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Abstract 

 Ductile iron (DI) is the most preferable material which finds its application in various structural, 

automotive and engineering fields due to the excellent combination of strength, toughness and 

ductility. The current investigation enlightens the relation between morphological aspects of 

ductile iron with its mechanical properties to be used for safety prospectus in nuclear industry. 

Ductile iron specimens with varying alloying elements are subjected to annealing and 

austempering heat treatment processes. Faster cooling rate appeared to increase the nodule count 

in austempered specimens compensating the nodularity value, subsequently decrease in ductility 

and impact strength. The ductility and impact energy value for annealed specimens are observed 

to be increasing with the increase in ferrite area fraction and nodularity, whereas the increased 

amount of Ni & Cr results in increase of hardness via solid solution strengthening. Austempered 

specimens are found to have stronger than annealed specimens and failed in somewhat brittle 

manner characterized by river pattern, whereas ductile failure mode is characterized by presence 

of dimples in latter case has been observed.   

Keywords: ferritic ductile iron, nodularity, UTS, Vickers hardness, impact energy, failure 

phenomena 
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1. Introduction 

 Spheroidal graphite cast iron (SGCI)/ ductile iron is being used in many industrial 

applications due to its versatile mechanical properties as compared to other cast irons and steel. 

Although it has good mechanical properties in as cast condition; efforts are being made to 

enhance the properties through various heat treatment processes by transforming the as cast 

ferritic or pearlitic matrix into bainitic, martensitic and dual matrix (martensite + ferrite) 

structures [1-5]. The austempering treatment produces a matrix of lower acicular bainite or 

coarse upper bainite depending on the transformation temperature and time. Austempering 

involves isothermal transformation of primary austenite (γ0) into acicular ferrite (α) and carbon 

enriched stable austenite (γc) resulting ausferritic matrix structure. This ausferritic matrix may 

have supplemental martensite, carbide, pearlite and retained austenite content for an 

austempering temperature range of 250°C-350°C, resulting high strength with lower toughness. 

However with increase in austempering time more than 2hr the retained austenite disappears 

from the matrix resulting increased static as well as dynamic toughness [6-12]. Furthermore it is 

well reported in the literature [13-16] that with increasing austempering temperature above 

350°C and austempering time more than 2hr only ferrite (α) and carbon enriched stable austenite 

(γc) were present. However for temperatures above 350°C at lower time; traces of retained 

austenite may be present. The resulting matrix at higher austempering temperature comprises 

coarser ferrite and austenite leading to coarse upper bainitic matrix causing considerable strength 

level along with increased toughness.  

Spent nuclear fuel (SNF) casks came into existence in the late 70’s and early 80’s of the 20th 

century when the fuel storage pools near reactor got overwhelmed their capacity and spent fuels 

are banned from recycling, hence had to transported through public route to destined geological 
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storage sites. Radiation from nuclear waste may causes human body cell death, genetic mutation, 

cancer, leukaemia, birth defects, and disorders of the reproductive, immune and endocrine 

systems. In order to avoid the leakage of radiation caused by sever accidental conditions during 

transportation and terrorist attacks the spent fuel containers should have sufficient toughness 

along with considerable strength. The functional requirements of these casks are (a) protect the 

SNF from accidental or fire damage; (b) provide shielding against radiation; (c) cool down the 

SNF to limit its peak cladding temperature; and (4) disposing waste packages (WPs). In last three 

decades investigations were carried out and reported all over the world to develop standard 

material for cask fabrication. Teng et.al, Jaksic and Nilsson [17, 18] used MSC/Dytran three 

dimensional programmes and continuum mechanics approach to solve this problem by the help 

of analytical methods. The test procedure consisted 1m drop impact test on flat undeformed 

concrete base and steel bar respectively to investigate the dynamic, nonlinear behaviour of SGCI 

full scale casks. The results obtained were well in agreement with the physically investigated 

