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Abstract 

This project mainly investigated how the niobium (Nb)  content influences the 
microstructure and mechanical properties of grey cast iron. Considering the mechanism, 
the study also analyzes the relationship between microstructure and mechanical 
properties. Generally, the work is based on 127 test bars/samples from two cylinder heads 
and three batches of plates, which were studied by measuring tensile strength, 
microhardness, graphite size, carbide amount and chemistry. The result data has been 
evaluated with statistical methods. 

The experiments mainly included the preparation of the samples for test and analysis. 
The mechanical properties in this study are evaluated by the tensile strength of the grey cast 
iron. Meanwhile, various microscopies were applied to observe how niobium and 
cooling rate influence the microstructure. 

Finally, from the analysis results, it tells that the niobium does affect the tensile strength 
of grey cast iron. Higher the niobium content is, higher the tensile strength is. The 
computed result based on the data also shows niobium’s strong effect. The faster 
cooling rate will increase the tensile strength and pearlite microhardness of grey cast iron as 
well. The carbide amount of grey cast iron can be increased by the addition of niobium 
content. 

Furthermore, some future work needs to be done to explain the unsolved problem in 
this result. The reasons of why a specific position A-2-d of plates has high values of 
tensile strength demand more microstructure investigation. For the niobium 
influence, more experiments and data containing a larger range of niobium content also 
need to be done to prove the mathematics results in this 
report.



Sammanfattning

Detta projekt undersökte huvudsakligen hur innehållet av niob (Nb) påverkar gråstålens 
mikrostruktur och mekaniska egenskaper. Med tanke på mekanismen analyserar 
undersökningen även förhållandet mellan mikrostruktur och mekaniska egenskaper. Arbetet 
baseras i allmänhet på 127 provstänger / prover från två cylinderhuvuden och tre satser av 
plattor, vilka studerades genom mätning av draghållfasthet, mikrohårdhet, grafitstorlek, 
karbidmängd och kemi. Resultatdata har utvärderats med statistiska metoder.

Experimenten inbegriper huvudsakligen beredningen av proven för test och analys. De 
mekaniska egenskaperna i denna studie utvärderas av gråstålets draghållfasthet. Under tiden 
applicerades olika mikroskopier för att observera hur niob- och kylhastigheten påverkar 
mikrostrukturen.

Slutligen, från analysresultaten, berättar den att niobet påverkar draghållfastheten hos 
grågjutjärn. Ju högre niobinnehållet är, desto högre är draghållfastheten. Det beräknade 
resultatet baserat på data visar också niobins starka effekt. Den snabbare kylhastigheten ökar 
också draghållfastheten och pearliten-mikrohårdheten hos grågjutjärn. Karbidmängden av 
grågjutjärn kan ökas genom tillsats av niobhalt.

Vidare måste vissa framtida arbeten göras för att förklara det olösta problemet i detta 
resultat. Skälen till varför en specifik position A-2-d av plattor har höga dragkrafter kräver 
mer mikrostrukturundersökning. För niobinpåverkan måste fler experiment och data som 
innehåller ett större antal niobinnehåll också göras för att bevisa matematikresultaten i 
denna rapport.
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1 Introduction 

1.1. Goal of this thesis 

The goal of this thesis has been to investigate if a proper niobium content can strengthen the 
mechanical properties of grey cast iron. It is thought a promising additive for the mechanical 
strength of grey cast iron. UTS (Ultimate Tensile Strength) is the main mechanical property 
that is evaluated in this thesis. Moreover, niobium’s influence on the microstructure and the 
connection between microstructure and mechanical properties are also observed. On the 
other hand, the cooling rate during casting has been investigated in former Volvo’s study 
about its influence on the properties of grey cast iron. Herein, some data in this work will 
assist by more evidence about it. In details, the microstructural features that are mainly 
focused on are pearlite, carbide, and graphite.  

The grey cast iron materials are taken from two different parts in the engines of Volvo trucks. 
They are cylinder heads and plates. Simulation of cylinder heads and plates was used to give 
cooling rate and solidification time during the casting experiments. 

1.2. Social and ethical aspects 

As niobium is predicted as a promising alloying element for the grey cast iron, this study did 
some experiments and analysis to see whether and how it will bring to the mechanical 
properties of the grey cast iron. On the other hand, seeking for various methods to improve 
the performance of the vehicles is essential for the automobile company and also the whole 
industry. These improvements have to be started from very basic research, for example, the 
engine materials modification. Engines are always the core component of the vehicles. For 
Volvo Group, the research work mainly focuses on the engines. Herein, this study belongs to 
a project for engine material improvement in Volvo GTT. 

In recent years, with hundreds of years of industrial development, the effect of human’s 
activity on environments and nature raise people’s attention. Pollution and sustainability 
problems are concerned most nowadays. Hence, the transformation of the automobile 
industry from oil/gas energy-based to electric energy-based is on-going. New energy vehicles 
have been more people’s preferred choice. At the same time, the transformation and 
revolution of a new kind of products must be developed with more advanced technology and 
performance. The upgrade of vehicles cannot separate with all parts of the investigation, 
including the materials work in this study.  

