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Abstract 
 

The aim of the report was to find a replacement for lead in a hunting bullet and thereby reduce 

the bullet’s negative impact on the environment. Various alloys were examined with regard to 

ecological impact, density, hardness and manufacturing possibilities with an aim to find a 

suitable replacement material for a Norma Precision AB lead core hunting bullet. Important 

material properties include the ability to offer a relatively high density, the capability of 

expansion (which is linked to the hardness of the core) and ductility. The material database 

CES EduPack was used to limit the range of possible elements by sorting with regard to 

density and hardness. Standard copper sheathed lead core hunting bullets in various stages of 

manufacture and a tungsten alloy core not currently offered by Norma Precision AB were 

examined with Scanning Electron Microscope (SEM). SEM analysis provided a deeper 

understanding of the link between material and final bullet properties. Possible alloying 

materials were selected for closer examination after a comparison with the core materials used 

by Norma Precision AB. Suitable alloy composition was examined by calculating the 

theoretical density of the alloys and the correlating material fractions. The phase diagrams of 

the proposed alloys were studied in Thermo-Calc. Conclusions regarding material properties 

were drawn based on the phase diagrams. The toxicity of the proposed alloying materials was 

assessed using literature data. The two most promising alloys were iron-tin-tungsten and iron-

copper-tungsten, as they offer a density relatively close to the density of lead and do not show 

any negative health or environmental impact in moderate doses. Non-theoretical material 

properties of the alloys were not determined and further studies regarding actual properties, 

manufacture and price should be carried out in order to decide whether iron-tin-tungsten and 

iron-copper-tungsten are valid replacement materials for hunting bullets based on lead cores. 

 

Keywords: Lead free bullet, Environmentally sustainable hunting bullet, Properties of a lead core 

hunting bullet, Alloys to replace lead   
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Sammanfattning 
 

Syftet med examensarbetet var att hitta ett möjligt ersättningsmaterial till bly i en jaktkula 

och på så sätt minska kulans negativa miljöpåverkan. Möjliga ersättningslegeringar 

undersöktes med avseende på deras inverkan på miljö, deras densitet, hårdhet och 

tillverkningsmöjligheter. Ambitionen var att hitta ett passande ersättningsmaterial till en 

Norma Precision AB jaktkula med blykärna. Viktiga materialegenskaper som eftersöktes var 

en relativt hög densitet, förmågan att expandera (som påverkas av kärnans hårdhet) och 

duktilitet. Materialdatabasen CES EduPack användes för att begränsa urvalet av möjliga 

ämnen.  Densitet- och hårdhetsgränser infördes för att underöka material som skulle kunna 

ingå i en legering med liknade egenskaper som bly. Scanning Electron Microscope-analys 

(SEM) utfördes på jaktkulor i olika tillverkningsstadier. Kulorna som undersöktes kom från 

Norma Precision AB och hade kopparmantel och blykärna. Norma Precision AB tillhandahöll 

även en prototyp av en kula med kärna av volframkomposit som inte är i bruk. Analys av 

SEM-resultaten gav förståelse för hur materialen påverkar egenskaperna hos jaktkulan. 

Möjliga legeringar, för att ersätta bly, valdes ut genom jämförelse mellan nya, utvalda 

material och material som används i kulkärnor av Norma Precision AB. Legeringssamman-

sättningarna för de möjliga legeringarna bestämdes genom teoretiska densitetsberäkningar. 

Mängden av de olika ämnena i legeringarna valdes så att legeringens densitet skulle 

efterlikna densiteten för bly. Fasdiagrammen för de föreslagna legeringarna studerades i 

Thermo-Calc. Slutsatser om materialegenskaper drogs baserat på de ingående faserna. De 

utvalda legeringarna undersöktes för att se om de skulle kunna vara hälso- och/eller 

miljöfarliga. De två mest lovande legeringarna var järn-tenn-volfram och järn-koppar-

volfram, eftersom deras densitet var relativt nära densiteten för bly och de inte uppvisade 

negativ inverkan på hälsa eller miljö i moderata doser. Innan det går att bestämma om de 

föreslagna legeringarna kan ersätta bly i kärnan av en jaktkula, bör de tillverkas och 

undersökas. Tester bör utföras för att studera legeringarnas verkliga egenskaper, möjliga 

tillverkningstekniker och pris. 
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1. Introduction 
 

The modern society has led to a greater insight and sense of personal responsibility for the 

individual consumption. The awareness has resulted in a wish to verify the trustfulness of the 

product source with an aim to avoid potentially harmful or ecological unsustainable 

merchandise. The new demand has required manufacturing companies to adopt a more 

enlightened and modern perspectives on the impact their products have on human health and 

the environment. A concrete example of the phenomenon are restrictions regarding lead levels 

in nature, which has resulted in a wish to minimise or totally exclude the usage of lead in 

hunting bullets [1]. A noticeable case, highlighting the impact of lead in nature, is used lead 

ammunition left in wetlands ingested by waterfowls, which caused death for the animals [2]. 

