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Development and Mechanical Properties of Compacted Graphite Cast Iron (CGI) Suitable 

for Exhaust System Pipes. 

 

 

 

Abstract: This research focuses on developing compacted graphite iron (CGI) and its mechanical 

properties for the production of exhaust system parts. Theoretical and practical failure analysis 

were carried out on selected exhaust system parts. Based on the failure analysis compacted graphite 

cast iron was casted. Six different types of CGI term C1 to C6 were produced, incorporating 

alloying elements such as chromium, aluminum, copper, titanium and nickel in micro amounts. 

The study also investigated the mechanical properties of CGI, including tensile strength, hardness, 

and impact resistance, aiming to understand the material's behavior under relevant conditions. 

These addition alloys aimed to enhance mechanical properties, such as tensile strength, impact 

resistance, and ductility, which are important for exhaust system materials. Optical microscope 

was carried out on the produce CGI to check their microstructure. The results from the micrograph 

shows that CGI of varying microstructure was produce. The results from the mechanical tests show 

that C4 has the optimum values of 1.5 Megapascal for tensile strength, 615% for ductility, 204 

Brinell hardness value of 204 and 35.9 Joule per millimeter square value for impact strength. By 

analyzing these properties, the study provides valuable insights into the performance and durability 

of CGI for the production of exhaust system pipes, aiding in the design and selection process for 

automotive applications. 

Keywords: Compacted Graphite Cast Iron (CGI), Mechanical properties, Exhaust system 

pipes, Alloying elements, Failure analysis 

1. Introduction: 

Compacted Graphite Cast Iron (CGI) is an advanced material that has emerged as a promising 

alternative to conventional cast iron and other metallic alloys in various engineering applications 

[1]). The unique microstructure of CGI, characterized by compacted graphite flakes, imparts 

exceptional mechanical properties, making it a preferred choice for demanding industrial uses 

[2]. 
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The distinctive feature of CGI lies in its graphite morphology, where the graphite flakes are 

shorter, thicker, and interconnected, compared to the randomly distributed graphite in gray cast 

iron [3]). This unique microstructure gives CGI its superior properties, combining the benefits of 

both gray cast iron and ductile cast iron [4]). As a result, CGI exhibits remarkable tensile 

strength, excellent thermal conductivity, and improved fatigue resistance, making it a versatile 

material suitable for a wide range of engineering applications [5] ) 

One area where the exceptional properties of CGI hold significant importance is in the 

production of exhaust system pipes [6]. In modern automotive and industrial systems, exhaust 

system pipes are exposed to severe operating conditions[7]. These conditions include high 

temperatures arising from the combustion process, cyclic thermal loading due to the engine's 

operation, and exposure to corrosive gases and particles [8]. Additionally, exhaust pipes may 

encounter mechanical stresses and impacts during vehicle operations[9]. 

The mechanical properties of a car's exhaust system are critical for its performance, durability, 

and compliance with environmental regulations[10]. These properties are determined by the 

materials used, the design, and the manufacturing processes[11]. Some vital mechanical 

properties which is significant to car exhaust are strength and durability, thermal resistance, 

impact strength and ductility [12]. The exhaust system must withstand the stresses caused by 

thermal expansion, vibrations, and external forces without failing and the material must resist 

fatigue failure due to cyclic thermal and mechanical loading[13]. 

To ensure the reliable and efficient performance of exhaust systems, it is imperative to select 

materials that can withstand these harsh conditions over an extended service life [14]. Traditional 

materials like gray cast iron have been used in exhaust system pipes due to their cost-

effectiveness and reasonable thermal conductivity [15]. However, they often fall short in meeting 

the ever-increasing demands for improved performance and durability [16] . 

