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ABSTRACT 

This thesis is a research-focused work on a study of alternative materials for horseshoes. Within this 

thesis the objectives and functions of a compliant horseshoe are identified, based on a literature study 

of the work of previous researches, and they are linked to the properties of material. After identifying 

these objectives, a number of methods are implemented with the aim of detecting the most suitable 

materials for horseshoes taking into account the properties linked with the objectives. In order to 

determine whether the selected material is suitable or not, a comparison with a traditional forged steel 

horseshoe is carried out. Whenever an appropriate material is found, a most exhaustive study is 

performed and finally, a decision is elected based on the further investigation. The last chapter of this 

thesis is comprised of a document destined for future researches where suggestions about how to get 

more reliable results in the field are explained. 
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1 INTRODUCTION 

Horseshoes are used to protect the hooves of the horse against blows and extreme wears arising 

from the contact with the ground (Evans, 2001). Nowadays, there is a large variety of horseshoes 

on the market made of different materials and with different shapes. The type of horseshoe 

utilized for shoeing a horse depends on various factors. These factors will be studied in the 

current document in sections below. The bonding between the hoof and the horseshoe also can 

vary. This thesis is focused on a study of alternative materials for the manufacture of horseshoes 

since current materials used for this purpose present some drawbacks.   

1.1 BACKGROUND 

According to Zamora et al. (2003), since the 19th century, there has been a scientific discussion 

about the existence of horseshoes in the ancient times. There is evidence of the use of removable 

protections, which were made of metal, esparto or leather, and were fastened by ribbons. These 

removable protections were used after the 4th century B.C. A kind of removable protection is 

shown in Figure 1. This protection is made of thin iron plates and covers the whole hoof of the 

horse (ZIPPELIUS, 1891). Although there are not literary texts about the use of the horseshoe 

prior to the 9th century A.D., there are archaeological findings in many countries. The origin of 

horseshoes is not very clear, but there are indications that it was first used by the barbarian 

people of the Eastern Roman Empire. The first use of the nailed protection is estimated between 

the 4th and 2th century B.C. (Zamora et al., 2003). 

 

 

Figure 1: Removable protection for the horse hoof (ZIPPELIUS 1891) 
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The materials for the manufacture of horseshoes have changed through the history. The first kind 

of horseshoes that were used for the horses of the emperors in Greek and Rome were made of 

iron and silver. Thenceforth, new materials have been found and tested for horseshoes. Although 

there are horseshoes made of different material such as plastic and aluminium, the main material 

used to manufacture horseshoes is steel (Sánchez, 2010). A U-shaped horseshoe made of steel 

and manufactured by the company Mustad Friesland, which is the main producer of steel 

horseshoes for the European market (Mustad, 2014), is shown in Figure 2.  

 

 

Figure 2: Mustad horseshoe (Mustad 2014) 

 

With the aim to understand the strengths and weaknesses of horseshoes it is necessary to 

understand how the hoof of the horse acts in each gait. When the hoof is in contact with the 

ground, the hoof is flexed due to its flexible structure and the pressure exerted and the load 

produced by the weight of the horse. In Figure 3 the internal structure of a foot is represented 

where a pinkish mass is shown, which is known as the digital cushion. This structure of the foot 

operates as a “blood pump” mechanism, which supplies the flow of blood through the veins when 

it is contracted owing to the impact. This mechanism also provides proper shock absorption for 

the foot. A stiff horseshoe avoids the natural expansion of the hoof, which limits the blood flow 

creating an incorrect circulation. An inappropriate circulation leads to an unhealthy hoof causing a 

great effort to the heart in getting the blood back to the foot. This also originates wrong shock 

absorption (Bowker, 1998). 
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Figure 3: Horse foot structure (Parks 2003) 

 

Nowadays, the manufacture of horseshoes normally uses different types of steels. Soft iron is 

used to make the nails. Due to its stiffness, this material can be nailed into the hoof of the horse 

and as a result of its ductility can be bent without breaking. This kind of iron is not used in the 

manufacture of the horseshoe because it is too soft. Moreover, the steely iron is used for the 

manufacture of horseshoes just in case where it contains between 0.2% and 0.5% carbon. As it 

has been mentioned above, this material is the most used one in the manufacture of horseshoes 

due to the facility to find it in the market and its competitive price. The steely iron presents a 

suitable stiffness for an appropriated wear of the horseshoe; however, this feature avoids the 

natural flexion of the hoof. This is not the only drawback of using this kind of material in 

horseshoes. The high weight and the lack of shock absorption of high frequency vibrations on 

hard surfaces can lead to medical problems for the horse. A horseshoe made of steely iron 

transmits the impact directly to the hoof of the horse and some vibrations can reach the internal 

part of the foot. The blows can produce injuries in the hoof, in the internal part of the foot and 

the joints. 

Another kind of material used in the manufacture of horseshoes is aluminium. This material is 

used in alloy to increase its durability and to avoid the reaction when the horseshoe is in contact 

with the ammoniac components of the urine when it is in a non-absorbent surface. This material 

has a lower weight and higher shock absorption but on the other hand pure aluminium is too soft 

for horseshoes. 

Plastics and rubbers are also used in horseshoes. The main advantages of these materials are the 

low weight and the high shock absorption. There are horseshoes made of metal and coated with 
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rubber. These horseshoes have a good gripping on hard surfaces and a good buffering capacity, 

but this kind of horseshoe is only used on specific cases where the horse suffers any disease of 

the hoof since this type of material is easily worn. This therapeutic shoeing is intended to 

alleviate, cure the diseases of the hoof or to correct its deformities. Therapeutic horseshoes must 

be as lightweight as possible to avoid overburdening the diseased hoof and the nails have to be 

distributed in a way that are not in contact with the injuries, for these reasons a plastic or rubber 

horseshoes are appropriate for horses that suffer injuries (Rey, 2004).  

In addition to these materials, there are also silicones with different kinds of hardness and 

elasticity. Such material is very suitable for horses that due to pathology need a distribution of the 

weight on the hoof and comfort in the tread (Sánchez, 2010). 

As with the materials, the shape of horseshoes has also changed through the history. Henry 

Burden in the United States patented the first horseshoe-manufacturing machine in 1835. This 

machine could produce a maximum of 60 pieces per hour. Although it is unknown who invented 

the first horseshoe a few years later in 1861, J.B. Kendall patented the first composite horseshoe. 

Some years later, Oscar E. Brown invented the double horseshoe in 1892. This horseshoe was 

composed of two pieces, which are displayed in Figure 4 (piece 1 and piece 2). One of these 

pieces was the upper shoe (piece 1), which was attached directly to the hoof of the horse. The 

other piece (piece 2) could be attached to the upper shoe and it could be removed if it was 

necessary. The aim of this horseshoe was to obtain a faster change of horseshoes without 

needing to remove it completely.  

 

 

Figure 4: Double horseshoe (Brown 1892) 
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The main functions of the horse´s hoof are to support the weight of the horse, to absorb shock 

against the ground, to provide traction to the horse and to permit the blood flow explained 

above; therefore, the objective of horseshoes is to supply these functions. If the horseshoe is 

poorly placed, the hoof of the horse can be damaged, the horseshoe can be lost and the tendons 

and joints can also be damaged. These problems will have to be fixed with the intervention of a 

vet or the application of orthopaedic horseshoes, if it is possible to fix them (Harper, 1989).  

1.2 PROBLEM 

The horseshoes are fixed individually at the edge of the bottom part of the horse hoof and are 

bounded to the hoof with the help of nails. These nails are fastened into the holes of the 

horseshoes and embedded in the hoof by using a hammer. In order to avoid the loss of the 

horseshoe after nailing, the nails are bent downwards on the outside part. The process to fix the 

horseshoe to the horse hoof has to be repeated at least once every six to eight weeks with the 

purpose of trimming the hoof since any overgrowth of the hoof means that the horse cannot walk 

suitably. Therefore, using a material whose duration against wear is at least eight weeks is 

essential. 

Moreover, in every step when the hoof of the horse is in contact with the ground, it is flexed 

between 6 and 8 mm in each side due to the pressure produced by the weight of the horse. This 

flexible mechanism, which has been briefly studied in the above chapter, supplies impact 

absorption for the joints and tendons in the foot. For this reason, it is important to provide a 

horseshoe made with a material which allows the natural flexion of the hoof. With a metal 

horseshoe nailed to the hoof the flexion cannot occur. 

In addition to features related to materials, it is also necessary to utilize an antiskid material. An 

antiskid material avoids the sliding of the horse when the surface of the horseshoe is in contact 

with the ground and improves its traction in the movements.  

Nowadays, there is a large variety of horseshoes, made of different materials and with different 

shapes. The reason to use a certain kind of horseshoe depends on various factors. A horseshoe for 

a horse that takes part in horse competitions is not the same as a horseshoe used for a horse 

which is bred for riding. Horseshoes also vary depending on the soil type where the horse stays 

and the kind of horse. Due to the difficult to encompass every kind of horseshoe, this thesis is 

focused on a traditional forged steel horseshoe. This steel horseshoe is made of AISI 1016 carbon 

steel and it is used for a horse that performs a regular work and does not present any disease or 
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injury in its hooves. More information about this horseshoe and its mechanical properties are 

given in subsequent sections.  

1.3 PURPOSE AND GOAL 

The main purpose of this thesis is to perform a research-focused work in the field of materials 

that can be suitable for the manufacture of horseshoes. It is important that the horseshoe made 

with the potential material has an appropriate joint with the hoof and also to find a material 

which flexes in order to permit the natural flexion of the hoof and a resistant material which 

avoids the wear of the horseshoe between shoeing. This goal is achieved by performing the 

proposed methods in the following section. 

In order to perform the comparison between the potential materials and steel it is necessary to 

identify the main objectives and functions of a horseshoe. The following parameters of the 

material have to be taken into account: lightweight, flexibility, wear resistant, antiskid, economic, 

adhesiveness, durable and forgeability. A light material avoids the supporting of great weight by 

the horse and a flexible material permits the natural flexibility of the hoof. The chosen material 

has to be wear resistant and antiskid. It is important that the material has duration of at least 

eight weeks, which is the time between changes of horseshoes. The material has to be suitable to 

be adhered to the hoof without nails and must also be an economic material. These explained 

parameters and its characteristics properties of the material are identified with the aim to 

perform the comparison between the steel and the different potential materials. The loads acting 

on the horseshoe will be also briefly studied taking into account the weight of a medium horse 

(about 600 kg) and the geometry of the horse hoof represented in Figure 5, which has a maximum 

width of 12.90 cm and a maximum length of 13.20 cm. 

 

 

Figure 5: Geometry of the hoof (Illumination Studios 2014) 
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In order to try to solve the problems explained above, alternative materials for the horseshoe are 

investigated with the aim to find a suitable material, which covers all the requirements. This 

material has to present great duration and flexion features. This research is focused mostly on the 

duration and the flexibility of the material, but also on other parameters such as the cost of the 

material. To find out the most suitable material a comparison between the potential materials 

and the AISI 1016 carbon steel is performed with the aim to evaluate whether the manufacture of 

horseshoes with different materials is feasible economically and whether those alternative 

materials are beneficial to the horse. 

1.4 METHODS 

A number of methods are used to carry out the analysis of the horseshoe and its materials. First, a 

literature study in the field of materials that have been used for the manufacture and other 

important issues of horseshoes, such as the anatomy of the foot or the hoof of the horse, is 

performed. The main purpose of this literature study is to establish the most important objectives 

and functions, which are based on the work of previous researches, to achieve a compliant 

horseshoe. Throughout this research, the shape of the horseshoe as well as the bonding with the 

hoof is also studied. To carry out this study, the contact between the hoof and the horseshoe and 

the horseshoe with the ground are taken into account.  

After the literature study is conducted and the objectives and functions of a compliant horseshoe 

are determined, the second method can be performed. This method purports to achieve a narrow 

group of potential materials executing a preliminary selection, which is based on the most 

appropriate material properties. The first step of this method is to create a rank-ordered-data 

table, where the identified functions and objectives of the horseshoe are linked with the 

properties of materials. The second step is to identify the most suitable materials with the help of 

the Ashby Chart Method. This method consists on an early selection of suitable materials with the 

help of a chart, where every material family are located in the chart depending on its material 

properties. On the axes of these charts are plotted two different material properties. 

Subsequently on concluding these methods, a concept selection is implemented with the first 

selected materials from Ashby charts as well as others materials with similar properties in 

comparison with the first selection. To carry out this method, it is necessary to define a forged 

steel horseshoe with which to perform the comparison for each selected material. This forged 

steel horseshoe is also based on previous researches and its materials properties are identified. 

The aims of this method is to determine the ranking of each material by scoring them higher or 
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lower depending whether the material property is most or less suitable in comparison with the 

used steel in the defined horseshoe, and thereby to perform a classification of the most 

favourable materials for horseshoes. 

After these methods are concluded and the most suitable materials are selected, the parameters 

of these materials are compared with the parameters of the forged steel horseshoe to study in a 

more exhaustive way. This way whether the change of the material improves the steel horseshoe 

is evaluated and determined. 

1.5 DELIMITATIONS 

Owing to the difficulty of studying all possible steel horseshoes cases, this thesis is focused on just 

one kind of horseshoe, made of AISI 1016 carbon steel, which is used in the final comparison. The 

shape for the horseshoe is also determined based on an existing horseshoe. Although there are a 

wide variety of horse´s disciplines, the selected horseshoe used to perform the comparison is for 

a specific type of work horse. This standard horseshoe is used in farm horses whose main function 

is to carry loads and the tillage of fields. These functions are carried out by the horse by walking.  

