
Developing Lathing Parameters for PBX 9501

by

Randall Brock Woodrum, B.S.E.E.

A Thesis

in

Electrical Engineering

Submitted to the Graduate Faculty
of Texas Tech University in

Partial Fulfillment of
the Requirements for

the Degree of

MASTER OF SCIENCES

Approved

Dr. Andreas Neuber
Committee Chairman

Dr. James Dickens

Dr. Mark Sheridan
Dean of the Graduate School

August, 2017



©2017, Randall Woodrum



Texas Tech University, Randall Woodrum, August 2017

ACKNOWLEDGMENTS

I would like to thank those who supported me through the process of obtaining

my Masters degree. I first would like to thank all my colleagues in the pulsed power

lab, in particular David Barnett for helping with the building and data gathering of

my experimental setup, as well as the technicians and Barbra Beller for help with

construction and purchasing of materials. I would also like to thank Nicholas Wilson

and Ricardo Rodriguez for helping formulate my ideas into working products.

I would especially like thank my advisor Dr. Neuber for pushing me beyond my

limits to not only achieve this degree, but also learn many valuable life experiences

in the process.

Lastly, I would like to thank my parents who taught me that nothing gets ac-

complished without hard work and dedication, and my fiancee Nicole for her endless

support and patience throughout this process.

ii



Texas Tech University, Randall Woodrum, June 2017

TABLE OF CONTENTS

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . ii

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

I Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

II Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 Lathe Machining . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 Initial Cutting Parameters . . . . . . . . . . . . . . . . . . 4

2.1.2 Chip Formation . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.3 Forces Involved in Lathing Process . . . . . . . . . . . . . 6

2.2 Terminology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2.1 SFM, IPR, and DoC . . . . . . . . . . . . . . . . . . . . . 7

2.2.2 MRR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3 High Explosive Machining . . . . . . . . . . . . . . . . . . . . 9

2.3.1 PBX 9501 . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3.2 Other Experiments Involving PBX Machining . . . . . . . 11

III Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.1 Lathe Components . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1.1 Lathe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1.2 Stepper Motors and Drivers . . . . . . . . . . . . . . . . . 18

3.1.3 Force/Torque Dynamometer . . . . . . . . . . . . . . . . . 20

3.1.4 Variable Frequency Drive . . . . . . . . . . . . . . . . . . . 22

3.1.5 3-Phase Power Meter . . . . . . . . . . . . . . . . . . . . . 23

3.1.6 NI cRIO FPGA . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2 Control Software . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2.1 LabVIEW . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2.2 NetForce . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

iii



Texas Tech University, Randall Woodrum, August 2017

3.2.3 Blue Iris . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

IV Experimental Results and Analysis . . . . . . . . . . . . . . . . . . . 31

4.1 Temperature Analysis . . . . . . . . . . . . . . . . . . . . . . . 31

4.2 Force Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.3 Effects of Machining Parameters . . . . . . . . . . . . . . . . . 41

V Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

AppendixA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

AppendixB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.2 Protocol HE Machining, Updated 5-7-2017 . . . . . . . . . . . 67

iv



Texas Tech University, Randall Woodrum, June 2017

ABSTRACT

This thesis presents the work performed on lathing PBX 9501 to gather and

analyze cutting force and temperature data during the machining process. This data

will be used to decrease federal-regulation-constrained machining time of the high

explosive PBX 9501. The effects of machining parameters depth of cut, surface feet

per minute, and inches per revolution on cutting force and cutting interface were

evaluated. Cutting tools of tip radius 0.005 -inches and 0.05 -inches were tested

to determine what effect the tool shape had on the machining process as well. A

consistently repeatable relationship of temperature to changing depth of cut and

surface feet per minute is found, while only a weak dependence was found to changing

inches per revolution. Results also show the relation of cutting force to depth of cut

and inches per revolution, while weak dependence on SFM is found. Conclusions

suggest rapid, shallow cuts optimize machining time for a billet of PBX 9501, while

minimizing temperature increase and cutting force.
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CHAPTER 1

Introduction

The High Explosive (HE) machining safety standards for plastic bonded explosives

(PBX) set by the Department of Energy (DOE) were developed decades ago dating

back to the first explosives safety manual written in 1978 [6]. The current limitations

make machining HE a lengthy process which is not ideal when trying to manufacture it

into a shape usable for an explosive application. The work done for this thesis involves

the machining of the HE PBX 9501, which will be described in more detail in later

sections. Current standards do not allow for machining speeds greater than 213.2

surface feet per minute (SFM) or a chuck rotational speed greater than 525 RPM.

The feed rate of the cutting tool also may not exceed 0.03937 inches per revolution

(IPR) [1]. The safety limit for machining PBX 9501 is defined in Figure 1.1 below.
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Figure 1.1. PBX 9501 Machining Safety Limit. SFM limit is represented by solid
diagonal line and RPM limit is represented by dashed horizontal line. [1]

The area below the dashed line in Figure 1.1 is the zone in which the DOE

considers safe to machine. This graph is a simplification of the DOE standards as it

does not reference some parameters related to the machining process, such as IPR

and DoC.

The purpose of this experiment is to test these limitations and push beyond the

boundaries set by the DOE to formulate more accurate HE lathing safety limits. This

is accomplished by measuring force and temperature during the machining process

and evaluating when these parameters become too high for the HE to be machined

safely. The parameters IPR, depth of cut (DoC), and SFM are varied between trials

to better understand the effects of these parameters on the workpiece. The result of

the experiment is to find the most effective combination of these parameters to give

2
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the highest material removal rate (MRR) with force and temperature measurements

within safe margins.

This thesis is divided up into two sections. The first section will cover the back-

ground, building, programming, and testing of the experimental setup. The second

section will cover the gathered data, analysis, and observations taken from machining

PBX 9501. A brief conclusion of the results and future work for this experiment will

follow the second section for a look into the continuation of this experiment with

other high explosive materials.

3
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CHAPTER 2

Background

2.1 Lathe Machining

2.1.1 Initial Cutting Parameters

To better understand later topics discussed in this experiment it is important to

understand the basics of lathe machining. The first topic to be discussed is initial

cutting parameters. These parameters include feed rate, cutting depth, and cutting

speed and are shown in Figure 2.1.

