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Abstract

Cutting force coefficients, workpiece dynamics, and uncut chip area all change as a
function of temperature during machining processes at elevated temperatures. In a
traditional milling process, these parameters are nearly constant. The bulk workpiece
temperature remains well below the working limit of the material, generally near
room temperature. However, workpiece temperatures in hybrid manufacturing, where
additive deposition precedes machining, are spatially and temporally variable. A
milling force model that does not incorporate temperature effects will generally
overestimate the cutting force and workpiece dynamic stiffness and underestimate the
chip area. Milling parameters that are stable at room temperature may be unstable

at higher temperatures, leading to unexpected chatter and poor part quality.

A cutting force dynamometer was designed, constructed, and tested to measure
cutting force during milling with the workpiece heated to a constant bulk temperature
of up to 500°C. The measured cutting forces were used to determine temperature
dependent cutting force coefficients. These coefficients and workpiece dynamics
were integrated into a time domain milling simulation to predict cutting force and
stability under elevated temperature conditions. The outcome is improved modeling

capabilities for hybrid manufacturing processes.

Keywords: cutting force, hybrid manufacturing, metrology, thermally assisted

machining
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Chapter 1
Introduction

Over the past four decades, the use of additive manufacturing (AM) has increased
exponentially as new technologies have been developed to improve part quality,
increase part complexity, and expand the selection of materials [1]. These advances
have facilitated a shift from AM being used primarily for rapid prototyping to a method
for final part production. The range of materials has expanded from thermoplastics
to fibers, concrete, thermoset plastics, living tissue, and nearly every weldable alloy.
According to a 2014 Wohlers Report, 29% of parts built on AM systems are used as
functional parts. In 2019 they reported the metal material segment of the 3D printing
industry had grown at 40% annually from 2014-2018, indicating an increasing use of
AM for production applications [2]. Porsche, Sandvik, and Boeing have developed
printed pistons, face mills, helicopter main rotor systems, respectively [3, 4, 5]. This
challenging shift from prototype to production is at the center of manufacturing
research and development (R&D) laboratories around the world. Production parts
must meet higher functional, cost, and volume requirements. Currently, AM processes
are typically unable to achieve geometric and finish tolerances for industries such as
aerospace, automotive, and defense. As a result, many components produced with
AM are better classified as near net shape preforms that require some degree of post

processing.



The challenges encountered by AM echo those found in the casting industry. Like
castings, AM preforms must contain the final part with sufficient material to achieve
required form and finish, have adequate stiffness to support finishing operation forces,
be able to be accurately located in a machine work volume, and meet strength
requirements. They generally do not have well defined surfaces for referencing and
can be difficult to precisely orient and locate relative to a machine tool reference frame
without time-consuming metrology or special fixturing. Often many iterations of a
preform must be produced and measured before each of these requirements are met.
The result is wasted material, long lead times, and an overbuild final part. Hybrid

manufacturing has been introduced as a method for addressing these challenges.

In hybrid manufacturing, additive and subtractive processes share a common
work volume and coordinate system. The term is sometimes extended to include
multi-machine and work cell configurations. In this dissertation hybrid manufacturing
is more narrowly defined as the combination of two or more processes in the same work
volume that improves productivity or creates new design space. A hybrid machine
tool and process offer capabilities that separate machines cannot. Integrating directed
energy deposition (DED) into existing computer numerical control (CNC) machine
tools enables part repair, cladding, selective feature deposition, and full component
deposition. New designs are possible from the ability to create internal geometry,
such as conformal cooling channels, tunable dynamics, and multiple materials to
locally optimize toughness, conduction, or hardness, for example. To maximize the
potential of these new systems and processes, traditional process models need to be
updated. This work focuses on the development of new metrology and modeling tools

for milling in a hybrid process.

With the ability to alternate between deposition and machining, several manu-
facturing approaches are available, presented in order of increasing complexity. The
first and most common approach is to complete all of the deposition first, let the
part cool, and then complete the finish machining, effectively serializing the process.
Errors from thermal stress, thermal expansion, or errors during material deposition

are fully developed prior to the machining stage. This creates clear division between



the additive and subtractive aspects of the process, allowing for the use of traditional
techniques and modeling for each. Using previous definition, this approach does not
quality as hybrid manufacturing. The second option is an iterative hybrid approach,
where some number of layers are deposited, that section is machined, and deposition
continues. Using this strategy previously impossible internal features can be machined
and the need long flexible tooling can be reduced, increasing productivity. The third
strategy is simultaneous deposition and machining, with a theoretical goal of matching

the deposition and metal removal rates.

The latter two approaches overlap between the additive and subtractive processes,
changing the dynamics of both. With respect to milling, the largest effect can be
seen on the workpiece temperature. In conventional milling, the bulk workpiece
temperature remains well below the working limit of the material, generally near
ambient. Workpiece temperatures in hybrid manufacturing are dynamic. They begin
at the melting temperature during deposition and decrease with time as the material
solidifies and cools, repeating each layer. Local temperatures can exceed 1500°C and
bulk temperatures can exceed 300°C depending on material, part geometry, and

deposition strategy [6].

Models for conventional milling process models use material dependent cutting
force coefficients, tool dynamics, workpiece dynamics, and chip area to calculate
cutting force and stability limits. At elevated temperatures, however, these coefficients,
the workpiece dynamics, and the chip area all change. For example, thermally assisted
machining, where a high intensity heat source is used to heat the tool-chip interface,
can reduce cutting forces by 60% [7]. A model that does not incorporate temperature
effects will generally overestimate the cutting force and workpiece dynamics stiffness
and underestimate the chip area. Milling parameters that are stable at ambient
conditions may be unstable at higher temperatures, leading to unexpected chatter, a
self-excited vibration that results in large cutting forces and vibration, and less than

optimal milling performance.

Cutting force coefficients are calculated for a particular tool/material combination

using measured cutting forces over a range of feed rates. In this work, a metrology



system was designed, constructed, and tested for the measurement of cutting force for
a workpiece at elevated temperatures. Bulk temperatures of up to 500°C are possible.
Introducing temperature into a metrology system is challenging, because spatial and
temporal gradients tend to reduce the measurement performance. Previous research
on thermally enhanced machining used an intense small diameter heat source to locally
soften the material just ahead of the cutting tool. The bulk material temperature
does not increase so traditional measurement methods may be applied. In hybrid
manufacturing, on the other hand, the bulk material temperature is elevated and
not localized to the tool-chip interface. To better simulate the hybrid manufacturing
process and mimic the global heating, a constant temperature approach was selected.
Workpieces were heated to and held at a constant temperature while cutting forces
were measured, while minimizing thermal gradients by platform design. Forces were
measured at discrete temperatures to identify relationships between temperature
and cutting force coefficients. Given this information, improved process prediction is

made possible.

Hybrid manufacturing is a relatively immature process that has the potential to
leverage the best aspects of additive and traditional subtractive manufacturing to
enable the production of a new class of parts. Before it can be adopted by the larger
manufacturing community, the operating efficiency and manufacturing capabilities
must outweigh the high capital investment. Developing better process models will
enable improved cycle time, part quality, and accelerate advanced manufacturing

techniques.



Chapter 2
Literature Review

This chapter covers the technical background and previous research in three topic ar-
eas: machining dynamics, thermally enhanced machining, and hybrid manufacturing.
Machining dynamics is the application of mechanical vibrations to machining process
modeling. Using cutting force models, which include empirical material specific cut-
ting force coefficients, and tool-holder-spindle-machine frequency response functions
(FRFs), milling parameters can be selected to maximize process efficiency. Milling
at elevated temperatures in a hybrid, the topic of this research, is form of thermally
enhanced machining (TEM), where material is heated to reduce cutting forces. As
cutting forces and workpiece dynamics change in hybrid manufacturing, optimal
milling parameters also change. While a large body of research exists for milling
modeling and prior research has been conducted in TEM, primarily for single point
turning, its application to elevated temperature milling during hybrid manufacturing
is limited. In TEM turning, for example, the tool orientation does not change, so
it is straightforward to integrate a point heat source ahead of the cutting edge. In
milling, however, the cutter rotates and changes feed directions, so a point heat
source is difficult to implement. In hybrid manufacturing, on the other hand, the
heat source is deposition, raising the bulk temperature of the workpiece as the part

is built, and the temperature profile ahead of the cutting tooth does not change with



cutting tooth direction and orientation. Incorporating the influence of temperature
on the milling process, including the cutting force, chip area, and structural dynamics,
advances current modeling capabilities and enables hybrid manufacturing efficiency

to be increased.

2.1 Machining dynamics

The basics for today’s machining dynamics models were established in the late 1950s.
The study of machining dynamics provided the groundwork for the next wave of
manufacturing productivity [8, 9, 10, 11]. The associated machining models can
be used to improve milling productivity, which is measured using metrics including
spindle up time, overall cycle time, cost, and metal removal rate (MRR) [12]. From a
machining dynamics perspective, the goal is to maximize the MRR without introducing
significant part errors or increasing tooling costs [13]. Limits to productivity include
system stiffness, spindle and axis motor power, controls, workpiece cooling, and chip
evacuation, to name a few. These limits are fixed characteristics of a particular
machine. In order to improve MRR, therefore, process parameters must be selected

that respect and maximize machine limitations.

Cutting tools, spindles, machines, and workpieces are not rigid. Each component
can be modeled as a mass-spring-damper system. Because each component has some
flexibility, forces generated from the cutting process cause deflection and vibration at
the tool tip (where material removal occurs). The vibration amplitude is determined
from the magnitude and frequency of the cutting force and the system dynamics. The
tool tip vibration causes a variation in chip thickness, h, and a corresponding change
in cutting force, as shown in Equations 2.3 to 2.3. The chip thickness is therefore
a function of time, where the current value depends on both the commanded chip
thickness, the current vibration, and the surface left by the previous tooth. If the chip
thickness and force increase with each rotation until a process limit is reached, the
cut is unstable [10]. The forces increase until the tool breaks or leaves the workpiece.