1.3. Niobium 

Niobium is a chemical element with symbol Nb and atomic number 41. It is a soft, grey, 
crystalline and ductile metal, which is known as columbium. This metal will oxidize in the air 
over 200°C, so niobium must be stored in a protective atmosphere to avoid the oxidation. It 
is usually used as an alloying element to increase the steel’s strength. In the alloying of 
stainless steel, niobium can be used in arc-welding rods for stabilized grades of the steel. The 
Nb-Zr wire, which possesses superconductivity in strong magnetic fields, benefits from 
niobium’s good superconductive properties. Besides, niobium is also commonly used in 
jewellery products. 
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1.4. Grey Cast Iron 

1.4.1 The definition of grey cast iron 

Grey cast iron is defined as an iron-carbon alloy with a graphite-flake microstructure. It 
normally has 2-4 % carbon and 1-3 % silicon. There are also some other alloying elements in 
grey cast iron aiming for different mechanical properties. Grey cast iron is a common 
engineering alloy with good machinability, thermal conductivity, less solidification shrinkage 
and low cost. It is widely applied as the material of cylinder heads and blocks, cylinder liners, 
brake discs, camshafts and so on. 

1.4.2 Microstructural constituents 

In grey cast iron, microstructural constitutes like graphite, pearlite, cementite, austenite 
influences a lot on the performance. According to the iron carbon phase diagram Figure 1. 

 

 

 

Figure 1 Iron Carbon phase diagram[1] 

Graphite is formed at the eutectic temperature (around 1150°C for cast iron). It usually grows 
with the austenite and form a eutectic structure. Graphite can have different shapes like 
flakes, nodules or worms. Herein, the graphite of grey cast iron is flake-shape. Since the 
graphite is soft and has no strength, the graphite morphology is very important for the 
properties of cast iron. 

Pearlite is a eutectoid phase composed of ferrite and cementite. The ferrite and cementite 
grow as parallel lamellas with spacing in themicrometre range. It forms at the similar 
temperature as ferrite but is a metastable phase.  

Cementite is a common type of carbide, Fe3C. When the cooling is fast, the carbon can be 
precipitated as carbide instead of graphite. Depending on different solidification conditions, 
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the cementite can have different shapes. The carbides are extremely hard, which has a large 
influence on the mechanical and machining properties.  

Austenite is formed from the liquid (1150-1200°C for cast iron). It shows in a tree- or 
snowflake-like shape, which is also known as dendrites phase. However, the austenite will be 
transformed into ferrite and/or pearlite at eutectoid temperature. 

1.4.3 Cooling rate 

Cooling rate is a vital parameter for the microstructure and mechanical properties of grey 
cast iron. The cooling rate can be obtained from the cooling curve by thermal measurements. 
The data can also be obtained by computer simulation. 

The cooling rate influence iron’s mechanical properties by affecting the formation and 
transformation of microstructure constituents. If the cooling rate is higher than a certain 
level, the austenite-pearlite transformation will be stopped, and the martensite will start to 
form. 

 

Figure 2 Typical cooling curve 

1.4.4 The influence of alloying elements on the microstructure 

The alloying elements is also a key parameter for grey cast iron. The main element that was 
investigated in this research is niobium. 

Some common alloying elements of grey cast iron are C, Si, Cr, Mn, Cu, Ni, Mo, V, Sn, P and 
S. Some of them are beneficial for the mechanical properties while some are harmful. In 
addition, a proper content for each element is also important for their effect.[8] 

The specific influence of these alloying elements can be seen in Table 1. 
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Table 1 The influence of various alloying elements on microstructure 

Silicon Decrease chills and carbides 
Raises the carbon equivalent 
Stabilize the ferrite 
Contribute to coarser or softer pearlite 

Chromium Increase tendency to chill and stabilize the carbides 
Stabilize the pearlite strongly 
Do not give finer pearlite 

Manganese Stabilize the pearlite strongly 
Give large cells and coarse or undercooled graphite if content is high 
Contribute to a somewhat finer pearlite 

Copper Decrease chills and carbides 
Relatively strong pearlite stabilizer 
Small contribution to finer pearlite 
Can partly replace silicon without stabilizing ferrite 

Nickel Decrease chills and carbides 
Weak pearlite stabilizer 
Can partly replace silicon without stabilizing ferrite 

Molybdenum Contribute to finer pearlite 
Used together with pearlite stabilizing elements 
Increase high temperature strength and creep resistance 
Mainly used in cylinder head alloys 
Expensive 

Vanadium Stabilize the pearlite 
Contribute to finer pearlite 
Increase the chilling tendency and carbides amounts 

Tin Very strong pearlite stabilizer 
High content makes the materials brittle 

Phosphorous Form Fe3P and does not solidify until 950°C. Then segregated to the cell 
boundaries. 
Not desirable in most applications but intentionally added in some specific 
materials like cylinder liners. 

