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CHAPTER 1

Introduction

A world where mankind pushes the boundaries of engineering complex structures and machines requires
quality joining methods to attach various parts and components. Friction stir welding (FSW) is currently
used to join alloy components in industries including aerospace, automotive, rail, maritime, and tech. Its
continued use for many applications in these industries proves its value for joining metallic materials. How-
ever, continuous growth of the use of polymeric materials in these and other industries requires advancements
in their joining techniques as well. Researchers applied FSW methods to polymeric materials over the last
couple of decades, though industry has yet to adopt it as a viable polymer joining process. Fierce competition
with other already established polymer joining methods hinder FSW’s adoption in the realm of thermoplas-
tics. With a greater focus on joining metals, polymer industries are starved of relevant FSW research that
focuses on polymer joining. This dissertation focuses on advancing FSW as a polymer joint manufactur-
ing process. Key areas to fulfill this mission include enhancing the understanding of polymer science with
FSW and expanding potential applications where FSW may be beneficial over other current polymer joining
technologies.

This dissertation’s outlined structure begins with a literature review in Chapter 2, which discusses the
relevant characteristics of polymers and welding that must be considered to friction stir weld thermoplastics
and composites. Chapter 3 provides a tool study to better understand the influence of tool geometry during
FSW of neat polymers. Chapter 4 demonstrates the joining of PVC pipe couplings as a new application
for FSW. Chapter 5 shifts the focus to polymer composites with a derivative process of FSW, friction stir
processing (FSP), to establish a more efficient method of forming metal-polymer composites. Chapter 6
presents novelty in the field of FSW with joints of woven carbon fiber reinforced thermoplastic (CFRTP)
laminates. Chapter 7 expands on the research in Chapter 6 by implementing post-weld heat treating to further

improve mechanical joint properties. The dissertation concludes with Chapter 8.

Overview of Work

Chapter 3 explores the influence of tool thread pitch during FSW of neat high density polyethylene. The
tool geometry is among many parameters that affect joint quality during FSW. A general consensus among
many published works suggests that threaded tools offer superior improved joint strength over non-threaded
tools. However, there is a lack of understanding of the influence of the thread pitch during polymer FSW.

This study considers tools fabricated with variable thread pitches under several experimental conditions.



Using response surface methodology (RSM), statistical approaches were used to evaluate the influence of
thread pitch compared to other experimental variables. These results contribute to the understanding of
tool/workpiece interaction so that FSW can be better optimized for a variety of joint configurations with a
variety of other polymeric materials.

Chapter 4 demonstrates FSW in a novel polymer joint configuration by welding off-the-shelf PVC pipe
and pipe couplings. Further analysis evaluates its feasibility in a portable application since water supply and
drainage pipelines require on-site assembly. The metrics to determine portable welding feasibility include
an analysis of machine requirements as well as post-weld chemical properties of the PVC that indicate low
risk of health hazards for machine operators. Weld performance under hydraulic pressure and overall joining
times were compared to current commercially used joining methods for small diameter PVC pipe. This
research fulfills goals to identify new applications and industries that can benefit from FSW technologies.

Chapter 5 focuses on friction stir processing (FSP), a derivative process used to form polymer composites.
In this study, a new variant of FSP called rop plate FSP improves the efficiency of metal-polymer composite
formation over large areas compared to previously studied FSP techniques. Top plate FSP uses successive
welding passes of a thin metal plate over a polymer to form a composite. The top plate serves multiple
functions including temperature control and material confinement that allows for use of conventional FSW
tools. Though other researchers demonstrate FSP induced modifications to the base material’s mechanical
properties and conductivity, this study addresses the ability to do so over large areas rather than a long narrow
region.

Chapter 6 introduces FSW to applications of joining woven CFRTP used in aerospace applications. Fur-
ther novelty in this work includes welding of low-melt polyaryletherketone (LMPAEK), which is gaining
popularity in aerospace sectors due to its improved processibility compared to mature thermoplastics of sim-
ilar properties. This work has relevance as the next generation of aerospace vehicles will utilize more CFRTP
in primary and secondary structures than ever before due to their weld-ability among other characteristics.

Chapter 7 uses results from Chapter 6 as a foundation for continued research, where strength optimized
welds undergo post-weld heat treating to further improve their properties. Rapid processing times during
welding of thermoplastics can limit mechanical performance. By implementing post-weld annealing, the
mechanical properties of large batches of welded parts can be improved simultaneously. Post-weld processing
of large batches can improve overall manufacturing efficiency by eliminating the need to increase individual
part processing times during welding. The principles of post-weld processing not only apply to friction stir
welded joints, but composite joints formed by other thermoplastic welding methods as well. Thus, this work

contributes to many thermoplastic manufacturing and joining methods across many sectors.



CHAPTER 2

Literature Review

2.1 Polymeric Materials

Polymeric materials exist in all aspects of modern day life. From thread in clothing to aircraft fuselages,
polymers come in many forms and serve a wide range of purposes. Often used interchangeably, the term
plastic refers to specific polymeric compounds that have irreversible strain under large stresses [6]. Rubbers
on the other hand, are polymers that can return their shape following large strains.

Polymers have a growing presence in vehicle structures for their high versatility and lightweight proper-
ties. Estimates of 10% weight reduction in automobiles results in a 5%-7% reduction in fuel consumption
[19]. Polymers can also be formed into complex shapes. For these reasons current automobiles consist of
over 150 kg of plastics in their construction [19]. Reinforced polymers have a growing presence, especially
in aerospace. In 1972, the Airbus A300 began use of polymer composites structures in fin leading edges and
fairing panels. Today, commercial aircraft such as the Boeing 787 utilize polymer composites in primary and
secondary structures such as the main fuselage construction and access panels. The 787 has approximately

50% composite structures by weight [2], shown in figure 2.1.

Aluminum

Figure 2.1: Use of carbon fiber-reinforced composites in the Boeing 787. Adopted from [2].

Polymers’ superior corrosion resistance compared to many metallic materials also prompts their further
adoption and integration. Water pipeline systems face rapid deterioration from corroding iron pipes. Cor-
rosion induced leaks cause billions of dollars of losses every year [20]. Polymeric pipes have significantly
longer usable life than metallic pipes and require less maintenance due to inertness to acidic environments
[21]. Their ductility aids in robustness under changing landscapes, but also serves to simplify installation

since they can be pulled through curved tunnels and trenches [22]. These qualities among others results



in continued growth in implementation of polymeric pipe systems. Figure 2.2 exemplifies polymeric pipe

popularity with growing use in potable water applications.
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Figure 2.2: Potable water plastic pipe market. Adopted from [3].

Further adoption of polymers into engineering structures will continue due to many of their desirable
properties. These properties and variety across many different polymer types is a product of their fundamental

structure.

2.1.1 Polymer Structure
The word polymer derives from Greek roots, where the prefix poly- means “many” and meros means “parts”
[23]. Polymers are large molecules formed by smaller covalently bonded monomer units in a pattern.
Grouped atoms of two or more bonding sites compose these monomer units [6]. Three subcategories en-
compass polymers: elastomers, thermosets, and thermoplastics. The molecular arrangement and interaction
in each subcategory dictates its behaviors at various temperatures. Thermosetting polymers solidify using a
chemical reaction to cure them [23]. For example, super glue reacts with water molecules in the air to cure
and permanently harden. Cross-linking between polymer chains limits their mobility in thermosets, resulting
in permanent form when they cure. Elastomers consist of partially cross-linked units that have a permanent
structure but offer increased flexibility, such as rubber tires !.

Thermoplastics do not have cross-linked polymer chains, which allows them to slide passed each other
given the right temperature conditions. Below the glass transition temperature (7g), the polymer chains are
rigid and act like stiff springs. Temperatures above T, permit the polymer chains to relax and mobilize. This

transition is completely reversible, allowing thermoplastics to be thermoformed. Thus with thermoplastics,

I'The process of cross-linking rubber is called Vulcanization, invented by Charles Goodyear in 1839.



pellets can be melted and injection molded, sheets can be compression molded, parts can be welded, and
parts can be recycled at their end of life. The ability to reprocess thermoplastics post-solidification makes
them attractive for manufacturing processes. Thus, all polymer related work in this dissertation implements
the use of thermoplastics.

Two subcategories classify thermoplastic structures: amorphous and semi-crystalline. Figure 2.3 shows a
comparison between their structures, where amorphous polymers have a random structure and semi-crystalline

polymers have regions of higher order between molecular chains.
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Figure 2.3: Structural arrangement of amorphous and semi-crystalline polymers. Adopted from [4].

The morphology plays a role in thermoplastic processing, as it dictates polymer behavior with respect to
temperature. For example, amorphous polymers have five relative states with respect to temperature. These
states consist of the glassy state (T < Ty), followed by the leathery state, rubbery state, rubbery flow, and
viscous state [6]. Amorphous polymers do not have a sharp melting point. Rather, their molecular mobility
progressively increases with temperature to a highly viscous liquid.

Semi-crystalline polymers have regions of tightly folded molecular chains. Polymolecularity of the
macromolecules prohibits a 100% crystalline structure, so amorphous regions reside in between and con-
nect crystals [23]. Like amorphous polymers, semi-crystalline polymers have a glassy state, and therefore
a glass transition temperature 7,. Semi-crystalline polymers also have two more distinct transition tempera-
tures including the crystallization temperature 7; and the melting temperature 7;,. Crystal structures are only
maintained below T,.. When melted, molecular chains fully relax and can flow as a viscous liquid just like an
amorphous polymer. Upon cooling, the polymer chains begin to stack and form crystal regions at 7;.. The to-
tal percentage of crystalline structure relies on the rate of cooling, as crystallization rates are also temperature

dependent [24]. The degree of crystallinity upon cooling can be described by the following equation [23]:

x(t) = xeo(1—e™4") (2.1)

X 18 the maximum percent crystallinty, typically determined by experiment for specific polymers. Z is a
molecular weight and temperature dependent crystallization rate, ¢ is time, and » is the Avrami exponent. n

ranges between 1 to 4 depending on the specific nucleation structure. 1 corresponds to instantaneous rod-



like growth, 2 is continuous rod-like growth, 3 is disclike growth, and 4 is spherulitic growth. Measureable
crystallization growth occurs between T;, — 10K to T, + 30K since chain entanglements at lower tempera-
tures hinder chain diffusion and thermal motions at higher temperatures disrupt crystal nucleation [6]. Thus
with the aforementioned temperature range, quickly cooling a semi-crystalline polymer from the melt, or
quenching, can result in an amorphous polymer. Likewise, heating an amorphous polymer capable of form-
ing crystals and slowly cooling it can increase its % crystallinity through a process called annealing. The
degree of crystallization affects the polymer’s mechanical properties, chemical resistance, and permeability
[23, 25, 26]. Thus, the cooling rates during processing of semi-crystalline thermoplastics must be considered
to produce desirable properties.

Molecular arrangement dictates mechanical properties, thermal properties, rheological properties, and
chemical resistance. Even slight modifications to a polymer’s molecular structure can drastically change
any of these properties. For example, consider the molecular arrangement of polyetheretherketone (PEEK),
shown in figure 2.4a. Each monomer unit consists of two ether groups and one ketone group, each separated
by an aryl group. PEEK possesses high performing mechanical properties and chemical resistance. Like
most variations in the family of polyaryletherketones (PAEK), PEEK follows an “unwritten rule” with a ratio
between the melting and glass transition temperature of 1.5. Upon insertion of one extra aryl group in 25%
of the monomers, nearly all mechanical and thermal properties are retained with the exception of a lower
melting temperature [5]. The modified polymer, called low-melt polyaryletherketone (LMPAEK), is easier

to process but remains rigid at nearly the same temperatures as PEEK.
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Figure 2.4: Molucular structure of a)PEEK and b)LMPAEK. Adopted from [5].
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2.1.2 Composites
The term composite represents a material composed of two or more materials at a macroscopic scale [27].

The “macroscopic” component is key to distinguish a composite, as many materials are a mixture of smaller



components. For example, aluminum alloy AA-6061 consists of Al, Mg, Si, Fe, Cu, Cr, Zn, Ti, and Mn.
Though the alloy has mixtures on the microscopic scale, it is macroscopically homogenous and the individual
components are indistinguishable. Composite materials serve the purpose of using the favorable properties
from each constituent. Enhanced material properties when forming a composite can include but are not
limited to improving strength, stiffness, fatigue life, resistance to corrosion, wear resistance, temperature-
dependent behavior, electrical insulation/conductivity, and thermal insulation/conductivity.

Fiber reinforced plastics (FRP) take advantage of long reinforcing length scales to effectively distribute
loads across a body. A material’s strength tends to rely on its dimensions due to defects that concentrate stress
and produce inherent weakness. For this reason, a cluster of small diameter fibers has improved strength over
a single larger diameter fiber since a defect in one fiber will not spread to another fiber under load [28]. Fiber
reinforcement types include short/chopped and continuous. Short fibers allow for injection molding and
near isotropic mechanical properties if the suspended fibers have a random orientation. Short fibers allow for
forming composite materials with highly complex geometry. They do not bear the strength of continuous fiber
reinforcement though, as a greater number of fiber ends in the matrix leads to more stress concentrations and
are more prone to void formation [28]. Continuous fiber reinforcement offers superior strength in composites
along the fiber direction. However, anisotropic reinforcement requires stacking of layers with strategic fiber
orientations to ensure directional strength and stiffness [27].

Common fiber reinforcement materials include aramid, glass, and carbon. Many materials have a similar
modulus/weight ratio, and only aramid and carbon fibers have substantial substantial advantages over other
materials [29]. Aramid fibers are made from aromatic polyamide and often go by the trade name Kevlar.
The most common precursors for carbon fibers are polyacrylonitrile (PAN), pitch (petroleum), and rayon
(cellulose) [2, 28] 2. Precursor type and processing procedure dictates mechanical properties and matrix
adhesion characteristics. For example, pitch fibers tend to have greater modulus than PAN fibers [2], shown
in figure 2.5. However, pitch fibers also tend to have lower compressible strength [28].

The introduction of fibers into a polymer can have huge improvements to the polymer’s mechanical
properties. For example, virgin polycarbonate (PC) has a specific tensile strength of 52"2’7’" [23]. T300
carbon fiber has a tensile strength of approximately 3.5 GPa. When reinforced with 43% woven T300 by
weight, the PC/T300 composite can have a specific tensile strength of 537 kﬁcv—gm. High specific strengths of
fiber reinforced composites makes them competitive material choices in many applications including primary
and secondary structures in aircraft, spacecraft, automobiles, marine hulls, wind turbine blades, and sports
equipment [2].

Polymer nanocomposites consist of small particle fillers suspended in a polymer matrix. Metal and metal

>Thomas Edison invented carbon fiber in 1879 for light bulb filaments. His carbon fiber precursors were cotton and bamboo [2]
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Figure 2.5: Classification of high-performance carbon fibers. “T” are PAN based. “M” are pitch based.
Adopted from [2].

oxide fillers serve to improve thermal and electrical conductivity, chemical resistance, wear resistance, oXi-
dation resistance, and mechanical properties [30, 31]. Clay based fillers can also offer enhanced mechanical
properties over the neat polymer due to exfoliated layers that increase surface interaction with the polymer
[32]. A huge advantage of these composites is their low cost due to inexpensive filler materials and ease of

processing compared to fiber reinforced polymers [33].

2.2 Welding

2.2.1 Overview

A common assumption of the term “welding” is that it implies joining metals together by melting them at their
interface. In fact, the Cambridge Dictionary defines the verb weld as “to join two pieces of metal together
permanently by melting the parts that touch” [34]. This definition identifies specific material and joining
criteria that do not always apply. The Welding Institute (TWI) provides a more general definition, stating
“Welding is a fabrication process whereby two or more parts are fused together by means of heat, pressure,
or both forming as the parts cool” [35]. The general approach now includes joining of non-metallic materials
including thermoplastics.

Metallic welding methods include both liquid state and solid state processes. Liquid state, or fusion
welding, requires a heat source to melt the joining materials so that they flow together. Metal fusion welding
typically requires high energy often through an electrical arc to melt the metal. Fusion welding methods may
utilize molten casting, gas, electrical resistance, electrical arc, electron beams, or lasers as a heat source to
melt the joining metals. Solid state welding methods utilize heat and pressure to coalesce the joining materials
together and form metallurgical bonds at temperatures below the melting point of the joining materials [36].

Solid state welding methods include diffusion and friction welding.



2.2.2 Polymer Welding

Polymeric welding requires the diffusion of polymer chains across the joining interface. Unlike metals,
molecular chains in polymers have physical barriers from kinks and knots that serve as obstacles for the
chains to slide passed each other. When temperatures pass T, for amorphous polymers and 7}, for crystalline
polymers, these chains relax and allow them to move across physical joint boundaries in a process called rep-
tation, shown in figure 2.6 [6]. Piere Gill de Gennes first proposed reptation theory in 1972 where molecular
chain movement occurs from relaxation of defects. In other words, kinks in a polymer chain move towards
the molecule’s ends, making it wriggle similar to a worm or snake [37]. Reptate comes from the Latin root
reptare, which means “to creep” and is the root of the word “reptile.” Doi and Edwards further postulated
that reptation occurs within the confines of a virtual tube formed by other surrounding molecules. Thus,
chain relaxation is independent of the other polymer chains, making long range polymer chain diffusion in

solutions and melts possible to approximate relative to chain length and molecular weight [38].

Interface

Figure 2.6: Schematic of chain movement across an interface: a) first contact and b) after having been in
contact for some time, with a chain from one surface having reptated across into the interface of the adjoining
polymer block. Adopted from [6].

Diffusion requires complete contact between the joining pieces. Unless substantial pressure conforms the

joining pieces to each other, the polymer must flow at the joint to ensure contact. Polymer melts flow like a



highly viscous liquid. Their viscosity is temperature dependent with the following relationship [39]:

n = A /RT (2.2)

A is a constant, E* is the activation enthalpy of viscous flow, R is the gas constant, and 7 is the temperature.
Higher temperatures reduce the melt viscosity and promote improved polymer flow. The temperature depen-
dency of polymer diffusion and flow tend to require liquid state welding processes due to short processing
times. Polymers also have non-newtonian behavior with shear thinning characteristics. The complex flow
behavior of polymer melts stems from viscoelastic properties. At high shear rates, the molecules stretch out
which allows them to slide passed each other with less resistance [23]. When the flow stops, Brownian motion
returns the molecular chains to an equilibrium state at a given temperature. The molecular elasticity creates a
relaxation period of thickening viscosity [40]. In some cases, high stresses can also rupture macromolecular
structures, creating a shear-thinning effect [23].

The complex material flow and diffusion restraints requires balancing welding parameters to facilitate
adequate temperatures, polymer flow, and diffusion. These requirements necessitate special attention to poly-
mer welding parameters, especially for mechanical welding methods.

Current welding technologies employed in joining polymers and polymer composites include laser weld-
ing, [41], press welding [41], ultrasonic welding [42], induction welding [43], and resistance welding [42].
Though these polymeric welding techniques differ in their process, they share the same fundamental prin-
ciples of using heat to soften and melt the polymers at the joint. These welding methods typically require

lapped configurations between the joining materials to allow for bonding of their surfaces.

2.3 Friction Stir Welding

2.3.1 Overview

Wayne M. Thomas, Edward D. Nicholas, James C. Needham, Michael G. Murch, Peter T. SMith, and Christo-
pher J. Dawes of The Welding Institute (TWI) first applied for a Friction Stir Welding (FSW) patent on De-
cember 6, 1991 [44]3. The process was originally intended as a solid-state technique to join metal alloys
using a rotating tool, in which when applied under pressure to the joining surfaces, generates frictional heat

to soften the metals and transfer material across the joint. Key attributes of FSW include those outlined in

table 2.1:

3The original patent application is GB9125978.8 and is actually still “pending.’
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Table 2.1: A selection of FSW’s key attributes. Summarized from [1].

Characteristic Effect
No filler material Lightweight joints
Small heat affected zone (HAZ) High joint efficiency
Material forging Ability to join dissimilar materials
Low temperatures Energy efficient

With these key attributes, FSW found adoption for joining metallic materials in rail industries [45], mar-
itime [46], automotive [47], aircraft [48], and spacecraft [49]. FSW’s importance as useful manufacturing
process also gained recognition in the fictional book The Rocket Company with its own chapter titled “Balloon
Tanks, Fracture Mechanics, and Friction Stir Welding” [50].

The traditional form of FSW for metal joining utilizes a non-consumable tool with a shoulder and center
pin, shown in figure 2.7. The rotating tool generates heat through friction and plastic deformation, which
softens the material. As the tool rotates, material flows around the tool and mixes and consolidates. The
tool shoulder overwhelmingly has the greatest heat contribution in metal FSW due to the large tangential

velocities relative to the center pin [51].
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Figure 2.7: Schematic drawing of friction stir welding. Adopted from [1].

Shoulder and pin tools produce four main regions during metal FSW [52]. The base material (BM), or
parent material, is the material unaltered by the welding process. The stir zone (SZ), or nugget, has refined
grains due do direct interaction with the tool pin. The thermo-mechanically affected zone (TMAZ) extends
beyond the SZ, where severe plastic deformation still occurs, but grain size varies based on its proximity
to the tool pin. The heat-affected zone (HAZ) is characteristic of all welding forms where the base material

experiences microstructural changes due to thermal cycling outside of the region of material flow. Coarsening
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of precipitates in the HAZ typically cause it to have the lowest strength.

2.3.2 Polymer FSW
Since its conception, FSW expanded to several commercial industries serving valuable purpose in many
applications. Currently, FSW is not commercially used to join polymeric materials. Several attributes are
responsible for polymer’s lag behind metals in FSW applications. Since FSW was originally developed as a
solid-state joining process for metals, researchers naturally did not apply FSW to polymeric materials until
years later. In a review article, Seth Strand claims the first demonstration of polymer FSW occurred in 1997
[53]. However, this fact is subject to debate. Mattel Inc. offered a plastic welding toy kit in 1974 called
the Spinwelder. The Spinwelder, in a time when many toys were still made in USA, was a portable battery
powered device capable of bonding plastic parts and rivets using friction from the rotary tool. These toy
kits were certainly ahead of their time and foreshadowed a remarkable manufacturing process. Perhaps the
Spinwelder inspired early FSW researchers. The Spinwelder did not inspire the invention of metal friction
stir welding though, as Wayne Thomas himself replied to a LinkedIn inquiry that he was unaware of the
Spinwelder until several years after the first FSW patent. The actual inspiration for the FSW patent, he
remarks, was his work with conventional friction welding and friction surfacing [54].

Though several early publications advance polymer FSW, the majority of research commenced within
the last decade. Most research revolves around parameter optimization for joint strength, and the material
subjects include similar joints between neat polymers, dissimilar polymer joints, dissimilar joints between

polymers and metals, and the aforementioned with reinforced polymers.

2.3.2.1 Polymer Specific Considerations
Unlike other polymer welding methods, FSW requires the joining materials to conduct heat throughout their
thickness rather than confining heat conduction to their interfacial surfaces. Thermal conductivity is at least
a couple orders of magnitude lower for polymers than metals. Take for example, high density polyethylene
(HDPE) which is the most studied polymer in FSW research. HDPE’s thermal conductivity x ranges between
0.38 W/mK to 0.51 W/mK depending on temperature, pressure, and crystalline content and is among the
best thermal conductors of thermoplastics [23]. In contrast, pure aluminum has a thermal conductivity of 237
W /mK, and its alloys can have as low as approximately 80 W /mK [55].

Polymers can have a self-lubricating effect during FSW [40, 53]. Additionally, polymers’ low melt vis-
cosity reduces frictional heat from the tool. Low melt-viscosity can also lead to expulsion of material from
the weld zone, resulting in defects [14]. These behaviors exclusive to polymer FSW requires adaptation of

the process from traditional metal FSW methods.
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Excessive heat can also subject polymers to thermal degradation. Thermal degradation results in chemical
alterations to the molecules in the form in chain breaking, molecular cleavage, and oxidation [23]. Thermal
degradation can also promote chain cross linking that restricts crystal formation [56]. These effects ultimately
hinder mechanical performance. Low thermal conductivity in thermoplastics results in high concentrated
areas of heat in the weld zone with a high risk of thermal degradation. Polymer discoloration in the weld
zone indicates degradation during FSW caused by prolonged heat concentration [57]. The Arrhenius Principle
states that the time a polymer can withstand a particular temperature before undergoing thermal degradation

is proportional to the following equation [23]:

A
Lpermitted > exp(ﬁ) (2.3)

where A is the activation energy of the polymer, R is the gas constant, and 7T is the absolute temperature.
Thus, welding processes utilizing excessively high processing temperatures must have low processing times

to limit thermal degradation.

2.3.2.2 Material Flow

The low thermal conductivity of polymers and liquid state FSW changes the material flow characteristics
compared to metals. Little computational modeling of material flow specific to polymer FSW currently ex-
ists. However, researchers apply principles from models intended for metal FSW to understand flow fields
in polymers [9]. In many cases, metal FSW flow models apply to polymer applications since many of those
models considers the metal in the TMAZ a highly viscous non-Newtonian fluid even though it remains solid
throughout the entire metal FSW process [58, 59, 60, 61, 62]. FSW couples mechanical and thermal interac-
tions between the tool and workpiece.

Figure 2.9a distinguishes in-process welding zones during FSW. A pre-heating zone preceeds the rotating
tool where material begins to soften. Contact with the tool’s leading edge provides the initial deformation
of material. The material sweeps around the tool along the retreating side (RS) where it extrudes behind the
tool, shown in figure 2.8. In many cases the material becomes forged back into the advancing side (AS) [10].
The AS experiences the greatest shear and temperatures since the tool rotation and material flow counters the
welding direction.

The Arbegast Model distinguishes four material flow zones in metal FSW that recede behind the tool
(figure 2.9b). Zones I and II pertain to material transfer along the AS and RS. Zone II1 is specific to shouldered
tools that transfer material across the top surface into the weld zone. Zone IV lies along the bottom of the

SZ/TMAZ where material from zone Il can use as a path to transfer to zone I. Confinement of material flow in
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Figure 2.8: The material flow at advancing side (above) and retreating side (below) of the weld. Adopted
from [7]. Figure originally from [8].

the SZ eliminates zones III and IV in polymeric FSW. Material flow confinement has been demonstrated with
illustration of sharp and clear boundaries along the pin influence. [9]. The elimination of flow across zone III
means that conventional FSW tools may only serve as containment of polymer in the weld zone rather than

serving to transfer material.
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Figure 2.9: a) Representation of welding zones during FSW. Adopted from [9]. b) Post-weld material flow
zones. Adopted from [10].

Joint failure locations characteristic to metal FSW and polymer FSW differ due to material interactions
with respect to temperature. The AS experiences higher temperatures than the RS [63] which produce coarser
grains in the HAZ adjacent to it in metals [1]. Reduced friction behind the tool can reduce the forging and
consolidation of material along the AS during metal FSW [64]. Thus, large defects are more likely to form

along the AS in metals [65]. For these reasons, the AS tends to be more prone to failure in metal FSW.
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Contrary, the molten polymer pools during polymer FSW allows for forging along the AS behind the tool.
The higher temperatures along the AS compared to the RS also promote greater diffusion across the joint.
Lower pressures are also prevalent towards the RS behind the tool which can act as a vacuum to pull material
away from the RS interface [66]. Thus, lower pressures along the RS and absence of zone IV in polymer

FSW results in the higher likelihood of defects in these locations [7, 9, 67, 68].

2.3.2.3 Tooling

FSW commences on rotary equipment such as specialized mill type machines. Contrary to machining tools,
FSW tools are designed to heat and transfer material rather than remove it [69]. Fabricating tools from tool
steel is sufficient for polymers and soft metals, while robust tools made from tungsten or polycrystalline cubic
boron nitride (PCBN), are necessary for longer tool life when welding harder and abrasive materials [69]. The
tool geometry affects the material flow and heat generation. Tooling fits in two subcategories: conventional
FSW and stationary shoulder friction stir welding (SSFSW)[7], both of which were implemented in this
dissertation. Conventional FSW refers to use of tools with a rotating center pin and shoulder. Shoulders can
vary in diameter, curvature, and can contain variable features. Due to the large difference in relative tangential
velocity between the shoulder and center pin, compromise for fast tool rotation speeds can result in material
expulsion and overheating at the outer shoulder radius that degrades the polymer [57]. This problem does not
arise in metal FSW since metals do not face chemically altering degradation and greater thermal conductivity
alleviates large heat concentrations.

The center pin geometry has pronounced effects on the material flow in the SZ. The tool pin must generate
frictional heat, disrupt the contacting surfaces, and transfer material from the leading edge behind the tool
[69]. Figure 2.10 shows common tool pin geometries reported in FSW research. Pin geometry affects inter-
facial surface area between the tool and polymer, volumetric interaction, and flow velocity. Threaded tool
profiles have been shown to facilitate both horizontal and vertical material flow in the weld zone with sound
results [61, 70, 71]. For these reasons, threaded pins have been common place in the Vanderbilt University

Welding Automation Lab research.

Figure 2.10: Different pin profiles of tool for FSW. Adopted from [11].
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External heating methods help to supplement low frictional heat generated when friction stir welding
polymers. Supplementary heat sources include hot plates under the weld pieces [67, 68], induction heated
tools [72], and heated stationary shoulders [57, 73].

