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Executive summary  
 

This study investigates the possible utilization of modern three-dimensional (3D) fused 

filament fabrication (FFF) in engineering applications. These FFF machines use filament that 

are usually made from PLA or ABS, coiled up in spools. With the rapid development in every 

possible technical field, new materials arrive on the market faster than they can be 

examined. Two particular materials of interest are Onyx and a printable carbon fibre filament 

manufactured by the Markforged Company. 

The Onyx material and carbon fibre filament materials are used in the FFF machine called 

the Markforged Mark Two. This machine has the ability to reinforce Onyx FFF parts with 

continuous reinforcement fibre and the process is referred to as continuous filament 

fabrication (CFF). This technology, although currently limited and relatively new, drastically 

increases the performance of a 3D printed part.  

A potential application of this technology is in the aerospace sector, more specifically with 

gliders. The airworthiness directive for gliders, CS-22, specifies an operational temperature 

of 54°C. There is however limited information available about the mechanical properties of 

these materials, especially at elevated temperatures. Thus, the purpose of the study is to 

investigate the mechanical properties of the Onyx material reinforced with carbon fibre at 

54°C.  

The material was tested under compression and tension.  As there was no specific standard 

available for FFF testing, therefore,  ASTM standards served as a basis for the development 

of these test procedures. The compression testing was based on the ASTM D695 and 

D6641 standards while the tension testing used the D3039 standard.  

The room temperature tests for the Onyx were executed to verify the testing methods so that 

they could be used to determine the mechanical properties of the materials at 54°C. The 

tensile tests of Onyx at room temperature resulted in the Young’s modulus to be 1512.16 

MPa, which is 7.44% higher than the published values. The results of the ultimate tensile 

stress were found to be 34.27 MPa, which is  4.4% less than the published values..  

There were no compression values to compare the room temperature tests to. An alternative 

solution was to use two different compressive testing methods and compare the values for 

verifying the testing methods to be used for the tests at 54°C. Using ASTM D695 and D6641 

the Young’s modulus was found to be 843.95 MPa with D6641 and 823.84 MPa with D695. 
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The yield stress was found to be 7.51 MPa with D6641 and 6.07 with D695 for Onyx in 

compression at room temperature.  

The experimental properties of Onyx at an elevated temperature of 54°C showed a 38.27% 

lower value for the Young’s modulus in tension and 33.72% lower value for the ultimate 

stress in tension. While in compression, it showed a 78.45% decrease in the Young’s 

modulus in compression and a decrease of 57.81% in the ultimate stress in compression.  

The Continuous Carbon Fibre showed an increase of 13.39% and 1.49% for the Young’s 

modulus and ultimate stress in tension while showing an 80.38% decrease and 13.4% 

increase in compression respectively when compared to the values supplied by Markforged 

at room temperature. 

Keywords 
 

3D printing  
 
Additive manufacturing  
 
Aerospace applications  
 
Carbon fibre 
  
Composite 
  
Continuous filament fabrication  
 
High temperature  
 
Fused filament fabrication  
 
Markedforged  
 
Mechanical properties  
 
Onyx  
 
Poisson ratio  
 
Young’s modulus 
  



 
14 

 
 

1.  Introduction 
 

1.1. Background 
 

Prior to 3D printing, most methods of manufacturing an object was done through material 

removal methods using turning lathe; milling and computer numerical control (CNC) cutting 

operations. In contrast with material removal methods; Three Dimensional (3D)  printing is 

an additive fabrication process where subsequent layers are applied onto each other until a 

three dimensional object is formed leaving very little post processing work afterwards. 

One can think of 3D printing as stacking numerous pieces of paper onto each other, with 

each paper having a shape representing the cross section of an object at that specific 

height. The stack increases in thickness as more pieces of paper are added to form a 3D 

part with length, depth and height. Another way of understanding the additive manufacturing 

(AM) process is to view it in the same way when using a glue gun to build a shape by 

continuously layering the glue on top of the previous layer.  

A practical example of what to imagine AM parts would look like, are the coarse layers in 

Figure 1. Each of these ‘steps’ on the model represents a layer in the AM process as the 

model is built up. The resolution of the print refers to how thin the printer can lay down the 

layers or layers’ thickness. The more expensive and high tier machines deliver higher 

resolution and quality prints. This fact caused the early AM machines quite scarce and 

expensive. For industrial machines, the cost would have been around $30,000 to $50,000. 

 

Figure 1: Cardboard Safari Vince Skull. Source: skull-a-day.co.za 

In order to bring AM to the masses or make it more accessible, Dr Adrian Bowyer started the 

RepRap (the Replicating Rapid Prototype Project) project in 2005 (Reprap.org, 2019). A 

global effort has led to the development of an AM machine that could potentially replicate 

itself, thanks to the RepRap project. Consequently, 3D printers started evolving at an 

astounding rate and Fused Filament Fabrication (FFF) printers became almost as accessible 

as a normal household ink printer. 
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Figure 2 shows one of the earlier FFF machines with its material spool to the left of it. Most 

of these earlier RepRap FFF machines were made of parts easily accessible from the 

hardware store and electronics parts available from hobby shops. Hence their 

unsophisticated appearance. The FFF machines currently available are more advanced and 

some even feature an enclosure for the printing volume and the filament spool. 

 

Figure 2: Thing-o-matic 3D printer. Source: argyllfreepress.com 

FFF, the cheapest and most common form of 3D printing, uses a spool with a coiled plastic 

material filament, usually ABS (Acrylonitrile Butadiene Styrene) or PLA (Polylactic Acid), that 

is fed with an extruder motor, through a heated (extruding) nozzle. The nozzle heats up to a 

certain temperature, depending on the material (typically 190°C for PLA and 240°C for ABS) 

and melts the plastic at the tip. At this high temperature, the material can be laid down in its 

melted state and cools rapidly after settling in place. This procedure is repeated for several 

layers and in this manner; an object is constructed layer by layer.  

The process of adding subsequent layers in the three-dimensional printing process defines it 

as an additive process. The ASTM (F42 – additive manufacturing) has defined seven 

distinctive categories for 3D printing:  

1. Vat Photo-polymerisation 

2. Material Jetting 

3. Binder Jetting 

4. Material Extrusion 

5. Powder Bed Fusion 

6. Sheet Lamination  

7. Direct Energy Deposition 
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The FFF machines fall within the scope of the material extrusion category. This class of 

printers have given the power of fabrication to the masses. Any person who is able to afford 

a simple 3D printer can essentially design and build their own objects, be it sculptures, 

decorative pieces, small brackets, gadgets and so forth, the list is almost endless. 

The majority of household inventions utilizing 3D printing are purely for fun or have their own 

unique use around the house. It is very rare for these decorative 3D printed objects to have 

any notable application in the field of engineering. This is because 3D printing is still 

relatively new and the necessity for predicting the objects resistance to loads is not that 

important for the average consumer. As the technology becomes more and more relevant, 

the predictability of the materials’ performance becomes vital.  

As the rate of development in the FFF field increased so did the development of the 

materials. The rate at which the materials are developed is faster than being able to study 

the materials in depth. For these materials to be used in practical engineering applications, 

accurate material properties are required. Therefore, materials and their properties should 

be investigated, analysed and well understood before these 3D printers can have any 

practical value in the engineering field. 

The absence of predictability of the performance of a material used in a 3D printed part, 

results in these objects being merely cosmetic and considered as ‘toys’. Thus, isolating a 3D 

printing method and material to analyse, one should be able to calculate, test and most 

importantly predict how strong and reliable a certain 3D printed object is going to be before 

physically spending resources to fabricate the part.  

The aerospace industry might provide a more fitting environment for FFF parts. A variety of 

layers heights, wall thicknesses and density settings are available when manufacturing 3D 

printed parts. This one machine has the potential to meet the need for producing parts that 

vary from cosmetic components to working components. Although the common FFF 

machine available can only print with mostly plastic materials, a more advanced machine 

could provide an alternative solution for FFF.  

An American company, Markforged, released a printer, called the Mark Two, that has the 

capabilities to print with reinforced fibre and with reinforcement fibre. The two materials in 

question are: Onyx – a chopped carbon fibre reinforced nylon material – and CFF – a 

continuous carbon fibre filament. These materials are more suitable for engineering 

applications than its commonly available counterparts (PLA and ABS).  
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Combining FFF with these materials and aerospace applications allows the creation of light, 

strong and individual components with only essential reinforcement. A category within the 

aerospace sector that might benefit the most from this type of manufacturing is sailplanes. 

This type of aircraft prioritizes being as lightweight as possible. Powered aircraft on the other 

hand would not benefit as much as sailplanes from lighter parts, as they rely on their engines 

for propulsion in flight.   

However, safety regulations are some  of the factors preventing the general use of these 

materials in sailplanes.  Any component of the sailplane should adhere to the requirements 

stated in the CS-22 document to be certified. The CS-22 document (Certification 

Specifications for Sailplanes and Powered Sailplanes CS-22, 2003) states that the materials 

used in sailplane manufacturing should not show any signs deterioration in strength or 

stiffness up to a temperature of 54°C. Consequently, one of the test requirements for 3D 

printed components will then be the ability to withstand load at these increased 

temperatures. An example of one of these type of planes can be seen in Figure 3. 

The purpose of this study is to investigate the strength of 3D printed carbon fibre and Onyx 

material at 54°C. The 3D printer is able to reinforce the parts it produces with continuous 

reinforcement fibres such as fibreglass, carbon fibre and Kevlar, effectively producing 

composite parts with Fused Filament Fabrication.  

 

Figure 3: JS-3 in flight.  Source: Jonker Sailplanes 

1.2. Problem statement 
 

The material properties of the Markforged Mark Two’s Onyx carbon fibre reinforced printing 

material, is uncertain at the temperature of 54°C. In order to be able to use the AM machine 

for practical applications, accurate prediction of the parts’ performance is required prior to 

manufacturing of the component. Unfortunately, a testing method need to be developed as 

currently there is not a recognised method available for this specific application.  
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1.3. Research goals  
 

1.3.1. General objectives 

 

The objective of this study is to investigate the material properties of Markforged’s Onyx & 

continuous carbon fibre 3D printed parts at a temperature of 54 °C.  

The following mechanical properties will be measured: 

• Young’s modulus 

➢ In the Primary direction of the fibre(𝐸11) 

➢ in the secondary direction of the fibre which is perpendicular to 𝐸11 (𝐸22) 

• Yield strength in 

➢ Compression 

➢ Tension 

• Poisson ratio(𝑣12 𝑜𝑟 𝑣21) 

• Shear modulus (𝐺12) 

The properties will be obtained parallel to the reinforcing fibre (𝐸11) as well as perpendicular 

(𝐸22).  This will give a full set of mechanical properties that will allow a good understanding 

of the materials’ usability as a practical engineering material. 

The objective of the study is therefore: 

• Investigate and identify a suitable testing method, to determine the material 

properties for tension and compression, of the 3D printed test specimens.  

• Determine whether the required amount of reinforcement in the 3D printed part is 

predictable. 

• Compare elevated temperature test results with relevant information of previous 

studies to investigate what effect temperature has on the materials performance.  
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1.4. Layout of the study 
 

Chapter 2 is a literature review that discusses the difference between additive manufactured 

materials and composite materials. To test the FFF AM parts, different test methods are 

analysed in order to identify suitable testing methods.  

In Chapter 3 the test plan is developed and all relevant test parameters are discussed.  

Chapter 4 discusses the verification tests done and the results obtained for the verification 

and validation phase.  

Chapter 5 Discusses elevated temperature test where the mechanical properties of the 

composite and reinforcement fibre is investigated 

Chapter 6 draws a conclusion on the study and the results obtained. 
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2. Literature overview 
 

2.1. Introduction 
 

The literature overview will be conducted with reference to six topics.  The first topic 

discusses the nature of composite material and investigates the mechanics and qualities of 

composite materials.  

The second topic investigates additive manufacturing with the main interest on FFF being 

the method to be used to produce the test specimens and parts.  

The third topic investigates the combination of the two prior topics composite additive 

manufacturing and fibre reinforced AM parts.  

The fourth topic discusses the testing methods for composite materials. These methods 

include compression, tension, and shear. The aim is to distinguish the best method for 

testing composite materials so that the necessary property values can be obtained.  

The fifth topic  deals with the selected method of testing and other testing methods used with 

similar materials to gain better understanding of the variables included in these kinds of tests 

and materials.  

The last topic investigates the type of data expected from these tests and the relative 

information needed to process this data into valuable information regarding the materials’ 

properties, characteristics and failure information.  

2.2. Broad context theory base 
 

2.2.1. What is a composite material? 

 

Hashin (1983: 481) defined composite materials as consisting of two or more different 

materials that form regions large enough to be regarded as continua and are usually firmly 

bonded together at the interface. Hashin (1983:481) went on to say that the technology of 

composite materials began to emerge around 1960 with the advent of modern fibre 

composites consisting of very stiff and strong aligned fibres (glass, baron, carbon, graphite, 

etc.) in a polymeric matrix and later also in a light weight metal matrix.  
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According to Hashin (1983: 481) there are particulate composites and fibre composites. The 

latter is of importance and differs from the prior because of its mechanical properties. Fibre 

composite, especially unidirectional fibre composites are highly anisotropic as mentioned by 

Hashin (1983:481): “A unidirectional fibre composite is highly anisotropic and therefore has 

many more stiffness and strength parameters than a particulate composite.” A particulate 

composite is one where particles are suspended in a matrix with the particles being any 

shape or size, while fibre composites have fibres imbedded in the matrix material.   

Fibre composite materials are advantageous when the direction of loading is known. By 

aligning the anisotropic materials with the direction of the experienced load, strong and 

lightweight composite parts are created. Figure 4 shows the relationship among various 

materials, metals and composite materials, and their specific tensile strength and specific 

tensile moduli. The composite materials appear to have a higher specific tensile strength 

than the isotropic materials as well as a higher specific tensile modulus than the metal 

materials.  

 

Figure 4: Various composite materials specific tensile strength vs. specific tensile modulus when compared to 

various metals. Source: Arnabocean.com 

Hashin (1983:481) also states that stiffness and strength in the fibre direction are of fibre 

value order (usually very high) while the stiffness and strength transverse of the fibre 

direction are of matrix order (usually lower) and is similar to that of particulate composites. 
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Hashin also mentions that the low values of strength and stiffness transversely to the fibres 

are the motivation for laminate construction consisting of thin unidirectional layers with 

different reinforcement directions.  

This stresses the fact that a composite material’s strength and stiffness are highly dependent 

on the accuracy of the fibre’s orientation within the matrix and within the part. Two materials 

with material properties differing/varying this much could greatly affect the composite 

material’s mechanical properties.  Thus, every layer and if possible, every fibre’s direction 

must be optimally placed and correctly orientated produce the strongest and lightest parts 

possible.  

Hashin (1983:482) also notes that the matrix properties may be strongly influenced by 

environmental changes such as heating, cooling, and moisture absorption. When 

manufacturing test samples on different days or under varying circumstances, it may have a 

notable influence on the parts’ mechanical properties.  

Figure 5 shows a composite material with layers. The cylindrical shapes represent the 

reinforcement fibres. They are in different orientations and the shapes that they are 

suspended in represent the matrix material. This is a clear illustration of layering 

unidirectional fibres creating a material often referred to as a laminate material, due to the 

number of layers it has.   

 

Figure 5: Layers of unidirectional materials. Source: Quartus.com 

2.2.2. Additive manufacturing 

 

A relatively new way of producing parts is AM. According to the ASTM (2015:2), AM can be 

defined as the process of joining materials to make objects using 3D model data, usually 

layer upon layer, as opposed to subtractive manufacturing methodologies, such as 

traditional machining.   
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According to Mellor et al. (194:2014) there are various forms of additive manufacturing 

including stereo lithography, Fused Filament Fabrication and selective laser sintering.  

Mellor et al. (2014:194) also states that additive manufacturing was largely used for rapid 

prototyping applications enabling the relatively quick production of conceptual and functional 

prototypes. These prototypes have been used for communication and inspection tools and  

allowed the possibility to produce several parts directly from a computer model thereby 

reducing the production development steps.  Mellor et al. (194:2014) adds that the dominant 

application of polymer additive manufacturing machines is producing rapid prototype parts 

and these machines are well established in the market.  

According to Hopkinson et al. (2004:1) the concept of rapid manufacturing - “the production 

of end-use parts from additive manufacturing systems” – is particularly expanding nowadays. 

According to Mellor et al. (2014:194) a popular form of additive manufacturing is Fused 

Filament Fabrication (FFF), especially among hobbyists. FFF has especially become popular 

after the launch of Dr Bowyer’s RepRap Project (Reprap.org, 2019) making this technology 

widely accessible. 

Mellor et al. (2014:194) mentions that with FFF, materials such as polymer filaments are 

extruded through a heated nozzle to print 2D layers successively, one on top of the other 

until a part is completed. Figure 6 shows the basic mechanical principle of FFF. In short, a 

motor feeds filament to a heated nozzle to be able to place the material in a 3D space as per 

the slicing software. 

 

Figure 6: Fused Filament Fabrication illustration. Source: Elveflow.com 
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Gibson et al. (2010:44) has defined 8 steps with regard to the generic process of a CAD 

model to a physical part through additive manufacturing: 

• Conceptualizing and CAD 

• Conversion to STL 

• Transfer and implementation of STL file on Additive manufacturing machine 

• Machine setup 

• Build 

• Part removal and clean up 

• Post-processing of part 

• Application 

Ning et al. (2015:369) mentions that the current materials being used by FFF machines 

include ABS, PC, PLA, PA and the mixtures of any two types of thermoplastic materials. 

Ning et al. (2015:369) also states that the need for stronger thermoplastic materials arises 

from  pure thermoplastic materials lacking the strength to be used as fully functional and 

load-bearing parts.  

2.2.3. Composite additive manufacturing 

 

Recently it has become possible to add reinforcing materials to the 3D printed component 

during the FFF process. This has resulted in the formation of a true composite material to be 

used in the FFF process. There are two distinct methods of inserting a reinforcing element 

when using the FFF process.  

The one method involves inserting strands of reinforcement fibre into the thermo plastic 

creating a reinforced thermo plastic matrix material (particle composite).  

This material has better mechanical properties than non-reinforced materials such as ABS or 

PLA. An example of such a material is a carbon fibre reinforced variant referred to as carbon 

fibre reinforced plastic (CFRP), according to Ning et al. (2015:369). 

This technique usually wears out the nozzle of the machine quicker especially when carbon 

fibre strands are used. This results in reducing the accuracy of the print after limited amount 

of uses.  
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Figure 7 shows the creation of such a material by mixing  plastic pellets with the 

reinforcement material before extruding the filament at a specific diameter. This filament is 

then spooled for use with an AM FFF machine. 

 

Figure 7: Illustration of creating carbon fibre reinforced plastic. Source: Composites Part B Engineering vol. 80 

The second method is to incorporate continua reinforcement fibres in the construction of the 

part to act as load bearing components (fibre composite). One of the pioneers of this method 

is a Massachusetts based company, Markforged. Chapiro (2016:1) mentions that 

Markforged is credited to be the maker of the first carbon fibre 3D printer and is currently the 

only company offering a continuous fibre process.  

Markforged uses a method called: “Continuous Filament Fabrication”, Markforged.com 

(2016:1). Brooks et al. (2016:276) describes this process as an extrusion based additive 

manufacturing process that embeds reinforcement in the layers along with the polymer 

beads. As stated by Markforged.com (2016:1), their Mark Two machine can use either their 

own propriety material, Onyx, or can use nylon as its base/matrix material. This machine can 

also reinforce the base material with four different reinforcement materials: fibreglass, high 

strength high temperature fibreglass, Kevlar and carbon fibre. 

The parts manufactured by Markforged’s Mark Two that incorporates Continuous Fibre 

Fabrication (CFF), would typically look like the part shown in Figure 9. The object primarily 

consists of the matrix material while only certain layers use the reinforcement fibre to 

reinforce critical locations within the part. 

Considering reinforcement fibre in a composite requires data of the composition of the 

materials in order to determine the contribution of each material to the composite part. 
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According to Ibrahim et al. the exact specifications of the materials, such as the coating used 

on the carbon fibre filament, have not been supplied by the manufacturer. Ibrahim et al has 

however, deduced that the material should be similar to the nylon products used by 

Markforged.  

Ibrahim et al. also conducted tests with image processing on cross sections of Markforgeds’ 

carbon fibre filament, see Figure 8, and has found the filament fibre volume fraction to be 

35.5%±4. Thus, the 35.5% base value will be used to determine the fibre volume fraction in 

the printed samples.  

 

Figure 8: cross-sectional view of the Markforged carbon fibre filament at three locations as done by Ibrahim et al. 

In the case of the part in Figure 9, the part uses concentric reinforcement with a section view 

displaying an internal view on the right hand side and an external view of the part on the left 

hand side. 

 

Figure 9: An illustration of a part created with the Markforged Mark one. Source: 3Dprinting-blog.com 
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The base materials as well as the reinforcement fibre materials do have mechanical 

properties supplied by Markforged on their website, Markforged.com (2016:1). Markforged 

used ASTM standards: D3039, D6641, D648 method B and D256-10 method A to determine 

the material properties.  

Looking at an extract of the data provided by Markforged in Figure 10, a graph shows their 

materials’ flexural stress vs. its flexural strain values. Note the difference between the base 

materials (Onyx, ABS & Nylon) and the reinforcement fibre (Carbon fibre, HSHT Fibreglass, 

Fibreglass, Kevlar) and 6061 T6 Aluminium. The reinforcement materials’ values are higher 

than those of the matrix materials. 

 

Figure 10: Various material properties supplied by Markforged. Source: markforged.com 

Chapiro (2016:2) says that researchers have shown that Markforged’s filament has large 

voids and contains many resin-rich areas that significantly reduce the properties of the 

material, more than the rule of mixture would allow.  

Chapiro (2016:2) stated that the combination of porosity and printing parallel layers rather 

than multi-axial printing results in poor shear and fatigue properties leading to delamination 

and matrix cracking”. It is thus important to test this characteristic before using the material 

in safety critical applications, as this is a known weakness of the manufacturing method. 

However, according to Chapiro (2016:2), Markforged has targeted their product mainly to 

consumers and for manufacturing prototype parts. 
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2.2.4. Testing of composite materials 

 

In order to define the mechanical properties of the Onyx and carbon fibre materials, 

recognised testing procedures should form the foundation of the testing methodology. Two 

of the more popular recognised organisations that develop these test procedures are the 

International Organisation for Standardisation (ISO) and the American Society of Testing 

and Materials (ASTM) (ASTM.org, 1996:1).  Before selecting a suitable testing procedure, it 

must be determined if existing procedures qualify for testing additive manufactured parts.  

The Technology Innovation Agency (2011:13) is a publication that has already looked into 

using existing ASTM and ISO standards for the purpose of testing additive manufactured 

components.  

Fibre reinforced composites are defined by The Technology Innovation Agency (2011:19) as 

consisting of a polymer matrix to support woven or aligned high strength fibres. Using this 

definition, parts manufactured by the Mark Two machines would be classified as parts made 

of fibre reinforced composites.  

Quoting The Technology Innovation Agency (2011:4), “Manufacturing composites requires 

stacking multiple layers of fibres and infusing the interstitial spacing with a polymer resin. 

The fibres are strong in the axial direction and weaker in the radial direction; the fibres 

provide anisotropy to the strength of the composite. Therefore, standardized measurements 

developed for mechanical properties in fibre reinforced composites may be applicable to 

additively manufactured materials.” 

In order to modal material behaviour in different loading conditions, a minimum of two 

properties are needed. These properties are the Young’s modulus and the Poisson ratio of 

the material.  The Young’s modulus, or the materials moduli, is defined as the stress the 

material experiences divided by the strain.  