 

The desire to understand the hazardous effects of lead is not a recent goal. The acute and 

chronic forms of lead poisoning have been recognised as early as the second century BC. The 

industrial revolution of the 19th century resulted in a more frequent occurrence of lead 

poisoning in workers. In the late 1800s it was concluded the elevated numbers of childhood 

lead poisoning was a direct result of lead usage in paint products, which led to it being phased 

out and banned in 1978s. The global blood lead levels have declined since the 1980s due to 

the exclusion of lead in petrol, although the exhausted metal persists in soil and in dust. The 

usage of lead since the industrial revolution has led to increased magnitudes of lead measured 

among people of today compared to the pre-industrial society. The restrictions have made 

acute lead poisoning a rare incident, however the exposure of low lead levels is still a 

common problem [3]. The possibility to minimise or totally exclude lead from ammunition 

has been investigated due to evidence of wildlife contamination [4]. Examples of replacement 

materials include: copper, steel, tungsten, bismuth, tin [5] and polymer composites [6]. 

 

Norma Precision AB manufactures high quality hunting and precision ammunition for hunters 

and shooters. Their ammunition has been used in numerous Olympic-, World- and European 

championships, which offers proof of the bullet superiority [7]. Norma Precision AB has 

expressed a wish to in the future be able to provide a lead-free alternative to their copper 

sheathed lead core hunting bullet, Oryx, while maintaining desirable and high-quality bullet 

properties. The two most important assets provided by lead are the ability to offer the required 

mass in combination with an even expansion. The eco-friendlier option to lead offered by the 

company is a bullet made from pure copper. Lead and copper display material similarities, 

however the copper bullets lack the important property of high mass. The main problem with 

the two materials is that both are considered environmentally harmful [8]. 

 

In collaboration with Norma Precision AB this report offers a study of materials and alloys 

potentially suitable as a replacement for the lead core in the Oryx bullet, emphasising the 

importance of a combination of bullet performance and environmental impact. 
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2. Literature study 
 

2.1. Lead-based hunting ammunition 
 

Governments of the European Union have, as a reaction to the negative impacts of lead on 

human health and environment, established international resolutions and declarations aimed at 

minimising exposure [9]. The legal restrictions were adopted after it was confirmed 

vulnerable groups, such as children, have a higher risk of experiencing health issues 

associated raised lead levels in food. Commission Regulation 1881/2006 regulates the 

maximum food contamination levels (MLs). Elevated lead levels are regarded as a food 

contamination by the Commission Regulation 1881/2006, however most European countries 

exclude wild game shot with lead ammunition from being regulated by the same standards. 

As a result, it is in many countries legal for hunted game to have a higher lead content than 

other consumption products [10]. 

 

Sweden among several other countries have implemented legislation with the aim to ban the 

usage of lead ammunition in wetlands as an attempt of reducing lead entering the ecosystem 

[11].  The regulations were a reaction to waste lead gunshots ingested by waterfowls, which 

resulted in lead poisoning of the animals.  An interim for the RMIT (Royal Melbourne 

Institute of Technology) consultancy team concluded the poison reached the bloodstream of 

the waterfowl after three to ten days after ingestion. The blood carried to major organs with 

the result of coma and death after 17-21 days [2]. 

 

Research published by Science Direct indicates the usage of copper-sheathed lead-core and 

lead bullets extend beyond wetland wildlife contamination to terrestrial ecosystems. The 

research shows that, as a consequence of hunting with lead ammunition and the usage of pest 

controls in terrestrial landscape, the carcasses of the animals indicate lead contamination [12]. 

Additional radiographic studies issued by Science Direct confirm the occurrence of small 

bullet fragments in deer shot with lead bullets. This goes against previous belief stating the 

majority of the lead remained in a single mass or as a large fragment in the shot game [13]. 

The usage of lead ammunition for hunting pose a potential hazard of increased blood lead 

levels when contaminated game is consumed. Research carried out by Livsmedelverket, 

Jägarförbundet and Statens Veterinärmedicinska Anstalt indicate meat up to 10 cm from the 

bullet wound contain elevated lead levels, which may result in long term health risks for the 

consumer [14]. 
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2.2. Environmental effects and health aspects 
 

Lead is associated with a variety of health hazards. Its toxic effects on living organisms and 

ecosystems have resulted in regulations intended to decrease contamination. Regulations 

aimed at minimising lead usage include the removal of lead from paint products and petrol 

[12]. 

 

The most common exposure route into an ecosystem is through air emission or from industrial 

waste products. Lead enters the environment as atmospheric lead or from products containing 

lead such as old paint, used ammunition, fertilisers or lead-acid batteries. 

Lead affects all compounds of the environment as it moves throughout the ecosystem until it 

reaches equilibrium. Atmospheric lead transpires to soil, vegetation, and water surfaces. The 

metal accumulates in the environment, though in certain chemical surroundings it transforms 

with the result of increased solubility, bioavailability, or toxicity. The formation of lead 

sulphate found in soil is an example of lead transformation. 

