ABSTRACT

MCNUTT, MAXWELL TANOA. Development of a Surrogate Machining System to Study Dry
Turning of Plutonium. (Under the direction of Dr. Thomas A. Dow).

To reduce time and costs (300,000 usd/ft"3) associated with disposing of cutting fluids
used to machine radioactive materials like plutonium, dry machining is being investigated at Los
Alamos National Laboratory (LANL). However, such soft radioactive materials present
machinability issues when a cutting fluid is not used. Under dry conditions, extreme heat causes
the already ductile and reactive plutonium chips to become extremely “sticky” or “gummy.” This
stickiness results in a phenomenon known as chip seizure. This occurs when the chip adheres to
the rake face of the tool, altering the flow of material away from the part and damaging the
machined surface, leading to poor surface finish. Due to the scarcity and hazardous nature of
plutonium, the first phase of this project was to identify a surrogate metal that could be studied in
its place.

Lead Babbitt, OFHC copper, 1100 aluminum and 1199 aluminum were identified as
potential plutonium surrogates based on their similar material properties to plutonium. Each of
these materials was tested using a non-overlapping feedrate to look for evidence of chip seizures.
After machining each material in this manner, it was determined that 1199 aluminum was the most
suitable surrogate to plutonium, as evidenced by surface profilometer and SEM measurements.
Next, 1199 aluminum was machined using a facing operation with the same feeds and speeds as
those used at LANL. Each machining operation was recorded using a high magnification video
camera. These videos provided further evidence that 1199 aluminum behaves similarly to

plutonium under dry machining conditions, meaning that the chip showed tendencies to seize to



the rake face of the tool. These videos also provided evidence that chip seizures occur in a cyclic
manner, as described by Ashoktov [24].

Next, a single factor parameter study was conducted on 1199 aluminum to learn how each
machining parameter effects the process of chip seizure and therefore surface roughness. While
the exact optimized parameters of machining experiments for 1199 aluminum are likely not
optimized for plutonium, general trends to reduce the presence of chip seizures are likely to be
applicable to any material that tends to seize to the tool. Parameters of interest were rake angle,
cross-feed, depth of cut, cutting speed and tool coating. All cutting tools were Kennametal V-
Series carbide inserts, like those used at LANL.

After conducting three experiments at each set of parameters it was determined that high
positive rake angles, large cross feeds, large depths of cut, and higher cutting speeds were found
to reduce chip seizures and improve surface finish on 1199 aluminum. This result is due to
decreased shear strain at high rake angles, increased chip stiffness at large feeds and depths, and
decreased rake face friction at higher cutting speeds. Tool coatings did not make a significant
impact on surface finish.

While higher rake angles, feeds and depths of cut are easily attainable by LANL
machinists, cutting speed cannot be held sufficiently high at the center of the plutonium part using
traditional turning methods. In order for LANL to maintain good surface finish all the way to the
center, traditional turning methods should not be used at the center of the part. Potential

alternatives would be hypersonic machining or live tooling such as a ball end mill.
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1. BACKGROUND

This project investigates possible techniques to machine plutonium (Ga-alloyed, 6 phase) [1]
without the use of cutting fluid. Dry machining presents Los Alamos National Laboratory (LANL)
with an opportunity to reduce time and costs associated with separating and disposing of
radioactive mixed waste that is a byproduct of machining plutonium with a coolant or lubricant
[1]. Unfortunately, dry machining also presents a challenge: how to prevent soft materials such as
plutonium from “sticking” to the tip of the tool [1]. This sticking behavior ultimately leads to poor
surface finish [1]. Since plutonium is a controlled material and is highly hazardous to handle and
machine, another material must be studied in its place. This surrogate material should behave
similarly to plutonium when being machined without cutting fluid. This means that using similar
feeds and speeds to those used at Los Alamos, the surrogate material should show signs of adhesion

to the cutting tool and the subsequent poor surface finish on the machined part.
1.1 Introduction to Lathes and Turning

In the world of machine tools, the lathe is likely the oldest form [2]. Due to its relative
simplicity, lathes are easier to construct than many modern machine tools such as milling and
grinding machines. Even in its simplest form, lathes can be used to create complex geometries, so
long as they are rotationally symmetrical. Force example, some decorative turned bowls
discovered in Etruscan tombs have been dated to the 6™ century BC [2].

While lathes had been used for thousands of years, their modern application as a shop floor
workhouse burgeoned during the industrial revolution of the early 19t century [2]. At the time,
lathes could be used to drill a gun bore, cylinder bore, or even turn a pool cue. The common theme

with these parts is that they are round, rotationally symmetric and require straightness and



roundness not previously possible in manufacturing. Figure 1-1 shows a drawing of an early lathe

that could have been used to produce a part such as a gun barrel or a pool cue.

Figure 1-1. Late 19™ century Hendey lathe [3]

Though modern turning centers are much more precise, powerful, efficient and versatile
than the Hendey Lathe, the basic principle remains the same. The spinning workpiece is fixed to
the chuck, while the non-rotating tool is moved through the spinning workpiece to remove a chip
and yield the final, rotationally symmetric surface. Machining with a lathe is called turning.

At the Precision Engineering Consortium (PEC) as well as the plutonium machining unit
of LANL, diamond turning machines (DTMs) are used. DTMs are simply high precision lathes,

with interferometric axis position control, hydrostatic slide-ways and air bearing spindles. These



features enable for excellent surface finish and low form error on machined parts. As an example,
DTMs at the PEC have been used in to create precision optics for space telescopes.

In a research context, turning offers a unique opportunity to study the underlying physics of
chip formation. This is because the tool is stationary relative to the workpiece and can be monitored
and modeled as a static structure. The Nanoform 600 DTM was the machine tool used as a tool to

study dry machining in this thesis.
1.2 Single-Point Turning Process

After the plutonium at LANL is cast, the part must be machined into its final shape. This
allows LANL to achieve form errors and surface finish not currently feasible with a production
casting or forming process at the lab [4]. This machining process can be described as single-point
turning since a lathe is used and only one cutting edge contacts the workpiece. This is also the
process used at the PEC in this thesis.

Since the plutonium part is a rotationally symmetric, a turning operation is the most viable
machining process to easily produce the form and finish demanded by the LANL physicists.
Currently, round-nosed carbide turning inserts from Kennametal are being used on the DTM lathes
used to produce the plutonium parts [5]. Figure 1-2 details how a machined surface can be
produced using a round nosed tool. The axes convention of X, y, and z in Figure 1-2 will be used

throughout the remainder of this thesis.
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Figure 1-2. Nomenclature for single point turning [6]

Depth of cut (h), feed rate (f) and cutting velocity (Vc), shown in Figure 1-2, are set by the
machinist and are largely determined by the work material, tool material, desired surface
roughness, and machine power available. These parameters have a large influence on the surface
finish of the final machined part. The specific effects of each will be studied in this thesis.

All turning operations in this thesis are classified as facing cuts. This means that the tool
feeds from the outer diameter of a disc-shaped part to the center, creating a machined face on the
surface orthogonal to the machine “Z” axis. If the tool is located on the “Y” axis center line of the

disc, then this process can be effectively considered an orthogonal turning operation.

1.2.1 Orthogonal Cutting Mechanics
In orthogonal cutting, the angle of inclination between the cutting tool and the cutting

velocity (Vc in Figure 1-2) is equal to 90 degrees as detailed in Figure 1-3.



Workpiece

Figure 1-4
Viewpoint

Figure 1-3. Orthogonal cutting

In the 1940s, Ernst and Merchant modeled the chip formation process in its simplest form.
Assumptions made by Ernst and Merchant were that the chip formation process plane stress, plane
strain, no work hardening, one plastic zone, and perfect sliding at the tool-chip interface [7]. In
reality, all of these assumptions are over-simplified, but this model provides an intuitive method
to think about the chip formation process in metal cutting.

Figure 1-4 shows a schematic of the chip formation proposed by Ernst and Merchant. These
forces can be broken into three sets, with respect to the: cutting velocity (Fc and Ft), rake face (Fn
and Ff), and the shear plane (Fs and Fns). The vector summation of each of these three sets will
form the same resultant force (Fr) acting on the tool. By Newton’s laws of motion, it is deduced
that each force has an equal opposite force being projected on the workpiece by the tool, these

reaction forces lead to the plastic deformation and fracture that result in chip formation.



Shear Plane

Workpiece
_——

Figure 1-4. Force components for orthogonal cutting [7]

F, and F, can be measured directly via a load cell. Fr and F, can then be calculated from Ft and Fc
since the tool has a known rake angle, ¢. Equations (1.1) and (1.2) can be used to calculate F; and

E, [8].

F; = F, + F,tan() (1.1)

E, = F, — F;tan(x) (1.2)

F; and F,,, are more difficult to calculate since the shear plane angle is difficult to precisely locate.
The shear plane can be defined as the shortest plane connecting the tool tip to the free surface.
Deterministic models for shear plane angle have been formulated in the past but often lack

accuracy in materials with a tendency to strain harden [8]. Fortunately, approximate measurement
6



of the shear plane angle is possible. One method of approximately measuring the shear plane angle
is collecting chips and measuring their thicknesses with micrometers, since the depth of cut and

rake angle are known quantities. Equation (1.3) describes this relationship [8].

Q= tan‘l( rcos(a) ),T‘ = % (1.3)

1-rsin(a) ag

Shear plane angle relates to the amount of shear strain occurring during chip formation [8].
Cohen proposes the amount of shear strain can relate to the surface finish of the machined part [9].

The method for determining chip thickness is detailed below in Section 1.3.1.
1.3 Chip Cross-Section

With a round nosed tool, the geometry of the un-cut chip like shown in Figure 1-2 can be
described by the drawing in Figure 1-5. Notice how the thickness at the far right and left-hand
corners is zero. Since this cannot be achieved, it is a limiting factor for surface roughness [10].

Figure 1-6 proposes how this property of the chip will alter surface roughness.

Thickness (t)

Length (1)

-

Figure 1-5. Uncut chip cross section [11]
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min. chip
thickness

workpiece

Figure 1-6. Surface finish for single point machining [10]

PV in Figure 1-6 is the measured peak-to-valley surface roughness of this machined
surface. PVt represents the theoretical peak-to-valley surface roughness that would be expected
from the prescribed tool radius and cross-feed. This difference is described by Arcona [10] as the
Minimum Chip Thickness (MCT) for the given cutting tool. This minimum chip thickness was
also described by Albrecht [12] as “thickness of bite”. When the uncut chip thickness is smaller
than this “thickness of bite”, the cutting edge will push the material into the workpiece rather than
removing it in the chip. After the tool has passed, this “ploughed” material will spring back,
resulting in the features labeled “minimum chip thickness” in Figure 1-6. In a machining context,
the term ploughing was introduced by Albrecht [12] in 1960 to describe the effects of the imperfect

cutting tool.

