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ABSTRACT OF THE THESIS 
 

Development of Structural Amorphous Metallic Fibers 

 

 

by 

 

Travis Lawrence 

 

Master of Science in Materials Science and Engineering 

University of California San Diego, 2022 

Professor Olivia Graeve, Chair 
 

SAM 2x5 is an iron based amorphous metal (Fe49.7 Cr17.7 Mn1.9 Mo7.4 W1.6 B15.2 C3.8 

Si2.4) that demonstrated the highest elastic limit during shock impact ever reported for a bulk 

metallic glass. In this research, SAM 2x5 powder was attempted to be thermally drawn into an 

amorphous metallic fiber via a draw tower assembled by the project team. Fibers were 

attempted to be drawn at varying temperatures ranging from 700 to 900˚C and varying 
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process speeds. Resulting fibers were analyzed under optical imaging and scanning electron 

microscopy, which showed that the SAM 2x5 powder was unable to create a continuous fiber 

via the thermal draw tower. The resulting fibers contained various amounts of small spherical 

SAM 2x5 particles entrapped inside the glass cladding, caused by the breakup of the solidified 

SAM 2x5 powder column.
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CHAPTER 1- BACKGROUND 
 

1.1- History 

Metallic glasses are amorphous alloys that contain atoms of vastly different sizes, which 

creates low free volume in the structure. This causes the viscosity of the amorphous metals to be 

orders of magnitude higher than non-amorphous metals and alloys. The high viscosity prevents 

the atoms from rearranging to form an ordered lattice upon cooling (Figure 1.1), eliminating 

grain boundaries which are considered the weakest sections of crystalline materials. The lack of 

mobility of the atoms causes the lattice to be frozen in an amorphous (glassy) state that 

experiences low shrinkage during cooling and high resistance to plastic deformation. [1-2] 

 

Figure 1.1- Visual Comparison of an Amorphous Metal Versus a Crystalline Metal [3] 

 

Apart from thin films deposited at very low temperatures, metallic glasses were first 

developed in 1960 by Duwez at Caltech by forming an amorphous state of Au75Si25 via rapid 
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quenching at very high rates of 105-106 K/sec from 1300˚C to ambient temperature.[4] This high 

cooling rate was necessary to kinetically bypass the growth of crystalline phases and yield a 

frozen liquid atomic configuration, which are now called metallic glasses. This technique was 

utilized for decades to produce various binary metallic glasses; however, the necessity of a high 

rate of cooling limited the geometrical applications due to only being able to generate thin 

sheets.[2,5] Over the decades that followed, the techniques of vapor quenching and melt 

quenching have been thoroughly developed for producing a variety of multielement amorphous 

alloy phases. Plasma sputtering, chemical vapor deposition, and electron beam evaporation are 

some techniques that utilize producing amorphous alloy films from the vapor phase. Melt 

spinning, liquid atomization, and splat cooling are other popular techniques that utilize the liquid 

quench approach.[5,6] 

Generally, glasses are formed through a vitrification process, which is cooled rapidly 

from its liquid state. If the cooling rate is slow enough the system kinetics allow the crystalline 

phase to form below the melting temperature, and the liquid is transformed into a crystalline 

solid structure. However, if the quench rate is fast enough the crystal phases will not have time to 

form and will be impeded. This results in a supercooled state, which is a metastable state 

compared to the crystalline state. After continued supercooling of the liquid, the viscosity of the 

liquid increases until the supercooled liquid reaches about 1013 Poise, which is 14-15 orders of 

magnitude higher than the viscosity at the melting temperature. This change in viscosity is called 

the glass transition temperature (Tg), in which the atomic structure is practically stationary and 

has formed a rigid glass. A materials glass forming ability (GFA) is a measure of the slowest 

cooling rate (Rc) a material can achieve while avoiding crystallization. With this, an alloy with a 

lower Rc has a better GFA than an alloy with a higher Rc.[7-9] A high GFA is a desirable property 
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in an amorphous metal because it would enable the production of bulk amorphous alloys by 

conventional casting processes with low cooling rates. This allows the applications of high GFA 

amorphous alloys to be significantly extended because of the easing of shape and dimension, 

which is arguably a limiting factor for amorphous metals.[9] 

 

1.2- Mechanical Properties 

Both glassy and crystalline metallic alloys have mainly metallic atomic bonds. However, 

despite this similarity between the two, bulk metallic glasses present properties significantly 

different compared to standard crystalline alloys. Bulk metallic glasses do not have the 

traditional slip systems that are found in crystalline metals. With the absence of dislocation-

mediated slip, the resulting yield stress is much closer to the theoretical limit (y = E/20) than 

their crystalline counterpart [7,10], shown in Figure 1.2. Figure 1.2 visually compares select bulk 

metallic glasses to over 1500 engineering alloys and related materials, showing that bulk metallic 

glasses have an unusual combination of high yield stress (y) and low Young’s modulus (E). 

Figure 1.2 also displays contours of elastic strain limit and resilience, for which metallic glasses 

have far exceeded any of the conventional materials. Lastly, the elastic strain limit in shear is 

very high and fairly uniform at 2.67%.[11] This elastic strain is a result of multiple shear bands 

occurring in a shear transformation zone, allowing the material to bend significantly without 

fracture, showing in Figure 1.3(d). The high elastic strain allows for applications in elastic 

hinges, pressure gages and flow meters, while the high resilience leads to applications requiring 

impact or energy absorption.[7,10] 
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Figure 1.2- Elastic Limit (y) Versus Young’s Modulus (E) For 1507 Metals, Alloys, Metal-matrix Composites, and 

Metallic Glasses. The Contours Represent Elastic Strain Limit (y/E) and Resilience (y
2/E) [12] 

 

As discussed, the lack of dislocations and slip systems in metallic glasses allow for 

exceptional yield strength and elastic properties. However, these attributes also result in 

undesirable effects on their plastic deformation after yield strain. At temperatures much below 

their Tg while under uni-axial tension or compression, metallic glasses shear fracture 

immediately after yielding without showing any appreciable macroscopic plastic strain, similar 

to inherently brittle material like typical silicate glasses.[13,14] However, their mode of failure is 

slightly different than that of a standard brittle material. The fracture surface occurs along the 

plane with the maximum resolved shear stress (~45˚) whereas typical brittle materials fracture at 

90˚. Additionally, the fracture surface of the metallic glasses display features such as “vein 

patterns” or “river patterns”.[7,15,16] The conflicting properties of brittle failure upon yield, but 
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ductile fracture surface features in metallic glasses have been attributed to severe localization of 

plastic deformation in microscopically narrow bands called shear bands.[13,14,17-23] Figure 1.3 (a), 

(b) display the results of one shear band causing brittle like failure during a tensile test. Figure 

1.3 (c), (d) display the outcome of a bending test, where multiple shear bands are at play and the 

metallic glass is able to significantly plastically deform. This shows that bulk metallic glasses 

may be better suited for flexing/bending applications compared to tensile loading based on the 

effects of shear bands. 

 

Figure 1.3- Ductility and Failure of Metallic Glasses Under Altered Loading Conditions at Room Temperature.  