Tension, compression, shear, torsion or flexural tests can measure the moduli of a material. 

The moduli of a material represent a function of time and temperature. The Poisson ratio is 

defined as the negative ratio of the transverse to the axial strain (The Technology Innovation 

Agency (2011:13).  
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2.2.5. Previous tests, findings and complications with FFF 

 

The following section refers to The Technology Innovation Agency (2011:19): 

An important factor in determining and predicting the performance of composite materials is 

the inter-laminar properties. The inter-laminar properties are the properties of a material in 

between the layers of a composite.  

This property has a significant influence on the performance of the composite material 

especially in compression. Though the inter-laminar properties can be determined through 

tests, it cannot determine a maximum load for the composite material, only a general 

ranking. 

Another weakness of the composite materials is the fibre-matrix interface. This interface 

relies on the bonding strength between the fibre filler and the compliant matrix. Excluding the 

complications with additive manufactured composites, there are other commonly found 

variables with additive manufacturing that are also dependent on the machine and slicing 

software. Figure 11 illustrates five of these variables.  

 

Figure 11: Variables coupled with FDM. Source: Technology Innovation Agency 
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Previous studies done by The Technology Innovation agency (2011) have shown some 

consistencies concerning material extrusion. These consistencies are:  

• Additive manufactured parts through material extrusion (ABS) show inferior 

mechanical properties as compared to compression moulding or injection moulding 

of the same material. 

• Raster angles can influence the anisotropy of a part and reduce the modulus by 11% 

to 37%.  

• As a general rule, parts are stronger when the beads are in line with the tensile 

loading direction, mixed angles for flexure and orthogonal to loading for compression.  

• Long fibre aligned in line with loading increases strength while gaps between bead 

layers reduced strength.  

• Increasing the raster angle lowers strength and has little effect on modulus.  

• Failure tends to occur in deposition lines and as the raster angle increases the tensile 

properties of the material reduce. 

• Tensile and shear properties of ABS reach a minimum of around 50 degrees of the  

raster angles. 

• Strength of about 80% can be achieved when compared to injection moulded parts 

when aligning fibres.  

• The strength could be modelled using micromechanics to account for the fusion 

strength.  

2.2.6. Identifying a suitable testing method 

 

When looking to find a suitable test procedure the ASTM Standard has created a guide for 

testing the mechanical properties of traditional composite materials with the designation of 

D4762-04. This guide provides a summary of all the ASTM approved testing methods for 

continuous-fibre reinforced polymer matrix composite materials. This guide aids in the 

selection of applicable standards for polymer matrix composite materials. 

The guide specifically summarises the application of standards from ASTM committee D30 

on composite materials that applicable to continuous fibre reinforced polymer matrix 

materials. A table is provided that summarises the type of test as well as the designated 

testing standard code, the specimen sample, the property measured, the advantages of 

each test, the disadvantages and a short comment on the test.  
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Referring to another table used by The Technology innovation agency (2011:19), the 

available testing procedure can be narrowed down to those in the table. Combining this table 

and the table of D 4762-04 creates an even more simplified table of applicable standards.  

Table 1 provides a narrowed down list of standards that could potentially work for 

determining the mechanical properties of AM parts.  

Table 1: Various test methods to determine material properties 

Value For plastics For composites 

Tension ASTM D638 ASTM D3039 

Flexure 
ASTM D790, ASTM 

D6272 
ASTM D7264 

Compression ASTM D695 ASTM D3410 

Shear ASTM D4255 ISO 15310 

Creep 
ASTM D2990-09 
[refers to D543] 

no guidance for AM composites 

Fatigue 
ASTM D7774, ASTM 
D7791, and ASTM 

D6115 

ASTM D6115 

Fracture toughness ASTM D6068 ASTM D5528 

Impact 
ASTM D6110, ASTM 

D256 
Unclear how AM parts should be 

orientated and prepared for impact 
testing 

Bearing strength and 
open hole compression: 

ASTM D953-10, 
ASTM D5961, and 

ASTM D6484 

Tests develop design parameters for 
integrating composites materials 

together within structures 

 

When using Table 1 (refer to Appendix B – NIST tables) exercise caution when the table 

states ‘yes with guidance’ when making use of that standard on AM parts. These tests could 

work for AM parts but it can be limited in its use. Some of these standards might require 

some alterations for use with AM parts, such as geometric limits on test specimens, the 

required post processing of the test specimen, the materials’ isotropy requirements and 

application specific considerations.  

2.3. Test methods 
 

Tensile and compression tests can both determine the Young’s modulus and Poisson ratio 

of a material. Tensile and compression tests are the most common types of material testing 

and provide a sufficient base to expand defining the material’s mechanical properties. The 

most suitable testing method should be able to test for both the matrix material and the 

reinforcement fibre.  
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The Onyx material acts as the matrix material. As the Onyx material does not need to be 

reinforced, a comparison was drawn between the Onyx material and rigid plastic testing 

methods. When the Onyx employs reinforcement fibre, the material is seen as a composite 

material and traditional composite testing methods are used. 

The ASTM standards would be the most fitting test procedures. However, the type of test 

and loading still requires investigation. Referring to Table 1, the testing methods of interest 

are: 

• For plastics: 

o Compression – D 695 

o Tension – D638 

• For composites 

o Compression - D3410 

o Tension – D3039 

2.3.1. Rigid plastic testing 

 

2.3.1.1. Compression testing 
 

It is easier to investigate the mechanical properties of the matrix material separately rather 

than in its composite AM form. Once the mechanical properties of the matrix material have 

been verified, then the contribution of the reinforcement fibre can be determined. In order to 

determine the material properties of the matrix material, the D695 method should first be 

verified as suitable for testing AM plastic materials.  

Senatov (2016:139) investigated the mechanical properties and the materials’ SME (Shape 

Memory Effect) of a 3D-printed Poly Lactic Acid (PLA)-based porous scaffold for application 

in the regeneration process of damaged or missing bone structure. This scaffold had to be 

made of a non-toxic, biocompatible and in some cases biodegradable material, that can be 

produced by AM methods and be implanted near damaged bone areas inside the human 

body.  

Senatov (2016:139) chose to use a PLA material that would serve as a bio-re-absorbable 

matrix. Senatov used Hydroxyapatite powder in their study as the bioactive filler. When 

looking at the sample construction given in Figure 12, the sample experienced loads without 

making use of any jigging and was of a square shape with cavities.  
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The sample shape is more elementary to produce and easier to set up for testing. However, 

the absence of a test jig could possibly allow incorrect transfer of forces if the sample is not 

squared up correctly to the machine and testing platform.  

 

Figure 12: The shape memory effect of the test specimen after being put under compressive loads.                 

Source: Journal of the Mechanical Behaviour of Biomedical Materials Vol.57 

The test specimen underwent testing according to ASTM standard D695, compression 

testing, in a universal testing machine Zwick/Roell Z 020. According to ASTM International 

(2015:1), standard D695 is a method for determining the material properties of unreinforced 

or reinforced rigid plastics, including high modulus composites. Compression tests provide 

information regarding the compression properties of the material.  

A compression test can yield the following information: modulus of elasticity, yield stress, 

deformation beyond yield point, and compressive strength (given that the material fractures 

under load). Materials that deform without a fracture failure usually are difficult to analyse 

and can prove meaningless or give very little information according to ASTM International 

(2015:19428). 

ASTM International (2015,2) continues that compression tests can provide information for 

research and development, quality control, and part acceptance or rejection, but can only be 

applicable to engineering applications if the load-time scale is similar to that of the test. 

Otherwise, more information about the material is required, such as impact, creep and 

fatigue. 

When it comes to the amount of samples required, the test specimen is dependent on the 

material and material thickness. For instance, if a material is isotropic then at least five tests 

are required with no failure due to a manufacturing defect. At least ten tests are required if 

the material is anisotropic, five in the direction and five perpendicular to the direction of the 

primary axis of anisotropy. 
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The ASTM International (2015) describes other aspects of testing such as the test specimen 

specifications, procedure, test speed. An example of graphs of the results that can expected 

during compressive tests of D695, is shown in Figure 13.  

The initial portion of the graph is the setting period. The linear section that follows is the 

linear relationship between the stress and the strain experienced by the sample. This 

relationship described in the linear region is the Young’s modulus of the material. After the 

linear region, the yield point of plastic deformation until failure follows.  

 

Figure 13: Hookean region vs. no Hookean region comparison of stress vs. strain graphs.  

Source: ASTM International 

The study of Senatov investigated the material’s shape memory through dynamic 

mechanical analyses and found the test specimens to hold their shape and integrity. This 

gives the impression that the test method is reliable for similar applications such as the Onyx 

material.  

2.3.1.2. Tensile testing 
 

Ning et al. (2015:369) investigated the effect of reinforcing AM materials with carbon fibre in 

the filament for FFF and how it affects the mechanical properties of the parts manufactured 

with FFF. Ning et al. (2015) performed two tests on the material: flexure and tension; 

according to ASTM standards.  
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A blender combines ABS plastic pellets with carbon fibre powder to create the filament. To 

obtain filament with various degrees of carbon fibre in it, the filament is put through the 

extrusion process twice. This material is very similar to the Onyx material. The created 

filament is tested through recognised ASTM standards to determine the material’s 

properties. Tensile tests done on the material are according to the ASTM D 638-10 standard. 

The ASTM standard D638-14 is a reviewed version of the test Ning et al. (2015:369) used to 

investigate carbon fibre reinforced AM materials. D638 is a testing method for determining 

the tensile properties of unreinforced or reinforced plastics in the standard shape of a 

dumbbell-type specimen, as described by ASTM International (2015:4). 

Figure 14 shows a process of designing, printing and then testing the samples.  This process 

can iterate indefinitely with minor adjustments to the samples and with relative ease as there 

are no dies or other equipment needed to create a sample with different dimensions other 

than the FFF machine itself. This aids in modifying the sample between iterations to find the 

ideal sample for testing.  

 

Figure 14: Diagram showing how Ning et al. produced and tested tensile specimens. Source: Composites Part B 

Engineering Vol. 80 

Ning et al. (2015:369), used a type I specimen for tensile tests. The specimen dimensions 

can be found in Figure 15, and is suitable for materials thicker than 1mm but thinner than 

7mm. As with the compression tests, five tests should be done for isotropic materials, 10 for 

anisotropic materials (five perpendicular and five parallel to the primary axis of anisotropy).  
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According to ASTM International (2015) any specimen that breaks outside of the specified 

area should be discarded and a new specimen tested in its place. 

 

Figure 15: Figure illustrating the specimen dimensions for ASTM standard D638. Source: ASTM International  

When looking at Ning et al. (2015:369)’s study, it was found that adding reinforcement fibre 

to the ABS plastic material does in fact increase the material’s mechanical properties.  

Adding carbon fibre, can increase the material’s tensile strength and Young’s modulus, but 

may also decrease the material’s toughness, yield strength and ductility. In conclusion, the 

test method did provide useable results. 

2.3.2. Reinforced composite material testing  
 

2.3.2.1  Tensile testing - D3039M  
 

Jiang et al. (2016:884), researched the mechanical properties of Continuous Filament 

Fabrication, CFF parts. In this investigation, different materials served as the base material, 

viz. PLA, ABS and PETG, and were then reinforced with short strands of carbon fibre. The 

tensile properties of the materials were determined by using ASTM standard D3039M on 

samples printed in different orientations.   
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The four orientations are 0 degrees, +45 degrees, +-45 degrees and normal to the specimen 

90 degrees. The Makerbot manufactured the parts. The printer used a hardened steel nozzle 

to counter the effects of the higher wear rate induced by the addition of carbon fibre in the 

filament. 

Jiang et al. (2016:884), initially followed the ASTM D638 standard, but later changed to the 

ASTM D3039 standard due to having difficulty with the specimen geometry and premature 

failures at the radial areas of the test specimen. The JEOL JSM – 6610 V scanning electron 

microscope captured pictures of the tensile sample’s surface after fracturing.  Figure 16 

illustrates this process. 

 

Figure 16: Jiang et al. methodology schematic diagram. Source: Mechanical Behaviour of Carbon Fibre 

Composites Produced with Fused Filament Fabrication  

According to the tests conducted by Jiang et al. (2016:884), the addition of carbon fibre to 

ABS, PLA and PETG increased the value of the tensile strength and modulus in the 0-

degree direction. The ABS material has a noticeable decrease in tensile strength values, but 

not tensile modulus, when printed at an angle of 45 degrees while PLA and PETG has a 

very slight higher value in both tensile strength and modulus. 
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Referring to Figure 17, when looking at the specimens printed at 90 degrees, only PETG 

experienced an increase in tensile strength and modulus, while ABS and PLA only saw an 

increase in tensile modulus and a drop in performance in tensile strength. 

 

Figure 17: Table showing a summary of the tensile tests. Source: ASTM International 

Overall, it seems that ASTM 3039 provided better results than ASTM D638 for additive 

manufactured parts, especially in the presence of a reinforcement fibre. An important note by 

Jiang et al. (2016:884) is that in order to realize the potential of CFF and FFF parts, the 

interfacial bonding strength between fibre and polymer matrix needs to be improved.  

2.3.2.2  Compression testing - D3410 
 

Vinay et al. (2015:401) investigated the mechanical strength of glass fibre and carbon fibre 

reinforced vinyl ester resin composites according to ASTM standard D3410. This 

investigation states that the matrix material could be either thermoplastic or thermoset, 

where thermoset is more popular and consists of epoxy, vinyl ester, polyester and phenolic. 

Figure 18 illustrates the fabrication of one of the samples mentioned in the investigation. 

Vinay et al. (2015) built the sample on a treated mould surface, with manual lay-up of 

bidirectional fibres and a thermoset resin worked in the material using a brush or roller. The 

method and specimen closely resemble those that are of interest to this study even though 

the sample is not an AM part.  

 

Figure 18: Preparation of the specimens by Vinay et al. Source: International Journal of Research in Engineering 

and Technology Vol.4.5 
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The investigation was part of a larger research project with various tests performed such as 

fatigue, tensile, flexure and creep tests. The test procedure used for the tensile tests was 

according to the ASTM D3039 standard. The test procedure used for the flexural test was 

according to ASTM D7264 standard while the compression tests followed the ASTM D7264 

standard. 

Figure 19 shows the ASTM standard D3410 test samples and testing procedure used in the 

study of Vinay et al. (2015:401) which only performed three tests and reported the mean 

value. 

 

Figure 19: Compression test specimens and setup. Source: International Journal of Research in Engineering and 

Technology Vol.4.5 

The test determined mechanical strength values for compression strength, yield load and 

Young’s modulus. When comparing the tensile test results and the compression test results 

of the fibreglass specimen, the fibreglass showed a lower value in compression (where 

failure occurred) than in tension according to Vinay et al. (2015:401) and can be seen in 

Figure 20. 

 

Figure 20: Fibre glass compression vs. tension results. Source: International Journal of Research in Engineering 

and Technology Vol.4.5 
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According to the Technology Innovation Agency (2011:23), ASTM D3410 is not suitable for 

composite additive manufactured parts, although the method described above is similar to 

ASTM standard D6641. The tests also confirmed that composite parts are often weaker 

under compression than under tension.  

2.3.2.3  Compression testing – D6641 
 

Glath (2014:1) investigated the compression behaviour of ultra-high modulus carbon/epoxy 

composites and fracture energy characterization of intermediate modulus carbon/epoxy 

composites. The test methods used during the investigation to determine these properties 

were ASTM standards D3410 and 6641, and standard SACMA SRM 1R-94. 

The mechanical properties were determined by using these methods (compression strength 

and compression modulus) of the ultra-high modulus carbon/epoxy composite material. 

Glath (2014:1) also continues to define various failure criteria and theories including those of 

Hashin, Tsai-Wu and the maximum strain theory.  

According to Glath (2014:1), the ASTM test method D6641, is a newer compression test 

procedure than ASTM D3410. This compression test procedure operates on the principle of 

transferring compression load to the specimen via shear, end loading or a combination of 

both.  

It was determined that the combination loading method is best suited for the test specimens. 

This combination of shear and end loading method reduces the stress concentration at both 

the tab and the end loading of the specimen when compared with the shear loading methods 

and end loading methods. 

The percentage of shear loading transferred to the sample by the ASTM D6641 jig is 

adjustable by changing the amount of torque on the jig’s bolts. Figure 21 illustrates the 

ASTM D6641 jig. In Glath (2014:1)’s tests, a bolt loading of 2.82 N-m was used. 

 

Figure 21: Sowing the specimen test fixture for ASTM D664. Source: ASTM International  
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Glath (2014:1) mentioned that it has been previously established that acceptable failure 

modes were consistently generated for tabbed carbon composite specimens. Figure 22 

shows the acceptable failure modes for the compression samples. The four modes on the 

left would be acceptable failure modes where the four on the right would be unacceptable 

failure modes for specimens, using ASTM standard D6641. 

 

Figure 22: Figure showing acceptable and unacceptable failure modes. Source: ASTM International  

In conclusion, Glath (2014:1) could predict the test specimens from D6641 within one 

standard deviation from the mean of the experimental data for a [(60/0/-60)5] two layup and 

within two standard deviations for a [(0/+-60)5] two layup. The ASTM D6641 standard seems 

to give consistent and reliable data for composite layup specimens that may be transferred 

to AM composite specimens.  

2.4. Conclusion  
 

Three different test methods were identified in this section. It was shown that D695 is the 

preferable method for rigid plastic testing but D6641 is also suitable especially for  reinforced 

samples.  Therefore, D695 was selected for all compressive testing in this thesis. D3030 

was shown to be suitable for tensile testing of FFF and was used as such.  
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3. Methodology 

3.1. Introduction 
 

This chapter consists of sections involving testing methods to gather information regarding 

the material and to determine which geometric shape the specimen should have. For this 

investigation, the tests were limited to tension and compression tests. The two procedures 

identified for the investigation process were ASTM D3039 for tensions tests and ASTM 

D6641 for compression tests.  

The focus then shifts towards a brief overview of the machines used in the testing of the 

specimens for both tension and compression. The type of information expected, how to 

perform the physical testing and gather information from testing during the testing process 

are discussed in this section. The section also reviews the expected calculations for tension 

and compression samples as described by their respective ASTM standards.  

Chapter three ends with a reference to the limitations in connection with this investigation 

and the tests conducted. The chapter concludes with identification of the preferred physical 

testing procedure and experiments, most suitable to determine the materials’ mechanical 

properties in both tension and compression. 

3.2. Research instruments 

3.2.1. Materials 
 

The material that this study primarily focuses on is  Markforgeds’ FFF material, known as 

Onyx. Onyx is a chopped carbon fibre reinforced nylon material, has a black appearance 

and performs better than regular nylon materials. Onyx material serves as the matrix 

material for the composite AM parts. Markforged has named their reinforcement material 

Onyx FR - that is nylon filled with both chopped carbon fibre and continuous carbon fibre 

(CCF) (Markforged.com, 2017:1). 

3.2.2. Markforged Mark Two 
 

The Markforged Mark Two is a modern additive manufacturing machine enabling  fabrication 

of carbon fibre, fibreglass or Kevlar reinforced FFF parts. The first 3D printer that was able to 

print carbon fibre was the predecessor of the Mark Two, the Mark One, back in 2014, 

according to Markforged.com (2017:1).  
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The Mark Two printer has a build volume of 320mm x 132mm x 154mm, allowing the 

fabrication of all relevant test specimens.  

The printer also boasts a layer thickness of 100 microns and can pause and continue in the 

middle of a print. The samples are all printed with 100% infill where Onyx is used and when 

reinforcement fibre is selected in Eiger, the program defaults to a layer height of 0.125mm. A 

layer height of 0.125mm was chosen for all samples to remain consistent throughout all the 

samples. Figure 23 shows an image of the printer in question.  

 

Figure 23: Picture of a Markforged Mark Two used to produce the specimens for this study.  

Source Markforged.com  

The Markforged Mark Two uses the company’s own software called Eiger, which is a web-

based programme allowing the slicing and modifying of parts prior to manufacturing. The 

settings in Eiger alter the part’s individual layers, changing the amount of material, 

reinforcement fibre and orientation, such as shown in Figure 24. This enables any 

combination of strand orientation and density, allowing the selection of the fibre volume 

fraction in the test specimens.  

 

Figure 24: A screenshot of the demo video showing of Eiger's possibilities. Source: Markforged.com  
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Eiger allows the test specimens to be printed with or without their tabs, the fibre orientation 

in the test specimen, the density of the reinforcement fibres as well as which layer would 

have reinforcement fibres.  

3.2.3. MTS landmark 
 

A hydraulic test machine performs the compression and tensile testing by changing its 

direction of movement. With the correct test jig and fixture, the machine can perform both 

tensile and compression testing. Figure 25 shows the model of hydraulic test machine used 

in this investigation.  

All hydraulic test machines operate based on Pascal’s law, which states: “The pressure of a 

gas or liquid exerts a force equally in all directions against the walls of its container.” 

(Mobley, 2000:194). This allows hydraulic machines to produce a large amount of force on 

the sample in very small increments. Making these machines ideal for applications such as 

this. 

 

Figure 25: MTS Landmark hydraulic test machine similar to the one available for testing. Source: Haider 2016 
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The MTS Landmark machine’s load frame can be controlled either manually or using the 

software on the computer by means of the controller. The controller provides the necessary 

interface between the load frame and the computer. Figure 26 shows the layout of the 

manual controls on the MTS Landmark machine. The controls allow the operator to change 

the height of the crosshead and lock it in place, open or close the grips as well as adjust the 

grip pressure on the sample, and change the speed at which the machine moves. 

 

Figure 26: Manual controls for the MTS Landmark Machine 

Figure 27 shows how the MTS Landmark test machine is setup at the North West University. 

  

Figure 27: An overview of the MTS Landmark Machines' setup at the NWU Potchefstroom University. 
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The Load frame is hydraulically driven. To provide the hydraulic pressure, a hydraulic pump 

is used of which a close up can be found in Figure 28. To prevent overheating of the oil 

during operation, the oil is run through a chiller placed just outside the testing facility and can 

be seen in Figure 28. The machine also has a manifold for the oil in circulation.  

 

Figure 28: Close up view of the hydraulic pump, manifold and chiller used by the MTS load frame. 

The samples are required to be at a temperature of 54°C during testing for this investigation.  

A specially designed oven that can fit on the MTS Landmark machine was designed for this 

exact purpose. A view of the setup and various MTS load frame components is shown in 

Figure 29. 

 

Figure 29: Close up view of the setup with the oven on the MTS Landmark Machine. 
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3.2.4. Methods: 
 

The investigation includes testing of the tensile strength, compressive strength and the 

Poisson ratio of the material, each requiring samples. To keep the costs of the special oven 

as low as possible, the skin of the oven consists of plastic, reinforced with polystyrene for 

insulation. The oven also features double pane windows and an access door. Figure 30 

shows the final design vs. the physically built oven.  

A commonly available high wattage hair dryer served as the heat source for the oven. The 

oven incorporated a heat regulation system to keep the oven automatically operating at a 

certain temperature after being set. To be able to use the oven, calibrated instrumentation 

measured the oven’s temperature to ensure that the system corresponds to calibrated 

instrumentation values.  

The physical testing starts by installing the oven on the MTS landmark machine. After the 

installation, the oven was heated up and the samples inserted into the oven and left for 

approximately 1-2 hours until the jaws of the test machine and the samples have heated up 

to the required temperature.  

The samples have a large surface area vs. their volume, which allows the samples to heat 

up quickly.  The probe of the temperature regulator was always inserted near the sample, 

but care had to be taken not to be in the way of testing, as the machine could damage it very 

easily if it’s in the incorrect position. Tests usually commenced when the oven temperature 

was at 57°C to make sure the sample was above the required 54 °C.  

