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Abstract

A statistically designed slow speed orthogonal machining experinveas
conducted to compare the effects of various ma&taking gases upon the cutting process.
Several metals with different crystallinewsttures and materials conditions were utilized
(face centered cubic aluminum alle@61with three tempers (TO, TahdT6), close packed
hexagonalAZ31B at two tempers (HandH24), and body centered cubic steel alloy 4130
at three levels of hardnes&2( 32, and 42 HR). A single tool material oHigh-Speed
Steel (HSS) was utilizedith threedifferenttool rake anglega) of 25°, 30° and 35° The
cutting fluids utilized were air, argon, and nitrogen.

Classic MerchanEorceDiagram (MFD)datawascollected using a Kistler force
Dynamometerand processed usingbVIEW software. The tools were pushetirough
the 2”7 long x 0.125” thick piece of stock
and 0.008 inches. After 10 inches of cut, each tool was studied under a Key@nce 3
microscopdn order to quantify the tool wealdigh speed, high magnifitan video was
taken of each cut to studl thevisible shear angles. The video analysis was completed
using KINOVEA video analysis software.

The force data was then used to explore different orthogonal metal working models
to validate against literaterStatisticalanalysis was utilized to determitteerelationships
between visual shear angles and cutting environmanalysis was made between tool

wear and cutting atmosphere.
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I. Introduction
Heat generated in the tool during the machining process has been known to be a

major reason for tool failure during machinifigylor mentionsthe following as the main
actions that contribute to tool we#t]
1 Pressure created when the chip slides over the tool
1 The speed with which the chip slides over the tool
i The coefficient of friction between the chip and tool surface.
Longevity of tool life can beelatedto these three item¥he question then becomes what
the best ways to reduce or control the temperature of the ¢bid interface to reduce tool
wear. The most prominent way to reduce temperaturesritachining applicatiors with
the application of a liquidoolant.These coolantsra referred to as a metal working fluid
(MWF).
The National Institute for Occupatiordhfetyand Health (NIOSH) classifies metal
cutting fluids as follow$2]:
1. Straight oil (neat oil) MWFs are severely solvegfined petroleum oils
(lubricantbase oils) or other animal, marine, vegetable, or synthetic oils useg sing|
or in combination and with or without additives. Straight oils are not designed to
be diluted with water.
2. Soluble oil (emulsifiable oil) MWFs are combinations of 30% to

85%severely refined lubricalmase oils and emulsifiers that may include other



perfomance additives. Soluble oils are diluted with water at ratios-jphrt

concentrate to parts water.

3. Semisynthetic MWFs contain a lower amount of severely refined

lubricantbase oil in the concentrate (5% to 30%), a higher proportion of

emulsifiers, an@0% to 50% water. The transparent concentrate is diluted with 10

to 40 parts water.

4. Synthetic MWFs contain no petroleum oils and may be wsalible or

water dispersible. The synthetic concentrate is diluted with 10 to 40 parts water.

EachMWF consistof many different chemicals and can cause significant health risks

if un-monitored. Water based MWEFEswhile common and readily available, can harbor
bacteria and fungi. Thevaterbasedtype can also accelerate a corrosive atmosphere for
chips and causes @sue with both chip and coolant dispdil

These issues open the doors for alternative MWFs to be explored and their effects
on the tool, chip, and forces associated with the machining procésss study looks at

the effects of using three different gases on the cutting process.



I1. Scope and Objectives
The goal of this thesis is to conduct orthogonal machining experiments to study the

effect of gaseous cutting fluids on the resulting cutting forces and shear angles in
Magnesium AZ31B, Aluminum 6061, and 4130 Steel. A detailed observation of the
orthogoral metal cutting process was made possible using adigithl high speed
videographic quick stop device. The high speed videographic quick stop device consists
of ahigh-speedligital camera synchronized to force measurements from a dynamometer.
Preci® feed control is also made possible by utilizing a variable frequency drive (VFD)
electric motor to move the workpiece wunder
LabVIEW software was used to create a virtual instrument for automatic data oallecti
and organization. These updates to previous virtual quick stop devices permit more precise
control over the orthogonal machining process than ever before.

The objectives of the experiment included:
1) Develop a better understanding of the metal cuttnogess
2) Measure the Shear Plane Angle (¢), Shea
of interest directly from the images obtained
3) Capture high resolution still images o the metal cutting process during cutting that
clearly show the geometries of interés future publication
4) Investigate how the crystal structure of the metal to be machined affects the
resulting geometries of interest and cutting forces
5) Determine the effect of gaseous cutting fluids on tool wear during the orthogonal

machinng process.



6) Perform tensile tests of the specimens to be machined for precitbewoatical
data of each specimen undergoing study
7) Publish the data set in a format (as appendices) which other researchers may use as

a quality resource in their studies



I11. Literature Review

Historical Survey
Modern machines for metal cutting as they are seen now have existed since the late

1840°s and early 1850°s. With these more mc
and quantify the variables of machining metal. It was during this time that treefestific
papers on metal cutting appeared.
The earliest reference that could be found relating to scientific studies of metal
cutting, Cocquilhat in 1851, concentrated his work on rotating his workpiece on a drill.
From these studies, he was ablefplathe knowledgéo other interestg3]. Utilizing the
work per unit volume of material removed and assuming wages and working days, he was
able to calculate the cost of digging tunnels, cutting marble, and trench digging.
The first experiments in which the influence of tool geometry was studiesl we
reported by Joessel in 18¢4]. Forces were obtained in lathe cutting and drilling by
measuring the torque required to turn the machine whiléenguttare being taken to
subtract the torque required to overcome the friction of the machine. The effects of depth
of cut, speed, and rake angle were studied.
his work (linseed oil, quicklime and nitricia to name a few), although no explanation of
their benefit was attempted.
The first attempts to study chip formation are those of Time in 1870 and Tmesca
1873[5] [6]. Time was the first to goectly model the process ahead of the tool as one of
shear, although he may be criticized for his viewpoint that the chip formation took place

by fracturing of the metal on successive shear planes rather than by plastic deformation.

5



This is understandablthough since the plastic deformation of metals in operations other
than cutting was only beginning to be investigated at the time.

Mallock produceda set of drawings of polished and etched chips in 1881 which
rival modern photomicrographs in qualit§]. He deduced that the cutting process was
one of shear along a sharply defined shear plane with friction occurring along the tool face.
With Time, he thought of fracture as occurring on the successive shear planes abhddlesc

13

the chip as a metallic slate.?” Mallock o
tool decreased when a “cutting fluid” was
cutting copper, the use of soap and water as a cutting fluid indréresshear plane angle,
which is most easily described as a line from the tip of the tool to the back of the
undeformed chip, Figure 1. He was also the first to attempt to categorize the bluntness of
the leading edge of the tool (the cutting edge) axctof.

In 1892, Haussnemwas successful in building the first instrument which could
directly measure the forces involved in metal cutflg In this planning dynamometer,
the work was restrained by a stiff spring. Defileas of the spring wemmagnified,and a
record was drawn by the dynamometer of the force against the distance of the cut.
Although he was successful only in measuring the force horizontally along the cut, this was
a major advanageent He also noted thearliest comments on what appears to be the built
up edge 1n stating that “with ductile mate
and were very hard to separdtdde may also have been the first to deduce the presence
of anormal stress@n g t he shear plane, concluding t

2

sheared but 1s under a mnormal ©pressure
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—_—\ [+ WORKP |ECE

Figure 1. Shear Plane Angle and Tool Rake Angle
Zvorykin publishedan extensive review of plamg in 1893 using his new
hydraulic dynamometg®]. He concurred with Haussnirat the resultant force was not
necessarily in the cutting direction. Assuming that the force in the direction of the cutting
velocity would be a minimum led him to conclude the first attempt to predict the shear

plane angle of Figure 1 intermsofthe o1 rake angle a and frict

a b bt
f=45+—- —- — 1
5 5, O )
fcorresponds to the shear plane angle, B 1 s

angle for the shear plane itself. Tigsthe first of many formulations of the functional
relationship amongst the various angles detailed shortly in an attempt to formulate a
predictive relationship based upon the observed geometries at the tool interface. This

equation will appearagaininh e 1 it erature review of moder:H

f:45+%-§ ®)

Equation (2) was derived independently in 1896, in the German engineering

handbook “Ingenieur ufdd. ThNabssislofiderivation inthatc h a n i



case was that the shear plane would be the plane of maximum shear stress. The German
handbook marks the beginning of the ongoing search for a predictive approach to the shear
plane angle which eludes engineers tociimeent day. It carefully compared equations (1)

and (2) at great length, offering reasons for the disagreement. Those equations continued
in the literature after the turn of the 20th centuynder in1907 and Ernst andlerchant

in 1941 obtained equation (1] [12]. Piispanen irl937 andvierchant in1945 obtained
equation (2]13] [14] . The development of the mawersions of this predictive equation

will be detailed at great length in the Shear Zone Section of the literature review since one
of the goals of the experiment is to compare the various models through a statistical
analysis of the results.

Force analgis would continue to improve to the current day dynamometers and
began to be joined with photographic studi
Chakko carried out experiments in 1922, and Coker in 1925 carried out a series of photo
elastic expements on the action of cutting to¢ls] [16]. They were able to show in their
photographs that there were zones of approximately radial compression and tension ahead
of and behind a line goinfprward from the tool point, which corresponds to the plane
defined by the angle ¢ i n kdhdugingcuitinglhoweveli s ph
but during a stoppage of the toolshi in 1929 andSchwerd weréghe first to study the
cutting processvhile cutting was actually in progrefk/] [18]. Photographs were also
taken through a microscope by Boston which presented detailed appearance of the metal
cutting proces§l9]. Their photographs were instrumental in the thought processes of the
me t al cutting 1nvestigators of the 1940’ s

photographic experts in the metal cutting field.



It was also athis time that one of the first experiments examining hardness
was conducted by in 1926 by Herbg®]. He showed that the chip material was harder
than the work material and demonstrated that metal cutting involved inteage st

hardening which could only come about through the mechanisms of plastic flow.

Cutting Geometry with a Single Edge

Chip

Workpiece

Figure 2. Orthogonal Machining Cut

Orthogonal cutting such as depicted in Figure 2 is seldom ugedatice, although
it remains the simplest model for scientific analysis. Nearly all practical cutting processes
are oblique, where the leading tool edge is inclined to the relative velocity vector between
the tool and wor k. E madeling isuch at diffi¢udt geometryc o mp u
remains a daunting task. Thus, it is necessary to consider how the mechanics of the
orthogonal cutting can be extended and altered to describe oblique cutting. Beginning in
the 1940s, the Orthogonal Machining Proc&381P) of Figure 2 became the basis upon
which subsequent models and discussions were based. The commonly used phraseology
is provided in the List of Symbols. Most of the derived equations are summarized in
Appendix 1. A complete discussion of the modeid the formulas derived from it are

beyond the scope of this experiment, but excellent reviews may be found in Degarmo,



Black and Kohser’ s text or [21} [A2p[23 W24k W o f S h
short discussion is however necessary to set up the shear zone review and discussion.
There are three basic chip types formed during the orthogonal machining process
as first denotethy Ernst[25]. Type 1 is a discontinuous or segmented chip type; Type 2
is continuous and smooth; Type 3 is continuous with a buildup of chip material between
the tool and chip which is commonly referred to in the literatufetasrui pl te d ge” or B

All of the models discussed hereafter assume a Type 2 chip.

Figure 3. Type 1,2, & 3 Chips Respectively

The modern era of metal cutting research began with the nearly simultaneous work
of M.E. Merchantand V. Piispanen during the years leading up to and during World War
Il. These two men independently proposed the classic force relationships that are used to

describe the OMP model.

10
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Figure 4. Orthogonal Cutting Process
Figure 4depicts the commonly accepted symbology of the Merchant and Piispanen
model, detailed in the List of Symbols. Basically, the shearing process occurs on a single
plane extending from the edge of the cutting tool to the free surface of the workpiece. This

13

plane 1s commonly referred to as the s hea
the horizontal to the plane as depicted in Figure 4 and varies depending upon the particular
cutting conditions. The shape of the zone on or around this plane mathbeepic of

intense academic interest since publication of the models in the 1940s occurred. Before
beginning the review of the many “shear zor
led to the development of the geometric force relationshiggppéndix 1 will be made

using the nomenclature of the Listof SymbolS hi s 1 i st is considere.
and must be converted when comparing it to European or Asian cutting models.

Both Merchant and Piispanen independently developed similaeptsifor a force

diagram which illustrates the geometrical relationship between the cutting force

11



components during orthogonal machining. This has become the fundamental basis
allowing the formulation of the relationships detailed in Apperfix Both researchers
viewed the chip as an independent body held in mechanical equilibrium by the two equal
and opposing resultant forcB&andR’. The forceR is due to the force exerted by the
workpiece on the chip. The foréeis composed of two components; the shearing force
along the shear planEsj and a force normal to the shear plaag.( The forceR may also

be resolved into two other components, the cutting fofeegnd the thrust force().

Figure 5 shows theselationships in what is now commonly referred to as the Merchant

force diagram.

Workpiece

Figure 5. Merchant Force Diagram [22]

The Merchant force diagram applies the opposing force concept of the free body
diagram of the chip to the orthogonal cutting process shown in Figures 2, 4 and 6. The
forceR® is the force that is exerted wegon the
into two componentd; andN, whereF is the friction force between the chip and the

cutting tool andN is the force normal to the chip and the cutting tool. The fdfcasd

12



Ft are easily measured during the orthogonal cutting experirasimga force
dynamometer. The force due to frictibrcan then be calculated from the measurement

of the cutting and thrust forces as shown in the following equation:
F =F.3sina+F?3 cos (3)
The coefficient of _tHerclttiogedge afth@tootandthe chipdst s b e

defined by the following equation:
F
m=— =tanb 4
N (4)

The angle B i s brFeandvire emarmalfforadlcas showm in fFigurecSe
Merchant’s orthogona ltionmfovalued such asequations (8)d(4),t h e «
(5) and the others in AppendiA using forces readily measurable with modern
dynamometers. The angle B 1s particularly
models as shall be demonstrated and invatiy

The resultanR, which is equal, opposite and collinear wRh may be resolved
into Fn andFs using the measurement of the cutting and thrust forces as with the following
eqguation:

F.=F.2 cos - F3sinf (5)

b

Me r ¢ h anPti’iss paannde n’ s wor k have permitted t
along the tockhip interface (Appendix 1). This has formed the basis for modern attempts
to develop a predictive mechanism for the shear front plane by establishing their own
version ofequations (1) and (2) using the geometry of Figure 5. This marks the beginning

2

ofthemod rn “shear zone investigation.

13



The Shear Strain Models
The Merchant model of orthogonal cutting permitted the development of

expressions for flow stress, shear energy, temperature and chip morphology such as those
listed in Appendi¥A. Shear strain, as well as shear stress, was described in his model but
hasnot been as successful in predicting results. Various models for the shear process have
been proposed in the machining literature. These models may be divided into two broad
categories, the thimone and thickone models. Neither model is completelgeassful
but each has its proponents. The thame model appears to be most successful in
describing cutting at a high speed, whereas the -tocle model is most often used to
describe the machining process at very low cutting speeds.

Me r ¢ h a n trépsesenied dhe dhear zone as a single plane, eadhenmodel.
The angle of inclination of the shear plane to the cutting direction was defined by the angle
o . Merchant observed that the crystal str

proc ess and gave the direction of crystal el

Figure 6. Merchant's Observation of Chip Formation [26]

Merchant did not develop the plastic deformation aspect of his observations. Both

Merchant and Piispanen used a “deck of carc

14



where the shear mechanism during chip formation can be illustrated by the inalemen
displacement of cards in a stack (Figure 7). Each card moves forward a small amount in
respect to the next card in the stack as tlgnguprocess occurs. Merchgrbposed that

the crystalline structure of the metal was elongated by the sheassgraece that the
direction of elongation was in a different direction than the shear [#dhe

o,

{ WORK PIECE

Figure 7. Merchant's Stack of Cards Model [14]
The thickness of eachcagdl e me nt was AX, and each el emen-
through distance AS with respect to 1ts ad
could be expressed as y = AS / AX. Fr om ¢t
thus developed thfollowing equation:

_ cosa
sinf 3 cosf - a)

g (6)

Ernst and Mercharitl2] would eventually observthat the angle between the resultant
forceR and the shear plane was thus given by:

F=a5+l. 0 @)
2 2
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Equation (7) was the first of many modern attempts to derive a functional angle relationship
f (o, PB) of some type. It has comeg28t o be r
Although independently derived, this again the result Zvorykin published in 1893 as
equation 2 in this review.

Lee and Shaffer, in their 1951 paper, examined the geometry by considering that a
part of the chip would behave as an ideal plastic 288§l UsingMohr diagramsthey
developed the following relationship amongst the angles of the Merchant model:

f=45+a- b (8)

Both equation (7) and (8) suggest a strong interaction between the frictional angle
and the tool rake angle getermining the shear plane angle. This has not proven to be a
very satisfactor observation. Eggleston et abted in his detailed review of the
observations of the angle relationships that neither the Ernst and Merchant formulation,
based upon the mimum energy criterion, nor the ideal plastaid solution of Lee and
Shaffer, nor the mathematical derivations of Hajree with all the experimental
observation$28].

Merchant’”s model has be cenandgitedeastheifisste | vy e
thin-zone model. It has been seriously criticized by some academics because of its inability
to describe the actual deformation process in machining. For example, a particle moving
along the cutting direction into the shear glanust abruptly change direction at the plane
and then flow in the direction of the chip. This represents a discontinuity in the tangential

component of velocity on the shear plane, requiring an infinite acceleration across the shear
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plane. An examinatioof the actual shape of the deformation zone is one of the goals of
this experiment and a further review of the many shear zone models is continued below.
Okushima andHitomi developeda simplified thickzone model in 1961 which is

depicted as Figure[80]. The suggested a very large transitional zone AOB.

Figure 8. Okushima and Hitomi's Model [30]

The AOB zone existed for plastic deformation of metal between therggidn of the
workpiece and the plastic region of the steady chip as it moved away up the tool face.
Plastic deformation began to occur at the starting boundary line of the shear zone, OA, and
the plastic strain gradually increased as the cut progreseehr strain inside the shear
zone AOB was expressed as follows:

g=cotf - cotf - Y) (9)

Here ¢ 1s the i1inclination angle of the arb
surface (curve between A and B in Figure 8) with the machined surfBicis. model
predicted that the shear strain was zero at the lower boundary of the shear zone and obtained

the maximum at the upper boundary of the shear zone.
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In 1966, Zorev proposedhe thick zone model detailed in Figure 9. Line OL
defined the initial boundary dhe zone and OM the final boundary of the shear zone.
Inside the shear zone LOM, there was a family of shear lines along which shear
deformations were formef@1]. Work material passed through the shear zone and was

subjectedo increasing shear strain:

{b) Formation of Texture

Figure 9. Zorev's Model of a Thick Zone
The initial boundary of shear zone is similar to the onset shear plane proposed by Black in
a later paper. The direction of shear deformation was tanges#ctoline. The shear
direction was approximately parallel to the initial boundary of the shear zone.

Zorev’s expression of the shear strain i

of the chip formation, due to shear deformation, changed fromquaxéal structure into
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anore quiaxial structure, as shown in the 1 ow
formulation, between the direction of the texture and the direction of the plastic shear, was

a function of the degree of plastic deforrmatand was determined by the following

coty =Z +2/1+ g (10)
2 4

Oxley propose@ parallelsided shear zone model in 1989 as depicted in Figure 10

relationship:

[32]. The total maximum shear strain in the shear zone was found by multiplying the
average maximum shear straate in the zone by the time a particle took to flow through

the zone.

Figure 10. Oxley's Parallel-Sided Shear Zone Model [32]
Maximum shear strain was expressed as

3 cosa
sinf 3 cosf - a)

gef (1 1)
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It was assumed that one half of the total strain in the shear zone occurred at the

centerline, AB. The shear strain in thlane defined by AB was taken as

cosa

9o = 53 ginf 3 cosf - a)

A “stationary” shear
depicted in Figure 1133]. This model
model.

¥eh
| 5 h=thickness of cut Yzh

———ath hd.;‘ thickness

¥

Iof chip

/
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mo dneld77 asa s
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Figure 11. Van Luttervelt's Stationary Shear Zone Model [33]

The material entered the shear zone with velocigywhich might be resolved into two

pr e

Ox 1

components, one parallel to the shear zone and the other perpendicular to the shear zone.

The material left the zone with a velocity, Mvhich could also be decomposed into its

parallel and perpendicular components. Jhear strain within the zone was derived from

these components as:

cos@3 £ - a)
sinf 3 cosf - a)
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The direction of maximum elongation descr.i
in Oxley’s model.

Another shear zone modehs suggested in 1996 by Huang, working as a graduate
student for J.T. Blacf34]. During a review of experiment using high speed magnification
to observe the cutting of aluminum,daduang
new shear strain equation of orthogonal machif@dd. In reviewing the tapes made by
Briggs, he observed that the material deformed in a totally different fashion than that which
had been described in the machinlitgrature. The plastic deformation of material as

observed by Huang and Black is depicted in Figure 12.

WORKFIECE

Figure 12. Huang's Observation of Flow in Shear Zone [34]
As the material in the workpiece moves from left to right, toward the cutting tool along the
cutting direction, it approaches the shear zone, designated by the triangle AOB. When the
material encounters the onset shear plane AO, it changes directioppa@isato move at
an inclination angle, vy, to the plane. Thi

movement of many dislocations. Upon reaching the plane BO, the shearing process stops,
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and the material changes direction a final time ande®in a direction parallel to the tool

face. The shape of AOB is triangular and the onset shear plane is flat. The material
encounters plane AO simultaneously and shear is in mass all along the boundary. This
onset of shear fronts creates the shearegpbnd defines the lower boundary of the shear

zone. Thusp has been mor e p rasthe©Onsetof ShearPlane dngleé y Bl
[36]. The termination of the shear fronts forms the upper boundary of the shear zone as
noted by Black and BriggE37]. The shear fronts are 1ncldi
from the plane connecting the tool tip to the free surface. His reasoning behind this
movement was the presence of dislocations in therraatd-igure 13 details the angular

relationships as derived by Huang.
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WORKPIECE

Figure 13. Huang's ""New"" Stack of Cards Model
Huang’s model 1s significantly differen
model, an element shears at the direction \y
model , an el ement shears 1in the Hhemwerkt i on
material shears tangentially to a shear line that is approximately parallel to the initial shear

plane.) Using minimum energy criteria Huang developed the following relationships for

y and vy:

j =45- f +% (14)
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_ 23 cosa

= 15
1+sina (15)

Reference details all t he mat hematical

appendi{34]. He explains the movement at the shear platerins of dislocation theory.

Dislocations and Metal Cutting

Dislocations have been a major field of study in material engineering and applied
physics for over seventy years now, but metal cutting researchers have not typically
addressed hardnesislocation density or dislocation movement in their work with a few
noted exceptions. Dieter gives an excellent overview of dislocation theory in general as it
applies to material38]. His integrated overview of the effeat$ cold rolling in his
discussion of metallurgical structure will prove useful later in discussing the conclusions
of this experiment.

Research on the effects of material hardness in metal cutting since the efforts of
Taylor at the turn of the centuryéan Her bert in the 19Wrghts has
madea great contribution to this area in 1982 when he suggested that the work hardening
characteristics of the material are the most dominating influence on shear angle in
machining[39]. The friction angle and the tool/chip contact interface are important, but
not governing factors in his review of available data sets. He was not able to develop a
predictive theory from his analysis, but he believed ithaould be possible to predict a
“9 range” for a material. He 1 gnorteod t he

interface in his analysis.
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Von Turkovich discussed dislocation theory as it applied to shear stress in his 1967
paperf40]. Although he was primarily concerned with high speed machining in this paper,
he believed that shear stress computation in a Type 2 Chip was possible using the materials
elastic constant G(T), the materials characteristigBur > s vect or (b) and
density.

Ramalingham and Black showed that the important variables involving
dislocations ar e t he “number and orientat
dislocation parameters as the stacking fault energyjriteraction of dislocations with
vacancies and solute atoms” in the scannin
of o [4]r Intheir microscopic studies, they cut the material with diamond blades
and studiedhe recrystallization at a molecular level.

Black proposeda model in 1979 for the plastic deformation that occurs in metal
cutting[36]. He demonstrated that the magnitude of the flow stress and the onset of shear
a n gl erelaped to the stacking fault energy of the material being cut. His resultant flow
stress model predicts a catastrophic shear front, or shear plane, ahead of the tool, created
by the annihilation and subsequent heat generation as the metastable dslisauél
rearrange themselves. The model observes that dislocations sources originate near the tool
tip, driving dislocations into the cell networks. There is a rapid buildup of applied stress
levels as the number of disldmas increase, causinghardening effect at the tip of the
tool [42].