Sulfur Form MnS and increase the machinability 
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2 Literature Review 

2.1 Mechanical properties of grey cast iron 

2.1.1 Tensile Strength 

Normally, the tensile strength of grey cast iron is thought to be low. While it was applied in 
many essential products, for example, some parts of vehicles. To satisfy product 
requirements, the tensile strength of grey cast iron materials need to reach a certain level. So, 
to find a way to improve the tensile strength effectively can be a big research issue in 
automobile industry.  

There are several parameters that can influence the tensile strength. These parameters 
change the tensile strength by influencing the micorstruture, e.g. graphite morphology, 
primary austenite content, pearlite refinement, eutectic cell count and alloying element.[3]  

For example, a fine type A graphite, more primary austenite amount, a fully pearlitic matrix 
and a fine pearlite structure can contribute to a higher strength for grey cast iron. In addition, 
some alloying elements have positive effect on the tensile strength like Mn, Cu, Mo, Cr and V 
while some others like P and Si have negative effects. 

The influence of carbon content can be evaluated by carbon equivalent (CE) value. It can be 
calculated by the following equation (Volvo standard): 

CE(VOLVO) = C % + ∙ Si % + ∙ P %                     Equation 1 

The CE can partly predict the tensile strength since it gives an approximate balance between 
the austenite and the graphite. According to the study on the relationship between CE and 
tensile strength, lower CE value can increase the grey cast iron’s strength. 

2.1.2 Hardness 

Hardness is an important property of the grey cast iron, which has strong relationship with 
wear resistance, machinability and tensile strength. If the material is too hard, more difficult 
the machining could be. 

Parameters that can influence the hardness are similar to those for tensile strength. They are 
the graphite morphology, matrix structure, eutectic count, pearlite morphology, carbide 
fraction and alloying elements. 

The Vickers hardness method was applied in this study to evaluate the pearlite micro 
hardness of the grey cast iron.  

The basic principle of Vickers hardness measurement is to observe the materials’ resistance 
to the plastic deformation from a standard source. The Vickers hardness can be used to 
estimate the tensile strength of the materials. 

2.2 The influence of carbide amount on the machining operation of tensile bars 

Normally, there are several different mechanisms to explain the wear activity during 
machining. They are abrasion, adhesion, diffusion, and sometimes the plastic deformation of 
tool materials. In previous reports, abrasion mechanism was concerned in most times. It was 
attributed to the existence of large amount of various hard, abrasive phases.[6]  
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According to the research on the relationship between the microstructure and the wear 
properties, hard carbides will significantly influence the wear resistance of the grey cast iron. 

[6]   

Horier, et. al. has investigated the flank development difference of two materials, Alloy 718 
and Waspaloy, which has different microstructure. As is shown in Figure 3, the Alloy 718 with 
more primary carbides than Wasplay. During tool life test, the tool show significantly faster 
flank wear when associating with Alloy 718 compared with Waspaloy. The result is shown in 
Figure 4, which indicates Alloy 718 is harder than Waspaloy. [6] 

 

Figure 3  Summary of quantification of primary carbides and inclusions by image analysis on 
a total area of around 15.5 mm2 for each alloy. [6] 

 

Figure 4 Flank wear development when machining Alloy 718 and Waspaloy with two feed 
rates. Other cutting parameters are: vc = 45mm/min and ap = 1mm. [6] 

Abrasion is thought to be the main active wear mechanism. The type and amount of hard 
abrasive phases like carbides could play an important role in the wear process. In addition, 
carbides like NbC is possible to break into smaller fragment when deformation happens in 
the tertiary shearing zone. [6]  And the smaller fragments lead to that the flank wear occurs on 
a smaller scale than the size of primary carbides and inclusions. 

2.3 The influence of Niobium on the properties of grey cast iron 

2.3.1 Microstructure 

Niobium has some positive metallurgical effects when alloying to both hypo- and 
hypereutectic iron. It can refine the microstructure of grey cast iron in their eutectic cell size, 
graphite structure and pearlite lamellar spacing. Niobium can affect the graphite nucleation 
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during the solidification period. It can also narrow the temperature hysteresis between the 
formation of ferrite and pearlite. In addition, some hard NbC carbides will formed, which 
lead to the increase of wear resistance.[2] 

The niobium addition ought to be below 0.5 % in grey cast iron due to its high affinity to the 
carbon. Within this level, the niobium is able to bring a higher stability of the austenite, an 
increase in micro hardness, a small refinement of graphite structure and the precipitation of 
small carbides.[3] 

2.3.2 Graphite Morphology 

When the niobium content increase to 0.29 % in grey cast iron, the graphite refines 
significantly. The finest graphite size can reach 0.85 %. The average diameter of eutectic cells 
is about 497um for 0.29 %Nb grey cast iron.[2] All data suggest that the effect of niobium 
additions on the cell size is quite strong when its content is around 0.2 %. While if the 
content is higher, there happens a weaker effect. 

