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Abstract-  The influence of varied weight percent of inoculant (ferrosilicon) on  the microstructure and hardness property of hypo- eutectic 
grey cast iron was investigated. Four sets of chill wedge samples were produced using  two chill wedge wooden patterns (W3.5 and W4). The 
first set, the control samples W3.5 and W4  were uninoculated. The second, third and fourth sets  were  inoculated with 1.0wt.%, 1.5wt.% and 
2wt.% ferrosilicon respectively to give inoculated samples W3.5 and W4. Wedge test was conducted on the samples at  the four  different points 
(1, 2, 3 and 4) in accordance with ASTM A367.  From the results,  microstructures of the  control and the inoculated samples were differently 
influenced by the  varied percentage of the inoculant at  the four  designated points 1, 2, 3 and 4. The average hardness property of the  
inoculated   samples  decreases   with  increasing  ferrosilicon addition. Samples W3.5 and W4  with  1.0wt.% ferrosilicon  revealed high  
hardness property  at chill zone, and hardness property of W3.5 was high  relative to sample W4   with the values of  34.9 HRA  and 30.6 HRA 
respectively. Similarly, the control samples   showed the highest hardness property  at the chill zone.  Sample W3.5  revealed high hardness 
value  of 33.0 HRA  relative to  sample W4  of 26.8 HRA at the chill zone.   
 
Keywords- inoculant, Microstructure, hypo- eutectic,  chill zone,  hardness property 

——————————   ◆   —————————— 

1 INTRODUCTION

rey cast iron is the most common type of all cast irons 
with carbon content between 3-3.5%. Grey cast iron 
is used in a wide range of application. It has been 

suitably used in automotive industry for vital engine 
components such as engine block and brake (Riposan et 
al., 2009; Seidu, 2009), pump impellers, base or beds of 
machineries (Sherrif et al., 2019). The unique combination 
of reasonable strength, good corrosion resistance, high 
thermal conductivity, good wear resistance, excellent heat 
conductivity, high machinability, vibration damping 
capacity and good castability afford the material wide 
range of industrial applications (Saliu et al., 2020; Riposan 
et al., 2009; Edalati et al., 2004). Inoculation is a viable route 
of controlling the solidification process, and hence, the 
structure and properties of cast iron. It minimizes 
undercooling and increase the number of nucleation sites 
during solidification.  

In addition, it prevents  undercooling of casting to 
temperatures below the metastable eutectic where 
carbidic structures are formed (Edward, et al., 2015).    The 
iron solidification mechanism is prone to form chilled iron 
structures when inoculation is inadequate, and chilling 
tendency  is one  of the viable approaches of evaluating 
the effect of inoculation on cast iron (Diego et al., 2015; 
Darrell, 1964). Research findings have shown that 
excessive fines in  inoculant lead to poor result, because 
they are already oxidized and over inoculation  leads to 
increase in shrinkage tendency of metal (Maschke, 2013).  
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Therefore, in this study, attempt was made to produce  
homogeneous and fine microstructure  in grey cast 
through proper mixing of ferrosilicon  into the metal. 
Consequently, varied percentage of  the inoculant was 
used. This is with the aim of evaluating  its chilling effect 
on the  microstructure and hardness properties of grey 
cast iron.  

2 METHODOLOGY 
2.1 MATERIALS 
The materials used are scrap (auto parts), graphite, 
limestone- fluxing agent (Sherrif et al., 2019) and 
ferrosilicon, FeSi (78% Si, 0.21% Al, Fe-bal). Shown in 
Table 1 is the elemental composition of the scrap. 

Table 1. Elemental composition of the scrap 

 
2.2 METHODS 
Silica sand, bentonite, coal dust and water were used to 
produce  standard sand moulds. The sand  moulds were 
prepared in accordance with ASTME2349-19.  Grey cast 

G 

Element % Comp. Element % Comp. 