 

Figure 30: Comparison of the specially designed oven; CAD vs. actual 
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The tensile and compressive mechanical properties could be obtained with the data acquired 

from the MTS landmark machine during the tests and could be used to determine the 

Young’s modulus of the materials. The strain gauges were used to determine the Poisson 

ratio of the composite material.  These materials may be viable for engineering applications 

once the Young’s moduli and Poisson ratios for these materials are determined during 

testing at 54°C  

3.2.5. Strain Gauges 
 

According to Allaboutcircuits.com (2017:1) strain gauges are thin strips of metal that 

measure the load experienced by an object by changing resistance when stressed. Strain 

circuits usually work with bridge circuits for precise measurement of small changes in 

resistance and provide compensation for resistance variations due to temperature changes. 

Figure 31 shows an illustration of how a strain gauge works. Strain gauges determine the 

displacement of the samples during tension and compression tests. Note that the resistance 

wires are sensitive to the directions and need to be as accurate as possible to the vertical or 

horizontal direction as possible. Any misalignment in the direction of the sample will lead to 

incorrect values for the material tested.   

 

Figure 31: Figure showing the basic working of a strain gauge. Source: allaboutcircuits.com 

There are five main types of strain gauges according to explainthatstuff.com (2016:1): 

mechanical, electrical, hydraulic, optical, and piezoelectric. The strain gauges bonded to 

tensile samples are the electrical strain gauges due to their accessibility and accuracy. 

Figure 32 shows one of the two strain gauges bonded to the sample, one parallel to the 

reinforcement fibres and one transverse to the reinforcement fibres. 
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 As the part and strain gauges transformed due to the stress, the wires’ physical thickness 

changed and so did the resistance in the wires of the strain gauges. The stress experienced 

by a part can be determined by measuring the changes of the resistance in the strain gauge.  

 

Figure 32: Tensile test specimen with strain gauge attached 

3.3. Research design 
 

3.3.1. Tension tests – ASTM D3039 (JS workshop practice) 
 

According to ASTM D3039, this test method determines the in-plane tensile properties of 

fibre reinforced composite material by using a thin flat strip of the material with a constant 

cross sectional area. The grips of the hydraulic machine attach to the ends of the sample. 

This machine is then monotonically loaded with tension while recording data. Maximum 

strength is determined by loading the specimen until failure occurs. Other mechanical 

properties can be determined/ derived from the stress strain response such as:  

• Ultimate tensile strain 

• Tensile modulus of elasticity (Young’s Modulus) 

• Poisson’s ratio  

• Transition strain if the coupon strain is monitored with strain or displacement 

transducers.  

The method of testing incorporated elements of the Technology Innovation Agency’s 

(2011:1) document. This manual combines various sources for determining the tensile 

properties of composite materials. The manual also uses the ASTM D3039 procedure 

among others for determining mechanical properties of composite materials under tension.  

The specimen may be tabbed or untabbed. Tabbed specimens generally perform better as 

there is a smaller effect from crushing experienced during clamping the specimens in the 

test jig. It is recommended that type A specimens tabs are bonded. However, bonding could 

have been problematic with the materials used in this investigation.  
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The bonding strength between the tab and the Onyx material and what type of glue to use 

are unclear. It was simpler to manufacture the samples with tabs ‘built in’. 

Usually specimens for ASTM D3039 are cut from a larger sheet to increase the consistency 

among specimens. This was unpractical for the AM method and the specimens as AM prints 

one sample at a time. As AM is an automated process, these test specimens can be 

manufactured with reliable repeatability and consistency.  

A common problem with manufacturing FFF parts is the risk of warping. Warping occurs 

because of the varying cooling rates of the deposited material and the surface area of the 

model. Generally, the larger a flat surface is the more prone it is to warping. Shorter, smaller 

specimens were preferred for tensile testing.  

The tension sample that has proved to yield results with similar manufacturing methods and 

applications is one used by Potgieter (2018:25) in his study of characterisation of the 

anisotropic mechanical properties of carbon fibre reinforced thermoplastic composites. In his 

study, he used a sample described in the ASTM standard D3039 with the given dimensions 

in Figure 33.  

These smaller samples proved more beneficial to use than the larger samples described in 

D3039. It reduced production time and cost and decreased the risk of manufacturing 

complications.  

To test the Poisson ratio of the specimen, the sample is fitted with two strain gauges 

according to the strain gauge manufacturer’s instructions. One strain gauge runs along the 

direction of the reinforcement fibre and the other strain gauge is applied transverse to the 

direction of the reinforcement fibre.  

 

Figure 33: Figure illustrating an alternative D 3039 tension sample created in Solidworks 
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The test is conducted at a minimum of 54°C (as previously mentioned) to comply with 

requirements of CS-22. The speed of testing for the tensile test is such that failure occurs 

between 30 sec to 10 minutes with an estimate of 2mm/min.  The sample and type of test 

determine the adjustment of the speed within these parameters.   

3.3.2. Compression tests – ASTM D6641 (JS workshop practice) 
 

ASTM D6641 is a standard testing method for determining the compressive mechanical 

properties of a material. The jig used for ASTM D6641 compressive testing consists of four 

blocks, of which two are fastened to each other at each end of the specimen with bolts and 

can be seen in Figure 21 and Figure 34with dimensions. The part of the test fixture that is in 

contact with the test specimen has a textured surface for better transfer of shear loading. 

 

Figure 34: Test fixture/jig for ASTM D6641 CLC testing dimensions. 
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With the specimen already inserted into the sample jig, the entire jig is inserted into a 

compressive loading machine that exerts a force on both ends of the fixture, transferring the 

load to the test specimen in a combination of shear loading and end loading. The test 

specimen can be tabbed or un-tabbed, depending on a couple of features. 

One requirement for the validity of the test is that the ends of a test specimen is not crushed. 

This fact influences the decision whether the sample requires tabs or not. Un-tabbed 

specimens are usually suited for materials with low orthotropic properties, where materials 

with high orthotropic properties are more suited for tabbed specimens. The dimensions for 

the standard ASTM D6641 test specimen can be found in Figure 35. 

 

Figure 35: ASTM D6641 test specimen dimensions. Source: ASTM International 

Therefore, for an un-tabbed specimen the width would be 12mm, the length 140mm and a 

variable thickness. These samples’ dimensions have been changed to make them more 

suitable for AM compression testing. Not using tabs on the specimen eases manufacturing 

as no supports are required for the flat surface. It is also a simpler, easier sample to 

produce. 

3.3.3. Alternative Compression samples 
 

Alternative compression samples are required for the matrix material of the FFF part. 

Potgieter (2016:109) had done previous research on FFF plastic samples with the ASTM D 

695 standard. Potgieter used cylindrical samples with dimensions given in Figure 36 to 

determine the compression mechanical properties of the material.  
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The cylindrical sample is an axis symmetrical sample, combatting buckling by having a 

constant radius from the centre. This sample also does not require a specific jig and could 

be much shorter/smaller than an ASTM 6641 sample. 

 

Figure 36: Illustration of a simple cylindrical compression test sample in Solidworks 

3.4. Analyses 

3.4.1. Tensile properties 
 

Referring to the Technology Innovation Agency (2011:1)’s calculations for the in-plane 

tensile properties of a specimen are calculated using the following equations:  

3.4.1.1.  Tensile stress calculations 
 

Tensile stress σ (MPa) is given by: 

 
𝜎 =

𝐹

𝑏ℎ
 

Equation 1 

 

With: 

F = instantaneous load in [N]; 

b = Width of the test specimen in [mm]; 

h = thickness of the test specimen in [mm]. 
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3.4.1.2.  Tensile strain calculations 
 

Tensile strain ε (dimensionless) is given by: 

 
𝜀 =

𝛥𝐿𝑜

𝐿𝑜
 

Equation 2 

 

With: 

Lo = Gauge length of the test specimen in [mm]; 

ΔLo = increase in the specimen length between the gauge marks in [mm]. 

3.4.1.3. Tensile modulus calculation 
 

The modulus of elasticity is given by: 

 𝐸 =
𝜎2 − 𝜎1

𝜀2 −  𝜀1
 

Equation 3 

 

With: 

σ1= stress at a strain value of ε1 in [MPa]; 

σ2 = stress at a strain value of ε2 in [MPa]. 

3.4.1.4. Poisson’s ratio  
 

In-plane Poisson ratio µn is given by: 

 µ𝑛 =  −
𝜀𝑛

𝜀
 

Equation 4 

 
With:  

ε = strain in longitude direction, 

εn = strain in the normal direction. 

Poisson ratio µ is given by:  

 
µ =  −

𝛥𝜀𝑛

𝛥𝜀
 

Equation 5 

 

With:  

Δε= difference in strain in the longitudinal direction between the two strain points given in 

Figure 37; 
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Δεn= difference in the strain in the normal direction between the two longitudinal strain points 

given in Figure 37. 

The strain ranges for determining the Poisson’s ratio of a sample for the two different testing 

organisations can be found in Figure 37. 

 

Figure 37: Table showing strain ranges for determining Poisson ratio.  Source: Technology Innovation Agency 

3.4.2. Compression properties 
 

The in-plane compressive properties can be calculated using the measured test data with 

equation 6 to equation 8 as shown by ASTM International (2015). 

3.4.2.1.  Laminar compressive strength 
 

Laminar compressive strength is determined using the equation:  

 𝐹𝑐𝑢 =
𝑝𝑓

𝑤ℎ
 

Equation 6 

 
With: 

Fcu = laminate compressive strength in [MPa]; 

Pf = maximum load to failure in [N]; 

W = specimen gauge width in [mm]; 

H = specimen gauge thickness in [mm]. 

3.4.2.2.  Laminate compressive modulus 
 

The laminate compressive modulus can be determined using the equation: 

 
𝐸𝑐 =

𝑃2 − 𝑃1

(𝜀𝑥2 − 𝜀𝑥1)𝑤ℎ
 

Equation 7 

 

With: 

Ec = compressive modulus in [MPa]; 

P1 = load at εx1 in [N]; 
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P2 = load at εx2 in [N]; 

εx1 = actual strain nearest lower end of strain range used; 

εx2 = actual strain nearest upper end of strain range used; 

w = specimen gage width in [mm]; 

h = specimen gage thickness in [mm]. 

3.4.2.3. Compressive Poisson’s ratio 
 

The compressive Poisson’s ratio by the chord method can be determined using the 

equation: 

 
𝑣𝑥𝑦

𝑐 =
(𝜀𝑦2 −  𝜀𝑦1)

(𝜀𝑥2 −  𝜀𝑥1)
 

Equation 8 

 

With: 

Vxy
c = Compressive Poisson’s ratio of laminate; 

εy1 = transverse strain at end range εx1; 

εy2 = transverse strain at end range εx2. 

3.5. Rules of Mixtures (ROM) 
 

Materials that consist of more than one material, such as traditional composite materials, 

and the Onyx-carbon fibre mixture, follow the rule of mixtures. This rule merely refers to the 

way a composite material’s properties are dependent on the ratio of different materials within 

composite material. These properties can be calculated with the materials’ individual 

properties and the volume or mass fraction of the materials in total.   

The properties of a composite material can be calculated by multiplying the individual 

materials properties with their respective volume fraction or weight fraction in the mixture. 

The volume fraction of the fibre component can be defined as: 

 𝑉𝑓 =
𝑣𝑓

𝑣𝑐
 

Equation 9 

 

With:  

𝑉𝑓 – Volume fraction of the fibre component; 
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𝑣𝑓 – Volume of the fibre; 

𝑣𝑐  – Volume of the composite. 

The volume fraction of the matrix component can be defined as: 

 𝑉𝑚 =
𝑣𝑚

𝑣𝑐
 

Equation 10 

 

With:  

𝑉𝑚– Volume fraction of the matrix component; 

𝑣𝑚– Volume of the matrix; 

𝑣𝑐 – Volume of the composite.  

The volume fractions of all parts of the composite should add up to 1. Thus the volume of the 

composite should equal the volume of the matrix plus the volume of the fibre or  

 𝑣𝑐 = 𝑣𝑓 + 𝑣𝑚 Equation 11 

 
  also 

 𝑉𝑚 = (1 − 𝑉𝑓) Equation 12 

 
The same applies to the weight fraction of the composite. When the load is applied in the 

direction of the fibres, both the fibre and the matrix material undergo the same amount of 

deformation. Thus, the strain in each of the materials that make up the composite 

experiences an equal strain.  

 
𝜀𝑐 = 𝜀𝑓 = 𝜀𝑚 =

∆𝐿

𝐿
 

Equation 13 

 

 

However the load is partitioned among the materials in the composite. That is to say when 

the total load is equal to the load carried by the matrix material plus the load carried by the 

fibre material.  

 𝑃𝑐 = 𝑃𝑚 + 𝑃𝑓 Equation 14 

 
Knowing that 𝐹𝑜𝑟𝑐𝑒 =  𝐴𝑟𝑒𝑎 ∗ 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒  , it can be rewritten in terms of cross sectional area 

and stress.  

𝑃𝑐 = 𝐴𝑐 × 𝜎𝑐 
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𝜎𝑐 =
𝑃𝑐

𝐴𝑐
 

𝜎𝑐 =
𝑃𝑚 + 𝑃𝑓

𝐴𝑐
 

𝜎𝑐 =
𝐴𝑚 𝜎𝑚+𝐴𝑓 𝜎𝑓

𝐴𝑐
  

 
𝜎𝑐 =

𝐴𝑚𝜎𝑚

𝐴𝑐
+

𝐴𝑓𝜎𝑓

𝐴𝑐
 

Equation 15 

 

Where 
𝐴𝑚

𝐴𝑐
 would be the so-called cross sectional area fraction of the matrix material of the 

composite and 
𝐴𝑓

𝐴𝑚
 would be the fibre cross sectional area fraction of the composite material.  

If a length of 1 is assumed then these areas can be rewritten as volumes 

 𝜎𝑐 = 𝜎𝑚𝑉𝑚 + 𝜎𝑓𝑉𝑓 Equation 16 

 
When using Hook’s law the equation becomes 

 𝜀𝑐𝐸𝑐 = 𝜀𝑚𝐸𝑚𝑉𝑚 + 𝜀𝑓𝐸𝑓𝑉𝑓 Equation 17 

 
It is known that the strain in each material is the same as in the composite since the 

deformation is the same for all the materials. Then the equation turns into  

 𝐸𝑐 = 𝐸𝑚𝑉𝑚 + 𝐸𝑓𝑉𝑓 Equation 18 

 
Using the above equation a theoretical value can be assigned for the composite material 

with a specific fraction of reinforcement fibre. If different fractions of reinforcement fibre are 

tested, a relationship should reveal itself indicating the relation between the strength of the 

composite material and the amount of reinforcement fibre.  

Stiffness properties of a composite can also theoretically be calculated with 

 𝐸11 = 𝑉𝑓𝐸𝑓 + 𝑉𝑚𝐸𝑚 Equation 19 

 
 𝑣12 = 𝑉𝑓𝑣12𝑓 + 𝑉𝑚𝑣12𝑚 Equation 20 

 
 1

𝐸22
=

𝑉𝑓

𝐸2𝑓
+

𝑉𝑚

𝐸2𝑚
 

Equation 21 

 

 1

𝐺12
=

𝑉𝑓

𝐺12𝑓
+

𝑉𝑚

𝐺12𝑚
 

Equation 22 

 
 

For detailed derivation of the formulas, refer to (Hyer and White, 2011) 
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3.6. Cross-sectional area method to determine the volume fractions 
 

The strength of a composite FFF part should be determined prior to manufacturing. The 

contribution of each material in the composite is required to determine the components’ 

strength. When using the rule of mixtures method and given that the samples’ geometry is 

relatively simple, the cross section can be taken of the components where the load is 

experienced. 

The composition of the cross-section can be estimated with the assistance of the Eiger 

software. The amount of reinforcement fibre and the amount of layers of the reinforcement 

fibre can be set in the slicing software, knowing that the amount of material in the cross 

section can lead to a simplification of the area of the different materials in the cross section.  

The cross-sectional area of the composite FFF part can be approximated by knowing that 

the nozzle diameter is 0.4mm and the layer height setting is 0.125mm. Sufficient material 

flow can only be ensured when the amount of material that exits the nozzle while printing will 

at least cover the nozzle diameter and layer height (Figure 38), slightly pressing down onto 

the previously printed layer for adhesion with a slight overflow of material to the sides for 

added adhesion to adjacent material.  

 

Figure 38: Illustration showing the area approximation of the material leaving the nozzle while printing. 

The cross-sectional area of the sample can be approximated, if the sample is simple enough 

in construction, with simple shapes such as the squares that are shaped while printing. 

These squares that make up the cross-sectional area of the sample would be ideally the size 

of the nozzle diameter multiplied by the layer height.  
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The sample’s behaviour under load can be estimated by calculating these areas of each 

material in the sample. Figure 39 shows an illustration of approximating the areas in a FFF 

sample.  

 

Figure 39: Close up of the area approximation of a FFF composite sample. 

The cross section of the sample can be divided into two areas: One consisting of pure Onyx 

( 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎)  and the other consisting of Markforgeds’ continues carbon fibre filament 

(𝐶𝐶𝐹𝑎𝑟𝑒𝑎). The continuous carbon fibre area can be divided further into two more areas. The 

first area inside the continuous carbon fibre is the area consisting of the binding material 

( 𝐶𝐶𝐹 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎). The second area within the continuous carbon fibre area is the area 

consisting of the carbon fibre itself (𝐶𝐹𝑎𝑟𝑒𝑎). 

The 𝐶𝐹𝑎𝑟𝑒𝑎 inside the 𝐶𝐶𝐹𝑎𝑟𝑒𝑎 is the 35.5% fibre volume fraction of the continuous carbon 

fibre material. Thus, the first break down of the composite material would be the onyx and 

CFF material: 

𝐴𝑟𝑒𝑎𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =
𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎

𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎
+

𝐶𝐶𝐹𝑎𝑟𝑒𝑎

𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎
 

The second break down would be on the level of the carbon fibre fraction 

𝐴𝑟𝑒𝑎𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =
𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎

𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎
+

𝐶𝐹𝐹𝑎𝑟𝑒𝑎 × (1 − 0.355)

𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎
+

𝐶𝐶𝐹𝑎𝑟𝑒𝑎 × 0.355

𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎
 

𝐴𝑟𝑒𝑎𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = (
𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 + 𝐶𝐶𝐹 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎  

𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎
) +

𝐶𝐹𝑎𝑟𝑒𝑎

𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎
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3.7. Obtaining lamina properties through experimental methods 
 

The properties of lamina can also be determined using physical samples. In order to use a 

lamina for an engineering application, the material requires four mechanical properties. 

These are the Young’s modulus in the primary direction of the fibre (𝐸11), and the Young’s 

modulus in the secondary direction of the fibre which is perpendicular to 1 (𝐸22), the in-plane 

shear modulus (𝐺12) and one of the in-plane Poisson ratios(𝑣12 𝑜𝑟 𝑣21). 

3.7.1.  𝑬𝟏𝟏 & 𝒗𝟏𝟐 
 

In terms of tension, a sample with the fibre in the direction of the tensile force is used along 

with two strain gauges. One strain gauge is installed parallel to the main fibre direction and 

the other is perpendicular to the fibre direction as can be seen in Figure 40. 

 

Figure 40: Illustration of a setup to determine 𝐸11& 𝑣21 

As the strain is measured by both strain gauges, the Young’s modulus in the primary 

direction can be determined directly by using the ratio of stress versus strain, while the 

Poisson’s ratio is the amount of deformation in the Y, 2 direction to the amount of 

deformation in the X, 1 direction. 

3.7.2.  𝑬𝟐𝟐 
 

Similar to the previous test, to calculate the Young’s modulus in the second direction a 

sample is prepared with a single strain gauge parallel to the direction of the force, but 

perpendicular to the main fibre direction as illustrated in Figure 41.  

 

Figure 41: Illustration of the sample used to determine 𝐸22 
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3.7.3.  𝑮𝟏𝟐 
 

This setup uses the fibre orientated at a 45-degree angle to the direction of force with a 

strain gauge parallel to the direction of force as shown in Figure 42. In combination with the 

results determined by this test and the previous values, the shear modulus of the material 

can be determined with the following equation, where 𝐸𝑔 is the Young’s modulus measured 

in this test.  

 
𝐺12 =

4
4

𝐸𝑔
−

1

𝐸11
−

1

𝐸22
+

2𝑣12

𝐸11

 
Equation 23 

 
 

 

 

Figure 42: Illustration of the sample and setup used to determine 𝐺12 

3.8. Limitations 
 

The budget and time frame of the project limited the production of the samples.  Since the 

composite printing technology is still under patent protection, the commercial availability of 

capable machines is restricted. Furthermore, the material is quite expensive when compared 

to conventional materials like PLA and ABS used by FFF machines opposed to the 

reinforced nylon material and special carbon fibre.  

Another limitation was the test jigs and fixtures available at the University for the Hydraulic 

Testing Machine; any fixture that was not available, required design and fabrication that 

would additionally increase the time and resources consumed for determining the material’s 

mechanical properties.  

The process of designing the test sample need to consider the limitations of the jigging 

available for testing, to avoid designing and fabrication special jigs for testing.  In conclusion, 

performing only tension and compression testing is easier to setup and more cost effective.  

The performance of the material at elevated temperature is still uncertain.  Therefore, 

initiating the collection of mechanical properties concerning the material is uncertain. 
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Performing basic tests on the material will provide a basis for further research on the 

material. Thus, the number of tests and information done during this investigation were 

limited.  To reach a more complete definition of the material would significantly increase the 

scope beyond this investigation.  

External factors that could affect the samples, could also be the physical handling of the 

samples and the environmental exposure (temperature and humidity) due to the time frame  

in which the tests took place. In ideal circumstances, the majority of samples would be 

manufactured and tested in as short a time scale as possible.  

3.9. Conclusion 
 

It has been determined that two types of tests are required to define the mechanical 

properties sufficiently enough to describe the basic properties of the composite. The two 

types of tests are: tensile testing and compression testing. For tensile: the ASTM D3039 

standard was used as a template and for compression: the D6641 and D695 standards were 

used as a template.  

These standards also describe how the test should be performed and what the test 

specimens should look like.  The NWU Potchefstroom Campus’ Markforged Mark Two 

fabricated the test samples. The MTS landmark machine of the NWU Potchestroom campus 

tested the samples.  

The samples were tested in tension and compression based on their respective ASTM 

standard test method at  a temperature of at least 54°C in order to adhere to the CS-22 

requirements. Information on the monster’s deformation were gathered with two strain 

gauges on the sample, one parallel and one perpendicular to the direction of the load, in 

order to determine the Poisson’s ratio of the materials.  
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4. Verification tests 
 

In this section, the selected test methods are verified.  As indicated in Chapter 2 there are 

several test methods available.  The selected method for tensile testing is ASTM D3039. The 

preferable test method for compressive testing of plastics is ASTM D695 but ASTM D6641 is 

also usable. D695 samples are easier to test and is therefore the test method of choice. 

Markforged has supplied test data for the unreinforced Onyx material and only for tensile 

properties. In this section, the test methods are verified using the supplied Markforged data.  

As only tensile data is available, the results from ASTM D695 and ASTM D6641 are 

compared in an attempt to obtain compressive data and verify the methods compared to 

each other. 

The tensile test method is deemed verified if the test data is in agreement with the Markfored 

data.  The compressive methods are considered verified if the two methods give the same 

compressive results. All testing has been done at room temperature, as this was the test 

condition for the material data from Markforged. 

4.1. Tensile testing verification on Onyx 
 

The tensile tests employed samples consisting only of the Onyx material with a 100% infill 

and 0.125mm layer heights. This was done to obtain a solid test sample for which the tensile 

stress could be calculated using the classical stress formula. 