Figure 2.1. Cutting Parameters [2]

Feed rate is quantified by how many inches per minute (IPM) the cutting tool is

traveling laterally down the workpiece. Slower feed rates allow for a smoother surface

finish after a cut has been performed, though this limits the amount of material being

removed per revolution of the workpiece. Depth refers to how much material is going

to be removed from the workpieces in reference to the workpieces radius. This means

twice the cutting depth will be removed from the diameter of the workpiece. It is

important to keep in mind that most lathe encoders are programmed to show how

much material is being removed from the diameter of the workpiece rather than the

4
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cutting depth. Cutting speed is most commonly referred to as RPM and determines

how fast the workpiece spins.

Varying these initial parameters will determine the speed, quality of finish, and

heat generation/dissipation applied to both the cutting tool and the workpiece. These

topics will be discussed in more detail in later sections.

2.1.2 Chip Formation

During the lathing process chips are shaved from the surface of the workpiece.

The way a chip forms is dependent on the machining parameters, material of the

workpiece, and the angle of the cutting tool shown below in Figure 2.2.

Figure 2.2. Chip Formation [2]

From the above figure, the thickness of the chip tc is dependent on the relationship

between the cutting depth to and the shear plane ts formed by the cutting tool. The

chip thickness expands as the shear plane becomes longer. This is an important con-

cept for this experiment due to the thermal properties differently sized chips. When

machining most metals in a lathe, the chip retains most of the heat formed during the

cutting process due to the high thermal conductivity of the metal. During the experi-

ment performed for this thesis the heat seemed to be distributed equally between the

5
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cutting tool and the chip. PBX 9501 has mechanical and thermal properties closer

to that of a chalk than a hard metal which could explain why the heat distribution

is more uniform. Later sections will cover these results in more detail.

The two angles of importance to note from Figure 2.2 are the rake angle α and

the shear angle φ. For this experiment, the rake angle was kept constant at 0 degrees

which puts the cutting surface of the tool perpendicular to the workpiece. This was

done to eliminate having to test an additional parameter due to the low number of

PBX 9501 billets on hand. The shear angle is then dependent on the cutting and

thrust forces which will be covered in the next section.

2.1.3 Forces Involved in Lathing Process

The three main forces that make up the cutting process are the cutting force (Fc),

the thrust force (Ft), and the feed force (Ff). These forces are what is being measured

during this experiment using a dynamometer to read the forces acting on the tool in

the x, y, and z-axis. An orthogonal view of these forces are shown in Figure 2.3.

Figure 2.3. Forces Acting on Cutting Tool During The Machining Process [3]

The feed force is acting on the cutting tool in the lateral or x-direction of the

workpiece while the thrust force is the force acting on the cutting tool in the radial

6
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or y-direction. These two forces only make up a small part of the forces involved

during the cutting process, although when attempting a large feed rate the feed force

begins to make a larger contribution to the total force acting on the cutting tool.

For most machining parameters however, the cutting force will contribute most of

the force acting on the cutting tool. The cutting force is the force being applied in

the downward or z-direction, which is the direction of cutting. As the cutting tool

is introduced to the rotating workpiece the material is shaved off in the downward

direction resulting in the force in the z-direction to be equivalent to the cutting force.

For this experiment, we will mostly be observing the cutting force to define a safe

margin.

2.2 Terminology

2.2.1 SFM, IPR, and DoC

Three abbreviations that are used very commonly throughout this thesis are SFM,

IPR, and DoC. This section will briefly cover what parameters these terms correlate

to and how they affect the machining process.

SFM refers to how many surface feet per minute the cutting tool is traveling along

the surface of the workpiece. The equation for SFM is given by

SFM =
RPM ·D · π

12
(2.1)

In order to maintain a constant SFM during a lathing process, the RPM of the

workpiece must be increased with each consecutive pass. This is due to the outside

surface of the workpiece traveling faster than the inside of the workpiece, so as the

diameter becomes smaller the RPM must be increased to keep the SFM constant.

SFM for this experiment is typically within the range of hundreds to thousands of

feet per minute.

7
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The next topic will be IPR or inches per revolution and is defined as the amount

of material in inches being taken off the workpiece by the cutting tool per revolution

of the workpiece. IPR is calculated using the following equation

IPR =
IPM

RPM
(2.2)

IPR directly correlates to the IPM the cutting tool is traveling across the workpiece

and determines the quality of finish on the surface of the workpiece. The lower the IPR

the smoother the finished surface of the workpiece will be. IPR for this experiment

is typically measured in tens of mils.

The last topic discussed in this section is depth of cut, abbreviated as DoC. Depth

of cut refers to how much material is going to be removed from the radius of the

workpiece during one lateral pass of the cutting tool. The diameter being removed

from the workpiece will be twice the depth of cut. The depth of cut has the largest

impact on both force and temperature of all the other parameters. With an increase

in DoC the resulting force and temperature will both increase causing more stress on

both the cutting tool and the workpiece. For this experiment, the DoC ranged from

0.0625 in to 0.25 in.

To conduct this experiment DoC, SFM, and IPR were the 3 independent variables

tested for. Other variables were not tested due to only having 8 billets of PBX

9501 to test. In order to accumulate enough data for an initial characterization the

independent variables had to be limited. Another variable often tested is how cutter

angle affects forces and heating during machining. This could be another potential

variable to test in later experiments.

2.2.2 MRR

Material Removal Rate (MRR) is defined by how much material is being removed

per second from the workpiece. For this experiment, MRR is calculated in cm3

s
using

the following equation

8
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MRR = SFM · IPR ·DoC · 3.277 (2.3)

MRR is a salient parameters of this experiment for decreasing the amount of time

it takes to safely machine down a billet of HE. This is accomplished by using the

combination of DoC, IPR, and SFM that will return a high MRR while minimizing

cutting force and temperature during the cutting process.

