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Abstract 

Carbon fibres have been used in a plethora of applications like material science, 

electronics, medicine, and sporting equipment; though they are perhaps best known for 

resin reinforced carbon fibre composites. Carbon fibres have been used to add strength 

to resin matrices, as it is thought to do with metal matrices, as well as provide benefits 

along with its electrical properties. It is proposed to create a metal matrix with carbon 

fibre reinforcement through the use of a Neodymium: Yttrium-Aluminium-Garnet 

(Nd:YAG) laser. The main challenge of forming such a composite arises with the 

manufacturing; the carbon fibre must be added to molten metal and must retain its 

structure. Carbon readily diffuses into engineering metals like iron and with ease in the 

high temperatures reached in laser sintering, hence survival challenges. Thus a method 

that shields the fibres during embedding into PbSn soldering wire, under two heating 

conditions will be evaluated. Coating the fibre bundles, in addition to CNT-yarn, with 

a horseshoe anchoring method provided successful integration to the melt when 

observing the entry point. Cross sections of the melt showing successful integration of 

the CNT-yarn were not obtained though the yarn could be detected at the melt edge. 
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Abbreviations and Nomenclature 

Name Abbreviation  

Carbon Fibres CF  

Carbon Fibre Bundles CFB  

Carbon Nanotubes CNT  

Chemical Vapour Deposition CVD  

Electrical Discharge Machining EDM  

Gas Flow Rate GFR  

Heat Affected Zone HAZ  

High Speed Image HSI  

High Speed Video HSV  

Laser Conduction Welding LCW  

Melting Point MP  

Metal Matrix Composites MMCs  

Scan Electron Microscopy SEM  

   

   

Parameter Symbol Unit 

Absorptivity A 10.6 µm (%) 

Focal Length f mm 

Melting Temperature Tmelt K 

Powder Thickness tpowder mm 

Power P W 

Power Density ρP W/mm2 

Spot Area Aspot mm2 

Surface Tension γ N/m 

Thermal Conductivity k W/m·K 

Thermal Diffusivity α cm2/s 

Time t s 

Travel Speed v m/min 

Viscosity µ kg/m·s 
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1 Introduction 

Carbon can grow from nanotubes into long fibres or be spun into yarns that have 

exceptional properties. Fabrics and weaves can be created with fibres or yarns which 

would then allow for an innovative type of composite to be created in combination with 

a metal matrix. CFs are versatile materials with a plethora of applications, both current 

and forthcoming. While best known for their use in epoxy CF composites, it is purposed 

to research the viability of having a metal-matrix composite with reinforcing CFs. As 

with conventional composites, metal-matrix composites have enhanced stiffness and 

strength derived from fibre additions; with additional benefits to circumvent short 

comings of thermoset polymers, namely having: higher tensile and shear moduli, high 

melting points, small thermal expansion coefficients, moisture resistance, dimensional 

stability, joinability, high ductility and toughness, and when properly formed, fully 

dense. [1] 

While there are many proposed methods to incorporate CFs into metal-matrices, very 

few mention use of laser cladding as a layup method, nor laser melting as is to be 

discussed in this work. Coating of CFs by CVD, cementation, plasma spraying, and 

liquid infiltration methods exist. Some older papers define the coated fibres as 

composites themselves, though it is not precisely the typical canon definition of 

composites, where the definition of surface treatment or coating is more appropriate. 

[1] One paper described an award given out by NASA-Lewis Research Centre for the 

creation of a carbon monofilament for the specific use in metal matrix composites as it 

was thought the single fibre would reduce the amount of issues that arise with the fibre 

breakage seen in multi-fibre yarns [2]. The processing methods mentioned in most 

studies are dated: liquid metal fabrication, transport fabrication, powder metallurgy, 

and foil metallurgy. Instead of using these conventional methods, use of laser melting 

will be evaluated in a novel experiment to determine CF survival in laser additive 

manufacturing processes. 

1.1 State of the Art 

Currently, CNT-reinforced MMCs do not receive as much attention as other fields 

utilizing CNTs as a composite material reinforcement. Studies that have an objective 

to obtain homogenous distribution of CNT into the matrix have been critically review, 

with little focus on having a structure ordered composite as those with fibres, yarns, 

weaves or fabrics.  
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Figure 1: Number of publications on a) polymer/ceramic/metal matrix-CNT during 

1997-2008 an b) different metal matrix-CNT composites during 1997-2008 

Figure 1 shows a graph that compares the magnitude of papers that are published in 

CNT-reinforced polymer composites versus those with MMCs. Further yet, up until 

2010, only one paper was published describing a laser technique for the formation of 

MMCs-CNT, Hwang et al in 2008. However, his process involved first roller mixing 

CNT and Ni powder processed via laser deposition. CNTs were retained despite the 

high temperature though there was an increase of defect density attributed to the high 

temperatures [3]. Very little work exists on introducing CFs or yarns into a metal matrix 

to form a metal composite as nanotubes have superior properties than fibres [3]. 
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“Traditional routes” are outlined in Figure 2, however, they are processes that utilize 

small length CNTs in a metal matrix, and none of the processes involve the use of a 

laser.  

 

Figure 2: MM-CNT Composite Process Hierarchy 

The addition of a CNT fibre, yarn, or fabric may produce a composite with mechanical 

properties that are favourable and designed along a certain orientation of the composite. 

To embed the CFs into the matrix, it is necessary to rapidly heat and cool the matrix as 

to avoid dissolution of the carbon into the metal. For this purpose, laser processing is 

considered as the rapid heating cycle provides the environment for which the carbon 

structures to survive embedding, provided that they are of a sufficient distance away 

from the highest temperature in the melt. The studies of the mechanical properties of 

these new composites would provide information on the practicality of CF 

reinforcement. However, before such properties could be measured, it is essential to 

determine the laser parameters, suitable for each metal composition, such that the 

carbon structure remains intact. 
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1.2 Precursor Experiments 

Work performed previously at Luleå University of Technology, by Kaplan et al. [4], 

involved the use of CNT-yarn which were successfully embedded into a preplace metal 

powder bed on a steel substrate via laser melting; the type of laser used was an Yb:fibre 

laser. Success was defined by appropriate laser parameters, with the shape of the     

CNT-yarn being maintained while being contained in the metal matrix. Wetting and 

embedding was improved through the use of Ti sputtering prior to the melting process; 

powders such as Co-based alloys or Al-bronze have the potential to be advantageous 

for this process of incorporation, so long as the yarns remain outside of the molten zone 

due to the loss of CNT-structure confirmed by Raman spectroscopy. [4]  

Experiments were also performed in CuAl powder with high speed imaging of the 

process. From the slow motion video, it can be seen that the yarn is covered with molten 

metal, and in some sections is destroyed by the laser beam. Figure 3 is one frame of a 

HSV that shows the CNT-yarn is burnt at one end and appears to be embedded into the 

melt on the other. 

 

Figure 3: HSI of CNT-yarn in CuAl by Yb:fibre laser 

One issue that was discussed was the method to fix the yarn so that it can be protected 

from the laser beam by fixing it in a known location. This lead to a switch in materials 

from the CuAl to soldering material. 

However, the cost of CNT-yarn is too great to justify its use in preliminary experiments; 

thus other more readily available carbon structures were evaluated. CNTs are very 

small and difficult to control outside of a homogeneous mixture in a powder bed, thus 

safer, and more manageable material like CFs will be considered due to the health 

hazards associated with CNTs [5]. 
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1.3 Hypothesis 

The question of the research is whether the use of lasers to create a metal matrix 

composite with CFs is feasible. The hypothesis is that the resulting composite will have 

a significant improvement of mechanical, thermal, and electrical properties than its 

individual components. 