C 3.97 Nb <0.0025 

Si 1.94 V 0.0099 

Mn 0.87 W <0.010 

P 0.088 Pb 0.0083 

S 0.131 B <0.0005 

Cr 0.163 Sn 0.0083 

Ni 0.58 Zn 0.0081 

Mo 0.0015 Bi <0.0015 

Al 0.0058 Ce <0.0030 

Cu 0.137 Zr <0.0015 

Co 0.015 La <0.0033 

Ti 0.0015 Fe 92.5 
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iron scraps and graphite were charged into the rotary, 
and temperature of the furnace was monitored at regular 
interval using molten metal pyrometer Model MFP-200, 
manufactured by Atech Instrument and Controls.  The 
molten metal was tapped into a 60kg ladle at   1485 oC. 
The Fe-Si alloy inoculant (78% Si, 0.21% Al, Fe-bal) was 
added directly in the stream while pouring the melt into 
the ladle to ensure proper mixing. The first melt tapped  
was  uninoculated (control). The second, third, fourth and 
fifth melts were inoculated with 1.0wt%, 1.5wt% and 
2wt% ferrosilicon respectively. Standard chill wedges of 
W3.5 and W4, specified in the ASTM Standard A367-60 
wedge test were used for the experiment.  Chemical 
compositions of the control and inoculated samples were 
obtained by Optical Emission Spectroscopy testing 
machine (ARL QuantoDesk Spectro Analysis Machine),  
and the result is presented in   Table 2. 

2.2.1 Chill Measurement 

The wedge samples were strickened with hammer and 
fractured as shown in Figure 1.  From Figure 2, the portion 
nearest the apex entirely free of any grey spots is 
designated as the clear chill (Wc). That portion starting 
with the end of the clear chill and continuing to the 
location where the last spot of cementite or white iron is 
visible is designated as the mottled zone (Wm). Whereas 
the portion of the wedge measured from the junction of 
the gray fracture with the first appearance of chilled iron 
to the apex is designated as the total chill (Wt). The 
parameters relative clear chill (RCC), relative average 
mottled chill (RMC) AND relative total chill (RTC) 
(Riposan et al., 2009) were also considered: 

RCC= 100(Wc /B) % 

RMC= 100(Wm /B) % 

RCC= 100(0.5(Wc+Wm)/B) % 

where B is the maximum width of the test wedge as 

shown in Table 2. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2:  Cross-section of the chill wedge at the three sections 

 

2.2.2 Microstructure 
The metallographic samples were prepared in accordance 
with ASTM A367-11(2017), using the fractured wedge test 
samples.  One halves of the  samples (Figure 1) were 
prepared for metallographic observations, using emery 
papers of sizes 60, 120, 240, 320, 400, 800 and 1200 microns in 
succession. The ground samples were mechanically polished 
using a polishing cloth and a 0.3 micron SiC polishing 
powder (Kay and Struers, 2006). After which, they were 
etched in nital solution (3% nitric acid and 97% ethanol) for 
3–4 min and cleaned with alcohol for microscopic 
examination. Optical metallurgical microscope Olympus 
Model GX51, manufactured by Leco Corporation was used 
at x 200. The samples were viewed at the four designated 
points in Figure 3. Points 1  is the chill zone, point 2 is the 
mottle zone, and  points 3 and   4 are the grey zone (Riposan 
et al, 2009). The analysis was carried out in accordance with 
ASTM A247-19. 
 

2.2.3 Hardness Testing 
The fractured chill wedge  samples were used  to  prepare 
standard hardness samples. Similarly, test was conducted at 
four points  on  each of  the wedge  sample (Figure 3).  Digital 
Rockwell Hardness Tester  Model, manufactured by Tinius 
Olsen   was employed.  A maximum load of 60kgf was 
applied with residence time of 10 seconds. Three 
indentations were made with gap of about 3 mm in-between 
(Oyetunji et al., 2013). The average values, which were  
measured on scale A  were determined and recorded as 
shown in Table 2. 

3 RESULTS AND DISCUSSION 
   3.1 CHEMICAL ANALYSIS 

The chemical analysis of the experimental  samples are 
shown in Table 2. From the results, carbon equivalent (CE)  
of the control iron is 3.15%, while CE of the inoculated  iron 
is in the  range of  3.08-3.17%, making the samples  
hypoeutectic irons. No significant difference exist between  
carbon, manganese, sulphur and phosphorus  contents of the 
control   and inoculated  samples.  However, the observed 
increased silicon  contents  of the inoculated samples  relative 
to the control sample could be hinged on the inoculation 
effect (Maschke, 2013). 
 