The heated stationary shoulder, or “hot shoe” was developed at Brigham Young University with a patent
filed in 2001, shown in figure 2.11. A center pin protrudes through a floating shoulder and rotates indepen-
dently while the shoulder remains stationary. The heated stationary shoulder applies heat to the workpiece
while the rotating pin facilitates the mechanical stirring. The shoulder constrains the molten polymer in the
weld zone to prohibit material expulsion and volumetric loss [74]. Conductive heat preheats the material in
front of the tool while reducing the cooling rate of welded material behind the tool. A reduced cooling rate
allows for uniform material shrinkage across the joint and limits defects upon cooling [12]. The reduced
cooling rate also allows for improved crystalline growth in semi-crystalline polymers. SSFSW has proven to
be an effective method for forming polymeric joints with joint efficiencies greater than 90% in a variety of
thermoplastics including HDPE [57], Nylon 6 [75], wood/HDPE composite [76], polypropylene (PP) [12],
PP/HDPE [77], and poylethylene terephthalate glycole (PETG) [78].

Shoe

Heater
\ v

i Pin

Thrust Bearing

Figure 2.11: 2001 diagram of heated stationary shoulder (“Hot Shoe”) from BYU. Adopted from [12]

2.3.2.4 Parameter Optimization

FSW requires a harmony of finely tuned parameters to produce quality joints. Mechanical performance
typically distinguishes a joint’s quality, though visual surface appearance and cross-sectional analysis can
expose defects that ultimately lead to poor joint performance. Common tune-able welding parameters include
the tool rotation speed, welding/traverse speed, tool tilt angle, plunge depth, and tool dimensions. For heat
assisted FSW methods, the temperature of the heat source is also a variable parameter.

Study of each parameter’s influence on joint performance can require heavy experimentation to account
for the wide range of possible parameter choices. Thus, researchers have employed experimental methods
using a variety of design of experiments (DOE) to perform statistical analysis on parameter influence, identify
parameter interactions, and create models to predict joint performance given a set of parameters.

Three common DOE classifications for testing multiple variables include full-factorial, response sur-
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face methodology (RSM), and Taguchi methods. Full factorial experiments test every combination between
parameters. For example, testing two different parameters at three levels each requires 3> or nine total com-
binations. Performing experiments with more parameters requires significantly more runs with full-factorial
experiments, making their execution costly. RSM and Taguchi methods allow for strategic selection of pa-
rameter combinations to estimate influence of each parameter while significantly reducing the number of
experimental runs. RSM’s use methods of least squares to statistically fit parameter inputs to functional
relationships with their outputs. RSM’s are particularly useful to model parameter curvature, or nonlinear
influence and identify dependent interactions with other parameters. Taguchi methods are more streamlined
for parameter optimization often used in quality control and typically require fewer parameter combinations.
Taguchi methods use the signal-to-noise ratio of parameter response from the mean response to optimize
parameter choice. Though they can be a cost-effective solution for determining optimal parameters, Taguchi
methods do not consider parameter interactions and thus provide less information when studying a specific
parameter’s influence on a response [79].

The degree of each individual parameter’s contribution to joint performance can depend on other con-
sidered factors such as the welded material type and selected parameter range. Figure 2.12 compares the
contribution of tool rotation speed, traverse speed, and tilt angle from two different studies that utilize a
Taguchi method. Figure 2.12 shows results from FSW of a carbon fiber/polypropylene composite [13] and
figure 2.12b shows results from FSW of neat HDPE [14]. Though both studies indicate very little influence
from the tool tilt angle on mechanical strength, they disagree on the contribution from rotation and traverse
speeds. Besides the welded material type, the range of rotation speeds also varies significantly between
the two studies, which may indicate an interaction between the rotation and traverse speeds over a wider

parameter range.
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Figure 2.12: Polymer FSW parameter contributions from a)[13] and b) [14].
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Statistical models of parameter inputs only approximate relationships between considered variables and
careful consideration must be taken of the experimental conditions when evaluating those models. Take for
example, conclusions from Rezgui et al., who performed an RSM considering the tool plunged surface, ro-
tation speed, and traverse speed during FSW of HDPE [80]. Unlike the conclusions of figure 2.12, they
conclude that the rotation speed has no statistical significance on joint strength in their experiments. How-
ever, Rezgui et al. uses a shoulderless tool (diameter of zero) unlike the tools used in the experiments by
Ahmadi and Bozkurt [13, 14]. Thus, the absence of variable shoulder geometry in these studies confounds
the interaction between rotation speed and shoulder diameter.

A general consensus, though, is that for conventional tools varying the tool rotation and traverse speeds
have the greatest influence on joint strength in polymer FSW due to their influence on heat generation and
heat flux to the material [81]. Thus, the tool rotation and traverse speeds should be of high consideration

when researching FSW joints with new materials or configurations.

2.3.3 FSW Variant Processes

Several derivative processes use the same fundamental principles as FSW but utilize different tooling and
tool paths for specific applications. Friction stir spot welding (FSSW) has the greatest similarity to traditional
FSW as its major difference comes from the stationary tool contact location, shown in figure 2.13. FSSP

typically occurs using conventional tools with convex shoulders to contain the molten polymer in the weld

zone [82, 83].

a Pre-heating (Tp)

d Waiting time (Ty,) e Punch Retraction

Figure 2.13: Typical phases of friction stir spot welding process: Preheating, joining, consolidation, and tool
retraction. Adopted from [15].
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Figure 2.14: Diagram of SRFSW with double stationary shoulder tool. Adopted form [16].

Conventional FSW requires backing support underneath the work piece due to the tool’s large axial force.
Self reacting FSW (SRFSW) uses tool contact on both sides of the work piece, eliminating the need for
support below the weld. SRFSW can come in the form of a bobbin tool with a pin between two rotary
shoulders [84], or pin with double stationary shoulder design [16]. SRFSW allows for joining of enclosed
geometries where a backing mandrel may be impractical, such as in the case of joining pipe sections [85].

Friction stir processing (FSP) is not a joining process. Rather, FSP applies modifications to the existing
surface of a material. For polymers, FSP can introduce filler materials to form composites. The introduction
of metals or clay particles to polymeric materials using FSP has been shown to change mechanical properties
[17]. Most methods to form composites requires modification of the base material to accept the filler in the

form of grooves or pre-drilled holes, shown in figure 2.15.

(a) [:F,_m 1 (b)
Y/ -

Figure 2.15: Common FSP material preparation methods a)milled grooves b) pre-drilled holes c) holes with
cover plate. Adopted from [17]. Figure content originally from [18].
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CHAPTER 3

Influence of Tool Thread Pitch During Friction Stir Welding of High-Density Polyethylene Plate

The following work was previously published in the Journal of Manufacturing Science and Engineering as:

L. T. Wilkins, A.M. Strauss, Influence of Tool Thread Pitch During Friction Stir Welding of High-Density
Polyethylene, Plate. ASME. J. Manuf. Sci. Eng. December 2022; 144(12): 121010.

Abstract

This study utilizes a face-centered central composite response surface design of experiments to determine
the effects of thread pitch when friction stir welding high density polyethylene. The tool pin thread pitch,
along with rotation and traversing speed, were varied so that models of the maximum tensile strength, tool
temperature, and tool forces could be analyzed. Coarser thread pitches facilitated higher tensile strength than
finer threads due to greater material velocity and overlap between the stir zone and base material. In the
tested range, the thread pitch provided a 6% linear contribution to ultimate tensile strength, where welds with
coarse threads had on average a 2.83 MPa increase in tensile strength over the fine thread tool. The greater
circumferential pin surface area of fine threads caused a greater increase in tool temperature, though this did
not correlate to stronger welds. Ultimately, the most interdiffusion across the polymer joint occurred with
the coarser thread pitch and slow traverse speed due to prolonged joint exposure to the molten polymer weld
pool.

3.1 Introduction

The push for more economical and efficient materials drives increased usage of lightweight plastics. Reduc-
ing a vehicle’s weight by 10% can increase fuel economy by an estimated 5%-7% in an automobile [19].
Plastic applications includes but is far from limited to body panels, lamp lenses and screens, fuel and other
liquid tanks, equipment housings, and wear items such as gears and bushings [19]. Integrating polymers into
engineered structures requires the ability to join them to each other and dissimilar materials. Joining methods
using mechanical fasteners, adhesives, and welding have different benefits, limitations, and applications.

Welding of polymers put simply, utilizes melting of thermoplastics to promote bonds that solidify after
cooling. The bonds form through adhesion, which includes variants such as van der Waals forces, covalent
bonds, capillary bonds, electrostatic bonds, magnetic bonds, mechanical interlocking, and interdiffusion [86].

Typically, no welding joint relies solely on only one of these adhesion mechanisms. Miscible polymers can
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achieve interdiffusion, where the molecules become intertwined across a joint, due to their homogeneous
properties (i.e. similar glass transition temperature). Polymer interdiffusion can be described by the repta-
tion model, where two similar amorphous polymers held together above their glass transition temperature
will diffuse together [6]. The reptation model describes a polymer chain restricted inside of a hypothetical
tube. The reptation time, 7, is the time for the polymer chain to move completely, like a snake, through the
hypothetical tube. 7 is inversely proportional to the polymer’s temperature, so higher temperatures will have
faster interdiffusion, or movement of polymer chains across each other [6].

Of the many methods to join polymeric materials, friction stir welding (FSW) is an attractive process
utilizing a rotating non-consumable tool to melt and blend polymers at their joining surface. FSW necessi-
tates melting of the material only during joining of plastics. Seemingly unknown to many, FSW, patented
by Thomas et al. in 1991 at The Welding Institute (Cambridge, UK) was originally intended for solid state
joining of aluminum alloys and dissimilar metals [44]. It is considered an environmentally friendly manufac-
turing process since the low processing temperatures are energy efficient, no filler material is needed, and no
gasses or fumes are produced. FSW polymers is not a solid state process since polymers consist of entangled
chained molecules with different lengths that must melt for them to fuse across a joint [53]. Melting is nec-
essary for welding plastics since a polymer chain cannot cross the path of another chain. Carbon, oxygen,
and nitrogen typically construct these chains, and their bonds are arranged at various angles in solid form.
When polymers melt, these molecular bonds can rotate freely allowing for entangled polymer chains to slip
past each other [40]. Polymer structure is analogous to ramen noodles in a square pack. The dry noodles
are entangled in a brick and no single noodle can be removed without breaking. After cooking and softening
the noodles, it is possible to remove a now compliant noodle without rupturing it. An advantage with FSW
is that it generates heat in both joining parts, allowing for welding of dissimilar polymers such as acryloni-
trile butadine styrene (ABS) and polycarbonate (PC) [87]. Ultrasonic welding is an example where welding
dissimilar polymers with drastically different melting temperatures is challenging since the vibrations during
welding may melt one polymer and not the other [4].

Extensive studies have shown that parameter selection and tool geometry greatly affect the quality of
friction stir welded joints in both metals and polymers [14, 88]. Polymers present additional challenges over
metals to FSW due to their low thermal conductivity and limited range between melting temperature, 7,
and thermal degradation temperature, 7;. To weld polymers, the temperature in the weld zone must be high
enough to allow slippage of polymer chains but cannot exceed temperatures that lead to degradation. Polymer
degradation is a change in chemical or physical structure induced by factors such as excess heat or light that
leads to reduction of strength or changes in other properties such as color and shape [89].

Tool geometries have an effect on heat generation, material flow and stress, welding forces, and ultimately
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Figure 3.1: Components of thread specifications.

weld quality. For example, it has been shown that the number of edges on a tool pin for various geometries
influences the material flow, temperature, hardness, strain, and welding forces. Generally, increasing the
number of edges on a tool increases the temperature and traverse forces [84]. Tool pin geometries explored
for FSW polymers include square [66, 77, 90, 91], triangular [11, 66, 77], cylindrical [13, 77, 90, 91], tapered
[11, 13, 66, 90, 91], threaded cylindrical [11, 13, 71, 77, 90], and threaded tapered [11, 13], each of which
exhibit different behavior. Triangular and square pins tend to have a pulsating effect which can provide
good material mixing [91] but can also induce blow holes through the bottom of welded sheet [70]. Smooth
cylindrical pins tend to poorly mix polymers resulting in very weak joints [91, 92]. Smooth tapered pins
though tend to produce better quality joints than straight cylindrical geometries [92]. Several studies test
threaded tool pins against non-threaded profiles. These studies, however, do not account for the thread pitch
as a variable parameter. The thread pitch is the distance, typically in millimeters, between thread crests as
illustrated in figure 3.1. Another metric is the thread count per unit length of the shaft, and is often described
using threads per inch (TPI). For the threaded tools used, these studies conclude that threaded tool pins
can form joints with high joint efficiency for different polymers [83] with lower linear force due to greater
heat generation [70]. The increased heat generation from threaded pins is a result of increased surface heat
flux from a larger interfacial surface area [61]. The orientation of thread flutes with respect to tool rotation
direction also affects material flow and joint quality. Thread flute movement from the bottom of the tool to
the material surface tends to pull the welded material out of the joint, whereas better joint quality is achieved
by downward moving flutes that force material into the joint [71].

Researchers performed extensive studies pertaining to the effects of threads on FSW tools in polymers, but
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very little has been done to include thread pitch as an experimental parameter in FSW polymer optimization.
However, varying thread pitch has been studied for various aluminum alloys. A study utilizing bead-on-plate
welds for various aluminum alloys found that intermediate thread pitches were optimal for weld quality and
reduction of defects [93]. The thread pitches ranged from 1.02 mm (25 TPI) to 3.18 mm (8 TPI) on large
15.9 mm diameter cylindrical pin tools. Welding forces and their relationship to thread pitch varied between
aluminum alloys. Another study joining butted AA1080 plates found that larger thread pitches for a particular
set of welding parameters has a drilling effect, where metal chips move up the tool and are expelled from the
weld zone [94].

A thread pitch study was also conducted during friction stir spot welding (FSSW) of polypropylene (PP)
plates where thread pitch ranged from 0.8 mm to 2.0 mm [90]. This study produced similar conclusions to
that of Boz et al. [94], where a smaller thread pitch produced stronger welds and too large of a thread pitch
expelled material from the weld zone.

The FSW community lacks studies pertaining to the effects of thread pitch during traversing polymer
welds. Due to fundamental differences in material flow during FSW of alloys and polymers, thread pitch
effects found in Rabby et al. and Boz et al. cannot be assumed to directly correlate to polymers. It has
been shown that material flow during FSW polymers differs from that of metals, where polymers exhibit
fewer material flow zones and a much smaller thermo-mechanically affected zone (TMAZ) [9]. Lateral weld
fractures also tend to form along the retreating side due to lack of consolidation, whereas in metals defects
tend to occur along the advancing side.

Former studies indicate that sound polymer joints with FSW requires finely tuned interacting welding
parameters. The tool pin geometry plays a significant role in heat generation, material flow, and weld consol-
idation. Threaded pins can improve these functions over other pin types, but the field lacks studies pertaining
to the influence of thread pitch during polymer welds. This study considers the influence of thread pitch on
welded high density polyethylene (HDPE) tensile strength, tool temperature, and tool forces. Because weld-
ing parameters can have interaction with each other, tool rotation and traverse speeds are also considered.
The effects of these parameters are tested using design of experiments.

HDPE consists of long hydrocarbon chains with very little branching [95]. Branching refers to archi-
tectures where short polymer chains protrude off of a long main chain [23]. These chains are formed by
free radical addition polymerization of C,Hy repeated units. Polyethylene, a polyolefin resin, is by far the
most commercially used polymer and can be processed into different forms [19]. HDPE is the most rigid of
the polyethylene forms due to less than 7 branches per 1000 carbon atoms that allows for tight packing of
polymer chains, making it a highly crystalline material [6]. It is also studied most often in the field of FSW

compared to other thermoplastics with a presence in approximately 36% of publications as of 2018 [91].
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Thus, its popularity in FSW and industry make it a good candidate to study the influence of thread pitch.

3.2 Materials and Tooling

FSW experiments occurred in the Vanderbilt University Welding Automation Lab (VUWAL) on a modified
Kearney and Trecker Milwaukee Model K milling machine. External motors mounted to the machine con-
trolled using Simulink provided precise automated operation. Three thread pitches were tested using varied
tool rotation and traverse speeds in HDPE. The physical properties of HDPE used in this study are available

from the data sheet by Polymer Industries [96].

T ©
":Q 1

Figure 3.2: Three tool thread pitches used in this study. a) 1.27 mm (20TPI) b) 0.79 mm (32 TPI) ¢) 0.58 mm
(44 TPD).

Table 3.1: Pin specifications for each thread pitch type

TPI | Pitth(mm)  Dyajor ~ Dminor d SA Vr

20 1.27 6.35mm 526 mm 1.09mm 231 mm? 127 mm?

(0.250")  (0.207”)  (0.043”)  (0.358 in?)  (0.008 in?)
32 0.79 635mm 5.67mm 0.68mm 239.63 mm®> 82.36 mm>)
(0.250”)  (0.223”)  (0.027”)  (0.371in?)  (0.005 in®)
44 0.58 635mm 587mm 048 mm 243.37 mm®>  60.84 mm>

(0.250”)  (0.2317)  (0.019”)  (0.377 in®)  (0.004 in®)

A modular FSW tool capable of holding removable pins was machined in house to allow for rapid tool
changes between thread pitches. The tool pins were cut from H13 tool steel since tools steels can withstand

large loads, high temperatures, and lots of friction [97]. H13 is often used for aluminum FSW making it
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suitable for polymer FSW since the loads required to weld aluminum are much higher. Three pins of 1.27
mm (20 TPI), 0.79 mm (32 TPI), and 0.58 mm (44 TPI) thread pitches, shown in figure 3.2, were threaded
on a lathe using the “Sharp V” thread form described in Walker [98]. The threads were cut in a left hand
orientation so that a clockwise rotation facilitated downward flow along the pin [71, 99]. Table 3.1 outlines
each pin’s specifications pertaining to the thread pitch, where TPI is the thread count per inch, Pitch is the
distance between a specific point between two consecutive threads, Do is the largest diameter of the
thread, D,,inor 1s the smallest diameter of the thread, and d is the thread depth [98], shown in figure 3.1. Note

that d = Dy jor — Diminor- For a Sharp V thread, the thread depth can be calculated by:

0866
N

d 3.1

where N = TPI. SA refers to the total thread surface area on both sides of the thread crest. Vy is the total
volume of space within the threads. These values pertain to a threaded pin 6.35 mm in length. Thread pitches
were chosen to encompass the optimum parameters reported in Bilici et al. [90]. Extremely coarse threads

were avoided to prevent milling of the polymer in the weld zone.
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Figure 3.3: a) Diagram of tooling setup. The dynamometer measures welding forces. The temperature micro-
controller unit collects data from a thermocouple located inside the tool shank. A bearing mounted to the tool
shank centers the pin with a hole in the shoe. b) Underside of stationary shoe. The tool pin protrudes through
a hole in the shoe when plunged.

The tested rotation speeds were 1000 RPM, 1250 RPM, and 1500 RPM, and the traverse speeds were 25.4
mm/min, 63.5 mm/min, and 101.6 mm/min. The shoulderless tool rotated within a stationary shoe heated to
65°C at the shoe’s tool opening with zero tilt. Stationary shoes prevent ejection of molten polymer during
the welding process [9]. Heating the stationary shoe aids in controlling the welded polymer’s cooling rate,
reducing voids induced from fast shrinkage and ultimately improving the weld quality [17, 31]. A pillow
block bearing was fixed to the tool shank. Floating spring loaded slides guided the stationary shoe to follow
the tool and apply pressure to the work piece as it traversed. Guide rails clamped to the work piece prevented
the shoe from rotating with the tool.

A thermocouple inside the main tool shank measured the tool temperature during the entire welding

process, allowing for the authors to infer heat generated from the tool temperature change since the tool
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ultimately conducts a portion of the heat generated [100]. Measuring the temperature inside the tool isolated
the measured temperature changes from the shoe’s heat input so that only the tool parameter effects were
observed. The thermocouple is located at the top of the tool pin 34 mm from the weld centerline and connects
to a Teensy LC microcontroller mounted on the tool spindle that stores the temperature data on a micro SD
card. Temperature data collection is activated by an accelerometer that senses tool rotation. Tool temperature
change was calculated using the difference between the minimum and peak value measured during each weld.
The tool was cooled to room temperature before the start of each weld and it reached peak temperature before
tool retraction. Therefore, the minimum and peak tool temperatures correspond to the temperature prior to
tool plunge and at tool retraction. The values were normalized against the time duration since the traverse
speed affects the welding time.

A Kistler type 9123C dynamometer measured forces experienced on the tool in the axial and planar
directions. Welding forces were analyzed by first applying filters to the raw data from the dynamometer.
The largest contributor to signal noise indicated by the frequency spectra of the data sets is the tool rotation
frequency. Thus, low band pass filters with cut off frequencies of 10 Hz, 15 Hz, and 20 Hz were applied to
750 RPM, 1125 RPM, and 1500 RPM data sets, respectively.

Mechanical tests followed the ASTM D638-14 guidelines to characterize tensile strength. Specimens
used in tensile testing were precisely cut using a Shapeoko XXL CNC router. Figure 3.3 provides a schematic
and shows the real setup of the FSW tooling used in this experiment, outlining the dynamometer, temperature

measurement system, and stationary shoe.

3.2.1 Design of Experiments Method

A series of bead-on-plate welds followed a face-centered central composite (FCC) design of experiments.
The bead-on-plate configuration was chosen to reduce variation in experimental setup from variables such as
surface roughness between butted plates and possible tool offset from machine backlash. Joint configurations
also play a role in the strength and joint characteristics [101], so the bead-on-plate configuration was used to
provide a simple foundation. An FCC design is a type of response surface methodology (RSM), which are
useful for analyzing problems where multiple variables influence the response. In essence, a fitted model with
two parameters produces a three-dimensional surface, hence the name RSM [79]. FCC designs are beneficial
for three factor experiments because they only require three levels for each parameter, requiring fewer runs,
and consequently resources, than uniform-precision designs. Because tool parameters tend to have quadratic
effects on material strength [80], a second order model is necessary to describe the parameter response and
requires a minimum of three parameter levels to do so [79]. A cube can signify a three level design, with

each cube axis representing a range of values for a respective parameter. Each corner of the cube lies at a

27



minimum or maximum. The FCC design uses data points from each corner, face center, and the cube center.
A disadvantage of the FCC design is that it is non-rotatable, meaning some biases can occur since the corner
and face points are not equidistant from the center [79]. However, FCC designs utilize center points that

allow for a good estimate of experimental error.

Table 3.2: A 3 level, 3 factor response surface design of experiments using these values.

Symbol Level -1 0 +1
A Thread Pitch (mm) 127 20 TPI) 0.79 32 TPI) 0.58 (44 TPI)
B Rotation Speed (RPM) 750 1125 1500
C Traverse Speed (mm/min) 25.4 63.5 101.6

The design utilized three parameters each with three levels, requiring a total of 20 runs with six repeated
center point runs. Replicates for selected non-repeated runs were added to the experiment to refine the models
from experimental error and investigate unusual observations. Minitab statistical software generated a random
order to complete the runs. Table 3.2 outlines the values for each parameter level. The parameter levels were
determined using observations and data from preliminary experiments and scientific literature review. A
summary of optimum FSW joining parameters for various polymers is shown in a literature review by Zafar
et al [83]. The thread pitch levels are determined by equally spaced thread counts, where the center point is
the average thread count of the high and low levels. Thus, the low level has smallest thread count, but the
largest thread pitch. The high level has the greatest thread count, but the smallest thread pitch. Thread pitch,
rotation speed, and traverse speed will be referred to as A, B, and C respectively moving forward. Responses
included the tool axial and planar forces, tool temperature change from tool plunge to tool retraction, and
average tensile data between five specimens from each run. Table 3.3 shows the experimental design with the
response values. “Run” is the group number of each combination of parameter levels. “Run Order” refers to
Minitab’s randomized order in which each run was completed. The responses were analyzed using Minitab’s

response surface analysis tools.

3.3 Results

3.4 Maximum Tensile Strength

Figure 3.4 shows the surface of completed welds for each parameter combination. The highest experimental
maximum tensile strength was 23.18 MPa using A = 1.27 mm (20TPI) , B = 1500 RPM, and C = 254

mm/min. This results in an 89% joint efficiency from the 26.0 MPa measured in virgin material.
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Table 3.3: FCC DOE with responses.

Run | Run Order | Thread Pitch | RPM | IPM | Max T.S. (Mpa) | dT/min | Plunge Force (N) | Planar Force (N)
1 13 -1 -1 -1 16.37 1.42 951.11 124.8
2 3 1 -1 -1 9.54 2.36 1344 .4 166.9
3 2 -1 1 -1 23.18 2.9 748.9 106.1
4 18 1 1 -1 18.54 341 606.96 72.3
5 9 -1 -1 1 8.29 1.33 976.18 398.1
6 7 1 -1 1 6.98 2.77 1416 497.1
7 8 -1 1 1 5.58 3.23 509.3 2252
8 15 1 1 1 6.23 391 880.99 234.9
9 17 -1 0 0 6.81 2.39 601.26 256.2
10 12 1 0 0 4.8 3.15 806.82 389.8
11 10 0 -1 0 6.42 1.84 1013.1 *

12 4 0 1 0 18.38 3.63 643.17 128.9
13 5 0 0 -1 20.49 2.11 733.52 88

14 14 0 0 1 7.09 2.82 863.22 355.3
15 11 0 0 0 5.9 2.28 928.21 202.1
16 1 0 0 0 5.18 2.64 858.6 204.8
17 19 0 0 0 6.75 2.5 847.34 207.2
18 16 0 0 0 6.63 2.36 750.43 201.8
19 20 0 0 0 6.04 2.6 864.6 192.2
20 6 0 0 0 6.19 2.32 852.39 195.6

* indicates failed data measurement.

11 12 17 18

Figure 3.4: Weld sections for each completed weld run. Each weld label refers to “Run” parameters outlined
in table 3.3. 2




Minitab by default produces a response surface model consisting of all parameters, square of these pa-
rameters, and 2-way interactions. Each term in the model has a combination of parameter values multiplied
by a coefficient. For example, an interaction term between thread pitch and rotation speed will look like
BijA * B, where B;; is the coefficient corresponding to their contribution to the model, and A and B are the
respective parameter values. Five terms are statistically significant at a 95% (o = 0.05) confidence interval
with their F and P values displayed in table 3.4. The critical F and T values (F,; and T.;) were calculated
in Minitab, where F,; = 3.885 and T,,;; = 2.093. A statistically significant parameter term has P < o and
F > F,; when using an F test and |T| > |T,,;;| when using a T test. Removing all of the terms incorporating
thread pitch improves the coefficient of determination (R?) for the model. However, the lack of fit (LOF)
parameter has a P-value of p = 0.000. When p < 0.050, the lack of fit has significantly more error than the
pure error, and the regression model does not adequately describe the data, even if the data has a good fit
to it [79]. Upon further investigation, it was found that the model residuals were skewed to the left, shown
in figure 3.5. The default models assume that the residuals are normally distributed which can skew model
predictions due to non-constant variance of the observations. Non-normal residual distributions can lead to
inaccurate parameter significance levels [79]. Applying a variance-stabilizing transformation can normalize

an error distribution.

Table 3.4: Significant values for non-transformed maximum tensile strength model response. F; = 3.885.

Effect F-value P-value

C 43.49 0.000
CC 9.87 0.010
B 9.63 0.011
B*C 6.63 0.028
B? 5.01 0.049
LOF 41.54 0.000

A Box and Cox transformation was applied to the tensile data. The estimated transformation coefficient
is A = —0.84, where yx = y* is the transformed data points and A = 1 applies no transformation to the
data. The 95% confidence interval for A is (-1.91,0.18). Since A = 1 does not reside within the bounds of
the confidence interval, continuing with the transformation is appropriate. Minitab determined A using the
Optimal A Box Cox transformation function, and rounded the transformation coefficient to A = —1, which
corresponds to an inverse transformation. Figure 3.5 shows that the model residuals of the transformed data

follow a closer resemblance of a normal distribution with the residuals centered around zero. A new model
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Figure 3.5: a) Residual distribution for non-transformed tensile strength data. The residuals are skewed to the
left and do not have a normal distribution. b) Residual distribution of transformed maximum tensile strength
data.

for the maximum tensile strength including the terms in table 3.5 followed the transformation. The coded
coefficients in table 3.5 form equation 3.2, and their order reflects their contribution to the maximum tensile

strength, TS:

TS = (3.2)
—0.15632 — 0.04148C + 0.0487C> — 0.0386 B>

—0.033942 —0.01737A — 0.01604BC +0.01107B

31



Table 3.5: Effects used in reduced transformed model response for maximum tensile strength. The coded
coefficients are based on the scale of values between -1 and 1 for the parameters in table 3.2. T;,;; = 2.093.

Effect Coded Coefficient T-value P-value

Constant -0.15632 -18.17  0.000
C -0.04148 524 0.000

C? 0.0487 3.23 0.007
B? -0.0386 2.56¢ 0.025
A? -0.0339 224 0.044

A -0.01737 219 0.049
B*C -0.01604 -1.81 0.095
B 0.01107 1.4 0.187
LOF 0.098 3.40

Pareto Chart of the Standardized Effects

(response is Max Tensile Strength, @ = 0.05

Term 2179
Factor Name

C A Thread Pitch
B RPM
c 1PM
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2 3 4 5
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Figure 3.6: Pareto chart of standardized effects in reduced transformed model. The dotted red line signifies
the threshold for statistical significance at a 95% confidence interval, where all terms extending to the right
of the dotted line are statistically significant.