The accumulation of lead result in elevated lead levels in the top soil layers, where the metal 

may be retained for up to 2000 years. Vegetation tends to absorb lead from the soil, or may 

alternatively be transferred directly to the plant in its airborne state. Some plant species are 

known to accumulate high lead concentrations. The consumption of contaminated plants 

affects the grazing animal directly and indirectly the predator due to accumulation of lead in 

the prey [15]. 

 

The central nervous system is affected by lead as it hinders the ability to synthesise red blood 

cells. Clinical symptoms in domestic animals are observable when lead blood concentration 

exceeds 40 µg/dl. The US EPA report states regular ingestion of 2-8 mg lead per kilogram of 

body weight per day over a prolonged time cause mortality in most animals [15]. 

Consumption of more than the recommended lead intake is associated with various health 

hazards such as raised blood pressure, kidney and brain damage, behavioural and learning 

difficulties in children and fertility problems in men [16]. Pregnant women are recommended 

extra caution as lead increases the risk of miscarriage, in addition the metal can transport from 

mother to an unborn child which can cause a higher risk of brain damage due to changes in 

the nervous system [14]. 

 

2.3. Hunting bullets provided by Norma Precision AB 
 

Norma Precision AB contributed with the copper sheathed, lead core hunting bullet Oryx. The 

Oryx bullet is pressed together and welded, in an aim to increase the adhesion between copper 

sheath and lead core. 

Due to the large range of bullet designs and manufacture, the method of ammunition 

production is not heterogeneous. The efficiency of the work method depends on for example 

production size, design, and desired material properties of the bullets. The most frequently 

used methods of forming bullets are casting and pressing. Both methods enable the formation 

of hollow points, but solid bullets with a greater hardness than lead bullets require stamping. 

The process includes a metal punch which from a softer metal bar or sheet, cuts a bullet 
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shaped piece. Lathes are commonly used during machining to shape the metal, as they 

steadily cut away portions of material. The method of producing bullets by casting involves 

pouring molten metal into a bullet shaped mould. The metal is melted in a crucible made from 

metal or ceramic, then poured into the mould, and cooled. The solid bullet shaped metal is 

removed from the mould and imperfections are corrected by cutting or filing. In case of 

extreme deformation, the bullet may be converted molten and the process repeated. It is 

possible to cast a bullet consisting of different materials through partially filling the mould, 

cooling until partly or completely solidified and altering with other materials. The method of 

casting a bullet containing two materials with differing density and/or hardness provides a 

bullet with often desirable properties. A combination of a softer section contributes to an even 

expansion of the bullet and a heavier section secures penetration of the bullet [17]. 

Pressing is a cold forming process, hence shaping of the bullet occurs without heating or 

softening the metal. Figure 1 (Anders Lööf, 2017) is a photograph of an of Norma Precisions 

AB pressing machine. The required amount of material is placed in a die made from a harder 

metal. The die cavity is in the shape of the bullet without the back end and a metal punch is 

fitted into the opening. The metal is forced into the die and takes the form of the bullet shaped 

cavity, while excess material is squeezed out. When removed the bullet is cut or filed to 

remove imperfections. It is possible to complement the process by introducing different steps, 

which may be designed to enable the creation of multiple materials bullets, further define the 

shape, or insert partitions. 

 

Figure 1: Norma Precision AB Pressing equipment (Source: Anders Lööf, 2017, pressing machine at Norma 

Precision AB) 

The method of producing bullets with soft core surrounded by a harder metal sheet is 

achieved by forcing a punch through the sheeting material into a depression in the underlying 
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foundation. The sheeting metal is fashioned to have a coin, cup, or tube shape. The sheeting 

metal can be annealed in aim to make it more formable and lessen the hardness. The sheeting 

material is repeatedly forced into different die by punches to obtain certain features including 

uniform thickness [18]. 

There is a selection of methods to join sheet, core, and/or multiple bullet parts. Insufficient 

joining techniques may result in the bullet falling apart prematurely. Assembly can be 

achieved through casting one section to another, joining them through pressing, soldering, 

gluing or welding. The soldering method combines the parts with molten solder, commonly 

an alloy of tin and lead, which once it solidifies joins the parts together. Epoxies, which are 

fluids that harden when combined, are the most commonly used glues for joining multiple 

part bullets. The process of welding enable heat to soften the metal with welding liquid that 

help adhesion between welded pieces [8]. In Figure 2 and 3 (Anders Lööf, 2017) the Norma 

Precision AB welding process can be seen. 

 

 

Figure 2: Norma Precision AB welding liquid (Source: Anders Lööf, 2017, welding liquid, Norma Precision AB) 
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Figure 3: Norma Precision AB welding equipment (Source: Anders Lööf, 2017, welding machine, Norma 

Precision AB) 

 

2.4 Replacement of lead in hunting bullets 
 

The ballistic properties required for a hunting bullet entail strict material design criteria. 