1.3.1 Post Cut Chip Measurement

After collecting over 50 chips during each facing operation, it was determined that the cross
section of the chip was roughly semielliptical, with the chip width being about twice its thickness.
The difference in geometry between Figure 1-5 and Figure 1-7 is due to the large amount of plastic
strain that occurs along the shear plane during chip formation. The semielliptical cross section of

the post-cut chip is shown in Figure 1-7. By monitoring chip geometry, process parameters such
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as shear plane angle and chip flow velocity can be evaluated. Changes in these parameters could

potentially be symptomatic of chip formation issues such as BUE or chip seizure.

Figure 1-7. Micrograph of a semielliptical chip cross-section

A= g(CT)(CW) (1.4)

MRR = vsurfacefd = Vchip g (CT)(CW) (1.5)

Equation (1.4) describes the relationship between chip thickness (CT), chip width (CW) and
Chip Cross Sectional Area (A). The Material Removal Rate (MRR) is related to known input
parameters, Surface Speed (Vg fqce), Crossfeed (f), and Depth of Cut (d). By assuming that chip
volume is conserved during the chip formation process, Equation (1.5) can be derived. From
Equation (7), Chip velocity ( v.p;;,), can be calculated.

Chip were collected at the onset of the cut and at the conclusion of the cut. The average of
the two chips width and thickness are the reported values for each experiment. The maximum chip
thickness measurements were done with micrometers, while width measurement was done via an

optical microscope. As shown in Figure 1-7.



1.3.2 Rqand PV Measurements

After a part is machined, its surface roughness can be measured to determine the quality or
finish of the part. To quantify the bulk surface roughness or figure error of a machined part, many
metrics can be used. Two of the most common are peak-to-valley (PV) and root-mean-square (RQ).
PV simply represents the elevation difference between the highest single point on the surface and
the lowest single point. This is a quick and easy way to quantify surface roughness but fails to
summarize the characteristics of the surface at large, since it considers only two data points. Rq is
a better measure of bulk surface roughness since it represents a mathematic average of every
measurement point on a surface. The formula to calculate Rq roughness from a dataset is shown

in Equation (1.6) [13].

R, = /% J, 22 (x) dx (1.6)

1.3.3 Parabolic Model for Theoretical Surface Roughness

Equation 1.7 [14] is the parabolic approximation which relates peak-to-valley surface
finish (PV) to the tool radius (R) and feed per revolution (f). Equation 1.8 [11] gives the relation
between Root mean square roughness (Rq roughness) to the radius of the tool and feed per
revolution. Equations 1.7 and 1.8 are expressions of theoretical surface finish when a round-nosed
tool is used to machine with an overlapping feed rate that is very small compared to the tool radius.
These relationships describe the theoretical surface shown in Figure 1-6 as the dashed lines. These
formulations neglect real-world machining effects such as cutting edge ploughing and mechanical

vibrations.
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py, =L L7

fZ
Rq; = T (1.8)

1.3.4 Real Surface Roughness vs Theoretical Surface Roughness
Real machining operations do not generate the theoretical surfaces described by Equations

1.7 and 1.8. Surface finish from single point turning is affected by many factors which sum up to
give the actual surface roughness. Researchers at the PEC [11] have identified the following factors
to have an effect on the machined surface finish.

e Machine Vibrations

e Tool Wear

e Tool Geometry

e Built up Edge

e Ploughing

e Lubrication
Equations 1.5 and 1.6 can be used as a lower bound for machined surface roughness, but often are

offer poor estimates for real machined surfaces [9].
1.4 Material Properties and Machining Behavior of Plutonium

Before any surrogates for plutonium were identified or tested, the metallurgy, material

properties and physical description of dry machining were examined.

1.4.1 Metallurgy and Allotropes of Plutonium
Working with plutonium requires that the metal is treated so that radioactive decay is

prevented, and material properties are stabilized. A common method of stabilizing plutonium is
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alloying it with gallium [4]. Depending on the percentage of gallium and the temperature, the metal
can take on the form of 11 different allotropes [4]. These allotropes are shown in Figure 1-8. The
delta phase of the Pu-Ga alloy is shown in grey, it was the allotrope of interest for this thesis. This
particular allotrope is used in plutonium production operations because of its stability at room

temperature, high plutonium content and its ability to be cast [4].

No. of compounds 11
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Figure 1-8. Allotropes of plutonium-gallium alloys [4]

In its stabilized delta phase, the plutonium alloy has a face-centered-cubic (FCC) crystal

structure [4]. Data with regards to the grain structure of the metal used at LANL was not available.

1.4.2 Material Properties of Stabilized 6 Phase Plutonium
Though data for the particular castings being used at LANL is classified, material

properties obtained in the 1950s were compiled by OJ Wick [15]. & phase plutonium has some
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interesting mechanical properties; it is dense and soft, similar to gold, but has tensile strain

properties similar to pure aluminum, a very lightweight metal. These properties are shown in

Table 1-1. Figure 1-9 shows the similar tensile behavior of 6 phase plutonium and pure aluminum.

Table 1-1. Mechanical properties of delta phase plutonium [15]

p (C#) Hardness (Hv) Oyieta (MPa) Ouitimate (MPQ) E (GPa)
19.8 45 110 130 43
(a) 600 i
x Fracture
= 400 —_
5 0-PU = aPu/ E_=97GPa
T~ Fracture point % =1 &0
400 & 2onk E;=42GPa
/;ﬂeld strength 5-Pu

—_ ¥ e
g 3001 ! | @
=) 0 0.4 0.8 12 7|40 =
& Strain (%) %
# 200 XCast iron n

Aluminum — a2

100 ;’pf-F:—__—
&-Pu
| 1 | 0
0 10 20 30 40
Strain (%)

Figure 1-9. Stress-strain plot of delta plutonium [15]

Plutonium also exhibits unique thermal properties. Unlike most other transition metals, it

is an excellent thermal insulator due to its low thermal conductivity. In addition to low

conductivity, it has exceptionally low specific heat, similar to that of an ideal gas. These properties,
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displayed in Table 12 combination with its high density, give plutonium a very low thermal

diffusivity, similar to a nickel superalloy like Inconel.

Table 1-2. Thermal properties of delta plutonium [15]

k(o)

¢ (D)

m

o ()

0.84

0.13

4.0e-6

1.4.3 Machining Behavior of 6 Phase Plutonium

d-phase Plutonium’s unusual material properties led to machinability issues, especially

when machined without a cutting lubricant. The main challenge with the plutonium metal is the

tendency of the metal to adhere to the rake face of the cutting tool [1]. This adherence to the tool

has been described by Arcona a “dead metal zone” [10]. Dead metal means that some of the

workpiece material is no longer flowing in the form of a chip or in the workpiece. Figure 1-10

shows the side view of a dead metal zone on the tip of a carbide tool, resulting from machining

plutonium.
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Cutting Edge

Flank

Figure 1-10. Dead metal mass of plutonium seized to the carbide turning insert [2]

It can be seen in Figure 1-10 that the dead metal forms a blockage on the cutting edge of
the tool. Essentially, the dead metal zone has dulled the edge of the carbide tool, which will result
in more ploughing effects [5]. The tool in Figure 1-10 created the turned plutonium surface shown

in Figure 1-11.

Figure 1-11. Poor surface finish that is common on machined plutonium components [1]

The turned surface in Figure 1-11 has many dark scars. These are the result of the dead
metal on the tool, either by contact to the machined surface or by increased ploughing effects.

Figure 1-12 shows the geometry of where this material transfer occurs. Even a small amount of
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material transfer back to the machined surface can result in scarring and poor surface finish.

Ploughing’s effects on surface roughness are described in Figure 1-6.

Y
Tool Motion

Cast Surface

Machined Surface

Figure 1-12. Dead metal contacts the machined surface

1.4.4 Dead Metal: Built-Up-Edge versus Seized Chips

There are two potential geometries that dead metal can assume on the cutting tool. The first
is a Built-Up-Edge (BUE). Trent’s description of a BUE [8] is as follows: “When cutting many
alloys with more than one phase in their structure, strain-hardened work material accumulates,
adhering around the cutting edge and on the rake face of the tool, displacing the chip from direct
contact with the tool, (as shown in Figure 1-13). The built-up edge is not observed when cutting

pure metals but occurs frequently with alloys used in industry [8]”.
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Figure 1-13. Built-up edge

The other form of dead metal is called a chip seizure. Trent describes that “Under seizure
conditions, it can no longer be assumed that relative movement takes place at the interface [8].”
Figure 1-14 shows this phenomenon. Notice how the chip itself is the dead metal. This is in contrast
to a BUE where the chip flows over the dead metal zone. This sort of feature would be expected

in pure metals rather than alloys.
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Depth of Cut

Figure 1-14. Chip seizure

In the remainder of the thesis, metals will be machined and investigated for their ability to form

either of these dead metal features, which will indicate similarity to 6 phase plutonium.
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2. EXPERIMENTAL SETUP, MEASUREMENT METHODS, AND
ANALYTICAL APPROACH

In traditional machining, a cutting fluid is used to lower temperatures, reduce friction and

increase the quality of the machined surface. However, due to excessive disposal costs associated
with plutonium ($300,000 per cubic foot [5] LANL is attempting to remove it from the machining
process. For this reason, all machining experiments in this thesis were conducted “dry” or without
the presence of a cutting fluid.
Machining experiments in this thesis were designed to achieve one of three goals; understand the
fundamental difficulties of dry machining, identify a suitable surrogate metal to study in the place
of plutonium, and optimize machining parameters on this surrogate metal. For each experiment,
forces were measured, footage was captured, the tool was imaged, and the machined surface was
measured.

Table 2-1 details the general framework for when measurements were made relative to the
machining operation. All of these measurements can provide insight into the presence or lack of

dead metal on the tool during a machining operation.

Table 2-1. Timeline of analytical methods

Time Measurement Process Measurement Device
During Machining Force Measurement Kistler Load Cell
During Machining Filming SuperEyes Camera
After Machining Tool Imaging Quanta FEI SEM
After Machining Surface Profilometry Talysurf Stylus Profilometer
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2.1 Tooling and Machining Setup

Every experiment, regardless of its goal, was a lathe facing operation, used off the shelf
turning inserts, no cutting fluid and was on the same machine, the Nanoform 600 Diamond Turning

Machine (DTM).

2.1.1 Carbide Inserts

Two different carbide tool geometries were used during the study. Both were Kennametal
V-Series carbide inserts, identical to those used for turning plutonium at LANL [1]. Figure 2-1
shows a side by side comparison of the two tool geometries. Figure 2-2 shows the general geometry
of a Kennametal V-Series carbide tool, without the specific tool chip geometry. Carbide tools will
be referenced by their tool number defined in Table 2-2. Rake angle is defined in Figure 1-4 as a.
Convention says that the tool shown in Figure 1-4 has a positive rake angle [7]. The differences in

the two geometries are highlighted in Table 2-2.

