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EVALUATION OF MECHANICAL PROPERTIES, WEAR 
AND HARDENING POTENTIALS OF CASSAVA LEAVES (MANIHOT SPP), 

FeCr, AND FeMo ON CASE HARDENED DUCTILE IRON
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ABSTRACT

In this study ductile iron was produced using lift out crucible furnace and was “packed” case hardened with 
simulated carbide from Ferrochromium (FeCr), Ferromolybdenum (FeMo) mixed with graphite, and grinded cassava 
leaves (Manihot Spp), by heating to temperature of 850oC in the presence of snail shell as energizer, held for 2 h in 
the muffle furnace and were quenched in SAE 20W-50 engine oil. They were tempered at 500oC for 2h and allowed 
to cool in air to room temperature. Both the treated and untreated samples were characterized with metallurgical 
microscope. Wear and mechanical tests such as hardness, tensile and fracture toughness were carried out on treated 
and untreated samples. The microstructural features shows sample A treated with FeCr and graphite to have clusters 
of diffused carbides, that of B treated with FeMo and graphite showed finely dispersed carbide around the nodules 
and that of C was seen with diffused carbo-nitride compounds or cyanide finely dispersed into the structure. Sample 
C treated with cassava leaves has the highest hardness value and lowest wear rate, followed by sample A treated with 
FeCr, then sample B treated with FeMo. Sample A has a slightly higher fracture toughness and UTS than sample C.
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INTRODUCTION

Ductile iron has its graphite in the form of nodules 
or spheroids, which is why it is called nodular iron or 
spheroidal graphite iron [1]. The ductile cast iron was 
developed from grey cast iron by addition of magnesium 
into liquid iron to convert the graphite into nodules.  The 
nodules coupled with the matrix give the iron improved 
properties of ductility, strength and toughness over 
other cast irons [2]. Generally, in cast iron the graphite 
shape or structure determines the type of cast iron that 
is produced. The shape can either be in flakes form 
resulting in the production of gray cast iron, spheroidal 
shape or nodular shape results in the production of 
ductile iron also known as spheroidal graphite iron or 

nodular cast iron, randomly oriented and elongated 
graphite with structures between gray cast iron and 
ductile cast iron gives rise to compacted graphite iron 
and white cast iron has the graphite in carbide form [3]. 
The nodular graphite shape in ductile cast iron therefore 
confers superior properties of ductility and low crack 
initiation as compared to other types of cast iron [4].

One of the properties of ductile iron that made it 
useful in the industry is its wear resistance, but in a severe 
condition, the wear resistance properties soon fade out 
[5]. Therefore, there is the need to improve on the wear 
resistance especially at the working surface. Various 
conventional alloys are subjected to wear and sudden 
fracture when utilized under different conditions which 
involve abrasion, grinding media and high temperature 
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tribological environment [6]. Meanwhile, some of 
these materials may have been produced by alloying 
with carbide stabilizing elements such as chromium, 
manganese, molybdenum and so on. This type of high 
alloyed materials may produce carbides’ structure in the 
entire part of the products, thereby making machining 
very difficult to carry out on the product [7, 8]. However, 
the wear resistance, fracture parameter and the oxidation 
tendency of the iron need to be improved upon even after 
alloying. This will be important when used to transport 
fluids where there will be chemical interaction and high 
velocity transportation. Also useful in grinding media 
such as in minerals and ores processing. One basic 
means of achieving adequate hardness and high wear 
resistance in a material especially, at the surface and as 
well preserve toughness at the core of the material is by 
surface /case hardening, this leads to   enhancement of 
wear resistance of the part at the surface and maintaining 
a high toughness at the core [9]. 

Cassava leaves is one of the agro wastes that is 
available in large quantity in most Africa countries in an 
unutilized state. They are often discarded after harvest of 
the cassava tuber. Several researchers such as Ibironke 
et al. [10], Ampaw et al. [11], Adetunji et al. [12], Taiwo 
et al. [13], Arthur and Azeko [14] and so on, had utilized 
this cassava leaves as a means of carbo-nitriding treatment 
to achieve high wear resistance. However, it had not 
been proven maybe it will be able to compete with some 
ferroalloys when they are all used for case hardening 
treatment. Again, to achieve effective results in case 
hardening treatment energizer/ enhancer are often used.