Regenerative chatter is characterized by unstable vibrations at the tool tip that causes



poor surface finish, part errors, rapid tool wear, and tool breakage. A simulation
result for unstable milling is shown in Figure 2.1. Figure 2.2 shows a simplified model

of regenerative chatter in turning, note the phase difference between the two surfaces.

h=f, (2.1)
h(t) = hy + y(t — ) — y(t) (2.2)
F = Kbh(t) (2.3)

Where h = commanded chip thickness; f,. = feed per rev; h(t) = time dependent chip thickness;

F = resultant cutting force, K, = specific cutting force.

The cutting force is depends on the phase between the current and previous tool
vibration. Stability in turning depends on the chip width, b, and spindle speed, €2.
The limiting chip width, defined as the maximum chip width stable at a selected
spindle speed, is dependent on the material specific cutting force, Kg, and the
system dynamics, represented by the frequency response function (FRF). K is an
empirical coefficient that relates force and uncut chip area for a particular material-
tool geometry combination as shown in Equation 2.3. Analytical relationships for a

frequency domain turning stability model are given in Equations 2.4-2.6 [12].

—1
brim = 2K cos(fB)Re[FRF (24)
fe €
=N+ (2.5)
Re|FRF
€ =27 — 2tan _1% (26)

Where by, = limiting chip width, 5 = angle between the resultant (F') and normal force (F,), f.
= chatter frequency, ¢ = phase between the current and previous tool vibrations, N = the integer

number of waves of vibration imprinted on the workpiece per revolution.

As noted, the system dynamics are characterized by the FRF. The complex valued
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FRF is defined as the ratio of the displacement to the input cutting force over a
range of frequencies, f. The FRF may be plotted as the real part versus frequency
and imaginary part versus frequency. The imaginary peak for each vibration mode
is located at the system’s natural frequency. Examples of a single degree and multi
degree of freedom system are shown in Figures 2.3 and 2.4, where the natural frequency
is 500 Hz. The FRF for systems with known mass, stiffness, and damping values can
be plotted analytically. In practice, the FRF is measured and then a model is defined
by modal fitting. Measurement and fitting can be performed for both the tool and

workpiece and superimposed to model the dynamic system.

There are many methods used to measure FRFs. The basic hardware includes:
a mechanism for known force input across a range of frequencies, a transducer to
measure the response, and a dynamic signal analyzer to record both signals [13].
One of the most common methods is impact testing. In this case, an instrumented
hammer is used to generate an impulse that excites a broad range of frequencies. The
response is measured as displacement (capacitance gauge), velocity (laser Doppler
vibrometer), or acceleration (low mass accelerometer). For milling stability modeling,
the frequency dependent ratio of the displacement to the input force, or receptance,

is required.

The analytical model presented in Equations 2.4-2.6 provides a global view of
stability turning stability. Modifying for the milling process requires a fixed average

tooth angle and average force direction to be assumed.

~1
by = 2.
! 2K Re[F RF yyiont) N} =0
fe €
N4 2.
QN, "o .

-1 Re[FRForient]

=21 — 2t 2.9
‘ a o Im[FRForient] ( )
* ¢6 - ¢8
N
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Figure 2.3: Example single degree of freedom FRF.
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FRFypions = j1s FRF, + j1,F RF, (2.11)

) o= (2.12)

¢s = — cos”(
,

Where Re[F RF,ient] = real part of the oriented frequency response, Im[FRF,yient] = imaginary
part of the oriented frequency response, N; = average number of teeth engaged in the cut; f. =
chatter frequency, Hz; N; = number of cutting teeth; N = lobe number; 2 = spindle speed, rpm;
W,y = directional orientation factor. The start and exit angles, (¢s and (@e are given in radians for

a down/climb milling direction.

The frequency domain analytical solutions for milling and turning do not predict
cutting force or tool vibrations [13]. To compliment the analytical stability map, a
numerical time domain simulation can be used to calculate the time dependent cutting
force and vibration for a given system and set of milling parameters. Subsequently,
the milling stability can be determined using the force or vibration signals. The
simulation applies numerical integration to solve a set of second order time delayed
differential equations of motion [14]. First the instantaneous chip thickness, h(t), is
calculated using the vibration of the current and previous cutting tooth; see Equation
2.14 and Figure 2.5. The cutting force is calculated using the instantaneous chip area
and cutting force coefficients and shown in Equations 2.15 and 2.16. This force is used
to find the new displacement by Euler integration, the tooth angle is incremented
(i.e. the cutter is rotated to the next orientation), and the process is repeated. An
example of the force output is provided in Figure 2.6. Periodic sampling of the output
signals can be applied to automatically differentiate between stable and unstable
behavior. If the sampled points repeat, the behavior is stable (forced vibration). If
they do not, it is unstable (self-excited vibration) [15, 16, 17].

Step 1: The instantaneous chip thickness is calculated.

n = xsin(¢) — ycos(o) (2.13)

h(t) = fisin(¢) +n(t — 1) — n(t) (2.14)

11
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Figure 2.6: Example time domain 25% radial immersion down milling cutting force
components [13]
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Where h(t) = instantaneous chip thickness, ¢ = cutter angle, 7 = tooth period, n = surface normal

Step 2: The cutting force is calculated and transformed into the z, (F,) and y,
(F,), directions.

Fyy = kybh + kneb Fy = kbh + kyeb (2.15)

Where F),, = surface normal force projection, F; = tangential force projection, k; = tangential
cutting force coefficient, k,, = normal cutting force coefficient, ke = tangential edge cutting force
coefficient, k,e = normal edge cutting force coefficient, b = axial depth of cut (ADOC), h = chip

thickness.

F, = F,sin(¢) + Ficos(¢) F, = —F,cos(¢) + Fysin(¢) (2.16)

Step 3: New velocities and positions are determined by Euler integration. The
system equations of motions are defined using the modal stiffness, k,;, modal damping

ratio, ¢;, and modal mass m,, with subscripts « and y denoting direction.

i = Lo Gt Kot j = Ly = Cod & Koyl (2.17)

mqa: mqy

=T+ Idt y=1y+ydt
(2.18)
r=x+xdt y=y-+ydt

From the process described in Equations 2.13 to 2.18, the inputs required for the time
domain simulation are: modal parameters mg, ky, ¢, to describe the tool tip dynamics,
cutting force coefficients k,,, k,e, k;, kie, and cutting parameters €2, ¢,, ¢, b, h, Ny, d

and v, where d is the tool diameter and  is the tool helix angle.

The mechanistic cutting force coefficients k,,, ki, kn., and k;. correspond to the

normal, tangential, and edge components (e subscripts) of the cutting force respectively.

13



The normal and tangential coefficients are associated with cutting (or shearing) and
the edge coefficients are independent of chip thickness and associated with rubbing
(i.e., edge effects). The normal cutting force (F,,) and tangential cutting force (F}) are
calculated using the corresponding coefficients, the chip width (b), and chip thickness
(h), as in Equation 2.15.

It is important to note that the cutting force coefficients depend not only on the
workpiece material properties, but also on the tool geometry (e.g., rake and relief
angles for the cutting edge). They can be determined experimentally using a linear
regression analysis of the average cutting force in the x and y directions measured
over a range of feed per tooth values. Both the mean x and y forces are required as
the modal parameters are defined in the z-y coordinate system. The mean cutting

forces in z, F,, and v, Fy, are defined in Equation 2.19.

[N Nyb o
T, = [ bfi (=i €08 26 + ki (26 — sin 26 + —= (ks sin ¢ + ky, cos ¢>>]
8 2m és
o N o (219)
F,=|= Ji (K c08 26 + k(20 — $in 20 + = (kte cOS ¢ + ke 5 @)
8 2m bs

Where N; = number of cutting teeth; f; = feed per tooth; ¢. = cut exit angle; ¢5 = cut start angle,
see Figure 2.7.

The analytical and time domain solutions can be used to generate a stability
map, plotting the limiting axial depth of cut, by,,, for a particular spindle speed,
see Figure 2.8. When by, is calculated for a range of spindle speeds, the result is
a stability map. The analytical stability map is generated by: 1) determining the
oriented FRF and identifying the valid chatter frequency range(s), f.; 2) solving for €
( Eq. 2.9), the phase between the current and previous tooth vibrations over the valid
frequency range(s); 3) finding the average number of teeth engaged, N/, (Eq. 2.10); 4)
calculating by, (Eq. 2.7); 6) and plotting € vs. by, [13]. The time domain stability

map is generated by determining stability at a range of discrete points, Figure 2.10.
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Regions below the limit are stable and regions above the limit are unstable. Select-
ing a stable operating point with the highest available axial depth at the corresponding
spindle speed maximizes the metal removal rate and increases productivity. Stability
maps can also be generated using time domain simulation. Simulations are completed
over a grid of axial depth of cut and spindle speeds, stability is determined for each
grid point, and the results are plotted to identify the stability boundary. This method
is computationally intensive as many simulations must be performed to create a
high-resolution stability boundary, but assumptions in the analytical solution are

removed.

The stability boundary can be increased by either changing the tool and workpiece
system dynamics (stiffness and damping) or changing the cutting force coefficients.
Generally, the workpiece material and geometry are fixed, and the cutting tool has
been chosen to maximize stiffness. Without changing the tooling, reducing the cutting
force coefficients is the primary way to globally increase the limiting axial depth of cut
and maximize the metal removal rate. One way to achieve this coefficient reduction

is with thermally enhanced machining.

2.2 Thermally enhanced machining

Thermally enhanced machining was developed to increase the machinability of high
strength and heat resistant materials. An external source heats the area directly in
front of the cutting tool to soften the material, Figure 2.11. As a result, the yield
strength, hardness, and strain hardening behavior all decrease, reducing cutting force
and, in some cases, reducing tool wear. This increases the maximum allowable MRR,

decreases manufacturing costs, and increases productivity [18].

