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Cast	Iron	–	The	New	Dynamic	Material
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v  Austempered ductile iron ADI is a relatively new engineering material 
with exceptional combination of mechanical properties and marked 
potential for numerous applications. 

v  The attractive properties of ADI return to its distinct and unique 
microstructure, which consists of fine acicular ferrite within C-enriched 
stabilized austenite (ausferrite) 
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Comparison	of	the	
(a)	weight	and	(b)	
Cost	per	unit	of	
yield	strength	for	

different	
engineering	alloys.

(a)	

(b)	
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Grade 
Tensile	
Strength	
(MPa/Ksi) 

Yield	
Strength	
(MPa/Ksi) 

Elong.	
(%) 

Impact	
Energy	
(J/lb-\) 

Typical	
Hardness	
(BHN) 

1 850/125 550/80 10 100/75 269-321 

2 1050/150 700/100 7 80/60 302-363 

3 1200/175 850/125 4 60/45 341-444 

4 1400/200 1100/155 1 35/25 366-477 

5 1600/230 1300/185 N/A N/A 444-555 

Mechanical	proper8es	of	ADI	specified	in	
ASTM	A897M-03	
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•  When	ADI	first	started	to	be	used	for	engineering	applicaEons,	
there	were	many	difficulEes	experienced	in	trying	to	machine	it.	

•  The	hardest	grades	of	ADI	reach	a	hardness	of	~50	HRC	which	
would	 pose	 a	 challenge	 for	 any	 high	 volume	 machining	
operaEon.		

•  Although	 the	 so\er	 grades	 of	 ADI	 have	 a	 typical	 hardness	 of	
300-350	 BHN,	 their	 matrix	 structure	 contains	 up	 to	 40%	
retained	 austenite.	 When	 subjected	 to	 strains	 in	 service	 this	
phase	rapidly	work	hardens	and	can	transform	to	martensite.	
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•  When	 the	 microstructure	 of	 ausferrite	 is	 stressed	 above	 the	
yielding	limit,	both	γ	and	α	undergo	plasEc	deformaEon,	leading	
to	 parEal	 transformaEon	 of	 the	 retained	 austenite	 into	
martensite,	which	is	very	hard	and	briWle.	

•  As	an	overall	result,	the	material	is	strengthed	by	the	combined	
effect	of	strain-hardening	and	the	presence	of	martensite.	The	
machinability	is	drasEcally	deteriorated.			



 
 
 

WORK OBJECTIVES 
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1.  CharacterizaEon	 of	 the	 four	 invesEgated	 ADI	 grades	
(metallography,	 phase	 analysis	 by	 XRD	 and	 mechanical	
properEes).	

2.  EvaluaEon	of	 the	machinability	 properEes	 in	 terms	of	 cu_ng	
force.	

3.  Study	 the	 interacEon	 between	 the	 machining	 parameters:	
depth	 of	 cut	 (0.5-2.0	mm),	 cu_ng	 speed	 (55-180	m/min)	 for	
different	grades	of	ADI.		



EXPERIMENTAL 
PROCEDURE 
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chemical	composi8on	of	the	duc8le	iron	

Spheroidiza8on	&	Inocula8on	

Vortex	unit	available	at	CMRDI.

DI-	
Grade	 C	 Si	 Mn	 P	 S	 Mo	 Cu	 Fe	

DI-1	 3.85	 2.43	 0.29	 0.0236	 0.158	 -	 -	 Bal	
DI-2	 3.68	 2.52	 0.28	 0.0128	 0.139	 0.3	 0.57	 Bal	
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Dimensions	of	Y-blocks	and	Ingots	used	in	
this	research

Y-Block	for	
characteriza8on	
experiments.

Ingots	for	machinability	
tes8ng.
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CuQng	Force	Measurements

Experimental	set	up	using	KISTLER	dynamometer	9255B

•  The	 cu_ng	 force	 data	 used	 in	 the	 analyses	 were	measured	 by	 a	 three-
dimensional	force	dynamometer	type	9255B	(Kistler,	Coherent).		