Ampaw et al. [11] used barium carbonate as 
enhancers, Effendi et al. [15] use of 30 % calcium 
carbonate (CaCO3) with activated carbon to achieve 
carburized product. Ihom et al. utilized eggshell waste 
as an enhancer in the carburization of steel [16]. But 
in this research, snail shell which are often discarded 
as a waste is utilized to achieve an energized reaction 
as it contained calcium. Energizer in this reaction can 
be likened to a catalyst which will help to speed up or 
enhance the diffusion of the desired elements into the 
treated material.

This research aims at studying the potency of 
cassava leaves for carbo-nitriding treatment and then 
evaluate the results and compare with that of simulated 
environment of chromium carbide and molybdenum 
carbide used for the case hardening treatment. The 

effectiveness of each treatment was quantified by the 
result of mechanical and wear properties of the ductile 
iron achieved. This is in a view to develop structure that 
will enhance wear resistance and mechanical properties 
in the iron at a cheaper rate from the agro wastes. 

EXPERIMENTAL

Materials 
Materials utilized for this research are gray cast iron, 

graphite, ferrosilicon (72 %), ferrosilicon magnesium 
(with 45 % silicon and 5 % magnesium), limestone as flux, 
calcium carbide as desulphuriser, ferrochrome (65 % Cr), 
ferromolybdenum (72 % Mo) and processed cassava 
(manihot spp) leaves as a source of agro cyanide.

Production of ductile cast iron
Gray cast iron scraps was melted in a lift out crucible 

furnace using black oil as a source of fuel. The charge was 
prepared to have copper content in the range 0.2 - 0.4 %, 
following a standard procedure of charge calculation 
in accordance with Wang et al. [17]. The charge was 
heated to temperature of 1350oC before addition of 
calcium carbide in accordance with Omole et al. [4], in 
other to reduce sulphur in the melt. The desulphurised 
melt was superheated to temperature of 1420oC, tapped 
from the crucible into a ladle that contained FeSiMg 
according to sandwich treatment method. During 
nodularisation treatment FeSi was added to inoculate 
the melt. Nodularised melt was cast into prepared mould 
of a cylindrical pattern ø16 mm by 150 mm length. The 
casting was allowed to cool to room temperature in the 
mould, then knocked out of the mould and cleaned.

Chemical composition determination
Chemical composition of the produced ductile 

iron was done using Tasman absorption spectrometric 
analyser. The surface of the sample was first prepared 
by grinding with emery paper to make it flat. The 
spectrometer makes use of argon gas to burn the surface 
of the prepared iron sample for content analysis. Average 
of three readings having variability of at most ± 8 % was 
taken to determine the composition of the ductile iron.

Machining of mechanical test samples
Samples for mechanical tests - tensile, hardness, 

fracture toughness and metallographic studies was 
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machined out on Colchester Triumph 2000 series lathe 
machine, with different specifications for each test 
sample. Tensile sample was machined to gauge diameter 
of 5 mm, gauge length of 40 mm as shown in Fig. 1a. 
The fracture toughness sample is a circumferential notch 
tensile (CNT) specimen with notch diameter of 4.2 mm, 
notch angle of 60o and gauge diameter of 5 mm, the 
sample is shown in Fig. 1b. Samples for microstructure 
and hardness were machined to diameter of 12 mm by 
12 mm long.
                         
Preparation of additives for case hardening treatment

Fresh cassava (manihot spp) leaves were plucked 
and sun dried for some days, charged in ball mill with 
adequate number of balls for grinding, it was grinded 
till appreciable powder was obtained. Ferrochrome 
containing 65 % chromium, ferromolybdenum 
containing 72 % molybdenum and graphite were 
crushed using pulveriser. They were later taken to ball 
mill at different time and adequate number of balls 
were introduced, ground to obtain powder form of the 
ferroalloys and graphite. Snail shells were dried and 
pulverized, then charged into ball mill and was grinded. 
All the prepared powder were graded to - 355 µm.  
These materials were prepared as follows: (a) 60 % w/w 
ferrochrome with 30 %w/w graphite and 10 % w/w snail 
shell as A. (b) 60 % w/w ferromolybdenum with 30 % 
w/w graphite and 10 % snail shell as B and (c) 90 % 
cassava leaves powder with 10 % w/w snail shell as C. 

Case hardening process
The treatment was done in three different ceramic 

lined metallic crucible. The crucible and the samples 
labelled A contained ferrochrome and graphite with 
snail shell for treatment, that labelled B contained 
ferromolybdenum and graphite with snail shell for 
treatment and the last one labelled C contained processed 
cassava leaves as a source of cyanide with snail shell. 