Figure 2-1. Kennametal V-series carbide inserts used in surrogate experiments
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15.348

Figure 2-2. Multi-view drawing of V-series inserts, units in mm [16]

Table 2-2. Geometry of carbide tools [16]

Tool Nose Radius | Rake Angle | Chip Breaker
Number | Manufacturer Model No. (mm) °) (yes or no)
1 Kennametal VBGT331HP 0.4 15 no
2 Kennametal VBGT331LF 0.4 5 yes

Both geometries have been used at LANL in plutonium operations in the past [1]. The
“HP” in the model number indicates the high positive rake angle of 15 degrees. The “LF” in the
model number indicates the presence of a chip breaker [16]. This chip breaker design has been

known to improve surface finish in certain metals by segmenting the chip [8].
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2.1.2 Nanoform 600 Diamond Turning Machine

To investigate surface finish, machining forces and how the effect of machining
parameters, a Nanoform 600 Diamond Turning Machine (DTM) was used to machine the face of
a disc of the potential surrogate metal. The DTM used in this study is a high precision turning
center. It features an air bearing spindle, vacuum chuck, hydrostatic axes slides, and
interferometric axes control [11]. This machine can be used to create high precision machined
surfaces required for optical manufacturing applications. This high precision machine reduces the
amount of variability in the surface finish from machine errors and vibration, allowing an emphasis

on dead metal effects. Figure 2-3 is a photograph of the experimental setup on the Nanoform DTM.

P e Surrogate Workpiece l

Carbide Tool

o —

Figure 2-3. Nanoform 600 diamond turning machine setup used in experiments
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During each machining experiment, the carbide turning insert was fed inward from the
outside radius of the surrogate to a final radius. Though each set of experiments varied the
machining parameters, all parameters tested were based on a set of “control” parameters used for

plutonium at LANL [17]. These parameters are listed in Table 2-3.

Table 2-3. Control machining parameters used on 1199 aluminum [17]

Machining Parameter | Value

Rake Angle (degrees) +15

Tool Coating None

Depth of Cut (pm) 120

Cross-Feed (um/rev) 40

Cutting Speed (m/s) 1.8-3.0

Tool Nose Radius (um) 400

Note the range of cutting speed (1.8 m/s-3.0 m/s) is given in Table 2-3. This is because, at
a constant spindle speed of 573 rpm, the cutting speed drops from 3 m/s at the 50 mm outer radius

of the disc, to 1.8 m/s at the minimum radius of 20 mm.
2.2 Machining Force Measurement

A Kistler piezoelectric load cell was used to measure the cutting forces (Fc) and thrust
forces (Ft) experienced by the tool during machining. By using a piezoelectric load cell, small
changes in machining forces can be measured as small charges generated in the piezoelectric

material. These small charges can be converted to a force measurement by multiplying by a pre-
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calibrated gain. Fc is along the direction of “Y” and Ft is along the direction of “X” as shown in
Figure 1-2.
While machining under steady-state conditions, spikes in measured forces can indicate

dead metal phenomena on the tool. In addition to force data, parameters such as coefficient of
friction (?) can also be calculated if the rake angle and both Fc and Ft are known, as shown in

Equations (1.1) and (1.2). The Kistler load cell is shown in Figure 2-4. Specifications and settings

for the specific load cell are displayed in Table 2-4 and Table 2-5, respectively.

X

Figure 2-4. Kistler load cell used for all force measurements [18]
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Table 2-4. Specifications for Kistler 50993 load cell [11]

Compression Range (Z — axis) [N] +5000 to -5000
Shear Range (X, Y axis) [N] +2500 to -2500
Rigidity (Z — direction) 1000
Rigidity (X, Y-axis) 300
Natural Frequency (Y- direction) 11
[KHz]
Weight [grams] 32
Sensitivity (Fz) [pC/N] -4.1
Sensitivity (Fx, Fy) [pC/N] -7.5
Noise Floor (N) 0.01

Table 2-5. Settings for Kistler 50993 load cell

Cutting Force Thrust Force
Sensitivity settings 6.76 6.76
Capacitor decay Long Long
Scale (Mech 10 10
units/volt)

2.2.1 Drift Correction
One common issue with a piezoelectric load cell is drift, where charge accumulates in the
system and causes force readings to falsely increase in magnitude as time elapses. The simplest

correction scheme involves rotating the data around the time = zero point so that the final data

25




point is equal to O force. Both of these points should be equal to zero force since the first and last

data points occur when the tool is not in contact with the workpiece. Figure 2-5 shows a force

graph without any drift correction.

10 . . .
| (ad 'l
z o Tool diserl19ages workpiece
[b] T
2, ML ﬂ |
Tool engages workpiece
2 / o Force drift ( ?;

N
0 | 1 | | |
CO/ 20 40 60 80 100 120 140

Time (s)

Figure 2-5. Force data as collected, no drift correction

Notice how the final data point is equal to 2 N. Since the tool is no longer in contact with

the workpiece, this should be equal to zero.
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Figure 2-6. Processed force data, with drift corrected

Figure 2-6 shows the same force data after drift has been corrected. The Matlab code for

the correction is available in the Appendix A.

2.3 Surface Finish Measurement

Figure 2-7 shows how the Talysurf measures machined surfaces. While the stylus traverses
over the surface in the X direction as defined in Figure 2-7, the stylus tip is moved in the Z direction

by small features on the surface of the part. A laser interferometer then reads these Z displacements

as a function of X, to form a 2-D profile.
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Figure 2-7. General schematic of a contact profilometer like the Talysurf [19]

After the face of the disc was machined, it was measured in the Talysurf stylus
profilometer. For each surface, three radial measurements were made; each clocked 120° apart.
From these three profiles, Rg (root mean square) surface roughness was calculated for the entire
profile. Any features larger than 3 mm in wavelength were filtered out on the Talysurf software
and classified as form error and not considered for Rq roughness measurements. The reported
roughness for each experiment is the average of the three bulk surface roughness values.

Since the nominal nose radius of the round-nosed tool and the cross-feed
(length/revolution) are known quantities, a plot of the theoretical surface can be compared to the
machined surface as measured by the Talysurf. Figure 2-8 shows an example of this comparison.
The theoretical surface is shown as the dotted gray line. The solid black line represents the

machined surface as measured by the Talysurf.
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Figure 2-8. A surface profile created with an overlapping feed rate of 40 um/rev

Notice the vertical magnitude of the repeating features in Figure 2-8. The average
magnitude of these grooves can be quantified for comparison as root-mean-square or Rq surface
roughness. Calculation of Rq roughness is described in Equation (1.4). Note that this is an example

of a surface created with an overlapping feedrate.

2.3.1 Non-Overlapping Facing: Detection of Dead Metal

The machining operation used for surrogate testing experiments was a facing operation
with a non-overlapping feed rate. An example of a surface created for these conditions is shown
in Figure 2-9. Notice how the grooves in the machined surface are not in contact with the grooves
on either side. This provides insight into the state of the tool and chip flow at the time each groove
was cut.

After performing a turning operation using a non-overlapping feedrate, the Talysurf stylus

profilometer can be used to measure the groove geometry and compare that groove to the shape of
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a theoretical groove from the published tool radius. An increase in groove area and depth will be
observed if a BUE is generated during the cut. Figure 2-9 and Figure 2-10 show this phenomenon.
The parabolic lines show the published shape of the tool. The shaded area illustrates area that is
present in the groove but does not represent the cross section of the tool.

Figure 2-9 below shows an example where no significant BUE is present, notice the small
size of the shaded area. Figure 2-10 shows an example where BUE was present. Notice the large

difference between the theoretical tool shape and the shape that the tool produced.

2k
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Figure 2-9. Surface produced by a round-nosed tool without a BUE or seizure [18]
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Figure 2-10. Surface produced by a round-nosed tool with a BUE [18]

While the method in shown Figure 2-9 and Figure 2-10 is effective for detecting BUE,
other metrics must be used to detect seizure events. To detect chip seizures using a non-overlapping
cut, the shape of the grooves above the Z=0 line was used. Figure 2-11 shows what these features

looks like on a profilometer measurement.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
X (mm)

Figure 2-11. Surface produced by a round-nosed tool with a seizure
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Figure 2-11 has large peaks above the Z = 0 line, indicating significant ploughing. On a
new tool with a sharp cutting edge, these peaks are indicative of a seizure since it inhibits the
cutting edge’s ability to form a chip. Contrast this profile with Figure 2-9, which lacks any
evidence of BUE or chip seizures. Notice how the shaded area above the Z = 0 line is about the
same size as the groove area below the line. This indicates very poor chip formation and lots of

ploughing, consistent with chip seizures.

2.3.2 Spectral Analysis of Machined Surfaces

In addition to vertical magnitude, the spatial frequency of the features on the machined
surface gives insight to the cutting mechanics at the moment the surface was created. Features of
amuch higher frequency (X direction) than the cross-feed of the tool are likely due to the imperfect
cutting edge of the tool. On Figure 2-8, these features exist within the confines of a single groove
and are usually very small in magnitude.

When optimizing machining parameters on the surrogate metal, an overlapping feedrate
was used. This leaves a machined surface similar to Figure 2-8. Using this surface profile, the
frequency of the features on the surface provided insight into the conditions at the tip of the tool
at the time of machining.

Features of a similar frequency to the cross-feed are indicative of smooth chip flow. If the
ideal, “theoretical” surface was somehow to be machined, all of its features would occur at integer
multiples of the cross-feed frequency. It should be noted that smooth chip flow can occur under
BUE conditions. Other dead metal formations like seizures can create surface features that occur
at much lower frequencies. This difference in spatial frequencies allows a Fourier transform to

distinguish between BUE and seizure of dead metal structures on the tool.
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An effective tool to graphically quantify the frequency of surface features, as well as their
prominence, is a frequency-magnitude plot, with data from a fast Fourier transform of the surface
features. Figure 2-12 and Figure 2-14 show examples of frequency-magnitude plots for machined

surfaces. For these particular plots, the vertical scale is in pm.

Magnitude (peak=0.47152 at 1.0521mm)
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Figure 2-12. Frequency-magnitude plot of a surface with dead metal defects

Figure 2-12 has peaks at integer multiples of the cross-feed (25, 50, 75 features/mm), but
also has many large peaks at frequencies less than 10 features/mm. These indicate that the surface
has dominant features as a result of dead metal formations on the tool. For comparison, a frequency
magnitude plot of a surface machined without dead metal structures is shown in Figure 2-14.

Figure 2-13 shows a small piece of the surface described in Figure 2-12.
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Figure 2-13. Machined surface corresponding with Figure 2-12

On the right side of Figure 2-13, low magnitude repeating features can be seen. These
features have a spacing at or above the frequency of the crossfeed. This indicates a strong flow at
the time that the right side of the figure was machined. The vertical black lines indicate the
crossfeed of 40 um. The large peak on the left side of Figure 2-13 is indicative of a dead metal
chip seizure altering the machined surface. This large, infrequent feature is indicated by the data
points below 10 on the X axis of Figure 2-12. Figure 2-14 shows the spectrum of a surface without

large dead metal defects.
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Figure 2-14. Frequency-magnitude plot of a surface with few of dead metal defects

Figure 2-14 displays a strong peak at integer multiples of the crossfeed since this resembles
the frequency spectrum of the theoretical surface. Few peaks are lower than the crossfeed

frequency of 25 features/mm, this indicates few dead metal defects on the surface.

