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Abstract- As turning operation proceeds on a lathe machine, it is required that sufficiently good surface quality be achieved if 

all the affecting parameters, including tool geometry are held constant. In this paper, the effect of tool geometry variation due 

to wear in the case of C6 cemented carbide tool on AISI 4340, was studied. Using surface roughness as yardstick for 

estimating the point beyond which the maximum economic utilization derivable from the tool is hampered, it was realized that 

each insert should be replaced after ten minutes of turning operation to retain their optimum usefulness. The tool wear 

parameters were found to be in linear relationship with the cutting time, while the average surface roughness was modelled 

nonlinearly using an exponential function. A fourth degree polynomial approximated the trend for the cutting force. Sharp 

deflections were observed on the surface roughness and cutting force graphs after the tenth minute. Generally for the entire 

cutting time, the measured cutting force increased by about 33% while the flank wear width and crater wear width increased by 

170% and 56% respectively. Surface roughness also increased by about 130%. 

Keywords Carbide tool, AISI 4340, surface roughness, tool wear, tool geometry. 

 

1. Introduction 

Modern manufacturing technologies calls for 

simultaneous improvement in control of dimensional 

accuracy and surface textures of machined work pieces. 

Surface roughness specification is often necessary on several 

parts to properly fulfil their required functions. For example, 

fatigue life, bearing properties, and wear are three major 

factors that make the control of surface texture important. 

The basic objective of finish turning of hard metals is the 

achievement of the best surface quality possible at the most 

optimal and economic tool [1, 2, 3, 4]. 

While the surface roughness obtained from machining 

the workpiece on a lathe is dependent on the workpiece 

material and its hardness, it is also influenced by the cutting 

tool material used, cutting speed, feed rate and the tool 

geometry (particularly, tool nose radius), the rigidity of the 

machine and the tool, as well as, the type and effectiveness 

of the cutting fluid used [5].  

AISI 4340 belongs to a family of steel alloys classified 

as low-alloy steel, it is also refractory steel or heat resistant 

steel because it possess tremendous potentials for high 

temperature services like other refractory metals and alloys 

such as; Columbium, Tantalum, Tungsten, Molybdenum and 

so on. Finish turning process of AISI 4340 is gaining 

popularity because of increasing application of refractory and 

high hardness material. For example, hardened AISI 4340 is 

employed in constructing aircraft and automobile engine and 

transmission components. These includes; gears, cam shafts, 

axles and bearings. It is also employed in constructing tools, 

dies and molds for manufacturing operations [6, 7, 8, 9]. 

The economic benefits of the turning process over 

grinding process as finishing operation is substantial and 

includes; reduced cost, reduced machining time, process 
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flexibility, reduced energy consumption, good prospect for 

dry machining (which is good for reduction of environmental 

pollution), high material removal rate, better compatibility 

with thin wall sections and complex shapes, and comparable 

surface finish [6, 9, 10]. Taking advantage of this benefits is 

possible because of the availability of superior cutting tools 

[1, 11]. 

Refractory metals are usually more brittle and abrasive 

at room temperature [12], therefore their machining often 

result in more rapid tool wear and relatively shorter tool life. 

The exceptional tool performance of cemented carbide 

results from their high hardness and compressive strength. 

For example, the lowest hardness of cemented carbide is 

known to be approximately the same as the highest hardness 

available in tool steel [5]. Carbide tools are also capable of 

sustaining or retaining their properties at high temperatures, 

in fact, repeated cycling between high and low temperatures 

or sustained holding at high temperature has no tempering 

effect on the tool within its characteristic temperature range. 

The tool regains its original hardness when it returns to room 

temperature. It functions more efficiently at high speed but 

requires a lot of rigidity from the machine tool [6, 10, 13]. 

1.1. Failure and wear of cemented carbide tools 

Single point carbide tools are generally preferred for 

high volume production machining even though they are 

susceptible to failure and wear, especially due to their brittle 

nature. Cemented carbide tools are largely used as cutting 

tool inserts. Such inserts interacts with chips and workpiece 

during cutting as shown in Figure 1 thereby resulting in the 

degradation of the tool. 

 

Fig. 1. Regions of tool wear in a single point cutting. 

The failure of cemented carbide tools can be classified 

into the following two categories; failure mechanisms that 

brings the life of the cutting tool to an abrupt or premature 

end, and gradual tool wear that progressively develops on the 

tool flank surface (flank wear) or on the tool rake (crater 

wear) [1, 2, 5]. Tool failure is associated with breakdown of 

the cutting edge of the tool as a result of its direct contact 

with the workpiece. Wear could occur in these three main 

regions on the tool; face, flank and nose. 

The wear that occurs on the tool surface over which the 

chip passes takes the form of a cavity and is called crater  

wear. Its origin is usually a distance from the cutting edge. It 

is the most prominent form of tool wear. The flank is the 

portion of the tool that is in contact with the work at the point 

of chip separation. Flank wear usually begins at the cutting 

edge and grows into a wider contact area called wearland. 

The surfaces that are susceptible to tool wear during 

machining on a lathe are shown in Figure 2. 

 

Fig. 2. Schematic of flank and crater wear and their 

measurements [1]. 

 

 The nose wear is considered as part of the flank wear in 

many cases. Moreover, in operations like finish turning 

where the nose is in direct contact with the workpiece it is 

considered as a separate form of tool wear. At very high 

cutting conditions, as is frequently employed for cemented 

carbide cutting tools, the life of the tool is often determined 

by crater wear. If crater and flank wear occur concurrently in 

a balanced pattern, the tool geometry and life can be 

prolonged [14]. The intrinsic brittleness of cemented carbide 

tools make them quite susceptible to fracture and built-up-

edge phenomenon being usually made with intricate 

geometries. Therefore, little wear affects the stability of the 

built-up-edge which in turn affects the surface quality and 

degrades efficient cutting before catastrophic failure [12]. 

1.2. Surface quality as criterion for determining tool failure 

Surface roughness has been the prime criterion for 

surface quality and a guide for acceptable fatigue strength 

[5]. The ideal surface roughness usually represents the best 

possible finishing which may be obtained for a given tool 

shape and feed [12]. A specified surface roughness or a 

desired tolerance could be used to determine or rate the 

acceptability of a machined workpiece. This could however 

be related to the level or rate of wear of the tool used if built-

up-edge, chatter, inaccuracies in machine tool movement and 

other negative factors are eliminated. 

When the good surface roughness quality is the primary 

goal, the tool would be said to be worn-out when the desired 

surface roughness can no longer be achieved with the cutting 

tool. It is therefore highly desirable to put the cutting tool to 

optimum use to reduce machining cost. 

 Cutting force measurements has been employed in many 

documented works for tool condition monitoring [4, 15, 16]. 
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Recent works has shown that good prospect exist for this 

when combined with monitoring of other parameters like 

acoustic emission and vibration magnitude measurements [4, 

17, 18]. Cutting force measurements in this work has been 

employed as a tool to confirm the point of optimal economic 

utilization of the tool. 

1.3.  Cutting tool economic life 

Prediction of tool life during machining is essential for 

cutting tool design and in determination of cutting conditions 

and tool change strategies. It is necessary to achieve an 

optimized metal cutting process in which there is balance of 

resources. Moreover, tool wear is an unavoidable 

consequence of the metal cutting operation, therefore the 

cutting tool wear is an important factor in the economic 

analysis of the operation. Tool wear and its retardation have 

a direct relationship with the attainment of several machining 

optimization criteria such as minimum cost, maximum 

production rate and maximum profit. Catastrophic tool 

failure should be avoided in turning process to eliminate its 

associated damages to the workpiece, cutting tool and the 

machine tool [2, 11]. Hence, estimation of the useful life of 

cutting tools is essential in finish turning process. 

Usually, the tool life between tool re-sharpening or 

replacement is specified in one of the following ways: 

1. Actual cutting time to failure, 

2. Total time to failure – as with interrupted cutting 

process, for example, milling, 

3. Length of work cut to failure, 

4. Volume of metal removal to failure, 

5. Number of components produced to failure, and  

6. Cutting speed for a given time to failure. 

 Meanwhile, a cutting tool is taken to have failed when it 

is no longer capable of producing parts or workpieces within 

the required specifications. This is with little regard to the 

tool having justified cost before being regarded as having 

failed, especially for expensive tools like the carbide tools. 

 The point of failure and the amount of wear that caused 

the failure depends on the machining objective, thus, surface 

quality, dimensional stability, cutting forces and production 

rates are often used individually or in combination as criteria 

for establishing the point of tool failure [4, 11]. The 

machining cost increases due to increase in the number of 

operations involved. 

 It is however pertinent that tools be changed just when 

they attain an appropriate wear level to maintain the required 

level of surface finish. This must be done in a way that it 

result in reduced tool change time, loss in production time 

due to stoppage, as well as the overall machining cost. It is a 

general rule that on the production run, the higher cost of 

carbide tooling pays dividends, while on the short run, it may 

not be justified [4]. 

 A cutting tool would be said to be worn-out at the point 

when it can no longer be used to obtain the surface roughness 

specification required. Cost of machining increases with 

decrease in surface roughness of the machined product. The 

acceptable level of surface roughness is relative, therefore 

the focus of this work is to estimate the optimum life of the 

carbide tool employed in machining AISI 4340 workpiece in 

minutes. 

2. Materials and Method 

 The finish turning experiment was performed using a 

three jawed self-centering Cholchester center lathe machine. 

The workpiece material was AISI 4340 steel with an initial 

diameter of 93.98 mm. the square shaped carbide tool used 

belonged to the ANSI classification of general purpose 

cutting tool, C6 with ISO equivalent P30. All the cutting 

parameters were held constant during the experiment. C6 is 

recommended by the American Society for Metals (ASM) 

for working on steel materials whose Brinnel hardness 

number reaches BHN 330 [5, 9, 19, 20]. The tool’s HRA 

hardness value and density are 91.3 Ra and 13.84 g/cm3 

respectively and the tool angles were -6o, -6o, 6o, 6o, 15o and 

0.6. The turning parameters are listed in Table 1 while the 

chemical composition of the tool is given in Table 2.   

 Table 1. Turning Parameters 

Parameter Value 

Cutting speed 2.8 m/s 

Feed 3 mm/rev 

Depth of cut 1.30 mm 

Cutting condition Dry 

 

Table 2. Chemical composition of the Carbide tool (wt%) 

 

Chemical 

compound 

CO TiC Tac WC 

Percentage 

content 

3.0 3.0 7.0 82.0 

 

The surface roughness, maximum flank wear width and 

maximum crater wear width were measured after every sixty 

seconds cutting time using the toolmaker’s microscope. The 

microscope was set to magnification factor x125 and x200 

since it had the capacity of serving as a comparator whereby 

views could be superimposed. Kistler’s three component 

piezo-electric dynamometer mounted on the cross-slide of 

the lathe machine was used for the cutting force 

measurement. Measurements were made and recorded for 

twenty cutting operations (that is, twenty minute total cutting 

time and one minute for each cutting operation).  

After the 13th minute, the cutting process started getting 

noisy having reached the galling stage where the material 

particles were welded to the machine surface signaling an 

onset of critical tool wear. When working on AISI 4340 

steel, C6 is not recommended for more than 3 mm depth of 

cut [20]. The chemical composition of the work material is 

presented in Table 3. 
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Table 3. Chemical composition of AISI 4340 steel (wt%) 

Alloy elements C Mn Si Cr Ni Mo Fe 

Percentage content 0.40 0.75 0.28 0.80 1.80 0.20 Remainder 

 

3. Results and Discussion 

3.1.  Statistical analysis 

Significant impact of cutting speed, feed rate and depth 

of cut on the surface roughness and tool wear during turning 

process has been established in previous works [3, 12, 19, 21 

- 23]. These parameters were held constant in this work to 

enable a relationship to be established between the rate of 

tool wear, cutting force and workpiece surface roughness.  

Mathematical model relating the parameters were 

obtained using regression analysis in MINITAB 14 and 

Microsoft Excel 2007 with the Solver tool. The relationship 

between the cutting parameters is as given in Equation 1. 

             (1) 

where S represents workpiece surface roughness 

measurements in millimeters, F represents the average  

 

resultant cutting force measured in Newtons, VB represents 

flank wear measured in millimeters and KT represents the 

crater wear measured in millimeters as well. A summary of 

the regression statistical output is presented in Table 4 and 5. 

Table 4. Summary of the general regression analysis output  

data 

Regression parameter Value 

R2 0.8955 

Adjusted R2 0.8759 

Standard error 0.0006 

Significance of F 4.5341 x 10-8 

Number of observations 20 

 

Table 5. Other regression analysis output data 

 Coefficients Standard error t - stat P – value Lower 95% 

Intercept -1.1114 x 10-2 3.23 x 10-3 -3.4478 3.3086 x 10-3 -1.7985 x 10-2 

Cutting force, F 1.5362 x 10-4 3.211 x 10-5 4.7840 2.0285 x 10-4 8.5548 x 10-5 

Flank wear, VB -6.7590 x 10-2 9.7736 x 10-2 -0.6916 0.4991 -0.2748 

Crater wear, KT 3.6566 x 10-2 3.0121 x 10-2 1.2139 0.2423 -2.7290 x 10-2 

 

Equation 2 is computed from coefficients in Table 5, 

while a graph comparing the measured and predicted surface 

roughness measurement is presented in Figure 3. Residuals 

resulting from the comparison in Figure 3 are shown in 

Figure 4. Except for the first cutting operation where the 

residual was large the others were within a arrange of about 

. 

 

 
                     (2) 

 

 

 

 

3.2.  Surface roughness 

Figure 5 presents an exponential trend relationship 

between the surface roughness of the machined workpiece 

and the cutting time. The trend is also mathematically by 

. The curve 

began to deflect upwards around the tenth minute signifying 

a sharp increase in the rate of change of the surface 

roughness from the eleventh minute onwards.  



INTERNATIONAL JOURNAL of ENGINEERING TECHNOLOGIES-IJET 
Olurotimi Akintunde Dahunsi et al., Vol.3, No.2, 2017 

41 

 

 
 

Fig. 3.  Measured and predicted machined surface roughness. 

 

 
 

Fig. 4. Deviation of the predicted surface roughness values 

from the measured values. 

 

 
 

Fig. 5.  A graph of surface roughness against time. 

 
The surface roughness of a work material primarily 

depends on the feed and cutting tool geometry, but since a 

constant feed was used in this experiment, the change in the 

geometry of the tool as a result of wear must be responsible 

for the change in the surface roughness of the work material. 

Consequently, if surface roughness is considered as the 

primary factor in assessing the tool life in this experiment it 

would be economical to have changed the cutting tool at the 

tenth minute of the cutting operation even though it was yet 

far from the maximum permissible wear values prescribed in 

standards. 

3.3.  Flank and crater wear 

 

Flank and crater wear progressed in linear trends as 

shown in Figure 6. The pattern and range of values are 

normal and expected. Moreover, the ratio of the highest 

value measured for the maximum flank wear width to the 

lowest was about 2.75, while the flank wear grew at a rate of 

about 0.0014 mm/min. The ratio of the highest value 

measured for crater wear to the lowest was about 1.56 and 

the wear parameter grew at a rate of 0.005 mm/min. 

 
Fig. 6. Progress of maximum flank and crater wear with the 

cutting time. 

When the cutting edge of the carbide tool insert used was 

compared with the cutting edge of a new tool under the 

toolmaker’s microscope, a maximum flank wear depth of 

0.013mm and a maximum crater wear depth of 0.01mm was 

revealed in the used tool, this shows a ratio of 1:3 in favour 

of the flank wear. 

The maximum flank wear and the maximum crater wear 

measured were however found to be significantly less than 

the stipulated maximum permissible wear of 0.55mm and 

0.25mm respectively [11, 22, 24] but the rate of surface 

degradation started to get serious at about the 10th minute of 

the experiment. Figure 6 also shows that crater wear was 

more dominant. This signifies that the principal tool wear 

process was diffusion between the cutting tool and the chips. 

Composition of the carbide tools has been known to make 

them readily predisposed to diffusion wear [1, 2, 19, 22]. 

Moreover, this is corroborated by Zhang and others [25] 

as well as Aslantas and others [1] in their work which made 

case for coated ceramic tool inserts. Chemical reactions 

(related to diffusion wear) and high temperature (due to low 

thermal conductivity of the cutting tool) combined with high 

stress values in the cutting region combined to give rise to 

the crater wear formation [11]. With further deterioration, the 

crater wear reaches the tool tip and fracture occurs, thereby 

modifying the tool geometry as shown in Figure 7. 



INTERNATIONAL JOURNAL of ENGINEERING TECHNOLOGIES-IJET 
Olurotimi Akintunde Dahunsi et al., Vol.3, No.2, 2017 

42 

 

 
 

Fig. 7. Crater wear favoured chip curling pattern [1]. 

 

3.4.  Cutting Force 

Although the trend for the cutting force could best be 

modelled with a fourth degree polynomial given by, 

 
    (3) 

 

as shown in Figure 8. Its increase can be said to 

approximately correlate with the increase in surface 

roughness of the workpiece linearly as shown in Figure 9. 

This was achieved with a coefficient of determination,  of 

0.9644. The prominence of the second turning point which 

occurred at about the 11th minute also approximately agree 

with the observation of 10th minute turning point in Figure 5. 

 
Fig. 8. Average resultant cutting force. 

 

 
 

Fig. 9. Correlation of surface roughness with the cutting. 

 

4.    Conclusion 

In-process tool monitoring and measurement has been 

employed in determining the optimal economic life of the 

cemented carbide tool turning AISI4340. The trend for the 

increase in the flank and crater wear was linear while the 

trend for the surface roughness followed an exponential 

growth in conformity with documented patterns in the 

literature. The workpiece surface roughness was found to 

deteriorate beyond acceptable level after the 10th minute of 

the turning process. 
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Abstract- The 11-story reinforced concrete Zumrut Building in Konya, Turkey collapsed on February 2, 2004. Ninety-two 

people died. This study was conducted to determine the mechanism of the collapse and identify lessons learned to avoid future 

disasters. Using structural drawings, material samples, and soil information obtained from the site, reasons for the collapse 

were investigated. A three-dimensional (3-D) structural model and analyses were performed using ETABSV8.11, and various 

possible critical cases were studied. The step-wise nonlinear analysis used to obtain the collapse mechanisms was an example 

of forensic structural engineering and revealed that the progressive collapse of the building was torsional, caused by decrease 

in structural system’s capacity to redistribute gravity load after failure of a column. The lessons learned include the importance 

of project controls to reduce design and construction errors, ensure that construction and repairs are consistent with design 

intent, and changes are checked for safety and included in drawings. The importance of integrating architectural and structural 

systems to form 3-D continuous structural frames to reduce the probability of progressive collapse is also discussed.  

Keywords Zumrut Building, Progressive collapse, Collapse mechanisms, 3-D finite element analysis, Failure of structure. 