The modern lead rifle bullets are designed to expand, nearly twice the initial size, on target 

impact. The expansion results in a more efficient transfer of kinetic energy between bullet and 

target. The kinetic energy transfer increases the stopping power of the bullet, which makes the 

killing procedure more efficient and therefore more humane, opposed to a bullet that travels 

straight through the target leaving a wound [19].  Non-lead core bullets tend to be less 

effective as they lack the property of high stopping power and have a tendency to take more 

energy with them through the target. Lead exhibits excellent material properties suitable for 

hunting bullets due to its relatively high density and weight. The ductility of the metal offers 

the ability to change shape without fracturing. Due to the relative softness of lead the wear on 

the rifle barrel is lessened compared to harder bullet alternatives. 

Impact traces of the bullet can be observed, with x-ray, in the bullet passing of ballistic 

gelatine and in game shot with lead core ammunition [10]. The eroding of the bullet should be 

kept to a minimum, the bullet should preferably keep a rest weight of 80% of the initial bullet 

weight, allowing a fragmentation of 20% into the target. 

 

Alternatives to lead bullets available today include ammunition containing copper, steel, 

tungsten, bismuth, tin [5] and polymer composites [6]. 

Similarly, to lead ammunition the copper bullets offer the vital ability to expand on impact. 
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Copper and lead bullets exhibit strong resemblances to each other on target [19], however 

there are distinct differences in the kinetic energy of the projectile and ammunition price. The 

lower density of copper tends to result in longer and lighter bullets reducing the projectile 

kinetic energy [5]. 

The process of producing bullets containing copper (pure copper or brass) varies from 

conventional lead bullet manufacture, due to the increased hardness of copper compared to 

lead. The hardness of copper requires a replacement of the bullet tip to a softer material, for 

example plastic or rounding of the tip. The method of manufacture and the higher raw 

material price of copper result in an increase in price compared to lead ammunition. Copper 

and bullets containing brass tend to retain the majority of its mass which results in less 

fragmentation compared to the lead bullet [20]. 

The ballistic properties of steel are not as favourable as the properties of lead. Steel bullets 

display superior penetration due to the hardness of the material. Excessive penetration is an 

undesirable trade for ammunition used for hunting, as it prevents “blooming” of the bullet. 

The steel bullet transfers kinetic energy from bullet to target less effectively, compared to the 

softer materials lead and copper, and tend to pass through game. In addition, the low density 

of steel, which is less than the density of copper, must be compensated for resulting in grander 

bullets. 

Tungsten possesses the greatest hardness and density of the materials used for projectiles. 

Ammunition made of a combination of lead and tungsten show desired ballistic properties, 

however it tends to penetrate excessively due to the hardness of tungsten [21]. 

Bismuth has a higher density compared to both copper and steel, although the low 

malleability of the metal result in a brittle material which tends to fracture and fall apart on 

target impact. The bullet fragments are hard to remove and not suitable for consumption [22]. 

Ammunition made of pure tin exhibit little resemblance to lead core hunting bullets, due to 

the low density and weight of tin. Similarities between the materials are the hardness and the 

ability to be moulded into a desired shape [5]. 

Polymer composites are infrequently used as hunting bullet material, however they do exist. 

The density of polymeric materials tends to be low, which has resulted in the manufacture of 

composite materials consisting of plastic base material together with a more dense and hard 

metal [23]. Assuming the required bullet mass can be obtained, the fragility of the material 

leads to an almost complete disintegration of the bullet on impact. The fragmentation makes 

the material less suitable for hunting ammunition as it might lead to contamination [24]. The 

decomposing time for polymeric materials is in most cases very long. A polymeric composite 

of tungsten powder had a density of 1100 kg/m3. The polymeric foundation may be composed 

of a variation of plastics, for example acrylonitrile butadiene (ABS) or polyethylene (PE) 

[25]. 
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3. Method 
 

Three samples of Norma Precision AB produced copper sheathed lead core hunting bullets 

(Oryx) in varying stages in the manufacturing process were prepared and examined with 

scanning electron microscopy (SEM). The first sample was a welded and pressed bullet (the 

finished product), the second sample was welded but not pressed and the third sample showed 

lead pressed in the copper sheath without welding (the finished product). A fourth sample of a 

not in use tungsten core composite offered by Norma Precision AB additionally prepared for 

SEM examination. Analysis of SEM results was conducted with the aim to study the copper 

lead interaction of welded and pressed bullet stages and composition determination of the 

tungsten composite. 

The SEM equipment used was Hitachi S-3700N. The samples were cut in half and embedded 

in Bakelite. The surfaces of the samples were polished to secure the accuracy of the test 

results. 

 

The material database, CES EduPack, was used to examine materials that theoretically could 

work as a replacement material. The properties of density and hardness were used to compare 

other materials to lead, as they are closely linked to the performance of the bullet. The density 

ranged from 5000 to 20,000 kg/m3 and the Vickers hardness was set between 0 to 1000 HV 

(approximate density of lead alloys 11.300 kg/m3 with a hardness of 10 HV). The limitations 

of density and hardness were set to a greater range than the materials used by Norma 

Precision AB to reassure possible alloying materials were included. Our aim was to find a 

similar material or potential alloy corresponding to lead, lead/antimony or copper, which are 

the hunting bullet materials used by Norma Precision AB. Coppers density was used a lower 

limit for the density of the proposed alloys. 