2.4 Tool Inspection

While profilometer and force measurements can correlate with the presence of a dead metal
formation, the only way to definitively determine the presence of a dead metal formation is to
observe it. To achieve high magnification and clarity in images of the tools, an FEI Quanta Dual
Beam electron microscope was used to image each tool directly after turning a part. Figure 2-15

displays an image of a tool captured with the Quanta electron microscope at 200x magnification.
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Figure 2-15. Cutting edge of a VV-series insert on the SEM

While a part was being turned, the high magnification (100x) Supereyes video camera was
used to record the interaction between the tool and the part. This provided real-time evidence of
chip seizures on the tool. Since BUE occurs between the chip and tool, it cannot be witnessed
using this camera setup. Figure 2-16 shows a cartoon denoting the camera angle used for in-situ

video recording. Figure 2-17 shows the same camera angle on a \V-series carbide insert.
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Workpiece

Figure 2-17 Camera Angle Mp

Figure 2-16. Schematic of tool removing a chip from the workpiece [20]

Figure 2-17. 100x view of the V-series cutting tool

The camera angle shown in Figure 2-17 allows visual confirmation of chip seizures during
machining, even at the limited framerate of the Supereyes (60 Hz). The image on the left shows a
large dead metal seizure on the tool during machining. The image on the right shows, normal,

smooth chip flow.
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3. SEARCH FOR A SURROGATE MATERIAL

Rather than machine a large number of materials, a material property approach was taken
to identify a small group of potential surrogate materials to plutonium. Properties of the plutonium
such as crystallographic structure, thermal diffusivity (o), tensile yield strength (o), and hardness
characteristics were identified to find potential surrogates. Materials to be considered were soft
(H, < 50), Face Center Cubic (FCC) metals. In addition to these material property similarities, a
good surrogate should display dead metal formations and surface degradation during dry
machining, similar to plutonium.

Four metals were identified using these criteria; 1199 aluminum, 1100 aluminum, annealed
OFHC copper, and lead-based babbitt. Both species of aluminum and copper are commercially
pure. The OFHC copper was recommended and supplied by LANL. Next, a composite scoring
system was devised to predict the machining performance of these four metals. This Machining
Surrogate Score (MSS) is a single number to compare each material to plutonium on the basis of
thermal diffusivity and tensile yield strength. All of these properties are crucial to machining
performance. Thermal diffusivity describes the materials ability to remove heat from the cutting
zone. It is a function of thermal conductivity, density and specific heat, as shown in Equation (3.1)

[21].

a=— (3.2)

Plutonium has a low thermal diffusivity. This means that cutting zone temperatures will be
relatively high, especially in the absence of a cutting fluid. Tensile yield strength (o) describes the

amount of stress that is required to plastically deform the material. The energy required during
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chip formation is strongly dependent on the tensile yield strength of the material [8]. Equation

(3.2) describes the relation between thermal diffusivity, yield strength, and MSS.

Strength Heat Transfer
MSS, = (Gpu—ffx) N (Ofpu—ax) (3.2)

Opu apuy

The MSS of a material is essentially the product of the normalized differences between the
yield strengths and thermal diffusivities of plutonium (Pu) and the potential surrogate (x). Note
that a smaller MSS for a surrogate indicates that it is similar to plutonium with regards to these
two parameters. This means that a surrogate may be a suitable surrogate to study the dry machining
of plutonium. The properties of interest for plutonium, 1199 aluminum, 1100 aluminum, OFHC

copper and babbitt are shown in Table 3-1.

Table 3-1. Material properties of potential surrogates and plutonium [22]

Material o (MPa) | k (W/m°k) | p (kg/m?) | ¢, (J/kg°K) | a (mm?/s)
1199 aluminum 110 240 2700 900 99
1100 aluminum 103 220 2710 904 90

OFHC copper 35 398 8930 385 116
lead babbitt 42 24 10200 163 14
Plutonium [1] 100 8.4 19800 130 3

Table 3-1 shows that 1199 and 1100 aluminum are closest to plutonium with regards to
yield strength, while lead babbitt is closest with respect to thermal diffusivity. Assuming that both
of these material parameters are equally important with respect to machining performance, the

MSS will serve as a deciding factor to determine which materials should be tested extensively on
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the Nanoform diamond turning machine. Figure 3-1 displays the MSS for the four materials listed

in Table 3-1.

ceovic.

orC Copper
Aluminum 1199 [

Aluminum 1100 F
0

5 10 15 20 25
MSS

Figure 3-1. MSS for the four metals considered

Figure 3-1 indicates that 1199 and 1100 aluminum have much lower MSS than babbitt or
copper, indicating that they are good candidates for plutonium surrogacy. Note that if plutonium
were plotted in Figure 3-1, it would have a MSS of zero. In the following section, both aluminum
and copper will be tested to validate or disprove the MSS system and determine which metal should

be used for the remainder of the project as a surrogate to plutonium.
3.1 Testing of Surrogate Materials

To identify which materials best behave as surrogates to plutonium, the non-overlapping feedrate
geometry was used in cutting experiments on each material. The machining parameters for these

experiments are in Table 3-2. The Tool 1 geometry was used.
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Table 3-2. Feeds and speeds used in surrogate machining experiments

Non- Overlapping Feedrate

Feedrate (mm/min) 300
Depth of Cut (um) 25
Spindle Speed (rev/min) 573

These experiments were conducted on the face of a 50mm radius disc. At 573 rpm, this
equates to an average cutting velocity of 2 m/s, from the control parameters in Table 2-3. The
depth of cut was designed to match the chip load (uncut chip area) of those same control

parameters. Each experiment was repeated 3 times.

3.1.1 OFHC Copper

Figure 3-2 shows the same cross section of a series of grooves used for measuring BUE as
shown in Figure 2-9 and Figure 2-10. The light shaded region represents the copper workpiece.
The dark shaded region are the area that cannot be accounted for by the theoretical shape of the
round tool. The depth of cut for the three grooves is about 25 um. Figure 3-2 shows only three of
the 300 grooves machined across the three repetitions of the experiment for viewing purposes.

These three grooves are a representative sample of the remainder of the grooves.
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Figure 3-2. Three grooves in OFHC copper turned with tool 1

Some of the cut material is present above the original workpiece surface. This evidence of
ploughing caused by workpiece material seizing to the tool. Compared to the example in Figure
2-11, these features are much smaller in Figure 3-2. Similar to Figure 2-9, the small magnitude of
the dark shaded region signifies that little BUE is present, the black area is likely due to errors in
the cutting edge. Figure 3-3 shows an SEM micrograph of the tool immediately after turning the

surface shown in Figure 3-2.
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Clearance Face

Cutting Edge

HV mag = WD curr tﬂt HFW
500kV 80x 12.8 mm 53.3 pA-0° 1.59 mm

Figure 3-3. Tool 1 after turning a non-overlapping face on OFHC copper

Figure 3-3 shows little evidence of BUE or a seized chip on the tool. If BUE was present,
large copper features would be present on the rake face of the tool near the cutting edge. For
reference, see Figure 1-13, where a BUE is present. If a chip seizure was present, a large chip of
copper would be attached to the rake face. This chip would be at least 20 um wide since that is the
width of one groove. Results for tool imaging, BUE measurement and seizure detection is

summarized in Table 3-3.
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3.1.2 1100 Aluminum Testing

Figure 3-4 shows the same method of measuring BUE as shown in Figure 2-9 and Figure
2-10. The light shaded region represents the 1100 aluminum workpiece. The dark shaded region

is the area that cannot be accounted for by the theoretical shape of the round tool. The depth of cut

can be seen as the depth of the three grooves, about 25 um.

_25 1 | I
0 0.2 0.4 0.6 0.8 1

X (mm)

1.2 1.4 1.6

Figure 3-4. Three grooves in 1100 aluminum turned with tool 1

Some features are present above the 0 on the z-axis. They are due to ploughing but are very

small in magnitude. Similar to Figure 2-9, the small magnitude of the dark shaded regions signifies

that little BUE is present.
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Figure 3-5. Tool 1 after turning a non-overlapping face on 1100 aluminum

Figure 3-5 shows flank wear marks are present on the SEM image of the tool. These are a
common type of flank wear. No BUE or chip seizures are present in this micrograph. This is in

agreement with the profile in Figure 3-4.

3.1.3 1199 Aluminum Testing

Figure 3-6 shows the same method of measuring BUE as shown in Figure 2-9 and Figure
2-10. The light shaded region represents the 1199 aluminum workpiece. The darkly shaded region
is an area that differs between the shape of the theoretically round tool and the measured grooves.

This difference is much smaller than 1 um. The depth of cut for the three grooves is about 25 pum.
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Figure 3-6. Three grooves in 1199 aluminum turned with tool 1

Some large features are present above the 0 on the z-axis. These areas a result of ploughing
due to workpiece material seizing to the tool tip. These features are similar in natures to the features
on the surfaces in Figure 3-2 and Figure 3-4. Similar to Figure 2-9, the small magnitude of the

dark shaded region signifies that little BUE was present during the cut.
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Figure 3-7. Tool 1 after turning a non-overlapping face on 1199 aluminum

Figure 3-7 shows a large chip welded or “seized” to the tip of the tool after machining 1199
aluminum. This corroborates the evidence displayed above in Figure 3-6. This presence of a seized

chip was observed on three consecutive experiments.

3.1.4 Surrogate Machining Results- Non Overlapping Feed

After OFHC copper, 1100 aluminum, and 1199 aluminum were each machined 3 times
using a non-overlapping feedrate. Results for the average BUE area measured (dark shaded
regions), average plough height (indicative of seizure events) and SEM tool observation are shown

in Table 3-3.
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Table 3-3. Surrogate machining results

Average Plough Seizure BUE
Material
Height (um) Observed? Observed?
OFHC Copper 135 No No
1100 Aluminum 12.2 No No
1199 Aluminum 17.2 Yes No

Table 3-3 indicates that no evidence of a BUE was observed in the SEM for any of the
three metals. In addition to lack of SEM evidence, the machined grooves also showed little
evidence of BUE. This is expected according to Trent [8] who stated “The built-up edge is not
observed when cutting pure metals.” Seized chips were not observed in the SEM for 1100
aluminum and copper. However, large chips welded to the tool were repeatedly observed for the
1199 aluminum. Some ploughing occurred with all three metals tested, but it was consistently
larger for the 1199 aluminum, with an average of 17.2 um, 41% higher than 1100 aluminum and
28% higher than OFHC copper. This is in agreement with Figure 3-7, which shows a large chip
seizure that is likely the cause of the ploughing shown in Figure 3-6.