End tabs are normally required at the end of test samples to protect the samples from the 

clamping force of the test machine. In this case, the end tabs were incorporated in the 

sample and printed from the Onyx material. Premature failure of the end tabs was avoided 

by setting the maximum clamping force to 500 MPa, providing sufficient force to prevent 

slipping without damaging the end tabs. An illustration of a broken tensile sample can be 

seen in Figure 43. 

 

Figure 43: Tensile sample under tensile load during testing (left). 0° Tensile samples with marks on the tab left 
after testing (right). 
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The theoretical failure for the tensile sample was calculated by using the material property 

values as supplied by Markforged. Knowing the ultimate stress of the material and the cross 

sectional area, the ultimate load can be calculated using Equation 1 as follows: 

𝜎 =
𝐹

𝑏ℎ
 

𝐹 = 36 𝑀𝑃𝑎 × 22 𝑚𝑚 × 1.25 𝑚𝑚 

𝐹 = 990 𝑁 

 Three samples were tested with the test results shown in Figure 44. The processed results 

are shown in Table 2. 

 

Figure 44: Stress vs. Strain graphs of the three Onyx tensile verification test samples. 

Table 2: Onyx verification tensile sample test results 

Sample no. Sample 
description 

Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield 
stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 Onyx 1571.55 936.08 34.04 4.09 13.11 

2 Onyx 1379.78 920.70 33.05 3.24 11.96 

3 Onyx 1586.51 982.69 35.73 4.36 14.28 

5th percentile 
 

1398.95 922.24 33.15 3.33 12.08 

Average 
 

1512.61 946.49 34.27 3.90 13.12 

95th percentile 
 

1585.01 978.03 35.56 4.34 14.16 

Standard deviation 
 

115.28 32.28 1.36 0.58 1.16 

Standard error 
 

66.56 18.64 0.78 0.34 0.67 
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It was found that the Young’s modulus had an average value of 1512.61 MPa, which 

compares well with the Markforged value of 1400 MPa. This is a difference of 7.44%. The 

average ultimate stress is 34.27 MPa, which is 4.8% less than the Markforged value.  The 

comparative data is shown in Table 3. 

Table 3: Comparison between measured and Markforged mechanical properties in tension. 

Mechanical properties of 
Onyx 

Markforged Physical testing 
(Average) 

Percentage 
difference 

Young’s modulus (MPa) 1400 1512.16 7.44% (higher) 

Ultimate stress (MPa) 36 34.27   4.4% (lower) 

 

Upon closer inspection, while under load (Figure 45), it is clear that the gauge length 

deformed as the load increased. As the limit for the ultimate load drew closer, a crack or 

failure opened on the left side corner of the gauge area (shown in figure 42).  The 

concentration of stress caused a premature failure of the test sample, leading to the 

conclusion that without this failure propagation, an even closer value to Markforged’s 

ultimate stress of 36 MPa is possible. 

 

Figure 45: Tensile sample deforming under tensile load (left). Stress concentration causing a failure in the bottom 
left corner of the gauge area (right).      

4.2. Compression testing verification on Onyx 
 

It was mentioned in the introduction that there is not compressive test data available for the 

Onyx material.  The D695 test method was therefore verified by also using the D6641 

method.  When both methods gave the same results, they were both considered verified.  

This is not the best verification method, but due to the lack of data the only possible course 

of action. 

4.2.1.  ASTM 6641 
 

ASTM 6641 uses a specialized jig as is shown in Figure 34. Prior to performing the 

compression tests, the ultimate load was calculated for the Onyx material in compression 

using the tensile properties supplied by Markforged as basis.  



 
67 

 
 

Knowing that the cross sectional dimensions of the sample are ideally 12.7mm & 2.25mm 

and using Equation 6 the theoretical ultimate load was calculated as: 

𝐹𝑐𝑢 =
𝑃𝑓

𝑤ℎ
 

𝑃𝑓 = 36 𝑀𝑃𝑎 × 12.7 𝑚𝑚 × 2.25 𝑚𝑚 

𝐹 = 1028.7 𝑁 

Since the sample is tested in compression it is also required to check the buckling values. 

Taking into account that the sample is ideally 140mm  and the jig’s clamping segment is 

ideally 64mm in length, then the gauge length can be calculated as: 

𝐺𝑎𝑢𝑔𝑒 𝑙𝑒𝑛𝑔𝑡ℎ = 140𝑚𝑚 − 2 ∗ 64𝑚𝑚 = 12𝑚𝑚 

The critical load for buckling can then be calculated as: 

𝑃𝑐𝑟 =
𝜋2 𝐸𝐼

(𝐾𝐿)2
 

𝑃𝑐𝑟 =
𝜋2 × 1400 𝑀𝑃𝑎 ×

1

12
× 12.7 𝑚𝑚 × 2.253𝑚𝑚

(0.5 × 12)2 𝑚𝑚
=  4626.96 𝑁 

This indicated that for an unreinforced sample the sample would fail in compression before 

buckling since 1028.7 N < 4626.96 N. 

A close up of the compression sample installed in the D6641 test jig can be seen in Figure 

46. The three samples were tested and all tests were performed at room temperature.  

 

Figure 46: Compression sample loaded into the ASTM D6641 test jig (left). Top view of the loaded compression 
sample in the D6641 test jig (right). 
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The test results are shown graphically in Figure 47 while the tabulated data is given in Table 
4. 

 

Figure 47: Stress vs. Strain graphs of the three Onyx test samples in compression. 

Table 4: Onyx compression sample test results 

Sample no. Sample 
description 

Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield 
stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 Onyx 566.20 930.24 32.55 8.90 14.58 

2 Onyx 930.32 1059.58 37.08 9.63 2.37 

3 Onyx 1035.33 1314.93 46.02 4.00 15.52 

5th percentile 
 

602.21 943.18 33.01 4.49 3.59 

Average 
 

843.95 1101.58 38.55 7.51 10.82 

95th percentile 
 

1024.83 1289.39 45.12 9.55 15.43 

Standard deviation 
 

246.21 195.75 6.85 3.06 7.34 

Standard error 
 

142.15 113.02 3.96 1.77 4.24 

 

The measured Young’s Modulus was found to be 843.95 MPa while the Markforged data 

shows 1400 MPa for tensile values. The average ultimate stress is 38.55 MPa, which is a 

6.62% difference from the tensile values for Onyx. The data compared to the supplied 

Markforged tensile values are  shown in Table 5.   

Table 5: Comparison between measured and Markforged mechanical properties in compression. 

Mechanical properties of 
Onyx 

Markforged 
(MPa) 

Physical testing (Average) 
(MPa) 

Percentage 
difference 

Young’s modulus  1400 843.95 39.72% (lower) 

Ultimate stress  36 38.55 6.62% (higher) 
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4.2.2. D695 
 

The verification tests for the D695 test consisted of two batches of seven samples: the one 

batch was printed perpendicularly to the print bed while the other batch was  printed on their 

sides. The two orientations were used to give an indication if the material performed isotropic 

if the density of the printed specimen was sufficient. The samples were printed with  Onyx, a 

layer height of 0.125mm and with a density setting of 100% . The setup of the samples in 

Eiger can be seen in Figure 48. 

 

Figure 48: Alternative validation compression samples in Eiger slicing software. 

The sample needed to be checked for buckling. The ultimate load before failing in 

compression can be determined by using the material property values as supplied by 

Markforged as: 

𝜎 =
𝐹

𝐴
 

𝐹 = 𝜎 × 𝐴 

𝐹 = 36 𝑀𝑃𝑎 × 𝜋 × (
12.7𝑚𝑚

2
)

2

 

𝐹 = 4560.37𝑁 

The critical load for buckling can be determined with: 

  

𝑃𝑐𝑟 =
𝜋2𝐸𝐼

𝐿2
 

𝑃𝑐𝑟 =
𝜋2 × 1400𝑀𝑃𝑎 ×

1

4
× 𝜋 × (

12.7𝑚𝑚

2
)4

(25.4𝑚𝑚)2
 

𝑃𝑐𝑟 = 27349.23 𝑁 

The cylindrical samples do not require jigs or fixtures, thus in the worst case scenario with 

the ends not pinned or fixed (k = 2): 
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𝑃𝑐𝑟 =
𝜋2𝐸𝐼

𝐾𝐿2
 

𝑃𝑐𝑟 = 6837.31 𝑁 

The critical load for buckling is more than the load required for the sample to fail in 

compression and thus will not buckle in the verification tests while being loaded in 

compression.  

4.2.2.1. Test Preparation 
 

The samples were grouped based on their print orientations and can be seen in Figure 49. 

The samples printed vertically were grouped as Batch A while the samples that were printed 

horizontally were grouped as batch B.  

 

Figure 49: The samples grouped by their print orientation 

Measurements were taken of the samples (Figure 50) to verify the size of the samples and 

were found to be slightly larger than specified in CAD software.  

  

Figure 50: Examples of the dimensions measured from the compression samples, being slightly larger than the 

specified 12.7mm and 25.4mm specified in the CAD software. 
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The MTS Landmark machine was configured for the compression samples. The samples did 

not require a fixture, but required flat surfaces between the two clamps of the machine. Thus 

two parallel metal pieces were placed at the end of the clamps such as in Figure 51.  

 

Figure 51: Metal pieces placed on the clamps of the MTS Landmark machine for the alternative compression 
tests samples 

The MTS Landmark machine was then set up so the sample could be inserted between the 

two metal pieces with a slight preload on the sample to initiate the compression tests. This 

load varied between 10N and 150N. The reason for this procedure is that when there is no 

preload on the sample of any kind the MTS Landmark machine cannot initiate the 

compression testing.  

The first group tested was Batch A with the samples printed vertically. The samples were 

assigned numbers randomly and were tested in sequence of those assigned numbers with 

the exception of sample A8 that was used to setup the test. A sample of one of these tests 

can be seen in Figure 52. 

 

Figure 52: Alternative compression sample placed in between the metal pieces before starting the compression 
tests 
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4.2.2.2. Batch A test results 
 

A total of eight samples were tested, although only five are required for the validation tests, 

according to the ASTM D695 standard. The samples were tested at a speed of 1.3mm/min 

as per the standard and the MTS Landmark machine had a data acquisition rate of 10 

Hz.The test of each sample was concluded when sudden failure occurred or when the load 

could be clearly witnessed to have reached a peak and decreased. The test results are 

shown graphically in Figure 53 while the tabulated data is given in Table 6. 

 

Figure 53: Compression tests results of the alternative compression sample validation tests - Batch A 

Table 6: Mechanical properties of alternative compression sample - Batch A 

Sample No. Young’s 
modulus 
 (MPa) 

Ultimate 
load 
(N) 

Maximum 
stress 
(MPa) 

Yield 
stress 
(MPa) 

Offset yield 
stress 
(MPa) 

8 656.68 10001.85 78.96 3.53 15.73 

1 510.92 10006.26 78.99 6.38 11.72 

2 506.99 10000.89 78.95 4.48 10.90 

3 758.17 10016.31 79.07 9.31 16.87 

4 473.74 8557.31 67.55 7.28 11.46 

5 447.33 6636.45 52.39 5.43 10.42 

6 422.26 8836.47 69.76 2.14 9.35 

7 469.77 532.35 77.50 5.36 10.39 

5th percentile 431.04 2668.78 57.70 2.62 9.71 

Average 530.73 8073.49 72.90 5.49 12.11 

95th percentile 722.65 10012.79 79.04 8.60 16.47 

Standard deviation 116.02 3266.58 9.48 2.23 2.71 

Standard error 41.02 1154.91 3.35 0.79 0.96 
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4.2.2.3. Batch B test results 
 

The same process was repeated for batch B. The batch B group samples were also 

assigned numbers randomly and tested in sequence according to their numbers. The 

parameters were kept the same as with batch A. Batch B yielded the following results 

represented by the graphs, the data was processed and tabulated in the following table. The 

test results are shown graphically in Figure 54 while the tabulated data is given in Table 7. 

 

Figure 54: Compression tests results of the alternative compression sample validation tests - Batch B 

Table 7: Mechanical properties of alternative compression sample - Batch B 

Sample Young’s 
modulus 
(MPa) 

Ultimate load 
(N) 

Max 
stress 
(MPa) 

Yield 
stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 833.29 10012.20 79.04 6.24 14.89 

2 795.56 10008.30 79.01 7.56 14.63 

3 794.79 10033.87 79.21 2.21 14.70 

4 864.06 10013.78 79.05 7.06 15.30 

5 850.25 10007.21 79.00 6.18 15.14 

6 856.82 10001.40 78.95 6.19 15.58 

7 848.29 10004.20 78.97 4.03 15.91 

8 747.64 10006.60 78.99 9.08 15.03 

5th percentile 764.14 10002.38 78.96 2.85 14.66 

Average 823.84 10010.95 79.03 6.07 15.15 

95th percentile 861.52 10026.84 79.15 8.55 15.80 

Standard deviation 40.60 10.08 0.08 2.12 0.44 

Standard error 14.36 3.56 0.03 0.75 0.15 
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When comparing the results of batch A and batch B (Summarised in Table 8) it can be seen 

than batch B performed more consistently than batch A. Batch B also had slightly higher 

values when compared to batch A. In terms of the average values obtained from the eight 

samples in each batch, batch B with the print orientation of the cylinder aligned horizontally 

had higher values than Batch A in the following fields:  

Table 8: Average mechanical property value comparison between Onyx verification test sample A and sample B 

Category Units Batch A Batch B Difference 

Young’s modulus MPa 530.73 823.84 35.85% 

Ultimate load N 8073.49 10010.95 19.35% 

Yield stress MPa 5.49 6.07 9.56% 

Offset yield stress MPa 12.11 15.15 20.09% 

Max stress MPa 72.90 79.03 7.76% 

 

The two tests batches at room temperature indicated that the print orientation in fact affected 

the mechanical properties of the part and was found not to be isotropic in its behaviour under 

load. The part appeared to be stronger with the layers aligned with the direction of the load. 

The hypothesis was that this might have been the weaker setup, because of the expected 

separation of the layers under load. The test results of test ASTM D695 proved that the 

cylindrical samples show that the material is not isotropic under compression load tested 

with ASTM D695, but is more consistent under compression load when the cylinder was 

printed on its side compared to perpendicularly to the print bed.  

4.3. Comparison of D6641 and D695 
 

It is shown in the previous section that there is a difference between the results of batch A 

and batch B tests for D695.  This result is due to print orientation, and will be further 

investigated.  There is good correlation between D695 batch B results and D6641 results as 

shown in Table 9 and therefore both methods can be considered verified.  The compressive 

properties obtained during the tests differ considerably from the supplied tensile data of 

Markforged but were accepted to be the correct compressive properties.  

Table 9: Onyx sample mechanical property testing summary. 

Category Units ASTM D6641 ASTM D695 – Batch B 

Young’s modulus MPa 843.95 823.84 

Ultimate load N 1101.58 10010.95 

Yield stress MPa 7.51 6.07 

Offset yield stress MPa 10.82 15.15 

Maximum stress MPa 38.55 79.03 
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5. Tensile and compressive testing of Onyx and reinforced samples at 

room temperature and 54°C 

5.1. Introduction 
 

This section uses the verified testing methods (Chapter 4) to investigate the reinforcement 

fibre in the composite samples.  The first set of tests was performed to establish the 

mechanical properties of Onyx reinforced with carbon fibre at room temperature.  The next 

set of tests was performed at 54°C to obtain the high temperature properties that are 

required for the Aerospace Industry.  

5.2. Tensile testing 
 

The tensile tests used the D3039 test method to investigate the tensile mechanical 

properties.  The composite tensile samples were investigated in 3 stages. The first stage 

captured the data of the composite samples.  

The second stage determined the mechanical properties of the two materials/filaments used 

to create the sample, viz. Onyx and CCF. The third and last stage approached the 

composite sample as if it consisted of just onyx and CF material.  

5.2.1. Tensile testing at room temperature of carbon fibre 
 

There are some uncertainties about the exact composite samples use by Markforged, 

therefore some assumptions are required before testing the carbon fibre reinforced Onyx 

samples. Referring to Appendix A, the caption to the data table gives a description of the 

dimensions and construction of the fibre composite test specimens used to establish the 

material properties in the table. Appendix A states that: 

• Test plaques used in this data are fibre reinforced unidirectionally (0° plies), 

• Tensile test specimens: 9.8 in [L] x 0.5 in [H] x 0.048 in [W] (CF composites), and 

• Compressive test specimens: 5.5 in [L] x 0.5 in [H] x 0.085 in [W] (CF Composites) 

Markforged does not clearly state the amount of reinforcement fibre per layer or the amount 

of reinforcement layers present in these samples, only that the fibres were all aligned in the 

sample to create a 0° unidirectional sample. Using the Eiger software to slice samples 

provides the user with several parameters which are not clearly specified by Markforged.  
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The tensile test sample dimensions used in this study also differ from Markforged’s test 

specimens. Markforged’s tensile test specimens measure 248.92 mm x 12.7 mm x 1.2192 

mm. When compared to the test samples of 62.32 mm x 22 mm x 1.25 mm (without tabs) 

used in this study, the length of Markforged’s test specimens limits the build orientation of 

the samples and uses a wasteful amount of material. The tensile samples’ dimensions are 

chosen to remain consistent with the carbon fibre trials as with the Onyx as described in 

Chapter 4. 

Lastly, the notes in Appendix A contain the warning that the data listed in the table should 

not be used to establish design, quality control, or specification limits, and is not intended to 

be a substitute for one’s own testing to determine suitability for a particular application. It is 

thus recommended that material properties are tested and the values are not accepted as 

stated in the data table.  

The most important assumption to be made is that of the internal structure of the samples. 

Since Markforged only stated that the reinforcement samples were printed unidirectional, the 

samples in this study only have unidirectional fibres in order to establish the material 

properties with the exception of the 45° samples where the direction alternate with each 

layer.   

Since Markforged does not state the amount of reinforcement fibre in their test samples, an 

exact comparison cannot be made. However, the method of testing is  identical to the 

verification tests in chapter 4 with the samples’ own volume fractions to determine the 

carbon fibre material’s properties at room temperature.  

There are three reinforced samples for both tensile and compressive testing with D3039 and 

D6641. The first reinforced sample,  has fibre running along the length of the sample 

(referred to as 0°), the second has alternating fibres at 45° reinforced samples(referred to as 

45°), and the third has reinforced samples perpendicular to the length of the sample 

(referred to as 90 °).  

Three samples were printed of each orientation and for each type. These samples then 

served as a very small test group for an investigation of how reinforced samples would 

perform using the verified method as described in chapter 4 before being tested at 54°C for 

comparison. 

The tensile sample tests used the same tensile sample geometry as with the Onyx 

verification tests with the addition of carbon fibre reinforcement fibre built in the sample.  
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The tensile sample had one wall layer and one roof and floor layer each made of Onyx 

material. In the centre the sample was comprised of reinforcement fibre running along the 

length of the sample. Figure 55 shows the internal view of the tensile sample.  

 

Figure 55: Cross section of gauge area of the tensile sample. 

Using the process described in Chapter 3, Figure 55 and the carbon fibre coefficient (CFcoef 

= 0.355, refer to chapter 2.2.3), the areas of the tensile sample can be calculated  to 

determine the  samples theoretical strength. 

Knowing the nozzle width to be 0.4mm and the layer height set to 0.125mm the cross 

sectional area of the tensile sample can be calculated as: 

𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎 = 22 × 1.25 = 27.5 𝑚𝑚2 

The amount of reinforcement filament (CCF) used would be: 

𝐶𝐶𝐹𝑎𝑟𝑒𝑎 = 21.2 × 1 = 21.2𝑚𝑚2 

The Onyx area surrounding the CCF area can be calculated by subtracting the CCF area 

from the total area, since the remaining material is pure Onyx: 

𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎 = 𝐶𝐶𝐹𝑎𝑟𝑒𝑎 + 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 

𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎 − 𝐶𝐶𝐹𝑎𝑟𝑒𝑎 

𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 27.5 − 21.2 = 6.3 𝑚𝑚2 

The composition of the CCF area when broken into Onyx and isolated CF is then: 

𝐶𝐹𝑎𝑟𝑒𝑎 = 𝐶𝐶𝐹𝑎𝑟𝑒𝑎 × 𝐶𝐹𝑐𝑜𝑒𝑓 

𝐶𝐹𝑎𝑟𝑒𝑎 = 21.2 × 0.355 

𝐶𝐹𝑎𝑟𝑒𝑎 = 7.526 𝑚𝑚2 

The rest of the area is assumed to be covered by the matrix material Onyx 
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𝐶𝐶𝐹𝑎𝑟𝑒𝑎 = 𝐶𝐹𝑎𝑟𝑒𝑎 + 𝐶𝐶𝐹 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 

𝐶𝐶𝐹 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 𝐶𝐶𝐹𝑎𝑟𝑒𝑎 − 𝐶𝐹𝑎𝑟𝑒𝑎 

𝐶𝐶𝐹 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 21.2 − 7.526 

𝐶𝐶𝐹 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 13.674 𝑚𝑚2 

With that the areas being calculated, the final area of the materials can be determined in 

order to establish the volume fractions of the sample at the gauge length.  

𝑇𝑜𝑡𝑎𝑙 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 +  𝐶𝐶𝐹 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 

𝑇𝑜𝑡𝑎𝑙 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 6.3 + 13.674 

𝑇𝑜𝑡𝑎𝑙 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 19.974 𝑚𝑚2 

The cross sectional area can be converted to volumes by multiplying the area with a unit 

length of 1mm. These volumes can then be used to calculate the volume fractions of the 

composite sample.  

𝑣𝑐 = 𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎 × 1𝑚𝑚 

𝑣𝐶𝐶𝐹 = 𝐶𝐶𝐹𝑎𝑟𝑒𝑎 × 1𝑚𝑚 

𝑣𝑓 = 𝐶𝐹𝑎𝑟𝑒𝑎 × 1𝑚𝑚 

𝑣𝑚 = 𝑇𝑜𝑡𝑎𝑙 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 × 1𝑚𝑚 

The volume fractions of the two filaments are calculated in order to determine the 

mechanical properties of the filaments used in the composite sample. Referring to Figure 56, 

the volume fraction of the filaments in the sample can be calculated as: 

 

Figure 56: Cross section of gauge area of the tensile sample divided by filament. 
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𝑉𝐶𝐶𝐹 =
𝑣𝐶𝐶𝐹

𝑣𝑐
=  

21.2

27.5
= 0.7709 ≈ 77.09%  

𝑉𝑂𝑛𝑦𝑥 =
𝑣𝑂𝑛𝑦𝑥

𝑣𝑐
=

6.3

27.5
 = 0.2291 ≈ 22.91% 

The same sample can be approached by determining the mechanical properties of the 

materials used in the sample instead of the filament.  