The comparison between the selected potential materials and AISI 1016 carbon steel is performed 

by finding out the material’s mechanical and physical properties, as well as other material 

characteristics such as the price, using the methods displayed in the section above.  

2 IMPLEMENTATION 

Throughout this chapter how the different methods are used to carry out the main purpose of this 

thesis is explained in detail. First, a literature study in the field is performed with the main 

purpose of finding out the objectives and functions of a compliant horseshoe. In addition, more 

information about the equine issue is reviewed based on the work of other authors. After 

implementing the literature study, a number of methods are utilized in order to find a more 

suitable material for horseshoes in comparison with AISI 1016 carbon steel. First, a rank-ordered-

data table is performed to link the needed features in a horseshoe with the material properties. 

When the material properties are identified, the selection of material begins with the help of 

Ashby charts. Once the materials have been selected from the Ashby charts, a concept-score 

matrix is implemented where the properties of these materials are compared with the properties 

of the AISI 1016 carbon steel. If a suitable material is found, a more exhaustive comparison is 

performed and an evaluation of this material is reached. 
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2.1 LITERATURE STUDY 

This section is focused on previous researches in the field. Within this subsection, the movements 

of the horse are studied in order to understand the influence of horseshoes in the gait. After that, 

the hoof is analysed internally and externally considering also its functions. It is relevant to 

understand how the forces are applied in the hoof since the horseshoe is attached to it. A study of 

the horseshoe is also carried out, with the aim to detect its main purpose. Within this study an 

overview of the kind of horseshoes used is performed. Nails and the holes are also analysed, this 

is an important issue since a correct joint with the hoof is essential. A study about the different 

kind of materials used in horseshoes is also performed and the problems arising from them too.  

2.1.1 GENERAL INFORMATION ABOUT HORSE´S MOVEMENTS 

Movement of the hoof is of wide importance in the field of different sports disciplines since they 

require a suitable performance. The quality of movement is mainly evaluated at the swing phase 

because the clarity of movement is most perceptible. The swing phase takes place at the moment 

in which the horse hoof is moving in an aerial position (Clayton, 2004). In Figure 6 the stride of a 

horse is shown whose feet, numbers 1 and 4, are executing the swing phase.  

 

 

Figure 6: Horse stride (devianART 2014) 
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The use of aluminium horseshoes has increased in popularity in the sport field due to the natural 

lightweight of this metal, which permits an improvement on movements in some sport disciplines. 

This feature of aluminium affects, besides the swing phase produced in the aerial position 

explained above, other work requirements such as the fold of the induced front limbs when the 

horse is jumping. Various gaits of the horse are needed to determine the quality of the horse 

movement. Due to the dynamics of the four feet, all combined, the effect produced by different 

horseshoes on forelimb action can be analysed without limiting variations in the quality of the gait 

when the horse is trotting  (Willemen et al., 1997). Even knowing that steel and aluminium 

horseshoes are very common in the horseshoe industry, low quantitative evidence can be found 

on the effect these materials produce on the horse´s gait. The gait analysis software is a useful 

tool utilized in order to analyse the limb kinematics in horses by using a two-dimensional analysis 

(Morales et al., 1998). By running this program it is possible to implement several studies about 

measurements of distance, speed and degrees within a gait of a horse (Clayton et al., 2001). With 

the aim to obtain an easier calculation method, the analytical process is carried out just in the 

sagittal plane, which is the plane whose perspective is reached when a horse is observed by its 

lateral view. This plane as well as other important planes for a horse body is shown in Figure 7.  

 

 

Figure 7: Planes for a horse (West 2003) 
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In preceding researches focused on examining the resulting effects produced by a horseshoe on a 

gait, it has been determined that if the weight of the horseshoe increases, the gait kinematics in 

the horse will vary. The weight produced by the horseshoe is applied to the limb of the horse 

which is the area that withstands the more distally weight. This fact implies that the forelimb of 

the horse suffers the most significant effort when is required to protract and retract the foot. 

Therefore, the weight of the horseshoe produces an alteration on gait kinematics, and is able to 

improve it (Back, 2001). By performing an energy comparison when the weight is applied in the 

hoof by attaching a horseshoe, it was demonstrated that an addition of 1 ounce (approximately 

28 grams) at the hoof is equivalent to add 30 ounces (approximately 850 grams) of weight at the 

wither of the horse (Butler, 1993). At the first time of shoeing a horse, an improvement on its gait 

kinematics can be seen. This fact is produced due to the increment of the height of the flight arc 

of the hoof, which generates a greater flexion of the carpal, fetlock and coffin joints. The use of 

the horseshoe also produces a longer swing phase on each stride, which produces an 

improvement in the quality and animation of the trot (Willemen et al., 1997). Some of the 

appointed parts can be seen in Figure 8, where the internal anatomy of the foot of the horse is 

shown.  

 

Figure 8: Anatomy of the horse´s foot (Hanson 2011) 
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In the year 1996, an investigation was performed about the effect that a double shoe weight 

(from 348 grams to 724 grams) could produce on gait kinematics when the horse was trotting. 

They could determine an increase in maximum heights of the carpus, fetlock and hoof when the 

swing phase was taking place. Furthermore, it was demonstrated that the weight of a double 

horseshoe applied to the hoof affects the gait of the horse. The maximum height reached in the 

hoof occurred later in the swing phase of the gait. Also, the hoof and the pastern angle reach a 

more acute angle when the horseshoe contacts the ground as the consequence of the increment 

of the momentum of the distal limb in the swing phase (Balch et. al 1996). Figure 9 shows 

different pastern angle positions for a hoof. 

 

 

Figure 9: Different positions for a horse´s pastern angle (American Youth Horse´s Council 2011) 

 

The pastern angle is the structure that permits the shock absorption for the fetlock, knee and 

body. This angle should have a value between 45 and 51 degrees with the ground, as the example 

A that can be seen in Figure 9. Figure B shows an overly inclined pastern angle, which can lead to 

a slower phase, known as break over phase (this is the phase where the hoof acts like a lever with 

the toe as the pivot point) (Hill et al., 1997). This phase is shown in Figure 10 and produces a 

strain on the tendons at the back of the leg. On the other hand, figure C shows a too upright 

pastern angle; this angle position produces a quicker break over phase, which causes an increase 

in the shock against the ground. 
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Figure 10: Break over phase in a horse´s gait (Hill et al. 1997) 

 

If the weight is added at the toe of the horse, an increased folding of the foot is caused in some 

horses (Willemen et al., 1994). Young horses shod with egg-bar horseshoes instead of flat shoes 

presented a lower animation in their gait due to the weight distribution across their heel 

(Willemen et al., 1997). In Figure 11 is displayed a wedge aluminium egg-bar shoe. 

 

 

Figure 11: Egg-bar horseshoe (HFS 2014) 
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Although these researches focused on the kinematic principles of the gait of the horses when a 

weight is applied distally, there are not researches to quantify the differences about the quality of 

the gait in a practical setting between the most common horseshoes materials: aluminium and 

steel (Elodie et al., 2012). 

2.1.2 THE HOOF. FUNCTIONS AND OBJECTIVES 

Lungwitz and Adams performed the first known research about the biomechanics parameters of 

the horse hoof in 1913. In this research, Lungwitz et al. evidenced that the density of the tubule 

varies in the different areas of the hoof capsule as shown on Figure. 12. Afterwards, between the 

years 1938 and 1939, Nickel implemented a new research achieving similar results. Hence, the 

horse hoof is composed of different structures (García, 2013). These structures are known as wall, 

sole and frog as can be seen in Figure 12, where the anatomy of the horse hoof is represented. 

The wall is the visible part of the hoof when the horse is standing and this part is the one that 

protects the coffin bone, which is displayed in Figure 8. The coffin bone presents a strong 

triangular shape and it is the only bone of the horse that is covered by corium (Equine Soundness 

Inc., 2009). The wall is composed by the toe, which is located in the front of the hoof, the 

quarters, which are located on both sides and the heel. With a perspective of the nether area of 

the hoof, the sole, the frog, the bars of the wall and the collateral grooves can be observed in 

Figure 12. The frog is a flexible wedge-shaped mass that normally is the first part contacting with 

the ground. Usually, the sole of the hoof is not in contact with the ground. 

 

 

Figure 12: Anatomy of the horse hoof (Garrett 1993) 
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The wall of the hoof is formed with a horny material that is produced continually and has to be 

trimmed down periodically. This part of the hoof does not contain blood vessels neither nerves. 

The thickest area of the wall is located at the toe and in the rear part of the hoof; the wall 

presents a more uniform thickness. The wall, bars and frog are the areas that withstand the 

greater part of the weight of the horse (Garrett, 1993). 

The inner part of the hoof is composed by lateral cartilages that are extended from the back and 

up to the zone of the third phalanx, cf. Figure 13. This structure has a flexible behaviour, however, 

when the horse is aged, the cartilages are usually ossified and become a bone. These cartilages 

can be seen in picture A of Figure 13. The small navicular bone, which it can be seen in picture B 

of Figure 13, is located between the second and third phalanges of the horse foot. It is also 

located above the deep flexor muscle tendon. This bone is linked with bursa, which is a sac that is 

filled of fluid that helps to decrease the friction produced between the tendon and the bone. In 

picture C of Figure 13 it can be seen another different view for the anatomy of the horse hoof 

shown in Figure 12. 

 

 

Figure 13: Structure of the horse´s foot (Garrett 1993) 

 

Besides all the anatomy components mentioned above, the digital cushion is also part of the hoof. 

This structure has been briefly explained in the Introduction chapter. This mechanism is shown in 

Figure 14 and this flexible mass supports the formation of the heels. The digital cushion is a very 

significant shock absorbent for the foot. As the weight of the horse is located in the hoof, the 
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pressure is sent from the phalanges to the hoof wall, the digital cushion and the frog. The frog 

makes pressure against the digital cushion, which get flat and is forced with the lateral cartilages. 

This fact also makes the frog get flattened and extends the bars of the wall. After the foot ceases 

to being in contact with the ground, the structure of the hoof returns to its natural position. 

Figure 14 shows this process, the hoof get expanded and contracted in each step due to the 

transferred weight.  

 

 

Figure 14: Flexible structures in the horse´s hoof in each step (Garrett 1993) 

 

If the horse´s hoof is in contact with the ground, the blood is forced from the hoof to the foot due 

to the increment in the pressure and the alteration of the digital cushion and the frog´s shape. 

This alteration as well as the pressure in the foot compresses the veins located in the foot. When 

the hoof is not in contact with the ground, the pressure is reduced and it permits the blood to 

flow anew. These structures have pump behaviour. The exercise helps the circulation of the blood 

and the growth of the hoof; therefore, a lack of movement leads to a dryness of the horny wall, 

which can damage the natural growth of the hoof (Garrett, 1993). 

After knowing how this structure operates, a brief study of the forces acting in the horse hoof is 

performed. The coordinate axis used to implement this study is displayed in Figure 15, where it 

can be seen that the sagittal plane of the hoof is coincident with the YZ- plane of the axis. 
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Figure 15: Coordinate axis (Garrett 1993)  

 

The analysis will be carried out in the stance phase of the gait, which is the moment when the 

whole surface of the hoof is in contact with the ground and therefore, the centre of pressure is 

static. The centre of pressure is the point of a body in which reaction forces that are exerted by 

the ground act. In that point of the body, every force affecting the body is distributed uniformly 

and the moments are equal to zero. The centre of pressure varies depending on the horse; 

however, it is located around the centre of the ground surface of the hoof (Parks, 2012). In Figure 

16 is displayed the free-body diagram of the foot of the horse in the plane -ZY (corresponding 

with the sagittal plane of the horse), where the external forces acting on the hoof as well as the 

centre of pressure are shown.  
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Figure 16: Free-body diagram with the forces that act in the plane -ZY of the hoof 

 

In this sketch (Figure 16), the centre of pressure, which is located on the hoof, is represented as 

CP. The force W, which is the weight of the horse in the given foot, is applied in the negative 

direction of –Y –axis. Taking into consideration the regular mass of a horse (about 600 kg) that it 

has an approximate value of 6 kN and assuming that the weight of a horse is equally distributed 

on its four legs in the stance phase of the gait, W has a value of 2 kN. Fs has the same value as W 

due to the equilibrium of the hoof but it is represented in an opposite sense. This is the force 

generated by the contact produced against the ground. Fr is the force produced by the friction 

between the hoof and the ground, which can be calculated using the Equation 1 (if the hoof is 

gliding) or the Equation 2 (if the hoof is not gliding).  This force is applied on the negative sense in 

–Z -axis. 

 

           (1) 

 

           (2) 
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In these equations (Equation 1 and 2),   is the coefficient of friction which is a dimensionless 

value. This coefficient can be calculated empirically and it depends on the two surfaces that are in 

contact. This coefficient is designated as µs for static friction and µk for kinetic friction (Collins et 

al., 2011). 

The force designated as H is the portion of the weight of the horse that produces the attempt of 

sliding ahead the foot on the ground. This force has the same value as the force of friction, but 

opposite sense. The resulting forces have equal values but inversed sense, thereby; all the forces 

applied on the hoof are balanced. 

Another view of the foot (-XY plane) sketched as the free-body diagram is represented in Figure 

17, where the internal forces acting on the digital cushion, besides the forces previously 

mentioned, are shown.  

 

 

Figure 17: Free-body diagram for the forces acting in the -XY plane of the hoof 
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In this view it is sketched how the pressure expands the digital cushion due to the weight of the 

horse and the contact generated against the ground. 