(a) A Typical Tensile Fracture with Localized Plastic Deformation and No Ductility. (b) Vein Morphology Typical 

of “Ductile” Fractures. (c) Bending Load Test Showing Extensive Bending Ductility for Various Compositions. (d) 

Formation of Multiple Shear Bands Which Leads to the Extensive Bending Ductility [7] 
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1.3- SAM 2x5 

 SAM 2x5 (Fe49.7 Cr17.7 Mn1.9 Mo7.4 W1.6 B15.2 C3.8 Si2.4) is an iron-based amorphous alloy 

known for its high corrosion resistance and is reported to be four to five times harder and more 

wear resistant than stainless steels and nickel-based alloys.[24,25] SAM 2x5-630 (a specific in situ 

composite of SAM 2x5 with slightly higher in situ crystalline precipitate) has the highest elastic 

limit during shock impact ever reported for a bulk metallic glass with a calculated value of 12.43 

GPa.[26] SAM 2x5 powders are produced by gas atomization and milled using a high-energy ball 

mill.[27] The powder is then able to be solidified to ~95% of their theoretical density via spark 

plasma sintering (SPS). SPS utilizes the simultaneous application of pressure and electric current 

to heat the powder via Joule heating and densify the sample. The short processing times and 

lower processing temperatures needed for SPS are mainly responsible for arresting 

devitrification of the sample, yielding an amorphous solid bulk metallic glass.[27]  

The glass transition temperature of SAM 2x5 is 579˚C.[25,28] As the sintering time and 

temperature are increased during densification, the crystallite size increases exponentially due to 

further departure above Tg, shown in Figure 1.4. Figure 1.4 compares SAM 2x5 with SAM 7 

(Fe48 Mo14 Cr15 Y2 C15 B6), a similar amorphous metal with approximately the same Tg but 

different crystallization characteristics when sintering temperature is increased. This becomes 

important when designing and selecting the experimental parameters used to create the draw 

tower, as well as altering the experimental variables based on findings discussed in the 

experiment section. 
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Figure 1.4- Change in Crystallite Size when Temperature and Sintering Time are Altered for (a) SAM 7 and (b) 

SAM 2x5, and (c) Change in Time-independent Exponential Variable with respect to Temperature [27] 

 

 

1.4- Amorphous Metal Fibers 

 Processing of bulk metallic glasses require close attention to several variables. The 

largest hurdle to overcome is to avoid vitrification during processing and solidification for the 

bulk metallic glass to maintain its amorphous properties.[29] Cooling a material below its melting 
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temperature results in an increase in driving force for crystallization, which is quantified by the 

Gibbs free energy difference between the undercooled melt and the competing crystalline 

phases.[30-32] Because of this, bulk metallic glasses can generally be processed via two different 

approaches. 

The first is direct casting, where an amorphous melt must be inserted into a mold and 

cooled sufficiently fast before the crystalline phases develop. Based on the relatively long time it 

takes to fill a mold cavity combined with fast cooling rates, only a limited range of thin 

geometries can be developed.[29] The second approach is to reheat a bulk metallic glass into the 

supercooled liquid region (SCLR) where the glass relaxes into a metastable liquid before it 

crystallizes. This process is called thermoplastic forming, which takes advantage of the softening 

of bulk metallic glasses upon heating above the glass transition temperature and the materials 

thermal stability, similar to that of thermoplastics. Thermal stability is a way to quantify the bulk 

metallic glass’s ability to retain its amorphous structure when heated above its glass transition 

temperature,[29] providing a processing window that is fairly large for a variety of bulk metallic 

glasses.[33] Based on the large processing window, the already densified SAM 2x5 samples the 

project team has, and the lower processing temperatures required, reheating the SAM 2x5 

samples into the SCLR to attempt to generate fibers was selected for this project. 

 Sorin et al.[34] was able to successfully generate micro- and nanoscale fibers via thermal 

drawing and was the basis for this project’s design. It began by preparing a macroscopic preform 

made up of a platinum based metallic glass core (Pt57.5 Cu14.7 Ni5.3 P22.5) and a supporting 

cladding (typically a thermoplastic polymer or glass, in this case they used polyetherimide 

(PEI)), shown in Figure 1.5. The cladding undergoes continuous plastic deformation during the 

draw process and supports most of the stresses induced during deformation. For the cladding and 
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the metallic glass to be co-drawn together, they must soften within the same temperature range, 

exhibit compatible viscosities at the processing temperature, resist crystallization, and the 

metallic glass should have slow crystallization kinetics at the drawing temperature.[35]  

 

Figure 1.5- Visual of the Fiber Fabrication Process Showing a Metallic Glass Core in a Polyetherimide Cladding 

Reduced to a Nanoscale Ribbon via Multiple Draws [34] 

 

 

In this fabrication, their goal was to develop metallic glass nanoscale ribbons to be used 

on optoelectronics and neuroscience. The generation of the macroscopic preform and the method 

of thermally drawing the preform in a thermal draw tower was deemed appropriate for the 

generation of SAM 2x5 fibers. With this, the SAM 2x5 would be encapsulated inside of a 

cladding with similar thermal properties to form a preform. The preform would then be thermally 

drawn at temperatures higher than Tg, SAM2x5 = 579˚C (residing in the SCLR of SAM 2x5) in a 

draw tower. The overarching process of a thermal draw tower is depicted below in Figure 1.6.  
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Figure 1.6- Visual Representation of Fiber Drawing [36] 

 

 Figure 1.6 displays what is happening inside of the furnace during fiber generation. As 

the preform is heated into the SCLR by the furnace, it becomes workable and deforms (necks 

down) into a fiber. The preform speed is controlled by a downfeed mechanism and the fiber 

speed is controlled by a capstan, discussed in the design section. 
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CHAPTER 2- DESIGN 
 

2.1- Preform 

The first step in beginning the design phase of this project was to determine a cladding 

material that would appropriately pair with SAM 2x5 in order to create the preform. The 

cladding material is present to assist with the mechanical stresses induced on the SAM 2x5 

during the draw and to keep the SAM 2x5 discs consolidated in a stacked manner. As discussed, 

the cladding must have similar thermal properties as SAM 2x5 to be able to draw together. Soda 

lime glass and lead glass were chosen based on having a glass transition temperature of 525˚C[37] 

and 430˚C[38] and a softening temperature of 720˚C[37] and 630˚C[38] respectively, which 

corresponds well with the glass transition temperature of SAM 2x5 (Tg, SAM2x5 = 579˚C). 

Borosilicate glass was also used in the initial experiments to evaluate a preform with a much 

higher softening temperature (Tsoftening = 821˚C)[39], in addition to verifying the initial operation 

of the draw tower. 