 

1. Introduction 

Construction began on the Zumrut residential apartment 

building in 1994. The 11-story reinforced concrete building 

was located in the Selcuklu area of Konya, Turkey. At the 

time, the area was considered to be a “no seismic” zone, and 

structural designer calculations were performed considering 

gravity loads and wind forces only. The building survived 

just five years after the completion of construction. 

Progressive collapse of the building under gravity loads 

caused a sudden and total collapse on February 2, 2004 (Fig. 

1), killing 92 people. The progressive collapse was started by 

a possible local failure in the ground-level columns. The first 

dynamic mode of the structure is the torsion mode. This 

causes a rotational/torsional motion and progressive collapse 

of columns in that story level and then progressive collapse 

of upper story levels results in total collapse of the building. 

Most of Turkey lies within active earthquake regions, 

and building collapses, and damage due to earthquakes are 

fairly common. The damaged and collapsed buildings are 

typically restored or removed before evidence can be 

collected for a detailed investigation. But in the case of 

Zumrut Building, a team of experts from Middle East 

Technical University (METU) was able to begin 

investigating the disaster during the removal of debris, after 

requesting the public prosecutor in Konya. The author was 

the head of the investigative team. 

The investigation revealed that there were four main 

causes of the collapse of Zumrut Building [1]: 1) 

construction errors 2) project errors 3) lack of control of 

construction and projects and 4) different construction and 

repairs not shown in structural project. 

A 3-D structural model of the building was developed to 

identify the possible progressive collapse mechanisms using 

the general structural analysis program ETABSV8.11 [3]. 

The 3-D modelling of Zumrut Building was then analysed 

using step-wise nonlinear analysis. When a structural 

element reached its capacity, it was crushed. Analysis of the 

structural systems continued until the collapse mechanisms 

of Zumrut Building were identified. After studying many 

possible critical paths, the progressive collapse was found to 

be a torsional rotation collapse. 
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Fig. 1. Progressive collapse of Zumrut Building. 

The lessons learned from this case emphasize the 

importance of appropriate structural systems, design 

approaches for gravity and lateral loads, and detailing in 

reinforced concrete buildings. They also emphasize the 

importance of control mechanisms during design and 

construction, construction quality and material quality, 

selection of a foundation system, and the effects of integrated 

architectural and structural systems in preventing progressive 

collapse.  

2. Investigation of Collapse Reasons of Zumrut Building 

2.1. Construction Errors 

The sudden collapse of the 11-story reinforced concrete 

building was mainly due to poor construction and some 

design alterations that deviated from best practices for 

structural projects of this kind.  The workmanship was not 

good. Concrete strength was lower than the project and code 

requirements for a reinforced concrete building. To 

determine the concrete quality used in the construction, many 

samples were taken on site after the collapse of the building. 

These samples were tested in the METU Department of Civil 

Engineering Material Lab, as shown in Fig. 2. The approved 

design compressive strength for the reinforced concrete was 

160 kgf/cm2 (C14). Test results of concrete cylinders taken 

from the site revealed a compressive strength of 80 kgf/cm2 

(C8). Since the samples were taken only from undamaged 

structural members, the compressive strength of damaged 

members is unknown.  

 

(a) Structural Element 

 

(b) Compressive Strength Test of Samples 

Fig. 2. Concrete core samples. 

Based on material testing and site investigation, it was 

observed that the concrete gradation in the Zumrut Building 

was not uniform. The gradation did not satisfy Turkish or 

ASTM Standards. The quantity of the sand present was more 

than that of the gravel. Some aggregates were very big, as 

shown in Fig. 3, which does not comply with standards. Sand 

and gravel were taken partly from a river and were probably 

unwashed.  

   

Fig. 3. Concrete gradation and cover. 

Stirrup spacing, reinforcement cover, and replacements 

were also did not comply with code requirements. Small and 

large reinforcement material samples were taken from the 

site and tested in the METU Material Lab. Reinforcement 

types were found to be of the StI type (2200 kgf/cm2). 

Stirrups were not increased near the beam–column 

connection regions. In some locations, stirrup spacing was 

too large in some columns, as much as 40–50 cm with an 

average of 35 cm.  

Reinforcement cover varied significantly, it was found 

to be 5 cm in some columns. However, in some locations the 
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reinforcements were replaced very close to the surface or 

inside the section (Fig. 3). On the other hand, the main 

longitudinal reinforcement of beams were replaced so closely 

that there was no enough space between the rebars for 

concrete. Beam dimensions in the approved structural design 

were 20/50 cm. This small concrete beam sections, as well as 

use of reinforcement type StI (2200 kgf/cm2) instead of StIII 

(4200 kgf/cm2), resulted in a large amount of reinforcements 

in the beam design. In such cases, reinforcements must be 

replaced in layers rather than as a single bottom 

reinforcement layer (Fig. 4) in order to form bonding 

between concrete and reinforcement. On Zumrut Building, 

placement of the large amount of reinforcements as a single 

bottom layer resulted in no bond or a very weak bond of 

reinforcement in the concrete. Thus, most of the beams did 

not properly transfer the forces due to the lack of a strong 

bond during collapse of building.  

 

 

 

Fig. 4. Bond between concrete and reinforcement. 

2.2. Project Errors  

The Zumrut Building was modelled in 3-D using the 

analysis program ETABSV8.11 to check the existing 

structural project and design calculations. During the 

structural design calculation check, only the original project 

was considered; other repairs not shown in the structural 

drawings were not considered (repairs were only shown in 

architectural revised drawings). When the project was 

prepared, Konya was not considered as an earthquake region 

according to Turkish Earthquake Codes. For this reason, only 

vertical gravity loads (dead loads, live loads) and additional 

lateral loads (wind loads and their combinations) were 

considered in the design and control of the RC structural 

design calculations.  

 

Fig. 5. Typical structural floor level of RC Zumrut Building. 

The 11-story Zumrut Building was approximately 36 m 

high. The ground floor was 5.6 m high to accommodate 

shops, and the residential floors were 3 m high. Columns 

dimensions were generally 20/100 cm, 20/70 cm, and 25/100 

cm (25/70 cm at the basement and ground floor levels). 

Beam dimensions were generally 20/50 cm. Reinforced 

concrete slabs were 12 cm. The rigidity center was at the 

right of the mid-part of the floor plan due to the shear walls 

of the elevator as shown in Fig.5. 

 

Fig. 6. Console part and beams located at out of frames at 

façade. 

The floor areas were extended 1.5 m outside the frames 

all around the façade except at the ground level, as shown in 

Fig. 6. Between the columns around the exterior part of 

building, there are no beams. This may be due to 

architectural views as shown in Fig. 5 and Fig. 6. Thus, the 

frames were effectively not working, due to the lack of 

beams in the frame axes. The beams were connected to the 

frame columns using a cantilever beam and were located at 

the outer perimeter of the plan. This also resulted in the 

exterior frame column being subjected to large console load 

effects in the out-of-frame elevation. Corner columns were 

more critical. The outer parts of the building frames were 

working not effectively under lateral loads to transfer the 

loads when the stability of the building changed. Thus, the 
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torsional resistance of the building was very low. On the 

other hand, there were discontinuities in the structural frame 

systems in both directions. Most of the frames, as shown in 

the structural plan (Fig. 5), were single-span frames 

especially in the short direction of the building. There was no 

direct connection between the frames; they were 

discontinuous in both directions. Some of them were not 

even located in the same line as that of the axes. There were 

four flats on each floor, but as seen in the floor plan in Fig. 5, 

the layout was not symmetric, and flats had different 

construction areas. When the author asked why the four flats 

were not symmetrically located in the floors, the reason was 

given as the consideration of the percentage sharing of the 

landowners. All columns between the B and J axes in the 

plan shown in Fig. 5 were located in the same direction as 

strong directions. 

Existing reinforced concrete design calculations were 

checked. The calculations considered allowable stress design 

but included conceptual design errors. For example, the 

project designers used higher allowable concrete stresses for 

the concrete by considering the critical load case as the 

combination of gravity loads plus lateral wind forces (DL, 

LL, WL), which resulted in the selection of small column 

and beam dimensions. However, when considering the 

primary gravity loads, it was observed that this resulted in 

large structural sections in this load case. All combinations 

must be considered in structural design. In particular, 

basement and ground floor column dimensions must be 25–

45% larger than the project calculations. 

As noted above, the structural frame system was 

discontinuous in both directions. The frame system in the 

basement and on the ground floor became all the more 

critical because of project errors and structural irregularities 

such as beams that were not located in the frame axes 

between the columns, reinforcement detailing mistakes, 

small column and beam sizes due to design calculation 

mistakes, and soft story irregularity due to the 5.6 m height 

of ground floor columns. Discontinuous frames were 

connected to other frames using primary and secondary 

beams. Maybe for architectural reasons, the beam 

dimensions were 20/50 cm for the console, and there was 

large frame spacing. Thus, these beams became more critical. 

Since the beam sections were small, more reinforcements 

were required and replaced in the beams with no or less 

bonding. 

 

Fig. 7. Continuous foundation system in both directions. 

The building foundation was a continuous foundation 

system in both directions, constructed in a grid system with 

shear walls around the perimeter of the basement (Fig. 7 and 

Fig.8). No damage was observed in the foundation after 

removal of the debris.  

 

Fig. 8. Foundation plan. 

Soil samples were taken during the site investigation 

(Fig. 9). The soil in the project site was silty clay, and no 

groundwater and settlement problems were observed after 

the collapse of the building. Thus, it was concluded that the 

soil and foundation system did not have any major effect on 

the collapse of Zumrut Building. 

   

Fig. 9. Soil samples and foundation depth. 

2.3. Different Construction and Repairs without Checking 

Structural Safety  

Construction and repairs were not shown or different 

than structural projects. It was observed from the collapsed 

building that the ground floor level (of shops) and roof level 

were constructed as ribbed slabs of 32 cm rather than 

reinforced concrete slabs of 12 cm, as shown in the approved 

structural drawings. The ribbed slabs were approximately 

two times heavier than the 12 cm of reinforced concrete slab. 

This substitution was not shown in the structural drawings, 

and structural calculations were not performed for ribbed 

slabs constructed at the two floors. In addition, two U80 steel 

profiles with lengths of 5 m were found at the right side of 

the back of the building. They may have been used under 

beams in the ground floor level because the ground floor was 

5.6 m high (0.6 m beam depth). Approved architectural 

drawings showed an internal floor level of +3.00 with beams 

between the ground floor and first floor. But these alterations 

shown in the architectural drawings were not shown in the 
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structural drawings as well as not checked for structural 

safety. During the removal of debris, a column of variable 

dimensions was also found at the ground floor (Fig. 10). The 

cross-section of the column size varied from 25/70 cm at the 

top to 25/40 cm at the bottom. This variation was probably to 

provide more spacing. 

 

Fig. 10. Column found in debris with variable cross-section 

(Bottom part 25/40 cm, upper part 25/70cm) at the ground 

level. 

2.4. Lack of Control of Construction and Projects  

Project and construction errors, and some construction 

and repairs those were not shown in the structural project 

drawings indicated that the supervision of construction and 

the control of the project were inadequate. Most probably, it 

was considered as a mere formality. Although a RC building 

with a height of 36 m can be considered as a low to medium 

high-rise building in Konya, the control mechanisms on these 

buildings require much more specific attention.  

 

3. 3-D Nonlinear Finite Element Analysis and Collapse 

Mechanism  

3-D modelling of Zumrut Building (Fig. 11) was 

analysed using step-wise nonlinear analysis [2]. Column 

capacities were calculated by using material quality obtained 

from test results. When a structural element reached its 

capacity, it was crushed, and analysis continued until the 

collapse mechanism was determined. The progressive 

collapse of the building was a torsional collapse (Fig. 12). 

Possible local failure mechanisms would cause a progressive 

failure of the story columns due to excess capacity on 

neighbouring structural elements. This story collapse resulted 

in a torsional motion. To obtain the torsional motion 

evidenced by the original collapse of Zumrut Building, many 

alternative potential collapse paths for the columns were 

studied. 

The study revealed that if a column was crushed, the 

neighbouring column faced additional loads of 20%. Since 

most of the columns were near capacity—due to project and 

construction errors, and low-quality concrete—these 

additional loads caused progressive collapse of adjacent 

columns. 

 

 

Fig. 11. 3-D finite elements modeling of RC Zumrut 

Building. 

 

 

Fig. 12. Rotational/torsional collapse of Zumrut Building in 

plan view. 

The building torsional capacity was very low, and 

structural frames were not continuous in both directions; 

discontinuities in the 3-D structural framing, and very low 

bonds in the RC beams, result in improperly redistribution of 
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the forces. The result was collapse of story level, progressive 

collapse of the upper stories and total collapse of Zumrut 

Building. 

Thus, progressive collapse of Zumrut Building occurred 

due to loss of gravity load capacity to redistribute the load 

after the failure of a column. This was caused by a lack of 

frame continuity, capacity, and other mechanisms. Removal 

or crushing of a single column from a building such as this 

would cause it to collapse. To obtain the original collapse 

torsional rotation, many critical load paths were applied to 

the model. Depending on the column that was removed or 

failed the torsional rotation direction and collapse angle and 

mechanism were different. Each column was removed 

alternately from each level, and then capacity checks and 

load distributions were done for the new situation. In this 

manner, the progressive collapses of each floor level were 

obtained. After considering many alternative cases, the 

reason for the collapse of Zumrut Building was obtained in 

the analysis. This was a forensic structural engineering study 

to investigate and determine the causes of structural failure 

by using 3-D nonlinear finite element analyses. 

4. Lessons Learned from Zumrut Building Collapse  

Unexpected loads may occur after construction of a 

high-rise building due to events such as terrorist attacks, gas 

explosions, blasts, fires, or accidental collisions (e.g., with a 

truck or plane). Repair and reduction of structural element 

capacity or an increase in the design loads due to new usage 

are also factors, as new façades that impose additional 

gravity loads. Increased seismic loads and wind forces may 

also arise. However, the Zumrut Building disaster occurred 

entirely under gravity loads. Zumrut Building in Konya, 

Turkey was collapse due to the combination of the following 

reasons: construction errors, project errors, different 

construction and repairs without checking structural safety 

and lack of control of construction and projects.  

To prevent progressive collapse of buildings, lessons 

learned from the collapse of Zumrut Building are: 

 In the structural design, the first rule will be life safety; the 

structure must first be safe under gravity loads, and then 

the design must consider lateral loads for life safety.  

 In a building design, torsion is not a desired mode of 

dynamic behaviour of the building. International standards 

and codes consider the bending mode to be the preferred 

first mode; structural engineering design should prevent 

torsion from becoming the first mode. 

 To prevent total collapse, the design of high-rise buildings 

must implement after studying the overall strength and 

stability of the 3-D structural system by assuming a local 

failure.  

 To increase the structural performance of building 

structures, the use of indeterminate systems, 3-D 

behaviour, and 3-D continuous structural framing systems 

in both directions in the design will reduce the probability 

of progressive collapse and prevent the total failure of the 

building. 

 Some architectural needs will reduce the overall torsional 

rigidity or discontinuity of structural systems or less 

redundant systems due to architectural reasons. In such 

cases, a new structural system or revised architectural 

system is required for safety. 

 Locating floor areas in the console in some or all of the 

façade of a building is very common in Turkey to gain 

construction area above the ground level according to 

permissions in municipalities construction law. In such 

cases, frames do not properly transfer the forces under 

lateral loads or in cases of torsion due to a lack of beams 

between the columns. If these beams exist, they will 

probably pass through the rooms and corridors. For the 

structural continuity and transfer the forces alternative 

structural floor systems can be used, such as ribbed floors 

or flat-plate floor systems to integrate the architectural and 

structural system requirements. Otherwise, beams should 

be placed between the columns in the frame or the column 

lines should be put under console beams to construct a new 

frame at the exterior console part without closing the 

ground level from foundation to the top (not allowed in 

Turkey). 

 If architectural changes done after construction of the 

building affect the structural system, whether through 

additional load or new load transferring, the structural 

system must be checked for structural safety. 

5. Conclusion 

In a local failure, redistribution of additional forces may 

exceed the capacity of neighbouring structural elements, 

causing local buckling or crushing of structural column 

elements. Local buckling or crushing may lead to local 

failure or even progressive collapse, as shown in the collapse 

of Zumrut Building. Therefore, a structure should be 

designed to provide capacity with continues structural 

systems allowed re-distribution of additional loading and 

stability. Selection of continuous 3-D structural system will 

prevent progressive collapse and primary collapse of the 

whole structural system due to redistribution of excess forces 

by creating a 3-D system of adequate strength and stability 

that accounts for the probability of local failures due to 

unexpected or accidental loads. 
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Abstract-This report reviews the automotive exhaust system with respect to its in-service conditions and selection of suitable 

materials for exhaust manifold, downpipe silencer/ muffler box and tail pipe which comprises the exhaust system. The 

functions of each component were discussed, highlighting how they function as part of the exhaust and Cambridge 

Engineering Software (CES) software was employed in the material selection process. Mass, cost, high temperature (>800oC 

for exhaust manifold and >400oC for downpipe silencer/ muffler box and tail pipe) and high corrosion resistance were used as 

basic criteria for the material selection. Variety of materials including Nickel-based superalloys, stainless steel, Nickel-

chromium alloys were obtained in the material selection route for exhaust manifold. Similarly, low alloy steels, stainless steel, 

grey cast iron, Nickel-based superalloys, Nickel-chromium alloys were obtained in the material selection for downpipe 

silencer/ muffler box and tail pipe. Nickel-based superalloys and Nickel-chromium alloys possess suitable properties for this 

application, but were not considered due to their high densities and high cost. Low allow steels were not selected because they 

tends to exhibits poor corrosion resistance when exposed to salt on the road surface and condensate from the exhaust system. 

Grey cast iron has low tensile strength and elongation and therefore not exhibit enough toughness required to withstand the 

severe working conditions. However, stainless steel (Ferritic stainless steel and Austenitic stainless steel) was considered as a 

better choice of material for automotive exhaust systems due to its considerable price and density, acceptable strength at 

elevated temperatures and excellent corrosion resistant it possesses as a result of the protective film of chromium oxide which 

forms on the surface of the metal. 

 

Keywords Material, Cost, Exhaust system, Temperature, Corrosion, Mass, Service life. 

 

1. Introduction 

Automobile exhaust systems are integral parts of the 

overall chain of functions in an automotive system. The 

significance of exhaust systems has evolved to cover various 

functional processes in an automobile. Owing to this 

revolution, material selection prior to manufacturing of 

automotive exhaust systems has been very crucial. A typical 

automotive exhaust system incorporates piping system that 

directs hot reaction gases away from the combustion 

chamber of an internal combustion engine of automobile 

systems [10]. In other words, the exhaust system which 

comprises one or more exhaust pipes conveys burnt toxic and 

noxious gases through one or more exhaust pipes away from 

the engine, and depending on the exhaust design, the burnt 

gases may be expelled through the Catalytic converter to 

minimise air pollution, resonator, tailpipe etc. 

In principle, the exhaust pipes connects the exhaust manifold, 

resonator, muffler and catalytic converters together for 

effective exhaust flow, minimal noise, and emission levels. 