2.1.3 DISPLACEMENTS, STRESS AND STRAIN 

With the aim to study and analyse the deformation of the equine hoof with a regular horseshoe, 

Hintherhofer et al. (2006) carried out an experiment. The same experiment was also performed 

with a straight bar horseshoe as well as the bare hoof. For this experiment, 16 specimens (front 

limbs) belonging to 8 adult horses were tested. The criteria to select the specimens were a regular 

shape in the hooves, which were trimmed and cleaned in order to reach a flat surface, and a good 

horn quality. A straight bar horseshoe with a thickness of 8 mm was attached to the hoof with 2 

nails on each side. In Figure 18 is shown the hoof specimen, where the reflective markers with a 

rounded shape and a diameter of 10 mm are displayed. Three markers were glued to the medial 

wall (1). Besides these markers, two were located in the heels (2), one in the sole (3) and one in 

the frog (4) while the remaining markers measured the strain. However, these results were not 

presented. The right hooves were proved for medial wall deformation, while the left hooves were 

proved for lateral wall deformation, this fact is because the loading device did not permit the 

localization of the cameras all around. 

 

 

Figure 18: Hoof specimen (Hinterhofer et al. 2006) 
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To carry out the test, specimens were vertically loaded with a cycle of 1 Hz and amplitudes of 

3000 N. The value of the load applied is taken since this is the medium load acting in a regular 

walk (Thomason, 1998). In order to permit the sole and the frog to move without restrictions, the 

hooves were placed on a plate made of steel with a polished surface and a central opening. 900 

measures were taken for each hoof for the first ten load cycles. A deformation of the hooves 

between 0.19 mm to 0.51 mm were obtained for the ones shod with a regular horseshoe and a 

straight bar horseshoes. However, for the bare hooves, the displacement varied between 0.37 

mm and 0.75 mm (Hinterhofer et al., 2006). 

Dejardin et al. (1999) utilized a photo elastic method to determine the strain produced on the 

equine hoof. In each impact with the ground, the hooves experiment viscoelastic deformations, 

which can result in harmful strains. In this experiment, the hooves were loaded with 2207 N. The 

strain produced, which were located between the middle and distal thirds of the wall, was video-

recorded with the use of a polariscope. The strain seemed to appear as the result of the 

expansion of the hoof when the load was applied. Therefore, a higher load leads to a higher 

strain. In Figure 19 is shown the surface of the wall of the hoof, where the epicentres of the strain 

are shown. These epicentres are distributed on both sides of the wall. After performing the 

analysis it was demonstrated that with a regular load, the epicentres of the strain were located in 

the junction of the middle and distal thirds of the wall, approximately parallel to the ground. The 

maximum strain (mean ± s.d.) reached was 1.22 ± 0.23, being the range between 0.8 and 1.6. 

 

 

Figure 19: Surface of the wall of the hoof showing the strain epicentres (Dejardin et al. 1999) 
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Hinterhofer et al. (2001) performed another experiment. Throughout this experiment, a model of 

the hoof was done to predict the effects of the horseshoe using a finite element analysis. The load 

applied for this model was performed taking into account the suspension created by the coffin 

bone within the hoof wall, over the sole and frog with a value of 3000 N. This model was run for 

four different kind of horseshoes attached with three nails on each side. The Von Mises stresses 

varied between 1.22 N/mm2 (in the border of the nail fixed loosely to the capsule) and 16.67 

N/mm2 (in the hoof horn material of the third nail). In Figure 20 is shown the stresses produced in 

the hoof according to Von Mises criterion. 

 

 

Figure 20: Stresses in the hoof according to Von Mises criterion (Hinterhofer et al. 2001) 

 

2.1.4 OBJECTIVES OF A HORSESHOE 

A horseshoe is a bar usually made of steel, which is bent to get the shape of the hoof and it is 

fixed to the hoof by nailing to it (Karle et al., 2010). The use of horseshoes has been recognized for 

many years as a tool for maintaining the natural conditions of the horses´ hooves (Butler, 1993). 

The process of shoeing was invented with the aim to avoid the foot injuries when the horses had 

to travel long distances or to carry loads. Different kind of horses needs different styles of 

horseshoes. For instance, as it was mentioned in sections above, a lightweight material is very 

important in some horse sport disciplines, where every thousandth of second is indispensable to 

achieve the best position possible. However, this feature presents a lower importance if the shod 

horse performs just a farm work. The main objective of horseshoeing is to protect the hoof and 

the foot from bruising, splitting and slipping (Karle et al., 2010). Therefore, the material used for 

the manufacture of the horseshoe has to present a good wear resistance as well as antiskid 

features in order to provide these functions.  
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The horseshoes help to prevent the horse foot to be overly worn down. An appropriate 

horseshoeing aids the horse to work comfortably (Humphrey, 1995). A compliant horseshoe 

should permit the natural flexion of the hoof produced by the digital cushion, which was studied 

in the previous section. A flexible material allows carrying out this important function of the hoof. 

The use of horseshoes helps to keep the angle pastern and hoof axis healthy and unbroken. It also 

gives an improved traction in horses´ movements. Besides these advantages, there are some 

special horseshoes, which help to cure hoof diseases and hoof defects (Stashak et al., 2002).  

One factor that has to be taken into account when a horseshoe is being designed is that the 

height of the hoof varies from 0.9 cm to 1.0 cm between shoeing (Dyce et al., 1987; Josseck et al., 

1995). The appropriate period of time for changing the horseshoe is between six and eight weeks. 

After eight weeks, the hoof has an overgrowth which can damage the horse (Anz, 2007). Due to 

this fact, is more profitable to use a horseshoe with duration of at least eight weeks. A horseshoe 

used for horseraces can be up to 1.8 cm thick with a toe grab (Benoit et al., 1993; Kane et al., 

1996) and by adding devices, which help with the heel traction, the horseshoe thickness can be up 

to 2.8 cm without altering the shoeing parameters. The stride length of the horse varies between 

5.5 and 6.5 ft (Ball, 2000); therefore, it can be claimed that the average stride length of a horse is 

6.0 ft (approximately 2.0 m). The distance that a horse can travel varies depending on the type of 

horse. In this case (grazing horse), the estimated distance that the horse can travel is 20 km per 

day (McGreevy, 1996).  The Equation 3 is used in order to reach an approximate value of the load 

cycles produced in 8 weeks due to the gait of the horse. Approximately 600000 strides reach a 

horse during 8 weeks. 

 

       (3) 

 

A compliant horseshoe should be able to withstand at least 1.7 times the weight of the body of 

the horse, or equivalently, 9 kN in a horse which weights 550 kg, since it is approximately the 

value of the force applied to the hooves of the horse when a high performance activity (the most 

critical load case) is taking place (Kingsbury et al., 1978; Schamhardt et al., 1993; Kai et al., 1999; 

Meershoek et al., 2001).  
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Another factor to take into consideration when a horseshoe is designed and manufactured is its 

price. This factor owns a different grade of importance depending on the use of the horseshoe. 

For a horseshoe that is used for horseraces it is not such an important feature as for a farm horse, 

for instance. As the case to study is a horseshoe used for farm horses, this feature is taken into 

consideration. 

The ability of the chosen material to be adapted to the shape of an individual hoof without 

cracking is another feature that has to be taken into account; therefore, the material has to 

present equivalent forged qualities as the steel presents.  

Finally, in order to reach a realistic goal of this thesis, the availability of materials has to be also 

taken into consideration. Thereby, it is important to identify manufacturers and suppliers of the 

chosen material.  

2.1.5 DIFFERENT KIND OF HORSESHOES 

Horseshoes can be manufactured by using specific machinery or by hand in different shapes and 

sizes covering all needs, since hooves can vary in each horse. Steel is the most common material 

for horseshoes and can be obtained in different sizes to supply the requirements of the hooves. 

The surface of the horseshoe, which is in contact with the hoof, must be as smooth as possible. 

Farriers, usually utilize five forms of foot-surface, presenting different features, these surfaces are 

shown in Figure 21. The flat surface (1) is used in narrow and hunting horseshoes as well as some 

heavy and wide horseshoes. These kinds of U-shaped horseshoes cover the whole sole. This 

surface is the most used one for the hind feet and it supplies a firm position in the gait. However, 

the use of this kind of surface in the four feet can produce injuries due to the pressure exerted 

upon the sole. By using another kind of surface in the fore hooves, as in a bevelled horseshoe (2), 

this problem can be avoided. This shape is very common and it is composed by a narrow flat 

surface in the outer area of the horseshoe being coincident with the edge of the wall and a 

bevelled surface in its inner part. The slope created by the bevelled is useful to avoid the pressure 

exerted in the sole. There are also two remaining surfaces for horseshoes, one surface is a gradual 

slope beginning from the inner edge of the horseshoe to the outer edge (3), while the other 

surface is inclined in a reverse way (4). The last surface is not very usual and it was designed with 

the aim to spread the hoof at which was attached. This kind of surface can lead to lameness. 

Besides these shapes, a flat surface at the heels and bevelled at the toe area (5) is also used. This 

shape permits to withstand the weight of the horse without squeezing the hoof.  
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Figure 21: Surface of the horseshoes in contact with the hoof (Hunting 1895) 

 

Another factor to take into consideration is the surface that is in contact with the ground. There is 

a wide variety of surfaces; some of these surfaces are represented in Figure 22. This surface can 

be a flat surface, just broken by the holes of the nails or the fullering zone, which besides the 

holes of the nails provide some grip with the ground. A fullered surface (1) presents a deep 

groove and a proper width to attach the nail, however, the ridge created can suffer a high wear. 

This kind of horseshoe is narrow and flat on the foot surface. A Rodway horseshoe (2) presents 

two grooves along the surface that is in contact with the ground and three ridges. The nails are 

attached to the outer groove while the inner groove increases the joint with the hoof. Besides 

these ground surfaces, transverse ridges and notches (3, 4 and 5) have also been tested, but they 

offer a poor grip in comparison with longitudinal grooves. Furthermore, these grooves cannot be 

made with enough depth without damaging the horseshoe (Hunting, 1895). 
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Figure 22: Surface of the horseshoes in contact with the ground (Hunting 1895) 

 

2.1.6 NAILS  

With the aim to study the nails, is important to consider the nails holes, since they are dependent 

between them. All horseshoes, in the ancient times, were fastened to the hoof by using flat-

headed nails and there are evidences to suppose that a long time elapsed until wedge-headed 

nails were utilized for this purpose. The introduction of specific machinery revolutionized the 

market of the nails due to the facility of producing in bulk in comparison with the hand-made 

nails. 

The nail head must be perfectly inserted in the nail hole because an incorrect position of the nail 

can result in a loss of the horseshoe or in an injury in the hoof. Head, neck and shank compose the 

nails. These parts are displayed in Figure 23. The shape and the size of the nails can vary.  
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Figure 23: Parts of a nail (Stromsholm 2014) 

 

A suitable head of the nail must be narrow enough in its upper part in order to avoid being 

attached in the nail-hole just for its upper edge. Being nailed only by the upper edge of the nail´s 

head can produce the loss of the horseshoe due to the wear arising by the contact with the 

surface ground. Regarding to the neck, it should have a correct width to be inserted in the nail-

hole without the risk of leaking. The shank should present the appropriate length to be attached 

in the hoof without damaging the internal part of the hoof. 

The distance between the nail-holes from the inner and the outer edge of the horseshoe can vary 

depending on the width of the wall of the hoof. Usually, the nail-holes are greater at the toe and 

smaller at the heels. Another factor to place the holes in the horseshoe is its size, increasing when 

the horseshoe is higher. When nail-holes are located near of the outer edge of the horseshoe the 

fixing between the hoof and the horseshoe is not firm and it could break the wall of the hoof. On 

the other hand, when the holes are placed far from the outer edge, the nails can damage the 

internal part of the foot. Therefore, the most appropriate localization for the nails-holes is 

between both cases and the separation between holes must be the greatest possible. 

Nails should be placed straight through the horseshoe and into the hoof. Only in the cases where 

the wall is sloped it is permitted to incline the nails (Hunting, 1895). 
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2.1.7 MATERIALS 

For many years, different types of horseshoes materials have been tested. For example the 

compressed and hardened leather horseshoes, the vulcanite horseshoes or the compressed paper 

mache horseshoes among others. None of the tests gave positive results (Hunting, 1895). 

Forged steel horseshoes are the most common horseshoes due to its durability, availability in the 

market and its affordable cost (Murphy, 2009).  Steel horseshoes have been tested with a wide 

variety of different shapes, but this material is difficult to temper. A good malleable iron can be 

distinguished in the field of materials for horseshoes, since this material can be obtained in bars 

of many different sizes and shapes. Thereby, the horseshoes can be adapted to the hoof shape 

and the weight of the horse (Hunting, 1895). In recent years, there has been a significant 

development of horseshoes made of light materials like aluminium or polymer as alternative to 

the traditional forged steel (Anich et al., 1998). However, aluminium horseshoes have been 

implemented to emphasize the action of the foreleg of the horse since this action is very 

important for the gaits of the horses (Murphy, 2009). The use of aluminium horseshoes has 

reached a wide popularity in the horse industry due to the lightweight of this kind of metal which 

permits better movements for some disciplines (Huguet et al., 2012). An aluminium horseshoe 

used for horseraces weights about 0.1 kg (Kane et al., 1996) that increases in about 0.3 kg when 

the steel training counterparts are added. After testing the aluminium for riding horses, it was 

observed that the use of aluminium matrix composites was not a good option due to the massive 

wearing and breakage produced (Anich et al., 1998).  