The mechanism for the niobium refinement on the graphite morphology can be explained 
from two aspects. [2] On one hand, the small NbC will merge together, then grow into large 
particles. While some residual small NbC precipitates remain during the cooling period below 
the eutectic temperature. The small NbC can form the heterogeneous nucleation sites for 
graphite in the eutectic reaction. Finally it will increase the nucleation rate and refine the 
graphite morphology. On the other hand, the niobium can help keep the graphite small and 
short by obstructing carbon from moving during the solidification period,.which will restrict 
the graphite growth. 

2.3.3  Carbide Formation 

When the niobium content is over 0.1 %, primary NbC carbides will be formed firstly in the 
liquid iron. The formed carbides can play a role as the nuclei for the following eutectic 
reactions. That is the reason why the niobium can refine the eutectic cells. While if niobium is 
over 0.2 %, primary carbides will form at elevated temperatures and then become coarser 
later.[7] 

The structure of NbC carbide are cubic face centred structure. Hence, the primary NbC 
carbides could appear in different forms. Then grow to large carbides before casting.[2]  

However, the formation and morphology of NbC can be influenced by secondary 
metallurgical treatment of melt. The affinity of Ti to C and N is higher than that of Nb. Thus, 
primarily Ti(C,N) nuclei are formed while Nb grows to small cubes. Furthermore, if FeNb was 
added in a relatively late to the melt, it will shorten  the growth period for NbC precipitates. [2] 

2.3.4 Pearlite Lamellar Spacing 

The niobium can also influence the pearlite lamellar spacing of grey cast iron. The pearlite 
spacing is controlled by the austenite-to-pearlite transformation(eutectoid) temperature. The 
lower transformation temperature, the higher nucleation rate and the finer structure are. If a 
proper amount of niobium is added, the transformation temperature can be decreased. In 
Figure 5, the red line is the cast iron with 0.019 %Nb and the blue line is with 0.097 %Nb. 
Their eutectic transformation happened in 996K and 975K, respectively. Cast iron with a 
higher niobium content gives a lower transformation temperature, which can bring a lower 
pearlite spacing, a finer structure. And the result in Figure 6 proved this conclusion.[4] 
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Figure 5 Eutectic transformation temperature of cast iron with different niobium content. [4] 

 

Figure 6 Variation of pearlite lamellar spacing with niobium content. [4] 

2.3.5 Wear Resistance and Hardness 

Normally, there are two methods to increase the wear performance. The first one is to 
increase the total hardness by increasing the percentage of cementite→more crack sensitive 
material. The second is to increase the total amount of carbide→risk to offset the balance 
graphite and carbide.   

As the niobium content increased, both the hardness and wear resistance improved. It is 
obvious that the refined structure (graphite and pearlite) demonstrated superior hardness. 
And the aggregation of niobium-rich phase in high niobium-content alloy may be another 
reason for the higher hardness. 
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2.3.6 Tensile Strength 

The niobium addition can lead to an increase in the number of eutectic cells on the formation 
of finer graphite flakes and refinement of pearlite, which resulting in the improvement of 
tensile strength. However, according to previous study, only when the niobium addition is up 
to a certain level (~0.2 %), it can probably compensation the strength loss caused by the 
increasing carbon equivalent and for the graphite morphology control.[2] As is shown in 
Figure 7, there are two stages. When the niobium content is below 0.2 %, the UTS increases 
with the growing niobium content rapidly. While after that, the tensile strength remains 
almost constantly. 

 

Figure 7 Ultimate tensile strength of niobium alloyed hypereutectic grey iron[2] 

Another study also points out that high niobium content hardly helps increase tensile 
strength. While the value is 0.4 %. Higher levels of niobium are found as niobium carbides 
located inside the austenite dendrites. [7] The content of niobium ranging from 0.25 % to 0.5 % 
is recommended for high tensile strength of grey cast iron.  The specific extreme value of 
niobium content depends on different grey cast iron. 
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3 Experiments 

3.1 Experimental Methods and Procedures 

The casting of the cylinder heads and plates are both performed in the Skövde Foundry, on 
2016-09-08 and 2018-04-10 respectively. The geometry of cylinder head and plates is shown 
in Figure 8 and Figure 9. The materials to be investigated in this study are from cylinder 
heads Y2 and Y4, plates M1, M8 and M10. The basic alloy data of these moulds is shown in 
Table 2.  

One mould of plate cast together with M8 and M10, included thermocouples in it, which is 
used to calibrate the simulation model.  

Table 2 Basic Data of Casting Moulds 

 

 

Figure 8 Geometry of Cylinder Head 

 

Figure 9 Geometry of Plates 

 

Mould Material Designation Grey Iron 
Y2 VIG275+0.01 %Nb 
Y4 VIG275+0.26 %Nb 
M1 VIG275+0.014 %Nb 
M8 VIG275+0.077 %Nb 
M10 VIG275+0.128 %Nb 
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3.2 Chemical Composition 

The vital elements’ chemical composition is as shown in Table 3. The completed composition 
is provided in Appendix B. 

Table 3 Chemical composition of materials to be study. 

