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Abstract 
There is much that is unknown concerning the creation of Viking age brooches. Recreating these 
brooches in the same way they would have been created in the Viking age to try to understand how 
they were created is a time consuming project for experimental archaeologists. 
 
This study has been done in order to find out if the time spent can be reduced and at the same time 
gain a better understanding of the creation of a Viking age brooch using 3D scanning and computer 
simulations. Casting simulations of a real Viking age brooch have been done using Magma5, a state of 
the art simulation software. 
 
Simulations were run with several different casting systems, initial metal and mould temperatures, 
and both with as well as without the brooches distal figurines attached.  
 
It was found that the initial metal and mould temperatures has got impact on the final result of the 
brooch, but the alloy and casting system has a much greater effect on the final result. The casting 
system that yielded the best result has the pouring basin directly above the medial part of the brooch 
and two sprues leading to gates on the north and south medial sides. 
 

Sammanfattning 
Det är mycket som inte är känt om tillverkningen av vikingatida broscher. Att försöka återskapa dem 
på samma sätt som vikingarna antagligen skapat dem för att öka kunskapen kring broscherna är ett 
tidsödande jobb. 
 
Denna studie har gjorts för att ta reda på om den tiden kan reduceras och samtidigt öka kunskapen 
kring broscherna med hjälp av modern teknik som 3D skanning och datorsimuleringar. 
Gjutsimuleringar av ett äkta vikingatida spänne har skett i Magma5, ett kraftfullt simuleringsprogram. 
 
Simuleringar utfördes med hjälp av flera olika gjutsystem, stor variation i smältans och formens 
initiala temperaturer, och både med och utan broschens distal figuriner. 
 
Studien har funnit att smältans och formens temperaturer har påverkan på broschens slutresultat, 
men legeringen som används och gjutsystemet har betydligt större påverkan på slutresultatet. 
Gjutsystemet som gav bäst slutresultat har ett inlopp som är placerat direkt över mitten på den 
mediala delen, och sedan förgrenar sig i två delar och ansluter till den norra och södra delen av 
formkaviteten. 
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1 Introduction 
The Viking age, 750 AD - 1100 AD, is a time in history which is still filled with a lot of questions. 
People of that age had unfortunately not mastered the art of writing as we know it today, which 
meant that the majority of their knowledge was passed down from person to person and not 
preserved for history. This leads to the conclusion that the only way we have of knowing how the 
Viking age craftsmen performed their work is to analyse the remnants, and try to replicate their 
methods to achieve results similar to the archaeological findings. This is referred to as experimental 
archaeology, and is a very time consuming process. The purpose of this study is thus to investigate if 
the amount of experiments needed, and by extension also time consumption, can be reduced 
through the use of simulation software, and at the same time gain greater knowledge of Viking age 
craftsmanship. 
 

1.1 Terminology 
Before describing the brooch, terminology is required. When describing something as “Medial” it 
refers to the middle of the brooch. “Proximal” refers to the middle parts of the arms, and “Distal” 
refers to the outer parts of the arms, see Figure 1. The terms north, south, east and west also needs 
to be explained in this context. When looking at the brooch as intended to be worn, the direction 
being up, towards the sky, will be referred to “north”. By the same manner south, east and west 
follow suit, see Figure 2.  
 

 
Figure 1 visual description of terminology. Photo by Michael Neiß 

 
Figure 2 visual description of terminology. Photo by Michael Neiß 
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1.2 The Brooch 
The brooch in question is a Viking age brooch, with inventory number UiO C24414b, which currently 
resides in Oslo. Pictures of the brooch can be seen in Figure 3, Figure 4, Figure 5, and Figure 6. It was 
found in Bjerke søndre in Norway, the circumstances in which it was found is unknown. Even though 
it was found in Norway, the Brooch is probably of Swedish origin, and made in the 10th century [1]. It 
weighs 111.4g, its length is 106.45 mm and its height, seen from above, is 26.63 mm.  
 
There are several remarkable attributes to this brooch. To begin with it is remarkably thin, at the 
thinnest it is 0.3 mm. On the brooch there are four animal shaped figurines attached with rivets. 
These are of great interest because similar brooches with very similar distal figurines cast as part of 
the brooch, not attached with rivets, have been found. Those brooches were created before the 
brooch being studied. This means that when the studied brooch was created, there were craftsmen 
that possessed the knowledge to cast similar brooches together with similar distal figurines [2]. 
 
On the back of the brooch there is fastening for a needle used to secure the brooch to clothing. The 
only evidence of this needle is a piece of rust on the east proximal back of the brooch. There is a flap 
that was probably used to fasten a chain to the brooch [1]. On the other side, the eastern proximal 
back of the brooch there is a catch that is used to hold the needle in place. Both of these have been 
cast together with the brooch, though the catch was cast straight, and afterwards shaped into a J-
shape [1].  
 

 
Figure 3 the brooch from an angle of 90 degrees. Photo by Michael Neiß 

 
Figure 4 the brooch from an angle of 45 degrees. Photo by Michael Neiß 
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Figure 5 the brooch from an angle of 0 degrees. Photo by Michael Neiß 

 
Figure 6 the brooch from an angle of 180 degrees. Photo by Michael Neiß 

 
On the brooch there are four proximal pegs. Considering the placement of these pegs on the brooch 
it is not unreasonable to think that these could have been part of the casting system. There is a great 
similarity between the areas around the proximal pegs and the medial part of the brooch, see Figure 
7. The only difference is that the medial part does not have pegs, however there are tool marks 
which are possible evidence that something has been removed [1]. 
 

 

Figure 7 highlighting similarities between medial and proximal parts of the brooch 
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It can only be speculated why the craftsman chose not to cast the brooch with distal figurines. 
Perhaps the brooch were never meant to have distal figurines, but they had to be added in order to 
hide casting imperfections. Or the distal figurines might have been added after casting because the 
craftsman did not think that the brooch could be cast with them and it would be easier to rivet them 
to the brooch after casting. But brooches like the one being studied here have been cast with these 
types of distal figurines [2].  
 

1.3 Problem Formulations 
 

 Is it plausible that the brooch has got casting imperfections such as surface porosity, and that 
figurines were mounted on the brooch in order to hide them? 

 Have the casting system been removed completely or transformed into decorative features? 

 What sprue configuration yields the best results? 