 

Referring to Figure 57, the volume fractions of the materials, isolated carbon fibre and Onyx, 

can then be calculated as: 

 

Figure 57: Cross section of gauge area of the tensile sample divided by material 

𝑉𝑓 =
𝑣𝑓

𝑣𝑐
=  

7.526

27.5
= 0.2737 ≈ 27.37%  

𝑉𝑚 =
𝑣𝑚

𝑣𝑐
=

19.974

27.5
 = 0.7263 ≈ 72.63% 

Calculating the cross-sectional amount of material required for a purpose prior to slicing the 

object, would be advantageous in designing an engineering component. The theoretical 

ultimate load for the reinforced sample with the filament volume fractions was calculated 

using Equation 16. The theoretical load of failure for the sample with reinforcement fibre 

would then be: 

𝑃𝑐 = 𝑃𝑚 + 𝑃𝑓 

𝑃𝑐 = 𝐴𝑂𝑛𝑦𝑥 × 𝜎𝑂𝑛𝑦𝑥 + 𝐴𝐶𝐶𝐹 × 𝜎𝐶𝐶𝐹 

σc = 36 𝑀𝑃𝑎 × 6.3 𝑚𝑚2 + 700 𝑀𝑃𝑎 × 21.2 𝑚𝑚2 = 15066.8 𝑁 

or 
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𝜎𝑐 = 𝑉𝑂𝑛𝑦𝑥 × 𝜎𝑂𝑛𝑦𝑥 + 𝑉𝐶𝐶𝐹 × 𝜎𝐶𝐶𝐹 

𝜎𝑐 =
6.3 𝑚𝑚2

27.5 𝑚𝑚2
× 36 𝑀𝑃𝑎 +

21.2 𝑚𝑚2

27.5 𝑚𝑚2
× 700 𝑀𝑃𝑎 

𝜎𝑐 = 547.88 𝑀𝑃𝑎 

𝑃𝑐 = 𝐴𝑐 × 𝜎𝑐 

𝑃𝑐 = 27.5 𝑚𝑚2 × 547.88 𝑀𝑃𝑎 = 15066.8 𝑁 

When considering the volume fractions of the Onyx and isolated CF materials with the 

material properties estimated to be similar to those in the specification sheet, the ultimate 

load of the sample can be calculated as: 

σc = σm𝑉𝑚 + 𝜎𝑓𝑉𝑓 

𝜎𝑐 = 36 𝑀𝑃𝑎 × 0.7263 +  700𝑀𝑃𝑎 × 0.2737 = 217.74 𝑀𝑃𝑎  

𝑃 =  𝜎 × 𝐴 = 217.74 × 27.5 = 5987.85 𝑁  

The tensile samples were then tested as described for the tensile Onyx samples and the 

followings stress vs. strain graphs (Figure 58) were obtained and the processed data is 

presented in Table 10.  

 

Figure 58: Stress vs. Strain graphs of the three 0° test samples in tension. 
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Table 10: 0° composite tensile sample summary  

0° composite tensile sample at room temperature 

Sample no. Young’s 
modulus 
 (MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield 
stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 43047.74 15150.47 550.93 28.66 316.66 

2 39275.61 12314.33 447.79 24.41 285.13 

3 40007.08 12351.43 449.14 11.28 285.78 

5th percentile 39348.76 12318.04 447.93 12.59 285.20 

Average 40776.81 13272.08 482.62 21.45 295.86 

95th percentile 42743.67 14870.57 540.75 28.23 313.57 

Standard 
deviation 

2000.40 1626.84 59.16 9.06 18.02 

Standard error 1154.93 939.26 34.15 5.23 10.40 

 

The material/filament mechanical properties can be determined from the calculated volume 

fractions of the materials in the composite sample for Onyx and CCF. Using the Rule of 

Mixtures, the volume fractions (VOnyx = 0.23 and VCCF = 0.77) together with the supplied 

values for Onyx from Markforged (E = 1400 Mpa and Ultimate stress = 36 MPa), the 

mechanical properties of the CCF material can be determined as: 

𝐸𝑐 = 𝐸𝑂𝑛𝑦𝑥𝑉𝑂𝑛𝑦𝑥 + 𝐸𝐶𝐶𝐹𝑉𝐶𝐶𝐹 

40776.81 𝑀𝑃𝑎 = 1400𝑀𝑃𝑎 × 0.23 + 𝐸𝐶𝐶𝐹 ∗ 0.77 

𝐸𝐶𝐶𝐹 =
40776.81 𝑀𝑃𝑎 − 1400 𝑀𝑃𝑎 ∗ 0.23

0.77
 

𝐸𝐶𝐶𝐹 = 52538.71 𝑀𝑃𝑎  
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The Young’s modulus gives a 2.7% lower value when compared to Markforgeds’ supplied 

value for the continuous carbon fibre. Table 11 gives the updated values of the continuous 

carbon fibre.  

Table 11: Summary of 0° tensile sample updated for continuous carbon fibre values 

0° composite tensile sample at room temperature  
– CCF volume fraction = 0.77 

- gauge cross section area (mm2) = 27.50 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum stress 
(MPa) 

1 55424.19 15150.47 703.95 

2 50531.10 12314.33 570.17 

3 51479.94 12351.43 571.92 

5th percentile 50625.98 12318.04 570.34 

Average 52478.41 13272.08 615.34 

95th percentile 55029.76 14870.57 690.74 

Standard deviation 2594.86 1626.84 76.74 

Standard error 1498.14 939.26 44.30 

 

Comparing the average values of the tested samples to the values supplied by Markforged, 

the following differences were noted: 

The ultimate stress is 12.1%lower when compared to Markforgeds’ value. The Young’s 

modulus compares fairly well being only 2.7% lower, indicating that the procedure/method 

will yield satisfactory  results at a temperature of 54°C as well; however, the lower ultimate 

stress indicates a potential sample fixture problem.  

The first sample failed at almost exactly 700 MPa (703.95 MPa) followed by the other two 

samples with lower failure points. This is the same for the ultimate load. Slight modifications 

to the clamp pressure or tab thickness could remedy this concern as well as a larger test 

batch for more accurate values. The differences between the supplied Markforged values 

and the measured values are presented in Table 13.  

The values can also be corrected for the true fibre volume fraction as with the second break 

down of the composite sample, using the fibre volume fraction of the isolated CF( V_f = 

27.37%) and matrix volume fraction for the Onyx (Vm = 72.63%). The mechanical properties 

of the isolated carbon fibre material are presented in Table 12.  
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Table 12: Summary of 0° tensile sample updated for isolated carbon fibre 

0° composite tensile sample at room temperature  
– CF volume fraction = 0.27 

- gauge cross section area (mm2) = 27.50 

Sample no. Young’s modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

1 153580.81 15150.47 1917.54 

2 139797.45 12314.33 1540.69 

3 142470.26 12351.43 1545.62 

5th percentile 140064.73 12318.04 1541.19 

Average 145282.84 13272.08 1667.95 

95th percentile 152469.76 14870.57 1880.35 

Standard deviation 7309.46 1626.84 216.16 

Standard error 4220.12 939.26 124.80 

 

Isolating the carbon fibre in the continuous carbon fibre material yielded the mechanical 

properties of the carbon fibre to have, on average, a Young’s modulus of 145.28 GPa and 

maximum stress of 1667.95 MPa at room temperature. There are no values supplied by 

Markforged for the individual properties of the carbon fibre to compare to.  

Table 13: Comparison between measured and Markforged mechanical properties for carbon fibre reinforced 
samples in tension. 

Mechanical properties of 
CCF 

Markforged 
(MPa) 

Physical testing 
(Average) 

(MPa) 

Percentage 
difference 

Young’s modulus  54000 52478.41 2.27% (lower) 

Ultimate stress  700 615.34 12.1% (lower) 

 

5.2.2. Tensile testing at 54°C 
 

The tensile tests were repeated for both the Onyx samples and composite samples to 

investigate the mechanical properties of the materials at 54°C.  

5.2.2.1. Onyx samples at 54°C 
 

Tension samples were printed with the Onyx material with 100% infill. The Onyx sample was 

tested first in order to define the matrix material’s mechanical properties at 54°C. It is known 

that the cross sectional area of the gauge section is 27.5 mm2, since the same samples are 

used as in the verification section.  
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Using the only known mechanical properties of Onyx at room temperature (Appendix A) and 

the cross sectional area, the theoretical ultimate load was calculated using equation 1 as 

990 N. Appendix I describes the procedure of the three test samples being submitted to 

testing. Figure 59 shows the three Onyx samples’ stress vs. strain graphs and are tabulated 

in Table 14. 

 

Figure 59: Stress vs. Strain graphs of the three Onyx test samples at an elevated temperature in tension. 

Table 14: Onyx tensile sample at 54°C test results 

Onyx tensile sample at 54°C 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield 
stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 831.60 648.33 23.58 1.65 7.30 

2 721.89 666.63 24.24 1.50 6.98 

3 1039.17 653.70 23.77 2.63 6.39 

5th percentile 732.86 648.87 23.60 1.51 6.45 

Average 864.22 656.22 23.86 1.93 6.89 

95th percentile 1018.41 665.33 24.19 2.54 7.27 

Standard deviation 161.14 9.40 0.34 0.62 0.46 

Standard error 93.03 5.43 0.20 0.36 0.27 

 

The Young’s modulus was found to be 38.27% lower, when comparing the average results 

of the Onyx tensile tests at 54°C to with the values supplied by Markforged (at room 

temperature). Comparing the maximum stress values of the various Onyx tensile samples at 

54°C showed a reduction of 33.27%. A larger sample base would narrow the spread of the 

values, as with the verification tests. 
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Two strain gauges were used per Onyx sample to measure the strain under load to calculate 

the Poisson’s Ratio. The Poisson’s ratio is calculated by dividing the difference in transverse 

strain by the difference in longitudinal strain.  

The Poisson was measured for tension and compression. The following graph in Figure 60 

illustrates the values obtained during the test and the Poisson’s ratio was calculated using 

Equation 8 (the equation remains the same for compression as well as for tension) as 

around 0.493.  

 

Figure 60: Onyx sample strain gauge graph 

The Onyx material, which is in essence nylon, loses its rigidity as the temperature increases. 

The final tensile values for the mechanical properties of Onyx at 54°C is presented in Table 

15 and were used for the reinforced samples’ calculations. 

Table 15: Mechanical properties of Onyx at 54°C 

Property Onyx 

𝐸11 (MPa) 864.22 (tension) 

𝐸22 (MPa) 864.22 (tension) 

𝑣12 0.493 

𝐺12 (MPa) 1157.7(864.22 for al E values) 

 

5.2.2.2. Reinforced tensile samples at 54°C 
 

Three orientations were applied for the reinforcement fibre of the composite samples. The 

three directions for the reinforcement fibres were 0°, 45° and 90°. 
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5.2.2.2.1. 0° tensile samples at 54°C 
 

The tests being performed at 54°C progressed to the reinforcement samples after having 

determined the mechanical properties for Onyx at 54°C. Using the values of Table 14 for 

Onyx, the contribution of the continuous carbon fibre material could be determined at 54°C. 

The same dimensions and cross-sectional areas were used as with the room temperature 

tests, since the samples are the same as in the verification tests. 

The same theoretical ultimate load was used as with the room temperature samples, as the 

mechanical properties at 54°C were still unknown.  

The three reinforced samples with the fibres running along the length of the sample were 

tested according to the test procedure as described in Appendix I – D3039 Tension test 

procedure at 54°C. The three 0° samples presented the Stress vs. Strain graphs as can be 

seen in Figure 61 while under tensile loading and are tabulated in Table 16.  

 

Figure 61: Stress vs. Strain graphs of the three 0° test samples at an elevated temperature in tension. 

The same process was used to determine the mechanical properties of the materials as in 

Chapter 5.2.1 . Table 16 contains the results of the properties of the composite samples 

obtained during testing at 54°C. The reading of the isolated CCF material of the composite 

sample, is presented in Table 17, while the isolation of the carbon fibre is presented in Table 

18.  
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Table 16: 0° tensile composite samples at 54°C  test results 

0° composite tensile sample at 54°C 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield 
stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 46049.06 14397.40 523.54 104.55 295.29 

2 49967.23 14853.61 540.13 143.55 318.52 

3 46875.96 16383.79 595.77 108.18 292.56 

5th percentile 46131.75 14443.02 525.20 104.92 292.84 

Average 47630.75 15211.60 553.15 118.76 302.12 

95th percentile 49658.11 16230.77 590.21 140.01 316.20 

Standard deviation 2065.26 1040.45 37.83 21.54 14.27 

Standard error 1192.38 600.71 21.84 12.44 8.24 

 

The data in Table 16, combined with the volume fractions calculated for the composite 

tensile sample yields the results in Table 17.  The Young’s modulus value for the 

calculations for the Onyx material is taken from Table 15 as 864.22MPa. Table 16 can be 

updated for the continuous carbon fibre mechanical properties at 54°C by using equation 18, 

and is presented in Table 17.  

Table 17: 0° tensile continuous carbon fibre material properties at 54°C test results 

0° composite tensile sample at 54°C 
– CCF volume fraction = 0.77 

- gauge cross section area (mm2) = 27.50 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 59476.64 14397.40 672.03 104.55 295.29 

2 64559.17 14853.61 693.55 143.55 318.52 

3 60549.27 16383.79 765.73 108.18 292.56 

5th percentile 59583.90 14443.02 674.18 104.92 292.84 

Average 61528.36 15211.60 710.44 118.76 302.12 

95th percentile 64158.18 16230.77 758.51 140.01 316.20 

Standard deviation 2678.99 1040.45 49.08 21.54 14.27 

Standard error 1546.72 600.71 28.34 12.44 8.24 

 
The values in Table 17 could be compared to the supplied values from Markforged, after 

isolating the continuous carbon fibres mechanical properties from the Onyx. The Young’s 

modulus of the continuous carbon fibre at 54°C saw an increase of 13.94% when compared 

to the supplied values of Markforged. On the other hand, the ultimate stress varied with an 

increase of only 1.49%.  
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The maximum stress still compared favourably with that of the supplied values from 

Markforged, although the three samples showed an increase in the Young’s modulus at 

54°C. Isolating the carbon fibre in the continuous carbon fibre material yields the material 

property values presented in Table 18.  

Table 18: 0° tensile carbon fibre material properties at 54°C test results 

0° composite tensile sample at 54°C 
– CF volume fraction = 0.27 

- gauge cross section area (mm2) = 27.50 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 165969.62 14397.40 1849.69 104.55 295.29 

2 180286.61 14853.61 1910.31 143.55 318.52 

3 168991.11 16383.79 2113.63 108.18 292.56 

5th percentile 166271.77 14443.02 1855.75 104.92 292.84 

Average 171749.11 15211.60 1957.88 118.76 302.12 

95th percentile 179157.06 16230.77 2093.29 140.01 316.20 

Standard deviation 7546.46 1040.45 138.25 21.54 14.27 

Standard error 4356.95 600.71 79.82 12.44 8.24 

 

Isolating the carbon fibre in the continuous carbon fibre material yielded the mechanical 

properties of the carbon fibre to have a Young’s modulus of 171.75 GPa and maximum 

stress of 1957.88 MPa on average at a temperature 54°C. There are no values supplied by 

Markforged for the individual properties of the carbon fibre to compare to.  

The Poisson’s ratio was also determined for the 0° reinforced sample and yielded the graph 

presented in Figure 62, as with the Onyx sample. The Poisson ratio of the sample was 

determined to be 0.283 in tension and 0.207 in compression using Equation 8. The Poisson 

ratio was only measured on one sample with the focus on the tensile direction, since the 

primary focus of this study is on the mechanical properties of the material in tension and 

compression.  

 

Figure 62: 0 degree sample strain gauge graph 
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5.2.2.2.2. 45° & 90° tensile samples at 54°C 
 

The Young’s modulus in the secondary direction and the shear modulus also needed to be 

defined, in order to treat the FFF materials as engineering materials. This was accomplished 

by using the same tensile sample dimensions, but modifying the reinforcement fibre direction 

in Eiger so that the continuous carbon fibre would be at 45° and 90° orientation along the 

length of the sample in the respective sample batches. 

Three of each of these samples were tested in the same manner as the Onyx and 0° 

samples at 54°C and the following results presented in the Stress vs. Strain graphs (Figure 

63) were achieved at 54°C. 

  
Figure 63: Stress vs. Strain graphs of the three 45° (left) & 90° three (right) test samples at an elevated 

temperature in tension. 

The mechanical properties of the continuous carbon fibre have already been isolated and 

are presented in Table 19 and Table 20, using the same cross sectional areas as with the 0° 

tensile samples at 54°C. 

Table 19: 45° tensile continuous carbon fibre material properties at 54°C test results 

45° composite tensile sample at 54°C 
– CCF volume fraction = 0.77 

- gauge cross section area (mm2) = 27.50 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 10377.79 3111.89 139.70 21.92 48.07 

2 9700.45 3036.93 136.16 19.92 45.77 

3 10882.67 3318.32 149.43 19.91 52.78 

5th percentile 9768.18 3044.43 136.51 19.91 46.00 

Average 10320.30 3155.71 141.76 20.58 48.87 

95th percentile 10832.18 3297.68 148.46 21.72 52.31 

Standard deviation 593.20 145.72 6.87 1.16 3.58 

Standard error 342.49 84.13 3.97 0.67 2.06 
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Table 20: 90° tensile continuous carbon fibre material properties at 54°C test results 

90° composite tensile sample at 54°C 
– CCF volume fraction = 0.77 

- gauge cross section area (mm2) = 27.50 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 6464.26 651.58 23.64 6.44 21.65 

2 6860.78 570.81 19.83 7.61 19.74 

3 5755.10 755.61 28.55 10.09 24.33 

5th percentile 5826.02 578.89 20.21 6.55 19.93 

Average 6360.05 659.33 24.01 8.04 21.91 

95th percentile 6821.13 745.20 28.06 9.84 24.06 

Standard 
deviation 

560.16 92.64 4.37 1.86 2.31 

Standard error 323.41 53.49 2.52 1.08 1.33 

 

The continuous carbon fibre properties for these samples are defined in Table 21, using the 

average values of the Onyx, 0°, 45° & 90° samples and using the Equation 19 through 

Equation 22. 

Table 21: Mechanical properties of carbon fibre in tension at 54°C 

Property Continuous Carbon Fibre 

𝐸11 (MPa) 61528.36 

𝐸22 (MPa) 6360.05 

𝑣12 0.283 

𝐺12 (MPa) 18682.74 

 

The composite can be broken down further. Isolating the carbon fibre in the continuous 

carbon fibre material yields the material property values presented in Table 22 and Table 23.  
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Table 22: 45° tensile carbon fibre material properties at 54°C test results 

45° composite tensile sample at 54°C 
– CF volume fraction = 0.27 

- gauge cross section area (mm2) = 27.50 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 27663.01 3111.89 350.15 21.92 48.07 

2 25755.01 3036.93 340.19 19.92 45.77 

3 29085.21 3318.32 377.58 19.91 52.78 

5th percentile 25945.81 3044.43 341.19 19.91 46.00 

Average 27501.07 3155.71 355.98 20.58 48.87 

95th percentile 28942.99 3297.68 374.84 21.72 52.31 

Standard deviation 1670.99 145.72 19.36 1.16 3.58 

Standard error 964.75 84.13 11.18 0.67 2.06 

 
Table 23: 90° tensile carbon fibre material properties at 54°C test results 

90° composite tensile sample at 54°C 
– CF volume fraction = 0.27 

- gauge cross section area (mm2) = 27.50 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 16638.99 651.58 23.25 6.44 21.65 

2 17755.95 570.81 12.51 7.61 19.74 

3 14641.36 755.61 37.07 10.09 24.33 

5th percentile 14841.12 578.89 13.59 6.55 19.93 

Average 16345.43 659.33 24.28 8.04 21.91 

95th percentile 17644.25 745.20 35.69 9.84 24.06 

Standard deviation 1577.91 92.64 12.31 1.86 2.31 

Standard error 911.01 53.49 7.11 1.08 1.33 

 

5.3. Discussion of tensile testing results 
 

First, the test results of the room temperature tensile tests are considered. The Young’s 

modulus of the carbon fibre compared  favourable in tension compared to the supplied value 

of 54 GPa. However, some concern is raised about the ultimate stress value. The tensile 

samples indicated earlier failure, indicating that the samples could have failed due to 

crushing of the tabs. A comparison of carbon fibres’ room temperature mechanical 

properties versus the reference values can be found in Table 24. 
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Table 24: Onyx sample mechanical property at room temperature testing summary 

Mechanical properties of Onyx Markforged (MPa) Tension (MPa) % difference 

Young’s modulus  54000 52478.41 2.27% (lower) 

Ultimate stress  700 [Tensile] 615.34 12.1% (lower) 

 

Next, the test results of the tests at 54°C are considered. Looking at the Onyx tensile 

samples at 54°C, it is observed that the material has a reduced Young’s modulus value as 

well as a reduced maximum stress value. The comparison of the Onyx tensile values at 

54°C versus the supplied values at room temperature is summarised in Table 25.  

Table 25: Comparison between the Onyx tensile mechanical properties at 54°C and reference values 

 
Markforged values Average Tensile values % difference 

Young’s modulus (MPa) 1400 864.22 38.27 (lower) 

Maximum stress (MPa) 36 23.86 33.72 (lower) 

 

When looking at the tensile tests at 54°C it was found that the continuous carbon fibre 

registered a slightly higher Young’s modulus and ultimate stress than the reference values 

and room temperature values. A comparison of continuous carbon fibres’ mechanical 

properties at 54°C versus the reference values can be found in Table 26 

Table 26: Carbon fibre tensile mechanical properties at 54°C compared to reference values 

Mechanical properties of Onyx Markforged (MPa) Tension (MPa) % difference 

Young’s modulus  54000 61528.36 13.94  (higher) 

Ultimate stress  700 [Tensile] 710.44 1.49 (higher) 

 

Lastly, the carbon fibre could be isolated in the continuous carbon fibre filament and was 

found to have a Young’s modulus of 145.28 GPa and ultimate stress of 1667.95 MPa at 

room temperature while having a Young’s modulus of 171.75 GPa and ultimate stress of 

1957.88 MPa at 54°C.  

5.4. Compressive testing 
 

The compressive tests were conducted with ASTM D695 and D6641 for Onyx and 

Composite samples at room temperature and 54°C.The three stagedapproach used in 

chapter 5.2) was also employed with the compression samples to determine the mechanical 

properties of the composite, the CCF filament and the isolated CF.  
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5.4.1. Compressive testing at room temperature of carbon fibre 
 

The compression tests were performed to determine the mechanical properties of the carbon 

fibre at room temperature for reference values before performing the tests at 54°C. The 

D6641 method was chosen for the room temperature tests to determine the mechanical 

properties of the carbon fibre as anticipated because of the similarity of the samples used by 

Markforged.  

The compression test samples described by Markforged measure 139.7 mm x 12.7 mm x 

2.159 mm, while the samples used in this study, according to D6641,  measured 140 mm x 

12.7 mm x 2.25 mm. These differences were considered negligible because they are in 

essence the same sample dimensions. The major difference between the samples is the 

interior composition of the sample. The cross sectional area of the gauge length of the 

composite compression sample is presented in Figure 64. 

 

Figure 64: Cross sectional area of the 0° compression sample. 

As with the tensile sample, using Figure 64, the carbon fibre coefficient (CFcoef = 0.355, refer 

to chapter 2.2.3) and knowing the nozzle width to be 0.4mm and the layer height to be set to 

0.125mm, the cross-sectional area of the compression sample can be calculated as: 

𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎 = 12.7 × 2.25 = 28.575 𝑚𝑚2 

The amount of reinforcement filament (CCF) used would be: 

𝐶𝐶𝐹𝑎𝑟𝑒𝑎 = 10.3 × 1 = 10.3𝑚𝑚2 

The Onyx area surrounding the CCF area can be calculated by subtracting the CCF area 

from the total area, since the remaining material is pure Onyx. 
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𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎 = 𝐶𝐶𝐹𝑎𝑟𝑒𝑎 + 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 

𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎 − 𝐶𝐶𝐹𝑎𝑟𝑒𝑎 

𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 28.575 − 10.3 = 18.275 𝑚𝑚2 

The composition of the CCF area when broken into Onyx and CF is then: 

𝐶𝐹𝑎𝑟𝑒𝑎 = 𝐶𝐶𝐹𝑎𝑟𝑒𝑎 × 𝐶𝐹𝑐𝑜𝑒𝑓 

𝐶𝐹𝑎𝑟𝑒𝑎 = 10.3 × 0.355 

𝐶𝐹𝑎𝑟𝑒𝑎 = 3.6565 𝑚𝑚2 

The rest of the area is assumed to be covered by the matrix material Onyx 

𝐶𝐶𝐹𝑎𝑟𝑒𝑎 = 𝐶𝐹𝑎𝑟𝑒𝑎 + 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 

𝐶𝐶𝐹 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 𝐶𝐶𝐹𝑎𝑟𝑒𝑎 − 𝐶𝐹𝑎𝑟𝑒𝑎 

𝐶𝐶𝐹 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 10.3 − 3.6565 

𝐶𝐶𝐹 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 6.6435 𝑚𝑚2 

With the areas being calculated, the final area of the materials can be determined in order to 

establish the volume fractions of the sample at the gauge length.  

