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                       ABSTRACT 

 

Automotive industries have been putting extensive effort into producing engine materials 

considering resistance and weight of the engine material. This material should withstand 

higher combustion pressure and in the meantime should be lighter. Compacted Graphite 

Iron (CGI) is a material that could allow achieving these design requirements. But the 

variation of the CGI material and mechanical properties are very high within the given 

specifications. 

 

The thesis is focused on classifying CGI according to its material and mechanical properties. 

Impact Acoustic Testing method is a Non Destructive Testing method which is fast and might 

be able to classify the CGI materials based on its properties. The method can measure the 

structural response of a part. Its volumetric approach tests the whole part providing 

objective and quantitative results. 

 

The result was that the method could able to distinguish between gray iron and CGI, and 

could distinguish partly among CGI.  
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1 Introduction 

1.1 Research Background 

Automotive industries have been putting extensive effort into producing engine materials 

considering resistance and weight of the engine material. This material should withstand 

higher combustion pressure and in the meantime should be lighter. Compacted Graphite 

Iron (CGI) is a material that could allow achieving these design requirements. But the 

variation of the CGI material and mechanical properties are very high within the given 

specifications. 

There are several methods of casting processes to produce CGI. Within these different types 

of production processes, the manufacturers are trying to produce CGI according to the needs 

of automotive industry. If in the CGI product the manufacturer added insufficient amount of 

magnesium, the strength of the material will be reduced. If there is too high amount of 

magnesium in the CGI product, the results may be undesirable properties. The variation of 

the amount of magnesium in melt can affect the CGI material and mechanical properties. 

This basic procedure of monitoring and control of magnesium amount must be controlled in 

order to produce the desired products. 

The main focused of this thesis is classifying CGI using Impact Acoustic Testing (IAT) method 

according to its material and mechanical properties.  

 

1.2 Objectives 

The main objective of this thesis is to assess if IAT is able to classify CGI material according to 

its mechanical properties. 
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1.3 Research Question 

CGI is a family of materials which properties may vary. For this thesis three different CGI 

materials and one gray iron were selected for the experiment. As table 3 shown, they have 

different material and mechanical properties. The researcher formulates the following 

research question. 

 Is IAT method sensitive enough to classify CGI in material and mechanical properties? 

To be able to answer the question; the theoretical base is collected from previous literatures 

in order to make possible to categorize these differences, and experimental work was 

conducted.  

1.4 Limitations of the Experiment 

In this thesis only three types of CGI and one gray iron have been taken into consideration 

(see table 3). 
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2 LITERATURE REVIEW 
This chapter is divided in two parts. In the first part, a review of some Non-destructive 

Testing Methods as well as a detailed survey about IAT is presented. In the second part, the 

microstructure and mechanical properties of CGI materials is reviewed. 

2.1 Non Destructive Testing (NDT) 

Non Destructive Testing (NDT) method is a wide group of analysis techniques used to 

evaluate properties of material, component or system without causing damage or destroy. 

These can provide reliable information and simultaneously make possible to save time and 

money in product or component evaluation and in research work.  

There are different types of NDT techniques. Such as; Acoustic Emission Testing (AET), 

Impact Acoustic Testing (IAT), Electromagnetic Testing (ET), Infrared Testing (IRT), Leak 

Testing (LT), Magnetic Particle Testing (MT), Dye Penetrant Testing (PT), Radiographic 

Testing (RT), Ultrasonic Testing (UT) and Visual Testing (VT) are commonly used techniques. 

From these different NDT techniques, the review is focused on IAT. 

2.1.1 Impact Acoustic Testing (IAT) 

IAT is a type of volumetric resonant inspection technique (RI) that measures the structural 

integrity of each part to detect defects on a component level [1]. Cracks, porosity, voids, 

missed processes in operations and material properties are some of defects that can be 

inspected by this technique. IAT offers reliable inspection, with quantitative, objective 

results. This technique is easily automated to eliminate human error with fast throughput for 

cost effective 100% inspection, simple and straightforward with minimal disruption to 

production. It measures the structural response of a part and evaluates it against the 

statistical variation from a control set of good parts to screen defects [1] [2]. Its volumetric 

approach tests the whole part, both for external and internal structural flaws or deviations, 

providing objective and quantitative results. This structural response is a unique and 

measurable signature, defined by a component’s mechanical resonances. These resonances 

are a function of part geometry and material properties and are the basis for IAT.  