The need for more robust materials with enhanced mechanical properties, superior corrosion 

resistance, and increased thermal conductivity has prompted the exploration of alternatives, with 

CGI emerging as a compelling solution [17]. Its ability to provide high tensile strength, excellent 

thermal conductivity, and good resistance to corrosion makes it an ideal candidate for exhaust 

system pipes, which are vital components in automotive and industrial machinery [18]. 
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This research focuses on investigating the mechanical properties of CGI specifically for its 

application in exhaust system pipes. By comprehensively understanding the material's behavior 

under relevant conditions, including high temperatures, cyclic thermal loading, and corrosive 

environments, valuable insights can be obtained to optimize CGI's performance in exhaust 

system applications. The findings from this study will aid in the design and selection process for 

automotive and industrial exhaust systems, contributing to the development of more efficient, 

durable, and sustainable engineering solutions. 

2. Experimental method 

        2.1 Materials and alloy formulation  

The materials used to produce alloys include cast iron engine block scraps, rotary furnaces, 

crucible pots, and alloying elements. Six different types of CGI were developed with different 

alloying elements ranging from chromium, aluminum, copper, and nickel. These as-cast 

(produced) CGI, were tagged C1, C2, C3, C4, C5, and C6. These alloys were added in a micro 

amount of about 0.1% - 0.5%.  for every 10kg of melt. 

          2.2 Charge analysis of CGI  

               It was done manually based on the charged metallurgical principle of producing CGI. Table 1 show 

the charging analysis of the alloying elements adding to every 10kg of melt. Factors like chemical 

composition of charge materials, metallurgical treatment, and ratio of charge materials to 

inoculants and spherodizers and to other alloying elements were all considered. The charged ratio 

was arrived at using Equation 1[19].                         

 

    𝐴 =
𝑅−(𝐵𝑀) 𝑋 (𝑇𝑊)

𝑃𝐴
                                                                                                               (1) 

Where  

A is number of alloying elements to be added 

R IS required amount 

BM is amount in base metal 

TW is total weight of the charge and 

PA is purity of the alloying elements. 

The ratio alloying addition was varied for six different 10kg of charge cast iron materials with 

Commented [U1]: Use Equation  editor 
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different alloying elements. These were done so as to control the nodularity and graphite growth in  

order to produce CGI and not gray or ductile cast iron. The CGI produced were labelled C1, C2, C3,  

C4, C5 and C6. 

             Table 1.  Charge Analysis of Alloying Elements  

Sample Furnace addition alloying elements Ladle addition alloying element 

C1 Al (16mg) FeSiMg (25mg) FeSi (34mg) FeSi 

(14.5mg) 

  

C2 FeSi(14.5mg) FeSiMg (25mg)  FeSi 

(14.5mg) 

Ti 

(2.5mg) 

 

C3 Al (25mg) FeSiMg ( 25mg) FeSi(14.5mg) FeSi 

(14.5mg) 

Ti(2.5mg)  

C4 Al(25mg) Cu(20mg) FeCr (15mg) FeSi(14.5mg) Ti(2.5mg) Fe(20g) 

C5 Cu(20mg) FeCr (15mg) FeSiMg(25mg) Al(20mg) Ti(2.5mg) FeSi(14.5mg) 

C6 Cu (20mg) Fe(10mg),FeCr(15mg) FeSiMg(25mg) Al(20mg) Ti(2.5mg) FeSi(14.5mg) 

 

 

2.3. Melting 

Rotary furnace of 40 Kg capacity was used for the melting. The required quantities of the charging 

materials were weighed using weighing balance and charged into the furnace. cast iron engine 

scraps were first charged and heated to the temperature of 1200˚C before the addition of inoculants 

alloying elements. Nodularizers alloying elements were added in the ladle during tapping.  Pouring 

was done at 1250˚C into the ladle. 