Polymer materials present features of high elasticity, high damping properties and an increased 

aptitude to permit the natural deformation of the hoof in each gait. These characteristics are 

advantageous for the hoof mechanism and the slight solicitation. This is because this kind of 

material transmits absorbs shocks to the articulations of the horse and contributes to its welfare. 

The main disadvantage of horseshoes made of polymer is the poor resistance to wear in 

comparison with the steel.  

2.1.8 PROBLEMS 

The use of a kind of horseshoe depends on various factors of equestrian disciplines (Willemen et 

al., 1997). Additionally, whether the load is being increased on the forelimb, as this is a signal of 

strain on the foot that can lead to lameness (Moyer et al., 1975). 
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For many years, the utilization of horseshoes was just a way of safeguarding the natural 

conditions of the hooves of the horses (Buttler, 1993). However, horseshoes made of different 

kind of materials have been designed with the aim to increase the efficiency of the horses 

(Willemen et al., 1997). The reason why more than 80 per cent of deaths in racehorses occur, 

which take place in California, is musculoskeletal injuries. As this percentage indicates, this fact is 

very common in racehorses (Johnson et al., 1994). These serious injuries often appear after 

months of activities such as high intensity trainings or use of heavy equipment (Estberg et al., 

1998; Hill et al., 2001). The horseshoe as well as the characteristics of the hoof displays a wide 

importance in this problem due to the influence that it can produce in the frequency, intensity 

and direction of loading (Kane et al., 1996; Balch et al., 2001; Hill et al., 2001). With the main aim 

of understanding how these factors can contribute to increase the damage of musculoskeletal 

tissue of the horses, a force plate embedded in the ground can be useful. This is an apparatus 

employed for measuring the ground reaction forces and is very handy especially for the walk and 

trot of the horse (Pratt et al., 1976; Steiss et al., 1982; Barrey, 1990; Hjerten et al., 1994; Barr et 

al., 1995; Roepstorf, 1997). This device has some limitations. It only allows a restricted number of 

recordable successive ground contacts, and the effects produced by the different kind of ground 

surfaces are hard to evaluate, especially in outdoor terms. Besides, when the force plate is used 

with animals, it is difficult to get a gait of them on the plate (Chateau et al., 2009). 

2.2 MATERIAL SELECTION 

The aim of this section is to pre-select the most suitable materials that can be found on the 

market in order to accomplish the main purpose of the current thesis using a rank-ordered-data 

table method. Taking into consideration all the necessary features for a compliant horseshoe, the 

selection of these materials is performed. 

The first step to carry out this method is to analyse the material-specific requirements for a 

horseshoe examining the list of possibilities given in the Table 1. This selection will be carried out 

based upon the indicated features found in the section Objectives of a Horseshoe, in the previous 

chapter. 

 

 

 



 Alternative Materials for the Horseshoe   

2014 

 

30 
 

Table 1: Material-specific requirements (Collins et al. 2010) 

Potential Application Requirement Special Need? 

Strength/volume ratio Yes 

Strength/weight ratio Yes 

Strength at elevated temperature No 

Long-term dimensional stability at elevated 

temperature 
No 

Dimensional stability under temperature fluctuation No 

Stiffness Yes 

Antiskid Yes 

Ductility No 

Ability to store energy elastically No 

Ability to dissipate energy plastically No 

Wear resistance Yes 

Resistance to chemically reactive environment Yes 

Resistance to nuclear radiation environment No 

Duration Yes 

Desire to use specific manufacturing process No 

Cost constraints Yes 

Procurement time constrains No 

Formability Yes 

Availability on the market Yes 

 

According to the parameters identified as necessary to obtain a compliant horseshoe, it should 

present the lowest possible weight for a determined volume of horseshoe. However, depending 
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on the use that is given to the horseshoe, this function is more or less important. Stiffness is 

another characteristic that should be taken into consideration in order to achieve the appropriate 

horseshoe. The most suitable material that can be found on the material market for horseshoes 

should not be overly rigid with the aim to permit the natural flexion of the hoof; therefore, a low 

stiffness is necessary to reach this purpose. An antiskid material is also necessary, this 

characteristic permits that the horse does not slide when the horseshoe is in contact with the 

ground. The selected material should also exhibit wear resistance features which allows that the 

horseshoe withstands all exerted forces during the time between shod (8 weeks) without 

changing its dimensions. It is important that the selected material can withstand the environment 

in a stable, where this material can be in touch with the urine on the floor. The chosen material is 

exposed to approximately 600000 load cycles during eight weeks, therefore; duration of the 

material for that time frame without yielding or breaking is necessary for a horseshoe just as steel 

works. Cost constraints are other factor to take into consideration, although as happens with the 

weight of the material, this feature presents greater or lesser importance depending on the use of 

the horseshoe. Formability is another important feature since the material needs to be able to be 

adapted to the hoof of the horse. 

To the configuration of the list of features that should meet the indicated materials in Table 1, 

Table 2 is created. In this table, according to Collins et al. (2010), the properties of the materials 

are identified and linked with the material characteristics shown in the table above. These 

characteristics are used in the comparison carried out later. 

 

Table 2: Requirement-responsive material characteristics and corresponding performance evaluation indices (Collins et 

al., 2010) 

Requirement-Responsive Material Characteristic Performance Evaluation Index 

Strength/volume ratio, Strength/weight ratio (Light 

material) 
Density 

Stiffness (Flexibility/Compliant) Modulus of elasticity 

Antiskid Coefficient of friction 

Wear resistance Hardness 

Corrosion resistance Dimensional loss in operating environment 

Duration 
Ultimate or yield strength/fracture toughness, 

fatigue 

Cost constraints Cost/unit weight 
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Formability (Forgeability) Hot-twist test 

Availability Manufacturers and suppliers 

 

The strength/volume and the strength/weight ratios can be related to each other by the material 

density (ρ). This step is shown in Equation 4, where m is the material mass, V is the material 

volume and g is the gravity, which is a constant with a value of 9.81 m/s2. 

 

         (4) 

 

In order to reach a compliant horseshoe, the material stiffness is linked to the modulus of 

elasticity (Young’s modulus) by using Equation 5. This is the axial stiffness of a bar which is 

subjected for a compressive or tensile force. In this equation, k is the stiffness of the bar, E is the 

modulus of elasticity, A is the bar area and L is the length of the bar (Leckie et al., 2009). Assuming 

a determined shape of horseshoe, A and L are constants and, therefore, k (stiffness) is higher with 

higher values of E. 

 

            (5) 

 

In this study case it is important to obtain a material which does not allow the glide between 

surfaces when the horseshoe is in contact with the ground surface. To evaluate the antiskid 

feature for the selected materials, the coefficient of friction is studied. This coefficient is one of 

the most important factors that takes part on a surface in order to achieve a slip resistance.   

Material wear can be defined as the dimensional loss of material at an operating condition 

(Collins et al., 2011). This phenomenon is caused due to interactions between solid surfaces and 

the surrounding environment. Equation 6 shows the general form for the wear equation 

developed by Archard. In this equation, V is the wear volume, K is the wear coefficient, Fn is the 

normal applied force,  H is the hardness and d is the sliding distance (Chattopadhyay, 2014). 

Therefore, based on Archard’s equation, a higher hardness involve a lower loss of material 

volume. 
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            (6) 

 

Corrosion resistance of a material is defined as the ability that permits a metal to keep its 

operational capability in a corrosion system, which in this case is the ammoniac components of 

the urine (Maaß, 2011). Therefore, this material feature can be linked to dimensional loss in 

operating environment (Collins et al., 2010). This operating environment is the ammoniac 

components of the urine. 

Duration of at least eight weeks is necessary for a horseshoe, during this time frame; a value of 

approximately 600000 cycles of load is exerted by the weight of the horse. It is necessary that the 

material used to manufacture the horseshoe can withstand that cycle of load. To try to predict 

whether the material withstands that load cycle, the fatigue study is performed. Besides this 

study, yield strength as well as fracture toughness are also evaluated in order to reach a more 

accurate solution. These material properties are selected to provide information about the plastic 

deformation of the material and the propagation of flaws. 

In the current thesis, cost constraints are evaluated by the cost per unit weight of the material. 

This evaluation only takes into consideration the material price without including the 

manufacturing process or manpower. 

Material formability can be defined as the material ability to be plastically deformed without any 

defect occurring during a forming process (Kivivuori, 2010). To determine the steels forgeability, a 

hot-twist test is used. In this test, a round bar is twisted on one direction until a material failure. 

The material forgeability is measured by the amount of rotation before the crack. This test can be 

carried out on different temperatures. Therefore, results of hot-twist test are taken into 

consideration to evaluate the material formability (Dieter et al., 2003). 

The availability of material is considered by the choice of materials which can be found on the 

market currently. Accordingly, only materials manufactured or supplied by material companies 

are studied. 

Once the material properties are identified with the requirements the next step is to identify the 

materials that are more suitable for the identified properties. The method used to carry out this 

identification is a two-parameter graphical format to present rank-ordered-data materials. This 

method is known as Ashby materials selection charts and consists of a two-dimensional graph 
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where the performance evaluation index displayed in Table 2 are plotted. In these charts the 

materials are displayed together within a subset, which are circumscribed in an area in order to 

define each type of material. In these charts groups of materials are identified with a short name 

as it is shown in the Appendix 1 in Table 8  (Ahsby, 2009). 

The families of engineering materials are displayed in the chart shown in Figure 24. The materials 

are classified within six different groups: metals, polymers, elastomers, ceramics, glasses and 

hybrids. The reason to subset the materials within a particular group are the characteristics that 

they have in common.  

 

 

Figure 24: The menu of engineering materials  

 

The metal group is composed by aluminium alloys (Al alloys), copper alloys (Cu alloys), lead alloys, 

magnesium alloys (Mg alloys), nickel alloys (Ni alloys), steels, tin alloys, titanium alloys (Ti alloys), 

tungsten alloys (W alloys) and zinc alloys (Zn alloys). The main feature of these materials is the 

stiffness. They present high elastic moduli in comparison with other families of materials. The 

majority of pure metals are soft and can be deformed easily but in alloying with other materials 

can reach great qualities. The Ceramics group also presents high moduli, however; these types of 

materials are brittle. In this group are placed materials such as aluminium nitride (AlN), boron 

carbide (B4C), silicon carbide (SiC), silicon nitride (Si3N4) and tungsten carbide (WC). The strength 

of these materials in compression is about 15 times greater than in tension. Ceramics do not 
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present ductility features, therefore; these materials have a low tolerance in stress concentrations 

which can result in fracture. Within the family of glasses are materials as borosilicate glass, soda-

lime glass, silica glass and glass ceramic. These materials are non-crystalline solids and present 

vulnerability to stress concentrations as well as hard and brittle features. In the polymers family 

are included epoxies, acrylonitrile butadiene styrene (ABS), cellulose polymers (CA), ionomers, 

phenolics, polyamides (PA), polycarbonate (PC), polyesters, polyetheretherkeytone (PEEK), 

polyethylene (PE), polyethylene terephalate (PET), polymethylmethacrylate (PMMA), 

polyoxymethylene (PP), polystyrene (PS), polytetrafluorethylene (PTFE) and polyvinylchloride 

(PVC). The moduli of these kinds of materials are low, approximately 50 times lower in 

comparison with metals. However, these materials can be as strong as metals. The polymers 

properties can vary with the change of temperature. Materials such as butyl rubber, EVA, 

isoprene, natural rubber, polychloroprene (Neoprene), polyurethane (PU) and silicone elastomers 

are within the elastomers group. These materials are characterized by its Young´s moduli with a 

value lower than 10 -3 GPa which increases with the increment of the temperature while other 

solids act with a decrease of the moduli. They also present great elastic extension. The last group 

shown in Figure 24 is the hybrids family; this group is composed by materials such as SiC 

reinforced aluminium (Al-SiC), glass-fibre reinforced polymers (GFRP) and rigid polymer foams, 

which are composed of at least two different materials in a determined configuration and scale. 

These materials are combined to present the best properties avoiding some of their drawbacks. 

Their main features are the light-weight, the stiffness and the strength (Ashby, 1999). 

To complete the first selection method, for each requirement that has written a yes in Table 1, 

the performance evaluation index is identified at Table 2. Not every performance evaluation index 

can be found in Ashby charts; therefore, these material properties will be studied in the next 

section. Other material properties, such as density or modulus of elasticity, will be located in the 

appropriate Ashby charts (the charts are given from Figure 25 through Figure 27). In order to 

identify the most qualified candidate materials to carry out the first analysis it is important to 

know the materials properties of AISI 1016 carbon steel (see Table 3). Knowing these material 

properties, materials which present better properties in comparison with AISI 1016 carbon steel 

are pre-selected. 
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Table 3: Physical and mechanical properties of AISI 1016 carbon steel (AzoM, 2014) 

Properties Values 

Density 7.87 g/cm
3 

Tensile Strength 400 MPa 

Yield Strength 350 MPa 

Shear Modulus 80 GPa 

Elastic Modulus 190-210 GPa 

Poisson´s Ratio 0.27-0.30 

Hardness (Brinell) 121 

Hardness (Rockwell B) 68 

Hardness (Vickers) 126 

Cost 8.00 US/kg 

Fracture Toughness 56 MPa.m
1/2 

 

In Figure 25 is visualized the Ashby chart where the material density is plotted versus the modulus 

of elasticity (Young´s modulus). Both material properties are required for obtaining a compliant 

horseshoe; however, these properties do not present the same importance when the main goal of 

this thesis wants to be reached. It is important to reach a light weight, but this purpose presents a 

great necessity whether the horseshoe is utilised in racehorses where a light weight can lead to 

achieve a reduction of thousandths of seconds on a race. As the current thesis will be focused in a 

regular use of the horseshoe, this parameter is not as important as the modulus of elasticity, 

which is a necessary parameter in order to reach the purpose of a compliant horseshoe. 