2.3 High Explosive Machining

2.3.1 PBX 9501

High explosives are compounds that when ignited using a large shock will react

rapidly at high temperature and pressure [7]. There are many different types of high

explosives, however only PBX 9501 was tested during this experiment. This section

will cover what PBX 9501 is and how it is manufactured.

PBX stands for plastic bonded explosive which means it is a high explosive chem-

ical bonded together with a small amount of plastic for shaping. PBX 9501 is com-

posed of 95% high melting explosive (HMX) and 2.5% polyurethane binder consisting

of Estane and 2.5% plasticizer BDNPA-F [8].

PBX is manufactured into billets using hydrostatic pressing by placing the explo-

sive in a rubber bag and introducing it to a high-pressure water bath between 12,000

and 20,000 psi until it is dense enough to hold its shape [7]. The billet in its crude

shape is hard to use in applications which is why it must then be machined down

into a shape charge. There are problems that can occur during the manufacturing

process that can be potentially dangerous during machining. Metal shavings could

potentially be mixed in with the PBX during processing, and unless spotted on an

x-ray the metal could spark during machining and set off the PBX. Another poten-

tial hazard formed during manufacturing are internal cracks inside of the explosive.

These cracks could cause the explosive to break apart and be ejected away from the

9
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bulk of the workpiece during machining. Another danger to watch for when working

with PBX 9501 is the polymorphous transformation point of the explosive. After the

explosive has undergone this transition it becomes less stable and is more susceptible

to a reaction. The polymorph point for PBX 9501 is around 180 ◦C [4]. A study done

on the phase transition from β to δ of PBX 9501 showed the temperature and how

long the phase transition took to occur. Results from this study are shown below in

Figure 2.4.

Figure 2.4. Phase Transition of PBX 9501 [4]

The circled zone in Figure 2.4 shows the thermocouple measured temperatures of

the PBX while it is undergoing this phase transition. The phase transition can take

anywhere from 30 minutes to an hour to complete once the polymorphic temperature

has been reached.

The physical properties of PBX 9501 resemble that of a chalk or soft platic ma-

terial. Some of these physical properties are compared below in Table 2.1.

10
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Table 2.1. Comparison of Material Physical Properties

PhysicalProperty PBX 9501 Plexiglass Chalk Aluminum

Physical Density (g/cm3) 1.843 1.18 1.442 2.7

Specific Heat (J/g ∗K) 1.13 1.465 0.9 0.9

Thermal Conductivity (W/m ∗K) 0.451 0.562 0.09 237

Tensile Strength (MPa) 9.24 68.948 0.23 310

By comparing the results in the table it is clear that PBX 9501 resembles material

properties between a chalk and a plastic, but its properties are much different than

that of a soft metal such as aluminum.

2.3.2 Other Experiments Involving PBX Machining

In 1988, engineers at Pantex did an investigation into the forces acting on a

cutting tool when lathing several high explosive materials including PBX 9501. The

experiment analyzed which parameters affected the x, y, and z force components to

better enhance safety when lathing high explosives. The experiment consisted of a

three-axis transducer that measured the each force component while sweeping through

a range of different IPR, DoC, and cutting tool angle values. Three different cutting

tools were used, each with a different cutter radius. The results of the experiment

found that the DoC and IPR have the most effect in the x-direction correlating to the

feed force while the thrust force in the y-direction was mostly affected by the angle

of the cutting tool α. The cutting force in the z-direction seemed to be affected most

by a change in DoC, resulting in a significant change in force acting on the cutting

tool which can be seen in Figures 2.5 through 2.7 [5]. The following figures show the

results of this data using a 0.05 inch radius cutting tool.
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Figure 2.5. X-Component of Force for PBX 9501. Depth of Cut is defined as the
amount of material removed from the diameter of the workpiece (for this figure
only). Solid lines represent a cutter angle of 45◦ while solid lines represent a cutter
angle of 90◦. Three feed rates measured in IPR were used for each cutter angle and
are indicated by squares (0.010), triangles (0.020), and circles (0.035) [5]
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Figure 2.6. Same as Figure 2.5, Y-Component of Force [5]

Figure 2.7. Same as Figure 2.5, Z-Component of Force [5]
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The above figures represent different feed rates using a square (0.01 inches), tri-

angle (0.02 inches), and a circle (0.035 inches). The different rake angles shown are

represented with solid (45◦) or dashed (90◦) lines. From these graphs it can be con-

cluded that x-components are most affected by DoC and IPR, y-components are most

affected by rake angle, and z-components are affected by all three of the changing pa-

rameters.

Another paper published in China in 2005 investigated the effects of machining

parameters on cutting forces and temperatures while lathing PBX. This experiment

used a similar setup to the Pantex experiment by using a three-axis dynamometer

to measure forces, while also incorporating a thin-film thermocouple onto the cut-

ting tools surface to measure the temperature of the cutting tool. While the two

experiments were very similar, this paper showed conflicting results. It concluded

that the main cutting force in the z-direction was much less than forces in the x and

y-directions, though the tests were performed the same way [9].

The experiment performed in this thesis resembles trends closely matching the

work done at Pantex as opposed to the work done in China which will be described

in later sections.
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CHAPTER 3

Experimental Setup

The experiment designed to test the PBX 9501 consists of a remote operated

manual lathe utilizing a dynamometer to test for forces associated with the lathing

process, as well as thermocouples to test for the temperature of the cutting tool. The

manual lathe had to be outfitted with stepper motors and controlled using an FPGA.

Figure 3.1 shows an overhead view of the experimental setup.

Figure 3.1. Overhead View of Experimental Setup

Figure 3.2 pictured below represents the experimental setup used for this work.
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Figure 3.2. Experimental Setup Block Diagram

The following sections describe each block of the diagram in more detail.

3.1 Lathe Components

3.1.1 Lathe

One of the first decision to be made for the experimental setup of this project

was what kind of lathe to buy. The limiting factor was space to be occupied by the

lathe. The previously constructed blockhouse the experiment was to be tested in is

approximately a 14 x 10 x 8 ft room. Because of the space constraint, it was much

more cost effective to automate a manual lathe rather than buy a CNC lathe compact

enough to fit the space.