 
 
 
 
 

 

Fig.1: Fractured wedge  surface 

 
Fig. 3: Cross-section of the chill wedge at the four points 
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Table 2. Chemical Compositions of the Experimental Grey Cast Irons 

 

 

 

 

 

 

 

 

 

 

 
3.2 OPTICAL MICROSTRUCTURE OF  THE  CONTROL 

SAMPLE  
Table 3 shows microstructures of the control wedge 
samples W3.5  and W4   at  points 1,2,3 and 4.  The chill zone 
consists of  thin and long Type D interdendritic flake 
graphite in ferrite matrix,  accompanied in between by 
graphite inclusions and surrounded by cementite phase.   
Cementite phase resulted  due to rapid cooling of the 
zone, during which, there was no enough time  for 
carbon to precipite as graphite (Saliu et al., 2020; Sheriff 
et al., 2019; Shashikantha  et al., 2017). Microstructure of 
the mottle zone is comprised of Type D interdendritic 
flake graphite in ferrite matrix.  However, the flakes are 
somewhat  thinner and shorter. The grey zone  reveals 
the  presence of Type  D graphite,  which is accompanied 
by  Type E in ferrite matrix.  Points 3 and 4 whose 
morphologies  are not exactly the same can be attributed 
to the  slight difference in cooling  gradient. The 
variations that exist  in  microstructures of   the samples 
W3.5 and W4, and at the various zones were due section 
size. This is because  structure of  zone is primarily a 
function of cooling rate. In turn, cooling rate is primarily 
a function of section size (Harold et al., 2017; Riposan et 
al., 2009; Darrell, 1964) . 
 

3.3 OPTICAL MICROSTRUCTURE OF THE INOCULATED 

WEDGE SAMPLES  
Table 4, 5 and 6 are microstructures of 1.0%, 1.5% and 
2.0% FeSi inoculated wedge samples W3.5  and W4   
respectively.  Microstructures of  the chill zone sample 
W3.5  and W4  with 1.0% FeSi (Table 4)  consist of very thin 
and close network of interdendritic flake graphite (Type 
E graphite), surrounded by cementite phase in  pearlitic 

matrix  with graphite inclusions. Also, the   chill zone 
sample W4 reveals few areas of Type D graphite flakes.  
The relative high degree of undercooling with attendant 
few number of nucleation sites during solidification of 
melt accounted for the microstructural characteristics 
(Edward et al., 2015; Soiński and Wawrzyniec, 2010). 
 
The mottled zone sample W3.5   consists of  dispersed 
Type-A graphite flakes in  pearlitic matrix with graphite 
flake inclusions,  and the mottled zone sample W4   is 
characterized by Type-A graphite flakes and a few Type-
D graphite flakes in  pearlitic matrix with more graphite 
flake inclusions. These structures resulted from the 
moderate cooling rates that characterised the zone 
(Maschke, 2013), and the presence of more graphite  
inclusion in sample  W4  could be attributed to  the 
relative  frapid cooling rate that resulted from  smaller  
section size (Saliu et al., 2020; Maschke, 2013). 

The  grey zone   samples  W3.5  and W4  microstructures at  
point 3 reveal  the presence of very fine TYPE-A graphite 
flakes, which are randomly oriented and uniformly 
distributed with few areas of TYPE-D interdendritic 
graphite in a pearlitic matrix. However, sample W3.5   

microstructure shows a   more randomly oriented and 
uniformly distributed graphite flakes with few areas of 
TYPE-D interdendritic graphite as compared to sample 
W4.The variations were due to differences in section size, 
and hence, cooling rates o samples. 
 
 
 

 

 

Sample 

Description 

           Chemical Composition (wt.%) CE 

(wt.%) 

Mn/S (Mn) x 

(S)  C Si Mn    P   S   Al 

U.I. 3.08 2.45 0.234 0.088 0.135 0.0010 3.15 1.73 0.032 

1.0 wt.% alloy 3.01 2.93 0.220 0.069 0.143 0.0076 3.08 1.54 0.031 

1.5 wt.% alloy 3.10 2.98 0.201 0.060 0.140 0.0087 3.17 1.43 0.028 

2.0 wt.% alloy 3.03 2.98 0.101 0.071 0.149 0.0098 3.10 0.68 0.015 

 

Table 2: Chemical Compositions of the Experimental Grey Cast Irons 

 