Exhaust systems operate at relatively high temperature and 

such operating condition usually necessitate the use of 

materials with high resistance to heat property, in order to 

prevent thermal corrosion from limiting the service life of the 

exhaust material. Furthermore, due to the effects of CO2 

emissions on the environment, Green House Gas (GHG) 

emission taxes incurred by automobile manufacturers and the 

ongoing fight against reduction of GHG emissions by United 

Nations and by IPCC and other environmental protection 

agencies, manufactures in recent times have conducted 

researches on possible ways of ensuring that emission of 

toxic and/or noxious gases into the environment is minimised 

and the use of suitable materials is one of such [16]. To this 

revolution, material selection during manufacturing process 

of automobile exhaust system has been very important. 

Initially, combustion systems were used to reduce noises 

produced by high-pressure exhaust gases that were emitted in 

large amounts by first generation automobiles [5]. 

The evolution of functioning systems in automobile exhaust, 

advances in technology and material science have made 

tremendous significance in the production of the best 

materials and designs for automobile exhaust systems. As 

regards material selection and design, there are many factors 

that must be put into consideration [3, 6]. Illustration by 
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Precision Automobile [14] shows that a typical automotive 

exhaust system is made up of the exhaust manifold, a flexible 

joint, a catalytic converter, a muffler box, tail pipe etc. as 

shown in Fig. 1. Each of these sections has distinct functions 

that are significant in the operational gymnastics of the 

automobile exhaust system [2].  

 

 
Fig. 1. Typical view of an Automotive Exhaust System [14]. 

 

1.1. Exhaust Manifold  

The Exhaust manifold are units of pipes made of special 

material that collect exhaust gases from the engine outlets 

(through valves) and channel them into a common exhaust 

pipe. The nature and appearance of the exhaust manifolds 

depend largely on not only the engine but also the nature of 

the exhaust materials to be transported. Studies in 

thermodynamics provide the exact operational temperatures 

for each conversion in the engine that helps in the 

determination of important parameters that aid in material 

selection [6].  

The exhaust manifold is installed adjacently to the engine 

part where the exhaust outlet is situated. At the end of the 

exhaust stroke of a normal automobile engine, the exhaust 

valve opens, and the exhaust gas that was filled in the 

cylinder escapes at high pressure into the exhaust manifold. 

As a result of the pressure and the velocity in which the 

exhaust gases are emitted by the engine through the exhaust 

valve, the exhaust materials gas possess high temperatures 

[13]. However, as the exhaust materials are transported 

through the exhaust manifold, divergent pressure reduction 

and equalization activities happen that not only reduces the 

pressure content, but also the velocity of the gases. 

Therefore, material selection for the exhaust manifold of the 

automobile exhaust system should incorporate the 

consideration of all these factors. Essentially, the material 

should be able to withstand the high pressures exhibited by 

the exhaust gases as they are thrust out through the exhaust 

valve. Also, the nature of the gases emitted by each engine is 

largely dependent on the fuel the engine operates on.  

Fundamentally, there are diesel and petrol engines, each 

of which emits different types (by composition) of exhaust 

gases. Therefore, the material chosen should not react with 

any chemical component in the exhaust mixture. This is 

because reactions between the material and the exhaust gases 

will not only corrode the exhaust manifold, but also reduce 

its durability drastically. Moreover, the operating 

temperature (700-800oC) of the exhaust gases should also be 

a guiding factor in the selection of the most appropriate 

material. Logically, each engineering material has a unique 

thresh-hold temperature point above which the qualities of 

the material are affected. During operation, exhaust materials 

can be exposed to ambient temperature level up to 800°C or 

even higher under certain severe conditions.  

The exhaust system during operation is also exposed to a 

number of various chemical conditions such as road salt, 

alkaline and acidic exhaust condensate within the exhaust 

system. Based on these factors, materials selected for 

manufacturing of exhaust system must possess not only 

sufficient strength and fatigue resistance but also excellent 

corrosion resistance against varieties of operational 

conditions. 

While metals generally form a protective oxide layer on 

the surface, variety of mechanisms can affect this oxide layer 

and gradually expose the metal substrate to degradation. 

Some failure mechanisms that can easily hamper the service 

life of exhaust system material during its in-service condition 

as follows; 

i. High temperature corrosion (dry hot corrosion)  

ii. Condensate and salt corrosion (wet corrosion)  

iii. Elevated temperature mechanical failure  

iv. Stress corrosion cracking  

v. Intergranular corrosion  
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1. 2. Muffler Box  

The muffler box is positioned in between the centre pipe 

and the tail pipe. It functions as a damper of exhaust noise by 

suppressing it to an acceptable level before passing out to the 

environment through the last outlet called the tail pipe which 

is visible to the human eye in an automotive. The internal 

combustion engines generate high intensity pressure waves 

which are propagated along the engine exhaust parts. 

Fundamentally, the noise produced inside the engine is 

transported in the form of pulses. Therefore, the main 

function of the muffler box is to suppress these pulses and 

reduce them to a frequency that would not cause exorbitant 

pollution to the environment. Additionally, these pulses can 

cause vibrations that could be transmitted to other parts of 

the automobile [12]. Therefore, the material selected should 

incorporate a sound absorbing material that is within the 

range of the sounds propagated from the specific engine that 

it is used. Given that sound is transmitted in a form of pulses 

and waves. As a matter of fact, mufflers used in modern 

vehicles use reactive silencers that reflect the propagated 

sounds back to the sources and inhibit their propagation (in 

the original frequencies) to the environment through the tail 

pipe. 

Technically, the muffler box has important aspects that 

tie it with the tail pipe; a choice of the material for design for 

the muffler box directly affects the choice of materials for the 

tail pipe. The muffler box is structured in a way that it should 

not have anything in its interior that would interrupt the flow 

of exhaust gases. 

1. 3. Tail Pipe  

The tail pipe is coupled with the muffler box and lies 

adjacently to the tail of the muffler box. The main function of 

the tail pipe is to relay sound and excessive exhaust gases 

from the automobile exhaust system. This is virtually the end 

part of the whole exhaustive system.  

 

2. Loading Conditions 

The mechanical loading condition in which an 

automotive exhaust system operates under are highlighted as 

follows; 

 

2.1 Thermal Loading 

This arises due to uneven expansion of some areas on the 

exhaust pipes especially when the material is exposed to high 

temperature. This uneven expansion can initiate crack or can 

superimposed on existing crack to extend the crack length 

[15]. 

The thermal stress is given by 

𝜎𝑇 = 𝐸𝛼 (𝑇2 −  𝑇1)                (1) 

Where  

𝜎𝑇 is the stresses due to uneven expansion 

E is the Young’s Modulus of the material  

𝛼 is the coefficient of thermal expansion 

(𝑇2 − 𝑇1) is the temperature gradient. 

Material Characteristics for the major components in a 

typical vehicle exhaust are   presented in Table 1.

 Table 1. Material Characteristics for Vehicle exhaust system Components [10] 

Criteria Exhaust Manifold Muffler Box Tail Pipe 

Service 

Temperature 

750-900oC 100-400oC 100-400oC 

Required 

Properties 

- Resistance to High    

   temperature 

- Thermal Fatigue life 

- Oxidation resistance  

- Corrosion resistance 

- Oxidation resistance 

- Corrosion resistance 

- Oxidation resistance 

 

2.2. Residual Stress 

The residual stress is incduces due to vibration on the 

exhaust system as a result of loading condition when the car 

is in operation. If these vibrations are close to the natural 

frequency of the material, resonance may occur. Such high 

vibration frequency can initiate crack.  

 

2.3. Fracture Toughness (K1c)  

The position of the exhaust system exposes its parts to 

frequent vibrations and knockings that usually result in crack 

initiation over time. Therefore, it is important to look inward 

for materials that possess high fracture toughness to resist 

crack propagation from existing cracks and to reduce the 

effect of residual stresses caused by vibrations and other 

loading effects. Material index to optimise fracture toughness 

and resistance to Stress Corrosion Cracking (SCC) for the 

exhaust system components [11] is given as  

K1c =  𝜎(𝜋𝑐)0.5                                   (2) 

Where  

K1c is the fracture toughness  

σ is the stress distribution and  

c is a very small crack. 

 K1c =  
𝑤𝑙

𝐴
(𝜋𝑐)0.5                        (3) 

 𝐴 =  
𝑤𝑙

K1c
 (𝜋𝑐)0.5                         (4) 

𝑚3 =  
𝑤𝑙

K1c
 (𝜋𝑐)0.5𝑙𝜌                 (5) 

 𝑚3 = 𝑤𝑙2(𝜋𝑐)0.5 (
𝜌

K1c
)                       (6) 

In order to optimize performance indices 𝑚3 =  𝑚1 

To minimize mass, 
K1c

𝜌
 should also be maximized. 
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3. Methodology 

Material selection is a very important part of engineering 

processes as far as the design of systems is concerned. 

Generally, effective material selection process implies 

selecting materials with optimal costs with good performance 

that meets the component designed service life. Based on the 

above material requirements and materials indices, a search 

was carried out using the Cambridge Engineering Selector 

(CES) software Level 3 to select suitable materials for 

automotive exhaust manifold. Since the service temperature 

considered for a typical automotive exhaust system is about 

800oC and above, a minimum temperature of 800oC was set 

to filter off materials whose service temperature is below this 

value. 

Moreover, fracture toughness is one of the most 

important factors that determine the longevity of the exhaust 

system under such severe condition. Therefore, a minimum 

value of 15Mpa.m0.5 was used to filter off materials with 

fracture toughness below this value. Similarly for muffler 

box and tail pipe, a minimum service temperature of 400oC 

and fracture toughness > 15Mpa.m^0.5 were used in the 

material selection process. Applying the above parameters in 

each material selection process generated the following 

graphs. The objective of the material selection process is to 

minimise cost, maximize Thermal Strength and minimise 

Mass.  

Materials selected at the end of each process must 

possess certain characteristics that meets the following 

criteria; 

 

i. High Melting point due to high temperature gases 

passing through the exhaust system. High Service 

temperature above 800oC for exhaust manifold and 

above 400oC for Muffle box and tailpipe. 

ii. High resistance to corrosion. Internal and external-

different environments specify  

iii. Oxidation considering hot water vapour of exhaust 

gas.  

iv. Low density which can improve fuel economy.  

v. High young modulus in order to withstand vibration 

from the engine.  

vi. High thermal conductivity in order to allow even 

spreading of heat along the whole component.  

vii. High fracture toughness to resist crack propagation 

from an existing crack.  

viii. High resistance to thermal fatigue considering high 

temperature of above 800oC for exhaust manifold 

and above 400oC for Muffle box and tailpipe. 

ix. High yield strength to withstand the thermal 

stresses.  

Fig. 2 presents the criteria for limits applied in the material 

selection for the Exhaust Manifold. 

 
Fig. 2. Chart of Limits Applied in Material Selection for Exhaust Manifold. 
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Fig. 3. Graph of Specific Young’s Modulus (GPa) against Density (kgm-3).

The graph above demonstrates the materials young’s 

modulus (GPa) against density (kg-3). The material shown in 

Fig. 3, stainless steel, nickel-chromium alloys and nickel-

based alloys have high young modulus which provides the 

required stiffness but stainless steel has a moderately low 

density which makes it a better choice of material for 

automotive exhaust than nickel. Fig. 4 represents a Graph of 

Fatigue strength at 10^7 cycles/Density (kgm-3) plotted 

against Thermal expansion coefficient (μstrain/oC).

 

 
Fig. 4. Graph of Fatigue strength at 10^7 Density (kgm-3) against Thermal Expansion Coefficient (μstrain/oC). 

 

From the material selection chart shown in Fig. 4, Nickel 

alloys and stainless steel possess better fatigue strength and 

coefficient of thermal expansion that qualifies both materials 

as potential material for automotive exhaust system. Fig. 5 is 

a graphical representation of Thermal conductivity (W/m.oC) 

against Maximum service temperature (oC). 
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Fig. 5. Graph of Thermal Conductivity (W/moC) against maximum service temperature (oC). 

 

Fig. 5 presents materials potential materials with high 

thermal conductivity at the required service temperature. 

Nickel alloys may operate in a temperature level that 

outmatches stainless steel, but stainless steel equally have the 

thermal conductivity required for optimum performance and 

longevity of exhaust systems. 

 

 
Fig. 6. Graph of Unit Price (GBP/Kg). 

 
As shown in Fig. 6, stainless steel is comparably cheaper 

than nickel and its alloys. Since cost is one of the primary 

consideration that determines the feasibility of components 

production, stainless steel may be a better choice of material 

for automotive exhaust systems due to its good corrosion 

resistance property which can improve the material 

performance and longevity of the product. 

 

3.1. Muffler Box and Tail Pipe  

The material selection for both the muffler box and tail 

pipe were done at once as they have similar service 

conditions and loading properties. Fig. 7 presents the criteria 

for limits applied in the material selection for the muffler box 

and tail pipe.    



INTERNATIONAL JOURNAL of ENGINEERING TECHNOLOGIES-IJET 
Ikpe Aniekan et al., Vol.3, No.2, 2017 

 

56 
 

 
Fig. 7. Chart of Limit Applied in Material Selection for Muffler Box and Tail Pipe. 

 

Once the conditions in Fig. 7. was applied, the following 

materials passed; gray cast iron, low alloy steel, nickel-based 

super alloy, nickel-chromium alloy and stainless steel as 

shown in Fig. 8. 

 

 
Fig. 8. Graph of Young’s modulus (GPa/kgm-3) against specific yield strength (MPa/kgm-3) for Muffler Box and Tail Pipe. 

 

Fig. 8 presents the potential materials for muffler box and 

tail pipe and these includes such as high carbon steel, 

stainless steel, cast iron and nickel alloys. Compared to the 

other three materials cast iron has low toughness and does 

not possess the strength needed to withstand the adverse 

conditions the muffler box and tail pipe is exposed to. Nickel 

alloys has the required strength but its density is relatively 

high for this application. Stainless steel and low carbon steel 

possess the required strength and stiffness to withstand 

vibration, but stainless steel is costlier and has better 

corrosion resistant property than low carbon steel. Fig. 9 

shows a graph of fatigue strength at 10^7 Density (kgm-3) 

against thermal expansion coefficient (μstrain/oC). 
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Fig. 9. Graph of Fatigue strength at 10^7 Density (kgm-3) against Thermal Expansion Coefficient (μstrain/oC). 

 
Nickel alloys can withstand relatively high temperature 

than other materials shown in Fig. 9. Stainless steel can also 

be a better material that can suit muffler box and tail pipe in 

automotive exhaust system application.  However in real 

automotive applications, cast iron also possesses good 

coefficient of thermal expansion that can equally perform 

suitably as potential automotive exhaust material.  Fig. 10 

shows a graph of thermal conductivity (W/moC) against 

thermal expansion coefficient (μstrain/oC). 

 
Fig. 10. Graph of Thermal conductivity (W/moC) against thermal expansion coefficient (μstrain/oC). 

 

 As shown in Fig. 10, both materials can withstand the high 

temperature condition needed for this application. Fig. 11 

shows the graph of price for different materials suitable for 

muffler Box and tail pipe of an automotive exhaust system.
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Fig. 11. Graph of Price (GBP/ Kg). 

 

From the graph shown in Fig. 11, cast iron is obviously 

cheaper than stainless steel, nickel alloys and low alloy steel 

whereas, stainless steel is comparably more expensive than 

low alloy steel. However, nickel alloy is relatively more 

expensive than all the materials in Fig. 11, considered for 

muffler box and tail pipe of an automotive exhaust system. 

 

 4. Discussion 

Fundamentally, a study of the different parts of the 

automobile with respect to the exhaust system reveals that it 

is exposed to various chemical and physical environments 

that must be accounted for by the choice of material, as well 

as the design. The position of the exhaust system exposes its 

parts to frequent vibrations and knockings that require the 

materials used in processing the parts to be hard as well as 

flexible. Additionally, the chemical composition of the 

exhaustive gases brings about the probability of reactions 

and corrosion between the parts, for example, condensate 

corrosion and salt corrosion. While starting a car engine in 

the cold conditions, exhaust system remains at ambient 

temperature. Condensed moisture content in the exhaust 

gases accumulates on the muffler and after-treatment system 

as well as the walls of the tubes. This phenomenon is known 

as condensate corrosion, and the condensate is sometimes 

composed of certain compounds such as CO3
2-, NH4

+, SO4
2-, 

NO3
-, Cl- and organic compounds [8]. Also, alloys used in 

manufacturing exhaust components usually undergo 

instances where high temperature exposure takes place after 

the alloys must have been exposed to acidic substances such 

as road-defrosting salt. This phenomenon is known as salt 

corrosion, in which the defrosted salt contends halides such 

as chlorides which can be very aggressive on stainless steel 

materials, and can act as flux agent that removes the 

protective oxide layer over time. 

In the material selection process shown in Fig. 2-11, 

stainless steel seems to be a more suitable material for most 

exhaust system components considered in this paper due to 

its high corrosion resistant property, stiffness, resistant to 

high temperature above 400-1000oC working condition of 

typical automotive exhaust system. Also, the exhaust gases 

can condense and stick on the interior surface of the 

manifold. This is also one of the reasons why stemless steel 

is chosen for this application because it prevents 

condensation of exhaust gases onto its surfaces [9]. 

Considering the various types of stainless steel materials 

available, the two most importantly applicable stainless steel 

materials on automotive exhaust systems are the Ferritic 

stainless steel, and Austenitic stainless steel.  

In addition to chromium and carbon, austenitic stainless 

steels generally contain nickel between 6 and 35%. The role 

of nickel is to stabilize austenite phase, improves mechanical 

properties fabrication and welding characteristics. Addition 

of nickel to steel can result in movement of the eutectoid 

point to the left and also increase the critical range of 

temperatures. Chromium is usually combined with nickel to 

achieve required ductility and toughness offered by nickel 

and the hardness and wear resistance provided by chromium. 

Sufficient addition of carbon to austenitic grades than ferritic 

grades can significantly increase the material strength at high 

temperatures. However, the application of austenitic stainless 

steels in exhaust system manufacturing attracts considerably 

higher as a result of the high percentage of nickel content, 

thus limiting it to applications where a suitable ferritic 

stainless steel is not available for use. 

The application of austenitic stainless steel in automotive 

exhaust systems offer a refined surface finishing and are 

usually applicable to higher priced luxury cars and a more 

demanding applications.  
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One of the lower cost austenitic stainless steel often 

considered for automotive exhaust application is the type 

304, but residual stresses in the material and its exposure to 

road salt makes this material grade highly susceptible to 

stress corrosion cracking (SCC) as well as intergranular 

corrosion if welded as a result of its relatively low nickel 

content. Compared to Type 304 alloys, austenitic stainless 

steels such as Type 316 alloys exhibits high resistance to 

material defects such as stress corrosion cracking and 

corrosion attack, and are sometimes considered as a better 

automotive exhaust material due to its higher nickel contents. 