Due to its ability to seize to the tool and cause ploughing events, 1199 aluminum was chosen

to study further, using similar feeds and speeds to those used for plutonium at LANL.
3.2 1199 Aluminum- Overlapping Feedrate and Surface Roughness

After evidence of a seized chips was detected in the scanning electron microscope image
above in Figure 3-7, it was determined that further experiments were to be conducted with 1199
aluminum to assure that the same seizure issues occur while turning with an overlapping feedrate.

If 1199 aluminum is a good surrogate metal to plutonium, it should exhibit degraded surface finish
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and dead metal structures using the feeds, speeds, and tooling used at LANL for plutonium. This
poor finish as a result of dead metal seizures is detailed in Section 0. A set of surface overlapping
feed experiments were conducted using the parameters prescribed in Table 2-3. Tool 2 was used
for these experiments since it was the geometry reported by LANL to most exhibit dead metal

problems like shown in Figure 1-10 and Figure 1-11 [1].

The 50 mm radius disc of 1199 aluminum was turned and measured three times. Part of one

of the machined surfaces is shown below in Figure 3-8.
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Figure 3-8. Surface profile of 1199 aluminum turned with tool 2

Figure 3-8 shows an interesting trend on the surface of a machined part. This surface can
be divided into two regimes. To the right of x=20 mm, the surface is consistent, smooth, and
contains no features larger than 2 pum in Z amp itude. This correlates with the formation of a
smooth, continuous chip, which was recorded by a high magnification video camera. Video

evidence of this smooth, continuous chip flow can be seen in the bottom right.
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To the left of the 20 mm line, the surface contains many tall, irregular features. This
correlates with poor chip flow across the tool. Video evidence of this poor chip flow is shown in
the bottom left. This poor chip flow is characterized by slow-moving, massive chips periodically
seizing to the tool’s rake face like photographed Figure 4-7. This was evidence of a “cyclical” chip
flow pattern.

This change across the machined surface is due to the cutting speed decreasing as the tool
feeds towards the center of the disc. Higher cutting speeds resulted in continuous chip flow and
improved surface finish, while low surface speeds resulted in intermittent, cyclic chip flow and
bad surface finish. This phenomenon was observed for all three repetitions of the experiments.

Figure 3-9 and Figure 3-10 highlight the differences in chip flow on either side of the
1.77 m/s line in Figure 3-8. Figure 3-8 shows a straight, smooth chip being removed from the
workpiece and flowing up the rake face of the tool. This smooth chip flow was recorded at a

cutting speed above 1.77 m/s, and correlates with the surface on the right side of Figure 3-8.

Flank
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/ .
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Cast Surface

Figure 3-9. Video evidence of the smooth chip flow experienced to the right of the 20 mm radius
line on Figure 3-8

Figure 3-10 highlights a large dead metal feature on the rake face of the tool. These features

formed intermittently on the rake face of the tool at lower cutting speeds, like is shown on the right
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side of Figure 3-8. Features like this are the cause for the degradation of the machined surface on

both 1199 aluminum and plutonium. This is a similar seizure formation to the one shown in Figure

1-14.
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Figure 3-10. Video evidence of the chip seizure experienced to the left of the 20 mm radius line
on Figure 3-8

Table 3-4 displays the results for the overlapping feedrate experiments at the control

parameters used at LANL for plutonium.

Table 3-4. 1199 aluminum surface roughness at LANL machining parameters

Seizures
Rq (pm) Rqt (pm)
Observed?
Test1 0.999 0.15 yes
Test 2 0.6920 0.15 yes
Test 3 0.8570 0.15 yes
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Each of the three test in Table 3-4 resulted in poor surface finish due to the aluminum
seizing to the rake face of the tool. The average Rq surface roughness of the three tests was 0.849
pm, over 5 times as rough as the theoretical 0.15 pum. At this point, 1199 aluminum showed
similarities to plutonium using both overlapping and non-overlapping feeds, namely its ability to
seize to the tool causing surface finish to degrade. For the remainder of this thesis, 1199 aluminum
was used as a surrogate to plutonium to study the very nature of these chip seizures, and what can

be done to prevent them without a cutting fluid.
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4, CHIP SEIZURE CYCLE

During conversations with Los Alamos engineers in 2017, it was determined that chip
seizure, not BUE was the principle concern with plutonium [23]. This chip seizure, as described
by LANL, is when a reactive chip of plutonium adheres to the rake face of the tool forming a piled
up formation. This ball then contacts the already machined surface, smearing the soft plutonium
surface and causing large streaks and poor surface finish like shown in Figure 1-12. This is
consistent with the dry machining behavior of 1199 aluminum.

During the machining experiments in Section 3.2, an effort to generally describe the seizure
process of ductile metals like 1199 aluminum and plutonium was initiated. By collecting chips and
filming the cutting process, it was hypothesized that the seizure process occurs cyclically, this
cycle has also been observed by Ashoktov [24]. The 5 stages of the process as observed are detailed
below:

Figure 4-1 shows the tool at the start of a cut where the depth is very small; too small to
create a continuous chip - especially if the surface of the part has some runout. This minimum chip
thickness to produce a continuous chip is described by Albrecht [12] as the “thickness of bite”. In
this case, a small amount of the workpiece is shaved off and sticks to the tool. The width of this
dead metal grows with the depth of cut on this round-nosed tool as shown in Figure 4-1. The initial
contact at the narrow right-hand-side (RHS) of the pickup shown in Figure 4-1 would be a small
depth of cut and a narrow chip. As the tool is fed into the moving workpiece, the pickup features

get wider but remain thin slices.
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Build-up on edge of tool at small depths
of cut. Not well adhered to tool and easily|
removed as the chip builds up on the tool

/ ¢ Depth of cut

Chip Breaker

Figure 4-1. Geometry of the pickup of workpiece material on the carbide tool at small depths of

cut or initial contact

Figure 4-2 shows the cutting model for a deeper cut than Figure 1 with a fixed tool and a

workpiece moving into it from the right to produce a chip. This phase is described by traditional

modeling like that of Ernst and Merchant [7]. The chip slides over the rake face of the tool and the

contact region between the chip and tool is heated due to chip deformation and friction.

Fixed Tool

Phase 1
Chip is turned 90°
@ shear plane and
slides over the tool
generatinlg heat
Workpiece ?
motion Depth of cut
H

______________________ '

Figure 4-2. Geometry of the cutting process with a fixed tool — phase 1. No seizure of chip to the

tool
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When the contact temperature and pressure reach a certain level (for a given workpiece and
tool material), the force required for the chip to slide over the rake face of the tool becomes greater
than that needed to plastically deform the workpiece ahead of the tool. The bottom of the chip is
now welded to the tool, forming a dead metal structure. At this point, the chip/tool is the “new
cutting tool.” It changes the “normal” chip formation process causing an increase in force to move
the tool through the workpiece.

As a result, cutting force increases leading to an increase in the dimensions of the plastic

zone in front of the tool. (Phase 2 shown in Figure 4-3).

Q
§ Phase 2

.

% Fixed Tool

\ % Chip

§ ‘:’: It(;i? Worl_(piece De tI of cut
Y ~ i

Figure 4-3. Due to high temperature and pressure at the chip/tool interface, the chip becomes
welded to the tool. As a result, the tool/chip becomes the “new” tool. Forces and part roughness

will increase.

In Phase 2(a), shown in Figure 4-4, the lack of chip flow leads to the formation of a growing
deposit of the workpiece material on the tool. The boundary ac. As the workpiece approaches the

tool, the material in the plastic zone is compressed and squeezed in the direction of its only free
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surface cd so that zone acd expands. As the chip is motionless and has already been severely

deformed, the plastic zone expands into the workpiece; that is, y1 gets larger. This is equivalent to

a diminishing shear plane and ¢.

Tool

@

Figure 4-4. After the chip is welded to the tool, a new flow process begins with the workpiece

"——.\ yl: angle

between tool face
and uncut surface

Phase 2(a)

!

<<— Workpiece Depth of cut

N meten '

coming in from the right
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Phase 3
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R4 is the resultant force from creating the shear bands (in region acd) that
rotates toward vertical as T4 increases and breaks the chip tool connection.

Figure 4-5. In phase 3, the chip is stuck to the tool

During this transformation shown in Figure 4-5, the angle y1 approaches 90° which leads
to a change in the mode of deformation from compression to the shear. When y1 approaches 90°,
the reaction force R1 (from elastically deformed part of the layer being removed) has changed its
direction to become more parallel to the tool rake face leading to Phase 4, shown in Figure 4-6.
When the cutting force reaches a certain value, the reaction force R1 becomes great enough to
shear the chip fragment and the shear bands from the tool and they become part of the chip as
shown in Figure 4-6. Once the seizure has been removed, the normal chip formation returns until

contact temperature and pressure become large enough again to reform a new seizure.
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Figure 4-6. The motion of the incoming metal ejects the dead metal region and starts a new chip.

Figure 4-7. The image of a chip generated cutting 1199 aluminum.

The photo in Figure 4-7 shows a chip that was stuck to the cutting edge during machining

until the force became large enough to stall the spindle motor. The image on the right in Figure
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4-7 represents the same phenomenon as the photograph on the left side, but in the photo the chip

has formed a spiral at region “B”, due to the chip breaker.

The chip in Figure 4-7 was collected as a result of the spindle stalling with the chip still
attached to the tool. It started as a normal chip at the left, C is a region where the chip stuck to the
tool, B is a normal chip but with a twist probably caused by interaction with the chip breaker design
of this tool and A is another stuck region that took more torque than the motor could produce and
ended the experiment. Observation during the experiment showed at A and C the chip seem to stop
(it was probably moving slowly) and moving much faster at B and the beginning of the cut to the

left of C.

The cartoon on the right in Figure 4-7 shows how the chip may have been created and the
reason for the slow speed and the features of the chip observed in the photograph. As explained in
Phase 3 and 4 of the intermittent chip generation, the sticking of the workpiece material to the tool
begins with the soft, hot aluminum chip welding to the tool. It stops the normal material flow until
the chip get pushed out of the way and a new chip is formed. The cartoon and the chip features
appear similar and may reveal a way to improve the chip flow and the surface finish when

machining this soft material.
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5. OPTIMIZATION OF MACHINING PARAMETERS FOR SURFACE
ROUGHNESS ON ALUMINUM

Up to this point, several potential surrogates for plutonium have been studied using a non-
overlapping feed. One of which, 1199 aluminum, showed a strong tendency to form dead metal
structures that adhere to the tool. This is a trait that has been observed when dry machining
plutonium. Next, the 1199 aluminum was tested using the control parameters and tool 2. This test
confirmed that the 1199 aluminum exhibited similar dead metal seizures and poor surface finish
under similar cutting conditions as used on plutonium at LANL. To form a theory on how to
prevent dead metal chip seizures on 1199 aluminum and plutonium, a single factor study was
performed on the aluminum.