 

The theoretical density of the proposed alloys, suggested based on potential ballistic 

properties and CES EduPack result, was calculated with the help of the equation: 

 
1

𝜌𝑎𝑙𝑙𝑜𝑦
=

𝑥

𝜌1
+

𝑦

𝜌2
+

𝑧

𝜌3
                                                                                               (1) 

 

𝜌𝑎𝑙𝑙𝑜𝑦 is the density of the alloy, ρ1,2,3is the density of the individual elements of the alloy and 

x,y,z is the mass-fraction of the different elements [26]. 

 

Thermo-Calc (database SSOL 6) illustrates the phase diagram for the proposed alloys to 

enable analysis between occurring phases and final material properties. 

 

Literature studies enabled a deeper understanding of the environmental and health aspects of 

lead and the proposed alternatives, emphasising the way into an ecosystem through hunting. 

The potential hazards of the replacement material had to be examined thoroughly as it was of 

great importance that the new material should be eco-friendlier. The material properties of 
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lead were examined through previous reports and studies on the subject in aim to find alloys 

which could be used as an alternative, without a decrease in bullet performance. The pros and 

cons of existing lead-free bullets made from copper/brass, steel, tungsten, bismuth, and tin 

were studied with lead bullets as reference to get an understanding of the different properties 

and impact on the finished product. 
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4. Results from SEM, CES EduPack and theoretical density 

calculations 
 

The results from SEM and CES EduPack were used to examine the lead bullets used today, 

which provided information important to find material candidates similar enough to the Oryx 

bullet. The bullet from Norma Precision AB were tested to get a better understanding of how 

the lead and the copper interact with each other. Figure 4 (SEM Hitachi S-3700N) shows the 

composition of the Oryx bullet, copper sheeted with a lead core. 

 

 
Figure 4: EDS of sample 1, which is also applicable to samples 2 and 3 (Source: SEM Hitachi S-3700N) 

 

The composition analysis shows the transition between the copper sheath and lead core. There 

is a distinct point at which the composition changes from copper to lead.  The transition from 

copper to lead does not occur as instantaneously in sample 3, as if compared to sample 1 and 

2. This can be observed in Figure 5-11 (SEM Hitachi S-3700N). 
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Sample 1 welded and pressed: 

 
Figure 5: Line analysis of sample 1 (Source: SEM Hitachi S-3700N) 

 
Figure 6: Result of line analysis, sample 1 (Source: SEM Hitachi S-3700N) 
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Sample 2 welded before pressing: 

 
Figure 7: Line analysis of sample 2 (Source: SEM Hitachi S-3700N) 

 

 
Figure 8: Result of line analysis, sample 2 (Source: SEM Hitachi S-3700N) 
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Sample 3 pressed: 

 
Figure 9: Line analysis of sample 3 (Source: SEM Hitachi S-3700N) 

 
Figure 10: Result of line analysis, sample 3 (Source: SEM Hitachi S-3700N) 
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The area analysis of sample 3, that can be seen in Figure 11 (SEM Hitachi S-3700N), shows 

the pureness of the bullet material. Only one area analysis was carried out as the composition 

analysis showed the same result for the three different samples, hence the samples was 

assumed to consist of the same material. It can be concluded the copper used in the sheath 

was 100 wt % pure and the lead used in core manufacture was 96 wt% with a contamination 

of 3.49 wt% oxygen. 

 

 
Figure 11: Area analysis of sample 3 (Source: SEM Hitachi S-3700N) 
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SEM analysis was carried out on a tungsten core, which is a suggested alternative to lead core 

bullets provided by Norma Precision AB. In Figure 12 (SEM Hitachi S-3700N) the 

composition of tungsten can be observed. Figure 13 (SEM Hitachi S-3700N) shows tungsten 

as light grey areas of varying size and carbon as dark grey and black structure. 
 

Sample 4 tungsten composite:  

 
Figure 12: EDS showing the contents of the tungsten core (Source: SEM Hitachi S-3700N) 

 
Figure 13: SEM of tungsten core (Source: SEM Hitachi S-3700N) 
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The CES EduPack Figure 14 (CES EduPack) was created to determine which elements could 

be used to obtain the desired bullet properties of density and hardness. The blue circles in the 

CES EduPack Figure 14 (CES EduPack) demonstrate the bullet materials used by Norma 

Precision AB (lead, lead/antimony and copper). The density and hardness of the three 

materials provide a reference region that constrains the density and hardness alternative core.  

 

CES EduPack indicates that iron may be a suitable alloying element together with a material 

of greater density, such as tungsten. Tin or copper could be added for increased ductility. Iron 

may also be used together with lead in aim to lessen the lead content of the core. 

Molybdenum shows a similarity to lead in its density, though it possesses a greater hardness. 

An alternative to an alloy of iron and lead may therefore be an alloy of iron and molybdenum. 