This will be accomplished by evaluating direct and indirect heating methods, where the 

direct heating will have the laser melting the selected metal matrix directly and the 

indirect method will utilize a steel sheet as an optical barrier that conducts the thermal 

energy to the soldering wire. The second consideration in the process is to prevent the 

movement of the fibres in the melt. Untreated fibres have very poor wetting which can 

be observed in polymers [6], as well as in metal matrices due to the surface energy 

differences. This could allow the fibres to move through the melt and become exposed 

to the laser beam where they would incinerate.  

Knowing that carbon readily diffuses into steel, PbSn was chosen as the first matrix 

due to the low melting temperature as well as a lack of carbon diffusion, even in the 

high temperatures obtained in laser processing. Information as to the diffusion 

coefficient of carbon into 60/40 PbSn could not be obtained nor for the components in 

a reliable source such as Perry’s Chemical Engineering Handbook [7] or Yaws 

Handbook of Physical Properties for Hydrocarbons and Chemicals [8]; both books 

which are considered guidebooks for all the thermodynamic data available on common 

and lesser known materials. Secondly, PbSn wire is easily manipulated by hand which 

means that preparation of the material for processing and sample analysis is made 

significantly easier. This is because of the risk of fibre pull out through traditional 

grinding and polishing processes. Thirdly, PbSn has a melting temperature of 183ºC to 

190ºC [9], which is well below the 1700ºC range at which fibres experience irreversible 

thermal degradation of mechanical properties [10]. Additionally, laser melting and 

sintering has a rapid heating and cooling characteristic which will reduce the risk of 

thermal damage to the fibres. 

 

The arguably more practical metals of Al and CuAl blends will be evaluated as 

secondary options, but only as introductory practices as the joining of these metals with 

laser welding is notoriously tricky. An additional hurdle in the study of CFs in these 

metals is the state in which they are available. Al is available in a 0.4 mm wire meant 

for MIG welding and the CuAl is in a fine powder. The fine wire requires extensive 

pre-manufacturing and the powder must be preplaced due to the lack of deposition 

equipment. 

2 Theory 

Use of CFs into metal matrices is not a new idea, literature shows extensive process use 

in the 1980s. In these cases, a majority of the composites that have been created so that 

a CF was incorporated into a metal was through CVD or through liquid infiltration. 

These methods reliably produced thin coats on the CFs so that they could be joined in 

secondary processes to form sheets that could be cut using dyes. [11] These methods 

are time consuming and only produce small thicknesses on the fibres, which when 

coated were called composites.  
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Thus, a definition as to what will be considered a composite in this study must be 

defined. Where for the general case, a composite is defined such that it is composed of 

two or more materials that remain separate and distinct, with physical or chemical 

properties that are significantly different from each other, and when combined the 

resultant material has still yet new properties from the constituents. A step further will 

be made in this study so that coatings and surface treatments are not included in the 

definition of composites, essentially that the reinforcements will be of trivial volume 

faction to the overall finished material. Future studies should evaluate high 

weight/volume fractions of reinforcement to matrix. 

Keeping the definition of a composite in mind, literature studies can be conducted first 

in the lasering process of the desired metal matrices as well as the form in which they 

are provided, i.e. in wire or powder form and secondly the incorporation of the CFs. 

When powders are used in laser additive manufacturing, the parameters that are used 

for a solid plate of the same metal cannot be used as the absorbance of powders is 

higher, thus causing an over melting. Theories and assumptions made through the 

duration of the experiment are outlined in the following sections. 

2.1 Nomenclature 

Confusion must also be reduced in the terms of vocabulary. Direct/indirect laser sinter, 

laser melting, laser additive manufacturing are techniques that use a laser beam to heat 

a substance, generally and in this case a metal, to join material. Nomenclature, which 

has been standardized by Committee F42 on Additive Manufacturing Technologies 

provides the following definitions: 

 additive manufacturing (AM), n – process of joining materials to make 

objects from 3D model data, usually layer upon layer, as opposed to subtractive 

manufacturing methodologies. 

 direct metal laser sintering (DMLS), n – a powder bed fusion process used to 

make metal parts directly from metal powders without intermediate “green” or 

“brown” parts. 

 laser sintering (LS), n – a powder bed fusion process used to produce objects 

from powdered materials using one or more lasers to selectively fuse or melt 

the particles at the surface, layer by layer, in an enclosed chamber. 

 powder bed fusion, n – an additive manufacturing process in which thermal 

energy selectively fuses regions of a powder bed. 

 sheet lamination, n – an additive manufacturing process in which sheets of 

material are bonded to form an object. 

The current edition was approved on the 1st of March in 2012 and is listed as DOI: 

10.1520/F2792-12A. [12] By these definitions, the processes that will be evaluated are 

laser melting, direct metal laser sintering, as there will be no enclosed chamber as 

described by the laser sintering, and sheet lamination. 

When discussing soldering, pertaining to the chosen material of PbSn wire, there are 

two important definitions: the solidus and the liquidus, the highest temperature where 

the solder is completely solid and the lowest temperature where the solder is completely 

liquid, respectively. [13] 
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2.2 Soldering 

Soldering is a similar process to laser sintering in that the processes are both joining 

techniques. Specifically, soldering is a method to join multiple metal items together by 

the melting of a low temperature filler metal at the joint, where laser joining is generally 

high temperatures and does not require a filler material. [13] Solder is extensively used 

in the electronics industry to make permanent connections in the electrical components, 

such as those found in breadboards. One of the most common compositions is 60/40 

PbSn though lead free options are increasingly popular due to the hazards associated 

with Pb. 

PbSn soldering wire will be utilized in this work because of the ease of use, the ability 

to solder preliminary assemblies before the laser treatment for facilitating the anchoring 

of fibres. During the lasering process, the wire will be used as small plates of metal 

(flattened wire so that the fibres can be laid on top of the material) to which the CFs 

will be placed in between; thus, allowing the process to fall under the category of sheet 

lamination. 

2.3 Diffusion 

One concern of the project is the diffusion of carbon into the solder material. Carbon 

readily diffuses into metals like steel, though information as to the diffusion coefficient 

for carbon into Sn or Sn alloys is not available. The process of soldering includes the 

components of the terminal to be dissolved into the liquid solder until a point where 

locally, the saturation point is reached. [14] As for carbon specifically, carbon is known 

to harden steel in certain concentrations as it allows different microstructures to be 

formed, which allows for the characterization of steel by carbon content [15, 16]. When 

steel parts are subjected to high temperatures in carbon rich environments, the carbon 

is able to dissolve into the surface in a process known as carburizing. Table 1 is a 

collection of diffusion rates of select species in common engineering metals.  

Table 1: Tabulation of Diffusion Data [17] 

 

This table also shows that diffusion rates not only depend on the unit cell structure of 

the material, but also at the temperature dependence of the process. An increase of the 

temperature of a system will lead to the increase of the diffusion rate. 
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While no diffusion coefficient is known for carbon in PbSn, it is known that PbSn has 

a crystalline structure similar to austenite, face centre cubic, with a Pb rich phase and a 

martensitic tin rich phase of body centre tetragonal [18]. If the carbon is assumed to not 

diffuse into the PbSn, it is still possible for the CF structure to suffer irreparable damage 

as a result from elevated temperatures. The structure of the fibre can be checked with 

Raman Spectroscopy, a technique that will be invaluable when the project progresses 

from CFs to CNT-yarns. By adjusting the energy of projected light, energy can be 

transferred into a sample so that the vibrational or rotational modes can be identified 

which provides a unique “fingerprint” of a molecule. [19] Each structure of carbon has 

its own unique characteristics that can be identified by an experienced technician. 