 Can modern tools, such as 3D scanning and metal casting simulation, be used to recreate 
Viking age casting circumstances in order to improve understanding? 
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2 Background  
2.1 Precision Lost Wax Casting 
There is a lot of evidence suggesting that the Viking age craftsmen used precision lost wax casting [3]. 
The basic principles are very simple. The object that is to be cast is first created in wax, it is then 
completely covered in clay, except for an inlet where the metal will be poured into the mould. It 
should be noted that since this would have been done by hand it would have been impossible to 
make the mould cavity in an exact angle. It is then fired to both harden the clay mould and burn 
away most of the wax [4]. This means that there will be a cavity in the mould in the exact shape of 
the wax model, into which molten metal is then poured. Finally the metal will solidify, cool, and can 
then be extracted from the mould. 
 

2.1.1 The Wax Model 
How fine the finished result is, is highly dependent on how fine the wax model is. If a fine clay is used 
as moulding material, details as fine as 0.2 mm can be perfectly replicated [5]. A good craftsman 
would know this, even as early as in the Viking age, and likely put a lot of effort into perfecting the 
wax model before casting. Before the wax is covered by clay, additional pieces have to be attached to 
the model. The most important piece to add is an inlet made by wax, which will form the opening to 
the mould through which the molten wax that did not completely burn away can be poured out and 
the molten metal be poured in [6, 5]. It is also at this stage that you add the rest of the casting 
system and air vents, if they were to be used, since the clay mould would be too brittle to alter after 
burning [7]. 
 
In modern day industrial settings the wax materials used are designed specifically for the purpose of 
lost wax casting, but during the Viking age they had to use more simple waxes and what they had at 
hand. Beeswax is a very likely material to have been used when making the model, and it still being 
used by experimental archaeologists and hobbyists alike [6, 5]. 
 

2.1.2 The Mould 
The material properties of the mould are of great importance to the overall success of the casting. A 
mould with some water chemically bound in the clay or a permeability that is too low will result in 
poor final results [3, 8]. It is probable that the clay used during the Viking age was of local origin, 
however it is not known how careful the craftsmen were when choosing the clay. What is known is 
that the clay had particles fine enough to be able to recreate the details on the surface of the 
brooches from this time, a clay with big particles would result in a coarse surface finish and loss of 
the finest details.  
 
When making the mould the clay needs to be wet in order to get good coverage of the wax model. 
However, any water in the mould when casting the metal will result in a rapid expansion of gases due 
to the water evaporating, causing blowback [5]. This is one of the reasons why the mould needs to be 
fired at a high temperature, more specifically the clay needs to be fired to 500-600℃ to release all of 
the chemically bound water [5]. It is known that the clay used to make the moulds were mixed with 
organic material, often animal waste, during the Viking age [9]. When the clay is fired the organic 
material should burn away, which would give the mould a high permeability since the organic 
material would leave minor channels that would let air flow through, but not big enough for the 
molten metal to seep into due to of surface tension [1].   
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The third reason to why the mould needs to be fired is to turn the clay to a solid ceramic [10]. This 
process turns the clay from a highly plastic material to a brittle ceramic, and in the process it 
becomes heat resistant and able to withstand the high temperatures of molten metal. Even though it 
is known that the Viking age brooches were cast in moulds, it is seldom these moulds are found. The 
moulds would have been both porous and brittle, which means that they rarely survived for an 
extended time. There is also evidence to suggest that the old moulds may have been used as 
chamotte in new moulds [11]. This is a plausible reason as to why finding moulds is a much rarer 
occurrence than finding the cast objects. 
 

2.2 3D Scanning 
3D scanning is a powerful tool that has had a quick development over the last few years and it has a 
large number of applications. 3D scanning has been a great help in previous stages of this study, 
since it has made it possible to take advantage of an advanced metal casting simulation software, 
Magma5 5.3.0.4, by rendering a 3D model of the brooch that is then used in the simulation software. 
The 3D scanning is also useful specifically for archaeological findings since it is non-destructive and 
works for a wide range of objects [12]. The 3D scanning itself works by moving a laser over the 
surface of the object, at different angles to encompass the entire object. The laser beam will reflect 
of the surface of the object and is then registered by the machine. The information that is read from 
the reflected laser is then interpreted by a computer program and assembled into a 3D model.  
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3 Method 
3.1 3D Modelling 
The 3D model of the brooch used in this study was created through 3D scanning and provided by 
Michael Neiß. Two free software programs were used to process the 3D files, which was received in 
the format “.stl”, which is a common file format used in additive 3D printing. This format builds the 
3D model by modelling the surface with triangles, the more triangles the smoother the model. The 
original file was approximately 172 Mb and 3.5E6 triangles. When loading this file into Magma5 the 
simulations were considered to be too slow. Using a software called MeshLab it was possible to 
decrease the size of the file to approximately 12 Mb and 2.5E5 triangles. This meant that a simulation 
could be run in approximately 20 minutes instead of a couple of hours, without a noticeable decrease 
in simulation performance or result.  
 
Since the simulation of the casting was intended to be how the brooch was originally cast, and the 3D 
model was a scan of how the brooch looks today, see Figure 8, some alterations to the 3D model had 
to be made. To achieve this the software Autodesk Meshmixer was used. Using this software both 
medial and proximal figurines were removed since they are not part of the original cast, see Figure 9. 
The rust that is a result of the iron needle on the back of the brooch oxidizing was removed and the 
needle catch was straightened since this is how it was originally cast. There is also a hole in the 
middle of the medial part of the brooch, used to fasten the medial boss. This hole was filled in the 3D 
model since it was made after casting [1]. One more 3D model with the distal figurines still attached 
was made, see Figure 10. 
 

 
Figure 8 the whole brooch except for the medial boss. 

 
Figure 9 the brooch without all the figurines 
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Figure 10 the brooch with distal figurines 

 

3.2 Magma5 

Magma5 is a software used to simulate metal casting, the version used in this study was 5.3.0.4. It 
was developed by Magmasoft and is mostly used by the metal industry to optimize the casting 
process of various objects. It lets the user control the casting in very specific ways, if needed. After 
the simulation you can, for example, see where you will get built in stress from casting, how the melt 
will flow in the mould and where porosity will occur. In this study the basic functions of Magma5 have 
been used primarily where porosity occurs in the finished cast. 
 

3.2.1 Composition 
There are no alloys in the Magma5 database completely within the constraints proposed in [13, 14]. 
During the simulation two types of casting materials were used, one consisting of mainly Cu and 30% 
Zn and one consisting of Cu, 5% Sn, 5% Pb and 5% Zn. Both alloys contained some trace materials, 
see Table 2. The first composition is a type of brass alloy and the second is a type of bronze alloy, 
often called Leaded Gunmetal. These two were chosen due to them being the most similar to the 
Viking Age composition in Table 2. 

 
Magma5 does have the option for adding custom materials to the database, however for these 
custom materials a lot of properties must be known, and also how they vary with temperature. 
Searching for these properties in literature for the historically accurate composition did not produce 
results with enough information. This meant that the only way to know these properties would be by 
performing experiments on the alloy, thus the decision was made that this was outside the scope of 
this study and alloys already in the database would be used instead. 
 