 

 

 
Figure 14: Diagram of elements and alloys with respect to density and hardness (Source: CES EduPack) 
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The possible alloying materials were selected based on the densities and hardness shown in 

Figure 14 (CES EduPack) and with Eq. 1 the different densities for the alloys were calculated. 

The densities can be seen in Table 1 (CES EduPack). 

 

Eq. 1: 
1

𝜌𝑎𝑙𝑙𝑜𝑦
=

𝑥

𝜌𝑥
+

𝑦

𝜌𝑦
+

𝑧

𝜌𝑧
 

 

Density of iron, tin and tungsten 

𝑋𝐹𝑒=50-55 wt% 

𝑌𝑆𝑛=10-15 wt% 

𝑍𝑊=35 wt% 

 

Eq. 1: 

⇒ ρ𝐹𝑒−𝑆𝑛−𝑊=9785-9832 
𝑘𝑔

𝑚3 

 

Density of iron, copper and tungsten 

𝑋𝐹𝑒= 30 wt% 

𝑌𝐶𝑢= 50 wt% 

𝑍𝑊= 20 wt% 

 

Eq. 1: 

⇒ ρ𝐹𝑒−𝑆𝑛−𝑊=9588 
𝑘𝑔

𝑚3 

 

Density of iron, tin and molybdenum 

𝑋𝐹𝑒= 50 wt% 

𝑌𝑆𝑛= 10 wt% 

𝑍𝑀𝑜= 40 wt% 

 

Eq. 1: 

⇒ ρ𝐹𝑒−𝑆𝑛−𝑀𝑜=8622 
𝑘𝑔

𝑚3 

 

Density of iron and lead 

𝑋𝐹𝑒= 50 wt% 

𝑌𝑃𝑏= = 50 wt% 

 

Eq. 1: 

⇒ ρ𝐹𝑒−𝑃𝑏=9294 
𝑘𝑔

𝑚3 

 

 

 

 

 



 

18 
 

Density of iron and molybdenum 

𝑋𝐹𝑒= 50 wt% 

𝑌𝑀𝑜= 50 wt% 

 

Eq. 1: 

⇒ ρ𝐹𝑒−𝑀𝑜=8917 
𝑘𝑔

𝑚3
 

 

Table 1: Densities of used elements (Source: CES EduPack) 

Element Density (ρ =
𝒌𝒈

𝒎𝟑) at 300 K 

Fe 7874 

W 19250 

Pb 11340 

Sn 7310 

Cu 8926 

Mo 10280 
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4.1. Results from Thermo-Calc phase diagram analysis 

 

The phase diagram Fe-Sn-W, Fe (50-55 wt%), Sn (10-15 wt%) and W (35wt%), Figure 15 

(Thermo-Calc, database SSOL 6), shows tungsten rich BCC phase which melt at 1700 K, at 

1450 K an intermetallic MU phase of  Fe7W6  occurs. There is a miscibility gap at 1000 K and 

an iron rich BCC phase, tungsten rich BCC phase and an intermetallic phase of Fe7W6 . 

 

 
Figure 15: Section of the phase diagram of Fe-Sn-W for 35 wt% W (Source: Thermo-Calc, database SSOL 6) 

 

 

  



 

20 
 

The phase diagram of Fe-Cu-W, Fe (30 wt%), Cu (50wt%) and W (20wt%), Figure 16 

(Thermo-Calc, database SSOL 6), shows at 800K an iron rich BCC phase, copper rich FCC 

phase and an intermetallic LAVES phase of iron and tungsten. 

 

 

 
Figure 16: Section of the phase diagram of Fe-Cu-W for 50 wt% Cu (Source: Thermo-Calc, database SSOL 6) 
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The phase diagram of Fe-Sn-Mo, Fe (50wt%), Sn (10 wt%) and Mo (40wt%), Figure 17 

(Thermo-Calc, database SSOL 6), shows the formation of an iron-tin alloy (𝐹𝑒3𝑆𝑛2) and the 

two intermetallic phases of iron-molybdenum LAVES and MU-phase. 

 

 
Figure 17: Section of the phase diagram of Fe-Sn-Mo for 10 wt% Sn (Source: Thermo-Calc, database SSOL 6) 

 

  



 

22 
 

The phase diagram of Fe-Pb, Fe (50wt%) and Pb (50wt%), Figure 18 (Thermo-Calc, database 

SSOL 6), shows solidification of iron and lead. At room temperature iron in BCC phase and 

lead and FCC phase are obtained. 

 

 
Figure 18: Phase diagram of Fe-Pb (Source: Thermo-Calc, database SSOL 6) 
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The phase diagram of Fe-Mo, Fe (50wt%) and Mo (50wt%), at 1000 K, Figure 19 (Thermo-

Calc, database SSOL 6), shows iron rich BCC phase and an intermetallic phase of iron and 

molybdenum. 

 

 
Figure 19: Phase diagram of Fe-Mo (Source: Thermo-Calc, database SSOL 6) 
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4.2. Results from literature studies of proposed replacement materials 

 

The pros and cons of the proposed alloying elements: iron, tungsten, tin, copper and 

molybdenum were examined. Prices obtained from a Wikipedia list of the market raw 

material costs [27]. 

