increase in the chip section size. The improvement in the surface

quality with an increase in the cutting speed from 30 to 60 m/min can be explained due to

the influence of thermal softening, which gives rise to easy plastic deformation of the workpiece

material and improves the surface quality. From the obtained results, it can be observed that

influence of cutting speed is higher than feed rate on the Ra values. Therefore, to optimize the

surface roughness values during dry drilling of ADI, there is a need of proper combination of

cutting parameters.

6.1.3 Tool wear analysis

Figures 6.4 presents the SEM micrographs of the failure mode of the drill tools for different

cutting parameters. It can be seen that at lower cutting speed (30 m/min) abrasion of the

coating was observed near the cutting edge irrespective of the feed rates. However, at higher

cutting speeds (60 and 90 m/min), crater wear close to the outer corner of the drill tool was
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(a) 30 m/min; 0.05 mm/rev (b) 30 m/min; 0.10 mm/rev (c) 30 m/min; 0.15 mm/rev

(d) 60 m/min; 0.05 mm/rev (e) 60 m/min; 0.10 mm/rev (f) 60 m/min; 0.15 mm/rev

(g) 90 m/min; 0.05 mm/rev (h) 90 m/min; 0.10 mm/rev (i) 90 m/min; 0.15 mm/rev

Figure 6.4: SEM micrographs of the failure mode of the PVD-coated carbide tools for different
cutting parameters.

observed. The deep crater wear located near to the cutting edge is the characteristic tool wear

phenomena while machining ADI is already mentioned in literature as a major tool failure

[20, 45]. In addition, it was found that the tool performance was reduced significantly at higher

cutting speed. On increasing the cutting speed from 60 to 90 m/min at a lower feed rate (0.05

mm/rev), tool performance was reduced by 60%. On the other hand, at higher feed rates (0.10

and 0.15 mm/rev) tool performance was reduced by 40% on increasing the cutting speed from 60

m/min to 90 m/min. The tool performance and its wear resistance is significantly influenced by

the substrate and coating properties, which further influenced by workpiece material properties

(ausferrite microstructure). At lower cutting speed the ausferrite microstructure tends to show

abrasion of the tool material due to the presence of inherent carbide particles. However, on
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increasing the cutting speed the specific thermal and mechanical load on the cutting edge

increases due to the transformation of metastable austenite to martensite. The formation of

deep crater wear at the outer cornet of the drill tool signifies the presence of adhesion and

abrasion wear mechanisms at higher cutting parameters. To better understand the tool wear

mechanisms in relation with the cutting parameters, SEM micrographs and EDS spectra of the

wear surface morphologies are further discussed.

Figure 6.5: SEM micrographs and EDS spectra of the wear surfaces of drill tool (V: 30 m/min
and f: 0.05 mm/rev).

Figures 6.5 shows SEM micrographs and EDS spectra of the wear surfaces of the tool used

to machined ADI at the combination of low cutting speed (30 m/min) and low feed rate (0.05

mm/rev). Examinations of the wear surfaces revealed the abrasion of the coating material at

the outer corner of the drill tool and show the presence of built up edge (BUE) at the cutting

edge. The occurrence of small BUE at the cutting edge indicate the adhesion of workpiece

material at the cutting edge. The EDS spectra of the grain like structure revealed the presence

of tungsten (W) showing exposure of the substrate material due to removal of the coating

material. This behaviour suggest that at the combination of low cutting speed and low feed

rate the wear mechanism of abrasion was more dominant as compared to adhesion.

Figures 6.6 shows SEM micrographs and EDS spectra of the wear surfaces of the tool used

to machined ADI at the combination of higher cutting speed (90 m/min) and low feed rate (0.05

mm/rev). The deep crater wear at the outer corner of the drill tool was observed. In addition,

edge chipping was also observed which indicate the removal of large fragments of cutting edge

due to the BUE formation. The adhered workpiece material at the cutting edge supports the

formation of BUE. This morphology of the wear surfaces obtained at higher cutting speed were



112 Ecological machining of ADI: Dry and near dry machining

Figure 6.6: SEM micrographs and EDS spectra of the wear surfaces of drill tool (V: 90 m/min
and f: 0.05 mm/rev).

different as compared to those obtained at lower cutting speed. The EDS spectra of the crater

wear surface in the chipping zone near to the cutting edge revealed the presence of adhered

fragments of oxidized workpiece material (Fe, Si and high O content). On the other hand at

the bottom of the crater wear the oxidation of the coating material clearly evident due to the

presence of aluminium (Al) and titanium (Ti) (with high O content). This behaviour clearly

indicate that the combination of low feed rate and high cutting speed leads to an increase in

specific thermal and mechanical load on the cutting edge which subsequently favours adhesion

wear mechanism resulting in crater wear at the outer corner of the drill tool.

Figures 6.7 shows SEM micrographs and EDS spectra of the wear surfaces of the tool used

to machined ADI at the combination of high cutting speed (90 m/min) and high feed rate (0.15

mm/rev). It revealed that at higher material removal rate cracks appears on the wear surfaces

which leads to sudden fracture of the drill tool at the outer edge. The SEM micrographs clearly

show the presence of smooth fracture zone. The presence of cracks on the tool wear surfaces

indicate the high compressive stresses and temperature at the cutting edge which further lead

to the plastic deformation of the cutting edge. EDS spectra of the fracture part revealed the

presence of oxidized coating material (Al, Ti with high content of O). The fracture part also

revealed the exposure of the substrate material and adhesion of the workpiece material near

the tool cutting edge (due to the presence of Fe, Si and high content of O).
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Figure 6.7: SEM micrographs and EDS spectra of the wear surfaces of drill tool (V: 90 m/min
and f: 0.15 mm/rev).

6.1.4 Influence of austempering parameters

The influence of the austempering parameters on ADI machinability was investigated by ma-

chining (dry drilling) different ADI samples austempered for different temperature (320, 350

and 380℃) and time (60, 90, 120 and 150 min). The machining tests were conducted under

the same cutting conditions (cutting speed: 60 m/min and feed rate: 0.15 mm/rev) using

the same cutting tool (ref: R840-0800-30-A0A 1220). Figure 6.8 show the evolution of cut-

ting forces for different austempering temperatures as a function of austempering time. The

austempering parameters did not show any significant change in the average cutting torque.

The average cutting torque attains its maximum value at the austempering time of 120 min

and austempering temperature of 320 ℃. However, average thrust force varies significantly with

austempering parameters. It can be seen that at higher austempering temperature (380 ℃),

average thrust force show gradually increasing behavior with austempering time and attains its

maximum values at 150 min. At 350 ℃ the average thrust force increases with an increase in

austempering time from 60 to 90 min, after that it shows constant behavior in the austempering

time range of 90-120 min and then attains its maximum value at 150 min. On the other hand,
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Figure 6.8: Influence of austempering parameters on the (a) Average torque (N-m), and (b)
Average thrust force (N) (Cutting speed: 60 m/min; Feed rate: 0.15 mm/rev).
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Figure 6.9: The variation of average thrust force as a function of (a) Average hardness val-
ues, and (b) Ultimate tensile strength of ADI material produced at different austempering
conditions.

at lower austempering temperature (320 ℃), the thrust force shows constant behavior at the

low austempering time (60 and 90 min). It attains its maximum value at austempering time

of 120 min and then it shows decreasing behavior in the austempering time range of 120-150

min. It was also observed that in the austempering time range of 60-120 min, the thrust val-

ues show decreasing behavior with an increase in austempering temperature. However, at the
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higher austempering time (150 min), the thrust values for all austempering temperature show

constant values.

{
(a) 380 ℃; 90 min

{
(b) 350 ℃; 90 min

{
(c) 320 ℃; 90 min

Figure 6.10: SEM micrographs of the failure mode of the PVD-TiAlN coated tungsten carbide
drills at the end of tool life for different austempering temperatures (Cutting speed: 60 m/min;
Feed rate: 0.15 mm/rev)

The machinability of a material is controlled by the complex interplay between the inherent

properties of the workpiece, cutting tool material, cutting parameters and cutting environment.

However, the inherent properties of the ADI material is controlled by the alloying elements

and heat treatment parameters, which further tailored the prevailed microstructure and its

mechanical properties. With this viewpoint, Fig. 6.9 show the variation of the average thrust

force with respect to the hardness and ultimate tensile strength of ADI material. It can be seen

that there is a linear relation between thrust force and hardness as well as between the thrust
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force and UTS. The high hardness and high UTS values lead to the higher thrust force values.

Asthakhov [62] stated that in metal cutting the combined stress at the tool-chip interface that

causes the fracture of the layer being removed depends primarily on the mechanical properties

of the work material. It was also stated that the mean shear strength at the tool-chip interface

increases with an increase in the tensile strength of the material. Moreover, the normal shear

stress at the tool-chip interface increases with an increase in hardness value of the material [62].

