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SHORT DESCRIPTION OF RESEARCH AGENDA: This research explores and evaluates friction
surfacing as a solid-state metal additive process for building 3D structures and repairing damaged

parts. In other words, depositing metal without the need to melt

RESEARCH GOALS: Following are the general goals that were aimed for completion in close
coordination with TU Wien colleagues through this research visit.

Goal 1: Use knowledge gained from 2021 experiments to achieve uniform multilayer friction

surfaced coatings using stainless steel 304L. _

From the data collected in the previous experiments, a new set of experiments were designed with a

variety of materials to gain more insights into the role of processing parameters on the deposition

quality and properties. The methodology developed and results have been presented in section A.1

Goal 2: Perform mechanical characterization and microstructural examination of deposited coatings.

Tensile tests and chemical etching was performed for friction surfaced coatings at TU Wien, and the

results are presented in section A.1.

Goal 3: Explore friction surfacing for repairing regions of damaged structures. [GOupiete)

Several demonstrations were performed at IFT, TU Wien partnering with industrial collaborators to
spark further discussion for the potential use of the technology as a repair method. The discussions

were positive, and future collaborations will continue to explore the application more.



A.1 Dimensionless numbers for predicting process parameter boundaries in friction
surfacing

Abstract

This study presents two dimensionless numbers for parameter selection to achieve consolidated
bonding during the friction surfacing process. The dimensionless numbers are formulated using the
input process parameters, viz., spindle speed, rod diameter, traverse and axial feed rates, and the
thermal properties of the consumable rod material. Friction surfacing was performed using
aluminum 6060 alloys on the substrate of the same material. The heat flux and axial pressure are
plotted against the dimensionless numbers, and regimens of processing conditions that produce
sound bonding conditions are identified. The dimensionless numbers are verified for friction

surfacing performed with a 304L stainless steel rod and substrate.

A.1.1 Introduction

Friction surfacing (FS) is an emerging solid-state deposition process belonging to the family of 'third-
body region' based manufacturing processes such as friction stir welding, friction welding, etc. Figure
1 shows the schematic illustration of FS. During friction surfacing, a rotating consumable rod is
pressed against a stationary substrate under an applied axial load. The friction contact leads to the
generation of a viscoplastic boundary between the rod and the substrate that plastically deforms the
rod. The plastically deformed consumable rod is traversed over a substrate to provide a dense
uniform coating. Figure 1b shows the thermomechanical events occurring during FS. As the
unconstrained rotating rod is traversed across the substrate, material at the frictional interface either
becomes a flash or will roll onto the substrate [1].

During FS, the consumable rod’s rotation speed, traverse feed rate, axial force or axial feed rate,
consumable rod diameter, and tilt angle are the major processing parameters affecting the physics
and, therefore, the properties of the deposit. The effect of these individual parameters on the
deposition morphology, efficiency, mechanical properties, and microstructure has been discussed by
Gandra et al. [2]. The correct selection of these parameters becomes crucial from the performance
standpoint. Vitanov et al. [3] used surface response methodology to identify relationships between
input variables and process signatures, such as strength and torque. The authors reported trends for
a select combination of parameters on the performance of the coating. Voutchkov et al. [4] used
artificial intelligence to train mathematical models with the coating appearance, temperature,
process forces, and bond strength. They used a ‘neural network’ based model to predict the
performance of the deposits for a select combination of process parameters. The literature consists

of numerous publications discussing the optimum processing windows for FS of various materials
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experiment. The bonding capabilities of individual coatings were qualitatively analyzed by a peel-off
testing method. The coatings were impacted laterally near the interface by a chisel that was hit with
a hammer. If the coating peeled off, it was labeled as "unacceptable’, and all others were labeled
'acceptable.’ For selected experimental conditions, the bonding strength of the coatings was
quantified in terms of the tensile properties. Room temperature tensile tests were performed on a
universal testing machine (MTS®, Sintech, USA) load frame with a 50 kN load cell and 2.20 mV/V
sensitivity per the ASTM E8 standard. Tests were carried out at a constant crosshead rate of 5
mm/min (strain rate of 0.1 s'1), and data were collected at 10 Hz. The methods were validated on a
different material using stainless steel 304L consumable rods and substrate at UW-Madison, using a

similar 3-axis CNC milling machine (HAAS TM-1). The experimental parameters are listed in Table 1.