The glass tubes were chosen as a convenient way to slide the preexisting SAM 2x5 discs 

into the tube in a stacking fashion. The SAM 2x5 discs were later changed to SAM 2x5 powder 

based on initial experiments and observations. The glass tubes have an I.D. of 7.58 mm and an 

O.D. of 10.23 mm to allow a sufficient core to cladding ratio of about 1.5. The top of the glass 

tubes have a flared edge to allow ease of access when inserting the SAM 2x5 discs into the tube 

and attaching the vacuum pump attachment to the top of the tube during the draw. The bottom of 

the tubes have a teardrop appendage to provide an access point to initiate the draw with manual 

force if necessary. The tubes were manufactured to a length of 60 cm to permit multiple 

experiments on a single glass tube. 
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2.2- Furnace 

Once the size and length of the preform was established, a furnace was chosen to supply 

the heat necessary to initiate the draw. A tubular furnace was chosen to let the preform pass 

through the center of the furnace unobstructed, shown in Figure 2.1. This will allow the preform 

to lower into the top, neck down into a fiber, then exit the bottom of the furnace in a continuous 

manner. The furnace was designed to reach maximum temperature of 900C, which was deemed 

adequate since the glass transition temperatures and softening temperatures of the materials 

making up the preform fall below this maximum. A lower temperature furnace allows design 

simplicity since the furnace could be operated in an open-air environment, compared to other 

higher temperature furnaces that require an inert controlled atmosphere. The furnace is equipped 

with a 6” single zone heated length, and a 1” unheated length on either end. It has a 1.5” I.D. 

stainless steel protection liner that is replaceable if the glass cladding was to be inadvertently 

stuck to the inner wall of the furnace during experiments. Lastly, a temperature controller 

provides a means to change the set furnace temperature, with a type “K” thermocouple to 

monitor the actual temperature inside. 
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Figure 2.1- Engineering Drawing of the Tubular Furnace 

 

2.3- Downfeed 

A mechanism to supply the downfeed for the preform was the next component to 

consider. The downfeed must move the preform in a linear motion through the centerline of the 

furnace at a steady rate in order to establish a continuous process once the fiber draw is initiated. 

A linear slide from Zaber Technologies was chosen based on meeting these criteria. As shown in 

Table 2.1, the minimum speed and resolution are very precise, which gives the operator the 

ability to accurately adjust the speed of the downfeed. The downfeed moves via a worm gear 

attached to an electric motor, which slides the mounting platform up and down. The mounting 

platform only protrudes 35.8 mm from the mounting plate on the back of the structure, so an 
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attachment was designed and created (Figure 2.2) to allow the preform to be held at 152.4 mm 

away from the mounting plate, corresponding to the centerline of the furnace. The attachment 

was designed to be adjustable via a hex key, allowing for any minor changes to be made upon 

assembly. Lastly, an adjustable tube clamp is included to hold the preform during experiments 

and change preforms as necessary.  

 

 

Figure 2.2- Adjustable Attachment for Linear Slide 

 

 

Mounting Platform 

Worm Gear 

Preform Attachment 

Tube Clamp 
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Table 2.1- LSQ450A (Linear Slide) Data Sheet 
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Table 2.1- LSQ450A (Linear Slide) Data Sheet (Cont.) 

 

 

 

2.4- Capstan 

A fiber collection method was the last major component to determine. A cylindrical spool 

attached to a rotating motor was chosen to allow uniform tension to be applied to the preform 

while the fiber was being wrapped around the spool. The rotating assembly was also obtained 

from Zaber Technologies for ease of device communication, high rotational accuracy, and high 

continuous torque capabilities shown in Table 2.2. A PVC spool was designed and manufactured 

to attach to the rotating motor with a diameter of 167 mm. This diameter was selected to be able 
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to mount the spool as close to the furnace as possible, while still leaving a gradual enough 

curvature to not shatter the fibers as it is being wrapped around the spool. The linear slide and 

rotating spool motor communicate via a universal drive controller with a common link to a 

computer, in which the downfeed velocity of the linear slide and the rotational velocity of the 

capstan can be adjusted. 

Table 2.2- RST120AK-T3A (Capstan) Data Sheet 

 

 

 

 

 



18 

 

Table 2.2- RST120AK-T3A (Capstan) Data Sheet (Cont.) 

 

 

 
 

 

2.5- Draw Ratio 

 To allow the neck down region to stay inside the furnace and have a consistent draw 

ratio, the speed of the downfeed versus the angular velocity of the spool are related by 

conservation of mass equation 1.[40] 

𝜌 ∗ 𝜐𝑑𝑜𝑤𝑛𝑓𝑒𝑒𝑑 ∗ 𝐴𝑝𝑟𝑒𝑓𝑜𝑟𝑚 = 𝜌 ∗ 𝜐𝑠𝑝𝑜𝑜𝑙 ∗ 𝐴𝑓𝑖𝑏𝑒𝑟   ,   𝜌 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝜐𝑑𝑜𝑤𝑛𝑓𝑒𝑒𝑑 ∗
1

4
 𝜋 𝐷𝑝𝑟𝑒𝑓𝑜𝑟𝑚

2 = 𝜐𝑠𝑝𝑜𝑜𝑙 ∗
1

4
 𝜋 𝐷𝑓𝑖𝑏𝑒𝑟

2 

𝜐𝑑𝑜𝑤𝑛𝑓𝑒𝑒𝑑 ∗ 𝐷𝑝𝑟𝑒𝑓𝑜𝑟𝑚
2 = 𝜐𝑠𝑝𝑜𝑜𝑙 ∗ 𝐷𝑓𝑖𝑏𝑒𝑟

2 

𝐷𝑓𝑖𝑏𝑒𝑟 = 𝐷𝑝𝑟𝑒𝑓𝑜𝑟𝑚 ∗ √
𝑣𝑑𝑜𝑤𝑛𝑓𝑒𝑒𝑑

𝑣𝑠𝑝𝑜𝑜𝑙
    (1) 
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 The diameter of the fiber is related to the diameter of the preform by a reduction ratio, 

(
𝐷𝑝𝑟𝑒𝑓𝑜𝑟𝑚

𝐷𝑓𝑖𝑏𝑒𝑟
)

2

. Since the diameter of the preform is fixed at 10 mm, the diameter of the fiber will 

be about 1.4 mm based on a desired reduction ratio of 50. A reduction ratio of 50 was chosen 

based on thermal draw experiments performed on optical fibers in a similar manner.[41] With the 

reduction ratio selected, a downfeed velocity or angular spool velocity to be chosen. Once one of 

these parameters is arbitrarily chosen, then the other variable can be solved for. The linear 

velocity of the spool can be converted to angular velocity by equation 2. 

𝑣𝑠𝑝𝑜𝑜𝑙 = 𝑟𝑠𝑝𝑜𝑜𝑙 ∗ 𝜔𝑠𝑝𝑜𝑜𝑙      (2) 

The angular velocity of the spool is necessary to be determined in radians/sec because the 

program used to control the rotating spool requires this input. In the experiment section, these 

parameters were adjusted based on findings from the fiber draw attempts. 

 

2.6- SolidWorks Assembly 

 After all the individual components of the draw tower were determined, the parts were 

modeled into a SolidWorks assembly to ensure the relative sizes of the components were 

appropriate with respect to one another and a stand design could be developed. The individual 

parts were mated and constrained to the centerline of the furnace to ensure proper unobstructed 

travel of the preform. Once all parts were properly mated and constrained, a stand to hold all 

components in place was developed, shown in Figure 2.3. Figure 2.3 (a), (b) displays the various 

components of the draw tower constrained together. Figure 2.3 (c), (d) display the stand 

developed to hold the components in their appropriate places. The furnace between Figure 2.3 

(a), (b) and Figure 2.3(c), (d) differs due to the furnace design being finalized between the 

rendering of the two assemblies, however the critical distance of 152.4 mm from the centerline 
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of the furnace to the mounting surface is unchanged between the two designs. Once the furnace 

design was finalized, the stand was created.  