Therefore, in this chart, the modulus of elasticity has more importance in comparison with the 

material density. A higher modulus of elasticity implies a more rigid material (Ashby, 1999); 

hence, a material with a lower modulus of elasticity is more suitable for a compliant horseshoe. 

According to the Ashby chart represented in Figure 25, some potential material classes can be 

identified and other material groups can be discarded. This preliminary selection has been 

performed with respect to the red line, which approximately represents the Young’s modulus of 

AISI 1016 carbon steel (200 GPa). In this first selection, the most suitable groups of materials 

(located in the bottom part of the red line) found are the following: foams, natural materials, 

polymers, elastomers, composites, some metals and some technical ceramics. Due to the high 

Young´s modulus, some technical ceramics (tungsten carbide, alumina, silicon carbide, silicon 

nitride and boron carbide) and tungsten alloys within the metal group are discarded. 
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Figure 25: Ashby chart for Young´s modulus of elasticity, plotted versus density (Ashby 2009) 

 

In the following Ashby chart (see Figure 26), the properties of the material to evaluate is the 

failure strength versus the material density. As already explained above, the material density is 

not as important as other parameters in order to achieve the main purpose. Regarding to the 

failure strength, it is important to achieve a material that has the greatest failure strength 

possible in order to obtain a material that possesses good qualities against failure. AISI 1016 

carbon steel has approximate ultimate tensile strength of 400 MPa and this value is represented 

by the red line in Figure 26. Knowing this, the following material groups are selected from this 

chart: some composites, some ceramics and some metals. On the other hand, materials such as 

foams, natural materials, polymers, elastomers, some composites (glass-fibre reinforced 

polymers), some ceramics (concrete) and some metals (lead alloys and magnesium alloys) are 

discarded. 
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Figure 26: Ashby chart for failure strength, plotted versus density (Ashby 2009) 

 

Another material property, which has been linked with the material duration, is the fracture 

toughness. A material that presents higher fracture toughness is more suitable for a horseshoe as 

it is more resistant to fractures. In Figure 27, this material property is plotted versus Young’s 

modulus. The vertical line represents the Young’s modulus of AISI 1016 carbon steel whereas that 

the horizontal line represents its fracture toughness. Therefore, taking into consideration the 

most appropriates values of these parameters; the most suitable materials are located at the 

upper left of the chart. From this chart, the discarded materials are the followings: non-technical 

ceramics, technical ceramics, composites and some metals. The selected materials are some 

remaining metals (copper alloys, nickel alloys, carbon steels, titanium alloys and zinc alloys). 
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Figure 27: Ashby chart for plane strain fracture toughness, plotted versus Young’s modulus of elasticity (Ashby 2009) 

 

The remaining group materials from these charts are metals and glasses. Glasses have not been 

discarded as they are not located on these charts; however, these materials are not pre-selected 

for horseshoes due to their brittle features. Therefore, the remaining metals from Table 8 are 

studied and analysed in the following section. These materials belong to metals (copper alloys, 

nickel alloys, titanium alloys and zinc alloys). In addition to these materials, more different 

materials within the same remaining materials class will be studied and compared with steel. 

2.3 CONCEPT SCORING 

After the selection of the first candidates with the use of the rank and Ashby chart methods, a 

concept selection is carried out. This is a process that is used to evaluate concepts related to the 

required specifications (Ulrich et al., 2011). For the current document, the aim of this method is to 

narrow the ensemble of alternative materials under consideration for horseshoes manufacture. 
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The concepts used in this thesis will be the different potential materials to analyse; some of these 

materials are the selected material from Ashby charts. In this process, the relative strengths and 

weaknesses of the different kind of materials will be compared and evaluated. After that, one or 

more materials for the implementation of further investigation will be selected. 

The scoring of the concepts will be conducted with a detailed analyses and an austere 

quantitative evaluation with the aid of the concept-scoring matrix. This method uses a weighted 

sum of the rating to determine the concept ranking. The selection criteria are the most important 

parameters linked to the material properties that have to be taking into consideration when a 

horseshoe is manufactured. The scale used to perform the evaluation of the different materials in 

the concept-scoring matrix is shown in Table 4. The properties of the materials will be evaluated 

with a grade from 1 to 5 taking into consideration whether the properties are more or less 

suitable in comparison with AISI 1016 carbon steel properties. A rating of 1 is used to determine a 

material property much worse than steel while a rating of 5 determines a material property much 

better than steel. 

 

Table 4: Scale to evaluate the potential materials in comparison with AISI 1016 carbon steel 

Relative Performance Rating 

Much worse than steel 1 

Worse than steel 2 

Same as steel 3 

Better than steel 4 

Much better than steel 5 

 

To carry out the rating of the different potential materials, the properties of these materials have 

to be linked with the needed parameters. This step has been done in the section above and 

through the Appendix 2 (from Table 9 to Table 14), where the properties for the selected 

materials are displayed.  

The modulus of elasticity, also known as Young´s modulus (E) is defined as the slope of the initial 

linear-elastic part in the stress-strain chart which is shown in Figure 28. The unit used to express it 



 Alternative Materials for the Horseshoe   

2014 

 

41 
 

is GPa. This parameter describes the response to tensile or compressive efforts (Ashby, 1999). For 

metals, this property varies between 45 GPa (magnesium) and 407 GPa (tungsten) (Callister et al., 

2011). 

 

 

Figure 28: The stress-strain curve for a metal showing the elastic modulus, the yield strength and the ultimate strength 

of a metal (Ashby 1999) 

 

The density of a material (ρ) is usually expressed in kg/m3 and can be defined as the mass per unit 

volume. This material property is measured using the Archimedes law, weighing the body to 

measure in air and in a fluid which has a known density (Ashby, 1999). 

The hardness (H) of the material, which has been related to wear resistance in the previous 

section, is other mechanical property that is given in MPa in the International System. This 

property measures the resistance that the material can withstands and it is measured through an 

experimental test, which gives a value of the non-destructive strength for the material. This test is 

carried out with the help of a pointed diamond or hardened steel ball, which is pressed against 

the surface of the material. The hardness of the material is calculated as the indenter force that 

the diamond or ball creates divided by the surface of the indent. These kinds of tests are widely 

used due to their simplicity and affordability. Furthermore, other mechanical properties can be 

estimated from the hardness test, for instance, the tensile strength (Callister et al., 2011). There 

are different kinds of scales of hardness (Rockwell Hardness, Brinell Hardness, Vickers Hardness 
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and Knoop Hardness). The Rockwell test is the most usual method to evaluate the hardness of the 

material due to its simplicity and the facility of being performed. Within this kind of hardness, 

there are different scales in order to achieve the test of all metal alloys and some polymers. 

Indenters used in this test are spherical shaped and hardened steel balls, with different 

diameters, and conical diamond, which is used for the hardest materials (Callister et al., 2011). In 

Figure 29 is shown how the Rockwell hardness test proceeds. 

 

 

Figure 29: Rockwell Hardness test (SubsTech 2014) 

 

For the Brinell test, a hard and spherical indenter is forced against the surface of the material to 

test. The ball is made of hardened steel or tungsten carbide and it has a diameter of 10 mm. The 

applied loads vary between 500 kg and 3000 kg depending on the hardness of the material (for 

harder materials, the applied loads are higher). Figure 30 represents how the Brinell hardness test 

acts.  
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Figure 30: Brinell hardness test (Mathers 2014) 

 

Another method to obtain the hardness of a material is the Vickers hardness test, which is also 

known as the diamond pyramid. In this test, a small diamond indenter that presents a pyramidal 

shape is applied with a force into the surface of the sample. The load applied in this test is very 

small in comparison with the applied force for Rockwell and Brinell tests. This method is very 

appropriate to measure the hardness for small specimen areas. In Figure 31 is shown the 

methodology to implement a Vickers hardness test (Callister et al., 2011). 

 

 

Figure 31: Vickers hardness test (Mathers 2014) 
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Another factor to take into consideration is the material price (Cm) whose units are USD/kg. 

Although the material price fluctuates depending on various factors, it is helpful to have an 

approximate price in order to evaluate whether is feasible to use that kind of material.  

Yield strength ( y), which is represented in Figure 28, is given in MPa. This is the stress that is 

deviated by a strain of 0.2% with respect the linear-elastic line within the stress-strain chart for 

loads in axial direction. This stress has the same value for tension and compression. In polymers, 

the strength is defined as the stress when the stress-strain curve begins to be non-linear (Ashby, 

1999).  

Friction can be defined as the resistance to motion when two surfaces are in contact. This 

phenomenon can be quantitatively described by the coefficient of friction (µ), which can be 

dynamic or static (Shaffer, 2013). 

Fracture toughness (KIc) is a material property which is defined as the fracture resistance that a 

material owns in the presence of cracks (Kailas, 2014). 

A structure exposed to a repeated loading could fail although even if the individual load, applied 

just once, would not produce the material failure. This phenomenon is known as fatigue and it is 

considered as the cause of approximately 90 percent of failures in machinery (Sundström, 2010). 

In order to prove the ability of the material to be forged, a hot-twist test is performed. This test 

consists of twisting continuously a material specimen until its failure (Schönning, 2014). 

With the properties of the materials defined, with the support of the tables given in Appendix 2 

and the rating values shown in Table 4, the rating for each concept can be entered in the concept-

scoring matrix (see Appendix 3, from Table 15 until Table 19). The weighting of each needed 

parameter has been given taking into consideration the importance of each parameter when a 

compliant horseshoe is designed. The parameter that presents a lower importance is the 

weight/volume ratio, since the horseshoe focused in this thesis will not be used in sport 

disciplines. Moreover, the weighting given to the cost constraints is low because this parameter it 

is important but not from a mechanical point of view. For this point of view there are other 

important parameters instead. The parameter, which features a higher weighting, is the 

compliant. This parameter takes a great importance in a horseshoe since in steel horseshoes is 

the parameter that presents the most weakness point. Furthermore, a compliant horseshoe will 

lead the possibility of joining the horseshoe using nail without drawbacks. The other remaining 

two parameters will present the same importance, and in consequence, the same weight. 
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In the charts given within the Appendix 3 (from Figure 40 until Figure 46) are shown the criteria 

taken into account to give the weight for the material properties. These ranges have been 

performed considering that the material property of the steel is in the middle of the weight 3, 

making concordance with Table 4, where the rate 3 is coincident with the same properties of AISI 

1016 carbon steel. Some of the selected materials have greater properties in comparison with the 

steel, therefore, they are not located in these charts and to solve it these material properties will 

be evaluated with a grade between 1 and 5 depending whether it is an advantage or a drawback. 

After the concept-scoring matrix is completed, weighted scores are calculated by multiplying the 

raw scores by the criteria weights. The total score for each concept is the sum of the weighted 

scores. To calculate the total score, Equation 7 (Ulrich et al., 2011) is used. 

 

           (7)

    

Where: 

rij = raw rating of concept j for the ith criterion 

wi = weighting for ith criterion 

n = number of criteria 

Sj = total score for concept j. 

Finally, each concept is given a rank corresponding to its total score. Based on the selection 

matrix, the material or the materials which achieve the highest ranking will be the material 

chosen for the furthest investigation.  

2.4 COMPARISON 

In this chapter, a comparison between the potential materials obtained in the section above and 

steel will be performed. Due to the wide variety of steel horseshoes found on the market, this 

thesis will be focused in one specific model of steel horseshoe. 
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2.4.2 SELECTION RESULTS  

Based on the last method (Concept-scoring matrix), the ranking for the selected materials has 

been performed. Steel AISI 1016 carbon steel obtained a total score of 300 points, therefore, 

materials which have reached a score higher than 300 points are selected for a further 

comparison. A total of 57 materials have reached a higher score than 300 points.  

In Table 5 are shown materials which have reached higher score than AISI 1016 carbon steel and 

they are ordered by scoring. These materials are pertaining to titanium alloys, nickel alloys, 

copper alloys, zinc alloys and stainless steels. By looking at material properties for titanium alloys, 

it can be observed that these kinds of materials present greater mechanical properties in 

comparison with AISI 1016 carbon steel; however, the cost per unit weight of titanium alloys is 

much higher than steel is. For this reason and due to the main purpose of this thesis is to reach a 

horseshoe for a farm horse, where a good price of the material is important, titanium alloys are 

discarded. As happens with titanium alloys, the majority of nickel alloys also present a higher cost 

in comparison with steel and also, density for every nickel alloy is higher for these kinds of 

materials, therefore, nickel alloys are also discarded. Accordingly, materials to evaluate are the 

remaining materials within copper alloys, zinc alloys and stainless steels. To support the results 

obtained from the concept-scoring matrix, a further research about these selected materials is 

carried out and a more exhaustive comparison regarding the mechanical properties of these 

materials is performed. 