Therefore, it can be concluded that mechanical properties of workpiece material particularly,

hardness and tensile strength have significant influence over the shear stress at the tool-chip

contact interface, which can further influence the cutting forces. It was also observed that low

cutting force values are obtained at low hardness and tensile strength, which lead to improve

machining characteristics of the material.

The tool wear behavior and tool life was also investigated to understand the influence of

austempering parameters on machining characteristics of ADI. Figures 6.10 showed the SEM

micrographs of the failure mode of the PVD-TiAlN coated carbide drills at the end of tool life for

different austempering conditions. It can be seen that at the higher austempering temperature

(380 ℃), adhesion of the work material was observed at the cutting edge, and significant

abrasion of coating and chipping of the cutting tool was observed near the drill point. At the

austempering temperature of 350 ℃ the tool wear behavior is same as that at 380 ℃. However,

at lower austempering temperature (320 ℃), deep crater wear was observed at the outer corner

of the cutting edge. The micro-cracks were observed in the substrate material. The adhesion of

work material was also observed near to the drill point. At a constant austempering time (90

min), the tool life decreases by 70% on decreasing the austempering temperature from 350 to

320 ℃. However, at higher austempering temperature (350 and 380 ℃), tool life shows constant

behavior. The poor machinability of ADI at lower austempering temperature (320℃) can be

explained due to the increase in the acicular ferrite content. The higher ferrite content leads to

the increasing chipping behavior during machining due to its strong tendency to adhere, which

favours material smearing on the tool and the formation of built-up edges and built-up edge

fragments [45]. It can be concluded that the austempering temperature has higher influence on

the machinability of ADI as compared to the austempering time.

6.1.5 Conclusions

The influence of cutting parameters on machinability of ADI was investigated in the present

section. The dry drilling experiments were performed at various cutting conditions using PVD

coated tungsten carbide tool. The machinability was evaluated using specific cutting forces,

surface roughness of the machined surface and the tool wear behavior. It was found that the
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combination of the low feed rate and higher cutting speed leads to the higher mechanical and

thermal loads on the tool’s cutting edge, resulting in higher values of specific cutting force.

The cutting speed shows more effective influence on the surface quality of the machined surface

than feed rates. The tool wear behavior under various cutting conditions revealed that the

crater wear at the outer cutting edge is the main wear mode under the influence of abrasive

and adhesive wear. Examinations of the wear surfaces at low material removal rate (30 m/min

and 0.05 mm/rev) revealed the abrasion of the coating material at the outer corner of the drill

tool and show the presence of built-up edge (BUE) at the cutting edge. The occurrence of

small BUE at the cutting edge indicates the adhesion of workpiece material at the cutting edge.

However, at higher material removal rate (90 m/min and 0.15 mm/rev), cracks appear on the

wear surfaces which lead to sudden fracture of the drill tool at the outer edge. The presence of

cracks on the tool wear surfaces indicates the high compressive stresses and temperature at the

cutting edge which further lead to the plastic deformation of the cutting edge. EDS spectra of

the fracture part revealed the presence of oxidized coating material (Al, Ti with high content of

O). The fracture part also revealed the exposure of the substrate material and adhesion of the

workpiece material near the tool cutting edge (due to the presence of Fe, Si and high content

of O).

The influence of austempering parameters on machinability of ADI was also investigated dur-

ing the dry drilling process. Austempering temperature shows significant influence on machin-

ability of ADI than austempering time. It was found that ADI material produced at lower

austempering temperature shows poor machinability due to the higher ferrite content. The

ferrite content leads to increase in chipping behavior and formation of built-up edges due to its

higher tendency to adhere during machining.

It revealed that the machinability of ADI relates specifically to its microstructure and rel-

ative amount of different phases. These key aspects are controlled and tailored by the specific

casting (metallurgical) and heat treatment (austempering parameters) practices. These prac-

tices controlled the specific inherent properties of ADI and hence machinability of ADI. The

whole process cycle gives a foundation to the development of a new iteration cycle for the

development of ADI machinability.
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6.2 Chip morphology characteristics

The chip formation in drilling machining is different and more complicated as compared to the

orthogonal cutting process. The orthogonal cutting models assume the existence of a primary

shear zone, which has the aspect of a thin band where the chip is formed by intense shearing of

the work material [130]. Olson et al. [131], explained that in drilling the chip formation process

get more complicated due to the radial change in cutting velocity, which increases linearly from

the drill centre to the outer edge of the drill. Second, as compared to the shearing in planar

shear zone for chip formation in orthogonal models, drilling has two distinct chip formation

processes: the first is an extrusion process caused by the wedge point of drill tool and second

a shearing operation caused by the cutting edge of the drill tool. Third, the breakage and

transportation of chips in flute before ejection, are considered as important factors, which make

drilling more complicated cutting process as compared to orthogonal cutting process.

The chip formation process in drilling has been widely studied by many researchers [131–

136]. The shear angle during machining, chip thickness, shape and size of the chips formed

are greatly influenced by the cutting parameters during drilling [136]. In drilling, well broken

chips are more desirable as compared to long chip due to ease in transportation and low torque

requirements [133, 135]. Meena and Mansori [91], classified the generated chip forms in wet

drilling of ADI according to their morphology (needle shaped, conical, and amorphous) and

gave descriptions for each one. Generally, the generated chip forms, their morphology and

characteristics are the result of different cutting conditions, which mainly depend on mechan-

ical, thermal and thermo-mechanical characteristics of the work material; the geometry of the

cutting tool and the changes in the tribological circumstances at the tool-chip interfaces [137].

The thermo-mechanical characteristics of the work material can influence the chip formation

and chip breaking process, through a phenomenon known as the adiabatic shear instability.

During the plastic deformation process, strains are initiated near defects thus achieving lo-

calized stress concentrations. If the strain rate is high enough, the process is adiabatic and

overheating of these areas involve a localized softening, increasing the local strain and so on

until an instantaneous shearing [138].

During machining, the primary objective is to separate a certain layer from the rest of the

work material with minimum possible plastic deformation and thus energy consumption [62].

In literature [139], the chip compression ratio (CCR) which is determined as the ratio of the

chip thickness to the uncut chip thickness, was used as a measure of plastic deformation of

work material in metal cutting. Therefore, CCR is determined in the present study to measure

the plastic deformation of the ADI in its transformation into the chip during dry drilling. In
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the present section, the influence of cutting parameters on chip morphology characteristics,

chip compression ratio and its micro-hardness during dry drilling of ADI are presented and

discussed.
Proceedings of NAMRI/SME, Vol. 40, 2012 

Figure 4. Schematic of chip formation in drilling. 

Table 1. Chemical composition of the tested specimens. 

Element C Si Mn Mo Cu Ni S Cr 

Wt % 3.74 2.6 0.23 0.20 0.8 0.7 0.015 0.03 

Table 2. Mechanical properties of the tested specimens. 

Tensile strength 980 MPa 

Yield strength 695 MPa 

Elongation percentage 10.1 % 

Hardness 293 HV 

RESULTS AND DISCUSSION

Chip morphology 

Drilling is known as complex three dimensional cutting 

process involving variations in cutting speed and rake angle 

along the cutting edge [20]. During cutting process the rake 

angle of the drill decreases from the periphery towards the 

centre of the drill. Since the cutting speed also drops from 

the periphery towards the centre, the cutting edge will work 

inefficiently at the point of drill. At the drill point, tool 

presses and scrapes the material rather than cuts it which, 

leads to the plastic deformation of the material where the 

rake angle is negative and cutting speed is low [21]. 

Together with this the variations in cutting speed and rake 

angle leads to the variations of the chip shape and thickness 

along the cutting edge during cutting process. The three 

dimensional view of chip formation is shown in Fig. 4 [14]. 

Three surfaces of the chip, i.e., the free surface, the back 

surface and the top surface have been defined. The free and 

back surfaces are formed due to the action of the cutting 

edge whereas; top surface is generated by the outmost point 

of the cutting edge. 

Figure 5 shows the influence of cutting speed and feed 

rates on the shape and size of the ADI chips. It was noted 

that well broken cone shaped chips are formed at lower 

cutting speed (30 m/min) with cone diameter increases with 

an increase in feed rate. It was also observed that at lower 

feed rate (0.05 mm/rev), the increase in cutting speed leads 

to the formation of continuous chips with the chip color is 

getting blue. At higher cutting speed (90 m/min), with an 

increase in feed rate the chip transformed from continuous 

chip (at 0.05 mm/rev) to amorphous chips (the cone shaped 

chips broken at the bottom of cone). 