 

 
   (a)            (b) 

 
   (c)       (d)  

 
Figure 2.3- SolidWorks Assembly of Draw Tower 
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The stand was designed to be 50” tall and 18” wide, made of 1/8” steel. The bottom 

platform was designed to be 25” long to provide a large enough base support the vertical weight. 

A stabilizing bar was added to span diagonally across the stand to ensure the vertical component 

of the stand did not sway in any direction during operation and the added weight of the 

components did not cause the stand to bow inward. Lastly, a 2” lip was added to the back of the 

stand to ensure the stand did not fall backward and to further stabilize the assembly.  

 

2.7- Physical Assembly 

Once the assembly was finalized and all parts were received, the stand was laid flat and 

the components were physically laid out onto the stand to ensure proper spacing and alignment. 

The furnace was positioned such that the top of the first mounting bracket was 27” from the top 

of the stand to allow sufficient spacing for the linear slide attachment to not contact the furnace 

when at its lowest point. The furnace was mounted on the centerline of the stand by drilling a 

5/32” hole into the steel corresponding to each of the 4 mounting holes of the furnace. The 

furnace was secured onto the stand using 4, 1/8” hex head stainless steel bolts, each with a 

corresponding washer and anti-slip nut.  

 The next component to be mounted was the linear slide. Since the linear slide required an 

attachment to securely hold the preform, the distance from the centerline of the attachment to the 

centerline of the linear slide had to be determined. This distance was measured to be 1.625” 

using calipers, resulting in the center of the linear slide to be positioned at 7.375” from the left 

edge of the stand. The linear slide was measured to be 2.5” wide, so to ensure the linear slide was 

in the correct position, the top and bottom left edges of the linear slide were positioned and 

marked to 6.125” from the left edge of the stand. The linear slide was then clamped in position to 

allow the stand to be uprighted. A plum bob test was performed to verify the linear slide 
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attachment was coincident with the center of the furnace. The plum bob test passed, and a 

borosilicate tube was inserted into the preform attachment to again ensure centerline with the 

furnace, shown in Figure 2.4. After all tests passed and measurements were verified, the linear 

slide was mounted to the stand by drilling a 5/16” hole into the steel corresponding to 4 

mounting holes of the linear slide. The linear slide was secured to the stand using 4, 1/4” hex 

head stainless steel bolts, each with a corresponding washer and anti-slip nut. 
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Figure 2.4- Centerline Test of Linear Slide Prior to Mounting 

 

 Lastly, the capstan was mounted offset from the centerline of the furnace such that no 

lateral force would be applied to the fiber exiting the furnace. This was accomplished by 
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attaching the PVC spool to the rotating assembly and using the radius of the PVC spool 

(r=83.5mm, 3.28”) as an offset from the centerline of the furnace. The capstan was clamped to 

the stand and the assembly was again uprighted to perform another plumb bob test to ensure the 

plumb bob was tangential to the PVC spool. After this test passed and measurements were 

verified, the rotating assembly was mounted to the stand by drilling a 5/16” hole into the steel 

corresponding to 4 mounting holes of the rotating assembly. The rotating assembly was secured 

to the stand using 4, 1/4” circular hex key stainless steel bolts, each with a corresponding washer 

and anti-slip nut, resulting in the finalized assembly shown in Figure 2.5. 

 

 

Figure 2.5- Finalized Draw Tower Assembly 
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2.8- Sample Preparation and Experimental Steps 

 Using the Zaber linear slide control software, the linear slide and preform attachment are 

raised to the starting (home) position on the linear slide. This allows a reference position to be 

established, as well as provide enough room between the preform attachment and the furnace to 

mount the preform in later steps. The preform attachment is moved in a linear direction by a 

worm gear that runs the length of the linear slide. The starting position of the linear slide 

attachment is shown in Figure 2.6. 

  

Figure 2.6- Movement of Linear Slide to Home Position 

 

 The glass tube (cladding) is prepared for mounting by wrapping electrical tape twice 

around the tube (720˚). In this step, it is important to ensure the electrical tape does not overlap 

more than once to ensure proper mounting by the tube clamp. Based on findings from misaligned 

tape overlap, the tube clamp will place an inconsistent force on the tube causing it to be mounted 

Worm Gear 

Linear Slide 

Attachment 

Reference (home) 

Position 

Linear Slide 

Electric Motor 
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askew and not travel centerline with the furnace. Figure 2.7 shows the prepared glass tube before 

and after mounting to the linear slide attachment. 

  

Figure 2.7- Glass Tube Before and After Mounting to Linear Slide Attachment 

 

 Once the glass tube is mounted to the downfeed assembly, the SAM 2x5 powder is 

poured into the top of the glass tube via a funnel to create the preform. An approximate 50 mm 

column on SAM 2x5 powder is shown in Figure 2.8, which is determined and discussed in the 

experiment section. 

 

720˚ Electrical 

Tape 
Tube Clamp 
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Figure 2.8- Addition of SAM 2x5 Powder to Preform 

  

A vacuum pump is attached to the top of the glass tube after the SAM 2x5 powder is 

added to supply negative pressure inside the tube during the draw experiments. This negative 

pressure is essential to ensure the preform collapses about its centerline, allows less resistance 

for the SAM 2x5 column to displace upward during experiments, and inhibits oxidation of the 

SAM 2x5 powder once inside the furnace. The vacuum pump hose is held in position by a 

squeeze clamp to support the weight of the hose and not place unwanted force on the attachment. 

The vacuum pump attachment and assembly are shown in Figure 2.9. During experiments, the 

vacuum inside the glass tube reaches ~8” Hg. 

 

Funnel 

SAM 2x5 

Column 
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(a)       (b) 

  
(c)       (d) 

Figure 2.9- (a) Vacuum Pump Attachment to Preform, (b) Vacuum Pump, (c, d) Draw Tower Assembly with 

Vacuum Pump Attached to Preform 
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Once all prior initial conditions are met and the furnace reaches the desired temperature, 

the downfeed is initiated at a predetermined speed and slowly lowers the preform into the 

furnace. Once the top of the SAM 2x5 powder column reaches the top of the furnace, the 

downfeed is halted (reasoning discussed later in the experiment section) and the preform is left to 

soak in the furnace until gravity initiates the draw. A mirror is placed below the furnace at an 

angle to allow the user to safely view the preform while inside the furnace and monitor for draw 

initiation or issues that may arise. After the draw is initiated, the fiber exits the bottom of the 

furnace and is wrapped around the capstan at a predetermined speed based on the reduction ratio 

and equation (1). This process is shown in Figure 2.10. 
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(a)      (b) 

  
(c)      (d) 

Figure 2.10- (a) Insertion of Preform into Furnace, (b-c) Preform Halted as SAM 2x5 Powder Column Reached Top 

of Furnace, (d) Fiber Exiting Furnace 
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CHAPTER 3- EXPERIMENT 
 

3.1- Pre-powder Experimental Section 

 This section is provided to show the experiments performed to test the draw tower’s 

functionality before including the SAM 2x5 powder. During these experiments, three different 

types of glass (Lead Glass, Soda Lime Glass, and Borosilicate Glass) were attempted to be 

drawn into a fiber. After each attempt, various parameters were adjusted based on the findings 

and conclusion of that experiment. It is worth noting that in this section, the inner portion of the 

tube is hollow which affects the conservation of mass assumed in equation (1). The O.D. of the 

tube is 10.23 mm and the I.D. is 7.58 mm. This results in an initial area of 37.07 mm2 and an 

initial simulated diameter of 6.87 mm when accounting for the lack of material in the center of 

the tube. Equation (1) is still relevant when attempting to determine downfeed and spool 

velocities, however it results in a reduction ratio of 24 compared to the target 50 that will be 

attempted in section 3.2. 