The reduced transformed model has linear, square, 2-way interaction, and error contributions of 43.22%,
37.48%, 4.15%, and 15.15%, respectively. The high contribution of square terms confirms curvature in the
model response and that three levels were indeed necessary for this study. C, CZ, B?, AZ, and A are statisti-
cally significant terms in the reduced model with 34.67%, 13.16%, 20.86%, 3.46%, and 6.08% contribution.
Parameter contribution is calculated by the percentage of the respective term’s sequential sum of squares to
the data’s total sequential sum of squares. Sequential sum of squares measure variation in the response from
each parameter. Figure 3.6 shows a Pareto chart of the terms included in the reduced transformed model for

maximum tensile strength. The magnitude of each parameter’s standardized effect is related to their con-
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tribution to the model response. B is left in the model to satisfy hierarchical effects, and B*C interaction
improves the overall fit. The coefficient of determination for the reduced transformed model is R> = 84.85%,
R*(adj) = 76.01%, and R*(pred) = 48.10%. The lack of fit is well beyond the threshold of statistical sig-
nificance with p = 0.098. Though the regression has room for improvement, the lack of fit suggests that the
model is a good representation of the parameter effects. The low R? values are similar to the outcome re-
ported in Rezgui et al.’s HDPE FSW parameter study [80]. Their study used a slightly wider range of rotation
speeds and a lower range of traverse speeds with a smaller center point.

Figure 3.7 shows the individual parameter contribution to tensile strength. The significance of the squared
model terms is visually apparent due to the parabolic response when sweeping each parameter across its
range. The minimum/maximum parameter responses in figure 3.7 indicate that the chosen parameter ranges
were sufficient to capture the general behavior of parameter values. Figure 3.8 also visualizes this behavior
through 3D surface plots. Increasing traverse speeds sharply decreases the ultimate tensile strength when
sweeping through the center point, while sweeping between the center point and high value has a smaller
contribution to tensile strength. Rotation speed has a predicted minimum effect on tensile strength just below
its center point, though overall the higher rotation speeds tend to promote greater tensile strengths as found
in other studies [14]. The linear effects of rotation speed does not have statistical significance, nor does it
in Rezgui et al. [80]. Studies finding significant contribution from the rotation speed implemented higher
rotation speeds than this study [14], but exceedingly large rotation speeds hinder weld strength from material
expulsion and degradation [102]. The local minima near the center point for both rotation speed and traverse
speed may suggest some interaction between the two parameters. Though no parameter interaction provided
statistically significant contribution to the ultimate tensile strength, the B*C interaction does improve the
model fit. In the case of this study, every run incorporating the center point parameter values for both B and
C resulted in tensile strength values below 7 MPa regardless of thread pitch. In some cases where only B or

C had a center point parameter value, tensile strength greatly improved.
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Figure 3.7: Effects for main parameters on maximum tensile strength.
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Figure 3.8: 3D surface plots for parameter relationship with maximum tensile strength as the response.

Thread pitch shows significant quadratic effects in the model with a local maxima between the low and
center point parameter values. The linear thread pitch term suggests that generally the coarser threads in this
study produce welds with higher tensile strength. On average, the 1.27 mm pitch threads provide 2.83 MPa
over the 0.58 mm pitch threads. The model predicts a drop off in tensile strength at the coarse thread pitch in
this study, though the response of the -1 thread pitch is still significantly higher than the +1 thread pitch. This

may be an slight indication of the milling effect described in Boz et al. [94], though significant milling was



not observed. As threads become finer and finer, the pin geometry approaches that of a smooth cylindrical
pin, which as noted before perform poorly compared to other pin geometries. Thus, the downward curvature
nature of the thread pitch response on tensile strength is expected.

Run 12 is labeled as an unusual observation with a disproportionally large residual, potentially making
it an outlier in the data. The weld logs were checked for run 12 with no obvious issues. Further replicate
trials of run 12 produced similar results, so the original data was left in the model. Removing run 12 from the
model all together did not improve the regression or fit either. The poor regression model may be a product of
non-rotatability in the FCC design. In the cube model described before, runs 1-8 are all radially equidistant
from the center points due to their extremums along all three axes. Runs 9-14 are all radially closer to the
center points since their parameters put them at an extremum along only one axis. Thus, the variance of the
predicted response is not equal in all directions from the cube center [79]. Further evidence of the effects of
non-rotatability are the extreme model predictions shown in plots “A vs B” and “B vs C” in figure 3.8. Both

plots predict unrealistic maximum tensile strengths when A, B, and C are all at their optimum values.

3.5 Tensile Fracture Surface

The fractured tensile specimens displayed clear patterns on break morphology when categorized by thread
pitch. All specimens ruptured on the retreating side of the weld zone. Polymers tend to rupture at the
retreating side distinctly along the tool pin’s path since the thermo mechanically affected zone (TMAZ) is
limited to the stir zone during FSW of polymers [9]. The smaller TMAZ size in polymers compared to
metals is a result of polymers’ low thermal conductivity. Higher stresses on the tool advancing side tend to
fully consolidate the stirred polymer with the base material. The higher stresses arise from molten polymer
being pulled around from the back side of the pin, which is then extruded into the advancing side. The

retreating side experiences a smaller forging pressure, which results in less consolidation at the stir zone wall

[9].
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Figure 3.9: Micrographs of weld cross sections located at the bottom of the weld retreating side. The arrows
point to defects at the weld zone interface. a) Run 1. b) Run 2. ¢) Run 3. d) Run 4.

The first eight runs with the +1 and - 1 thread pitch levels follow a 23 full factorial design, consisting
of two levels for each parameter. Runs 9 and 10 use +1 and -1 level thread pitch with center points for
rotation speed and traverse speed. Thus, the fracture surface for each thread pitch can be compared between
rotation/traverse speed pairs. Figure 3.9 shows micrographs of weld cross sections at the weld retreating side
for coarse and fine thread welds at high and low rotation speeds. For both rotation speeds, the coarse threads
show enhanced polymer interdiffusion between the weld zone and base material over the fine thread tools as
indicated by a fainter defect line visible at the stir zone interface. Figure 3.9 also lacks a heat affected zone
(HAZ) far beyond the stir zone, which is common for polymer FSW [83]. Figure 3.10a indicates fracture
between the stir zone and base material along the retreating side of the weld, which was observed for all runs.
Figure 3.10b shows fracture surfaces of coarse and fine thread tensile specimens. Lightly applied brushed gold
paint adhered to the high spots on the fracture surface to provide distinction between the fracture surfaces. In
general, the fine thread pitch specimens tend to have a consistent vertical break at the stir zone/retreating side
interface, with a surface reflective of the tool threads. The tool thread shape at the interface reveals a kissing
bond, where the polymer flows to fill the cavity left by the tool but adheres mostly between the joint surfaces.

The coarse thread pitch specimens have less distinct fracture patterns that indicate fewer kissing bonds than
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seen in the finer thread pitch specimens. The less distinct fracture pattern in the coarse thread specimens
may be a result of greater interdiffusion across the joints induced by greater mixing. The coarse thread tool
provides a greater overlap between the stir zone and base material with a thread depth of over double that of
the fine thread tool, shown in table 3.1. Furthermore, the coarser threads have a higher velocity of material
in the thread grooves, which facilitates greater volumetric heat generation in the shear layer around the tool

[61] and aids in polymer interdiffusion.

Stir Zone

Figure 3.10: a) Fractured tensile specimen. b) Coarse thread fracture surface. c) Fine thread fracture surface.
Surfaces are coated with gold paint to show texture. Scale shows fracture surface has spacing of the thread
pitch.

3.6 Tool Temperature
Residuals for the increase in tool temperature had a relatively normal distribution with Minitab’s standard
model, so no transformations were necessary. The reduced model includes all three main effects and one
interaction effect, where the interaction effect is the only non-statistically significant term. Rotation speed
has the greatest contribution to tool temperature (63.84%), followed by thread pitch (22.14%) and traverse
speed (4.10%). Each parameters’ contribution to temperature response is illustrated by the Pareto chart
of standardized effects, shown in figure 3.11. The reduced tool temperature model fits well to the data
with R? = 92.16%, R*(ad j) = 90.07%, R*(pred) = 85.52%. All three parameters have a linear relationship
with tool temperature, shown in figure 3.11, and have very little interaction with each other. Figure 3.12
shows surface plots between each parameter and highlights the lack of curvature with the nearly flat surfaces.
Increasing the thread count (reducing thread pitch), rotation speed, and traverse speed all result in higher
tool temperature. The surface heat generation at the tool and substrate contact interface can be described by
equation 3.3 [61]:

q(r)=x[0-1y+(1-0) 77| - @r 3.3)

K is a constant related to contact area dependent on thread shape. 8, known as the slip rate, is the relation of

flowing work piece velocity v,, to the tool velocity v; at the contact interface. T, is the shear yield stress, 7y is
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the friction stress,  is the tool rotational velocity, and r is the tool radius. The reader is encouraged to refer to
Sun et al. [61] for more information regarding equation 3.3. The linear parameter effects on tool temperature
in this study agree with the relationships found in Sun et al.’s model. Since k relates to increases in contact
area, an increase in the thread surface area from a lower thread pitch will increase the heat generation. Sun
et al. demonstrates in their model that the thread pitch affects surface heat generation and volumetric heat
generation inversely to each other. Heat is generated in the FSW process by both friction at contact surfaces
and through plastic deformation in the material shear layer. Smaller thread pitches have greater surface area,
which increases heat generated at the interfaces along the threads. Conversely, less heat is generated in the
shear layer between the threads with a small thread pitch, partially because the increased contact temperatures
reduces the material flow stress. Therefore, the tool surface area dominates the heat generation for the thread
pitch contribution. Temperature profiles that show increased total heat generation from finer threads can be

seen in Sun et al. [61].
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Figure 3.11: a) Pareto chart of reduced model for tool temperature change. Rotation speed, thread pitch,
and traverse speed are statistically significant effects. b) Main effects for increases in tool temperature. Each
parameter has a linear relationship with temperature increase.
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Figure 3.12: 3D surface plots for parameter relationship with change in tool temperature as the response. a)
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3.7 Welding Forces

3.8 Axial Forces

The thread pitch does not provide a statistically significant contribution to the tool axial forces during travers-
ing welding periods. Rather, tool rotation speed has the greatest contribution (50.06%), followed by traverse
speed (21.80%), and their squared terms which combined provide a 15.61% contribution in the reduced
model. The thread pitch, however, has a large contribution to the plunge force. The rotation speed once again
has the greatest contribution at 56.93%, followed by thread pitch at 17.14%, and square of rotation speed at
5.16% in the reduced model. There is no significant interaction between the thread pitch and rotation speed.

Traverse speed provides no contribution during the plunging period since no lateral movement occurs.
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Figure 3.13: Main effects for maximum tool axial force during plunging.

Stated in section 3.6, the rotation speed and thread pitch provide the greatest contribution to tool temper-
ature and therefore heat generation. Heat generation is inversely proportional to axial force under a constant
plunge rate since heat softens the material [15]. Since rotation speed has the greatest contribution to heat
generation, it is no surprise that the highest rotation speeds results in the lowest plunge forces. The thread
pitch has an inverse effect on the maximum plunge force than the heat generated, where a lower thread pitch
actually results in a higher maximum plunge force, shown in figure 3.13. The maximum plunge force occurs
during initial contact between the tool and the material. The tool axial force slowly reduces throughout the
plunge as the material softens [15]. Thus, vertical side tool geometry provides no contribution to the plunge
force at initial contact, which means that the thread pitch’s contribution to the plunge force is a result of its
effect on the tool’s bottom surface. Most notably, the surface area decreases for finer threads, and the center
of the flat region becomes more offset from the tool’s center axis, shown in figure 3.14. A 10% reduction
in surface area occurs between the highest and lowest thread pitch tools used in this study. The bottom tool
surface areas for coarse to fine thread pins are 24.5 mm?,25.16 mm?, and 27.19 mm?> respectively. The bottom

surface offset carves and expels material through pulsation, and the small surface area inherently requires a
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smaller force to plunge. For runs 1-10, the coarse threads on average have a 25% reduction in plunge force
over the fine threads. Because the greatest forces during FSW occur during the plunge, smaller machine

requirements are necessary for coarser thread tools.

b)

a)

Figure 3.14: Bottom view of tool pins. The shaded region is the bottom surface area at initial plunge contact.
a) 20 TPI (24.51 mm?) b) 32 TPI (25.15 mm?) ¢) 44 TPI (27.10 mm?)

3.9 Planar Forces

The measured planar forces did not produce any meaningful models for parameter influence solely in the
traverse or lateral directions. However, the lateral axis consistently experienced considerably higher tool
forces towards the advancing side relative to the traverse axis. Planar force measurement failed during Run
11, as indicated by “*’ in table 3.3. Since no correlation was present in the planar forces without Run 11, no
further replicates were performed to include it in the data. The traverse forces F; ranged from approximately 3
N- 120 N, where the lateral forces F; ranged from 17 N- 170 N. The planar forces, where F;, = \f(FT2 + FLZ),
show a general relationship with the greatest contribution from traverse and rotation speed. Slow traverse
speeds and high rotation speeds tend to reduce overall planar forces. Though these trends are apparent, the
lack of fit for all produced models is well beyond the threshold of statistical significance. Lack of fit for
planar forces is likely due to the implementation of the stationary shoe, whose sliding friction and interaction
with the polymer melt has overwhelming effects over the tool parameters. In studies by Mendes et al. [103]
and Eslami et al. [104], a contrary relationship was found where the traverse forces were significantly higher
than the lateral forces. The axial forces were also significantly higher than those reported in this study. The
difference in forces between the two studies lies in stationary shoe’s degrees of freedom. In the current study,
the shoe is allowed to slide along the vertical tool axis independent of the tool, where the shoe in Mendes
et al. is fixed to the axis. Thus, the shoe has a greater axial force in Mendes et al., contributing to higher
frictional forces in the traverse direction. Since the shoe’s smaller axial pressure in this study allows it more

freedom to float across the polymer, a higher net lateral force can be observed.
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3.10 Discussion

Thread pitch clearly has noticeable effects on the ultimate tensile strength, heat generated, and contact plunge
force during FSW of HDPE. Understanding the effects on machine forces is necessary for reliable tooling
setup during manufacturing. The thread pitch has noticeable effects on the axial forces, but the required
forces are related to the tool’s bottom contact area and the degree to which it carves away the base material.
The coarse threads have a larger “cutting area” at the tool’s bottom leading edge, allowing it to perform with
lower plunge forces. With a stationary shoe setup necessary to FSW many polymers, strong correlations are
not observed with the parameters studied, and it is likely that the thread pitch has negligible effects. The
tool temperature data produced a much better fitting model than the tensile data. This model shows that the
heat generated is clearly more predictable than joint strength due to several reasons. The linear relationship
between all main effects inherently makes for a simpler model to fit. Heat generation is a lower level effect
than joint strength since joint strength is dependent on heat generation in FSW. The joint strength, therefore,
has more variables to consider, such as the stationary shoe temperature and contact pressure. It is also clear
that an improved model to predict weld strength will require a wider range in rotation speed. Generally, a
hotter melt allows a polymer to flow more easily so that molecules can diffuse across a joint and bond to other
molecules [95]. Interestingly, the higher tool temperatures in this study do not necessarily correlate to higher
weld strength. Figure 3.15 shows a comparison between the maximum tensile strength and tool temperature

for all 20 runs, and does not show a relationship between the two.
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Figure 3.15: Maximum tensile strength compared to tool temperature for all 20 runs.

The tool temperature does not adequately predict tensile strength for FSW polymers due to the low poly-
mer thermal conductivity. Mentioned in section 3.6, the surface interaction between the tool and polymer
dominates the heat generation over material layer shear, so most heat is generated at the tool’s surface. The
tool, made of tool steel, has a significantly higher thermal conductivity than the HDPE, permitting more heat

flow to the tool than into the polymer. This contradicts results found by Chao et. al, but they welded AA
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2195-T8 which has an estimated 3 x the thermal conductivity over their tools [100], whereas the tools used in
this study have an estimated thermal conductivity of 50X that of the HPDE. Therefore, changing the param-
eters will not drastically alter the heat flux through the polymer, keeping the melt local to the tool. Another
property difference between aluminum and polymers is the change in thermal conductivity with temperature.
Aluminum, like many metals, has a maximum thermal conductivity on a downward curve [105], and this
maximum occurs within temperatures experienced during FSW. Polymers have an anisotropic thermal con-
ductivity because the heat transport favors the chain alignment direction. Semi-crystalline polymers such as
HDPE tend to have higher thermal conductivity than amorphous polymers because there are more orderly
packed chains to quickly transfer molecule vibrations [106]. As the polymer heats up, the spacing between
the adjacent polymer chains increase, and order reduces through rotation in the chains, overall decreasing the
thermal conductivity with increase in temperature and further slowing the spread of heat.

Though the finer threads have greater total heat generation due to more friction from a higher surface
area, the coarse threads have greater volumetric heat generation from more severe plastic deformation [61].
Thus, it appears that the total heat generation alone is not the main contributing factor to friction stir welded
polymer weld strength.

Chain entanglement at a polymer interface is the most important factor for polymer-polymer adhesion.
The polymer adhesion is proportional to the fourth root of the annealing time under contact [86]. The slow
tool traverse speeds during FSW caters to this critical annealing time for full inter-diffusion. The pressure ex-
perienced by polymers around the tool is also non-uniform. According to AghajaniDerazkola et. al, polymers
experience a low pressure zone immediately following the traversing tool pin for a smooth tapered tool [66].
This low pressure zone prevents full polymer adhesion if applied to the adjoining surfaces too early. The
asymmetry in pressure around the tool is a result of higher strain rates at the leading edge and advancing side
of the tool, where higher strain rates induce higher pressures [66]. Thus, coarser threads and slower traverse
speeds may increase pressure at the tool’s trailing edge and limit tension pulling on solidifying polymer at the
stir zone walls. The slow traverse speeds also maintain a molten weld pool behind the tool, similar to a metal
fusion welding process. Strong polymer joints rely on this weld pool to heat the polymer beyond the stir zone
interface. The longer the molten weld pool has contact with the stir zone interface, the more interdiffusion
occurs. The enhanced polymer interdiffusion is analogous to metal FSW where slow traverse speeds facilitate
greater inter-material mixing [107]. The reptation model described by Cowie states that polymers in contact
will diffuse when they are above T, but this only applies for polymers in an amorphous state [6]. HDPE
has a glass transition temperature, T, of —125°C [40], but it returns to a semi-crystalline state as it cools, so
interdiffusion will not continue after the melt solidifies. Therefore, a strong semi-crystalline polymer weld

requires prolonged contact between the molten pool and base material, which is most effectively achieved by
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a low traverse speed.

3.11 Conclusion

A tool parameter study following a face centered central composite response surface design was used to
determine the effects of thread pitch during friction stir welding of polymeric materials. The three tool pins
had thread pitches of 1.27 mm (20TPI), 0.79 mm (32 TPI), and 0.58 mm (44 TPI). The studied effects of
thread pitch were the ultimate tensile strength, fracture surface, tool temperature, and axial and planar forces.

The study’s results indicate the following:

» Thread pitch has statistically significant effects on the ultimate tensile strength, heat generation, and
axial plunge force. Thread pitch does not have significant contribution to traversing axial or planar

forces.

e The model for maximum tensile strength indicates both linear and quadratic contribution of thread

pitch, but the strongest welds were skewed to coarser threads.

» The fine threads generate the greatest tool temperatures, but the tool temperature does not correlate to

the maximum tensile strength.

* The coarser threads provide greater volumetric interaction with the polymer, improving polymer en-

tanglement between the stir zone and base material.

* Tool threads have little effect on the welding forces. Significant thread pitch contribution to welding
forces occurs only during the plunge. Coarse threads require smaller plunge forces due to less surface

area on the pin bottom and increased drilling.

» The strongest weld joints are a result of prolonged contact between a molten weld pool behind the tool
and base material outside the stir zone that allow for sufficient interdiffusion across the joint. Tool
traverse speed provides the greatest contribution to polymer interdiffusion, as slow traverse speeds

maintain a weld pool and decrease the cooling rate.

It is clear from other studies that parameter values outside the range of those performed in this study
exhibit other pronounced behaviors. For example, the tool rotation speed has a greater contribution to joint
strength when values range into 2000-3000 RPM. Exceedingly coarse threads may have a more pronounced
milling effect on the polymer that will have a negative effect on joint strength. Further, polymer types also
play a role in parameter influence based on their degree of crystallinity and molecular weight. To fully capture

the influence of tool thread pitch across these wider scenarios, it will be useful to employ a uniform-precision
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response surface design, which will utilize more levels for each parameter that can better capture the welding
behaviors across a wider range at the expense of performing more runs. The uniform-precision design will

also not apply biases to the predicted responses in specific parameter regions.
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CHAPTER 4

Joining PVC Pipe Couplings: A Portable Application for Friction Stir Welding

Lucas T. Wilkins, Eric. L. Zhang, Alvin M. Strauss

This work is submitted to the ASCE Journal of Pipeline Systems Engineering and Practice.

Abstract

Solvent welding of PVC pipe joints can take hours to fully cure and require adequate ventilation which
can postpone the use of high priority pipe systems in need of repair. An alternative PVC pipe joining method
uses friction stir welding (FSW) to join PVC pipes and couplings. This study brings a novel application to
FSW and determines its feasibility for jobsite PVC pipe joining through examination of processing forces,
chemical changes in the welded joints, joint performance under tensile load, joint performance under hy-
draulic pressure, and overall processing times. Analysis of welding forces indicate relatively low machine
requirements that justify the capability of small, portable FSW machines that are not possible for most current
FSW applications. Thermal analysis shows that FSW poses little health risk when joining PVC pipes due to
a lack of thermal degradation that would release toxic gases. Pipe joints subject to hydraulic pressure surpass
ASTM burst pressure standards for all tested welding speeds. Thus, this study demonstrates welded PVC
pipe coupling joints with exemplary pressure capability formed on the order of several minutes, reducing
overall processing times from up to several hours that may be necessary to fully cure a solvent weld.

4.1 Introduction

Perhaps one of the most essential forms of infrastructure is water transport systems. In North America, over
60,000 water and waste water systems serve more than 450 million people [20]. Much of this infrastructure,
manufactured from metal pipes, is crumbling due corrosion after many years of service. According to a 2002
congressional study, approximately 17% of all drinking water in the United States is lost to leaks in pipe
systems, equivalent to 2.6 trillion gallons at a cost of $50.7 billion annually [20]. More than twenty years later,
the problem receives little alleviation. A 2017 infrastructure report states that more recently nearly six billion
gallons of treated drinking water leak from pipes per day in the United States, equating to approximately 2.1
trillion gallons per year [108]. Polymeric pipes have been increasingly implemented in water systems over
the last several decades as a result of lower installation costs, reduced maintenance, and longer service life
compared to metal pipes. Polymeric pipes prove useful in other applications including natural gas transport
and electrical insulation. Forming reliable joints is a key challenge in pipework, especially since pipe systems

must be assembled on site.
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Polyvinyl chloride (PVC) is a common and favorable polymeric pipe material manufactured in a wide
range of sizes from home use to large diameters used in sewer systems. Eugene Baumann discovered PVC
in 1872 when vinyl chloride gas contained in a glass container turned to a white solid due to a reaction with
sunlight [109]. It was not until the early 20th century that PVC saw promotion in useful applications. German
scientists began developing PVC compounds in 1931, where some was designated to build pipe. World War
II created a surge in PVC pipe production to restore destroyed water supply and waste water pipelines [20].
Today, PVC is the most reliable piping material. In North America, there are approximately 14 ruptures for
every 160 km (100 miles) of water mains per year. For PVC, there are only 2.3 ruptures for every 160 km per
year and has the lowest overall failure rate of all pipe materials [21].

Mechanical joints utilizing elastomeric seals are common in sewer and gas distribution systems. Mechan-
ical joints offer fast assembly times, though different mechanical and chemical properties of seals from PVC
can invite leaks under certain environmental conditions [110]. Though literature suggests mechanical joints
are only likely to fail under extreme conditions, real world results show that mechanical joint failure exceeds
that in theory. A main contributor to joint failure likely stems from installation practices [110]. Solvent weld-
ing is a common method to join PVC pipes, typically requiring a two-step application of a primer and cement
applied on a PVC pipe and fitting. Solvent welding is robust method as tight tolerances between pipes and fit-
tings provide small possibility for leaks when solvent welded. A main drawback, however, are cure times up
to several hours depending on the type of cement and environmental conditions. Long processing times can
be disadvantageous, especially for highly utilized pipelines. Additionally, solvent welding produces fumes
that requires adequate ventilation and can cause irritation to skin, eyes, and respiratory systems [111]. If not
handled properly, these qualities can induce long-term health effects.

Non-chemical welding offers an approach to join PVC pipe with improved processing times and reduced
health hazards typical of solvent welding. Fusion butt welding is a common welding method for high density
polyethylene (HDPE) pipe that is scalable to large diameter pipes [112]. The process utilizes a hot plate to
heat the ends of butted pipes. The pipes join upon solidification when pressed together [22]. Though pro-
cessing times are on the order of several minutes, quality joints require precise surface preparation to ensure
adequate heat transfer and bonding. Friction welding has been studied in several forms for polymer pipe join-
ing, which uses mechanical interactions between joining materials to heat and soften the materials. Rotary
friction welding (RFW) generates frictional heat by rotating one of the joining pipe surfaces against a station-
ary pipe. Hamade et al. found that RFW consumed only 10% of the energy to produce a comparable joint
by fusion butt welding with shorter processing times [113]. A disadvantage to this process is the requirement
of workpiece angular mobility, which may not be possible for certain configurations such as angles and tee

joints.
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Friction stir welding (FSW) is a joining technology with rapid advancement in polymeric applications.
Wayne Thomas et al. of The Welding Institute (TWI) in Cambridge, UK patented FSW as a process to join
butted metal alloys on December 6, 1991 [44]. A plethora of advancements in similar and dissimilar joining
commenced since then, and researchers began applying FSW to polymeric materials as early as the late 1990’s
[12]. The majority of polymeric FSW research focuses on joints between flat sheets of similar and dissimilar
polymers and polymer composites. Poor thermal conductivity in polymers makes joining thermoplastics via
FSW challenging due to poor material flow and diffusion that produces mechanically detrimental defects
including porosity, kissing bonds, and root defects [9, 17]. Often, the most significant welding parameters
are the tool rotation and traverse speed. Rotation speeds control heat generation, while traverse speeds dictate
the amount of heat conducted through the joint thickness [68]. To combat poor heat conduction in polymers,
external heat sources such as heated backing plates [67, 68], heated tools [72], and heated stationary shoulders
[57, 73] implement pre-heating and slow cooling rates to improve joint performance.

Though limited, a select number of researchers applied FSW to polymeric pipe configurations. Mosavvar
et al. joined butted HDPE pipes with inner supports to prevent pipe collapse and material expulsion [114].
The study reports tensile strengths of up to 5.13 MPa without external heating and a traverse speed of 110
mm/min. For reference, 25.4 mm/min traverse speeds and a heated stationary shoulder produced tensile
strengths of over 23 MPa in flat HDPE sheets [115]. Recently, Jayran et al. used a bobbin tool to FSW butted
PVC pipe without inner support. The bobbin tool requires pre-drilling a hole to allow tool insertion. Though
they do not specify mechanical performance of the joints, Jayran et al. reports that only half of the pipe was
successfully welded and the joints were brittle [85].

To the authors’ knowledge, the only other study to join PVC with FSW was reported by Inaniwa et al.
[116], who achieved a 45% joint efficiency in flat PVC sheets. The purpose of the following study is to
expand the applications of FSW to polymeric pipe and increase the understanding of PVC FSW. Several key
challenges are anticipated in this project. PVC requires processing temperatures of approximately 200°C
for smooth and continuous fusion [117]. Many polymers require relatively high temperatures for effective
processing. PVC is unique among most polymers in that it begins to thermally degrade at temperatures
much lower than other polymers. Thermal degradation occurs in two stages for PVC. In the first stage,
dehydrochlorination (de-HCI) occurs between 250°C-350°C producing volatiles such as hydrochloric acid,
benzene, toluene, and other hydrocarbons. The second degradation stage decomposes the de-HCI into char
between 350°C-525°C [118, 119]. Rapid thermal degradation provides a small window of processing temper-
atures to weld PVC without severely altering its chemical composition and releasing toxic chemicals. Thus,
this study evaluates if PVC FSW risks a health hazard.

FSW typically requires large and heavy equipment due to large processing forces. FSW machine specifi-
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cations limit FSW to stationary workstations in manufacturing facilities that are not suited for most pipeline
joining applications. The liquid state nature of polymeric FSW requires significantly reduced processing
forces, and therefore machine requirements, that are common to metal FSW. The difference in processing
forces for polymer FSW [70, 104] and metal FSW [120] can reach orders of magnitude. Demonstrating low
machine requirements may justify development of a portable device that can join PVC pipe on job sites. To
demonstrate FSW’s feasibility as a competitive joining method to current solvent welding techniques, FSW
must form strong and reliable joints, produce little health hazard, utilize low processing forces, and to have
the best opportunity for adoption in industry, meet these criteria while joining current off-the-shelf materials

with fast processing times.

4.2 Materials and Methods

4.2.1 Joint Fabrication

All experimentation used 1.5” (38.1 mm diameter) schedule 40 PVC pipe manufactured by Charlotte Pipe
and Foundry Company. Popularity and availability at common home improvement stores justified material
choice. Pipe sections were cut to 63.5 mm (2.5”) in length. Pipe couplings slid onto the pipes at maximum
depth.

FSW was performed on a modified computer controlled milling machine. A rotary axis mounted to the
machine’s table made FSW on curved surfaces possible, shown in figure 4.1. FSW tooling consisted of a
threaded probe and heated stationary shoulder. The probe had a diameter of 6.25 mm and left-hand threads of
1.27 mm pitch that facilitate downward material flow under a clockwise rotation. The stationary shoulder was
fabricated in multiple pieces from 6061 aluminum with a curved contact surface to match the outer diameter
of the pipe coupling. A step with the smaller pipe diameter kept the shoulder aligned. The tool pin protruded
through the large diameter of the stationary shoulder to produce a lap weld between the coupling and pipe.
Temperature controlled resistive heaters maintained the stationary shoulder at 100 °C. Figure 4.2 shows a
diagram of the tool and shoulder.