Black’”s paper mnotes that more than one

from the tool tip to the free surface at any one point in time, comparing this effect to waves

at the seashore. Waves from the ocean will intersect a jetty on the beastyatiffierent
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points along the length of the jetty, but always at the same angle. This is a good analogy
to the deformation observed by Black Huang

2

stack of cards model . Note tThmdegett heff es lna
at angle vy. The onset angle ¢ 1s dictate
predicted that as wotkardening increased; the resistance to the onset of shear will
increase. This delay in the initiation of shear woudahstate into an increase in the onset
shear plane angle ¢. If measuring technigq
the relationships stated in equations (7), (8) and (14) as well as the shape of the shear zone.
Black and Krishnamurthy conduck@ small experiment where they examined the
relationships between hardness and shear stress iAT&0&lLiminum[43]. They noted
that shear stress varied with the material hardness over the four samples. They were widely
spaed, with varying hardness produced by annealing the as received aluminum. There
results suggested that dislocations could possibly explain the differences which they had
observed. In particular, when the aluminum was softened by heat treating, tbatidislo
density was reduced as predicted by Cottrell and others. This reduces the amount of

pinning in the material, allowing more mobility which translates into a lower yield stress.

This is also discussed in Die{&8].

High Magnification Photography

The observation of the shear zone and the geometries associated with it is
challenging task The deformation process is a complicated one occurring under very high
rates of strain in a small area, making it extremelfiadift to measure the shear strain

expressions experimentally.
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Photography and optics have advahder a mat i cal ly since Cokce
attempts 1in the 1930 s. With the advent o
fundamental structure ofarious chips that developed during micromachining has been
observed at very high levels of magnification by Black, Ueda and Iwata, and [@iers
[45]. This, coupled with advances in high speed film and digital imagualp as the Briggs
experimentpermits a detailed study of the deformation zone ahead of thEB&jol

Cook andShaw usednagnified cinematography as early as 18»hanalyze the
shear proceqd46]. They observed a thick shear zone and at various times two shear zones.

One zone (the primary zone) extended from the tip of the tool along the shear plane while

the secondary zone at timappeared adjacent to the tool face. They noted that the
frequency of the two zones was “perhaps” n
strain harden easily and produce thick chips.

Agrawal and Amsteadxamined the cutting of mild steels with a FAST high
speed motion camera in the 1968%]. They detected the presence of Built Up Edges
(BUE), crack formations, and deformation ahead of and below the tool. Their study would
also indicate that the shear zone region matsa simple, narrow zone problem. Agrawal
and Amstead recognized that their system had technique problems common to all
photographers: control of lighting, vibration, movement of the target, focal length, depth
of field and magnification.

Oxley conducté experiments with cinematography through a microscope up to
50X to directly observe the cutting zo@d]. These were instrumental in his formulations

of the Oxley shear zone model.
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Komanduri and Browmnecorded at rates up BO0OO frames per second to study chip
formation at high (180 sfpm) rates of sp¢4@]. They encountered the standard problems
that Agrawal, Amsteadnd others encountered when trying to trade off magnification for
depth of field. Lighting was a significant problem in their experiment.

Black and Jamesere more successful using high speed motion pictures to record
at up to 4000 frames per secondlasy analyzed the results of their Quick Stop Device
(QSD) experiments for orthogonal machinia®]. They were instrumental in studying
the disengagement process of the chip from the tool.

J.H.L. Theattempted to study thesmmencement of cutting (the incipient stage)
using ahigh-speedcamera and a stroboscofid]. The qualities of the films produced
were not consistent and agt was very difficult and time consuming.

Wernickeused a microsqee and a high speed 16 mm camera to study the chip
formation process and the initialization of the B[32]. He produced a very good video
of the overall process that has good classroom value, but the quartz plate techeddoe us
provide optical contrast and limit lateral deformation of the chip limited the ability to
observe the microscopic deformation of the chip. Still, this was an excellent advancement
in the use of lighting, with a wide range of cutting speeds beingrobs.

Briggsused a high quality Kodak Ektapro Imaging System (using the EM Model
1012 Processor) and an Infinity K2 Lens with and intensified Imager to conduct an
experiment examining some of the <c¢1lahssical
and temperature) in an experiment whose primary video objective was to produce a
classroom video for metal cuttifigs]. The tapes produced of the shear zone were without

doubt the best produced to date and formed the hatsisut further experimentation of
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Black and Huang’s “new” deck of cards model

zone of plastic deformation was strongly supported by his studies of aluminum. The
primary drawback with the system being usexswhe cost and availability. The unit was
borrowed,andits usage was limited to a very small amount of time. Since then, simpler
video cameras at a fraction of the cost have emerged on the top end of the consumer market
that may be useful in a continued study of the shear zone.

Scanning Electron Microscop€SEM) technology has been invaluable in
establishing the role of dislocatioms the cutting process. Blacktudied single and
polycrystals usinghe SME and published the wgdd]. Von Turkovich and Blacksed
SME in studis of chip and workpiece deformatidh3]. Ramalingham and Black
developed the first Hsitu machining technique (machining microscopically within the
SEM itself on a stage they developed) and observed the formation of shrearand
heterogeneous plastic flow during chip formatjdf]. It also established the validity of
post cut (static) examination of chip morphology to explain the mechanics of chip
formation. Black and Cohen would later endan-situ techniques to measure, for the first
time, shear velocity directly, along with chip velocity, shear strain and the strajb4hte
Their measured velocities were comparable to the calculated velocities of standard
orthogonal mechanics from the equations listed in Appendix 1. Scanning electron
microscopy is important also because it permits the before and after analysis of dislocation

generation during work hardening by the tool face.
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Cutting Fluids

Cutting fluids were first documented in 1907 by Taylor stating that in 1883 it was
found that utilizing a heavy stream of watar the chip at point of removal from bulk
material resulted in an increase in work done of 30 to fiQ%n the same address, it was
reported that, in the year 1895, a heavy stream of water was used on the tool nose while
cutting wrought iron and steel increased the cutting speed by B&fdre this discovery
toolmakers advised that water not be used on the tools durin§inse.that time many
different cutting fluids have been utilizednging from wateto synthetic/ nossynthetic
fluids and oils. Downsides became apparent when sepacd chip from coolant became
prevalent. Along with disposal of coolaa$ a hazardous materiagvere health hazards
were encountered by workers exposed to these codlahi&his triggered the creation of
more rules, adimistrative procedures, and governance regarding the use and disposal of
cutting fluids.This scenario opened the door to exploration of coolants that were more user
friendly while still increasing efficiency.

Most commonly a lubricating/coolant fluid issed as a flood onto the tool at the
interface between the tool and the chip. Whilenthasprovided metallographic evidence
to show that the lubricant cannot penetrate the whole of thaaacrea, Williams et al
claim that cutting lubricants reduce frictional forces through reduction of thechqml
contact length55] [56].

Niebusch, R, B., and Strieder, E, Fb7] in 1950conducted experimenkased off
the “rule of thumb?”, ‘gallons of cutting f

f o r Thay cohcluded that adequate supply of coolant on the cuttingrided in tool
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life improvement of 100%. The experiment also resulted in a better surface finish, greater
accuracy, and reduced airborne pollutants.

Rowe, G, W., and Smart, E, F. utilized oxygen as a cutting fluid in the dry
machining of mild steel and stated that oswygs effective in reducing cutting forcis].

They concluded that there is a marked change in the chip formation criteria when using
oxygen as built up edge is avoided in this case where as it was observed in dry machining
and vacuum chamber machiningm, S, W., Lee, D, W., Kang, M, C., and Kim, J, S.,
conducted studies to determine the effect of compressed cold air system in machining of
difficult to cut metals such as hardened steel, die steel (HRc 42) nickel basadettloy

[59]. Tool wearwas measured using a CCD camera and a tool makers micro$bepe.
results showed that when machining Die steel the tool life improved when using
compressed air than dry environment and went up 3.5 times when comparing compressed
air with flood coolant, the former being more efficiemhe authors also note that the
compressed air environment did not create sigpificant improvements in machining
Inconnel 718 (HR 43) at a speed of 21f/min when compared to flood of dry
environments and they attribute suchabservation to that the severe thermal friction
taking pface when machining auch high speeds and the inability of the coolant to
infiltrate the tool chip interfacgb9].

Williams, J, E., Smart, EF., and Milner, D, R.[56] conductedexperiments to
assess the effect of carbon tetrachloride ¢&@tay cooling) ilfmachining operations of
varied materialsMaterials that are considered brittle, such as magnesium or grey cast iron
showed little to no effect from the CLCHowever,in pure metals angingle-phasealloys

the cutting forces were lower at machining speeds under 100 feet per anidubtereased
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thereafter as the softening of chip due to heating is redlibecffect was higher at rake
angles of 6 degrees when compared t85alegreetool as the tool chip contact area
decreased with decrease in tool face force. Howamemachining two phase alloy
elements a similar trend was observed but formatiobuilt up edge was absent when
machining under low cutting speg@s].

Cryogenic cutting conditions while cutting-6AIl-4V were studied unddtdong,
Shane, Y., Ding, Yucheng., and Jeong, ¥beol.[60] , in 2001 They developed a new
system for liquid nitrogen to be introduced to Wherkpiece using &wo-nozzlesystem.
One nozzle on the rake face very close to thecbi interface by placing it on the chip
breaker. The second nozzle placed on the clearance face of the tool. Both nozzles supplied
liquid nitrogen at variable flow ras. They determined the liquid nitrogen reduced feed
force and coefficient of friction, however it increased cutting folwe to the cooler work
material making it harder to cut.

Dahlman, Patrik., and Escursell, Mardéll], in 2003 employed the technique of
high-pressurget-assisted cooling to machine decarburized sté€bkyfirst examined the
wear and surface finisblosely using &canningElectron Microscope and then used a
microscope fittedvith a digital camera anishaging software to measure we8urface
roughnessvas measured by a rubkeplica method in which a mixture of rubber was
applied to the surface and allowed to polymerm#gch was examined under a Wyko
optical reflecting equipmentligh pressure jet asstant cooling improved the surface
finish of the work by 80% along with a reduction in tool wear.

Cakir,O., Kiyak, M., and Altan, H62]., in 2004 investigated the effects of cutting

fluids to provide quantitative results about the cutting force, thrust force and the surface
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roughness. A 5% emulsion type cutting fluid was used as liquid coolant and compressed
oxygen, nitrogen and carbon didg gas stored in cylinders at their normal temperatures
were used. They used tubes ending with nozzles and fitted with suitable pressure regulators
to direct the gases and the coolant at the cutting edge of the tool. The response curve of the
mean cuttingforce and the thrust force showed that all gaseous and flood coolant is
different from the dry cutting and also increases with increase in el Cakir analyzed

the response of the shear plane angle under varying depth of cut. This showed an
apprecable increase in the shear angle in the gaseous and flood coolant environment
leading to smaller shear area and reduced cutting forces as compared to dry cutting
environment.

Stanford, M., and Lister, P. M63], recognized a relationship between cutting
atmosphere and tool wear. Usithg case hardening sté&i32, the cutting durations were
varied between 20 and 80 seconds utilizing different cutting environments including semi
synthetic flood cooling, dry cuttg, compressed air, and compressed nitrogen. Cutting
speeds were between 200 m/min and 600 m/min. They determined that a Nitrogen rich
environment reduced the flank wear up to 58%oth coated and uncoated tools

In 2006 he effects of minimum quantitiubrication (MQL) on tool wear and
surface finishwas studied byphar, N. R., Kamruzzaman, M., and Ahmed, [@4]. They
machined 4340 steel by turning a solid piece utilizing a carbide insert under different
cutting conditionssuch aslike dry, wet (flood) and MQL.These were mixed with
compressed air at 60 ml/hr. Tool wear and surface finish was measured using a
metallurgical microscope, a scanning electron microscope, and a contact profilometer.

Their experiment showed minimuflank wear during the MQL as wedls improved
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surface finish. They determined the improved surface finish was due to the less damaged
tool tip.

In 2006Su, Y., HeN., Li, L., and Li, X. L.,[65], conducted high speed milling
experiments on Ti6Al-4V to determine the effects of different cutting environments on
tool wear during the processThe cutting occurred during a milling operation at 400
m/min. Different cutting environments like dry, fbd, nitrogen, nitrogen oil mist
compressed cold nitrogen and oil mist(q °C) were investigated with the tool nozzle
positioned at entry and exit of the todlifferent wear phenomena occurred during the
machining process like flank wear, notch wear aoske wear were observed and measured
using a toolmakers microscopkhe results showed thabld compressed nitrogen gas oil
mist environment resulted in 2.93 times improved tool life than dry cutting and nitrogen
gas oil mist improved the tool life by B3imes.

A 2007 experiment b$u, Y., He, N., Li, L., Igbal, A., XiaoM. H., Xu, S., and
Qiu, B. G.[66] used cooled air while turning Inconel 718 with coated carbide inMdede
differentenvironments including drgooling air 20° C) and a combination of cooling air
(-20° C) and MQL were used at a speed of 76 m/riaol wear and surface finish was
measured using a tool makers microscdpes showed a 124% improvement of tool life
while using MQL. Cool air-20° C) showed a 78% improvement over dry machinifige
same paper also reports the resulthigh-speedmilling experiment carried out on AISI
D2 steel (62 HRc) at cutting speed of 175 m/stiowed that the cooling air environment
improved the tool life by 30%

Sreejith, P. S.[67] published the results of the study on effectsdidferent

lubricating environments in machining Aluminum 608he turningexperiment was
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conducted using a 15° rake angle, diamond coated cadmtiensert at a speed of 400
m/min. Surface roughness was measured using a profilometer and the tool wear was
measured using a toolmakers microsc@pgting environments included dry, flooded and
MQL. The experiment showed that the cutting forces weseidor flood cooling. They
attributed the lower cutting forces to lower adhesion of the chip to the tool reducing cutting
forces.

Payton L. N., and Sripathi, 68] conducted orthogonal tube turning experiments
on aluminum6061 T6 alloy with ahigh-speedsteel tool under 4 different cutting
environments including nitrogen, cold compressedkagl-Mist and dry This was a cut
performed at 640 rpm. Theold compressed air environment recorded marginally low
cutting forceand thrust force values closely followed by nitrogen environment, with spray
coolant (kool mist) in the third positioithe tool wear was recorded in terms of surface
roughness of the affected area of the tool measured using@ntatt type profilometer
The results showed that the tool wear was least when the cutting was performed under
nitrogen cutting environments.

Vishnu[69] in 2013 showed the relationships between nitrogen and cutting forces
again but varied pressurasd flows. The experiment was again on a lathe and showed the
reduction in cutting forces due to the cutting environment changes from dry machining.
machining of AISI 1020 alloy steel with uncoated carbide tool it was observed that, the
environment hadignificant impact on the cutting and thrust force values. Use of liquid
nitrogen in the above scenario decreased the forces significantly with nitrogen performing
almost closer to liquid nitrogen while use of cold compressed air resulted in slightly highe

values with the highest observed for dry environment.
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IV. Materials, Instruments, and Machines

This section describes thmaateria, instruments and machines that were used in
the experiment.

The materials chosen for this experimemdre aluminum 6061, 4130steel, and
AZ31B magnesium. Thaeluminumhas three different tempers for 3 differénb r d ne s s * s
(TO, T4, and T6 tempexs The 4130 steel was hardened in the DML for 3 different
h a r d nat 225 32,sand 42 HRC. Theagnesium wasnly awailable intwo different
tempergHO and H24 for two differenth a r d n EBhe initialshardness temper or level of
hardness is also listed for each material as they were specifically chosen prior to ordering.

Magnesium AZ31B

A Temper HO and H2{&ertified)

Aluminum 6061

A TemperT0, T4 and T6dertified)

4130 Steel

A Hardness: 22 HRC (as received, annealed) ,32 HRC (hardened), 42 HRC
(hardened)

The equipment used to prepare all samples, perform orthogonal cuts, analyze data,
andanalyze materials are listed below in no particular order.

CINCINNATI No. 2 HM Horizontal Milling Machine

BALDOR 1/8 Horsepower Three Phase Induction Electric Motor
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the material properties of the final specimens.

WO O D’ SradAC Inverter

Quick-Stop Workpiece Holder

HSS Stick Tools, (0.75 x 0.75 ind)eat Various Rake Angles
KISTLER Dual Mode Amplifier

KISTLER Dynamometer

NATIONAL INSTRUMENTS USB-6008

DOLAN JENNER FibeiLite A-200

STOCKER AND YALE Imagelite Lite Mite Model 20
Fiber Optic Ring Light

Modified Load Lift Camera Stand

Cross Slide Vice

DRSTECHNOLOGIES Lightning RDT Camera
INFINITY InfiniVar Lens

NATIONAL INSTRUMENTS LabVIEW

XCITEX Midas 2.0 Video Capture Software

The following equipment was used to prepare the vameagnesiumaluminum,

and steel specimens to the appropriate dimensions and properties before undergoing the
orthogonal machining process. This list also includes any machinery used to create any

custom fixtures or tooling required as well as the material tesguig@ment used to obtain

processing of data also listed.

CINCINNATI Arrow VMC-750 CNC Mill

BRIDGEPORT Vertical Milling Machine
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SOUTHBEND Lathe

DO-ALL Vertical Band Saw

WILTON Belt Sander

ROCKWELL Hardness Tester

MTS Q Test 100 Tensile Tester

DASSAULT SYSTEMS Solidworks Modeling Software
AUTODESK HSMWorks CAM Software
MATHWORKS MATLAB

MICROSOFT Excel 2010

KINOVEA Motion Analysis Software

Cross Slide Holder =
Vice a

Figure 14. Elevated View of Equipment Setup
An elevated view of the testing area is shown in Figure 14 above. The major
components are notated. A computer cart containing the data acquisition PC is seen in the
left-handcorner. The cart also holds the NI USB mledwas well as the amplifiers for the

dynamometer. The user must first start the data acquisition programs and start the camera
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recording before moving to the near side making sure not to hit the camera stand in the
process to start the motor controlldtis location was necessary due to cable lengths and
proximity to the power bus located on the wall.

Figure 15 shows the workpiece holder with the camera moved out of the way. The
workpiece holder wamade fromaluminum and covers the entire dynamometer face and
attaches to it with socket head cap screws. The socket head cap screws are recessed into
the blockto allow more room for the camera lens to get close to the specimen. The slot
cut into the top of thevorkpiece holder is just over 4 inches long to holtiach-long

specimen.

Figure 15. Quick Stop Workpiece Holder

The back side of the holder has ten threaded holes for set screws that apply a
clamping force onto the specimen undergoing testing. The work piece holder had finite
element analysis run to ensure that the holder would not yield during the tests. The
dynanometer itself is attached to a steel plate that is then attached to the horizontal milling

table using Tnuts and bolts.
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The tools used were % by % high speed steel tools ground to the correct angles of
25°, 30°, and 35°. Thmols were all ordered frotte same batch and each tool was the
same except for the tool angle that was cut into the fad®ols were precision ground to

the required angles locally.

Figure 16. Kistler Dual Mode Amplifiers

The Kistlerdual mode amigiers can be seen in Figure &6ove. Each axis of the
dynamometer has its own amplifier. All of the functions for the amplifiers are located on

the front as shown for easy operation.
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Figure 17. National Instruments USB-6008
The National Instruments USB008 can be seen on the above. Two of these data
acquisition device was used for many different purposes. The rotary encoder connected to
one and the other one took in the amplifier signalsi&da logging. The device that took
in the data from the amplifiers also output a signal tdnitle-speeccamera letting it know
when to start recording. This allowed software triggers to be defined for to aid in the

capture of images for processing.

Figure 18. Modified Load Lift Camera Stand
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The camera stand can be sgefull in Figure 14. Figure 18hows a close up view
of the camera and how it is attached to ¢hstommadecamera stand. Notice how the
stand has a modular table that allows many different attachmentscrodsslide vise is
mounted to the camera stand table with bolts and nuts that slide intestbiegfooves in
the table. The camera is attached toctarggular piece of aluminum which is clamped in
thecrossslidevice. The piece of aluminum extends out to support the weight of the camera
lens as well. Therossslidevice made adjusting the camera position on a very fine scale

a much easier task.

DRS DATA & IMAGING SYSTEMS INC

@) DRsS

TECHNOLOGIES

Figure 19. DRS Technologies Lightning RDT Camera
The DRS high speed camera can be seen above with some of the hardware

specifications marked.
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Figure 20. Cincinnati Arrow VMC 750 CNC Mill

The Cincinnati CNC milling machine was used to cut out the tensile samples from
each specimen as well as size the samples to the correct thicknesses before cold rolling.
G-code was generated on a separate PC and then loaded via USB stick onto the CNC

machne.
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Figure 21. Bridgeport Vertical Milling Machine
The Bridgeport milling machine shown Figure 21 (aboveyas used to get the

specimens to the correct size to fit into the work piece holder for all test runs.
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Figure 22. Do-All Vertical Band Saw

The vetical band saw seen in Figure @&s used to initially rough cut out the

specimens from the raw metal stock.

45



Figure 23. Wilton Belt Sander

The belt sander wassed to remove burrs from specimens while undergoing the
machining down to thickness to make sure that they sat flat in the vice resulting in perfectly

flat pieces.
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Figure 24. Rockwell Hardness Tester

Figure 24shows the Rockwell hardness tester used to test the aluminum and steel
samples. The appropriate tip was placed in the tester for a Rockwell B test. The screw
handle was turned to raise the sample to be tested into the testing tip. The lever on the side
is then pulled which releases the load required for the test. Once the load has been fully
applied another lever is pulled which removes the force and the deflection is shown on the
dial on the front of the machine. This dial has values that corregficextly to the

Rockwell B scale.
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Figure 25. MTS Q Test 100 Tensile Tester
The tensile testing machine used can be seen in Figurdt2s an MTS Q Test
100. The 100 stands for 100kN force that it is rated to apply. A load cell is attached to the
upper section of the tester which is attached to ball screws on both sides that move it up
and down. Various jaws or fixtures can badltied to the upper section. The tensile testing
machine moves at a constant displacement rate and records the forces applied to the load

cell.
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Figure 26. Tensile Testing Jaws with Specimen Inserted
The jaws used for the tdates testing of the metal samples were of the screw
clamping type. A screw collar is tightened which clamps down on the piece. The jaws are
designed so that as the pulling force increases the clgrfgoice does as well. Figure 26
shows the jaws clampirgsubsize specimen.
The Keyence D microscope provided a multitude ogtions and measurements during

the tool wear analysis.
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Figure 27. Keyence VHX 1000 E digital microscope.

A dress out was necessary due to the microsbepg located in a clean room. A miero
vice was utilized for portability and used to hold the tool to be inspected at the correct
angle. The micros-teoepelisgitéaphdl emoage “betd fe
as close to parallel to the platfoam possible. Once the tool to bemined was in place,
images and measurements were taken of the tools wear location. These images and
measurements were saved to a flash drive. There is also an image viewer that is available
for download from Keyence thanakes manipulation of the images possible while away

from the microscope.
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V. Construction and Methodology of the Experiment

Sample Preparation

Three different workpiece materials were studied in this experiment: Magnesium
AZ31B, Aluminum 6061, and 4130 Steel. Each material arrived in a different initial state.
The magnesium arrived agpre-cut 1/8inch by 2inch by 36inch piece. The magnesium
had a pickled finish and was manufactured to AMS 4382 and AMS 4377 standards and
included material certification. The aluminum was manufactured to meet ASTM B209
standards. The aluminum 6061 T4 and 6061 TO arrivedl&siachx 12-inchx 12-inch
piece of square stock. The aluminum 6061 T6 arrivef8inch x 2-inch x 72-inch bar
stock. The 4130 steel arrived as a-it/éh x 12-inchx 24-inch pieces of rectangular stock.

The final size of all specimens to be tested needed 1¢8hrchx 2-inchx 2-inches. The
aluminum and steel stockanecut on a horizontal band saw to just over size in length. The
magnesiunwas rough cut to size usingaot shear. The aluminum and magnesium were
then ready to have samples cut from the parent stodrialaf hesteel still needed to be

heat treated to its own hardness. The steel arrived at 22 HRC as tested using the Rockwell
Hardness tester, a sample wast, andtemperature andquenchindiquid was specified in

the Specialty ASM Carbon and Alloy Stedlandbook for tempering steel to different
hardness’ s. Thi s met hod was verified by

process was successful in creating a steel witdeésgedhardness.
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A Rockwell C hardness test has the most appropriate range for the steel.  All
hardness values were converted to the Brinell hardness scale as its range covers all
h a r d notall samples. A table below lists the hardness values of all samples and their
duplicates. Names include the metal and temper.