 

3.1.1- Drawing Borosilicate Glass Tube at 850C 

 This experiment was conducted as an initial operational test for the draw tower. A 60 cm 

borosilicate preform was mounted to the downfeed using 720˚ of electrical tape as cushion for 

the mounting bracket. The furnace was preheated to 850C and a vacuum pump was attached to 

the top/open end of the tube to provide negative pressure (~8” Hg) during the draw. Once the 

initial conditions were set, the downfeed and capstan were initiated, moving at a speed of 100 

µm/sec and 0.05 rad/sec respectively. Once the tube exited the bottom of the furnace, the draw 

was attempted to be manually initiated by using a pair of needle-nose pliers to create a 

downward force on the preform. However, the borosilicate glass was very brittle and did not 
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deform as expected. The preform was backed out of the furnace and returned to its initial starting 

position at the top of the linear slide for inspection. After the glass tube was evaluated, it was 

noted that a small amount of collapse occurred 1.5” from the bottom of the tube due to the 

negative pressure applied. Based on the lack of workability exhibited by the borosilicate tube, the 

furnace needed to be at a higher temperature to achieve the desired response. 

 

3.1.2- Drawing Borosilicate Glass Tube at 900C 

 This experiment was conducted as a follow-on operational test for the draw tower, 

increasing the furnace temperature from 850˚C to 900˚C. All other conditions were held 

constant. Once the initial conditions were set, the downfeed and rotating spool were initiated. 

The tube exited the bottom of the furnace, and the draw was again attempted to be manually 

initiated by using a pair of needle-nose pliers to create a downward force on the preform. 

However, the borosilicate glass was still far too brittle and did not neck down as expected. The 

preform was backed out of the furnace and returned to its initial starting position at the top of the 

linear slide. The glass tube had fully collapsed in on itself leaving a flattened portion 5.5” long, 

corresponding to the portion of the tube within the heated length of the furnace. Since 900˚C is 

the maximum temperature this tubular furnace can achieve, it was determined that borosilicate 

glass did not contain the appropriate thermal properties to achieve fibrous material based on the 

limiting conditions of the furnace.  

 

3.1.3- Drawing Lead Glass Tube at 700C 

 Since the borosilicate glass was unable to achieve the desired response due to its thermal 

properties and experimental limiting factors, lead glass was attempted to be drawn. This 

experiment was conducted as a starting point to observe the mechanical characteristics of lead 
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glass under similar conditions as borosilicate glass. Lead glass has a softening temperature of 

630˚C [38], so the furnace was preheated to 700˚C. All other initial conditions were held constant. 

The lead glass tube was mounted to the downfeed described in section 2.8. Once the furnace 

temperature stabilized at 700˚C, the downfeed and rotating spool were initiated. As the lead glass 

exited the bottom of the furnace, the draw was attempted to be manually initiated in the same 

fashion as before.  

 Similar results to the borosilicate glass experiments were observed. The lead glass was 

far too brittle to deform and did not neck down into a fiber as desired. The preform was returned 

to its starting position at the top of the linear slide and the lead glass tube was examined. The 

tube did collapse into a flattened specimen roughly 1.5” from the bottom of the preform and 

spanned 5” in length due to the negative pressure applied. This observation showed that the 

temperature of the furnace needed to be raised in order to achieve a workable material and 

reduction in size. 

 

3.1.4- Drawing Lead Glass Tube at 800C 

 Based on the previous findings for lead glass, the furnace temperature was raised from 

700˚C to 800˚C to test the concluding remarks of section 3.1.3. All other initial conditions and 

parameters were held constant. The downfeed and rotating spool were initiated, and the lead 

glass tube entered the furnace. As the tube was moving through the furnace, continuous tube 

collapse was observed using the inspection mirror at the base of the draw tower. Once the tube 

exited the bottom of the furnace, an external downward force was placed of the preform. A 

portion of the tube still inside of the furnace began to neck down into a fiber, approximately 3” 

from the bottom of the furnace. The external force was held constant, and the tube continued to 

neck down. Once the fibrous portion of the tube exited the bottom of the furnace, it was 
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attempted to be wrapped around the capstan to initiate a continuous process. However, the 

fibrous material had cooled and became too brittle to deform around the spool. This caused the 

fiber to continuously break into small pieces as it was pulled by the capstan. The results of this 

experiment are displayed in Figure 3.1. 

 Based on the rapid cooling of the fiber after it left the furnace, the furnace temperature 

needed to be raised to allow the exiting temperature of the fiber to be higher and stay workable 

for a longer period. Additionally, the speed of the downfeed and the capstan could be increased 

respectively using equation (1) to have the fiber spend less time between the bottom of the 

furnace and the capstan. In order to better determine the results of varying parameters, the 

furnace temperature would be adjusted first and the speeds left constant. 

 

  

Figure 3.1- Post Experiment Lead Glass Draw 800˚C 
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Additionally, this experiment allowed a change of course to reevaluate using pre-sintered 

SAM 2x5 specimens as the core of the preform in section 3.2. Based on the observed collapse 

and downward force required to initiate the draw, it was determined that it would be better suited 

to use SAM 2x5 powder as the core of the preform versus pre-sintered specimens. The forces 

required to neck down the glass cladding would not be high enough to deform a pre-sintered 

SAM 2x5 specimen, and the specimen would simply pass through the center of the furnace 

unchanged. Starting with SAM 2x5 powder would allow the powder to become entrapped in the 

center of the tube during the collapse and sinter into a solid fiber using the heat of the furnace. 

 

3.1.5- Drawing Lead Glass Tube at 870C 

 The furnace temperature was raised from 800˚C to 870˚C to attempt to achieve a 

workable fiber that can be wrapped around the capstan. In order to better maintain the heat inside 

the furnace, a 5/8” I.D. washer was placed over the top of the furnace to reduce the chimney 

effect and ensure the glass was reaching the desired temperature during the draw. All other initial 

conditions were held constant. The downfeed and rotating spool were initiated, and the lead glass 

tube entered the furnace. As the tube was passing through the center of the furnace the glass 

began to neck down into a fiber via gravity, so manual initiation of the fiber draw process was 

not necessary due to the increased heat of the furnace. Once the glass fiber exited the bottom of 

the furnace, it was attempted to be wrapped around the capstan. The fiber was able to wrap 270˚ 

around the capstan before it began breaking due to cooling and becoming brittle. Wrapping the 

glass fiber around the spool was attempted several times with similar results. The experiment 

was halted and the preform was backed out of the furnace to its initial position at the top of the 

linear slide.  
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Based on the results from this experiment and section 3.1.4, it was determined that the 

speeds of the downfeed and capstan needed to be faster, allowing the fiber to spend less time 

exposed to ambient temperature before it is attempted to be wrapped around the spool. This will 

permit the fiber to maintain a higher temperature and its ductility as it is attempted to be 

collected. However, before attempting to alter the process speeds, soda lime glass was drawn to 

determine if better results would be obtained based on the material used. 