3.2.2 The Mould 
There is no mould in the Magma5 database that perfectly resembles the clay moulds used during the 
Viking age. The ability to add a custom mould material is possible in Magma5, however due to the 
same reason as with the metal it was decided that experimentally finding the material properties was 
outside the scope of this study. All of the simulations have therefore been performed in a sand 
mould, in Magma5 called “Greensand”. It is a moulding material with a base material of silica sand 
and binder of bentonite. This moulding material was chosen due to bentonite being a type of clay 
that occurs in nature, and silica sand is a common type of sand [15, 16]. Since this is a material 
consisting purely of very common and naturally occurring materials it was chosen as the mould 
material. 
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3.3 Classification of results 
The results are presented with a classification system based on the porosity of the finished 
simulation. The reason for this is that including images of all of the simulations in the report would 
take up far too much space and not be that useful to the reader, the complete list of simulations with 
porosity images can be found in the appendices. It was deemed that classifying the porosity on a 
scale of one to three would suffice. The different classifications can be seen in Table 1. The results 
are also divided into simulations where the distal figurines are cast along with the rest of the brooch, 
and simulations where the distal figurines are not present. See Figure 11, Figure 13, and Figure 15 for 
examples with distal figurines and Figure 12, Figure 14, and Figure 16 for examples without. 
 
Table 1 the different classifications and corresponding description 

Classification Description 

“1” 
A result with no or close to no visible surface porosity and no amount of porosity 
that would compromise the structural integrity to a noticeable extent, see Figure 11 
and Figure 12 for examples. 

“2” 

There is some surface porosity but not so much that it could not be covered by the 
figurines that are riveted to the brooch, and no amount of porosity that would 
compromise the structural integrity to a considerable extent, see Figure 13 and 
Figure 14 for examples. 

“3” 
When the surface porosity is so great that it would ruin the aesthetic appeal of the 
brooch and or compromise the structural integrity to the point of the brooch being 
almost useless, see Figure 15 and Figure 16 for examples. 

 

 
Figure 11 simulation 20/04-B-v06 with a classification of 1 and distal figurines. The scale shows degree of porosity from 0% - 

50% 
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Figure 12 simulation 18/04-B-v06 with a classification of 1 and without distal figurines. The scale shows degree of porosity 

from 0% - 50% 

 
Figure 13 simulation 20/04-C-v06 with a classification of 2 and distal figurines. The scale shows degree of porosity from 0% - 

50% 

 
Figure 14 18/04-A-v01 with a classification of 2 and without distal figurines. The scale shows degree of porosity from 0% - 

50% 
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Figure 15 simulation 26/04-B-v01 with a classification of 3 and distal figurines. The scale shows degree of porosity from 0% - 

100% 

 
Figure 16 simulation 14/04-A-v04 with a classification of 3 and without distal figurines. The scale shows degree of porosity 

from 0% - 100% 
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4 Experimental Proceedings 
A dynamic experimental layout was used in this study. Which means that the experiments were 
divided into stages, the first stage involved many different casting systems that were tested with a 
number of different metal and mould temperatures, in order to see which configurations would be 
viable options. The casting systems that yielded poor results and or were considered too complicated 
were not used for further experiments. The casting systems that yielded acceptable results and were 
deemed to have been plausible were used for further experiments with a larger variation of mould 
and metal temperatures. These systems were also used to test other variations such as an angled 
casting system and a thinner version of the brooch. The basic principle of this is illustrated In Figure 
17. 
 

 
Figure 17 illustrating dynamic experimental layout 

 

4.1 Static Knowledge 
There are several concepts that significantly impact the experiments and need to be explained. Firstly 
the material with which the casting is done. The material that is referred to as bronze from the Viking 
age is in fact closer to modern brass, modern day bronze is defined as an alloy of about 90% Cu and 
10% Sn. Analysis of Early Middle Age (1100 AD -1200 AD) alloys show that the alloys contains Cu, 10-
25% Zn and 5-15% Sn/Pb [13, 14], see Table 2. Even though there is approximately two centuries 
between the casting of the studied brooch and the object analysed for the composition above, this 
composition was the only material analysis within a reasonable time frame. Though it can be difficult 
to determine the original composition of metal objects that have been in the ground for a long time, 
since the surface of the object is often corroded. To accurately determine the composition of the 
object a not corroded surface would have to be accessed. Since the object that is studied in this 
report is of historical significance, to potentially cause harm when analysing it is not a valid option.  

 

 
  

Table 2 the composition of the different alloys 

 Cu Zn Pb Al Ni Sn P Sb 

Viking Age 45-80% 10-25% 5-15% - - 5-15% - - 

Brass Alloy 69.755% 30% 0.04% 0.015% 0.15% 0.04% - - 

Bronze Alloy 82.76% 5% 5% - 2% 5% 0.04% 0.2% 
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The brass alloy has a liquidus temperature of 965℃, a solidus temperature of 920℃ and a feeding 
effectivity of 30%. The bronze alloy has got a liquidus temperature of 1030℃, a solidus temperature 
of 860℃ and a feeding effectivity of 30%. The addition of Pb in the bronze alloy, as compared to the 
brass alloy, has got the effect that it reduces shrinkage during solidification. As the bronze alloy cools 
the Pb will separate from the rest of the metal and solidify in the grain boundaries, thus 
counteracting mould shrinkage. However adding too much Pb would lead to poor mechanical 
properties for the cast object [17]. 
 
At a certain point the molten metal can no longer flow, the term describing this is feeding effectivity. 
This is a result of when the metal solidifies, dendrites start forming. In both alloys used the feeding 
effectivity is 30%, meaning that neither of the alloys can flow when 30% of the material has 
solidified. If some part of the brooch solidifies more than 30% between the melt that can flow and 
one of the gates, completely “cutting off” the volume that can flow, it will lead to mould shrinkage 
[18]. Therefore the placement of the gates is of great importance, if they are optimally placed no part 
of the brooch will be “cut off” and all porosity from mould shrinkage will end up in the casting system 
which will be removed after the casting.  
 
In Figure 18, Figure 19 and Figure 20 it can be seen when the multicolour volume in the brooch 
cavity, which is the volume that can flow, is cut off from the casting system, which will lead to 
porosity when solidifying. It can also be seen that a small volume in the animal figurines have been 
cut off from the remaining volume. 
 