 

3.3 Computer Simulation  

The simulation was performed by Magmasoft (version 5.3). For plates, the model needs to be 
calibrated by the cooling curve got from plates with thermocouples. The cooling curve in the 
model need to be modified to get as close as possible to the reality. In the simulation, the 
alloying material was defined as “GJL-300” and sand material as “Silica sand”. 

After the simulation completed, all the points in the model can give cooling rate and 
solidification time value used for the sample position selected and data analysis in this study. 

3.4 Sample Preparation 

The tensile test bars and microsamples were cut from the same positions in different cylinder 
heads and plates.  

Since the main purpose of the cylinder head study is to compare the mechanical properties 
between Y2 and Y4, the samples for tensile test will be chosen from some positions in Figure 
10. Then they will be name as Y2/Y4-CP”X”. The microstructure samples for cylinder head 
were selected with a distribution of cooling rate and solidification time according to the 
simulation results. 

 

Figure 10 Tensile test bars position of cylinder head 

For M1, M8 and M10, each has 7 thin plated and 7thick plated. As is shown in Figure 11, they 
are named as A1-A7(thin) and B1-B7(thick), and there are x, y and z as the name of pin 
samples. For each plate, they are divided into a-g from left to right. Then the tensile test bars 

Mould Nb C Si Mn P S Ceq 

Y2 0.01 3.29 1.9 0.61 0.03 0.07 3.78 
Y4 0.26 3.28 1.92 0.62 0.03 0.08 3.78 

M1 0.014 3.27 2.00 0.58 0.025 0.074 3.78 

M8 0.077 3.38 1.92 0.65 0.025 0.086 3.87 
M10 0.128 3.38 1.94 0.67 0.022 0.086 3.87 
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will be named as Mould number (1,8 or 10)A/B-Plate number(1~7)-position number(a~g), 
for example, 1A-1-a.  

 

Figure 11 Tensile test bars position of plates 

For the microstructure samples, since it can use only one surface to be investigated, they will 
be give the surface number as Figure 12 shows based on the name of samples introduced 
above. 
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Figure 12 Microsamples position of plates 

All the microsamples were mounted into cylinder samples with the same diameter and 
similar thickness by plastic materials. After mounting, they were polished to show detailed 
microstructures. Then the image analysis by light optical microscope, micro-hardness testing 
and SEM analysis were done. 

3.5 Tensile Testing 

The tensile test bars were machined and tested by Swerea Swecast, Nyköping. All the samples 
were shaped into Type 7c35 (7: waist diameter mm; c: cylindrical 35: waist length). The 
schemetic of the bars can be seen in Figure 17 

 

Figure 13 Schematic of tensile test bars 7c35 after machining 
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3.6 Light Optical Microscopy 

3.6.1 Graphite Morphology 

The graphite morphology includes the form, distribution and size of graphite. The light 
optical microscopy with software Leica Q-win is applied in the research of graphite 
morphology. For each sample, 8 x 8 = 64 pictures will be catched and graphite on them will 
be identified automatically. Before the microscopy study, a proper field need to be estimated 
at first and the start point need to be marked by pen. The results of the software will contain 
the length and amount of graphite. 

The graphite morphology is mainly influenced by the solidification time. It can show some 
correlation with the mechanical properties. 

Different types of graphite can be seen in Figure 14.  

 

Figure 14 Different types of flake graphite 

3.7 Vickers hardness Testing 

The microhardness of the materials was measure with the Vickers hardness method by using 
Struers EMOCOTEST, seen in Figure 15. The load is 100 g for all the testing samples. 
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Figure 15 Struers EMOCOTEST hardness tester 

The microhardness that was focused is the hardness of pearlite structure. After setting the 
load and the diameter, positions to be test can be selected by using the camera to see the 
microstructures of samples. That is effective to avoid test on other phases like graphite and 
carbides.  

3.8 Scanning Electron Microscopy 

3.8.1 Carbide amount counting 

In order to observe the carbides clearly, the scanning electron microscopy (SEM) was applied 
here. The carbide shape and composition can be measured by using SEM-EDS combination. 
SEM help give a good view of the shape and position of the carbides and EDS can recognize 
the composition of the carbides selected to be evaluated. 

To compare the carbide amounts among different moulds, a same magnification of 600x was 
used on each non-etched microstructure sample. 15 or 20 photos were taken randomly by 
SEM for one and the average carbide amount was calculated to compare. 
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4 Results 

4.1 Simulation Results 

4.1.1 Simulation calibration of Plates 

The simulation results need to be calibrated by comparing the cooling curves obtained from 
the thermocouple data in the mould. The thermocouple positions are shown in Figure 16. 