A 2-parameter 3-level full-factorial design of experiments was used to optimize welding parameters for
joint strength under tensile load. Tool rotation and circumferential (traverse) welding speeds were the vari-
able welding parameters, as these are the most influential to joint strength in polymer FSW. Table 4.1 outlines
the variable welding parameters. The welding direction oriented such that the tool’s advancing side faced the
load bearing direction in the pipe coupling. All welds utilized a 5.59 mm plunge depth. Minitab Statis-
tical Software aided in determining the significance of welding parameters on select responses. Statistical

significance was determined using analysis of variance (ANOVA) at a 95% confidence interval (p < 0.05).
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Figure 4.1: Setup for PVC pipe FSW with a rotary axis.
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Figure 4.2: Schematic of FSW tool and curved stationary shoulder.
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Table 4.1: Full Factorial Design of Experiments Parameter Setup

Parameter Symbol Level 1 Level 2 Level 3

Rotation Speed A 1200 RPM 1500 RPM 1800 RPM
Circumferential Speed B 254 mm/min  44.5 mm/min  63.5 mm/min

4.2.2 Welding Forces
A Kistler type 9123C dynamometer mounted to the welder spindle provided measurement of axial forces (z-
direction), circumferential forces (x-direction), lateral forces (y-direction), and spindle torque. Filters applied

to the raw data removed signal noise corresponding to the tool rotation frequency. Low bandpass filters

include 20 Hz, 25 Hz, and 30 Hz for 1200 RPM, 1500 RPM, and 1800 RPM rotation speeds, respectively.

4.2.3 Thermal Analysis
Thermogravimetric analysis (TGA) commenced in a TA Instruments SDT-Q600. Specimens from weld zones
were cut to approximately 7 mg in mass. Flat specimen surfaces formed with abrasive paper ensured adequate

sample contact with the instrument’s sample cup.

4.2.4 Mechanical Tests
4.2.4.1 Tensile Tests
Tensile specimens were cut from three locations in each weld parameter condition. Location 1 refers radially
to 13° after the weld keyhole, location 2 refers to 180° from the weld keyhole, and location 3 refers to 13°
prior to the weld keyhole. The keyhole is an open cavity of displaced material left in the weld piece when the
tool retracts. Figure 5.3.7 illustrates the location of tensile specimens.

A universal load frame pulled specimens at a rate of 5 mm/min. Pads between the specimens and instru-
ment’s grippers compensated for the lapped pipe section offset. Tensile specimens of cemented joints were

also pulled.

4.2.4.2 Pressure Tests

An additional set of welded pipe sections were prepared for hydraulic pressure testing with the pipe section
cut to 76.2 mm (3 in.) in length. Pipe caps cemented to the welded pipe sections formed a pressure chamber.
The caps were fastened using an Oatey Handy Pack, consisting of Purple Primer and Medium Clear PVC
Cement. The cement cured for 24 hours prior to testing. Male pipe caps cemented to the welded collar were
drilled and tapped on their ends to accommodate a 3/8” NPT fitting for a hydraulic line quick disconnect.
A 2000 psi gauge was threaded into the opposing female cap side wall that was cemented to the welded

pipe section. The pressure vessels were filled with canola oil. An Enerpac P-84 10,000 psi hydraulic pump
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Figure 4.3: Locations of tensile shear specimens with respect to the weld keyhole.

supplied hydraulic pressure. Pressure vessels were submerged in water at temperatures between 25°C to 29°C
during testing. High speed cameras recorded the pressure gauges during testing. The pressure was increased
gradually until failure at approximately 7 MPa/min such that bursts occured after 60 seconds according to

ASTM D1599-18 [121].

4.3 Results

4.3.1 Welding Forces

Welding parameters have a significant effect on processing forces under certain circumstances. Table 4.2
briefly summarizes the parameters that affect each force component and lists the average value of each force
component throughout the entire study. A refers to rotation speed, B refers to circumferential welding speed
(WS), and AB refers to the interaction between the two. All forces were calculated using the average during
the duration of weld traverse, with the exception of the axial plunge force. The axial plunge force reports the
maximum during initial plunge. Sections 4.3.1.1,4.3.1.2,4.3.1.3, and 4.3.1.4 provide an in-depth analysis on

parameter influence on each force component. The welding force directions can be referenced in figure 4.4.
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Figure 4.4: Diagram of force directions with respect to the tool.

Table 4.2: Summary of Welding Forces

Force Significant Parameter  Significant  All Average
Direction Contribution Parameters Force
Circumferential v B AB 15N
Lateral v B 653N
Axial (Average) X n/a 2323 N
Axial (Plunge) X n/a 178.8 N
Torque X n/a 0.2 Nm

4.3.1.1 Circumferential Forces

The circumferential force, or traverse force, dictates machine requirements to push the tool around the pipe
joint. Figure 4.5a shows a linear trend for both parameters A and B. The average force changes direction at
larger tool rotation speeds and circumferential speeds. At low rotation speeds, the force applied at the tool’s
leading edge and friction from the stationary shoulder dominate and pull the tool away from the welding
direction. During FSW, the rotating tool sweeps the polymer around the retreating side (RS) to the back
of the tool and forces material back into the advancing side (AS). Thus, the higher material velocity as the
material transports behind the tool pushes the tool towards the welding direction at higher RPM’s. Figure
4.5b shows an interaction effect between parameters A and B, indicated by the crossing weld speed lines. In
essence, the welding speed contributes to the tool rotation speed’s effect on circumferential welding forces
because it controls the rate of material that the tool can pull around itself.

ANOVA results shows that AB and B are statistically significant results in a regression model, shown in
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Figure 4.6: Pareto chart for parameter effects on circumferential forces. The red dotted line is the threshold
for statistical significance.

figure 4.6. A model with parameters A (p = 0.999), B (p = 0.001), and AB (p = 0.000) provides the best

overall fit with a coefficient of variance R?> = 88.43%, R?,. = 86.77%, and R?

20 2 e, = 82.55%. Though A

on its own does not have statistically significant effects on circumferential forces, it does have the greatest
% contribution due to the wide range in mean effects. Hence, this contribution and its hierarchy make it

essential to include in the model, though its contribution only has statistical significance when considering its

interaction with B.

4.3.1.2 Lateral Forces

The lateral force describes cross-weld forces on the tool that dictates workpiece fixture requirements to keep
the tool aligned on the welding path. The average magnitude of lateral forces exceed those of the circum-

ferential forces by considerable margin. However, sweeping the welding parameter values does not change
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Figure 4.7: Mean parameter effects for lateral force.

the lateral force direction. Figure 4.7 shows a general linear contribution between parameters A and B and
lateral forces. Positive lateral forces indicate that the tool pulls towards the advancing side (AS). Though the
heated stationary shoulder preheats the polymer in front of the tool, friction with the rotating tool contributes
to the bulk of material softening and melting. The softened polymer then transfers to the back side of the
tool. Thus, material in front of the tool has greater viscosity than material behind the tool, pulling the tool
towards the AS. Passing the polymer between the tool and retreating side (RS) also contributes to the tool
forces towards the AS. In the case of this experiment, the tool’s clockwise rotation pulls the tool left of the
weld line.

A model with parameters A and B provides the best fit, though B is the only statistically significant term
(figure 4.8). No significant parameter interaction between A and B occurs for lateral force. A model for
parameter contribution to lateral force including A (p = 0.077) and B (p = 0.009) results in a coefficient of
variance R> = 34.80%, Rﬁdj. = 28.88%, and Rfmd' = 12.11%. The lateral force model has poor regression
compared to the circumferential force. A key difference between the two directions is that the step design
of the stationary shoulder counteracts forces towards the AS. Any lateral tool deflection can only occur
from compliance between the tool, stationary shoulder, and work piece. The stepped shoulder limits this

compliance towards the AS.

4.3.1.3 Acxial Forces

The axial forces dictate the downward pressure the tool spindle must apply to the workpiece. During the weld
traverse period, increasing parameter A tends to increase the average axial force while increasing parameter
B tends to decrease the average axial force. However, neither parameter provides statistically significant
contribution. FSW typically experiences the greatest axial forces during the plunge at the beginning of the

weld since the tool must soften and displace material using the bottom tool face. The tool rotation speed
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Figure 4.8: Pareto chart for parameter effects on lateral force. The red dotted line is the threshold for statistical
significance.

usually affects the axial plunge force due to its effect on heat generation. However, parameter A does not
influence the plunge force, and the axial force during the traverse period tends to surpass the plunge force.
This phenomena may be caused by preheating from the stationary shoulder during weld setup that softens the

polymer at the weld start.

4.3.1.4 Torque

Spindle torque is opposition to the welding material’s resistance to tool rotation and dictates the required
power. PVC provides very little resistance to tool rotation with an average torque of 0.21 Nm during the weld
traverse period. The welding parameters do not have statistically significant effects on spindle torque, though
the small torque measurements are within the sensitivity of the dynamometer. Nonetheless, the liquid state
nature of polymer FSW reduces torques compared to solid state welding of metals. The lack of a rotating
shoulder also significantly reduces the overall torque. Adding a rotating shoulder can increase the spindle

torque by an order of magnitude, which would likely show more contribution from welding parameters [64].

4.3.2 Thermal Properties

Thermogravimetric analysis (TGA) can indicate thermal degradation through changes in weight measure-
ments as the material subjects to increasing temperatures. Figure 4.9 shows TGA curves from locations 1,2,
and 3 within the same pipe weld fabricated with 1500 RPM, 25.4 mm/min welding parameters. Locations 1
and 3 experience greater heating than location 2 due to their close proximity to the beginning and end of the
weld. Tool dwelling at the weld start and finish in conjunction with prolonged contact of the heated stationary

shoulder during these periods contribute to a bias in heat input on this side of the pipe weld. The weld loca-
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Figure 4.9: TGA comparison between weld locations. a) Full curve. b) Zoomed in comparison at Tys for
each weld location.

tion produces nearly identical TGA curves between locations along the weld. Each location has very similar
Tys values, which is the temperature with a 5% mass loss. Location 2 has a slightly larger Tys than locations
1 and 3, though the difference is less than 1% and within the instrument’s range of precision.

Several 1800 RPM welds exhibit discolouration near location 1, shown in figure 4.10. The discolouration
goes through the thickness of the stir zone, though the discolouration ceases further from the weld keyhole.
Discolouration of polymers during FSW typically indicates thermal degradation and burning [9]. The high
tool rotation speeds in 1800 RPM welds contribute to greater tool heat input and have the potential to degrade
the polymer. Figure 4.11 plots TGA curves of browned weld regions in 1800 RPM, 25.4 mm/min welds and
compares them to virgin PVC couplings. Each 1800 RPM specimen was clipped from the same weld, with
the third specimen closest to the weld keyhole. Tos values decrease closer to the keyhole and indicate reduced
thermal stability caused by higher degrees of thermal degradation. The gradient of thermally degraded ma-
terial is sharp, however, as these specimens were clipped from the weld within a range of 5 mm. Thus, it
appears that slight adjustments to the dwell time at the beginning and end of the weld can easily reduce onset
of thermal degradation. The discolouration also does not present itself in all 1800 RPM welds. Inconsistency
of discolouration between replicates and the relatively small degradation zone suggests that these welding
parameters produce temperatures at the borderline of thermal degradation. Table 4.3 summarizes the values
from all TGA runs, and demonstrates that with the exception of 1800 B2 and 1800 B3, FSW has little impact
on PVC’s thermal stability. Thus, mitigating prolonged heating of the polymer in the stir zone ensures that
FSW does not thermally degrade PVC. Maintaining the chemical composition of PVC in FSW joints not only
ensures retained joint performance, but also ensures that it is a safe joining process without releasing toxic

gases.
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Table 4.3: Summary of TGA results.

| Specimen Tos (°C) |
Virgin 1 272.5
Virgin 2 270.9
1500 loc. 1 272.4
1500 loc. 2 274.3
1500 loc. 3 272.8
1800 B1 270.6
1800 B2 267.3
1800 B3 256.2
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4.3.3 Mechanical Properties

4.3.3.1 Tensile Tests

The motivation of tensile tests was to identify not only welding parameter effects on joint strength, but also
weld location discrepancies due to uneven exposure to the heated stationary shoulder based on the circumfer-
ential distance from the weld start and finish. The circumferential locations tested along the weld line with
respect to the weld initiation and completion do not have significant contribution to ultimate tensile strength
(UTS), which suggests that the location of weld failure under pressure may not be predictable. A possibility
for homogeneous joint strength around the weld circumference may be a result of the stationary shoulder’s de-
sign. Since the stationary shoulder contacts the welded joint 47 mm beyond the tool pin, prolonged annealing
has marginal gains according to the diffusion/annealing relationship, where polymer diffusion is proportional
to the fourth root of annealing time under contact [122]. Lack of weld line location dependency on joint
strength also agrees with indifferent TGA results between joint locations in section 4.3.2.

Table 4.4 reports the average UTS for each combination of parameters A (tool rotation speed) and B
(circumferential welding speed). The maximum average recorded UTS occurs with 1800 RPM tool rotation
speeds and 25.4 mm/min circumferential welding speeds. The average solvent welded joint had a 0.145
kN/mm UTS, meaning the FSW joints have up to 56% the UTS of a solvent welded joint. The solvent joint
under tensile load has an advantage over the FSW joint due to the larger surface area under shear. The fracture
mechanics between solvent welded joints and FSW joints in lap configuration under tensile load also differ.
The solvent welded joint experiences failure through peeling due to torques from lapped offset. The welded

joints fail at the interface between the weld zone and base material.

Table 4.4: Average UTS values for tool rotation (A) and circumferential (B) speeds.

A (RPM) B (mm/min) UTS (KN/mm) o (KN/mm)
1200 254 0.075 0.012
1200 44.5 0.054 0.011
1200 63.5 0.032 0.016
1500 254 0.073 0.023
1500 44.5 0.063 0.011
1500 63.5 0.043 0.015
1800 254 0.081 0.013
1800 44.5 0.079 0.011
1800 63.5 0.067 0.011
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Rotation speed and circumferential speed have both linear and interactive effects on UTS, shown in figure
4.12. Generally, faster rotation speeds and lower traverse speeds facilitate the greatest joint strengths in
polymer FSW due to low thermal conductivity. The rotation speed contributes to heat generation while the
traverse speed contributes to the immediate post-weld annealing time. Since polymer adhesion across a joint
is proportional to the fourth root of annealing time under contact [122], slow traverse speeds play a critical
role in enhancing polymer interdiffusion. Additionally, polymer FSW creates a low pressure zone along the
RS behind the tool, and fast traverse speeds can pull the polymer in the weld zone from the RS wall before it
has time to adhere [123]. Figure 4.12b shows the importance of slow traverse speeds on joint strength through
parameter interactions. The rotation speed has less influence on UTS at the slow traverse speed, indicated by
a shallow slope on the plot.

Figure 4.13 shows statistically significant contribution to UTS from parameters B (p= 0.000) and AB (p
=0.004). A does not have statistically significant contribution alone (p = 0.300) due to the large interaction
influence mentioned previously. A regression model containing the presented terms has a coefficient of

variance of R? = 55.30%, R2,. = 53.27%, and R>

adj. pred = 49.81%. Poor regression may be a product of the

strength test nature, as offset in the lapped tensile specimens add to the complexity of joint fracture.

a) Mean Effects for UTS b) Interaction Effects for UTS
0.080 RPM WS
0.08 - -
0.075 - - —
d 0.07
b d
- “, _

Evon | S N E B
: - \, £ -
= =
= 0.065 1 / = 006 L
g / -
) S £ )
< 0.060 S N -7
8 / \ g 1= ws
= - \ b} PR

0.055 1 v N\ = IRy 254

// ™ 0.04- - _
0.050 \ - 63.5
N -
L | 0.0 -
1200 1500 1800 25.4 38.1 50.8 63.5 T T - . . I
RPM mm/min 1200 1500 1800

RFM

Figure 4.12: a) Mean parameter effects on ultimate tensile strength. b) Tensile strength parameter interaction.

4.3.3.2 Pressure Tests

Hydraulic pressure tests provide improved insight to welded pipe joint performance under real-world appli-
cations. All pressure tested joints were fabricated using 1800 RPM tool rotation speed since the UTS results
and model suggest that the highest tested rotation speed provides the best joint performance. Generally low
machine requirements across all welding parameters means that a portable FSW device can easily be designed
to operate under a wide range of tool rotation speeds. Circumferential speed contributes to the overall joint

processing time and therefore FSW’s practicality as an alternative joining method to current PVC cement
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Figure 4.13: Pareto chart for parameter effects on ultimate tensile strength. The red dotted line is the threshold
for statistical significance.

techniques. Though the UTS model shows improved strength from the 25.4 mm/min circumferential welding
speed, 50.8 mm/min and 63.5 mm/min welds were subjected to pressure tests to analyze their performance,
as reducing the overall processing time makes FSW more attractive.

Pressure tests for 25.4 mm/min, 50.8 mm/min, and 63.5 mm/min circumferential speeds will be referred
to as C1, C2, and C3 respectively. The lowest pressure failure occurred in specimen C1-1 with a burst pressure
of approximately 3.6 MPa (525 psi), shown in figure 4.14. In this specimen, a crack initiates along the weld
zone AS in the pipe coupling. The location of initiation occurs 39 mm prior to the weld keyhole. The crack
propagates as the coupling bursts and releases fluid. The highest recorded burst pressure was in specimen
C3-1 at approximately 8.44 MPa(1225 psi). The weld in C3-1 failed uniformly around the weld, shown in
figure 4.15. The initial weld failure in C3-1 occurs 20 mm following the keyhole. The weld keyhole was
hypothesized to initiate joint failure due to the cavity in the joint line. Failure locations in C1-1 and C3-1 do
not agree with this hypothesis. Prolonged tool contact at the keyhole during the dwelling period may promote

further polymer diffusion that has greater resistance to splitting of the virgin coupling material and weld line.
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Figure 4.14: Weld failure under pressure. a) Crack initiates at weld zone. b) Crack propagates through pipe
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Figure 4.15: Fractured C3 pipe weld after a burst pressure of 8.44 MPa (1225 psi).

Comparing the weld surface morphology of specimens C1-1 and C3-1 reveals that a localized defect in
C1-1 served as a crack initiator, allowing for the pipe coupling to split. Meanwhile, C3-1 has a consistently
consolidated surface. Figure 4.16 shows the weld surface in specimens C1-1 (figure 4.16a) and C3-1 (figure
4.16b). Cl-1 displays pulling of the polymer away from the RS during the welding process. This defect
does not contribute to the poor joint performance, as the RS provides no load bearing support in this joint
configuration. Small polymer agglomerations throughout the weld surface suggest poor consolidation of the
polymer in the weld pool and possibly reduced processing temperatures than optimal. A faint line along the
AS indicates sub-par adhesion and polymer interdiffusion between the weld zone and pipe collar. C3-1 does
not display these defects. No channel lies along the RS. The center of the weld zone is fully consolidated and
the AS shows substantially improved interdiffusion between the weld zone and pipe coupling.

Poor material consolidation in specimen C1-1 does not agree with tensile results of other joints formed
using the same welding parameters with the 25.4 mm/min circumferential welding speed. However, further
investigation shows that C1-1 lacks consistency in the total joint thickness measured from the weld surface

to the interior pipe. Characteristic bulging of the polymer below the weld zone occurs due to lack of inner
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a) Poor Consolidation

Load Bearing Defect

b) Consistent Consolidated Surface

Interdiffusion at Boundary

Figure 4.16: Comparison of Cl-1 (a) and C3-1 (b) weld surfaces. a) reveals a defect that initiated weld
failure. b) has a consistent weld morphology around the pipe circumference.

support during the FSW process, shown in figure 4.17. In C1-1’s fracture location, the average thickness from
weld surface to the bottom of the weld bulge measures 9.360 mm while the average thickness around the rest
of the joint circumference measures 8.801 mm. Similarly, the average joint thickness around C3-1 measures
8.778 mm. The additional thickness in the failure region of C1-1 reduces polymer contact with the stationary
shoulder and pressure in the weld zone that forces the softened material to fully consolidate. It is likely that
the 1800 RPM, 25.4 mm/min welding parameters used in C1-1 lie on the border of oversoftening material
and may result in inconsistent joints. Thus, surface defects such as those in figure 4.16a are indicative of a
joint weakness under pressure and non-destructive visual inspection may be sufficient for in-the-field quality
control. Figure 4.17 also shows faint red polymer in the weld zone throughout the entire weld thickness. The
red colour change results from printed numbers stamped on the surface of the inner pipe by the manufacturer.
The uniform red colour in this weld region indicates sufficient material flow and mixing between the pipe
coupling and inner pipe.

Of the 9 specimens subjected to pressure tests, only C1-1 and C3-1 failed at the weld zone. All other
specimens failed by release of the PVC cement at the end caps with an average burst pressure of 7.34 MPa

(1065 psi). According to ASTM D2466-21, the required burst pressure for water at 23°C is 7.31 MPa (1060
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Coupling Pipe

Figure 4.17: Bulging in inner pipe caused from material softening below the weld zone.

psi) for a 38.1 mm (1.5”) nominal size PVC pipe [124]. Therefore, the quality of joints in the cemented
pressure vessels meets the standards of ASTM D2466-21. Though these tests do not confirm the true failure
burst pressures of the FSW joints, these experiments confirm that the FSW joints between the PVC pipe and

PVC coupling meets or exceeds ASTM standards for all tested circumferential welding speeds.

4.4 Discussion

Two disadvantages of FSW for polymeric materials include use of non-portable equipment and slow joining
times. Polymers with a high melt flow viscosity can be especially challenging to adhere at the weld RS,
further requiring slow welding speeds. Joining of existing PVC couplings finally offers a polymer joining
application where FSW can flourish. Welded pipe coupling joints biases loads to one side of the weld,
reducing the detriments of poor RS adhesion in FSW joints. FSW of PVC pipe couplings does not require
inner supports due to PVC’s inherent rigidity and the fact that lap welding does not require full penetration
through the bottom workpiece. Coupling joints also do not necessitate flush end mating surfaces between cut
pipes. Thus, FSW can easily be adapted to most existing PVC pipe coupling configurations with appropriate
tooling design. FSW may not be appropriate for butted PVC pipe joints as softening in the weld zone may
require inner supports, and the RS becomes load bearing in butt joint configuration. For butt joints, current
fusion welding technology may still be the best option.

These experiments also suggest the possibility for portable FSW devices to join PVC pipe couplings. All
reported welding forces are manageable within small fixtures. The low torque values can be easily achieved
with portable cordless equipment. For example, consider the DeWalt DCD991P2 drill, a cordless drill top
rated by Consumer Reports in 2023 [125]. Weighing only 2.13 kg (4.7 1b), it can output 820 W of power and
run up to 2000 RPM. Considering the average torque measured during FSW of PVC pipe couplings, only

approximately 40 W must be supplied to the spindle for several minutes to form each joint. Thus, existing
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tool manufacturers already have the technology to build portable devices with the power necessary to FSW
PVC.

Finally, possibly the greatest determining factor of FSW’s practicality to join PVC pipes is the overall
processing time. Total welding time including tool plunge, dwell, traverse, final dwell, and retraction when
using the 63.5 mm/min circumferential welding speeds takes 300 seconds. Assuming insertion of the pipe
into the coupling and mounting a portable device takes 1 minute, then the total processing time to FSW a
PVC pipe coupling requires 6 minutes. The joint can be put into service immediately after joint completion.
Next, consider a solvent welded PVC joint using the Oatey Handypack mentioned in section Materials and
Methods. Assume 30 seconds to apply the primer and cement. Per the instructions, the joining pieces must
be held for 30 seconds to prevent the parts from disassembling. It takes 15 minutes for the joint to be set for
handling, and 2 hours or more to fully cure depending on the temperature. Comparing the two methods, PVC
pipe couplings joined by FSW can outperform cemented joints under pressure with significantly reduced total
processing time. Unlike the solvent weld, FSW does not produce strong odors that necessitates considerable
ventilation.

This work demonstrates promising results for PVC pipe coupling FSW, though plenty of other considera-
tions may further improve the process. For example, previous experiments show that the stationary shoulder
temperature affects the mechanical properties in polymer FSW [73]. Thus, varying the stationary shoulder
temperature may realise improved mechanical properties or allow for faster circumferential welding speeds.
The process may also benefit from testing faster welding speeds to reduce processing times, as joints formed
with faster circumferential welding speeds may still provide sufficient mechanical performance. This con-
cept can also extend to the tool plunge speed and dwell times. The location of the weld with respect to the
coupling and pipe overlap may also have an influence on joint performance under pressure, as a weld along
the edge of the inner pipe would prohibit fluid from squeezing between the pipe and coupling under pressure.
As a final note, modeling the effect of bulging beneath the weld in the inner pipe should be considered, as the

variable geometry can contribute to head loss [126].

4.5 Conclusion

This work expands the applications of polymeric friction stir welding (FSW) to join off-the-shelf PVC pipe
couplings. The criteria for this research was to explore the feasibility of PVC pipe FSW in terms of machine
requirements, health/safety, joint performance, and processing time. The following list summarizes the key

findings:

* The welding setup included a rotating pin and heated curved stationary shoulder with step design that

permitted joining of schedule 40 PVC pipe couplings to 1.5” (38.1 mm) diameter schedule 40 PVC
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pipe.

Overall processing forces were low, indicating that portable equipment can handle the FSW process

that traditionally requires larger machinery in metal FSW.

Thermogravimetric analysis results indicate little to no chemical changes in welded specimens, sug-

gesting that FSW can join PVC pipe couplings without health hazard.

Tensile tests around various locations in the friction stir welded pipe joint indicates that a pipe joint has

consistency and no inherent weak points.

Welded coupling joints subjected to hydraulic pressure testing surpass ASTM burst pressure standards

for all circumferential welding speeds. Burst pressures up to 8.44 MPa (1225 psi) were recorded.

Joining a 1.5” (38.1 mm) diameter PVC pipe and coupling by FSW requires approximately 6 minutes
with the 63.5 mm/min circumferential welding speed. A solvent welded joint on the other hand, can

require several hours to fully cure.
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CHAPTER 5

Forming A Conductive Large Area AA6061 HDPE Metal-Polymer Composite via Top Plate Friction

Stir Processing

The following work was previously published in the Journal of Manufacturing Processes as:

L. Wilkins, A. Strauss, Forming A Conductive Large Area AA6061 HDPE Metal-Polymer Composite via

Top Plate Friction Stir Processing. Journal of Manufacturing Processes. July 2021; 68:(34-42).

Abstract

In this study, a new method of forming conductive large area metal/polymer composites called top plate
friction stir processing was performed using a thin aluminum plate and HDPE sheet. To form the composite,
a rotary tool uses friction to heat and stir lapped aluminum into HDPE. This method differs from other forms
of friction stir processing polymers because the base material does not need modification prior to processing,
increasing the total manufacturing efficiency. Upon processing, the top plate becomes the composite filler
material in addition to controlling surface quality by containing the molten polymer and distributing heat.
Optical analysis, electrical and thermal conductivity tests, and tensile tests were performed to determine the
material distribution, conductivity, and mechanical properties of processed specimens. These tests revealed
that top plate friction stir processing improved the electrical and thermal conductivity over the base HDPE .
Electrical resistance across specimens measured just several ohms and thermal conductivity increased up to
108%, but mechanical properties have room for improvement.

5.1 Background

Aerospace and other industries are constantly looking for advanced lightweight and high performance mate-
rials to improve the efficiency and capability of future products. According to TA 12: Materials, Structures,
Mechanical Systems, and Manufacturing of the 2015 NASA Technology Roadmaps, “NASA has an imme-
diate need for more affordable, lightweight materials and processes across its unique missions, systems, and
platforms.” Many polymers possess rivaling strength capabilities to traditional aerospace materials, such as
aluminum. However, their use is limited as a replacement for metals due to poor thermal, electrical, and other
surface properties [127]. These limitations can be mitigated by adding fillers to polymers. Metal filled poly-
mer composites have the potential for numerous applications including electromagnetic interference shield-
ing [128], radiation shielding [129], lightweight structures, and components requiring wide temperature and

corrosion resistance [33].
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Electrical, thermal, and mechanical properties of metal filled polymer composites greatly depend on the
filler’s properties, particle shape, volume fraction, and distribution of particles [130, 131]. Each composite
property has a percolation threshold, or minimum filler content for it to have saturated gains. Because the
percolation threshold depends on several variables, predicting it and ideal filler parameters is challenging.
However, a general trend is that for a given filler content, decreasing particle size on the order of nano-
scales improves electrical conductivity [130], thermal conductivity [131], and mechanical properties [132]
because the particles are likely to have a more homogeneous distribution. Additionally, a large particle
axial ratio, or the particle’s elongation, also tends to improve electrical conductivity [130]. Achieving high
performing composite properties with the lowest filler content possible keeps polymer composites valuable
as a lightweight alternative to metal structures.

Thermoplastic composites can be prepared in several ways including melt mixing [128], injection mold-
ing [33], mechanical milling [133], and friction stir processing (FSP) [95, 127, 134, 135]. FSP is a simple,
efficient variant of TWI’s 1991 development of friction stir welding (FSW), traditionally used to form com-
posites and refine grain structures in metals [136]. It is advantageous over other composite forming methods
due to its simplicity and ability to modify existing components [127]. FSP polymers has challenges com-
pared to metals due to different thermo-mechanical properties that induce defects when using traditional FSP
methods [95, 133]. Though extensive study has been explored regarding FSW of polymers, significantly less
publications are available for FSP of polymers.

