
Journal of Engineering and Technology (JET) Vol. 5, No. 1, February 2010             1 

 

COMPARATIVE STUDY ON THE CORROSION RATE OF GRAY AND 

DUCTILE CAST IRON IN HCl SOLUTION 
 

       

Abdulwahab,  M.; Muhammed, R.A.;  Asuke, F.; Madugu, I.A.; Johnson, C.O. 

 

Department of Metallurgical and Materials Engineering, Ahmadu Bello University, 

Zaria, Nigeria. E-mail: koladepj@yahoo.com 
 

                                                          ABSTRACT 
 

The corrosion characteristics of Ductile and Gray Cast Irons in varying concentrations of HCl 

acid were investigated using weight loss method of corrosion analysis. The cast irons were 

obtained from the foundry shop of the National Metallurgical Development Center, Jos. The cast 

iron were cut and machined into coupons, then suspended in solutions of the acid concentrations 

(0.2, 0.4, 0.6, 0.8. and 1.0M) for 8 days. From the result, it was observed that the rate of corrosion 
of both irons increased with increase in concentrations of the acid but decreased with the time of 

exposure. However, the gray iron had the lowest corrosion rates in all the acid concentrations 
and this is attributable to the graphite flake structure of Gray Cast Iron which are tightly bound 

together as compared to discrete nodules readily detachable in Ductile Iron.  

 
SIGNIFICANCE: Based on the industrial 

application of the two materials for piping 

and storage of HCl solution, this research 

serves as an assessment of the two cast 

irons. It showed that gray cast iron can be 

used in an acidic environment (HCl). 
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1.  INTRODUCTION 
 

Ductile iron is a cast ferrous material with a 

composition that is generally similar to gray 

iron. There is little difference in the 

chemical analysis of ductile and gray. Both 

contain a similar amount of carbon, which 

affects the machinability and corrosion 

resistance of both materials (Yaro et al., 
2006). 

In gray cast iron, most of the carbon is 

present in the form of continuous flakes of 

graphite platelets, which are dispersed 

throughout the matrix.  This matrix is the 

major factors controlling its mechanical 

properties (tensile strength, impact and 

hardness) and is responsible for its relative 

weakness and lack of ductility. In ductile 

iron, an additional procedure during the 

casting process causes the graphite to ball-up 

in the form of spheroids or nodules. When 

this property is processed, ductile cast iron 

essentially consists of a near single-phase 

ferrite material with only minor 

discontinuities due to the presence of the 

graphite spheroids. As a result, the 

mechanical strength and ductility of the 

material is much close to that of steel. 

Ductile iron therefore is a material that 

offers the low cost founding manufacturing 

characteristics of a gray iron but with the 

mechanical properties similar to steel (Cast 

Iron Repot, 1964). 

From the literatures (LaQue, 1995, Yaro et 
al., 2006), it can be seen that there is little 

different between the chemical analysis of 

ductile and gray cast irons and that the 

corrosion resistance of the two materials also 

would be similar. However, there is 

disagreement as to whether or not ductile 

iron should have better corrosion resistance 

than gray cast iron because of the spherical 

morphology of the graphite nodules (Yaro et 

al., 2006). 

LaQue (1995) considered earlier that the 

interconnected and overlapping flakes of 

graphite in gray iron (as opposed to the well-

dispersed and separate graphite nodules 

found in ductile iron), could tend to promote 

a grater depth graphite flakes. This 

suggestion was supported by Fuller (1981) 

based on the findings on ductile pipe that 

had been exposed in field installations. It 

was suggested that ductile iron would be less 

susceptible to deep localized pitting than 

gray iron because its spheroids graphite 
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structure might encourage a given amount of 

corrosion attack to spread out over the 

surface of the metal. 

Ferguson and Nicholas (1984) and NACE 

(1992) reported from their tests on adjacent 

ductile and gray iron mains that the 

durability of ductile iron pipe was better 

than that of gray iron pipe due to lesser 

tendency to pitting corrosion, greater 

strength and ductility. They concluded that 

the three factors more than compensated for 

the reduced wall thickness of the ductile iron 

material. 

An alternative view expressed by Cox 

(1998) and Yaro et al. (2006) is that the 

flakes graphite matrix of the gray cast iron 

was a highly defective diffusion barrier that 

served to impede both the access of 

aggressive species to the corrosion interface 

of the ferrite phase and retain the corrosion 

products within its matrix, thereby stifling 

the subsequent corrosion actively. 