2.4 Laser Processing 

One of the newest techniques available to industry that allows for the fabrication of 

hitherto difficult or impossible opportunities by other methods, is laser welding. A 

process of fusing materials that is significantly different in operation standpoints and 

the equipment employed. As such, a concise collection of information on application 

of laser welding as a general tool is difficult to obtain. Many papers exist that will have 

some description of the parameters as well as the application, but this is not the rule of 

thumb. To better understand the laser welding process as a whole, it is recommended 

to read the book Laser Welding: A practical guide written by Dawes. In it he describes 

the process, parameters, as well as selection, implementation, and overall operation. 

[20]  

The key to producing a good quality surface finish and full density in a weld is having 

proper laser parameters. The variables that can be controlled are the laser power, the 

focal point, the spot size, the power density, scan speed, pulsed or continuous wave 

form, incident angle, as well as the wave length and type of laser used. Many different 

approaches can be taken in addition to having multiple settings; for example, it is 

possible to use a low power and a slow scan speed so that the process is more of a heat 

conduction welding as opposed to a high power and scan speed where the process is 

deep penetration welding. The transition from conduction welding to penetration 

keyhole welding is demonstrated in Figure 4. 
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Figure 4: Transition from conduction welding to keyhole welding, power densities of 

a) 0.5 MW/cm2, b) 1 MW/cm2, and c) beyond 1.5 MW/cm2 [18] 

Keyhole formation should be avoided because this will allow for the exposure of the 

CFs. 

While the welding types are controlled by the power density and speed, changes in the 

power density are due to changes in powers and spot sizes (controlled by focal length 

and defocused off-set). Table 2 is a summary of the effects of different process variable 

on laser welding with the use of a Nd:YAG laser. A schematic in Figure 5 shows the 

impact of the focal length and defocused off-set has on the spot size. 

Table 2: Laser welding process variables with effect summary [21] 

Property Factors Units Effects 

Power 

Density 

Power/spot area w/cm2 >10 7 W/cm 2- weld spatter 

10 6-10 7 W/cm 2- keyhole 

welding 

10 5-10 6 W/cm 2 - conduction 

limited welding 

<10 5 W/cm 2 - no coupling 

Applied 

Energy 

Applied Power/welding 

speed 

J/mm Deeper penetration as applied 

energy increased 

Spot 

Area 

Focus position 

Focal length of focusing 

system 

Diameter of fibre optic cable 

mm2 Focused spot area = D x Fl/Rl, 

where 

D - diameter of fibre optic cable 

Fl = focal length of focusing 

lens 

Rl - focal length of 

recollimating lens 

Shielding 

gas 

Type of gas 

Flow rate 

delivery 

L/min Control of plasma and 

oxidation 

      (a)                                   (b)                           (c) 
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Figure 5: Focused laser versus defocused laser [22] 

Conduction heating will be beneficial to reduce the temperature that the fibres are 

exposed to, due to the increased width of the affected area with a shallow depth, though 

keyhole welding can be faster process which would produce a narrow weld with an 

increased depth. The keyhole provides a conduit through which the light from the laser 

can travel efficiently into the material. [23]  Furthermore, the materials that are used 

have an influence on the parameters of the laser. Therefore, a discussion on case studies 

in the chosen materials is essential before a summary of laser parameters can be given. 

Shielding gases are utilized in processes that require the protection of the molten melt 

as it solidifies so that impurities like oxides and air moisture do not negatively affect 

the quality of the weld. These impurities can affect the corrosion-tolerance, or allow 

pore formation, and change geometrically the shape of the weld and weaken the 

durability of the weld. Shielding gases can be either inert or active depending on the 

process. [24] With the most common shielding gases being: argon, helium, nitrogen, 

carbon dioxide, oxygen, or any combination of the gases (Ar, He, N2, CO2, O2); where 

the latter two are active shielding gases. The gas used in the process is selected such 

that the process provides the best or desired qualities in the weld. 

2.5 Preliminary Process 

As per described earlier, there are two types of welding regimes, heat conduction and 

deep penetration. The use of heat conduction welding will be most beneficial in the 

survival rate of the CFs as this method should prevent the fibres from coming into direct 

contact with the laser beam. Deep penetration welding runs the risk of such an 

occurrence and the cyclic formation/destruction of a keyhole will cause ejections and 

pores [25]; both of which will degrade the quality of the join. 

Fibres add another level of complication by degrading in high temperatures that are 

regularly reached in laser melting. Inclusion of fibres into a molten pool is a difficult 

process as the temperatures at which most metals melt is above the functional 

temperature of the fibres, causing their incineration. Hence, a process must be derived 
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to lower the experienced temperature of the fibres and to shield them from the laser. 

One method that this can be done, is through indirect melting of the metal matrix, where 

the matrix and the fibre are placed under a sacrificial steel barrier that will absorb the 

laser beam, and transfer the heat to the lower temperature metal underneath. The second 

method would be to coat the fibres in a metal that would act as a local shield against 

the laser. This could be achieved through CDV or wrapping a CFB in a metal foil. The 

third method proposed is to create fixtures, externally (outside the laser track) to anchor 

the material as well as provide extra material to the melting area. 

Another option is to choose materials that have lower melting points, even if the 

practicality of the material is less than ideal. Though, carbon dissolution is the main 

issue concerning material selection as carbon is readily dispersed into some metals with 

high temperatures such as iron. Thus, to ensure that CFs can survive the heating 

process, it would be recommended to adjust the laser parameters in a material that 

carbon does not dissolve in such as Cu and Al. These matrices have numerous reports 

about additions of CNT through powder metallurgy and seem promising for laser 

welding, despite challenges in welding. These metals, along with other engineering 

metals such as nickel and stainless steel, are listed as materials that are considered 

suitable for Nd:YAG pulsed laser welding. [26] 

Evaluation of a metal like PbSn would show if the fibre structure can survive the laser 

process. Another reason to use PbSn would be the concern with health hazards, from 

inhalation, found with the powders of commonly examined metals like Al and Cu.  

One reason to use Cu, other than being a well-used material in electronics, would be 

the concern with health hazards. CFs are very light and if fragments are inhaled, cause 

major respiratory distress. Cu tape exists for use of SEM and could be used to fix the 

nanotubes before the placement of Cu powder and eventual sintering. This method 

would allow for a fixed pattern to which the matrix would be added above, and the Cu 

tape as the “substrate” to which the sintering will take place; essentially ensuring 

complete encapsulation of the reinforcement. 

Aside from Cu, Al and alloys of the two will be observed. Their use in the electronics 

industry and aerospace make such alloys more favourable to consider as a primary 

application. Though, due to their base metals’ reflectivity, it will be necessary to either 

pulse the Nd:YAG laser or use a high average power continuous wave (CW) method to 

overcome the reflection [27]. By using an alloy, the alloying elements change the 

considerations for the process as they have an effect on mechanical, thermal, and 

electrical properties which could affect weldability.  

 PbSn 

The focus of the study will be PbSn soldering wire as the material is most easily handled 

and does not risk contaminating the laboratory like the fine powders. Additionally, a 

controlled environment (Plexiglass box), to contain the powders, is not necessary. 

 Al 

Welding of Al requires special considerations due to the high reflectivity and the low 

melting temperature. Upon the creation of a melt pool, a shiny surface is created that 

allows for a reflection of most of the energy from the beam. With the high thermal 
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conductivity, it is required to use higher power levels and some of the alloying elements 

are readily vaporized into a plasma which blocks the incident beam. This makes Al one 

of the most difficult metals to weld by laser.  

The studies in literature have been on the track of low power focused beams or high 

power defocused beams (±10 mm) with greater attention to spot welding. With 

distances ranging from 5 mm to 100 mm, this type of welding is laser conduction 

welding (LCW) regime. Though difficult to laser weld, Al offers narrow weld bead, a 

narrow HAZ, little thermal distortion, higher welding speeds, and deep penetration. 

[28] Other effects that reduce the reliability of Al welds are the porosity, the HAZ 

cracking, formation of blowholes, and deficiency in penetration. 