IAT is basically experimental modal analysis simplified for application to high volume 

production manufacturing and quality control testing [2]. The IAT technique performs RI by 

impacting a part and “listening” to its acoustic spectral signature with a microphone. The 

controlled impact provides broadband input energy to excite the part and the microphone 
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allows for a non-contact measurement of the structural response. The part’s mechanical 

resonances amplify the broadband input energy at its specific natural frequencies, measured 

by the microphone above the background noise in the test environment [1]. 

The generic, step-by-step procedure is as follows:  

1. Excite the part with a known and repeatable force input. This force is typically 

generated by a controlled impact or actuator providing broadband or sinusoidal 

energy over the appropriate frequency range of analysis. 

2. Measure the structural response of the part to the applied input force using a 

dynamic sensor such as a microphone or accelerometer (vibration pickup) and a high-

speed analog to digital converter (ADC) with appropriate anti-aliasing filters. 

3. Process the acquired time data with a Fast Fourier Transform (FFT) for analysis in the 

frequency domain.  

4. Analyze the consistency of the frequency spectrum from part to part by comparing to 

a spectral template created from known good parts. Mechanical resonances are 

indicated as peaks in the frequency spectrum of the response. “Good” parts 

(structurally sound) have consistent spectral signatures (i.e. the mechanical 

resonances are the same among parts) while “bad” parts are different. Generally 

these templates are setup to evaluate the consistency of the frequency and 

amplitude of ten or fewer peaks. Any deviation in (a range of) peak frequency or 

amplitude constitutes a structurally significant difference that provides a quantitative 

and objective part rejection. 

 

By measuring the resonances of a part, one determines the structural characteristics of that 

part in a single test [1]. Typical flaws and defects adversely affecting the structural 

characteristics of a part are given in Table 1 for powdered metal, cast and forged 

applications. 
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Table 1: Typical structural defects detectable by resonant inspection [2]. 

  

 

 

 

 

 

 

 

 

 

 

 

2.2 Compacted Graphite Iron (CGI)  

Compacted Graphite Iron, also called Vermicular Graphite Iron is a form of cast iron in which 

the shape of the graphite particles is between Grey Iron and Ductile Iron [3]. The graphite 

particles in CGI are short, stubby, with round edges, and are in the form of interconnected 

clusters within the eutectic cells [4]. CGI material is ideally suited to meet the current and 

future requirements of engine design and performance. This material has at least 75% higher 

ultimate tensile strength, approximately twice higher fatigue strength and 40% greater 

elastic modulus than conventional Gray Iron [5].  

2.2.1 CGI Microstructure 

The graphite particles in CGI as shown in figure 1 (a), they appear as individual ‘worm-

shaped’ or vermicular particles. This grade is also known as vermicular graphite iron [6]. 

Although the particles are elongated and randomly oriented as in grey iron, the compacted 

graphite particles are shorter and thicker, and have rounded edges [3]. As shown in figure 1 

(b) deep-etched scanning electron micrographs, the individual ‘worms’ are connected to 

their nearest neighbors in a complex coral-like graphite morphology. Together with the 

rounded edges and irregular bumpy surfaces of the compacted graphite particles, the coral-
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like morphology results in strong adhesion between the graphite and the iron matrix, 

inhibiting crack initiation and providing superior mechanical properties [7].  

 
 

 

(a) (b) 

Figure 1 (a) Compacted Graphite Iron microstructure with 10% nodularity and (b)  Deep-
etched SEM micrographs show the true three dimensional graphite morphology (source 
sinter cast) [7]. 

2.2.2 CGI Material Mechanical and Physical Properties 

Cast irons are a composite material comprised of graphite particles in an iron matrix. The 

properties of cast iron are ultimately determined by both the shape of the graphite particles 

and the form of the iron matrix; either ferrite or pearlite. For a typical CGI, with less than 

10% nodularity, the effect of increasing pearlite content on tensile strength, hardness and 

elongation are shown in Figure 2. While increasing pearlite content increases the tensile 

strength and hardness of CGI [8]. Therefore its machinability is also influenced, as tool life 

decreases with increasing pearlite content.   
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Figure 2 The effect of pearlite content on the ultimate tensile strength, hardness and 
elongation of 0 - 10% nodularity CGI in as-cast 25mm diameter test bars after [8]. 

The effect of nodularity on the mechanical properties is negligible. The strongest parameter 

to affect the tool life is the pearlite content in the CGI material. As shown in figure 2, the 

effect of nodularity and the density of particles are small within the given interval. Table 2 

shows the typical material physical properties of Gray Iron, CGI and Ductile iron.  