 
Figure 18 the fraction of the metal that is still liquid, scale 70% - 100% 
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Figure 19 the fraction of the metal that is still liquid, scale 70% - 100% 

 
Figure 20 the fraction of the metal that is still liquid, scale 70% - 100% 
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4.2 Dynamic Knowledge 
The initial experiments involved testing many different sprue configuration with some variation to 
the metal and mould temperatures. This was done in order to get an understanding of how the 
different systems performed compared to each other. Not many simulations were performed with a 
one sprue casting system since there is no visible evidence in the medial part of the brooch to 
suggest such a casting system [1]. However it is still of interest to find the result of such a casting 
system, see Figure 21. 
 

 
Figure 21 simulation 14/04-B-v01 with a one sprue casting system. The scale shows degree of porosity from 0% - 100% 

It was soon found that a two sprue casting system performed well. Mainly two types of gate 
configurations were tested, one where the gates were placed on the north and south medial sides of 
the brooch, see Figure 22, and one where the gates were placed at the east and west distal parts of 
the brooch, see Figure 23, or placed on the distal figurines’ heads when they were part of the cast 
piece. 
 

 
Figure 22 simulation 13/04-A-v01 with a medial two sprue casting system. The scale shows degree of porosity from 0% - 

100% 
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Figure 23 simulation 11/04-A-v02 with a distal two sprue casting system. The scale shows degree of porosity from 0% - 100% 

The four sprue casting system gave varied results. Three different gate configurations were used, one 
where the gates are placed on the north and south medial sides and on the distal east and west parts 
of the brooch, see Figure 24, one simulation was run with this configuration and the Cu70-Zn30 alloy 
was used. On the second gate configuration the gates were placed on all four of the proximal pegs, 
see Figure 25. And in the third configuration the casting system was placed under the brooch, to 
allow the molten metal to rise up into the brooch cavity, see Figure 26 and Figure 27. This 
configuration was tested in order to see how a casting system where the melt rises up into the cavity 
would perform against the other casting systems.  
 

 
Figure 24 simulation 13/04-A-v04 with a medial and distal four sprue casting system. The scale shows degree of porosity 

from 0% - 100% 
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Figure 25 simulation 11/04-B-v01 with a proximal four sprue casting system. The scale shows degree of porosity from 0% - 

100% 

 
Figure 26 simulation 14/04-C-v01 with a proximal four sprue casting system. The scale shows degree of porosity from 0% - 

100% 

 
Figure 27 simulation 14/04-C-v02 with a proximal four sprue casting system. The scale shows degree of porosity from 0% - 

100% 
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In the first six sprue casting system simulation the gates were placed in pairs on the medial sides, 
proximal centres and distal ends of the brooch, see Figure 28. One more sprue configuration was 
tested, where the gates were placed on the proximal pegs and the distal parts of the brooch, see 
Figure 29. The six sprue casting system was deemed to be too abnormal and complicated in 
comparison with the other casting systems, and therefore unlikely to have been used. For these 
reasons the first gate configuration was not used for further simulations. 
 

 
Figure 28 simulation 13/04-A-v05 with a medial, proximal, and distal six sprue casting system. The scale shows degree of 

porosity from 0% - 100% 

 
Figure 29 simulation 14/04-A-v02 with a proximal and distal six sprue casting system. The scale shows degree of porosity 

from 0% - 100% 

 
When the best performing casting systems had been identified, some of these were used for further 
testing with a greater variation in metal and mould temperatures. This was done hoping to find a 
general pattern between the porosity and temperatures. The majority of these simulations were 
performed with a two sprue casting system.   
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The final simulations were conducted to test other variables than the casting system and how they 
affect the porosity of the final result. On the back of the brooch there is, as previously stated, a 
fastening for the needle which was used to secure the brooch to clothing. It is feasible that the extra 
material that is necessary to fill their cavities will result in that part of the cast brooch being warmer 
than the surrounding material. This could be a possible reason as to why the proximal parts of the 
brooch very often have pores just above the needle holders.  
 
To find out if this was the case, the thickness of the brooch in the parts directly over the needle 
holders was reduced by approximately a quarter of the original thickness, to match the surrounding 
thickness. This part of the brooch being thicker in the first simulations was a result of the 
modifications on the 3D model when using Autodesk Meshmixer. Seven simulations were performed 
with the new version. These were carried out with metal and mould temperatures as well as casting 
systems identical to other simulations. When the results were compared, see Figure 37 and Figure 
38, no major difference in porosity could be observed in the two sprue casting system, however the 
simulation with a four sprue casting system yielded a slight increase in porosity, see Figure 39 and 
Figure 40. This leads to the possibility that the added material from the needle holders might reduce 
porosity, but that it seems to be largely dependent on the casting system.  
 
The brooch cavity was also angled to find if this would have any impact on the final result of the 
brooch. One simulation was performed where the brooch was angled 15 degrees around the x-axis 
and one simulation where the cavity 20 degrees around the y-axis.   



20 
 

5 Results 
Table 3, Table 4, Table 5 and Table 6 shows how many simulations were performed with the different 
types of casting systems, the alloy that was being used, with and without distal figurines, and which 
porosity classification those simulations received. The reason for the amount of simulations with 
each casting system, alloy, and whether they were run with or without distal figurines is a result of 
the dynamic experimental layout, see Experimental Proceedings.  
 
Simulations were performed with a one sprue casting system, see Table 3, however only six 
simulations without distal figurines and with the Cu70-Zn30. The reason for this is due to finding no 
evidence on the brooch of a one sprue casting having been removed. 
 Table 3 showing the distribution and result of the one sprue casting system simulations 

 
Most of the simulations were performed with a two sprue casting system, the results can be seen in 
Table 4. The reason for this is that it was found that this sort of casing system generally resulted in a 
good finished cast. For this reason a two sprue casting system was used for a lot of different metal 
and mould temperatures, as well as when the mould cavity was rotated around the x- and y-axis. 
 Table 4 showing the distribution and result of the two sprue casting system simulations 

 
The four sprue casting system, see Table 5, was of interest to try with different temperatures to see if 
such a casting system could have been used, and if the proximal pegs are a remnant of the casting 
system. With the brass alloy the result were all classified as “3”, but with the bronze alloy the result 
shows that this sort of casting system could have been used.  
 Table 5 showing the distribution and result of the four sprue casting system simulations 

  

  One Sprue Casting System 

  With Distal Figurines Without Distal Figurines 

Classification Brass Bronze Brass Bronze 

"1" 0 0 0 0 

"2" 0 0 6 0 

"3" 0 0 0 0 

  Two Sprue Casting System 

  With Distal Figurines Without Distal Figurines 

Classification Brass Bronze Brass Bronze 

"1" 0 34 0 6 

"2" 0 5 3 0 

"3" 1 0 5 0 

  Four Sprue Casting System 

  With Distal Figurines Without Distal Figurines 

Classification Brass Bronze Brass Bronze 

"1" 0 0 0 0 

"2" 0 6 1 7 

"3" 1 0 16 0 
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Six sprue casting systems, Table 6, were not used for a lot of simulations. The dynamic layout used 
for the experiments meant that the six sprue casting system was tried initially, but the combination 
of it being relatively complicated and resulting in some porosity, the six sprue casing system was 
early discarded.  
 Table 6 showing the distribution and result of the six sprue casting system simulations 