Surface conditions of Al are important as well due to the oxides that form readily. The 

presence of oxide enhances Al’s ability to absorb the laser beam, though the surface 

quality can vary day to day making the components from one batch inconsistent with 

those from another. Table 3 is a summary of thermophysical properties. 

Table 3: Thermophysical properties at the melting point. α, k, T, µ, σ, and A [29, 30] 

Material α 

(cm2s-1) 

k 

(Wm-1K-1) 

Tmelt 

(K) 

µ 

(kgm-1s-1) 

σ 

(Nm-1) 

A – 10.6 

µm (%) 

Al 0.68 210 933 0.0013 0.84 5 

Fe 0.063 30 1811 0.005 1.86 10 

60/40 PbSn - 50 461.2 - - - 

In greater depth with heat cracking, this is the major concern with Al aside from 

porosity. The effect is predominantly due to the chemistry but the base material’s 

susceptibility to cracking, filler metals, and joint designs are three factors that increase 

the probability that a crack will occur. On the other hand, stress cracking which is a 

mechanical stress based failure is caused by excessive shrinking during the 

solidification process. [31] As fillers other than CFs will not be examined, the methods 

recommended to prevent crack formation will be difficult to implement. Joint geometry 

would be the only applicable modification to consider though, even this is limited, for 

the design of fibre anchoring is restricted due to the material state (powder and wire). 

Preheating may allow for the fibre to become unfixed and then become exposed while 

a faster traveling speed is not applicable until after spot welds are completed. 

 Cu 

Cu can be found both elementally and alloyed in many sectors of industry, depending 

on the specific intended use. Each composition has special considerations that have to 

be taken into account for good joining to be achieved. Similarly, as with Al, Cu has a 

highly reflective melt that makes it very difficult to weld with a laser. Reflectivity, 

which is temperature dependent, remains high because the Cu is able to transfer heat 

rapidly, never allowing for the melt to obtain the higher temperatures when absorption 

of light increases. Using a shorter wave length, like a Nd:YAG laser with a wavelength 

of 1.06 µm, increases the absorption. Cu, in pure form, also has a thermal and electrical 

conductivity that is one and a half times more than Al with the benefit of being resistant 

to oxidation. Joining of most Cu alloys can be completed via welding though heat can 

be rapidly transferred to the base metal which allows for incomplete fusion. This can 

be avoided through pre-heating the alloy to reduce necessary heat input and promote 
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good fusion. As with some other metals, the HAZ becomes soft and weak; in addition 

to being susceptible to hot cracking when the metal is severely cold-worked. [32]  

Dependent on the alloying elements, the Cu alloy can be precipitation hardened (B, Be, 

Cr, NiSi, Zr) which causes reduced mechanical properties of weldments due to 

overaging. Sn and Ni alloys with a wide liquidus to solidus temperature range poses a 

risk of hot cracking at higher heat inputs mainly due to the dendritic cooling mechanism 

with shrinkage stresses. Porosity is resultant from low traveling speeds as well as Zn, 

Cd, and P, which have low points of vaporization. Al bronze has surface oxides that are 

difficult to remove which when welding, presents certain challenges; alloys of BrCu, 

CrCu, and Si bronze face similar challenges. [32] 

CuAl alloys, known as Al bronzes, have an Al content ranging from 3% to 15% Al with 

the possible additions of Fe, Ni, Mn, and Si for two different categories of bronzes: 

single-phase (alpha) alloys that have no more than 7% Al, and two-phase (alpha and 

beta) bronzes from the general range of 9.5% to 11.5% Al. Enhanced weldability is 

derived from that both types have low electrical and thermal conductivity. [32, 33] 

2.6 Assumptions 

Assumptions that will be made in this thesis work are: 

 Laser power is equivalent to program output (depends on service of laser) 

 Density of metal will be assumed to be full density 

 Oxide layer on powder particles is not crucial to clean 

 Spot shape will be Gaussian 

2.7 Factorial Experiment 

As stated earlier, many different laser parameters can be selected in addition to material 

properties, thus only a factorial experiment can rapidly evaluate a large number of 

variables at a time and in relation to one another. For finding initial parameters for the 

main experiments, a two level factorial parameter setup was used. For such parameter 

mapping, two factors are chosen to be evaluated. The variables will be evaluated at a 

lower value (denoted by a minus sign) and a high value (denoted by a plus sign), and 

then trials run with every combination of the factors, as shown in Table 4. The number 

of trials that need to be run based on the number of chosen factors is given as 2k where 

k is the number of factors. 

Table 4: Sample factorial experiment conditions with varied factor levels 

Trial Factor 1 Factor 2 

1 + + 

2 + - 

3 - + 

4 - - 

In Trials 1 and 4, both factors are tested for the influence to one another, while in Trials 

2 and 3, the factors are tried as an individual effect. To say in other words, the 

interactions between the factors can be evaluated as well as the effect of the individual 

factors themselves. To clarify further, the factor is the chosen variable, for example the 
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scan speed or the spot size. Using repeated trials, a degree of accuracy can be achieved. 

More information on factorial experiments, how they are laid out, designed, and 

evaluated can be found in the suggested reading. 

It should be noted that fractional factorial designs with a higher number of factors are 

possible for a research idea such as the one proposed, but are very complex and require 

more resources and time than the thesis allowed for. When initial considerations such 

as the survival of CFs are met, then a fractional factorial design would be recommended 

to relatively quickly find suitable working parameters across all variables for both the 

laser and material. 

2.8 Evaluation/Analysis Procedure 

Stepwise analysis of the processes will be required as there are many different levels 

on which to “grade” the welds. Firstly, optical appearance of the weld is of importance 

as a good surface finish would allow for the easier build-up into more complex 

structures. Secondly, with the use of protruding fibres allows for an optical inspection 

to determine the presence of fibres after the welding process. This is a macroscopic 

approach and is limited in the quality of evaluation. After certain sample preparation, 

microscopic techniques such as SEM imaging and Raman Spectroscopy can be used to 

further confirm the presence as well as the structure of the carbon element (graphite 

versus CNT-yarn). The exact analysis may vary from trial to trial based on the optical 

inspection and additional methods may be introduced as the need arises. 

3 Materials and Equipment 

For the experiments, steel sheets of 1.0 mm to 2.0 mm were obtained for use as 

substrates, to aid in flattening soldering wire, and as guides for laying powder. A 

summary of both the materials and the equipment utilized over the course of the thesis 

work is tabulated in Table 5, not included in this list is the equipment that is located in 

other departments. 

Table 5: Materials and Equipment used in the thesis work 

Materials Equipment 

 CFs provided by University of Texas via 

Polymer division at LTU 

 CNT-yarns provided by University of 

Texas 

 CuAl powder by Osprey 

 Glue stick 

 Scotch tape 

 Steel sheets 

 Stannol soldering wire, Pb60Sn40, ISO 

9453:2006, 2.00 mm diameter, IEC61190 

ORH1 

 Unmarked soldering wire, suspected 

Pb60Sn40 composition, of 1.5 mm 

diameter 

 Callipers 

 Clamps 

 Hammer 

 Plexiglass environment box 

 Ruler 

 Wire cutters  

 Nd:YAG laser 
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4 Methodology 

Incorporation of CFs into a metal matrix can be accomplished through a number of 

methods, a novel approach being laser melting. This approach will include the use of a 

laser to heat a metal directly/indirectly, in either wire or powder form, so that the 

resultant melt pool will surround the CF. Both the wire and powder beds will be 

preplaced with the CF mounted into the preliminary assembly matrix material. 

Additional measures may need to be put in place to prevent direct exposure of the CF 

to the laser beam as this will cause immediate evaporation of the structure. Specifically, 

the forms will be protected by a steel plate placed above the assembly, to which the 

laser will be applied. The parameters for the materials to be evaluated are given in  

Table 6, which is a summary of the overall experimental parameters.  