Each set of experiments varied one machining parameter from the control parameters of
Table 2-3. These parameters were back rake angle, tool coating, depth of cut, cross-feed, and
cutting speed. By examining the effect of each of these parameters, conclusions could be drawn to
whether or not LANL should alter their feeds, speeds, or tools used for turning plutonium. Each

experiment was repeated three times.
5.1 Rake Angle Experiments

Using the 50 mm diameter disc of 1199 aluminum disc, 5 different rake angles of
Kennametal V-Series carbide inserts were studied.

Table 5-1 displays the machining parameters used for the 5 experiments. During preliminary
experiments in 2017, it was determined that negative rake angles are not feasible for use on 1199
aluminum due to excessive machining forces and poor surface finish. Geometric theoretical
roughness for all four of these experiments is 0.15 pum.

Table 5-1. Machining parameters used for rake angle experiments
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Machining Parameter Value
Rake Angle (degrees) | +15,+12,+9,+6,+3
Tool Coating None
Depth of Cut (um) 120
Cross-Feed (um/rev) 40
Cutting Speed (m/s) 3-1.8
Tool Nose Radius (um) 400

5.1.1 Surface Roughness

As shown in Figure 5-1, surface roughness improved monotonically from the smallest rake
angle of +3° to the highest rake angle of +15°. Surface finish improved from 0.82um to 0.40 pm
across the band. This was a 49% improvement. Fewer chip seizures were observed during
machining at the higher rake angles, this is likely the cause for the improved surface roughness.
Shear plane angle, as described as ¢ in Figure 1-4, was highest at +15° and lowest at +3° with a
plateau on the three intermediate rake angles. Shear plane angle increased 9% from 21.27° to
23.20° across the band of rake angles tested. This increase in shear plane angle is synonymous

with lower shear strain and improved surface finish [9]. This is shown in Figure 5-2
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Figure 5-1. Surface roughness and shear plane angle as a function of rake angle
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Figure 5-2. Shear strain as a function of rake angle
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5.1.2 Machining Forces

Figure 5-3 cutting force decreased 11% from a rake angle of +3° to +15°, while thrust force
decreased 21% and total force decreased 14%. This change is on the same order of magnitude
reported research on other metals and is likely due to the more concentrated stress field projected
ahead of the tool as a result of higher rake angles [25], essentially meaning the tool is sharper.
Figure 5-4 and Figure 5-5 display the frequency spectra as measured on the machined surfaces at

+3° and +15° degrees, the roughest and smoothest surfaces, respectively.

25
® [ ]
20 ® ° °
Z 15
S
510
5
0
0 2 4 6 8 10 12 14 16

Rake Angle (+°)

e Total Force Cutting Force Thrusting Force
Figure 5-3. Machining forces as a function of rake angle

5.1.3 Surface Spectral Analysis

Figure 5-4 and Figure 5-5 display the frequency spectra as measured on the machined

surfaces at +3° and +15° degrees, the roughest and smoothest surfaces, respectively.
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As shown in Figure 5-4, strong peaks are present at 25, 50 and 75 features per millimeter.
These are integer multiples of the cross-feed of 40um per revolution. These dominant peaks
indicate that chip seizure and smearing were not prevalent on these surfaces machined by positive
rake angles. Negative rake and zero rake tools were tested in previous experiments on 1199

aluminum and deemed to be inappropriate for ductile materials due to extreme chip seizure and

high machining forces.
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Figure 5-4. Fourier spectrum for the surface machined with a +3° rake angle

Figure 5-5 (shown on the same scale as Figure 5-4) shows defined peaks at the same integer
multiples of 25 features per millimeter. This indicates strong chip flow, without observed seizure
events. However, the magnitude of these peaks is about one-third of the peaks seen in Figure 5-4.

This indicates improved surface roughness, in agreement with the measured Rq values in Figure

5-3.
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Figure 5-5. Fourier spectrum for the surface machined with a +15° rake angle

As seen in Figure 5-4 and Figure 5-5, seizure was not an issue at any of the positive rake

angles tested with tool 1. It should be noted that surface finish still was improved as the rake angle

increased.

65



5.2 Tool Coating Experiments

Using the 50 mm diameter disc of 1199 aluminum, 6 different PVD (physical vapor
deposition) tool coatings on Kennametal \VV-Series carbide inserts were studied. Table 5-2 shows
the machining parameters used for the 6 experiments. The Kennametal descriptions for each of the
coatings tested are in Table 5-2. All tool coatings tested are available off the shelf from Kennametal
and are recommended for use on non-ferrous metals. Geometric theoretical Rq roughness for all

four of these experiments is 0.15 pum.

Table 5-2. Parameters used for tool coating experiments

Machining Parameter Value
Rake Angle (degrees) +15
Tool Coating None (K313), KC730,

KC5410, KC5020,

KC5010, KCU25

Depth of Cut (um) 120
Cross-Feed (um/rev) 40
Cutting Speed (m/s) 3-1.8

Tool Nose Radius (um) 400
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5.2.1 Kennametal Tool Coatings [26]

KC730: A PVD TiN coating over a very wear-resistant unalloyed substrate. Application:
For general purpose machining of high-temperature alloys, aerospace materials, refractory metals,
and 200 or 300 series stainless steels. The thin, uniformly dense, smooth coating increases wear
resistance and reduce problems with a built-up edge. It also provides an unusually good
combination of properties for machining difficult-to-machine materials and aluminum. The
substrate offers superior thermal deformation resistance, depth of cut notch resistance, and edge
strength. Run at higher speeds than uncoated grades. Most ground periphery inserts have a sharp

edge.

KC5410: An extremely hard TiB2-PVD-coated grade that provides very good wear
characteristics at high cutting speeds and is best suited for machining aluminum with <10% silicon
and other non-ferrous materials. KC5410 resists built-up edge, can help reduce the burring effect

and will generate excellent surface finish.

K313: A hard, low binder content, unalloyed WC/Co fine-grained grade. Application:
Exceptional edge wear resistance combined with very high strength for machining titanium, cast
irons, austenitic stainless steels, non-ferrous metals, nonmetals, and most high-temperature alloys.
Superior thermal deformation and depth of cut notch resistance. The grain size is well controlled

for minimal pits and flaws which contributes to long, reliable service.

KC5010: This grade is ideal for finishing to general machining of most workpiece

materials at higher speeds. Excellent for machining most steels, stainless steels, cast irons, non-
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ferrous materials and superalloys under stable conditions. It also performs well machining

hardened and short chipping materials.

KCU25: An advanced PVD TiAIN coated grade with a tough, ultra-fine grain unalloyed
substrate. Application: For general purpose machining of most steels, stainless steels, high-
temperature alloys, titanium, irons, and non-ferrous materials. Speeds may vary from low to

medium and will handle interruptions and high feed rates.

KC5025: For general purpose machining of most steels, stainless steels, high-temperature
alloys, titanium, irons, and non-ferrous materials. Speeds may vary from low to medium and will

handle interruptions and high feed rates.

5.2.2 Surface Roughness

Figure 5-6 shows that surface finish changed drastically depending on the tool coating. The
best surface finish of 0.46 um is only 23% as rough as the worst surface roughness of 2.03 um a
significant change in finish depending on tool coating. KC5025, KC5010 and KCU25 coatings
resulted in the worst surface roughness. These coatings all contained aluminum, while the three
best performing coatings (KC730, KC5410 and uncoated) do not contain aluminum. This poor
surface finish could be a result of chip seizure and smearing due to reactivity between the
aluminum in the coating and the aluminum workpiece. While the KC730 and KC5410 produced
better surfaces than the other coatings, they did not yield an improved surface when compared to
the uncoated tool. Shear plane angle measurements, as described in 1.3.1, were inconclusive with

respect to tool coatings.
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Figure 5-6. Surface roughness and shear plane angle for all 6 tool coatings
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5.2.3 Machining Forces

35.00

30.00

25.00

20.00

15.00

10.00

5.00

0.00

Figure 5-7 displays the average cutting and thrust forces for all tool coating tested. KC5025

produced the highest cutting and thrust forces, while KCU25 had the lowest. However, the

difference between these was only about 2 N (~15%) for cutting and thrust (~20%). The three

coatings that yielded the best surface finishes (KC730, KC5410 and uncoated (K313)) have cutting

and thrust forces within 1 N of each other.
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Figure 5-7. Machining forces for all 6 tool coatings

5.2.1 Surface Spectral Analysis

Figure 5-8 shows the Fourier spectrum for the surface machined with the KC5010 tool.
While strong peaks are seen at integer multiples of the cross-feed frequency (25, 50 and 75 features
per mm), many strong peaks are also present below 10 features per mm. These peaks are indicative
of features on the surface created by low-frequency phenomena such as chip seizure and the

resulting smearing.
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Figure 5-8. Fourier spectrum for the surface machined with a KC5010 coating

Figure 5-9 describes the surface machined with the KC5410 tool and is a very different
than the one shown in Figure 5-8. The peaks are much smaller and occur at integer multiples of
the cross-feed frequency. This indicates a smooth surface, void of low-frequency features caused

by chip seizure and smearing on the machined surface.
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Figure 5-9. Fourier spectrum for the surface machined with a KC5410 coating
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5.3 Depth of Cut Experiments

Using the 50 mm diameter disc of 1199 aluminum disc, 5 different depths of cut were tested
using Kennametal V-Series carbide inserts. Table 5-3 displays the machining parameters used for
the 5 experiments.

Table 5-3. Parameters used for depth of cut experiments

Machining Parameter Value
Rake Angle (degrees) +15
Tool Coating None
Depth of Cut (um) 20, 40, 60,
80, 100, 120
Cross-Feed (um/rev) 40
Cutting Speed (m/s) 3-1.8
Tool Nose Radius (um) 400

5.3.1 Surface Roughness

As shown in Figure 5-10, Rq surface roughness and shear plane angle showed a strong
linear correlation with depth of cut. Surface roughness improved monotonically from 0.63 um to
0.32 um as the depth of cut was increased from 20 pum to 120 um. Shear plane angle increase from

12.84° to 25.60° across the same depth change.
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Figure 5-10. Surface roughness and shear plane angle as a function of depth of cut

Figure 5-11 shows that the roughness of the machined surface varied inversely with the
stiffness of the measured chip cross section. This is due to the stiffer chip’s ability to maintain

smooth chip flow and overcome seized regions on the underside of the chip.
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Figure 5-11. Surface roughness as a function of chip stiffness
5.3.2 Machining Forces

Since the size of the un-cut chip increased as the depth of cut increased, it is not appropriate
to compare the magnitude of the machining forces as a function of depth of cut. Instead, force per
unit chip area should be used as a basis for comparison.