Table 1. Material Hardness

Hardness
Material HRB HRC | Brinell
6061-TO 30
6061-T4 65
6061-T6 55 95
Magnesium AZ31B-HO 56
Magnesium AZ31B-H?4 73
4130-22 99 22 237
4130-32 107 32 302
4130-42 113 42 390

A Bridgeport vertical milling machine was used to ensaltehe samplesvere
madeto 2 inches by 4 inches in preparation for tensile test removalaistiing, and also
resized material to 2 inches by 2 inches for orthogonal cutting analysis. The Cincinnati
CNC machine was utilized again to mill out the tensile test specimens for each specimen.
The tensile test design conformed to the ASTM E8smbspecimen standard. Figure 31

illustrates the dimensions of the ASTM E8 sibe specimen.
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6 mm
[0.250 in.] Wide
mm [in.]
G—Gage length (Note 1 and Note 2) 25.0 + 0.1
[1.000 + 0.003]
W—Width (Note 3 and Note 4) 6.0 = 0.1
[0.250 * 0.005]
T—Thickness (Note 5)
R—Radius of fillet, min (Note 6) 6 [0.250]
L—Overall length, min (Note 2, Note 7, and Note 8) 100 [4]
A—Length of reduced section, min 32 [1.25]
B—Length of grip section, min (Note 9) 30 [1.25]
C—Width of grip section, approximate (Note 4 and Note 9) 10 [0.375]

Figure 28. ASTM E8 Sub-size Specimen Dimensions

The sanding process began by putting the samples in the Bridgeport milling
machine and niang a light pass with the fly cutter. This reduced the sanding required
significantly. After the fly cutting operation the samples were sanded using various grit
sandpapers. A sanding/grinding machine was used with a water wash to remove debris
from thesanding. The samples were sanded first with 180 grit paper, followed by 240, 320,
400, 500, 600, 1000, and finally 2000 grit. After sanding, a polishing compound was used
to complete the almost mirror finish. At this point the samples had reached ahralmas
finish and were ready for etching.

The auminum and steelorkpieces were etched to provide optimum reflective
characteristics and definition to the material microstructure. Chemical etchants were

prepared for thaluminumand steel sampleseording to Table 2
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Table 2. Aluminum and Steel Etchants

Water Nitric Acid | Silver Nitrate
H.O HNOs AgNO3
250 ml 250 ml 2.5 grams

Cutting Setup

The now prepared samples were ready to undergooitm@gonal machining

process. The workpiece to be cut was placed in the workpiece holder that was attached to

the dynamometer and held in place with up to ten set screws

Figure 29. Workpiece in Position

Figure 28hows a workpiece in the workpiece holder looking down the y axis. The

position of the sample underneath the cutting tool is near the front edge of the tool and the
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camera is in position to record the run. The camera is shown with the fiber optiotights
due to their brightness

During the experiment, the table fed the workpiece directly into the tool. The
dynamometer measured the cutting forl€g and the thrust force~(), passing its output
signal to the charge amplifier. Output from the charge amplifier was then directed to the
NI USB-6008 data acquisition modules and recorded using a LabVIEW program. During
the experiment, the camera walwaysfocused slightly to té left of the tool tip so as to
magnify and record the shear plane region ahead of the tool. Detailed information about

the machine setup and instrument validation is included in the next section.
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V. Experimental Sequence

Virtual Quick Stop Data Acquisition

Before runs were made on a given day the machine was calibrated. This calibration
included checking the camera focus and scale against the micrometer slide as well as a
couple test runs in a scrap sample to check for proper machine movement. Aftaticalibr
a workpiece was selected according to the run number and mounted in the workpiece
holder. The cutting tool corresponding to the run number was loaded into the tool holder
and tightened down. The cutting tool was then used to remove a small afnoateival
from the workpiece (less than .005 inches). This topping cut also corrected for any non
parallelism between the cutting tool and the workpiece thus reducing the possibility of a
nontuniform feed. The effectiveness of the topping cut was m@utasing the Midas
software. Once uniform cuts were established, the forces would stabilize across the entire
topping cut. This waslearin the LabVIEW graph display.

After the first cut the &axis was zeroed so that the following cut would be the
correct depth from the now perfectly parallel face. The tool was returned to the starting
side of the workpiece and readied for a data run. It was now time to turn on the signal
amplifiers for the dynamometer. They were switched on and then flipped iotalirer
mode. This starts the transmission of force data to LabVIEW. The LabVIEW data
acquisition program was started which takes in the force data and tells the camera when to

start recording. The camera was put into recording mode and awaiting thefsogm
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LabVIEW. The z axis of the horizontal milling machine was adjusted to the desired depth
of cut for the run. The feed on the motor controller was then adjusted as well. With
everything now in the correct state for the start of a run, the forfieaddbutton is pressed

on the motor controller. This started moving the tool into the workpiece generating a force
signal which in turn started the data recording.

As soon as the rumascompleted the camera video was saved and the tool moved
back to thestarting position. The force data was saved automatically with an auto
incrementing file name format. All force data and images are time stamped from the
system clock to the nearest millisecond. This time stamp from the same clock is critical to
synchraizing the force data with the images of the material undergoing shear.

The process continued through all of the required data runs. If there was any error
in the recording process the run would be repeated until the desired number of replicated

was achiged for each set of parameters.

Tool Wear Analysis

The tool wear analysis portion only used a single tool angle and a single specimen
material concentrate on the effects of the atmosphere on the volumetric tool wear. The
process is identical to the Wiral Quick Stop data acquisition. The difference is that the
tool in question would be taken to the Keyence 3D microscope after 10 inches of material
was cut with the tool. Wear measurements were recorded at the microscope and the tool
returned to the hokt. Care was taken to ensure that no adjustments to the machine
occurred so that the same portion of the tool was used to cut the specimen every time. This
ensured that the wear would not be spread over the cutting surface and made data capture

of the volunetric loss easier to identify and measure. This process was repeated 5 times for
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a total of 50 cuts or 100 inches of material cut. After the entire sequence was completed
for either Air, Nitrogen, or Argon a new tool would inserted and the atmospheveould
be changed. The process would thebe repeated until cutting occurred in all three

atmospheresForce data was taken as the cuts were completed for analysis later.

Post Processing

The post processing of all the data was done using various programs selected for
their performance in their respective areas of data processing. LabVIEW was utilized to
convert the data generated by the data collection program into an Excel formagatéhis d
was exported to another Excel file for use to calculate the resultant forces, strains, and
stress according to Merchant’ s model. Ki n
to measure the angles of interest as well as the tool angle and updhicknesses. The
programs used will be detailed next.

Kinovea has the ability to measure, distance, speed, and acceleration of points in
video. By using these capabilities, the speed was verified.

LabVIEW produced data files of the force measuremiota the dynamometer
in a proprietary .TDM file format. A LabVIEW program incremented though all the .TDM
force data files and generated a formatted Excel file. The full program can be viewed in
Appendix 5.

MATLAB incremented through all Excéles generated by the previous LabVIEW

file and displays a graph of the cutting force data.
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The figure below shows a plot that is displayed to select the appropriate range of

data for average force calculation.

Lbs Force

Cutting Force 4130 Steel 22 HRC

160
140
120
100

80

60

20

0 1 2 3 4 5 6 7 8

Time (s)

Figure 30. Example of Force data

Once all data was recorded, Excel was utilized to take the meanfof¢heso an

average force could then be recordé&tie first 2 seconds on average were thrown out due

to a lack of steady state forde separate Excel spread shevas then used to keep record

of all average forces. To measure the shear angle from the video, KINOVEA video analysis

software was used. The individual frames or the video could be marked for the software to

measure the onset of shear angle. The asagéiware also allowed for psi to imeasured.

TheKeyence 3d microscope was utilized for the tool wear study. Each image taken at the

microscope was measured for width of wear, length of wear, and depth of wear using the

microscope software to achieveetimeasurements. All measurements were recorded in

Excel where comparisons of forces with the atmosphere as the variable would be possible.

Also, the volume of material removed from the tool was calculated and comparisons were

made.
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V1. Instrument Validation and Statistical Design of Experiments

Machine Setp

The goal of instrument validation is to verify that the High Speed Videographic
Quick Stop Device for Orthogonal Machining is a valid instrument for making orthogonal
cuts at predetrmined parameters and its ability to record the resulting information. This
study is valid for the quick stop device as it exists in its current form in 2016. Any
modifications to the system will require a reevaluation of the machine and its caabilitie

The foundation of the virtual quick stop device is a Cincinnati Milacron horizontal
milling machine. The horizontal milling machine is used as a rigid base for making the
orthogonal cuts. The machine itself is never powered up as none of the pfwaetiohs
of the machine are utilizedt is an extremely massive, stable bed for the experiment.

A 1/8 horsepower Baldor thrgghase induction electric motor is used to move the
milling table in the x direction underneath the stationary tool holder. Baldor electric
motor 1s ¢ onn e <Macnotortcontrodler. Whisndotorsconioller permits
precise speed control of the motor using a variable frequency drive (VFD). The frequency
at which this motor controller sends power to the motor dyrecintrols the motor RPM.

The formula for calculating the RPM of an electric motor using VFD is calculated as

afo
&0

wheren is the RPM, f is the frequency of the power, and P is the number of pole pairs in

n=120 (16)

the electric motor. A 20/1 gear reducer is installed on the motor to increase the torque
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provided by the motor. The speed of the motor is monitored in real time usihgra
encoder.

The tool holder is attached to the overarm dovetail of the horizontal milling
machine. If the horizontal milling machine was being used for traditional milling, an arbor
support would attach to the overarm dovetail. The overarm isragbtg incur very high
loads during normal horizontal milling operations and is extremely rigid and perfectly
parallel to the milling table making it an ideal platform to attach the tool holder to. The
overarm is adjustable in the y direction to redueedistance of the tool holder from the
main base. This distance was minimized to increase rigidity even further. The tool holder
is designed to hold & ”high speed steel (HSS) tool that has been ground to a specified
angle to the milling table below. hE tool is also held perfectly perpendicular to the table
motion so that it is a true orthogonal cut with all force being exerted into the piece in a
single plane.

A workpiece holder was designed to attach to the Kistler dynamometer and also
provide maxinum clamping force on the sample being cut. The dynamometer is attached
to the milling table via a steel adapter plate that fixes into the milling takséstS. This
fixture ensures that the workpiece will be perfectly parallel to the x direction tedliles

The camera for recording the deformation of the workpiece during cutting is
attached to austommadestand. The stand is a load lift modified to allow the fixture of
various attachments. A cross slide vice has been attached to the load lift table which allows
the camera to be precisely moved in the x and y directions for easy camera positioning. A

winch on the back of the lift moves the camera in the z direction.
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Run Setup

The correct initial setup of the machine is necessary for repeatable measurements
to be made on any given day. The setup beginobitioning the camera and calibrafin
the focus and scale. This is accomplished by moving the camera stand into position in
front of the tool holder. The crosside vice and be used for fine adjustments in the x
direction and the height should be adjusted using the winch. Insert atmadhe tool
holder and tighten the screws that hold the tool in place. It is important to make sure that
the tool is inserted all the way up into the tool holder for repeatable tool rigidity. Insert a
workpiece into the workpiece holder and tighteroivd with the set screws. Itis important
to make sure that the sample is firmly contacting the bottom of the workpiece slot during
tightening of the set screws.

Place the calibration slide against the workpiece with the etched side against the
material. This places the scale on the same plane as the workpiece. Move the workpiece
holder underneath the tool and raise it until the top of the calibration slide is just touching
the tool. This will keep the slide from falling. Be sure not to crush the wlidle raising
the workpiece holder.

Start the Midas software on the computer connected to the camera and make sure
you can see a live feed. Turn on the fiber optic ring light to provide enough light for the
camera at the high magnification. The caalens has two adjustment knobs. One is for
the zoom level and the other for focusing. Adjust the camera lens zoom to the maximum
level and the focus to the closest setting. When the object is in focus at these settings the
camera is achieving the maxim zoom possible by the lens. Move the camera in the y

direction until the micrometer scale comes into focus. TFdeection of the horizontal
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mill table can be adjusted as well to bring the scale into focus as long as the workpiece
remains underneathé tool. Once the scale is clearly visible do not move the camera or
adjust the zoom or focus of the camera lens until all runs are completed for the session.
Record the scale for a couple seconds. This video will be used for a pixel to inch ratio.
This ratio can be calculated in the Midas software or later in an external program. Carefully
remove the micrometer scale from against the workpiece.

Raise the workpiece underneath the tool so that both can be observed by the camera.
Run the motor in revse until the tool is just to the side of the workpiece. Adjust the
workpiece holder to remove 0.002” of mater
measured using a dial indicator attached to the milling machine base and then contacting
the millingtable. Check the depth of cut for the first cut with the video from the camera.
This provides a check for the dial indicator. Set the motor controller to the desired run
speed and make a pass with the tool. This will establish a perfectly paralkbplaveen
the workpiece and tool for the rest of the runs. Once the cut in completed lower the
workpiece just enough so that when it is run in reverse to start the next run the tool does
not slide back over the workpiece.ndcessarythe workpiece cahe refocused by moving
the milling table to bring the piece into better focus. As long as the camera has not been

adjusted, when the sample is in focus it will be at the same scale as when it started.
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VII. Data Results
The experimentadata was collected, during which time the process was carefully
monitored for any irregularities or obvious discrepancies. The following types of data were
collected through direct measurement (electronically for the forces and stresses, and
optically forthe angles).

Table 3. Symbols and Units of Direct Measurements

Data Symbol Units

Tool Rake degrees

Angle 2 ’

Uncut Chip '

Thickness fo nehes

Cut Chip t inches

Thickness ¢

Horizontal Fe pounds force (Ibf)

Cutting Force

Vertical Cutting

Force Ft pounds force (Ibf)
Shear Plane ¢ dearees

Angle 9

Shear Front dearees

Angle y 9

Ultimate Stress | Fy pounds force (ksi

64



During initial selection of the parameters to be used it appeared that the three tool
angles selected would produce nice type 2 chips for all materials at all hardnesses. It was
discovered during testing that this was not the case. Tde@®e tool wold not reliably
produce type 2 chips in theuahinum, steel, and softer magnesiapecimens. The 25
degree tool would produce nice type 2 chips every now and then but often it would plow
into the material making it unsuitable for subsequent runs. Thgedeconsiderable time
delays and made it practically impossible to collect a reliable data set for analysis at some
points. During these instances the data was thrown out and the cut-dlasedo get data
that was acceptablBuring the experiment it as also noted that during some runs the tool
underwent minodeflections in some materials.

Using the data collected during the experiment it was possible to calculate the
values of primary interest in metal cutting using the relationship derived by Nércha

Payton, and others. The table belis the values that were calculated.
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Table 4. Symbols and Units of Calculated Measurements

Data Symbol Units

Chip Thickness Ratio re none
Friction Force Upon Chip F newtons
Normal Force Upon Chip N newtons
Shear Force on Plane Fs newtons
Normal Force on Plane Fn newtons
Mean Friction Angle at Too B degrees

Area of Shear Plane As in?

Shear Stress on Shear Pla| s MPa

Friction Coefficient u none

Shear Strain Y none
Resultant Force R newtons

Resultant Shear Stress R. MPa

Results of the Videographic Study

The virtual quick stop videographemnalysis proved very capable of doing the
analysis intended. Video of each run was captured in real time resulting in a massive
amount of data for each run. The video of each run had its share of useful and unusable
images. As the tool progressed ttghuhe material the material would often move in and

out of focus during the duration of the cut. This was due to the material specimens either
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not being perfectly flat or being bent slightly out of flat when it was being secured in the
workpiece holder.

After each run completed a portion of the video from the run was saved for further
analysis. The selection was determined by the focus of the image and a clear view of the
shear plane. As force data was recorded during the entire cut, there wasnsdéice
data for ag range of image selection. igtre 29 illustrates a sample of the force data
collected during a run sequence.

The range of images was exported as a video file which would be analyzed with
software during post processing. During paostcessing individual images were selected
from the video file whiclbest represented the shear plane during the cut and when forces

has stabilized An exampleof the image taken from the video is shown below.
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Figure 31. Unexamined Frame of Video

This individual image was used to measure the angles of interest as well as the tool
angle and depth of cut. Measured shear angles were compared with the calculated values
of Merchant’s model wi t hstemoftmeasuiement greatbyo d e f
reduced the time required and decreased the margin of error typically associated with
measuring the angles of interest usiraglitional methodsAn example of the examined
frame of video is shown below. The depth of cut, ¢hipkness, and shear angle were all

measured in the same picture.
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118.14 px

Figure 32. Examined Frame of Video

The depth was cut was observed to vary up-@00605 inches and is attributed to

slight slack in the lead screw controllitige z axis of the horizontal milling machine.

The figure below illustrates the observed geometry of the shear zone in all

materials..
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occured at angle Psi

Figure 33. Shear Zone Geometry

This geometry is consistent with tbbservations of Briggs, Huang and Black, and
Payton[35] [70] [71]. The movement of the crystals into and through the shear zone
follows the Huang model of movement. The large amount of data collected was prepared

for statistical analysis to be detailed in the next section.
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Results of Tool Wear Microscopy

Tool wear microscopy was performed using the Keyence 3D microscope and
providedthe ability to get volumetric loss of the tool. The resulting images of the tool show
a clearly defined interaction zone between the tool and the chip. This zone is shown in the

image below.

Figure 34. Chip to tool interaction zone

Since each tool was never sharpened the tool/chip interface consistently turned
more and more raggedEach tool eventually showed signs of failing as tool wear

continued. The image below shows the tool as pieces are lotfkeard missing.
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Figure 35. Tool Showing Signs of Failing

3D images of the tool wear zone were d@#daen and were utilizefdr data analysis.

An example of the 3D picture is given below.
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Figure 36. 3D image of tool after 80 inches of cut in air environment

Utilizing the Keyence 3D microscope measurements and data were recinded.
measurements and data recorded include the width of the wear area, length from the tool
edge, and the depth of matérnemoved. Thdollowing image shows tharea of the toel

chip interfacemeasurment.
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Figure 37. Area of Tool-Chip Interface

Profiles were taken and recorded after every 20 inches of cut. Each profile was
recorded into a Comma Separated Values file (.CSV) directly from the microJdupe.
profiles were leveled and compared to see if a visible dip was shown where tool wear

occured. This allowed the data to be manipulated in Excel for comparison.

Pictured below is a picture showing the tablp interface with a scale next to it
for size comparison. This was a typical image and showed clearly the darkened area where

the chip inteacted with the tool.
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wear zone with scale

Figure 38. Tool
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IX. Statistical Analysis
Statistical analysis was performed on the data collected from the dynamometer and

optical methods. This experiment produdadjeamouns of data on the forces predicted
by Merchant’s model. In addition, t he ang
forces were available for analysis. The statistical software paskKsgnEase? and
Design Expert 11 were utilizeéd examine the data collected and to compare the predictive
models for the angles of interest. Tdwnparativeeffect of the gases on the tool wear were
also scrutinized.
The following box plot shows thragpical replicateruns side by side by.This
optically verifies the typical repeatability of every factor level combination attempted in

the experiment.

Cutting Force

400

300

100

Run 1 Cutting Force Run 2 Cutting Force Run 3 Cutting Force

Figure 39. Boxplot of Cutting Force divided by Run
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The following table shows the ANOVA of the cuttiftigcesFc. Themodel Fvalue
of 401.86 implies the model is significant. There is only a 0.01% chance thatane~
this large could occur due to noisevédues less than 0.0500 indicate model teames
significant. In this case hardness, depth of ant tool anglare significant model terms.
The table shows that the cutting atmosphere had no effect in the cutting force. With a P
value of 0.0948, themosphere hado statisticakffectunlike the other three variables, of

material hardness, depthait, and tool angle.

Table 5. ANOVA of Cutting Force

ANOVA for selected factorial model

Response 1: cutting force

Sum of hean

Source df F-value | p-value
Squares Square

Block 28,64 2 44,32
Model 5. 702E+06 120 4.752E+05 401.86 < 0.0001 significant
A-hardness 4.951E+06 7| T.O73E+05 59814 < 0.0001
B-atmosphere 5603.02 2 2801.51 237 00943

C-clepth of cut | 7A11E+03 1 7111E+05 601.37 < 0.0001

D-Tool angle 34577.39 2 17288.69 14.62| < 0.0001
Residual 4931E+05 417 1182 46
Cor Total 6.195E+06| 431

The following ttests comparing the cutting force with Air vs. Argon, Air vs.
Nitrogen, and Argon vs. Nitrogen correlate with the ANOVA shown in TablehB. R

value of 0.68 on the Air vs. ArgonfEst shows there is not a significant difference.
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Table 6. Cutting Force T Test Air vs. Argon

cutting force (Ibs force  cutting force (Ibs

Air force)Argon

Mean 138.3823817 144.073640I
Variance 13379.48827 14623.0038.
Observations 144 145
Pooled Variance 14003.41245

Hypothesized Meal 0

df 287

t Stat -0.408797031

P(T<=t) one-tail 0.341496744

t Critical one-tail 1.650180211

P(T<=t) two-tail 0.682993483

t Critical two-tail 1.968264113

The same can be said of the Air vs. Nitrogetedt. The Pvalue of 0.56 shows

there is not a significant difference.

Table 7. Cutting Force T Test Air vs. Nitrogen

cutting force (Ibs  cutting force (Ibs force)

force)Air Nitrogen

Mean 138.3823817 146.51380:
Variance 13379.48827 15062.6863
Observations 144 144
Pooled Variance 14221.08733

Hypothesized Mean Difference 0

df 286

t Stat -0.5785838565

P(T<=t) one-tail 0.281662671

t Critical one-tail 1.6501988965

P(T<=t) two-tail 0.563325342

t Critical two-tail 1.968293255

The last comparison was to determine of the Argon vs. Nitragmwed a
significant difference. The table below shows there is not a significant difference in cutting

force when varying Nitrogen or Argon.
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Table 8. Cutting Force T Test Argon vs. Nitrogen

cutting force (Ibs force, cutting force (Ibs force]

Argon Nitrogen

Mean 144.0736406 146.51380:
Variance 14623.00382 15062.6863
Observations 145 144
Pooled Variance 14842.0791

Hypothesized Mean Difference 0

df 287

t Stat -0.170250219

P(T<=t) one-tail 0.432466655

t Critical one-tail 1.650180211

P(T<=t) two-tail 0.864933311

t Critical two-tail 1.968264113

The same can be said for the Shear Argid Friction Force, but not the Thrust Force. The

following ANOVA table of the Thrust ForcE: shows that the Atmosphere does have a

significant effect on the thrust force.

Table 9. ANOVA of Thrust Force Ft

ANOVA for selected factorial model

Response 2: thrust force

Source Surn of Mean
Squares Square
Block 27.21 2 13.60
Model 5.225E+05| 12 4354226
A-hardness 4, 74TE+05 7 67809.64
B-atmosphere 2838.88 2 141944
C-depth of cut 2324991 1 2324991
D-Tool angle 2173086 2| 1087543
Residual 57436.66| 417 137.74
Cor Total 5.800E+05| 431
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F-value

316.12
452.31
10.21
168.80
78.96

p-value

M

-

M

M

M

0.0001 | significant
0.0001
00001
0.0001
0.0001



This shows thathere is an effect between the atmosphere and the thrustdorce
T-Tests were then performed to show the differences between Air vs. Argon, Air vs.

Nitrogen, and Argon vs. Nitrogen to determine which were different.

Table 10. Thrust Force Ft T-Test Air vs Argon

thrust force (Ibs thrust force (Ibs

force) Air force) Argon

Mean 33.42698332 38.4289145:
Variance 1064.632983 1448.03033:
Observations 144 144
Pearson Correlation 0.980772981

Hypothesized Mean Difference 0

df 143

t Stat -6.832820257

P(T<=t) one-tail 1.109E-10

t Critical one-tail 1.655579143

P(T<=t) two-tail 2.218E-10

t Critical two-tail 1.976692193

The p value shown above displays a significant difference in the thrustRorce
when swapmg between Air and Argon. Thelde below shows the comparison between

Air and Nitrogen.
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This pvalue Of 7.06EL2 also shows a significant difference between Air and

Nitrogen. The last Test shows the comparison between Argon and Nitrogen in the thrust

forceF+.

Table 11. Thrust Force Ft T-Test Air vs Nitrogen

thrust force
(Ibs force)
Nitrogen

thrust force
(Ibs force) Air

Mean

Variance
Observations
Pearson Correlation
Hypothesized Mean Difference
df

t Stat

P(T<=t) one-tail

t Critical one-tail
P(T<=t) two-tail

t Critical two-tail

33.42698332 39.2548195
1064.63298 1527.84677:
144 144
0.982043422
0
143
-7.475357409
3.53103E-12
1.655579143
7.06206E-12
1.976692193

Table 12:Thrust Force T-Test Argon vs Nitrogen

thrust force  thrust force
(Ibs force)  (Ibs force)
Argon Nitrogen

Mean

Variance
Observations
Pearson Correlation
Hypothesized Mean Difference
df

t Stat

P(T<=t) one-tail

t Critical one-tail
P(T<=t) two-tail

t Critical two-tail

38.42891453 39.2548195

1448.030333 1527.84677:

144 144
0.991432673
0
143
-1.923199244
0.028221217
1.655579143
0.056442433
1.976692193
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This last ttest shows theRalued 0. 056 being greater
Therefore there is no significant difference between Argon and Nitrogen in the thrust force

Ft.

This reaffirms the ANOVA resultthat gaseous cutting fluids have an effect on the
thrust force although there is no significant difference in the thrustrce when

comparingArgon and Nitrogen.