results. Brynda et.al [19] reported the major criterion for fabricating SNF transportation and 

storage cask. They addressed three major investigations viz. structural integrity of cask, damage 

due to radiation situation and resistance to corrosion while loading the SNF and at climatic 

conditions of storage sites. Ductile iron and austenitic corrosion-resistant 1% boronated Cr-Ni 

steel were used for cask fabrication (1:2.5 scale) and tested for 9m drop impact test on the edge 

on a flat base and 1m flat drop impact on a spine protruding from flat base. It was concluded 

from the investigation that both the materials are suitable for the fabrication of SNF cask and 

meet the desired requirements. Besides these investigations on mechanical properties, fatigue 

response by addition of different alloying element and heat treatment application on ductile iron, 

as well as composites of ductile iron is studied and reported [20-23].  
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Previous study by many researchers was focused on the behavior of austempered ductile 

iron on mechanical as well as wear properties with respect to respective austempering condition 

and alloying elements. However for the specific purpose like spent nuclear fuel transportation 

very less number of works has been carried out and studies on behavior of annealed ductile iron 

is meager. Hence the current study is focused on comparison and correlation of microstructural 

aspects of annealed and austempered ductile iron aimed at to improve the toughness for spent 

nuclear fuel cask fabrication. In the current study attempt is also made to obtain higher amount 

of stable austenite at room temperature in order to improve the toughness of austempered ductile 

iron.    

2. Experimental details 

In order to carry out the investigation spheroidal graphite cast iron is made. The chemical 

composition in wt. % of the different ingots is presented in Table 1. Tensile and Izod impact test 

specimens were machined from the ingots following ASTM E8 & D256 standard respectively. 

To obtain the desired properties for nuclear fuel cask application, the tensile and impact 

specimens were austenitized at 1000°C for 90mins in Okay raising hearth furnace. Specimens are 

then cooled to 700°C and hold there for 5hr 30mins followed by furnace cooling to room 

temperature (to complete the annealing heat treatment process). On the other hand, for 

austempering, specimens were quenched in KNO3+NaNO3 (1:1 ratio) salt bath maintained at 

500°C and hold there for 4hrs followed by air cooling to room temperature to obtain coarse 

upper bainitic matrix without retained austenite and carbide. The heat treatment processes are 

shown in Fig 1. The objective behind performing these two heat treatments is to get desired 

toughness of DI specimens for the application mentioned above. Prior to mechanical property 

determination the oxide layers from the specimens are removed by grinding process.   
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Table 1: chemical composition of ductile iron used in current study (in wt. %) 

Allo
y 

Elements (in wt. %) 
C Si Mn S P Cr Ni Cu Mo Mg Ce Fe 

LT-
01 

3.45 2.07 0.15 
0.00

8 
0.02

4 
0.02 0.15 ---- ---- 

0.04
3 

---- Rest 

LT-
2 

3.61 2.10 0.20 
0.00

7 
0.02

2 
0.03 0.47 

0.00
9 

0.00
1 

0.04
3 

0.00
4 

Rest 

 

                  

Fig. 1: Heat treatment processes employed in current study. (a) Annealing, (b) Austempering                         

Tensile strength, 0.2% yield strength and %elongation are determined by conducting tension 

test on INSTRON 1195 universal testing machine at a crosshead speed of 1mm/min. Vickers 

hardness (HV) is measured using Vickers hardness tester applying 20Kg load. VEEKAY - TL 

VS4 Izod impact tester was used for obtaining the impact energy, applying 21.7J hammer blow 

at a striking angle of 150°.  

In order to detect the phases and crystallographic planes X-ray diffraction is carried out 

Rigaku - Ultima IV diffractometer using filtered Cu-Kα target (λ = 0.1542 nm) for a range of 

40°-90° at scanning rate of 10°/min. The diffraction patterns are analyzed using Xpert Highscore 
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and JCPDS software. The volume fraction of austenite and ferrite in respective austempered 

specimens are calculated using the Direct Comparison Method [24], assuming only two phases 

i.e., austenite & ferrite were present in the matrix.  