Heat sources include gas flame [19], induction [20, 21, 22|, plasma [23, 24, 7], and
laser beam [25, 26, 27]. Additive deposition has yet to be studied as a heat source. As
laser costs have fallen, laser assisted machining (LAM) has become a more common
approach for heating the workpiece during turning and milling applications. In most

experimental setups the workpiece is heated directly in front of the cutting tool to
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Figure 2.11: Laser assisted turning [30]
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localize the heat input and minimize the heat transferred to the workpiece, reducing
or eliminating any heat affected zones, and increasing the process efficiency. To
penetrate to the full axial depth of cut, the temperature ahead of the cutting zone
must overshoot the desired temperature. This results in the material in front of the
cutting edge having a non-uniform temperature distribution that is dependent on
the heat input and chip area, see Figure 2.12. It is difficult to predict, measure, and

control the temperature at the cutting edge.

The first applications of thermally assisted machining were turning operation
due to the ease of setup. In single point turning, the tool and heating element are
stationary, and there is a uniform chip thickness, allowing for even heating throughout
the uncut chip area . The first thermally assisted machining patent was granted in
1889 to Tilghman [28]. An electric current was used to heat successive portions of
the surface to soften it before abrading or cutting. In 2006 a patent was granted for
a " Laser assisted machining method device”, using a laser to soften the workpiece in
a turning operation. Milling applications are more challenging because the cutting
tool direction changes, the width of cut can require a large heating area, the cut is
interrupted, and the chip thickness is variable, Figure 2.13. To accommodate large
radial depths of cut, several strategies are used: focus the heat source at the entrance
of the cut or at the average width; raster the seat source over the entire radial area;

or integrate the laser into the cutting tool, shown in Figure 2.14. [29].

Cutting force in thermally assisted machining has been measured for a variety
of materials, processes, and temperatures. Commonly studied materials are heat
resistant super alloyss (HRSAs) (such as Inconel, Monel, and Waspaloy), titanium
alloys, hardened steels, and stainless steels. Table 2.1 summarizes the results of
prior experiments. In all cases and materials, the cutting force decreased as the
material temperature increased. The increase in temperature at the primary shear
zone reduces the yield strength and work hardening of the workpiece, decreasing the
force required to shear the chip [18]. The average shear plane length and thickness
also tend to decrease with temperature [32]. Rao [33] and Davami [34] show that

heating the workpiece can improve surface quality. This effect is attributed to the
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reduction in cutting force and changes in the shear plane, causing a change in the

chip morphology from discontinuous to continuous.

Modeling cutting force in thermally assisted machining has received less attention
in the literature than measured force reduction. Pan [25] focused on recrystallization
effects for the force modeling of laser assisted milling of Inconel 718. The recrystal-
lization effects were incorporated by applying a grain size-dependent parameter in the
Johnson-Cook model. The maximum error between predicted and measured cutting
force was reduced to less than 20%. The softening effect was attributed to elongated
grain size and grain growth in the shear zone instead of flow softening. Zamani [35]
and Xi [36] used 3D finite element model simulation and the Johnson-Cook material
model, modified for very high strain rates and system temperatures, to predict cutting
force in Ti-6Al1-4V. They reported good agreement between simulated force in the y
and Z directions, with higher force than predicted in z (feed direction). No work has
been found using a mechanistic force model and time domain simulation to predict

cutting force and tool displacement in thermally assisted machining.

There is evidence that for certain cutting parameters, elevated workpiece tempera-
tures increase tool life or increase the MRR for a given tool life, see Figure 2.15 and
Figure 2.16. Ozler [21] found as the machining temperature increases, a correspond-
ing reduction in tool wear was observed as a result of the reduction in resistance to
machining. It was also reported that a higher cutting speed is usually preferred in
hot machining. Tosun [19] studied tool life in hot machining using artificial neural
networks and regression analysis. The experiments showed that tool life increased in
hot machining of manganese steel and the highest tool life was obtained at 400°C.
The results also showed little increase in tool life between 400°C and 600°C, matching

Ozler’s observations.

Hedberg [31] showed a cutting speed increase of 35% in Ti-6Al-4V while maintaining
equivalent tool life with laser assisted machining. The improvement in cutting speed
and tool life was attributed to the reduction in built up edge and premature chipping
that occurs at high cutting speeds in traditional machining. Figure 2.15 and Figure

2.16 show the results from Hedberg and Parida, plotting tool wear (as flank wear
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Table 2.1: Summary of cutting force results for thermally enhanced machining

Source Material Process Heat source ~ Pre-heat Force
temp (°C)  reduction
(70)
Moon [7] AISI 1045 Milling Plasma 700 60
Lopez [23]  Haynes 25 Milling Plasma 700 29
Leshock Inconel 718 Turning Plasma 350 30
[37]
Lopez [23]  Inconel 718 Milling Plasma 800 45
Brecher Inconel 718 Milling Laser 600 40
[29]
Moon [7]  Inconel 718 Milling Plasma 900 57
Parida [38]  Monel 400 Turning Gas torch 600 60
Baili [22] Ti-5553 Turning Induction 650 28
Ginta [39]  Ti-6Al-4V Milling Induction 650 22
Hedberg Ti-6Al-4V Milling Laser 500 22
31
Zaeh [40] Ti-6Al-4V Milling Laser 800 13
Rashid [41] Ti-6Cr- Turning Laser 1100 15
5Mo
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Figure 3.7: Ti-64 tool wear for traditional milling and LAML using a KC520 insert.

Figure 2.15: Ti-6A1-4V tool wear for traditional milling and laser assisted milling [31]
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Figure 2.16: Tool wear in Monel 400, Vc is surface speed in m/min [32]
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width) for a range of surface speeds and temperatures. Thermal softening of the tool

material also occurs at elevated temperatures; see Table 2.2.

There is limited prior work on predicting or measuring the stability of thermally
assisted machining. Ginta [39] and Amin [42] observed the reduction of vibration
amplitude at select frequencies. Up to 12,500 Hz, the maximum acceleration amplitude
was reduced an average of 50% when the workpiece was heated to 650°C [21]. Stability
was not directly addressed. Uhlmann [43] heated 7075 aluminum to 100°C and
measured the cutting forces with a dynamometer. The results showed decreasing
specific cutting force with increasing workpiece temperature and positive changes
in the stability boundary, see Figure 2.17. Future work of implementing a stability

prediction tool for elevated temperatures was recommended.

2.3 Hybrid manufacturing

Metal additive processes can be separated into two categories based on material
delivery: wire-fed and power-based systems. These systems use a heat source to
locally melt and fuse metal wire or powder and deposit material. Parts are deposited
layer by layer until complete. Common heat sources are electric arc, laser beam, and
electron beam. Wire fed systems are generally inexpensive to setup and have the
highest metal deposition rate. The resolution is limited due to the coarseness of the
weld beads, with the minimum bead width usually a multiple of the wire diameter.
The surface finish is dominated by the ridges formed between the bead layers. Wire
deposited parts almost always must be finish machined to be used as a functional

part.

Powder based systems are significantly more expensive but have higher resolution,
down to the spot size of the laser/electron beam or, theoretically, the minimum
powder size. The high cost comes from the laser and electron beam systems, optics,
and the vacuum required for electron beams. There are two types of powder-based
additive systems, powder bed and blown powder. Powder bed systems spread a

thin layer of metal powder, use a laser or electron beam to melt the desired areas
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Table 2.2: Summary of cutting tool material properties

Tool material Elastic Tensile Compressive ~ Working temp
modulus strength strength (°C)
(GPa) (MPa) (MPa)
High-speed 200 1200 3250 650
steel

Tungsten 670 344 6200 1000
carbide

Ceramic 400 69 3000 1350
(A1203)
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Figure 2.17: Stability limit dependency on temperature, for 7075 aluminum [43]
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in that layer, lower the part on an elevator, spread another thin layer on top of the
exposed layer, and repeat. Blown powder systems spray metal powder into a melt

pool, usually formed by intense, local heating from a laser or electron beam.

Independent of the process, a significant amount of energy from deposition is
transferred from the melt pool to the workpiece. With each layer deposited, the part
temperature continues increase up until a steady state temperature distribution is
reached. The temperature depends on the process, material, part geometry, and
deposition parameters. Inter-pass temperatures can reach between 200°C and 1200°C
depending on the distance from the last deposited layer [6, 44, 45]; see Figure 2.18.
This temperature range overlaps with the temperatures of interest in thermally

assisted machining techniques.

As shown in Section 2.2, as the workpiece temperature changes, the cutting
force, tool life, and stability map also change. After a particular tool-material
dependent temperature, tool wear and failure increases rapidly from a significant
rise in built up edge [16] and melting in the cutting zone. Therefore, there exists an
optimal temperature band for taking advantage of the benefits of thermally assisted
machining. As the workpiece cools after deposition, the temperature will pass through
this optimal machining temperature band. Hybrid manufacturing systems that have
both deposition and machining capabilities can use the heat of deposition as the
energy source for thermally assisted machining. To define the optimal machining
temperatures, a temperature dependent cutting force and stability model needs to be
developed. With a temperature band identified, deposition parameters can be chosen

to maximize the time in the ideal temperature zone during machining.

The conventional approach for hybrid manufacturing is to begin machining after
deposition has been fully completed and the part has cooled to room temperature.
This results in significant machine idle time where neither the deposition head nor
spindle is operating. Machining at elevated temperatures can reduce the machine

idle time and increase MRR, improving the overall productivity of the hybrid machine.
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The benefits of thermally assisted machining in hybrid manufacturing are best
realized with an iterative build approach. Iterative hybrid manufacturing is the
process of producing parts with alternating periods of deposition and machining; see
Figure 2.19. Because deposition and machining alternate, the machining of internal
features, overhangs, and otherwise impossible geometry is enabled. With this strategy,
the temperature of each section can be controlled, and workpiece temperatures during

machining can be maintained within the ideal temperature band for maximum MRR.
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Chapter 3

Materials and Methods

As discussed in Chapter 2, the cutting force model used in the time domain milling
simulation is based on empirical cutting force coefficients. These coefficients relate
the uncut chip area to the cutting force components and are material specific. Easily
machinable materials such as aluminum have a specific cutting force, K, of around
750 N/mm?, while more difficult to machine materials such as titanium have a K,
closer to 2000N/mm? [12]. The coefficients defined in equation 2.15 are determined
by measuring the mean x and y forces and performing a liner regression over a range
of feed rates with constant ADOC, radial depth of cut (RDOC), and spindle speed.
Measuring the effect of temperature requires adding a heat source and temperature

measurement to the dynamometer.