Experience in British water distribution 

systems revealed that in old cast iron water 

mains which had been laid in the latter past 

of the last century and the early part of the 

present century, “graphitization” could result 

in a substantial reduction in residual pipe 

wall thickness over large area of piping 

without loss of product containment. It was 

considered that the presence of the graphite 

matrix has entered considerable the service 

life of the pipeline compared to the service 

life of uncoated steel or ductile iron pipes 

exposed in the same environment (King, 

1980). 

Other researchers discovered that the 

corrosion behavior and resistance of ductile 

and gray cast irons would have no 

significance variations (Nicholson, 1991). 

Some studies indicated that ductile iron 

might indeed corrode faster than the gray 

cast iron Smith (1968). The latest work on 

this subject matter was that of Yaro et al. 
(2006) on the corrosion study of these 

materials in oxidizing acid using HNO3. 

Therefore, there is need for research to be 

carryout using reducing acid; this call for a 

research to investigate corrosion 

characteristics of the two irons in HCl acid 

with a view of obtaining the full corrosion 

characteristics of these materials in both 

oxidizing and reducing acidic medium. 

 

2. LITERATURE REVIEW 
 

2.1 Corrosion problem of Ductile Iron 

and Gray Cast Iron Pipe 

The impact of deterioration and failure of 

ductile and gray iron pipelines due to 

external corrosion is very significant. It has 

been reported that in the years 1992 and 

1993, the total number of water mains 

breakdown in 21 Canadian cities were 3601 

and 3773 respectively (LaQue, 1995). 

Ductile iron constitutes 24% of the water 

distribution network in the 21 cities. 

Breakdowns in ductile iron pipe accounted 

for 19.89% of the total number in 1992 and 

10.97% in 1993.  

Ductile iron pipe for water mains use was 

first manufactured in Canada around 1961 

through significant use of ductile pipe 

probably began between 1963 and 1968 

(LaQue, 1995). Ductile iron pipe was 

introduced in the UK in the mid 1960’s and 

by the mid 1970’s had displaced the use of 

gray cast iron pipe. At this time water 

companies were left with hundred of poorly 

projected ductile iron mains installed 

between 1965 and 1984, facing more than 

359 “premature failures”. As much as 40% 

of the water that enters through the UK’s 

distribution system was lost by leakage 

before it got to the end user. Similar rates of 

water losses were reported in Mexico (King, 

1980). It should be noted, however, that 

much of the pipe failures mentioned are not 

limited to the ductile or gray cast iron but 

also other pipe materials such as structural 

steels. However, not all these failures 

resulted from corrosion. On the ductile and 

gray iron pipe failures which were 

experienced, installation of unprotected pipe 

in corrosive soils, improper application of 

protection measures, improper installation of 

the pipe stray current from grounding 

services, bi-metallic corrosion from stainless 

saddles and other documented problems 

were all the add-on to corrosion (Smith, 

1968; David and James, 1998,). 

 

2.2 Method of Corrosion Protection of 

Ductile Iron Pipe and Gray Cast Iron 

Although not normally used for protection of 

other pipe materials, loose polyethylene 

jacket (encasement) is a standard corrosion 

control method especially and favorably 

recommended by Ductile Iron Pipe Research 

Association (DIPRA) for the protection of 
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ductile iron pipe in soils at landfill sites and 

in similar corrosive environments 

polyethylene encasement has been taken in 

different standards all over the world. 

Following this control method, the ductile 

iron is encased with either losses 8-mil (200 

microns) low-density polyethylene or loose 

4 – mill (100 micros) high-density cross-

laminated polyethylene (Sears, 1964). 

Though, there are strong disagreements 

about the benefits of polyethylene 

encasement. Advantages inferred by DIPRA 

on polyethylene encasement include that is 

relatively inexpensive, easy to install, does 

not require maintenance or monitoring, and 

is easy to repair if damaged. A 1972 paper, 

Smith (1968) claimed: after 20 years of 

experience, including research and 

application in the field there has bear no 

failure of stories by DIPRA indicate 

minimum attack to ductile iron pipes 

installed because of polyethylene 

encasement’ Most of these reports, however, 

mixed case in stories for ductile iron pipes 

with those of gray cast iron pipes. This is 

also inline with (NACE, 1992; James, 2008). 