Barmouz et al. used FSP to create polymer nanocomposites with in-situ dispersion of clay particles into
high density polyethylene (HDPE) [127]. This was accomplished by using a pinless tool to seal packed clay
nanoparticles in a groove followed by a secondary tool with a pin to mix the clay particles in the HDPE. It
was determined that certain processing parameters resulted in intercalated and exfoliated morphologies in the
composite structure. Intercalated composites are products of polymer chains inserted between interlayers of
the nanoparticles, while exfoliation occurs due to delamination of layers within the nanoparticles that allows
for improved interaction between the polymer and filler particles [137]. These morphologies only occur at
the nanoscale, which is why nanodispersed particle composites tend to perform better than microdispersed
particle composites. Barmouz et al. determined that the polymer nanocomposite formed by FSP had signif-
icantly improved microhardness over both the parent HDPE material and nanocomposites formed by melt
mixing due to high amounts of thermomechanical stress during FSP [127].

Large voids typically form in polymers when regions cool much faster than others, creating a hard bound-
ary between the regions that allows for separation upon contraction from cooling [134]. Preheating, in-situ
heating, and slow cooling of polymers during FSW and FSP has been shown to promote better mixing, in-

crease crystallinity, reduce defects, and increase strength [83, 95, 134]. Several publications suggest that
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using auxiliary equipment such as heat plates to preheat the polymer, induction heated tools, or heated sta-
tionary shoes that prevent ejection of molten material and provide gradual and uniform heating and cooling
[9, 83, 95, 102, 134, 135, 138] are necessary to FSW and FSP polymers. Azarsa et al. used a heated sta-
tionary shoe in conjunction with a rotating pin to form a copper/HDPE composite with nano-sized copper
powder in a groove. The heated shoe simultaneously contained the filler material and processed composite
while providing temperature control. They found improved mechanical properties ,which they attributed to
interfacial adhesion between the filler and polymer, but did not comment on thermal or electrical properties
of the composite [134]. Alyali et al. also used a heated shoe and pre-fabricated groove to form PP/Al,O3
nanocomposites and attributed improved mechanical properties to nucleation effects of the dispersed particles
that reduced polymer spherulite size [135]. They also determined that too high of a filler content results in
particle agglomeration which in turn reduces mechanical properties.

Though these FSP methods effectively formed polymer composites with enhanced mechanical properties,
they require prior modification to the base material, which increases manufacturing complexity and dimin-
ishes the advantages of FSP over other composite forming methods. Furthermore, auxiliary equipment such
as heating shoes may not be useful for curved surfaces due to inconsistent heating of the base material [83]
in addition to geometric limitations. These works also do not address FSP of large areas and only focus
on single passes. Thus, the feasibility of producing large processed areas through multiple passes and the
resulting composite’s properties at the interfaces between each pass requires exploration [17].

This work explores a novel method for FSP polymers called top plate friction stir processing, where a thin
sheet of aluminum is processed into HDPE. Unlike other methods of FSP polymers, this method does not
require preparing the polymer with grooves or using specialized heated stationary shoulders because the top
sheet of aluminum simultaneously acts as the additive material and performs the duties of a heated shoe to
contain the material and provide additional heat. This work explores the feasibility of performing composites
with processed regions greater than one tool width, with an emphasis on improving electrical and thermal

conductivites over the parent polymer.

5.2 Materials and Methods

6.35mm (0.25”) high density polyethylene (HDPE) sheet was the base polymer in this study and 1.01mm
(0.040”) 6061 aluminum sheet was the top plate used as a filler material in the metal-polymer composite.
A modified Milwaukee Model K milling machine performed the friction stir processing using a tool with a
25.4mm (17) scrolled parabolic shoulder and threaded pin, which was expected to provide sufficient heat and
material mixing in comparison to other tool pin types [61, 95]. The pin’s dimensions were 6.35mm (0.25”)

diameter and 4.5mm length, and had left-handed threads with a pitch of 1.27 (20 TPI), which directs material
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flow downward when rotating clock-wise. Figure 5.1 shows a model of the tool used in this study.

Scrolled Shoulder

Threaded Pin

Figure 5.1: Model of FSP tool with 25 mm scrolled parabolic shoulder and 6 mm pin with left-hand 1.27 pitch
threads. The tool is designed to rotate clock-wise.

Clamps secured the lapped aluminum on top of the HDPE to the milling machine anvil. Successive linear
processing paths formed one large processed area on each sample. For each pass, the tool had a 1200 rpm
rotation speed, 5.59mm (0.220”) plunge depth, 1.5° tilt angle, and a 64752 (2.5 ipm) traverse speed. These
processing parameters were chosen from a preliminary study and were found to provide the best material
mixing and surface finish with the tool and top plate used. Following the completion of a linear pass, the tool
retracted from the material and returned to the starting location, where it shifted laterally to the retreating side
before completing the next pass. Trials included tool shifts of 3.2mm (0.125) and 2.5mm (0.1”) to determine
the significance of tool shift between passes. This cycle continued for the number of desired processing
passes, where a 25mm wide processed area could be accomplished using 8 successive passes for the 3.5mm
tool shift and 10 passes for the 2.5mm tool shift.

An optical microscope was used to analyze cross sections of processed samples. Lenses magnified sam-
ples 50 so that particle distribution in different regions could be observed.

Electrical resistance measurements provided the means to determine electrical conductivity on processed
samples. Initial resistance measurements were performed using a volt-ohm-milliameter (VOM) with two
point probes on the top surface of each sample similar to those done in Tsai et al. [139]. This method provided
inconsistent measurements for this work, and instead each sample was incorporated into a Wheatstone bridge.
The following equation makes it possible to determine the electrical resistance through a composite specimen

when incorporated into a Wheatstone bridge:

_ RV, — (R] +R2)VG
RV + (R1 +R2)Vs

R, Rs (5.1)
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Ri, Ry, and R3 are the resistances of the three other resistors in the Wheatstone bridge. Vi is the voltage
source, and V; is the measured potential difference between the two legs of the bridge circuit.

To connect each specimen to the Wheatstone bridge circuit, 25mm copper pigtails were soldered to the
top surface of each sample at approximately 17mm apart (figure 5.2). The single pass samples had pigtails
soldered along the center of the processed zone. The multi-pass samples had pigtails attached along the

transverse and lateral axes in order to study directional conductive dependencies.

Figure 5.2: Copper wire pigtails soldered to processed composite samples.

Each composite sample underwent thermal conductivity tests in the same orientation as the electrical
resistance measurements. The single pass composite samples were milled to 19mm in the transverse direction
and 9mm lateral direction centered around the pin influence zone. The multi-pass samples were milled to
19mm x 19mm so that the transverse and lateral directions had the same dimensions. Figure 5.3 shows the
device used to perform thermal conductivity tests. A thermal-controller held the heat plate at a constant
80°C, and each sample was clamped in the device with one cross section face touching the heat plate. The
steady state temperature at the opposing cross section was recorded with a thermocouple cemented in a small
hole drilled into the sample. Fiberglass insulation packed around the specimens in the holder allowed for an

improved 1-D heat transfer approximation. These tests were performed in a room at approximately 20°C.
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Figure 5.3: Specially designed vice to perform thermal conductivity tests. A vice clamp secures the face of a
specimen against a heat source. The notched insulating plate reduces convective heating from the rest of the
heat source. Fiberglass insulation (not shown) packed around the open faces further insulates the specimen.
A thermocouple inserted at the opposing end of the specimen measures the temperature.

Specimen

The thermal conductivity of each specimen was calculated using Fourier’s Law:

oL

= AT 5.2)

where Q is the heat flux, L is distance between the heat source and the temperature reading, A is the cross
sectional area, and AT is the difference in temperature between the heat source and the maximum temperature
recorded at the opposing end of the specimen. Assuming that the thermal conductivity of the pure HDPE is
0.44”‘?/7 [140], Q can be calculated using AT corresponding to a pure HDPE specimen.

Tensile tests on an Instron load frame were the basis for mechanical testing. Smm wide specimens were
cut along the transverse and lateral axes of specimens with both tool shifts to determine directional strength

dependencies.

5.3 Results and Discussion
5.3.1 Parameter Effects
In this study, the top plate’s high thermal conductivity provides increased heat distribution from the tool to
the base polymer without auxiliary heating plates, heated tools, or stationary shoes. The plate preheats the
unprocessed polymer forward of the tool, which reduces large temperature gradients that lead to material
separation at the pin influence zone described in Simoes et al.[9]. Additionally, the top plate prevents ejection
of the molten polymer, allowing for a consistent surface finish.

Initial tests used a 5.97mm (0.235”) plunge depth to have full shoulder engagement. Excessive heating
caused overmelting and squeezing of the HDPE, bulging the aluminum plate (figure 5.4). Plate bulging

effectively further increased the plunge depth, resulting in flash and voids in the pin influence zone similar
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to those found in Azarsa et al. [134]. Reducing heat input can be accomplished by decreasing the plunge
depth, which effectively reduces the shoulder contact area. Mitigating excessive heat input can only be
accomplished with limited shoulder retraction, since the shoulder provides forging pressure necessary to
contain the molten polymer on the aft end of the tool in the stir zone. A plunge depth of 5.59mm provided
enough shoulder engagement to heat and soften the aluminum and HDPE without inducing plate bulging.
Good processing quality is only possible with proper parameter selection. The tool must rotate fast enough
to generate sufficient heat to melt the polymer, but overheating can cause the polymer to burn and degrade
[9]. Likewise, the traverse speed affects local heat input, but also affects the cooling rate after the tool passes
[134]. For HDPE, it is generally optimal to implement a high rotation speed and a slow traverse speed for
good material mixing and low porosity [83]. While these parameters certainly affected processing quality,
the plunge depth had the greatest impact on the processed surface finish in this study since it had the highest

contribution to heat input.

Figure 5.4: Poor processing quality as a result of top plate bulging.

Lateral tool shift distance employed in multi-pass specimens also had an effect on processing quality.
Too large of a lateral shift between passes can reduce mixing, illustrated in figure 5.13. Sections Electrical

Conductivity, Thermal Conductivity, and Mechanical Properties further discuss the implications of tool shift.

5.3.2 Material Distribution

5.3.3 Macro Analysis

A processing path shows distinct shoulder and pin regions following tool engagement. A single path produces
a slight dwell in the aluminum surface due to shoulder contact. From the surface, there is very little evidence
of HDPE since the aluminum sheet contains the polymer underneath. The pin’s influence zone has a partially

consolidated surface with some mixing that protrudes above the shoulder path. This region becomes elevated
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because the pin displaces molten polymer, causing it to flow upward after the tool passes. As a result of
HDPE’s low thermal conductivity [102], the polymer completely melts only in the pin’s direct contact zone
and under the hottest region of aluminum that is in contact with the tool shoulder. A small gap forms next
to the pin’s path due to a wall of forged aluminum that is pulled down into the plastic by the tool pin, but
not mixed. This wall creates a mechanical interlock to secure the top plate to the lower polymer, shown in
figure 5.5. However, the mechanical lock offers very little strength, as the top plate can be peeled from the
HDPE base with little effort (figure 5.6). Thus in a manufacturing setting, the excess aluminum can be easily

removed post processing.

\/

Forged aluminum wall

Figure 5.5: Cross section of single pass specimen. The arrows point to forged aluminum walls on the sides
of the tool path.

The mechanical lock closely resembles the joints of friction stir lap welded Nylon 6 to AMXS6020 Mg
alloy in Gao et al., though their configuration plunged the tool through the polymer lapped on top of Mg
[141]. They report mechanical locking by means of Mg “horns” similar to the walls of forged aluminum in
this study. Specimens failed under shear loads through separation of the nylon/Mg horn interlock. Maximum
loads of 603N showed that lap welded polymers to metals, which is essentially a single pass top plate FSP,
can offer shear strength, but tensile or peel load results were not reported. The mechanical lock has an even
greater resemblance of a FSW joint between aluminum 6111 and polyphenylene sulfide (PPS) [142]. They
report a very similar particle distribution in the stir zone along with a mechanical interlock with the lapped
aluminum. Upon fracture, their specimens left a matrix path of aluminum chips and plastic similar to those

shown in figure 5.6c.
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Transverse Direction

Lateral Direction

Figure 5.6: Single (A) and multi (B) pass processed sheet. Single (C) and multi (D) pass processed composite
after removing unprocessed aluminum sheet.

Figure 5.7 shows the result of performing 9 successive overlapping passes. The material flow resembles
the behavior reported in Simoes et al., with an asymmetrical thermo-mechanically affected zone (TMAZ) [9].
The first path in a series has relatively transparent material on the advancing side of the pin’s influence zone
with most aluminum deposited to the retreating side. Nine dark lines materialize from a high concentration
of aluminum deposits along either side of the tool. The deposit tracks indicate aluminum fragments beyond
the cross sectional surface, darkened by HDPE’s opaqueness. Some aluminum fragments reside along a
deposit track at the cross sectional surface. Therefore, the deposit tracks must not be continuous walls of
deposited aluminum but are a high occurrence of deposited aluminum at the sides of the pin’s influence zone.
No deposit track exists on the advancing side of the first pass, which indicates that all of the large material
deposited towards the retreating side. Other authors also report that the retreating side contains the most
deposited material during FSW of polymers, which is unlike FSW and FSP of metals [83, 102]. However,
a deposit track resides in the center of the first processing path. Because the tool shifted half of a pin width
between each pass, the first deposit track resides on the advancing side of the second pass, which indicates
increased mixing after the first pass. Increased mixing likely occurs after the first pass because the pin’s
leading edge only has contact with the aluminum sheet at the surface during the first pass, but has contact
with both the aluminum sheet at the surface and deposited aluminum fragments during the successive paths

(figures 5.8 and 5.9).
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Figure 5.7: Cross section of 9 successive passes. The first pass is on the left, with each successive pass shifted
towards the retreating side.

First Pass Successive Passes
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Process Direction composite

Unprocessed HDPE

Figure 5.8: Left: Leading edge of tool pin in contact with unprocessed aluminum sheet on top and unpro-
cessed HDPE on bottom during the first pass. Right: Shifted tool pin during successive passes is in contact
with both processed composite and virgin material.

Unprocessed Region
Tool
Processed Path

Figure 5.9: Top view of action described in figure 5.8
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5.3.4 Optical Microscope Analysis

Microscope images of the processed cross sections sufficiently displays the material distribution and prox-
imity of aluminum particles at varying depths of the newly formed composite. Figure 5.10 displays cross
sections at various material depths from the top processed surface. Aluminum composes nearly all of the top
surface with the largest fragments and close proximity. In this region, particles are approximately 50 pm in
size and have a large axial ratio. Figure 5.10a. shows a cross section at the top surface, indicating that most
of the aluminum fragments have contact with other aluminum fragments. High concentration of aluminum
near the surface provides the most contribution to electrical conductivity, as mentioned in section Electrical
Conductivity. The volume fraction of aluminum decreases deeper into the HDPE base (figure 5.10b.) which
explains the lower electrical conductivity below the surface. Significantly fewer particles reach the bottom of
the pin influence zone (figure 5.10c.), but some larger aluminum fragments make their way to the bottom of
the tool pin. Opacity variations in the HDPE show the heat affected zone (HAZ) boundary [102].

Though the following sections describe significant improvements to the electrical and thermal conductiv-
ity in the processed specimens over the parent HDPE, the clusters of large particles shown in figure 5.10 do
not resemble optimal particle size and distribution described by Xue [130], Li et. al [131], and Fu et. al [132].
Exclusively changing typical processing parameters such as tool traverse rate, RPM, and plunge depth alone
is not an effective solution to modifying the microstructure of the composite filler since the processing quality
is so sensitive to these parameters. Rather, optimizing particle size and distribution may be achieved through
modifications to the tool pin. For example, a shorter pin would reduce the spread of deposited particles and
effectively increase the filler content at the surface. Variations in pin size and thread pitch may have an effect
on the particle size since the tool pin pulls aluminum from the top plate into the polymer similar to a milling
process [142]. The thread pitch will also have an influence on particle distribution and heat generation, where

decreasing the thread pitch will increase heat generation and material flow [61].
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Figure 5.10: Microscope images of a processed sample cross section at various material depths. The 100 um
scale bar applies to each magnified image.

5.3.5 Electrical Conductivity

VOM measurements were likely inconsistent due to aluminum oxidation and the differences in hardness
between the aluminum and HDPE, though the top surface of each specimen consistently tended to have sig-
nificantly less electrical resistance than the cross sections when probed. In Tasi et al., copper was spray coated
on a polymer. Copper like most metals oxidizes when exposed to air, but copper oxide is highly conductive
[143], making accurate VOM measurements on copper possible. Oxygen deposits on the aluminum create a
thin film (on the order of 104) of chemisorbed atoms that increases contact resistance. Electrons can penetrate
through these films via the tunnel effect, which results in a total contact resistance consisting of a constriction
and tunneling resistance [144]. The tunneling resistance reduces given a high enough potential through frit-
ting [144]. It is likely that a standard ohm meter does not produce a high enough potential for fritting to occur
at the contact between the VOM probes and processed sample. However, the VOM was capable of making
consistent resistance measurements with the unprocessed aluminum plates. Because the contact surfaces are
not smooth at very small scales, the contact area is very small unless an applied load increases the contact
area through elastic and plastic deformation [144]. The aluminum sheet easily deforms under load and makes
good contact with the point probes. The processed samples, on the other hand, likely lack deformation in the
aluminum fragments since the HDPE encompassing it deforms under load. Thus, even when a large load is
applied to the point probes onto the processed samples, there is little increase in the contact area between the

probes and aluminum fragments.
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Incorporating specimens with soldered wire pigtails into a Wheatstone bridge provided significant im-
provements to the consistency of electrical resistance measurements. A good solder contact required that the
pigtails be embedded in a melted region of the composite. The solder itself did not bond to the composite, but
its flux likely helped to reduce oxidation in the aluminum, which in turn lowered contact resistance between
the pigtails and composite samples.

Figure 5.11 shows box plots of the measured resistances of all samples. The single pass samples showed
overall lower electrical resistance than the multi-pass. The multi-pass exhibit similar median values between
lateral and transverse measurements, but the lateral measurements present a greater variance. Figure 5.12
shows boxplots of the same multi-pass data, but separates the composites that had different lateral tool shifts
between passes. Again, the transverse resistance measurements exhibit a lower variance than the lateral

measurements, but overall they report similar values.
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Figure 5.11: Electrical resistance for composite samples. The median electrical resistances are Single pass:
1.03 Q, Multi-pass transverse: 3.55 Q, Multi-pass lateral: 4.78 Q.

The slightly different behavior between the 3.2 mm shifted samples and 2.5 mm shifted specimens is
likely due to the following explanation. Many of the 3.2 mm shifted specimens contain solid rails of alu-
minum embedded along the transverse axis, shown in figure 5.13. These rails are remnants of the forged
aluminum walls described in section Macro Analysis. Noise in the lateral motor’s positioning in addition
to table movements from backlash in the milling machine allowed for the tool to have lateral displacements
greater than the intended 2.5 mm during some passes, preventing the tool from mixing and distributing the
aluminum walls from a previous pass. During transverse resistance measurements, the solid aluminum rails
provided a low resistance electrical path to the other end of the sample. The opposite effect was observed
for the lateral resistance measurements. Contact resistance between the aluminum rails and mixed composite
contributed to additional resistance in the lateral direction. Furthermore, the 3.2 mm samples did not all have

the same number of aluminum rails, which contributes to the greater variance of electrical resistance in the
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lateral direction over the transverse direction.
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Figure 5.12: Multi-pass resistance measurements split between 3.2 mm and 2.5 mm lateral shifts between
passes.
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Figure 5.13: Top: Cross section view. Bottom: Surface view. Left: 3.2 mm shifted sample with embedded
rails present along transverse axis. Right: 2.5 mm shifted sample with no embedded rails present along the
transverse axis.

The following conclusions can be made from the electrical resistance measurements. Top plate FSP can
effectively form electrically conductive paths in a polymer. Though Azarsa et al. suggests the possibility to
improve electrical properties in polymers with FSP [134], these results show that composites with relatively
low electrical resistance can be formed. However, forming a good electrical contact with the polymer com-
posite is significantly more challenging than a pure metal, which may limit the methods to connect electrical
equipment to polymer composites, especially in low voltage situations where fritting does not occur. Lower
voltage applications may require the use of metal fillers with higher conductivity and lower contact resistance,

such as copper. There does not appear to be a significant directional dependency for the electrical resistance in
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polymer composites formed by top plate FSP, but consistent electrical properties in processed polymer com-
posites will require careful monitoring of equipment during processing for good composite quality. The low
electrical resistance is attributed to the high filler content at the composite surface and large aluminum par-
ticle axial ratio, but the deposited micro particles present in section Optical Microscopy suggest that further

particle size will further improve electrical conductivity [130].

5.3.6 Thermal Conductivity
Figure 5.14 shows the distribution of calculated thermal conductivities for all specimens. The median values
for the single pass, multi-pass transverse, and multi-pass lateral are Kjpore = 0.65%{, Ktrans = 0.92%, and

Kiat = 0.74%. These values correspond to a 48%, 108%, and 69% increase in thermal conductivity compared

to unprocessed HDPE, respectively.
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Figure 5.14: Thermal conductivity calculated for all specimens. The horizontal line within each box rep-
resents the median values. The pluses are outliers. The dashed line represents the thermal conductivity for
unprocessed HDPE for reference.

Single pass processed paths had the smallest median improvement on conductivity compared to the multi-
pass specimens. This is attributed to the formation of forged aluminum walls described in section Macro
Analysis, which causes a lower density of aluminum in the formed composite. The aluminum rails were
removed prior to testing to better capture the conductivity of the composite itself. However, one single-
pass sample contained an aluminum rail that was deeply embedded, making removal impossible without
complete destruction of the specimen. This explains an outlier value of 1.48% seen in figure 5.14. During
the successive passes in the multi-pass specimens, the aluminum walls become mixed into the composite,
which increases the density of aluminum particles and effectively improves thermal conductivity.

Figure 5.15 plots the distribution of the transverse and lateral thermal conductivities with the variable tool

shifts between lateral passes. Lateral tool shifts between transverse passes has a small influence on thermal
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conductivity, corresponding to observations in section Electrical Conductivity. Embedded rails visible in
3.2mm shifted specimens provided paths of lower thermal resistance in some samples, which contributes to
the larger range of values between specimens. The thermocouple in one transverse specimen was cemented
very close to one of the embedded rails, which explains the high outlier thermal conductivity of 1.49%{. The
smaller tool shift between passes reduced the directional dependency in thermal conductivity. The transverse
and lateral directions had a 0.19% difference in median thermal conductivity for the 3.2mm shifted speci-
mens, while the 2.5mm shifted specimens had only a 0.12% difference. The smaller directional dependency
in the 2.5mm specimens is attributed to lower contact resistance between mediums in the lateral direction and
greater material homogeneity.
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Figure 5.15: Multi-pass calculated thermal conductivities split between tool shifts. The horizontal line in
each box represents the median values. The pluses are outliers. The dashed line represents the thermal
conductivity for unprocessed HDPE for reference.

The values reported are merely estimates for the change in total thermal conductivity of an HDPE base,
and do not solely represent the thermal conductivity of the composite region since the calculations include
HDPE beneath the stir zone. The thermal conductivity likely varies with material depth, since the density of
embedded aluminum and matrix of touching aluminum particles varies, as seen in section Optical Analysis.
Though top plate FSP greatly improves the thermal conductivity of HDPE, it is still orders of magnitude
less than pure aluminum. Increasing the filler content in a composite will effectively improve the thermal
conductivity. However, increasing the filler content of HDPE with a highly conductive material up to around
20% has been shown to form a composite with K ~ 3%( [140], which is still comparatively low to the
thermal conductivity of the sole filler material. The filler content may be altered in top plate FSP by simply
changing the thickness of the aluminum sheet used. Doing so would require further study, as the processing

parameters would likely need adjusting to control heat input. Similar to electrical conductivity, reducing the
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aluminum particle size may also improve thermal conductivity for a given filler content from greater particle
dispersion due to the aggregation effect [131]. Though metal/polymer composites formed by top plate FSP
have significant improvements to the thermal conductivity over the base polymer, they will not be a direct

substitute for metal structures requiring significantly higher thermal conductivity.

5.3.7 Mechanical Properties
Table 5.1 reports the median ultimate tensile strength (UT'S) and load vs deflection slope in the linear regime

for the HDPE and composite samples of both tool shifts. Figure 5.16 shows the distribution among specimens.

Table 5.1: Ultimate tensile strength and load vs deflection slope reported in MPa. T, 5 and T3 , refer to samples
of the respective tool shifts with loads applied along the transverse axis. L, 5 and L3, refer to samples of the
respective tool shifts with loads applied along the lateral axis. UTS% refers to the percentage of ultimate
tensile strength in the processed specimens compared to the parent HDPE.

Type UTS (MPa) | UTS % | Load vs Deflection Slope (MPa)
Unprocessed HDPE 28.1 100% 849
T s 11.9 42% 1034
Y 15.0 53% 1216
Lys 13.5 48% 757
L3, 5.7 20% 676

The specimens experienced a severe decrease in UTS compared to the base HDPE, though 75 5, 73 3, and
L, 5 have comparible values to the 50% FSW joint efficiency between HDPE and AA5059 reported in Khod-
abakhshi et.al [145]. The 2.5 mm tool shift produced ultimate strength relatively homogeneous between each
axes. The 3.2 mm tool shift produced a large disparity in ultimate strength between directions, with the lateral
direction being significantly weaker than the transverse direction. The weakness in the lateral direction is due
to poor mixing between passes; each specimen fractured at the boundary between passes, predominantly at
the embedded unmixed aluminum rails mentioned in section Electrical Conductivity. Strength between the
parent HDPE and deposited aluminum comes from a combination of mechanical interlocking and interfacial
adhesion, though the interfacial adhesion is inferior to the mechanical interlock [145].

The composite region is brittle by comparison to the parent HDPE, adding complexity to tensile fracture
since an approximate 2 mm thick unprocessed region is at the bottom of each specimen. Additionally, the
particle loading and particle size varies with depth of the composite region, so it is expected that the strength
and elasticity varies with material depth. The slopes of load versus deflection curves for the transverse and
lateral specimens show that the processed specimens have directional dependent stiffness. The transverse

specimens have similar slopes that are significantly greater than the lateral specimens, which may be a conse-
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quence of deposited particle orientation and concentration. As mentioned in section Macro Analysis, higher
concentrations of aluminum deposit along the tool path, which gives the composite higher rigidity along the

transverse direction compared to the lateral direction.
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Figure 5.16: Distribution of UT'S and load vs deflection slope for all specimens. The horizontal line in each
box represents the median values.

The processed specimens have an overall density of 1025 % compared to the parent HDPE’s density
of 950 ’%. The significant reduction in strength with an increase in weight leaves room for improvement.
However, reducing particle size to small micron and nano-scales will drastically improve the mechanical
properties because it increases the surface area for interfacial adhesion and stress transfer between the poly-
mer and filler material [132]. It has been shown that forming clay-polymer [127], metal-polymer [134],
and alumina-polymer [136] composites via FSP can improve mechanical properties over the parent polymer.
In these studies, however, the embedded particles were nano-sized prior to processing. The improved me-
chanical properties from nano-sized fillers are attributed to improved particle interaction due to intercalation
and delamination in the composite structure [127], high interfacial adhesion between dispersed particles and
polymer matrix [134], and nucleating effects of the deposited particles that reduces polymer spherulite size
upon cooling [135].

Top plate processing in this study requires the tool to form small particles from a large sheet. The sug-
gested tool optimization to reduce particle size described in section Optical Analysis will potentially improve
mechanical properties. The composite may also benefit from enhanced heat input from the suggested tool op-
timization due to increased melting of longer polymer chains specifically in the stir zone [134], as increasing
heat input through the top plate may cause overmelting and shape deformation throughout the entire polymer
structure beyond the targeted processing region. Tool optimization will also allow more experimentation with
traverse rate, which effects compression in the stir zone. Higher compression of the polymer in the stir zone

induces more thermo-mechanical stress which improves dispersion of particles [95, 134]. If the traverse rate
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were increased, then a finer thread pitch would be necessary to counter the increase in particle size from the
top plate [142]. Thus, improving the composite strength requires an extensive study to match optimized tool

geometry with compatible processing parameters.

5.4 Conclusion
In this study, metal-polymer composites were formed using top plate friction stir processing. The following

describes the benefits of this new technology:

¢ Metal-polymer composites can be formed without prior modification to the base polymer material. The
top plate conveniently serves multiple purposes, including temperature control, polymer containment,

and filler material supply. Reducing the number of processing steps increases manufacturing efficiency.

* This study demonstrates the feasibility of producing large processed areas from multiple passes, which

has yet to be shown prior to this study [17].

* Eliminating a bulky heated shoe may allow FSP on contour surfaces. In order to do so, the top plate

may be stamped to match the contour surface of the base polymer.

 Top plate FSP effectively creates electrically conductive paths in the base polymer with relatively low
resistance. FSP electrically conductive paths may be used for multi-functional structural polymers for
housing electronics. It may also be used solely to dissipate build up of charges, such as those resulting

from space plasma [146].

* The aluminum-HDPE composite formed by top plate FSP has greater capability to conduct and transfer
heat than the base HDPE. This may reduce the amount of heat dissipating equipment needed, such as

thermal straps, for structures made from polymers which may reduce an assembly’s size and weight.

Though top plate friction stir processing shows promise to efficiently form metal-polymer composites,
further study is needed to make it a competitive alternative to other manufacturing processes. The parameters
and tool geometry presented in this study form composites with a significant reduction in strength from the
parent HDPE, giving it a poor strength and weight trade-off for improved electrical and thermal properties.
Thus, in its current form top plate FSP is only viable to form thin surface composites rather than bulk compos-
ites. Reducing the aluminum particle size through tool optimization in future work is necessary to improve
metal-polymer interaction.