A cutting force dynamometer for measuring cutting force at constant elevated
temperatures was designed, constructed, and tested, see Section 3.2 for a visual
overview of the system. A constrained motion dynamometer was used to measure
the cutting forces and workpiece temperature was measured with a combination of
thermocouples and infrared thermography. A high stiffness thermal protection system
was developed to isolate the dynamometer from the heat input leveraging a novel
insulator developed for the system. To limit the number of variables, a procedure was

developed to maintain constant chip width and minimize the effects of temperature
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on the force measurement.

3.1 Dynamometer design

Introducing temperature into a cutting force dynamometer produces design and
measurement challenges. All materials have an associated coefficient of thermal
expansion, which changes geometry with temperature. General practice for manufac-
turing equipment and measurement transducers is to reject heat sources to maintain a
stable temperature [46]. Previous research on thermally assisted machining, however,
has used an intense spot heat source to locally soften the material ahead of the cutting
zone. Therefore, the bulk material temperature does not increase significantly. This
approach approximates the conditions found in processes like laser assisted machining.
Hybrid manufacturing, on the other hand, the process is not accurately represented
by local heating. In this case the bulk material temperature is elevated by deposition

and continuously changes.

Using a local fixed heat source does not allow for a change in cut direction, limiting
cutting tests to a single axis. As the material and depth of cut changes, the heat
source must be re-calibrated to achieve the target temperature throughout the chip
thickness. Local heat sources like laser, plasma, gas torch, and resistance heating are
unable to penetrate the full chip thickness without dramatically overshooting the
target temperature due to the short heating time. The highest temperature in a laser
spot can exceed the material melting point. The temperature gradients and local
temperatures at the cutting zone are generally measured using infrared thermography,
as it is impractical to use contact measurement during a cutting process [47]. Typical
maximum cutting tool temperature measured by infrared thermography has an
uncertainty of 50°C [48] due to the associated uncertainty in emissivity. Heating the
workpiece to a uniform temperature eliminates these challenges and best represents

hybrid manufacturing.

For the elevated temperature cutting force dynamometer designed here, the heating

power is provided by 500W, 9.5mm diameter cartridge heaters embedded in a copper

35



block, collectively referred to as the heating element. The total wattage was calculated
to raise the workpiece temperature 480°C in 5 minutes, with a maximum target
temperature of 500°C. A proportional-integral-derivative (PID) controller is used to
control the heater output with feedback provided by a three wire platinum resistance
temperature detector (RTD). The heating element reaches temperatures of up to
1000°C  while holding the workpiece at 500°C.

The most common commercially available multi-component force dynamometer
has an operating limit of 70°C [49] and costs approximately $100,000. Active liquid
cooling would require an unrealistic power density given the size of the workpieces
and dynamometer. A failure in the cooling system would cause catastrophic damage
to the equipment and create an electrical hazard. A passive insulating layer using
traditional rigid thermal insulation does not have adequate stiffness to support cutting
operations. The commercially available equipment can therefore not be used for the
desired elevated temperature cutting force measurement. The system developed in
this section uses a constrained motion dynamometer and novel thermal protection

system to measure cutting force at constant elevated workpiece temperature.

3.1.1 Constrained motion dynamometer

The frequency response function (FRF) presented in Chapter 2 showed the relationship
between displacement and force (mm/N) in the frequency domain. If the FRF is
known, an input force can be inferred using the measured displacement and the
inverted FRF (N/mm). This basic principle is used to measure cutting force with a
single degree of freedom flexure, referred to as a constrained motion dynamometer,
shown in Figure 3.1. The external flanges at the base of the dynamometer are secured
to the machine table and the workpiece is bolted to the moving platform. The
moving platform produces small displacements when excited by cutting forces. The
displacement is measured with a high resolution transducer. This time dependent
displacement of the moving platform caused by the milling force is converted to the
frequency domain using the Fourier transform, Equation 3.1. It is then multiplied by

the inverse of the single degree of freedom (SDOF) dynamometer FRF to determine
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Figure 3.1: Constrained motion dynamometer (CMD) impact testing and components.
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the frequency domain force, see Equation 3.2. A low pass digital filter is combined
with the inverted FRF to reduce high frequency noise from the displacement signal.
Finally the inverse Fourier transform is used to convert back to the time domain to
obtain the time dependent cutting force, Equation 3.3 [50]. A detailed analysis of the
constrained motion dynamometer (CMD), structural deconvolution, and comparison

to a Kistler piezoelectric based dynamometer can be found in [51].

X)L X(w) (3.1)

~! = receptance (), w=

Where: F = cutting force (N), X = measured displacement (mm),=

frequency, — = inverse Fourier transform, — = Fourier transform.

The CMD used in this work was a monolithic stainless steel platform constrained
by four leaf type flexures. Dimensions of the flexures and other CMD geometry are
found in Figure 3.2 and Table 3.1. A capacitance gauge was used to measure the
displacement of the moving platform. The system dynamics were measured using
impact testing, where a hammer with a force transducer is used to excite the system
and the displacement response is measured, as shown in Figure 3.1. The force impulse
was imparted at the edge of the workpiece along the center line of the CMD and the

response was measured by the capacitance gauge.

While there is no danger of damage to the dynamometer up to roughly 700°C [52],
the CMD is sensitive to changes in stiffness caused by temperature changes. The
development and testing of the CMD was completed at room temperature conditions,

where the system dynamics are constant. To understand the effect of temperature
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Table 3.1: Constrained motion dynamometer geometry. Symbols defined in Figure
3.1. E is the height of the CMD, into the page.

Symbol Value (mm)

t 1.25
3.175
14.35
139.7
114.3
69.85
104.1
63.50

HOQmEE =

D=

S

\COOOD
ofE——3|c

B

Figure 3.2: Constrained motion dynamometer (CMD) geometry. Dimensions are
provided in Table 3.1.
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on system dynamics, see the equation for the first natural frequency of a fixed-free
beam, shown in Equation 3.4, and the equation for fixed-free beam stiffness shown
in Equation 3.5. Both the frequency and stiffness are dependent on the modulus of
elasticity and beam geometry. Figure 3.3 shows the change in natural frequency for a
316 stainless steel fixed free beam with temperature, including the effects of a change
in modulus and second moment of area. The thermal expansion causes a change
in the beam geometry, and therefore the second moment of area. The modulus of
austenitic stainless steels decreases linearly from ambient to about 700°C. With the
change in modulus, there is a corresponding change in the CMD dynamic stiffness.
As temperature increases, the natural frequency and stiffness generally decrease. To
capture this variable system response, the system dynamics must be measured over
a range of temperatures, adding temperature dependence to the modal parameters

extracted from the measured FRFs.

1 | Ewt?
=5\ 13 (3.4)
3ET
kbeam — t_?’ (35)

Where f,= natural frequency (Hz), E= modulus of elasticity (Pa), w= width (m), ¢t= thickness

(m),m= mass (kg), L= length (m), kyeam= stiffness of a fixed-free beam

The CMD platform was heated and the FRF measured to evaluate the effect of
temperature. Figure 3.4 shows the change in frequency response of the dynamometer
over a range of temperatures. The stiffness and natural frequency decreased by
12% from the room temperature value. A changing natural frequency can result in
conditions where a set of milling parameters are stable at ambient and unstable at
elevated temperatures, Figures 3.5 and 3.6. To maintain sufficient stiffness when
machining higher specific cutting force materials such as titanium and stainless steel
at high temperatures, the heat flow to the dynamometer should be limited. The

capacitance probe has a working limit of 50°C, but is isolated from the bulk of the
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heat introduced at the platform. The flexure leaves are thin and poor conductors.
The dynamometer body is secured to a large steel machine table that acts as a heat

sink and keeps the capacitance probe near ambient temperatures.

3.1.2 Thermal protection system

The CMD dynamics the dynamometer itself, the machine table, and anything fixed
to the top of the flexure platform. The addition of a workpiece influences the mass,
stiffness, and damping of the system. The addition of mass decreases the natural
frequency. The modulus and thickness of the workpiece and preload of the fasteners
used to secure it to the platform influence the stiffness. At the interface of the part
and dynamometer there is interface damping [53]. The more components there are,
the larger the cumulative change to the system dynamics. For cutting tests, higher
stiffness and natural frequency are desired for stable cutting conditions. A higher
CMD natural frequency is desired to avoid resonance (i.e., when the tooth passing
frequency matches the CMD natural frequency). The system stiffness must be high
enough to support the cutting force and remain stable during cutting, and low enough

to generate measurable displacements.

The stackup of components on the flexure platform can be modeled as a series
of stiff springs. The compressive stiffness of a material is shown in Equation 3.6.
Assuming the area of the workpiece is constrained by the dynamometer area, the
modulus and thickness determine the change in stiffness. The stiffness of a stackup
of materials, springs in series, is shown in Equation 3.7. The equivalent stiffness is

dominated by the lowest modulus element in the series.

When adding a thermal insulator to the system it is critical to maintain the system
dynamic stiffness. The minimum selected threshold for the workpiece stackup in
this study was that the stackup be ten times stiffer than the dynamometer’s most
flexible mode. A material with a thermal conductivity of 0.2W/mK and a modulus
of 100MPa addresses the flexure heating issue, but significantly reduces the system

stiffness. This case is demonstrated in Figure 3.7. Here a calcium silicate insulator
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Figure 3.7: Comparison of FRF with (left) and without (right) a rigid calcium silicate insulator. Y is flexible
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was placed between the heating element and flexure platform and the frequency
response was compared to a workpiece bolted directly to the dynamometer. The
low modulus insulator introduced a vibration mode that was more flexible than the

dynamometer’s most flexible direction.