Chip’s free surface. Figure 6 shows scanning electron 

micrographs of the chip’s free surface for all cutting 

conditions. The fine lamella structures were observed at 

higher cutting speeds (60, 90 m/min) for all feed rates 

whereas, at lower cutting speed (30 m/min) a non-uniform 

surface was observed for all feed rates. The lamella 

structure on the free surface signifies the shearing 

morphology on the free surface [22]. The lamella structure 

was observed to form across the width of chip and normal 

to the direction of chip flow.   

Figure 6 shows the influence of cutting speed and feed 

rate on the lamella structure. It was observed that the width 

and depth of lamella structure increases with an increase in 

feed rate and cutting speed which indicate the formation of 

fragmentary chips with saw toothed. Barry et al. [23], 

concluded that the transformation of chip formation and its 

free surface structure is due to the occurrence of a thermo-

plastic instability within the primary shear zone with the 

variations of cutting parameters. According to them, on 

increasing the cutting speeds the failure within the upper 

region of primary shear zone transformed from cleavage 

fracture to ductile fracture, indicating a degree of thermal 

softening within the primary shear zone.   

Chip’s back surface. Figure 7 shows the scanning 

electron micrographs of the chip’s back surface for different 

cutting conditions. At low cutting speed the smooth back 

surface suggest ductile fracture with graphite micro-pores 

emerged, grow and coalesce during shear deformation. 

However, at higher cutting speed fold-type patterns are 

observed on the back surface which further increases with 

an increase in feed rate. Barry and Byrne [24], suggested 

the formation of fold-type structure due to the evolution of 

thermally softened micro-shear zones within the lower 

region of primary shear zones which may initiate adiabatic 

shear at the tool tip.  

Back surface

Cutting edge
Top surface

Chip thickness
Free surface

Figure 6.11: Schematic representation of chip formation in drilling [136].

6.2.1 Chip morphology

During machining, the rake angle of the drill decreases from the periphery towards the centre of

the drill. Since the cutting speed also drops from the periphery towards the centre, the cutting

edge will work inefficiently at the point of drill. At the drill point, tool presses and scrapes the

material rather than cuts it, which leads to the plastic deformation of the material where the

rake angle is negative and cutting speed is low. Moreover, the variations in cutting speed and

rake angle leads to the variations of the chip shape and thickness along the cutting edge during

machining. The three-dimensional view of chip formation is shown in Fig.6.11. Three surfaces

of the chip, i.e., the free surface, the back surface and the top surface have been defined. The

free and back surfaces are formed due to the action of the cutting edge whereas; top surface is

generated by the out-most point of the cutting edge. As per the representation, these surfaces

are analysed in the following sections.

Figure 6.12 shows the influence of cutting speed and feed rates on the shape and size of the

ADI chips. It was noted that well broken cone shaped chips are formed at lower cutting speed

(30 m/min) with cone diameter increasing with an increase in feed rate. It was also observed

that at lower feed rate (0.05 mm/rev), the increase in cutting speed leads to the formation of

continuous chips with the chip color getting blue. At higher cutting speed (90 m/min), with an
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(a) 30 m/min; 0.05 mm/rev (b) 60 m/min; 0.05 mm/rev (c) 90 m/min; 0.05 mm/rev

(d) 30 m/min; 0.10 mm/rev (e) 60 m/min; 0.10 mm/rev (f) 90 m/min; 0.10 mm/rev

(g) 30 m/min; 0.15 mm/rev (h) 60 m/min; 0.15 mm/rev (i) 90 m/min; 0.15 mm/rev

Figure 6.12: SEM micrographs of the obtained chip forms for different cutting conditions.

increase in feed rate the chip transformed from continuous chip (at 0.05 mm/rev) to amorphous

chips (the cone-shaped chips broken at the bottom of the cone).

6.2.2 Chip-free surface

Figure 6.13 shows SEM micrographs of the chip-free surface for all cutting conditions. The

fine lamella structures were observed at higher cutting speeds (60, 90 m/min) for all feed rates

whereas, at lower cutting speed (30 m/min) a rough lamella structure was observed. The

lamella structure on the free surface signifies the shearing morphology on the free surface [140].

The lamella structure was observed to form across the width of chip and normal to the direction

of chip flow. Barry and Byrne [141], explained that the transformation in the lamella structure

at the chip-free surface favored by an increase in cutting speed and un-deformed chip thickness.
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(a) 30 m/min; 0.05 mm/rev (b) 60 m/min; 0.05 mm/rev (c) 90 m/min; 0.05 mm/rev

(d) 30 m/min; 0.10 mm/rev (e) 60 m/min; 0.10 mm/rev (f) 90 m/min; 0.10 mm/rev

(g) 30 m/min; 0.15 mm/rev (h) 60 m/min; 0.15 mm/rev (i) 90 m/min; 0.15 mm/rev

Figure 6.13: SEM micrographs of the chip free surfaces for different cutting conditions.

At lower cutting speed (30 m/min) the obtained lamella structures have a low width with

higher frequency. On the other hand, it was observed (Fig. 6.13) that the width and depth

of the lamella structure increase with an increase in feed rate and cutting speed showing the

formation of fragmentary chips with the saw tooth. This behavior can be explained due to

the increase in strain rate at the primary shear zone with an increase in cutting speed. Under

the influence of large strain characteristics at primary shear zone shear instability occurs. At

this stage, the flow stress decrement caused by thermal softening exceeds the increment in flow

stress caused by strain and strain hardening rate [142]. This leads to the formation of shear

localized chip morphology.
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(a) 30 m/min; 0.05 mm/rev (b) 60 m/min; 0.05 mm/rev (c) 90 m/min; 0.05 mm/rev

(d) 30 m/min; 0.10 mm/rev (e) 60 m/min; 0.10 mm/rev (f) 90 m/min; 0.10 mm/rev

(g) 30 m/min; 0.15 mm/rev (h) 60 m/min; 0.15 mm/rev (i) 90 m/min; 0.15 mm/rev

Figure 6.14: SEM micrographs of the chip back surface for different cutting conditions.

6.2.3 Chip-back surface

Figure 6.14 shows the scanning electron micrographs of the chip-back surface for different

cutting conditions. At low cutting speed the smooth back surface suggested a ductile fracture

with graphite micro-pores emerged, grow and coalesce during shear deformation. However, at

higher cutting speed fold-type patterns are observed on the back surface which further increases

with an increase in feed rate. Barry and Byrne [143], suggested the formation of fold-type

structure due to the evolution of thermally softened micro-shear zones within the lower region

of primary shear zones, which may initiate adiabatic shear at the tool tip.
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(a) 30 m/min; 0.05 mm/rev (b) 90 m/min; 0.05 mm/rev

(c) 30 m/min; 0.15 mm/rev (d) 90 m/min; 0.15 mm/rev

Figure 6.15: SEM micrographs of the chip top surface for different cutting conditions.

6.2.4 Cross section of top surface

Figure 6.15 shows the cross-sectional images of chip top surface for different cutting conditions.

The typical saw tooth continuous fragmentary chips were observed for all cutting conditions.

It can be clearly seen that the feed effect is more dominant as compared to cutting speed effect

over the shape and size of the cross-section of chips. The frequency of saw tooth was observed

to be decreased with an increase in feed rate. The decrease in the frequency of saw tooth with

an increase in feed rate can be correlated with a size effect exist in metal cutting, where the

specific energy increases with decrease in deformation size.

The chip compression ratio (CCR) ζ (Equation 6.3) which is defined as the ratio of the

chip thickness (t2) the uncut chip thickness (t1), was used as a measure of plastic deformation

in metal cutting in previous studies [62, 139]. However, many researchers [143, 144] did not

consider CCR as a parameter to provide qualitative support to plastic deformation in metal

cutting.

CCR(ζ) =
t2
t1

(6.3)

To measure the uncut chip thickness Astakhov [145] suggested the following equation (Equa-

tion 6.4).
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t1 =
f

2
(

1√
1 + (cotkr/cosur)2

) (6.4)
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Figure 8. Morphology of chip’s top surface cross section for different cutting conditions. 

Figure 9. Geometrical representation of angle ��  . Figure 6.16: Geometrical representation of angle ur [145].

Where f is feed rate, and kr is equal to half of point angle. Figure 6.16 shows the geometrical

representation of angle ur and it depends on the location of desired point on the cutting edge.