 

Iron is a well-known alloying element, as the behaviour of the iron solidification is well 

examined, likewise the link between structure and material properties. The usage of iron as an 

alloy may improve the adhesion between copper sheath and core material. The metal is not 

ecologically or toxically harmful [28]. The price of pure iron, 0.72$/kg, compared to lead 

which is 1.5-4 $/kg. 

Tungsten is a high-density metal, with a far greater hardness and lesser ductility compared to 

lead. The melting point of the element is extremely high (3422 °C). The environmental effects 

have been found negligible at smaller doses [29]. However, the ecological impact and health 

aspects of tungsten have not been researched thoroughly. A closer study on the subject is 

recommended before it can be determined if the metal is a suitable alloying material for a 

hunting bullet [21]. A negative aspect of tungsten is the high price of approximately 24 $/kg 

compared to lead. 

The high ductility and low density of tin may be a way of compromising the hardness and 

high density of alloying materials, such as tungsten or molybdenum. Theoretically it would 

provide the bullet material with more ductility. The usage of tin may improve the adhesion 

between copper sheath and core. The metal is not an environmental or health hazard; it is for 

example used in the food containing industry [31]. A negative attribute of tin is its low 

melting point, which result in a high fraction of molten material when trying to sinter an 

alloying material [32]. The price of tin is 9.6-16.6 $/kg. 

Copper could be used as a way of providing the alloy bullet core with a greater ductility and 

improved binding between sheath and core. Copper is considered more environmentally 

sustainable if compared to lead, although research indicates possible negative side effects 

with copper in nature, or to an excess in food products [33]. The Norma Precision AB 

Ballistic Technician and Developer Anders Lööf claims there is a possible chance of future 

legal regulations regarding copper content in ammunition [8]. The price of copper is 5.2-8.2 

$/kg. 

Molybdenum exhibits a similarity in density to lead and is almost as hard as tungsten. The 

resemblance of lead makes it an interesting bullet material. The lower density and higher 

price compared to tungsten make it less desirable. The high melting point of molybdenum 

(2623°C) may make the process of core material manufacture complex. In addition, 

molybdenum has a greater environmental impact and potential damaging effects on human 

health. The element is vital in smaller doses, however larger intake is toxically harmful [34]. 

The lethal dose on animals is around 189mg/kg [12]. The price is approximately 30 $/kg. 
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5. Discussion 

The Oryx sample bullets collected from Norma Precision AB were made using two different 

methods of production: pressing and welding or pressing exclusively. Sample one and two 

were made with welding liquid to enhance adhesion between copper sheath and lead core. 

The third sample lead and copper were pressed together into the final shape. SEM analysis 

shows the welded samples possess a smoother boundary line between surrounding copper and 

lead core and greater interaction between the materials. Norma Precision AB own test results 

confirm a decrease in separation of the welded bullets compared to the pressed. Due to the 

increased tendency of separation in the pressed bullet a greater fragmentation on impact can 

be assumed. In an attempt to decrease the separation, it was decided to add an alternative 

material favouring the adhesion between the core and copper sheath. An example of such an 

element is tin, which in addition provides increased ductility and decreased hardness of the 

core. 

From SEM analysis it can be concluded the core of the fourth sample consist of tungsten in a 

carbon matrix. A major problem with the core was separation between the copper sheath and 

core, resulting in fragmentation of the material. The lack of binding between the parts was 

due to the inability of carbon matrix and tungsten to be welded or otherwise bound to copper, 

as the melting point of the core material was too high. An additional problem with the 

tungsten alloy as a core material was the hardness, which was greater than desired. 

The suggested alloy of iron (50-55 wt%), tin (10-15 wt%) and tungsten (35wt%) provides a 

theoretical density of between 9785-9832 kg/m3. The phase diagram, Figure 15 (Thermo-

Calc, database SSOL 6), shows that locking the structure by quenching at 1000 °C provides 

iron rich BCC-phase, tungsten rich BCC-phase and an intermetallic phase (LAVES-phase) of 

Fe7W6. The presence of an intermetallic phase may increase the density compared to the 

calculated theoretical density and in addition making the structure more brittle. The hardness 

of the alloy has not been examined, though the intermetallic phase of Fe7W6 and tungsten rich 

BCC-phase can be assumed to increase the hardness of the material. Due to shortage of 

tungsten, its high melting point (3422 °C) and complex powder metallurgy manufacturing no 

sample of the alloy was tested. The method of sintering may be problematic as the phase 

diagram shows the amount of melt exceeds 40% which would result in problems with the 

green body falling apart. A possible way of manufacture may be to ladle treat the melt to an 

alloy of iron-tin and tungsten. The rarity of tungsten may prove problematic as the material 

price may make the ammunition excessively expensive. 

The alloy of iron (30 wt%), copper (50wt%) and tungsten (20wt%) offers a theoretical density 

of 9588 kg/m3, which is in between the calculated density of a pure copper and lead core. The 

copper rich FCC phase, shown in Figure 16 (Thermo-Calc, database SSOL 6), provides 

ductility and together with iron yields adhesion between the copper sheath and core material. 