Ft AE

At = — o As _
t AE kcompresswe + (3 6)

Where At = change in thickness (m), F = modulus of elasticity (Pa), F' = force (N), ¢t = thickness

(m), A = cross sectional area (m?), kcompressive = compressive stiffness (N/m).

3EI 1 1
kbeam = T3 7 = 7 (37)
3
Where kpeqrm = fixed-free beam stiffness (N/m), I = second moment of area (m?), ke,= equivalent

stiffness (N/m), k, = component stiffness (N/m).

When evaluating candidate materials, it became evident that there is a correlation
between thermal conductivity and elastic modulus, see Table 3.2. The lowest thermal
conductivity solid is silica aerogel, with a conductivity of 0.02W/mK, and has a low
modulus of 0.042GPa [54]. The lowest conductivity commercially available metal it
Ti-6A1-4V, with a higher conductivity of 6.7W /mKand higher modulus of 113GPa.
From a materials perspective, as the density of a material increases the thermal
conductivity should also increase. Thermal conduction in non-metals is the transfer
of a particle’s energy to adjacent particles, mainly by collisions. For metals, thermal
conductivity is attributed to electron motion. As crystallinity, hardness, and stiffness
increase, so does thermal conductivity [55]. Defects like dislocations, grain boundaries,
and inclusions negatively impact thermal conductivity. From a geometric perspective,
thermal resistance is a function of thickness and area, Equation 3.8. As the material

thickness increases or decreases in cross section, the thermal resistance increases.
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Table 3.2: Select material properties

Material Conductivity (W/mK) Modulus (GPa) Ry (5) Temp. Limit (°C)

Aerogel 0.02 10 x 1073 74 650
Calcium silicate 0.15 7.6 x 1073 14 930
G-7 0.29 20.0 12.0 220
Fused silica 1.4 70.0 2.2 1050
Zirconia 2.2 210 1.5 2200
Steatite (L5) 3.0 103 1.1 1200
Ti-6Al-4V 6.7 113 0.5 350
Inconel 718 11.4 205 0.3 705
316 Stainless 16.3 193 0.2 760
1018 Steel 52.0 205 0.06 260
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t t
Rt:— K Q

KA T AAT (3.8)

Where R;= thermal resistance (K/W), K= thermal conductivity (W/mK), ¢= thickness parallel to
heat flow (m), A= area perpendicular to heat flow (m?), Q=heat transfer (W), T=temperature (K)

The thermal protection system design goals were to maximize the stiffness and
minimize the heat transfer to the dynamometer. To achieve this with a passive
system, a material with a high stiffness and low conductivity was required. The
target stiffness is at least 10x higher than the dynamometer’s flexible mode at room
temperature. Using a simplified model with a stackup of a single insulation layer,
copper, and workpiece of an equal thickness of 19mm, the minimum modulus required
for the insulator is approximately 2.8GPa. Assuming only conduction through the
flexure leaves to an infinite heat sink, the insulator requires a thermal conductivity of
1.5W/mK. The only materials that meet both requirements are G-7 and fused silica.
The former has a maximum temperature of 200°C, 800°C below the maximum heater
temperature, and the latter has a low bending and tensile strength. Therefore, a new

solution was required.

Architected structural insulator

Thermal resistivity as defined in Equation 3.8 has three variables: thickness, thermal
conductivity, and cross sectional area. It has been shown that for low modulus
materials it is not possible to decrease the thickness enough to maintain both stiffness
and thermal properties, and there are no commercially available materials with a
high enough modulus and sufficiently low conductivity. Increasing the thickness will
increase the thermal resistivity and allow the use of a higher thermal conductivity
material, but will decrease the stiffness by increasing the overall height of the stackup,
effectively increasing the length of a fixed-free beam. The remaining component is
cross sectional area. While the length and width of the insulator are fixed, the cross

sectional area at any given plane can be minimized to increase the overall thermal
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resistance. In other words, reducing the paths available for thermal conduction can

decrease the effective thermal conductivity of a component.

Lattice structures are often used in situations where high stiffness and low mass
are required. A similar design strategy can be used to maximize stiffness and thermal
resistance. The engineering design and analysis software nTopology was used to
model and simulate the stiffness and thermal conductivity of a graph lattice beam.
The term graph lattice refers to lattices generated by regularly repeating a unit cell.
A selection of unit cells is shown in Figure 3.8 and defined in Table 3.3. Inconel
718 was chosen as the insulator material as it has the highest elastic modulus of
any readily printable material and the second lowest conductivity for a metal alloy.
More than 800 combinations of unit cells, cell orientations, thicknesses, and cell size
were evaluated for the structure shown in Figure 3.9. The thermal conductivity and
stiffness were calculated and compared for each iteration. A sample of the simulation
results is provided in Table 3.4. The cell types identified in the table were evaluated
for a range of thicknesses between 0.75mm and 4mm in 0.25mm increments, cell sizes
between Imm? and 4mm? in 1mm increments including non-symmetric unit cell sizes,

and three unit cell orientations.

Compressive stiffness was calculated by applying a 1N force to the top face of the
body in the negative Z direction with a fixed boundary condition for the bottom
face, see Figure 3.10, and measuring the maximum displacement in the Z direction.
Stiffness, k, was calculated by dividing the input force by the output displacement.
Equivalent thermal conductivity was calculated by defining a constant temperature
restraint of 500°C to the top face and a heat flux of -2.62mW /mm? was at the bottom
face, see Figure 3.11. The change in temperature across the body was calculated by
subtracting the maximum and minimum temperatures. Thermal conductivity was
calculated by dividing the product of the thickness and heat power by the product of
the change in temperature and cross sectional area, see Equation 3.8. Completing
the simulation with a solid body instead of a lattice returned the material’s defined

thermal conductivity.
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Figure 3.8: Example lattice unit cells, defined in Table 3.3
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Table 3.3: Unit cell names, see Figure 3.8
Position Unit Cell

1A Simple cubic
2A Body centered cubic (BCC)
3A Face centered cubic (FCC)

4A Diamond

1B Flourite

2B Octet

3B Truncated cube
4B Truncated octahedron
1C Kelvin cell

2C Iso truss

3C Re-entrant

4C Weaire-Phelan

Figure 3.9: Modeled re-entrant lattice structure.
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Figure 3.11: Example lattice thermal conductivity simulation, boundary conditions
shown.
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Table 3.4: Select simulation results for Inconel lattices.

Cell Type Thickness (mm) Stiffness (N/m) Conductivity (W/mK)
BCC 3 2.20 x 107 2.70
Diamond 3 3.30 x 107 4.70
FCC 3 2.90 x 108 7.84
Flourite 3 7.80 x 107 7.58
Gyroid 1 6.14 x 108 9.12
IsoTruss 2 1.06 x 10° 4.61
Kelvin Cell 3 6.08 x 108 3.99
Octet 3 1.32 x 10° 5.69
Re-Entrant 3 1.66 x 108 3.28
Re-entrant honeycomb 2 2.21 x 10% 4.95
Simple Cubic 3 8.00 x 107 6.48
Truncated Cube 3 2.36 x 10® 6.82
Truncated Octahedron 3 9.18 x 10® 4.58
Voroni 1 4.07 x 108 7.70

o4



After evaluating the simulation results, a re-entrant type unit cell was chosen for
the final design, see Figure 3.8 cell C2. Results showed that it provided the best
combination of stiffness and thermal conductivity. The exact specifications of the final
design are proprietary to Oak Ridge National Laboratory under provisional patent
USPTO 63545761, an example design is shown in Figure 3.9. The final component
was printed out of Inconel 718 on a Concept Laser X-Line powder bed fusion machine,
shown in Figure 3.12. Additive manufacturing enabled the lattice geometry to be
manufactured, and affected the material properties. Components made using AM
generally have higher defect counts, voids, inclusions, and grain boundaries, which
can change material properties like thermal conductivity. The geometry and the

manufacturing process were both selected to maximize the thermal resistance

The printed thermal insulator was removed from the base plate using wire electrical
discharge machining (EDM). The top and bottom surfaces were machined and
clearance holes drilled for mounting to the dynamometer platform. A small notch
was ground into the bottom and top surfaces for a thermocouple to lay. All other

surfaces were left in the as printed condition.

The final elevated cutting force measurement system has the following components,
listed bottom to top: stainless steel CMD with air cooling, G-7 glass-silicone laminate,
2024 aluminum sheet, Inconel lattice, heating element, and workpiece, all through
bolted with two $-20 A286 fasteners torqued to 20N/m. A286 was chosen for its high
strength and continuous service limit of 540°C [56]. The assembly is shown in Figure

3.13 and a component breakdown is shown in Figure 3.14.

Convective cooling was added to further reduce the flexure platform temperature.
The air inlet is a }L inch inner diameter tube with 40psi of pressure and flow rate of
approximately 5.5 cfm(cubic feet per minute). Compressed air enters the bottom of
the dynamometer and exits at the top through the space between the platform and
body. The exiting air cools the aluminum plate, which also acts as a chip guard for
the capacitance gauge. The air cooled plate lowers the temperature at the bottom of
the Inconel spacer enough to use a G-7 laminate, which has high stiffness and low

thermal conductivity, but low maximum temperature limit of 220°C. Type N special
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Figure 3.12: As printed Inconel lattice structure.

56



Figure 3.13: Elevated temperature cutting force dynamometer.
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Figure 3.14: Elevated temperature cutting force dynamometer assembly.
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limits of error (SLE) thermocouples are located on the bottom of the flexure platform,
at the interface of the G-7 and top of the platform, the bottom of the Inconel spacer,
the interface between the workpiece and heater, and the top of the workpiece. The
capacitance gauge is secured to the dynamometer body with a set screw. Shims were
used to reduce the clearance between the capacitance gauge body and mounting bore
and to protect it from the set screw. The dynamometer body was secured to the

machine table using four toe clamps and %—13 studs.