Only when comparing the thrust forces of the émvironmentagainst either the

Argon or Nitrogen environment does it show a statistically significant difference.

With the positive correlation between the Thrust Féticand the Atmosphere, the

results for the shear angtempared However,the ANOVA forthe Onsebf Shear Angle

f showed no correlation of the atmosphere and the directly measured Onset df.Shear

The following ANOVA Table shows no correlation.

Table 13. ANOVA of Shear Angle f

ANOVA for selected factorial model

Response 3: Shear Angle

sum of Mean

Source df F-value | p-value
Squares Square

Block 3.73 2 1.87
Model Te443.43 12 637029 61997 < 0.0001 significant
A-hardness Fa740.36 7| 10820.05| 1053.04| < 0.0001
B-atmosphere 47.67 2 23.84 232 0.0996

C-depth of cut 370 1 37T0 3.61 0.0581

D-Tool angle 618.30 2 309.15 30,09 < 0.0001
Residual 428471 417 10.28
Cor Total 20731.87 431
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The following T-tests compare the shear angle of Air vs. Argon, Air vs. Nitrogen,
and Argon vs. Nitrogen.

Table 14. Shear Angle T-Test Air vs. Argon

measured shear angl measured shear angl

(degrees) air (degrees) Argon

Mean 33.49983333 32.7362¢
Variance 186.8933455 190.287082:
Observations 144 144
Pooled Variance 188.5902139

Hypothesized Mean Difference 0

df 286

t Stat 0.471805623

P(T<=t) one-tail 0.318712641

t Critical one-tail 1.650198895

P(T<=t) two-tail 0.637425282

t Critical two-tail 1.968293255

The R value of 0.63 shows that any difference is not significant. The following
table shows the t test between Air and Nitrogen.

Table 15. Shear Angle f T-Test Air vs. Nitrogen

measured shear measured shear angle
angle (degrees) ai (degrees) Nitrogen

Mean 33.49983333 33.1738888!
Variance 186.8933455 187.616477:
Observations 144 144
Pooled Variance 187.2549113

Hypothesized Mean Difference 0

df 286

t Stat 0.202112523

P(T<=t) one-tail 0.419986224

t Critical one-tail 1.6501988965

P(T<=t) two-tail 0.839972449

t Critical two-tail 1.968293255

This also shows no significant difference in shear angle when using Air or Nitrogen.

The last comparison is between Argon and Nitrogen.
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Table 16. Shear Angle f T-Test Argon vs. Nitrogen

measured shear angle measured shear angle
(degrees) Argon (degrees) Nitrogen

Mean 34.78351394 35.2177151!
Variance 772.6552045 751.375087!
Observations 144 144
Pooled Variance 762.015146

Hypothesized Mean Difference 0

df 286

t Stat -0.133467487

P(T<=t) one-tail 0.44695877

t Critical one-tail 1.650198896

P(T<=t) two-tail 0.89391754

t Critical two-tail 1.968293255

The frictional forceF ANOVA shown below has two significant factors and 2
insignificant factors according to the analy3iee Model Fvalue of 401.98 implies the
model is significant. falues less than 0.0500 indicate model teginessignificant. In this
case Hardness anépmth of cutare significant model term$his shows that the frictia
force is statistically dependeoh the material being cut and depth of cut insteathef

atmosphere or tool angle.
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Table 17. ANOVA of Friction Force F

ANOVA for selected factorial model

Response 4: Friction Force

Sum of Mean

Source df F-value | p-value
Squares Square
EBlock 1218.62 2 609.21
Model 6.391E+07 12 5.325E+06 401,98 < 0.0001 significant
A-hardness 5.842E+07 7 8.346E+06 62099 < 0.0001

B-atmosphere 48343277 2 242168.39 1.83 01620
C-depth of cut | 5.409E+06 1 5400E+06| 40826 « 0.0001

D-Tool angle 25012.55 2 12506.28 0.9440 (0.3899
Residual 5.524E+068 417 13248.18
Cor Total 6.943E+07 431

The following T tests show there is no significant difference between Air vs.

Argon.
Table 18. Friction Force F T-Test Air vs. Argon

Friction Force Friction Force
(Newtons) air (Newtons) Argon

Mean 433.8778293 465.719944!

Variance 139100.6085 166631.246.

Observations 144 144

Pooled Variance 152865.9274

Hypothesized Mean Difference 0

df 286

t Stat -0.691055304

P(T<=t) one-tail 0.24504565

t Critical one-tail 1.650198896

P(T<=t) two-tail 0.490091299

t Critical two-tail 1.968293255

Air vs Nitrogen T test did not show a significant difference as shown in the table

below.
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Table 19. Friction Force F T-Test Air vs. Nitrogen

Friction Force  Friction Force (Newtons)

(Newtons) air Nitrogen

Mean 433.8778293 475.653572;
Variance 139100.6085 172926.635.
Observations 144 143
Pooled Variance 155954.278

Hypothesized Mean Difference 0

df 285

t Stat -0.896053305

P(T<=t) one-tail 0.185490251

t Critical one-tail 1.650217713

P(T<=t) two-tail 0.370980503

t Critical two-tail 1.968322603

Argon vs Nitrogen did not show a significant difference in the friction force when
tested during a t test.

Table 20. Friction Force F T-Test Argon vs. Nitrogen

Friction Force Friction Force
(Newtons) Argon (Newtons) Nitrogen

Mean 465.7199446 475.653572;
Variance 166631.2464 172926.635:
Observations 144 143
Pooled Variance 169767.8963

Hypothesized Mean Difference 0

df 285

t Stat -0.204215361

P(T<=t) one-tail 0.419165483

t Critical one-tail 1.650217713

P(T<=t) two-tail 0.83833096

t Critical two-tail 1.968322603

By observing the friction force the normal force of the chip to the tool face is the
next logical step to analyze. The normal force ANOVA can be seen below. This shows

that the atmosphere did not have an effect on the normal force.
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Table 21. ANOVA for Normal Force N

ANOVA for selected factorial model

Response 5: Normal Force

Source = L] df Mean F-value | p-value
Squares Square
Block 1846.69 2 923.35
Model S5.898E4+07 12 4915E4060 32870 <« 0.0007 significant
A-hardness 4.993E+07 7 TA34E+06 47708 < 0.00010

B-atmosphere 13713.69 2 08530.85 04580 0.6325
C-depth of cut | 7.989E+06 1 7.939E+06 53426 < 0.0001
D-Tool angle 1.042E+06 2| 5208E+05 34.83 =< 0.0001
Residual 6.2353E+06 417 14952.67
Cor Total 6.522E+07 431

The following T tests compared the normal foofair against the normal force
of Argon.There was no significant difference in the normal force.

Table 22. Normal Force N T Test Air vs. Argon

Normal Force Normal Force
(Newtons) air (Newtons) Argon
Mean 461.1992293 472.222538:
Variance 146763.7504 154417.234i
Observations 144 144
Pooled Variance 150590.4925
Hypothesized Mean Difference 0
df 286
t Stat -0.241034635
P(T<=t) one-tail 0.404850489
t Critical one-tail 1.6501988965
P(T<=t) two-tail 0.809700973

t Critical two-tail

1.968293255

The following table shows the results of the normal force when comparing Air vs

Nitrogen. There was no significant difference in the Normal forces.
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Table 23. Normal Force N T Test Air vs. Nitrogen

Normal Force Normal Force (Newtons)

(Newtons) air Nitrogen

Mean 461.1992293 479.892987!
Variance 146763.7504 157796.581
Observations 144 143
Pooled Variance 152260.8102

Hypothesized Mean Difference 0

df 285

t Stat -0.405798895

P(T<=t) one-tail 0.34259743

t Critical one-tail 1.650217713

P(T<=t) two-tail 0.68519486

t Critical two-tail 1.968322603

The following table shows more of the same as there is no significant difference in
the Nitrogen vs. Argon Normal force as well.

Table 24. Normal Force N T Test Argon vs. Nitrogen

Normal Force Normal Force
(Newtons) Argon (Newtons) Nitrogen

Mean 472.2225383 479.224346
Variance 154417.2346 156757.488
Observations 144 144
Pooled Variance 155587.3616

Hypothesized Mean Difference 0

df 286

t Stat -0.150622297

P(T<=t) one-tail 0.440189924

t Critical one-tail 1.650198896

P(T<=t) two-tail 0.880379843

t Critical two-tail 1.968293255

The ANOVA of Psiy (as depicted in figure 34) was interesting due to the model

being significantThe Model Fvalue of 58.76 implies the model is significant. There is
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only a 0.01% chance that arvBlue this large could occur due to noigevalues less than
0.0500 indicate model terms are significant. In this cadg hardnesss a significant

model termThis indicates that Psi is only dependent to the materiabutéade influence

from the atmosphere, depth of cut, or tool angle haeffant statistically.

Table 25. ANOVA of Psiy
ANOVA for selected factorial model

Response 7: Psi

Sumn of Mean

Source df F-value | p-value
Squares Square

Elock 196.85 2 98.47
Model 1.049E+05 12| 873833 5876 = 0.0001 significant
A-hardness 1.043E+05 71490403 10022 < 0.0001
B-atmosphere 26.37 2 13218 0.0887 0.9152
C-depth of cut 198,48 1 198.48 133 0.2486
D-Toaol angle 30718 2 153.54 1.03 0.3369
Residual 6201542 417 148.72
Cor Total 1.67T1E+05 431

With this data the experiment moved to the tools themselves to determine the wear and if
the atmosphere showed a difference in the amount of tool material removed during the cut.
The following tables show the T tests of Psi when varying the atmosphere. There is no

significant difference shown.
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Table 26. Psi T Test Air vs. Argon

Psi (measured degree

Psi (measured

air degrees)Argon

Mean 26.41411882 28.1743324.
Variance 241.1125613 1179.1759:
Observations 144 144
Pooled Variance 710.1442407

Hypothesized Mean Difference 0

df 286

t Stat -0.5604777

P(T<=t) one-tail 0.287796214

t Critical one-tail 1.6501988965

P(T<=t) two-tail 0.575592429

t Critical two-tail 1.968293255

The T Test comparing Psi when using Air and Nitrogen is shown below. There is

no significant difference.

Table 27. Psi T Test Air vs. Nitrogen

Psi (measured  Psi(measured degrees)

degrees) air Nitrogen

Mean 26.41411882 28.754584:
Variance 241.1125613 1554.42041:
Observations 144 144
Pooled Variance 897.76648965

Hypothesized Mean Difference 0

df 286

t Stat -0.6628065822

P(T<=t) one-tail 0.253994122

t Critical one-tail 1.6501988965

P(T<=t) two-tail 0.507988243

t Critical two-tail 1.968293255

The T Test comparing Psi when using Argon and Nitrogen is shown below. There

is no significant difference.
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Table 28. Psi T Test Argon vs. Nitrogen

Psi (measured Psi (measured degree:

degrees)Argon Nitrogen

Mean 28.17433242 28.754584:
Variance 1179.17592 1554.420411
Observations 144 144
Pooled Variance 1366.798169

Hypothesized Mean Difference 0

df 286

t Stat -0.133177447

P(T<=t) one-tail 0.447073351

t Critical one-tail 1.650198896

P(T<=t) two-tail 0.894146703

t Critical two-tail 1.968293255
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Additional ANOVA Tables

The following ANOVA tables are shown in no particular order but are included in
the summary Table attheend.1 1 o v a 1 The kollowingeANOVA (s for
Merchants Fs. The ANOVA table shows the hardness, depth of cut, and Tool angle as
significant. It does not show the atmosphere as significant.

Table 29: ANOVA of Merchant’s Fs

Response 8: Fs Merchant

sum of Mean

Source df F-value | p-value
Squares Square
Block 2797.02 2 13848.51
Model SA56E+07 12 4.297E+06 0 281.87 < 0.0007 significant
A-hardness 4.308E+07 7 6.154E+06 403.69 < 0.0001

B-atmosphere 49160.34 2 2458017 1.61 0.2006
C-depth of cut | 7.752E+06 1 7.732E+06 3508.50 < 00001
D-Tool angle 6.845E+05 2| 3.422E+05 2245 = 0,0001
Residual 6.357E+06 417 15244.48
Cor Total 5.792E+07| 431

The following ANOVA table shows MerchastFn. All of the factors of the

ANOVA except for the atmosphere.
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Table 30: ANOVA Merchant’s Fn

Response 9: Fn Merchant

Sum of Mean

Source df F-value | p-value
Squares Square
Block 417774 2 2088.87
Model T.243E4+07 12 6.036E+06) 35586 < 0.0007 significant
A-hardness 6.506E+07 7 9.2894E+06 54795 < 000010

B-atmosphere 1.013E+05 2 2064419 2.99 0.0516
C-depth of cut | 6.878E+06 1 ©6.870E+06 40540 < 0.0001
D-Tool angle 3.955E+05 2| 1.978E+05 11.66| < 0.0001
Residual T.O073E+06 417 16962.09
Cor Total T.O51E+07 431

The next ANOVA t abHsclhisANP\fAdable sihaws halRinresstdepth’ s
of cut, and tool angle as significant. It does stutw atmosphere as significant.

Table 31: ANOVA of Payton Fs

Response 10: Fs Payton

Sum of Mean
Source df F-value | p-value
Squares Square
Block 608.65 2 304.33
Model 7.234E+06 12 6.028E405 301192 <« 0.0007 significant
A-hardness 5.481E+06 7| T.B29E+05 3917 = 0.0001
B-atmosphere 2227.08 2 1113.54| 0.5563 0.5737

C-depth of cut | 1.648E+06 1 1.646E+06 8 82249 < 0.0001
D-Tool angle 1.051E+05 2 2252007 26.24) < 0.0001
Residual 8.347E+05 417 2001.56
Cor Total 8.069E+06 431

The foll owing ANOYV An. Allfastdrsoftheimodelsncllliagy t o n ° s

atmosphere are significant.
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Table 32: ANOVA of Payton's Fn

Response 11: Fn Payton

Source k] df Mean F-value | p-value
Squares Square
EBlock 528.28 2 264,14
Model 1.150E+08 120 9.582E+06 396,96 < 0.0001 significant
A-hardness 1.010E+08 7| 1.443E+07| 598.00 < 0.0001

B-atmosphere 1.534E+05 2 76718.66 318 0.0427
C-depth of cut | 1.287E+07 1 1.287E+07 33320 < 0.0001
D-Tool angle 3. 162E+05 2| 4.5381E+05 18,88 = 0.0001
Residual 1.007E+07 417 24137.95
Cor Total 1.250E+08| 431

The next ANOVA table s ho wdhehdidaesCdeptifofdaute i e nt
and tool angle are all significant with avplueless than 0.05.

Table 33: ANOVA of coefficient of friction ()

Response 12: p (Mu)

Source sum of df | MeaN | e vaie p-value
Squares Sguare
Block 0.0029 2| 0.0015
Madel 958 12 07986 14847 < 0.0007 significant
A-hardness 3.39 7| 077000 14316 < 0.0001
B-atmosphere 0.0289 2| 0.0144 2.68 0.0694
C-depth of cut 1.60 1 1.600 296.73| < 0.0001
D-Tool angle 2.57 2 1.28 23874 < 00001
Residual 2.24| 417 0.0054
Cor Total 11.83| 431

The next ANOVA table ithe Resultant forcB. The hardness, depth of cut, and tool angle
are all significant. The atmosphere has-@aRie of 0.07 which is greater than 0.05 does

not show atmosphere as significant.
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Table 34: ANOVA of Resultant

Response 13: Resultant

Source et df Mean F-value | p-value
Squares Square
Block 29.91 2 14,96
Model 6156E+06 12| S5130E405 39712 < 0.0001 significant
A-hardness 5.364E+06 7| 7.B63E+05) 593.25 < 0.0001
B-atmosphere 6907.62 2 3453.81 2.67 0.0702
C-depth of cut | 7.330E+05 1| 7.330E+05 56749 < 0.0001
D-Tool angle 3151771 2 2575886 1994 - 00001
Residual 5.386E+05 417 1291.72
Cor Total 0.694E+06 431

The final ANOVA table is for Specific Horsepower. Hardness, atmosphere, depth of cut,

and tool angle are all significant in this ANOVA.

Table 35: ANOVA for Specific Horsepower

Response 14: Specific Horsepower

Sum of Mean

Source df F-value | p-value
Squares Square

Block 0.2122 2 01061
Model 843334 12 T02.80 2102.05 =« 0.0001 significant
A-hardness g312.22 7 118746 3551.68 < 0.0001
B-atmosphere 1213 2 6.07 18.14| < 0.0001
C-depth of cut 46,98 1 46,98 140.51 < 0.0001
D-Tool angle 62.22 2 31.11 93.04| < 0.0001
Residual 139.42| 417 0.3343
Cor Total 857317 431
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Results of the Tool Wear Study

To measure theool-wear the same experimental-s@tas the videographic study

was used. During this experiment the tools were taken to 4bendcroscope for

measurements to be taken after every ten inches of cu@inly.the 30 degree tool, 6061

T6 aluminum, and the 0.008 in depth of cut were utilized to simplify the runs. th&ng

microscope, the width, length, and depth of the wear was recorded. A total volume of tool

material removed was then calculated for gved inches of cut. The results of the

measurements can be seen in the table below.

nit 10
nit 20
nit 30
nit 40
nit 50
arg 10
arg 20
arg 30
arg 40
arg 50

Table 36. Volume of Tool Material Removed

Contact
Length from
Edge (inches)

0.021661417
0.021977953

0.02294252
0.020071654
0.023466142
0.015297638
0.015803937
0.020595669
0.021185039
0.030176772

Width of
Wear
(inches)

0.13827
0.141272
0.148392
0.139194
0.139606
0.137702
0.140008
0.138437
0.142868
0.140778

Depth of
Material

Removed
(inches)

0.000814
0.000996
0.001021
0.001082
0.001251
0.000566
0.000763
0.000881
0.000933

0.001

Volume in
Inches”3

2.43803E-06
3.09246E-06
3.47598E-06
3.02296E-06

4.0983E-06
1.19229E-06
1.68827E-06
2.51191E-06
2.82387E-06
4.24822E-06

m}

A students Ttest was performed between each atmospheric test to determine if the

amount of volume rem@d was the same or different with only he atmosphere changing.
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The Argon and nitrogen atmospheres statistically showed the same volume of tool material
removed.

Table 37. Nitrogen v. Argon T-Test

t-Test: TweSample Assuming Equal Variances

nit vs arg
nitrogen argon
2.49291E
Mean 3.226E06 06
1.38252E
Variance 3.758E13 12
Observations 5 5
Pooled Variance 8.792E13
Hypothesized Mean
Difference 0
df 8
t Stat 1.2354276
P(T<=t) on4alil 0.1258595
t Critical onetail 1.859548
P(T<=t) twetall 0.251719
t Critical twotail 2.3060041

Table 38. Air v. Nitrogen T-Test

t-Test: Two-Sample Assuming Equal Varianc

air vs nit

air nitrogen
Mean 8.821E-07 3.22555E-0
Variance 2.104E-13 3.75841E-1
Observations 5 5
Pooled Variance  2.931E-13
Hypothesized Meal 0
df 8
t Stat -6.84364
P(T<=t) one-talil 6.592E-05
t Critical one-tail 1.859548
P(T<=t) two-tail 0.0001318
t Critical two-tail 2.3060041




Table 39. Air v. Argon T-Test

t-Test: Two-Sample Assuming Equal Variances

air vs arg

air argon
Mean 8.82145E-07 2.49291E-0
Variance 2.10417E-131.38252E-1
Observations 5 5
Pooled Variance 7.96468E-13
Hypothesized Mea 0
df 8
t Stat -2.853769689
P(T<=t) one-tail 0.010677467
t Critical one-tail 1.859548033
P(T<=t) two-tail 0.021354933
t Critical two-tail 2.306004133

When each was tested against the air cutting fluid, -tests showed that the
volume of material removed was statistically different between air vs argon, and air vs
nitrogen. According to the results of the experimentaaia cutting fluid removed less
material from the tool than using argon, or nitrogen. This proves that at very low cutting
speeds, air is a better cutting fluid than argon or nitrog@is shows tht there is a
difference between using air as a cutting fluid and using Argon or nitrogen. Statistically
Argon and nitrogen can be used interchangeably as a gaseous cutting fluid while achieving

the same result in this experiment.
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Summarization
Table40 summarizesind rankshe observed ANOVA results of this experiment.

Table 40: Ranked ANOVA effects for each Analysis

Analysis Hardness | Atmosphere| Depth of Cut| Tool Angle

Cutting Forcerc 2 Not 1 3
Thrust Forcd~t 1 4 2 3
Friction ForceF 1 Not Not 2

Normal ForceN 1 Not 2 Not
Shear Force (Paytoir) 2 Not 1 3
Shear Force (Mercharf} 2 Not 1 3
Normal Shear Plane (Paytdf) 1 4 2 3
Normal Shear Plane (Merchaif) 1 Not 2 3
Onset of Shedr 1 Not Not 2
Direction of Sheay 1 4 2 3
Coefficient of Frictionm 3 Not 1 2
ResultanR 1 Not 2 3
Specific Horsepower HP 1 4 2 3

Air vs, Argon shows a significant difference. This correlates with the wear data that

showed a significant differen@e tool wear when usingir vs. Argon.
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Table 41: HPs T Test Air vs. Argon

HPs Air ~ HPs Argon

Mean 3.830520:1 4.04336960:
Variance 8.01330027929.47248339
Observations 144 144
Pearson Correlation 0.992496563
Hypothesized Mean Difference 0

df 143

t Stat -5.833130622

P(T<=t) one-tail 1.74094E-08

t Critical one-tail 1.655579143

P(T<=t) two-tail 3.48188E-08

t Critical two-tail 1.976692193

The same can be said for Air vs. Nitrogen. This also correlates with the wear data that

showed a significant difference in the tool volume lost when usings Nitrogen.

Table 42: HPs T Test Air vs. Nitrogen

HPs Air  HPs Nitroger

Mean 3.8305201 4.08563355:
Variance 8.013300279 9.78649965
Observations 144 144
Pearson Correlation 0.993087041
Hypothesized Mean Difference 0

df 143

t Stat -6.664910395

P(T<=t) one-tail 2.66655E-10

t Critical one-tail 1.655579143

P(T<=t) two-tail 5.3331E-10

t Critical two-tail 1.976692193

Argon vs. Nitrogen did not show a significant difference just as the wear data did not

show a significant difference between Argon and Nitrogen.
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Table 43: HPs T Test Argon vs. Nitrogen

HPs Argon HPs Nitroger

Mean 4.043369601 4.08563355!
Variance 9.472483397 9.78649965:
Observations 144 144
Pearson Correlation 0.993789775
Hypothesized Mean Difference 0

df 143

t Stat -1.45114284

P(T<=t) one-talil 0.074465135

t Critical one-tail 1.655579143

P(T<=t) two-tail 0.14893027

t Critical two-tail 1.976692193

The means of the data when using Argon or Nitrogen are higher than when not.

This is consistent with the increase in tool volume lost when using Argon or Nitrogen.
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X. Future Work

This experiment was executed performioy speedeed ratesising gases at room
temperature  Previous work byDr. Vishnu Chandrasekard69] using chilled gases
showed a decrease in tool foroa#izing an oxygen deficienenvironment Varying the
cutting speedand chilling the various atmospheresuld be beneficial to discovering a
tipping point for when the benefitd an oxygen deficient environmeauld begin to be
seen.

The wear observations experiment was relatilrelited in scopeThe relationship
between the cutting atmosphere and tool wear needs to be more clearly understood. By
varying the cutting speeds from 3.75 in/min to speeds off2®ih a greater assessment
of the cutting force and tool wear could belarstood.