Table 2: Typical material physical properties of Gray Iron, CGI and Ductile Iron [9]. 

Property Gray Iron  CGI Ductile Iron 

Tensile Strength [MPa] 250 450 750 

Elastic Modulus [GPa] 105 145 160 

Elongation [%] 0 1.5 5 

Thermal Conductivity [W/(m.k)] 48 37 28 

Damping Capacity 1 0.35 0.22 

Hardness [BHN 10/3000] 179 - 202 217 - 241 217 - 255 

Fatigue Strength [Mpa] 110 200 250 
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3 Methodology 
The objective of this thesis is to classify CGI according to its material and mechanical 

properties using IAT. The experimental work consists of preparing the fixture, performing 

experimental modal analysis and carrying out impact acoustic testing with microphone.  

The test objects used were made of one type of Gray Iron and three different types of CGIs. 

They have the same dimension with 350mm length, 120mm width and 49mm thickness. 

Their mechanical and material properties are shown in table 3, and its geometrical shape is 

shown in figure 3. 

Table 3: Material and mechanical properties of the tested specimens 

Material type Nodularity 
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[MPa] 

Gray Cast 

Iron 
n.a. n.a. n.a. 105 182 1.3 222 

CGI 11 26 85 274 131 330 2.4 471 

CGI 14 6 95 248 132 334 2.6 434 

CGI 17 29 95 261 143 353 1.6 505 

 

 

Figure 3 The geometrical shape of the tested specimen 
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3.1 Fixture  

The selection and preparation of a fixture is crucial for sensitive experimental work. Usually, 

the purpose of the fixture is to securely locate and support the work. When structural 

analyze such as EMA or IAT have to be carried out, it is important that this fixture should not 

affect the mechanical properties of the test objects. For example, if the stiffness of the 

fixture is comparable to the stiffness of the analyzed objects, this will influence the result of 

the test, as one would analyze the system of fixture and object together, and it would be 

difficult to extract only the object properties. Theoretically the object should be suspended 

in air, but being this impossible in normal conditions; the best option is to design a fixture 

with much lower stiffness than the test object.  

The fixture is made of steel and polymeric foam material. The polymeric foam material is 

located in between the steel frame and the test object (as shown in figure 4). The only 

contact between the test object and the steel frame is through the polymeric foam material. 

This foam material has much lower stiffness than cast iron. Therefore, it does not affect the 

result of either the experimental modal analysis or the impact acoustic testing 

measurements. The fixture and the located specimen are shown in figure 4. 

 

Figure 4 Fixture with polymeric foam material and the tested specimen 
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3.2 Experimental Modal Analysis (EMA) 

Before starting the EMA on the specimens, the impact points were chosen in order to listen 

to the specimens’ impact at the same places. The total number of the impact points for each 

specimen was 40 and the separation distance among each point was equal. The EMA was 

performed using an impact hammer and three accelerometers. The three accelerometers 

were located on the specimen point one, two and three shown in figure 5. Then the impact 

test was performed five times on each point. Finally, the data was collected through LMS 

Test Lab software. The analysis was performed only in one direction, which was the one of 

the thickness. The located specimen on the fixture has shown in figure 5 and the detailed 

information of the sensors for EMA shown in table 4.  

 

Figure 5 Experimental setup for the EMA. The 40 impact/measurement points are marked on 
the specimen 

EMA was carried out to find out which points participate to the modal shapes. The reason 

for this is to avoid placing the microphone on a node (i.e. a point that does not participate to 

a given modal shape). Placing the microphone on a node would imply that the analyzed 

mode (or natural frequency) cannot be detected. 
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Table 4: Sensors for Experimental Modal Analysis (EMA) 

Sensor type Brand Model Serial nr. Sensitivity 

Impact Hammer Ziegler Ixys 9117 2.24 V/N 

Accelerometer Dytran 3225F 6283 10.3 mV/g 

Accelerometer Dytran 3225F 6284 9.6mV/g 

Accelerometer Dytran 3225F 6287 10.3 mV/g 

3.3 Impact Acoustic Testing (IAT) 

After having identified those points that always participate to all the modal shapes, IAT was 

performed using the mentioned impact hammer in table 4 and a microphone (Larson Davis 

3112). The positioned specimen and microphone are shown in figure 6. The microphone was 

located at the back of the selected testing point (point one) of the specimen and the gap 

between the microphone and the specimen was kept constant at 30mm for all specimen. 