In this study the value of ur is equal to 11.30 degree for the out-most cutting edge of the drill

tool.
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Figure 6.17: Variations in the mean chip compression ratio (CCR) with respect to cutting
speed.
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Figure 6.17 shows the variation of mean chip compression ratio with respect to different

cutting parameters. The CCR observed to decrease with an increase in feed rate for all cutting

speeds. However, a different behavior can be seen in CCR with respect to cutting speed. At

lower feed rates (0.05 and 0.10 mm/rev), a significant increase in the CCR values was observed

with cutting speed in the range of 30 m/min and 60 m/min, after which the CCR values show

decreasing behavior with cutting speed. On the other hand, higher feed rate (0.15 mm/rev),

the CCR values show linearly increasing behavior with cutting speed. This indicates that

the work done in plastic deformation during metal-cutting increases with cutting speed in the

range of 30 m/min and 60 m/min for all feed rates which means that strain hardening rate

exceeds the thermal softening rate for the above conditions. However, on a further increase in

the cutting speed at lower feed rates (0.05 and 0.10 mm/rev) the thermal softening behavior

dominates over strain hardening behavior of material as CCR decreases. The increase in work

done (plastic deformation) during machining with cutting speed at 0.15 mm/rev indicate the

change in material properties of workpiece due to thermal softening.
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Figure 6.18: Variation in the specific cutting energy (u) with respect to the chip compression
ration (CCR).

Figure 6.18 illustrates the variation in specific cutting energy with respect to the chip

compression ratio. It can be seen that in the range of 1.4-2.4 (CCR values) the specific cutting

energy show increasing behavior with CCR values. However, on further increasing the CCR

value, specific cutting energy decreases. As the CCR values increases, the work done during the
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plastic deformation of the workpiece increases which further led to the development of material

strengthening characteristics. This material strengthening behavior gives rise to an increase in

the specific cutting energy.
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Figure 6.19: Variation in the chip micro-hardness with respect to cutting speed.

6.2.5 Chip micro-hardness

Astakhov [62] illustrated the effects of cutting speed on chip formation in two major ways. First,

it changes the strain rate in the deformation zone and thus affects the resistance of the work

material, and the thermal energy generated in its deformation. Second, it affects the tool-chip

relative speed and the natural length of the tool-chip interface and thus affects the tribological

conditions at this interface. Both factors lead to the change in mechanical properties of the

chip. Chip micro-hardness values for chips are measured under different cutting conditions to

understand these changes.

Figure 6.19 shows the variation of chip micro-hardness with respect to different cutting con-

ditions. It was observed that the average micro-hardness values of chips are much higher than

that of average micro-hardness of the work material reflecting the plastic deformation of chips

during the chip formation process. At higher feed rate (0.15 mm/rev), the chip microhardness

values show increasing behavior with cutting speed whereas, at lower feed rates (0.05, 0.10

mm/rev), chip’s micro-hardness values were observed to decrease with an increase in cutting
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Figure 6.20: Relationship between the chip micro-hardness, CCR, cutting parameters and chip
morphology.

speed. The decrease in chip microhardness with cutting speed at lower feed rates (0.05 and

0.10 mm/rev) can be explained due to the influence of thermal softening, which leads to the

recrystallization in the deformed chips. Figure 6.20 illustrates the relationship between the

chip micro-hardness, CCR, cutting parameters and chip morphology. It allows to understand

the machinability of ADI within the framework of the chip formation process. The chip for-

mation process is a complex interplay between tool materials, workpiece material and cutting

parameters, which is hard to define for the optimized condition. The possible solutions for the

machining problems of ADI can be solved by understanding the transition of chip morphology

with respect to the specific cutting energy, CCR values under the influence of different cutting

conditions. The choice of low CCR values and low specific cutting energy at the higher material

removal rates can be the ideal one to improve the machinability of ADI.

6.2.6 Conclusions

The dry drilling experiments were conducted on ADI produced by the integrated casting-heat

treatment process. The experimental investigation of chip morphology characteristics, chip

compression ratio and its micro-hardness were presented. Based on the experimental results

following conclusions can be summarized.
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1. The well broken cone shaped chips are formed at lower cutting speed (30 m/min) with

cone diameter increasing with an increase in feed rate. The increase in cutting speed at

lower feed rate (0.05 mm/rev) leads to the formation of continuous chips.

2. The fine lamella structures were observed at higher cutting speeds (60, 90 m/min) for

all feed rates whereas, at lower cutting speed (30 m/min) a rough lamella structure was

observed for all feed rates. The width and depth of lamella structure increases with an

increase in feed rate and cutting speed, which leads to the formation of fragmentary chips

with the saw-tooth.

3. At lower feed rates (0.05 and 0.10 mm/rev), a significant increase in the CCR was observed

with cutting speed in the range of 30 m/min and 60 m/min, after which the CCR show

decreasing behavior with cutting speed. On the other hand, at higher feed rate (0.15

mm/rev), the CCR values show linearly increasing behavior with cutting speed.

4. At higher feed rate (0.15 mm/rev), the chip micro-hardness values show increasing be-

havior with cutting speed whereas, at lower feed rates (0.05, 0.10 mm/rev), chip’s micro-

hardness values were observed to decrease with an increase in cutting speed.

5. Under the influence of dry drilling condition, the higher productivity within the range of

good machinability for novel ADI can be achieved by the choice of low CCR values and

low specific cutting energy at the higher material removal rates. However, further en-

hancement is possible by the use of cutting fluid during the machining process to improve

the tribological characteristics at the cutting zone. With this viewpoint, the minimum

quantity lubrication (MQL) drilling is investigated in the next section.
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6.3 Minimum quantity lubrication (MQL) drilling

Coolants and lubricants for machining can improve the machinability of the workpiece, increase

productivity, and extend tool life by reducing tool wear [76]. However, for environmental and

economic reasons, recent research in industry and academia has sought ways to reduce the use

of machining fluids. This section thus reports the near-dry machining characteristics of ADI

for ecological machining of ADI. The ADI material for machining is produced by the integrated

casting-heat treatment process. The chemical composition of the workpiece material is as

follows: 3.54% carbon, 2.51% silicon, 0.27% manganese, 0.27% molybdenum, 1.23% copper,

0.66% nickel and 0.012% sulphur. The mechanical properties of the workpiece material are

provided in Table 6.3. The present section focused on the influence of MQL drilling on the

machinability of ADI material with respect to the cutting forces, surface roughness and tool

wear behavior. The MQL drilling, performance is then compared with the dry and wet drilling

conditions process under the same experimental conditions. The machining experiment was

conducted using the TiAlN-coated tungsten carbide tool (reference: R840-0800-30-A0A 1220)

of diameter 8 mm. A single drill tool of the same reference was used for each set of experiments.

The machining experiments were carried out at a cutting speed of 60 m/min and feed rate of

0.15 mm/rev.

Property Range

Ultimate tensile strength (MPa) 698-725
0.2 % yield strength (MPa) 610-640

Elongation (%) 4.5-6

Table 6.3: Tensile properties of the workpiece material (Austempering temperature: 380℃;
Austempering time: 120 min).

6.3.1 Results and discussion

(i) Torque and thrust force

Figure 6.21 shows the variation in the average cutting torque with respect to the number

of holes drilled under the influence of dry, MQL and flooded (wet) drilling conditions. It can

be seen that cutting torque values show constant behavior until 10 holes. However, after that

significant variation in cutting torque was observed for different cutting environment. In case

of dry drilling cutting torque show a monotonic increase with respect to the number of holes

drilled and show a tool life of 80 holes. On the other hand, for MQL drilling the cutting torque

values show constant behavior until 40 holes, and then it starts to increase with the number of
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holes drilled and show the tool life of 110 holes. However, in case of wet drilling, no significant

change was observed in cutting torque until 90 holes. The variation in average thrust forces

with respect to the number of holes drilled under the influence of dry, MQL and wet drilling

conditions are shown in Fig. 6.22. In case of MQL drilling, no significant change was observed

in thrust force with the number of holes drilled. However, in case of dry and wet drilling,

thrust force show increasing behavior with the number of holes drilled after 40 and 60 holes

respectively. It was revealed that the reduction in maximum average torques obtained in case of

MQL and flooded drilling as compared to dry drilling was 6%, and 24%, respectively, whereas

the reduction obtained in case of maximum average thrust forces for MQL and wet machining

conditions were 10%, and 13% respectively as compared to dry machining condition. It can

be observed that MQL machining show a considerable reduction in torque and thrust forces as

compared to dry machining. In addition, MQL machining until 40 holes are comparable to the

wet machining conditions with respect to the cutting torque values.
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 Figure 6.21: A comparison of average torques with number of holes drilled under dry, MQL
and flooded (wet) drilling conditions (Cutting speed: 60 m/min; Feed rate: 0.15 mm/rev)

(ii) Surface roughness

Surface finish is considered as an important industrial production parameter for the evalu-

ation of machinability for a particular workpiece-tool combination [65]. It indicates the perfor-

mance and service life of the machined component. Figure 6.23 shows the variation in surface

roughness (Ra) values with the number of holes drilled for different cutting environment. The
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 Figure 6.22: A comparison of average thrust forces with number of holes drilled under dry,
MQL and flooded (wet) drilling conditions (Cutting speed: 60 m/min; Feed rate: 0.15 mm/rev
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Figure 6.23: Variation in the surface roughness values with number of holes drilled for different
cutting environment (dry, MQL and wet cutting environment)
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surface roughness measurements were made inside the holes. It can be seen that the Ra values

increases rapidly with the number of holes drilled in case of dry machining as compared to the

MQL and wet machining conditions. The Ra values are within the range of 0.389±0.136 µm

and 0.498±0.2 µm for wet and MQL machining conditions respectively. The highest Ra value

recorded was 1.529±0.098 µm at the onset of drill failure during dry machining condition. The

higher Ra values during dry machining conditions indicate the evolution of tool wear with the

number of holes drilled. With an increase in the number of holes drilled the adhesion of the

material particles on the rake face take place, which lead to the growth of built-up edge. During

machining, these adhesion particles degrade the machined surface quality. However, in case of

MQL machining, significant reduction in surface roughness was found as compared to the dry

machining condition. The MQL machining improves surface quality of the machined surface

depending on the workpiece-tool combination by providing the sufficient lubrication condition

at the workpiece-tool interfaces and through controlling the controlling the deterioration of the

cutting edge by abrasion, chipping and built-up edge formation.