Table 6: Process tree showing parameters evaluated in each case study after material 

selection 

Material Selection 

Type PbSn CuAl 

Case 1a 1b 2 

Name Unmarked Stannol Osprey 

Cu7Al 

Parameter    

P, W 100-600 200-600 800-2000 

t, s 0.15-0.6 0.15-0.4 N/A 

f, mm 220 220 220-300 

GFR, L/min 16 16 16-20 

v, m/min N/A N/A 0.5-1.0 

The assemblies used in Case 1 studies were manufactured in the following process; to 

prepare the wires for joining with the CF, the wire first had to be flattened to provide a 

satisfactory surface for the CFs to lay on. This was accomplished by taking a steel plate 

for a base with two identical plates of 1.5 mm thickness to use as a guide. A fourth steel 

plate was used as protection between the wire and the hammer as well as to ensure that 

even pressure was applied across the wire. A total of twenty lengths of soldering wire 

were cut, four being 110.0 mm in length and the other sixteen being ~60 mm in length. 

The wires are coupled so a pair of wires make a single assembly, a top and a bottom.  

After flattening the wires, the ends of the wires (2.0 mm) were dabbed with a simple 

stick glue to aid with fibre alignment. CFs were pulled from a large bundle into smaller 

bundles, which were then positioned such that the fibres protruded from the end of the 

wires. The top wire was added and then the final resulting layered component was 

inspected for protruding fibres along the length, the final assembly is shown in Figure 

6. A second spot of glue was added to the sides of the ends of the wires to stabilize the 

assembly for transit to the work table. 
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Figure 6: Flattened PbSn soldering wire with carbon fiber in between. 

At the work table, the wire samples were fixed with clamps, having steel plates above 

and below to support the sample as well as to block direct exposure of the fibre to the 

laser, while preventing movement of the assembly during the laser cycle. 

4.1 Case Study 1: PbSn Soldering Wire 

Case 1a, unmarked soldering wire was chosen as the first metal of choice due to its 

previous use within the department and its low melting temperature. A low melting 

temperature allows for the use of lower laser powers which could facilitate the process. 

The material is also undemanding in the terms of manipulation, so methods to produce 

a suitable surface for the fibres to sit on as well as sectioning of the sample, with a knife 

or wire cutters, are completed with ease. 

Parameters for the experiment needed to be identified through a mini experiment, where 

a single flattened PbSn wire was placed between two steel plates (to promote 

conductive heating of the sample). At arbitrary selection of 300 W and 600 W, spot 

welding through the plates were evaluated at half second intervals from 1 s to 5 s, with 

sufficient time spacing to allow the sample to completely cool between spots. The steel 

plate was turned over to observe the effect of the conductive heating. At 2 s and 3 s, on 

both powers, showed sufficient melting of the wire without significant loss of material 

to a melt pool. This is important because it is desired that the wire melts to coat the 

fibre, but not so much that it exposes the fibre due to surface tension differences 

between the fibre and the metal. Thus a time of 2 s and 3 s were chosen with the powers 

of 300 W and 600 W for the factorial experimental procedure with steel shielding. 

Four samples were prepared for a factorial experiment with indirect heating, steel 

shield, where the time and the power were evaluated for effectiveness to melt the 

soldering wire and surround the fibre. The power setting for the laser was 300 W (factor 

1, -) and 600 W (factor 1, +) with the times of 2 s and 3 s (factor 2, - and + respectively). 

Reference Table 4 for a sample of a two level factorial experiment setup. The paired 

wires with fibre bundles were placed between two 1.5 mm steel sheets to protect the 

wire from direct laser contact and use a conductive heating method to melt the PbSn 

wire. Each wire was dedicated to a single power and time length, having a minimum of 

four spots on each wire, 12 mm apart. Spot welding at the ends to evaluate the effects 

of the glue on the process only allowed for the glue to burn and damage the fibres. 

The two wire samples that were used for 300 W showed melting that joined with the 

second wire, however the fibres were visible and not located within the melt. Similar 

results were obtained when using 600 W. Wetting is a known issue with untreated CFs 

so it is thought that the lack of sufficient anchoring allowed for the surface tension of 

the melt to push the fibres out of alignment. As such the duplicate tests using steel 
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shields were abandoned as to preserve material and experimentation continued with 

direct laser melting trials. 

High speed imaging of the direct laser melting process confirmed that surface tensions 

and hence the wetting of CFs was too significant to allow the fibres to remain in the 

melt, Figure 7. In addition, the air gap that occurs between the wire pieces could allow 

for an easier path for the fibres to exit the melt pool, leading to the change in the 

assembly. 

 

Figure 7: High speed image of CF leaving PbSn melt 

The extra four samples that were to be used in the shielded experiment were repurposed 

to be used in a direct laser experiment. Two more additional PbSn wires, flattened, were 

placed to cover the gaps between the first set, in a square formation, Figure 8.  

 

Figure 8: Square formation of four wires with a central bundle of CFs 

This way, should the fibre be pushed to the side during the wire melting, the fibre would 

be forced into a wire barrier, becoming entrapped. The addition of extra material also 

has the benefit of providing sufficient matrix to incorporate the fibres into. The laser 

powers of 300 W and 600 W were utilized again for 0.8 s and 0.5 s (chosen after running 

spot test on a single wire with no steel shield). The setup is shown in Figure 9. 



18 

 

 

Figure 9: Setup of direct laser experiment with clamping and supporting steel plates 

A schematic of the process during a run is depicted in Figure 10, where the sample 

could be either the wire or powder, with or without a steel shield, clamping occurs at 

the ends of the wire assemblies as depicted above.  

 

Figure 10: Schematic of laser melting process 

The shielding gas exits the nozzle in parallel with the laser beam, though during the 

cycle of trial, the gas is turned on before the laser beam is engaged so that a cloud of 

shielding gas is already present at the surface of the work piece. 

Due to struggles with replicating the experiments, it was necessary to check the stability 

of the laser beamb6. To determine a cause of the failure of the secondary trials, the laser 

was tested for fluctuations as it is known for the Nd:YAG laser in the laboratory to be 

unreliable at higher powers; above 2 kW of power, the laser may put out the desired 

power, or it can be lower or high, thus only powers under 2 kW are thought to be 
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reliable. However, due to the laser burning through samples at 100 W and not melting 

material at 300 W, a series of spot tests on steel were made, summarized in Table 7.  

The first spot trials were complete and two 1 mm steel plates, overlapped, firmly 

clamped with the focal spot at the surface of the top plate (focal 220 mm). Each run 

consisted of six spots at a power level of 100 W to 600 W, stepwise incremented by 

100 W. The time was set to 0.4 s with an Ar GFR of 16 L/min. Standby power remained 

at 500 W, as this was the standard standby power for all previous trials. 

The second trial on steel was performed on a single steel plate of 2 mm thickness. This 

eliminates the possibility of an air gap between plates to have an effect on the underside 

of the plate, preventing a thorough comparison. Time was set to 0.4 s, with a 100 W 

power stepwise increase from 100 W to 600 W, with five spots in each power level. 

GFR remained at 16 L/min, with Ar as the shielding gas and a focal point of 220 mm. 

The standby power was set to the desired output. 

Table 7: Summary of steel plate trials at a focal point of 220 mm, with an Ar 

shielding gas flow rate of 16 L/min. 

Power, W 100 200 300 400 500 600 

Trial #8 Number 

of spots 

6 6 6 6 6 6 

Trial #9 5 5 5 5 5 5 

The steel plate trials did not show significant changes when two plates were used in 

overlay, though a single thicker plate showed small changes as expected. Determining 

that setting the standby power to the desired output was neither beneficial or 

detrimental, the standby power was returned to the standard 500 W and the PbSn trials 

continued with a new assembly design. 