Investigation of the chip and tool face directly after a cut to determine if the
presence of an oxide exists could be beneficial as well. This would determine if the oxide
forms during thehip formation or only after the chip is formedtilizing oxygen deficient
atmospheres vs ample oxygen atmospheres would be ideal, however, analynifgy the
the oxide layer would be difficult because you would have to control the atmosphere during

chip formation and all the way through to the chip and tool analysis.
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AppendixC

Measuredata
. Matgr.ial Depth | Tool . CfL(j)t:::r:eg tfk;)rrucsc’at
run Medium | Alloy | Condition of Cut | Angle Replicate (Ibs (Ibs
(Hardness) force) | force)
1| Air 4130 22 | 0.004 25 1] 195.00| 52.63
2 | Air 4130 22| 0.004 30 1| 181.21| 48.37
3 | Air 4130 22 | 0.004 35 1] 138.41| 32.50
4 | Air 4130 22| 0.008 25 1| 337.07| 82.89
5 | Air 4130 22 | 0.008 30 1] 336.03| 85.27
6 | Air 4130 22 | 0.008 35 1| 271.87| 63.49
7 | Argon 4130 22| 0.004 25 1| 198.36| 63.49
8 | Argon 4130 22 | 0.004 30 1| 200.57| 61.30
9 | Argon 4130 22| 0.004 35 1| 167.53| 43.76
10 | Argon 4130 22 | 0.008 25 1| 366.44| 106.65
11 | Argon 4130 22 | 0.008 30 1| 379.61| 107.21
12 | Argon 4130 22 | 0.008 35 1| 301.93| 77.19
13 | Nitrogen | 4130 22 | 0.004 25 1] 196.14| 60.39
14 | Nitrogen | 4130 22| 0.004 30 1| 210.14| 64.83
15 | Nitrogen | 4130 22 | 0.004 35 1| 176.35| 46.37
16 | Nitrogen | 4130 22 | 0.008 25 1| 367.31| 115.67
17 | Nitrogen | 4130 22 | 0.008 30 1] 350.73| 96.73
18 | Nitrogen | 4130 22 | 0.008 35 1| 326.80| 85.12
19 | Air 4130 32| 0.004 25 1| 211.22| 7221
20 | Air 4130 32| 0.004 30 1| 183.87| 51.52
21 | Air 4130 32| 0.004 35 1| 171.87| 38.93
22 | Air 4130 32| 0.008 25 1| 376.30| 102.74
23 | Air 4130 32| 0.008 30 1| 362.36| 82.98
24 | Air 4130 32| 0.008 35 1| 331.38| 66.77
25 | Argon 4130 32| 0.004 25 1| 213.22| 78.61
26 | Argon 4130 32| 0.004 30 1| 220.37| 73.30
27 | Argon 4130 32| 0.004 35 1| 190.62| 54.60
28 | Argon 4130 32| 0.008 25 1| 383.31| 105.60
29 | Argon 4130 32| 0.008 30 1| 384.12| 106.27
30 | Argon 4130 32| 0.008 35 1| 335.24| 75.05
31 | Nitrogen | 4130 32| 0.004 25 1| 233.78| 88.08
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Material Depth | Tool CfL(j)trt'::r:ag tfr(])rrlj:set
run Medium | Alloy | Condition of Cut | Angle Replicate (Ibs (Ibs

(Hardness) force) | force)
32 | Nitrogen | 4130 32| 0.004 30 1| 219.41| 74.84
33 | Nitrogen | 4130 32| 0.004 35 1| 194.12| 54.02
34 | Nitrogen | 4130 32| 0.008 25 1| 394.73| 110.99
35 | Nitrogen | 4130 32| 0.008 30 1| 402.61| 113.71
36 | Nitrogen | 4130 32 | 0.008 35 1| 329.95| 74.54
37 | Air 4130 42| 0.004 25 1| 210.94| 67.81
38 | Air 4130 42 | 0.004 30 1| 192.35| 50.17
39 | Air 4130 42 | 0.004 35 1| 173.84| 36.86
40 | Air 4130 42 | 0.008 25 1| 409.79| 128.19
41 | Air 4130 42 | 0.008 30 1| 381.90| 91.15
42 | Air 4130 42 | 0.008 35 1| 340.72| 82.74
43 | Argon 4130 42 | 0.004 25 1| 227.11| 91.68
44 | Argon 4130 42 | 0.004 30 1| 187.64| 56.77
45 | Argon 4130 42 | 0.004 35 1| 188.30| 58.08
46 | Argon 4130 42 | 0.008 25 1| 391.97| 128.95
47 | Argon 4130 42 | 0.008 30 1| 380.28| 102.14
48 | Argon 4130 42 | 0.008 35 1| 343.02| 80.64
49 | Nitrogen | 4130 42| 0.004 25 1| 227.01| 91.31
50 | Nitrogen | 4130 42 | 0.004 30 1| 206.40| 69.09
51 | Nitrogen | 4130 42 | 0.004 35 1| 195.40| 56.08
52 | Nitrogen | 4130 42 | 0.008 25 1| 416.85| 143.33
53 | Nitrogen | 4130 42 | 0.008 30 1| 362.55| 97.56
54 | Nitrogen | 4130 42 | 0.008 35 1| 361.79| 98.99
55 | Air Mag HO | 0.004 25 1 25.05 4.83
56 | Air Mag HO | 0.004 30 1 24.45 9.16
57 | Air Mag HO | 0.004 35 1 27.12 1.48
58 | Air Mag HO | 0.008 25 1 39.28 2.01
59 | Air Mag HO| 0.008 30 1| 39.86 0.65
60 | Air Mag HO | 0.008 35 1 39.13| -0.39
61 | Argon Mag HO | 0.004 25 1| 23.52 4.30
62 | Argon Mag HO | 0.004 30 1 23.56 4.18
63 | Argon Mag HO | 0.004 35 1 26.24 1.38
64 | Argon Mag HO | 0.008 25 1 38.04 1.15
65 | Argon Mag HO | 0.008 30 1 36.68 0.51
66 | Argon Mag HO| 0.008 35 1| 37.63| -0.03
67 | Nitrogen | Mag HO | 0.004 25 1 24.11 3.97
68 | Nitrogen | Mag HO | 0.004 30 1 23.38 3.81
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Material Depth | Tool CfL(j)trt'::r:ag tfr(])rrlj:set

run Medium | Alloy | Condition of Cut | Angle Replicate (Ibs (Ibs
(Hardness) force) | force)
69 | Nitrogen | Mag HO | 0.004 35 1 25.69 2.33
70 | Nitrogen | Mag HO | 0.008 25 1 37.57 1.78
71 | Nitrogen | Mag HO | 0.008 30 1 38.32 0.73
72 | Nitrogen | Mag HO | 0.008 35 1 37.62 0.35
73 | Air Mag H24 | 0.004 25 1| 24.80 6.87
74 | Air Mag H24 | 0.004 30 1 23.20 8.08
75 | Air Mag H24 | 0.004 35 1 23.55 7.86
76 | Air Mag H24 | 0.008 25 1 41.72 4.82
77 | Air Mag H24 | 0.008 30 1 42.74 5.47
78 | Air Mag H24 | 0.008 35 1 42.77 4.55
79 | Argon Mag H24 | 0.004 25 1 22.29 6.78
80 | Argon Mag H24 | 0.004 30 1| 2384 7.89
81 | Argon Mag H24 | 0.004 35 1 24.61 7.17
82 | Argon Mag H24 | 0.008 25 1 39.34 3.92
83 | Argon Mag H24 | 0.008 30 1| 40.13 6.38
84 | Argon Mag H24 | 0.008 35 1| 39.50 4.66
85 | Nitrogen | Mag H24 | 0.004 25 1| 24.00 6.37
86 | Nitrogen | Mag H24 | 0.004 30 1 24.15 7.90
87 | Nitrogen | Mag H24 | 0.004 35 1 24.77 7.55
88 | Nitrogen | Mag H24 | 0.008 25 1 39.34 4.27
89 | Nitrogen | Mag H24 | 0.008 30 1 41.64 6.70
90 | Nitrogen | Mag H24 | 0.008 35 1 40.09 5.15
91 | Air 6061 TO| 0.004 25 1 66.45| 20.23
92 | Air 6061 TO| 0.004 30 1 61.53| 15.82
93 | Air 6061 TO| 0.004 35 1 51.55| 11.60
94 | Air 6061 TO | 0.008 25 1| 111.02| 31.75
95 | Air 6061 TO | 0.008 30 1 89.95| 14.27
96 | Air 6061 TO| 0.008 35 1| 89.31| 16.23
97 | Argon 6061 TO| 0.004 25 1 71.17| 22.97
98 | Argon 6061 TO| 0.004 30 1| 6345| 17.53
99 | Argon 6061 TO| 0.004 35 1| 53.65| 11.56
100 | Argon 6061 TO | 0.008 25 1| 119.24| 36.06
101 | Argon 6061 TO| 0.008 30 1| 99.75| 22.96
102 | Argon 6061 TO | 0.008 35 1 94.76 | 17.50
103 | Nitrogen | 6061 TO| 0.004 25 1 69.82| 22.01
104 | Nitrogen | 6061 TO| 0.004 30 1 65.26| 18.31
105 | Nitrogen | 6061 TO| 0.004 35 1 52.05| 11.87
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Material Depth | Tool CfL(j)trt'::r:ag tfr(])rrlj:set
run Medium | Alloy | Condition of Cut | Angle Replicate (Ibs (Ibs

(Hardness) force) | force)

106 | Nitrogen | 6061 TO| 0.008 25 1| 116.57| 33.56
107 | Nitrogen | 6061 TO | 0.008 30 1| 107.31| 24.94
108 | Nitrogen | 6061 TO| 0.008 35 1| 9465| 16.79
109 | Air 6061 T4 | 0.004 25 1 53.97| 14.75
110 | Air 6061 T4 | 0.004 30 1| 5299| 13.13
111 | Air 6061 T4 | 0.004 35 1 43.52 7.02
112 | Air 6061 T4 | 0.008 25 1 86.34| 21.66
113 | Air 6061 T4 | 0.008 30 1| 8354| 1584
114 | Air 6061 T4 | 0.008 35 1 76.02| 10.61
115 | Argon 6061 T4 | 0.004 25 1 52.28| 15.22
116 | Argon 6061 T4 | 0.004 30 1 47.25| 12.40
117 | Argon 6061 T4 | 0.004 35 1| 43.13 8.82
118 | Argon 6061 T4 | 0.008 25 1| 98.67| 2142
119 | Argon 6061 T4 | 0.008 30 1| 88.90| 15.64
120 | Argon 6061 T4 | 0.008 35 1| 8212| 1150
121 | Nitrogen | 6061 T4 | 0.004 25 1 54.75| 17.07
122 | Nitrogen | 6061 T4 | 0.004 30 1| 49.82| 12.80
123 | Nitrogen | 6061 T4 | 0.004 35 1 43.76 8.32
124 | Nitrogen | 6061 T4 | 0.008 25 1 97.52 | 24.46
125 | Nitrogen | 6061 T4 | 0.008 30 1 86.70| 15.28
126 | Nitrogen | 6061 T4 | 0.008 35 1 82.38| 11.14
127 | Air 6061 T6| 0.004 25 1 73.36| 16.73
128 | Air 6061 T6 | 0.004 30 1 65.71| 10.43
129 | Air 6061 T6| 0.004 35 1 62.48 6.49
130 | Air 6061 T6 | 0.008 25 1| 122.47| 25.52
131 | Air 6061 T6 | 0.008 30 1] 111.98| 15.62
132 | Air 6061 T6| 0.008 35 1| 103.91 7.31
133 | Argon 6061 T6 | 0.004 25 1| 75.33| 17.69
134 | Argon 6061 T6| 0.004 30 1 68.98 | 12.85
135 | Argon 6061 T6 | 0.004 35 1| 65.16 6.83
136 | Argon 6061 T6 | 0.008 25 1| 139.32| 24.84
137 | Argon 6061 T6 | 0.008 30 1| 122.73| 14.21
138 | Argon 6061 T6 | 0.008 35 1| 110.47 8.84
139 | Nitrogen | 6061 T6 | 0.004 25 1 72.29| 15.43
140 | Nitrogen | 6061 T6 | 0.004 30 1| 69.49| 12.93
141 | Nitrogen | 6061 T6 | 0.004 35 1 62.32 6.72
142 | Nitrogen | 6061 T6 | 0.008 25 1| 126.16| 25.16
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Material Depth | Tool CfL(j)trt'::r:ag tfr(])rrlj:set
run Medium | Alloy | Condition of Cut | Angle Replicate (Ibs (Ibs

(Hardness) force) | force)
143 | Nitrogen | 6061 T6 | 0.008 30 1| 126.92| 18.42
144 | Nitrogen | 6061 T6 | 0.008 35 1| 110.20 8.12
145 | Air 4130 22 | 0.004 25 2| 188.78| 54.15
146 | Air 4130 22| 0.004 30 2| 188.58| 49.39
147 | Air 4130 22 | 0.004 35 2| 156.58| 35.24
148 | Air 4130 22| 0.008 25 2| 344.78| 94.15
149 | Air 4130 22| 0.008 30 2 | 323.56| 82.36
150 | Air 4130 22 | 0.008 35 2| 295.63| 68.77
151 | Argon 4130 22| 0.004 25 2| 214.00| 66.17
152 | Argon 4130 22 | 0.004 30 2| 199.64| 63.41
153 | Argon 4130 22 | 0.004 35 2| 177.46| 47.35
154 | Argon 4130 22 | 0.008 25 2 | 362.26| 105.17
155 | Argon 4130 22 | 0.008 30 2| 352.32| 97.80
156 | Argon 4130 22 | 0.008 35 2| 318.88| 79.03
157 | Nitrogen | 4130 22 | 0.004 25 2| 197.01| 62.63
158 | Nitrogen | 4130 22 | 0.004 30 2| 209.08| 65.44
159 | Nitrogen | 4130 22 | 0.004 35 2| 165.91| 45.95
160 | Nitrogen | 4130 22 | 0.008 25 2| 382.55| 114.44
161 | Nitrogen | 4130 22 | 0.008 30 2 | 368.30| 102.62
162 | Nitrogen | 4130 22 | 0.008 35 2 | 313.01| 69.06
163 | Air 4130 32| 0.004 25 2| 212.73| 73.37
164 | Air 4130 32| 0.004 30 2| 193.33| 51.70
165 | Air 4130 32| 0.004 35 2| 167.96| 38.06
166 | Air 4130 32| 0.008 25 2 | 406.96| 127.45
167 | Air 4130 32 | 0.008 30 2| 351.74| 88.74
168 | Air 4130 32| 0.008 35 2| 312.75| 63.68
169 | Argon 4130 32| 0.004 25 2| 216.34| 77.21
170 | Argon 4130 32| 0.004 30 2| 233.62| 76.53
171 | Argon 4130 32| 0.004 35 2| 194.41| 53.63
172 | Argon 4130 32| 0.008 25 2| 378.92| 104.89
173 | Argon 4130 32| 0.008 30 2| 365.04| 94.84
174 | Argon 4130 32| 0.008 35 2| 336.42| 77.16
175 | Nitrogen | 4130 32| 0.004 25 2| 277.99| 106.53
176 | Nitrogen | 4130 32| 0.004 30 2| 233.95| 75.01
177 | Nitrogen | 4130 32| 0.004 35 2| 189.46| 53.32
178 | Nitrogen | 4130 32| 0.008 25 2 | 382.38| 111.00
179 | Nitrogen | 4130 32| 0.008 30 2 | 395.03| 104.85
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Material Depth | Tool CfL(j)trt'::r:ag tfr(])rrlj:set
run Medium | Alloy | Condition of Cut | Angle Replicate (Ibs (Ibs

(Hardness) force) | force)
180 | Nitrogen | 4130 32 | 0.008 35 2 | 340.07| 72.03
181 | Air 4130 42 | 0.004 25 2| 209.74| 67.24
182 | Air 4130 42 | 0.004 30 2| 174.43| 47.58
183 | Air 4130 42| 0.004 35 2| 161.76| 35.02
184 | Air 4130 42 | 0.008 25 2 | 392.45| 126.55
185 | Air 4130 42 | 0.008 30 2| 357.09| 87.91
186 | Air 4130 42 | 0.008 35 2 | 352.22| 69.25
187 | Argon 4130 42 | 0.004 25 2| 244.10| 101.10
188 | Argon 4130 42 | 0.004 30 2| 201.32| 60.71
189 | Argon 4130 42 | 0.004 35 2| 207.80| 66.83
190 | Argon 4130 42 | 0.008 25 2| 415.51| 140.58
191 | Argon 4130 42 | 0.008 30 2| 353.01| 99.57
192 | Argon 4130 42 | 0.008 35 2| 354.29| 85.36
193 | Nitrogen | 4130 42 | 0.004 25 2| 218.91| 84.97
194 | Nitrogen | 4130 42 | 0.004 30 2| 196.14| 66.03
195 | Nitrogen | 4130 42 | 0.004 35 2| 180.26| 56.07
196 | Nitrogen | 4130 42 | 0.008 25 2 | 400.61| 145.29
197 | Nitrogen | 4130 42 | 0.008 30 2| 365.96| 99.55
198 | Nitrogen | 4130 42 | 0.008 35 2| 373.21| 102.14
199 | Air Mag HO | 0.004 25 2 25.56 5.05
200 | Air Mag HO| 0.004 30 2| 25.05 9.59
201 | Air Mag HO | 0.004 35 2 24.34 2.66
202 | Air Mag HO| 0.008 25 2 39.52 2.49
203 | Air Mag HO | 0.008 30 2 38.54 1.54
204 | Air Mag HO | 0.008 35 2 38.50 0.50
205 | Argon Mag HO| 0.004 25 2| 23.93 3.92
206 | Argon Mag HO | 0.004 30 2 25.14 3.65
207 | Argon Mag HO| 0.004 35 2 25.24 2.12
208 | Argon Mag HO | 0.008 25 2 39.42 1.03
209 | Argon Mag HO| 0.008 30 2| 38.67 0.06
210 | Argon Mag HO| 0.008 35 2| 38.76| -0.07
211 | Nitrogen | Mag HO | 0.004 25 2 23.71 3.97
212 | Nitrogen | Mag HO | 0.004 30 2| 24.88 3.81
213 | Nitrogen | Mag HO | 0.004 35 2 25.35 2.27
214 | Nitrogen | Mag HO| 0.008 25 2| 39.27 1.01
215 | Nitrogen | Mag HO | 0.008 30 2 38.26 0.40
216 | Nitrogen | Mag HO | 0.008 35 2 38.29 0.01
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Material Depth | Tool CfL(j)trt'::r:ag tfr(])rrlj:set
run Medium | Alloy | Condition of Cut | Angle Replicate (Ibs (Ibs

(Hardness) force) | force)

217 | Air Mag H24 | 0.004 25 2 23.95 7.57
218 | Air Mag H24 | 0.004 30 2 25.37 8.04
219 | Air Mag H24 | 0.004 35 2| 2421 7.92
220 | Air Mag H24 | 0.008 25 2 43.75 4.74
221 | Air Mag H24 | 0.008 30 2| 41.29 6.86
222 | Air Mag H24 | 0.008 35 2 40.26 5.48
223 | Argon Mag H24 | 0.004 25 2 25.03 6.28
224 | Argon Mag H24 | 0.004 30 2 23.56 7.90
225 | Argon Mag H24 | 0.004 35 2| 23.63 7.18
226 | Argon Mag H24 | 0.008 25 2| 41.22 3.84
227 | Argon Mag H24 | 0.008 30 2| 39.21 6.81
228 | Argon Mag H24 | 0.008 35 2| 39.68 4.78
229 | Nitrogen | Mag H24 | 0.004 25 2| 2249 6.63
230 | Nitrogen | Mag H24 | 0.004 30 2 22.91 8.20
231 | Nitrogen | Mag H24 | 0.004 35 2| 24.06 7.24
232 | Nitrogen | Mag H24 | 0.008 25 2 39.04 4.13
233 | Nitrogen | Mag H24 | 0.008 30 2| 40.82 6.70
234 | Nitrogen | Mag H24 | 0.008 35 2 41.08 4.43
235 | Air 6061 TO| 0.004 25 2 72.34| 23.80
236 | Air 6061 TO| 0.004 30 2 64.51| 17.78
237 | Air 6061 TO| 0.004 35 2 52.13| 10.61
238 | Air 6061 TO | 0.008 25 2| 120.33| 34.53
239 | Air 6061 TO | 0.008 30 2| 97.82| 22.36
240 | Air 6061 TO | 0.008 35 2 9452 | 15.73
241 | Argon 6061 TO| 0.004 25 2 73.04| 23.41
242 | Argon 6061 TO| 0.004 30 2| 67.69| 1857
243 | Argon 6061 TO| 0.004 35 2 52.93| 11.39
244 | Argon 6061 TO| 0.008 25 2| 121.70| 36.69
245 | Argon 6061 TO | 0.008 30 2| 109.01| 25.80
246 | Argon 6061 TO | 0.008 35 2| 86.95| 11.15
247 | Nitrogen | 6061 TO | 0.004 25 2 70.62 | 20.87
248 | Nitrogen | 6061 TO| 0.004 30 2 69.07| 19.12
249 | Nitrogen | 6061 TO| 0.004 35 2| 56.56| 12.35
250 | Nitrogen | 6061 TO | 0.008 25 2| 118.76| 32.67
251 | Nitrogen | 6061 TO | 0.008 30 2| 115.72| 26.89
252 | Nitrogen | 6061 TO | 0.008 35 2 94.61| 16.55
253 | Air 6061 T4 | 0.004 25 2 49.08| 14.91
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Material Depth | Tool CfL(j)trt'::r:ag tfr(])rrlj:set
run Medium | Alloy | Condition of Cut | Angle Replicate (Ibs (Ibs

(Hardness) force) | force)

254 | Air 6061 T4 | 0.004 30 2| 51.66| 13.08
255 | Air 6061 T4 | 0.004 35 2 44.09 6.69
256 | Air 6061 T4 | 0.008 25 2| 95.69| 24.99
257 | Air 6061 T4 | 0.008 30 2 86.88 | 16.46
258 | Air 6061 T4 | 0.008 35 2| 81.84| 11.22
259 | Argon 6061 T4 | 0.004 25 2 52.07| 16.11
260 | Argon 6061 T4| 0.004 30 2 53.12| 13.48
261 | Argon 6061 T4 | 0.004 35 2| 4461 8.94
262 | Argon 6061 T4 | 0.008 25 2 97.03| 23.44
263 | Argon 6061 T4 | 0.008 30 2| 89.00| 15.93
264 | Argon 6061 T4 | 0.008 35 2 84.71| 11.42
265 | Nitrogen | 6061 T4 | 0.004 25 2| 50.26| 15.81
266 | Nitrogen | 6061 T4 | 0.004 30 2| 46.34| 12.32
267 | Nitrogen | 6061 T4 | 0.004 35 2 43.43 8.84
268 | Nitrogen | 6061 T4 | 0.008 25 2| 97.40| 2391
269 | Nitrogen | 6061 T4 | 0.008 30 2| 89.70| 15.39
270 | Nitrogen | 6061 T4 | 0.008 35 2| 8314| 1151
271 | Air 6061 T6 | 0.004 25 2 67.69| 15.58
272 | Air 6061 T6| 0.004 30 2| 69.35| 12.95
273 | Air 6061 T6| 0.004 35 2 60.27 7.06
274 | Air 6061 T6 | 0.008 25 2| 136.58| 27.47
275 | Air 6061 T6 | 0.008 30 2| 118.09| 11.32
276 | Air 6061 T6| 0.008 35 2 | 108.30 7.24
277 | Argon 6061 T6| 0.004 25 2 75.21| 17.96
278 | Argon 6061 T6| 0.004 30 2 69.46| 13.40
279 | Argon 6061 T6 | 0.004 35 2| 58.56 6.16
280 | Argon 6061 T6| 0.008 25 2| 129.95| 26.10
281 | Argon 6061 T6 | 0.008 30 2| 124.95| 17.75
282 | Argon 6061 T6 | 0.008 35 2| 109.12 8.48
283 | Nitrogen | 6061 T6 | 0.004 25 2 74.68| 17.13
284 | Nitrogen | 6061 T6 | 0.004 30 2| 6755| 12.68
285 | Nitrogen | 6061 T6 | 0.004 35 2 57.43 6.35
286 | Nitrogen | 6061 T6 | 0.008 25 2| 130.80| 26.00
287 | Nitrogen | 6061 T6 | 0.008 30 2| 126.82| 18.82
288 | Nitrogen | 6061 T6 | 0.008 35 2| 111.56 8.36
289 | Air 4130 22| 0.004 25 3| 185.88| 52.88
290 | Air 4130 22| 0.004 30 3| 193.31| 51.69
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Material Depth | Tool CfL(j)trt'::r:ag tfr(])rrlj:set
run Medium | Alloy | Condition of Cut | Angle Replicate (Ibs (Ibs

(Hardness) force) | force)