However, these are indeed reports that 

describe failure of polyethylene-wrapped 

pipes by DIPRA in the late 1950’s and early 

1960’s during this first tests bolts made of 

0.5% copper-content cast iron from 

polyethylene-wrapped joints that were 

buried by DIPRA in the Atlantic city tidal 

marsh were reported to have lost an average 

of 28.9 to 33.1 grams per year. This 

indicated a significant corrosion rate that 

might have resulted from the tidal action, 

which was reported to face water to migrate 

into the void between the polyethylene and 

the pipe (Sears, 1964). In some cases, 

polyethylene was not protective and 

wrapped pipe and fitting could be severely 

corroded (Nicholson, 1991). Results of a 

study by variable on buried pressurized steel 

denims also indicated that polyethylene 

encasement was not reliable corrosion 

barrier (NACE, 1992). 

A further objective to the use of 

polyethylene encasement is that the 

polyethylene films restrict the subsequent 

use of cathodic protection (Fuller, 1981 and 

James, 2008). Another is that the 

encasement is easily damaged, resulting in 

holiday’s rips or tears. These defects are 

easily created during handling or during pipe 

laying and backfilling operations, in an 

industry where a high standard of 

workmanship was not norm. Such defects 

may admit environmental water into the 

interface between the films and pipe surface, 

leading to accelerated attack to the pipe in 

the vicinity of these defects. Polyethylene 

encasement is not recommended by DIPRA 

as a sole protection method where high-

density stray currents may be present (Cox, 

1998). It was also suggested that 

polyethylene wrapping might not provide 

enough protection in continuously-saturated 

soils, although it might be used in 

conjunction with cathodic protection 

systems Sears (1964). Polyethylene also 

exhibits significant sifting of temperatures 

over 82
o
C (180

o
F) and will melt around 104 

to 110
o
C (Nicholson, 1991). 

 

 

                                           3. EXPERIMENTATION 

 

3.1 Materials 

The Ductile and Gray Cast Iron used for this 

research were produced and supplied by the 

National Metallurgical Development Center, 

Jos Plateau State, Nigeria.  

 

Table 1: Chemical composition of cast iron 

 

Sample Composition (%) 

 Carbon,  

C 

Silicon,  

Si 

Manganese, 

 Mn 

Sulphur, 

 S 

Phosporus, 

P 

Magnesium, 

Mg 

Gray Cast 

Iron 

3.48 2.51 0.22 0.05 0.03 ----- 

Dutile Cast 

Iron 

3.48 2.51 0.22 0.05 0.03 0.03 
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Other materials used in this research work 

include: Beaker, Conical Flask, Distilled 

water, Hydrochloride acid, Brush, Thread 

and Tripod stand. 

 

3.2 Equipment 
The materials used in this work include: 

Digital weight balance. Rockwell hardness 

tester, metallurgical microscope, grinding 

and polishing machine, Oven heater and 

lathe machine. 

 

 

 

3.3 Corrosion Rate. 

 The corrosion rate was determine in mils 

per year (mpy) using the relationship 

(Fontana and Greene, 1987) 

 

Corrosion rate (mpy) = (534W)/DAT  -    (1) 

                                       

Where: W =Wo-Wf  = weight loss, (mg); T = 

time of exposure, (hours); Wo = original 

weight of coupon; Wf = new weight of the 

coupons; D = density of the materials, 

(g/cm
3
); A = total surface area of the 

materials, (in
2
). 

                                   

4. RESULTS AND DISCUSSION 
 

4.1 Results 
The corrosion rate with varying 

concentrations of HCl is shown in Tables 2-

3 for Gray and Ductile Cast Iron 

respectively. While Figures 1-2 show the 

variation of corrosion rate with exposure 

time of each concentrations considered.  

 

4.2 Discussion 

4.2.1 Visual observations of the coupons 

during Corrosion test: Visual observation 

of the coupons was done after 24hrs (a day) 

to 192hrs (8days) at the end of the first day 

revealed a progressive effervescence of gas 

giving out and the colour of the solution 

remain colourless. However by the second 

day all coupons had dull surface and all 

solutions of the acid had turned dark brown 

in ductile cast iron coupons. While the 

solutions of the Gray cast iron still remain 

colourless. From the 3
rd

 to 8
th
 day the 

solution of the Gray iron coupons turn dark 

brown. Micro-cracks and pits were also 

observed on ductile iron coupons indicating 

severe corrosion attack by the acid, while 

there was no any indication of pitting attack 

on the gray iron coupons. 

4.2.3 Corrosion Rate: The results for the 

corrosion rates of the gray and ductile irons 

exhibited a general increase as the 

concentrations of the acid increased and 

decreased sharply with time (Tables 2-3 and 

Figures 1-2). The decrease in the corrosion 

rates with increasing numbers of days 

observed for all the coupons in the acids is 

probably due to the deposition of corrosion 

products which tends to shield the corroding 

surface from further corrosion attack, there 

by depressing the rate of corrosion. 