The intermetallic iron-tungsten phase may result in greater hardness as well as a potential 

increase in density. This alloy will likely have similar problems when it comes to 

manufacturing as iron-tin-tungsten with the integrity of the green body if the melt exceeds 

40%. The price of tungsten will also have to be taken into consideration. 
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Iron (50 wt%), tin (10 wt%) and molybdenum (40wt%) is calculated to have a theoretical 

density of 8622 kg/m3, which is close to the theoretical density of the pure copper hunting 

bullet offered by Norma Precision AB. The phase diagram, Figure 17 (Thermo-Calc, database 

SSOL 6), exhibits the formation of an iron-tin alloy (Fe3Sn2) and two intermetallic iron-

molybdenum phases. The alloy is believed to show great hardness and in addition a brittle 

behaviour, as a result of the intermetallic phases. The density may exceed the calculated 

theoretical density as consequence of the formation of iron-molybdenum. The high melting 

point of molybdenum may result in similar sintering problems as the iron-tin-tungsten alloy. 

 

The iron (50 wt%) and lead (50wt%) alloy provides a theoretical density of 9294 kg/m3, 

which is less than the density of the pure lead core. Figure 18 (Thermo-Calc, database SSOL 

6) shows the phase diagram of Fe-Pb. The decrease of the core lead content lessens the 

negative health and environmental effects, while maintaining much of the desired ballistic 

properties. An addition of iron will, however increase the hardness and decrease the ductility. 

The difference in hardness and ductility could be compensated for by alterations to the 

manufacturing process, bullet and shape design. Blunt or plastic tips facilitate “blooming” of 

the bullet on target. Sintering or ladle could be used for material manufacture, although the 

toxicity of lead gasses requires strict work-related regulations. 

 

The iron (50 wt%) and molybdenum (50wt%) alloy shows a calculated theoretical density of 

8917 kg/m^3, which is less than the density of the pure copper bullet used as the lowest 

acceptable density limit. Furthermore, the alloy shows a potential risk of exceeding the 

hardness limit as a result of the great hardness of molybdenum and its intermetallic formation 

with iron. The intermetallic phase of iron-molybdenum may however increase the low density 

of the alloy. The technique of manufacture is similar to the process of creating the iron-lead 

alloy, however problems due to the high melting point of molybdenum will apply and the 

toxic gasses associated with lead melt is to be avoided.        

 

Polymer composites are a potential alternative and can be designed to offer a density similar 

to lead, although the brittleness of polymeric composites is a significant drawback as it causes 

fragmentation on impact. Polymeric composites may therefore be more suitable for shooting 

range precision bullets and less appropriate hunting bullets as they may fail to penetrate the 

target. Polymeric fragmentation could prove to be harder to detect and remove, resulting in 

contamination of the meat. There is a great variation of possible plastic materials suitable as 

base material for composites [23]. The inability to be biodegraded, common for plastic 

materials, poses a health hazard for wildlife as they may ingest used ammunition. Ingestion 

may block the digestive system causing starvation [35]. 
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6. Conclusion 

The alloys of iron-tin-molybdenum and iron-molybdenum both provide less ductility if 

compared to the tungsten alloys. The hardness of molybdenum is similar to the hardness of 

tungsten, which may result in undesirable bullet properties. The toxicity, excessive hardness, 

low density and problems with manufacture make molybdenum alloys an unsuitable 

candidate. 

 

The iron (50wt%) and lead (50wt%) alloy should provide ballistic properties close to pure 

lead bullets, as well as a decrease in lead content. On the negative side, the alloy has a lower 

theoretical density than the proposed tungsten alloys and shows toxic effects due to the lead 

content. 

 

Polymeric composites with tungsten are ill-suited in a hunting bullet due to the high fragility 

on impact. It would, however, be wise to consider the polymeric composite a possible 

replacement of lead in precision bullets for shooting ranges and competitive shooting. 

 

 

Of the proposed bullet core alloys, the iron-tin-tungsten and iron-copper-tungsten seems to be 

the most suitable for further examination. The two materials provide a density relatively close 

to the density of the lead core. The theoretical density calculated may prove to be higher due 

to the intermetallic phases, resulting in a density similar to lead. A negative effect correlating 

to the presence of intermetallic phases could be an excessive increase in hardness and lack of 

ductility, which are both undesired bullet properties. Norma Precision AB expressed a wish to 

not include copper if it could be avoided, therefore the iron-tin-tungsten alloy is potentially 

more suitable. Iron and tin have very little known harmful effects on the environment. The 

environmental effects of tungsten have not been researched thoroughly. The scientific results 

on the subject suggest it has little or no negative effects in small doses.  

 

Examinations on hardness, ductility, possible ways of manufacture and economical aspects of 

the alloys were not conducted. Further studies on the alloy Fe-Sn-W is recommended, a 

sample of the alloy should be made and tested.  
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