The lathe used in this experiment was a Baleigh Industrial PL-1640 precision lathe

shown in Figure 3.3.
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Figure 3.3. Baleigh Industrial PL-1640 Precision Lathe

The specifications for this lathe are a 16 inch swing, which refers to the maximum

diameter of the workpiece it can turn, and a 40 inch distance between centers referring

to the maximum length of the workpiece it can turn. These dimensions allowed for

plenty of room to attach other pieces of equipment to the lathe without interfering

with the machining process. The specification for horse power was calcuated from the

Pantex and Chinese experiments, mentioned in the background section of this thesis,

using the following equation with a constant SFM of 1500.

HP = Cutting Force · SFM (3.1)

The maximum horse power required per the Pantex document was 0.789 HP [5],

while the Chinese paper required 2.555 HP based on their maximum force measured,

and our expected highest SFM of 1500 [9]. The lathe used in this experiment has a

rating of 7.5 HP, which is more than enough to satisfy the requirement calculated in

previous experiments.

The maximum RPM the lathe can supply is 2000, which is almost 4 times more

than the current safety limitation. The last feature was a Mitutoyo position encoder

integrated with the lathe shown below in Figure 3.4.
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Figure 3.4. Mitutoyo Position Encoder

The encoder measures the distance the tool travels in both the lateral and radial

directions. It is capable of measuring down to half of a mil and can output position

data through an RS-232 port.

A concern with using a manual lathe for this experiment was the ability to operate

the lathe remotely while machining the PBX. The lathe was rewired for remote on/off

functions, as well as partially dismantled to allow for project adaptations [10]. These

adaptations were accomplished using the system described in the next few sections.

3.1.2 Stepper Motors and Drivers

To control the longitudinal and radial movement of the cutting tool, the handles

on the saddle of the lathe had to be replaced with stepper motors. The stepper motors

allow for smooth motion throughout the machining process with precise start- and

stop-points.

The stepper motors used for this experiment were NEMA 24 stepper motors ca-

pable of producing up to 380 oz-in of torque shown in Figure 3.5. The stepper motors

lacked a sufficient amount of torque to turn the shafts controlling movement on the

lathe, so gears had to be implemented to step up the torque supplied by the motors.

A gearing ratio of 1:6.4 was used which provided more than enough torque to turn the

shafts. While this sacrificed some speed provided by the stepper motors, their 3,000
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RPM maximum rotation speed was capable of moving the lathe saddle at speeds of

up to 40 IPM.

Figure 3.5. NEMA 24 Stepper Motors

In order to control the stepper motors, stepper drives had to be integrated into the

setup as well. The drives chosen were Automation Direct STP-DRV-4850 advanced

micro-stepping drives pictured in Figure 3.6.

Figure 3.6. STP-DRV-4850 Stepper Motor Drive

The drives can supply up to 5 A per phase and 24 to 48 VDC to the motor they are

controlling. The drivers can step a motor from 200 up to 51,200 steps per revolution

for applications that require high precision such as the work done for this experiment.

The drive comes equipped with an RJ11 port for serial communication using RS-232
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protocol from an FPGA or microcontroller. The stepper drives were controlled using

an FPGA that will be described in later sections.

3.1.3 Force/Torque Dynamometer

A critical part of the experiment was obtaining a sensor to measure the x-, y-,

and z-directional forces acting on the cutting tool during the machining process. This

was accomplished by using AMTIs MCL6-2000 lathe dynamometer shown in Figure

3.7.

Figure 3.7. AMTI MCL6-2000 Dynamometer

This dynamometer is capable of measuring forces in the x-, y-, and z-directions as

well as the moments around them. It can measure up 8.9 kN of force in the direction

of the main cutting force and is accurate down to 0.5 N. The saddle on the lathe was

stripped of all tool mounting components and the dynamometer was mounted onto

the saddle in their place. The adapter mounting the dynamometer to the lathe saddle

can be rotated a full 360 degrees to achieve any cutting angle, should the experiment

require it. A drawing of this adapeter is shown in Figure 3.8.
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Figure 3.8. Drawing of Dynamometer Mount

Lastly, the cutting tool was mounted into a 1 x 1 in adapter and inserted into the

tool slot on the sensor and bolted into place. The drawing for this adapter is shown

below in Figure 3.9.

Figure 3.9. Cutting Tool Adapter

The dynamometer uses a transducer to measure when a force is applied to the

sensor. The applied force changes the resistance of a variable resistor which can
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then be measured as a voltage by the transducer. These voltages must then pass

through an external amplifier before being transmitted via USB to the computer for

analysis. The amplifier that was shipped with the sensor was a Gen-5 digital signal

conditioning amplifier. This amplifier was a recommended accessory to the sensor

and already came equipped with the 26-pin D type input for communication with

the sensor. There were several issues with noise when using this sensor. The first

was interference between the cable containing the sensor readings and other power

cables at higher voltages coupling into the signal cable. To solve this problem the

signal cable had to be run separate from all other cables to limit the noise picked up.

Another noise problem in the sensor was generated from the stepper motor vibrations.

These vibrations caused a slight ripple in the readings that was filtered out in post

processing. The dynamometer interfaces through a software called NetForce which

will be described in more detail in later sections.

3.1.4 Variable Frequency Drive

As described in an earlier section, to maintain a constant SFM during a machining

process, the RPM of the workpiece must be increased as material is shaved off the

diameter. This concept, along with the manual lathe chosen for this project only

having 12 set RPM values to choose from, made a variable frequency drive (VFD)

a necessity. A VFD is programmable controller that when interfaced with a motor

can control the RPM based on varying the frequency and voltage at which the motor

runs. By manipulating these parameters, the lathe could now run at any frequency

between 0 to 2,000 RPM.

The VFD chosen for this experiment was a DURApulse GS3-27P5 pictured below

in Figure 3.10.
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Figure 3.10. DURApulse GS3-27P5 Variable Frequency Drive

This VFD has a horse power rating of 7.5 with a 3-phase input to match the PL-

1640 lathe motor specifications. It uses a programmable logic controller to control

the motor that can either be programmed manually, or remotely using an RS-485

(Modbus) protocol. The VFD was integrated into the lathe motor and controlled

over RS-485 using an NI cRIO FPGA [11]. The control process will be described in

later sections.