 

  

  Six Sprue Casting System 

  With Distal Figurines Without Distal Figurines 

Classification Brass Bronze Brass Bronze 

"1" 0 0 0 0 

"2" 0 4 1 0 

"3" 0 0 4 0 
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6 Discussion 
6.1 The Composition 
As can be seen under Results there is a strong correlation between the alloy and the porosity of the 
result of the cast piece. Roughly 63% of the simulations done with the bronze alloy (Cu85-Zn5-Sn5-
Pb5) resulted in a classification of “1”, which is a nearly perfect result. However none of the brass 
alloy (Cu70-Zn30) were classified as “1”. As previously stated under 3.2.1 Composition, the addition 
of Pb in the bronze alloy should reduce the porosity from mould shrinkage. Therefor this result is not 
completely unexpected. 
 

6.2 The Different Casting Systems 

6.2.1 One Sprue Casting System 
All of the simulation results with a one sprue casting system were classified as “2”, see Table 3. As 
previously stated under Dynamic Knowledge there is no visible evidence of anything being removed 
after the casting in the medial part of the brooch, for this reason this does not appear to be a likely 
way to have cast the brooch, even though the end result is acceptable.  
 

6.2.2 Two Sprue Casting System 
Five simulations were performed without the animal figurines and the Cu70-Zn30 alloy, all resulting 
in the classification “3”, see Table 4. However when using the bronze alloy, and having the gates 
placed on the distal animal figurines, the results were quite good, out of nine simulations five 
simulations were classified as “2” and four simulations were classified as “1”.  
 
The simulations where the gates were placed on the north and south medial parts of the brooch the 
results were greatly improved. All of the 31 simulations were classified as “1”. The reason why many 
simulations were run with this type of casting system was to study the effects of varying mould and 
metal temperatures. Some difference could be found, however the effects were not great enough to 
change the classification. 
 

6.2.3 Four Sprue Casting System 
The simulation with the first configuration, with gates on the distal ends and medial sides, resulted in 
a finished cast piece with a porosity classification of “2”, see Table 5. Despite this, the casting system 
was deemed to be too abnormal and complicated in comparison with the other casting systems, and 
therefore unlikely to have been used. For these reasons the first gate configuration was not used for 
further simulations. The second configuration, with gates on the proximal pegs, performed poorly 
with the Cu70-Zn30 alloy. All of the 17 simulations performed with different metal and mould 
temperatures had a porosity classification of “3”. 13 simulations were run with the Cu85-Zn5-Sn5-
Pb5 alloy, all of them resulting in a porosity classification of “2”, see Table 5.  
 
The third configuration where the casting system was placed underneath the brooch cavity was used 
for two simulations, one where the brooch had the front facing up and one where the front was 
facing down. All of the gates were placed onto the brooch where the four proximal pegs are located. 
Both of these simulations performed poorly and resulted in classifications of “3”, the porosity was 
extensive. The simulation where the brooch was right side up, see Figure 26, mould shrinkage caused 
the proximal pegs to be incomplete. In the simulation when the brooch was upside down, see Figure 
27, mould shrinkage caused the melt to retract out of the cavities for the needle holders. Since the 
needle holders were part of the original cast [1] this sort of casting system could not have been used 
to cast this brooch.  
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6.2.4 Six Sprue Casting System 
Initial simulations with six sprue casting systems resulted in cast objects with a high amount of 
porosity. In the first six sprue casting system simulation the gates were placed in pairs on the medial 
sides, proximal centres and distal ends of the brooch, see Figure 28. This simulation with the Cu70-
Zn30 alloy resulted in a porosity classification of “2”, see Table 6. For this reason, and also that it was 
suspected to be overly complicated, it was determined that this type of casting system was highly 
unlikely to have been used. Eight more simulations, four simulations of each alloy, were performed 
with the gates on the proximal pegs and the distal ends of the brooch, see Figure 29. All four 
simulations with Cu70-Zn30 alloy were classified as “3”, and the simulations with Cu85-Zn5-Sn5-Pb5 
alloy were classified as “2”, see Table 6. This is an acceptable result with the latter alloy and could 
have been used when casting the brooch, however it is a casting system that is more complicated 
than necessary. 
 

6.2.5 Angled Casting System 
It was also tested whether a slightly angled casting system, rotated 20 degrees respectively 15 
degrees around the x- and y-axis, would make a difference in the result. This was tested since 
controlling the exact angle of the brooch when making the mould would have been impossible. Two 
different versions were tested, and the results were compared to simulations with the same metal 
and mould temperatures together with a vertical casting system. This yielded no significant 
difference in porosity of the finished brooch, compare Figure 30 and Figure 31 with Figure 32. These 
points seem to lead to the conclusions that the angle of the mould cavity does not affect the finished 
result to a substantial degree. 
 

 
Figure 30 simulation 22/04-A-v03, the thinner version cast at an angle of 20 degrees around the x-axis. The scale shows 

degree of porosity from 0% - 50% 
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Figure 31 simulation 26/04-C-v01, the thinner brooch cast at an angle of 15 degrees around the y-axis. The scale shows 

degree of porosity from 0% - 59% 

 
Figure 32 simulation 22/04-A-v03, the thinner brooch not rotated. The scale shows degree of porosity from 0% - 50% 

 

6.3 Temperature 
Both the temperature of the mould and the temperature of the molten metal will make a difference 
in the quality of the finished cast. In order to try to find a general correlation between these 
temperatures and porosity, simulations with different temperatures but the same casting system 
were performed. When comparing the same casting system it was found that porosity decreased 
with increasing initial mould temperature as well as an increased initial metal temperature. When 
comparing Figure 33 with Figure 34, a noticeable decrease in porosity due to the higher metal 
temperature is found, and when comparing Figure 33 with Figure 35, it was found that the amount of 
porosity was lower due to a higher mould temperature. Figure 36 shows that the effect is greatest 
when raising both the metal and mould temperatures. 
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Figure 33 simulation 20/04-B-v04 with a metal temperature 1150 and mould temperature 400. The scale shows degree of 

porosity from 0% - 50% 

 
Figure 34 simulation 20/04-B-v20 with a metal temperature 1250 and mould temperature 400. The scale shows degree of 

porosity from 0% - 50% 

 
Figure 35 simulation 20/04-B-v01 with a metal temperature 1150 and mould temperature 600. The scale shows degree of 

porosity from 0% - 50% 
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Figure 36 simulation 20/04-B-v16 with a metal temperature 1250 and mould temperature 600. The scale shows degree of 

porosity from 0% - 50% 

 
This effect of decreasing porosity with increasing temperatures and the same casting system is found 
as a repeating pattern throughout most of the simulations. However, when trying to find a general 
pattern when comparing all of the simulations regardless of casting system, no such pattern was 
found, see Table 7 and  

Table 8. This suggests that the finished result of the brooch is much more dependent on the casting system rather than the 
temperatures. It is only in one series of increasing mould temperatures, 450℃ through 600℃, and a constant metal 
temperature of 1200℃ in  

Table 8 that the correlation of decreasing porosity with increasing temperature is found.  
 