A second anchoring technique that was used on another metal included a method that 

wrapped wire into a spring form. Using single wraps around the initial two flattened 

wires would provide extra material to the spot (melting of the metal caused spreading 

which exposed the fibres) that would both absorb the energy as well as increase the 

ratio of metal to fibres. The wraps are shown in Figure 11 where the overlap of the wrap 

is placed on top to absorb the energy of the laser. 

 

Figure 11: Single wrap of PbSn wire sample with CFB center 

Increasing the amount of material for the fibres to pass through before they become 

exposed to the laser aids in the preservation of the structure and increases the possibility 
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for successful embedding of the fibres. Looping the extra material also prevented the 

fibres from having a gap to escape as in the squared method. Recreating the trial with 

an output of 600 W with a standby of 500 W, a time of 0.4 s per spot and ten spots on 

the wrapped assembly was performed. 

Once all of the unmarked soldering wire had been used, new material was ordered: 

Stannol 60/40 PbSn soldering wire, Case 1b. As the composition is known of this wire, 

repetitions of the experiments that showed promising results were planned in the new 

material. The Stannol wire was processed into flattened sheets in the same method as 

the previous material. Steel plate guides were used to ensure that the width of the wire 

was uniform. Some difficulties were encountered due to a lubricant on the surface to 

protect the wire from oxidizing. Excess liquid was removed with a paper towel before 

joining two wires without the CFs in between for a parameter check.  

Due to the use of a new material, parameter checks were conducted before using CFs 

to ensure optimal conditions. Both direct and indirect lasering conditions are 

considered, and as previously, no significant benefit was achieved with the use of a 

shield. A summary of the parameters that were tested are given in Table 8. 

Table 8: Summary of Stannol wire parameter testing parameters 

Trial Power Time Spots Focal Gas Shield 

1 300 W 0.8 s 5 220 mm 16L/min 

Ar 

yes 

2 200 W 0.2 s 5 220 mm 16L/min 

Ar 

no 

0.15 s 1 

0.3 1 

Indirect experiments utilizing a steel sheet as protection were started by forming the 

preliminary assembly sans fibre bundle. Two flattened wires were clamped to the work 

table as in the previous experiments. The wires were ensured to be flush to one another 

as well as to the supporting steel plate. The focal point was set to 220 mm, the GFR 

remained at 16 L/min of Ar. A steel sheet was clamped over the two wires, the power 

and standby power were set to 300 W and a time of 0.8 s. Three spots were attempted 

and each caused sputtering from the lubrication oil as well as joining to the steel sheet. 

A significant amount of smoke was created and further experiments would require that 

the wires be absolutely degreased to prevent a fire.  

Unshielded parameter checks were completed with the output power set to 200 W with 

an identical standby power, and an output time of 0.2 s in five spot trials. Covering the 

flattened wires with the fibres in between with extra material appeared to prevent the 

most air gap in the lasering process as well as provided sufficient material to maintain 

coverage of the fibres, shown in Figure 12 which was used as a test piece. 
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Figure 12: Horseshoe material addition with extra flatten wire to fill air gap in front 

two, with the far loops having no extra material 

4.2 Tungsten Coating of Fibres 

Due to the known issues with wetting of CFs, it is thought that coating the fibres would 

improve this. Titanium has been used previously, but due to the lack of equipment, 

Tungsten was selected as the coating material. To coat the fibres, four fibre bundles 

were first cut to approximately 8 cm lengths before being taped, at each end, to a clean 

glass slide. The glass slide was then placed in a Baltec MED 020 Coating system, 

Figure 13.  

 

Figure 13: Baltec coating system utilized in coating CFs with tungsten 

A vacuum was established before filling the chamber with Ar at 2.1 x 10-2 mbar. The 

current was set to 100 mA with a work distance of 80 nm. Sputtering of 20 s for 

four minutes provides ca. 10 nm W coating. After coating, the chamber was evacuated 

and raised to room pressure before releasing the sample and placing it in a sample bag 

for transfer to the laser laboratory for integration into a PbSn sample. An SEM image 

was not taken before integration, but after integration of the fibres into the unmarked 

PbSn, Case 1a, Figure 14 was obtained. 
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Figure 14: Coated fibres after integration into Unmarked PbSn 

It can be seen that the Tungsten is coating the fibres in flakes, and that the surface of 

the fibres is a bright colour, but the cross section of the fibre indicates a dark centre, 

suggesting full coating.  

Two experiments will be conducted with coated fibres in PbSn matrices. Using two 

fibre bundles in the two PbSn wire types, unmarked and Stannol. The fibres will be 

placed between two flattened wires as before with the horseshoe technique to prevent 

air gaps where the fibres can escape. For both groups, the power will be set to 600 W 

with 500 W standby, Ar gas at 16 L/min, and a focal position of 220 mm. 

4.3 Case Study 2; CuAl Osprey Powder 

Due to the risk inherent with the use of powders, it is essential to wear protective gear 

to prevent exposure risk and inhalation. Powders and fibres will be preplaced before 

the process and require a Plexiglas box in which to house the set up. This is so that the 

box can be filled with the Ar shielding gas before the run, lessening the risk of 

disturbing the powders, causing them to become airborne.  

The approach to incorporating fibres into the powder was taken in two steps; the first 

to create a cradle by two cladded tracks, Figure 15, and the second to cover the fibre 

bundle with additional material and melt it in perpendicular cross hatch tracks. 

 

Figure 15: Fibre bundle in valley between prelaid tracks 

To create the first tracks, two steel plates of 1.5 mm thickness were laid parallel to each 

other with sufficient space for two tacks, approximately 3.0 cm. Powder was added to 

the space between these plates, then levelled using a third plate to scrap the powder 
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length wise down the space. A cross section schematic of the powder bed setup is shown 

in Figure 16 in combination with the process schematic. 

 

Figure 16: Powder bed set up (top) and process schematic (bottom) 

The cladded tracks were created testing the parameters given in Table 9, which are 

adaptations from previous experiments performed on the fibre laser. 

Table 9: Summary of parameters for CuAl powder cladding tracks 

P, W Standby P, 

W 

Speed, 

m/min 

Focal 

length, mm 

GFR, L/min Powder 

thickness, 

mm 

800 800 1 300 16 1.5 

 

1500 

 

500 

0.5 

 

300 16 

 

1.5 

 250-300 

1 225-250 18.7 1.5 

2000 500 1 225-235 16 

 

1.5 

1 220 2.0 

Before testing any powders, a piece of tissue was placed in the Plexiglass box to check 

the turbulence caused by the shielding gas. The turbulence was significant enough to 

start the process on a steel plate that sat on the guides for the powder so that the 

shielding gas did not blow the powder away from the starting point. Parameter tests 

with the gas inlet taped to the side of the box did not improve the cladding, causing 

significant oxide formation, so the tests were performed with the gas tube attached to 

the optics. 
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4.4 Al Welding Wire 

Spare Al filler wire was obtained and used for creating springs in an alternative method 

for fibre shielding and anchoring. Al was selected as a secondary step due to also being 

a low melting metal as well as its extensive use in current applications like aerospace. 

A summary of the parameters utilized in the experiments is given in Table 10. 

Table 10: Direct Laser Sintering Experimental Parameters for Al Wire 

Wraps P, W t, s Spots 

 

 

 

Single 

 

600 0.5 4 

0.7 

700 0.3  4 

0.5 

1000 0.5 3 

400, preheat 0.3 x 2 7 

 

 

Double 

 

 

400 

0.4  

 

1 0.7 

1.0 

1.5 

To create an assembly that could be easily handled, Al wire was hand spun around a 

steel mandrel of 1.5 mm diameter to create a spring, Figure 17. 