3.1.5 3-Phase Power Meter

To help verify force readings, the power going into the lathe was to be monitored

and compared with the power going into the machining process. This required a

3-phase power meter that could measure the changes in power of the 3-phase input

into the lathe before and after a billet is machined. The Simpson AMIK 201 digital

power meter shown in Figure 3.11 was chosen for this measurement.
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Figure 3.11. AMIK 201 Digital Power Meter

The AMIK 201 features 3 LED displays for quick measurement verification and

can be used to measure voltage, current, or power quantities. It can also interface with

controllers via RS-485 for setup and data logging applications. For this experiment,

the power meter was interfaced over RS-485 with an NI cRIO FPGA. The data logging

process will be covered in more detail in later sections.

3.1.6 NI cRIO FPGA

Operating the machining process remotely had to be accomplished by controlling

all of the equipment above through a controller that could handle multiple processes

simultaneously. For this reason, a field programmable gate array (FPGA) had to be

used because of its ability to handle and process incoming data while controlling the

motion of the stepper motors simultaneously.

The FPGA chosen for this project was a National Instruments compact reconfig-

urable input output controller (cRIO) 9074 shown below in Figure 3.12. This cRIO

has a 400 MHz CPU and a 2M FPGA. The unique features of the cRIO is the plug-

and-play design for modules specific to an application. Modules that were used in this

experiment were RS-232 and RS-485 serial communication modules and a 16 channel

thermocouple input module.
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Figure 3.12. NI cRIO 9074

Serial communication modules were utilized to communicate with the stepper

motor drives, VFD, and the 3-phase power meter. The two modules have 4 RJ50

ports and can support communication with up to 4 devices each.

A NI 9214 thermocouple module capable of sourcing measurements from up to 16

different thermocouples simultaneously was also used. It has a maximum sampling

rate of 68 samples per second when all channels are in use, however it can sample

faster when using fewer channels. In this experiment thermocouples are imbedded

near the cutting edge of the tool as shown in Figure 3.13. The data is then sent to

the thermocouple module and logged with the cRIO. This technique is used to gather

cutting interface temperature data during the machining process.
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Figure 3.13. Omega 5TC-TT-K-36-36 Thermocouple Imbedding Drawing. TC1 and
TC2 indicate thermocouple locations.

The cRIO is connected to a computer through a router network on an Ethernet

port. It is controlled and programmed on the computer using National Instruments

software LabVIEW, which will be explained in the following section.

3.2 Control Software

3.2.1 LabVIEW

LabVIEW is a graphical programming language developed by National Instru-

ments. For this work, it was used to control the cRIO by providing an interactive

user interface panel shown in Figure 3.14.
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Figure 3.14. LabVIEW Automated Machining Front Panel

The user interface is divided up between multiple functions. The graph on the

left side of the panel displays the measured thermocouple temperatures in real-time

throughout the machining process. To the right of the graph are controls for manually

jogging and resetting the stepper motors attached to the lathe. The lower right corner

of the panel is for on/off functions, as well as manually setting and updating the

chuck on the lathe. The last section in the middle of the panel is for inputting initial

machining parameters such as SFM and IPR before executing a pass. The Begin

Lathing Operation button located in this section will begin the automated machining

process, as specified by the initial machining parameters, for the specified number of

passes.

Running behind the user interface is the code for the LabVIEW program. It is

programmed using a flowchart based approach where code is executed from block to

block following wires between the blocks. The code for the program in this experiment

is divided into two sections. The FPGA program handles the FPGA controls while

the top program interfaces the user functions between the computer and the FPGA.
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The FPGA program is designed to execute multiple functions simultaneously. It then

handles commands given to it by the top program as inputs and outputs between the

computer and the cRIO modules. Screenshots of the detailed block diagrams used

for the LabVIEW code can be found in appendix A.

Figure 3.15 shows the simplified flowchart for how the automated machining pro-

cess executes once the Begin Lathing Operation button has been pressed. A more

detailed flowchart for this process can be found in appendix A.

Figure 3.15. Simplified Flowchart for Automated Machining Process

The program first sets the stepper motors velocities based on the specified input

parameters. A radial position is then given to motor 1 to position the tool to the

depth of cut. A lateral position is then given to motor 2 to execute the cut along

the workpiece. The motors are then ordered back to their original positions, and if

another pass is specified the program executes again and moves the radial position

to the depth of cut times the current pass.

3.2.2 NetForce

NetForce is the software used with the dynamometer for logging the force and

torque data collected by the sensor. The user interface, shown in Figure 3.16, displays
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force readings in the x-, y-, and z-directions in the top left graph, while displaying

torque readings in the bottom left graph.

Figure 3.16. NetForce User Interface

Once a set of data has been gathered, NetForce has the ability to export all six

sensor readings in a .csv file to be used in spreadsheet based graphing software. Some

functions such as zeroing the sensor and starting or stopping sampling can also be

handled through the user interface.

3.2.3 Blue Iris

In order to observe what is happening inside the blockhouse during a machining

run, two cameras were set up for multiple views of the process. These cameras were

controlled through a software called Blue Iris. Blue Iris has the ability to display mul-

tiple videos feeds for simultaneous viewing. It can take advantage of pan/tilt/zoom

(PTZ) camera functions as well. The user interface for Blue Iris is pictured below in

Figure 3.17.
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Figure 3.17. Blue Iris User Interface

For reviewing purposes, the video footage of the machining process also had to be

recorded. This software allows for a motion activated trigger to begin video recording

or a manual trigger within the program. For this experiment, a manual trigger was

set and began recording on both cameras once triggered while also taking snapshots

every 30 seconds. Blue Iris allows for videos and snapshots to be exported from the

program as any video or picture format for viewing through other programs.
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CHAPTER 4

Experimental Results and Analysis

The results of this work will be used to decrease the amount of time it takes to

safely machine a billet of PBX 9501. In order to achieve this, the machining safety

boundaries defined by the DOE had to be far exceeded. Figure 4.1 shows the data

points where each pass occurred on the machining safety limit graph.