Other composites formed from different combinations of metals and polymers may also benefit from
top plate FSP. Further studies will require experimentation with tool type and operating parameters due to

different material mixing behaviors.
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CHAPTER 6

Friction Stir Welding of Lapped Low-melt Polyaryletherketone Carbon Fiber Reinforced

Thermoplastic Laminate

The following work was previously published in the Journal of Composite Materials as:

L. T. Wilkins, A.M. Strauss, Friction Stir Welding of Lapped Low-melt Polyaryletherketone Carbon Fiber

Reinforced Thermoplastic Laminate, Journal of Composite Materials. August 2023;57:25;

Abstract

Carbon fiber reinforced thermoplastics (CFRTP) have increasing use in aerospace structures due to improved
process-ability and weldability. In this study, lap joints between carbon fiber reinforced low-meltpolyaryletherketone
(LMPAEK) are formed by friction stir welding (FSW). This study presents novelty by applying FSW to con-
tinuous carbon fiber composites in woven laminate form. FSW disrupts the fibers in the weld zone and dis-
tributes fragments as small as several microns in length. Thermal analysis shows that the weld zones degrade
at 40°C cooler temperatures than the base laminate material due to enhanced polymer mobility surrounding
the disrupted carbon fibers. Though optimized joints have regions of over 9% porosity, tensile strengths of
up to 73.8 MPa retains up to 50% joint efficiency of a comparable short carbon fiber reinforced composite.
CFRTP also requires lower processing forces during FSW than metals, and the power consumption of 67 W
during the traverse period for strength optimized welds retains energy efficient characteristics.

6.1 Introduction

Implementing lightweight structures into aerospace vehicles is imperative to increase cargo capacity and
improve efficiency. Carbon fiber reinforced plastics have increasing popularity due to improved specific
strength, corrosion resistance, and damping capacity [147] that allows for a 20%-40% weight reduction com-
pared to conventional metallic materials [148]. Carbon fiber reinforced thermoplastics (CFRTP) have grow-
ing attention in aerospace industries due to non-definite shelf life, rapid cure times, high tensile strength,
high fracture toughness, and good chemical resitance [149, 150]. Unlike thermosetting polymer matrices,
the molecular arrangement in thermoplastics allows them to re-melted, re-processed, and ultimately, welded.
Aerospace structures regularly use polymer matrices from the family of polyaryletherketones (PAEK) such
as PEEK and PEKK due to their attractive mechanical properties, chemical resistance, and glass transition
temperatures suitable for aerospace applications. Most PAEK’s have a ratio between the melting and glass

transition temperature of 1.5. Their high melting temperatures make them difficult to process and weld. Re-
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cently, low-melt polyaryletherketone (LMPAEK) was developed with a reduced ratio between the melting
and glass transition temperature of 1.35 [151]. LMPAEK is easier to process and weld than PEEK with
little compromise to mechanical properties and rigidity at high temperatures. The Clean Sky 2 Multifunc-
tional Fuselage Deomstrator [43] and PROCOMP’s upper stage LH? propellant tank [42] are examples where
LMPAEK serves as the matrix in welded composite structures.

Recently, extensive research has explored joining various fiber reinforced thermoplastics using friction
stir welding (FSW). FSW utilizes a rotating tool plunged into the joining materials to heat and soften them
through friction and plastic deformation [44]. The rotating tool sweeps and mixes the joining materials in
the weld zone. Because intertwined polymer chains require them to be melted during thermoplastic welding
processes, FSW is a liquid state joining process for polymer composites [9].

A typical FSW joint contains several zones including the base material, heat affected zone (HAZ), thermo-
mechanically affected zone (TMAZ), and the nugget. Most polymer weld joints do not have a heat affected
zone extending beyond the TMAZ due to their extremely low thermal conductivity. Without consideration
of finely tuned welding parameters, inadequate heat transfer through the weld thickness can induce poor
material flow and poor polymer diffusion, resulting in tunneling, porosity, root defects, and kissing bonds
that hinder mechanical strength [9, 17].

The tool rotation speed and traverse speed affects the size of the material flow zone in a polymeric FSW
joint which has been shown to correlate with weld strength [68]. Though many parameters ultimately affect
joint integrity, a general consensus is that the tool rotation and traverse speeds are of greatest influence [152].
Tool rotation speed is responsible for heat generation [31]. Kordestani et al. joined both 30% wt. glass
fiber and 30% wt. carbon fiber reinforced polypropylene in butt weld configuration, citing large tunneling
defects when using low rotation speeds due to inadequate processing temperatures [153]. However, too high
of a rotation speed can overheat and eject materials from the weld zone [83]. Not only can overheating the
polymer oversoften it, but it can also thermally degrade the polymer in the form of oxidation, cross-linking,
and chain rupture that ultimately leads to losses in mechanical properties and changes in appearance [23].

The tool traverse speed is the most influential in controlling the heat transferred through the material
thickness [68]. Slow traverse speeds maintain a molten polymer pool behind the tool and further promote
interdiffusion across the joint [17]. Ahmadi et al. joined 20% wt. short carbon fiber (SCF) reinforced
polypropylene in lap joint configuration [13]. A maximum tensile shear strength of 6.06 MPa was achieved
through parameter optimization, with the traverse speed as the greatest contributor to strength. Other influen-
tial welding parameters include the tool tilt angle and plunge depth. The tool tilt angle is usually considered
when utilizing shouldered tools as it influences vertical and horizontal material flows [153, 154]. The plunge

depth dictates the degree of pin interaction with the joining material as well as the forging pressure of the
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shoulder at the surface [155]. Adequate axial pressure promotes material consolidation necessary to prevent
formation of voids and other defects. The tool shoulder and pin geometry influence heat generation and ma-
terial flow. Required spindle torque and peak temperatures have been shown to be proportional to shoulder
diameter [156]. Additional shoulder features, such as spiral scrolls, can act as wipers to smooth the weld
surface. They can serve the purpose of directing material towards the center pin and reduce expulsion of
material [157]. Researchers have excessively studied the influence of center pin geometry during polymer
FSW. Of all pin geometries, threaded probes generally result in the best weld quality since they promote
vertical flow of material that adequately mixes the weld zone. Threaded pins also have a large surface area to
generate frictional heat and ultimately produce the least porosity of other pin geometries [152]. Kordestani
et al. studied the effects of tool pin geometry on butt welded joints between similar 30% wt. SCF reinforced
polypropylene. Tools with threaded tapered pins produce the maximum tensile strength, achieving up to 34%
of the base composite’s strength [158].

Reinforcing fibers add complexity to polymeric FSW due to fiber disruption. Carbon fiber is an extremely
abrasive material [159] and causes premature wear on standard FSW tools made of H13 tool steel [160]. Fiber
disruption during FSW and related processes also reduces fiber size and changes their reinforcing properties
[161, 162, 163]. For example, General Motors Global R&D report 50% reduced fiber length in the weld zone
of friction stir scribe joined SCF 45-polyamide 6 and aluminum.

The critical fiber length L. is the minimum length of reinforcing fiber that improves the mechanical

strength over the neat polymer. L. can be calculated by equation 6.1 [162]:

Orpd
L= Fodf
27,

6.1)
OFy is the fiber breakage resistance, d is the diameter of the fiber, and 7, is the shear strength of the polymer.
According to Meyer et al. fragmentation and reduction of glass fiber length below the critical fiber length
in the weld zone limits the joint strength to that of the neat polymer [162]. However, fiber disruption in
FSW joints can be beneficial to mechanical properties due to realignment of fibers. Czigany et al. observed
random deposited fiber orientation and interlacing across the joint in glass fiber reinforced polypropylene.
The unique material transfer during FSW was attributed to improved joint strength compared to conventional
welding methods [161].

There are a limited number of studies concerning FSW joints between similar CFRTP. Additionally,
the majority of studies joining CFRTP use SCF reinforcement. However, most large aerospace structures

manufactured with CFRTP utilize continuous fibers, both in laminate and unidirectional tape form. Thus, a

greater focus on welding technologies to join CFRTP composed of continuous carbon fibers is necessary to
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meet the needs of future aerospace industries. FSW lags behind other welding technologies for thermoplastic
applications, though it may prove to be highly beneficial in joining thermoplastics reinforced with continuous
carbon fibers. This study is the advent of such research with the formation of woven carbon fiber reinforced
LMPAEK lap joints using FSW. Parameter optimization of tensile strength, morphology characterization, and

thermal analysis lay the groundwork for future study and identify areas of necessary improvement.

6.2 Material and Methods

6.2.1 Materials

Carbon fiber reinforced low-melt polyaryletherketone (LMPAEK) sheet supplied by Toray Advanced Com-
posites served as the joining material in this study. Four layers of Toray Cetex TC1225 2/1 twill weave in
[(0.90)]2S layup composed the laminate sheets with a thickness of 1.2 mm. Figure 1 illustrates the orientation

of the fabric weave with respect to the 0° and 90° directions.

30 mm

70 mm

Figure 6.1: Cut laminate sheet dimensions and respective fiber orientations.

Specimens were cut to dimensions of 30 mm x 70 mm using a wet tile saw with a diamond tipped blade.
Due to the abrasive nature of carbon fibers and risk of delamination, the tile saw provided the highest quality
cuts over other cutting methods available. The cut sheets were lapped along the 0° direction with a 15.75 mm
overlap. FSW was conducted using a Simulink controlled modified Kearney and Trecker Milwaukee Model
K milling machine at the Vanderbilt University Welding Automation Lab (VUWAL). The tool consisted of a
25.4 mm scrolled parabolic shoulder and removable 6.35 mm diameter threaded pin set to 1.14 mm in length.
The threads had a pitch of 0.79 mm (32 TPI) in the left-hand orientation, facilitating downward material flow

during a clockwise rotation [71].

6.2.2 Preliminary Experimentation
The material novelty of in this study required preliminary experiments to establish general welding param-

eters. All preliminary and further studied welding experiments in this manuscript used a weld sequence
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Table 6.1: CFRTP Welding Parameters

[ Leva | 1 [ 2 ] 3 | 4 [ 5 |
Rotation
A Speed 600 | 800 | 1000 | 1400 | 1800
(RPM)
Traverse
B Speed 10.2 | 30.5 | 50.8 | n/a n/a
(mm/min)

following the VUWAL’s default weld program, which utilizes a 5.08 mm/min plunge rate, a four second
dwell at maximum plunge depth, tool traverse, and a four second dwell at the end of the weld followed by
tool retraction. Tool pin length and overall plunge depth was established through incremental adjustments
using a 1500 RPM rotation speed and 25.4 mm/min traverse speed. A 1.52 mm plunge depth was found
optimal for the tool used in this study by visual inspection as shallower plunge depths did not consolidate the
surface and deeper plunges cause further thinning of the welded joint. A 1.5° rearward tool tilt proved ade-
quate across a variety of material types with this tool shoulder geometry, justifying its implementation in this
study. Further preliminary experiments focused on determining the effect of weld traverse direction, since
one direction places the tool’s advancing side along the lapped edge, and opposite welding direction places
the tool’s retreating side along the lapped edge. The preliminary study was conducted using all combinations
of levels 3 and 5 for rotation speed and levels 1 and 3 for traverse speed listed in table 6.1. The welding
direction orienting the advancing side along the lapped edge produced greater average tensile strengths and

was used for the remainder of the study.

6.2.3 Parameter Experimentation

The effects of tool rotation speed (A) and traverse speed (B) were tested in a 2 parameter, full-factorial design
of experiments. Table 6.1 lists the ranges of A and B. Levels 3-5 were originally of interest for parameter A
based on a similar range used by other researchers [163]. However, levels 1 and 2 were later added to capture
the effects of lower rotation speeds. A minimum of three replicate welds for each parameter combination

performed in separate blocks accounted for unintended environmental variations.

6.2.4 Evaluation

Mechanical tests consisted of tensile testing on an Instron load frame. Specimens were cut 14 mm wide
across the lap welded sheets using a wet diamond saw with a 10 mm minimum distance from the plunge
location. Two tensile specimens were cut from each weld. Emory cloth bonded to carbon fiber pads com-

pensated for the lapped sheet offset during tensile testing. The load frame crosshead travelled at a constant 2
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=
Welding Direction

Lapped Edge

Figure 6.2: Schematic of welding setup. The dynamometer measures forces in the axial (Z), lateral (Y), and
traverse (X) directions in addition to the torque around the rotation axis. The weld direction goes from right
to left.

mm/min according to the ASTM designation D3039-08. Microstructure characterization consisted of optical
microscopy and scanning electron microscopy (SEM). Weld cross sections were sanded with up to 600 grit
sand paper. Polishing with 5 ym and 1 pm particle slurries concluded the surface preparation. Particle sizing
and dimensional analysis was performed using ImageJ. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) was used for thermal analysis on a TA Instruments Q600 SDT. Neat laminate
and weld zone specimens were clipped using diagonal pliers. Analysis used heating curves sweeping from
20°C to 600°C at a rate of 10°C/min. Welding forces in the axial, lateral, and traverse directions and spindle
torque were measured using a Kistler type 9123C dynamometer mounted to the machine spindle. Figure 6.2
references the welding directions with respect to the weld setup.

Parameter effects on mechanical properties and welding forces were analyzed using Minitab Statistical

Software, where a parameter’s statistical significance was evaluated on a 95% confidence interval (p < 0.05

).

6.3 Results

6.3.1 Surface Integrity

Figures 6.3a, 6.3b, and 6.3c display the surface appearance of multiple welds with varying parameters. Gen-
erally, FSW created joints with smooth and consistent surfaces for most parameter combinations. Severe
surface delamination was characteristic of 600 RPM and 800 RPM welds and welds with 50.8 mm/min tra-
verse speeds. The delamination results from cold welding parameters that fail to provide the thermal input
necessary to promote polymer diffusion. Welds with the parameter combination of 1000 RPM and 30.5
mm/min had the most consistent and highest quality top surface appearance. Excessive flash occurred during
1800 RPM welds due to over softening of the material. This material expulsion reduced shoulder contact

with the top surface and formed voids and inconsistent surface appearance from the lack of forging pressure.
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Figure 6.3d shows the underside of the welded sheets. The weld zone does not penetrate through the entire
thickness of both sheets, leaving a completely unaltered surface appearance under the weld zone. Figure 6.3e

shows an edge on view of the lap welded sheets.

6.3.2 Microstructure

FSW influences non-homogeneous material morphology throughout the width and thickness of the weld as
a result of mechanical material interaction with the tool and variable processing temperatures. Figure 6.4
reveals the cross section of a welded specimen with 1000 RPM and 30.5 mm/min parameters. All weld
parameter combinations present similar morphological characteristics as those presented in figure 6.4 from a
wide view, though further discussion highlights parameter influence at microscopic scales.

The weld cross section can be characterized into five distinct zones. Zone I represents the base material
(BM) outside of the thermomechanically affected zone (TMAZ). Regions II and III represent the boundary
between the TMAZ and BM, where region II lies at the advancing side (AS) interface and region III lies at
the retreating side (RS) interface. The TMAZ comprises regions IV and V, where the shoulder affected zone
(SAZ) lies in region IV and the pin affected zone (PAZ) extends into region V. Region V primarily lies within
the bottom laminate sheet.

The composite laminate undergoes heavy transformation in the TMAZ since the FSW process must dis-
turb the fibers in order for mass material flow and mixing to occur. Material flow is complex as the polymer
has a sharp temperature dependent gradient between a solidus state, a highly ductile material, and a liquid,
while the continuous carbon fibers are processed into short particles. Shearing effects further reduce fiber
sizes post fragmentation from the long fibers. Figure 6.5 and figure 6.6 show the transformation of contin-
uous fibers to small fragments. In figure 6.5, the continuous fibers have relatively uniform circularity with
a 7um diameter. In figure 6.6, chopped fibers show splintered surfaces of variable sizes encapsulated in the
matrix.

Flow stresses orient the fibers to the flow field [163]. In region IV, fibers up to 150 um long orient
primarily parallel to to the weld cross section. The shoulder sweeps the fibers in region IV and deposits
them tangent to the shoulder’s aft end, thus orienting many of the fibers across the weld. Fiber orientation
in the weld is analogous to injection molding of SCF composites. It has been shown that SCF’s located near
part/mold edges tend to orient parallel to mold walls in the flow direction, resulting in the part’s mechanical
properties favoring that of the fiber orientation [164]. Thus, particles in the center of the weld zone orient

mostly across the joint, while particles near the edges of the weld zone favor orientation to the weld seam.
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Figure 6.3: Typical surface appearance of selected we?c?{s. a) 800 RPM b) 1000 RPM c) 1800 RPM d) Bottom
view e) End view
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Figure 6.4: 1000 RPM, 30.5 mm/min weld specimen cross section
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Figure 6.5: SEM cross section of carbon fiber laminate. The fibers are oriented normal to the page.
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Figure 6.6: SEM micrograph of the stir zone cross section. Broken fiber ends show splintering.
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Table 6.2: Void content and carbon fiber particle dimensions for regions IV and V.

Region | Void % | Sphericity | Avg. Size | Max. Fiber Length

v 93 % 0.67 1 um 150 pm
\Y% 2.4% 0.88 0.68 um 54 um

Particles in region V have further refined size and greater sphericity compared to those in region IV
as depicted in table 6.2. The average particle size in region V is 68% of that in region IV. Of important
consideration, though, is that these cross section measurements do not account for fiber orientation and long
particles angled towards the weld path direction will appear small. The maximum observed particle lengths
in region V are approximately one third of those in region IV, indicating significant reduction in particle size.
The particle refinement in region V results from contact with the threaded tool pin. Greater complexity in
the tool pin, especially in terms of the number of edges, increases particle fragmentation [161]. The pin
threads also promote particle mixing in the PAZ [61]. Thus, enhanced particle-particle interaction in region
V increases fragmentation.

From equation 6.1 the critical fiber length L. is estimated to be 81um, where 6p, = 3530 MPa [165],
dy =" pum (measured from the fiber diameter in figure 6.5), and 7, = 152 MPa [166]. These results suggest
that the longer fibers in zone IV provide greater reinforcement than zone V.

Figure 6.4 shows an asymmetry between the weld advancing side (AS) and retreating side (RS). In this
instance, the RS presents a hooking effect around fiber clusters along region III, resulting in region III having
approximately a 20% longer interface from weld center to the weld surface than region II. The weld asymme-
try results from greater stresses on the AS than the RS, contributing to higher temperatures [7, 17]. The higher
temperatures on the AS in turn lead to greater polymer mobility [68] and allows for improved sweeping of
carbon fibers along the weld zone interface.

The weld shown in figure 6.4 has the greatest ultimate strength of all tested parameter combinations,
which is further discussed in section 6.3.3 Mechanical Properties. However, microscopic images reveal
substantial defects and voids in the polymer matrix that vary in size and prevalence depending on the location
in the weld. Voids in the matrix occur from poor matrix mobility due to insufficient heating [163] and uneven
cooling rates [167]. Figure 6.7 shows a large void that occurs along region II. A fiber cluster frozen in the
solid base material has partially exposed ends in the SAZ. Material flow in the SAZ induces tugging on the
exposed fibers, but low temperatures prohibit the polymer and chopped fibers from replacing the displaced
fiber cluster.

Large voids are especially common along region III which is characteristic of the RS in polymer FSW.

These voids develop due to lower processing temperatures and lack of swept material forging around the back
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Figure 6.8: Fracture initiation locations. Scale bar applies for both sub figures. a) 600 RPM, 50.8 mm/min
weld b) 1000 RPM, 30.5 mm/min weld

of the tool compared to the AS [9]. Tool rotation and traverse speeds have pronounced contribution to the
prevalence of voids along region III. Figure 6.8 compares region III defects between two sets of parameters.
Figure 6.8a demonstrates a cold weld fabricated using the lowest tested rotation speed and fastest traverse
speed. It is well understood that the rotation speed affects heat input, while the traverse speed dictates the
thickness of heat diffusion [67, 68]. Thus, too fast of a traverse speed outpaces the thermal conductivity of
the composite, resulting in enhanced void formation. Figure 6.8b shows the same region fabricated from a
faster rotation speed and slower traverse speed, allowing for more bulk melting and consequently a reduction
in void size [68]. The void locations shown in figure 6.8 correspond to the fracture location described in
section 6.3.3.1 Fracture Surface, indicating these defects are the main source of joint failure initiation.
Microvoid content typically increases with material depth during polymer FSW with shouldered tools
due to the inverse relationship between processing temperatures and weld depth that promotes less polymer
mobility [67, 68]. However, figure 6.9 shows a conflicting trend compared to those typically observed in

polymer FSW. White highlights improve the void visibility for the reader. Region IV (figure 6.9a) has a 9.3%
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Voids

Figure 6.9: a) Region IV (void content 9% b) Region V (void content 2%) c) Bottom of stir zone. Void
regions are artificially colored with white overlays to highlight them. Scale bar applies for all three subfigures.

void content, while region V (figure 6.9b) has a 2.4% void content. The discrepancy in void distribution
compared to conventional polymer FSW is the advent of variable fiber size fabricated by in-situ processing.
Reduction in fiber size increases particle sphericity. Typically, processing of particles with greater sphericity
results in a lower fraction of voids in a composite since the flowing polymer can more easily displace voids
and encapsulate particles [168]. Thus, higher average particle sphericity in region V contributes to the lower
void fraction.

Figure 6.9¢ shows a trend common to conventional polymer FSW and polymer composite FSW with a
lack of material consolidation at the bottom of the PAZ. This region has the coolest processing temperatures,
limiting bulk material melting between the PAZ and ultimately limiting interdiffusion across the interface

[67].

6.3.3 Mechanical Properties

6.3.3.1 Fracture Surface

All specimens failed under stress via tensile fracture along the RS, shown in figure 6.10. This region is
essentially an SCF composite bridging the continuous fiber laminate and the cross-sheet boundary region.
Since the disruption of fibers inherently weakens the laminate, this region is the weakest on a lapped carbon
fiber FSW joint non-exclusive to the advancing or retreating side configuration. Therefore, the joint tensile
strength with the sheet thickness used in this study depends on the integrity of the weld in the top sheet rather

than the shear strength between the lapped sheets.

6.3.3.2 Tensile Load
Table 6.3 summarizes the results from mechanical testing. Run refers to a specific combination between
parameters A (rotation speed) and B (traverse speed). UTS and & report the effective average ultimate tensile

strength and standard deviation from each set of parameters based on the base material sheet thickness of 1.2
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20 mm

Figure 6.10: a) Top view of fractured specimen. b) Cross section of fractured specimen.

Table 6.3: Average UTS and weld thickness adjusted UTS for each welding parameter combination along
with their respective standard deviations ¢. Units for for UTS and ¢ are MPa.

[Run [ A (RPM) | B (mn/min) | UTS (MPa) | o | UTS (adj.) (MPa) | 6 (adj.) |

1 600 10.2 33.0 2.0 41.8 3.1
2 600 30.5 40.1 0.1 45.5 0.1
3 600 50.8 34.7 1.8 41.4 4.3
4 800 10.2 334 8.8 39.9 10.1
5 800 30.5 41.5 6.4 48.9 9.3
6 800 50.8 45.6 9.3 52.8 11.3
7 1000 10.2 46.5 4.3 57.6 6.0
8 1000 30.5 56.0 10.4 73.8 10.3
9 1000 50.8 39.8 7.8 49.0 13.2
10 1400 10.2 35.6 34 45.0 8.3
11 1400 30.5 52.4 16.2 56.7 17.3
12 1400 50.8 39.2 6.0 46.0 7.4
13 1800 10.2 36.5 7.4 39.7 5.8
14 1800 30.5 374 6.0 39.0 6.2
15 1800 50.8 39.2 3.7 46.0 1.8

mm. FSW thins the materials in the weld zone when implementing a rotating shoulder, ultimately reducing
the load bearing cross section. Therefore, UTS (adj.) and & (adj.) consider reduced material thickness at the
fracture location to better represent the weld zone’s strength. To make thickness adjustments, the material
thickness was measured in unstressed weld specimens. The measurement location was mapped from the
fracture location in each weld’s respective tensile specimens.

Parameters A and B have quadratic effects on the ultimate tensile strength, making the necessity of testing
a minimum of three parameter levels apparent. Figure 6.11 plots the average effects of each parameter on
UTS and figure 6.12 does similarly for UTS adjusted.

The three originally tested tool rotation speeds did not produce quadratic effects on the UTS as hypoth-
esized. 600 RPM and 800 RPM runs added curvature to the mean effects on UTS, placing 1000 RPM at
the maxima. These results differ from those in a similar study [163], but the rotating shoulder in this work

generates more heat at lower RPM’s.
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Weld parameters of 1000 RPM and 30.5 mm/min consistently formed the strongest joints with 56.0 MPa
average effective UTS and 73.8 MPa average thickness adjusted UTS. Tool rotation and traverse speeds often
produce the greatest contribution to weld strength in polymer FSW [83] due to their influence on thermal
input, mechanical interaction, and and material consolidation. 600 RPM and 800 RPM rotation speeds lacked
sufficient thermal input from friction and plastic deformation to promote polymer diffusion across zones II
and III. 1400 RPM and 1800 RPM rotation speeds have greatly accelerated work piece velocities that promote
excessive void formation and material expulsion. A 1000 RPM rotation speed provided sufficient thermal
input without overly agitating the weld pool. Likewise, the traverse speeds influence curved behavior on
the UTS. A low pressure zone follows the tool during FSW, which can limit polymer adhesion in the weld
zone with fast traverse speeds [123]. Slow traverse speeds allows for more contact time between the molten
polymer pool and joining surfaces. However, traverse speeds also influence the amount of thermomechanical
stress, and it has been shown that a faster traverse speed can use the enhanced thermomechanical stress to
further distribute particles in composites [127]. Therefore, it appears that the 30.5 mm/min traverse speed
balances the effects of thermomechanical stress induced particle distribution and polymer weld pool contact
time.

The tensile data presented considerable variation between replicate welds and between replicate tensile
specimens within the same weld. Runs 8 and 11 had the greatest non-adjusted variation with standard de-
viations of 10.4 MPa and 16.2 MPa, respectively. Runs 8 and 11 also had the two highest non-adjusted
average tensile strengths at 56.0 MPa and 52.4 MPa but had tensile specimens with strengths of up to 68.0
MPa and 80.2 MPa, respectively. Adjusted UTS values contributed to additional variation within parameter
sets since the small tensile cross sections have high sensitivity to calculations. There was no correlation to
the tensile specimen strength with respect to its location along a weld. In other words, tensile specimens
cut closer to the initial weld plunge did not have consistently higher tensile strengths than specimens cut
further from the initial plunge. CFRTP’s inherently present variations in mechanical performance due to their
non-homogeneous structure. Mentioned in section Microscructure, the woven structure greatly affects the
composite morphology in the weld zone and contributes to highly localized mechanical characteristics. Since
weld specimens were cut from a larger laminate sheet, the fiber sequence at the edge of each cut specimen
is unique and affects the alignment of fiber clusters for each weld. Runs with large ¢ likely have instances
where the fiber clusters local to the weld promote exemplary strength. 600 RPM and 1800 RPM welds have
the least variability, though they have fewer replicate runs since it was clear early in the experimentation that

the optimal welding parameters laid somewhere in between them.
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Figure 6.13: TGA curves for a) base carbon fiber laminate and b) 1000 RPM, 30.5 mm/min weld zones.
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Table 6.4: Tys values for base material and weld zones.

Base Specimen | Tos (°C) | Weld Specimen | Tys5 (°C)
B1 579.5 Wi 526.6
B2 583.8 w2 551.2
B3 586.5 W3 552.3
Average 583.3 Average 543.4

6.3.4 Thermal Properties

6.3.4.1 Thermogravimetric Analysis

Figure 6.13 shows thermogravimetric analysis (TGA) curves for the base carbon fiber laminate and the weld
zones of 1000 RPM, 30.5 mm/min specimens. The base material runs are denoted as B1, B2, and B3. The
welded material runs are denoted as W1, W2, and W3. Tos refers to the temperature with 5% weight loss.
Table 6.4 reports the Tys values for each TGA run. The base material has an average Tos of 583.3°C while
welded specimens have an average Tos of 543.4°C.

The lower thermal stability in welded specimens is a result of the short fiber length in the weld zone. The
addition of carbon fiber into a polymer matrix increases the overall absorption capacity of the composite, and
longer fibers allow the composite to withstand greater temperatures since they absorb more heat [169]. Highly
localized temperatures around the tool/composite interface may also contribute to slight reduction in thermal
stability, but the low thermal conductivity further limits widespread thermal degradation throughout the weld.
Confirmation of decreased thermal stability due to overheating of the polymer requires the capability to

accurately measure the temperature at the interface between the tool and polymer during welding.

100



a) DSC Curve Base Material

b) DSC Curve Weld Zone

0.06 0.06 2 E——e
——B1 — W1 g 8
0.05|——8B2 1 0.05 [ |——W2 FH:
—_ —_ A | N
B B3 ) W3 -
o 004 ‘o 0.04F b
s s o
> 003 s 0037 oo 1
o o !
= 0.02 L 0.02f ' :
®© ] !
% :C'l:.) | . T ——
5 001 5 001} v 1
g g Lo
2 O—— g o: Lo
%] (%] ! !
-0.01Ff 1 -0.01F o
0,02 . . . . . ‘ 0,02 — . ‘ L . .
280 290 300 310 320 330 340  35( 280 290 300 310 320 330 340 350

o o

Temperature ( C) Temperature ( C)

Figure 6.14: DSC curves for a) base carbon fiber laminate and b) weld zones of 1000 RPM, 30.5 mm/min
specimens. Endothermic curves point upwards.

Table 6.5: Summary of DSC results. B1, B2, B3 refer to base specimens. W1, W2, W3 refer to specimens
from 1000 RPM, 30.5 mm/min welds.