Type 316L alloys also offer better resistance to intergranular 

corrosion defect over Type 316 but at the expense of some 

loss of strength, whereas, Type 316Ti offers almost the same 

strength as Type 316 alloys and also improved resistance to 

intergranular corrosion. Moreover, the Type 316 alloys tend 

to corrode rapidly when exposed to high temperatures and 

are not usually recommended for applications with 

temperature exceeding approximately 650°C. 

However, the quantity of ferrite and austenite phases in a 

steel can be controlled through the percentage concentrations 

of nickel and chromium [1]. Ferritic stainless steel contains 

about 30% chromium in composition and less than 0.12% 

carbon and traces of nickel. Although the low carbon 

percentage reduces high temperature strength, this may not 

be too much of a concern in many exhaust system 

applications. Nickel is soluble in ferrite phases and does not 

form carbides or oxides, whereas, the addition of chromium 

to steels can result in the formation of variety of very hard 

carbides of chromium, yet the resulting steel material 

remains more ductile compared to steel of similar 

manufactured by simply increasing the percentage 

composition of carbon. Addition of chromium can also refine 

the material grain structure, with improved degrees of 

toughness and hardness. Moreover, it can also increase the 

critical range of temperatures by moving the eutectoid point 

to the left. The resultant moderately ductile, excellent 

resistance to corrosion attack and relatively low cost 

requirement have made the Ferritic stainless steel a well-

known and widely used material for exhaust systems. A 

commonly used stainless steel grade such as Type 409 

developed in the early1960’s for mufflers is a chromium 

ferritic stainless steel with over 11% chromium content 

stabilized with titanium. Higher chromium steels are 

commonly used nowadays because they offer greater 

oxidation and corrosion resistance. While 409 served as a 

good automotive exhaust material, more demanding 

applications generally require the use of ferritic grades such 

as 439 which can offer adequate oxidation and corrosion 

resistance at higher temperatures [4]. Thin double wall pipes 

in recent times are becoming common for automotive 

exhaust application, with austenitic stainless steel applicable 

at the inner pipe in some designs. 

Materials generally used for manufacturing exhaust 

pipes, mufflers as well as other parts of exhaust system 

comprises ferrous alloys. Aluminium alloys in some cases 

are also used as a coating on ferrous alloys to provide more 

resistance corrosion effect. Furthermore, nonferrous nickel 

and titanium alloys are sometimes applicable in exhaust 

system parts, particularly when very high performance is 

required. Ceramics have also had limited application in 

components of exhaust system to adequately benefit from its 

insulating properties. Ferrous alloys are primarily dependent 

on iron-carbon alloys such as stainless steel, carbon steel, 

alloy steels, cast iron etc. and their performance when used 

as material for exhaust systems depends on alloying elements 

are added for the following reasons [16];  

i. To provide solid solution strengthening of ferrite,  

ii. To cause alloy carbides precipitation instead of 

cementite Fe3C,  

iii. To improve material resistance against corrosion 

attack and other unique reasons.  

Material choices for exhaust system is driven by several 

factors such as performance, cost, durability and reliability, 

warranty requirements and legislated and customer 

satisfaction. Mild carbon steel has been the choice of 

material for producing exhaust system components for 

several decades, due to the fact that the application of iron 

oxide served as coating on the exhaust system that to some 

extent protected it from atmospheric corrosion. Generally, it 

tends to exhibits poor corrosion resistance when exposed to 

salt on the road surface and condensate from the exhaust 

system. Consequently, exhaust systems manufactured from 

Mild carbon steel possessed very short service life when 

exposed to various environmental conditions by vehicles 

designed with such exhaust material. The effect of corrosion 

attack on carbon steel can minimised by means of using a hot 

dipped aluminium coating generally known as aluminized 

steel [7].  

One of the most widely used ferrous alloy alloying 

element is chromium, which sufficient addition of it results 

in stainless steel. If the temperature of stainless steel is 

raised, the chromium content forms a protective chromium 

oxide layer that prolongs oxidation rate. The minimum 

quantity of chromium required to passivate the surface and to 

classify a given material as stainless steel is about 10.5%. As 

long as the oxide layer constantly remains stable, the metal 

substrate is remains protected against corrosion attack on the 

material which in turn prolongs the component service life. 

More preference was given to stainless steel in the mid-

1990s as the principal material for components of exhaust 

systems downstream (than plain carbon and low alloy steels) 

such as the exhaust manifold or turbocharger. In recent 

times, this transition has taken precedence due to customer’s 

demands for extended warranties and emission tax. Over the 

years, technologies to meet highly stringent emission polices 

has raised exhaust temperatures which in turn has made the 

task of meeting strength and performance requirements very 

challenging. In the early 21st century, requirements including 

several alloying elements used in stainless steel have 

experienced an extensive rate in price fluctuations. As a 

result of this, stainless steel manufacturers have included an 

adjustable alloy surcharge to account for these price 

variations. Many manufactures have invested on research 

studies to reduce the sensitivity of the finished product’s 

price to these alloy surcharges [10].  
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5. Conclusion 

In conclusion, material selection is a factor of numerous 

aspects of a component’s design. The choice of the material 

is governed by very many factors as shown in the study 

above. One interesting factor is that the more challenges a 

component is exposed to in its in-service life, the higher 

requirements to improve the material performance and the 

wider the research needed to understand the challenges 

bedevilling the component prior to carrying out the material 

selection. High temperature and corrosion attack were 

spotted at as the primary defects that hampers the service life 

of an automotive exhaust system, and stainless steel (Ferritic 

stainless steel and Austenitic stainless steel) was selected as a 

choice of material suitable enough to withstand this 

challenges, and this is not too different from the conventional 

exhaust materials. 
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design studies are emphasized.  In this context the technical assessments and design observations may be considered for the 
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1. Introduction 

High-speed rails were mainly constructed on guideway 

structures with fast progress of train technology as 

MAGLEV (magnetic-levitation) for ground transportation 

system. The assessment studies have involved detailed 

review of four major conceptual designs namely those by 

Bechtel Corporation [2], Magneplane International Inc. [3], 

Grumman Aerospace Corporation [4], and Foster-Miller Inc. 

[5].  The assessment observations center on major issues 

addressed in the conceptual design reports. The evaluation 

has been prepared purposely to emphasize the positive 

aspects of the conceptual designs, as well as some of the 

apparent shortcomings that will need additional attention in 

design studies in the years ahead [6]. In this context the 

assessments may be considered to be somewhat general in 

nature at this point in time, for in almost all cases for the 

guideway conceptual designs presented, the technical details 

provided were, at most, of a ‘general nature’.  

With respect to the technical observations arising from 

these studies, authors offer the following observations. Four 

major conceptual design studies considered with 

concentration on subtopics in five major areas, namely (1) 

route; (2) environmental concerns; (3) design criteria and 

preliminary design; (4) vehicle-system interface; and (5) 

maintenance/repair.  

For the most part, as would be expected and is 

appropriate, major attention has been devoted to the 

guideway, and various factors that affect the guideway 

design, including operation and maintenance of the guideway 

system, vary between the various studies, and admittedly are 

difficult to quantify until such time as specific route is 

selected. It is safe to say that this area of the system design 

studies, namely the guideway system, is going to require a 

great deal more effort in the years ahead as the approaches in 

US an operating maglev high-speed ground transportation 

system. 

2. Technical Assessment and Design Observations 

2.1. Route 

All of the conceptual designers gave considerable 

attention to a hypothetical route in the sense of looking at 

system requirements generally, and then specifically 
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alignment, curvature, tilt, and related factors pertaining to the 

routing and operation of the MAGLEV system, especially as 

it would relate to the performance of the vehicles. 

With reference to ‘best ride’ assessment, the 

Magneplane designers concentrated on banking angle, curve 

layout, power requirements, and performance profiles. 

Consideration of the vehicle and guideway concepts as 

briefly summarized in the four alternatives, will reveal that 

the Magneplane design lends itself to being the easiest 

geometry for banking.  

From an overall basis it can be noted that with respect to 

vertical geometry, as it applies to guideway design and 

performance, essentially it is not treated in any of the 

designs. Also, the authors have gleaned, from comments 

made in the studies here and there that are unlikely that the 

guideway will follow any highway right-of-way for any 

extended distance, primarily because of the tight turns that 

occur on highways. The high speeds of the MAGLEV 

system will require large radius turns, with provision for 

banking (super elevation); this latter topic received little 

attention in the conceptual design studies, except for 

Magneplane. As might be expected, Magneplane pointed up 

its vehicle/guideway system geometry in terms of advantage 

for banking on turns.  

Route factors that would impact construction are being 

looked at in detail as a part of a separate study under the 

ongoing U.S. Army CERL assessment program. Indeed, in 

many cases, in evaluating ‘route type’ factors, it would be 

difficult to be more specific until a specific route was chosen, 

but some general observations can be made, and these follow 

in this section. 

2.2. Existing Routes 

Certain of the conceptual designs suggested that the 

routing might be along the median of interstate highways or 

other corridors, for example railroad rights-of-way. On the 

other hand, there is a reason to believe that although some of 

these corridors might be viable under certain circumstances, 

as noted earlier herein in this section of the summary report, 

in most cases the curvatures associated with turns on these 

routes would be totally unacceptable for a high speed 

vehicle. Most high speed ground transportation systems 

would be unable to follow existing highway-railway routes 

other than possibly when it is convenient (or necessary) 

through congested urban areas. 

2.3. Rivers and Tunnels 

The route studies would need to give special attention to 

the crossing of rivers, estuaries, and soft ground, in the sense 

of not only long-term performance (settlement and stability) 

of the piers (and guideway) under such situations, but also in 

the sense of safety measures for egress of people in the event 

of emergencies. Wetlands received special attention in the 

Magneplane design. 

Likewise, tunnels will necessary have to receive special 

attention in the sense of adequate clearance for vehicles, 

airflow and acoustic effects, to prevent difficulties with the 

vehicle systems as they traverse tunnels. In the case of air 

flow around vehicles in a tunnel, Magneplane, Grumman, 

and Foster-Miller each made mention of the importance of 

the problem, especially for high speed vehicles. Guideway 

support systems in the vicinity of rivers and streams, and 

factors associated with the use of tunnels, are going to 

require a great deal more attention as design progresses. 

2.4. Grade Level/Overhead Guideway Plan 

For some designs vehicles tilting will be required on 

curves. The maximum tilt of the vehicle for the various 

designs is noted in parentheses followed by the maximum 

bank angle: Bechtel (15 deg./30 deg.); Grumman (9 deg./ 24 

deg.); Foster Miller (12 deg./28 deg.); and Magneplane (no 

tilt by virtue of the design vehicle-guideway system/ 45 

deg.). 

2.5. Horizontal Geometries 

Among the various designs, Bechtel studied the matter 

of limiting horizontal geometries, and noted further that fiber 

reinforced plastic (FRP) tendons might be required in the 

long term in switching systems. Foster-Miller noted that 

glass reinforced plastic (GRFP) tendons may be needed in 

the long term on switches. The other designers made 

particular note of the requirements and singled it out for the 

future studies.  

2.6. Aesthetics 

As would be expected in a conceptual design, only a 

limited amount of attention was directed to aesthetics. It 

became obvious when reviewing the conceptual designs that 

the geometry of the columns was a big factor in overall 

aesthetics. For an aboveground facility such as the one 

contemplated, the matter of aesthetics will be a major 

concern with regard to the public and governmental entities 

that are concerned with the location of the facilities and 

guideways, as well as the overall operation. Probably the two 

most attractive column systems were the Bechtel canted 

double-column and cap arrangement, and the Grumman 

single pedestal. The other two designs called for parallel 

double columns. Also of importance is the spacing of the 

columns; in most cases even though some design exercises 

were undertaken to explore girder depth and span, versus 

column spacing along the guideway, baseline designs varied 

greatly. The Bechtel design called for a column spacing of 

25m, whereas the Grumman baseline was 18m. The 

Magneplane design appeared to have columns at about a 9m 

spacing, namely quite close, which would seem to pose an 

aesthetic, if not a cost, concern. 

Of equal importance will be attention to the effect that 

these systems will have on the surrounding land, facilities, 

housing developments, and industries, in the neighborhood 

of systems, both from an aesthetic appearance point of view 

as well as a noise point of view.  

In the light of the above-ground power line systems 

strung across the specific route, much less recent attention to 

possible electromagnetic effects on people and animals, it 
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seems likely MAGLEV will come under intense scrutiny for 

similar considerations, especially noise and electromagnetic 

effects on people, both those on vehicles as well as those 

living and working near such systems. 

2.7. Power Supply 

An aspect of operation and safety that needs attention is 

the matter of loss of power and measures to handle 

emergencies loss of power would shut down the system and 

may require the need for quick egress. What is not so clear 

from the conceptual designs is whether or not there will be 

redundant power sources. Propulsion power ‘pulsing’ were it 

to occur, could lead to undesirable oscillations of the vehicles 

during travel; there was modest mention of that possibility in 

one or more of the MAGLEV designs. Additionally, there is 

the matter of power cabling; will this cabling be run along or 

within the guideway, or exterior to the guideway? The 

security of such a system, much less considerations of 

magnetic fields associated therewith, will be a consideration. 

It is realized that these topics are partly operational problems, 

but the guideway design necessarily will have to include 

consideration of such matters. 

2.8. Personnel Safety/Emergency Stop 

The matter of safety of personnel (passengers and 

operating crew) in the event of an emergency stop is one of 

great concern. Magneplane, Grumman and Foster-Miller give 

some attention in the conceptual design to walkway 

concepts, for use in emergencies. Grumman and Magneplane 

focused attention on a central walkway between the vehicle 

guideways, although this design raises questions about its 

viability in the sense of protection for keeping people from 

falling off the central walkway, including downward egress 

to exit the system especially in difficult terrain, over water, 

or in inclement weather. Foster-Miller exhibited a downward 

(beneath vehicle) exit arrangement. Clearly, safety concepts 

with regard to passengers are a matter that is going to require 

a great deal of additional attention. 

2.9. System versus Environment  

Another factor with regard to the route that will need 

attention is the differing climates through which the system 

would necessarily operate, perhaps from warm through cold 

climates. In such cases, the route will need to be evaluated 

for its ability to accommodate the varying types of weather 

and environments that it may encounter. For example, 

Bechtel noted that icing could create problems for its 

vehicle/guideway design. Magneplane studied and problem, 

and especially debris related matters. Grumman considered 

weather as no problem, probably because of the large gap 

maintained between the guideway and vehicle. In the case of 

Foster-Miller, the open part of the bottom of the guideway 

serves to eliminate much of the problem with weather. It is 

apparent that all designers were quite conscious of the 

problem that might exist, for they gave great attention to 

sensors for monitoring such effects. 

In some respects the Magneplane designs will preclude 

some of the difficulties with inclement weather, because of 

its open truss design, although the details of the ‘trough’ area 

as yet not clear. At the other extreme, the Foster-Miller 

design suggests major problems because of the vertical 

sidewall and the extreme small clearance between the 

sidewall and vehicle, measured in centimeters apparently. 

2.10. Environmental 

All of the designers gave consideration to the 

environment to some degree, some in more detail than 

others, and especially with regard to the operation of the 

system. Among the environmental effects requiring attention 

are such factors as earthquakes (seismic effects), wind 

(straight winds up through tornadoes), rain, ice, snow, 

lightning, dirt, debris, and flooding, and their affiliated 

effects, including such items as slope stability and 

liquefaction. Detailed design criteria will need to be 

developed to cover these and other factors. 

External vehicle/system factors include effects of noise 

on passengers and route environs, as well as 

vibrations/motions of the vehicle as it would affect ride 

quality need investigation. Similar comments pertain to 

electromagnetic field effects, as they may possibly affect 

passenger comport and health. 

2.10.1. Wind 

Certain of the designers, but in varying degrees 

addressed high winds. It is perceived that for some of the 

vehicle guideways systems were the vehicle to stop on a 

curved guideway sector with significant tilt, high wind could 

lead to a stability problem. This matter was examined only 

superficially and there is reason to believe from operation of 

regular railway systems that this can be a major design 

factor. One could guess it might be critical for the Foster-

Miller concept with the small clearance between the sidewall 

and the vehicle, especially on curves, if not straight 

guideway runs. Bechtel identified wind as a problem to be 

dealt with. 

2.10.2. Earthquakes 

Earthquakes irrespective of whether or not their source 

is near or far can pose a major problem, not only in the sense 

of vibration of the guideway system and therefore the 

operating vehicle, but also from standpoint of rotational 

motion of the aboveground supports (pillars), differential 

ground settlement arising from slope instability or 

liquefaction, and a host of other related affects.  

Also, some attention is given to the matter of detecting 

earthquakes, and the sensing systems that would be needed 

on high-speed MAGLEV systems, much in the same way 

that the Japanese designers developed for their high-speed 

trains. 
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2.10.3. Debris and Dirt 

From an operational point of view debris and dirt, for 

example, can have a major effect upon the operational 

characteristics of the system and these have not been 

addressed in any great depth in any of the reports that we 

have reviewed. The debris could originate form 

environmental effects (i.e. wind) or be placed by people 

(sabotage). Some type of detection system to counter those 

effects would seem desirable. 

2.10.4. Noise and Vibration 

Noising arising from operation of these high-speed 

systems can be a factor, especially in urban areas. It was 

noted that all four designers (Bechtel, Magneplane, Foster-

Miller and Grumman) gave some attention to this matter; 

Grumman paid particular attention to aero-acoustic noise, as 

well as aerodynamic studies. 

2.10.5. Safety 

Safety is mentioned in all four conceptual designs, but 

receives the most comprehensive attention in the Bechtel and 

Grumman submissions. Of great concern, of course, is the 

matter of derailment as it might occur at switches, and more 

unlikely (but possible) in the event of ground motions arising 

from unanticipated settlement, slides, or possibly earthquake 

effects. The safety of passengers and operating personnel, in 

case of emergencies, is addressed under the Section 2.1 on 

Route. 

2.10.6. Electromagnetic Effects 

Electromagnetic effects were singled out by all four 

design groups as being a major factor, especially as it might 

affect passengers, much less those staff and maintenance 

workers located near the vehicles at stations. 

A factor that was not noted by the reviewers of the 

design submissions is electromagnetic effects in the sense 

that the maglev guideway system is a ‘string’. Strings 

crossing large sectors of the earth can have magnetic effects 

induced in them to such an extent that this can be a factor of 

design concern with regard to the performance of the 

electrical systems themselves, as well as corrosion of metals 

in the system. Telluric currents may need study in the next 

phase of the design. 

3. Conceptual Guideway Designs of Four Alternatives 

All four of the major design teams paid varying degrees 

of attention to the design criteria and preliminary design of 

the guideways. The assessment that follows begins with a 

short description of each of the four conceptual guideway 

designs; it suffices to note that the reviewers are aware that 

in many cases the descriptions and studies must be general a 

most in light of the uncertainty of the vehicle design, 

including levitation and motivation. 

3.1 Bechtel Corporation and Subcontractors 

The Bechtel design is consisted of two parallel eight 

span continuous prestressed haunched concrete box girders 

(each supporting a vehicle transit system) shown in Fig.1. 