•  The	dynamometer	correspondingly	measures	forces	along	the	X,	Y	and	Z-
direcEons	 using	 the	 charge	 generated	by	 the	 quartz	 crystals.	 The	 charge	
generated	was	received	by	the	Kistler	charge	amplifier	type	5814B1,	which	
converts	the	charge	into	analogue	signal	and	gives	the	output	(force)
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Heat	8n8ng	Etching	Techniques	

Microstructure Retained 
austenite Austenite Ferrite 

needles 
Graphite 
nodules Martensite 

Color Light blue Purple Brown  Beige Dark Blue 

Retained	
Austenite

Austenite

Retained	
Austenite

Martensite

Etched	
specimen	

Hea_ng	-	
260	˚C,	4-8	

hours	

Metallographic	
analysis	using	
polarized	light	

+
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XRD	Analysis
•  XRD	analysis	was	used	to	quanEfy	different	phases.	
•  The	 XRD	 data	 for	 all	machinability	 test	 specimens	were	 received	 by	

Reitveld	method	using	MAUD	sofware.		
•  The	 sofware	 allows	 for	 the	 automaEc	 background	 installaEon	 and	

peak	 fi_ng	 of	 the	 XRD	 data	 against	 the	 peak	 data	 for	 selected	
microstructural	phases	such	as	Graphite,	Ferrite	and	Martensite.		



RESULTS AND 

DISCUSSION 
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A. CHARACTERIZATION 
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Metallographic Analysis 

•  67% Ferrite 
•  23% Pearlite 
•  10% Graphite 

•  10% Ferrite 
•  80.4% Pearlite 
•  9.6% Graphite 

As-Cast Ductile Iron 

Unalloyed Alloyed 
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ADI Grades Investigated Throughout this Work  

I.   ADI (900-275) II.   ADI (900-375) 

Very fine ausferrite with low 
re ta ined aus ten i te vo lume 
fraction (~ 20 %). 

Coarse Feathery ausferrite with 
high volume fraction of retained 
austenite (up to 44%). 
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III.   ADI- 2Step 

•  Finer ferrite and austenite particle size, higher austenite volume fraction 
as well as higher austenite carbon (Xγ, C γ) → higher hardness, yield and 
strength, but lower ductility and strain-hardening exponents values.   

9oo	°C

375	°C

275	°C
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84o	°C
775	°C

820	°C

300	°C

IV.   Intercritically austempered ADI (IADI) 

•  Austenitizing in the (α +γ+G) temperature range. 
•  The austenite amount is determined by the chemistry of the alloy and the 

temperature. 
•  Quenching to the austempering temperature. 
•  Continuous ferritic matrix with isolated ausferritic colonies. 
•  Austenitizing temperature and time control the ratio of austenite to ferrite and 

how much carbon and alloying elements dissolved in austenite – austempering 
temperature and time have a little effect on mechanical properties. 

•  Exciting combination of good strength, good ductility, excellent fatigue 
properties and better machinability. 
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XRD Analysis 
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Mechanical Properties 
UTS & Yield Strength, MPa 
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B. MACHINABILITY 

TESTING 
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Hardness, HV 
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Microstructures & Hardness of 
Machinability Testing Ingots 

As-cast D.I ADI-375 ADI-275 

ADI-2 step IADI 
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  Anomalous Microstructural  Features 
in ADI-275 

•  The	 graphite	 spheroids	 were	 surrounded	
with	 a	 layer	 of	 rather	 coarse	 ausferrite	
structure,	whereas	very	fine	ausferrite	was	
found	 in	 the	 rest	 of	 the	 structure	 at	 the	
intercellular	area.	

•  IndicaEon	 of	 a	 sluggish	 ferrite	 nucleaEon	
during	 the	 first	 stages	 of	 ausferrite	
formaEon	 at	 the	 γ/G	 interface-	 may	 be	
related	 to	 increased	 C-content	 in	 areas	
around	graphite	spheroids	due	to:		

Possible Mechanisms 
1.  Upon	 heaEng	 to	 the	 austeniEzaEon	

temperature	 of	 900	 °C,	 graphite	 as	 a	
C-source	starts	to	parEally	dissolved	in	
γ–	if	austeniEzaEon	Eme	is	not	enough	
for	 complete	 homogenizaEon,	 C-
enriched	 layers	 will	 be	 nominated	
afer	quenching.		