The pulverized snail shell was added as an enhancer 
or energizer into each treatment portion in accordance 
with Ihom et al. [16], Effendi et al. [15]. The essence of 
lining the metallic crucible is to prevent the diffusion 
of the additives for treatment into the metallic crucible.

They were all heated to temperature of 850oC in a 
muffle furnace held for two hours, and the contents in 
each crucible was quenched in SAE 20W-50 engine oil 
then allowed to cool to room temperature. The treated 
samples A, B and C was heated again to 500oC held 
for 2h and allowed to cool in air, which is a tempering 
treatment, to impact toughness and relieve the treated 
samples of residual stresses.

Microstructural examination
Samples for microstructural test was separated 

after the case-hardened treatment. They were prepared 
through series of metallographic processes, starting 
from grinding using 120 grits of emery paper, followed 
by 320 grits, 400 grits and ended the grinding with 600 
grits of emery paper. Polishing started with 800 grits of 
paper, then 1000 grits and 1200 grits of emery paper. 
Further polishing was done using 2000 grits of paper and 
final polishing was done with 5 mm diamond paste on 
polishing cloth. Grinding and polishing was also done on 
the control sample tagged sample D which was not case-
hardened. They were etched with nital (2 % nitric acid 
(HNO3) mixed with 98 % ethanol). Etching was done by 
the application of etchant on the polished surface for 15 
sec, swabbed in water and cleaned with cotton wool. The 
microstructure of the samples was viewed using Omax 
metallurgical microscope. Micrographs were taken both 
before etching and after etching the samples.

Mechanical properties test
The mechanical tests conducted on all the samples are 

hardness, tensile and circumferential notch tensile for the 
determination of the fracture toughness of the samples.

Fig. 1. Tensile and circumferential notch tensile specimen samples: (a) tensile sample; (b) circumferential notch specimen.   

a)       b)



Journal of Chemical Technology and Metallurgy, 60, 4, 2025

666

Hardness test
The prepared sample was placed on Brinell hardness 

tester having a spherical carbide ball indenter of 10 mm 
diameter. The indenter was pressed with a 1 kN load into 
the surface of the sample and allowed to stay for 12 min 
as dwell time, to obtain sufficient indentation that will 
achieve accurate reading. This is in accordance with 
ASTM E10 [18]. After the 12 min dwell time the value 
of the hardness measurement was taken, and the indenter 
was removed. The reading was taken at three different 
spots on the sample to compute the average hardness. 

Tensile test
Tensile test was carried out on Instron series - 3369 

tensile testing machine with crosshead speed of 5 mm 
per minute. Samples for the test were machined to gauge 
length of 40 mm and gauge diameter of 5 mm, placed on 
the tensile machine and pulled at a quasi-static strain rate 
of 10-3/s to fracture the samples. Data generated by the 
machine was collected and used to compute the tensile 
behaviour of both the treated and untreated materials.   

Fracture toughness test
Circumferential notch tensile specimens (CNT) 

were used for the evaluation of the fracture toughness of 
all the ductile iron samples. This is in accordance with 
Alaneme et al. [19], Omole et al. [20]. Notch specimens 
were machined to gauge length of 40 mm, gauge 
diameter of 5 mm, notch diameter of 4.2 mm and notch 
angle of 60o.  They were subjected to pull to fracture, 
with a strain rate of 10-3/s. The fracture toughness of the 
material was then evaluated using the relation in Eq. (1) 
in accordance with Dieter [21].

                                                                       (1)
where D is the gauge diameter, d is the notch diameter. 
In accordance with Nath and Das, the validity of the 
determined fracture toughness values can be obtained 
using the relationship in Eq. (2) [22].

D ≥   2                                                               (2)
where σy the yield strength and Kic is the fracture 
toughness evaluated.

Wear test
Anton Paar Tribometer (TRB) machine which is based 

on pin-on-disk was used to evaluate the wear parameter 

in this study. The machine consists of stainless steel ball 
indenter having diameter of 10 mm. Load of 10 N was 
applied on the test specimens with speed of 7.85 cm s-1 for 
a period of 30 minutes on each test. Volumetric wear rate 
was estimated according to Ampaw et al. [11] Agbeleye 
et al. [23]. This is done by calculating the wear volume 
and specific wear rate from the mass of material removed 
from contact surface of the specimen. Those parameters 
that can be calculated are expressed in Eqs. (3) to (6).