 

Figure 16 Thermocouple positions 

4.1.2 Cooling rate and solidification time of samples 

After simulation completed, the positions of sampled need to be prepared and investigated 
were selected due to proper cooling rate and solidification value distribution. The 
distribution of solidification time and cooling rate samples is shown in Figure 17, Figure 18, 
Figure 19 and Figure 20. 
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Figure 17 Tensile test samples selected for Cylinder heads 

 

Figure 18 Microstructure samples selected for Cylinder heads 
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Figure 19 Tensile test samples selected for Plates 

 

Figure 20 Microstructure samples selected for Plates 

4.2 Cylinder Head 

4.2.1 Tensile Strength 

For the two cylinder heads Y2 and Y4, samples from the same positions were selected to be 
compared. As is shown in Figure 21, except Y2-CP0 and Y4-CP11, all the other samples have 
their corresponding one. Every pair has the same cooling rate, solidification time and other 
elements content except Nb. For each position, the UTS of Y4(0.26 %Nb) is higher than that 
of Y2(0.01 %Nb). 

The UTS of cylinder head is plot as a function of cooling rate in Figure 22. The cooling rate of 
cylinder heads samples is relatively low and together. There is no obvious relationship 
between UTS and cooling rate here. 
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Figure 21 UTS comparison between Y2(0.01 %Nb) and Y4(0.26 %Nb). 

 

 

Figure 22 Tensile strength versus cooling rate of cylinder head 

The UTS is plot as a function of solidification in Figure 23. The blue points belong to Y2 
tensile bars and the red ones are Y4 tensile bars. Comparing them vertically in the figure, the 
Y4 with higher niobium content has stronger tensile strength within the same solidification 
time. From the horizontal view, they have a general trend that the samples experiencing 
longer solidification time have higher tensile strength.   
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Figure 23 Tensile test versus Solidification time of Cylinder Head 

4.2.2 Carbide amount 

Three pairs of microstructures samples in three positions were selected to do the SEM tests 
with a magnification of 600. The position MS-1 has a solidification time of 273.764. The 
position MS-3 has 291.621 and MS-6 has 241.686. For these six samples, 15 SEM photos were 
taken by random position for each. All the pictures are provided in Appendix 10. Some typical 
SEM results are shown in Figure 24.  

 

 

Figure 24 The SEM photos of Y2 and Y4 microstructure samples 

Carbide amounts were counted in each photo and the mean value was calculated. The result 
is plot in Figure 25 
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Figure 25 The average carbide amount of Y2(0.01 %Nb) and Y4(0.026 %Nb) samples 

Compared with Y2, the average carbide amount of Y4 is much larger. For MS-1, Y4 has 6.27 
carbides on average while Y2 only has 0.67. Similarly, Y4-MS-3 has 7.20 and Y2-MS-3 has 
0.53. Y4-MS-6 has 9.67 and Y2-MS-6 has 1.93. The average carbide amount of Y4 is 5-
10times larger than that of Y2. Niobium content do affect the amount of carbide formation of 
grey cast iron. 

4.2.3 Microhardness 

The microhardness test was done on 12 samples, respectively from Y2 and Y4. For each 
sample, there happened 20 times test. The mean value of microhardness vs. cooling rate of 
these two cylinder heads is plot in Figure 26. 

However, no direct influence of cooling rate or niobium content by horizontal or vertical 
observation from this figure.  

 

Figure 26 Microhardness vs. cooling rate (Cylinder heads) 
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4.3  Plates 

4.3.1 Tensile test 

The tensile test results of Plates Mould 1, 8 and 10 is plot as the function of cooling rate in 
Figure 27. In general, they follow a trend that the UTS results increase with the cooling rate 
increases. However, as is shown in the figure, the three red points has extremely high tensile 
strength compared with the points has similar cooling rate with them. These three points are 
M1A-2-d, M8A-2-d and M10A-2-d, which come from the same position from different 
moulds.  

 

Figure 27 Tensile test results versus cooling rate of Plates 

The UTS results versus solidification of all the plates samples can be seen in Figure 28. The 
three “outlier” red points are the A-2-d positions as well. Except that, the tensile strength 
decreases with longer solidification time. And when the solidification time is longer than a 
certain level (~400s), the tensile strength tends to keep in a steady level. Some very low value 
“outliers” also exist. 

 



23 
 

 

Figure 28 Tensile test results versus solidification time of Plates 

When the UTS results was plot by their different niobium content, the result is shown in 
Figure 29. The blue points are all the UTS values of three plates, while the red value is the 
mean value of each. The mean UTS shows that has a positive increase relationship with the 
niobium content. In other words, the niobium content has a positive influence on the 
mechanical properties of grey cast iron. 

 

Figure 29 Plates' tensile Strength as a function of Niobium content 

4.3.2 Statistical regression analysis of tensile strength 

Mathematics was used in the analysis of the influence of various parameters on the UTS of 
grey cast iron. The parameters include cooling rate DT/Dt), the solidification time(ts), carbon 
equivalent (CE) and niobium content (Nb). 

This statistical regression analysis is based on the data of all the samples in Mold 1, 8 and 10.  
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After excluding some outliers, the correspondence of computed tensile strength versus 
measured tensile strength is shown in Figure 30.  