The girders, in turn, are supported on a bent with sloped legs, 

tapered as viewed in elevation, supported in the general case 

on integral spread footings. The column bents have a spacing 

of 25m. The girder connection to the adjacent continuous 

span would be with a simply supported partial interior span 

that would permit adjustment during construction and 

thereafter. Bechtel typical guideway structural details are 

given in Fig.2. 

 

 

 

Fig. 1. Bechtel design typical guideway sections.  
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Fig. 2. Bechtel design typical guideway structural details.

The authors note that the bearing surfaces at the top of 

the bents are large with provision for adjustment, and 

providing a platform in the event of unexpected deformation, 

and thereby safety. Moreover, the load path from the beams 

is directly down through the columns of the bent, providing a 

stiff, aesthetically pleasing system. These closed box sections 

have the advantage of being stiff in torsion, and would lead 

to reduce deflection, the overall effect being a smooth base 

for the vehicle ride. 

The levitation system is based on a ‘flux canceling’ 

electrodynamics (EDS) system in which superconducting 

coils on the vehicle interact with a ladder-like structure on 

the guideway, with the latter providing suspension and some 

guidance of the vehicle. No information was found that 

related to clearances above the rail, or at the sides.  

3.2 Magneplane and Subcontractors 

Several schematics are shown in Fig.3 for the 

Magneplane guideway system. In general form the 

longitudinal guideway structure consists of continuous steel 

truss ‘beams’ of varying form. The ‘two’ guideway systems 

are supported in turn on a concrete cap girder, and thence 

down to earth on two concrete columns to a spread footing or 

pile foundation. The guideway trusses were noted to be 

continuous over two spans. The columns spacing along the 

guideway was just a little over 9 m, meaning that the 

columns are spaced relatively close along the guideway. In 

some configurations the single-track system is shown 

supported on single concrete columns. Magneplane typical 

guideway structural details are given in Fig.4. 

The ‘magway’ consists of aluminum box beams 

supported in turn by the steel truss members. Concrete beams 

also were considered, but were ruled out for cost reasons. 

The unusual and novel feature of this vehicle system is that it 

essentially is supported on a hexagonal base, permitting it to 

move, as required to handle curves and other system 

requirements. 

The levitation is noted to be of the EMS (attractive) 

type, although levitation and propulsion were noted as not 

having been studied in detail as a part of the conceptual 

study. The clearance during operation is currently planned to 

be about 0.15m or 15 cm, the largest of any of the systems. 

 

 

 

Fig. 3. Magneplane design typical guideway sections. 
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Fig. 4. Magneplane design typical structural design.

3.3 Grumman and Subcontractors 

The Grumman guideway system as shown in Fig.4 is 

envisioned as a twin-track guideway, with a central 

prestressed box girder (the so-called spine girder concept), 

simply supported on pedestals, and in turn with the maglev 

rail supported on cantilever members in turn supported by 

the central prestressed concrete box girder. The depth of the 

prestressed concrete central box girder varies, and is 

dependent on the span length. The column is founded on a 

rectangular concrete footing that is many cases will be on 

piles; various types of footing supports were examined. 

Computations were made for simply supported spans, of 

varying lengths of 18m (baseline) up to 49.5m. The loadings, 

for the most part, from the vehicle are unsymmetrical as can 

be seen visually in the figures.  Grumman typical guideway 

structural details are given in Fig.6. 

The vehicle levitation system is of the EMS type, 

namely an ‘attraction system’ that helps remove some of the 

electrical filed from the cabin area. Other advantages claimed 

are that it leads to a uniform load distribution along the full 

length of the vehicle, leads to smaller pole pitch, levitation at 

all speeds, and leads to a wrap around configuration that 

promotes safety during operation. 

 

Fig. 5. Grumman design typical guideway sections. 
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Fig. 6. Grumman design typical guideway structural details.

3.4 Foster-Miller and Subcontractors 

As gleaned from the description shown in Fig. 7 and 

design report [5], the preferred guideway system is one of 

modular construction and has twin hollow beams connected 

by structural diaphragms. Foster-Miller typical guideway 

structural details are given in Fig.8. The designers note the 

following advantages of their system: (1) Open bottom 

eliminating problems of ice, snow and debris accumulation; 

(2) wide ‘track gauge’ for vehicle stability; (3) sidewalls 

offering significant protection of vehicles under crosswinds 

and gusts and (4) most convenient for sidewall levitation 

scheme. 

The vehicle system is based on the EDS system 

(repulsive principle); the conceptual design calls for a null-

flux sidewall levitation system. The propulsion is by a 

locally switched advanced linear motor. The gap clearance is 

reported in one table to be as great as 7.5 cm. The clearances 

between the vehicle and the levitation walls are quite small 

(measured in cm), suggesting major problems if there are any 

distortions in the system, at super elevation/curve 

geometries,etc.

 

Fig. 7. Foster-Miller design typical guideway sections. 

 

Fig. 8. Foster-Miller design typical guideway structural design.

4. Guideway Structural Design Concepts for MAGLEV 

4.1 Loadings 

All of the designers provided some degree of attention to 

the loading criteria to which the guideway should be 

designed. Grumman and Bechtel probably provided as much 

information as anyone. With respect to seismic effects, all 

mentioned it, but probably Bechtel was most realistic in 

noting that no transportation system is completely 

invulnerable from seismic effects. Some indicated code 

design requirements, which would be the minimum under 

any circumstances. Bechtel called out a need for sensors to 

provide warning of seismic activity, and intelligence for 

being aware of possible alignment problems and disruptions 

that might be associated with seismic activity. Fatigue 
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considerations were not singled out as an important problem 

at this stage. Other considerations that might be considered 

‘loadings’ in a generic sense are discussed under Vehicle-

Guideway interaction, below. 

Vibrations, magnetic forces, and braking forces were 

considered in some detail by Bechtel as well as Foster-

Miller. Magneplane had a few comments on vibrations and 

braking forces, as did Grumman. 

4.2 Deflection, Camber and Tolerances 

In the design of the guideways, attention will be given to 

the matter of the deflection tolerances and how much camber 

should be initially built in to take account of vehicle loads 

and/or creep and thermal affects. Such considerations refer 

not only vertical effects, in the sense of vertical loads on the 

guideways, but also to horizontal effects in the sense of 

straightness of the guideway members, and the control on the 

guideway system as vehicles traverse bends in the system. 

This is an important topic that in the next level of design 

will need detailed attention both with respect to 

vehicle/guideway system operation, but particularly to long-

term performance and maintenance considerations.  

4.3 Construction of the Guideway 

Particular notice was made of attention paid to 

construction considerations. In that regard, Bechtel and 

Grumman clearly addressed the most fully problems in this 

topical area, and included attention to connections at all 

levels, and some attention to foundation conditions in this 

regard. Foster-Miller comments on construction were much 

less exhaustive in term of treatment and thought, as 

compared to the other designers. Magneplane comments 

were minimal at best. 

4.4 Vehicle-Guideway Interaction 

All of the designs, in one way or another, address the 

matter of vehicle-guideway interaction, which is important 

from the standpoint of the operation of the vehicle and the 

comfort of the passengers, as well as system safety and ride 

comfort. The vehicle-guideway interaction problem 

increasingly complicated as the speed of the vehicle 

increases, both from the operational/aerodynamic aspect, 

especially as they relate to the operation of the system. All of 

the designers gave some degree of attention to guideway 

imperfections, such as those that might arise from changes of 

alignment between spans, or ‘bumps’ associates with debris. 

Thermal effects were noted to be important, especially in the 

Magneplane presentation where high thermal gradients were 

noted in connection with vehicle operation; others had lesser 

attention, with Grumman, so far as the reviewers could tell, 

giving little attention to this topic apparently. 

External factors that could affect the performance, in 

addition to debris that might be deposited by humans, would 

include ice, snow, debris deposited by wind, misalignment 

arising from seismic activity, and thermal effects. 

4.5 Foundation and Pillars 

Various designs gave different attention to the 

foundations for the pillars or columns that support the 

guideway system. Probably the magneplane group did the 

most study in this regard, but all of the studies need 

additional attention to the different forms of foundations that 

would be required for an elevated system of this type. It was 

noticed that the conceptual designs thus far have not given 

much attention to matters of multiple support of the 

foundation pads (an exception is Magneplane that showed 

some multiple piles) to preclude long term settlement and/or 

rotations that might occur under environmental effects, much 

less settlement and other factors associated with the 

guideway operation. It can be envisioned that the footings, a 

large part of the construction cost, can range from slab on 

grade in some cases, to those supported on drilled caissons, 

or on piling. The foundations will need to be firm to resist 

environmental effects arising from earthquakes, wind, flood, 

etc. Hopefully in view of the large number of such 

installations, the cost can be reduced to a degree through 

novel prefabrication techniques. It is our belief, based on our 

study that the foundation systems for this elevated guideway 

system will turn out to be somewhat more complicated, as 

well as more expensive than has been indicated thus far in 

the studies.  

4.6 Guideway and Pedestals 

The design of the pedestals or columns varied between 

the various conceptual designs by reason of the fact that they 

supported different types of guideway/beam systems. The 

Bechtel design, as described earlier, uses a canted pair 

columns that form a frame; the Grumman design employs a 

single pedestal. The Magneplane and Foster-Miller designs 

appear to center on double vertical columns, with the caps 

independent or tied as the case may be. As a result, little can 

be said about the pedestal designs except to emphasize that 

these column guideway systems are inverted pendulums in 

the sense of dynamic effects arising from earthquakes and, 

thus, will require great attention, not only in terms of the 

stability of the structural systems, but also their actual design 

to insure that they can accommodate the lateral forces that 

arise from vehicle, wind, earthquakes, as well as other 

unequal and unsymmetrical loadings. In this sense, the 

Bechtel design is the more stable of those proposed. 

In the case of the girders, these ranged in the conceptual 

design from simple spans (i.e. Grumman) where considerable 

attention was given to end effects, rotations, creep, 

settlement, differential settlement, etc., although it was not 

clear whether or not Grumman had considered twist around 

the rail, to box girders in some cases, and conceptually 

continuous girders (i.e. Bechtel). There is a great deal of 

design and construction trade off that needs to be considered 

in this area in the sense of construction such systems, as well 

as handling adjustments with time. Obviously, in the case of 

simple beam systems, there can be difficulties, as has been 

experienced with some monorail systems in the United States 

at the discontinuities that occur at the ends of the girders, as 

well as the effects of creep and thermal effects (especially in 
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areas of the country where there is great temperature 

extremes). Novel designs were put forth, for example, 

Magneplane employed a hexagonal guideway support system 

for their vehicles, which included a truss, a linear 

arrangement that in essence lightens the guideway system, 

but perhaps leads to other problems. As an example, it was 

not so clear in the case of the Magneplane design what may 

happen in the case of ice, snow and rain in the sense of the 

vehicles; in one sense, it seemed to be attractive from that 

standpoint, and in another sense it was not so clear that these 

factors could be handled as easily as suggested. Another 

important aspect of the design of the girders is that of the 

continuity and in a sense continuous spans going across a 

half dozen or so girders would make it possible to have more 

control over the reliability and ride comport. On the other 

hand, the adjustments needed for effects of creep, shrinkage 

and thermal effects might be more difficult to handle, 

although this was explored in some degree with prestressing 

in the case of Bechtel and Grumman.  Thus, we see a range 

of considerations in the possible construction of the 

guideways. 

Another aspect of the design that has needed attention, 

of course, is that some of the designers have given attention 

to fiber reinforced plastic (FRP) or glass fiber reinforced 

plastics (GFRP) as being a reinforcing material to cut down 

on electromagnetic interference and effects with regard to 

levitation and propulsion. This is a subject needing additional 

attention for the studies thus far on FRP have shown good, as 

well as not-so-good, characteristics with regard to creep, 

long-term strength, and perhaps thermal behavior.  

In terms of general treatment, reinforcing, restressing 

and anchorage all received some degree of attention, in the 

most detail by Bechtel, and in lesser detail by Foster-Miller. 

No significant inclusions were noted by Magneplane and 

Grumman. This topical area will require great attention in the 

next design phase, not only in the sense of initial 

construction, but also in the sense of maintenance 

adjustments to the system over time to insure adequate 

system performance. Guideway design requires great 

additional study in light of the construction costs involved. It 

may well prove advisable to build short trial sections for 

pilot use/testing in widely different climates. 

4.7 Thermal Effects 

Thermal effects need a great deal of additional attention. 

None of the conceptual designs really addressed that question 

in any great detail. To their credit Magneplane did describe 

some schemes for use of aluminum materials to dissipate 

heat they envisioned being generated with their system. Such 

effects are not only important in the case of pedestals and 

girders, especially in the sense of their structural adequacy, 

but also it has an effect upon the vehicles, vehicle guideway 

interaction, and possibly guideway expansion problems.  

4.8 Air Gap 

The vehicle systems investigated thus far call air gaps 

ranging from as large as a 15 cm levitation gap in the case of 

Magneplane (but 5 cm was more probable the report 

indicated) to 4 cm in the case of Grumman. In any case, 

whatever the system, whether it be a repulsive or attractive 

electromagnetic levitation system, the matter of clearances is 

going to be one of great concern in connection with the 

design and maintenance of the guideways, and especially 

operation of the systems. This gap hopefully will provide for 

differences in deflections and alignments of the guideways, 

at joints in the guideway, as well as accommodation of 

debris, ice and snow. Laterally in the case of Foster-Miller, 

the vehicle appears to have little clearance with the 

guideway, especially if the vehicle tilts on super elevated 

curves, or in the wind. Thus, there is a wide range of 

parameters that must be considered in terms of support of the 

system. 

4.9 System Stability and Rocking Analysis 

Attention was given in some of the reports, especially 

Bechtel, with regard to the vehicle instability that might 

occur under normal operation or in taking curves. Wind 

effects also received consideration, especially in the Bechtel 

design with respect to rocking considerations.  That is one 

kind of analysis that needs more study. At the other extreme, 

system stability in general, for example the keel effects need 

to be studied; Magneplane did, for obvious reasons, look into 

this matter, but the findings would appear questionable. In 

the Magneplane design, one can envision a rolling/swooping 

effect as the vehicle traverses the guideway, which could be 

of concern not only to operation but also to rideability. Also, 

these stability effects are important with regard to the 

operational reliability, especially in terms of the gap that 

must be maintained for satisfactory operation. 

4.10   Emergency Stops 

Certain of the designs did pay attention to the guideways 

with regard to the emergency stops. Bechtel concentrated on 

preferred stop points, or safe stop points, where the vehicles 

could stop and efficiently handle the passengers.  

4.11    Switching 

Most of the designs considered switching arrangements 

for their particular vehicle design, but, at this point in time, it 

is difficult to envision how these would be handled with the 

guideways that were proposed and (or the terminals that were 

envisioned. Since some of the switching will occur at high 

speed and some at low speed, varying criteria will come into 

play. This is a very difficult technical aspect of design. 

4.12   Stations and Facilities 

All conceptual designers mentioned stations and 

facilities, although Grumman is the only one to spend some 

limited space on the matter. It is appreciated that these are 

more ‘routine’ in the nature, and would be addressed. The 

reviewers did notice some attention to passengers and public 

safety, in term of addressing the ‘standoff distance’ at 

stations, from the standpoint of avoiding electromagnetic 

effects.  
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5. Specific Observations on Guideways 

5.1 Magnetic Effects 

Among the effects needing more study in the future were 

magnetic effects (on passengers and operating personnel), 

vibrations, air gaps, construction tolerances, keel effects, and 

suspension (especially for emergency conditions). Every 

report indicated further studies of this topic are needed. Each 

of the four conceptual designs studied the technical details 

associated with magnetic effects, on passengers as well as 

crew and others in the immediate vicinity. Quite different 

details are noted for each of the designs, as would be 

expected, each pointing up the advantages of this system. 

5.2 Vibration 

All four designs looked extensively into vibrations as 

they affect ride quality and the frequencies of such 

vibrations. The frequencies will be important factors in 

assessing the vehicle/guideway interaction, vehicle 

performance, passenger comfort, and long-term maintenance. 

It appeared that although some attention to wind had 

been given in the conceptual designs, in some instances for 

the guideway curvatures and tilts envisioned, the vehicles 

were clearly unstable. Bechtel took pains to address this 

point. 

5.3 Air Gap 

This topic was addressed in the earlier Section 4.8. 

5.4 Keel Effect 

The keel effect, as it affects the stability of the vehicle, is 

an important factor. The matter is of particular importance to 

those systems using large clearances, as for Magneplane. 

Somehow, in the design process, there will need to be some 

balance between the air gap associated with levitation and 

stability of the vehicle under all of its operating modes. 

Considerations will not only focus on a gap to preclude 

difficulties with debris, ice and other factors already 

identified, but also the important matter of safety of control 

of the system at high speed to preclude accidents of various 

types, including ‘running off the guideways’ especially for 

some designs. 

6. Maintenance/Repair 

Although there was passing mention in the conceptual 

design reports given to maintenance and repair, little 

information of that type were presented. Perhaps the most 

attention to service vehicles and surveillance is that given in 

the Bechtel [2] and Grumman [4] reports. This is a major 

topic needing detailed consideration, not only with regard to 

the vehicles and guideways, but the power system and its 

reliability, and the viability of the systems under the 

environmental effects outlined previously. The Bechtel 

report [2] did give some attention for example, to a service 

vehicle concept, which would be needed for the safe and 

efficient operation of a MAGLEV System. 

Numerous questions arise. For example, will corrosion 

of the guideway electronics be a factor? Will surface 

deterioration of concrete, as well as reinforcing corrosion be 

a problem?  How will adjustments in alignment be made? 

7. Conclusion 

High-speed trains constructed on guideway structures 

for ground transportation system as magnetic-levitation 

system require the important conceptual structural design 

parameters. There are variety of design parameters not only 

design loads, selection of structural section, but also disaster 

management, engineering planning and design for 

unexpected loads as well as maintance and repair of the 

system. Specific observations on guideways are discussed as 

loads including seismic loads, vibrations, magnetic forces, 

breaking forces as well as considering imperfections due to 

alignment or bumps in case of debris, ice, snow and rain; 

operational/aerodynamic effects considering vehicle-

guideway interaction; deflection, camber and tolerances both 

in vertical direction and in the horizontal direction, vehicle 

loads and/or creep, fatique, and thermal effects must be 

considered.  On the other hand, construction of guideways, 

route type factor for a specific route including special passes 

such as tunnels, lakes; foundation systems, problems in 

tropical areas, structural connections will be considered. To 

control the system and uncertainties, sensors to provide 

warning of seismic activity, intelligence for being aware of 

possible alignment problems, GIS systems are necessary. 

Vehicle-guideway interaction is another important parameter 

for the operation of the vehicle, comfort of the passengers, 

safety and ride comfort. In the design of girders continuity is 

also important to redistribute the additional unexpected 

forces and displacements. Other design parameters are air 

gap, system stability and rocking analysis, emergency stops, 

switching stations and facilities. 