𝑇𝑜𝑡𝑎𝑙 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 +  𝐶𝐶𝐹 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 

𝑇𝑜𝑡𝑎𝑙 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 18.275 + 6.6435 

𝑇𝑜𝑡𝑎𝑙 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 24.9185 𝑚𝑚2 

The cross-sectional area can be converted to volumes by multiplying the area with a unit 

length of 1mm. These volumes can then be used to calculate the volume fractions of the 

composite sample.  

𝑣𝑐 = 𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎 × 1𝑚𝑚 

𝑣𝐶𝐶𝐹 = 𝐶𝐶𝐹𝑎𝑟𝑒𝑎 × 1𝑚𝑚 

𝑣𝑓 = 𝐶𝐹𝑎𝑟𝑒𝑎 × 1𝑚𝑚 

𝑣𝑚 = 𝑇𝑜𝑡𝑎𝑙 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 × 1𝑚𝑚 

The volume fractions of the two filaments are calculated in order to determine the 

mechanical properties of the filaments used in the composite sample. 
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Referring to Figure 65, the volume fraction of the filaments in the sample can be calculated 

as: 

 

Figure 65: Cross section of gauge area of the compression sample divided by filament. 

𝑉𝐶𝐶𝐹 =
𝑣𝐶𝐶𝐹

𝑣𝑐
=  

10.3

28.575
= 0.3605 ≈ 36.05%  

𝑉𝑂𝑛𝑦𝑥 =
𝑣𝑂𝑛𝑦𝑥

𝑣𝑐
=

18.275

28.575
 = 0.6395 ≈ 63.95% 

The same sample can be approached by determining the mechanical properties of the 

materials used in the sample instead of the filament. Referring to Figure 66, the volume 

fractions of the materials, isolated carbon fibre and Onyx, can then be calculated as: 

 

Figure 66: Cross section of gauge area of the tensile sample divided by material 

𝑉𝑓 =
𝑣𝑓

𝑣𝑐
=  

3.6565

28.575
= 0.1280 ≈ 12.80%  

𝑉𝑚 =
𝑣𝑚

𝑣𝑐
=

24.9185

28.575
 = 0.8720 ≈ 87.20% 

The theoretical ultimate load for the reinforced sample with the filament volume fractions was 

calculated using Equation 16.  
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The theoretical load of failure for the sample with reinforcement fibre is: 

𝑃𝑐 = 𝑃𝑚 + 𝑃𝑓 

𝑃𝑐 = 𝐴𝑂𝑛𝑦𝑥 × 𝜎𝑂𝑛𝑦𝑥 + 𝐴𝐶𝐶𝐹 × 𝜎𝐶𝐶𝐹 

σc = 36 𝑀𝑃𝑎 × 10.3𝑚𝑚2 + 320 𝑀𝑃𝑎 × 18.275 𝑚𝑚2 =  6218.8 𝑁 

or 

𝜎𝑐 = 𝑉𝑂𝑛𝑦𝑥 × 𝜎𝑂𝑛𝑦𝑥 + 𝑉𝐶𝐶𝐹 × 𝜎𝐶𝐶𝐹 

𝜎𝑐 =
10.3 𝑚𝑚2

27.575 𝑚𝑚2
× 36 𝑀𝑃𝑎 +

18.275 𝑚𝑚2

27.575 𝑚𝑚2
× 700 𝑀𝑃𝑎 

𝜎𝑐 = 225.52 𝑀𝑃𝑎 

𝑃𝑐 = 𝐴𝑐 × 𝜎𝑐 

𝑃𝑐 = 27.575 𝑚𝑚2 × 225.52 𝑀𝑃𝑎 = 6218.8 𝑁 

When considering the volume fractions of the Onyx and isolated CF materials with the 

material properties estimated to be similar to those in the specification sheet, the ultimate 

load of the sample can be calculated as: 

σc = σm𝑉𝑚 + 𝜎𝑓𝑉𝑓 

𝜎𝑐 = 36 𝑀𝑃𝑎 × 0.8720 +  320𝑀𝑃𝑎 × 0.1280 = 72.35 𝑀𝑃𝑎  

𝑃 =  𝜎 × 𝐴 = 72.35 × 28.575 = 2067.4 𝑁  

The critical load was also calculated using the Onyx and CCF values, because this sample is 

loaded under compression and was calculated as: 

𝐺𝑎𝑢𝑔𝑒 𝑙𝑒𝑛𝑔𝑡ℎ = 140𝑚𝑚 − 2 × 64𝑚𝑚 = 12𝑚𝑚 

𝑃𝑐𝑟 =
𝜋2 𝐸𝐼

𝐾𝐿2
 

𝑃𝑐𝑟 =
𝜋2 ∗ (0.36 × 1400 𝑀𝑃𝑎 + 0.64 × 54000) ×

1

12
× 12.7 𝑚𝑚 × 2.253𝑚𝑚

(0.5 × 12)2 𝑚𝑚
=  67209.83 𝑁 

The sample would fail in compression before buckling since 3964.7N < 67209.83 N. 
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Three samples were tested in compression and the results are presented in Figure 67 and 

tabulated in Table 27. 

 

Figure 67: Stress vs. Strain graphs of the three 0° test samples in compression. 

The graphs show multiple small linear zones. This could be due to the D6641 jig some 

stiffness to the model when some deformation occurs. The initial region shown in the graphs 

is where the MTS Landmarks’ piston had not yet made full contact with the jig and sample. 

The sample begins to take the load after this initial seating section. This initial load bearing 

linear zone lies between 0.005 and 0.022 strain for each of the three samples. 

The Young’s modulus starts to increase, but the three samples deviate after the initial 

seating zone. The initial region is used where the slope of the Young’s modulus is similar for 

each of the all three samples.   

Table 27: 0° composite compression sample at room temperature summary 

0° composite compression sample at room temperature 

Sample no. Young’s 
modulus 
 (MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield 
stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 22157.09 4410.37 154.34 8.45 -26.50 

2 20904.46 5623.56 196.80 7.57 164.37 

3 17798.29 4747.46 166.14 13.87 -30.51 

5th percentile 18108.91 4444.08 155.52 7.66 -30.11 

Average 20286.62 4927.13 172.43 9.96 35.79 

95th percentile 22031.83 5535.95 193.73 13.33 145.28 

Standard 
deviation 

2244.12 626.23 21.92 3.41 111.38 

Standard error 1295.64 361.56 12.65 1.97 64.30 
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The material/filament mechanical properties can be determined from the calculated volume 

fractions of the materials in the composite sample for Onyx and CCF. Using the Rule of 

Mixtures, the volume fractions (VOnyx = 0.23 and VCCF = 0.77) together with the supplied 

values for Onyx from Markforged (E = 1400 MPa and Ultimate stress = 36 MPa), the 

mechanical properties for the CCF material  are determined as: 

𝐸𝑐 = 𝐸𝑂𝑛𝑦𝑥𝑉𝑂𝑛𝑦𝑥 + 𝐸𝐶𝐶𝐹𝑉𝐶𝐶𝐹 

20286.62 𝑀𝑃𝑎 = 1400𝑀𝑃𝑎 × 0.64 + 𝐸𝐶𝐶𝐹 ∗ 0.36 

𝐸𝐶𝐶𝐹 =
40776.81 𝑀𝑃𝑎 − 1400 𝑀𝑃𝑎 ∗ 0.64

0.36
 

𝐸𝐶𝐶𝐹 = 53796.60 𝑀𝑃𝑎  

The Young’s modulus was found to have a 0.4% lower value when compared to 

Markforgeds’ supplied value for the continuous carbon fibre. The updated values of the 

continuous carbon fibre in compression are presented in Table 28.  

Table 28: Summary of 0° compression sample updated for continuous carbon fibre values 

0° composite compression sample at room temperature  
– CCF volume fraction = 0. 36 

- gauge cross section area (mm2) = 27.50 

Sample no. gauge cross 
section area 

Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

1 28.58 58985.81 4410.37 364.32 

2 28.58 55510.68 5623.56 482.10 

3 28.58 46893.33 4747.46 397.04 

5th percentile 
 

47755.06 4444.08 367.59 

Average 
 

53796.60 4927.13 414.49 

95th percentile 
 

58638.29 5535.95 473.60 

Standard deviation 
 

6225.80 626.23 60.80 

Standard error 
 

3594.47 361.56 35.10 

 

Comparing the measured results with those presented by Markforged indicates thatthe same 

method for determining Onyxs’ mechanical properties could be transferred to the 

reinforcement fibre as well. Testing a larger sample batch would reduce the spread of data. 

The ultimate stress for the carbon fibre is 29.5% higher than the value supplied by 

Markforged. 
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The initial phase of testing compared favourably with the supplied data, when looking at the 

graphs and data obtained during testing. The ultimate stress could be artificially increased 

most likely due to the added stiffness of the ASTM D6641 jig.  

It may be possible that the jig was over-tightened or that some other factor increased the 

resistance to deformation, like corroded or misaligned parts. However, the jig should not 

interfere with the acquisition of data. The comparative results of the properties of the 

continuous carbon fibre at room temperature versus the values supplied by Markforged are 

given in Table 29.  

Table 29: Reinforced tensile sample mechanical property comparison 

Mechanical properties of 
CCF 

Markforged 
(MPa) 

Physical testing (Average) 
(MPa) 

Percentage 
difference 

Young’s modulus  54000 53796.60 0.4% (lower) 

Ultimate stress  320 414.49   29.5% (higher) 

 

With careful interpretation of the data, this method can still determine the Young’s modulus 

of the material in compression. The values can also be corrected for the true fibre volume 

fraction as with the second break down of the composite sample, using the fibre volume 

fraction of the isolated CF( Vf = 12.80%) and matrix volume fraction for the Onyx (Vm = 

87.20%). The mechanical properties of the isolated carbon fibre material are presented in 

Table 30.  

Table 30: 0° compressive continuous carbon fibre material properties at 54°C test results 

0° composite compression sample at room temperature  
– CF volume fraction = 0.13 

- gauge cross section area (mm2) = 27.50 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

1 163613.54 4410.37 960.84 

2 153824.45 5623.56 1292.63 

3 129550.21 4747.46 1053.03 

5th percentile 131977.64 4444.08 970.06 

Average 148996.07 4927.13 1102.16 

95th percentile 162634.63 5535.95 1268.67 

Standard deviation 17537.46 626.23 171.27 

Standard error 10125.26 361.56 98.88 
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Isolating the carbon fibre in the continuous carbon fibre material yielded the mechanical 

properties of the carbon fibre to have a Young’s modulus of 149 GPa and maximum stress 

of 1102.16 MPa on average at room temperature. No values are supplied by Markforged for 

the individual properties of the carbon fibre for comparison.  

5.4.2. Compressive testing at 54°C 
 

The material properties were investigated for Onyx and CFF at room temperature in 

compression. This section repeats the compression tests for both the D695 and D6641 at a 

temperature of 54°C to investigate the mechanical properties of the material in compression 

at 54°C. 

5.4.2.1. Compressive tests of cylindrical samples at 54°C 
 

Four test batches were prepared for the D695 tests. Two batches of cylindrical samples 

without any reinforcement and two batches of cylindrical samples with the upright printed 

sample with the reinforcement material placed concentrically should have evenly balanced 

reinforcement fibre in both the X and Y direction. The part should be equally strong in the X 

and Y direction with balanced layers. 

The orientation of the cylinder around its axis is irrelevant as the layers are already internally 

perpendicular to the axis of the cylinder in batches C and D. Figure 68 shows the difference 

in orientation and reinforcement direction. 

 

Figure 68: Compression sample fibre orientation 

The cylinder was positioned on its side so that the layers are perpendicular to the axis to 

determine the material properties in the direction of the layers. The compression tests 

consisted of batches of seven to obtain an average of the mechanical properties. There were 

two major groups for the compression tests:  

1. Samples created with Onyx material only (Batch A and C). 

2. Samples reinforced with carbon fibre (Batch B and D). 
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Within each group, there was one batch with the layers parallel to the axis of the cylinder 

and one batch with the layers perpendicular to the axis of the cylinder. Table 31 clarifies the 

samples’ material composition, print orientation and batch identification. 

Table 31: D695 at 54°C compression sample batches 

Batch 
no. 

Fibre orientation Sample print 
orientation 

Sample Sample  
(manufactured) 

A 

    

B 

 
   

C 

    

D 

  
  

5.4.2.1.1. Onyx at 54° (Batch A & C) 
 

Only data of tensile testswas available when calculating the theoretical values for the 

mechanical properties of the Onyx material. It was assumed that the Onyx performs similarly 

in tension as in compression. Thus the tensile properties were used for the estimation of the 

compression values just to obtain an initial value that can be used to compare with the actual 

results. The yield stress for the Onyx is 36 MPa ( Appendix A). The failure load can therefore 

be calculated as, using Equation 6: 

𝑤ℎ = 𝐴 = 𝜋𝑟2 = 𝜋 ∗ ( 
12.7𝑚𝑚

2
)

2

= 126.68 𝑚𝑚2 

𝑃𝑓 = Fcu𝑤ℎ = 36 𝑀𝑃𝑎 ∗ 𝜋 126.68 mm2 = 4560.37 𝑁 

The critical load for buckling is the same as for the verification tests and is calculated as: 

𝑃𝑐𝑟 =
𝜋2𝐸𝐼

𝐾𝐿2
= 6837.31 𝑁 
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The sample will thus fail in compression before buckling since 4560.37 N < 6837.13 N. 

The tests were performed slightly differently than the verifications tests as the samples 

needed to be heated up to at least 54°C. The oven was used to heat up the samples, as with 

the tensile samples to 54°C. Strain rates varied between batches and deviated from the 

prescribed 1.3mm/min in this test. This was done in order to complete all the tests in the 

available time slot.   

The pure Onyx tests were stopped after a given amount of deflection as the Onyx materials 

kept deforming and offering resistance to the testing machine. The machine continued to 

measure deformation under load and continued until there was a sudden failure of the 

sample or buckling. 

A specific stress-strain curve is expected when testing plastics in compression. Figure 69 

shows the expected curve that can be compared to the graphs in the previous chapters. 

Note the regions expected in each graph from the seating region (A-C), to the linear region 

(C-D) and the yield region (D-F).  

 

Figure 69: ASTM D695 toe compensation example graphs for compressive tests. Source: ASTM International 

The tests for sample Batch A were stopped prematurely to ultimate failure, because sudden 

failure did not occur after a minute of testing. 
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 The graphs of the tests of batch A and C can be viewed in Figure 70 and Figure 71 and the 

data is tabulated in Table 32 and Table 33 for batch A and C respectively.  

 

Table 32: Summary of compression test calculations results for sample batch A and C 

Onyx compression samples at 54°C – Batch A 

Batch Sample  E 
Yield 

strength 
Offset yield 

strength (0.02) 
Ultimate 
strength 

Ultimate 
load 

Resilience 

Letter No. MPa MPa MPa MPa kN % 

A 1 451.47 4.68 11.93 42.07 5329.62 15.75 

A 2 390.32 6.95 11.14 62.37 7900.68 15.89 

A 3 392.81 4.75 11.53 55.59 7042.23 16.92 

A 4 383.43 6.41 11.80 57.67 7305.81 18.16 

A 5 440.74 7.58 13.59 44.75 5668.29 20.94 

A 6 444.13 10.10 13.79 47.98 6077.83 21.42 

A 7 417.28 8.64 12.35 43.51 5512.20 18.29 

Average  
417.17 7.01 12.30 50.56 6405.24 18.19 

Standard 
deviation 

 
28.61 1.98 1.02 7.93 1004.81 2.27 

95th  
449.27 9.66 13.73 60.96 7722.22 21.27 

5th  
385.49 4.70 11.25 42.50 5384.40 15.79 

 

 

 

 

Figure 70: Stress vs. Strain graph of batch A 

 

Figure 71: Stress vs. Strain graph of batch C 

 



 
104 

 
 

Table 33: Summary of compression test calculations results for sample batch C 

Onyx compression samples at 54°C – Batch C 

Batch Sample  E 
Yield 

strength 
Offset yield 

strength (0.02) 
Ultimate 
strength 

Ultimate 
load 

Resilience 

Letter No. MPa MPa MPa MPa kN % 

C 1 397.65 4.81 11.51 65.91 8349.87 16.64 

C 2 365.96 6.82 10.81 50.50 6397.15 15.96 

C 3 451.29 0.26 10.89 91.19 11552.21 13.14 

C 4 422.98 8.33 12.44 62.08 7863.91 18.29 

C 5 449.78 7.51 12.78 64.76 8203.69 18.16 

C 6 463.89 7.36 13.18 89.06 11282.43 18.73 

C 7 410.12 6.13 12.36 73.38 9296.04 18.62 

Average  
423.10 5.89 11.99 70.99 8992.19 17.08 

Standard 
deviation 

 
34.76 2.73 0.93 14.74 1867.83 2.03 

95th  
460.11 8.09 13.06 90.56 11471.28 18.69 

5th  
375.47 1.62 10.83 53.97 6837.18 13.99 

 

The lowest values were used for the Onyx material in order to simplify the calculations and 

to stay conservative. This would also allow the material to be treated as an isotropic material 

since the lowest values are considered. These values are  for the Young’s modulus (E) = 

417.17 MPa, yield strength = 5.89 MPa and offset yield strength = 11.99 MPa. Verifications 

tests indicated that the print orientation does have an effect on the materials mechanical 

properties’ to an extent although batches A and C tested similar values.  

5.4.2.1.2. Sample batch B – parallel with print bed  
 

The volume fraction of the composite is required for calculations as soon as the samples are 

reinforced, in this case with carbon fibre. Inspecting the material paths of the sample in Eiger 

(See Figure 72 and Figure 73), it can be observed that the sample has, in both orientations, 

two concentric lines of the Onyx material. The rest of the sample consists of the CCF 

material.  

 

Figure 72: Cross section view of the material paths of the 
D695 composite sample from batch B 

 

Figure 73: Cross section view of the material paths of the 
D695 composite sample from batch D 
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Knowing the sample diameter to be 12.7mm and the carbon fibre coefficient (CF_coef = 

0.355, refer to chapter 2.2.3), the cross-sectional composition of both samples can be 

approximated with the aid of the illustration in Figure 74. 

 

Figure 74: Illustration of the approximation of the cross sectional area composition of the D695 sample 

The two concentric lines of Onyx material on the perimeter of the sample have a thickness of 
roughly 0.8mm. The CCF material area can then be approximated as:  

𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎 = 𝜋 × 𝑟2 = 𝜋 × (
12.7𝑚𝑚

2
)

2

= 126.68 𝑚𝑚2 

The amount of reinforcement filament (CCF) used would be: 

𝐶𝐶𝐹𝑎𝑟𝑒𝑎 = 𝜋 × 𝑟2 = 𝜋 × (
12.7𝑚𝑚 − 2 × 0.8𝑚𝑚

2
)

2

 = 96.77𝑚𝑚2 

The Onyx area surrounding the CCF area can be calculated by subtracting the CCF area 

from the total area, since the remaining material is pure Onyx. 

𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎 = 𝐶𝐶𝐹𝑎𝑟𝑒𝑎 + 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 

𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎 − 𝐶𝐶𝐹𝑎𝑟𝑒𝑎 

𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 126.68 − 96.77 

𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 29.91 𝑚𝑚2 

The composition of the CCF area when broken into Onyx and CF is then: 

𝐶𝐹𝑎𝑟𝑒𝑎 = 𝐶𝐶𝐹𝑎𝑟𝑒𝑎 × 𝐶𝐹𝑐𝑜𝑒𝑓 

𝐶𝐹𝑎𝑟𝑒𝑎 = 96.77 × 0.355 

𝐶𝐹𝑎𝑟𝑒𝑎 = 34.35 𝑚𝑚2 

The rest of the area is assumed to be covered by the matrix material Onyx 
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𝐶𝐶𝐹𝑎𝑟𝑒𝑎 = 𝐶𝐹𝑎𝑟𝑒𝑎 + 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 

𝐶𝐶𝐹 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 𝐶𝐶𝐹𝑎𝑟𝑒𝑎 − 𝐶𝐹𝑎𝑟𝑒𝑎 

𝐶𝐶𝐹 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 96.77 − 34.35 

𝐶𝐶𝐹 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 62.42 𝑚𝑚2 

With the areas being calculated, the final area can be determined in order to determine the 

volume fractions of the sample at the gauge length using a unit length of 1mm. 

𝑇𝑜𝑡𝑎𝑙 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 +  𝐶𝐶𝐹 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 

𝑇𝑜𝑡𝑎𝑙 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 29.91 + 62.42 

𝑇𝑜𝑡𝑎𝑙 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 = 92.33 𝑚𝑚2 

The cross sectional area can be converted to volumes by multiplying the area with a unit 

length of 1mm. These volumes can then be used to calculate the volume fractions of the 

composite sample.  

𝑣𝑐 = 𝑇𝑜𝑡𝑎𝑙𝑎𝑟𝑒𝑎 × 1𝑚𝑚 

𝑣𝐶𝐶𝐹 = 𝐶𝐶𝐹𝑎𝑟𝑒𝑎 × 1𝑚𝑚 

𝑣𝑓 = 𝐶𝐹𝑎𝑟𝑒𝑎 × 1𝑚𝑚 

𝑣𝑚 = 𝑇𝑜𝑡𝑎𝑙 𝑂𝑛𝑦𝑥𝑎𝑟𝑒𝑎 × 1𝑚𝑚 

The volume fractions of the two filaments are calculated in order to determine the 

mechanical properties of the filaments used in the composite sample. Referring to Figure 56, 

the volume fraction of the filaments in the sample can be calculated as: 

 

Figure 75: Cross section of gauge area of the compression sample divided by filament. 



 
107 

 
 

𝑉𝐶𝐶𝐹 =
𝑣𝐶𝐶𝐹

𝑣𝑐
=  

96.77

126.68
= 0.7639 ≈ 76.39%  

𝑉𝑂𝑛𝑦𝑥 =
𝑣𝑂𝑛𝑦𝑥

𝑣𝑐
=

29.91 

126.68
 = 0.2361 ≈ 23.61% 

The same sample can be approached by determining the mechanical properties of the 

materials used in the sample instead of the filament. Referring to Figure 76, the volume 

fractions of the materials, isolated carbon fibre and Onyx, can then be calculated as: 

 

Figure 76: Cross section of gauge area of the tensile sample divided by material 

𝑉𝑓 =
𝑣𝑓

𝑣𝑐
=  

34.35

126.68
= 0.2712 ≈ 27.12%  

𝑉𝑚 =
𝑣𝑚

𝑣𝑐
=

92.33

126.68
 = 0.7288 ≈ 72.88% 

The theoretical ultimate load for the reinforced sample with the filament volume fractions is 

calculated using Equation 16 The theoretical load of failure for the sample with reinforcement 

fibre is: 

𝑃𝑐 = 𝑃𝑚 + 𝑃𝑓 

𝑃𝑐 = 𝐴𝑂𝑛𝑦𝑥 × 𝜎𝑂𝑛𝑦𝑥 + 𝐴𝐶𝐶𝐹 × 𝜎𝐶𝐶𝐹 

σc = 36 𝑀𝑃𝑎 × 29.91 𝑚𝑚2 + 320 𝑀𝑃𝑎 × 96.77 𝑚𝑚2 = 32043.16 𝑁 

or 
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𝜎𝑐 = 𝑉𝑂𝑛𝑦𝑥 × 𝜎𝑂𝑛𝑦𝑥 + 𝑉𝐶𝐶𝐹 × 𝜎𝐶𝐶𝐹 

𝜎𝑐 =
29.91 𝑚𝑚2

126.68 𝑚𝑚2
× 36 𝑀𝑃𝑎 +

96.77 𝑚𝑚2

126.68 𝑚𝑚2
× 320 𝑀𝑃𝑎 

𝜎𝑐 = 252.95 𝑀𝑃𝑎 

𝑃𝑐 = 𝐴𝑐 × 𝜎𝑐 

𝑃𝑐 = 126.68 𝑚𝑚2 × 252.95 𝑀𝑃𝑎 = 32043.16 𝑁 

When considering the volume fractions of the Onyx and isolated CF materials with the 

material properties estimated to be similar to those in the specification sheet, the ultimate 

load of the sample can be calculated as: 

σc = σm𝑉𝑚 + 𝜎𝑓𝑉𝑓 

𝜎𝑐 = 36 𝑀𝑃𝑎 × 0.2712 +  320𝑀𝑃𝑎 × 0.7288 = 242.98 𝑀𝑃𝑎  

𝑃 =  𝜎 × 𝐴 = 242.98 × 126.68 = 30780.61 𝑁  

The composite compression samples were treated in the same way as the Onyx samples at 

54°C. The sample batch B showed sudden failure and were tested until ultimate failure 

occurred. The graph showing the results of the tests of batch B can be seen in Figure 77 and 

the data of the tests is tabulated in Table 34. 