Metallographic investigation is carried out using image analyzer. Prior to the investigation, 

standard metallographic sample preparation technique was followed for each specimen and 

etched with 2% nital etch. Morphological aspects such as phase area fraction, nodularity and 

nodule count are determined following ASTM E2567-13a standard. Fracture phenomenon for 

each specimen after tensile and impact test is investigated by observing fracture surfaces under 

JEOL - JSM 6480LV, scanning electron microscope.  

3. Results and discussion 

According to the ASTM A874 Draft Specification Material Properties [25], the desired 

mechanical properties and microstructural aspects of DI material to be used for nuclear fuel 

transport cask are presented in Table 2. 

Table 2: The desired mechanical properties and microstructural aspects of DI material to be used 

for nuclear fuel transport cask, according to ASTM A874 Draft Specification Material 

Properties. 

Mechanical properties Microstructure 

UTS 45ksi (300MPa) 
Essentially ferritic structure with no massive 

carbides. 

YS 30ksi (200MPa) > 90% type I and II graphite nodules. 

Elongation 12% < 275/mm2 graphite nodule count. 

Static fracture 

toughness 

50ksi-√inch (55MPa-

√m) 
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3.1 Specimen characterization 

3.1.1 Morphological aspects 

Microstructure of respective (annealed and austempered specimens) are shown in Fig. 2 

and metallographic aspects such as nodularity, nodule count and area fraction of graphite, ferrite 

and bainite in respective specimens are presented in Table 3. Specimens subjected to annealing 

treatment developed fully ferritic matrix with nodular graphite embedded within, whereas the 

austempered specimens are found to have acicular upper baintic microstructure without 

martensite and zero carbide precipitation. The absence of martensite and zero carbide 

precipitation are attributed to the high austempering temperature i.e., 500°C and time (4hrs) 

which aggregate the increased carbon dissolution into austenite; consequently nullifying the 

transformation of carbide on subsequent cooling process [26]. The quantitative analysis also 

disclosed the formation of higher amount of bainite for alloy LT-2 which can be attributed to the 

presence of Mo, Cu (to a very little extent) and of higher amount of Si, Ni and Mn [27]. Further, 

presence of Mo, Cu and higher amount of Mn along with the aid of higher austempering 

temperature i.e., 500°C and austempering time (4hrs.) suppressed the formation of martensite or 

pearlite that normally appears when specimens cooled to room temperature in ambient 

atmosphere from austempering temperature [27-29]. The nodularity value appeared to decrease 

while nodule count increases in austempered specimen than that of the annealed specimens. This 

has been credited to the fact that, austempering involves a higher cooling rate that suppresses the 

carbon dissolution and consequently gives rise to more graphite nodule nucleation in the bainite 

matrix [30]. The effect of Cerium can’t be ignored which resulted in higher (although minor in 

annealed specimen) nodule count (Table 3), for alloy LT-2 in both the heat treated condition. In 

annealed condition, LT-01 have higher ferrite area fraction than LT-2, whereas the latter has 
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higher bainite area fraction in austempered condition.  At closer view it can be noticed that 

annealed specimens have different graphite size whereas that of in austempered specimens are 

almost same. This can be credited to the fact that annealing process involves slow diffusion 

process and doesn’t show any significant change in graphite morphology as compared to as-cast 

specimen [31]. On the other hand austempering involves a rapid quenching process that 

suppresses the carbon dissolution and aggregates graphite nucleation sites.     