The tests were carried out five times per specimen they were performed randomly to make 

sure the repeatability of the test. The results were collected and processed using LMS Test 

Lab® software and its dedicated sampling hardware. 

 

 

Figure 6 Experimental set up for Impact Acoustic Testing (IAT) 

3.4 Sensitivity Assessment 

FRFs are strongly influenced by geometry. A difference in geometrical dimensions might 

have an effect on the results, therefore Finite Element Analysis (FEM) parametrical study 

varying the thickness of the specimen was carried out. As shown in figure 7 the FEM 

parametric study indicated that a variation of geometrical dimension affects the frequency 

response. For this study the specimens were prepared within 0.1mm tolerance, in order to 

minimize the influence of the geometrical factor. Figure 7 shows in fact that just a difference 
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of 0.5 mm in thickness can shift the natural frequency of 20Hz. This could mislead the 

categorization in terms of material or mechanical properties. 

 

Figure 7 FEM simulation of the specimen thickness influence on compliance around the first 

mode. 
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4 Results 
 

4.1 Experimental Modal Analysis (EMA) 

EMA was a key for the main objective of this thesis work. Using this analysis the points that 

always participate to all the modal shape movements was identified among the tested 40 

points. Based on this result the microphone was located on the selected point (point one) in 

order to perform the IAT. Figure 8 shows for instance the shape of the second natural 

frequency. 

 

Figure 8 Mode shape for the second natural frequency (1857 Hz) of specimen CGI 17 

4.2 Impact Acoustic Testing (IAT) 

The test were carried out five times on the selected point (point one) of each specimen. It 

was performed by randomly changing the specimens in order to ensure the robustness of 

the test. Figure 9 shows for example the results given by the test carried out on CGI 17 

specimen. The resulting FRF lay within a range of approximately 2Hz, which is also the 

resolution of the measurement equipment. This shows that the test is highly repeatable. 

Figure 10 shows the different FRF given by a comparison of gray iron and CGI 17. As shown in 

table 3 these materials have largely different in mechanical and material properties and the 
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test is capable of showing this difference as the natural frequency of CGI is almost 150Hz 

higher than the one of gray iron. Reflecting this that the difference in mechanical properties.  

Regarding the characterization of CGI 11, 14, and 17 specimens, figure 11 shows that the 

method was able to distinguish between CGI 17 and the other two CGI's (CGI 11 and 14).  

But as shown in table 3, CGI 11 and 14 have very similar mechanical properties and this is 

also shown by the FRF. CGI 17 is slightly different in mechanical properties compared with 

CGI 11 and 14 and the result shows that CGI 17 has its natural frequency almost 35Hz higher 

than CGI 11 and 14.  

 

Figure 9 IAT repeatability. Frequency response for CGI 17 measured at five distinguished time 
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Figure 10 IAT result. Frequency response of Grey cast iron (red) and CGI 17 (green). 

 

Figure 11 IAT result. Frequency response of CGI 11 (red), CGI 14 (blue) and CGI 17 (green). 
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5 Discussion and Conclusions 
Material properties of CGI affect its mechanical properties. The mechanical properties and 

geometry obviously affect the FRF. So, analyzing the FRF can help to distinguish between 

different CGI with regards to material properties. Stiffness depends upon material properties 

and geometry. The frequency response of a given material is dependent on its stiffness. As a 

result, the frequency response is a good way to classify mechanical and material properties. 

The results showed that IAT was capable to differentiate grey cast iron from any of the CGI 

materials and to classify the given CGI specimens according to their mechanical properties.  

Once the IAT equipment is positioned, the impact test and data extraction can perform 

rapidly and gives consistent material information. On the other hand, the specimens have to 

be exactly the same geometrical dimensions in order to get a reliable result. In this particular 

case, a variation of 1 mm in thickness might have been enough to misrepresent the obtained 

classification. 

 

http://en.wikipedia.org/wiki/Stiffness
http://en.wikipedia.org/wiki/Geometry
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6 Future Work and Recommendation 
The research did not cover the larger difference of pearlite content of CGI materials. As 

mentioned in the literature study, pearlite has a large influence on the mechanical 

properties; therefore it would be interesting to see if this reflects also in the FRF. IAT might 

be useful technique to distinguish between higher/lower pearlite content of CGI materials. 

Further investigation on the possible industrial implementation of IAT for classification for 

CGI could be interesting.  
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