 

Figure 77: Stress vs. strain graph of batch B 
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Table 34: Summary of compression test calculations results for sample batch B 

Batch B - composite compression sample at 54°C 
– CCF volume fraction = 0.76 

- gauge cross section area (mm^2) = 27.50 

Batch Sample  E 
Yield 

strength 

Offset yield 
strength 
(0.02) 

Ultimate 
strength 

Ultimate 
load 

Resilience 

Letter No. MPa MPa MPa MPa kN % 

B 1 1821.95 18.22 52.41 99.75 12636.60 75.37 

B 2 2071.07 31.60 46.85 94.65 12222.77 52.99 

B 3 1733.76 22.70 44.78 97.14 12305.97 57.82 

B 4 1667.51 20.39 45.24 110.96 14055.60 61.36 

B 5 1904.66 26.21 51.05 101.30 12831.93 68.42 

B 6 1659.30 33.20 48.11 99.12 12555.93 69.73 

B 7 1609.80 15.29 52.86 88.71 11238.01 86.78 

Average  
1781.15 23.95 48.76 98.80 12549.54 67.50 

Standard 
deviation 

 
163.48 6.72 3.36 6.79 840.81 11.41 

95th  
2021.15 32.72 52.72 108.06 13688.50 83.35 

5th  
1624.65 16.17 44.92 90.49 11533.44 54.44 

 

The contribution of each material needs to be determined in order to establish the 

mechanical properties of the composite. Using Equation 18 and the average values from 

Table 32 for the Onyx, Table 34 for the composite sample and volume fractions calculated in 

5.4.2.1.2 the mechanical properties of the continuous carbon fibre are calculated as: 

𝐸𝑐 = 𝐸𝐶𝐶𝐹 × 𝑉𝐶𝐶𝐹 + 𝐸𝑂𝑛𝑦𝑥 × 𝑉𝑂𝑛𝑦𝑥 

1781.15 =   ECCF ×
96.77

126.68
 +  417.17 ×

29.91

126.68
 

ECCF  =
1781.15 − 417.17 ×

29.91

126.68
96.77

126.68

 

ECCF  =  2202.73 MPa 

The yield stress of the continuous carbon fibre material is calculated with Equation 16 as: 

𝜎𝑦𝑐
= 𝜎𝑦𝐶𝐶𝐹

× 𝑉𝐶𝐶𝐹 + 𝜎𝑦𝑚
× 𝑉𝑚  

23.95 =  𝜎𝑦𝐶𝐶𝐹
×

96.77

126.68
+ 5.89 ×

29.91

126.68
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𝜎𝑦𝐶𝐶𝐹
 =

23.95 − 5.89 ×
29.91

126.68
96.77

126.68

 

𝜎𝑦𝐶𝐶𝐹
 =  29.53 𝑀𝑃𝑎  

Using the Rule of Mixtures, the Young’s modulus & yield stress of the continuous carbon 

fibre can be determined from the composite sample. The isolated material properties of 

sample batch B are presented in Table 35.  

Table 35:  Sample batch B yield strength and Young’s modulus at 54°C (CCF & Onyx) 

Material 
Young’s 
modulus 
(MPa) 

Compressive 
yield  strength 

(MPa) 

Volume fraction 

Onyx 417.17 5.89 0.24 

Continuous 
carbon fibre 

(parallel) 
2202.73 29.53 0.76 

  

The values can also be corrected for the true fibre volume fraction as with the second break 

down of the composite sample, using the fibre volume fraction of the isolated CF( Vf = 

27.12%) and matrix volume fraction for the Onyx (Vm = 72.88%). The mechanical properties 

of the isolated carbon fibre material are presented in Table 36.  

Table 36: Sample batch B yield strength and Young’s modulus at 54°C (CF & Onyx) 

Material 
Young’s 
modulus 
(MPa) 

Compressive 
yield  strength 

(MPa) 

Volume fraction 

Onyx 417.17 5.89 0.73 

Carbon fibre 
(parallel) 

5447.42 72.49 0.27 

 

5.4.2.1.3. Sample batch D – perpendicular with print bed  
 

Sample batch D has the reinforcement material in a conical shape or spiralling outwards. As 

there is no data on the strength of the carbon fibre perpendicular to the fibres, the 

assumption was made that the theoretical failure load is the same as for batch B.   The same 

volume fractions were also used for sample batch D as the internal structure is similar as 

both have 2 Onyx perimeters walls.  
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The reinforced samples each had a maximum load value or distinct failure point. The 

samples were allowed to reach a maximum before the test was stopped. The Stress (MPa) 

vs. Strain (mm/mm) graphs of batch D are provided in Figure 78 and the data of the 

composite samples is tabulated in Table 37.  

 

Figure 78: Stress vs. Strain graph of batch D 

Table 37: Summary of compression test calculations results for sample batch D 

Batch D - composite compression sample at 54°C 
– CCF volume fraction = 0.76 

- gauge cross section area (mm^2) = 27.50 

Batch Sample  E 
Yield 

strength 
Offset yield 

strength (0.02) 
Ultimate 
strength 

Ultimate 
load 

Resilience 

Letter No. MPa MPa MPa MPa kN % 

D 1 921.89 3.84 25.92 181.55 22998.23 36.42 

D 2 1023.94 7.15 21.55 187.26 23721.86 22.68 

D 3 1016.38 8.88 22.39 206.44 26150.63 24.65 

D 4 969.56 6.96 27.34 140.77 17832.67 38.55 

D 5 1020.43 7.86 22.24 203.43 25770.39 24.23 

D 6 962.80 3.86 18.63 182.48 23116.24 18.03 

D 7 999.41 6.45 21.65 211.87 26839.37 23.45 

Average  
987.77 6.43 22.82 187.69 23775.63 26.86 

Standard 
deviation 

 
37.91 1.92 2.92 23.98 3037.73 7.60 

95th  
1022.89 8.57 26.91 210.24 26632.74 37.91 

5th  
934.16 3.84 19.51 153.01 19382.34 19.43 
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The same could be done for sample batch D as with batch B using the same values as for 

the estimation before testing. The average young’s modulus of Batch D’s composition is 

987.77 MPa. Using Equation 18 and the average values from Table 32 for the Onyx, Table 

34 for the composite sample and volume fractions calculated in 5.4.2.1.2 the mechanical 

properties of the continuous carbon fibre are calculated as: 

𝐸𝑐 = 𝐸𝐶𝐶𝐹 × 𝑉𝐶𝐶𝐹 + 𝐸𝑂𝑛𝑦𝑥 × 𝑉𝑂𝑛𝑦𝑥 

987.77 =   ECCF ×
96.77

126.68
 +  417.17 ×

29.91

126.68
 

ECCF  =
987.77 − 417.17 ×

29.91

126.68
96.77

126.68

 

ECCF  =  1164.13 MPa 

The yield stress of the carbon fibre reinforcing fibres and using Equation 16 is calculated as: 

𝜎𝑦𝑐
= 𝜎𝑦𝐶𝐶𝐹

× 𝑉𝐶𝐶𝐹 + 𝜎𝑦𝑚
× 𝑉𝑚  

6.43 =  𝜎𝑦𝐶𝐶𝐹
×

96.77

126.68
+ 5.89 ×

29.91

126.68
 

𝜎𝑦𝐶𝐶𝐹
 =

6.43 − 5.89 ×
29.91

126.68
96.77

126.68

 

𝜎𝑦𝐶𝐶𝐹
 =  6.60 𝑀𝑃𝑎  

Using the Rule of Mixtures, the Young’s modulus & yield stress of the continuous carbon 

fibre are determined from the composite sample. The isolated material properties of sample 

batch D are presented in Table 38.  

Table 38: Sample batch D yield strength and Young’s modulus at 54°C (CCF & Onyx) 

Material 
Young’s 

modulus (MPa) 
Compressive yield  

strength (MPa) 
Volume fraction 

Onyx 417.17 5.89 0.24 

Continuous carbon fibre 
(perpendicular) 

1164.14 6.60 0.76 

  

The values can also be corrected for the true fibre volume fraction as with the second break 

down of the composite sample, using the fibre volume fraction of the isolated CF( Vf = 

27.12%) and matrix volume fraction for the Onyx (Vm = 72.88%). The mechanical properties 

of the isolated carbon fibre material are given in Table 39.  
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Table 39: Sample batch D yield strength and Young’s modulus at 54°C (CF & Onyx) 

Material 
Young’s 
modulus 
(MPa) 

Compressive 
yield  strength 

(MPa) 

Volume fraction 

Onyx 417.17 5.89 0.73 

Carbon fibre 
(parallel) 

2519.65 7.88 0.27 

 

The failure can be estimated since the contributions of the components in the composite 

material are now known (Refer to Table 35 and Figure 38 for the material values).  

5.4.2.2.  Compressive tests with ASTM D6641 method 
 

The tests at 54°C continued with the compression tests of the same Onyx samples used in 

the verification tests according to the test procedure described in Appendix J – D6641 

Compression test procedure at 54°C. Testing the Onyx samples at 54°C with the D6641 test 

jig yielded the Stress vs. Strain graph as seen in Figure 79 for the three samples and is 

tabulated in Table 40.  

 

Figure 79: Stress vs. Strain graphs of the three Onyx test samples at an elevated temperature in compression. 

The compression samples responded less consistently when compared to the tensile 

samples at 54°C as can be observed in Figure 59 and Figure 79.  
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This, along with the tensile mechanical properties could indicate that the pure Onyx samples 

lose rigidity as the temperature increases.  

Table 40: Onyx compression sample at elevated temperature test results 

Onyx compression sample at 54°C 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield 
stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 396.21 411.35 14.40 1.98 4.38 

2 229.93 452.20 15.83 9.91 10.88 

3 278.80 438.19 15.33 0.24 4.01 

5th percentile 234.82 414.03 14.49 0.41 4.04 

Average 301.65 433.91 15.19 4.05 6.42 

95th percentile 384.47 450.80 15.78 9.12 10.23 

Standard 
deviation 

85.46 20.76 0.73 5.16 3.87 

Standard error 49.34 11.99 0.42 2.98 2.23 

 

A significant reduction can be seen in the Young’s modulus value, 78.45%, when comparing 

the results of the average Onyx compression sample tests at 54°C to the values supplied by 

Markforged. Assuming that the samples perform similarly at 54°C in both tension and 

compression, as with the verification tests, then it is possible that the loss of rigidity in the 

sample causes the sample to fail by buckling.  The final values for the mechanical properties 

of Onyx at 54°C are presented in Table 41 and were also used for the calculations of the 

reinforced samples. 

Table 41: Mechanical properties of Onyx at 54°C 

Property Onyx 

𝐸11 (MPa) 301.65 (compression) 

𝐸22 (MPa) 301.65 (compression) 

𝑣12 0.493 

𝐺12 (MPa) 404.08 (301.65 for all E values) 

 

5.4.2.2.1.  0° Compression samples at 54°C 
 

Similar steps were followed with the tensile tests for the compression carbon fibre’s 

mechanical properties. The three samples were tested using the D6641 jig and following the 

test procedure as described in Appendix J – D6641 Compression test procedure at 54°C. 
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Figure 80 shows the Stress vs. Strain graph for the three 0° carbon fibre composite samples 

and the data is tabulated in Table 42. 

 

Figure 80: Stress vs. Strain graphs of the three Onyx test samples at an elevated temperature in compression. 

Upon investigation of Figure 80, the compression samples proved more difficult to measure 

at 54°C when compared to the verification tests. A pattern emerged that showed the FFF 

composite sample to be easier to test in tension than in compression at 54°C, implying that 

higher temperatures amplify this phenomenon.  

Table 42: 0° compression composite sample at 54°Ctest results (CCF & Onyx) 

0° composite comrpession sample at 54°C 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximu
m stress 
(MPa) 

Yield 
stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 43629.76 4633.24 162.14 34.66 150.67 

2 25644.58 1981.17 69.33 15.41 37.55 

3 50001.51 3533.55 123.66 36.81 88.37 

5th percentile 27443.09 2136.40 74.76 17.33 42.64 

Average 39758.61 3382.65 118.38 28.96 92.20 

95th percentile 49364.33 4523.27 158.29 36.59 144.44 

Standard deviation 12631.48 1332.46 46.63 11.78 56.66 

Standard error 7292.79 769.30 26.92 6.80 32.71 
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It is also important to note that the three samples broke at three different ranges of ultimate 

load. The three samples seemed to vary between having higher and lower values with the 

different parameters. This inconsistency made it difficult to draw a conclusion on the 

materials’ performance in compression at 54°C. Isolating the contribution of the continuous 

carbon fibre as well as the measured value of Onyx (Table 41), since these samples may fail 

sooner at elevated temperatures, Table 43 represents the results of the carbon fibre 

mechanical properties.  

The material/filament mechanical properties are determined from the calculated volume 

fractions of the materials in the composite sample for Onyx and CCF. Using the Rule of 

Mixtures, the volume fractions (VOnyx = 0.64 and VCCF = 0.36) together with the supplied 

values for Onyx from Table 40 (E = 301.65 MPa and Ultimate stress = 15.19 MPa), the 

mechanical properties for the CCF material are determined as: 

𝐸𝑐 = 𝐸𝑂𝑛𝑦𝑥𝑉𝑂𝑛𝑦𝑥 + 𝐸𝐶𝐶𝐹𝑉𝐶𝐶𝐹 

39758.61 𝑀𝑃𝑎 = 301.65𝑀𝑃𝑎 × 0.64 + 𝐸𝐶𝐶𝐹 ∗ 0.34 

𝐸𝐶𝐶𝐹 =
39758.61 𝑀𝑃𝑎 − 301.65 𝑀𝑃𝑎 ∗ 0.64

0.36
=  109766.00 𝑀𝑃𝑎 

Table 43: 0° compression continuous carbon fibre material properties at 54°C test results – 140mm 

0° composite compression sample at 54°C 
– CCF volume fraction = 0.36 

- gauge cross section area (mm2) = 28.575 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield 
stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 120505.61 4633.24 422.89 34.66 150.67 

2 70609.82 1981.17 165.40 15.41 37.55 

3 138182.57 3533.55 316.12 36.81 88.37 

5th percentile 75599.40 2136.40 180.48 17.33 42.64 

Average 109766.00 3382.65 301.47 28.96 92.20 

95th percentile 136414.87 4523.27 412.21 36.59 144.44 

Standard deviation 35043.17 1332.46 129.37 11.78 56.66 

Standard error 20232.18 769.30 74.69 6.80 32.71 

 

Inspecting the values in Table 43 more closely along with Figure 80, it is clear that the 

second sample (red) follows a different Stress vs. Strain curve when compared to the other 

two samples as well as failing much sooner.  
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A closer value could be obtained to what it should be when sample 2 is ignored in the 

calculations. In addition, when looking at the Young’s modulus of the continuous carbon fibre 

being around 109GPa when the room temperature tests were closer to the supplied 54GPa 

it suggests that the tests at 54°C do not respond the same as those at room temperature 

tests.  

The most likely cause is the elevated temperature of the Onyx and the loss of rigidity of the 

matrix material. Assuming the sample to be too soft to support the load in compression with 

its entire length, a second set of values is applied in Table 44 with a gauge length of 12mm 

and not taking the second sample into consideration. The values in Table 44 have already 

isolated the continuous carbon fibre.  

Table 44: 0° compression continuous carbon fibre material properties at 54°C test results with 12mm gauge 
length 

0° composite compression sample at 54°C 
– CCF volume fraction = 0.36 

- gauge cross section area (mm2) = 28.575 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield 
stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 9839.72 4633.24 422.89 88.97 279.16 

2 11354.89 3533.55 316.12 94.94 151.70 

5th percentile 9915.48 3588.53 321.46 89.27 158.07 

average 10597.31 4083.39 369.50 91.95 215.43 

95th percentile 11279.13 4578.26 417.55 94.64 272.78 

Standard deviation 1071.39 777.60 75.50 4.22 90.13 

Standard error 757.58 549.85 53.38 2.98 63.73 

 

There is a reduction of 80.38% in the Young’s modulus but an increase of 13.40 % in the 

maximum stress in compression when comparing the results in Table 44 to those supplied 

by Markforged. The deformation of a material under a load can be attributed to the loss of 

rigidity of the matrix material at 54°C. The continuous carbon fibre still maintained a 

relatively close maximum stress before failing, compared to the supplied values (320 MPa) 

and room temperature tests (414.49 MPa), especially when not considering the sample that 

has failed at the highest value.  

The values for the isolated carbon fibre can also be determined by considering the same 

conditions as with the CCF and Onyx samples, but with the volume fractions calculated in 

Chapter 5(5.3). Considering only the two samples with a gauge length of 12mm, the 

mechanical properties of the isolated carbon fibre at 54°C are presented in Table 45.  
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Table 45: 0° compression carbon fibre material properties at 54°C test results with 12mm gauge length 

0° composite tensile sample at 54°C 
– CF volume fraction = 0.13 

- gauge cross section area (mm2) = 28.575 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield 
stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 27169.46 4633.24 1163.64 34.66 104.73 

2 31437.54 3533.55 862.89 36.81 58.79 

5th percentile 27382.87 3588.53 877.93 34.76 61.08 

average 29303.50 4083.39 1013.27 35.73 81.76 

95th percentile 31224.14 4578.26 1148.60 36.70 102.43 

Standard deviation 3017.99 777.60 212.66 1.52 32.49 

Standard error 2134.04 549.85 150.38 1.08 22.97 

 

Isolating the carbon fibre in the continuous carbon fibre material yielded the compressive 

mechanical properties of the carbon fibre to have a Young’s modulus of 29.3 GPa and 

maximum stress of 1013.27 MPa on average at room temperature. There are no values 

supplied by Markforged for the individual properties of the carbon fibre to compare to.  

5.4.2.2.2. 45° and 90° Compression samples at 54°C 
 

This process was repeated for samples with the 45° and 90° reinforcement fibre, similar to 

the process followed with the tensile samples at 54°C. Figure 81 shows the Stress vs. Strain 

graphs for the 45° and 90° compression samples.  

  

Figure 81: Stress vs. Strain graphs of the three 45° (left) & 90° (right) test samples at 54°C  in compression. 

Both the 45° and the 90° samples were treated the same as the 0° sample. The theoretical 

strongest direction, 0°, has already shown that the sample did not support the load for its 

entire length (end to end). That is to say, that a gauge length of 12mm was used in the 
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calculations as well as the specific Onyx value of 301.65 MPa obtained in the compression 

tests in Table 41. The isolated properties of the carbon fibre for 45° are found in Table 46 

and the isolated properties for 90° are found in Table 47.  

Table 46: 45° compression continuous carbon fibre material properties at 54°C test results with 12mm gauge 
length 

45° composite compression sample at 54°C 
– CCF volume fraction = 0.36 

- gauge cross section area (mm2) = 28.575 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield 
stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 2901.43 1238.75 93.32 7.00 21.26 

2 2895.31 1465.33 115.32 1.82 33.04 

3 1376.31 1465.33 98.38 2.01 41.00 

5th percentile 1528.21 1261.41 93.83 1.83 22.44 

Average 2391.02 1389.80 102.34 3.61 31.77 

95th percentile 2900.82 1465.33 113.63 6.50 40.20 

Standard deviation 878.77 130.81 11.52 2.94 9.93 

Standard error 507.36 75.52 6.65 1.70 5.73 

 

The tensile sample data of 45° at room temperature is used as a comparison since no data 

is available to compare the values of 45°. When comparing the compression values with the 

tensile values, the compression values showed a decrease of 76.83% in the Young’s 

modulus. The maximum stress showed a decrease of 27.81%. 

Table 47: 90° compression continuous carbon fibre material properties at 54°C test results with 12mm gauge 
length 

90° composite compression sample at 54°C 
– CCF volume fraction = 0.36 

- gauge cross section area (mm2) = 28.575 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield 
stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 3398.09 1062.68 76.23 7.99 16.32 

2 1323.14 685.97 39.66 2.14 7.35 

3 797.07 895.38 59.99 1.18 4.76 

5th percentile 849.68 706.91 41.69 1.28 5.02 

average 1839.43 881.34 58.62 3.77 9.48 

95th percentile 3190.59 1045.95 74.61 7.41 15.43 

Standard deviation 1375.22 188.75 18.32 3.69 6.07 

Standard error 793.99 108.97 10.58 2.13 3.50 
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When looking at the test results of the 90° samples at 54°C, it can be noted that the values 

of different parameters display similar traits as the other samples in compression at 54°C. 

The three samples tested differently, showing higher and lower values across the board. The 

three samples that were tested displayed variance in the material, although testing more 

samples should narrow down the mechanical property values. 

When the compression values in Table 47 are compared to the tensile values in Table 20 a 

decrease of 71.08% of the Young’s modulus is noted. This seems to be a common pattern 

among the samples in compression when compared to tension. The maximum stress is 

higher with 59.04%.  

Using the average values of the Onyx, 0°, 45° & 90° samples and using the equations 19 

through 22, the continuous carbon fibre properties in compression for these samples are 

presented in Table 48.  

Table 48: Mechanical properties of continuous carbon fibre in compression at 54°C 

Property Carbon Fibre 

𝐸11 (MPa) 10597.31 

𝐸22 (MPa) 1839.43 

𝑣12 0.207 

𝐺12 (MPa) 3724.44 

 

The composite can also be broken down further. Isolating the carbon fibre in the continuous 

carbon fibre material yields the material property values presented in Table 22 and Table 23.  

Table 49: 45° Compression carbon fibre material properties at 54°C test results 

45° composite tensile sample at 54°C 
– CF volume fraction = 0.13 

- gauge cross section area (mm2) = 28.575 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 7624.98 1238.75 235.30 7.00 21.26 

2 7607.73 1465.33 297.26 1.82 33.04 

3 3328.86 1465.33 249.53 2.01 41.00 

5th percentile 3756.75 1261.41 236.72 1.83 22.44 

Average 6187.19 1389.80 260.70 3.61 31.77 

95th percentile 7623.26 1465.33 292.49 6.50 40.20 

Standard deviation 2475.40 130.81 32.46 2.94 9.93 

Standard error 1429.18 75.52 18.74 1.70 5.73 
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Table 50: 90° Compression carbon fibre material properties at 54°C test results 

90° composite tensile sample at 54°C 
– CF volume fraction = 0.13 

- gauge cross section area (mm2) = 28.575 

Sample no. Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield stress 
(MPa) 

Offset yield 
stress 
(MPa) 

1 9024.01 1062.68 187.14 7.99 16.32 

2 3179.10 685.97 84.12 2.14 7.35 

3 1697.21 895.38 141.39 1.18 4.76 

5th percentile 1845.40 706.91 89.84 1.28 5.02 

Average 4633.44 881.34 137.55 3.77 9.48 

95th percentile 8439.52 1045.95 182.57 7.41 15.43 

Standard deviation 3873.87 188.75 51.62 3.69 6.07 

Standard error 2236.58 108.97 29.80 2.13 3.50 

 

5.4.3. Discussion of compressive testing results 
 

Table 51: Onyx sample mechanical property in compression at room temperature compared to reference values. 