Figure 5-12 displays machining forces per unit chip area in MegaPascals (N/mm~2). Total
(resultant), cutting and thrust specific forces decreased linearly from a depth of cut of 40 um up.
This phenomenon was described as a “depth effect” by Arcona [11]. The high forces seen at the
20 um depth of cut are due to the drastic onset of chip seizure events. Depths of cut larger than 40

pum resulted in fewer and less severe chip seizure events.
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Figure 5-12. Machining forces as a function of depth of cut

5.3.3 Surface Spectral Analysis
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Figure 5-13. Fourier spectrum for the surface machined with a 20um depth of cut

Figure 5-13 shows the frequency spectrum for the surface machined at a 20 um depth of

cut. While strong peaks are seen at integer multiples of the cross-feed frequency (25, 50 and 75
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features per mm), many strong peaks are also present below 10 features per mm. These peaks are

indicative of features on the surface created by low-frequency phenomena such as chip seizure and

smearing.
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Figure 5-14. Fourier spectrum for the surface machined with a 120 pum depth of cut

Figure 5-14 shows the frequency spectrum for the surface machined at 120 um depth of cut.
The peaks are smaller, and the dominant peaks occur at integer multiples of the cross-feed

frequency. This indicates a smooth surface, void of low-frequency features caused by chip seizure

and the resultant smearing on the machined surface.
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5.4 Cutting Speed Experiments

Using a 50 mm diameter disc of 1199 aluminum, 5 different cutting speeds were studied
using Kennametal V-Series carbide inserts. Table 5-4 displays the machining parameters used for
the 5 experiments. Both cutting speed and cross-feed were held constant for these experiments.
This was achieved by increasing the spindle speed continuously as the cutting radius decreased as
the tool fed inward. To prevent the cross-feed from decreasing as the spindle speed increased, the
feed was increased every 75 um to compensate. Due to torque limitations of the spindle motor,

depth of cut was limited to 20 pm.

Table 5-4. Parameters used for cutting speed experiments

Machining Parameter Value
Rake Angle (degrees) +15

Tool Coating None
Depth of Cut (um) 20
Cross-Feed (um/rev) 40

Cutting Speed (m/s) 0.5,1,15,

2,253

Tool Nose Radius (um) 400
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5.4.1 Surface Roughness

Figure 5-15 shows that surface roughness had a linear relationship with cutting speed. The
worst surface roughness of 0.97 um RMS was produced using the slowest cutting speed of 0.5 m/s.
The best surface finish of 0.54 um RMS was produced using the fastest cutting speed of 3 m/s.
This speed effect while cutting 1199 aluminum was first described in Figure 3-8, when surface

finish degraded drastically below 1.77 m/s.
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Figure 5-15. Surface roughness as a function of cutting speed

5.4.2 Machining Forces

Figure 5-16 shows the main cutting, thrust, and total (resultant) forces as a function of
cutting speed. All three machining forces in Figure 5-16 decreased as cutting speed increased from
0.5 m/s to 3 m/s. Main cutting force decreased from 5.73 N to 3.15 N, while thrusting force
decreased from 4.3 N to 2.11 N. Total (resultant) force decreased from 7.16 N to 3.78 N. These

decreases in force are in agreement with traditional machining research, which states that
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decreasing friction and increasing temperature cause forces to lower as speed increases [8]. Figure

5-17 shows how friction changed with cutting speed.
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Figure 5-16. Machining forces as a function of cutting speed
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Figure 5-17. Coefficient of friction as a function of cutting speed

5.4.3 Surface Spectral Analysis
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Figure 5-18. Fourier spectrum for the surface machined with a 0.5 m/s cutting speed

80



The Fourier spectrum in Figure 5-18 shows one dominant peak at 75 um (13 features/mm),
and then lots of smaller peaks below 10 features/mm. The peak at 13 features/mm is due to the
cross-feed adjustments to compensate for the increasing spindle speed. Notice there are no
discernable features at 25 features/mm (the cross-feed), this indicates very poor chip formation. A

large number of low-frequency peaks is due to smearing caused by chip seizure.
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Figure 5-19. Fourier spectrum for the surface machined with a 2 m/s cutting speed

Figure 5-19 shows the same low-frequency features caused by a seizure and the same spike
at 75 um (13 features/mm) as Figure 5-18. The key difference is the discernable peak at the cross-
feed frequency (25 features/mm). This indicates healthier chip flow and is in agreement with the

surface finish measurements.
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5.5 Cross-Feed Experiments

Using the 50 mm diameter disc of 1199 aluminum, 5 different cross-feeds were tested using

Kennametal V-Series carbide inserts. Table 5-5 displays the machining parameters used for the 5

experiments. Theoretical roughness changes with the square of the crossfeed. At 20 um/rev the

theoretical roughness is equal to 0.04 um. At 60 um/rev the theoretical roughness is equal to 0.34

pm.

In accordance with Equation (1.4), the theoretical surface roughness of the machined part is

dependent on the cross-feed of the tool path. This means that in these experiments, the measured

surface roughness is not a valid criterion for comparison. Instead, surface fidelity, defined as the

ratio of the theoretical roughness to the measured roughness, will be used to quantify surface finish.

A surface fidelity closer to 1 indicates a surface that is closer to the theoretical surface for the given

cross-feed.

Table 5-5. Parameters used for cross feed experiments

Machining Parameter Value
Rake Angle (degrees) +15
Tool Coating None
Depth of Cut (um) 120
Cross-Feed (pum/rev) 20, 30, 40,

50, 60

Cutting Speed (m/s) 3-1.8
Tool Nose Radius (um) 400
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5.5.1 Surface Roughness

Figure 5-20 shows the shear plane angle decreased linearly from 35° to 22° as cross-feed
increased from 20 pm to 60 um. Surface fidelity increased linearly from 0.095 to .933 across the
range of cross-feeds tested, this is due to the ploughing effects described by Arcona [11]. This
means that the overall magnitude of error due to ploughing will stay constant but become a smaller
percentage of the overall surface as the cross-feed increases. It should be noted that the best surface

finish achieved was 0.25 um, which occurred at a 40 um/rev cross-feed.
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Figure 5-20. Surface fidelity and shear plane angle as a function of cross feed

To explain the improved surface fidelity despite the decreasing shear plane angle, the
stiffness of the chips was investigated. The theory is that a stiffer chip will result in one that is
more capable of overcoming high interface friction and chip seizures, it will have a higher area
moment of inertia. Figure 5-21 shows the relationship between chip stiffness (area moment of

inertia, Y direction as defined in Figure 1-7), and surface fidelity.
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Figure 5-21. Surface finish as a function of chip stiffness

Figure 5-21 shows that chip fidelity increases linearly as the chip’s stiffness increases. This
is a possible explanation for how the surface fidelity increases despite the decreasing shear plane
angles. Figure 5-22 displays the relationship between cross-feed and specific machining forces.
Specific machining forces need to be used for comparison since the chip load is variable with

cross-feed.
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5.5.2 Machining Forces
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Figure 5-22. Machining forces as a function of cross feed

As shown in Figure 5-22, cutting, thrust, and total (resultant) specific forces all decreased
linearly as cross-feed increased from 20 to 60 um/rev. This is due to the decreasing effect of the
imperfections in the tooling, similar to what happened in the depth of cut experiments.

Figure 5-23 and Figure 5-24 display the frequency spectra as measured on the machined surfaces

with 20 um/rev and 60 um/rev cross-feeds, the lowest and highest fidelity surfaces, respectively.

5.5.3 Surface Spectral Analysis
While Figure 5-23 does have a peak at the cross-feed (50 features/mm), many of the
dominant features on the surface are present below 20 features/mm. This presence of low-

frequency features indicates that chip seizure was a problem when the surface was machined.
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Figure 5-23. Fourier spectrum for the surface machined with a 20um/rev cross feed

Figure 5-24 describes a very different surface than Figure 5-23 due to the increased cross-feed.
While the magnitude of the peak at the cross-feed (17 features/mm) is much larger, this is expected

since the theoretical roughness is higher for the larger cross-feed.
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Figure 5-24. Fourier spectrum for the surface machined with 60pum/rev cross feed

Strong peaks are also present at the multiples of the cross-feed frequency. The features
lower in frequency than the cross-feed are very small compared to the peaks. This low magnitude

of low frequency features indicates that chip seizure was not an issue during machining.
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6. CONCLUSIONS

6.1 Best Machining Surrogate for Plutonium

In section 3.1, OFHC copper, 1100 aluminum and 1199 aluminum were studied for their
ability to from dead metal structures using a non-overlapping feedrate. This “sticking behavior” is
critical to be a good surrogate to plutonium. None of the three metals showed a tendency to form
a built-up-edge. This is consistent with Trent’s classical description of the BUE phenomenon [8],
where he states that pure metals do not tend to form BUEs when machined. 1100 aluminum and
OFHC copper showed little tendency to weld to the tool in the form of a chip seizure. However,
1199 aluminum showed a strong ability to form chip seizures. This evidence was seen in the form
of significant adhesion imaged by the SEM.

Next, 1199 aluminum was machined using the control parameters and tool 2. This
combination of feeds, speeds, and tool resulted in a poor surface finish and dead metal structures
while machining plutonium at LANL [1, 5]. These same results of poor surface finish and dead
metal seizures occurred when machining 1199 aluminum, suggesting that it is a good surrogate to
study dry turning parameters for plutonium. Also, it was observed in these experiments that dead
metal chip seizures occurred cyclically using an overlapping feedrate, rather than steady state, in

agreement with Ashoktov [24].
6.2 Mechanism of Seizure and Surface Deterioration

From video footage of the chip formation process, 5 stages of chip seizure were identified,
initial build up, sliding, early seizure, full seizure, and break off.
1. Initial build up- when the tool first contacts the part, when the depth of cut is very small.

This will not occur again throughout the cut. Figure 4-1 shows this stage, once the depth
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of cut increases beyond the “depth of bite”, this pseudo-BUE will detach and sliding chip
flow will occur.

2. Sliding- chip flow can also be considered traditional chip flow. This is when relative
motion between the chip and the tool continues. Surface finish will be good since no dead
metal is present on the tool. This is shown in Figure 4-2.

3. Early Seizure- After a period of sliding, local temperatures and pressures on the sliding
interface will cause the chip and tool to weld together. Relative motion between the chip
and tool has stopped. This is shown in Figure 4-3.

4. Full Seizure-Since the chip can no longer flow, the dead metal grows on the rake face of
the tool. Forces increase and surface finish deteriorated due to contact between the dead
metal seizure and the previously machined surface. This is shown in Figure 4-5.

5. Break off- as the shear plane angle approaches 0 degrees, the dead metal is massive, and
the forces are peaking. These large forces cause the weld between the rake face and chip
to fail. Sliding chip flow resumes, the cycle can then start again. This is shown in Figure

4-6.

6.3 Machining Parameter Optimization- 1199 Aluminum

Using Kennametal V-series carbide tools with a 400 um nose radius, a single factor study
was conducted by machining faces on 1199 aluminum using different machining parameters. The
parameters considered were: rake angle, tool coatings, depth of cut, cross-feed and cutting speed.