 

3.1.6- Drawing Soda Lime Glass at 800C 

 This experiment was performed to determine if the type of glass used to generate fibers 

would make a difference when the fiber was attempted to be wrapped around the capstan. The 

furnace was preheated to 800˚C based on soda lime glass having a softening temperature of 

720˚C.[37] All other initial conditions were held constant. The downfeed and spool were initiated, 

and the soda lime glass tube entered the furnace. As the glass tube was progressing through the 

furnace, the tube began collapsing in on itself due to negative pressure applied, observed through 

the inspection mirror. Once the preform exited the bottom of the furnace, the draw was manually 

initiated, and the tube began to neck down inside the furnace. The fiber was wrapped around the 

capstan, however continuous fracturing was again observed. The experiment was halted after 

several attempts and the preform was returned to the top of the linear slide. The conclusion from 

this experiment was the same as section 3.1.4, the material needed to be hotter to maintain its 

ductility as it is wrapped around the capstan.  

 

3.1.7- Drawing Soda Lime Glass at 880C 

 This experiment was performed to test the conclusion of section 3.1.6. Based on those 

findings, the furnace temperature was raised from 800˚C to 880˚C. All other initial conditions 
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were held constant. The same soda lime glass tube from section 3.1.6 was used, so there was 

already a preformed fiber present at the tip of the tube, allowing a convenient access point to 

manually initiate the draw if necessary. The downfeed and rotating spool were initiated, and the 

glass tube entered the furnace. As the fiber exited the furnace, the draw was manually 

initiated/continued. The fiber was more workable when attempted to be wrapped around the 

capstan, but the same issues were encountered. The glass fiber stayed intact for a longer duration 

but broke continuously before reaching a complete revolution. 

 Since the furnace was close to its maximum temperature, it was apparent that the speeds 

of the downfeed and capstan needed to be increased, permitting the fiber to spend less time 

exposed to ambient temperature before being collected on the capstan. 

 

3.1.8- Drawing Soda Lime Glass at 900C, Increase in Downfeed and Spool Speed 

 This experiment was performed to determine if increasing the relative speeds of the 

downfeed and rotating spool would allow the glass fiber to maintain its ductility long enough to 

wrap around the capstan without fracturing and create a continuous process. The downfeed was 

chosen to descend at 300 µm/sec (3x faster than before), resulting in the drum rotating at 0.17 

rad/sec based on a reduction ratio of 24 and equation (1). The same soda lime glass tube was 

reused, so again there was a preformed fiber located at the tip of the tube. The furnace was 

preheated to its maximum temperature of 900˚C and all other initial conditions were held 

constant. The downfeed and rotating spool were initiated, and the soda lime glass tube entered 

the furnace. As the tube was proceeding through the furnace, the draw was initiated via gravity 

midway through. As the fiber was descending to the bottom of the furnace, the fiber began to 

sway and became affixed to the inner wall of the furnace. This caused the remaining fiber to start 

bunching up inside the furnace due to the blockage. The experiment was aborted, and the soda 
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lime tube was returned to the top of the linear slide. The bunched glass and furnace were allowed 

to cool for several hours before attempting to clear the now solidified glass blockage from the 

center of the furnace. 

 Once the glass was cleared, the same initial conditions were established and the 

experiment was attempted again, since it was not clear why the glass had affixed itself to the side 

of the furnace. However, the same results were obtained; the glass fiber affixed itself to the 

furnace wall for a second time, causing another blockage and aborted experiment. Based on these 

findings it was determined that the furnace was too hot, causing the soda lime glass to develop a 

liquid exterior and affix to the inner wall of the furnace when contacted. The fiber was swaying 

inside the furnace, contacting the inner wall, due to increased ductility which was heavily 

influenced by the temperature gradients inside the furnace. Additionally, based on the ease of 

which soda lime glass was sticking to the inner wall of the furnace, it was concluded that lead 

glass was better suited for this application and to continue with the findings from section 3.1.5. 

 

3.1.9- Drawing Lead Glass at 870C, Increase in Downfeed and Spool Speed 

 The findings determined in section 3.1.5 and 3.1.7 showed that the downfeed and capstan 

velocities needed to be increased. While attempting the soda lime glass experiments, the speeds 

were increased by a factor of 3. Even though the new speeds were never fully tested based on 

other complications, it was apparent to the team that the process was still too slow. In this 

experiment, the capstan was chosen to rotate at 0.3 rad/sec based on trialing various speeds and 

determining this reasonable based on the data observed so far. Using equation (1), this resulted in 

the downfeed moving at 501 µm/sec using a reduction ratio of 24. The furnace was preheated to 

870˚C and all other initial conditions were held constant. As the lead glass preform progressed 
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through the furnace, the draw was initiated via gravity. Once the fiber exited the bottom of the 

furnace, the fiber was attempted to be wrapped around the capstan.  

Due to the increased proportion in speeds of the downfeed and the spool, a continuous 

process was achieved, and the fiber was able to be collected around the capstan for four 

revolutions before the experiment was stopped in order to conserve glass. The glass fiber was cut 

at the bottom of the furnace to allow safe withdraw of the preform and to allow a pre-drawn fiber 

to be used in the SAM 2x5 powder section. The preform was returned to its starting position at 

the top of the linear slide. Once the glass fiber was cut, the glass collected around the capstan 

unwound due to loss of tension and expectedly broke into 4 large pieces, shown in Figure 3.2. 

This experiment showed that a continuous process was viable with the correct parameters 

in place. These parameters would be used to begin the experiments with SAM 2x5 powder in the 

center of the glass tubes. 
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Figure 3.2- Post Experiment Lead Glass Draw 870˚C, Increased Downfeed and Spool Velocities 

 

3.2- SAM 2x5 Powder Experimental Section 

This section is provided to show the experiments performed while including the SAM 

2x5 powder as the core of the preform. During these experiments, only lead glass cladding with a 

SAM 2x5 powder core was attempted to be drawn into a fiber based on results from section 3.1. 

After each attempt, various parameters were adjusted based on the findings and conclusion from 

that experiment. 

 

3.2.1- Drawing Lead Glass at 870C with 130mm SAM 2x5 Powder 

 This experiment was conducted as an operational test of the draw tower with a preform 

containing a 130 mm column of SAM 2x5 powder. The same lead glass tube from section 3.1.9 

was utilized in this experiment due to already having a fibrous portion present at the tip of the 
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tube, allowing the draw to be manually initiated if necessary. A funnel was used to add the SAM 

2x5 powder into the center of the tube, described in section 2.8. The initial preform is shown in 

Figure 3.3. The furnace was preheated to 870C and a vacuum pump was attached to the 

top/open end of the tube to provide negative pressure (~8” Hg) during the draw. Once the initial 

conditions were set, the downfeed and rotating spool were initiated, moving at a speed of 501 

µm/sec and 0.3 rad/sec respectively based on the findings from section 3.1.9. The center of the 

tube was now filled with SAM 2x5 powder, causing the reduction ratio to change from 24 to 50, 

based on conservation of mass equation (1).  