Figure 4.1. Experimental Machining Points in Reference to Safety Limit for PBX
9501

4.1 Temperature Analysis

Temperature was one of the two main quantities measured during this experiment.

It is important to measure temperature during this process to try and avoid the

polymorphic temperature of PBX 9501 which is approximately 180 ◦C [4]. At this

temperature, the PBX begins to become more unstable while being machined, and a

reaction is more likely to occur.

Ideally the temperature of the tool at the cutting interface would like to have been

observed, however it proved very difficult to obtain this data. An article written 2007

described many different approaches to accomplishing this temperature measurement
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while machining [12]. Several approaches were considered such as IR video capture,

thermocouple imbedding, and layering a thermocouple on the surface of the tool. It

was decided the best approach would be to embed thermocouples into the tool tip, as

described in section 3.1.6, and compare experimental data with the simulated data.

Figure 4.2 shown below is an example of one pass while machining PBX 9501.

Figure 4.2. Billet 4 Trial 3 Temperature Measurements for 0.005” Tool. See Figure
3.13 for thermocouple locations.

Figure 4.2 shows the two different temperature readings from the testing done on

billet 4 trial 3. One observes the thermocouple closest to the cutting interface (red) is

much hotter than the other thermocouple even though they are only 0.1 inches apart.

The small temperature peak at the end of the machining pass is due to facing the

base of the billet once a pass has been completed.

The incorporation of an IR camera was used to gather evidence of how the heat

is distributed between the tool and the chip. Figure 4.3 below shows an on-end view

of the tool and chip during the machining process.
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Figure 4.3. IR Snapshot of Machining Process

From the figure above the dashed line shows the workpiece diameter before the

cut and the square shows the DoC. The figure shows the chip has majority of the

heat associated with it leaving only a small amount of heat being absorbed into the

workpiece. The cutting tool is hidden behind the chip in this image, however from

what is visible the cutting tool also seems to be approximately the same temperature

as the chip. Another aspect to note is the temperature gradient associated with the

chip. The following figure shows a view of both sides of the chip as it spirals off of

the workpiece.
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Figure 4.4. IR Snapshot of Ribbon Temperature Gradient

Figure 4.4 shows the temperatures of both sides of the chip. The temperature scale

in this IR snapshot is fixed from 20.3 ◦C to 70 ◦C. The cutting tool at the cutting in-

terface, and the side of the chip that faces the tool tend to have similar temperatures

observed from IR and thermocouple data that has been collected during this experi-

ment. From the data taken during this run, the cutting tool was measured to be 92.1

◦C making the hotter side of the chip shown in Figure 4.4 approximately this value.
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The cooler side of the chip looks to be around 30 ◦C making the temperature gradi-

ent between the two sides of the chip approximately 62 ◦C. This gradient increases

with higher rates of removal such as an increased SFM or IPR, which also causes an

increase in the temperature gradient between the two thermocouples imbedded in the

cutting tool.

Two tools were used during this experiment, one with a 0.05-inch tip radius and

another with a 0.005-inch tip radius. Temperature data using these two tools are

shown in the following figures.

Figure 4.5. Temperature Vs. SFM for 0.005” Tool

Figure 4.5 shows the temperature trends for the 0.005-inch radius tool as SFM is

increased while keeping DoC and IPR constant. Shapes denote the DoC while colors

denote the IPR.
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Figure 4.6. Temperature Vs. SFM for 0.05” Tool

Figure 4.6 shows the temperature trends for the 0.05-inch radius tool as SFM is

increased while keeping DoC and IPR constant. Shapes denote the DoC while colors

denote the IPR.

The data points represented on Figure 4.5 and 4.6 represent all the data taken

while machining 8 billets of PBX 9501. The following observations can be realized

by the above figures. An increase in SFM will lead to an increase in temperature. In

addition to SFM, an increasing DoC also shows trends of temperature increase. The

figures also show that varying IPR while keeping SFM and DoC constant do not result

in a very large change in temperature. From these observations, it can be concluded

that temperature during machining is sensitive to changes in both SFM and DoC,

while less sensitive to changes in IPR. In addition to this data, the temperature at

the cutting interface is expected to be 20 to 30 ◦C higher than the measured values

due to the thermocouples not being exactly at the cutting interface.

A common function to describe cutting interface heating over time during lathe

machining of metals is shown in equation 4.1 [2].

T = K · vm (4.1)
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In this equation T is the temperature of the cutting interface, v is the cutting

speed, K is a constant as well as m and are dependent on material and other cutting

conditions [2]. Examples of this equation were used in this work to describe the

heating of the cutting tool versus the MRR and is shown in Figure 4.7.

Figure 4.7. Temperature Vs. MRR for 0.005” Tool with Fitted Curves

The fitted curves in the above figure match up with equation 4.1 giving a general

idea for how the heating of the interface will change as a function of cutting speed.

4.2 Force Analysis

The forces acting on the cutting during the machining process tool were the other

main quantities this experiment was testing for. The three forces to be measured

were the feed force, thrust force, and main cutting force. Though all three of these

forces were measured, the cutting force in the z-direction was much higher during the

machining process, leading to the results being analyzed against this factor.

To achieve these force readings the cutting tool was mounted into a dynamometer

as described earlier in section 3.1.3. The data was then imported into OriginLab for

postprocessing and smoothing. Figure 4.8 shown below is an example of one pass of

data taken during the machining process after it has been postprocessed.
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Figure 4.8. Billet 4 Trial 3 Force Measurements for 0.005” Tool

Figure 4.8 shows the forces recorded in the x-, y-, and z-directions during the

experiment. The force recorded in the z-direction is the main cutting force. The

average main cutting force during the cutting process was taken from this graph and

used for the analysis in the following figures.
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Figure 4.9. Cutting Force Vs. SFM for 0.005” Tool

Figure 4.9 shows the force trends for the 0.005-inch radius tool as SFM is increased

while keeping DoC and IPR constant. Shapes denote the DoC while colors denote

the IPR.