                                          (3)

                                                                                               (4)
 

                      (5)

                                                                                          (6)

RESULTS AND DISCUSSION

Chemical composition of the ductile iron produced
The chemical composition of the produced ductile iron 

before case hardening treatment (sample D) is presented 
in Table 1. The composition shows enough % carbon and 
silicon that gives the cast iron carbon equivalent value 
(CEV) of 4.23 % as obtained using equation 7, the value of 
the CEV is close to ductile iron eutectic point of 4.3 %. The 
carbon and silicon are also enough to aid the production 
of nodules in the ductile iron in accordance with Ochulor 
et al. [24]. Residual magnesium of 0.083 obtained in the 
casting is also enough to sustain the nodules in the casting 
during solidification [25].

                                                                                                             (7)

where TC = % total carbon, Si = % silicon and P = % 
phosphorus.

Microstructure evaluation 
Micrograph of treated and untreated ductile iron are 

presented in Figs. 2 - 5 in unetched and etched with 2 % 
nital at magnification of X 100. The base ductile iron 
(sample D) is seen to contain ferrite and pearlite, with 
more visible quantity of pearlite structure than ferrite. 
This can be recognized from the etched samples. Samples 
A, B and C are seen to have small size of nodules in Fig. 
2, 3 and 4 compared to sample D that is control sample. 
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Elements %C %Si %Mn %Mo %Cu %Mg %S %P
Sample D 3.52 2.10 0.45 0.12 0.26 0.083 0.030 0.022

 Table 1. The average chemical composition of the produced ductile iron.

 Fig. 2. Microstructures of sample A (1 is unetched and 2 is etched sample).

Fig. 3. Microstructures of Sample B (1 is unetched and 2 is the etched sample).

This can be attributed to the heat treatment in which the 
rate of heat removal from the case-hardened samples was 
rapid during quenching, this can give rise to the reduction 
of sizes of the nodules present in the material [26]. It can 
be seen that the diffusion of carbides (chromium carbide, 
molybdenum carbides) and cyanides are formed within 
the interstices of the structure, and some were seen to be 
attracted to the nodules as can be seen in etched samples 
A, B and C of Figs. 2 - 4. However, they did not take 
the shape of nodules but are seen around the nodules. 
Previous similar works such as Yordanov et al. [27], Su 
et al. [28], Taiwo et al. [13] ascertained the presence of 
carbides and cyanide in such processes which further 
boost this discussion on the carbide pattern. Higher 

magnification (X 400) of micrographs of sample A to 
D are presented in Fig. 6.
                             
Mechanical properties results
Hardness

The hardness values of both the treated and untreated 
ductile iron samples are shown in Table 2. That of sample 
C was observed to be the highest with 16.24 % increase 
in hardness compared to the sample D which is the 
control sample (untreated). This may be due to ability of 
cassava leaves to break down at ease with high enthalpy 
change. It will easily release out carbon and nitrogen at 
high temperature, as it is an agricultural waste which can 
act as fuel during combustion and release out its elements 
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Fig. 5. Microstructures of Sample D (1 unetched and 2 is the etched sample). 

to diffuse easily at high temperature. Therefore, diffusion 
potential of cassava leaves to the sample is perceived 
to be higher than those of chromium and molybdenum 
with graphite. 

The hardness value of sample A closely followed 
that of sample C with 13.20 % increase in hardness 
value in comparison with sample D. It can be said 
that chromium is more effective than molybdenum 
because chromium is said to have higher diffusion 
rate (among some tested ferroalloys) in BCC crystal 
structure materials such as cast iron, and the diffusion 
coefficient increases with increase in temperature [29]. 
However, chromium couldn’t give result higher than 
cassava leaves but higher than that of molybdenum. It 

can also be inferred that the reduction in effectiveness 
of the ferroalloys particularly Mo to perform up to 
cassava leaves may be due to kinetics required at solid 
state to enable graphite react with ferrochrome and 
ferromolybdenum at high temperature to form their 
carbides, even despite the reaction was in the presence of 
snail shell (source of calcium) which acts as an enhancer 
in accordance with Ihom et al. [16], etc.     
Stress - strain

The tensile stress - strain curves of all the samples are 
shown in Fig. 7. From the graphs and the accompanied 
data, some of the behaviours of the ductile iron samples 
are expressed by parameters such as ultimate tensile 
strength, percentage elongation. Sample A has the 

Fig. 4. Microstructures of Sample C (1 is unetched and 2 is the etched one).
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 Fig. 6. Micrographs of samples A to D in X 400 (etched in 2 % nital).

highest work hardening response because of its highest 
ultimate tensile strength (UTS). 
                