(iii) Tool wear

The measured values of flank wear width at the end of machining experiments were 0.41

mm, 0.25 mm and 0.12 mm for dry, MQL and wet machining conditions respectively. It was

revealed that as compared to the dry machining the tool life was increased by 25%, and tool

wear was reduced by 40% in case of MQL machining. Fig. 6.24 shows the SEM and optical

micrographs of the drill tools wear at the end of machining experiments for different cutting

environments. It can be seen from the micrographs that tool wear mainly takes place at the

cutting edge near to the periphery for all cutting environments. It was found that at the initial

stage of drilling, the coated layer is abraded off from the cutting edge (near to the periphery)

of the drill tool material. After that as the number of drilled holes increases, the friction force

increases continuously due to the abrasion of coating. This lead to the formation of BUE (built-

up edge) at the outer corner of drill tools, which further leads to the chipping of the cutting tool

material. The chipping together with flank and crater wear causes the failure of drill eventually.

The non uniform flank wear, chipping and material adhesion is observed at the outer cutting

edge of the tool in case of dry and MQL machining conditions which under the influence of

higher cutting forces leads to the crater wear at the outer corner of the drill tool.
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(after 80 holes)
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Figure 6.24: SEM and optical micrographs of tool wear (TiAlN-coated tungsten carbide tool)
for dry, MQL and flooded drilling conditions at the end of machining experiments.
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6.3.2 Conclusions

The MQL drilling performance using the PVD-TiN/TiAlN multilayer coated tungsten carbide

tools were investigated in the present study for the ecological machining of ADI. The MQL

drilling performance of ADI is also compared with the wet and dry machining process under

the same experimental condition. Based on the results obtained, the following conclusions can

be drawn:

1. The MQL machining condition gives rise to the reduction of 6 % and 10 % in average

cutting torque and average thrust force receptively as compared to the dry machining

condition. On the other hand, the MQL machining shows comparable behavior with the

wet machining in terms of the thrust force generated.

2. The MQL machining appeared to be effective in reducing the surface roughness of the

machined surfaces as compared to the dry machining and comparable to the wet machin-

ing.

3. It was revealed that as compared to the dry machining the tool life was increased by 25%

and tool wear was reduced by 40% in case of MQL machining.

4. Crater wear at the outer corner of the drill tools was the dominant wear mode in case of

dry and MQL machining. The crater wear is the consequence of the higher frictional and

adhesive characteristics at the tool-workpiece interface which further leads to the chipping

of the cutting edge followed by damage at the outer corner of the drill tool. However, the

limited of machinability of ADI under the dry condition can be improved using advanced

coating material and tool geometry. Therefore, the cutting performance of different PVD

coated tools are investigated in the next section.
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6.4 Cutting performance of PVD coated tools

6.4.1 Specific cutting energy and Tool wear mechanisms

Two different tool geometries coated with different PVD-coating materials were used for the

dry drilling tests in the present section. The tool 1 (B254A08000YPC) is coated with PVD-

multilayer coating of (Ti,Al,Cr)N and tool 2 (B254A08000HPC) is coated with PVD-monolayer

TiAlN coating. Figure 6.25 shows the variations of the specific cutting energy with the number

of drilled holes for tool 1 and 2. It can be observed that tool 1 show steady behavior with the

number of holes drilled. However, tool 2 shows linearly increasing behavior with the number

of drilled holes. The results (Fig. 6.25) can be analyzed according to the cutting performance

of different PVD coatings. The average maximum specific cutting energy was calculated to be

2.80 J/mm3 in case of tool 1 and 3.73 J/mm3 in case of tool 2, corresponding to an increase of

the 33% as compared to the tool 1. The specific cutting energy which is also known as cutting

energy per unit volume is responsible for the temperature increase at the tool-chip interface

during the machining process. Astakhov [62] stated that only 30-50 % of the cutting energy

spent for the separation of the layer being removed from the workpiece. The rest is spent on the

tribological interaction between tool-chip and tool-workpiece interfaces, which is converted into

heat and give rise to temperature at the cutting zone during machining operations. Therefore,

the specific cutting energy is the relevant indicator of the temperature in the deformation zone.

The use of cutting tool coating can further enhance the heat dissipation and reduce friction,

and thus reduce the temperature at the tool-chip interface. The change in the specific cutting

energy with the number of drilled holes for different tools can be explained with the improved

tribological characteristics at the tool-chip interface using the tool 1.

The surface characteristics of the PVD coated tools were analyzed to determine the nature

of tools wear using the SEM and EDS techniques. SEM images of the worn drill tools (cutting

edge) are shown in Fig. 6.26. It can be observed that adherence of the workpiece material

occurs in tool 2, mainly at the cutting-edge, near the periphery, and coating layer abraded

off and cutting-edge damage occurs near the drill point. However, large abrasion of coating

was found at the outer edge of tool 1. A quantitative element analysis was carried out using

EDS analysis (Fig. 6.26), identifying the elements at the worn surfaces. EDS analysis of tool 1

(region 1) near to the cutting edge reveals the presence of iron (Fe) and carbon (C) indicating

the transfer of the workpiece material to the drill tool during the machining process. High peaks

of titanium (Ti) and chromium (Cr) are observed at region 1, indicating the wear resistance

of the coating near to the cutting edge. EDS analysis of wear surface at region 2 reveals the

abrasion of coating (low peaks of Ti and Cr). High peaks of aluminum (Al) and oxygen (O) are
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Figure 6.25: The variations of average specific cutting energy with number of drilled holes for
different PVD coatings.

observed at the tool surface (region 3) indicating the formation of protective aluminum oxide

layer on the rake face of the tool. In case of tool 2, EDS analysis at the cutting edge (region

4) reveals the presence of silicon (Si), in addition to Fe and C. The high content of O reveals

the possibility of oxidation of adhered workpiece material at the cutting edge. The oxidation of

adhered workpiece material at the cutting edge indicates the significant rise in temperature at

the cutting zone. Peaks of tungsten (W) and cobalt (Co) in EDS analysis (region 5) indicates

the entire removal of the coating and leads to the exposure of the substrate material. EDS

analysis at region 6 showing peaks of Al and O indicates the presence of protective aluminum

oxide layer.

The tool wear behavior provides an insight into the sequence of events leading to the cutting-

edge failure. From the results, it was observed that tool 1 show better wear resistance as

compared to the tool 2. Tool 1 consists of PVD multi-layers (Ti,Al,Cr)N coating. Due to the

presence of chromium (Cr), it shows higher thermal stability [62]. Holmberg and Matthews [146]

stated that in chromium coatings, the formation of chromium oxide layers on the tool surface

during machining leads to the low tool wear. The chromium oxide further acts as a barrier layer

preventing contact between the workpiece and tool surface and suppressing adhesive wear. The

formation of protective oxide (layers of alumina and chromia) at higher cutting temperature

reduces the adherence of workpiece material to the cutting tool surface.
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(a) Tool 1 after 100 holes

T
oo

l 1
 

 

 

 

T
oo

l 2
 

 

 

 

 

 
 

 

 

 
 

 

 

  
 

 After 100 holes After 100 holes 

 

Adhered material 

Coating abrasion 

Rake face 

Cutting edge 

Cutting edge 

Rake face 

Cutting edge breakage 

Coating depletion 

1 

2 

3 

4 
5 

6 

5 2 

3 

4 1 

6 

(b) Tool 2 after 100 holes

(c) Region 1 (d) Region 4

(e) Region 2 (f) Region 5

(g) Region 3 (h) Region 6

Figure 6.26: SEM micrographs and EDS spectra of the wear surfaces on tool 1 and 2 after
machining 100 drilled holes.
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6.4.2 Surface roughness and micro-hardness profile

Figure 6.27 shows the variation of average surface roughness (Ra) of the machined surfaces as

a function of specific cutting energy for both tools. It can be observed that for tool 2, the Ra

values show linearly increasing behavior with the specific cutting energy. However, in case of

tool 1 the majority of Ra values obtained is in the range of lower specific cutting energy. The

Ra values are within the range of 0.62-1.12 m and 0.69-1.61 m for the tool 1 and 2 respectively.