 

Table 5: Materials selected from concept-scoring matrix 

Titanium Alloys Nickel Alloys Copper Alloys 
Zinc 

Alloys 
Stainless Steels 

ATI 15Mo (475) Alloy 718 (430) C17510 (Beryllium Copper) (405) 
ZA27 

(395) 

Grade 316/316L 

(335) 

ATI 3510 (475) 
Alloy PK33 

(405) 

C63000 (Copper-Aluminum 

Bronze) (390) 

ZA12 

(330) 
Grade 317 (335) 

ATI 3-2.5 (Grade 9) 

(435) 
Alloy 105 (390) 

C18000 (Copper Chrome Silicon 

Nickel) (380) 
 Grade 321 (335) 

ATI 6-2-4-2 (435) Alloy 90 (390) 
C18150 (Chrome Copper 

Zirconium) (365) 
 

Grade 310/310S 

(335) 

ATI 6-2-4-6 (435) 
Alloy C263 

(390) 

C46400 (Naval Brass, Uninhibited) 

(365) 
 Grade 430 (335) 
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ATI 6-4 ELI (Grade 

23) (435) 

Alloy X-750 

(390) 

C63200 (Copper Nickel Bronze) 

(365) 
 

Grade 309/309S 

(330) 

ATI 6-6-2 (435) Alloy 725 (365) 
C61400 (Copper-Aluminum 

Bronze) (360) 

ATI 8-1-1 (435) 
Alloy K500 

(365) 

C62400 (Copper-Aluminum 

Bronze) (360) 

ATI 17 (435) Alloy 86 (355) C17200 (Beryllium Copper) (340) 

ATI 38-644 (435) 
Alloy L605/25 

(345) 
C18200 (Chromium Copper) (340) 

ATI Grade 6 (435) Alloy 20 (340) C71500 (Copper Nickel 30%) (340) 

ATI Grade 23 LOOX 

(435) 

Alloy 200/201 

(340) 

C62500 (Copper-Aluminum 

Bronze) (315) 

ATI NiTi Alloys (430) Alloy 625 (340) 

ATI 45Nb Alloy (425) Alloy 825 (340) 

  ATI Grade 12 (385) Alloy 230 (325) 

Alloy 22 (315) 

Alloy 75 (315) 

Alloy C276 

(315) 

 
 Alloy MP35N 

(315) 

 Alloy X (315) 

RA333 (305) 

 

The first material property being compared is the modulus of elasticity or Young´s modulus since 

it is the parameter which owns a higher weight. In Figure 32 a chart is displayed where the 

mechanical properties for each selected material are plotted. Throughout this chart it is shown 

that the remaining material presents an equal or lesser value of Young’s modulus in comparison 

with AISI 1016 carbon steel. Therefore, materials which have a Young’s modulus with the same 

value than AISI 1016 carbon steel are discarded in order to obtain a material which has better 

material properties than steel. These discarded materials (Grade 317, Grade 310/310S, Grade 430 

and Grade 309/309S) are pertaining of stainless steels group. 
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Figure 32: Comparison of modulus of elasticity for the selected materials 

 

In the chart displayed in Figure 33, is shown the yield strength in MPa for each remaining 

material. As can be seen, there are nine materials whose yield strength is lower in comparison 

with AISI 1016 carbon steel. These discarded materials are: C46400, C61400, C62400, C17200, 

C71500, ZA27, ZA12, Grade 316/316L and Grade 321. If the AISI 1016 carbon steel horseshoe does 

not yield when the weight of the horse is applied, the remaining material will not yield.  
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Figure 33: Comparison of yield strength for the selected materials 

 

The next parameter to compare is the hardness. Currently, there are data about the Rockwell B 

hardness test for the seven remaining materials; therefore, the scale used in order to compare 

the hardness for these remaining materials is the Rockwell B hardness. As the chart represented 

in Figure 34 shows, the only material which possess a lower hardness than AISI 1016 carbon steel 

is C62500, therefore, for this material property, the remaining six materials are more appropriate 

for horseshoes than AISI 1016 carbon steel. 
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Figure 34: Comparison of hardness (Rockwell B) for the selected materials 

 

The next parameter to compare is the material density. This material property is shown in Figure 

35 for the remaining possible materials. As the chart shows, the most suitable materials in terms 

of density are C63000 and C63200. On the other hand, the materials C17510, C18000, C18150 and 

C18200 present a higher density when compared with AISI 1016 carbon steel. Although this 

material property is not as important as it is the modulus of elasticity, these materials are 

discarded since the main purpose of this thesis is to reach the most suitable material. 
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Figure 35: Comparison of density for the selected materials 

 

The last criteria for the comparison is the cost constraints of the material, which is given in US/m3. 

This factor is shown in Figure 36, where it can be seen that the price per m3 of C63000 is greater 

comparing it with AISI 1016 carbon steel; therefore, this copper alloy is discarded. However, 

C63200 presents a lower price in comparison with steel. Taking into account that the overall 

properties compared of C63200 are most suitable for a horseshoe in comparison with AISI 1016 

carbon steel, the most appropriate material is C63200. 
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Figure 36: Comparison of cost constrains for the selected materials 

 

C63200 (Copper Nickel Bronze) is a material which pertains to copper alloys group within the 

metal family. The chemical composition of C63200 is given by Table 6, in which is displayed that 

the main element of this material is copper. C63200 presents the possibility to be hot worked 

between 816° and 899° and has good hot forming capacity. This material is normally used for pole 

line hardware, high strength fasteners, marine equipment and components such as pumps and 

valves for industries (AZoM, 2014). 

 

Table 6: Chemical composition of C63200 (Copper Nickel Bronze) (AZoM, 2014) 

Element Content (%) 

Copper 82 

Iron 4 

Aluminum 9 

Nickel 5 
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In Table 7 are displayed the material properties of AISI 1016 carbon steel and C63200. C63200 

presents a 2.92 % lower density in comparison with AISI 1016 carbon steel, which leads to a lower 

weight of the horseshoe. Regarding the yield strength of these materials, C63200 presents a 1.40 

% higher yield strength in comparison with AISI 1016 carbon steel, which means that if AISI 1016 

carbon steel does not yield with the pressure exerted by the weight of the horse and the contact 

with the surface ground, C63200 does not yield either. The elastic modulus of C63200 is 43.00 % 

lower than AISI 1016 carbon steel, as a lower elastic modulus implies a more flexible material; 

C63200 is more suitable to achieve a compliant horseshoe. AISI 1016 carbon steel presents a 

28.00 % lower Rockwell B Hardness, which means that C63200 is a more resistant material. 

Regarding the price of these materials, C63200 is a 6.00 % cheaper in comparison with steel. 

  

Table 7: Properties of AISI 1016 carbon steel and C63200 

Properties Steel AISI 1016 C63200 

Density (g/cm
3
) 7.87

 
7.64 

Yield Strength (MPa) 350 355 

Elastic Modulus (GPa) 200 115 

Hardness (Rockwell B) 68 95 

Cost (US/kg) 8.00 7.50 

 

An estimation of some parameters of the horseshoe made of C63200 is given in comparison with 

the horseshoe made of AISI 1016 carbon steel. In order to perform this comparison, one of the 

most critical sections of the horseshoe is taken. In Figure 37 is shown the section of the horseshoe 

to study supposing a cut to a perpendicular plane of its surface. This section is coincident with the 

hole of the nail. 
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Figure 37: Section of horseshoe to analyse 

 

Due to the fact that the material is exposed to a repeated loading (produced by the gait of the 

horse) which can lead to a failure even when the individual loads do not cause the failure. This 

phenomenon is studied by fatigue and it is determined by experiments (Sundström, 2010). 

Through the Figure 38 the fatigue for C63200 and AISI 1016 carbon steel are studied by using a 

haigh-diagram, which is designed for a high cycle fatigue. The equations utilized to calculate the 

rotating bending (σur), the alternating tension-compression (σu) and the repeated tension or 

compression (σup) for C63200 are given from Equation 8 to Equation 10 (Sundström, 2010), where 

HB is the hardness Brinell (165) (International Nickel Company, 1982). The results of these 

equations are obtained in MPa.  

 

         (8) 

 

            (9) 

 

                       (10) 
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Inserting the value of the Brinell hardness in Equation 8, σUr = 221 MPa is obtained. Introducing 

the value of the rotate bending in the two remaining equations, the achieved results are σu = 176 

MPa and σup = 150 MPa. 

The value of the ultimate strength (Rm = 620 MPa) and the value for the 0.2 % offset stress in 

compression (Rp0,2 = 359 MPa) are taken to perform the fatigue study (International Nickel 

Company, 1982). With these values the haigh-diagram shown in Figure 38 for C63200 is created. 

In this diagram the mean stress (σm) versus the stress amplitude (σa) in MPa are plotted.  

The rotating bending, the alternating tension-compression and the repeated tension or 

compression for AISI 1016 carbon steel are calculated using the equations given from Equation 11 

to Equation 13. 

 

                    (11) 

 

                       (12) 

 

                       (13) 

 

In Equation 11, HB is the hardness Brinell (121) and Z is the contraction at fracture (40 %) for AISI 

1016 carbon steel. Introducing these values in the equations, σUr = 163 MPa is obtained. Inserting 

the value of the rotating bending in the Equation 12 and Equation 13, the achieved results are σu = 

130 MPa and σup = 111 MPa. 

An estimation of the stress produced by the weight of the horse in the horseshoe is calculated by 

using Equation 14. Where σ is the stress, F is the force produced by the weight of the horse (9 kN) 

and A is the approached area of the horseshoe (5073 mm2). Therefore, the stress produced in the 

horseshoe has an approximate value of 2 MPa. 

 

                                     (14) 
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The value of the ultimate strength (Rm = 551 MPa) and the value for the 0.2 % offset stress in 

compression (Rp0,2 = 482 MPa) are taken from experimental results (Tartaglia, 2012). With these 

values the haigh-diagram shown in Figure 38 for AISI 1016 carbon steel is created.  

 

 

Figure 38: Haigh-diagram for C62300 and AISI 1016 Carbon Steel 

 

 In Figure 38 are shown the safety areas for both materials. The safety area for a material is 

located under the line that connects σu with σup until it is sectioned by Rp0,2. Therefore, the safety 

area for AISI 1016 carbon steel is longer in comparison with C63200 are, however, the safety area 

for C63200 is higher. Both materials share a piece of safety area, where the estimation of the 

stress in the horseshoe is located. Therefore, it can be assumed that C63200 as well as AISI 1016 

are safe materials to manufacture a horseshoe. 

3 CONCLUSIONS AND DISCUSSIONS 

Due to the lack of information about some material parameters, as for instance, the coefficient of 

friction against a particular surface ground, the comparison has not been as accurate as it should 
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be. However, supposing that C62300 presents poor antiskid characteristics, this factor could be 

supplied adding a rough shape to the surface of the horseshoe that is in contact with the ground. 

Another option to supply this lack of information is to add two holes to the horseshoe in order to 

insert studs to provide an extra traction such as Figure 39 shows. 

 

 

Figure 39: Horseshoe with studs (Bishop 2014) 

 

One other necessary feature that has not been studied is the dimensional loss in a stable due to 

the corrosion produced by the ammoniac of the urine. In the case of corrosion of C62300 this 

material can be galvanized by covering it with zinc. This is a good way of protecting objects 

against the effects of corrosion. Besides this, on the market can be found special paints which 

avoid wear corrosion. 

The possibility of being forged is another main feature that has not been evaluated for the 

potential materials, however, information about good qualities on hot working for C62300 has 

been found. Therefore, it can be supposed that C62300 copper alloy owns good forgings features. 

The feature which better distinguishes C62300 copper alloy in comparison with AISI 1016 carbon 

steel is the Young’s modulus, which is the most important parameter in order to obtain a 

compliant horseshoe. 

Despite all of these drawbacks, the main purpose of this thesis has been reached finding the most 

suitable material for horseshoes in comparison with AISI 1016 carbon steel. C62300 presents 

greater qualities in comparison with AISI 1016 carbon steel in the overall comparison. Therefore, 

based on the literature, it can be concluded that this material is feasible to be used in the 

manufacture of horseshoes. Besides this material, other materials that possess great mechanical 
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properties has been found and discarded in the comparison for the cost constraints. . From a 

mechanical point of view, this material is valid and in the case of sport disciplines, where the cost 

constrains should not be a problem, can be obtained a good results. 

4 FUTURE RESEARCH 

This research has not been conducted in an exhaustive way due to the lack of information about 

some material properties and characteristics. For future researches it is interesting to achieve the 

coefficient of friction between the different potential materials in contact with a specific surface 

taking into account where the horse works. This ground surface must be the same for every 

experiment in order to carry out a correct comparison.  

Another important issue that has hindered the pursuit of the main purpose of this thesis is the 

lack of information about how the material is corroded in a stable. To test the potential materials 

in a stable it is important to prove whether the material can withstand the environment without 

any dimensional loss. 

It is also important to get the hot-twist tests for the potential materials, since without this 

information it is difficult to predict whether the selected material presents great forgeability 

characteristics. 

The lack of information for material properties for tin alloys has also posed a problem for the 

current research. For this reason, a thorough study of these material properties is suggested.  

Regarding the selected titanium alloys from the concept matrix, it is a reasonable option to 

perform a more exhaustive study, since these materials present great features. However they 

have been discarded due to the cost constraints. In horse’s disciplines, where this characteristic 

can be obviated, these materials can be useful due to their low light weight and their relatively 

low modulus of elasticity. 

Due to the lack of time and resources, a horseshoe made with the selected material (C62300) has 

not been tested. Testing a horseshoe with this kind of material is the best way to prove whether 

this alternative material is feasible to use in horseshoes. 
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APPENDIX 1 

Throughout the current appendix are presented the materials members along Table 8 within each 

material class for the chapter material selection. These materials are linked with their short 

names used for the Ashby charts in order to understand which material is corresponded with each 

abbreviation. 