 

Fig. 2: Microstructure of respective specimens. (a) LT-01 Annealed at 100X, (b) LT-2 Annealed 

at 100X, (c) LT-01 Austempered at 200X, (d) LT-2 Austempered at 200X 
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Table 3: Morphological aspects of respective specimens 

Specimen ID 
Nodular

ity 

Nodule 
count    

(mm-2) 

Graphit
e area 

fraction 

Bainite 
area 

fraction 

Ferrite 
area 

fraction 

Austeni
te 

volume 
fraction 

Ferrite 
volume 
fraction 

LT-
01 

Annealed 97% 23 20.5% ------ 79.5% ------ ------ 

Austemper
ed 

81.5% 30 24.5% 75.5% ------ 96% 4% 

LT-2 

Annealed 95.5% 25 25% ------ 75% ------ ------ 

Austemper
ed 

88.5% 36 22% 78% ------ 98.5% 1.5% 

 
 

3.1.2 X-ray diffraction analysis 

The X-ray diffraction patterns are presented in Fig. 3 for respective annealed and 

austempered specimens respectively. It is found that, the annealed specimens [Fig. 3 (a) & Fig. 3 

(b)], showed BCC crystal structure whereas in austempered specimens [Fig. 3 (c) & Fig. 3 (d)], 

found to have both FCC & BCC crystallographic planes. This observation supports the presence 

of ferritic matrix microstructure for the annealed specimens and austempered specimens have 

bainitic matrix microstructure. Further, as bainitic matrix consists ferrite and Carbon enriched 

austenite, the carbon content of austenite in respective austempered specimens are calculated 

using the following equation. 

aγ = 0.3548+0.0044cγ -------------- (1) 

Where aγ is the lattice parameter of (311) austenitic peak in nanometer & cγ is the corresponding 

carbon content in wt. %. The carbon content of LT-01 austempered specimen is found to be 2.14 

wt.% and that of LT-2 was 2.24 wt.%, which is nearly about small difference in carbon wt.%. 
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Further the volume fraction of austenite and ferrite for respective austempered specimens were 

calculated using direct comparison method [23, 24], using equation (2) and equation (3) and the 

results are presented in Table 3. The attempt of producing ductile iron with higher amount of 

austenite was almost successful as was observed from the quantitative XRD analysis. The alloy 

LT-2 had achieved 98.5% austenite which was due to the higher amount of Ni, Si and Mn along 

with presence of Mo, Cu while LT-01 has 96% austenite. These high amounts of retained 

austenite are achieved by austempering at 500°C for 4hrs and are in complete agreement with the 

works of other authors [27-29].   

   ------------ (2) 

     ------------ (3) 

Where Xα and Xγ are the volume fraction, Iα and Iγ are the integrated intensities and Rα and Rγ 

are the theoretical relative intensity of the ferrite and austenite, respectively. 
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Fig. 3: XRD patterns of respective specimens. (a) LT-01 Annealed, (b) LT-2 Annealed,                                   

(c) LT-01 Austempered, (d)   LT-2 Austempered 

3.2 Mechanical properties 

Mechanical properties such as ultimate tensile strength, 0.2% proof stress, Vickers 

hardness and Izod impact energy are presented in Table 4.  Annealed specimens appeared to be 

more ductile and tougher than those of respective austempered specimen due to the ferritic 

matrix which is the softest stable phase available at room temperature in Fe-C binary system 

[32]. At a closer view comparing both the alloys in annealing condition the Vickers hardness 

value of LT-2 was more than that of LT-01, although the latter was more ductile. The higher 
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ductility and impact resistance for LT-01 annealed specimen can be attributed to higher 

nodularity & ferrite area fraction evident from quantitative metallographic examination, Table 3. 

The higher hardness value of alloy LT-2 was due to the presence of higher Si content and 

addition of Mo, Cr & higher Ni content those provide strength to ferrite through solid solution 

strengthening [33]. This trend was also observed in case of austempered specimens. High 

strength values were found for both the alloys after austempering heat treatment leading to 

formation of upper bainitic matrix. The higher ductility value of alloy LT-2 austempered 

specimen can be attributed to increased nodularity value and higher Si and Cr content which 

promotes formation & stabilization of ferrite [34], whereas .02% proof stress was found to be 

lesser than that of alloy LT-01in both austempered and annealed condition. Presence of alloying 

elements viz. Mo, Cu and higher amount of Mn and Si resulted a significant increase in strength 

and hardness observed in austempered condition for alloy LT-2 in austempered condition [27, 35 

and 36].  