3.2 Measurement

3.2.1 Materials and equipment

F

F= A

(3.9)

An overview of the experimental setup is shown in figure 3.15. Three basic
quantities were measured: temperature, cutting force, and tool wear. Workpiece
temperature was controlled with a Chromalox inteliTRACE ITC controller using
the onboard PID and a Class A 3 wire 100§2 RTD. The workpiece and dynamometer
temperatures were measured with SLE type N thermocouples and a MadgeTech
TCTempX series data logger sampling at 1Hz, and a FLIR A70 thermal camera. Type
N thermocouples were chosen over the more common type K for their high temperature
stability and resistance to oxidation. A thermocouple at the workpiece surface was
used to calibrate the thermal camera over the range of workpiece temperatures,
example image show in Figure 3.16, and determine the appropriate PID controller
set points. Calibration over a range of temperatures was required because emissivity
changes with temperature and surface condition. The thermocouple was removed
prior to each group of cutting tests and the workpiece temperature was measured
using the infrared (IR) camera. Tool wear was monitored with a Dino-Lite digital
optical microscope. Images of the insert flank surface were taken and the flank wear
width was measured using a scaled image. Cutting tests were conducted on a Haas

VF-5 three axis vertical milling machine.

59



Table 3.5: Instrumentation and associated measurement uncertainty.

Instrument Type Uncertainty(£) Temperature (°C)
Thermocouple N SLE 2.0°C [59] 500
RTD Class A 3 wire 10012 0.95°C 400
IR camera FLIR A70 2% [60] 20-1000
Capacitance gauge Lion Precision C18-13 420nm 20
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Figure 3.15: Measurement setup. 1) Capacitance gauge amplifier. 2)Thermocouple data logger. 3) PID
temperature controller. 4) Digital microscope. 5) Infrared camera. 6) Constant elevated temperature cutting
force dynamometer.
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Figure 3.16: Infrared thermal image calibrated with thermocouple.
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Materials for this study were chosen from alloys that meet the following criteria:
commonly used in additive manufacturing, have well known material properties,
available in wrought and wire or powder form, and have poor machinability. Materials
that harden or strengthen in the temperature range of interest were excluded, such

as precipitation-hardening 17-4 stainless.

Ti-6Al-4V is widely used in the aerospace, marine, and power generation industries
for its high specific strength and corrosion resistance. Over 70% of all alloy grades
melted are a sub-grade of Ti-6A1-4V [57]. It can be difficult to machine due to its low
thermal conductivity, high chemical affinity for tool materials, and abrasive secondary
phases [31]. Ti-6Al-4V is an excellent candidate for hybrid manufacturing because of
high material and machining costs when using conventional strategies. Prior research

has found an increase in tool life at elevated temperatures when machining Ti-6Al-4V
[31, 58].

3.2.2 Experimental procedure

The dynamometer was aligned to the machine with the flexible direction oriented along
the machine Y axis and secured to the table with four toe clamps. The capacitance
gauge was installed, shimmed, and secured at a distance within its working range,
and the charge amplifier was grounded and bolted to the machine table. A filtered
air line with 40psi pressure was connected to the base of the dynamometer. Two
adjustable magnetic clamps were used to hold the optical microscope and thermal
camera. Simultaneous use of the capacitance gauge and thermocouples required
the use of two computers with different paths to ground. The dynamometer was
assembled as shown in Figure 3.14. Each time a workpiece was changed, the clamping
bolts were torqued to 20N /m, 125nm of material was removed from the top surface,
and a radial cut of 250pm was completed to ensure the alignment of the workpiece
surface to the machine axis. The spindle was warmed up for a minimum of 5 minutes
before each round of testing. A 12.7mm diameter single tooth indexable endmill with
a S40T (CVD TiCrN + Al203+TiN) coated carbide insert was used in each test.
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For every temperature the following procedure was followed:

1.

The temperature was allowed to settle for a minimum of three oscillations at

the set point.

. The top face was machined at Z0.0.

. The FRF was measured.

A cleanup pass was taken at the last cut location at an additional 50pm Z depth.

. A cutting test at a RDOC of 2.54mm and ADOC of 2mm was completed with

three feed rates {50, 75, and 100}

tooth

. A cleanup pass was taken at the last cut location at an additional 50pm Z depth.

A cutting test at a RDOC of 2.54mm and ADOC of 2mm was completed with
three feed rates {50, 75, and 100} 2=

tooth

Steps 4-7 were repeated a total of three times.

. A image of the cutting insert flank face was recorded and measured for flank

wear. The insert was replaced when the flank wear width exceeded 350pm [61].

Data was collected for both the X and Y directions, at six temperatures {20, 100,
200, 300, 400, and 500}°C, five feed rates {50, 75, 100, 125, and 150}pm and three

repeats. A summary of the cutting parameters and cutting tests are shown in Table

3.6 and Table 3.7 respectively. An example test cut is shown in Figure 3.17.

Re-facing the workpiece after each temperature change eliminated change in chip

area due to thermal expansion. In the absence of this step, the total change in

axial depth of cut was 0.5mm, or 25% of the commanded value, as the workpiece
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Table 3.6: Summary of cutting parameters.
Tool Diameter  @12.7 mm
Cutting teeth 1

Axial depth 2.0 mm
Radial depth 2.54 mm
Feed per rev  50pm-150pm
Spindle speed 1100 rpm

Figure 3.17: Cutting test at 400°C in Ti-6A1-4V.
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Table 3.7: Summary of cutting tests, completed in both the X and Y directions.

Temperature (°C) Feed rates (nm) Number

20 50, 75, 100 1
20 125, 150 1
20 50, 75, 100 2
20 125, 150 2
20 50, 75, 100 3
20 125, 150 3
100 50, 75, 100 1
100 125, 150 1
100 50, 75, 100 2
100 125, 150 2
100 50, 75, 100 3
100 125, 150 3
200 50, 75, 100 1
200 125, 150 1
200 50, 75, 100 2
200 125, 150 2
200 50, 75, 100 3
200 125, 150 3
300 50, 75, 100 1
300 125, 150 1
300 50, 75, 100 2
300 125, 150 2
300 50, 75, 100 3
300 125, 150 3
400 50, 75, 100 1
400 125, 150 1
400 50, 75, 100 2
400 125, 150 2
400 50, 75, 100 3
400 125, 150 3
500 50, 75, 100 1
500 125, 150 1
500 50, 75, 100 2
500 125, 150 2
500 50, 75, 100 3
500 125, 150 3
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temperature varied between 20°C and 500°C. The cleanup passes removed the
influence of the previous cutting test and ensured the bottom face of the tool was not
engaged in the workpiece. The distances of each feed rate in the cut was set to result
in the same time in the cut for all feed rates. Cutting tests were always conducted in

order of increasing temperature.

Displacement data was collected using a Lion Precision C18-13 capacitance gauge,
charge amplifier, high-bandwidth data acquisition (DAQ), and SpinScope, a signal
processing software, at a sampling frequency of 50kHz and sensitivity of 12.5V /mm.
The time domain data in the SpinScope format was converted into a Matlab file for
processing. The system dynamics were measured using an instrumented hammer,
capacitance gauge, DAQ, and TXF software, with a measurement bandwidth of
5kHz. The real and imaginary parts of the FRF were exported as a Matlab file for

processing.

3.2.3 Data processing

For each temperature and test number data set, the following process was completed:

nm
tooth

1. The time domain displacement data for a pair of tests, {50, 75, and 100}
and {125 and 150} ;2% were imported into Matlab.

2. The start and end of the data was truncated by removing points less than 5x
the average capacitance gauge noise signal, determined by the mean of the first
10,00 data points in the file.

3. For each feed rate an approximately 10 second section was selected, capturing

roughly 180 tooth impacts, shown in Figure 3.18.
4. The parsed displacement and time vector for each of the five feed rates was

saved as a new data set. The parsed displacement data for a single set of five

feed rates is shown overlaid in Figure 3.19.
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The dynamometer FRF data was imported as the real and imaginary parts. Modal
peak picking was used to model the FRF as a single degree of freedom system [13].
The frequency of the imaginary peak, 1, the amplitude of the imaginary peak, A, and
the frequencies of the positive and negative real peaks, 2 and 3, as shown in Figure
3.20, were used to calculate the natural frequency w1, and the modal parameters £,
(modal stiffness), ¢, (modal damping ratio), and m, modal mass. The modal fitting
parameters and SDOF FRF fit are shown in Equations 3.10 and 3.11 and a sample
fit is show in Figure 3.21.

W3 — W2 —1 k’q
Cq Qs q 2¢,A Mg w2, Cq Co\/ Fgmy ( )

—1

—mgw? + lic,w + k,

FRFyy = (3.11)

A single-pole infinite impulse response (IIR) lowpass filter with a passband fre-
quency range of less than 650Hz and stopband frequency range of greater than 1000Hz
was convolved with the inverted FRF, show in Figure 3.22. Note how as the frequency
increases the inverted FRF magnitude increases to infinity without the low pass
filter. The process to convert from time domain displacement to time domain force is
summarized by Equations 3.1 to 3.3 in Section 3.1.1. The filtered and inverted FRF
was convolved with the displacement signal and converted to time domain force using

the inverse fast Fourier transform (FFT).

The DC offset was calculated as the mean of the signal between impulses and
removed from the force data. Cutting force peaks with spacing equal to the tooth
passing frequency were identified and recorded as the peak force. The mean force was
calculated as the average of the force over one revolution of the cutter. The mean of
the three data sets was calculated for each temperature and feed rate combination

for the peak and mean force values. The results are reported in Chapter 4.
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Figure 3.18: Selection of cutting data. Blue is the trimmed displacement data, colored
selections represent different feed rates.
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Figure 3.19: Overlaid displacement data for one set of cutting tests, five feed rates.