291 | Air 4130 22 | 0.004 35 3| 153.71| 35.01
292 | Air 4130 22| 0.008 25 3| 344.31| 98.30
293 | Air 4130 22 | 0.008 30 3| 333.45| 84.96
294 | Air 4130 22| 0.008 35 3| 294.08| 69.75
295 | Argon 4130 22 | 0.004 25 3| 201.83| 64.27
296 | Argon 4130 22| 0.004 30 3| 205.48| 63.65
297 | Argon 4130 22| 0.004 35 3| 164.63| 44.39
298 | Argon 4130 22 | 0.008 25 3| 369.61| 109.25
299 | Argon 4130 22 | 0.008 30 3| 341.26| 97.59
300 | Argon 4130 22 | 0.008 35 3| 299.30| 81.36
301 | Nitrogen | 4130 22 | 0.004 25 3| 200.51| 63.96
302 | Nitrogen | 4130 22 | 0.004 30 3| 196.78| 60.44
303 | Nitrogen | 4130 22 | 0.004 35 3| 182.36| 46.87
304 | Nitrogen | 4130 22 | 0.008 25 3| 350.15| 94.93
305 | Nitrogen | 4130 22 | 0.008 30 3| 356.13| 100.14
306 | Nitrogen | 4130 22 | 0.008 35 3| 320.00| 75.67
307 | Air 4130 32| 0.004 25 3| 219.08| 74.28
308 | Air 4130 32 | 0.004 30 3| 186.47| 52.59
309 | Air 4130 32| 0.004 35 3| 165.58| 35.65
310 | Air 4130 32 | 0.008 25 3| 384.71| 107.27
311 | Air 4130 32| 0.008 30 3| 359.24| 86.33
312 | Air 4130 32| 0.008 35 3| 323.01| 65.36
313 | Argon 4130 32| 0.004 25 3| 204.70| 77.09
314 | Argon 4130 32| 0.004 30 3| 227.03| 73.33
315 | Argon 4130 32| 0.004 35 3| 202.88| 56.91
316 | Argon 4130 32| 0.008 25 3| 389.18| 115.21
317 | Argon 4130 32| 0.008 30 3| 349.02| 89.67
318 | Argon 4130 32 | 0.008 35 3| 338.15| 77.30
319 | Nitrogen | 4130 32| 0.004 25 3| 226.17| 86.39
320 | Nitrogen | 4130 32| 0.004 30 3| 228.47| 76.48
321 | Nitrogen | 4130 32| 0.004 35 3| 189.14| 51.77
322 | Nitrogen | 4130 32| 0.008 25 3| 381.05| 111.11
323 | Nitrogen | 4130 32| 0.008 30 3| 346.54| 89.28
324 | Nitrogen | 4130 32| 0.008 35 3| 347.01| 86.60
325 | Air 4130 42 | 0.004 25 3| 188.52| 66.39
326 | Air 4130 42| 0.004 30 3| 193.85| 51.05
327 | Air 4130 42 | 0.004 35 3| 174.99| 38.38
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Material Depth | Tool CfL(j)trt'::r:ag tfr(])rrlj:set
run Medium | Alloy | Condition of Cut | Angle Replicate (Ibs (Ibs

(Hardness) force) | force)

328 | Air 4130 42 | 0.008 25 3| 389.29| 123.67
329 | Air 4130 42 | 0.008 30 3| 361.80| 88.95
330 | Air 4130 42 | 0.008 35 3| 344.80| 70.88
331 | Argon 4130 42| 0.004 25 3| 215.76| 89.70
332 | Argon 4130 42 | 0.004 30 3| 187.74| 60.39
333 | Argon 4130 42| 0.004 35 3| 213.94| 66.53
334 | Argon 4130 42 | 0.008 25 3| 415.87| 146.57
335 | Argon 4130 42 | 0.008 30 3| 369.39| 109.11
336 | Argon 4130 42 | 0.008 35 3| 363.31| 90.10
337 | Nitrogen | 4130 42 | 0.004 25 3| 226.99| 92.07
338 | Nitrogen | 4130 42 | 0.004 30 3| 200.74| 64.82
339 | Nitrogen | 4130 42 | 0.004 35 3| 195.06| 60.51
340 | Nitrogen | 4130 42 | 0.008 25 3| 410.00| 142.13
341 | Nitrogen | 4130 42 | 0.008 30 3| 369.36| 103.71
342 | Nitrogen | 4130 42 | 0.008 35 3| 352.15| 94.45
343 | Air Mag HO | 0.004 25 3 24.21 5.30
344 | Air Mag HO | 0.004 30 3| 23.66 4.70
345 | Air Mag HO| 0.004 35 3| 22.99 3.14
346 | Air Mag HO| 0.008 25 3| 38.01 3.00
347 | Air Mag HO | 0.008 30 3 37.95 1.67
348 | Air Mag HO| 0.008 35 3| 37.63 1.13
349 | Argon Mag HO | 0.004 25 3 24.22 3.90
350 | Argon Mag HO | 0.004 30 3| 2350 3.75
351 | Argon Mag HO | 0.004 35 3 26.13 1.85
352 | Argon Mag HO | 0.008 25 3 37.18 1.19
353 | Argon Mag HO| 0.008 30 3| 36.92 0.77
354 | Argon Mag HO | 0.008 35 3 36.60 0.46
355 | Nitrogen | Mag HO | 0.004 25 3 24.72 3.82
356 | Nitrogen | Mag HO | 0.004 30 3 23.12 4.10
357 | Nitrogen | Mag HO | 0.004 35 3| 25.30 2.19
358 | Nitrogen | Mag HO| 0.008 25 3| 37.11 1.15
359 | Nitrogen | Mag HO | 0.008 30 3 37.21 0.58
360 | Nitrogen | Mag HO | 0.008 35 3 36.61 0.37
361 | Air Mag H24 | 0.004 25 3 22.83 7.24
362 | Air Mag H24 | 0.004 30 3| 23.88 8.39
363 | Air Mag H24 | 0.004 35 3 26.46 7.64
364 | Air Mag H24 | 0.008 25 3 40.72 5.87
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Material Depth | Tool CfL(j)trt'::r:ag tfr(])rrlj:set
run Medium | Alloy | Condition of Cut | Angle Replicate (Ibs (Ibs

(Hardness) force) | force)

365 | Air Mag H24 | 0.008 30 3| 40.76 7.67
366 | Air Mag H24 | 0.008 35 3 40.63 5.71
367 | Argon Mag H24 | 0.004 25 3 24.43 6.43
368 | Argon Mag H24 | 0.004 30 3 23.96 7.98
369 | Argon Mag H24 | 0.004 35 3 26.17 6.94
370 | Argon Mag H24 | 0.008 25 3 37.74 4.45
371 | Argon Mag H24 | 0.008 30 3 41.36 6.87
372 | Argon Mag H24 | 0.008 35 3 39.61 4.65
373 | Nitrogen | Mag H24 | 0.004 25 3 25.54 6.42
374 | Nitrogen | Mag H24 | 0.004 30 3| 2455 8.13
375 | Nitrogen | Mag H24 | 0.004 35 3 24.91 7.34
376 | Nitrogen | Mag H24 | 0.008 25 3| 40.63 4.10
377 | Nitrogen | Mag H24 | 0.008 30 3| 40.50 6.69
378 | Nitrogen | Mag H24 | 0.008 35 3| 41.19 4.70
379 | Air 6061 TO| 0.004 25 3| 71.19| 23.99
380 | Air 6061 TO| 0.004 30 3| 67.87| 18.82
381 | Air 6061 TO| 0.004 35 3| 54.08| 12.03
382 | Air 6061 TO| 0.008 25 3| 116.72| 35.33
383 | Air 6061 TO| 0.008 30 3| 111.01| 25.02
384 | Air 6061 TO | 0.008 35 3 91.12| 17.17
385 | Argon 6061 TO| 0.004 25 3| 69.87| 22.20
386 | Argon 6061 TO| 0.004 30 3 66.64 | 18.72
387 | Argon 6061 TO| 0.004 35 3| 56.60| 11.69
388 | Argon 6061 TO | 0.008 25 3| 113.87| 32.64
389 | Argon 6061 TO | 0.008 30 3| 113.48| 2551
390 | Argon 6061 TO| 0.008 35 3| 87.21| 1531
391 | Nitrogen | 6061 TO| 0.004 25 3 71.62| 23.22
392 | Nitrogen | 6061 TO| 0.004 30 3| 64.16| 18.08
393 | Nitrogen | 6061 TO| 0.004 35 3 59.80| 13.10
394 | Nitrogen | 6061 TO | 0.008 25 3| 119.85| 34.89
395 | Nitrogen | 6061 TO| 0.008 30 3| 112.97| 26.66
396 | Nitrogen | 6061 TO | 0.008 35 3 94.61| 16.02
397 | Air 6061 T4 | 0.004 25 3 52.30| 16.07
398 | Air 6061 T4| 0.004 30 3 49.40| 13.14
399 | Air 6061 T4 | 0.004 35 3| 43.08 8.93
400 | Air 6061 T4 | 0.008 25 3 96.46 | 24.63
401 | Air 6061 T4 | 0.008 30 3 91.32| 16.73
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Material Depth | Tool CfL(j)trt'::r:ag tfr(])rrlj:set
run Medium | Alloy | Condition of Cut | Angle Replicate (Ibs (Ibs

(Hardness) force) | force)

402 | Air 6061 T4 | 0.008 35 3| 8243| 11.79
403 | Argon 6061 T4 | 0.004 25 3 51.47| 15.88
404 | Argon 6061 T4 | 0.004 30 3| 47.23| 1250
405 | Argon 6061 T4 | 0.004 35 3 45.27 7.02
406 | Argon 6061 T4 | 0.008 25 3| 88.17| 22.28
407 | Argon 6061 T4 | 0.008 30 3 85.80| 15.71
408 | Argon 6061 T4 | 0.008 35 3 81.81| 11.53
409 | Nitrogen | 6061 T4 | 0.004 25 3| 53.37| 16.25
410 | Nitrogen | 6061 T4 | 0.004 30 3| 51.37| 12.86
411 | Nitrogen | 6061 T4 | 0.004 35 3 45.69 9.47
412 | Nitrogen | 6061 T4 | 0.008 25 3| 101.26| 24.76
413 | Nitrogen | 6061 T4 | 0.008 30 3| 86.87| 15.44
414 | Nitrogen | 6061 T4 | 0.008 35 3 81.74| 11.92
415 | Air 6061 T6 | 0.004 25 3 73.45| 17.40
416 | Air 6061 T6 | 0.004 30 3| 68.95| 13.32
417 | Air 6061 T6| 0.004 35 3| 55.16 6.70
418 | Air 6061 T6 | 0.008 25 3| 136.80| 27.46
419 | Air 6061 T6 | 0.008 30 3| 119.23| 17.51
420 | Air 6061 T6 | 0.008 35 3| 112.17 8.19
421 | Argon 6061 T6| 0.004 25 3 77.72| 18.23
422 | Argon 6061 T6 | 0.004 30 3| 68.49| 12.00
423 | Argon 6061 T6| 0.004 35 3 57.99 6.66
424 | Argon 6061 T6| 0.008 25 3| 135.83| 27.26
425 | Argon 6061 T6 | 0.008 30 3| 125.86| 18.53
426 | Argon 6061 T6 | 0.008 35 3| 113.52 9.00
427 | Nitrogen | 6061 T6 | 0.004 25 3 73.40| 17.08
428 | Nitrogen | 6061 T6 | 0.004 30 3 69.84| 13.26
429 | Nitrogen | 6061 T6 | 0.004 35 3| 60.01 6.78
430 | Nitrogen | 6061 T6 | 0.008 25 3| 136.93| 27.12
431 | Nitrogen | 6061 T6 | 0.008 30 3| 127.60| 18.55
432 | Nitrogen | 6061 T6 | 0.008 35 3| 111.69 9.15
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measured

run Resultant shear Psi (measured| Friction Force| Normal Force
(Ibs force) | angle degrees) (Newtons) (Newtons)
(degrees)

1 202.0 21.3 35.5 578.8 687.2
2 187.6 24.9 384 589.4 590.5
3 142.2 26.4 35.5 471.6 421.4
4 347.1 21.9 39.0 967.8 1203.1
5 346.7 20.1 40.7 1075.8 1104.8
6 279.2 30.8 29.8 925.0 828.7
7 208.3 20.1 36.7 628.9 680.3
8 209.7 25.0 39.5 682.2 636.3
9 173.2 26.8 33.2 586.9 498.8
10 381.6 23.4 33.2 1118.8 1276.8
11 394.5 21.6 36.1 1257.3 1223.9
12 311.6 27.3 30.9 1051.6 903.2
13 205.2 25.9 24.1 612.2 677.2
14 219.9 25.6 30.4 717.1 665.3
15 182.3 33.7 27.5 618.9 524.3
16 385.1 23.5 22.9 1156.8 1263.4
17 363.8 24.6 29.8 1152.7 1136.0
18 337.7 275 28.6 1143.9 973.6
19 223.2 27.1 41.3 688.2 715.8
20 191.0 25.1 40.7 607.4 593.7
21 176.2 29.7 35.0 580.3 526.9
22 390.1 25.7 36.1 1121.6 1323.9
23 371.7 30.5 32.7 1125.6 1211.4
24 338.0 28.8 33.8 1088.8 1037.1
25 227.2 21.0 28.1 717.7 711.8
26 232.2 24.5 32.7 772.5 685.9
27 198.3 27.5 29.8 685.3 555.3
28 397.6 26.0 28.1 1146.3 1346.8
29 398.6 25.1 37.8 1263.7 1243.4
30 343.5 31.7 33.8 1128.8 1030.1
31 249.8 21.8 27.5 794.6 776.9
32 231.8 19.3 32.7 776.3 678.8
33 201.5 28.4 39.5 692.1 569.5
34 410.0 28.5 32.1 1189.5 1382.7
35 418.4 24.8 35.5 1333.5 1298.1
36 338.3 25.9 30.9 1113.4 1012.1
37 221.6 29.8 35.5 669.9 722.9
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measured

run Resultant shear Psi (measured| Friction Force| Normal Force
(Ibs force) | angle degrees) (Newtons) (Newtons)
(degrees)
38 198.8 20.5 29.8 621.1 629.4
39 177.7 34.1 29.8 577.8 539.4
40 429.4 28.6 32.1 1287.1 1411.1
41 392.6 28.0 29.2 1200.5 1268.5
42 350.6 29.5 24.6 1170.8 1030.4
43 244.9 27.8 32.7 796.5 743.3
44 196.0 30.0 23.5 636.0 596.6
45 197.1 36.6 33.2 692.1 538.0
46 412.6 27.9 35.0 1256.7 1337.8
47 393.8 255 29.8 1239.3 1237.8
48 352.4 27.3 25.8 1169.0 1044.1
49 2447 29.1 40.1 794.9 743.5
50 217.7 26.3 31.5 725.2 641.5
51 203.3 354 22.3 702.9 568.9
52 440.8 32.6 30.4 1361.5 1411.1
53 375.5 28.6 24.1 1182.2 1179.7
54 375.1 25.3 22.3 1283.8 1065.7
55 25.5 53.0 2.0 66.6 91.9
56 26.1 50.2 9.9 89.6 73.8
57 27.2 47.8 7.3 74.6 95.0
58 39.3 54.6 -0.5 82.0 154.6
59 39.9 51.0 3.5 91.2 152.1
60 39.1 51.7 3.7 98.4 143.6
61 23.9 45.7 12.2 61.5 86.8
62 23.9 52.0 8.0 68.5 81.5
63 26.3 51.9 -0.7 72.0 92.1
64 38.1 53.6 -3.4 76.1 151.2
65 36.7 49.7 -4.9 83.5 140.1
66 37.6 52.2 1.5 95.9 137.2
67 24.4 51.1 3.2 61.3 89.7
68 23.7 44.4 -19.7 66.7 81.6
69 25.8 47.4 -0.8 74.0 87.7
70 37.6 50.5 -1.6 77.8 148.1
71 38.3 54.0 -4.7 88.0 146.0
72 37.6 54.2 -4.5 97.2 136.2
73 25.7 58.1 11.6 74.3 87.0
74 24.6 50.8 -0.7 82.7 71.4
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measured

run Resultant shear Psi (measured| Friction Force| Normal Force
(Ibs force) | angle degrees) (Newtons) (Newtons)
(degrees)
75 24.8 53.3 -1.9 88.7 65.8
76 42.0 61.6 3.9 97.8 159.1
77 43.1 58.7 4.3 116.1 152.5
78 43.0 62.4 2.5 125.7 144.3
79 23.3 65.6 -3.9 69.2 77.1
80 25.1 58.1 -7.0 83.4 74.3
81 25.6 50.6 -9.7 88.9 71.4
82 39.5 59.7 0.3 89.8 151.2
83 40.6 61.3 -1.7 113.8 140.4
84 39.8 62.7 1.1 117.7 132.0
85 24.8 58.9 -8.5 70.8 84.8
86 254 57.6 -0.5 84.1 75.5
87 25.9 58.3 1.2 90.7 71.0
88 39.6 59.6 0.9 91.2 150.6
89 42.2 62.4 1.4 118.4 145.5
90 40.4 62.1 -1.5 121.1 132.9
91 69.5 15.1 35.5 206.5 229.9
92 63.5 14.9 44.1 197.8 201.8
93 52.8 17.0 37.8 173.8 158.2
94 1155 15.6 48.7 336.7 387.9
95 91.1 18.5 44.1 255.0 314.8
96 90.8 20.5 43.0 287.0 284.0
97 74.8 17.4 41.8 226.4 243.7
98 65.8 16.6 44.1 208.6 205.4
99 54.9 20.5 39.5 179.0 166.0
100 124.6 17.0 43.0 369.5 412.9
101 102.4 18.4 47.0 310.3 333.2
102 96.4 18.6 40.1 305.5 300.7
103 73.2 18.8 43.5 220.0 240.1
104 67.8 19.0 42.4 215.7 210.7
105 53.4 18.1 39.5 176.1 159.4
106 121.3 17.3 40.7 354.4 406.8
107 110.2 17.9 44.1 334.8 357.9
108 96.1 22.2 44.7 302.6 302.0
109 55.9 40.1 21.8 160.9 189.8
110 54.6 38.4 22.9 168.5 174.9
111 44.1 40.4 30.9 136.6 140.6
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measured

run Resultant shear Psi (measured| Friction Force| Normal Force
(Ibs force) | angle degrees) (Newtons) (Newtons)
(degrees)
112 89.0 30.0 32.7 249.6 307.3
113 85.0 26.4 30.4 246.8 286.6
114 76.8 34.0 30.9 232.6 249.9
115 54.4 30.1 33.2 159.6 182.1
116 48.8 29.0 37.8 152.9 154.4
117 44.0 30.7 30.9 142.2 134.7
118 101.0 26.9 35.0 271.8 357.5
119 90.3 31.8 33.8 258.0 307.7
120 82.9 31.2 32.7 251.4 269.9
121 57.4 34.9 36.1 171.7 188.7
122 514 26.0 32.7 160.1 163.5
123 445 31.2 35.0 142.0 138.2
124 100.5 27.4 30.9 281.9 347.2
125 88.0 26.8 36.1 251.7 300.0
126 83.1 29.1 32.7 250.8 271.7
127 75.2 21.5 36.7 205.4 264.3
128 66.5 25.5 36.7 186.3 229.9
129 62.8 28.5 37.8 183.1 211.1
130 125.1 22.9 39.5 333.1 445.8
131 113.1 24.8 384 309.2 396.6
132 104.2 28.6 35.0 291.7 360.0
133 77.4 18.5 35.5 212.9 270.4
134 70.2 23.3 35.0 202.9 237.2
135 65.5 26.6 35.5 191.1 220.0
136 141.5 22.7 30.9 362.0 515.0
137 123.6 23.1 35.5 327.7 441.2
138 110.8 26.7 35.0 314.1 380.0
139 73.9 21.0 32.7 198.1 262.4
140 70.7 25.3 37.8 204.3 238.9
141 62.7 29.7 36.7 183.5 209.9
142 128.6 24.1 34.4 338.6 461.3
143 128.3 24.3 35.5 353.3 448.0
144 110.5 27.6 32.1 310.8 380.8
145 196.4 22.0 33.8 573.2 659.3
146 194.9 24.9 32.7 609.7 616.6
147 160.5 30.4 34.4 527.9 480.6
148 357.4 23.5 384 1027.7 1213.0
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measured

run Resultant shear Psi (measured| Friction Force| Normal Force
(Ibs force) | angle degrees) (Newtons) (Newtons)
(degrees)
149 333.9 24.9 35.5 1036.9 1063.2
150 303.5 32.3 36.1 1004.8 901.8
151 224.0 20.6 37.8 669.1 738.3
152 209.5 26.3 39.0 688.3 628.1
153 183.7 32.1 31.5 625.3 525.8
154 377.2 24.2 15.5 1105.0 1262.7
155 365.6 18.8 33.2 1160.3 1139.7
156 328.5 26.6 30.9 1101.5 960.3
157 206.7 23.6 23.5 622.9 676.5
158 219.1 26.8 30.9 717.1 659.9
159 172.2 28.6 25.8 590.7 487.3
160 399.3 25.5 22.3 1180.5 1327.1
161 382.3 20.6 31.5 1214.5 1190.6
162 320.5 30.7 32.1 1050.3 964.3
163 225.0 27.6 39.0 695.7 719.7
164 200.1 30.9 33.8 629.1 629.8
165 172.2 32.2 37.2 567.2 514.9
166 426.4 24.9 37.8 1278.9 1401.0
167 362.8 29.3 28.1 1124.2 1157.6
168 319.2 27.1 35.5 1030.0 977.1
169 229.7 20.2 29.8 717.9 727.0
170 245.8 24.0 34.4 814.4 729.8
171 201.7 26.0 30.9 691.4 571.5
172 393.2 27.7 33.2 1135.2 1330.4
173 377.2 29.4 29.2 1177.2 1195.3
174 345.2 28.9 26.9 1139.5 1029.0
175 297.7 23.7 29.8 952.1 920.4
176 245.7 24.5 35.0 809.3 734.4
177 196.8 24.0 40.7 677.7 554.3
178 398.2 22.5 37.8 1166.3 1332.9
179 408.7 25.7 40.1 1282.5 1288.6
180 347.6 27.8 35.0 1130.1 1055.4
181 220.3 30.4 24.1 665.4 719.2
182 180.8 21.2 28.1 571.3 566.1
183 165.5 31.0 29.2 540.3 500.1
184 412.3 32.3 30.4 1247.9 1344.2
185 367.8 29.3 34.4 1132.8 1180.1
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measured

run Resultant shear Psi (measured| Friction Force| Normal Force
(Ibsforce) angle degrees) (Newtons) (Newtons)
(degrees)
186 359.0 335 29.8 1151.0 1106.7
187 264.2 27.5 35.0 866.5 794.0
188 210.3 30.7 26.9 681.6 640.5
189 218.3 34.9 26.4 773.7 586.7
190 438.6 28.8 32.1 1347.9 1410.8
191 366.8 28.2 37.2 1168.7 1138.4
192 364.4 28.3 21.8 1215.0 1073.2
193 234.8 27.1 30.9 754.1 722.8
194 207.0 30.0 35.5 690.6 608.7
195 188.8 35.8 19.5 664.2 513.8
196 426.1 28.7 23.5 1338.8 1341.9
197 379.3 26.4 26.9 1197.4 1188.4
198 386.9 28.2 30.9 1324.4 1099.3
199 26.0 53.5 -0.6 68.4 93.5
200 26.8 47.3 2.8 92.7 75.2
201 24.5 51.5 -14 71.8 81.9
202 39.6 51.0 5.6 84.3 154.6
203 38.6 53.1 1.7 91.7 145.1
204 38.5 52.8 2.6 100.1 139.0
205 24.2 45.7 3.6 60.8 89.1
206 25.4 47.1 5.9 70.0 88.7
207 25.3 50.6 -0.6 72.1 86.6
208 39.4 51.8 -2.1 78.3 157.0
209 38.7 55.3 -3.2 86.3 148.8
210 38.8 50.6 3.7 98.6 141.4
211 24.0 50.1 2.7 60.6 88.1
212 25.2 52.9 -0.7 70.0 87.4
213 25,5 45.0 -4.0 72.9 86.6
214 39.3 54.1 2.1 77.9 156.4
215 38.3 52.9 -5.3 86.6 146.5
216 38.3 56.1 0.5 97.7 139.5
217 25.1 55.4 -20.2 75.5 82.3
218 26.6 55.1 7.2 87.4 79.8
219 25.5 56.9 7.0 90.6 68.0
220 44.0 60.7 -2.0 101.4 167.4
221 41.9 60.7 -3.2 118.3 143.8
222 40.6 65.7 1.9 122.7 132.7
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measured

run Resultant shear Psi (measured| Friction Force| Normal Force
(Ibs force) | angle degrees) (Newtons) (Newtons)
(degrees)
223 25.8 64.8 -1.2 72.4 89.1
224 24.8 57.9 0.8 82.8 73.2
225 24.7 49.7 7.5 86.4 67.8
226 41.4 63.2 -4.3 93.0 159.0
227 39.8 60.4 -0.4 113.5 135.9
228 40.0 58.1 -1.7 118.7 132.4
229 23.4 59.4 7.3 69.0 78.2
230 24.3 58.7 -1.2 82.6 70.0
231 25.1 56.6 4.4 87.8 69.2
232 39.3 59.0 0.8 90.1 149.6
233 41.4 62.0 -0.5 116.6 142.3
234 41.3 62.0 1.2 121.0 138.4
235 76.2 11.9 44.7 231.9 246.9
236 66.9 22.1 41.8 212.0 209.0
237 53.2 16.8 44.1 171.7 162.9
238 125.2 13.6 47.0 365.4 420.2
239 100.3 18.7 47.6 303.7 327.1
240 95.8 19.8 47.0 298.5 304.3
241 76.7 16.4 39.5 231.7 250.4
242 70.2 18.0 42.4 222.1 219.4
243 54.1 21.9 38.4 176.6 163.8
244 127.1 19.8 45.8 376.7 421.7
245 112.0 16.5 45.8 341.9 362.6
246 87.7 22.3 39.0 262.5 288.4
247 73.6 17.6 44.1 216.9 245.5
248 71.7 20.4 39.5 227.3 223.6
249 57.9 19.4 41.8 189.3 174.6
250 123.2 15.6 43.0 355.0 417.4
251 118.8 17.0 41.8 361.0 386.0
252 96.0 18.5 41.8 301.7 302.5
253 51.3 31.2 25.2 152.4 169.8
254 53.3 36.0 30.4 165.3 169.9
255 44.6 325 29.8 136.9 143.6
256 98.9 26.7 34.4 280.6 338.8
257 88.4 32.8 35.5 256.6 298.1
258 82.6 31.9 30.4 249.7 269.6
259 54.5 30.3 35.0 162.8 179.6
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measured