                 2.4 Determination of the composition of failed exhaust pipes and the produced CGI 

            The chemical composition of exhaust pipes of some selected cars and the produced CGI (C1-C6)   was 

determined. The cars whose exhaust were analyzed are Nissan Altima (N11), Toyota corolla (T1), 

Toyota Highlander jeep (T12), Mitsubishi car (M11), and Mitsubishi outlander (M12). Figure 1 and 2 

show some of the exhaust system and CGI that were analyzed using Skyray EDX 3600B energy 

dispersive, X-ray fluorescence (XRF) spectrometer was used to determine the elemental composition 



 

5 
 

of C1-C6 and five different exhaust pipes viz-a-vis N11, T11, T12, M11, and M12. X-ray fluorescence 

is a powerful technique used in a wide variety of elemental composition of various materials [20]. XRF 

analyzer are widely recognized as a means for accurate, rapid and non-destructive testing [21]. The 

skyray EDX3600B is a high-end energy dispersive spectrometer with a large sample chamber which 

support most sample size [22]. It involves the generation of a spark discharge between an electrode and 

the sample surface which excites the atoms in the sample [23]. As the excited atoms return to their 

ground state, they emit characteristic wavelengths of light, which are then analyzed to determine the 

elemental composition of the samples [24]. 

 

Figure 1: Exhaust System Parts for failure analysis  
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 Figure 2:  CGI produced of size 16mm x 5mm 

               2.5 Optical microscopy 

The microstructural and morphological characterization of CGI produced were done by optical     

microscopy (OM). The equipment used was ultra-high-resolution field emission Nikon E200 

laboratory   microscope. The first phase of the process was grinding using aluminum oxides and 

silicon carbide paper of 220 grades with tap flowing water. While, the second stage was using finer 

abrasive grinder cover with velvet cloths. The third stage was done which is called lapping, was 

done to remove any little remaining imperfection in the CGI produced so as to produce a very 

smooth and mirror-like surface of the material. Finally, the material was etched in nitric acid and 

nital base mixture before it was viewed under microscope lens at magnification of 100 µm 

            2.6 Tests for the mechanical properties 

              2.6.1   Hardness  

                The hardness test was conducted using the hand-held micro Brinell tester. This conforms to ISO 

and ASTM E03-18  [25] standard which was used on all metals and alloys on any sample size. 

The set of tests were performed on C1-C6. The test was done on four occasions and the average 

was recorded. 
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           2.6.2    Tensile and ductility 

                Tensile tests were performed on the six samples of CGI produce labeled C1-C6 using the universal 

testing machine. A material testing system with a load capacity of 50 KN, at a loading speed of 10 

rpm and a maximum chuck diameter of 10mm. The test samples were prepared on the lathe 

machine in cylindrical shapes of 9 mm x 16 mm. The samples were inserted into the chuck and 

were closed by Allen key to grip them and the samples were pull apart until they broke into pieces. 

Ductility result is calculated from percentage elongation gotten from the tensile test result.    

              2.6.3   Impact strength 

                Impact strength was evaluated on the produce materials labeled C1, C2, C3, C4, C5, and C6. The 

test was conducted using ASTM standard of dimension 9 mm x 16mm using the Hounsfield 

balance impact machine. The V-notch impact specimen was clamp into the pendulum chuck and 

locked with Allen key, the notched side facing the striking edge direction. The pendulum was 

released at a velocity of 4 m/s with maximum energy of 170 these were done to fracture the 

materials and the energy absorb by the materials were noted and recorded. Four tests were carried 

out on each specimen and their average were recorded in joules which is unit of energy. 

 

3.0 Results and Discussion 

            3.1 Elemental analysis of some exhaust pipes  

                 The chemical composition of exhaust pipes of some selected cars was determined. The results 

obtained from the analysis were recorded. The results shown in Table 2, revealed that the 

composition used by Nissan to produce their exhaust pipe/silencer was medium carbon steel with 

addition some major alloying elements. Chiefly, 18% chromium, 0.258% manganese and .27% 

nickel were added and other elements were added in micro amount. In the case of Toyota corolla, 

it was shown clearly, that their exhaust system was made of high carbon steel of 0.55% with other 

alloying elements added in minor amount. The chromium content of the exhaust was low at 

0.0945%. Likewise, the results also reveal that the composition found in Toyota highlander jeep 

were low carbon steel with other elements like chromium, copper and nickel added in micro 

amounts. Just like the cast of Toyota corolla, the chromium content of 0.0256% for Toyota 

highlander was low too. Table 2 also, shown that the constituents of exhaust found in Mitsubishi 

car were low carbon steel, with 
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addition of 12% chromium and other elements like silicon, aluminum, nickel was added in little 

quantity It was shown that the elements used for the production of exhaust system for Mitsubishi 

outlanders were found out to be low carbon steel, with 11% chromium and other elements added 

in minute amount. 