Figure 4.10. Cutting Force Vs. SFM for 0.05” Tool

Figure 4.10 shows the force trends for the 0.005-inch radius tool as SFM is in-

creased while keeping DoC and IPR constant. Shapes denote the DoC while colors

denote the IPR.
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Figure 4.9 and 4.10 show the same points recorded for all 8 billets of PBX 9501

as in Figures 4.5 and 4.6, however the trends are now plotted against the cutting

force instead of the temperature. Like the previous figures SFM is increased along

the x-axis while DoC and IPR are kept constant in each trend. It can be observed

from these graphs that though the cutting force changes slightly as SFM increases,

it generally does not influence how much force is acting on the cutting tool. Thus,

the power exerted on the machining increases pretty much linearly with the SFM as

one would expect (power = force times velocity). Changing DoC and IPR however,

do tend to show an increase in cutting force as they are increased between trends.

The following figure shows a force comparison between the two different radii tools

used during the experiment with the same DoC and IPR.

Figure 4.11. Cutting Force Vs. SFM Cutting Tool Comparison. The 0.05-inch
radius tool is represented by squares while the 0.005-inch radius tool is represented
by diamonds.

Figure 4.11 shows the force comparison between the 0.005-inch radius tool and the

0.05-inch radius tool. The two plots have the same DoC and IPR with a varying SFM.

The comparison shows that the force exerted on the cutting tool is approximately the

same between the two tools leading to a small variation in force due to tool shape.
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4.3 Effects of Machining Parameters

Investigating how the machining parameters DoC, SFM, and IPR affected the

temperature and forces of the machining process was the primary scope of this exper-

iment. The combination of these three parameters give a resultant MRR as described

in section 2.2.2. the following figures show temperature and cutting force plotted

against MRR.

Figure 4.12. Temperature Vs. MRR for 0.005” Tool

Figure 4.12 shows the temperature trends for the 0.005-inch radius tool as MRR is

increased while keeping DoC and IPR constant. Shapes denote the DoC while colors

denote the IPR. The data points circled in the figure will be used for comparison in

Table 4.1.
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Figure 4.13. Cutting Force Vs. MRR for 0.005” Tool

Figure 4.13 shows the cutting force trends for the 0.005-inch radius tool as MRR is

increased while keeping DoC and IPR constant. Shapes denote the DoC while colors

denote the IPR. The data points circled in the figure will be used for comparison in

Table 4.1.

The above figures show how two trends can have the same MRR, but have very

different temperature and forces associated with them. Achieving the same MRR for

different DoC and IPR parameters is done by increasing or decreasing the SFM main-

tained throughout the cut. It can be observed from these figures that shallow depths

of cut combined with lower inches per revolution are ideal for keeping temperature

and cutting force low during the machining process. An example of some data points

with approximately the same MRR are compared in Table 4.1 below.
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Table 4.1. Effect of MRR on Temperature and Cutting Force

Parameters Triangle Dark Square Light Square

MRR (cm3/sec) 4.9 5 5

MRR (in3/sec) 0.299 0.305 0.305

DoC (in) 0.0625 0.125 0.125

IPR (in) 0.02 0.01 0.02

SFM (ft/min) 1200 1220 610

RPM (rev/min) 1612 1124 639

Change in Temperature (K) 66 102 101

Cutting Force (N) 27 36 66

Measured Power (W ) 160 225 200

From the above table, it is observed that though the amount of material being

removed is approximately the same for all three columns, it is easier on the cutting

tool to machine with the initial parameters given in the first column. There is also

less power associated with the first column of data resulting in the lower heat and

force components.

An additional component that was measured was the torque applied to the cutting

tool during machining. The dynamometer measured the torques in the x-, y-, and

z-directions and this data was recoreded as well. The following figure shows some

force measurements that were taken during the machining process.
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Figure 4.14. Billet 3 Trial 12 Torque Measurements for 0.005” Tool

Figure 4.14 shows the torque measurements taken using the dynamometer during

a machining pass. The initial machining parameters were a 500 SFM, 0.02 IPR, and a

0.125 DoC. Majority of the torque acting on the cutting tool is applied around the x-

axis. A typical value measured for the torques on the cutting tool for this experiment

were 10 N ·m in the x-component and 2 N ·m in the z-component.

In addition to the measurement of the torque applied to the tool, the torque

applied to the workpiece was also calculated using the following equation.

Torque = Fc ·
radiusinitial + radiuscut

2
(4.2)
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Equation 4.2 above was used to approximate the amount of torque applied to the

workpiece during machining in the x-component. This equation takes the maximum

cutting force measured on the cutting tool, then multiplies this force to the average

of the sum of the radius of the workpiece before and after a pass. A typical range of

calculated torque values on the workpiece for this experiment were 1 to 3 N ·m, with

a maximum calculated torque of 10.57 N ·m. The initial cutting parameters for the

maximum calculated torque were a SFM of 1000 ft
min

, an IPR of 0.04 in
rev

, and a DoC

of 0.25 inches off of the diameter of the workpiece. The results of this experiment

indicated a larger cutting depth would result in a higher amount of torque applied to

both the tool and the workpiece.

Horse power was one of the quantities that was taken into consideration at the

beginning of the project. From past experimental force data, the maximum horse

power to conduct this experiment was calculated to be 2.555 HP as described in

section 3.1.1. The maximum calculated horse power that used in this experiment was

1.492 HP. The highest measured force and SFM associated with this HP was 218.97

N and 1000 ft
min

.
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CHAPTER 5

Conclusion

The machining parameters DoC, IPR, and SFM define the temperature and force

components exerted on the cutting tool during the machining of PBX 9501. The

temperature component at the cutting interface during the machining process is most

sensitive to changes in DoC and SFM, while insensitive to changes in IPR. The cutting

force component is more sensitive to changes DoC and IPR, while less sensitive to

changes in SFM. To reduce the amount of time it takes to machine a billet of PBX

9501, while also keeping the force and temperatures low during the process, a shallow

DoC, low IPR, and high SFM are desirable. This will provide a high MRR which will

reduce the time taken to machine a billet of PBX, while also staying within a safe

boundary for the force and temperature components.