There are two likely reasons as to why this correlation cannot be found anywhere else. The first have 
already been discussed, namely that the porosity is more dependent on the casting system than the 
temperatures. The second alternative is that there are too few simulations within each temperature 
combination to find the sought after correlation. This is supported by the fact that the only time this 
correlation is found in  

Table 8 those temperature combinations are the values supported by the greatest number of 
simulations. Most likely it is a combination of these two, which could be verified by performing more 
simulations. But this would require several hundred more simulations, and could be work for further 
studies.  
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Table 7 average classified porosity with respect to initial metal and mould temperatures for the Cu70-Zn30 alloy 

Cu70-Zn30 Metal 1000℃ Metal 1050℃ Metal 1100℃ Metal 1150℃ 

Mould 200℃ N/A 3 N/A N/A 

Mould 250℃ N/A 3 N/A N/A 

Mould 300℃ N/A 3 N/A N/A 

Mould 350℃ N/A 3 N/A N/A 

Mould 400℃ N/A 3 N/A N/A 

Mould 450℃ 2,5 2,5 2,5 N/A 

Mould 500℃ 2,75 2,333333 2,5 3 

Mould 550℃ N/A 3 N/A N/A 

Mould 600℃ 3 3 3 N/A 

Mould 650℃ 3 N/A N/A N/A 

Mould 700℃ 3 N/A N/A N/A 

 

Table 8 average classified porosity with respect to initial metal and mould temperatures for the Cu85-Zn5-Sn5-Pb5 alloy 

Cu85-Zn5-Sn5-Pb5 Metal 1100℃ Metal 1150℃ Metal 1200℃ Metal 1250℃ 

Mould 400℃ 1 1,5 1,5 1 

Mould 450℃ 1 1 1,666667 1 

Mould 500℃ 1,5 1,5 1,666667 1 

Mould 550℃ 1 1 1,5 1 

Mould 600℃ 1 1 1,363636 1 
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Figure 37 simulation 22/04-A-v02 with a thinner brooch and two sprue casting system. The scale shows degree of porosity 

from 0% - 50% 

 
Figure 38 simulation 22/04-A-v01, the original brooch with a two sprue casting system. The scale shows degree of porosity 

from 0% - 50% 

 

Figure 39 simulation 22/04-B-v01 with a thinner brooch and a four sprue casting system. The scale shows degree of porosity 
from 0% - 100% 
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Figure 40 simulation 18/04-C-v05, the original brooch with a four sprue casting system. The scale shows degree of porosity 
from 0% - 100% 

6.4 Social and Ethical Aspects 
This study has indicated that both the economic cost and time spent when recreating Viking age 
brooches can be reduced through the use of modern technology, and therefore lead to a greater gain 
of knowledge at a lesser cost. This could lead to a greater understanding of history over an extended 
period of time. However the actual impact of these aspects will be limited, as the size and scope of 
this study is too small. It is also a relatively niche subject, which is not studied to the extent that 
realistic changes in how it is studied would noticeably affect society. This is also the reason that social 
and ethical aspects were not examined in this study. Further work to examine the potential societal, 
economical and ethical aspects could be done as part of future studies on this subject, but that part 
should be relatively small compared to the technical and practical components.  
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7 Conclusions 
7.1 The Brooch 
The distal figurines on the brooch were not cast as part of the brooch, however this study has not 
found any specific reason for this. The experiments show that the distal figurines could have been 
cast as part of the brooch without surface pores. Despite this, porosity inside the distal animal 
figurines was unavoidable no matter what casting system used, though this is not something that a 
Viking age craftsman would notice unless the figurines were broken off. The majority of the 
simulations had surface porosity in the areas where the figurines are mounted, however many of the 
simulations that used a two sprue medial casting system only had a little internal porosity, especially 
when using the Cu85-Zn5-Sn5-Pb5 alloy. This means that it is entirely possible that the figurines were 
mounted on the brooch to hide surface porosity, considering the fact that it cannot be assumed that 
the best casting system would have been used. 
 

7.2 The Alloy 
It was found that the alloy used was of great importance, the Cu70-Zn30 alloy did not result in any 
simulations with the classification of “1”, 29% classified as “2” and 71% classified as “3”. The Cu85-
Zn5-Sn5-Pb5 yielded 65% classified as “1”, 35% as “2” and none classified as “3”.  
 

7.3 The Different Casting Systems 

7.3.1 One Sprue Casting System 
Letting all of the molten metal in through the central medial part of the brooch yielded acceptable 
results, but there is no evidence of such a casting system on the brooch. However it is plausible that 
this casting system could have been used. 
 

7.3.2 Two Sprue Casting System 
It was found that the casting systems with two sprues and gates on the north and south medial sides 
of the brooch resulted in simulations with the least porosity, some simulation results had no surface 
porosity at all. Simulations with the gates placed on the distal parts of the brooch were also 
performed, with the Cu70-Zn30 alloy all results were classified as “3”. When simulating with the 
Cu85-Zn5-Sn5-Pb5 alloy, the results were classified as either “2” or “1”, so with this alloy having the 
gates placed on the distal parts of the brooch yielded an acceptable result. 
 

7.3.3 Four Sprue Casting System 
The four sprue casting systems resulted in much porosity compared to one or two sprue casting 
systems. Some of these could also be considered to be overly complicated and therefore unlikely to 
have been used. Simulations where the casting system was placed under the brooch resulted in 
porosity that left the brooch cavity unfilled after casting, and for this reason such a casting system 
could not have been used. In the simulations with gates on the proximal pegs the results had some 
surface porosity. Even though other casting systems yielded less surface porosity, this study cannot 
rule out that a four sprue casting system was used when the studied brooch was cast. For this reason 
it is entirely possible that the proximal pegs were part of the original casting system and are not 
solely there for decorative reasons. 
 