69



/ 3
""""" 7 F
500 1000 1500 2000
%1077 1
1 A 1 1 ]
500 1000 1500 2000
f (Hz)

Figure 3.20: Peak picking of measured FRF.
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Figure 3.21: SDOF FRF measurement and fit
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Figure 3.22: (Top) Inverse FRF and filtered inverse FRF. (Bottom) filter.
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Chapter 4

Results and Discussion

4.1 Elevated temperature force dynamometer

The design criteria for the elevated temperature cutting force dynamometer were to
1) hold a workpiece at a maximum temperature of 500°C, 2) reduce the uncertainty
in the workpiece temperature measurement, 3) retain sufficient stiffness to complete
cutting tests in Ti-6Al-V4, and 4) minimize the change in the stiffness and natural

frequency. Each of the design goals was met.

Temperature Uncertainty

The largest source of temperature measurement uncertainty in thermally assisted
machining TEM is the large thermal gradients from the spot heat source. The two
most common instruments for measuring workpiece temperature are thermocouples
and infrared thermography (IR). Using a thermocouple where there is a large thermal
gradient and rapidly changing temperatures adds to the measurement uncertainty.
Thermocouples lag the system they are measuring as heat is transferred to the
junction and are calibrated assuming the junction is at a uniform temperature. This
uncertainty can be minimized by ensuring the junction does not experience thermal

gradients.
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In IR thermography, emissivity is typically the largest contributor to uncertainty,
followed by uncertainty in measured spectral radiance. The emissivity of a body is
the ratio of the total emitted radiation from a real surface to the radiation emitted
by a perfect black body at the same temperature. The value depends on the material,
surface finish, surface oxidation, and temperature, among other factors, see Figure
4.1. The square of the IR measurement error increases proportionally with the square
of the temperature and in inverse proportion to the square of the emissivity. The
emissivity from the center of a laser spot, for example, will have a different emissivity
value than the bulk workpiece. Davies et al. and Lane et al. determined a combined
standard uncertainty in temperature measurement in material removal processes of
+52°C and £50.1°C respectively up to 850°C [48, 62]. In both cases, temperature

measurement has a lower associated uncertainty at steady state conditions.

In this study the measuring target, the workpiece surface, was maintained at
a constant temperature and surface condition, and the IR camera remained fixed
relative to the workpiece. The emissivity at a particular temperature, material, and
surface condition is constant. The temperature of the workpiece surface was measured
using a type N thermocouple with an uncertainty of £1.1°C or 0.4% (whichever is
greater). The emissivity was adjusted as the temperature increased and the surface

oxidized to match the thermocouple value.

The standard deviation of the workpiece surface temperature over 10 minutes
and 10 seconds, the average length of a single cutting test, is presented in Table 4.1,
calculated using thermocouple data. The cutting forces and workpiece temperature are
measured as an average over the length of a cutting test. Therefore the temperature
variation over the length of cut adds to the uncertainty. The variability in workpiece
temperature was calculated as two times the standard deviation (o) values presented
in Table 4.1. The combined standard uncertainty of the thermocouple, data logger,
workpiece temperature variation, and IR camera is £10.27°C at 500°C. See Table

4.2 for full temperature range.

The target workpiece temperature of 500°C was achieved, see Figures 4.2 and 4.3,

and maximum workpiece surface temperature of 640°C was observed. However, at
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Figure 4.1: Spectral emissivity of various materials [62]
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Figure 4.3: Temperature of the dynamometer platform, workpiece, and insulator up
to a workpiece temperature of 500°C.
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Table 4.1: Workpiece temperature standard deviation from steady state mean.

Temperature Time (s) o (°C)

100 600 0.23
100 10 0.23
200 600 0.58
200 10 0.37
300 600 1.26
300 10 0.52
400 600 1.17
400 10 0.59
500 600 1.57
500 10 0.59

Table 4.2: Temperature combined measurement uncertainty.
Temperature (°C) Uncertainty(£°C)

20 1.17
100 2.33
200 4.21
300 6.21
400 8.24
200 10.27
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this temperature the service limit of the RTD and cartridge heaters is exceeded.

Dynamometer Variability

The dynamometer platform was successfully kept below 60°C with the workpiece at
a temperature of at least 400°C for an hour, Figure 4.3. The maximum temperature
reached was 58.7°C with an average temperature of 45.9°C. The effect of the convective
cooling was tested and the results shown in Figure 4.4. The dynamometer platform
started at a temperature of 47.6°C and rose to 80.2°C over 6 minutes after the air
supply was shut off. A brief failure in the cooling system would cause damage to a
traditional multi-force component dynamometer. The effect of the air cooling on the

capacitance gauge was evaluated by measuring the noise signal with an without the
air, see Table 4.3.

The FRF of the dynamometer was measured at the start of each new temperature.
While evaluating the dynamometer, four sets of FRF measurements were completed.
One set over the full range of workpiece temperatures is shown in Figure 4.5. All
24 FRFs are shown in Figure 4.6. The average change in natural frequency over
the workpiece temperature range was -2.5% and the average change in stiffness was
-4.51%, see Table 4.4. The mean standard deviation across all temperatures of the
natural frequency and stiffness was 7.5Hz and 5.5 x 105N /m respectively. These
values resulted from an approximately 40°C increase in the dynamometer platform
temperature and 480°C increase in workpiece temperature. Some of the change in

natural frequency is attributed to changing workpiece mass.

The change in Z height of the workpiece surface was measured as a function
of temperature. From room temperature to 500°C, the surface height increased
by 0.5mm, or 25% of the commanded ADOC. This change was from a stackup of
materials of approximately 60mm. The change in ADOC and RDOC for parts made
with hybrid manufacturing may be much greater, depending on the workpiece material
and size, as thermal expansion increases linearly with temperature. The result of the

thermal growth can be seen in Figure 4.7.
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Figure 4.4: Testing the effect of the air cooling on the temperature of the dynamometer
platform, workpiece, and insulator up to a workpiece temperature of 400°C.
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Table 4.3: Average and standard deviation of capacitance gauge noise with convective
cooling.

Condition 7 (nm) o, (nm)

Static 17.23 9.46
Air 18.68 11.23

4 x 10_? T T T T T T
—20°C
- 2+ ———100°C -
‘Zg 200°C
I |——300°C |
ks ———400°C
x5l ——500°C | _
_4 L 1 1
300 400 500 600 700 800 900 1000
%107
—20°C
= ——100°C
~ZE~ 2F 200°C |
= ——300°C
8 4l ~———400°C| |
E 500°C
—6 C 1 1 1 1 1 ]

300 400 500 600 700 800 900 1000
f(Hz)

Figure 4.5: Frequency response of the constrained motion dynamometer with changing
workpiece temperature over one set of cutting tests.
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Table 4.4: Average and standard deviation of natural frequency and modal stiffness at
nominal workpiece temperatures. Four measurements were taken at each temperature.

Temperature (°C) f, (Hz) op, (Hz) &k (}) or (})  Damping (%)
20 634.9 6.8 5.54 x 107 3.73 x 10° 1.23
100 635.1 7.0 5.28 x 107  6.41 x 106 1.58
200 629.6 2.9 6.06 x 107 4.02 x 106 1.46
300 627.0 2.6 5.93 x 107 3.81 x 106 1.43
400 624.6 3.1 5.30 x 107 5.94 x 10° 1.27
500 618.9 5.0 5.297 1.89 x 10° 1.25
Mean 628.4 75 5.57x 107 5.55 x 106 1.37

Figure 4.7: Workpiece cooled to room temperature after elevated temperature cutting.
The staircase effect seen at the top of the workpiece and identified by the arrow is
the result of thermal expansion.
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4.2 Cutting force results

Displacement to force

The process to convert time domain displacement to cutting force is covered in
detail in Section 3.1.1. A summary is presented here. A SDOF model was fit to the
measured dynamometer FRF, the time domain displacement was converted to the
frequency domain using the FFT, the frequency domain displacement was converted
to frequency domain force using the filtered and inverted FRF, and the frequency
domain force was converted back to the time domain using the inverse FFT. The
mean and peak force was calculated for each temperature, feed rate, and test iteration,

presented in Tables 4.5 (peak force) and 4.6 (mean force).

The force results for a single temperature and feed rate in the X and Y directions
are shown in Figures 4.8 and 4.9 respectively. The individual tooth impacts over the
cutting test are superimposed on each other. The force results for a all temperatures
and a single feed rate are shown in Figures 4.10 and 4.11, with the results from each
test superimposed on each other. Figure 4.12 shows force data from a free cooling
cutting test, where the workpiece was heated to 500°C and allowed to cool. Cutting
tests were taken at evenly spaced intervals until the workpiece reached 180°C. No
compensation for ADOC was made. The peak and mean forces in the X direction are
shown in Figures 4.13 and 4.14, and in the Y direction in Figures 4.15 and 4.16. The

resultant cutting force is shown in Figure 4.17.

In all cases, constant temperature and constant feed, there was a significant initial
decrease in the cutting force observed between 20°C and 100°C, followed by an
increase above room temperature cutting force at 200°C, followed by a quasi-linear

decrease in cutting force to a low at 500°C.

The increase in cutting force in the X direction at 500°C can be attributed to the
material reaching a temperature at which the chips begin to adhere to the tool and
back to the surface. This effect can be seen in Figure 4.18, where the chips were

welded back onto the cutting surface after a conventional milling cut at 500°C.
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Figure 4.8: Y cutting force at 20°C and 150272 All tooth impacts are overlaid.
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Figure 4.9: X cutting force at 20°C and 150272 All tooth impacts are overlaid.
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Figure 4.10: X cutting force at 100225 over six temperatures.
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Figure 4.11: Y cutting force at 10022 over six temperatures.
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Figure 4.12: X direction forces with constant feed and free cooling.
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Table 4.5: Average of the peak cutting force.