 

Figure 17: Single wrapped Al spring 

The spring would be used to hold a fibre bundle, threaded through the centre of the 

spring, with additional lengths of Al wire run through the spring to provide sufficient 

material for encapsulating as well as reducing the air gap. Increasing the length of the 

wire length in the centre of the spring, it was possible to use this as a fixture for 

clamping. 

Laser parameters were determined through the use of a blank spring (without any 

fibres) using a step wise increase of time at two different power settings, 600 W and 

700 W (arbitrarily chosen values). Direct laser welding of the Al spring was conducted 

at an incident angle of 16º to prevent back reflection into the optics. The guide laser 

was placed so that it rested on the top and centre of one of the loops in the spring. The 

first time setting of 0.5 s was sufficient at both powers to melt the top layer of material, 

but not always the entire spring (a trial of four spots were tested). The time was 

increased to 0.8 s and there was not sufficient difference in the weld as was expected. 
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Trial spots at 1 s duration cut through the material and a bead was formed that separated 

from the untreated spring. 

Performing a similar parameter test for the indirect heating, steel plates of 1.5mm 

thickness were overlaid on the spring and fixed in place with clamps. Marker was used 

to identify the positioning of the spring so more direct heating could occur. The time as 

decided from the parameter selection was doubled to account for the additional layer 

that required heating. 

5 Results and Discussion 

5.1 Case 1 

Melting of the soldering wire was accomplished though maintaining the fibre in the 

melt was challenging. When the fibres were fixed through the addition of more wire to 

overlap the gaps of the initial layering, improvement was seen on fibre maintenance. 

Using the steel shield to protect the solder wire and the fibres allowed for sufficient 

fibre coverage, but was challenging and had interaction between the shield and the melt. 

When direct lasering was performed, the wire melted and surrounded the fibre while 

remaining free from attachment to the substrate, allowing for easier handling before 

microscopic evaluations. 

Some melt pools had poor surface finish being covered with oxide and general soot. 

Other points had poor bonding between the wire pieces, but had sufficient strength to 

maintain its shape when being handled. Appendix A contains images from samples that 

are representative of a wider selection of parameter tests and secondary experiments. 

Figure 18 and Figure 19, depict the protrusion of CFs from the melt due to spot welding. 

The Sample 1 with the parameters of 100 W for 0.4 s had a very poor angle to view the 

exact point of entry, thus the characteristics of that area cannot be properly described. 

 

 

 

 

 

 



26 

 

 

Figure 18: CFB protruding from PbSn melt, SEI SEM 22x (left), CFB entry point in 

PbSn melt sample, SEI SEM 400x (right). 

Figure 19, from a Sample 2, 300 W for 0.5 s, shows more clearly the entry point for the 

fibres into the melt. It can be seen here that while there are some spots of PbSn on the 

fibres with no apparent wetting around the fibre. 

 

Figure 19: Entry of CFs that exhibit no wetting, SEI SEM 2200x 

It is also to see some damage obtained on the fibre bottom, though it appears that the 

majority of the fibre is intact.  

While the process was able to embed the fibres into a metal matrix, the particular 

material of choice is not as practical as other metals like steel or other engineering 

metals. As per stated in the beginning, the focus of the study is not focused on the 

wetting of the fibres, but it is highly apparent in SEM images that there is minimal 

wetting, if any, present. Raman Spectroscopy was not performed as optical 

confirmation was deemed sufficient to the purpose. 

Trials conducted at 100 W and 200 W with no shielding plate, were unsuccessful in 

encasing the fibres in the melt. As the power was significantly lower than the trials that 
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successfully encased fibres, it is unknown the reason for failure. It is suspected that 

there was sufficient air gap between the flattened wires for the fibres to escape after the 

first failed spot, thus causing the failure of the other spots. Another possibility is that 

the poor wetting was the cause and the fibres floated to the surface of the melt, where 

they were exposed to the laser beam. 

With successfully embedding CFs into the PbSn melt, replication trials were completed 

so that the process could be confirmed to be a viable process for this project. The powers 

to be repeated are 300 W and 600 W with an additional power of 100 W to be evaluated. 

All powers had a time of 0.4 s as per the previous trials and the resultant lasered samples 

are shown in Figure 20. 

 

Figure 20: PbSn fibre embedding retrials a. 100 W, b. 300 W, and c. 600W 

Fibres were exposed and burnt in the experiment using 100 W, which is surprising when 

compared to the 300 W experiment where very little melt was obtained. Inconsistencies 

in the melting depth were seen in both the 100 W and 300 W samples while the melting 

in the 600 W seemed to be uniform. However, fibres escaped in all three samples. As 

both the 300 W and 600 W powers had produced melt pools where the fibres can be 

seen protruding from, something occurred that caused fluctuations during the trials as 

well as discrepancies in the outcomes. Problems have been experienced with the laser 

at higher powers, due to its age, where powers above 2 kW are less reliable. To 

determine if the fluctuations were caused by user operation, steel plate checks were 

completed. 

In the laser program that provides the power to the CNC machine, the user can define 

the output power that is desired as well as the standby power (which is generally used 
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for when higher powers are required). As a standby power of 500 W was used in the 

first trials using PbSn wire, this parameter was held constant. Powers from 100-600 W 

were selected for 0.4 s on plates of 1 mm thickness allowing for sufficient cooling of 

the plate between spots. Figure 21 provides a top view of the spot trials and shows very 

little differences among the power levels, with variances among the same power level. 

The reverse of the spots holds fewer clues, as the spots appear identical in size and 

colour. 

 

Figure 21: 1 mm x 2, steel plates. Top (left), and horizontally flipped underside (right) 

With such a shallow depth in the plate, it was decided to increase depth to 2 mm so 

differences would become more apparent than having a shallow plate with a cold 

supporting plate that could affect the HAZ. Using the same standby power as desired 

output as well as increasing the depth for the second steel plate trial was accomplished 

with more promising results, Figure 22. Though spots were of similar size, noticeable 

differences could be seen between all levels with at least 200 W difference.  
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Figure 22: Steel plate fluctuation test, 2 mm thick 

By using a standby power that is the equivalent to the desired output, consistent spots 

were obtained as well as having small but noticeable differences such as the size and 

colour of the spot. 

With the completion of the steel trials, replications using standby powers equal to the 

desired output power were finalised. Nine spot trials were conducted with sufficient 

melt to join the three wire pieces and no fibres appeared to be exposed. Cutting the wire 

in the non-melted sections between the spots showed that the fibres were intact and 

protruded from eight of the nine samples on both sides of the melt. Images were 

obtained in the SEM to show the entry point of the fibre bundles into the melt, one of 

the samples is shown in Figure 23.  

 

Figure 23: Entry point of fibre bundle in unmarked PbSn (left), cross section of fibre 

bundle in unmarked PbSn (right) 

Cross sections, created by cutting the melt perpendicular to the fibre bundle path with 

wire cutters, showed that the fibre bundles could be seen within the melt. However, 

there was a gap between the fibre bundle and the metal with little or no interaction, due 

to the lack of wetting of the fibres. Thus, while the process with the particular 

parameters of 600 W power, 220 mm focal length, 0.4 s duration works to embed the 
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fibre bundle into the PbSn, the interaction between the metal and the fibres is 

insufficient for a high quality composite. 

The Stannol wire, Case 1b, was processed into flattened sheets in the same method as 

the previous material. Steel plate guides were used to ensure that the width of the wire 

was uniform. Some difficulties were encountered due to a lubricant on the surface to 

protect the wire from oxidizing. Excess liquid was removed with a paper towel before 

joining two wires without the CFs in between for a parameter check.  

With the use of a steel shield, the wires of the sample were joined together, but the first 

four spots had a lot of sputtering and the fifth trial had a small ignition of what is 

suspected to be left over lubricant from cleaning. One spot each of 0.15 s and 0.3 s were 

made with poor melting on the first and over melting on the latter. Joining of the wire 

to the steel shield and substrate was obtained, though it is not vital to the project. 