For future studies corrosion of the guideway electronics, 

deterioration of concrete, corrosion of reinforcement, terror 

attacks, seismic faults effects, unexpected support settlement, 

interruption of electromagnetic effects, problems in 

monitoring and other safety problems will be considered as 

conceptual design parameters.  
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Abstract- Thermal insulation improves the strength and longevity of buildings by reducing energy consumption, and as a related 

result, improved energy use. The selection of insulation material is governed by important parameters, including the average 

outdoor air temperature, the thermal conductivity of the buildings and the cost of the insulation material. Increases in the 

thickness of the insulation material will gradually decrease the energy consumption for heating; however, the insulation thickness 

has an optimum value that minimises the total investment cost, and determination of this optimum value is critical for economic 

analysis. In this paper, a life-cycle cost analysis is presented to show the optimum insulation thickness, energy savings over a 

lifetime of 15 years and payback periods for six different fuels and insulation materials for four cities in Turkey selected from 

climate regions identified by the Turkish Thermal Insulation Standard (TS 825). Muğla (1st region), Kocaeli (2nd region), 

Ankara (3rd region) and Ardahan (4th region) were selected for analysis of a sandwich-type wall constructed from the following 

six insulation materials: extruded polystyrene, expanded polystyrene, glass wool, rock wool, polyisocyanurate and polyurethane. 

The calculations were also made on the basis of six different fuels, such as motorin, natural gas, propane (LPG), electricity, coal 

(imported), and fuel-oil No. 4. As a consequence, results demonstated that the optimum insulation thickness varies between 2.8 

cm and 45.1 cm, with energy savings between 16.4 ₺/m2 and 479 ₺/m2, and payback periods fluctuating between 0.078 and 0.860 

years, depending on the city, the insulation material, and the cost of fuel. 

Keywords Energy saving, optimum insulation thickness, payback period, climate region, life-cycle cost. 

 
1. Introduction 

 

Energy is a basic resource needed in all areas of human 

life, and it is consequently a significant component that 

influences economic and social development. As an energy 

source, fossil fuels (fuel oil, natural gas, coal, etc.) are 

preserving their place as primary energy resources and 

continue to meet a substantial portion of the world's energy 

requirements [1]. 

Statistics presented by the Turkish Ministry of Energy and 

Natural Resources [2] have indicated that Turkey has the 

potential for significant energy savings of 30% in the building 

sector, 20% in the industry sector and 15% in the 

transportation sector. In the building sector, most of the energy 

is consumed as heating energy, and one of the most important 

methods for reducing heating energy consumption is the use 

of insulation. The application of thermal insulation to 

buildings reduces the energy requirements for heating and 

cooling, thereby conserving fuel. 

Many countries have developed new building codes and 

standards since the 1970s, and these standards have undergone 

constant renewal due to ever-evolving insulation technology. 

In Turkey, the TS 825 standard, "Thermal Insulation Rules in 

Buildings", aims to save energy by reducing the amount of 

energy consumed in the heating of buildings, as this represents 

a significant share of the energy consumption in the country. 

mailto:ugur.atikol@emu.edu.tr
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A substantial 25% of this energy is consumed by the 

residential sector, and a recent study indicates a savings 

potential in this sector of between 25 and 45%. In the 

residential sector, the amount of energy used for heating is 

twice that used for other sources of consumption (cooking, 

etc.). Notably, the use of insulation material in the residential 

sector not only saves energy, but it also reduces the harmful 

emissions caused by the burning of fossil fuels. 

Insulation thickness in buildings is a vital parameter in the 

design of exterior walls [3], as too low an insulation thickness 

allows heat to pass from the inside to the outside or from the 

outside to the inside, resulting in a negative effect on thermal 

comfort and energy savings. Increasing the insulation 

thickness in the walls reduces heat loss and the subsequent 

heating load and fuel cost; however, an increase in insulation 

thickness results in an increase in insulation investment costs. 

The total cost, which is the sum of the costs of the fuel 

consumption of the building and the insulation, decreases to a 

certain value and then increases beyond that level [4]. For this 

reason, it is important that in the optimization of insulation 

thickness the environment in which the building is located, the 

type of fuel and the choice of insulation material are all takeb 

into account. 

 

2. A review on the Determination of Optimum Insulation 

Thickness 

 

       The previous studies on the efficient use of energy 

reported in the literature were generally aimed at determining 

the optimum insulation thickness and a simple payback 

period. For example, Dombaycı et al. [5] calculated the 

optimum insulation thickness for Denizli based on the use of 

two different insulants and five different fuel types. Similarly, 

Çomaklı and Yüksel [6] calculated the optimum insulation 

thickness for the three coldest cities in the fourth DD region 

of Turkey in accordance with the TS Standard no 825. 

Bolattürk [7] carried out a comparative analysis to determine 

the optimum insulation thickness on the outside walls of 

buildings, whereas Kaynaklı [8] determined the optimum 

insulation thicknesses for different types of fuel, such as 

natural gas, coal, fuel oil, propane (LPG) and electricity in a 

prototype building in Bursa. Kaynaklı and Yamankaradeniz 

[9] determined the annual fuel costs for the use of natural gas 

as a fuel with different insulation thicknesses for two different 

wall types in various climate regions in Turkey. 

Gölcü et al. [10] used a life-cycle cost analysis method to 

calculate the optimum external wall insulation thicknesses, the 

energy savings and simple payback periods for heating of 

buildings in the Denizli province of Turkey, based on the use 

of different energy sources, such as imported coal and fuel oil. 

Uçar and Balo [11] used a degree-day method and a life-cycle 

cost analysis method to calculate the optimum insulation 

thicknesses of the outer walls, the energy savings and simple 

payback periods for four cities located in four different regions 

of Turkey (Mersin, Elazığ, Şanlıurfa and Bitlis), five different 

energy types (coal, natural gas, fuel-oil, LPG and electricity) 

and three different insulation materials (expanded 

polystyrene, extruded polystyrene, and rock wool). 

Kon and Yüksel [12] conducted a complex three-part study 

(focused on business and service bureaus, training halls and 

textile production) in Balikesir province to determine the 

optimum insulation thickness and the achievable savings for 

the exterior walls of buildings. Ozkan and Onan [13], using a 

new approach, investigated the effects of altering the glazing 

area percentage of windows, which ranged from 10 to 50%, 

on the optimum insulation thickness for four regions in 

Turkey. 

Mahlia et al.  [14], who analysed the relationship between 

the thickness of the insulation materials selected for the 

building walls and the thermal conductivity, found a 

polynomial function that showed a non-linear relationship 

between the thermal conductivity and the optimum thickness 

of the insulation material. This particular study was designed 

for Malaysia, which is a hot and humid country and does not 

typically undergo major changes in atmospheric temperature. 

Kürekçi [15] carried out a similar study to determine the 

optimum insulation thicknesses required in Turkey’s 81 

provincial centres, with calculations made based on four 

different fuels (natural gas, coal, fuel-oil and propane (LPG) 

and 5 different insulation materials (extruded polystyrene, 

expanded polystyrene, glass wool, rock wool and 

polyurethane). 

Ulaş [16] investigated four different heat insulation 

regions and three different types of fuel for the amount of 

carbon dioxide released into the atmosphere as a result of the 

combustion of fuel consumed. The optimum insulation 

thickness was compared with the insulation thicknesses 

determined according to TS 825 calculation method. Three 

different insulation materials (Expanded Polystyrene, 

Extruded Polystyrene and Glass Wool) and three different 

fuels (Lignite and Mineral Coal, Natural Gas and Fuel-Oil) 

were used. The lowest carbon dioxide emissions were found 

when natural gas is used for Region 1, while the highest 

carbon dioxide emissions were detected when lignite and coal 

are used in Region 4. 

Hasan [17] calculated the optimum insulation thicknesses 

for four types of fuel and two insulating materials for Palestine 

by using the degree-of-day and life cost analysis approach. As 

a result, he pointed out that the period of payback period for 

stone wool insulation is between 1.3-2.3 years, for polystyrene 

insulation is 1-1.7 years. Özel and Pıhtılı [18] calculated the 

optimum thickness of the insulation applied to the exterior 

walls for Adana, Elazığ, Erzurum, İstanbul and İzmir 

considering the heating and cooling degree-day values. 

Gürel and Daşdemir [19] calculated the optimum 

insulation thicknesses and energy savings for heating and 

cooling loads in Aydın, Edirne, Malatya and Sivas selected 

from different climatic regions. XPS and EPS were chosen as 

insulation material in the outer wall. As fuel, natural gas is 

used for heating and electricity is used for cooling. The results 

demostrated that the optimum thickness varies between 0.036 

and 0.1 m depending on the insulation material and province 

selected, the energy savings are between 12.08 ₺ / m2 and 

58.28 ₺ / m2, and payback period vary between 1.5 and 2.52 

years.  
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3. Mathematical Method 

3.1 Heating degree-day approach 

The base temperature is the temperature at which the 

generated inner temperature will compensate for the heat loss 

from the outside. Consequently, the assessment of HDD 

values depends upon numerous elements including various 

structural features such as the category of walling, the level of 

insulation, the presence of air leakage, accessibility of incident 

sunlight, and so on, as well as the specific climatic 

circumstances and the personal inclinations of the people 

using the building. Thus, the number of degre-days is 

calculated according to the equation (1).    

𝐻𝐷𝐷 = ∑  (𝑇𝑏 − 𝑇𝑜 ,𝑗

𝑁

𝑗=1

) 𝑖𝑓 (𝑇𝑜 < 𝑇𝑏)                                     (1) 

 

𝐻𝐷𝐷 = 0 𝑖𝑓 (𝑇𝑜 > 𝑇𝑏)                                                               (2)                                                                                                  

 

where 𝑇𝑏  is base temperature, 𝑇𝑜,𝑗  is daily mean outside air 

temperature recorded at a meteorology station, 𝑁 is the 

number of days provided that 𝑇𝑜 < 𝑇𝑏  in a heating season. 

Therefore, heating degree-day values are calculated as 𝑇𝑜 <
𝑇𝑏 . As it can be seen from equation (2), HDD values only take 

on positive values.  

Turkey is divided into four climate regions for each 

province according to heating degree-day numbers identified 

by TS 825 on the map indicated in Fig. 1 below. Region 1 

represents the least energy requirement for heating and Region 

4 represents the region where energy is needed the most. In 

this study, the base temperature for heating purpose is 

assumed as 17.5 ºC to calculate heating degree-day values. In 

the study, insulation analysis was performed for sandwich-

type insulated wall-type insulated wall structure using the 

HDD values of Muğla, Kocaeli, Ankara and Ardahan, which 

are determined from General of State Meteorology Affairs. 

Properties and number of heating degree-days of the cities 

referred to in this study are given in Table 1.  

 

 

Fig. 1. HDD regions identified by TS 825 in Turkey [21]. 

The amount of energy required to heat a building, relative 

to a specific base or reference temperature, is evaluated by 

the heating degree day (HDD) method. 

 

 

 

 

Table 1. Climate regions and certain data for selected cities 

Region City 
Altitude 

(m) 

Longitude 

(o) 

Latitude 

(o) 

HDD  

(oC-

day) 

1st   Muğla 661 28.36 E 37.22 N 1560 

2nd Kocaeli 465 29.88 E 40.85 N 1762 

3rd Ankara 896 32.86 E 39.93 N 2425 

4th Ardahan 1915 42.78 E 41.13 N 4687 

 

3.2 The structure of the external walls 

 

Heat is broadly lost to the building via the exterior walls, 

windows, floors and ceilings and by ingress of air from the 

exterior. The majority of heat is lost to buildings through 

exterior walls constructed of conventional building materials 

such as perforated bricks, concrete and wood. Hence, the 

present work took into consideration only heat loss via the 

external walls in order to evaluate the optimum insulation 

thickness [22]. The thermal insulation on the outer walls is 

applied in three ways; internally externally or sandwitched 

between two walls. Insulation applications are usually carried 

out by a wall model with a composite structure called a 

sandwich-type wall. The structure of sandwich-type wall 

makes up of 3 cm internal plaster, 22 cm horizontal hollow 

brick, insulation material, 22 cm horizontal hollow brick, and 

4 cm external plaster. This structure is used in calculations for 

analyzed cities. In this case study, a sandwich-type insulated 

wall depicted in Fig. 2 is examined considering six different 

insulation materials, namely Extruded polystyrene (XPS), 

Expanded polystyrene (EPS), Glass wool (GW), Rock wool 

(RW), Polyisocyanurate (PIR), and Polyurethane (PUR) are 

pointed out in Table 2 with their thermal conductivities and 

costs. 

 

 

Fig. 2. A cross-view of the sandwich-type insulated wall 

structure. 

 

Table 2. Parameters of the insulation wall [23] 

 

 

Insulation material kins. (W/mK) Cins. (₺/m3) 

Extruded polystyrene (XPS) 0.031 300 

Expanded polystyrene (EPS) 0.039 200 

Glass wool (GW) 0.040 100 

Rock wool (RW) 0.040 145 

Polyurethane (PUR) 0.024 450 

Polyisocyanurate (PIR) 0.023 400 
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3.3 Heating load for external walls 

The transfer of heat into and out of the building, via the 

walls, involves the processes of radiation, conduction and 

convection. Solar radiation can be directly absorbed at the 

outer surface of the walls to produce heat which is then 

transferred through the bulk of the wall. Further heat can be 

transferred by convective movements of the atmosphere in 

contact with both exterior and interior wall surfaces. The 

amount of heat lost per unit surface area of external wall is 

obtained from the equation (3) [24]. 

 

𝑄 = 𝑈×(𝑇𝑖 − 𝑇𝑜)                                                                       (3) 

 

where U is the total heat transfer coefficient of the wall, Ti  is 

the indoor air temperature and To is the outdoor air 

temperature. 

The overall heat transfer coefficient of the outside wall (U) 

that includes a layer of insulation is given by equation (4) [23]. 

𝑈 =  
1

𝑅𝑖 + 𝑅𝑤 +
𝑥𝑖𝑛𝑠

𝑘𝑖𝑛𝑠
+ 𝑅0

                                                        (4) 

 

where 𝑅𝑖 and 𝑅0 are the heat transfer coefficients of the inside 

and outside environment respectively, 𝑅𝑤 is the thermal 

resistance of the wall without insulation, x and k are the 

thickness and thermal conductivity coefficient of the 

insulation material, respectively. The values of 𝑅𝑖 = 0.13 

W/m2K and 𝑅𝑜 = 0.04 m2K/W are used for heat transfer 

coefficients on the inside and outside of the building. 

 

Total resistance of the non-insulated wall layer 𝑅𝑤,𝑡 is 

determined by help of the equation (5) below and a brief 

summary of physical and thermal properties of building 

construction materials is presented in Table 3 below. 

 

𝑅𝑤,𝑡  =  𝑅𝑖  +  𝑅𝑤  +  𝑅𝑜                                                            (5)

           

 Table 3. Physical and thermal properties of building construction materials of the external wall 

Wall structure Thickness (m) k (W/mK) R (m2K/W) 

Internal plaster 0.03 0.87 0.034 

Hollow brick 0.22 0.84 0.262 

Insulation See Table 2 for further information 

Hollow brick 0.22 0.84 0.262 

External plaster 0.04 0.87 0.046 

Ri 
 

0.13 

Ro 0.04 

Rw,t 0.774 

 

then, total heat transfer coefficient 𝑈 is expressed as in the 

following equation (6). 

 

𝑈 =
1

𝑅𝑤,𝑡 +
𝑥𝑖𝑛𝑠.

𝑘𝑖𝑛𝑠.

                                                                          (6) 

 

Using the HDD concept, annual heat loss for a unit surface 

area can be found through the following equation (7) [25]. 

 

𝑞𝑦𝑒𝑎𝑟 = 86400×𝐻𝐷𝐷×𝑈                                                    (7) 

The annual amount of energy required for heating by the heat 

loss from the unit surface of the outer wall is obtained by 

dividing the annual heat loss by the efficiency (η) of the 

combustion system. 

 

𝐸 =
𝑞𝑦𝑒𝑎𝑟

η
                                                                                     (8) 

Equation (7) is substituted into equation (8), then the amount 

of annual heating energy requirement can be written the 

following equation (9) [11]. 

 

𝐸𝐻 =
86400×𝐻𝐷𝐷

(𝑅𝑤,𝑡 +
𝑥𝑖𝑛𝑠.

𝑘𝑖𝑛𝑠.
) ×η

                                                            (9) 

LHV, efficiencies and prices of various heating systems are 

indicated in Table 4 below. 

 
           Table 4. Fuel costs (𝐶𝑓) and lower heating values (LHV) of heating systems and efficiencies of fuel (η) [26] 

 

 

 

 

Fuel type LHV η (%) Fuel cost (cf) 

Coal (imported) 29.295x106 J/kg 66 0.94 ₺/kg 

Natural gas 34.526x106J/m3 90 1.08 ₺/m3 

Propane (LPG) 46.453x106 J/kg 88 6.8 ₺/kg 

Fuel-oil no:4 40.594x106 J/kg 80 2.77 ₺/kg 

Motorin 42.636x106 J/kg 83 5.49 ₺/kg 

Electricity 3.599x106 J/kWh 99 0.42 ₺/kWh 
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3.4 Annual energy cost and calculation of the optimum 

insulation thickness 

 

The annual fuel cost is obtained by multiplying the amount 

of fuel to be used per year by the unit price of the fuel. The 

annual cost of fuel for unit surface area, which is the unit price 

of the fuel, can be calculated the following equation (11).  

 

𝐶𝐻  =  𝑚𝑓 . 𝐶𝑓                                                                              (11) 

 

Equation (11) can be rewritten as equation (12): 

 

𝐶𝐻 =
86400×𝐻𝐷𝐷×𝑐𝑓×𝑃𝑊𝐹

(𝑅𝑤,𝑡 +
𝑥𝑖𝑛𝑠.

𝑘𝑖𝑛𝑠.
) ×η×LHV

                                       (12) 

 

where PWF is present value and 𝐶𝑓 is the fuel cost in ₺/kg, 

₺/m3 or ₺/kWh depending on the fuel type, which can be taken 

from Table 4 above. 

 

Expected lifetime (LT) and the PWF must be evaluated 

together while calculating the total heating cost. The PWF 

value depends on the actual interest rate (r) and time. The 

interest rate adjusted for inflation rate (𝑖∗) is given by the 

following equations (13) and (14) [21, 27]. 

 

𝑖∗ =
𝑖 − 𝑔

𝑖 + 𝑔
,         𝑓𝑜𝑟    (𝑖 > 𝑔)                                               (13) 

𝑖∗ =
𝑖 + 𝑔

𝑖 − 𝑔
,         𝑓𝑜𝑟    (𝑖 < 𝑔)                                               (14) 

 

where g is the inflation rate. In this case, PWF is determined 

by aid of the equation (15): 

 

𝑃𝑊𝐹 =
(1 + 𝑖∗)𝐿𝑇 − 1

𝑖∗(1 + 𝑖∗)𝐿𝑇
                                                          (15) 

 

where LT is the expected lifetime, which is taken to be 15 

years. If i=g, then 

 

𝑃𝑊𝐹 =
𝐿𝑇

1 + 𝑖
                                                                            (16) 

 

Lifetime, interest and inflation rate values employed in 

calculating the PWF are summarized in Table 5. 