7.3.4 Six Sprue Casting System 
A six sprue casting system, just like the four sprue casting system, resulted in the more porosity than 
one or two sprue casting systems. However a six sprue casting system could be considered to be 
overly complicated and therefore unlikely to have been used. 
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7.3.5 Angled Casting system 
The simulations where the brooch cavity was rotated 20 degrees respectively 15 degrees around x- 
and y-axis did not show any change in the porosity of the cast piece in any noticeable way. Which 
means that keeping the brooch cavity horizontal would not have been especially important for the 
finished result. 
 

7.4 Temperature 
In many series of simulations with the same casting system, a pattern between increasing metal and 
or mould temperatures, and decreasing porosity was found. However when comparing temperatures 
vs porosity regardless of casting system no such pattern was found. This suggests that the casting 
system is more important than the temperatures.  
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8 Further Studies 
We recommend that further studies perform more simulations in order to prove or disprove the 
pattern that increasing metal and mould temperatures reduces the porosity in the cast piece. We 
also recommend that several controlled in situ castings are made to compare these with the 
simulation results, in order to find out how closely the simulations resemble authentic castings. 
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Appendix A – Table with all the simulations, and descriptions of them.  

Simulation 
Cast 

temperature 

 
Mould 

temperature Alloy 
No. of 
sprues Positions 

 
Distal 

figurines Porosity 

11/04-A-v01 1000 500 Cu70-Zn30 2 2 distal no 3 

11/04-A-v02 1000 500 Cu70-Zn30 2 2 distal no 3 

11/04-A-v03 1000 500 Cu70-Zn30 2 2 distal no 3 

11/04-A-v04 1050 500 Cu70-Zn30 2 2 distal no 3 

11/04-A-v05 1100 500 Cu70-Zn30 2 2 distal no 3 

11/04-B-v01 1050 500 Cu70-Zn30 4 4 proximal no 3 

11/04-B-v02 1000 500 Cu70-Zn30 4 4 proximal no 3 

11/04-B-v03 1100 500 Cu70-Zn30 4 4 proximal no 3 

11/04-B-v04 1150 500 Cu70-Zn30 4 4 proximal no 3 

11/04-B-v05 1100 450 Cu70-Zn30 4 4 proximal no 3 

11/04-B-v06 1050 450 Cu70-Zn30 4 4 proximal no 3 

11/04-B-v07 1000 450 Cu70-Zn30 4 4 proximal no 3 

11/04-B-v08 1050 400 Cu70-Zn30 4 4 proximal no 3 

11/04-B-v09 1050 350 Cu70-Zn30 4 4 proximal no 3 

11/04-B-v10 1050 300 Cu70-Zn30 4 4 proximal no 3 

11/04-B-v11 1050 250 Cu70-Zn30 4 4 proximal no 3 

11/04-B-v12 1050 200 Cu70-Zn30 4 4 proximal no 3 

11/04-B-v13 1050 550 Cu70-Zn30 4 4 proximal no 3 

11/04-B-v14 1050 600 Cu70-Zn30 4 4 proximal no 3 

13/04-A-v01 1000 500 Cu70-Zn30 2 2 medial no 2 

13/04-A-v02 1050 500 Cu70-Zn30 2 2 medial no 2 

13/04-A-v03 1100 500 Cu70-Zn30 2 2 medial no 2 

13/04-A-v04 1050 500 Cu70-Zn30 4 
2 medial, 2 

distal no 2 

13/04-A-v05 1050 500 Cu70-Zn30 6 

2 medial, 2 
proximal, 2 

distal no 2 

14/04-A-v01 1000 600 Cu70-Zn30 6 

2 medial, 2 
proximal, 2 

distal no 3 

14/04-A-v02 1000 600 Cu70-Zn30 6 

2 medial, 2 
proximal, 2 

distal no 3 

14/04-A-v03 1000 650 Cu70-Zn30 6 

2 medial, 2 
proximal, 2 

distal no 3 

14/04-A-v04 1000 700 Cu70-Zn30 6 

2 medial, 2 
proximal, 2 

distal no 3 

14/04-B-v01 1050 500 Cu70-Zn30 1 1 medial no 2 



 
 

14/04-B-v02 1000 500 Cu70-Zn30 1 1 medial no 2 

14/04-B-v03 1100 500 Cu70-Zn30 1 1 medial no 2 

14/04-B-v04 1000 450 Cu70-Zn30 1 1 medial no 2 

14/04-B-v05 1050 450 Cu70-Zn30 1 1 medial no 2 

14/04-B-v06 1100 450 Cu70-Zn30 1 1 medial no 2 

14/04-C-v011 1000 500 Cu70-Zn30 4 4 proximal no 3 

14/04-C-v022 1000 500 Cu70-Zn30 4 4 proximal no 3 

18/04-A-v01 1100 500 
Cu85-Zn5-Sn5-
Pb5 4 4 proximal no 2 

18/04-A-v02 1100 500 
Cu85-Zn5-Sn5-
Pb5 4 4 proximal no 2 

18/04-B-v01 1100 500 
Cu85-Zn5-Sn5-
Pb5 2 2 medial no 1 

18/04-B-v02 1150 500 
Cu85-Zn5-Sn5-
Pb5 2 2 medial no 1 

18/04-B-v03 1200 500 
Cu85-Zn5-Sn5-
Pb5 2 2 medial no 1 

18/04-B-v04 1100 550 
Cu85-Zn5-Sn5-
Pb5 2 2 medial no 1 

18/04-B-v05 1150 550 
Cu85-Zn5-Sn5-
Pb5 2 2 medial no 1 

18/04-B-v06 1200 550 
Cu85-Zn5-Sn5-
Pb5 2 2 medial no 1 

18/04-C-v01 1100 500 
Cu85-Zn5-Sn5-
Pb5 4 4 proximal yes 2 

18/04-C-v02 1200 500 
Cu85-Zn5-Sn5-
Pb5 4 4 proximal yes 2 

18/04-C-v03 1150 500 
Cu85-Zn5-Sn5-
Pb5 4 4 proximal yes 2 

18/04-C-v04 1200 550 
Cu85-Zn5-Sn5-
Pb5 4 4 proximal yes 2 

18/04-C-v05 1200 600 
Cu85-Zn5-Sn5-
Pb5 4 4 proximal yes 2 

19/04-A-v01 1100 600 
Cu85-Zn5-Sn5-
Pb5 2 2 distal yes 1 

19/04-A-v02 1100 550 
Cu85-Zn5-Sn5-
Pb5 2 2 distal yes 1 

19/04-A-v03 1100 500 
Cu85-Zn5-Sn5-
Pb5 2 2 distal yes 1 

19/04-A-v04 1100 450 
Cu85-Zn5-Sn5-
Pb5 2 2 distal yes 1 

19/04-A-v05 1100 400 
Cu85-Zn5-Sn5-
Pb5 2 2 distal yes 1 

                                                           
1 Rise filling, frontside up 
2 Rise filling, frontside down 



 
 