Ultimate tensile strength and percentage elongation

The variation of ultimate tensile strength of both 
treated and untreated samples is presented in Fig. 8 
that of percentage elongation is shown in Fig. 9. It 
is seen that sample A has the highest ultimate tensile 
strength, and the control sample (D) has the highest 
elongation and strain value. However, sample C treated 
with cassava leaves and having highest hardness value 
still competed with other samples, although it did not 
possess the highest UTS. Its performance in this test 
might be due to the possession of appreciable fracture 
toughness in comparison with other samples. However, 
sample D was observed to have the highest percentage 
elongation. This is because it is untreated sample, and 
it would still possess the highest ductility in a control 

Sample
Brinell Hardness (BHN) 
(dwell time of 12 min.)  

Average Hardness 
Value (BHN)

A
152.45 
143.67                                                                                     
147.29 

147.80           
13.2 % increase

B
133.65 
134.54 
137.81 

135.33          
3.65 % increase

C
156.78 
148.47 
150.06 

151.77           
16.24 % increase   
                                 

D
132.74 
128.35 
130.62 

130.57           
control sample

Table 2. Hardness values of treated and untreated ductile iron. 
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state. This is also seen on the stress - strain curve that 
the sample D possesses the highest strain value, hence 
the highest ductility. Other samples such as A and C 
are closely following each other in elongation value, 
and it confirmed that both samples still maintain some 
appreciable level of ductility also.  
                          
Fracture toughness

The variation of the fracture toughness of all the 
samples is shown in Fig. 10. Sample A treated with 
chromium to form carbide has the highest fracture 
toughness, this implies that chromium carbide has 
higher toughen-ability than other additives used for 
treatment. Although it is closely followed by sample C 

treated with cassava leaves. Therefore, cassava leaves 
have not perform below what can be recommended for 
case hardening treatment. Even sample D that was not 
treated was competing with that of Sample B treated 
with molybdenum. So, under this treatment pattern the 
molybdenum with graphite did not perform to expected 
level like other additives used.
                           
Wear result

The wear mass obtained from the wear test of each 
sample was used to compute the sliding distance, wear 
volume and wear rate using Eq. (3), (4) and (6). Sample 
C treated with cassava leaves has the lowest wear volume 
and it has the lowest wear rate. Table 3 shows the 

 Fig. 7. Stress - strain curves of the samples. Fig. 8. Variation of the ultimate tensile strength of the 
sample.

Fig. 9. Variation of percentage elongation of the samples. Fig. 10. Fracture toughness of all the samples.
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variation of these parameters in the samples considered. 
It was discovered that the higher the hardness value, the 
lower the wear rate amongst the samples considered. 
From the wear results obtained, it suggests that cassava 
leaves possess higher potentials for hardening treatment 
through case hardening than the ferroalloys used. This 
can be attributed to the ability of the cassava leaves to 
burn out faster and diffuse into the metallic sample. 

CONCLUSIONS

Ductile iron produced contains some pearlite 
matrix phase in the iron. The production reflected near 
eutectic composition of ductile cast iron. The produced 
ductile iron was case hardened in cassava leaves, 
simulated environment of ferrochrome and graphite and 
ferromolybdenum and graphite to produce their carbides 
to diffuse into the ductile iron. From the tests carried out, 
the following can be deduced:
•	 The ductile iron produced is hypoeutectic iron due 

to its carbon equivalent value of 4.23 % although 
very close to eutectic point of 4.3 %.

•	 Sample C treated with cassava leaves has the highest 
hardness value and the lowest wear rate of all the 
samples.

•	 Sample A has slightly highest fracture toughness that 
is closely followed by sample C treated with cassava 
leaves, highest UTS was also observed in sample A. 

•	 The control sample (D) has the highest elongation 
with highest strain value of all the samples, this 
confirms the retention of its ductility in the as cast 
form since it was not case hardened. 

•	 In all the test results obtained, sample B which 
was treated with Molybdenum and graphite has the 
lowest result values. 

•	 As a result of oil quenching of the treated samples, 
the structure, nodules and matrix of the ductile iron 
are slightly modified, which is also in accordance 
with Yadav et al. [26]. 

Sample Wear mass, g Wear volume, cm3 Wear rate, cm2

A    0.032   4.066 × 10-3 2.884 ×10-7

B    0.035   4.447 × 10-3 3.154 × 10-7

C    0.012   2.795 ×10-3 1.982 × 10-7

D    0.044   5.591 ×10-3 3.965 × 10-7

Table 3. Values of wear volume wear mass and wear rate of all the samples.
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