Mechanical properties of 
Onyx 

Markforged 
(MPa) 

Compression 
(MPa) 

% difference 

Young’s modulus  54000 53796.60 0.4 (lower) 

Ultimate stress  320 [Compression] 414.49 22.8 (higher) 

 

Looking at the compression samples, the Young’s modulus obtained from testing at room 

temperature matches even closer than the tensile value, but the ultimate stress is also 

higher than what it theoretically should have been. This can be due to a number of factors or 

a combination of the added stiffness of the jig, the compressive forces on the sample from 

the jig’s bolts or the handling of the samples.  

The samples prove to be unsatisfactory with reinforcement fibre when looking at the D695 

reinforced cylindrical samples at 54°C. The reinforced samples give low property values, far 

below those stated by Markforged in Appendix A. These tests are non-conclusive on the 

compression values for the carbon fibre material at 54°C. The tests show that the cylindrical 

sample’s results differ when reinforcement fibre is used. Alternative tests such as the D6641 

may be preferable when the samples to be tested to determine the mechanical properties, 

have reinforcement fibres incorporated.   

Comparing the results of the two Onyx sample batches, the Onyx materials’ Young’s 

modulus performs similarly to the cylindrical samples despite having different orientations. 
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Even though they have similar values, the Onyx material still performs worse at higher 

temperatures in either direction. The carbon fibre has two major orientations, but the third 

direction (fibres perpendicular to the direction of force but the layers remain parallel to the 

direction of force) were not available for testing.  

From the two reinforced sample batches, batch B (parallel layers to the direction of force) 

showed higher yield and offset yield values when compared to batch D (perpendicular layers 

to the direction of force), but lower ultimate load/strength capacity by nearly half. Both 

samples show a Young’s modulus lower than the value supplied by Markforged.  See Table 

52 for comparisons between the Markforged’s values and the values obtained during testing.  

Table 52: D695 at 54°C compression test mechanical properties estimated vs. reference values 

Sample 

Youngs 
modulus 
(GPa) 

Yield 
strength 
(MPa) 

Offset Yield 
strength 
(MPa) 

Ultimate 
strength 

(average, MPa) 

Ultimate load 
(Average, kN) 

Estimated Onyx 1.4 N/A N/A 36 4.56 

Estimated carbon fibre (parallel) 54 N/A N/A 320 28.13 

Estimated carbon fibre 
(perpendicular) 

54 N/A N/A 320 28.55 

Batch A - calculated 0.42 7.01 12.30 50.56 6.41 

Batch B - calculated 1.78 23.95 48.76 98.80 12.55 

Batch C - calculated 0.42 5.89 11.99 70.99 8.99 

Batch D - calculated 0.99 6.43 22.82 187.69 23.78 

5.5. Conclusion 

5.5.1. Reinforced sample at room temperature test conclusion 
 

A comparison was carried out between the tensile and compressive values in order to 

establish the mechanical properties of the material of the reinforced samples. Table 53 

shows the average between the Markforged, tensile & compressive properties. 

Table 53: Onyx sample mechanical property testing summary 

Mechanical properties 
of Onyx 

Markforged 
(MPa) 

Tension 
(MPa) 

Compression 
(MPa) 

Young’s modulus  54000 52478.41 53796.60 

Ultimate stress  700 [Tensile] 
320 [Compression] 

615.34 414.49 
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5.5.2. Onyx samples at 54°C conclusion 
 

Taking both the Onyx tensile and compression samples at 54°C into consideration, it can be 

observed that the material has a reduced Young’s modulus value as well as a reduced 

maximum stress value. The comparison between the Onyx tensile and compressive values 

are summarised in Table 54.  

Table 54: Comparison between the Onyx tensile and compressive values 

 
Young’s 
modulus 
(MPa) 

Ultimate 
Load 
(N) 

Maximum 
stress 
(MPa) 

Yield 
stress 
(MPa) 

Offset yield 
stress 
(MPa) 

Average tensile 
value 

864.22 656.22 23.86 1.93 6.89 

Average 
compressive value 

301.65 433.91 15.19 4.05 6.42 

Difference (%) 65.10 33.88 36.34 52.35 6.82 

 

The compressive values mainly show lower values than the tensile values at 54°C. The 

values closest to each other were that of the Offset yield stress with a difference of only 

6.82%.  

Finally, the Onyx material, which is in essence nylon, loses its rigidity as the temperature 

increases. While the effect can be noticed in tension, it is most evident in compression. It 

can safely be assumed that the compression sample was too soft in compression to resist 

the load at 54°C.  

Table 55: Mechanical properties of Onyx at 54°C 

Property Onyx 

𝐸11 (MPa) 
864.22 (tension) 

301.65 (compression) 

𝐸22 (MPa) 
864.22 (tension) 

301.65 (compression) 

𝑣12 0.493 

𝐺12 (MPa) 
1157.7(864.22 for al E values) 

404.08 (301.65 for all E values) 

 

Interesting results are found with the conclusion of the D3039 and D6641 test methods. The 

tensile test results seem more consistent and repeatable when compared to the 

compression tests. The tensile tests yield good results for all the specimens with values 

grouped relatively close to each other when compared to the compression tests.  
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It makes sense for the tensile tests to rely more on the reinforcement fibre when 

experiencing a load, whether or not the matrix fails. The reinforcement fibre acts as a cord 

and still carries some load until it ultimately fails. The reinforcement fibre cannot support 

itself in compression as well as with tensile force when the matrix fails; and it carries less 

load and is far more unpredictable.  

Failure of the matrix material is not as crucial when sufficient reinforcement fibres remain to 

support the load. With compression testing, as soon as the matrix material experienced a 

rise in temperature the integrity and strength of the matrix material is compromised. This is 

due to the increased temperatures experienced by the matrix material (Onyx) and keeping in 

mind the manufacturing method relies on thermoset materials. 

This specific process of 3D printing, FFF, unfortunately depends on thermoset materials. 

This means as soon as the material is reheated it becomes possible to re-mould the material 

once again. FFF materials have a low melting temperature (around 215°C for most 

commonly available materials) compared to other manufacturing methods and materials.  

This relatively low melting temperature does not allow for the application of increased 

temperature, except for maybe unique or specific applications.  

The possibility for the application of stronger cosmetic parts that do not jeopardise the safety 

of its applications, still remains. Certain applications might still include working parts where 

the load is purely tensile. These parts, when applied to aviation, could be parts such as 

brackets, break away parts or parts specifically designed to fail first, that may be easier to 

print or more cost effective given the lower production numbers of gliders.  
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6. Conclusion 
 

6.1. Summary of findings 
 

The Onyx material was found to perform similarly to the values supplied by Markforged in 

the tensile ASTM D3039 tests at room temperature. There were no material properties 

supplied by Markforged for the Onyx materials performance in compression. The Onyx 

material was tested using two methods in order to establish reference values at room 

temperature. These two testing methods were ASTM D695 and D6641.   

The room temperature tests for the Onyx were executed to verify the testing methods so that 

they could be used to determine the mechanical properties of the materials at 54°C. The 

tensile tests of Onyx at room temperature found the Young’s modulus to be 1512.16 MPa, 

an increase of 7.44%, and the ultimate stress to be 34.27 MPa, a decrease of 4.4%. when 

compared to the values supplied by Markforged.  

There were no compression values to compare the room temperature tests to. An alternative 

solution was to use two different compressive testing methods and compare the values for 

verifying the testing methods to be used for the tests at 54°C. Using ASTM D695 and D6641 

the Young’s modulus was found to be 843.95 MPa with D6641 and 823.84 MPa with D695. 

The yield stress was found to be 7.51 MPa with D6641 and 6.07 MPa with D695 for Onyx in 

compression at room temperature.  

The Onyx materials’ mechanical properties displayed a decrease in values in tension and 

compression when testing the Onyx material at 54°C. The ultimate tensile strength of the 

Onyx material was found to be 23.86 MPa and a Young’s modulus of 864.22 MPa (D3039). 

The ultimate compressive strength of the Onyx material was found to be 15.19 MPa, with a 

Young’s modulus of 301.65 MPa (D6641) The Poisson ratio was found to be 0.493 for both 

tension and compression.  

Testing the Onyx samples reinforced with 0° continuous carbon fibre, the ultimate tensile 

strength was found to be 710.44 MPa.for the continuous carbon fibre. The Onyx samples 

reinforced with 90° continuous carbon fibre showed an ultimate strength of 24.01 MPa for 

the continuous carbon. The Young’s modulus and Poisson ratio were calculated as 

61528.36 MPa for the continuous carbon fibre at 0° and 6360.05 MPa for the continuous 

carbon fibre at 90° and 0.283 respectively. 
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Compression tests proved to be difficult at 54°C due to the nature of the FFF technology. It 

was found during testing that the ASTM D695 standard may be suitable for testing Onyx 

materials but not for Onyx combined with reinforcement materials.  The current FFF process 

largely uses thermoset plastic, implying that the matrix material becomes weaker at an 

elevated temperature resulting in earlier failure when compared to lower temperatures.  

The Onyx reinforced with continuous carbon fibre displayed a slightly higher Young’s 

modulus at elevated temperature in tension, but performed poorly in compression. The 

ultimate compressive strength of the 0° carbon fibre was found to be 369.50 MPa, with the 

90° carbon fibre at 58.62 MPa. The Young’s modulus and Poisson ratio was calculated as 

10597.31 MPa for the 0° and 1839.43 MPa for the 90° and 0.207 respectively. 

The continuous carbon fibre also displayed a change in its mechanical properties in both 

tension and compression. The tensile tests showed an increase in ultimate strength of 

1.47% and in increase in the Young’s modulus of 12.24% while compression showed an 

increase of 13.4% in the ultimate strength value but a decrease of 80.38% in the Young’s 

modulus. 

The elevated temperature in combination with the thermoset matrix material could explain 

the drastic decrease of performance in compression while tensile properties remain relatively 

high. The ASTM D 3039 standard proved acceptable for tensile testing, whereas more work 

is required for developing a suitable testing method for testing FFF AM parts in compression 

especially at higher temperature applications.  

To summarise, it can be said that the low strength values of the Onyx material, whether it 

was reinforced or not, and the inconsistent performance in compressive tests at 54°C, make 

the material unsuitable as a structural material for use in gliders.  It is therefore unsuitable as 

a structural material in aerospace applications in general as well. The results may improve to 

a usable level if the high temperature performance of the matrix material can be improved. 

6.2. Research question answers  
 

In the beginning of this study, several research objectives have been were stated. How 

those objectives were reached, is discussed in the following paragraphs: 

• Investigate and identify a suitable testing method, to determine the material 

properties for tension and compression, of the 3D printed test specimens. 
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Traditional methods were identified for testing FFF parts with continuous 

reinforcement fibre. These traditional methods were identified as ASTM standard 

testing methods D3039 for tensile tests and D6641 for compressive tests and both 

are defined as “yes with guidance” in Appendix B. Test method D6641, which is not 

stated in Appendix B, produced similar results to D695 with verification test and may 

possibly be a suitable testing method for FFF samples.  

• Determine whether or not the required amount of reinforcement in the 3D 

printed part can be predicted: 

The material can be estimated quite easily if the geometry of the part is simple. The 

user specifies the amount of reinforcement fibre and the orientation. Using classic 

laminate theory, problem specific programs and strength of material principles, the 

material can be estimated to at least an indicative amount. Taking the cross sectional 

area example from the 2019 tests, the amount of reinforcement fibre required can be 

calculated and adjusted accordingly.  

Three fibre orientations were tested during the tensile and compression testing. The 

three orientations being parallel to the force, perpendicular to the force and 45° from 

the working line of the force. While the relationship of the amount of reinforcement 

fibre is potentially linear, the strength of the material varies greatly depending on its 

orientation.  

Compare elevated temperature test results with relevant information of previous 
studies to investigate what effect temperature has on the materials performance:  

The mechanical properties determined through the D3039 and D6641 tests can be 

found in Table 25, Table 26, Table 41, Table 44 and Table 48. These properties are 

for the test samples with some layers that are 100% reinforced. 

The Onyx material was found to be weaker in tension at elevated temperature with a 

value of 0.86 GPa when compared to the supplied Young’s modulus of 1.4 GPa, a 

38.27% reduction. There is no supplied value for the Young’s modulus in 

compression to compare.  

The tensile values for continuous carbon fibre showed an increase in ultimate tensile 

strength from the supplied 700 MPa to 710.44 MPa at the elevated temperature, 

representing a 1.47% increase. The Onyx also showed a lower value from the 

supplied 36 MPa to 23.86 MPa, representing a 33.72% reduction.  
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The Young’s modulus of the continuous carbon fibre in the primary direction is similar 

for tension and compression for the reinforced sample. The Young’s modulus in the 

secondary direction and the shear modulus seem to be twice as strong in 

compression as in tension relationship. 

The continuous carbon fibre was found to have a lower Young’s modulus at 54°C. 

The lowest value between tension and compression was 10.6 GPa when compared 

to the supplied value of 54 GPa, representing a 80.38% reduction. The compression 

values also showed an increase in compressive ultimate strength from the supplied 

320 MPa to 369.50 MPa at the elevated temperature, representing a 13.4% increase.  

There was no Onyx value supplied for comparison in compression. Assuming the 

value to be 36 MPa, as with the tensile properties, then the material also showed a 

decrease in ultimate strength of 15.19 MPa at the elevated temperature, representing 

a 57.81% reduction.  

The D3039 and D6641 test methods proved to produce the best results so far, There 

is still room for improvement with the compression tests. The compression samples 

still need to be modified until more consistent results can be obtained. 

• What effect does an elevated temperature have on FFF created parts?  

Manufacturing parts with FFF requires a heated nozzle to raise the temperature of a 

thermoset plastic to its melting point in order to manipulate the material into its final 

shape. Due to the nature of this process and that of the material, reheating the 

thermoset plastic softens the material again, leading to a weaker structure and lower 

mechanical properties. This is evident in the compression test of 2019 where the 

sample buckled quickly under load.  

The material loses stiffness with elevated temperature, which leads to a 

compromised matrix material and ultimately a weaker part. The material may still be 

used in tensile applications but further research is required in compression conditions 

before the material can be used irrespective of the application loads.   
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6.3. Future research 
 

From the tests conducted, the following is recommended for further investigation in this field 

of study: 

• The study depends on the samples being at a temperature of 54 °C. A more 

sophisticated and refined oven should be used to get the samples more quickly to 

the desired temperature as well as a way of measuring not only the ambient 

temperature but also the samples temperature as well for more consistent testing 

conditions.  

• A larger testing sample batch is recommended for both tensile and compression 

testing. Although these tests sought to determine the mechanical properties of 

the material, much larger numbers of tests are required to establish a value that 

can be used safely to represent the material accurately enough for the use in 

aviation applications.   

• The tension samples do not require combating buckling, but they do not 

consistently fail near the middle of the gauge length. Although the results seem 

good, better results might obtained by optimising the sample even further.  

• For the compression samples, an entire study could possibly be dedicated to 

determine a compression sample that would yield good results in these types of 

tests. While this study investigated Onyx, and continuous carbon fibre at 54 °C, a 

multitude of other materials, temperatures, ambient conditions and applications 

exist. It would be advantageous to have template sample geometry for any 

further similar tests.  

• This study also falls short to define the material completely. Other mechanical 

properties such as, flexure, torsion and shear properties can also be investigated 

in various combinations and conditions. 

• When the existing problems have found a solution, the ultimate investigation 

would determine the material to such a point where accurate FEA can be done 

with the material. 
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Appendix A – Markforged material properties sheet 
 

 

Figure 82: Material datasheet provided by Markforged 
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Figure 83: Onyx material properties according to Markforged 

 

Figure 84: Quote refereeing to the thickness of the Onyx and carbon fibre. 
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Appendix B – NIST tables  
 

 

Figure 85: Table of applicable standards for AM testing 

 

Figure 86: Table of applicable standards for AM testing 



 
137 

 
 

 

Figure 87: Table of applicable standards for AM testing 

 

Figure 88: Table of applicable standards for AM testing 
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Figure 89: Table of applicable standards for AM testing 

 

Figure 90: Table of applicable standards for AM testing 
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Figure 91: Table of applicable standards for AM testing 

 

Figure 92: Source Table of applicable standards for AM testing 
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Appendix C – Test information 
 

 

Figure 93: Tensile test specimen dimensions according to ASTM 
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Figure 94: JS sample floor, roof & wall settings 
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Appendix D – compression cylindrical batches 
 

 

Figure 95: Compression samples of group a - pure Onyx with vertical layers in Eiger 

 

Figure 96: Compression samples of group a - pure Onyx with vertical layers 

 

Figure 97: Compression samples of group b – reinforced Onyx with vertical layers in Eiger (parallel) 

 

Figure 98: Compression samples of group b - reinforced Onyx with vertical layers 

 

Figure 99: Compression samples of group c - pure Onyx with Horizontal layers in Eiger 
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Figure 100: Compression samples of group c - pure Onyx with horizontal layers 

 

Figure 101: Compression samples of group d - reinforced Onyx with horizontal layers 

 

Figure 102: Compression samples of group d - reinforced Onyx with horizontal layers 
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Appendix E – Tensile test results  

 

Figure 103: CCF Young's modulus tensile test result at 54°C graph 

 

Figure 104: CCF yield stress tensile test result at 54°C graph 



 
145 

 
 

 

Figure 105: CCF offset yield stress test result at 54°C graph 

 

Figure 106: CCF maximum stress test result at 54°C graph 
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Appendix F – compressive test results 
 

 

Figure 107: Young's modulus compressive test result graph 

 

Figure 108: Yield stress compressive test result graph 
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Figure 109: Offset yield stress compressive test result graph 

 

Figure 110: Peak stress compressive test result graph 
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Appendix G – Eiger information for tensile samples 
 

 

Figure 111: 0 degree tension sample - layer 6 

 

Figure 112: 0 degree tension sample - layer 7 

 

Figure 113: 0 degree tension sample 
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Figure 114: 45 degree tension sample - layer 6 

 

Figure 115: 45 degree tension sample - layer 7 

 

Figure 116: 45 degree tension sample 
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Figure 117: 90 degree tension sample - layer 6 

 

Figure 118: 90 degree tension sample - layer 7 

 

Figure 119: 90 degree tension sample 
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 Appendix H – Eiger information for D6641 compression tests 
 

 

Figure 120: 45 degree D6641 compression sample - layer 6 

 

Figure 121: 45 degree D6641compression sample - layer 7 

 

Figure 122: 45 degree D6641compression sample 
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Figure 123: 90 degree D6641compression sample - layer 6 

 

Figure 124: 90 degree D6641 compression sample - layer 7 

 

Figure 125: 90 degree D6641compression sample 
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Figure 126: 0 degree D6641compression sample - layer 6 

 

Figure 127: 0 degree D6641compression sample - layer 7 

 

Figure 128: 0 degree  D6641 compression sample 
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Appendix I – D3039 Tension test procedure at 54°C 
 

The tension tests were performed in the following manner 

1. Prepare the test facility for tensile testing 

2. Set up the landmark MTLS test machine for tensile testing 

3. Install the correct jaws to accommodate the tensile samples 

4. Install the oven designed for the MTS test machine 

5. Start up the oven and allow to reach a temperature of +- 57 C (1-2 hours 

usually)  

6. Mark and number the samples and correlate with test runs 

7. While the oven pre-heats, leave samples inside the oven to heat up with the 

oven 

8. Prepare test sheet to correlate test samples with test runs 

9. Load the sample into the jaws of the MTSD machine taking care to align the 

sample with the jaws as alignment is critical 

10. Clamp the sample at one side 

11. Position the other jaw at the same length on the tab as the first jaw 

12. Clamp the second jaw  

13. Place the temperature measurement instrument in close proximity to the 

sample while avoiding the test machine or jigging 

14. Wait for the sample to reach at least 54 °C 

15. Perform the tensile test until failure occurs 

16. Upon failure, stop the test and release the sample. 

17. Document the test results and correlate the test run and sample number.  

18. Load the next sample and repeat steps 9 to 17  
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Appendix J – D6641 Compression test procedure at 54°C 
 

The compression tests were performed in the following manner 

1. Prepare the test facility for compression testing. 

2. Set up the landmark MTLS test machine for compression testing. 

3. Install the correct jaws to accommodate the ASTM D6641 jigging. 

4. Install the oven designed for the MTS test machine. 

5. Start up the oven with the jigging blocks inside the oven and allow to reach a 

temperature of +- 57 C (2-3 hours usually) . 

6. Mark and number the samples and correlate with test runs. 

7. While the oven pre-heats, leave samples and jigging inside the oven to heat 

up with the oven. 

8. Prepare test sheet to correlate test samples with test runs. 

9. Load the sample into the appropriate jig and position the jigging in the centre 

of the MTS landmark machine on the bottom jaw. 

10. Lower the top jaw until it nearly contacts the jigging. 

11. Place the temperature measurement instrument in close proximity to the 

sample while avoiding the test machine or jigging. 

12. Wait for the sample to reach at least 54 °C. 

13. Perform the compression test until failure occurs. 

14. Upon failure, stop the test and release the sample. 

15. Remove the sample from the oven and the jigging. 

16. Document the test results and correlate the test run and sample number.  

17. Load the next sample and repeat steps 9 to 16. 
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Appendix K – MTS Landmark recommended testing procedure 
According to MTS Systems Corporation (2015:56) the recommended test procedure 

overview for running tests on the MTS Landmark Machine can be summarised as: 

1. Prepare for specimen installation 

a. Turn on the station 

b. Open the station manager application 

c. Verify calibration files 

d. Set up meters for specimen installation 

e. Set limits for specimen installation 

f. Zero the force signal 

g. Set initial tuning parameters 

2. Install the specimen 

a. Power up the pump and HPU  

b. Position the actuator using displacement control 

c. Zero displacement 

d. Clamp the specimen in the lower grip 

e. Position the crosshead 

f. Move the specimen into the upper grip using displacement control 

g. Switch to force control 

h. Clamp the specimen in the upper grip  

i. Check and reset meter history 

3. Prepare to run the test turn on the station  

a. Perform basic performance tuning 

b. Switch to peak valley meters 

c. Adjust limits for the test 

d. Show station manager scope and meters for the test 

e. Minimize station manager  

4. Run the test 

a. Open the MPX application  

b. Select the test  

c. If necessary, correct any resource errors  

d. Create a new test run  

e. Run the test  

f. Review the results  

g. Generate a report  
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h. Save the test and minimize MPX  

5. Remove the specimen 

a. Remove displacement limits  

b. Switch to running max/min displacement and force meters  

c. If appropriate, remove the intact specimen 

d. If appropriate, remove the broken specimen 

6. Recover from a tripped limit 

a. If necessary, recover from a tripped force limit  

b. If necessary, recover from a tripped displacement limit 

MTS systems operation mentions that the abbreviated test procedure overview might serve 

well as a checklist or reference. The test procedure for tensile and compression testing used 

in this study can be found in Appendix I and J.  
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Appendix L – Tensile sample data extract from Excel 

 

Figure 129: Tensile sample data extract from Excel 
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Appendix M – Compression sample data extract from Excel 

 

Figure 130: Compression sample data extract from Excel 