Table 2: Chemical Compositions of Some Selected Exhaust Parts  

 Fe C Si Cr Mn P Cu Ni Al Mg Tot       

N11 78.8000 0.3700 0.4540 18.3200 0.2580 0.0406 0.0734 0.2170 0.0346 0.1000 98.6700     

T11 97.5000 0.5500 0.0128 0.0945 0.1620 0.0218 0.0210 0.0217 0.0594 0.0100 98.4532     

T12 97.5000 0.0225 0.0981 0.0256 0.1170 0.0112 0.0074 0.0114 0.0370 0.0010 98.1543     

M11 85.6000 0.0405 0.3680 12.0300 0.4400 0.0588 0.2690 0.2290 0.0298 0.0077 99.0728     

M12 85.6000 0.0251 0.362 11.9100 0.4430 0.0524 0.2690 0.3390 0.0439 0.0076 98.9213     

 

 

            3.2 Determination of the Composition Analysis of the as- Cast CGI 

           Skyray EDX 3600B energy dispersive X-ray fluorescence spectrometer was used to determine the 

elemental composition of the six as-cast CGI -C1, C2, C3, C4, C5, and C6 as show in Table 3. The 

test piece whose surface was ground to ensure flatness was mounted on the sparking point of the 

spectrometer and the chemical composition was obtained after 40–50 s of operation. 

 

Table 3:  Summary Elemental Composition of As-Cast (C1-C6) 

 Fe C Si Cu Cr Ti Al Ni Mg S Mn Total     

C1 93.1000 4.3500 1.5300 0.1610 0.0774 0.0057 0.2090 0.0566 0.0029 0.0953 0.2360 99.8791     

C2 92.6000 4.3500 1.8200 0.1820 0.0900 0.0134 0.1630 0.0438 0.0064 0.1390 0.2800 99.7856     

C3 92.5000 4.3500 1.8800 0.1920 0.0943 0.0211 0.1610 0.0433 0.0038 0.1350 0.2590 99.9780     

C4 92.4000 4.3500 2.0000 0.3450 0.1410 0.0183 0.0307 0.0531 0.0048 0.1320 0.2770 99.8568     

C5 92.0000 4.3500 2.2300 0.3590 0.1550 0.017 0.0597 0.1790 0.0082 0.1440 0.2820 99.8923     

C6 92.4000 4.3500 2.0200 0.3400 0.1300 0.0374 0.0294 0.0053 0.0053 0.1200 0.2760 99.7994     
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                3.3     Optical microscopy  

Figure 3, shows all materials produced contain pearlite and little ferrite but there is a dark graphite 

which is worm -like in nature, embedded in pearlite and ά-ferrite of C1 and C2 and has a 

microstructural composition towards gray cast iron. Pearlite is hard and brittle because of the 

increase in cementite ratio compare to ά-ferrite according to  Garcí et al. 2019 While C3 and C4  

microstructure have equal composition of both gray and nodularized cast iron graphite flakes. It is 

pure CGI and CGI properties fall between the properties of gray and ductile cast iron according to 

[27]. Lastly, C5 and C6 microstructures are more of ductile graphite composition 

  

  

 

 

 

   

       

 

 

N-nodules, DG-distort graphite, G-graphite, P-pearlite, F-ferrite. 