2.  of	 C-enriched	 envelope	 around	 the	
graphite	 spheroids,	 results	 from	 Cu	
atoms	segregaEon	during	cooling	to	
the	 eutectoid	 range,	 represenEng	 a	
barrier	against	C-diffusion	from	γ	to	
G	(C-sink).	
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Cutting Force vs. Depth of Cut and Cutting Speed   

•  The maximum cutting force in the alloys ADI-275, ADI-375 and two-step ADI 
reached about 980 N at the lowest speed  of cutting of 55 mm/min and cutting depth  
1.5 mm. 

•  Further increase in the cutting depth at this cutting speed leads to slight drop in the 
cutting force of the alloys ADI-275 and ADI-375.  

•  At higher cutting speed, the cutting force of the alloy ADI-275 continues to increase 
up to cutting depth 2.0 mm, whereas a significant drop of the cutting force of the alloy 
ADI-375 is observed at cutting speed 90 m/min.  

•  Increasing cutting speeds up to 140 and 180 m/min results in continuous increasing of 
the cutting force up to cutting depth 2.0 mm. 

Depth of Cut, mm 
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Cutting Force vs. Depth of Cut and Cutting Speed   

•  The cutting force of the two-step 
ADI reachs the same maximum 
values of about 980 N at 1.5 mm  
cutting depth for the cutting speeds 
range of 55-140 m/min, further 
increase in the cutting depth leads 
to a sudden drop in the cutting 
force to almost 700 N.  

•  It is noteworthy that increasing the 
cutting speed of this alloy to 180 
m/min leads to much lower cutting 
force of about 700 N at both 
cutting depth of 1.5 and 2.0 mm. 
the same cutting force is recorded 
for the other lower speeds at 2.0 
mm depth of cutting. 

Depth of Cut, mm 
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Cutting Force vs. Depth of Cut and Cutting Speed   

•  The cutting forces of the IADI alloy 
are significantly lower than those 
noticed the other three alloys, 
apparently due to the lower hardness 
and considerable amounts of 
proeutectoid ferrite in the structure 
of this alloy. 

 

•  The cutting force reaches a constant 
value of ~ 600 N at 1.5 mm cutting 
depth and 55 m/min cutting speed. 

 

•  Increasing cutting speed to 90 m/
min, the rate of increasing the 
cutting force and the cutting depth 
becomes rather low up to cutting 
depth of 1.5 mm, then jumps to 
much higher value with the increase 
in cutting depth to 2.0 mm.  

Depth of Cut, mm 

•  Increasing the cutting speed to 140 and 180 m/min leads to continuous increasing of 
the cutting forces with the depth of cutting upto  2.0 mm. 
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Effect of Cutting Speed  

•  Increasing the depth of cut results in a progressive increase of the cutting force required 
to machine all ADI-grades, with the exception of the ADI-2step, where a maximum force 
is reduced at cutting depth of 1.5 mm before it decreases with increasing the cutting 
depth to 2.0 mm.  

•  with the other 3 single step austempered ADI the cutting force flattens after 1.5 mm 
depth of cut. 

•  Generally speaking the cutting force for the IADI is much lower than that required for 
the other grades. 

i. 55 m/min 
cutting speed  
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•  Both the ADI-375 and ADI-2step reach a maximum cutting force at 1.5 mm depth of 
cut before experiencing a sudden drop at 2.0 mm.  

•  The cutting forces for ADI-275 and IADI at depth of cut 1.5 mm are much lower than 
the other two alloys, but these forces continue to increase with the cutting depth until 
they reach the same values for ADI-375 and ADI-2step at 2.0 mm depth of cut. 

•   At depth of cut 1.5 mm, both ADI-375 and ADI-2step were more difficult to machine. 
•  Increasing the cutting depth to 2.0 mm, renders the machinability of the four grades 

very close to each other. 