Table 1. Friction surfacing parameters used in this study

Aluminum 6060 Stainless steel 304L
Spindle speed, N 4,000 - 7,000 RPM 1,500-20,000 RPM
Consumable rod diameter, (2r) 10,12, and 15 mm 4.76,9.5,12.75 mm
Lateral traverse feed rate, {Vx) 800-2,000 mm/min  90-150 mm/ min

Axial feed rate, (V) 440-1,100 mm/min  50-85 mm/min
Feed ratio, Vz/Vyx 0.55 0.55

Initial plunge 1 mm 1 mm

Initial plunge rate 20 mm/min 20 mm/min
Dwell at the end of the plunge 0.25 seconds 0.25 seconds

A.1.3 Dimensionless numbers

Throughout the literature, obtaining the right set of process parameters for any application, rod
material, and machine specifications is still not consolidated. In this study, two dimensionless
numbers based on the input parameters (spindle speed, traverse speeds), material properties, and
rod diameter have been used. These dimensionless numbers were created using the Buckingham-Pi

theorem. The relevant physical properties of the friction surfacing process are listed in table 2.

Table 2: Physical properties used in this study for dimensional analyses

Physical quantity Unit Dimension [ML T 6]
Geometric variable = Consumable rod radius (r) mm [0100]

Spindle speed (N) Rad/s [00-10]
Process variables Traverse feed rate (Vx) mm/min  [01-10]

Initial temperature (To) K [0001]

Melting point (Tm) K [0001]

Thermal conductivity (k) W/m-s [11-3-1]
Material properties  Specific heat capacity (c) J/kg-K [02-2-1]

Density (p) kg/m3 [1-300]

Yield strength (oy) MPa [1-1-20]




This dimensionless number 7, can be modified as:
—_ Tm=Tp
6= (g

Using these previously presented numbers two numbers were created, the first dimensionless
number is created by combining 7,, 73, T4, and 6.

7374 __ P Cp Vi (T —To)
72,0 kNt,

(7

Some additional transformations in this equation:

Thermal diffusivity, a = i (8)

Using equation (5),

N
=" ©)
Thus, using equations (8) and (9):
N 2
m=— (10)

The second dimensionless number is also created using 7, T3, and 4.

T34 __ PCp Vi

Using equation (5),
N=-% (12)

Using equation (8), (11) and (12):

Ver
Ty = p

= Pe (Peclet number) (13)

The first number (n1) is calculated using the spindle speed (N, rad/s), consumable rod radius (r, m),
thermal diffusivity of rod material (o, m2/s), and dimensionless temperature of the rod (6), calculated
using the rod’s solidus (Tm) and initial (T,) temperature. The numerator can also be represented as
the product of tangential velocity (V, = N r) and radius of the rod (r); thus, the numerator can now
be seen as the moment of strain rate. Since the outer periphery of the rod has the highest strain rate,

it will have the highest strain energy. Strain energy translates to the plastic work done during the
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A.1.4 Results

A.1.4.1 Deposition morphology and bond characterization

Figure 2 (a-b) shows the coating and consumable rod from friction surfacing experiments performed.
All depositions show similarities in deposition appearance and the mushrooming flash on the
consumable rods. A typical cross-sectional appearance of FSed coating is shown in Figure 2c. These
cross-sections are consistent for all specimens throughout the study. For each coating cross-section,
the total width and thickness of the coating were measured. The diameter of the cylindrical flash
around the tool was also measured. The deposition morphology measured axial force and bonding
characteristics for all experiments have been summarized in Appendix. The bond quality for FSed
coatings was characterized using peel-off tests. The coatings were classified as acceptable or
unacceptable based on the results after the peel-off tests. Figure 3 (a-b) shows unacceptable and

acceptable FSed coatings from the peel-off tests.

Figure 2. (a) FS coating, {b) consumable rod, and (c) cross-sectional

view of the coating

Figure 3. Results from peel-off test (a) acceptable bond and (b) unacceptable bond

A.1.4.2 Mapping of dimensionless numbers on process physics

The normalized pressure calculated across all experiments from the recorded force has been plotted
against the two dimensionless numbers in Figure 5. Using the pressure values, an extrapolated
pressure contour field has been drawn to highlight the regions with various ranges of normalized
pressure. Each experiment has been represented by markers for an acceptable or unacceptable bond,
determined by the peel-off tests. For successful diffusion bonding during friction surfacing, the
processing conditions should generate sufficient pressure and heat. From the pressure field, it can be

directly observed that a higher pressure can be correlated with improved bonding. Based on the
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Figure 5. Variation of normalized pressure with dimensionless numbers

A.1.4.3 Heat flux variation

Several analytical equations and expressions have been used in this study to understand the
dynamics of the friction surfacing process and calculate the heat flux.