Continued use of steel shielding was not used as the previous experiments had 

promising results obtained without its use, thus justifying the preservation of the steel 

sheets 

Direct experiments were completed without ignitions for residues of the protective 

grease. In some trials, there was sputtering, though it was minimal and barely noticeable 

on the substrate. Figure 24 is the entry point of the fibre bundle into the matrix when 

using 600 W for 0.4 s at a focal length of 220 mm. 

 

Figure 24: Entry point of fibre bundle in Stannol PbSn (left), highlight of lack of PbSn 

on the fibres (right) 

Similarities to the unmarked PbSn wire were observed in the Stannol wire. Both metals 

showed little to no interaction at the surface of the fibre bundle, though in certain rare 

spots, droplets of PbSn can be seen on the fibres. This was expected as literature 

regularly discusses the poor wetting of untreated CFs. As the fibre bundles in both cases 

survive the laser melting process, coating the fibres is the next appropriate step to 

incorporate the fibres into the metal matrix. 

5.2 Al wire 

Al wire springs were fixed for welding by threading a length of wire through the spring 

which was then clamped. An incident angle of 16º was required to prevent back 

reflections into the optics of the laser, Figure 25.  
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Figure 25: Focal length measurement at 16º incident angle 

After starting at literature recommended value of 1000 W, with a focal length of 220 

mm, and an arbitrary value of 0.5 s duration. During the trial, the Al wire was “cut” and 

the melt at the end of either section showed a heavily oxidized surface with extensive 

cracking, Figure 26. 

 

Figure 26: Al spring melt through using one wire through the centre to use for 

anchoring purposes 

With all of the Al tests, cracking was observed in the pieces that remained intact though 

the majority of the samples separated during the heating process. It appears that either 

there is not enough material, which allows surface tensions to pull the sample into 

sections, or that the issue of cooling rates was not overcome as to avoid hot cracking. 

Further tests were suspended due to the lack of time and the difficulty of the melting 

with this material on the Nd:YAG laser. 

5.3 Tungsten coated Fibre incorporation 

After coating the fibres, the fibres were anchored into an assembly in the same methods 

as previously described. Of the three types of metal matrices, only the PbSn and the 

CuAl were used to test the embedding of coated fibres. The coating of Tungsten, 
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approximately 10 nm thick, can readily be seen in a cross section from the unmarked 

PbSn sample depicted in Figure 14. 

5.3.1 Case 1 

Embedding the coated fibres with the same parameters that were successful to embed 

the uncoated fibres, obtained nearly identical results along the lines of having intact 

bundles observable with entry into the melt. Cross sections of the samples showed that 

the fibre bundles remained in the melt. The interaction between the fibre and the PbSn 

of the unmarked wire is given in Figure 27. 

 

Figure 27: Coated fibre boundary with PbSn matrix in unmarked PbSn 

As with the uncoated fibres, it appears that the interaction at the surface of the fibres is 

minimal. This could be due to the fibres only being coated on one side, the fibres were 

not flipped and coated on the underside, and the bowl shape of the coater that creates a 

thicker layer in the centre of the chamber, with thinner sections at the edges. This was 

not the case for the Stannol wire, where PbSn can be seen coating the fibre, Figure 28. 
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Figure 28: Tungsten coated CFB in Stannol PbSn wire 

Figure 28 shows only a small section where fibres can be seen leaving the melt with no 

air gap between the coated fibres and the matrix. This interaction and wetting were the 

desired results from the incorporation as a seamless transition from the surface of the 

reinforcement to the matrix allows for the best transfer of mechanical stresses. 

Obtaining such an interaction suggests promising results for a coated yarn, with similar 

or identical level of interaction from the coating to the PbSn matrix. 

5.3.2 Case 2 

Instead of having spot trials as with the PbSn, it was necessary to have tracks, to prevent 

blowing all of the powder off of the desired point. Initial trials to cradle the fibre bundle 

were created in a cladding method. A first track was created then a second one offset 

so that a valley was created between the tracks. The fibre bundle was taped in place in 

this valley and smaller tracks were created in a cross hatch, Figure 29. 

 

Figure 29: CFs in cross hatched CuAl powder on steel substrate 

All of the cross hatched samples, that contained fibres (both non and coated), had a 

separation of the hatch at the point where the fibres laid. Separation was expected with 

the uncoated fibres as previously discussed with the wetting, but with the coating, some 

interaction was expected. To ensure that the issue was not a lack of powder, the powder 

thickness was increased from 1.5 mm to 3.0 mm and the same results obtained, 

separation at the valley. Appendix B contains additional images of a number of the 

trials to incorporate CFBs. 
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5.4 Tungsten coated CNT-Yarn incorporation 

With promising results obtained for the PbSn matrix, the yarn was dedicated to trial in 

the PbSn matrix; more trials would be necessary before considering the CuAl or the use 

of a different coating medium that was unavailable at the time of the experiments. Using 

600 W output, 500 W standby for 0.3 s at a focal length of 220 mm, three spot trials 

were accomplished. Cutting the wire in between the melt points, and observation with 

a stereo microscope showed that the yarn could be seen protruding from the melt. SEM 

images were obtained for two of the samples, Figure 30 and Figure 31, and the third 

was used for a cross section analysis. 

 

Figure 30: CNT-yarn entry point Sample 1 (left), surface interaction between coated 

yarn and PbSn matrix (right) 

 

Figure 31: CNT-yarn entry point and surface interactions on Sample 2 

The yarn can be clearly seen entering the melt with interaction on the surface between 

the coated yarn and the matrix. When attempting the cross section, the use of wire 

cutters was insufficient due to the smudging of the soft material. When the sample was 

sent to LTU’s central work shop, EDM cutting of the sample did not show the yarn in 

the cross section. Thus it is difficult to say whether or not the yarn survived the process 

because the current methods to obtain a cross section can damage the yarn, or pull it 

out, making the analysis challenging. Observation from the entry point is also not truly 
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indicative of the entire process. Though that it appears that the yarn was successfully 

embedded into the PbSn matrix, until a cross section can be produced, it is inconclusive. 

6 Conclusion 

CFs as well as CNT-yarn was successfully added to a PbSn matrix from an entry point 

of view, with CFs obtaining full embedding regardless of the presence of a coating. The 

wetting between the metal and the CFs were improved with the use of a Tungsten 

coating. The CNT-yarn could only be seen from an entry point as a cross section was 

not obtained where the yarn was visible; most likely due to the methods available to cut 

the PbSn (cutting is difficult due to the smudging of the soft metal, and other methods 

can rip out the yarn). 

CuAl powder has the most promise for future research as sets of suitable parameters 

exist for two laser types. The challenge comes again to the wetting of the fibres. 

Tungsten coating did not allow for a sufficient lowering in the surface energy that 

caused the molten CuAl to bead into separate tracks, leaving the fibre bundle exposed 

to be incinerated. Other coating types would have to be evaluated for use with CuAl.  
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Appendix A: PbSn Samples 

 

Figure 32: CFs protruding from PbSn melt, Case 1a 

 

Figure 33: Wire warp Case 1a, parameter test results 

 

Figure 34: Horseshoe clamping method, Case 1b 

 

Figure 35: Case 1b, wire wrap sample prepped for SEM imaging 

 

Figure 36: Melt spots from coated CNT-yarn in Case 1b 
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Appendix B: CuAl samples 

 

Figure 37: Side view of overlapped CuAl track with uncoated CF 

 

Figure 38: Top view of overlapped CuAl track with uncoated CF 

 

Figure 39: Top view of cross hatched coated CF tracks 

 

Figure 40: Top view of processed crosshatched tracks before powder removal 
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