The tool 1 appears to produce better surface finish and keeping the specific cutting energy

low as compared to tool 2. Rodrigues and Coelho [147] stated that the specific cutting energy

increases during machining due to the increase in chip-tool friction and increase in cutting zone

temperatures, which are influenced by the tool coating and its wear. The presence of adhered

workpiece material and the exposure of substrate material (tool 2) during machining leads to

the increase in surface roughness and specific cutting energy during the machining process.
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Figure 6.27: Surface roughness parameter, Ra (µm) as a function of average specific cutting
energy for tool 1 and 2.

The surface behavior of the workpiece material during machining can be understood by

examining the hardness profile of the workpiece subsurface beneath the drilled surface. For this

purpose, Vickers microhardness variation at the machined subsurface in a direction normal to

the edge of the drilled surface is shown in Fig. 6.28. For each distance, three measurements

were taken. It can be observed that the workpiece was hardened near to the machined surface



6.4 Cutting performance of PVD coated tools 139

200

250

300

350

400

0 50 100 150 200 250 300 350 400

Tool 1

Tool 2
M

ic
ro

h
a

rd
n

es
s 

(H
V

 0
.0

5
)

Distance from hole surface (µm)
 

 

Figure 6 

Figure 6

Figure 6.28: Microhardness profile of the machined subsurface for the tool 1 and 2.

(50 m) by 351 HV and 358 HV for drill tool 1 and 2 respectively. The microhardness variation

gradually returns to the material bulk microhardness (290-310 HV 0.05) at about 350 m beneath

the machined surface. Abrao et al. [67] stated that the surface alterations induced by machining

are typically of mechanical, metallurgical and thermal nature. Pawade et al. [148] studied the

microhardness variation on the machined surface of high speed turned Inconel 718. They found

that the microhardness near the machined surface is approximately 50% higher than those of

bulk material. According to them, the microhardness profile indicated that a significant amount

of plastic deformation was induced by machining at a maximum depth of 200 m beneath the

machined surface. In the present study, the both tools are showing similar microhardness

variation at the machined subsurface indicating the surface alteration of the workpiece material

during dry drilling.

6.4.3 Chip morphology

The morphological analysis of obtained chips from new sharp edge tools (tool 1 and 2) was

carried out for studying the influence of PVD coatings on chip morphology. The obtained chips

were analyzed by scanning electron microscopy as shown in Fig. 6.29. For both tools, cone-

shaped chips were formed. The free and back surfaces of chips, which are formed due to the

action of cutting edge during machining, were analyzed. For both tools, lamella structure was
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(a) Chip form (Tool 1) (b) Chip form (Tool 2)

(c) Chip free surface (Tool 1) (d) Chip free surface (Tool 2)

(e) Chip back surface (Tool 1) (f) Chip back surface (Tool 2)

Figure 6.29: SEM micrographs of the obtained chip forms, chip free surfaces and chip back
surfaces for tool 1 and 2.
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observed at the chip-free surface. The lamella structure signifies the shearing morphology of

the free surface [140]. It formed across the width of chip and normal to the direction of chip

flow. However, different chip patterns were observed at the chip back surface using tool 1 and 2.

For the tool 1, smooth fold type patterns are observed and for the tool 2, graphite micro-pores

emerged at the back surface which, grow and coalesce during shear deformation. The obtained

lamella pattern at the chip-free surface indicates high pressure and friction forces on the tool

rake face and on the flute during its transportation, which causes high cutting temperature in

cutting zone [149].

(a) Tool 1 (b) Tool 2

(c) Tool 1 (d) Tool 2

Figure 6.30: SEM micrographs and EDS spectra of the chip sliding surfaces on the drill flute
for tool 1 and 2.

The drill flute surfaces (chip sliding surfaces) were investigated for both tools using the EDS

analysis (Fig. 6.30) after the machining tests to observe the influence of chip transportation

on the sliding surfaces of the flute during machining. The presence of the Fe and C in the

EDS analysis indicates the transfer of the workpiece material to the drill flute durng chip

transportation. Tool 1 show higher peaks of Al as compared to the tool 2. The effectiveness

of the drill tool 1, may thus attributed to the formation of protective layer of aluminium oxide

and chromium oxide on the drill surfaces which further improve the chip transportation.
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6.4.4 Conclusions

The cutting performance of two different geometries and PVD coatings, multilayer (Ti,Al,Cr)N

(Tool 1) and monolayer TiAlN (Tool 2), coated on tungsten carbide tools was investigated

during dry drilling of sustainable ADI material with strength properties similar to ASTM grade

1 ADI. The cutting performance was analyzed by tool wear analysis, specific cutting energy,

surface roughness profile and chip morphology. Based on the results obtained, the following

conclusions can be drawn:

1. Tool geometry and coating significantly influence the evolution of specific cutting energy

and tool wear. The adhesion mechanism can be avoided using better geometry (enhanced

chip transportation) and better wear resistant coating material. In case of tool 1, the

combined influence of coating and geometry is responsible for the steady behavior of

specific cutting energy with respect to number of drilled holes.

2. The tool 1 revealed significant resistance to the adhesion wear as compared to tool 2 due

to the formation of aluminium and chromium oxides. The adhesion of workpiece material

was observed in tool 2, mainly at the cutting edge; near the periphery and coating layer

abraded off in case of tool 1.

3. In case of tool 1, at the chip back surfaces smooth fold type patterns are observed. On

the other hand, for the tool 2, graphite micro-pores emerged at the back surface which,

grow and coalesce during shear deformation reflects poor surface quality of the machined

parts.

The multilayer (Ti,Al,Cr)N PVD coating seems to be suitable option for dry drilling machin-

ing process of novel ADI. It shows better adhesion resistance properties due to the formation

of tribo-oxides films. The enhanced cutting performance of these coatings can be observed by

the absence of deep crater wear at the outer corner of the cutting tool.
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6.5 Conclusions

The dry machining characteristic of novel ADI was investigated for different cutting condi-

tions in correlation with its microstructure and production parameters. It was found that the

combination of the low feed rate and higher cutting speed leads to the higher mechanical and

thermal loads on the tool’s cutting edge, resulting in higher values of specific cutting force

and specific cutting energy. The surface quality of machined surfaces significantly influenced

by cutting speed as compared to the feed rate. The tool wear behavior under various cutting

conditions revealed that the crater wear at the outer corner of the drill tool is the main wear

mode under the influence of abrasive and adhesive wear during dry drilling of ADI. It was

also found that mechanical properties of workpiece material, particularly, hardness and tensile

strength have significant influence over the shear stress at the tool-chip contact interface which

can further influence the cutting forces. It was observed that the austempering temperature

significantly influence the machining characteristics of ADI as compared to the austempering

time by changing the ferrite morphology in the ADI microstructure. The chip morphology char-

acteristic was investigated for different cutting conditions during dry drilling of ADI. The fine

lamella structures were observed at higher cutting speeds (60 and 90 m/min) for all feed rates.

On the other hand, at lower cutting speed (30 m/min) a rough lamella structure was observed

for all feed rates. The width and depth of lamella structure increases with an increase in feed

rate and cutting speed, which leads to the formation of fragmentary chips with the saw-tooth.

The obtained CCR values were found to be inversely proportional to the feed rate and directly

proportional to the specific cutting energy. The relationship between specific cutting energy

and CCR can be explained by the phenomenon known as size effect. The correlation between

the chip micro-hardness, CCR values and cutting conditions were made to obtain the optimal

cutting parameters for dry drilling of novel ADI. It can be seen that the higher productivity

within the range of good machinability for novel ADI can be achieved by the choice of low CCR

values and low specific cutting energy at the higher material removal rates.

The green manufacturing of ADI was promoted by the implementation of MQL drilling on

ADI. The MQL machining condition appeared to be effective in reducing the surface roughness

of the machined surfaces as compared to the dry machining conditions and comparable to the

wet machining condition. In addition, the tool life was increased by 25%, and tool wear was

reduced by 40% in case of MQL machining as compared to dry machining. In case of tool wear,

the crater wear at the outer corner of the drill tool was the dominant wear mode in case of

dry and MQL machining condition. The crater wear is the consequence of the higher frictional

and adhesive characteristics at the tool-workpiece interface which further leads to the chipping

of the cutting edge followed by damage at the outer corner of the drill tool. The dry drilling
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process was further enhanced by use of multilayer (Ti,Al,Cr)N PVD coating, which provides

significant resistance to the adhesion wear due to the formation of aluminium and chromium

oxides.