 

   Table 5. Parameters used in the calculations 

Interest rate (i) 9 % 

Inflation rate (g) 8.53 % 

Lifetime (LT) 15-years 

Present worth factor (PWF) 8.58 

 

Since the cost of insulation will increase in proportion to 

the unit thickness of the insulation material, the cost of 

insulation is given by the following equation (17).  

 

𝐶 𝑖𝑛𝑠  =  𝐶𝑦 . 𝑥𝑖𝑛𝑠                                                                          (17) 

 

The total cost of heating the insulated building in Turkish 

Lira is given by the equation (18) below. 

 

𝐶𝑡,𝐻  =  𝐶𝑓 . 𝑃𝑊𝐹 +  𝐶𝑡,𝑖𝑛𝑠                                                            (18) 

 

Equation (12) is substituted into equation (18) and then the 

total heating cost can be written as indicated in the following 

equation (19). 

𝐶𝑡,𝐻 =
86400×𝐻𝐷𝐷×𝐶𝑓×𝑃𝑊𝐹

(𝑅𝑤,𝑡 +
𝑥𝑖𝑛𝑠.

𝑘𝑖𝑛𝑠.
) ×η×LHV

 + 𝐶𝑦×𝑥𝑖𝑛𝑠              (19) 

Optimum insulation thickness minimizing the total heating 

cost is calculated with the equation (20) below [6, 7, 10, 11, 

27]. 

 

𝑋𝑜𝑝𝑡,𝐻 = 293.94× (
𝐻𝐷𝐷×𝐶𝑓×𝑃𝑊𝐹×𝑘𝑖𝑛𝑠

𝐿𝐻𝑉×𝐶𝑦×η
)

1
2

− 𝑘𝑖𝑛𝑠

×𝑅𝑤,𝑡                                                           (20) 

As shown by equation (20) above, optimum insulation 

thickness varies depending on the properties of the wall, 

insulation material, unit price of fuel, PWF, inflation rate, the 

fuel type, and the total number of heating degrees-days. 

 

3.5 Simple payback period 

 

In situations where interest rates vary, it is important to 

consider the period of payback as it is not possible to estimate 

the long-term interest rate. Interest rates can be estimated to 

be sensitive for up to 1-2 years. The simple payback period 

(SPP) is not a method of measuring the economic viability of 

an investment, but is a method that calculates how many years' 

incomes will meet expenses. The CH in the formula represents 

pre-insulation heating energy costs. Annual total net saving 

amount for buildings heated is calculated with equation (21) 

and SPPH is calculated with equation (22) [21]. 

 

𝐴𝑦𝑒𝑎𝑟,𝐻  =  𝐶𝐻  − 𝐶𝑡,𝐻                                                              (21) 

SPPH =
𝐶𝑖𝑛𝑠.

𝐴𝑦𝑒𝑎𝑟,𝐻

                                                                         (22) 

 

SPPH is only meaningful for short periods (typically less 

than one year) as it does not take into account the time value 

of money. 

 

4. Results and Discussions 

 

As a widely-used approach for facilitating normalization 

in the context of energy consumption, the present research 

employed the HDD technique to determine the optimum 

insulation thickness for application to the outer walls. 

Drawing on a sample of four Turkish cities, each situated in a 

contrasting area of the country characterized by varying 

climatic conditions, optimum insulation thickness was 

identified for six categories of fuel and insulation resources. 

In turn, it was possible for the researcher to determine 

optimum insulation thickness, energy consumption, and 

payback period after the insulation materials had been applied 

to the exterior walls.  
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Ultimately, insulation and fuel expenses were identified as 

the central dimensions which impact the overall yearly 

expense associated with insulating a building, and it should be 

noted that the loss or gain of thermal energy is lowered for a 

building that has been insulated. Furthermore, the degree to 

which the applied insulation is thick is directly and 

proportionally correlated with the level of heat loss or gain, 

thereby meaning that overall expense falls in conjunction     

with a decrease in the thermal energy requirement to heat the 

unit area. Nevertheless, the fact should not be overlooked that 

the expense required to apply insulation increases at an almost 

exponential rate when the thickness of the insulation rises. 

Subsequently, owing to the elevated insulation expense, 

overall expense increases significantly once a notable 

threshold – namely, the optimum insulation thickness figure – 

has been exceeded. If insulation can be applied at the optimum 

insulation thickness, the overall cost is minimized to the 

greatest possible degree. The fuel cost, the insulation cost and 

the total heating cost relationship with the change of the 

thickness of the insulation material for selected cities over the 

15-year lifetime are shown in the following Fig. 3. As can be 

seen from Fig. 3, the insulation cost increases linearly while 

the fuel cost decreases with increasing insulation thickness. 

The total cost shows a similar tendency to change 

depending on the insulation thickness, but the total cost for 

Ardahan is much higher than for the other cities for all six 

insulation materials. The total cost of the sum of the cost of 

fuel and insulation is reduced by a certain value and then 

increased after this level. In the equation given in (19), the 

annual heating cost for the non-insulated wall was calculated 

by taking x = 0. Then, in the same equation, total insulation 

cost was found for the insulated wall by determining the 

insulation thickness. The heating cost obtained for non-

insulated wall of the building is subtracted from the heating 

cost obtained for the insulated building, and then the annual 

saving is calculated. 

Energy savings are directly proportional to the climatic 

conditions of the region, and the energy savings for sandwich-

type wall. Fig. 4 shows the comparison of energy savings of 

all insulation materials examined for four cities in case heating 

requirement is only supplied by Propane (LPG) as an energy 

source. The optimum insulation thickness is achieved when 

the savings start to drop as the thickness of insulation material 

is increased. 

The energy saving value becomes maximum at the 

optimum insulation thickness point. For example, in Ankara, 

the energy savings is nearly 198.3 ₺/m2 at a certain thickness 

for Polyurethane (PUR), whilst the energy savings for 

Polyisocyanurate (PIR) is about 288.5 ₺/m2. The energy 

savings in Kocaeli reaches maximum value which is roughly 

192 ₺/m2 for Polyurethane (PUR) at the optimum insulation 

thickness. As can be seen from Fig. 4, annual savings for EPS 

remain the same after a certain insulation thickness (about 

0.18 m). 

 

 

 
 

Fig. 3. Effect of insulation thickness of Polyurethane (PUR) 

on the total cost in case heating energy requirement is only 

using Propane (LPG) in selected cities. 
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Fig. 4. Comparison of energy savings of all insulation materials for four cities in case heating requirement is only supplied by 

Propane (LPG) in selected cities.

 
Optimum insulation thickness is the value that makes the 

total cost minimum. The optimum insulation thicknesses, 

energy savings and payback periods for various fuels were 

calculated for Muğla, Kocaeli, Ankara, and Ardahan selected 

from four heating degree-day regions, which are given in 

Tables 6-9. To summarize Tables 6-9, while energy savings 

are obtained with 117.7 ₺/m2 for RW at the optimum 

insulation thickness (about 24.8 cm) in case of using Propane 

(LPG) as an energy source in Muğla, energy savings are 

achieved with 479 ₺/m2 for RW at the optimum insulation 

thickness (about 45 cm) in case of using propane (LPG) as an 

energy source in Ardahan. Whereas it is determined that the 

highest energy savings were achieved using Propane (LPG) 

for all insulation material types, it is detected that the lowest 

energy savings were attained using natural gas for all 

insulation material types. Fig. 5 presents optimum insulation 

thickness versus various heating systems for different 

insulation materials in cities of Muğla, Kocaeli, Ankara, and 

Ardahan. 

The variation at the optimum insulation thicknesses 

determined by HDDs for natural gas and various insulation 

materials is shown in Fig. 6 below. As the number of HDDs 

increases, the optimum insulation thickness enhances in 

parallel and it is clearly seen that glass wool (GW) is 

significantly higher than the rest insulation materials due to its 

high thermal conductivity. It is also seen that the optimum 

insulation thickness is higher in the cases where the HDD 

value is large, that is, in colder climates. When using EPS as 

an insulation material, the optimum insulation thickness 

decreases compared to RW and GW.
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Table 6. Optimum insulation thickness, energy savings and payback periods of Muğla for various fuels 

 

Table 7. Optimum insulation thickness, energy savings and payback periods of Kocaeli for various fuels 

 

 

 

 

 

 

 

 

 

XPS EPS PUR PIR RW GW

Natural gas 0,041 0,060 0,028 0,031 0,097 0,076

LPG (propan) 0,118 0,165 0,083 0,088 0,248 0,201

Motorin 0,113 0,158 0,080 0,084 0,238 0,193

Electricity 0,096 0,134 0,067 0,071 0,204 0,164

Fuel-oil no.4 0,078 0,110 0,055 0,058 0,169 0,135

Coal (imported) 0,053 0,076 0,037 0,040 0,120 0,095

Natural gas 16,828 17,391 16,399 16,861 19,774 18,426

LPG (propan) 106,470 109,070 104,161 106,633 117,731 113,151

Motorin 98,302 100,774 96,111 98,457 109,039 104,663

Electricity 71,591 73,600 69,829 71,717 80,434 76,795

Fuel-oil no.4 49,007 50,544 47,679 49,102 55,926 53,035

Coal (imported) 25,095 25,973 24,375 25,148 29,325 27,479

Natural gas 0,810 0,748 0,860 0,806 0,770 0,446

LPG (propan) 0,357 0,324 0,388 0,355 0,326 0,190

Motorin 0,371 0,337 0,403 0,369 0,339 0,197

Electricity 0,432 0,392 0,469 0,429 0,394 0,230

Fuel-oil no.4 0,516 0,468 0,559 0,513 0,470 0,274

Coal (imported) 0,693 0,633 0,745 0,689 0,641 0,373

Fuel type

Muğla

Insulation material type

Optimum insulation thickness (m)

Energy savings (TL/m2)

Payback period (years)

XPS EPS PUR PIR RW GW

Natural gas 0,045 0,065 0,031 0,034 0,105 0,082

LPG (propan) 0,127 0,177 0,090 0,095 0,265 0,215

Motorin 0,122 0,170 0,086 0,091 0,255 0,207

Electricity 0,103 0,144 0,073 0,077 0,218 0,176

Fuel-oil no.4 0,084 0,118 0,059 0,063 0,181 0,146

Coal (imported) 0,058 0,082 0,040 0,043 0,130 0,103

Natural gas 17,126 20,060 14,512 17,310 29,772 24,647

LPG (propan) 181,205 189,021 174,090 181,703 213,809 200,920

Motorin 165,952 173,459 159,121 166,429 197,296 184,897

Electricity 116,309 122,702 110,506 116,715 143,097 132,471

Fuel-oil no.4 74,754 80,016 69,993 75,088 96,920 88,091

Coal (imported) 31,597 35,281 28,290 31,829 47,313 40,994

Natural gas 0,796 0,649 0,972 0,785 0,511 0,333

LPG (propan) 0,210 0,187 0,232 0,208 0,180 0,107

Motorin 0,220 0,196 0,244 0,218 0,187 0,112

Electricity 0,266 0,235 0,296 0,264 0,221 0,133

Fuel-oil no.4 0,338 0,296 0,381 0,335 0,271 0,165

Coal (imported) 0,550 0,466 0,642 0,544 0,397 0,250

Fuel type

Kocaeli

Insulation material type

Optimum insulation thickness (m)

Energy savings (TL/m2)

Payback period (years)
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Table 8. Optimum insulation thickness, energy savings and payback periods of Ankara for various fuels 

 

Table 9. Optimum insulation thickness, energy savings and payback periods of Ardahan for various fuels 

 

 

XPS EPS PUR PIR RW GW

Natural gas 0,057 0,081 0,040 0,043 0,128 0,102

LPG (propan) 0,153 0,212 0,108 0,114 0,316 0,257

Motorin 0,147 0,204 0,104 0,110 0,304 0,248

Electricity 0,125 0,174 0,088 0,093 0,261 0,212

Fuel-oil no.4 0,103 0,144 0,073 0,077 0,218 0,176

Coal (imported) 0,072 0,102 0,050 0,054 0,157 0,126

Natural gas 39,709 42,607 37,126 39,891 52,202 47,139

LPG (propan) 288,078 295,797 281,051 288,570 320,278 307,549

Motorin 265,662 273,076 258,915 266,133 296,617 284,372

Electricity 192,192 198,506 186,460 192,593 218,649 208,154

Fuel-oil no.4 129,778 134,976 125,075 130,108 151,671 142,951

Coal (imported) 63,094 66,734 59,828 63,324 78,618 72,376

Natural gas 0,433 0,382 0,483 0,429 0,356 0,215

LPG (propan) 0,159 0,144 0,174 0,158 0,143 0,084

Motorin 0,166 0,150 0,181 0,165 0,149 0,087

Electricity 0,195 0,176 0,213 0,194 0,173 0,102

Fuel-oil no.4 0,238 0,213 0,261 0,236 0,208 0,123

Coal (imported) 0,342 0,304 0,379 0,340 0,290 0,173

Payback period (years)

Fuel type

Ankara

Insulation material type

Optimum insulation thickness (m)

Energy savings (TL/m2)

XPS EPS PUR PIR RW GW

Natural gas 0,089 0,124 0,062 0,066 0,190 0,153

LPG (propan) 0,221 0,307 0,158 0,165 0,451 0,370

Motorin 0,213 0,295 0,152 0,159 0,435 0,356

Electricity 0,183 0,254 0,130 0,136 0,375 0,306

Fuel-oil no.4 0,152 0,211 0,108 0,113 0,315 0,256

Coal (imported) 0,109 0,152 0,077 0,081 0,230 0,186

Natural gas 88,02 88,98 87,25 88,07 92,82 90,69

LPG (propan) 462,30 466,18 458,83 462,55 478,95 472,23

Motorin 429,66 433,36 426,36 429,89 445,56 439,13

Electricity 321,78 324,82 319,08 321,97 335,00 329,61

Fuel-oil no.4 228,54 230,91 226,47 228,69 239,04 234,70

Coal (imported) 125,74 127,17 124,55 125,83 132,41 129,56

Natural gas 0,302 0,280 0,322 0,301 0,297 0,168

LPG (propan) 0,144 0,132 0,155 0,143 0,137 0,078

Motorin 0,149 0,136 0,160 0,148 0,141 0,081

Electricity 0,170 0,156 0,183 0,169 0,162 0,093

Fuel-oil no.4 0,199 0,183 0,214 0,198 0,191 0,109

Coal (imported) 0,260 0,240 0,278 0,259 0,252 0,144

Payback period (years)

Insulation material type

Ardahan

Fuel type

Optimum insulation thickness (m)

Energy savings (TL/m2)
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Fig. 5. Optimum insulation thickness versus various heating systems for different insulation materials in cities of Muğla, 

Kocaeli, Ankara, and Ardahan. 

 
Fig. 6. Alteration of optimum insulation thickness depending on HDDs for different insulation materials in case of utilizing 

natural gas as an energy source. 

 

5. Conclusions 

 

Thermal insulation is based on two main issues: energy use 

and the environment. Energy use is a strategic, macro concept 

in all countries. For example, Turkey is not rich in terms of 

energy sources, with 60% of its energy requirements being 

imported from other countries. This is enhancing at an annual 

rate of 4.4% [6]. Reductions in heating needs can be achieved 

by minimizing heat losses, so the outer walls of buildings must 

be insulated with appropriate insulation materials. These 

materials are indispensable in the construction of energy 

efficient buildings; however, achieving the full energy savings 

potential requires the determination of a solution that 

optimizes insulation thickness, insulation costs and energy 

savings. 

In this study, insulation material was examined to detect 

its optimum thickness, as well as its energy savings over a 

period of 15 years; this includes payback periods in the cities 
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selected from four different climate regions in Turkey. While 

calculations were made, six types of energy fuel and insulation 

materials were considered for sandwich-type wall structure.  

The results verify that the optimum insulation 

thicknesses ranges from 4.1–22.1 cm for XPS, 6–30.7 cm for 

EPS, 2.8–15.8 cm for PUR, 3.1–16.5 cm for PIR, 9.7–45.1 cm 

for RW and 7.6–37 cm for GW. The amount of energy savings 

ranged from 16.8–462.3 ₺/m2 for XPS, 17.4–466.2 ₺/m2 for 

EPS, 16.4–458.8 ₺/m2 for PUR, 16.9–462.6 ₺/m2 for PIR, 

19.8–479 ₺/m2 for RW and 18.4–472.2 ₺/m2 for GW. The 

payback periods ranged from 0.078– 0.860 years. Based on 

these data, the greatest energy savings for the four cities is 

achieved using LPG. Furthermore, the insulation optimum 

thickness on the exterior walls of the building varies according 

to the number of heating degree-days and the insulation 

material used. The increase in fuel costs clearly demonstrates 

the importance of insulation in residential buildings. Insulation 

is also necessary for a greater sensitivity to environmental 

issues, in order to reduce the amount of energy used for heating 

purposes and the consequent emissions of flue gases into the 

environment. 
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Abstract – High manganese austenitic steel, popularly called “Hadfield steel” has dominated and played significant role in 

wear applications, especially in the mines and minerals industries since its invention over a century ago. A review on the 

researches on this steel revealed that its prominence in these fields is mainly due to its good combination of impact and 

abrasion wear resistance arising from its high toughness and high hardness respectively. Its strain hardening ability under 

impact loading is evidenced by increase in hardness as the material work hardens; this lowers the amount of wear in service. 

The work hardening property of the steel has been linked to governing mechanisms such as dislocation, deformation twinning, 

and dynamic strain ageing; also, it is enhanced by increase in carbon, ageing temperature and reduction in manganese content. 

Carbide precipitation along the grain boundaries and within the grains is the major cause of embrittlement of the steel. These 

carbides together with voids and porosities during casting solidification, improper heat treatment, overheating during welding, 

use of unsorted scrap metal and wrong wear application have been identified as the causes of premature failure in service. 

Difficulties encountered during machining of the steel have been overcome through hot machining. Hardfacing method has 

been proposed as a means of substituting the steel in wear applications, as alternative wear materials such as white cast iron 

and austempered ductile iron lack the combination of impact and abrasion resistance being offered by the Hadfield steel.  

 

Keywords – Hadfield steel, wear, dominance, mining, minerals, machineries 

 

1. Introduction 

Mining and minerals processing activities involve 

subjection of components of machineries to severe wear. The 

dominant wear modes in these stone and ore handling 

facilities being abrasion and impact; while abrasive wear 

requires components with high surface hardness, impact wear 

calls for component that are internally tough. Producing wear 

resistant components that combine these properties has been 

a major concern of researches in this sector. The Hadfield 

steel, a high manganese austenitic steel has been the 

dominant material used in the minerals industries since its 

invention by Sir Robert Hadfield in 1882 and patented in 

Britain in 1883 and in the United States in 1884 with patents 

303150 and 305151 [1-4]. 