19/04-B-v01 1200 600 
Cu85-Zn5-Sn5-
Pb5 6 

4 proximal, 2 
distal yes 2 

19/04-B-v02 1200 550 
Cu85-Zn5-Sn5-
Pb5 6 

4 proximal, 2 
distal yes 2 

19/04-B-v03 1200 500 
Cu85-Zn5-Sn5-
Pb5 6 

4 proximal, 2 
distal yes 2 

19/04-B-v04 1200 450 
Cu85-Zn5-Sn5-
Pb5 6 

4 proximal, 2 
distal yes 2 

20/04-B-v01 1150 600 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v02 1150 550 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v03 1150 500 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v04 1150 450 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v05 1150 400 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v06 1100 600 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v07 1100 550 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v08 1100 500 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v09 1100 450 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v10 1100 400 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v11 1200 600 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v12 1200 550 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v13 1200 500 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v14 1200 450 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v15 1200 400 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v16 1250 600 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v17 1250 550 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v18 1250 500 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-B-v19 1250 450 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 



 
 

20/04-B-v20 1250 400 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

20/04-C-v02 1200 450 
Cu85-Zn5-Sn5-
Pb5 2 2 distal yes 2 

20/04-C-v03 1200 500 
Cu85-Zn5-Sn5-
Pb5 2 2 distal yes 2 

20/04-C-v04 1200 550 
Cu85-Zn5-Sn5-
Pb5 2 2 distal yes 1 

20/04-C-v05 1200 600 
Cu85-Zn5-Sn5-
Pb5 2 2 distal yes 1 

20/04-C-v06 1150 400 
Cu85-Zn5-Sn5-
Pb5 2 2 distal yes 2 

20/04-C-v07 1150 450 
Cu85-Zn5-Sn5-
Pb5 2 2 distal yes 2 

20/04-C-v08 1150 500 
Cu85-Zn5-Sn5-
Pb5 2 2 distal yes 2 

20/04-C-v09 1150 550 
Cu85-Zn5-Sn5-
Pb5 2 2 distal yes 1 

20/04-C-v10 1150 600 
Cu85-Zn5-Sn5-
Pb5 2 2 distal yes 1 

21/04-A-v01 1200 600 
Cu85-Zn5-Sn5-
Pb5 4 4 proximal no 2 

21/04-A-v02 1200 550 
Cu85-Zn5-Sn5-
Pb5 4 4 proximal no 2 

21/04-A-v03 1200 500 
Cu85-Zn5-Sn5-
Pb5 4 4 proximal no 2 

21/04-A-v04 1200 450 
Cu85-Zn5-Sn5-
Pb5 4 4 proximal no 2 

21/04-A-v05 1200 400 
Cu85-Zn5-Sn5-
Pb5 4 4 proximal no 2 

22/04-A-v01 1200 600 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

22/04-A-v023 1200 600 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

22/04-A-v034,5 1200 600 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

22/04-A-v046 1200 600 
Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

22/04-B-v017 1200 600 
Cu85-Zn5-Sn5-
Pb5 4 4 proximal yes 2 

26/04-A-v018 1100 600 Cu70-Zn30 2 2 medial yes 3 

                                                           
3 Thinner brooch 
4 Thinner brooch 
5 Rotated 20° around x-axis 
6 Thinner brooch 
7 Thinner brooch 
8 Thinner brooch 



 
 

26/04-B-v019 1100 600 Cu70-Zn30 4 4 proximal yes 3 

26/04-C-
v0110,11 1200 600 

Cu85-Zn5-Sn5-
Pb5 2 2 medial yes 1 

                                                           
9 Thinner brooch 
10 Thinner brooch 
11 rotated 15° around y-axis 



 
 

 
11/04-A-v01 11/04-A-v02 

11/04-A-v04 11/04-A-v03 

Appendix B – Porosity images for all the simulations. 



 
 

 
11/04-A-v05 11/04-B-v01 

11/04-B-v02 11/04-B-v03 



 
 

 
11/04-B-v04 

11/04-B-v05 

11/04-B-v06 11/04-B-v07 



 
 

 
11/04-B-v08 11/04-B-v09 

11/04-B-v10 11/04-B-v11 



 
 

 
11/04-B-v12 11/04-B-v13 

11/04-B-v14 13/04-A-v01 



 
 

 
13/04-A-v02 13/04-A-v03 

13/04-A-v04 13/04-A-v05 



 
 

 
14/04-A-v01 

14/04-A-v02 

 14/04-A-v04 14/04-A-v03 



 
 

 
14/04-B-v01 

 

14/04-B-v02 

14/04-B-v03 14/04-B-v04 
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14/04-C-v01 14/04-C-v02 
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18/04-A-v02 

18/04-B-v02 18/04-B-v01 



 
 

 
18/04-B-v03 

18/04-B-v06 

18/04-B-v04 

18/04-B-v05 



 
 

 
18/04-C-v01 

 

18/04-C-v02 

18/04-C-v04 18/04-C-v03 



 
 

 
18/04-C-v05 

 

19/04-A-v01 

19/04-A-v02 19/04-A-v03 



 
 

 
19/04-A-v04 

 

19/04-A-v05 

19/04-B-v02 19/04-B-v01 
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20/04-B-v02 

19/04-B-v04 

20/04-B-v01 



 
 

 
20/04-B-v03 

 

20/04-B-v04 

20/04-B-v06 20/04-B-v05 



 
 

 
20/04-B-v07 

 

20/04-B-v10 

20/04-B-v08 

20/04-B-v09 



 
 

 
20/04-B-v11 

 

20/04-B-v14 

20/04-B-v12 

20/04-B-v13 



 
 

 
20/04-B-v15 

 

20/04-B-v18 

20/04-B-v16 

20/04-B-v17 



 
 

 
20/04-B-v19 

 

20/04-C-v03 

20/04-B-v20 

20/04-C-v02 



 
 

 
20/04-C-v04 

 

20/04-C-v07 

20/04-C-v05 

20/04-C-v06 



 
 

 
20/04-C-v08 

 

21/04-A-v01 

20/04-C-v09 

20/04-C-v10 



 
 

 
21/04-A-v02 

 

21/04-A-v05 

21/04-A-v03 

21/04-A-v04 



 
 

 
22/04-A-v01 

 

22/04-A-v04 

22/04-A-v02 

22/04-A-v03 



 
 

 
22/04-B-v01

26/04-A-v01 

26/04-C-v01 26/04-B-v01 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