Base Specimen | T, (°C) | T, (°C) | Weld Specimen | T,,5.; (°C) | Tu1 (°C) | T2 (°C)
B1 303.3 312.6 Wi 302.6 310.6 3159
B2 303.3 3129 W2 302.6 309.9 316.3
B3 305.6 312.0 W3 302.5 310.6 317.0
Average 304.1 3125 Average 302.6 3104 316.4

6.3.4.2 Differential Scanning Calorimetry

Figure 6.14 shows the differential scanning calorimetry (DSC) melting endotherms obtained for specimens
while undergoing TGA, as the TA Instruments Q600 SDT performs these measurements simultaneously.
Table 6.5 summarizes the DSC results. Toray reports the melting temperature for the base composite to be
305°C [166]. The onset melt temperatures (7,,s) for both the base material and weld zones are in good
agreement with the manufacturer’s reported melting temperature. The average peak melting temperature 7,,
for the base laminate material is 312.5°C, reported in table 6.5. Specimens cut from weld zones exhibit a
broader melting curve with two inflection points indicating two peaks. The double-melting behavior results
from reorganization of the crystal structure as the temperature increases [170]. The chopped fibers in the

weld zone improve chain mobility and allow for this double-melting behavior.

6.3.5 Welder Inputs
6.3.5.1 Welding Forces
The rotation and traverse speeds have statistically significant contribution to the average axial and lateral

welding forces during the weld traversing period, with a greater contribution from the rotation speed in both
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Figure 6.15: Fitted mean effects for tool rotation speed (A) and traverse speed (B) on axial force.

cases. Only the rotation speed has statistically significant contribution to traverse forces, and there does not
appear to be interaction effects between the two parameters. Table 6.6 displays the average axial, lateral, and
traverse forces measured by the dynamometer during weld traverse periods. Generally, faster tool rotation
speeds reduce all forces due to its improved heat generation. Figure 6.15 shows the average axial force
response for each respective parameter, illustrating rotation speed’s greater contribution from the steeper
slope. The axial forces range from approximately 900 N-4700 N during the weld traversing period, whereas
the traverse and lateral forces are significantly less by an order of magnitude. Figure 6.16 shows the effect of
tool rotation speed on traverse force. The rotation speeds reduce in magnitude between 600 RPM and 1000
RPM due to improved material softening on the leading edge of the tool. At 1400 RPM and 1800 RPM,
the traverse forces measured at the spindle slightly dominate towards the welding direction. The positive
measured traverse forces are attributed to the resultant component of axial force induced by the rearward
tool tilt. For welds producing the optimal tensile strengths with 1000 RPM, 30.5 mm/min parameters, the
required forces during the traversing period for the tool used in this study are approximately 2200 N in the
axial direction and 190 N in planar directions. Thus, the tool forces during FSW of laminate sheets are on the

order of polymer FSW in comparison to metal FSW [70, 103, 120].

6.3.5.2 Power Consumption

Equation 6.2 calculates the power consumption by the tool during welding:

P=wxrt (6.2)
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Table 6.6: Average welding forces during traverse period for each parameter combination. A and B refer to
rotation speed and traverse speed, respectively. All forces are reported in Newtons (N).

| A | B | Axial | Lateral | Traverse |
600 | 10.2 | 3543 233 -207
600 | 30.5 | 4345 3717 -330
600 | 50.8 | 4742 458 -351
800 | 10.2 | 2348 220 -82
800 | 30.5 | 2490 310 -139
800 | 50.8 | 2808 387 -182
1000 | 10.2 | 1844 154 -32
1000 | 30.5 | 2222 186 -42
1000 | 50.8 | 2612 247 -20
1400 | 10.2 | 1344 51 81
1400 | 30.5 | 1290 152 117
1400 | 50.8 | 1886 83 83
1800 | 10.2 | 1449 7 81
1800 | 30.5 928 -9 73
1800 | 50.8 | 1667 21 23
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Figure 6.16: Fitted mean effects for tool rotation speed on traverse force.
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Worn Tool Pin

Worn Shoulder Scrolls

Figure 6.17: Worn tool shoulder and pin from carbon fiber abrasion.

where o is the tool spindle angular velocity and 7 is the spindle torque measured by the dynamometer.
Calculating the power from the spindle torque eliminates mechanical losses from the welder and gives a pure
power input to the weld piece. Strong correlations were not present between the welding parameter values and
spindle torque. It is hypothesized that small carbon fiber particles act as a lubricant under the tool shoulder
and limit spindle torque. Any correlations in torque between parameter inputs are within the baseline signal
noise. The average power across all parameter combinations is 98.2 W during the traversing period. For the
1000 RPM, 30.5 mm/min welds, the average processing power was 67.4 W, making FSW an energy efficient
method to join composites. Of course, the actual value is higher when considering the total power to run the

machine from on board control systems and mechanical losses.

6.3.6 Discussion

Until now, extensive study pertaining to FSW of CFRTP laminate sheets have yet to be explored. The feasi-
bility and applicability of this process over other joining methods depends on joint strength, processing time,
joint configuration, and tooling requirements. Processing of CFRTP inherently has challenges due to its non-
homogenous structure. FSW of carbon fiber laminate sheets has complexity due to the disruption of carbon
fibers in the weld zone and poor through-sheet thermal conductivity. This study shows promising results with
instances of high strength, but also clear indications of improvements needing attention.

Some tool wear was evident throughout the course of the study, shown in figure 6.17. Tool wear influence
likely has little significance on studied parameter effects contributing to weld strength in this study, as the
order of blocked welding replicates were randomized. However, tools in large volume production of CFRTP
FSW joints should be constructed of materials with higher abrasion resilience such as A1l tool steel [160].

It is imperative to recognize the mode of fracture in this study. Carbon fiber laminates obtain their high
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specific strength from continuous carbon fibers, and any disruption or discontinuity along a fiber length
requires the polymer matrix to distribute loads to other fibers, inherently providing weaker mechanical prop-
erties over continuous fibers. Thus, even welding methods that do not disrupt the fibers in the adjoining sheets
are limited to the shear strength of the polymer matrix if the fibers do not cross he joint interface. Reported
UTS values for the base laminate TC1225 woven sheet are 805 MPa in the 0° direction and 739 MPa in the
90° direction [166]. These strength values are vastly superior to the 73.8 MPa UTS observed in this study’s
FSW joints. However, discontinuity and chopped carbon fiber in the joint requires joint comparison to the
UTS of a polymer reinforced with SCF’s. Existence of studies reporting the mechanical properties of LM-
PAEK reinforced with SCF are unknown to the authors at this time. However, LMPAEK and PEEK have
similar mechanical strength, shown in table 6.7. Tensile strengths for injection molded SCF/PEEK compos-
ites range between 152.5 MPa and 211.9 MPa, though the higher strengths result from alignment of fibers in
the tensile direction at the edge of the mold [164]. Thus, the optimal FSW parameters in this study produce
joints with approximately 50% joint efficiency in relation to a comparable SCF composite that has variable
fiber orientation. The low joint strength in the reinforced composite weld compared to the neat polymer
results from sub-critical fiber lengths [162] and favored fiber orientation to the weld zone walls [161]. Ulti-
mately, matrix porosity in the weld zone likely has the greatest contribution to detrimental weld performance.
Future study to further optimize joint strength in friction stir welded CFRTP laminates requires consideration
of avenues for both higher processing temperatures and retainment of fiber length. Auxilliary heating such as
heated tools [72], hot shoes at the weld surface [127], and heat sources below the welding materials [67] are
likely to improve processing temperatures and reduce porostiy. Optimizing fiber length may be accomplished
with studies in the tool geometry, though balancing fiber size with trade-offs in matrix porosity may be es-
pecially challenging unless significantly improved processing temperatures counteract low mobility around
longer fibers.

Though complications persist for carbon fiber laminate FSW, there are several attributes that may qualify
it as an attractive process to join CFRTP laminates in the future. Since the fracture mode for thin sheets
in CFRTP laminate FSW is purely tensile in the top sheet, structural strength can be further improved by
increasing the thickness of the top adjoining sheet. Whether or not the load bearing capacity of friction stir
welded laminate sheets scales linearly with top sheet thickness is reserved for future study. The lap shear
strength between the weld zone and bottom sheet is also a mechanical feature to consider when increasing
the top sheet thickness since excessive thickening of the top sheet may encroach on the lap shear load bearing
capacity.

CFRTP laminate FSW has an advantage over ultrasonic welding since it does not require integration of

energy directors that makes consistent continuous welds and in-situ monitoring challenging tasks to achieve
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Table 6.7: Comparison of PAEK tensile properties.

Reinforcement UTS Reference
Type
Neat LMPAEK 95 MPa [171]
Neat PEEK 97.2 MPa [171]
FSW LMPAEK Current
Weld Zone 738 MPa Study
SCF PEEK 152.5-211.9 MPa [164]
LMPAEK Laminate
42% RC. 0° 805 MPa [166]
LMPAEK Laminate
429% RC.90° 739 MPa [166]

[172]. Further, FSW does not use consumables such as gas in hot gas welding, and does not leave embedded
wires such as those in resistive welding. A drawback to FSW in CFRTP joints is the welding speed. Continu-
ous ultrasonic welders can join CFRTP on the order of several meters per minute [173], while FSW traverses
on the order of several centimeters per minute. However, the simplicity of FSW improves the overall process
efficiency when considering material preparation and post-weld processing [53]. Current FSW equipment
designed to join metal alloys used in components such as rocket fuel tanks and pressure vessels can be easily
adapted to weld newer composite versions of these components since metal and polymeric FSW share the
same basic tooling principles. Thus, improvements in future study of continuous CFRTP FSW will make it a

viable and competitive process in the manufacture of composite structures.

6.4 Conclusions

This work uses FSW to join LMPAEK CFRTP laminate sheets in lap joint configuration. Joining two laminate
carbon fiber sheets via FSW has novelty in the field and presents challenges since it requires disruption of
the woven fibers in the laminate. A parameter study was conducted to determine the effects of tool rotation

speed and traverse speed on weld integrity. The results indicate the following:

* Fiber disruption in the weld zone forms distinct zones with variable fiber size and orientation.

» Parameters of 1000 RPM rotation speed and 30.5 mm/min traverse speed produce tensile strengths
of 73.8 MPa, which is approximately 50% the strength of a comparable short carbon fiber reinforced

composite.

* Weld porosity appears to have the greatest influence on strength reduction, with failure initiating defects

located along the base material/weld zone interface.

* Thermal analysis shows slightly reduced thermal stability in the weld zone at high temperatures due to
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greater polymer mobility for discontinuous fibers with thermal degradation occurring at approximately

40°C cooler temperatures than the base laminate material.

* Optimized welding parameters require 2200 N of axial force and 67.4 W of power during traversing

periods requiring lower machine requirements than FSW of metal alloys.

Advancements in aerospace technology requires increased used of high-performance materials and solutions
to join them that better harness their capabilities in space systems. Though pre-existing welding methods exist
to join CFRTP laminates, FSW offers additional versatility and competitive joint strengths to other joining

methods.
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CHAPTER 7

Post-weld Annealing of Friction Stir Welded Carbon Fiber Reinforced Low-melt Polyaryletherketone

The following work was previously published in the Journal of Composite Materials as:

L. T. Wilkins, A.M. Strauss, Post-weld Annealing of Friction Stir Welded Carbon Fiber Reinforced Low-melt

Polyaryletherketone, Journal of Composite Materials. November 2023;

Abstract

This study explores the influence of post-weld annealing on friction stir welded (FSW) carbon fiber re-
inforced thermoplastic (CFRTP) in woven laminate form. Field advancement occurs in three key areas in-
cluding furthering the understanding low-melt polyaryletherketone (LMPAEK) welding/processing, effects
of post-weld annealing on CFRTP joints, and determining feasibility for friction stir welding of thermoplas-
tics reinforced with continuous carbon fibers. High temperature annealing just below LMPAEK’s melting
point improved ultimate tensile strength by up to 30% and weld toughness by up to 91%. Improvements to
mechanical performance result from increases in joint crystalline content from 14.09% in non-annealed joints
to 27.91% in joints subject to 280°C annealing. Annealing does not reduce porosity in the weld zones, ren-
dering necessary further improvements to the FSW process for CFRTP joints. Further analysis also indicates
that despite its slight molecular modifications, LMPAEK has highly similar crystalline structure and response
to thermal treatment compared to PEEK.

7.1 Introduction

Carbon fiber reinforced thermoplastics (CFRTP) are gaining popularity in aerospace sectors as a replacement
for epoxy based composites due to their ability to be thermoformed, high impact resistance, and potential for
recycling. Their thermoformability also allows for welded joints, reducing added weight from mechanical
fasteners and limiting stress concentrations. Welded CFRTP joints are already used in industry. The following
examples highlight industry applications that implement CFRTP welding [174]. GKN Fokker used induction
welding to join elevator and rudder components on the Gulfstream G650 and Dassault Falcon 5X aircraft.
They also used ultasonic welding to join parts to CFRTP floors in the G650. The airbus A340, A350, and
A380 aircraft have resistance welded wing leading edges. Recently, researchers applied friction stir welding
(FSW) as an alternative joining method to weld CFRTP. FSW was patented by Wayne Thomas et al. of
the Welding Institute on December 6, 1991 as a novel process to join metal alloys [44]. The first available

documentation on polymer FSW became available in the late 1990°s [12] and a significant portion of the
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research occurred within the last decade, expanding to polymer composites.

Most studies concerning CFRTP FSW join thermoplastics reinforced with short carbon fibers (SCF) [153,
160, 163, 175, 176, 177]. Many large structures such as fuselages and propellant tanks utilize continuous
carbon fibers (CF) in their reinforcement. Many stamp formed components, such as mounting/support clips
on the Airbus A350, utilize woven fabric reinforced laminates of just several layers from thin sheets [178].
Therefore, studies where FSW joins composites reinforced with continuous fibers are necessary to make
FSW a potential competitive joining technology in future aerospace composite structures. The first known
study to consider FSW of thermoplastics reinforced with continuous CF’s occurred recently. Wilkins et al.
demonstrated friction stir welded lap joints of woven carbon fiber reinforced low-melt polyaryletherketone
(LMPAEK) laminate which differs from traditional CFRTP welding methods in that the fibers are disturbed
in the weld zone. They achieved approximately a 50% joint efficiency when comparing the FSW joint to a
short carbon fiber reinforced thermoplastic (SCFTP). [179].

The rapid heating and cooling cycles presents challenges when welding thermoplastics. Thermoplastic
welding involves interdiffusion and entanglement of molecular chains to connect two or more components
[122]. Welding requires melting of the polymer at the joint interface and pressing the joining components to-
gether for them to consolidate upon solidification [180]. This process creates a cycle of chain disentanglement
and re-entanglement [122].

Temperatures above the polymer’s glass transition temperature (7;) relaxes the molecular chains, allow-
ing for them to slide past each other and diffuse across the joint. The amount and rate of molecular diffusion
depends on the temperature and amount of time of time at said temperature [6]. For semi-crystalline poly-
mers, rate of cooling from the melt affects not only polymer diffusion but degree of crystallinity as well.
Ultimately, these elements affect mechanical performance. Higher degrees of crystallinity associate with
increased modulus, shear strength, interfacial strength, and chemical resistance in CFRTP [25]. The for-
mation of a transcrystalline region, or crystals oriented along the fiber/matrix interface, promotes improved
interfacial shear strength between the polymer and fibers [26]. Low crystallinity can be beneficial under
circumstances that requires ductility. However, low crystallinity increases permeability in the polymer that
allows for diffusion of gases [23].

Rapid cooling rates common to polymer welding techniques can limit chain diffusion and crystallinity.
Increasing the processing times during thermoplastic welding to decrease the cooling rate from the melt
has been shown to improve crystallinity in ultrasonically welded polyphenylene sulfide (PPS) joints [25].
However, increasing individual joint processing times reduces the overall manufacturing efficiency. Semi-
crystalline polymers can crystallize both from the melt and heating from the glass [181]. Crystal types and

orientation biases have temperature dependency as nucleation and spherulites form at higher temperatures and
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rod-like growth occurs near T, [181]. Crystal growth below the melting temperature (7,,) makes post-weld
annealing possible, which can improve process times since annealing can commence in large batches.

Most of the CFRTP annealing research focuses on molded and 3D printed parts. Kishore et al. found
that post-fabrication annealing of CF reinforced PPS improves the torsional storage modulus as a result of
increased crystallinity. They also indicated that annealing promoted crosslinking of polymer at the surface,
but these effects were not representative of the bulk material [182]. Handwerker et al. observed a 50% in-
crease in the ultimate tensile strength (UTS) of additively manufactured SCRTP when subjected to annealing.
Void formation during the manufacturing process was the highest contributor to tensile failure and was not
completely resolved by annealing [183]. Yu et al. found a similar trend in printed CF/PEEK (polyetherether-
ketone) composites with a 55.4% increase in interlaminar shear strength (ILSS). Annealing reduced porosity
in their case, though did not completely remove the voids [184]. Um et al. considered the post annealed
temperature dependent mechanical properties of CF/PET (polyethylene terephthalate) composites. In both
25°C and 100°C environments, slowly cooled specimens exhibiting higher crystallinity exhibited greater ten-
sile strength and modulus. They attribute improved fiber/matrix adhesion from transcrystallinity and thermal
stability as cause for increased performance [185]. Generally, annealing’s role in improved thermoplastic
mechanical performance results from bulk crystallization that increases molecular chain order [181]. Im-
provements from annealing on bulk composites indicates that welded CFRTP joints will reap the benefits as
well.

LMPAEK is a recent addition to the PAEK family of polymers. It is nearly identical to PEEK, except
that it contains one extra aryl group in approximately 25% of the monomers [5]. As a result, LMPAEK has
nearly identical mechanical properties and T, as PEEK with a reduced 7;, which makes it easier to process for
injection molding, fiber impregnation, and welding. In addition to its nearly identical mechanical properties
to PEEK, LMPAEK has also been shown to have a very similar response to thermal treatment as PEEK
despite its slight chemical modification [186]. Schiel et al. studied the effects of process parameters on
mechanical properties for CF/LMPAEK tape layup. They found that LMPAEK is less sensitive to layup
processing speeds than PPS and PEEK, which allows for faster initial fabrication of components. However,
LMPAEK was highly responsive to post-layup tempering. When heated to 290°C for 17 hours, it reached
near 30% crystallinity and improved lap shear values by up to 76% [187].

The following work explores the effects of post-weld annealing on friction stir welded LMPAEK rein-
forced with woven carbon fibers. The heat treating aspect of this research is the next phase to follow previous
work studying the feasibility of joining woven CFRTP using FSW and utilizes previously established opti-
mized welding parameters [179]. The manuscript aims to further establish the feasibility of CFRTP FSW and

identify key weaknesses to address in future study. The principles of post-weld annealing not only apply to
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friction stir welded joints, but to all CFRTP welding.

7.2 Materials and Methods

7.2.1 Joint Fabrication

Toray Advanced C omposites supplied TC1225 woven laminate, with T300 carbon fibers and a polymer
matrix composed of low-melt polyaryletherketone (LMPAEK). The laminates are four ply in [(0,90)]2S layup
with a 1.2 mm sheet thickness. Specimens were cut to 30 mm x 70 mm and arranged by methods in previous
study [179]. FSW commenced on Kearney and Trecker Milwaukee Model K milling machine modified with
autonomous computer controlled spindle and axial drives. Joints were assembled in lap joint configuration
with the top sheet’s lapped edge oriented to the FSW tool’s advancing side. The laminate sheets were oriented
with the 0° fiber parallel to the weld line and a 15 mm overlap. The lap configuration and fiber orientation is
identical to that described and illustrated in previous study [179]. The tool consisted of a 25.4 mm diameter
scrolled parabolic shoulder with a 6.35 mm threaded cylindrical pin and 0.79 mm pitch left-hand threads set
to 1.143 mm length, shown in figure 7.1. The tool rotated clockwise such that the threaded pin facilitated
downward material flow. Welding parameters included 1000 RPM rotation speed, 30.5 mm/min traverse

speed, 1.524 mm plunge depth, and 1.5° rearward tool tilt.

Threaded Pin

Diameter = 6.35mm

Length = 1.143 mm
Pitch =0.79 mm

Figure 7.1: FSW tool consisting of threaded pin and scrolled parabolic shoulder.

7.2.2 Annealing Procedure

Welds were grouped into three annealing conditions outlined by table 7.1. A1 refers to a non-annealed welded
joint, A2 is a low temperature annealed welded joint, and A3 is a high temperature annealed welded joint.
Annealing commenced in a programmable tube furnace with a procedure listed in table 7.1 and outlined in
the Victrex PEEK processing guidelines [151]. Annealing temperatures were reduced from the processing

guidelines for PEEK to account for the lower melting temperature of LMPAEK.
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Table 7.1: Annealing procedure

Ramp Max. Total
Condition Preheat
Rate Temp. Time
Al n/a n/a n/a n/a
150°C 200°C
A2 10°C/hour 17 hours
3 hours 4 hours
150°C 280°C
A3 10°C/hour 33 hours
3 hours 4 hours

7.2.3 Analysis

7.2.3.1 Imaging

Weld cross sections were polished down to 0.05 um with alumina slurry. Polished cross sections were sub-
jected to permanganic etching following the procedure outlined in Olley et al. [188]. The procedure was
modified by using a magnetic stirrer to agitate the etchant on submerged specimens rather than a bottle
shaker. The etched cross sections were viewed under an optical microscope and an FEI FEG Quanta 650 en-
vironmental scanning electron microscope (ESEM). Tensile fracture surfaces were also viewed in the ESEM.

ESEM parameters include 10 Pa chamber pressure, 10.00 kV electron beam, and 3.0 spot size.

7.2.3.2 Thermal Analysis

A TA Instruments Q600 SDT simultaneously performed thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). TGA weight calibration and DSC heat flow calibration preceded experiment
runs. Specimens approximately 5 mm in diameter were cut from the weld zone, allowing for precise selection
of material to be used in TGA/DSC runs. Figure 7.2 shows the location of test specimens with respect to the
weld piece. Nitrogen gas purged the specimens in the furnace with a flow rate of 50 mL/min. The temperature
was increased at 10 °C/min with a final temperature of 900 °C. This final temperature was chosen since
additional weight loss has been shown to cease at 900 °C in similar PEEK polymers [189]. The final weight
was used to calculate the weight % CF. Though Toray publishes a CF weight fraction in their composite

[166], highly localized DSC specimens cannot guarantee the published values.

7.2.3.3 X-ray Diffraction
X-ray diffraction (XRD) was performed using a Rigaku Smart Lab powder XRD with a Cu K, source. Runs
swept 20 from 10°-50° on the weld surface of each annealing condition. An XRD run was also performed on

a neat laminate specimen. XRD curves were analyzed using LIPRAS (Line Profile Analysis Software) [190].
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25.4 mm

XRD Lap Shear TGA/DSC

Figure 7.2: Specimen locations for XRD, thermal analysis, and mechanical testing.

Diffraction peaks were fitted using Pseudo-Voigt profile functions. Crystallite size was calculated using the

Scherrer Equation:

kA
D=—— 7.1
Beos(0) 7.D
k is a correction factor (0.9 is sufficient [25]), A is the wavelength (1.5418 A for CuKy X-ray source), 3

is the full-width at half maximum (FWHM), and 6 is the Bragg angle.

7.2.3.4 Mechanical Testing

Mechanical testing consisted of single lap shear tests on an Instron load frame. 25.4 mm wide tensile speci-
mens were cut at a minimum of 16 mm from the weld’s beginning location. CF pads adhered with abrasive
paper accounted for the lapped material offset in the load frame’s jaws. All welds were pulled at 2 mm/min

until failure. Nine single lap shear specimens were tested for each annealing condition.

7.3 Results and Discussion

7.3.1 Visual Analysis

All welds resemble the surface appearance observed in previous study [179]. Previous work using FSW to
join CFRTP woven laminates states that refined fibers in the weld zone tend to orient along boundaries and
have variable sizes dependent on their location [179]. These observations do make assumptions since the
true fiber size and orientation is shielded by surrounding matrix. For example, a fiber cut on an angle may
appear as an oblong particle in a polished cross section. Figure 7.3 shows a weld cross section prior to and
after permanganic etching under an optical microscope. The etching removes some of the polymer at the
surface without disrupting the fibers to partially expose them. Polarized light aids in distinguishing between

the polymer and matrix. In figure 7.3b, speckled regions in the weld zone surround dark regions. The small
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Released Fibers &

Figure 7.3: Cross section of welded joint a)pre-etching and b)post-etching

bright spots correspond to fiber ends. Smaller fibers populated the dark regions before etching and were small
enough to be released once the polymer was removed. Thus, the etched cross sections confirm claims made
in the previous study that small particles populate the region deep in the weld zone [179].

Figure 7.4 zooms in on the weld from figure 7.3 under an SEM. The SEM provides a field of depth
with the etched cross sections. At the boundary of the weld zone, the fibers orient into the page, or along the
interface of the weld zone and base material. In the middle of the weld zone, the fibers tend to orient primarily
across the weld zone tangent to the rotating tool. The revealed shape from CF exposure post-etching confirms
the validity of those claims made in previous study [179].

Figure 7.5 compares the composite surfaces outside of the weld zone for each annealing condition un-
der polarized light. Conditions A1 (figure 7.5a) and A2 (figure (7.5b)) show sharp contrasts in color under
polarized light with very little difference between them. Figure 7.5¢c does not show these color contrasts in
condition A3 with an overall dull appearance which can also be observed upon visual inspection. The dull
surface appearance in A3 results from oxidation at higher annealing temperatures [182]. Color variations
between annealing conditions are not visible in specimen cross sections due to the lack of oxygen during
annealing. A3 specimens also appear opaque compared Al and A2 specimens in non-polarized light. In-
creased opaqueness in crystalline polymers often indicates higher degrees of crystallinity since crystallites
can scatter visible light [25]. Degree of crystallinity is not the sole metric for a polymer’s transparency. After
all, many opaque polymers, such as acrylonitrile butadiene styrene (ABS), come in non-transparent forms.
Poly 4-methyl pentene- 1, though highly crystalline, is transparent since the crystallites are too small to scatter
visible light. Rather, the degree of homogeneity greatly influences a polymer’s transparency [191], and the
increased crystallinity of A3 specimens improves homogeneity.

Figure 7.6 shows defects in the polymer matrix in cross sections of Al and A3 specimens. Insufficient
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Figure 7.4: Etched SEM cross sections at a)weld zone boundary and b) middle of weld zone.

s004m

Figure 7.5: Top Surfaces of annealing conditions a) A1 b) A2 ¢) A3. Scale bar applies to all subfigures.
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Figure 7.6: Voids visible in weld cross section specimens in conditions a) Al and b) A3.

heating during FSW causes low matrix mobility and uneven cooling rates that leads to void formation [163,
167]. Lower processing temperatures along the retreating side (RS) of the weld and lack of swept material
forging along the backside of the tool contribute to pronounced defects in this region as well [9]. Highly
eccentric filler materials such as short carbon fibers also make it difficult for the molten polymer to fully
encapsulate them and exasperate formation of defects [168].

Annealing has been shown to reduce the porosity in CFRTP especially in 3D printed parts. Yu et al. report
that annealing reduced overall porosity by 41.40% in printed CF reinforced PEEK annealed at 240°C, though
individual pore size increased. The mechanism for pore reduction is combination of voids at high annealing
temperatures which can travel to the surface and expel from the composite [184]. This phenomenon does not

appear to occur in the FSW joints. No significant difference arises in the number of small pores between FSW
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annealing conditions. The largest voids in the welded specimens form near clusters of long fibers, especially
those that protrude across the base material/weld zone boundary. Handwerker et al. observed a similar
phenomenon in PA6 reinforced with continuous glass fibers. In their study, large pores formed between long
fiber strands and were resistant to expulsion during the annealing process [183]. Thus it appears that void
mitigation must be addressed in the FSW process, as post-weld annealing does not annihilate these defects.
Though ineffective at removing pores in the matrix, post-weld annealing does have a pronounced effect
on adhesion between the matrix and fibers. Figure 7.7 shows fracture surfaces of specimens pertaining to
each annealing condition under an SEM. Figure 7.7a shows fracture surfaces of an Al condition. The fiber
surfaces are nearly stripped clean of polymer indicating adhesive failure and weak fiber/matrix interface. A
similar trend presents itself in the A2 condition with adhesive failure on the fiber/matrix interface. Figure 7.7b
shows polymer tearing with a smooth texture. In the A3 condition (figure 7.7¢c), fractured fibers are nearly
fully encapsulated in polymer with primarily cohesive failure. The high temperature annealed polymer also
consists of a rough surface texture due to the increased crystallinity in the polymer. Fiber encapsulation and
texture in A3 specimens suggests improvements to the fiber-matrix interface bond as well as overall bulk

matrix strength [181, 192, 193, 194, 195].

7.3.2 Thermal Analysis

The base laminate sheet has 42% CF composition by weight according to Toray Advanced Composites [166],
but this weight fraction likely does not represent highly localized specimens in the weld zone disrupted by
FSW. Thus, the weight fractions of CF and polymer in the composite are estimated using measured changes in
mass caused by thermal degradation during TGA runs. Equation 7.2 expresses the weight fraction of carbon

fiber in the composite:

wf—a
We = ———
¢ b—a

(7.2)

w, is the weight percent CF, wy is the total remaining composite weight fraction taken from the TGA curve,
and a and b are the theoretical remaining post degradation weight fractions of pure polymer and CF, respec-
tively. For Ty = 900°C, a is estimated to be 0.48 [189], and b is estimated to be 0.96 [196]. a was estimated
based on PEEK thermal degradation since the literature for LMPAEK was not available at the time of this
research. Due to the near identical local order of PEEK and LMPAEK [186], similar maximum thermal
degradation is assumed.