Table 4: Mechanical properties of both alloys subjected to annealing and austempering heat 

treatment process. 

 

Alloy 
Heat 

treatment 
 

Mechanical properties 

UTS 
(MPa) 

0.2% YS 
(MPa) 

% 
Elongation 

Hardness 
(HV20) 

Impact 
energy 

(J) 

LT-01 
Annealed 349.7 199.4 35.16% 124 33.35 

Austempered 783.9 434.3 11.35% 398 11.82 

LT-2 
Annealed 336.1 159.7 31.89% 220 29.75 

Austempered 842.5 356.7 14.11% 445 10.15 

 



14 
 

3.3 Failure analysis  

Visual inspection under SEM reveals the failure phenomenon involved during the 

uniaxial tensile loading and Izod impact testing at ambient temperature for both the heat 

treatment conditions presented in Fig. 4 and Fig. 5 respectively. It can be seen that [Fig.4 (a) & 

(b) and Fig. 5(a) & (b)], that, the annealed specimens failed in ductile manner. The major feature 

that the presence of dimples which are formed due to microvoid coalescence phenomena 

confirms the ductile mode of failure and signifies the higher ductility and impact strength value. 

The intergranular fracture path is clearly observed around the nodules in ferritic planes which 

characterize the ductile mode of failure [37, 38]. On the other hand austempered specimens [Fig. 

4 (c) & (d) and Fig. 5(c) & (d)], for both the alloys were failed mostly in brittle manner. The low 

energy stress paths referred as river marking is clearly visible in the bainitic matrix signifying 

brittle mode of failure. Also high strength and hardness of austempered specimens are justified 

by the presence of cleavage planes which are also major characteristic of brittle mode of failure.          
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Fig. 4: Fractographs of respective specimens after tensile test. (a) LT-01 Annealed,                                    

(b) LT-2 Annealed, (c) LT-01 Austempered, (d) LT-2 Austempered  
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Fig. 5: Fractographs of respective specimens after impact test. (a) LT-01 Annealed,                                    

(b) LT-2 Annealed, (c) LT-01 Austempered, (d) LT-2 Austempered  

 
4. Conclusion 

In order to achieve desired properties (for spent nuclear fuel transport cask) ductile iron 

specimens are subjected to isothermal annealing and austempering heat treatments and the 

properties are correlated to microstructure. The following conclusions are drawn from this 

investigation. 

1. Isothermal annealing treatment led to production of graphite nodules embedded in fully 

ferritic matrix and austempering treatment on the other hand, produced ductile iron with 
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coarse upper baintic matrix with zero carbide due to higher austempering temperature and 

time of treatment. 

2. The objective of achieving higher amount of austenite after austempering treatment is almost 

successful due to longer holding time at higher austempering temperature, leading to 

improved impact toughness. 

3. Higher nodularity and ferrite area fraction led to increased ductility and impact resistance, 

whereas with increasing bainite area fraction resulted in increased tensile strength. 

4. Effect of Mo, Cu and higher amount of Si, Cr and Ni in increasing the hardness through 

solid solution strengthening in ferritic ductile iron, and also increased bainite area fraction is 

observed.    

5. Austempered specimens are observed to have better mechanical properties than ferritic 

specimens except higher elongation and impact energy in latter case, which are also evident 

from the fractographic analysis, showing ductile failure phenomena for annealed specimen 

and brittle mode of failure for austempered specimen.    

6. The annealed specimens are proved to be appropriate for using in spent nuclear fuel 

transportation cask as the properties are well matched to the ASTM A874 Draft 

Specification, in both mechanical and microstructural requirements. On the other hand 

austempered specimens appeared to have strength values well above than the requirements. 
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