A.2.1 Tangential velocity

To understand the interaction of rod diameter and rotation speed, the tangential velocity (V,) inm/s
of the outer surface of the rod (Fig. 6a) is calculated.

V,=Nr (14)

Where, Nis the rotation speed of the rod in rad/s, and 7, is the radius of the rod. Through the various
combinations of rod diameter and rotation speed, a well-distributed dataset of V; (1.5 m/s - 5 m/s).

A.2.2 Radius of contact

The term 'radius of contact’ or 'real rotational contact area’ was first introduced by Fukakusa et al.
The authors postulated that only the central part of the rod gets deposited into the coating, hence is
in contact with the coating, and the periphery of the rod rolls out as a flash. The radius of this central
region getting deposited, i.e., the radius of contact, r, can be calculated using a mass balance based
on the deposition geometry and process parameters (Figure 6).

Wy
T, = f—t;_"vz (15)

where, 7, represents the radius of contact, t is the thickness of the coating, w is the width of the
coating, V is the traverse feed rate and V; is the axial feed rate.
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For this study, the focus is on understanding the relative impact of processing conditions on bonding
characteristics and, therefore, the maximum heat flux at (r = ;) is calculated. Secondly, since we
want to focus on the steady-state deposition phase during friction surfacing, 80% of the solidus
temperature of the rod is assumed during deposition (T = 0.8 T;,;). This assumption is validated
within the literature. Thus, the final expression for maximum heat flux, q;_max is as follows:

Gimax =22 (24 24+ %) (222) (21)

T re 1% 12

Figure 7 shows the variation in heat flux with the dimensionless numbers.
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Figure 7. Variation of heat flux with dimensionless numbers

A.1.4.3 Practical applications of the methodology

The pressure variation provides a guide to users for the selection of appropriate parameters to
achieve sound friction surfacing deposits. Currently, the initial parameter matrix for friction
surfacing is chosen based on a literature survey or hit and trial bases. The dimensionless numbers
provided in this study can allow users to select starting parameters. For example, based on the
application, the user has the alloy properties (2, 6, and g,,). Based on the application or final product
requirement, the appropriate rod size (r) is selected. Using these parameters, the user can select the
appropriate m; and 7, values. The pressure field in the plots is also helpful for knowing if the
equipment can successfully take the axial loads during the process. The plot not just helps in the
selection of the appropriate parameter but also provides a guide to adjust the parameters if the

coatings are not acceptable (Region ‘II-IV’).
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A.1.5 Conclusions

This study presents a novel approach to finding processing regimes during friction surfacing. Two
dimensionless numbers consisting of the processing parameters and thermomechanical properties
of the consumable rod are used to identify processing regions that produce deposits with strong
bonding. Through these dimensionless numbers and process maps, a new user will be able to select
appropriate processing parameters for a given application (resolution, material, and machinery). The
study also identifies possible unacceptable regimes during friction surfacing and provides insights

into adjusting the processing parameters for achieving acceptable deposits.
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to produce deposits with near-wrought properties. Additionally, solid-state additive processes
reduce the overall embodied energy to reuse machining chips. Agrawal et al. [6] successfully used
recycled Ti-6Al-4V in an additive friction stir deposition process. The deposited parts exhibited
tensile properties better than other additive processes. Researchers have also studied friction stir
extrusion to produce wires from machining chips [9], [10]. It was assessed that full density and high
mechanical properties products can be obtained from machined scraps of different light alloys.
Friction surfacing is one such friction-based solid-state process that can potentially use metal cutting
chips as a feedstock. It is a solid-state deposition process where a rotating consumable tool is pressed
against a substrate under an applied axial load. The frictional heat generated at the contact plastically
deforms the tool material, which is subsequently traversed over the substrate to produce a
deposition. The intense plastic straining of the material leads to dynamic recrystallization in the
deformed material, leading to depositions with superior mechanical and corrosion properties
compared to the fusion-based processes. A schematic of the process can be seen in Figure 1Error!
Reference source not found.. While friction surfacing is primarily used for coating surfaces to
improve their wear properties, it is also showing promising results as an additive manufacturing
process for repair / remanufacturing features on large metal parts. Karthik et al [11] deposited
multiple layers of aluminum matrix composite reinforced with consolidating titanium particles using
friction surfacing tools. Intermetallic bands were formed at the interface, which strongly affected the
ductility of the multilayer build. In a similar multilayer fashion, Gandra et al. [12] deposited
Aluminum-SiC depositions to create a functionally graded build. They employed several strategies
with respect to hole diameter, location, and the number of holes to fill SiC in friction surfacing tools.
They reported a 30% increase in surface hardness in depositions with reinforcement particles. In
this work, we propose the direct reuse of metal cutting chips as a feedstock for the friction surfacing
process.