Unique properties of Hadfield steel include: high 

hardness, high toughness, and high strain hardening or work 

hardening capacity with reasonable ductility [5-9]. 

According to Fadhila et al. and other works [5-13], these 

peculiar properties have paved way for its applications in 

sectors such as mining, where it is used in grinding mill 

liners, crusher jaws, impact hammers, cone crusher mantles 

and concave; transportation, which includes railroad 

crossings and frogs; military, where it is used in bullet-proof 
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helmets and naval vessels; agricultural and earthmoving 

equipment, such as crawler treads for tractors, track links in 

heavy excavators and dredge buckets. Limooei and Hosseini 

[14] noted that the steel is a non-magnetic alloy, which 

makes it relevant in applications where magnetic effect is 

avoided. 

Notwithstanding the attestation of good performance in 

wear applications given to high manganese austenitic steel, it 

has some shortcomings during its processing, utilization and 

repairs. More so, its dominance as a wear material for over a 

century needs to be whittled. The objects of this paper are to 

unveil the root cause of the prominence of the steel as a wear 

component in the mining and mineral processing industries, 

challenges encountered in processing and service, and 

provide alternative ways of replacing or substituting the 

material.  

2. Composition and Heat Treatment of Austenitic 

Manganese Steel 

 
The ASTM A28 stipulates the composition of the 

austenitic manganese steel as 1.0 – 1.4 %C, 10 – 14 %Mn, 

and the balance Fe [7,15-17]. Achieving manganese to 

carbon ratio of 10 is of great importance. The ratio of Mn to 

C being < 10 and phosphorus > 0.05 in the composition of 

the steel is believed to be catastrophic [2]. Owen and 

Grujicic [18] stated that the manganese steel with a nominal 

composition Fe- 12 %Mn, 1.2 %C is a stable single phase 

austenitic alloy and is usually annealed prior to use within 

temperature range of 1000 – 1100oC, and quenched to retain 

all the carbon in supersaturated solid solution. Balogun et al. 

[1] cautioned that high pouring temperature above 1450 oC 

should be avoided as segregation of alloying elements occurs 

above this melting temperature. 

Dissolution of carbides is achieved by heat treatment. 

Usually, a fully austenitic structure, carbide free and 

homogeneous solid solution having C and Mn in the right 

proportion is desired. Homogeneity can be achieved by 

ensuring that as-cast structure is free from segregation, 

inclusions and pre-existing cracks; additionally, slow 

solidification or quenching should be avoided as it leads to 

carbide precipitation, alloy segregation, dendritic structure 

and grain growth, which adversely affect the ductility and 

strength of the Hadfield steel [4]. Olawale et al. [19] posited 

that embrittling carbides present in as-cast structure are 

removed by solution treatment and quenching. 

Austenite can be obtained at 1050 oC after holding for 2 

hours and water quenching [6].   Likewise, Balogun et al [1] 

recommended an austenitizing temperature of 1050 oC for 4 

hours and soaking time of 5 minutes during quenching in 

water. Additionally, the usual practice in local foundries 

where the melt is superheated above 1500 oC to enhance 

fluidity of the melt and ease slag removal should be avoided 

as it is counter-productive, due to excessive slag formation 

resulting from the reaction of manganese with the refractory 

lining, which leads to erosion of the furnace lining and 

subsequently furnace leakage and lifespan reduction. Figures 

1 and 2 explain the effect of heat treatment on carbides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Properties and Alloy Modifications of Hadfield Steel 

Hadfield steel exhibits remarkable plastic flow behaviour 

which is indicated by strain hardening without necking to 

high levels of strength and strain. This behaviour is valued 

for severe service applications regardless of its low yield 

stress [21]. A typical example of this behaviour has been 

illustrated by Harzallah et al. [22] with a rail crossing 

designated X120Mn12, having composition 1.138 %C, 0.46 

%Si, 12.89 %Mn, 0.0033 %P, 0.008 %S and 0.18 %Cr, and 

mechanical properties as follow: yield strength – 400 MPa, 

ultimate tensile strength – 1000 MPa, and hardness – 220 

HV; with an applied load of 700 N and rolling speed of 275 

RPM, the alloy showed the highest surface hardness of 1000 

HV after 150,000 cycles, implying four times its initial 

hardness.  

Another railway crossing with composition 1.2 %C, 12.4 

%Mn, 0.60 %Si, 0.016 %S, 0.022 %P and the balance Fe, 

 
Fig. 1. Microstructure showing carbides in cast high 

manganese steel before heat treatment [21]. 

 

 

 

Fig. 2. Carbides in the microstructure of high manganese  

steel after 5 hours of heat treatment at 1050oC and 

quenching in water [21]. 
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which was subjected to about 160 million tonne 

transportation load with a combination of repeated rolling 

compression and impact forces from train wheels was 

solution treated and water quenched with the resulting 

mechanical properties as follow: percentage elongation – 

35.8 %, percentage reduction in area – 22.9 %, ultimate 

tensile strength – 840 MPa, impact toughness – 320 J/cm2, 

and hardness – 225 HV; the average hardness of the 

deformed steel ranges from 520 to 580 HV [23]. 

The high toughness of the Hadfield steel results from 

high strain hardening capacity which enhances stable plastic 

deformation, thereby avoiding shear localization and loss of 

load-bearing capacity [24]. Canadinc et al. [25] disclosed 

that the strain hardening response of a manganese steel of 

composition 13.93 %Mn, 1.3 %C and alloyed with 2.5 %Al 

was governed by high density dislocation walls that interact 

with glide dislocations at room temperature. According to 

Jingpei et al. [26], work hardening ability of the austenitic 

manganese steel increases with carbon and ageing 

temperature but decreases with increase in manganese; it is 

enhanced by dispersed secondary particles and dislocation. 

Reduction in the manganese content results in low austenite 

stability, which leads to strain-induced martensite 

transformation and increase in the work hardening ability of 

the steel.  

The work hardening characteristics of the high 

manganese steel has been attributed to deformation twinning 

over a wide temperature and strain range, which can combine 

with any unique ageing effects [27]. Owen and Grujicic [18] 

apportioned the work hardening behaviour of the steel to 

dynamic strain ageing, which they described as a direct result 

of the increase in the number of Mn-C pair produced by the 

ageing process, and twinning, which adds to the hardening 

when it occurs. 

Additionally, Hai-lun et al. [6] observed that the work 

hardening ability of Hadfield steel castings does not manifest 

fully when subjected to non-severe impact service 

conditions. Karaman et al.  [28] concluded that twinning is 

the main deformation mechanism in the steel. Also, Mahlami 

and Pan [17] summarized that work hardening behaviour is 

responsible for the rapid surface hardening and arises due to 

dislocation interactions, slips, twins and stacking fault that 

occur at high impact or compressive loads. Qian et al. [23] 

disclosed that large non-uniformity of hardness distribution 

in deformed Hadfield steel arises from the underlying non-

homogeneous substructure with higher hardness in multiple 

twin regions and lower hardness in regions where dislocation 

prevails; hence, hardness value decreases slightly with 

increasing depth due to larger deformation at locations closer 

to component surface which generates increasing work 

hardening compared to inner locations. 

A comparative study of the hardness of as-cast Mn13-

steel and explosion depth hardened M13EDH-steel showed 

the hardness of M13EDH was higher than the as-cast steel 

having recorded a hardness of 315 HV. However, strain 

hardening was low in Mn13EDH [30]. Zhang et al.  [30] 

showed that a Hadfield steel sample with composition 13 

%Mn, 1.2 %C, solidified under a pressure of 6 GPa gave rise 

to refined grain size ~ 7.5 ± 2.5μm as against ~160 ± 45μm 

recorded under pressure when subjected to metallographic 

examination, x-ray diffraction revealed that M23C6 carbide 

was obtained in the steel solidified under 6 GPa, while M3C 

was obtained by solidification under normal pressure.  

Hadfield steel alloyed with Al and Si and microalloyed 

with Nb and Ti and subjected to thermomechanical treatment 

resulted in fine grained structure with the expectation of 

increase in mechanical properties during subsequent cold 

plastic deformations [31]. This expectation will be right if 

the steel obeys Hall-Petch relation which Chinella [21] 

reported that alloys which obey this relation have increased 

yield stress and hardness with decrease in their grain size. 

Wear resistance of the manganese steel has been raised 

up to 40 % by addition of titanium and grain refinement [14]. 

The yield strength, hardening rate and ultimate strength of 

the steel weld region have been increased by a combination 

of nitrogen alloying and microstructural refinement [7]. To 

attain optimal tensile strength, 12 to 13%Mn should be used. 

Manganese acts as an austenite stabilizer and delays 

isothermal transformation to bainite. Carbon content below 1 

% leads to a decrease in the yield strength. The optimal 

carbon content has been found to be between 1 and 1.2 %. 

Above 1.2 %C, yield strength is unaffected; however, > 1.4 

%C should not be used as this results in the segregation of 

carbon to the grain boundaries as carbides, which affects the 

strength and ductility adversely. Silicon acts as a deoxidizer 

when present, while chromium increases yield strength and 

decreases ductility [32].  

Also, Balogun et al. [1] posited that the presence of 

chromium in purely austenitic Hadfield steel results in the 

appearance of cracks arising from elevated internal stresses 

associated with the liberation of carbides which segregates at 

grain boundary; however, uniformly dispersed chromium 

carbides in the base of the austenitic grains provides higher 

resistance to impact abrasion resistance. Hamada et al. [33] 

stated that strengthening of the steel by addition of 

manganese offers opportunities for refinement of structure by 

dynamic recrystallization; similarly, Dobrzański et al. [34] 

reported that dynamic recrystallization occurred in high 

manganese steel containing 3%Al and 3%Si. 
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4. Weldability and Failure of the Hadfield Steel 

Carbide precipitation is a major challenge encountered 

during welding of austenitic manganese steel. This is avoided 

by keeping the temperature of the steel below 300 oC; arc 

welding, which involves short period of heating has been 

suggested as a suitable method for this purpose. Work 

hardening characteristics and plastic deformation of weld 

overlay have been exhibited by electrode containing 

molybdenum than electrodes with nickel-chromium and 

chromium electrodes [11]. Hence, early failure may be 

prevented by avoiding overheating of the material. High 

carbon content in the steel makes it difficult to process due to 

carbide precipitation which results in poor weldability [35]. 

According to Olawale et al. [19], inadequate quenching 

operations during manufacturing process of the steel leads to 

the formation of carbide precipitates which embrittle the 

steel, reduce its ability to withstand shock and create non-

uniform plastic flow as the material strain hardens. Also, 

Curiel-Reyna et al. [36] noted that microhardness differences 

resulted from carbide precipitation arising from post cooling 

process. High brittleness at the heat affected zone of a 

welded Hadfield steel originated from the presence of 

discontinuities or defects as voids, micro-voids, carbides and 

micro-cracks at the grain boundaries. Figures 3 and 4 show 

the microstructure of a sound crusher jaw and a failed 

defective crusher jaw with carbides along the grain boundary 

and within the grains, respectively. 

 

Fig. 3. Optical micrograph of sample of sound crusher jaw 

showing austenite grain boundaries  in austenite matrix [20]. 

More so, Chojecki and Telejko [20] unveiled the reason 

for crack formation in service as micro-porosities formed 

during casting solidification and propagation of the micro-

cracks during service conditions involving dynamic stresses. 

Additionally, castings of wall thickness greater than 60 mm 

are treated for about 5 hours in foundry practice; this reduces 

the quantity of carbides to less than 0.8 % and their 

dimensions to less than 30μm, while secondary carbides are 

possible nuclei of brittle fracture.  

Furthermore, Bhero et al.  [4] identified major causes of 

poor field performance of Hadfield steel as: random use of 

unsorted scrap, improper casting procedures, faulty heat 

treatment and inappropriate use of product.  Slack quenching 

or warm roll reheating may initiate grain boundary carbide 

precipitation in high carbon content Hadfield steel, resulting 

in the introduction of grain boundary void nucleation 

softening mechanism, leading to plastic instability, low strain 

and strength [21]. 

 

Fig. 4. Optical micrograph of sample of failed crusher jaw 

showing microstructure of large carbides at the grain 

boundaries and in the grains of austenite  matrix [20]. 

5. Machinability of Hadfield Steel 

Machinability of austenitic manganese steel has been 

reported to be very low; this has been attributed to its high 

hardness, strain hardening behaviour, strength, toughness, 

wear resistance and low thermal conductivity [37,38]. 

Hadfield steel containing dispersed Ti(CN) has higher wear 

resistance but severely reduced machinability [37]; 

consequently, the high manganese steels are referred to as 

difficult-to-cut materials [39]. Armstrong et al. [40] posited 

that the steel has metastable austenite at room temperature, 

which transforms to stable martensite during machining. 

Cebron et al. [41] noted that the steel hardens substantially 

during machining and causes wear of the cutting tool; the 

degradation of the tool can be linked to the strain hardening 

while being worked on and the structure of the material after 

heat treatment. 

Strong abrasion and notch wear have been observed when 

turning Hadfield steel [37]; more so, increase in micro-

hardness was recorded from cutting and machining the 

material [22]. Rapid tool wear occurs as well as built-up edge 

on cutting tool tip [42]. Increasing the feed rate or cutting 

speed leads to an increment in the level of hardening [41]; 

these machining difficulties led to the search for a better way 

of machining the material. Armstrong et al. [40] noted that it 

was impracticable to machine Hadfield steel at room 

temperature; however, the material was easily machined at 

higher temperature and martensite transformation did not 
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occur; hence, they concluded that hot machining improved 

the machining property of the material. 

According to Çakir [43], hot machining has been 

established as the solution to the machining challenges of 

Hadfield steel. This process offers high tool life, better 

surface finish and higher material removal rates. Potter [44] 

recommended that the material should be heated to a 

temperature between 300o C and 420o C, while being 

machined. Pal and Basu [45] recorded tool lives of 1 min at 

room temperature, 5 – 6 mins at 400o C, 7 – 8 mins at 500o C 

and 10 mins at 650o C. The work piece is heated before or 

during machining around the area being machined. Heating 

methods that have been used include: plasma arc, electric 

current, flame, induction, laser and arc heating. Also, hot 

machining leads to reduced cutting forces and lowers 

machining costs [46]. Kopac [38] reported that increase in 

the temperature of the material results in reduction in 

hardness and the material will likely lose its hardness and 

related properties after 500o C. Figure 5 shows a diagram of 

Hadfield steel workpiece undergoing hot machining. 

 

 

 

 

 

 

 

 

 

 

 

            Fig. 5. Hot machining of Hadfield steel. 

Uncoated Al2O3/TiC mixed with ceramics which 

composed of 70% of Al2O3 and 30% of TiC has been used a 

cutting tool for the material [47]. Coated TiAlN tools 

produced by physical vapour deposition method showed 

lowest surface roughness and cutting forces when compared 

with TiCN/Al2O3/TiN and TiAlN/AlCrO coated by chemical 

vapour deposition and physical vapour deposition, 

respectively [39]. While carbide cutting tools have been 

found to provide better tool life and surface finish than high 

speed steel tools, cubic boron nitrate tools were more useful 

as they offer the highest cutting speed of about 200 m/min. 

Moderate feed rate has been recommended, as lower feed 

rates would cause higher strain hardening due to longer 

contact between the cutting tool and workpiece. 

Additionally, the depth of cut must be higher than the work-

hardened thickness, to prevent higher tool wear [43].  

6. Alternative Wear Materials to Hadfield Steel 

Low alloy wear resistant steels and high chromium white 

cast iron are alternative wear materials to Hadfield steel. 

However, their applications are by either complex 

manufacturing process or too low toughness [10]. 

Austempered ductile iron (ADI) has been suggested by 

Skoczylas et al.  [48] as a substitute to Hadfield steel due to 

its excellent combination of strength, ductility and toughness 

in addition to low weight loss when subjected to abrasive 

wear test. The authors did not take into cognizance the 

increase in hardness of the Hadfield steel as it workhardens 

under impact loading. Modern trend in wear applications is 

that parts are being hardfaced based on the wear mechanisms 

and service conditions, which determine the selection of the 

hardfacing alloy, substrate material and welding method.  

7. Conclusions 

Findings of different researchers on Hadfield steel 

regarding its composition requirements, unique combination 

of mechanical properties, special care and shortcomings are 

summarized as follow: 

The optimal manganese to carbon ratio in the austenitic 

manganese steel is 10, with carbon ranging from 1 to 1.2 % 

and manganese content between 12 and 13 %, in order to 

attain optimal tensile strength. Carbon content greater than 

1.4 % leads to segregation of carbides, which results in the 

embrittlement of the steel. 

Wear resistance of the steel can be increased by addition 

of alloying elements such as titanium or chromium. 

Explosive depth hardening has been used to increase its 

hardness prior to use, while appreciable grain refinement has 

been achieved through solidification under pressure. 

Dynamic recrystallization in the steel has been associated 

with the presence of manganese, aluminium and silicon. 

High strain hardening ability of the steel favours 

toughness, while dispersed carbides in the microstructure 

favours hardness. Work hardening is enhanced by increase in 

carbon, ageing temperature, dispersed secondary particles 

and dislocation. It has been associated with mechanisms such 

as deformation twinning and dynamic strain ageing. The rate 

of work hardening in as-cast structure is greater than that of a 

previously hardened bulk material. However, the latter has 

the advantage of high hardness before use which translates to 

less wear damage of the latter than the wear in the former. 

This explains why the steel performs best when subjected to 

impact and abrasive loading conditions. 
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Precipitation of carbides at the grain boundaries arises 

from improper heat treatment procedures such as holding at 

inadequate austenitizing temperature for a short period and 

slack quenching. Usually, the carbide precipitates in the 

microstructure are dissolved by solution treatment at an 

austenitizing temperature of 1050 oC, at holding time from 

about 3 hours and above, depending on the amount of 

carbide present, while quenching in water is carried out at 

very fast rates to ensure austenitic microstructure. These 

carbide precipitates embrittle the steel and results in poor 

weldability. 

Difficulties experienced during machining of Hadfield 

steel arise due its high hardness, strain hardening behaviour, 

toughness, wear rate and low thermal conductivity. The 

challenges encountered during machining include: rapid tool 

wear, hardening of workpiece, built-up edge on cutting tool 

tip, strong abrasion and notch wear These have been 

overcome through the use of hot machining technique, which 

lowers the cutting forces and machining costs, increases the 

tool life, offers better surface finish and material removal. 

Coated carbide tools are more effective in machining the 

material than high speed steel; however, moderate feed rate 

should be used, while the depth of cut should be higher than 

the work-hardened thickness to prevent strain hardening and 

higher tool wear, respectively. 

Alternative wear materials such as white cast iron and 

austempered ductile iron lack good combination of hardness 

and toughness to replace Hadfield steel in wear applications; 

hence, its prominence in the mining and minerals processing 

industries. Development of economical hardfaced wear 

components with good combination of hardness and 

toughness is being proposed as a means of substituting the 

Hadfield steel in ores and stones processing involving impact 

and abrasive wears. 
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