Temperature (°C)

20 100 200 300 400 500
Axis Feed rate (um) Cutting force (N)
X 50 236.9 2287 2944 2832 82.1 79.6
5 229.4 220.5 279.6 2634 65.1 67.1
100 217.8 211.1 266.8 249.7 50.3 51.9
125 206.7 196.3 233.8 214.6 36.1 284
150 190.3 182.3 222.0 211.2 31.2 17.3
Y 50 413.3 3279 470.3 438.1 377.3 321.7
5 4879 3759 530.6 488.4 423.3 358.9
100 538.1 414.1 579.6 532.1 461.7 384.8
125 620.7 458.1 641.4 589.1 510.8 424.2
150 658.4 4879 687.6 630.3 550.1 460.7
Table 4.6: Average of the mean cutting force.
Temperature (°C)
20 100 200 300 400 500
Axis  Feed rate (pm) Cutting force (N)
X 50 80 79 101 96 -14 -0.1
5 5.7 58 74 65 -3.7 -20
100 34 34 44 40 -59 -39
125 05 07 00 -03 -80 -6.5
150 -1.9 -13 -22 -20 -99 -82
Y 20 48.3 39.5 57.8 55.0 47.7 40.5
75 53.9 43.5 62.8 59.2 bH1.7 43.7
100 58.3 46.9 67.5 62.8 54.9 46.5
125 67.5 49.1 73.7 67.8 59.1 498
150 71.3 51.7 776 70.7 62.0 524
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Figure 4.13: Peak force in X over a range of temperatures and feed rates in Ti-6Al-4V.
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Mean force X direction

B T T T T T T T T
50 pm/rev
6 r 75 pm/rev | |
100 pmirev
4L 125 pmirev |
150 pmirev
2 -
Z o
©
e
g 2|
4 i
B F i
B8 F i
_10 1 1 Il Il Il 1 Il 1 1

0 50 100 150 200 250 300 350 400 450 500
Temperature (°C)

Figure 4.14: Mean force in X over a range of temperatures and feed rates in Ti-6Al-4V.
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Peak force Y direction
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Figure 4.15: Peak force in Y over a range of temperatures and feed rates in Ti-6Al-4V.
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Figure 4.16: Mean force in Y over a range of temperatures and feed rates in Ti-6Al-4V.
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Figure 4.17: Peak resultant force over a range of temperatures and feed rates in
Ti-6Al1-4V.
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Figure 4.18: Chip welding at 500°C, conventional milling.
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4.3 Milling time domain simulation

The four coefficients for the cutting force model were determined for each temperature
by linear regression using the average of the measured cutting forces over a range
of feed rates. The k; and k,, terms are linearly dependent with the chip thickness.
The ki and k,. coefficients are independent of chip thickness and represent rubbing
or plowing [13]. The mean force in the x and y directions as a function of the four

cutting force coefficients is given in Equation 4.2.

F, = k,bh + kb

(4.1)
E — ktbh + kteb
Where F;, = normal force component, F; = tangential force component
— [N Nib v
F, = [ 8t J: (—ky cos(20) + kn(2¢ — sin(2¢))) + 2—t(kte sin ¢ + k. cos qﬁ)}
T s
o (42)
= Nibfi : Ny . ‘
F, = (kp cos 2¢ + ki (2¢ — sin(2¢))) + 2—(/{,56 COS @ + ke sin @)
s T
és
The start and exit angles for down/climb milling are defined in Equation 4.3.
r—a
g =T — cos !
( r ) (4.3)

s =T
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Let:

cs1 = cos(pe) — cos(ops)
¢Sy = cos(2¢.) — cos(2¢s)
sny = sin(pe) — sin(ps)
sng = sin(2¢.) — sin(2¢;)

df? = 2¢e - 2¢s
N

CcT = ﬁ
N

C3 = g

For simplified force equations:

Fm = ftC3[—ktCS2 + kndfs — knan] + C2 [ktesnl - knecsl]

Fy = ficslkidfa — kysng + kyese| — calkiecsy + knpesna|

Equations 4.5 and 4.6 are in slope-intercept form, F' = ag + a1 f;, where:

a1z = c3|—kicsy + kn(dfs — sng)]
ary = cslki(dfs — sna) + kyess]
Aoz = C1lktesn1 — Kpecsi]

agy = —C1]kteCs1 + kpesni]

Rewriting in matrix form gives:

Apg

aoy_

A1g

aly

Cc18MN —Ci1C81 ke
—cie81 —C18N ke

—cgcse  c3(dfy — sna) | | Ky
& (dfasms) C3CSo ky,
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Solving for ki, k, ke kne:

{kt} _ [ —csesy caldfs — sny)] B [alx] (4.9)
k,, c3(dfasns) C3CS9 ay

_]_ -
Kte _ €SNy —C1Csy Aoz (4 10)
Kne —c1c81 —C18N gy .

Solving for the cutting force coefficients:

k, = gcsmlm — %(dfg — SNng)aiy (4.11)
Cy Cq
kjn — _—cg(dfz — S?’LQ)CI,lx — §682a1y (412)
Cy Cyq
ke = _—Clsnlan + C—lcslaoy (4.13)
Co (&)
kpe = C—lcslaom + ﬁsnlaoy (4.14)
Co Co

Equations 4.11 to 4.3 are valid for any arbitrary start and exit angles.

The linear fit between cutting force and feed rate for all temperatures are shown
in Figures 4.19 and 4.20. The slope and intercept from the fits were used to calculate
the set of cutting force coefficients for each temperature, shown in Table 4.7 and
Figure 4.21. As expected, the coefficients follow the trend seen in the measured force
data. The temperature dependent coefficients were used in the time domain milling
simulation to calculate cutting force. The average peak forces for the Y direction
are presented in Table 4.8. Figures 4.22, 4.23, 4.24, and 4.25 show good agreement

between the measured and modeled forces at 20°C and 500°C respectively.
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Figure 4.19: Linear fit of cutting force vs. feed rate for Y direction over all tempera-

tures.
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Table 4.7: Cutting force coefficients with temperature.

Temperature (°C) K; (N/mm?) K, (N/mm?) K, (N/mm) K,. (N/mm)

20 1729.0 1094.7 15.1 131.7
100 1152.8 352.7 13.6 125.3
200 1752.1 730.7 21.8 173.2
300 1505.4 497.1 24.7 169.6
400 1209.7 945.5 04.3 130.2
200 1079.9 400.6 40.7 113.5

Table 4.8: Simulated average of the Y peak cutting force.

Temperature (°C)
20 100 200 300 400 500

Feed Rate (pm) Cutting force (N)
50 344.5 2721 397.1 374.6 3446 288.6
75 421.6 306.0 458.7 420.3 393.5 329.8
100 501.2 349.0 5299 477.3 444.0 372.8
125 280.9 393.1 601.7 535.8 494.5 4158
150 660.6 437.3 673.4 594.3 545.0 458.8
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Chapter 5
Conclusion

Cutting force coefficients, workpiece dynamics, and uncut chip area all change as a
function of temperature. In a traditional milling process, these parameters are nearly
constant. The bulk workpiece temperature remains well below the working limit of
the material, generally near room temperature. To accurately measure temperature
dependent cutting force, an elevated temperature cutting force dynamometer was

designed, constructed, and tested.

A workpiece surface temperature uncertainty of +10.27°C at 500°C was achieved
using a combination of N type thermocouples, constant conditions, and IR thermog-
raphy, an 80% improvement over the use of IR thermography in traditional TEM. A
novel high stiffness thermal insulator was designed, manufactured, and tested that
used lattice structures to geometrically increase the thermal resistance and additive
manufacturing to decrease the thermal conductivity of the base material. The ther-
mal protection system developed using a combination of the high stiffness insulator,
convective cooling, and a glass-silicon composite, reduced the temperature from over
1000°C at the heating element to less than 60°C at the dynamometer platform. As
a result the change in natural frequency and stiffness with workpiece temperature
was limited to 2.5% and 4.5% respectively. A modest change in temperature, 40°C,

yielded a relatively large change in stiffness.
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Ti-6Al-4V cutting forces were measured for five feed rates, {50, 75, 100, 125
and 150} 2% and six nominal temperatures, {20, 100, 200, 300, 400, 500}°C. A
process was developed to limit the effect of thermal expansion on uncut chip thickness.
Without accounting for the change in workpiece geometry due to thermal expansion,
the axial depth would have increased 25% at 500°C. A maximum decrease in cutting
force of 53% from room temperature to 500°C was measured. Surprisingly, an average
20% reduction in cutting force at 100°C and an average 11% increase in cutting force

at 200°C, when compared to room temperature, was measured.

The results presented in this dissertation show that traditional milling models and
assumptions are insufficient for a hybrid process. Developing an elevated temperature
cutting force dynamometer enabled the measurement of cutting forces at constant
elevated temperatures and the fitting of temperature dependent cutting force coeffi-
cients. The coefficients introduced temperature dependence to a time domain milling
simulation that showed good agreement between the measured and simulated cutting

forces.

Hybrid manufacturing is a relatively new process that leverages the best aspects
of additive and traditional subtractive manufacturing to enable the production of
a new class of parts. The development of process models is critical to realizing the
potential of hybrid manufacturing. The elevated temperature dynamometer and
updated milling force model enable better stability prediction and process parameter
selection. Parameters on the additive side can be chosen to keep a part in an optimal
temperature range for milling, additive preforms can be designed with stiffness to
match the anticipated cutting forces, allowing for higher metal removal rates, and
milling parameters can be chosen that result in stable conditions over the anticipated
part temperatures. The result is improved part quality, reduced cycle time, and wider

industry adoption.
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Future Work

The hybrid manufacturing process requires more research to capture the spatial
and temporal variability. The effect of temperature on the natural frequency and
stiffness of representative part geometries should be investigated. Models to predict
the thermal growth and distortions and compensate for them in the milling tool path

are critical to producing hybrid components in the methods described in this study.
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