Upon recommendation from LANL, tool 1 geometry, as described in 2.1.1, was used.
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First 5 different positive rake angles were tested, +3, +6, +9, +12 and +15 degrees. It was
determined that the surface finish improved and cutting forces decreased as rake angle increased.
The +3 degree tool produced a surface of 0.82 um Rq. The +15 degree tool machined a surface of
0.40 um Rq surface roughness. This improvement in surface roughness is due to the increased
presence of seizure events on the lower rake angle. The resistance to chip seizures seen at high
rake angles is likely due to the increased effective sharpness of the cutting tool, resulting in less
plowing events like those that occur in a seizure scenario. In agreement with Los Alamos
engineers, it is agreed that high positive rake angled tools should be used in the future when
machining plutonium. Figure 5-1 displays these results for surface finish as a function of rake
angle.

5 tool coatings and one uncoated tool were tested. All coatings were PVD ceramics deposited
on Kennametal’s 2% cobalt K313 carbide grade. The uncoated tool was also K313 grade carbide.
The three coatings that contained aluminum provided higher forces and poor surface finish due to
increased chip seizure frequency. On average, the three aluminum based coatings produced an
average surface roughness of 1.40 pm across 9 experiments and 3 coatings. While the two non-
aluminum based coatings did perform better than the other coatings, neither performed
significantly better than the uncoated tool. The non-aluminum based coatings produced an average
surface roughness of 0.50 um across 6 experiments, while the uncoated tool averaged 0.48 pm
across 3 experiments. Lack of improved surface finish along with concerns over coatings chipping
off of the tool during machining, it was determined with Los Alamos engineers that uncoated
carbide is the best option for use on plutonium. These results for surface finish for each coating

are displayed in Figure 5-6.
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6 depths of cut were tested: 20, 40, 60, 80, 100 and 120 pum. It was found that specific cutting
forces decreased as well as seizure incidents as the depth of cut was increased. 20 um depth of
resulted in a 0.63 um Rq surface roughness. 120 pum depth of cut provided the smoothest surface
roughness, 0.24 um Rq, as well as the lowest specific machining forces. While higher depths of
cut might have yielded even better results, the Nanoform diamond turning machine lacked the
torque to test depths above 120 um. The increased performance is due to the increased resistance
to seizures that is provided by a stiffer chip geometry. While the exact depth that would perform
best for finishing passes on plutonium is still unknown, this data suggests that a smaller depth of
cut like is traditionally used for finishing does not yield a better surface finish. Figure 5-10 displays
these results.

Cross-feeds of 20, 30, 40, 50 and 60 pm were tested. Each time cross-feed was increased,
specific machining forces decreased and surface fidelity improved, meaning that the machined
surface was closer to the theoretical (geometric) surface. Surface fidelity at the 20 um cross feed
was 0.095 and 0.93 at the 60 um cross feed. This factor of 10 increase in fidelity is due to the
increased chip stiffness at the higher cross feeds. Since fidelity and surface finish are not
equivalent, the 60 um cross-feed didn’t necessarily produce the best surface finish. The 40 pum
cross-feed produced the best finish of 0.25 um Rq. This is the same cross-feed currently being
used at Los Alamos. Figure 5-20 displays these results.

Cutting speed was the last parameter tested. Speeds tested were 0.5, 1, 1.5, 2, 2.5 and 3 m/s.
Chip seizure was a predominant issue at cutting speeds below 1.5 m/s, while smooth chip flow
dominated at speeds above 1.5 m/s. This reduction in seizures at high speeds is due to the decreased
coefficient of friction between the chip and the tool at higher cutting speeds. The best surface finish

of 0.54 um Rq was achieved at 3 m/s, higher than the speed of 2 m/s that is currently being used
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at Los Alamos [21]. Finish degraded all the way to 0.97 um at 0.5 m/s. The relatively poor surface
finish in this set of experiments was due to the light depth of cut of 20 um. While high cutting
speed is effective, it cannot be sustained all the way to the center of a part during a facing operation
if traditional turning is used. For this reason, live tooling methods such as mill turning or ultrasonic

machining should be used at the center of the plutonium parts at LANL.

92



10.

11.

12.

7. WORKS CITED
Wick, OJ. “Plutonium Handbook. A Guide to the Technology-Volumes I and II.” American
Nuclear Society, 1980. Print.
Balog J. Gonzales, T. Harwood, S. Stout, S. Lopez, O. Lucero, R. “Dry Machining of
Plutonium Metal: Insert Selection for Machinability and Meeting Surface Finish Criteria.”
Los Alamos National Laboratory, 2013. Print.
New World Encyclopedia Contributors. “Lathe.” New World Encyclopedia, 2018. Web.
HGR Marketing. “Types of Lathes.” HGR Industrial Surplus, 2013. Web.
Stpehan, E. Balog JA. “Process Engineering Workshop-PT2 Machining.” Los Alamos
National Laboratory, 2018. Web.
Gubbels, G. P. H. "Diamond Turning of Amorphous Polymers." Eindhoven University,
2006. Print.
Merchant, ME. Ernst, H. 1941. “Chip Formation, Friction and High Quality Machined
Surfaces.” United States. American Society for Metals. Web.
Trent, E. Wright, P. 2000. “Metal Cutting, Fourth Edition.” United States, 2010. Print.
Cohen, Paul. “MAE 589 Course Notes.” North Carolina State University, 2018. Print.
Arcona, Christopher. "Tool Force, Chip Formation and Surface Finish in Diamond
Turning." ProQuest Dissertations Publishing, 1996. Print.
Bodlapati, Charan. “Diamond Turning of Plastic Optics.” North Carolina State University,
2018. Print
Albrecht, P., "New Developments in the Theory of the Metal-Cutting Process, Part 1. The
Ploughing Process in Metal Cutting,” ASME Journal of Engineering for Industry, 1960,

web.

93



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

“Surface Roughness Parameters.” Web.<keyence.com>

Boothroyd, G. 1932. Fundamentals of Metal Machining and Machine Tools. United
States:, 1975. Print.

Garrard, Kenneth. “Fabrication of Non-Imaging Optical Surfaces.” North Carolina State
University, 1998. Print.

Hecker, Siegfried. “Plutonium and Its Alloys- From Atoms to Microstructure.” L0S
Alamos National Laboratory, 2000. Web.

Valdez, Lucas. “Plutonium Machining Parameters.” Los Alamos National Laboratory,
2018. Email.

Lee, Dong-Hyeok. “Assessment of Surface Data Acquired by a Stylus Profilometer.”
Measurement Science and Technology, 2012. Web.

Suit, Brandon. “Analysis of Accelerated Tool Wear and Built Up Edge When Diamond
Turning Ferrous Materials. ” North Carolina State University, 2016. Print.

Yeu, Xiaobin. “Effect of cutting edge radius on surface roughness in diamond turning of
transparent MgAI204 spinel ceramic.” Optical Materials, 2017. Web.

Bejan, Adrian. “Heat Transfer.” John Wiley and Sons, 1993. Print.

Davis, Joseph. “Metals Handbook Desk Edition, 2" Edition.” American Society for
Metals, 1998. Print.

“Photograph of Tool Wear.” Web. <sumitool.com>

Ashaktov, Viktor. “Tribology of Metal Cutting.” El Sevier, 2006. Web.

Saglam, H. Unsacar, F. Yaldiz, S. “Investigation of the Effect of Rake Angle and
Approaching Angle on Main Cutting Force and Tool Tip Temperature.” Internation

Journal of Machine Tools and Manufacture, 2006. Web.

94


https://repository.lib.ncsu.edu/handle/1840.16/11182
https://repository.lib.ncsu.edu/handle/1840.16/11182
https://www.sumitool.com/en/aboutus/tool-engineering-center/performance.html

26.

27.

“Kennametal Grades.” Web. <kennametal.com>.
Ozel, T. Hsu, T. Zeren, E. “Effects of cutting edge geometry, workpiece hardness, feed rate
and cutting speed on surface roughness and forces in finish turning of hardened AISI H13

Steel.” The Internation Journal of Advance Manufacturing Technology, 2005. Web.

95



	List of Tables
	1. Background
	1.1 Introduction to Lathes and Turning
	1.2 Single-Point Turning Process
	1.2.1 Orthogonal Cutting Mechanics

	1.3 Chip Cross-Section
	1.3.1 Post Cut Chip Measurement
	1.3.2 Rq and PV Measurements
	1.3.3 Parabolic Model for Theoretical Surface Roughness
	1.3.4 Real Surface Roughness vs Theoretical Surface Roughness

	1.4 Material Properties and Machining Behavior of Plutonium
	1.4.1 Metallurgy and Allotropes of Plutonium
	1.4.2 Material Properties of Stabilized δ Phase Plutonium
	1.4.3 Machining Behavior of δ Phase Plutonium
	1.4.4 Dead Metal: Built-Up-Edge versus Seized Chips


	2. Experimental Setup, Measurement Methods, and Analytical Approach
	2.1 Tooling and Machining Setup
	2.1.1 Carbide Inserts
	2.1.2 Nanoform 600 Diamond Turning Machine

	2.2 Machining Force Measurement
	2.2.1 Drift Correction

	2.3 Surface Finish Measurement
	2.3.1 Non-Overlapping Facing: Detection of Dead Metal
	2.3.2 Spectral Analysis of Machined Surfaces

	2.4 Tool Inspection

	3. Search for a Surrogate Material
	3.1 Testing of Surrogate Materials
	3.1.1 OFHC Copper
	3.1.2 1100 Aluminum Testing
	3.1.3 1199 Aluminum Testing
	3.1.4 Surrogate Machining Results- Non Overlapping Feed

	3.2 1199 Aluminum- Overlapping Feedrate and Surface Roughness

	4. Chip Seizure Cycle
	5. Optimization of Machining Parameters for Surface Roughness on Aluminum
	5.1 Rake Angle Experiments
	5.1.1 Surface Roughness
	5.1.2 Machining Forces
	5.1.3 Surface Spectral Analysis

	5.2 Tool Coating Experiments
	5.2.1 Kennametal Tool Coatings [26]
	5.2.2 Surface Roughness
	5.2.3 Machining Forces
	5.2.1 Surface Spectral Analysis

	5.3 Depth of Cut Experiments
	5.3.1 Surface Roughness
	5.3.2 Machining Forces
	5.3.3 Surface Spectral Analysis

	5.4 Cutting Speed Experiments
	5.4.1 Surface Roughness
	5.4.2 Machining Forces
	5.4.3 Surface Spectral Analysis

	5.5 Cross-Feed Experiments
	5.5.1 Surface Roughness
	5.5.2 Machining Forces
	5.5.3 Surface Spectral Analysis


	6. Conclusions
	6.1 Best Machining Surrogate for Plutonium
	6.2 Mechanism of Seizure and Surface Deterioration
	6.3 Machining Parameter Optimization- 1199 Aluminum

	7. Works Cited