Effect of Cutting Speed  

ii. 90 m/min 
cutting speed  
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Effect of Cutting Speed  

iii. 140 m/min 
cutting speed  

•  Only ADI-2step shows a maximum cutting force at 1.5 mm, whereas the other 
three grades show continued increase in cutting force with the depth of cut 
(figure 4.9-c), at 2.0 mm depth of cut ADI-2step seems to be the easiest to 
machine whereas at 1.5 mm, the same alloy was the most difficult to machine. 
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Effect of Cutting Speed  

iv. 180 m/min 
cutting speed  

•  No maximum force for individual alloys were recorded and the cutting force 
continues to rise for all ADI-grades with increasing the cutting depth.  

•  However, at any cutting depth, the maximum cutting force was observed for 
the ADI-375 followed by ADI-275, then ADI-2step, finally the IADI.  	
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Martensite Content Before Machinability Tests 

Low	Martensite		
(2.46	+	0.52)

High	Martensite	
(9.71	+	0.77)																												(10.22	+	0.71)	

High	 C-	 diffusion	 rate	 at	
higher	 austempering	
temperature	 leads	 to	
more	stabilized	austenite

Incomplete	 stabilizaEon	
of	 austenite	 due	 to	 slow	
C	–	diffusion	

Low	 C	 –	 content	 of	 γ due 
to low austenitization 
temperature, raises Ms and 
increases hardenability

Low	C	–	content	of	austenite	decreases	its	
stability	 and	 promotes	 more	 martensite	
formaEon

IADI ADI-275 ADI-375 
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Strain induced martensite transformation during machining 

•  It is evident that the increase in cutting force is always associated with a corresponding 
increase in the martensite content when the cutting depth was increased from 0.5 – 2.0 
mm. 

•  The ADI-375 and ADI-275 alloys, being subjected to a cutting depth of 2.0 mm had 
the same total martensite (which is the sum of original content before machining + 
the martensite formed by deformation induced transformation from the retained 
austenite).  

•  The fact that the two alloys, ADI-375 and ADI-275 reached to the same cutting force 
at 2.0 mm depth of cut gives a good indication that the martensitic transformation 
due to induced strains is closely related to the machinability behavior of the ADI-
alloys. 

ADI-275 ADI-375 
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Strain induced martensite transformation during machining 
ADI-2 Step 

•  Such correlation is even more evident with the ADI-2step alloy. 

•   At 1.5 mm cutting depth, the martensitic content and the force of cutting 
reached almost the same levels observed for the other two previously discussed 
alloys ADI-375 and ADI-275, However, increasing the cutting depth to 2.0 mm, both 
the martensite content and the cutting force decreased in very similar manner. 



CONCLUDING REMARKS 
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Ø Different grades of ADI with different combinations of strength, 
hardness, ductility as well as machinability could be produced by 
controlling austenitizing and austempering temperatures.  

Ø  The machinability of the different ADI-grades were determined as 
a function of the cutting force experienced during machining. The 
effect of different parameters of machining like cutting speed as 
well as cutting depth on the force of cutting was investigated and 
correlated to the strain induced martensitic transformation from 
retained austenite during machining. 

Ø Retained austenite transformation to martensite through the TRIP 
effect was found to play a profound role in determining the cutting 
force and machinability behaviour of ADI-grades. 
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Ø  The cutting force, in general, increase with increasing cutting 
depth due to the higher amounts of material removed during 
cutting and hence, more resistance is encountered by the cutting 
tool during machining. 

Ø  The thickness of the hardened layer by martensite formation is a 
function of different factors, among them are the cutting depth 
and cutting speed added, to the amount and stability of the 
retained austenite in the different alloys of ADI. 

Ø  If the depth of hardened layer is lower than 1.5 mm then the 
cutting depth of values over this thickness will result in 
decreasing the cutting force, and the cutting force will show a 
maximum value at 1.5 mm depth of cut.  
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Ø With increasing the cutting depth values, the cutting tool will 
avoid the hardened layer and the cutting action will proceed 
through the base of unhardened metal, with a drop in the cutting 
force.  

Ø  The continuous increase of cutting force with increased depth of 
cut may indicate, that the hardened layer was thick than 2.0 
mm; as in the case of increased cutting speeds up to 140 and 
180 m/min. This may suggest that at higher cutting speeds, the 
depth of the hardened layer increases as a result of higher rate 
of material deformation during machining.  

Ø  It was found that optimum machinability of different ADI-
grades requires different combinations of cutting speed and 
depth of cutting. 