run Resultant shear Psi (measured| Friction Force| Normal Force
(Ibs force) | angle degrees) (Newtons) (Newtons)
(degrees)
260 54.8 32.1 29.2 170.1 174.6
261 45.5 29.5 344 146.4 139.7
262 99.8 25.3 31.5 276.9 347.1
263 90.4 28.3 30.9 259.3 307.4
264 85.5 29.0 29.8 257.7 279.5
265 52.7 30.8 35.0 158.2 172.9
266 48.0 30.4 344 150.5 151.1
267 44.3 30.6 31.5 143.0 135.7
268 100.3 28.6 37.8 279.5 347.7
269 91.0 29.1 30.4 258.8 311.3
270 83.9 31.4 30.9 254.0 273.6
271 69.5 21.1 39.0 190.1 243.6
272 70.5 23.0 29.2 204.1 238.3
273 60.7 29.3 34.4 179.5 201.6
274 139.3 24.8 30.4 367.5 499.0
275 118.6 26.2 30.9 306.2 429.7
276 108.5 28.5 36.7 302.7 376.2
277 77.3 20.6 31.5 213.8 269.4
278 70.7 24.4 31.5 206.1 237.8
279 58.9 25.4 30.4 171.8 197.7
280 132.5 23.8 39.5 349.5 474.8
281 126.2 28.6 33.2 346.3 441.9
282 109.5 28.7 36.7 309.3 376.0
283 76.6 23.6 30.9 209.5 268.8
284 68.7 26.8 33.8 199.1 232.0
285 57.8 26.4 39.5 169.7 193.1
286 133.4 23.7 33.2 350.7 478.4
287 128.2 27.6 33.2 354.6 446.7
288 111.9 28.9 30.4 315.1 385.2
289 193.3 19.7 40.7 562.6 649.9
290 200.1 33.1 26.4 629.1 629.7
291 157.6 25.9 35.5 519.8 470.8
292 358.1 18.8 39.5 1043.6 1203.3
293 344.1 25.2 31.5 1068.9 1095.6
294 302.2 33.7 33.2 1004.5 893.6
295 211.8 21.4 39.0 638.5 692.9
296 215.1 22.6 35.5 702.2 650.0
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measured

run Resultant shear Psi (measured| Friction Force| Normal Force
(Ibs force) | angle degrees) (Newtons) (Newtons)
(degrees)
297 170.5 31.4 39.5 581.8 486.6
298 3854 22.1 21.2 1135.3 1284.7
299 354.9 22.1 33.2 1134.9 1097.6
300 310.2 27.1 32.1 1060.1 883.0
301 210.5 24.0 27.5 634.8 688.1
302 205.8 27.0 29.8 670.5 623.6
303 188.3 32.5 22.3 636.1 544.9
304 362.8 20.0 27.5 1040.9 1233.2
305 369.9 20.1 27.5 1177.9 1149.2
306 328.8 28.1 29.2 1092.2 972.9
307 231.3 26.2 40.1 711.3 743.6
308 193.7 26.3 33.2 617.3 601.4
309 169.4 31.4 35.0 552.4 512.4
310 399.4 26.1 33.8 1155.7 1349.3
311 369.5 29.4 33.2 1131.6 1191.9
312 329.6 31.6 34.4 1062.3 1010.2
313 218.7 19.2 32.1 695.6 680.3
314 238.6 26.3 37.8 787.4 711.5
315 210.7 25.4 344 725.0 594.1
316 405.9 26.6 34.4 1196.1 1352.4
317 360.4 25.0 304 1121.7 1145.1
318 346.9 29.2 31.5 1144.4 1034.9
319 242.1 22.8 344 773.5 749.4
320 240.9 28.6 36.1 802.8 710.0
321 196.1 24.9 27.5 671.2 557.1
322 396.9 27.7 28.1 1164.3 1327.3
323 357.9 24.9 36.7 1114.7 1136.4
324 357.7 26.8 33.2 1200.9 1043.5
325 199.9 27.7 25.8 622.0 635.2
326 200.5 21.0 27.5 627.8 633.2
327 179.1 315 25.2 586.3 539.7
328 408.5 31.8 35.5 1230.4 1336.9
329 372.6 30.0 25.8 1147.4 1195.9
330 352.0 29.8 23.5 1138.0 1075.5
331 233.7 28.8 53.9 767.2 701.2
332 197.2 27.0 36.1 650.2 588.9
333 224.0 34.6 33.2 788.3 609.8
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measured

run Resultant shear Psi (measured| Friction Force| Normal Force
(Ibs force) | angle degrees) (Newtons) (Newtons)
(degrees)
334 440.9 22.8 19.5 1372.7 1401.0
335 385.2 24.9 35.0 1241.9 1180.3
336 374.3 29.9 26.9 1255.2 1093.9
337 2449 26.8 32.1 797.9 742.0
338 210.9 28.4 38.4 696.2 629.1
339 204.2 32.8 29.2 718.2 556.4
340 433.9 34.8 24.6 1343.8 1385.7
341 383.6 25.6 26.4 1221.0 1192.2
342 364.6 31.8 32.1 1242.6 1042.2
343 24.8 51.2 -0.2 66.9 87.6
344 24.1 51.7 -0.1 70.7 80.7
345 23.2 50.0 7.6 70.1 75.8
346 38.1 52.4 1.9 83.5 147.6
347 38.0 53.5 3.6 90.8 142.5
348 37.6 51.8 -5.5 100.1 134.2
349 24.5 49.8 1.4 61.3 90.3
350 23.8 47.5 3.2 66.7 82.2
351 26.2 47.9 -3.4 73.4 90.5
352 37.2 52.5 -1.6 74.7 147.7
353 36.9 56.2 -2.0 85.1 140.5
354 36.6 49.4 -0.5 95.1 132.2
355 25.0 50.3 -2.9 61.9 92.5
356 23.5 46.3 -8.3 67.2 80.0
357 25.4 46.7 -2.4 72.5 86.6
358 37.1 52.4 -5.8 74.4 147.5
359 37.2 52.6 -7.8 85.0 142.0
360 36.6 54.9 -1.3 94.8 132.4
361 23.9 50.0 -6.8 72.1 78.4
362 25.3 53.6 -3.5 85.4 73.3
363 27.5 54.1 8.2 95.4 76.9
364 41.1 60.2 -0.5 100.2 153.1
365 41.5 61.3 3.5 120.2 140.0
366 41.0 60.4 6.4 124.5 133.5
367 25.3 58.8 -4.5 71.8 86.4
368 25.3 60.5 3.0 84.1 74.6
369 27.1 55.3 -2.5 92.0 77.6
370 38.0 60.2 -1.0 88.9 143.8
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measured

run Resultant shear Psi (measured| Friction Force| Normal Force
(Ibs force) | angle degrees) (Newtons) (Newtons)
(degrees)
371 41.9 59.4 -2.3 118.4 144.1
372 39.9 60.2 4.5 118.0 132.5
373 26.3 61.0 -1.7 73.9 90.9
374 25.9 61.5 -1.3 85.9 76.5
375 26.0 54.3 -0.5 90.3 72.0
376 40.8 60.3 0.3 92.9 156.1
377 41.0 59.4 -0.7 115.8 141.1
378 41.5 61.3 4.0 122.2 138.1
379 75.1 10.5 47.0 230.6 241.9
380 70.4 22.2 39.5 223.5 219.6
381 55.4 17.3 45.8 181.8 166.3
382 121.9 12.0 45.3 361.9 404.1
383 113.8 20.1 45.3 343.3 372.0
384 92.7 16.7 37.8 295.0 288.2
385 73.3 13.1 39.0 220.9 239.9
386 69.2 21.8 36.7 220.3 215.1
387 57.8 23.0 42.4 187.0 176.4
388 118.5 16.9 45.3 345.6 397.7
389 116.3 17.0 44.1 350.6 380.4
390 88.5 17.9 41.8 278.3 278.7
391 75.3 14.0 41.3 228.3 245.1
392 66.7 20.3 45.3 212.4 207.0
393 61.2 22.9 42.4 200.3 184.5
394 124.8 15.9 39.0 365.9 417.6
395 116.1 18.9 39.5 354.0 375.9
396 96.0 22.6 40.1 299.8 303.8
397 54.7 40.5 20.1 163.1 180.6
398 51.1 41.6 21.2 160.5 161.1
399 44.0 38.6 33.2 142.4 134.2
400 99.6 30.2 31.5 280.6 342.6
401 92.8 36.0 33.2 267.5 314.6
402 83.3 32.1 34.4 253.3 270.3
403 53.9 31.2 30.9 160.8 177.6
404 48.9 29.0 30.4 153.2 154.1
405 45.8 31.7 33.2 141.1 147.0
406 90.9 28.1 30.9 255.6 313.6
407 87.2 31.4 30.4 251.3 295.6
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measured

run Resultant shear Psi (measured| Friction Force| Normal Force
(Ibs force) | angle degrees) (Newtons) (Newtons)
(degrees)
408 82.6 34.6 38.4 250.7 268.7
409 55.8 28.4 33.8 165.8 184.6
410 53.0 31.6 266.4 163.8 169.3
411 46.7 34.8 33.2 151.1 142.3
412 104.2 29.0 39.0 290.2 361.7
413 88.2 28.4 35.5 252.7 300.3
414 82.6 31.0 29.8 252.0 267.4
415 75.5 19.0 35.0 208.2 263.4
416 70.2 21.2 33.2 204.7 236.0
417 55.6 28.6 31.5 165.1 183.9
418 139.5 22.2 34.4 367.9 499.9
419 120.5 25.1 37.8 332.6 420.4
420 112.5 23.6 33.2 316.0 387.8
421 79.8 20.9 38.4 219.6 279.1
422 69.5 23.1 36.7 198.6 237.2
423 58.4 31.8 33.8 172.2 194.3
424 138.5 19.8 37.8 365.3 496.4
425 127.2 24.4 33.8 351.3 443.6
426 113.9 27.6 34.4 322.4 390.7
427 75.4 21.1 37.2 206.9 263.8
428 71.1 25.8 37.8 206.4 239.6
429 60.4 28.5 39.0 177.8 201.4
430 139.6 225 31.5 366.7 501.0
431 128.9 25.5 35.0 355.2 450.3
432 112.1 24.0 34.4 318.3 383.6
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AppendixD

Calculated Values

Beta Shear Area, | Shear Area, | shear Stress T Shear Stress,

un | Gegrees) As '(\:'nirg)ham As(i:llfl\szk)mu Merchant Ts Vishnu
(Mpa) (MPa)

1| 404 0000880017 0.000712921 1023.0 5840
2 44.9 0.001082605| 0.001886242 881.3 178.1
s| 82| 0.00080213) 0.000952629 56,0 2539
4| agg| 0002209448 0.00171359 620.9 2474
5| 44| 0.001884624] 0.001399652 8765 2639
s | 4g1| 0001533822 0.001365286 2406 3496
7 427 0.002019703| 0.001597725 602.4 228.8
6| 470] 0001020059 0.001506541 978.6 2160
o| 40| 0:000887799 0.001350358 6837 196.8
10| 41| 0002172895 0.001571608 8765 2692
11| asg| 000271451 0.002279649 96,1 203 2
12 49.3 0.001751531| 0.001501884 802.3 325.7
13| 421 | 0001628345 0.001410352 118 266.2
14 471 0.001414522| 0.002164938 846.5 155.8
15 497 0.000815094| 0.001262406 9375 220.1
16| 425 | 0002313431 0.001728226 638 1 398.2
17 45.4 0.001779653| 0.001649482 913.4 3829
18| 496 0001793878 0.001508831 8604 2445
19 43.9 0.001071952| 0.001226581 980.7 2056
20| 457 0-001230582 0.001187126 6216 708
21| 47g| 0000669039 0.000636738 8626 2855
22 403 0.001488708| 0.000724198 960.3 1100.0
23| 49| 0001758965 0.001747281 0776 2314
24 46.4 0.001711074| 0.001676549 920.5 385.7
o5 | 45| 0-001085169] 0.001053915 967 8 3157
26 48.4 0.00129321| 0.001169343 929.7 275.4
27 51.0 0.000818781| 0.000794005 982.0 3438
28 | 404 | 0001649629 0.001553648 998.5 187
29 455 0.002175028| 0.002016531 922.9 3420
30| 47| 0.00183676] 0.001792917 897 4 3393
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Beta :Shﬁ/laer r?t:(;i’t S:seil/rispr\wrri?l Shear Stress T§  Shear Stress,
run Merchant Ts Vishnu

(degrees)| (inr2) (in"2) (Mpa) (MPa)
31 45.6 0.001124057| 0.001247626 10395 283.6
32 488 0.000911636| 0.000870952 1069.8 3554
33 50.5 0.000826659 0.000771283 1008.7 373.0
24 407 | 0-001759286 0.001640088 10186 498.1
35 458 0.002154263| 0.001878888 968.5 3773
36 47 7| 0001556934 0.001397544 899.9 405 5
37 428 0.000851997| 0.000913259 1072.6 423.9
38 44.6 0.001001011f 0.000870361 081.8 417.7
20 470 | 0-000746862] 0.000726123 978.6 4518
20 424 | 0001687257 0.001571718 1050.7 4916
N 43.4 | 0-001857362 0.001824261 10205 4734
42 487 | 0-001664016/ 0.001355193 932.4 4970
43 47.0 0.000786211| 0.000743267 1044.3 414.7
14 46.8 | 0-000856511 0.000813378 970.3 378.5
45 521 0.00069668| 0.000626805 906.5 389.8
46 43 | 0.001657951 0.001480582 989.4 4743
47 450 | 0-001654769 0.001598123 10170 438.7
18 48 | 0-001692565 0.001459749 942.8 4102
29 46.9 | 0-000832447| 0.000802561 1064.6 386.3
50 485 0.000746033| 0.000753166 1006.7 397.0
1 510 | 0-000767696 0.000750741 1019.3 3718
0 44.0| 0001594034 0.001587347 10307 1478
53 451 0.001770643| 0.001631502 959.6 409.0
” 50 3| 0002158342 0.002065478 8828 264.6
55 359 0.000646251| 0.000732912 124.7 883
6 £o.5 | 0.000588277| 0.000629535 18 470
57 381 0.000605019| 0.000712986 153.7 108.4
58 27.9 0.001338799 0.00157646 123.8 84.9
co 309 | 0-001266187 0.001425353 126, 93.7
60 34.4 0.001263547| 0.001400761 128.7 90.7
o1 35 3 | 0.000574982 0.000511749 26.6 1215
62 401 0.000600007| 0.000708894 103.4 79.4
63 380 | 0-000671361 0.00076652 1654 979
o4 67| 0.00140288] 0.001683295 1248 708
65 308 0.001438612| 0.001568668 1227 78.7
o6 35 0| 0001300557 0.001491318 1246 204
67 34.4 0.000635752| 0.000725054 122.8 913
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Beta :Shﬁ/laer r?t:(;i’t S:seil/rispr\wrri?l Shear Stress T§  Shear Stress,
run Merchant Ts Vishnu

(degrees)| (inr2) (in"2) (Mpa) (MPa)
68 39.2 0.001013507| 0.001362641 124.7 425
69 40.2 0.000672502| 0.000880934 154.6 76.7
70 27.7 0.00136264| 0.001543836 120.0 83.5
1 311 | 0001434561 0.001838157 1275 695
72 355 0.00142864| 0.001844311 126.4 63.8
23 405 | 0-000562764] 0.00051104 38,3 10L5
74 492 0.000632854| 0.000600449 718 529
75 535 0.000642299| 0.000654417 80.1 411
26 316 | 0001202698 0.001152352 96.3 1098
- 373 | 0.001197827] 0.001223054 947 93.8
28 411 0001220039 0.001352121 1045 801
29 419 | 0:000659733 0.000768459 g7 5 56 1
80 48.3 0.000689773| 0.000841648 97.1 416
a1 51 o | 0.000719855 0.000743223 1134 164
82 30.7 0.001250415| 0.001339786 1025 91.8
83 300 | 0-001281703[ 0.001477872 98.3 679
84 417| 0.00123999 0.001294543 979 751
g5 309 | 0.000705433 0.000855866 1126 0.6
26 48,1 | 0-000631526 0.000735159 8.7 491
87 51.9 0.00061877 0.00067895 78.9 48.2
88 312 0.001242209| 0.001241743 99.6 97.4
g0 39 1| 0001235101 0.001391941 93.9 a4
90 423 0.001278093| 0.001490376 103.1 64.5
o1 41| 0001836614 0.00266779 2196 482
92 44.4 0.002088248| 0.002443861 184.9 48.2
93 47 7| 0001551603 0.001908336 200.5 188
94 41.0 0.003278183| 0.004225981 202.3 536
95 390 0.003633638| 0.004066415 156.8 553
9% 45 3| 0003029791 0.003851666 179.0 480
97 42.9 0.001960428| 0.002949046 2216 44.1
08 45 4 | 0-001188754] 0.002224009 018 13
99 47.2 0.001411034| 0.002494109 295 5 401
100 a1g| 0-003000713[ 0.004299532 9311 4.0
101|430 0.002202986] 0.003504583 462 590
102 455 0.002944748| 0.003011441 195.0 64.7
103|425 | 0-001554407 0.001970257 62,2 6.3
104 457 0.002149495| 0.002565018 190.1 451
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Beta :Shﬁ/laer r?t:(;i’t S:seil/rispr\wrri?l Shear Stress T§  Shear Stress,
run Merchant Ts Vishnu

(degrees)| (inr2) (in"2) (Mpa) (MPa)
105 47.9 0.001518863| 0.001566182 205.6 50.4
106 411 0.003506738| 0.004144077 201.1 571
107 43.1 0.003559507| 0.004412627 186.1 50.1
108| 451 | 0002467181 0.002600155 230 6.4
109 403 0.000869315| 0.001876246 288.6 60.8
110|  43.9| 0-000610555 0.001402311 2411 a4
111 44.2 0.000657845| 0.000670305 2512 142.6
112 39.1 0.001728278| 0.002995824 235.5 64.7
113| 407 | 0-001621963 0.002276671 431 84.9
114|429 0.001490046] 0.001305926 233.6 1356
115|  a1p| 0-000884771] 0.00087803 744 1198
116| 447 | 0.00068613] 0.000597139 451 148.8
117 46.6 0.000910053| 0.000797587 240.0 104.6
118| 37| 000204739 0.002068221 57 7 1165
119 40.0 0.001712773| 0.001618258 258.2 131.7
120|430 0-001940758] 0.001805309 2316 105.9
121|423 0.000722233 0.000892284 R 1161
12| 444 | 0000886302 0.000881293 268.7 108.2
123|  asg| 0-000810154] 0.000804726 546 109.9
124 391 0.001871227 0.00189381 250.6 115.7
125|400 0-001674073 0.001582431 o534 1312
126| 427 | 0.001730609] 0.001835778 246.0 1057
127 378 0.001599791| 0.001909573 276.5 914
128| 39,0 0-001323654] 0.001590969 2046 103.2
129 40.9 0.00123202| 0.001691963 303.0 94.1
130| 368 | 0-003194346] 0.003306205 9307 923
131 379 0.002842896| 0.002945187 239.7 99.4
132 390 0.002632301| 0.002580041 243.3 110.9
133| 38| 0-001639694] 0.001861087 977 7 94.7
134 406 0.001460221| 0.001541717 283.8 104.5
135 41.0 0.001192413| 0.001471744 3233 112.6
136 351 0.002873664| 0.003259104 201.1 114.1
137|  3g6| 0-002500258) 0.002625538 285 1 1288
138|  30.g | 0-002088359] 0.002085854 203.6 1427
139 371 0.00133116| 0.001906938 314.9 934
140|405 | 0-001359608] 0.001611277 3018 100.8
141 412 0.001292563| 0.001413403 201.0 111.3
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Beta :Shﬁ/laer r?t:(;i’t S:seil/rispr\wrri?l Shear Stress T§  Shear Stress,
run Merchant Ts Vishnu

(degrees)| (inr2) (in"2) (Mpa) (MPa)
142 36.3 0.002421841| 0.002519955 205.2 127.4
143 383 0.002546506| 0.002588218 204.6 126.6
144 39.2 0.002345097| 0.002500112 281.1 1205
145|410 0.001240508] 0.001286284 839.0 208.9
146 447 0.00094671| 0.001494202 976.3 2377
147|477 0.000831056] 0.00121448 8617 33.0
148 403 0.002276804| 0.001816747 812.8 401.7
149 44.3 0.002433876| 0.001855014 739.8 336.2
150|  ag.q| 0-001534529] 0.001382804 806.2 376.5
51| 42| 0001486725 0.001284959 8314 3175
150| 476 0-000918558 0.001416397 998.0 218.6
153| 49,9 | 0-000088023) 0.001282151 900.9 148
154 41.2 0.002065313| 0.00149318 888.1 489.2
155 | 455 0002146234 0.002073403 855 1 2041
156 48.9 0.001533079| 0.001443349 855.2 368.5
157|  apg| 0-001652581 0.001210513 2043 302.0
158 47.4 0.001271173| 0.001793745 903.0 184.0
150| 505 | 0-000699656] 0.000831311 820.0 207 3
160|417 0-002406523  0.00169933 860.7 4423
161 456 0.001601109 0.00160768 962.6 408.6
162| 474 0001276759 0.001111456 588 166
163|440 0001236781 0.00120836 916.3 209.1
164 450 0.000665679| 0.000662566 902.7 540.0
165| 47| 0-000680729) 0.000691547 8581 436.7
166 42 .4 0.002020128| 0.001765494 986.6 434.1
167 a4 | 0-001982991 0.001861708 896.4 366.7
168 465 0.001767626| 0.001683768 860.5 360.0
169 446 0.000972844| 0.000858009 1028.0 410.8
170|484 0-000778322  0.00080195 1138.0 4345
171 50.4 0.000972693| 0.001067703 981.6 2725
172|405 | 0-001664902 0.001595112 985.9 4976
173 446 0.001744413| 0.001520615 960.9 455.2
174 47.9 0.001745303| 0.001779232 908.9 336.7
175 | 46.0| 0001258191 0.001324373 11619 309.8
176 478 0.000854081| 0.000868294 1167.4 413.0
177|507 | 0.000788936] 0.000707614 976.2 3916
178 412 0.001875363| 0.001663287 966.1 463.6
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Beta :Shﬁ/laer r?t:(;i’t S:seil/rispr\wrri?l Shear Stress T§  Shear Stress,
run Merchant Ts Vishnu

(degrees)| (inr2) (in"2) (Mpa) (MPa)
179 44.9 0.001900268| 0.001921489 1013.2 382.9
180 47.0 0.001649569| 0.001423081 941.2 451.3
181 42.8 0.000772494| 0.00082359 1055.5 468.7
182|453 0.001012356] 0.000892612 878.8 —
183 47.2 0.000727173| 0.000619989 899.9 485.2
84| 429 0.001554809] 0.001470072 987 2 488.4
185 438 0.001750396| 0.001615842 965.6 437.0
186 46.1 0.001385953| 0.00131411 083.3 531.0
187|475 | 0-001157579] 0.001160383 10579 9726
88|  46.g | 0-000704892 0.000712969 988.5 465.0
189|  5pg| 000077765 0.000817132 1046.5 309.5
100| 437 | 0.001999491 0.002126649 1006 1 339.4
191 45.8 0.001648893| 0.001488593 932.3 418.1
102|  ags| 0-001718989 0.001504223 966.1 102.8
193 46.2 0.000884899| 0.000924966 1045.6 342.6
10a|  age| 0-000674104] 0.000620906 870.0 4540
105|  523| 0.000756269] 0.000696264 910.5 3318
106| a9 | 0-001600003 0.001308289 9713 185.6
197|  asp| 0001730783 0.001527947 9706 436.7
198 503 0.001818294| 0.001710407 977.6 3294
109| 360 | 0-000670812) 0.000813514 130 20,3
200 s0.g | 0-000639244] 0.000714731 oL8 407
201 41.2 0.000678664| 0.000787085 143.7 77.8
202 -g.6 | 0001233718 0.001303571 1138 1012
203 323 0.001297758| 0.001444953 121.0 856
04| 35| 0.001282364] 0.001463551 1242 816
205 343 0.000632448| 0.000666704 121.1 988
206 383 0.000614578| 0.000726103 124.9 89.4
207|  a9.g | 0-000670882 0.000806488 1530 836
208 26.5 0.001374201| 0.001615651 129.3 86.7
09| 301 0001398324 0.001751988 1308 59
210 349 0.001264033| 0.001429916 126.1 86.6
11| 345 | 0.000639687] 0.000714382 1214 9.7
12|  ag- | 0.000671987| 0.00088689 1376 1
213 401 0.000708407| 0.000785638 156.2 85.1
014|265 | 0001289938 0.0014533 1251 96.1
215 306 0.00144975| 0.001892073 128.4 68.4
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Beta :Shﬁ/laer r?t:(;i’t S:seil/rispr\wrri?l Shear Stress T§  Shear Stress,
run Merchant Ts Vishnu