The simulated result follows the following equation: 

UTS = 282.0 − 0.1059ts + 66.9 + 85.9Nb + 0.000074(ts)          Equation 2 

 

Figure 30 Measured versus computed tensile strength excluding outliers 

The coefficient of  %Nb in the equation is 85.9, which prove that niobium content does 
influence the tensile strength to some extent. The coefficient of cooling rate is 66.9. This 
result corresponds to the UTS-Cooling rate plot of plates. Compared with the cooling rate and 
niobium content. The influence of solidification time is little, and CE is not involved after 
computing. 

When the equation is put into coordinate graphs to verify, it shows a curve in Figure 31. 
However, the curve is tricky that when the solidification time is over ~700s, the UTS starts to 
increase due to the t2 term. This increase is not corresponding to the real condition and 
illogical. Hence, computed equation is only valid when the solidification time is up to 700s.  
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Figure 31 Verification of statistical analysis result equation 

4.3.3 Microhardness Vs. Cooling rate 

The microhardness test results are plot with cooling rate in Figure 32. There is a clear 
correlation between the microhardness and cooling rate of Plates. While the parallel 
comparison among M1 M8 and M10 did not show any niobium influence. 

 

Figure 32 Microhardness results of Plates 

4.3.4 Graphite  

Maximum graphite length vs. Solidification time 

In Figure 33, the maximum graphite length Lmax at the 99th percent is plot as the function of 
solidification time for M8 and M10. The Lmax gives a steady and clear increase with the 
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solidification time. The points of M8 and M10 follow a similar relationship between Lmax and 
solidification time. 

 

Figure 33 Maximum graphite length as a function of solidification time 

Graphite morphology 

Six typical graphite morphology photos were shown in Figure 34. Their solidification time 
can be found in Table 4. 

Table 4 The solidification time of microstructure samples in Mould 1 

Sample Name Solidification Time 
1A-2-a-1 223.35 
1B-2-c-3 961.7 
1B-5-e-3 477.8 

1-x 83.5 
1-y 104.2 
1-z 149.1 
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Figure 34 Micrograph of samples showing the graphite morphology[9] 

The graphite in 1A-2-a-1, 1B-2-c-3 and 1B-5-e-3 is mainly Type A graphite. And with the 
increasing solidification time, the graphite length is longer. 1-x has the shortest solidification 
time among all the sample and it has only Type E graphite. 1-y and 1-z both has a mixed 
graphite of Type D and Type E. And 1-z has more Type D graphite. That indicates between 
the solidification time 83.5s and 104.2s, the graphite start to transfer from Type E to Type D 
and this process continue over 149.1s. 

4.3.5 Carbide amount 

As is shown in Figure 35, in the same position, M10 has more carbide amounts than M8. 
Irons contain more Nb (M10) encourage the formation of carbides. 
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Figure 35 SEM photos of M8 and M10. 
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5 Discussion 

5.1 The influence of niobium content on UTS 

For cylinder heads, the result in Figure 21 shows that the samples of Y4 has significantly 
stronger tensile strength than that of Y2 when thay are compared by the same positions. The 
only difference of Y2 and Y4 is that Y2 has no niobium in composition but Y4 has 0.26 %Nb. 
Hence, the niobium content  

is the reason that changed the mechanical properties and lead to the increase of tensile test 
results. 

For each plate, since there are several variables affecting the final test results, for example, 
the cooling rate of plates samples ranging a lot, the relationshp between niobium content and 
tensile strength is shown by the the mean value of tensile strength.  For different plates, the 
same positions also share the same cooling rate and solidification time. So, then the mean 
value can remove the influence of various cooling rate and solidification time. For Mold 1, 
Mold 8 and Mold 10, they have respectively 0.014 %, 0.077 % and 0.12 %Nb. Their average 
tensile strength value shows a linearly increase to the niobium content, which can be seen in 
Figure 29. The results also were analyzed by tatistical regression equation. And the analysis 
result is the Equation 2. The coefficient of Nb is 85.9. Compared with other parameters, 
obviously, the niobium affects a lot to the UTS of grey cast iron. More niobium it contains, 
higher tensile strength it has. 

The results of cylinder heads and plates both show the same niobium effect. The addition of 
niobium will raise the tensile strength of grey cast iron. 

5.2 The influence of cooling rate on UTS 

The previous Volvo study has been working on the influence of  cooling rate on grey cast iron. 
Herein, further study and more data are collected and analyzed for it. From the result of 
cylinder head samples,  

there is no direct relationship on the plot of UTS and cooling rate, which can be seen in 
Figure 22. The reason might be that the cooling rate of the samples of cylinder head is too 
concentrated and the value is too low.  

However, for plates, the ralationship between UTS and the cooling rate follow a clear trend. 
The faster cooling rate is, the higher the tensile strength will be. This result in Figure 27 is 
similar to that found in previous Volvo study and experience. Except that there is a specific 
position in plates, their tensile strength is extremely high while the cooling rate is low. It has 
not been explained. This position is A-2-d is each plate mold. And this phenomenon 
appeared for the first time but in all the plates. And it has not been explained in this work.  