 

  

Figure 3.3- Initial Preform with 130 mm SAM 2x5 Powder 
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Once the initial conditions were set, the downfeed and rotating spool were initiated. As 

the preform moved through the furnace, the preestablished fiber continued to neck down as 

expected. The end of the fiber exited the bottom of the furnace and was attempted to be wrapped 

around the capstan. As the fiber continued to exit the bottom of the furnace, small pieces of SAM 

2x5 began to appear, shown in Figure 3.4. As the process continued, the fiber diameter started to 

decrease significantly with fewer pieces of SAM 2x5 present. Roughly one minute after initiation 

of the experiment, the remaining SAM 2x5 powder portion of the preform fell to the bottom of 

the furnace, shown in Figure 3.5. The experiment was stopped, and the remaining preform was 

returned to the top of the linear slide. 

  

Figure 3.4- Small Pieces of SAM 2x5 in Fiber 

 

SAM 2x5 
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Figure 3.5- Post Experiment Preform 

 

 During post experiment analysis, it was determined that the large section of SAM 2x5 fell 

to the bottom of the furnace due to the hollow section of the preform above the SAM 2x5 powder 

line entering the furnace. This allowed the hollow section of the preform to create a second neck 

down region and caused the SAM 2x5 powder region to fall. Additionally, there was too much 

SAM 2x5 powder in the preform to begin with. Since the preform is reducing in size during the 

fiber draw process, the remaining SAM 2x5 powder column is required to displace toward the 

top of the preform. The small force being applied to the bottom of the column during reduction 

was not enough to overcome the weight of the 130 mm column of SAM 2x5 powder and 

displace it upward. This was another contributing factor as to why the powder did not cohesively 

draw with the surrounding glass cladding. These conclusions will be applied in the following 

sections. 
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 Lastly, the post experiment SAM 2x5 preform was analyzed to determine how the heat of 

the furnace affected the SAM 2x5 powder. Figure 3.6 shows the SAM 2x5 section which was cut 

to determine if the heat of the furnace was enough to cause the powder to densify or if it would 

remain in its powderous form. Upon analysis, the SAM 2x5 core did form a loosely packed solid. 

This shows that the heat of the furnace is enough to sinter the powder together, allowing the 

basis for using powder as the core of the preform to continue.  

 

  

Figure 3.6- Post Experiment SAM 2x5 Solid  

 

3.2.2- Drawing Lead Glass at 870C with 15mm SAM 2x5 Powder 

From the findings of section 3.2.1, this experiment was performed with 88.5% less SAM 

2x5 powder, which should allow the powder column to displace upward during the draw process. 

The initial starting preform is shown in Figure 3.7. All other initial conditions were held 

constant. The downfeed and rotating spool were initiated, however the downfeed was stopped as 

the top of the SAM 2x5 powder column reached the top of the furnace. This would prevent a 

second neck down region from occurring above the powder column, as seen in the previous 

experiment. Once the preform reached its holding point, the draw initiated itself via gravity. As 
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the fiber was being drawn, the SAM 2x5 powder column was visibly moving up the remaining 

tube due to the reduction occurring inside the furnace. This validated the conclusion determined 

in section 3.2.1 that excessive powder was used initially, which prevented the column from 

displacing. 

 

Figure 3.7- Initial Preform with 15mm SAM 2x5 Powder 

  

 As the draw was occurring, small pieces of SAM 2x5 were entrapped inside the glass 

fiber in the same manner as section 3.2.1. As the draw continued, the fiber diameter began to 

rapidly shrink, causing the fiber generation to be interrupted. Additionally, since this preform 

had been used in two prior experiments, the downfeed had reached the end of the track and the 
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preform could not further descend into the furnace. This caused the experiment to stop based on 

lack of fiber generation and loss of downfeed. The remaining preform was returned to the top of 

the linear slide and the post experiment specimen was examined to note any differences from the 

findings of section 3.2.1. The post experiment preform is shown in Figure 3.8. 

  

Figure 3.8- Post Experiment Preform 

  

Although the preform reached the end of the linear slide track causing the experiment to 

end, the results of this experiment showed marked improvement from section 3.2.1. The preform 

was able to deform into a semi-flat specimen with the SAM 2x5 powder entrapped in the center 

from the heat of the furnace and the negative pressure applied from the vacuum pump. This 

deformation was accomplished by the powder column having the ability to displace toward the 

top of the tube and by preventing the entire powder column from entering the furnace. This 
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verifies the findings from section 3.2.1 and will be continued on the next experiment, starting 

with a new preform. 

 

3.2.3- Drawing Lead Glass at 870C with 50mm SAM 2x5 Powder 

 This experiment was performed as a continuation from section 3.2.2. A new lead glass 

preform was filled with a 50 mm column of SAM 2x5 powder. All other initial conditions were 

held constant. The downfeed and rotating spool were initiated, and the downfeed was stopped 

when the top of the powder column reached the top plane of the furnace. As the preform reached 

the internal temperature of the furnace, the draw was initiated via gravity. While the powder 

column was displacing due to the reduction occurring inside the furnace, the preform was 

continued to be lowered to keep the top of the powder column even with the top plane of the 

furnace.  

 While the draw continued, small pieces of SAM 2x5 were noted in the glass fibers being 

formed. The longer the process was maintained, larger sections of the fibers being generated 

were filled with SAM 2x5. At the end of the experiment, a fiber 180 mm long and ~0.3 mm in 

diameter was generated, containing significant amounts of SAM 2x5. This fiber was analyzed 

under a Keyence VHX1100 optical microscope, and the results are displayed in Figure 3.9.  
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(a)       (b) 

  
(c)       (d) 

 
(e) 

 

Figure 3.9- Optical Images of Post Experiment SAM 2x5 Fiber 870˚C. (a) 100x High Definition, (b) 200x HDR, (c) 

200x Showing ~300 µm Diameter, (d) 3D Render of Fiber, (e) 100x Stitched Image 

  

Based on post experiment observation, the SAM 2x5 particles did not form a continuous 

fiber. This was caused by the SAM 2x5 powder column sintering together into a loosely packed 

solid prior to the neck down region where the fiber was being formed, similar to section 3.2.1. 

Small particles broke from the loosely packed solid SAM 2x5 column and were entrapped inside 

the forming lead glass fibers, resulting in discontinuous portions of SAM 2x5 particles included. 
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Based on these findings, this experiment would be attempted at 900˚C to determine if the 

elevated temperature of the SAM 2x5 powder would allow it to deform into the center of the 

glass cladding during the draw and form a continuous fiber. 

 

3.2.4- Drawing Lead Glass at 900C with 50mm SAM 2x5 Powder 

 Due to the large amount of SAM 2x5 particles included in the 870˚C post draw fiber, this 

experiment was performed at 900˚C to determine if an elevated temperature closer to the SAM 

2x5 melting point (Tm, SAM 2x5= 1200˚C)[42] would allow a continuous fiber to be generated. All 

other conditions were held constant. The fiber draw process was identical to section 3.2.3. 

However, the post experiment fiber that was generated contained significantly less SAM 2x5. 

The fiber was analyzed using a Keyence VHX1100 optical microscope, shown in Figure 3.10.  