Chapter 7

Main conclusions and perspectives

Main conclusions

The main objective of the thesis is to develop an innovative methodology for austempered

ductile iron (ADI) manufacturing considering all production aspects such as melt treatment,

casting, heat treatment and machining. Over the past decade, ADI emerged out as an excellent

material due to its wide range of physical and mechanical properties. However, there are

possibilities to further control and tailor ADI microstructure to get the desired mechanical

properties and performance. Moreover, there is a need to reduce the environmental impacts of

material production and processing, particularly those related to energy. Therefore, attention

is required to develop an energy and material efficient approach for ADI manufacturing. With

this viewpoint, an integrated casting-heat treatment process route is developed for near-net

shape ADI casting production. The casting process is further optimized in correlation with

the melt thermal characteristics. Finally, dry and near-dry machining of ADI is performed to

adopt ecological machining. The following main conclusions can be drawn based on the research

conducted in this thesis.

• The innovative process route led to the production of light weight near-net shape ADI

casting having ausferrite microstructure (carbon enriched austenite and acicular ferrite)

with high graphite nodule counts. High density of fine ferrite needles was observed at lower

austempering temperature, whereas a coarse feathery ferrite characteristic was observed

at higher austempering temperature. The quantitative estimation of the resultant ADI

revealed an increase in ferritic cell size with austempering temperature due to rapid grain

coarsening of ferrite. The lower values of retained austenite volume fraction and ferritic

cell size at lower austempering temperature give rise to high strength ADI samples with

lower ductility. The strain hardening behavior of the resultant ADI sample is influenced

by its microstructural characteristics.

145
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• Thermal analysis of the melt revealed the different temperature arrests depending on

the evolution of different phases and graphite precipitation during solidification. The

variation in the nature of alloy was found due to the variations in true eutectic point and

carbon equivalent of the melt. Thermal characteristics of the melt are further used to

perform the simulation analysis of mould filling and solidification. The simulation results

show a progressive solidification behavior. The ratio of thermal modulus and solidification

time which is directly proportional to heat transfer coefficient was found to decrease with

time during solidification. This behavior can be explained by the formation of thin air

film at the melt/mould interface, which decreases the heat transfer from the melt to

the surrounding. The simulation analysis revealed the absence of porosity and shrinkage

defects at the end of solidification. However, experimental results show porosity defects

at the top section of the casting, which are considered as common defects in the gravity

die casting process and can be explained due to entrainment defects caused by the folding

action of the (oxidized) liquid surface during filling. Thus thermal analysis and simulation

tools helps in improving the overall casting process during ADI production by providing

the realistic thermal description of the melt and by predicting the porosity and shrinkage

defects.

• The dry machining characteristics of novel ADI was investigated for different cutting

conditions in correlation with its microstructure and production parameters. It was found

that the combination of the low feed rate and higher cutting speed leads to the higher

mechanical and thermal loads on the tool’s cutting edge, resulting in higher values of

specific cutting force and specific cutting energy. The surface quality of machined surfaces

significantly influenced by cutting speed as compared to the feed rate. The tool wear

behavior at various cutting condition revealed that the crater wear at the outer cutting

edge is the main wear mode under the influence of abrasive and adhesive wear mechanism.

Examinations of the wear surfaces at low material removal rate (30 m/min and 0.05

mm/rev) revealed the abrasion of the coating material at the outer corner of the drill tool

and show the presence of built-up edge (BUE) at the cutting edge. The occurrence of small

BUE at the cutting edge indicates the adhesion of workpiece material at the cutting edge.

However, at higher material removal rate (90 m/min and 0.15 mm/rev), cracks appear

on the wear surfaces which lead to sudden fracture of the drill tool at the outer edge.

The presence of cracks on the tool wear surfaces indicates the high compressive stresses

and temperature at the cutting edge which further lead to the plastic deformation of the

cutting edge. EDS spectra of the fracture part revealed the presence of oxidized coating

material (Al, Ti with high content of O). The fracture part also revealed the exposure of
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the substrate material and adhesion of the workpiece material near the tool cutting edge

(due to the presence of Fe, Si and high content of O).

• Designing the ADI microstructure to get the desired properties and performance signif-

icantly influences its machinability. The thesis demonstrated that machinability of ADI

is strongly influenced by its austempering parameters (temperature and time). The cor-

relation between cutting forces and material properties is established. Higher hardness

and strength values results in higher thrust force values during machining. Moreover, it

was found that ADI material produced at lower austempering temperature show poor

machinability due to the higher ferrite content. The ferrite content leads to increase in

chipping behavior and formation of built-up edges due to its higher tendency to adhere

during machining.

• The chip morphology characteristics revealing fine lamella structures were observed at

higher cutting speeds (60, 90 m/min) for all feed rates. The width and depth of the

lamella structure increase with an increase in feed rate and cutting speed, which leads

to the formation of fragmentary chips with the saw-tooth. The CCR values were found

to be inversely proportional to the feed rate and directly proportional to the specific

cutting energy. The correlation between the chip micro-hardness, CCR values and cutting

conditions was made to obtain the optimal cutting parameters for dry drilling of novel

ADI. It can be seen that higher productivity within the range of good machinability for

novel ADI can be achieved by the choice of low CCR values and low specific cutting energy

at higher material removal rates.

• The MQL machining significantly enhance the machinability of ADI compared to dry

condition in terms of tool life and tool wear by providing the effective cooling and lubri-

cation functions at the cutting zone. Moreover, it appeared to be effective in reducing

the surface roughness of the machined surfaces as compared to the dry machining and

comparable to the wet machining.

• The multilayer (Ti,Al,Cr)N PVD coating seems to be a suitable option for dry drilling of

novel ADI. It shows better adhesion resistance properties due to the formation of tribo-

oxides films. The enhanced cutting performance of coating can be observed by the absence

of deep crater wear at the outer corner of the cutting tool.
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Perspectives

The main objective of the present study has been accomplished. However, further steps are

required for the optimization of ADI manufacturability. Therefore, based on the present study,

suggestions are provided for future work and research regarding ADI manufacturing mainly

focused on the melt treatment practices (spheroidization and inoculation), heat treatment and

machining.

• The evolution of graphite morphology in a casting is the functions of casting section size

and melt treatment practices. The melt control for ductile iron includes spheroidization

and inoculation practices responsible for the production of sound ductile iron casting with

the desired structure and required properties. However, the influence of inoculation on the

graphite nodularity still needs to be addressed properly in correlation with under-cooling

and graphite nucleation during solidification.

• Scaling of the ADI production is required using the innovative integrated casting-heat

treatment route for mass exploitation of ADI materials. However, this step requires effec-

tive melt treatment practices. The melt treatment practices are critical and their effects

faded over time, which depends on the melt and inoculant compositions, pouring temper-

ature and melt velocity. This step further controls the solidification characteristic of the

melt. Therefore, in order to achieve the effectiveness of the melt treatment practices at

large-scale production, the melt treatment equipment must be reliable under the extreme

operating conditions found during the melt treatment and pouring.

• ADI is considered as hard to machine material due to its microstructure induced inherent

properties. In order to understand the machining characteristic of ADI materials, there

is a need to develop FEM based simulation tool taking into account the microstructural

characteristics (ausferrite matrix and graphite nodule) of ADI. This tool can be used to

determine the chip formation mechanisms as well as stress and temperature distribution.

Moreover, it can be further utilized to understand the influence of tool’s geometry, tool

wear behavior and cutting conditions to optimize the ADI machining process.



Appendix A

Foundry procedure for ADI
production

Step 1: Primary data

1. Reference and date of casting.

2. The required chemical composition of the final obtained casting.
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3. The charge materials and their respective compositions.

4. The melt treatment practice.
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Step 2: Calculation

1. The yield % of charge materials and alloying elements.

2. The distribution of the charge materials to get the required composition.

3. The chemical composition control calculation and the amount of the required materials

to get the theoretical chemical composition.
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4. The detail compositions list before (Initial composition) and after (Final composition)

the addition of alloying elements to get the required chemical composition.

5. The final list of the charge materials and alloying elements to get the required chemical

composition for ADI foundry.
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Step 3: Magnesium treatment of ductile iron using tundish ladle apparatus

1. Measure the Mg quantity required for the spherodization process.

2. Tundish ladle apparatus assembly

(a) Bottom part (b) Top part

(c) Filter (d) Pouring cup
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3. Preparation of tundish ladle apparatus.