5.3 “Outliers” with low value analysis 

During the statistical regression analysis, some extreme high or low UTS values were thought 
as “outliers”. They will not be included in this data analysis. In this case, the outliers are 1A-
2-d, 8A-2-d, 8A-4-d, 8A-5-b, 10A-2-d and 10A-6-d. Among them, the samples in A-2-d has 
unnormally high value for tensile strengh. All the other samples has relatively low values 
compared with the general curves. 

Hence, the fracture suiface were observed, porosities were found in all the outliers except A-
2-d. And these porosities are the cause of decreasing the tensile strength. 

The porosities SEM pictures are shown in Figure 36. 
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Figure 36 Porosities in the "outlier" samples 

5.4 The influence of niobium content on carbide amount 

Some SEM photos were taken to see the amount of carbides. However, The problem is the 
method to counting carbides consume much time and efforts. Since the the resources and 
time is limited, here the result is only qualitive but not quantitive. 

For both cylinder heads and plated, the niobium content increases a lot on the amount of 
carbides formation. The photos for the same positions compared between Y2 and Y4 can be 
seen in Figure 24 and between plates can be seen in Figure 35. Obviously, with more niobium 
content, the carbide amount is more.  

5.5 Microhardness  

For cylinder heads, the microhardness shows no correlations with cooling rate. The reason 
might be the same with that UTS vs. cooling rate for plates. It is shown in Figure 26. 

The relationship between microhardness and cooling rate is positive in plates as shown in 
Figure 32. When the cooling rate increases, the microhardness increases. This influence is 
also similar with the cooling rate influence on tensile strength. In other words, to some extent, 
the microhardness increase with the tensile strength property. 

However, for both of them, the niobium content does not show any influence on the 
microhardness. 

5.6 Graphite morphology 

The graphite lengths have a steady increasing relationship with the solidification time. Their 
correlations can be seen in Figure 33. After a solidification of around 550s, the maximus 
graphite length will not increase with solidification time any more. 

Another  interesting observation in this experiments is that the graphite seems to transform 
from Type E to Type D between a solidification time of 83.5s and 104.2s. In Figure 34, 1-x has 
pure Type E, while 1-y and 1-z has some Type D. Between this solidification time, the 
transformation starts. This phenomenon was found in each plates. 
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6 Conclusion 

The grey cast iron with different niobium content in a range from 0 % to 0.3 % has been 
investigated in this study. It was found that their mechanical properties and microstructure 
will be influenced by the niobium content and the cooling rate during a casting process. 

Analysis of the grey cast iron is mainly about their tensile strength, and the microhardness, 
graphite morphology and carbide amounts in its microstructure.  

The results show that larger niobium content can increase the tensile strength of grey cast 
iron. For microstructure, it will also raise the carbide amounts. At the same time, a faster 
cooling rate is able to increase the tensile strength and carbide amount of grey cast iron as 
well. Except that, it can increase the microhardness which niobium content shows no 
correlations with. 

Finally, the statistical regression analysis of all the data was done. The result equation also 
suggests that niobium content and cooling rate have strong effects on tensile strength for 
these grey cast iron materials.  
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7 Future Work 

There are still some problems remained to be solved in future work. First of all, the position 
A-2-d in plates always have a very high value of tensile strength. The reasons have not been 
found. So, more microstructure investigation needs to be done in this position to explain this 
phenomenon. Secondly, the pearlite spacing is also an important parameter affecting the 
mechanical properties. Whether the niobium content will influence on the pearlite spacing of 
grey cast iron need to be seen according to more experiment. Thirdly, as the results show that 
the niobium will increase the carbide amount in the grey cast iron, mechanical properties 
might be changed by the NbC carbides. This need to be studied on in the future as well. 

Finally, more experiments and data containing variable niobium content to test and prove 
the mathematics results of Nb influence.  
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Appendix A Machining shape of tensile bars   
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Appendix B: The chemical compositions of materials 

Mould Nb C Si Mn P S Cr Ni Mo Cu Sn Ti (V) (Sb) Ceq 

Y2 0.01 3.29 1.9 0.61 0.03 0.07 0.13 0.05 0.22 0.89 0.05 / / / 3.78 

Y4 0.26 3.28 1.92 0.62 0.03 0.08 0.13 0.05 0.27 0.88 0.05 / / / 3.78 

M1 0.01 3.27 2.00 0.58 0.02 0.07 0.12 0.04 0.20 0.92 0.05 0.01 0.0 / 3.78 

M8 0.07 3.38 1.92 0.65 0.02 0.08 0.13 0.04 0.22 0.91 0.04 0.01 0.01 0.01 3.87 
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Appendix C: The position of Cylinder heads microsamples. 
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Appendix D: The relationship between Lmax and solidification time   
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Appendix E: Carbides amounts in SEM photos 

Y2-MS-1: 
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Y2-MS-3: 

 



44 
 

Y2-MS-6: 

 



45 
 

Y4-MS-1: 
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Y4-MS-3: 
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Y4-MS-6: 
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M8-2-c-3: 
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M8-x: 
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M8-z: 
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M10-2-c-3: 
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M10-x: 
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M10-z: 
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