  
(a)       (b) 

 
(c) 

 
Figure 3.10- Optical Images of Post Experiment SAM 2x5 Fiber 900˚C. (a) 100x HDR Image of Fiber, (b) 200x 

Showing Fiber Diameter, (c) 100x Stitched Image 
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 The lack of SAM 2x5 included in this fiber was contributed to the increase in 

temperature. The SAM 2x5 column further solidified into a large solid column before reaching 

the neck down region, which prevented a large number of pieces to break off into the fiber 

during the draw process. This caused mainly glass cladding to be drawn with very few pieces of 

SAM 2x5 included. The process was unable to continue once the SAM 2x5 sintered column 

reached the neck down region and the experiment was stopped. Based on the further 

solidification of the SAM 2x5 column at 900˚C, improved results may be achieved at a lower 

temperature to allow the SAM 2x5 to deform with the cladding during the draw process. 

 

3.2.5- Drawing Lead Glass at 800C with 50mm SAM 2x5 Powder 

 The high amount of SAM 2x5 particles included in section 3.2.3 and the lack of SAM 

2x5 included in section 3.2.4 led to a draw attempt at 800˚C to determine if a lower temperature 

would allow the solidification of the SAM 2x5 column to be delayed until reaching a fibrous 

state. All other conditions were held constant. The fiber draw process was the same as section 

3.2.3, but the results were identical to section 3.2.4. The resulting fibers contained very few 

pieces of SAM 2x5 (Figure 3.11), leading to the conclusion that 870˚C is an ideal draw 

temperature based on experimental results.  

 



51 

 

  
(a)       (b) 

 
(c) 

 
Figure 3.11- Optical Images of Post Experiment SAM 2x5 Fiber 800˚C. (a) 100x HDR Image of fiber, (b) 100x 

Showing Fiber Diameter, (c) 100x Stitched Image 
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CHAPTER 4- CONCLUSION 
 

 The objective of this study was to determine if an iron-based amorphous metallic alloy 

(Fe49.7 Cr17.7 Mn1.9 Mo7.4 W1.6 B15.2 C3.8 Si2.4) known as SAM 2x5 could deform into long 

continuous fibers via a thermal draw tower. Initially, the draw tower and preform design was 

based on using SAM 2x5 samples that had been densified via SPS. However, as experiments 

were conducted, the core of the preform was changed to SAM 2x5 powder to allow deformation 

and in situ sintering of the powder. The preform consists of SAM 2x5 powder core and a lead 

glass cladding to assist with the stresses that accompany the thermal draw process. 

The thermal draw tower was modeled after an optical fiber draw tower, consisting of a 

downfeed, furnace, capstan, and a stand. All parts of the draw tower were modeled in 

SolidWorks to ensure relative component sizing was appropriate and create the necessary 

attachments to hold the preform and collect the fibers. The draw tower was assembled in house, 

ensuring precise measurements that would allow the preform to travel through the furnace 

unobstructed and eliminate any unwanted lateral forces on the fiber. 

 Experiments without the SAM 2x5 core in the center of the preform were ran to test the 

operation of the draw tower. Several iterations of the experiment were conducted with various 

changing parameters based on findings from the previous. A successful continuous fiber 

generation was obtained with lead glass cladding, furnace temperature of 870˚C, downfeed 

moving at 501µm/sec, capstan rotating at 0.3 rad/sec, and a vacuum pump drawing 8” Hg. Based 

on these results, the SAM 2x5 powder was added as the core of the preform and similar 

experiments were conducted to attempt to generate a continuous SAM 2x5 fiber. 

 When various experiments with the SAM 2x5 powder were conducted, the temperature 

of the furnace and the height of the SAM 2x5 powder column were the main parameters that 
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were adjusted. A vastly larger amount of SAM 2x5 (compared to other experiments) was able to 

be included in the post draw fiber with the following parameters: 50 mm column of SAM 2x5 

powder, lead glass cladding, 870˚C furnace temperature, halting of the downfeed when the top of 

the column reached the top of the furnace, capstan rotating at 0.3 rad/sec, and 8” Hg vacuum 

applied to the preform. The post draw fiber was analyzed via SEM, shown in Figure 4.1. 

  
 

  
 

Figure 4.1- SEM images of SAM 2x5 Post Draw Fiber 

   

 Figure 4.1 shows a ~300 µm fiber which was created via the thermal draw process. 

However, the SAM 2x5 formed discontinuous spheres scattered throughout the glass cladding 

instead of a continuous fiber. A continuous fiber was not able to be generated due to the SAM 

2x5 powder column solidifying from the heat of the furnace prior to the neck down portion of the 

draw. As the solidified powder column reached the neck down phase, the surrounding glass 



54 

 

cladding continued to draw into a rapidly decreasing diameter fiber. This caused the diameter of 

the resulting fiber to reach 300 µm, compared to the target fiber diameter of ~1 mm. The SAM 

2x5 spheres were included in this fiber due to the solidified SAM 2x5 powder column producing 

a loosely solidified solid, shown in section 3.2.1. Since this powder column is very loosely 

densified, as the surrounding glass cladding continued to be drawn into a fiber, spherical pieces 

of the SAM 2x5 column broke off and were included in the resulting fiber.  

The amount of SAM 2x5 included in the fiber varied largely based on temperature. 

Significantly less SAM 2x5 was included in the experiments conducted at 800˚C and 900˚C. At 

800˚C, the glass cladding was not hot enough to continuously draw around the SAM 2x5 powder 

column, which caused the glass cladding to break and discontinue the draw process as the SAM 

2x5 powder column reached the neck down region. At 900˚C, the increase in temperature caused 

the SAM 2x5 powder column to further solidify. This caused the column to resist breaking as the 

glass cladding around the column continued to draw, resulting in fewer SAM 2x5 particles 

included in the post draw fiber. 

For future work, if the SAM 2x5 powder is continued to be used as the core of the 

preform, the core to cladding ratio should be changed. The glass cladding makes up 5.3 mm of 

the preform cross-section, compared to the 7.58 mm of the SAM 2x5 powder. If the glass 

cladding encompassed more of this cross-section and the powder column was not as thick, the 

SAM 2x5 powder column may deform into a fiber based on starting with a smaller area. 

However, the resulting SAM 2x5 fiber would be very loosely densified and would not mimic the 

properties of the fully densified SAM 2x5 samples generated via SPS. While the temperature of 

the experiments was enough to form a loosely packed solid, the lack of pressure applied during 

the draw process causes the solid to be very porous and break apart easily.  
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Success may come from using pre-densified SAM 2x5 samples via SPS. However, based 

on the findings from these experiments the temperature of the process would need to be 

increased higher than the limitations of the furnace used. In order to allow the SAM 2x5 sintered 

samples to deform into a fiber, the temperature would need to approach the melting temperature 

of SAM 2x5 (Tm, SAM 2x5= 1200˚C).[42] However, this would cause the SAM 2x5 samples to 

rapidly crystalize[1] and may cause fibrous breakup.[34] Rather than reheating the SAM 2x5 

sintered samples into the SCLR, an approach such as rapid quenching of a molten SAM 2x5 

fiber could be used based on the thin geometry attempting to be achieved and therefore high 

cooling rates that would be allowed.[29] SAM 2x5 is a marginal glass former with Rc= ~600 

K/min,[43,44] so a sufficiently thin fiber may bypass the crystalline barrier when cooled and 

achieve an amorphous fiber. 
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