 

Table 8: Material classes and members of each class (Ahsby, 2009) 

Class Members 
Short 

Name 

Metals (the metals and alloys of engineering) Aluminium alloys Al alloys 

 

Copper alloys Cu alloys 

Lead alloys Lead alloys 

Magnesium alloys Mg alloys 

Nickel alloys Ni alloys 

Carbon steels Steels 

Stainless steels 
Stainless 

steels 

Tin alloys Tin alloys 

Titanium alloys Ti alloys 

Tungsten alloys W alloys 

Zinc alloys Zn alloys 

Polymers (the thermoplastics and thermosets of engineering) Epoxies Epoxy 

Acrylonitrile butadiene 

styrene 
ABS 

Cellulose polymers CA 
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Ionomers Ionomers 

Phenolics Phenolics 

Polyamides (nylons) PA 

Polycarbonate PC 

Polyesters Polyester 

Polyetheretherkeytone PEEK 

Polyethylene PE 

Polyethylene 

terephalate 

PET or 

PETE 

Polymethylmethacrylate PMMA 

Polyoxymethylene 

(Acetal) 
POM 

Polypropylene PP 

Polystyrene PS 

Polytetrafluorethylene PTFE 

Polyvinylchloride PVC 

Ceramics, technical ceramics (fine ceramics capable of load-bearing 

application) 
Alumina Al2O3 

Aluminum nitride AlN 

Boron carbide B4C 

Silicon carbide SiC 

Silicon nitride Si3N4 

Tungsten carbide WC 

Ceramics, non-technical ceramics (porous ceramics of construction) Brick Brick 
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Concrete Concrete 

Stone Stone 

Glasses (ordinary silicate glass) Borosilicate glass Borosilicate 

Soda-lime glass 
Soda-lime 

glass 

Silica glass Silica glass 

Glass ceramic 
Glass 

ceramic 

Elastomers (engineering rubbers, natural and synthetic) Butyl rubber 
Butyl 

rubber 

EVA EVA 

Isoprene Isoprene 

Natural rubber 
Natural 

rubber 

Polychloroprene 

(Neoprene) 
Neoprene 

Polyurethane PU 

Silicone elastomers Silicones 

Hybrids: natural materials Cork Cork 

Bamboo Bamboo 

Wood Wood 

Hybrids: foams Flexible polymer foams 
Flexible 

foams 

Rigid polymer foams Rigid foams 

Hybrids: composites 
Carbon-fibre reinforced 

polymers 
CFRP 
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Glass-fibre reinforced 

polymers 
GFRP 

SiC reinforced 

aluminium 
Al-SiC 

 

APPENDIX 2 

Within this appendix are displayed the material properties for 80 selected materials from the 

chapter material selection. These materials have been found within the metal family and they 

have been selected from different manufacturers in order to take into consideration only 

materials that are available in the market currently. The material properties are presented from 

Table 9 until Table 14. Some of these materials properties vary within a range, for these particular 

cases, an average value between the variations ranges has been taken for the comparison. 

The remaining material classes from Ashby charts within the metal family are: copper alloys, 

nickel alloys, carbon steels, titanium alloys and zinc alloys. Stainless steels and tin alloys were not 

located at the used Ashby charts, reason why these materials will be also studied and compared 

with AISI 1016 carbon steel. 

Some problems were found in the research of material properties. One of them is the lack of 

information about the coefficient of friction (COF). It has not been possible to find the coefficient 

of friction for each selected material against the same surface ground and, for this reason, this 

mechanical property has been designated as “-“ in the following tables. Another problem found is 

the lack of information of how a material is corroded in a stable, where the material can be in 

touch with the ammonia of the urine. Besides this, no data about the amount of twist produced 

on hot-twist test (HT Test) for these materials are found. Therefore, as has been done with the 

coefficient of friction, corrosion in stable and hot-twist test has also determined as “-“ in the 

following tables. To supplement this lack of information, different alternatives will be given in 

other chapters. 

In order to perform the comparison of the hardness of material, three different kinds of hardness 

have been evaluated (Brinell, Rockwell B and Vickers). These kinds of hardness have been taken 
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for the comparisons since there are known values for these kinds hardness for AISI 1016 carbon 

steel. 

In the following table (Table 9) are displayed the material properties for 16 selected copper alloys. 

These materials can be supplied by the IBC Advanced Alloys Corporation (IBC, 2014). 

Table 9: Material properties for copper alloys (AzoM 2014; Callister et al. 2011) 

 
Density 

(g/cm3) 

Young´s 

Modulus 

(GPa) 

COF 
Hardness 

(Brinell) 

Hardness 

(Rockwell 

B) 

Hardness 

(Vickers) 

Yield 

strength 

(MPa) 

Cost/unit 

weight 

(USD/kg) 

Corrosion 

in stable  

HT 

test 

C10100 

(Oxygen 

Free Copper) 

8.92 115 - - - 98 217 7.00 - - 

C10700 

(Oxygen 

Free Copper 

with Silver) 

8.94 115 - - 50 - 217 9.00 - - 

C10800 

(Oxygen 

Free Copper 

with 

Phosphorus) 

8.94 115 - - 10 - 195 6.50 - - 

C17200 

(Beryllium 

Copper) 

8.25 128 - - 62 - 288 6.50 - - 

C17510 

(Beryllium 

Copper) 

8.75 117 - - 98 - 627 28.50 - - 

C18000 

(Copper 

Chrome 

Silicon 

Nickel) 

8.75 114 - - 90 - 483 15.00 - - 

C18150 

(Chrome 

Copper 

Zirconium) 

8.90 120 - - 75 - 425 9.00 - - 

C18200 

(Chromium 

Copper) 

8.89 112 - - 76 - 379 9.00 - - 

C46400 

(Naval Brass, 

Uninhibited) 

8.41 100 - - 82 - 314 6.75 - - 

C61400 

(Copper-

Aluminum 

7.89 115 - - 82 - 310 10.00 - - 
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Bronze) 

C62400 

(Copper-

Aluminum 

Bronze) 

7.45 115 - - 92 - 330 10.00 - - 

C62500 

(Copper-

Aluminum 

Bronze) 

7.21 110 - - 29 - 380 9.50 - - 

C63000 

(Copper-

Aluminum 

Bronze) 

7.58 115 - - 94 - 470 9.00 - - 

C63200 

(Copper 

Nickel 

Bronze) 

7.64 115 - - 95 - 355 7.50 - - 

C70600 

(Copper 

Nickel 10%) 

8.94 140 - - 54 - 252 7.50 - - 

C71500 

(Copper 

Nickel 30%) 

8.94 150 - - 61 - 286 7.75 - - 

 

In Table 10 are shown the material properties for some nickel alloys. One of the supplier 

companies of these materials is NeoNickel (NeoNickel, 2014). 

 

Table 10: Material properties for nickel alloys (AzoM 2014; Callister et al. 2011) 

 
Density 

(g/cm3) 

Young´s 

Modulus 

(GPa) 

COF 
Hardness 

(Brinell) 

Hardness 

(Rockwell 

B) 

Hardness 

(Vickers) 

Yield 

strength 

(MPa) 

Cost/unit 

weight 

(USD/kg) 

Corrosion 

in stable  

HT 

test 

800H/AT 7.94 197 - 70 - - 172 25.00 - - 

Alloy 

105 
8.01 220 - - - 353 745 74.00 - - 

Alloy 20 8.10 193 - 217 - - 286 22.50 - - 

Alloy 

200/201 
8.89 204 - - - 162 450 20.00 - - 

Alloy 22 8.61 209 - - 89 - 400 25.50 - - 

Alloy 

230 
8.97 211 - - 94 - 390 8.05 - - 
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Alloy 36 8.05 145 - 70 - - 207 31.50 - - 

Alloy 

400 
8.80 179 - 70 - - 240 79.00 - - 

Alloy 

600 
8.47 207 - - 75 - 245 60.00 - - 

Alloy 

601 
8.11 178 - - 80 - 390 50.00 - - 

Alloy 

625 
8.44 206 - 216 - - 414 74.00 - - 

Alloy 

718 
8.19 143 - 330 - - 1040 35.00 - - 

Alloy 

725 
8.30 204 - 331 - - 427 17.50 - - 

Alloy 75 8.37 206 - - - 233 243 59.00 - - 

Alloy 

80A 
8.19 222 - - - 300 745 18.50 - - 

Alloy 

825 
8.14 196 - - 150 - 338 37.50 - - 

Alloy 86 8.54 210 - 235 - - 325 5.50 - - 

Alloy 90 8.18 234 - - - 303 708 39.00 - - 

Alloy 

C263 
8.36 221 - 248 - - 635 50.00 - - 

Alloy 

C276  
8.89 191 - - 89 - 347 57.50 - - 

Alloy 

K500 
8.43 179 - - 85 - 690 30.00 - - 

Alloy 

L605/25 
9.13 225 - 277 - - 310 11.00 - - 

Alloy 

MP35N 
8.43 234 - - 90 - 379 50.50 - - 

Alloy 

PK33 
8.21  179 - - - 250 735 5.50 - - 

Alloy X 8.22 173 - - 90 - 362 30.00 - - 

Alloy X-

750 
8.28 171 - 357 - - 805 35.00 - - 

RA330 7.94 160 - - 78 - 269 72.50 - - 

RA333 8.14 163 - - 103 - 174 5.50 - - 
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In Table 11 are displayed titanium alloys which are manufactured and supplied by ATI Company 

(ATI, 2014). 

 

Table 11: Material properties for titanium alloys (AzoM 2014; Callister et al. 2011) 

 
Density 

(g/cm3) 

Young´s 

Modulus 

(GPa) 

COF 
Hardness 

(Brinell) 

Hardness 

(Rockwell 

B) 

Hardness 

(Vickers) 

Yield 

strength 

(MPa) 

Cost/unit 

weight 

Corrosion 

in stable  

HT 

test 

ATI 3-

2.5 

(Grade 

9) 

4.48 103 - 256 - - 586 30.00 - - 

ATI 6-2-

4-2 
4.54 110 - 318 - - 1103 42.50 - - 

ATI 6-2-

4-6 
4.65 114 - 351 - - 1104 42.50 - - 

ATI 6-4 

ELI 

(Grade 

23) 

4.43 113 - 290 - - 793 28.50 - - 

ATI 6-6-

2 
4.54 110 - 326 - - 897 65.00 - - 

ATI 8-1-

1 
4.31 121 - 326 - - 966 50.00 - - 

ATI 

15Mo 
5.06 78 - - - 280 920 42.50 - - 

ATI 17 4.65 110 - 351 - - 1069 42.50 - - 

ATI 38-

644 
4.82 108 - 351 - - 1104 42.50 - - 

ATI 

45Nb 

Alloy 

5.70 62 - - - 180 505 42.50 - - 

ATI 

3510 
5.25 67 - - - 250 688 42.50 - - 

ATI 

Grade 6 
4.48 118 - 320 - - 827 30.00 - - 

ATI 

Grade 

12 

4.52 105 - 180 - - 450 25.20 - - 

ATI 

Grade 

23 LOOX 

4.51 114 - 326 - - 793 42.50 - - 
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ATI NiTi 

Alloys 
6.45 83 - - - 333 707 60.00 - - 

 

In Table 12 are shown the materials to compare with AISI 1016 carbon steel within the zinc alloys 

group. These five materials are provided and manufactured by Allied Metal Company (AM, 2014). 

 

Table 12: Material properties for zinc alloys (AzoM 2014; Callister et al. 2011) 

 
Density 

(g/cm3) 

Young´s 

Modulus 

(GPa) 

COF 
Hardness 

(Brinell) 

Hardness 

(Rockwell 

B) 

Hardness 

(Vickers) 

Yield 

strength 

(MPa) 

Cost/unit 

weight 

Corrosion 

in stable 

HT 

test 

Zamak3 6.60 86 - 82 - - 221 1.60 - - 

Zamak5 6.60 86 - 91 - - 228 1.85 - - 

ZA8 6.30 86 - 88 - - 203 0.68 - - 

ZA12 6.00 83 - 97 - - 242 0.75 - - 

ZA27 5.00 78 - 105 - - 314 0.85 - - 

 

In Table 13 are displayed the material properties for seven different kinds of stainless steels which 

can be provided by Macsteel Company (Macsteel, 2014). 

 

Table 13: Material properties for stainless steels (AzoM 2014; Callister et al. 2011) 

 
Density 

(g/cm3) 

Young´s 

Modulus 

(GPa) 

COF 
Hardness 

(Brinell) 

Hardness 

(Rockwell 

B) 

Hardness 

(Vickers) 

Yield 

strength 

(MPa) 

Cost/unit 

weight 

Corrosion 

in stable 

HT 

test 

Grade 

304/304L 
8.03 193 - - 81 - 190 2.75 - - 

Grade 

316/316L 
8.00 193 - 217 - - 170 2.69 - - 

Grade 

317 
8.00 200 - - 87 - 330 2.25 - - 

Grade 

321 
8.03 193 - 217 - - 205 2.85 - - 

Grade 

309/309S 
8.09 200 - - 85 - 345 4.50 - - 

Grade 

310/310S 
7.75 200 - 217 - - 205 2.40 - - 
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Grade 

430 
7.75 200 - 183 - - 310 1.75 - - 

 

In Table 14 are shown the material properties for different tin alloys. These nine materials can be 

supplied by Belmont Metals Company (Belmont, 2014). However, due to the lack of information 

of majority material properties, tin alloys are not evaluated. 