The motivation of this research is to improve the understanding and implementation of circular
manufacturing to reduce energy consumption, reduce cost, and increase resource efficiency. To the
author’s knowledge, it is the first study to employ friction surfacing as a potential method of reusing
metal cutting chips. Friction surfaced depositions were deposited using stainless steel 304L
consumable tools embedded with 316L metal cutting chips. The deposition morphology, process

efficiency, and bonding strength of the depositions have been discussed.
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Table 1: Chemical composition

Element (Wt %) C Mn P S Si N Cr Ni Mo Cu Fe

Substrate (304L) 0.015 1.74 0.031 0.001 0.273 0.094 18.01 8.061 0.373 0467 Balance
Consumable tool (304L) 0.02 1.68 0.033 0.028 0.33 0.082  18.23 8.09 0.2 0.56 Balance
Metal cutting chips (316L) 0.018 1.44 0.012 0.028 0.53 0.068 16.6 10.6 2.24 0 Balance

Table 2: Process parameters used in this study

Tool outer diameter, Do 12.7 mm

Hole diameter, D; 0,4.76, 6.35, 7.14 mm
Spindle rotation speed, N 4000 rpm
Transverse feed rate, Vx 90,120 mm/min
Velocity ratio, V»/Vx 0.4

The axial feed rate (Vz) was appropriately chosen to keep a constant velocity ratio (Vz/Vx) of 0.4.
Table 2 summarizes the tool dimensions and process parameters for the friction surfacing process.
The workpieces were mounted atop a three-axis piezoelectric force dynamometer (Kistler model
9285), which measured the transient process forces. Friction surfacing deposits and tools were cross-
sectioned in the steady state region to analyze the process and properties of the deposit. Deposition
morphology, i.e., total width (W), bonded width (B) and thickness (T) were analyzed using a white
light optical metrology system (Alicona, InfiniteFocus® G4, Austria).

Lichtenegger-Bloech (LBI) etchant (100 mL distilled water; 20 gammonium hydrogen difluoride 0.5-
1 g potassium disulfite; heated to 37 °C) was used to add color to the images. Etched samples were
then imaged using the white light optical metrology system. The deposition efficiency of the process
was calculated using the measured total width (W) and thickness (T). The formula of deposition
efficiency (Npeposition) and bonded efficiency (ngonded) are given as equation (1) and (2). The formula
accounts for the density of the consolidated chips, which is approximated by the volume of the inner

blind hole and weight of the consolidated chips.

WTV,

Equation 1
ot (Eq )

Npeposition =
xf 2 2
—2 Pchips +Z(Do -D; )|V,

WTV,

B
X = (Equation 2)

NBonded = 2
nD; T 2 w
(Tlpchips+Z(Doz_Di ))Vz

Here, pchips is the relative density of the chips.