From the results, it is clear that the ductile 

iron coupons have the highest corrosion rate 

than the gray iron coupon (Figures 1-2). The 

corrosion is higher at the first day and 

almost equal at the eight day for example the 

corrosion rate for 1.0M are 3.355 x 10
3
 and 

0.764 x 10
3 

mil per year (mpy) for Dutile   

iron, while for Gray iron are 1.788 x 10
3
 and 

0.700 x 10
3 

mpy respectively. This 

comparatively showed the variation in 

corrosion resistance between the two cast 

irons investigated. 

The higher corrosion resistance of gray iron 

than ductile iron may be attributed to the 

graphite flakes in the pearlite matrix. These 

structures contain mass of residual flakes 

interspersed with oxides of the iron which is 

referred to as (graphite-containing corrosion 

products) act as a protective barrier to 

corrosion than the nodular graphite structure 

of ductile iron. This is because the graphite 

in ductile iron is in form of discrete nodules 

that are readily and easily detachable. This is 

in agreement with the earlier observations 

(Cox, 1998 and Yaro et al., 2006). 

The mechanisms of corrosion of the two 

grades of cast irons are explained with long 

chain oxidation reaction that results during 

the reaction of the HCl with the iron. As the 

acid attacks, the iron dissolves giving a 

chain of chloride salts and hydrogen gas 

according to the following reaction sequence 

(Fontana and Greene, 1987). 

 

(HCl) → FeCl2 → FeCl4)
-2 

→ (FeCl6)
-4
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Table 2: Corrosion Rate of Gray Cast Iron in HCl Solution 

 

 Corrosion rate, mil per year (mpy ) x 10
3
 

Concentration 

of HCl (Molar) 

24hrs 48hrs 72hrs 96hrs 120hrs 144hrs 168hrs 192hrs 

0.2 0.376 0.322 0.215 0.119 0.117 0.084 0.075 0.068 

0.4 0.820 0.814 0.644 0.466 0.378 0.280 0.250 0.232 

0.6 1.135 1.096 0.956 0.778 0.626 0.461 0.415 0.375 

0.8 1.532 1.390 1.331 1.043 0.851 0.620 0.556 0.502 

1.0 1.788 1.625 1.597 1.320 1.154 0.860 0.770 0.700 

 

 

Table 3: Corrosion Rate of Ductile Cast Iron in HCl Solution 

 

 Corrosion rate, mil per year (mpy ) x 10
3
  

Concentration of 

HCl, (Molar) 

24hrs 48hrs 72hrs 96hrs 120hrs 144hrs 168hrs 192hrs 

0.2 0.768 0.395 0.262 0.192 0.192 0.113 0.102 0.094 

0.4 1.751 1.032 0.682 0.502 0.404 0.293 0.250 0.240 

0.6 2.375 1.535 1.007 0.754 0.608 0.438 0.389 0.360 

0.8 2.948 2.182 1.480 1.107 0.889 0.885 0.563 0.521 

1.0 3.355 2.805 2.200 1.662 1.331 0.952 0.839 0.764 

 

 

 

 

 

Figure 1: Variation of Corrosion Rate with Exposure Time for Gray CAST Iron in 

HCl Solution
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Figure 2: Variation of Corrosion Rate with Exposure Time for Ductile Cast Iron in 

HCl Solution
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5. CONCLUSION AND RECOMMENDATIONS 
 

5.1 Conclusions 

From the results of this study, the following 

conclusions can be drawn: 

1. The gray cast iron offer more corrosion 

resistance than the ductile cast iron in 

HCl medium because the graphite flakes 

in the microstructure of gray iron help to 

act as a protective barrier to continued 

corrosion than the graphite nodules in 

ductile iron; 

2. The mechanism of corrosion of the acids 

is a as result of attack on the iron by the 

acid, the acid dissolved the iron giving a 

chain of chloride salts and hydrogen 

gas. 

 

5.2 Recommendations 

From this research, the following 

recommendation can be made: 

1.   It is therefore recommended that a 

prototype pipes made of gray cast iron 

be used in acidic environment;  

2.     That gray cast iron can be used to 

handle acid of mild concentrations 

over a long time since there is a great 

reduction of corrosion rates as the 

exposure time increased; 

3.       Further research work is 

recommended to investigate the effect 

of thermal heat treatment on the 

corrosion of Gray cast iron in acidic 

medium. 
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