Table 3: Microstructures of the control (uninoculated) wedge test samples  W3 1/2and W4 at the four Points, and 

x200 

  Wedge Sample Point 1 Point 2 Point 3 Point 4 

U.I.(Control) W3.5 

    

W4 

    

 

Table 3. Microstructures of the uninoculated (control) wedge test samples  W3.5 and W4 at the four Points, and x200 
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Microstructures of the grey zone sample W3.5  (point 3) 
show rather  coarse, shorter and wider randomly 
oriented  graphite flakes relative to the grey zone sample 
W4, which was due to accompanied relative small degree 
of undercooling. Hence,  production  of smaller cell size 
nuclei during melt solidification. The drastic reduction of 
chill depth of the iron at this zone was due to presence of 
the smaller cell size nuclei during the characteristic slow 
cooling   rate of the zone (Shashikantha  et al., 2017; 
Maschke, 2013; Edalati et al., 2004). 

Microstructures of chill zone samples W3.5 and W4  with 
1.5% FeSi (Table 5) reveal   long and thin Type A graphite 

flakes and a few areas of  thin and uniformly  oriented    
Type D graphite flakes matrix in pearlitic, accompanied 
by cementite phase. Formation of Type A graphite flakes 
was  influenced by the inoculation (Saliu et al., 2020; 
Sheriff et al., 2019; Darrell, 1964), while  the Type D flakes 
and cementite phase  resulted from high rate of cooling. 
Accordingly, Type D graphite flake is found in 
hypoeutetic or eutectic iron at rather high cooling rates 
(Maschke, 2013). The relative increased presence of Type 
D flakes and cementite phase in  microstructures of chill 
zone samples W4  is attributable to higher cooling rates 
that resulted from  reduced section size. Also, the 
increased   cementite phase of sample W4 as compared   to 

Wedge Sample Point 1 Point 2 Point 3 Point 4 

Inoculated 

with 1% FeSi 

W3.5 

    

W4 

    

 

Table 4. Microstructures of 1.0wt.% FeSi inoculated wedge test samples  W3.5 and W4 at the four Points, and x200 

Table 5. Microstructures of 1.5wt.% FeSi inoculated wedge test samples  W3.5 and W4 at the four Points, and x200 

Wedge Sample Point 1 Point 2 Point 3 Point 4 

Inoculated 

with 1 wt.% 

FeSi 

W3.5 

    

W4 

    

 
Table 6. Microstructures of 2.0wt.% FeSi inoculated wedge test samples  W3.5 and W4 at the four Points, and  x 200 

Wedge Sample Point 1 Point 2 Point 3 Point 4 

Inoculated 

with 2.0wt.% 

FeSi 

W3 

    

W4 
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W3.5 can be explained by the increased cooling rates  that  
was due to reduced section size (Fraś et al., 2014)  
Microstructures of the mottle zone samples W3.5 and W4 
are characterized by Type A graphite flakes. These flakes 
are short, fairly distributed and uniformly oriented in 
pearlitic matrix relative to the chill zone samples. 
Graphite flakes in sample W4 are somewhat thinner and 
less uniformly oriented due higher degree of 
undercooling during the melt solidification. 
Microstructures of the grey zone samples W3.5 and W4 at 
point 3 consist of uniformly distributed  Type A graphite 
flakes in pearlitic matrix. The flakes are somewhat thick 
as compared to those of the corresponding mottle zone. 
The  slight changes in microstructures of the sample at 
point 4 were due to the resulting higher degree  of 
undercooling (Shashikantha  et al., 2017; Fraś et al., 2014; 
Maschke, 2013).  

Microstructures of chill zone samples W3.5 and W4  with 
2.0wt.% FeSi (Table 6)  show  very fine   Type B  graphite 
(rosette structure) and small areas of  Type A graphite 
flakes in pearlitic matrix,  accompanied by cementite 
phase. The Type B graphite  flake  resulted from  high 
silicon of the inoculant (Haji, 2014; Maschke, 2013; 
Soiński et al., 2010), and the cementite phase  was due to 
undercooling that was a result of insufficient  heat  
liberated by the few cell growing to arrest the 
temperature (Edward  al., 2015; Maschke, 2013), and the 
increased presence of cementite phase in sample W4 

relative to W3.5  was due to increased undercooling that 
resulted from small section size. Microstructures of  the 
mottle zone samples W3.5 and W4  are characterized by  
Type B  graphite (rosette structure) and  larger areas of  
Type A graphite flakes in pearlitic matrix. The larger 
areas of Type A graphite flakes was due to less rapid 
cooling, during which, undercooling was  at a moderate 
degree.  The obvious little difference in the 
microstrucures of  grey zone samples W3.5 and W4 , which  
consist of  Type B graphite  flake  with a relative perfect 
randomly oriented and uniformly distributed Type-A 
graphite in pearlitic matrix was due to slow rate of 
cooling rate that is associated with the zone 
(Shashikantha  et al., 2017; Maschke, 2013). 