(a) (b) (c) (d)

(e) (f) (g) (h)
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Publications and Scientific
communications

Refereed journal publications

1. Meena, A., Mansori, M.El, 2012. Material characterization of Austempered Ductile Iron

(ADI) produced by a sustainable continuous casting-heat treatment process. Metallurgical

and Materials Transactions A: vol. 43(12), pp. 4755-4766.

2. Meena, A., Mansori, M.El, 2012. Correlative thermal methodology for castability simu-

lation of ductile iron in ADI production. Journal of Materials Processing and Technology:

vol. 212(11), pp. 2484-2495.

3. Meena, A., Mansori, M.El, 2012. Drilling performance of green Austempered Ductile

Iron (ADI) grade produced by novel manufacturing technology. International Journal of

Advanced Manufacturing Technology: vol. 59(1), pp. 9-19.

4. Meena, A., Mansori, M.El, 2011. Study of dry and minimum quantity lubrication

drilling of novel austempered ductile iron (ADI) for automotive applications. Wear: vol.

271(9-10), pp. 2412-2416.

Refereed conference proceedings

1. Meena, A., Mansori, M.El, 2012. Chip morphology characteristics during dry drilling

of austempered ductile iron (ADI). Transactions of the North American Manufacturing

Research Institute of SME 40 (NAMRC 40), Indiana, USA, pp. 414-422.
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International conference oral presentations
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APPROCHE CORRELATIVE VERS UNE PRODUCTION DURABLE DE  FONTE 
ADI D’UN TRAITEMENT THERMIQUE INTEGRE INNOVANT ET D E SON 

USINABILITE  
RESUME :  Les impacts environnementaux dans la production des matériaux métalliques et leurs procédés 
de transformation sont en augmentation rapide et critique. Ils peuvent être réduits, dans une certaine 
mesure, par le développement soit d'un matériau de fonction ou par la mise en œuvre d'un nouveau  
processus de fabrication éco-durable. Dans cette optique, l'émergence récente de fonte « bainitique » (ADI 
–Austempered Ductile Iron-) peut être considéré comme un saut technologique important répondant à la 
demande croissante pour les matériaux à hautes caractéristiques mécaniques avec un coût de fabrication 
maîtrisé. La présente étude traite le développement d’une approche de couplage procédé par l’intégration 
du processus de coulée, de traitements thermiques et d'usinage de la fonte ductile ADI dans une optique de 
développement durable. Ce procédé innovant de fabrication de pièces en fonte ADI dit « dans la chaude de 
coulée » consiste à réaliser les traitements thermiques directement à la suite de la coulée en moule 
métallique en relation avec l’usinabilité induite. L’analyse des influences des paramètres de ce procédé 
intégré sur la microstructure et les propriétés mécaniques de l'ADI a été étudiée expérimentalement. Une 
approche méthodologique sur la coulabilité de la fonte a été développée, puis validée par simulation. Elle 
utilise les caractéristiques thermiques du métal en fusion pour corréler l'effet combiné du transfert de chaleur 
à l'état fondu, à l’interface moule/métal, et pendant l'écoulement au travers des sections critiques du moule 
afin de prédire les défauts de coulée. Enfin, l'usinage de la fonte ADI est étudié expérimentalement dans le 
cas du perçage à sec et en micro-lubrification (MQL), en lien avec les caractéristiques microstructurales, les 
mécanismes d'usure d'outil, de formation des copeaux et de la qualité de surface usinée. L’approche 
corrélative du couplage procédé  visent essentiellement à (i) comprendre l'influence des caractéristiques 
microstructurales de cette nouvelle fonte ADI sur ses propriétés mécaniques, (ii) démontrer l'influence des 
caractéristiques thermophysiques sur la coulabilité de la fonte ductile dans un moule permanent, et (iii) 
mettre en corrélation les paramètres de perçage de cette nouvelle fonte ADI avec sa microstructure et ses 
paramètres de fabrication. 

Mots clés :  Fonte bainitique ADI, traitement thermique intégré, corrélation thermique, perçage à sec, 
perçage avec micro-lubrification, outils revêtus PVD. 

CORRELATIVE APPROACH TOWARDS INTEGRATED CASTING-HEA T 
TREATMENT ROUTE AND MACHINING FOR SUSTAINABLE ADI 

MANUFACTURING  
ABSTRACT : The environmental impacts of material production and processing are rapidly increasing and 
critical. These impacts can be reduced, to some extent, by development of either a suitable material or by 
implementing a novel process route to improve the material efficiency. In such circumstances, the recent 
emergence of near-net shape austempered ductile iron (ADI) can be considered as a significant economic 
advantage to the increasing industrial demand of cost and weight efficient materials. The present study is 
thus dedicated to the development of an innovative methodology for austempered ductile iron (ADI) 
manufacturing considering all production aspects such as melt treatment, casting, heat treatment and 
machining. The innovative process design advances the integrated approach towards casting and heat 
treatment practices for ADI production in a permanent mould. It is based on the fundamental correlation 
between the production conditions and its combined influences on the microstructure and mechanical 
properties of ADI. Moreover, the present study introduces a correlative thermal methodology approach to 
understand the castability of ductile iron in a permanent mould for ADI production. The simulation tool 
correlates the combined influences of thermal characteristics, heat transfer at melt/mould interface, and 
melt’s castability on the final casting quality. Finally, the ecological machining of ADI is introduced by 
implementing the dry and MQL machining process. The key aspect of the novel ADI machinability was 
investigated with respect to its microstructural characteristics, tool wear mechanisms, chip formation 
characteristics and the machined surface’s quality. The combined correlative approaches provide the key 
findings aim to (i) understand the influence of microstructural characteristics of novel ADI on its mechanical 
properties, (ii) demonstrate the influence of thermal characteristics of melt on the castability of ductile iron 
in a permanent mould, and (iii) correlating the machining characteristics of ADI with its microstructure and 
production conditions. 

Keywords  : Austempered ductile iron (ADI), Novel process route, Correlative thermal methodology, Dry 
drilling, MQL drilling, PVD-coated tools. 


	List of Figures
	List of Tables
	Résumé en français
	Introduction
	Historical Background
	The significance of the research
	Originality of the research work
	Organization of the thesis

	Literature review
	Introduction
	Ductile iron casting for ADI production
	Metallurgical control in ductile iron production
	Casting and solidification
	DI microstructure and ADI casting quality

	ADI castings characteristics
	Heat treatment and ADI microstructure
	ADI properties

	Influence of production parameters on ADI characteristics
	Role of alloying elements
	Heat treatment parameters
	Conclusions

	The state of art in machining ADI
	Machining characteristics of ADI
	ADI as hard to machine material

	Cutting tool for machining ADI
	Machining ADI with carbide tools
	Machining ADI with ceramics tools
	Machining ADI with PCBN tools

	Ecological machining: Dry or near dry machining
	Near dry machining: MQL application
	Dry machining

	Conclusions

	Experimental techniques
	Casting and heat treatment practices
	ADI processing cycle: Integrated casting-heat treatment route
	Thermal analysis
	Heat treatment

	Material characterization
	Metallographic analysis
	Mechanical properties and strain hardening analysis
	X-ray diffraction (XRD) analysis

	Machining experiments
	Instrumented test and data collection
	MQL and wet drilling
	Cutting tools

	Machinability characterization
	Chip morphology
	Tool wear analysis
	Surface roughness measurements

	Conclusions

	Innovative process route for ADI production
	Introduction
	Background
	Existing technologies
	Integrated continuous casting-heat treatment technology

	Results and discussion
	Typical green ADI microstructure
	Austempering kinetics
	Tensile properties

	Interpretation of tensile stress-strain curve
	Strain hardening behavior
	Strain hardening exponent
	Strength coefficient

	Conclusions

	Correlative thermal methodology for novel ADI castability simulation
	Introduction
	Background
	Numerical simulation procedure
	Results
	Thermal analysis
	Casting simulation
	Microstructure observation at different sections

	Discussion
	Conclusions

	Ecological machining of ADI: Dry and near dry machining
	Characterization of ADI machining: Dry drilling
	Specific Cutting force and specific cutting energy
	Surface roughness
	Tool wear analysis
	Influence of austempering parameters
	Conclusions

	Chip morphology characteristics
	Chip morphology
	Chip-free surface
	Chip-back surface
	Cross section of top surface
	Chip micro-hardness
	Conclusions

	Minimum quantity lubrication (MQL) drilling
	Results and discussion
	Conclusions

	Cutting performance of PVD coated tools
	Specific cutting energy and Tool wear mechanisms
	Surface roughness and micro-hardness profile
	Chip morphology
	Conclusions

	Conclusions

	Main conclusions and perspectives
	Foundry procedure for ADI production
	Publications and Scientific communications
	Bibliography