Room temperature tensile test were performed on a universal testing machine (MTS®, Sintech, USA)
load frame with a 50 kN load cell and 2.20 mV/V sensitivity in accordance with the ASTM E8 standard.
Tests were carried out at a constant crosshead rate of 5 mm/min (strain rate of 0.1 s). Acquired
stress-strain data was then used to analyze the Ultimate tensile strength (UTS), Yield strength (Y),

Fracture strength (F), and elongation (%) of the coated samples.
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There is more material deposited on the advancing side (rotation and travel movements are in the
same direction) of the deposition compared to the retreating side, as shown in Figure 2. Also, overall
friction surfaced depositions were observed to be leaning towards the advancing side, which is due
to the combined effect of rotation and travel speed on a plastically deformed layer not constrained
around the tool [add reference]. The surface of the depositions made with the chip-filled tool shows
a circular or elliptical pattern on the surface that is generally observed in friction surfacing

depositions.
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A.2.3.2 Process Forces

Figure 5 shows the comparison of the measured axial force for solid 304L, solid 316L, and tools filled
with 316L chips deposited using the same process parameters. The process is divided into two
phases, the pre-heating phase, where frictional heating dominates the process, and the consumable
tool is getting plastically deformed. Once the entire rod surface gets plastically deformed, the process
enters a steady-state plastic deformation phase. The pre-heating zone experiences the highest force
at the beginning, as the rotating tool is plunged into the cold substrate. This plunging force was found
to be reduced in the tool that is filled with chips. The steady-state forces are also reduced and show
reduced fluctuations for chip-filled tools, indicating smoother material flow or improved damping
during the process. Figure 5 b shows that axial force decreases with increasing inner hole diameter
i.e., a greater volume of metal cutting chips and thinner tool wall. It was also observed that coatings
produced with solid 316L tools with same set of process parameters did not produce uniform
consolidated deposition. Successful 316L deposition was achieved by reducing the transverse feed
rate. Lowered axial forces measured during the process support the observations made in the
morphology of the deposition. The increased thickness and reduced width with growing unbonded
regions of the depositions indicate insufficient forces develop at the tip of the rod with increasing the
hole diameter of consolidated chips. Hence, the axial feed rate needs adjustment with increasing hole

diameter in the chip consolidated rod to achieve improved performance.

Table 3: Coatings process variables

Process Parameters Deposit Morphology Efficiency Forces
Sample Tool inner Transverse  Total Width, Bonded Thickness, T  Deposition Bonded Average
Number hole Feed rate, w Width, B {mm) Efficiency Deposition Axial Force
diameter, D; Vx (mm) (mm) (%) Efficiency N)
(mm) {mm/min) (%)
1 0 90 13.0 10.0 0.8 22.6% 17.4% 6000
2 0 120 12.6 10.0 0.7 18.2% 14.4% 8500
3 4.76 90 8.3 5.8 1.0 17.6% 5.8% 3800
4 4.76 120 8.8 5.6 1.0 19.3% 12.1% 4800
5 6.35 90 8.8 5.8 1.3 23.4% 14.5% 2800
6 6.35 120 8.5 6.2 14 24.8% 12.5% 4000
7 7.14 90 8.6 4.2 1.4 24.4% 10% 2600
8 7.14 120 9.0 4.2 1.3 24.1% 11.4% 3800
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Figure 6: Tensile Properties of coated and uncoated substrate

A.2.3.4 Material flow

Figure 7 show cross-sectional images after etching the specimen with Lichtenegger-Bloech (LBI)
etchant. LBI etchant is used to highlight different phases in the stainless steel. The rate of etching in
different phases helps distinguish them from each other. The LBI etchant can also be used to
distinguish different grades of austenitic stainless steels owing to their varied corrosion resistance.
Stainless steel 316L is known for its higher corrosion properties compared to stainless steel 304L
due to the presence of molybdenum. Hence, between the two materials, 304L shows faster
discoloration in the etchant solution. For depositions with chip filled tool, higher discoloration of the
substrate compared to depositions indicate most regions of deposition consist of stainless steel 316L;
which means depositions are mostly comprised of metal cutting chips. In friction surfaced rods,
material flow if the machining chips can be observed. While in friction surfaced tools, discoloration
of the flash is observed which suggest the 304L from the shell of the rod roll up in the flash during
the process. Similar results were noted by Fukakusa [15], where material flow in the friction
surfacing process was studied by compressing filler rod in the hollow tool of different material. The
Rod with ©4.76 hole diameter (Figure 7) reveals that all the chips have moved down to the deposition
and a straight hole profile is still maintained, while the rod with ®7.16 hole diameter shows that
machining chips have also rolled out in the flash. This suggests that a hole diameter can be chosen
where all chips are reused in the depositions maintaining the uniform chemical composition without
losses through the flash. A detailed investigation will be performed in future work where material

flow during the process and microstructural evolution of the chips to depositions will be investigated.
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