3.4 HARDNESS  
The control  wedge samples and the inoculated wedge 
samples  W3.5 and W4  reveal  highest hardness  values at 
the chill zone (Table 6), which  was  attributed to the 
resulting increased presence of cementite phase  from  fast 
cooling rate (Seidu,  2009; Stan et al., 2009). Also, the  

increased  hardness  of  wedge samples W3.5   relative to 
the wedge sample W4  was accounted  for by the fast 
cooling rate from the relative reduced section size  
(Maschke, 2013; Riposan et al., 2009). 

The  low hardness values of the inoculated wedge samples 
relative to the control wedge samples was due to  
graphatisation effect of  inoculation. The inoculant 
minimized undercooling to temperatures below the 
metastable eutectic where carbidic structures are formed and 
at the same time increased the number of nucleation sites 
during solidification (Borse and Mangulkar, 2014), and in  
The decrease in  hardness values  of the inoculated samples  
with  increasing  inoculant addition  was due to increased 
cementite instability that resulted from increased presence of    
silicon (Saliu et al., 2020: ). The wedge samples W3.5    revealed   
high hardness values relative to wedge sample W4   due to  
the higher cooling rate of the former. It  is well known that 
when the rate of cooling is inreased, both graphite size and 
matrix structure are refined, and in consequence, strength 
and hardness are increased (Sheriff et al., 2019). 

4 CONCLUSION 
The following conclusions were drawn from the study:  

1. Microstructures of the control   wedge samples W3.5 

and W4 were  consisted majorly of varying sizes of Type D 
interdendritic flakes graphite in ferrite matrix with 
cementite phase at the chill, mottle and grey zones. 
2. Morphology (Types of graphite flake and size) of the 
inoculated wedge samples W3.5   and W4 at the chill, mottle 
and grey zones were modified (improved) at varying 
degree   with the varied percentage of   inoculant addition, 
particularly under moderate and slow cooling conditions. 
3. The presence of Type A graphite flakes and Type B 
graphite (rosette structure) were more with 1.0wt.% and 
2.0wt% FeSi additions respectively. 
4. Hardness values of the   inoculated samples W31/2 and 
W4 were decreased as the inoculant addition was 
increased, and the highest hardness values were obtained 
with  1.0wt.% addition. 
5. For the control and inoculated  samples, hardness 
property of W3.5 was high  relative to sample W4,  and the 
chill zone revealed the highest hardness. 
6. The respective optimum  average hardness values of the  
wedge sample W3.5  for the control and    inoculated samples 
are    33.0 HRA and   29.3 HRA   and  for the  wedge sample 
W4, the corresponding values are    22.6 HRA and  22.2 HRA.

 

 

 

 

 

 

 

 

 

Table 7: Hardness values of chill wedge samples 

 
Samples’ 

Wedge 

Number 

 

Sample 

Description 

(Grey cast iron) 

Point 1 

Hardness 

Value 

Point 2 

Hardness 

Value 

Point 3 

Hardness 

Value 

Point 4 

Hardness 

Value 

Average Hardness 

Value 

W3.5 

Control. 38.3 34.4 30.7 28.5 33.0 

1.0 wt.% inoc. 34.9 31.0 29.2 21.9 29.3 

1.5 wt.% inoc. 33.1 26.8 21.8 19.7 26.4 

2.0 wt.% inoc. 28.5 28.1 24.2 15.3 24.0 

W4 

Control. 32.3 30.5 23.3 22.6 26.8 

1.0 wt.% inoc. 30.6 27.1 25.3 22.2 26.3 

1.5 wt.% inoc. 24.6 24.4 21.2 18.7 22.7 

2.0 wt.% inoc. 22.9 20.3 17.7 17.4 19.6 
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