Table 7.2 lists the averaged results from TGA runs including calculated initial % polymer/CF composi-

tion. Tys represents the temperature for 5% weight loss in the composite to compare thermal stability. Figure
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Figure 7.7: Fracture surfaces of annealing conditions under an SEM for a) A1 b) A2 c) A3.

118



Table 7.2: Summary of average TGA results

Anneal o o
Condition "/ "¢ Ts(O oCO)
Base 0.8036 0.6742  584.30 0.71
Al 0.8051 0.6774 553.59 5.61
A2 0.8065 0.6802 554.46 0.99
A3 0.8134 0.6946 562.29 5.51
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Figure 7.8: TGA curves for weld zones subject to each annealing condition.

7.8 shows the TGA curves for weld zones subjected to various annealing conditions.

All FSW specimens exhibit lower degradation temperatures than the base material. CF’s tend to increase
degradation temperatures compared to neat polymers due to suppression of bulk heat transmission [197]. The
woven fibers in the base material form pockets of polymers that further contribute to this suppression, while
the chopped fibers in welded specimens no longer form these boundaries. A3 tends to have slightly higher
degradation temperatures than A1 and A2, though these improvements are marginal.

Like PEEK, LMPAEK degrades in a two step process. Changes in the TGA curve slopes in figure 7.8
reveal the degradation steps. The first step involved random chain scission of ether and ketone bonds indicated
by a sharp linear drop in weight % [198]. The second step results from oxidation of carbonaceous char
produced during the first step [197]. Flattening of the TGA curves at 900°C indicate completion of polymer
degradation.

Figure 7.9 shows the DSC curves for each annealing condition and the non-annealed base material. En-
dotherms point upwards and exotherms point down. A distinct glass transition curve does not present itself
in any of the specimen types. The lack of a distinct glass transition peak can be attributed to a high degree of
crystallinity since the glass transition forms from the amorphous regions [183]. Table 7.3 summarizes the av-

erage peak melting points and crystallinity for specimens subject to each annealing condition. All specimens
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present a primary melting curve peak (7;,;) around 315°C. Annealing temperatures cause little shift in the
peek primary melting point, which suggests little sensitivity of the primary crystal phase to both welding and
annealing [199, 200]. A1l and A2 specimens show an additional endothermic curve at lower temperatures.
T,» indicates the peeks of these curves. For Al, this occurs at approximately 20°C above the LMPAEK
literature 7, value of 147°C [166]. For A2, the T, lies approximately 38° above the annealing temperature.
These secondary peaks are attributed to the double melting behavior characteristic of polymers in the PAEK
family resulting from reorganization of amorphous phases within smaller crystallites [186, 200]. Annealing
has been shown to increase the peak of these secondary phases with higher annealing temperatures in LM-
PAEK [186]. Thus, specimens with higher degrees of crystallinity absorb the secondary phase curves within
the primary curves. For this reason, the base material and A3 specimens do not present a secondary melting
curve with the exception of one A3 specimen.

Equation 7.3 provides the means to calculate % crystallinity from DSC curves:

AH,,

X=———
Href(l _Wc)

(7.3)

H,, is the melting enthalpy calculated from the area under the curve with an extrapolated baseline. H,,r is
the maximum theoretical crystallization enthalpy (130 J/g°C [187]), and w, is the CF weight fraction. Table
7.3 displays the resulting % crystallinity for each annealing condition. Al specimens have reduced crys-
tallinity from the base material resulting from the rapid cooling during FSW. However, these specimens are
not completely amorphous with a 14.09% crystalline content, demonstrating the rapid crystallization kinetics
of LMPAEK. LMPAEK composites subject to tape layup achieve less than 10% crystallinity without post
heat treatment [187]. FSW is has slower processing speeds two orders of magnitude than tape layup that
provides additional time for the polymer to crystallize. A2 specimens have near negligible improvements to
overall crystalline content, though the shifted and more pronounced secondary enthalpy curves and higher
average crystalline content at 16.04% shows beginnings of such improvements. A3 specimens present crys-
talline content of 27.91% with significant improvements to A1 and A2 and surpasses the crystalline content
of the base material.

The crystalline content of A3 specimens has been achieved in LMPAEK in other researchers as well.
Audoit et al. reports a maximum LMPAEK crystallinity of 26% for specimens annealed at for two hours at
250°C from the glass while the maximum crystallinity achieved from the melt was 27% in non-reinforced
polymer [186]. Schiel et al. achieved 29.55% crystallinity in unidirectional reinforced tapes subject to tem-
pering at 290°C for 17 hours [187]. Thus, the available increased in crystallinity was exhausted in this study.

Results from Audoit et al. and Schiel et al. also show that the overall processing time can be significantly

120



Base Laminate N
- = A Y
........ A2 p 1\
—_————A3 Endo 0.01Wx g i -\ .
L AN 1
o e -
T Y AC
§ T2 |I l' ’4,:,’ m1
T / - | T
T e S, .'ﬁ P s
ﬁ ,,,,, u
S 1N/
© /
g ; -—— T === I/ S~ ~ ]
=z ~ o 1 S~
\‘/K
100 150 200 250 300 350 400

Temperature (DC)

Figure 7.9: DSC curves for weld zones subject to each annealing condition.

Table 7.3: Summary of Average DSC Results

camedl L0 L0 X ()
Base 314.46+0.43 n/a 21.39+£5.07
Al 315.694+2.62 168.79+4.48 14.09+2.89
A2 316.78+1.24  238.85+9.41 16.04+2.65
A3 319.69+3.51 276.5% 27.91+£0.40

* indicates measurable in one specimen.

reduced. Therefore, future study requires implementing effects of high temperature heat treatment for less
duration to improve the overall manufacturing efficiency.

Lack of information on LMPAEK’s degradation behavior required assumptions based on those observed
in PEEK to estimate the CF content. It appears from the conclusions in Audoit et al. that making such as-
sumptions about LMPAEK’s degradation behavior are justified. Calculating the crystallinity fraction can vary
depending on observation method. DSC tends to overestimate crystallinity [201]. Non-isothermal conditions
during DSC allows the material to continue annealing while taking measurements. The DSC heating rate has
a large influence on the degree to which further crystallization occurs [202]. The non-isothermal nature of
DSC runs may overestimate crystallinity in A1 and A2 specimens. This possibility is not of concern for the

purposes of this work, as clear imrovements arise from the A3 condition.

7.3.3 X-ray Diffraction
Figure 7.10 shows the resulting normalized XRD curves for each annealing condition. Peaks at approximately
25° and 43° indicate the (002) and (101) planes of T300 CF [196]. Since the temperatures experienced during

the annealing process are too low to alter the CF’s structure, the curves in figure 7.10 are normalized to the
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intensity of the (002) peak.
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Figure 7.10: XRD Curves

A peak at approximately 45° appears in the weld zones, but not the base material. An XRD peek at
44.6° corresponds to iron according to the Crystallography Open Database CODID 1100108, which indicates
deposited material in the weld zone due to tool wear. Powder from these regions also reveal small particles
exclusive to the weld zone with magnetic properties.

Four peaks at approximately 19°, 21°, 23°, and 28° correspond to the polymer matrix. These peaks
match nearly perfectly to those found from PEEK XRD curves with an orthorhombic structure, indicative of
the (110), (111), (200), and (211) crystal planes [201]. The XRD curves were deconstructed into individual
diffraction peaks using LIPRAS. Figure 7.11 shows fitted curves corresponding to each crystalline peak
in the A3 weld zone. Figure 7.12 plots the intensity of each peak. The CF peak intensity is consistent
across each annealing condition, indicating that normalizing the XRD curves around the CF curve is adequate
and confirming that the welding and heat treating processes do not change the CF’s crystalline structure.
The intensity corresponding the (110) crystal plane increases from the base material with each annealing
condition. The A3 condition provides the only noticable contribution to the (200) crystal plane. The increased
intensity of these crystal planes may indicated more preferred orientation in a transcrystalline layer near the
fiber/matrix interface [203].

FSW shifts all of corresponding polymer peaks to the right by an average of 0.30° compared to the base
material with no significant alteration to the CF peak measured at 20 = 25.8°. Incorporation of fibers does
not change the crystal form of PEEK [26, 204]. Therefore, shifts exclusive to the polymer peaks in welded
specimens compared to the non-welded base material indicates that FSW slightly increases the unit cell

spacing, resulting in a reduction in crystal packing.
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Figure 7.11: Deconstructed A3 XRD curve using Pseudo-Voigt fits for each diffraction peak.

Figure 7.13 reports the crystallite size for each peak under each annealing condition, calculated using
equation 7.1. The A3 condition slightly increases the (110) and (200) crystal sizes. FSW reduces the (211)
crystal size in all annealing conditions. The XRD curves suggest that FSW and post-weld annealing provide
change to LMPAEK’’s crystal structure. More notably though, is that the XRD curves confirm the structural

similarity between LMPAEK and PEEK.
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Figure 7.13: Crystallite size calculated by the
Scherrer Formula

7.3.4 Mechanical Properties

All specimens subjected to single lap shear testing in a load frame fractured via tensile fracture in the top
sheet weld zone. Fracture occurred along the weld zone/base material boundary interface in all specimens
regardless of annealing condition. The fracture location in single lap shear specimens closely resembles that
of those observed in previous work [179]. Figure 7.14 illustrates the fracture location in each annealing

condition.
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e) Weld Zone

Bottom Sheet Fracture Top Sheet

Figure 7.14: Fracture location of single lap shear specimens. a) Al b) A2 ¢) A3 e) Cross view of typical
fracture specimen.

Identical welding parameters were used in all welded joints as previous study with an identical tool [179].
The only exception to these remarks is that in this current study the tool pins were fabricated from O3 tool
steel and hardened, while the aforementioned study utilized non-hardened tool pins. Average weld strengths
in non-annealed specimens were lower than comparable welds from the previous study with no obvious
justification [179]. The discrepancy in non-annealed weld strength between each study may be caused by
highly sensitive shoulder engagement resulting from manual tool tilt angle on the milling machine head.
Shoulder contact during welding of thin materials with shallow tool plunges exacerbates manual tool tilt
error. However, the mechanical results in this study do indicate influence of post-weld annealing on FSW
joint strength in composites. Table 7.4 lists the average tensile strengths and relative toughness measured for
each annealing condition. The relative toughness was calculated using the area under the curve of stress vs
crosshead displacement plots. The true toughness is not reported since a device to measure true strain was not
available at the time of mechanical testing. For comparative purposes, the relative toughness using crosshead
displacement is sufficient. Similarly, relative modulus was calculated from the slope of the linear regime of
the stress vs displacement plots.

A3 welds present a noticeable increase in both UTS and relative toughness compared to Al and A2
welds. Table 7.5 lists strength relationships between each annealing condition. A2 does not have a statistically
significant improvement in UTS or relative toughness over Al at a 95% confidence interval (p < 0.05). A3 on
the otherhand, does have statistically significant improvement in both UTS and relative toughness over both
Al and A2 with up to a 30% increase in average UTS. Relative tensile modulus conditions Al, A2, and A3
were 126.5 MPa/mm, 132.1 MPa/mm, and 135.1 MPa/mm, respectively. Though a positive correlation exists

between annealing temperature and tensile modulus, variance in modulus prohibits statistical significance.
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Table 7.4: Weld mechanical performance

Anneal Avg. Relative
o (MPa) o (MPa - mm)
Condition UTS (MPa) Toughness (MPa - mm)
Al 46.36 9.06 20.24 14.60
A2 48.18 3.49 21.80 10.51
A3 60.64 7.53 38.64 17.16

Table 7.5: Comparison of mechanical performance between annealing conditions.

Comparison % Increase p-value Statistical
Significance
UTS
Al & A2 4% 0.800 No
Al & A3 26% 0.024 Yes
A2 & A3 30% 0.040 Yes
Toughness
Al & A2 8% 0.389 No
Al & A3 91% 0.019 Yes
A2 & A3 77% 0.011 Yes

To further validate the influence of post-weld annealing on UTS, a general linear model with analysis
of variance (ANOVA) was used to check for overall statistical significance. The model also incorporated
the influence of each tool pin as switching tool pins throughout the experiments may incorporate sources of
variation through minuscule deviations in setup and pin dimension. The ANOVA model indicates statistically
significant contribution of both the annealing condition (p = 0.002) and pin selection (p = 0.000). Figure
7.15 plots the mean effects of both the annealing condition and pin used on UTS. Welding runs using pin 4
had drastically reduced mechanical performance. Table 7.6 reports that welds subject to pin 4 had a lower
thickness reduction from the base material than pines 1,2, and 3. Pin 4 welds were performed separately from
the initial experiment to increase the number of replicates and required resetting the tool tilt angle, which
only has 0.5° precision. Thus, very small deviations in the tool tilt can have large effects on the shoulder
depth, which produced pronounced effects when welding thin materials. The results highlight the paramount
importance of tooling setup since each pin was fabricated to the same specifications. However, pin 4 welds

still have the same relationship between the annealing condition and UTS.
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Table 7.6: Weld zone thickness reduction from base material for each pin selection.

Pin 1 2 3 4

Thickness
0.126 0.124 0.144 0.086

Reduction (mm)

Annealing Condition Pin Selection
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Figure 7.15: Average annealing and tool pin effects on UTS.

7.3.5 Future Work
Though improvements were observed in FSW joints from post-weld annealing, improvements must be made
in future work to adapt FSW to CFRTP welding and make it a useful and competitive joining process. The
continuation of porosity in this study’s friction stir welded joints indicates that defect mitigation must occur
during the welding process. Other researchers have demonstrated techniques utilizing preheating [67], in-
situ heating [72], and heated stationary shoulders [12, 57] can significantly reduce void formation. Void
formation not only occurs in composite FSW, but presents issue in many composite manufacturing processes
[205]. Research shows that air void content in composites can be reduced by applying pressure [183]. This
modification to the FSW process with applied pressure to the weld zone may help reduce porosity.

Another downfall to FSW for CFRTP is its slow joining times. It was theorized that void mitigation by
annealing would allow for faster welding speeds. The results do not justify this hypothesis, but the aforemen-

tioned modifications to the FSW process may allow faster welding speeds of CFRTP.

7.4 Conclusion

This study explores the effect of post-weld annealing on lapped woven carbon fiber reinforced thermoplastic
(CFRTP) joined by friction stir welding (FSW). The variable condition includes non-annealed welds, welds
annealed at a 200°C low temperarure condition, and welds annealed at a 280°C high temperature condition.

This work satisfies goals of advancing three key areas including the understanding of low-melt polyarylether-
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ketone (LMPAEK), annealing effects on welded carbon fiber reinforced thermoplastic, and feasibility and
identifying necessary aspects to improve when using FSW to join thermoplastics reinforced with continuous
carbon fibers.

Annealing LMPAEK just below its melting temperature increases the mechanical performance of friction
stir welded joints with up to a 30% improvement in lap shear strength and 91% increase in toughness over
non-annealed joints. Improvements in mechanical performance result from increases in the polymer matrix
crystalline content. Joints subject to high temperature annealing yielded a 27.91% crystalline content, which
is among the maximum achieved for LMPAEK in other studies. Response to thermal treatment and crys-
talline structure also provide additional evidence of LMPAEK’s similar structure to PEEK despite its slight
molecular modifications. Post-weld annealing fails to reduce porosity in the welded joints, which limits the
potential of FSW joint performance in CFRTP’s with continuous reinforcement. However, this works shows
clear influence to LMPAEK’s structure and performance due to post-weld processing, which can be applied

to other processing methods including competing welding methods, molding, and composite tape layup.
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CHAPTER 8

Conclusion

The culmination of research in this dissertation satisfies the mission to advance the field of friction stir weld-
ing in the realm of polymers and polymer composites. This work does not focus solely on one intended
application for polymer joining. Rather, various research projects consider neat polymers and polymer com-
posites with applications for a variety of vehicles, infrastructure, as well as general polymer structures. Many
of the principles discussed in each chapter has a high relation with each other, especially regarding funda-
mental polymer welding principles.

Successful adaptation of FSW for thermoplastic materials requires acknowledging the differences in the
fundamental structure between polymers and metals to allow for adequate adjustments to the traditional FSW
welding configurations and processing parameters. Each study adapted unique tooling and fixtures to ac-
commodate the different materials and weld geometries. Both conventional FSW tools and heated stationary
shoulder tools were used throughout this dissertation.

Study of the tool thread pitch in conjunction with other welding parameters identified relationships that
typically receive little attention in polymer FSW research. This work contributes to the field’s knowledge of
complex relationships between welding parameters and tooling and their effective response on joint quality
and machine requirements. Ultimately, the results highlight the importance of slow welding speeds during
polymer FSW to promote diffusion of polymer across the joint.

Joining of PVC pipe couplings introduces a unique application for FSW in a new sector. Most notably,
identifying the feasibility for FSW as a portable joining process of polymers increases its use cases, since
most currently employed FSW applications requires the use of large and heavy equipment. High performance
of FSW joints under hydraulic pressure also shows that it is a competitive joining process to existing pipe
joining technology.

The development of top plate FSP for forming metal/polymer composites placed an emphasis on effi-
ciently forming surface composites over a wide area of a polymer substrate. Further classification of im-
proved electrical and thermal conductivity over the base polymer in the processed region shows that filler
materials can be selectively integrated into surfaces to form multi-functional structures.

FSW of woven CFRTP laminate demonstrates a highly relevant application for increasingly common
materials in aerospace industries. This work shows promising results for joint performance and highlights
the benefits of little required material preparation for overall manufacturing efficiency. Follow-up research

performing post-weld annealing reveals improved material characteristics for welds subjected to relatively

129



fast processing times. Semi-crystalline thermoplastic joint performance in general often does not reach its
potential due to rapid cooling during fast joint processing. Thus, heat treating focused research applies to all
thermoplastic composite welding methods. Additionally, this CFRTP research further improves the knowl-

edge of processibility for LMPAEK which is essential for its continued adoption in aerospace industries.

Future Work

Though this work gives a variety of contributions to the field of polymeric FSW, there are several areas
in which future considerations can further mature the field. Adoption of FSW in polymer industry requires
continued research to make FSW a viable and competitive process for joining thermoplastics and composites.

Perhaps the biggest learned lesson from the work in Chapter 3 is the requirement for slow welding speeds
when joining thermoplastics with current FSW methods due to physical constraints of thermoplastics. Slow
welding speeds serve as a disadvantage for FSW, as other select thermoplastic welding methods can weld at
speeds an order of magnitude faster. Thus, improving welding speeds should be of high priority for future
research, and may be accomplished with advancements to assisted heating methods.

FSW of PVC pipe joints will benefit from experimentation with variable pipe diameters and implementa-
tion of other coupled attachments, such as elbows and tee junctions. Pressure testing of welded pipe sections
at various internal fluid temperatures will improve the understanding of FSW joint performance in compar-
ison to current solvent welded joints in extreme conditions. Finally, this work promotes a portable use case
for FSW, which should be demonstrated with the development of a portable device.

Further development of top plate FSP will benefit from a focus on further refining the deposited metal
particle size for improved mechanical properties. Additionally, successful demonstrations of top plate FSP
on curved surfaces will make FSP more applicable to composite formation on complex surfaces.

Novel woven CFRTP joint fabrication by FSW unlocks endless avenues of future research. Experiments
with other fiber layup forms will increase FSW’s accessibility to more primary and secondary aerospace
structures. Further refinement of the process to address physical defects will further promote the application
of FSW for joining composites subject to demanding performance requirements. Continued adoption of
CFRTP in aerospace industries requires the capability to manufacture and join higher volumes of composites,
which further necessitates the need to improve processing times. Post-weld heat treating may also show
enhanced benefits from friction stir welded joints consisting of fewer defects welded under faster speeds.
Eliminating porous defects in friction stir welded joints will reduce the dominating strength reduction so that

the benefits of post-weld annealing induced crystallinity and polymer interdiffusion can be fully realized.
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Appendix A

Formation of Encapsulated Joint via Friction Stir Extrusion

The following work considers manufacturing processes involving friction stir extrusion. It does not utilize
polymer joints and therefore does not follow the scope of the other chapters. Therefore, this work is

included as a section in the appendix. This work was previously published in Manufacturing Letters as:

L. T. Wilkins, Eric. L. Zhang, A.M. Strauss, Formation of Encapsulated Joint via Friction Stir Extrusion.

Manufacturing Letters. April 2022; 32:(73-76).

Abstract

There is a need for simple and reliable pyrotechnic devices for spacecraft component release. In this
work, a pyrotechnic joint was formed between lapped aluminum plates, with the lower plate having a partially
thermite-filled cylindrical channel axially parallel to the tool path. Using friction stir extrusion (FSE), material
from the top plate flowed into the channel and formed a mechanical interlock, encasing the thermite inside.
Joints with various channel radii were prepared and ignited. Successful thermite reaction propagation was
observed. Once this technology matures, FSE pyrotechnic joints may be an alternative to current pyrotechnic
release mechanisms utilizing no moving parts.

A.1 Introduction

Pyrotechnic devices in spacecraft are mechanisms actuated using highly energetic materials. Such devices
come in many forms and are used for functions including vehicle stage separation, vehicle destruction, fuel
shut off, releasing instrumentation covers, equipment deployment, and aircraft escape systems for pilots
[206, 207, 208]. They include pin pullers, explosive bolts, and cable cutters/guillotines [206, 208]. One chal-
lenge with many of these devices are that they are single use, which means that they cannot be tested prior to
a mission without destruction. Lot acceptance testing (LAT) detonates a small subset out of a large quantity
to calculate the probability of device failure [207]. LAT does not guarantee success of a working unit and is
costly since many devices consisting of complex parts are sacrificed. Explosions from pyrotechnic devices
can also send shocks through a vessel, where attenuation can be harmful to electronics and other compo-
nents on board [209]. Thermite, a composition typically consisting of aluminum and a metal-oxide, creates
extremely high temperatures through an oxidation-reduction reaction [210]. Heats of reaction can range be-
tween 2-4kJ/mol depending on composition with temperatures exceeding 3000 K [211]. Heat generated and

reaction rates are tunable by material composition, and thermite architectures have been shown to be reliable
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heat sources [210, 211, 212]. Thermites possess potential to serve as the reactive material in pyrotechnic
devices due to their low shock characteristics, production of few gas products, and sufficient enthalpy values
to self-sustain combustion necessary for device attenuation [213]. This work explores a new joint type assem-
bled by friction stir extrusion (FSE), where thermite embedded between two joined plates shows potential as
a mechanism for a pyrotechnic metal joint separator. This joint separator consists of no moving parts and is
integral to the joint structure, adding simplicity over other pyrotechnic forms. FSE, described in Evans et.
al, uses the principles of friction stir welding (FSW) to soften a top plate via the friction of a rotating tool,
forcing material from the top plate into a premachined geometry below it [214]. The nature of extrusion also
allows for dissimilar material joining, including aluminum to graphite [215], aluminum to steel [216, 217],
dissimilar aluminum alloys [218], and aluminum to copper via dieless friction stir extrusion-brazing (DFSE-
B) [219]. The simplicity of this pyrotechnic device coupled with thermite’s tunability and reliability offers

great potential to serve as a vehicle stage or device separator.

A.2 Materials and Methods
A.2.1 Sample Preparation
A 25 mm thick block of aluminum was prepared with drilled holes longitudinally placed 2mm below the
surface. The hole diameters were 6.35 mm, 9.53 mm, and 13.72 mm and were approximately 50mm deep.
Each hole size will be referred to as size 1, 2, and 3, respectively. A thermite paste was formed consist-
ing of 30 micron iron oxide (Fe;03), 30 micron aluminum powder (Al), and calcium sulfate hemi-hydrate
(CayS0y - %H20) in a 3:2:2 ratio. The iron oxide and aluminum powders were supplied by Alpha Chemicals.
Commonly known as Plaster of Paris, Ca;SO; - %H20 acts both as a fuel, influencing reaction speed and
temperature, and a binder that forms a paste when mixed with water.

Thermite paste was loaded and packed into the drilled holes using an arbor press. Relief holes in the top
of the block allowed air and excess water to escape. Once the paste cured overnight, 3.18mm wide notches

were milled along the length of the holes to create a channel, shown in figure A.1.

A.2.2 Extrusion

A 6.35 mm thick AA6061 plate was clamped on top of the aluminum block. The FSE process was performed
using a modified milling machine with a tool consisting of a 25.4 mm diameter scrolled parabolic shoulder
and a 6.35 mm diameter by 5 mm long left-hand threaded pin. The tool rotated clockwise to facilitate
downward material flow. The tool parameters included a 1500 RPM rotation speed, 75 mm/min traverse
speed, 5.71 mm plunge depth, and 1.5° tool tilt angle. The tool plunged into the top plate and traversed

centered above the length of the channel, shown in figure A.2.
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Figure A.1: Schematic of thermite packing process. Left: Thermite paste is packed in each channel. Air and
water can escape from the relief holes. Right: Milled grooves following paste curing.

Figure A.2: Left: Diagram of FSE process. The extruded material from the top plate interlocks with the
groove on the bottom channel. Right: Top view of completed FSE runs for each channel size.

A.2.3 Ignition
Each joined section was oriented vertically in the vented enclosure. A small mound of excess cured thermite

paste was placed on top of each hole with magnesium ribbon. A torch lit the magnesium to start the reaction.

A.3 Results and Discussion
A.3.1 Pre-ignition
FSE successfully formed sound joints over all three channel sizes via mechanical interlock between the top
plate and the channel groove. The cured thermite remained packed inside of the channels and did not displace
during extrusion. The plunge location was located along each channel approximately 6 mm from the channel
inlet.

Figure A.3 shows cross sections of the extrusion specimens prior to ignition. These cross sections are lo-

cated past the tool plunge zone. The top row provides a macroscopic view of the extrusion zone. Deformation
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around the channel forms a funnel-like extrusion with a tightly matching interface between the block and top
plate. A fine line along this interface signifies that the joint is primarily made via interlock. The bottom of
each extrusion has a slight bulge that provides a hooking effect with the slightly collapsed channel preventing
pullout. The neck of each extrusion size measures approximately 2.85mm in width, suggesting the channel
sizes in this study have little effect on the extrusion geometry due to adequate support from the thermite. The
bottom row in figure A.3 shows further interlock at the microscopic scale. The micrographs do not portray

superior microscopic interlocking on the advancing side compared to the retreating side (not shown).

Extruded
Material

Figure A.3: Cross sections of thermite extrusions. The top row shows a macroscopic view. The bottom row
shows the extrusion interface along the advancing side magnified under an optical microscope. The 3 mm
and 1 mm scale bars refer to the macroscopic and microscopic images, respectively.

A.3.2 Post-ignition

The thermite reaction propagated only to the tool plunge location in channel 1, while propagating entirely
through channels 2 and 3 for approximately 20 seconds between ignition and completion. Flames protruded
from the channel inlet, and grew up to approximately 100 mm in length for channel 2 and 200 mm in length for
channel 3. The thermite reactions did not alter the integrity of the extrusions that would allow for aluminum
plate separation. Figure A.4 shows the channels after sliding the top plates with an arbor press. The separated
extrusion coupons revealed that the most material was extruded at the location of tool plunge, which is a
result of initial material displacement by the pin. This displacement forms a deep bulge in the extrusion,

effectively reducing the channel cross section. The energy transport in a thermite reaction relies on advection
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Figure A.4: Channels after removing the extruded top plate. Channel 1 (left) shows unburned thermite
beyond the plunge location. Channels 2 and 3 (middle and right) show large deformation in the aluminum
block under the plunge location and complete reaction of the thermite. The extrusion process begins at the
plunge location and ends at tool retraction.

from transport of hot molten reactant products [220]. Thus, the cross section size at this scale affects the
number of particles available to assist in the reaction. For channel 1, the reduction in cross section exceeded
the minimum cross section threshold, prohibiting the reaction to pass through. The remaining thermite in
channel 1 does not appear to have further compaction from the extrusion process. Thus, the thermite located
under the plunge was likely displaced towards the channel inlet during extrusion. Channels 2 and 3 have
large deformation in the channel groove under the plunge location. The extrusion groove is much more easily
deformed for the larger channels since the walls under the load bearing area become thinner with larger radii
channels. The groove deformation in channels 2 and 3 results in lower tool z-force measurements, since
the widening of the groove allows for greater displacement of material around the tool pin. Additionally, a
smaller mass of aluminum surrounding the channel has less heat capacity to cool the extruded plate.

Though joint separation was not achieved, this work demonstrated a self-propagating thermite reaction
where the reactants were integrated into an extruded joint. The FSE process is beneficial due to its versatility
and capability to join both similar and dissimilar alloys [214]. Its low joining temperatures combined with
thermite’s high ignition temperatures makes this a safe process and eliminates the possibility for preignition.
Future work will require optimization of joining material dimensions to reduce joint weight and heat loss that
prevents material from melting. Following steps to mature FSE pyrotechnic joints will focus on the separation

functions to make them an attractive choice in spacecraft applications. Joint strength and further analysis of
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the extrusion interaction will also be explored. Adding electronic ignitors, such as the nichrome wire used in
Densmore et. al [221], will provide more consistent ignitions across test samples and allow for study of the

pyrotechnic performance in more orientations.

A4 Conclusion

An encapsulated pyrotechnic joint was created using FSE to form a mechanical interlock between an alu-
minum plate and a thermite filled channel in an aluminum block. Tests showed that a sound joint is possible
when extruding into a hollowed cavity partially filled with a packed substance. The size of the thermite filled
channel affects the extrusion forces as well as the joint integrity. Additionally, the channel size affects the
energy output of the pyrotechnic and its ability to ignite and self-sustain. Enabling the separation functions of
this new technology requires further material geometry optimization. Following extensive study, pyrotechnic
joints formed by FSE will be extremely versatile due to the ability to encompass dissimilar materials. The

pyrotechnic materials in the joints are extremely stable, making the joining process safe and efficient.
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