5.1 Future Work

Future work for this experiment will include initial characterization of PBX 9502

to be performed in the near future. Data will be recorded using the same process

as described in this thesis by studying the effects of DoC, IPR, and SFM on the

temperature and forces acting on the cutting tool during the machining process.

Other work could be to machine high explosives other than PBX to gain insight into

the characterization of different types of high explosives.
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AppendixA

Figure 5.1. HE Machining Results Spreadsheeet 1 of 4
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Figure 5.2. HE Machining Results Spreadsheeet 2 of 4
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Figure 5.3. HE Machining Results Spreadsheeet 3 of 4

Figure 5.4. HE Machining Results Spreadsheeet 4 of 4
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Figure 5.5. Chip Temperature vs. Tool Temperature Comparison for PBX 9501

The above graph shows an approximated temperature trend for the workpiece

chip compared to the measured cutting tool temperature. The black line is the best

fit approximation for this trend. Billets 5 through 8 were not considered relevant to

the trend in this graph due to many outliers and inconclusive IR measurements.
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Figure 5.6. Stepper Motor Automated Machining Pass Flowchart Part 1 of 2
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Figure 5.7. Stepper Motor Automated Machining Pass Flowchart Part 2 of 2
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Figure 5.8. LabVIEW Project Tree
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Figure 5.9. LabVIEW Top Code Snippet: Initialization

Figure 5.10. LabVIEW Top Code Snippet: Serial Communication
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Figure 5.11. LabVIEW Top Code Snippet: Serial Configuration SubVI

Figure 5.12. LabVIEW Top Code Snippet: Serial Write SubVI Part 1 of 2
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Figure 5.13. LabVIEW Top Code Snippet: Serial Write SubVI Part 2 of 2

Figure 5.14. LabVIEW Top Code Snippet: Serial Write SubVI Part 1 of 2
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Figure 5.15. LabVIEW Top Code Snippet: Serial Write SubVI Part 2 of 2

Figure 5.16. LabVIEW Top Code Snippet: Example of One Case for Automated
Machining Process
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Figure 5.17. LabVIEW Top Code Snippet: Enabling Lathe Chuck Rotation

Figure 5.18. LabVIEW Top Code Snippet: Disabling Lathe Chuck Rotation

Figure 5.19. LabVIEW Top Code Snippet: Return Saddle to Home Position
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Figure 5.20. LabVIEW Top Code Snippet: Kill Motors and Clear Serial Buffer

Figure 5.21. LabVIEW Top Code Snippet: Thermocouple Read Function and
Graphing Part 1 of 3
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Figure 5.22. LabVIEW Top Code Snippet: Thermocouple Read Function and
Graphing Part 2 of 3

Figure 5.23. LabVIEW Top Code Snippet: Thermocouple Read Function and
Graphing Part 3 of 3
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Figure 5.24. LabVIEW Top Code Snippet: Converting LabVIEW Parameters to
VDF Serial Commands

Figure 5.25. LabVIEW Top Code Snippet: Initial Parameter Conversion
Calculations

Figure 5.26. LabVIEW FPGA Code Snippet: Serial Port Module Configuration
Part 1 of 3
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Figure 5.27. LabVIEW FPGA Code Snippet: Serial Port Module Configuration
Part 2 of 3
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Figure 5.28. LabVIEW FPGA Code Snippet: Serial Port Module Configuration
Part 3 of 3
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Figure 5.29. LabVIEW FPGA Code Snippet: Thermocouple Module Configuration
Part 1 of 2

Figure 5.30. LabVIEW FPGA Code Snippet: Thermocouple Module Configuration
Part 2 of 2
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Figure 5.31. Experiment Parameters Fill Sheet Example Part 1 of 2

Figure 5.32. Experiment Parameters Fill Sheet Example Part 2 of 2
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AppendixB

5.2 Protocol HE Machining, Updated 5-7-2017

All work to be performed by trained personnel, with a minimum of two personnel

required when working with HE.

Material Preparation:

1. Remove storage container(s) containing the HE billet from magazine (across the

parking lot from main building)

2. Trained personnel hand carries container(s) to main building

3. Place container(s) on prep table (table covered with non-slip mat)

4. Remove billet(s), place on table

5. Glue Plexiglas round stock (4 to 5 inches in diameter, about 4 inches long) to

smooth end of billet (Used Urethane Adhesive, high peel strength, e.g. Hardman

D-50)

6. Secure glued fixture in an upright position in the day storage magazine, place

2 kg weight on top of fixture during the minimum of 2 hour curing time.

Material Testing:

1. Secure building (put up warning signs at the two access doors: Danger, No

Entry, Energetic Materials Test)

2. Verify that machine is de-energized by checking main emergency stop located

at control station.

3. Trained personnel hand carries one of the fixtures into blockhouse, secure the

plexiglas end into chuck/clamp, leaving about 1 inch (machined step in plexi-

glas) between the end of the chuck/clamp and the HE billet.
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4. Leave block house

5. Gather all personnel at control station (behind protective wall to the south end

of block house)

6. Verify that all personnel are wearing ear and eye protection (2 personnel is

minimum)

7. Energize machine

8. Run machining program

(a) One remote lathing operator, zeroes tool settings through remote control,

remote video observation, and runs automated machining profile

(b) One additional observer, watching the operation remotely from camera

feed inside block house

(c) Both, operator and observer are ready to pull emergency stop

9. De-energize machine

Material Removal and Disposal:

1. Wait until machine is de-energized (end of machining) before entering the block

house.

2. Both operator and observer agree that it is safe for operator to walk into block

house.

3. Trained personnel removes leftover material from chuck or clamping device

4. Place fixture on prep table, remove Plexiglas end

5. Use brush and vacuum to gather machining dust, shavings; place residue in

plastic bag

6. Add the leftover billet to plastic bag
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7. Place plastic bag in day storage box

8. Go to Material Testing as needed

9. Carry day storage box with plastic bags and HE to outdoor disposal site

10. Place a maximum of two bags into disposal site (below ground burner system,

remote operation)

11. Move away from disposal site and remotely ignite burners

12. Let cool off for a minimum 1 hour and verify temperature before reusing disposal

site
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