 

Table 14: Material properties for tin alloys (AzoM 2014; Callister et al. 2011) 

 
Density 

(g/cm3) 

Young´s 

Modulus 

(GPa) 

COF 
Hardness 

(Brinell) 

Hardness 

(Rockwell 

B) 

Hardness 

(Vickers) 

Yield 

strength 

(MPa) 

Cost/unit 

weight 

Corrosion 

in stable 

HT 

test 

Grade A Tin 7.31 - - 5 - - - 1.00 - - 

Genuine 

Babbitt 
7.27 - - 20 - - - - - - 

Britannia 7.28 - - 24 - - - - - - 

92% Tin 

Pewter Alloy 
- - - - - - - - - - 

35% Tin 

Pewter Alloy 
- - - - - - - - - - 

Tin Base 

Level Alloy 1 
- - - - - - - - - - 

99.99% Tin - - - - - - - - - - 

Tin Oxide 6.45 - - - - - - - - - 

5% 

Phosphorous 

Tin 

- - - - - - - - - - 

 

APPENDIX 3 

Within this appendix, are shown the criteria taken into consideration to evaluate each material 

property in comparison with AISI 1016 carbon steel properties. These criteria are shown from 

Figure 40 until Figure 46. Besides this, in this appendix are also shown every concept-scoring 

matrix for the remaining selected materials. 
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Figure 40: Criterion for weighting the modulus of elasticity 

 

 

Figure 41: Criterion for weighting the density 
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Figure 42: Criterion for weighting the Brinell Hardness 

 

 

Figure 43: Criterion for weighting the Vickers Hardness 
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Figure 44: Criterion for weighting the Rockwell B hardness 

 

 

Figure 45: Criterion for weighting costs constrains 
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Figure 46: Criterion for weighting yield strength 

 

Now the materials properties for the selected materials are ranked in comparison with steel AISI 

1016.  

 

Table 15: Concept-scoring matrix 

 

Concept 

A 

AISI 1016 Carbon 

Steel 

B 

C10100 (Oxygen 

Free Copper) 

C 

C10700 (Oxygen 

Free Copper with 

Silver) 

D 

C10800 (Oxygen 

Free Copper with 

Phosphorus) 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 3 15 3 15 3 15 3 15 

Wear 25 3 75 2 50 2 50 1 25 
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resistance 

Duration 25 3 75 2 50 2 50 2 50 

Compliant 40 3 120 4 160 4 160 4 160 

Cost 

constraint

s 

5 3 15 3 15 3 15 3 15 

 

Total 

Score 
 300  290  290  265 

Rank    61  62  67 

Continue

? 
   No  No  No 

 

 

Table 16: Concept-scoring matrix 

 

Concept 

E 

C17200 (Beryllium 

Copper) 

F 

C17510 (Beryllium 

Copper) 

G 

C18000 (Copper 

Chrome Silicon 

Nickel) 

H 

C18150 (Chrome 

Copper 

Zirconium) 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 3 15 3 15 3 15 3 15 

Wear 

resistance 
25 3 75 4 100 4 100 3 75 

Duration 25 3 75 5 125 4 100 4 100 

Compliant 40 4 160 4 160 4 160 4 160 
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Cost 

constraint

s 

5 3 15 1 5 1 5 3 15 

 

Total 

Score 
 340  405  380  365 

Rank  36  16  26  27 

Continue

? 
 Yes  Yes  Yes  Yes 

 

 

 

Table 17: Concept-scoring matrix 

 

Concept 

I 

C18200 

(Chromium 

Copper) 

J 

C46400 (Naval 

Brass, 

Uninhibited) 

K 

C61400 (Copper-

Aluminum 

Bronze) 

L 

C62400 (Copper-

Aluminum 

Bronze) 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 3 15 3 15 3 15 3 15 

Wear 

resistance 
25 3 75 4 100 4 100 4 100 

Duration 25 3 75 3 75 3 75 3 75 

Compliant 40 4 160 4 160 4 160 4 160 

Cost 

constraint

s 

5 3 15 3 15 2 10 2 10 
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Total 

Score 
 340  365  360  360 

Rank  37  28  32  33 

Continue

? 
 Yes  Yes  Yes  Yes 

 

 

 

 

 

Table 18: Concept-scoring matrix 

 

Concept 

M 

C62500 (Copper-

Aluminum 

Bronze) 

N 

C63000 (Copper-

Aluminum 

Bronze) 

O 

C63200 (Copper 

Nickel Bronze) 

P 

C70600 (Copper 

Nickel 10%) 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 3 15 3 15 3 15 3 15 

Wear 

resistance 
25 2 50 4 100 4 100 2 50 

Duration 25 3 75 4 100 3 75 2 50 

Compliant 40 4 160 4 160 4 160 4 160 

Cost 

constraint

s 

5 3 15 3 15 3 15 3 15 
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Total 

Score 
 315  390  365  290 

Rank  51  19  29  63 

Continue

? 
 Yes  Yes  Yes  No 

 
 

 

Table 19: Concept-scoring matrix 

 

Concept 

Q 

C71500 (Copper 

Nickel 30%) 

R 

800H/AT 

S 

Alloy 105 

T 

Alloy 20 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 3 15 3 15 3 15 3 15 

Wear 

resistance 
25 3 75 2 50 5 125 5 125 

Duration 25 3 75 2 50 5 125 3 75 

Compliant 40 4 160 3 120 3 120 3 120 

Cost 

constraint

s 

5 3 15 1 5 1 5 1 5 

Total 

Score 
 340  240  390  340 

Rank  38  70  20  39 
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Continue

? 
 Yes  No  Yes  Yes 

 

 

Table 20: Concept-scoring matrix 

 

Concept 

U 

Alloy 200/201 

V 

Alloy 22 

W 

Alloy 230 

X 

Alloy 36 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 3 15 3 15 3 15 3 15 

Wear 

resistance 
25 4 100 4 100 4 100 2 50 

Duration 25 4 100 3 75 3 75 2 50 

Compliant 40 3 120 3 120 3 120 4 160 

Cost 

constraint

s 

5 1 5 1 5 3 15 1 5 

 

Total 

Score 
 340  315  325  280 

Rank  40    50  66 

Continue

? 
 Yes  Yes  Yes  No 
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Table 21: Concept-scoring matrix 

 

Concept 

Y 

Alloy 400 

Z 

Alloy 600 

A1 

Alloy 601 

B1 

Alloy 625 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 3 15 3 15 3 15 3 15 

Wear 

resistance 
25 2 50 3 75 3 75 5 125 

Duration 25 2 50 2 50 3 75 3 75 

Compliant 40 3 120 3 120 3 120 3 120 

Cost 

constraint

s 

5 1 5 1 5 1 5 1 5 

 

Total 

Score 
 240  265  290  340 

Rank  71  68  64  41 

Continue

? 
 No  No  No  Yes 
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Table 22: Concept-scoring matrix 

 

Concept 

C1 

Alloy 718 

D1 

Alloy 725 

E1 

Alloy 75 

F1 

Alloy 80A 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 3 15 3 15 3 15 3 15 

Wear 

resistance 
25 5 125 5 125 5 125 5 125 

Duration 25 5 125 4 100 2 50 5 125 

Compliant 40 4 160 3 120 3 120 3 120 

Cost 

constraint

s 

5 1 5 1 5 1 5 1 5 

 

Total 

Score 
 430  365  315  390 

Rank  13  30  53  21 

Continue

? 
 Yes  Yes  Yes  Yes 
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Table 23: Concept-scoring matrix 

 

Concept 

G1 

Alloy 825 

AH1 

Alloy 86 

I1 

Alloy 90 

J1 

Alloy C263 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 3 15 3 15 3 15 3 15 

Wear 

resistance 
25 5 125 5 125 5 125 5 125 

Duration 25 3 75 3 75 5 125 5 125 

Compliant 40 3 120 3 120 3 120 3 120 

Cost 

constraint

s 

5 1 5 4 20 1 5 1 5 

 

Total 

Score 
 340  355  390  390 

Rank  42  34  22  23 

Continue

? 
 Yes  Yes  Yes  Yes 
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Table 24: Concept-scoring matrix 

 

Concept 

K1 

Alloy C276 

L1 

Alloy K500 

M1 

Alloy L605/25 

N1 

Alloy MP35N 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 3 15 3 15 3 15 3 15 

Wear 

resistance 
25 4 100 4 100 5 125 4 100 

Duration 25 3 75 5 125 3 75 3 75 

Compliant 40 3 120 3 120 3 120 3 120 

Cost 

constraint

s 

5 1 5 1 5 2 10 1 5 

 

Total 

Score 
 315  365  345  315 

Rank  54  31  35  55 

Continue

? 
 Yes  Yes  Yes  Yes 
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Table 25: Concept-scoring matrix 

 

Concept 

O1 

Alloy PK33 

P1 

Alloy X 

Q1 

Alloy X-750 

R1 

RA330 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 3 15 3 15 3 15 3 15 

Wear 

resistance 
25 5 125 4 100 5 125 3 75 

Duration 25 5 125 3 75 5 125 2 50 

Compliant 40 3 120 3 120 3 120 3 120 

Cost 

constraint

s 

5 4 20 1 5 1 5 1 5 

 

Total 

Score 
 405  315  390  265 

Rank  17  56  24  69 

Continue

? 
 Yes  Yes  Yes  No 
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Table 26: Concept-scoring matrix 

 

Concept 

S1 

RA333 

T1 

ATI 3-2.5 (Grade 

9) 

U1 

ATI 6-2-4-2 

V1 

ATI 6-2-4-6 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 3 15 4 20 4 20 4 20 

Wear 

resistance 
25 4 100 5 125 5 125 5 125 

Duration 25 2 50 5 125 5 125 5 125 

Compliant 40 3 120 4 160 4 160 4 160 

Cost 

constraint

s 

5 4 20 1 5 1 5 1 5 

 

Total 

Score 
 305  435  435  435 

Rank  57  3  4  5 

Continue

? 
 Yes  Yes  Yes  Yes 
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Table 27: Concept-scoring matrix 

 

Concept 

W1 

ATI 6-4 ELI (Grade 

23) 

X1 

ATI 6-6-2 

Y1 

ATI 8-1-1 

Z1 

ATI 15Mo 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 4 20 4 20 4 20 4 20 

Wear 

resistance 
25 5 125 5 125 5 125 5 125 

Duration 25 5 125 5 125 5 125 5 125 

Compliant 40 4 160 4 160 4 160 5 200 

Cost 

constraint

s 

5 1 5 1 5 1 5 1 5 

 

Total 

Score 
 435  435  435  475 

Rank  6  7  8  1 

Continue

? 
 Yes  Yes  Yes  Yes 
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Table 28: Concept-scoring matrix 

 

Concept 

A2 

ATI 17 

B2 

ATI 38-644 

C2 

ATI 45Nb Alloy 

D2 

ATI 3510 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 4 20 4 20 4 20 4 20 

Wear 

resistance 
25 5 125 5 125 4 100 5 125 

Duration 25 5 125 5 125 4 100 5 125 

Compliant 40 4 160 4 160 5 200 5 200 

Cost 

constraint

s 

5 1 5 1 5 1 5 1 5 

 

Total 

Score 
 435  435  425  475 

Rank  9  10  15  2 

Continue

? 
 Yes  Yes  Yes  Yes 
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Table 29: Concept-scoring matrix 

 

Concept 

E2 

ATI Grade 6 

F2 

ATI Grade 12 

G2 

ATI Grade 23 

LOOX 

H2 

ATI NiTi Alloys 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 4 20 4 20 4 20 3 15 

Wear 

resistance 
25 5 125 4 100 5 125 5 125 

Duration 25 5 125 4 100 5 125 5 125 

Compliant 40 4 160 4 160 4 160 4 160 

Cost 

constraint

s 

5 1 5 1 5 1 5 1 5 

 

Total 

Score 
 435  385  435  430 

Rank  11  25  12  14 

Continue

? 
 Yes  Yes  Yes  Yes 
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Table 30: Concept-scoring matrix 

 

Concept 

I2 

Zamak3 

J2 

Zamak5 

K2 

ZA8 

L2 

ZA12 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 3 15 3 15 3 15 4 20 

Wear 

resistance 
25 2 50 2 50 2 50 3 75 

Duration 25 2 50 2 50 2 50 2 50 

Compliant 40 4 160 4 160 4 160 4 160 

Cost 

constraint

s 

5 5 25 5 25 5 25 5 25 

 

Total 

Score 
 300  300  300  330 

Rank  58  59  60  48 

Continue

? 
 No  No  No  Yes 
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Table 31: Concept-scoring matrix 

 

Concept 

M2 

ZA 27 

N2 

Grade 304/304L 

O2 

Grade 316/316L 

P2 

Grade 317 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 4 20 3 15 3 15 3 15 

Wear 

resistance 
25 3 75 3 75 5 125 4 100 

Duration 25 3 75 2 50 2 50 3 75 

Compliant 40 5 200 3 120 3 120 3 120 

Cost 

constraint

s 

5 5 25 5 25 5 25 5 25 

 

Total 

Score 
 395  285  335  335 

Rank  18  65  43  44 

Continue

? 
 Yes  No  Yes  Yes 
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Table 32: Concept-scoring matrix 

 

Concept 

Q2 

Grade 321 

R2 

Grade 309/309S 

S2 

Grade 310/310S 

T2 

Grade 430 

Selection 

Criteria 
Weight 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Ratin

g 

Weighte

d Score 

Weight 

ratio 
5 3 15 3 15 3 15 3 15 

Wear 

resistance 
25 5 125 4 100 5 125 4 100 

Duration 25 2 50 3 75 2 50 3 75 

Compliant 40 3 120 3 120 3 120 3 120 

Cost 

constraint

s 

5 5 25 4 20 5 25 5 25 

 

Total 

Score 
 335  330  335  335 

Rank  45  49  46  47 

Continue

? 
 Yes  Yes  Yes  Yes 
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