 

 

 

N=nodules, DG= distorted graphite, G=graphite, P= pearlite 

Figure 3.   C1-C6 microstructures under 100 magnifications 

3.3   Hardness  
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Hardness is the ability to withstand surface indentation (localized plastic deformation) and 

scratching [28]. Under normal conditions the hardness value of gray iron is higher than that of 

ductile iron and CGI hardness value is expected to be the least [6].  The hardness result from Figure 

4 shows that the C -series materials produced are hard (especially at the surface and it might be 

ductile in the inner core) and might be susceptible to brittle failures during service use. The Brinell  

hardness values  for  C1 of  231 and C3 of 218 falls within  the standard hardness values  for gray 

cast iron according to (Upadhyay and Saxena, 2020). while C2 and C4 values are CGIs.  C5 and 

C6 hardness values are close to ductile cast iron hardness values.    

 

Figure 4: Variation of Hardness with produced samples C  

         3.4    Tensile  

The tensile test results for the CGI produced samples C1-C6 are show in Figure 5. The following 

was deducted from the graph. C4 has the highest ultimate tensile strength (UTS) value of 1.6 

megapascal (MPa) and C3 has the lowest UTS value of 0.2 MPa. While C, C2, C5 and C6 has 

UTS value of 1.1 MPa ,0.9 MPa, 1.1 MPa and 0.6 MPa respectively. 
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Figure 5: Variation of UTS for Samples C. 

 3.5    Ductility  

 Ductility is a measure of the degree of plastic deformation that has been sustained at fracture 

[30]. A material that exhibit little or no ductility at fracture is said to be brittle [31]. Exhaust 

system materials are expected to have elements of ductility so as to prevent sudden failure due to 

impact on the ground [32]. Figure 6 show that C4 and C5 ductility 600% and 401% is the highest 

in the produced samples. It can be deduced that C4 has the highest ductility of 600 % in C series 

due to magnesium that was added to aid the transformations α-ferritic microstructure over 

pearlite phase which is in line with  [33] and it is expected that ductile cast iron should have 

ductility close to that of steels [34] 

 

Figure 6: Variation of Ductility with Samples C 

 

 

3.6 Impact  

The result from Figure 7, shows that, the impact strength of the as cast samples C. Figure 4 

reveals, that sample C 1 has the highest impact strength of 42.84 J/mm2 for the series. Which is 

normal because of surface hardening and presence of copper and  silicon in line with [35].  

However, the differences in the impact strength are not much for the series C It can be seen 

clearly that the differences in series C3, C4 are not that much because of the little variance in 
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pearlitic and ferritic phase. These sets are of series are ideal and suitable for exhaust system outer 

body parts production according to [36].)  

 

 

 

 

 

 

 

 

 

Figure 7:  Variation of Impact test with Samples C  

           4.  Conclusions 

        1. Theoretical and practical failure analysis was carried out on some selected/available exhaust   

system material parts and it was discovered that the available exhaust system parts are of made 

up of low and medium carbon steel with the addition of alloying elements which were majorly 

chromium, aluminum and nickel. Failures occur majorly due to impact of exhaust pipe with 
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rough and undulated ground and corrosion of exhaust system parts which arises as a result of 

undue exposure to unfavorable environmental conditions and thermal cycling. 

            2 Six different CGI was produced from locally sourced materials with varying microstructure 

tagged C1, C2, C3, C4, C5, and C6 based on the failure analysis that was carried out. 

            3 Results from the microstructural analysis shown that CGI was produce with C1 and C2 having a 

microstructure close to gray cast irons, C3 and C4 are pure CGI and C5 and C6 has a structure 

close to ductile cast iron structure. 

           4 It can be deducted from the mechanical test results, 240HBN and 204HBN for C1 and C4 are the 

maximum and minimum hardness values respectively in the produced samples. While 1.5MPa 

and 600% for C4 are the highest values for tensile strength and ductility result respectively. The 

difference in the impact resistance from C1 to C6 is not much (C1 is 42.2J/mm2,, C5 is 

34.2J/mm2 ), C4 value of 35.9J/mm2  is an accepted standard in the production of exhaust system 

materials inline with [37] . 

          5 Having carried the research work, it is concluded that the CGI produced is suitable for the 

production of exhaust system parts with C4 being adapted because of its unique mechanical 

properties, follow by C5. 
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