(degrees)| (inr2) (in"2) (Mpa) (MPa)
216 35.0 0.001320771| 0.00158491 127.7 76.9
217 425 0.000891199| 0.001273724 116.3 351
218 47.6 0.000582703| 0.000617259 50.6 63.9
19| 534 | 0.000583713 0.000550471 466 £ 1
220 312 0.001285854| 0.001372593 117.4 98.0
921|394 | 0001306425 0.001622585 103.1 625
299 427 0.001228907| 0.001401772 94.3 675
223 39.1 0.000636438| 0.000844877 100.7 66.5
24| ags| 0000621928 0.000672757 01 0.6
925 | 5ig| 0.000581539 0.000643055 493 187
26| 303 | 0001325404 0.001628476 1173 801
927|  a99| 0.00126089] 0.001345909 905 0.2
298 41.9 0.001281502| 0.001395695 103.9 69.6
29| 414 | 0000582494 0.000594769 0.0 753
230 49.7 0.000636994| 0.000688726 70.7 436
31| 517 0000598118 0.000668765 645 184
32| 310 0001244325 0.001209787 996 997
33| 393 0001262938 0.001469824 96.3 685
34| 41| 0.00123758) 0.001467201 1033 207
235 432 0.002205811| 0.002844011 203.6 45.6
36| 454 | 0001566379 0.002080254 445 -
37| aes5 | 0001227372 0.001536987 03,6 R
238 41.0 0.003301873| 0.004761954 217.9 514
939|429 | 000331954 0.004717104 179.9 432
240 44.4 0.00249262| 0.002901634 292 4 70.6
41| apg| 0001239698 0.002540132 319.9 50
242 453 0.00108026| 0.002086574 329.0 58.7
243 471 0.001372949| 0.001978644 2071 49.9
44| 4Lg| 0-002686663 0.003622191 55 3 5.6
245 433 0.003196149| 0.003971493 206.2 55.8
46| 43| 0.002821646] 0.003268389 189.2 3.8
247 415 0.001772288| 0.002410239 241.0 582
48| 455 | 000137655 0.001724553 288 1 719
49| 473 0.001834762 0.002891454 192.0 6.0
250 40.4 0.003155534| 0.004006614 2238 62.4
251 43.1 0.002732124| 0.003725355 2473 64.0
252 44.9 0.00318476| 0.003430038 183.4 583
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Beta :Shﬁ/laer r?t:(;i’t S:seil/rispr\wrri?l Shear Stress T§  Shear Stress,
run Merchant Ts Vishnu

(degrees)| (inr2) (in"2) (Mpa) (MPa)
253 41.9 0.000912246| 0.001470625 253.1 64.7
254 44.2 0.000779763| 0.001140074 283.9 87.7
255 43.6 0.000797013| 0.000834995 266.1 119.1
56| ag.g | 0002142796 0.00432175 375 184
257 40.7 0.001783013 0.00336693 246.3 59.8
e8| 4n.g | 0001540038  0.00134956 2516 1422
259 422 0.001158191| 0.001205736 240.7 823
260 44.2 0.000960249 0.000938447 279.3 109.3
61|  ap.3| 0-000775894] 0.000825921 2582 105.7
62| ag.g| 0002143286 0.002162964 203.6 103.2
63| 401 | 0-001617186] 0.001535391 2616 1379
64| 427 | 0.001879029 0.001969375 438 10L5
265 425 0.001000858| 0.00100389 249.2 93.9
66| a4.9| 0000750995  0.00065772 249.8 1310
267 46.5 0.00079666| 0.000865357 250.2 97.3
68| 38| 0001972158 0.001834877 - 120.9
269 397 0.001770954| 0.001801277 258.4 120.7
270| 49| 0001684603 0.001801869 501 1078
571 ag.o| 0-001577947| 0.001804558 577 88,7
272 406 0.001552588| 0.001728819 271.8 936
073|417 0001162993 0.001277123 23004 1164
974|364 | 0.002876815 0.003440556 8o 5 100.6
275 355 0.002344389| 0.002662071 297.9 127.5
976|  ag.g| 0-002554428) 0.002843542 260.0 105.7
277 38.4 0.001600007| 0.001833643 2823 95.0
078|409 | 0001201891 0.001400864 377 7 1138
279 41.0 0.001065972| 0.000955198 313.1 155.7
280 36.4 0.002747537| 0.002793112 278.2 118.0
81|  ag.q| 0.002615405 0.002826373 848 1149
282 394 0.002291541| 0.002190894 2823 134.9
83| 379 0001612661 0.002106887 9795 84.0
284 406 0.001063677| 0.001183248 344.2 132.8
25| 413 0000983457 0.001380313 320.6 1043
86| 360 | 0-002432769) 0.002817541 3052 1183
287 38.4 0.002395707| 0.002654796 306.8 122 .4
88| 393 | 0.002205687 0.002468035 2067 1230
289 40.9 0.001056993| 0.001044115 905.1 365.0
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Beta :Shﬁ/laer r?t:(;i’t S:seil/rispr\wrri?l Shear Stress T§  Shear Stress,
run Merchant Ts Vishnu

(degrees)| (inr2) (in"2) (Mpa) (MPa)
290 45.0 0.00113541| 0.001685143 915.7 212.3
201 478 0.001016989| 0.001258506 790.8 218.7
292 40.9 0.002390212| 0.001637379 783.5 429.9
03| 44| 0001705748 0.001495898 890.6 429.3
294 483 0.001590709| 0.001418735 801.2 359.2
05| 427 | 0.001529641] 0.001170955 2651 319.4
206 472 0.001249685| 0.001939454 8985 169.3
297 50.1 0.001050724| 0.001446566 811.5 174.6
208 | 415 | 0002210829 0.001548735 8739 473.0
209 | 46.0 | 0-002353522 0.002230225 2835 66,2
300| 50| 0001618883 0.001322998 2884 3441
s01| 427 | 0-001615796] 0.001559107 29,2 2379
302 471 0.000976205| 0.001440188 975.0 220.5
303| 494 | 0000764022 0.001023841 967 5 287 1
304 40.2 0.001662381| 0.000809244 023.3 920.8
05| 457 0001799213 0.001722436 9212 3656
306| 483 | 0.001638303 0.001417639 8723 3022
307| 437 0000996335 0.000937032 1047 7 4052
08| 457 0001032884 0.001021263 9152 3220
309 47.2 0.000699562| 0.000755527 878.6 409.2
310| 4006 | 0001607588 0.001410758 996.8 68 1
311| 435 | 0.001744404] 0.001756893 9617 411
312 46.4 0.001826336| 0.001924767 880.7 326.6
313| 456 | 0-000937503 0.000865687 964.6 358.1
314 47.9 0.000911411| 0.000970339 1124.2 3554
315|507 | 0000912478 0.000843798 1040.4 353.0
316 415 0.00199337| 0.001760685 959.8 438.3
317 44.4 0.001848493| 0.001700094 908.9 3928
38|  479| 0001828967 0.00159705 903.1 378.1
319 459 0.001112774| 0.001121314 1006.9 299.2
320|  ags | 0-000796996] 0.000849675 11127 389.5
321 503 0.000707667| 0.000723622 934.3 3946
322 |  a13| 0001723646 0.00149784 976.5 111
323|444 | 0001843743 0.001501503 902.6 4206
324 490 0.001955275| 0.001799469 891.1 319.6
325 | 44.4| 000075135 0.000741275 902.9 4713
326 44.8 0.001017943| 0.000957412 980.2 379.6
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Beta :Shﬁ/laer r?t:(;i’t S:seil/rispr\wrri?l Shear Stress T§  Shear Stress,
run Merchant Ts Vishnu

(degrees)| (inr2) (in"2) (Mpa) (MPa)
327 47.4 0.000799662| 0.000653616 982.0 493.2
328 426 0.00176651| 0.001606229 089.6 450 1
329 438 0.001543544| 0.001467478 987.3 488.0
330 466 0.001679362| 0.001502663 9735 442.0
331 476 0.000706114| 0.000643758 892.6 431.4
332 478 0.00084378| 0.000789232 954.7 363.1
333 523 0.000650746| 0.000681826 940.4 402.2
334 44.4 0.001722271| 0.001565298 10271 439.7
335 46.5 0.001862993| 0.001546508 944.8 402.1
336 48.9 0.001637781| 0.001428637 991.0 423.9
337 471 0.000813257| 0.000816957 1054.5 374.0
338 47.9 0.001017463| 0.000980711 975.9 311.0
339 522 0.000588305| 0.000570473 645.9 439.8
340 441 0.001641143| 0.001659541 1015.9 417.2
341 45.7 0.001716587| 0.001499357 973.4 436.2
242|500 0001869013 0.001884261 918.6 2885
243|374 0000667142 0.000751063 1205 8.4
44| 41| 0000665655 0.000861989 1210 620
245|  4pg| 0.000603059] 0.000635432 1114 850
346 20.5 0.00129452| 0.001457865 112.9 84.6
347|  ansg| 0001265774 0.00141536 116.0 g5 4
248|367 | 0-001452843) 0.001734522 1239 5.1
349 341 0.000651684| 0.000759998 128.4 88.2
350|394 | 0-000635721] 0.000721724 120.8 613
351 391 0.000700763| 0.000835074 163.9 86.0
350 -6, | 0-001361437] 0.001497868 1208 87 3
353 312 0.001370694| 0.001600662 121.8 76.7
354 357 0.001339605| 0.001482575 121.0 76.7
as5 | a3g| 000069498) 0.000841164 1397 o
356 40.0 0.000766109| 0.000923329 131.3 59.8
357|399 0.000689772 0.000766357 1560 876
358 26.8 0.001460708| 0.001751955 122.1 74.7
a50| 30,9 | 0001516772 0.001920156 1238 65.0
360| a5 | 0-001355914] 0.001637649 1218 698
361 426 0.00068704| 0.000599508 94.7 70.8
362 |  49.4 | 0-000656384] 0.000733512 832 439
363 511 0.00057787| 0.000575323 55.7 65.2
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Beta :Shﬁ/laer r?t:(;i’t S:seil/rispr\wrri?l Shear Stress T§  Shear Stress,
run Merchant Ts Vishnu

(degrees)| (inr2) (in"2) (Mpa) (MPa)
364 33.2 0.001263556| 0.00128992 99.8 90.5
365 407 0.001207854| 0.001199871 80.6 789
366 43.0 0.001174204| 0.001224639 81.1 771
367 | 397 | 0.000664925 0.000806224 1058 659
368 48.4 0.000606891| 0.000615263 62.6 56.8
369 | 49| 000064743 0.000772093 106.7 £ 9
370 317 0.001270329| 0.001339276 97.9 851
371 394 0.001291182| 0.00144491 101.4 70.3
372| 417 0001195797 0.001211806 89.4 20.6
373|394 | 0.000641097 0.00089234 047 4.2
374|  ag3| 0000637584 0.000855555 819 422
375 | 514 0.000631298] 0.000836374 88,2 a1
376 30.8 0.00125057| 0.001256919 105.6 100.8
377|394 0001265618 0.001436683 5.8 6.4
378 415 0.001201435| 0.00128301 95.0 79.8
379| 43| 0002183059 0.003090451 2017 402
380 455 0.001246941| 0.002497746 302.7 48.7
81| 475 | 0001524077 0.001954245 2135 0.4
82|  a1g| 0003930211 0.004842787 1804 6.9
383 427 0.003642104| 0.005046833 189.3 46.2
84|  a4s7| 0002684635 0.003325237 011 5 7
85| 4ng| 000157919] 0.002601089 259.0 499
386 457 0.001349619| 0.002579893 281.3 45.7
387|467 | 0001990901 0.00247485 179.7 439
388 41.0 0.003233323| 0.004126764 200.7 56.2
389| 47| 0002698877 0.003574892 455 6.8
390 450 0.00295094| 0.003352315 179.8 54.9
301 43.0 0.001903925| 0.002406956 228.4 54.1
392 45.7 0.001781961| 0.002214746 218.9 51.1
393 47.4 0.001724469| 0.002176618 213.9 50.7
04| 41| 0003269528 0.004229802 184 50
305 433 0.003344299| 0.004160826 206.0 553
306 | 44| 0002677149 0.003320537 10,9 610
307|424 | 0.000829002 0.001860968 9720 539
308 44.9 0.000704549 0.00137052 259.6 67.0
309 | 467 | 0.000647678 0.000480436 929.0 1718
400 393 0.002186063| 0.004628121 2375 46.3
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Beta :Shﬁ/laer r?t:(;i’t S:seil/rispr\wrri?l Shear Stress T§  Shear Stress,
run Merchant Ts Vishnu

(degrees)| (inr2) (in"2) (Mpa) (MPa)
401 40.4 0.001848165| 0.003884401 256.3 55.3
402 431 0.001402714| 0.001369333 250.7 139.0
403 42.2 0.000821206| 0.000793406 268.3 123.9
104|248 0000928329 0.000825093 49,6 106.9
405 438 0.000802559| 0.000806689 2721 125.4
106| 39| 0-001946612] 0.001797715 30,6 109.6
407 40.4 0.001958338 0.0017793 234 3 113.5
408 43.0 0.00183518| 0.002006279 237.2 94.7
409| 419 0:000796367 0.000865584 278.9 1192
410|441 | 0-000850959 0.000931413 2812 1077
411| 467 0:000689409 0.000587965 55 7 148.9
412|  3g7| 0.002070309 0.002036413 A 1135
413 401 0.001756022| 0.001647055 249.9 125.8
414| 433 0001861771 0.001845466 9347 1015
415 38.3 0.001480906 0.001954309 292.9 87.5
416 40.9 0.001553549| 0.001617554 269.4 97.8
417 41.9 0.001144354| 0.001151745 279.2 116.9
48| 363 0002638421 0.002970217 3016 116.9
419| 384 0002381087 0.002496647 289.9 1298
420 392 0.002393405| 0.002628838 2820 116.8
41| 38| 0001639165 0.001912892 286.6 951
42| 39.9| 0001161146 0.001300753 333.6 1264
423 416 0.00095696| 0.001118492 3273 128.6
44| 33| 00027638 0.00284596 89,5 1211
425 38.4 0.002541768| 0.002632956 2922 122.8
46|  395| 000214823 0.002290781 306.5 1337
427 381 0.001632922| 0.001990771 271.7 86.7
428 40.7 0.001274989| 0.001584373 317.1 102.0
429 | 414 | 0-001249881] 0.001307096 86,7 1144
430 36.2 0.002682427| 0.002888099 208.7 121.0
431| 383 0002643876 0.002724347 288.0 1208
432 397 0.002615622| 0.002657734 261.5 112.7
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Resulatant

Friction Sbear force Resulatant Shear Strain

run CO { 4N 7 (newtons) force (Ibf) Vishnu

efficient | Merchant Merchant Merchant

1 0.7 1.6 898.5 202.0 1.0
2 0.8 1.9 834.3 187.6 0.8
3 0.8 1.3 632.4 142.2 1.1
4 0.7 2.0 1544.0 347.1 0.8
5 0.8 1.6 1542.1 346.7 0.8
6 0.8 1.3 1241.9 279.2 1.2
7 0.7 3.7 926.5 208.3 0.4
8 0.8 1.8 932.9 209.7 0.9
9 0.9 15 770.2 173.2 1.0
10 0.7 2.0 1697.6 381.6 0.8
11 0.8 2.4 1754.7 394.5 0.6
12 0.9 1.4 1386.3 311.6 1.0
13 0.7 3.0 912.9 205.2 0.6
14 0.8 2.5 978.2 219.9 0.6
15 0.9 1.3 811.1 182.3 1.3
16 0.7 2.1 1713.0 385.1 0.8
17 0.8 1.5 1618.4 363.8 1.0
18 0.9 15 1502.2 337.7 1.0
19 0.8 1.9 992.9 223.2 0.9
20 0.8 2.1 849.4 191.0 0.7
21 0.8 1.1 783.9 176.2 1.4
22 0.7 1.4 1735.2 390.1 1.3
23 0.7 15 1653.6 371.7 1.2
24 0.8 1.4 1503.7 338.0 1.1
25 0.8 2.0 1010.8 227.2 0.8
26 0.8 2.2 1033.1 232.2 0.7
27 0.9 1.3 882.0 198.3 1.1
28 0.7 15 1768.6 397.6 1.2
29 0.8 1.9 1772.8 398.6 0.8
30 0.8 15 1528.2 343.5 1.1
31 0.8 2.0 1111.3 249.8 0.8
32 0.9 1.6 1031.2 231.8 0.8
33 0.9 1.3 896.3 201.5 1.1
34 0.7 1.6 1823.9 410.0 1.2
35 0.8 1.9 1860.9 418.4 0.8
36 0.8 1.3 1504.7 338.3 1.1
37 0.7 1.6 985.6 221.6 1.2
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Resulatant

Friction Sbear force Resulatant Shear Strain
run CO { 4N 7 (newtons) force (Ibf) Vishnu

efficient | Merchant Merchant Merchant
38 0.8 1.8 884.2 198.8 0.8
39 0.8 1.2 790.5 177.7 1.4
40 0.7 1.6 1909.9 429.4 1.2
41 0.8 1.6 1746.5 392.6 1.0
42 0.8 1.4 1559.7 350.6 1.1
43 0.8 15 1089.4 2449 1.3
44 0.8 15 872.0 196.0 1.2
45 0.9 1.2 876.6 197.1 1.6
46 0.8 1.6 1835.5 412.6 1.2
47 0.8 1.5 1751.5 393.8 1.1
48 0.8 1.4 1567.4 3524 1.0
49 0.8 1.6 1088.4 244.7 1.2
50 0.8 1.3 968.2 217.7 1.2
51 0.9 1.3 904.3 203.3 1.4
52 0.8 1.5 1960.8 440.8 1.5
53 0.8 1.6 1670.1 375.5 1.1
54 0.9 1.8 1668.5 375.1 0.8
55 0.6 1.3 113.5 25.5 10.0
56 0.9 1.2 116.1 26.1 5.1
57 0.7 1.1 120.8 27.2 3.3
58 0.5 1.3 174.9 39.3 14.9
59 0.5 1.2 177.3 39.9 5.1
60 0.6 1.1 174.1 39.1 4.3
61 0.6 1.3 106.4 23.9 4.3
62 0.7 1.2 106.4 23.9 6.1
63 0.7 1.1 116.9 26.3 4.1
64 0.5 1.3 169.3 38.1 10.7
65 0.5 1.3 163.2 36.7 3.9
66 0.6 1.1 167.4 37.6 4.4
67 0.6 1.3 108.7 24.4 7.2
68 0.7 1.7 105.4 23.7 1.9
69 0.7 1.1 114.8 25.8 2.9
70 0.5 1.3 167.3 37.6 6.1
71 0.5 1.3 170.5 38.3 6.8
72 0.6 1.2 167.3 37.6 4.9
73 0.7 1.3 1145 25.7 -82.7
74 0.9 1.2 109.3 24.6 5.1
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Resulatant

Friction Sbear force Resulatant Shear Strain
run CO { 4N 7 (newtons) force (Ibf) Vishnu

efficient | Merchant Merchant Merchant
75 0.9 1.1 110.4 24.8 5.1
76 0.6 1.3 186.8 42.0 -12.0
77 0.7 1.2 191.7 43.1 37.7
78 0.7 1.0 191.3 43.0 348.9
79 0.7 1.3 103.6 23.3 -5.6
80 0.8 1.2 111.7 25.1 22.7
81 0.9 1.2 114.0 25.6 3.5
82 0.5 1.3 175.9 39.5 -21.5
83 0.7 1.2 180.8 40.6 -36.9
84 0.7 1.1 176.9 39.8 -267.0
85 0.7 1.3 110.4 24.8 -31.1
86 0.8 1.2 113.0 25.4 20.0
87 0.9 1.1 115.2 25.9 11.4
88 0.5 1.3 176.0 39.6 -23.3
89 0.7 1.2 187.6 42.2 -20.1
90 0.7 1.1 179.8 404 106.0
91 0.7 34 309.0 69.5 0.4
92 0.8 3.8 282.6 63.5 0.3
93 0.8 2.7 235.0 52.8 0.4
94 0.7 3.0 513.6 115.5 0.5
95 0.7 3.3 405.1 91.1 0.4
96 0.8 2.6 403.8 90.8 0.5
97 0.7 3.6 332.7 74.8 0.4
98 0.8 2.1 292.8 65.8 0.6
99 0.8 2.4 244.1 54.9 0.5
100 0.7 2.7 554.1 124.6 0.5
101 0.7 1.9 455.3 102.4 0.7
102 0.8 2.5 428.7 96.4 0.5
103 0.7 2.9 325.6 73.2 0.5
104 0.8 3.9 3015 67.8 0.4
105 0.8 2.6 237.5 53.4 0.5
106 0.7 3.2 539.6 121.3 0.4
107 0.8 3.2 490.1 110.2 0.4
108 0.8 2.1 427.6 96.1 0.6
109 0.7 1.6 248.9 55.9 1.9
110 0.8 1.2 242.9 54.6 2.2
111 0.8 1.1 196.1 44.1 2.0
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Resulatant

Friction Shear Resulatant .
run Co { G NI 7 force force (Ibf) Shear Strain

efficient | Merchant (newtons) Merchant Vishnu

Merchant

112 0.7 1.6 395.9 89.0 1.2
113 0.7 1.4 378.2 85.0 1.1
114 0.7 1.3 341.4 76.8 1.4
115 0.7 1.7 242.2 54.4 1.2
116 0.8 1.3 217.3 48.8 1.4
117 0.8 15 195.8 44.0 1.0
118 0.7 1.9 449.1 101.0 0.9
119 0.7 1.5 401.5 90.3 1.2
120 0.8 1.6 368.9 82.9 1.0
121 0.7 1.4 255.1 57.4 1.8
122 0.8 1.6 228.8 51.4 1.0
123 0.8 1.4 198.1 44.5 1.2
124 0.7 1.7 447.2 100.5 1.0
125 0.7 15 391.6 88.0 1.1
126 0.7 1.5 369.8 83.1 1.0
127 0.7 2.8 334.7 75.2 0.5
128 0.7 2.3 295.9 66.5 0.7
129 0.7 2.0 279.4 62.8 0.7
130 0.6 2.8 556.5 125.1 0.6
131 0.7 2.4 502.9 113.1 0.6
132 0.7 2.2 463.4 104.2 0.7
133 0.7 2.9 344.2 77.4 0.5
134 0.7 2.5 312.1 70.2 0.6
135 0.7 1.9 291.4 65.5 0.7
136 0.6 2.5 629.5 141.5 0.6
137 0.6 2.2 549.6 123.6 0.7
138 0.7 1.7 493.0 110.8 0.8
139 0.6 24 328.8 73.9 0.6
140 0.7 2.3 314.4 70.7 0.7
141 0.7 2.1 278.8 62.7 0.7
142 0.6 2.1 572.2 128.6 0.8
143 0.7 2.2 570.5 128.3 0.7
144 0.7 1.9 491.5 110.5 0.8
145 0.7 2.2 873.6 196.4 0.7
146 0.8 1.6 867.1 194.9 0.9
147 0.8 1.4 713.9 160.5 1.1
148 0.7 2.1 1589.8 357.4 0.8
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Resulatant

Friction Sbear force Resulatant Shear Strain
run CO { 4N 7 (newtons) force (Ibf) Vishnu

efficient | Merchant Merchant Merchant
149 0.8 2.1 1485.2 333.9 0.7
150 0.8 1.3 1350.1 303.5 1.3
151 0.7 2.7 996.4 224.0 0.6
152 0.8 1.6 931.8 209.5 1.0
153 0.9 1.6 817.0 183.7 1.0
154 0.7 1.9 1677.9 377.2 0.9
155 0.8 1.9 1626.4 365.6 0.7
156 0.9 1.3 1461.3 328.5 1.1
157 0.7 3.0 919.5 206.7 0.5
158 0.8 2.2 974.5 219.1 0.7
159 0.9 1.2 765.8 172.2 1.3
160 0.7 2.2 1776.2 399.3 0.8
161 0.8 1.4 1700.7 382.3 1.0
162 0.8 1.1 1425.8 320.5 15
163 0.8 2.2 1001.0 225.0 0.8
164 0.8 1.2 890.2 200.1 1.6
165 0.8 1.1 766.1 172.2 1.5
166 0.7 1.8 1896.9 426.4 0.9
167 0.8 1.7 1613.7 362.8 1.0
168 0.8 1.4 1419.7 319.2 1.0
169 0.8 1.8 1021.8 229.7 0.9
170 0.8 1.4 1093.5 245.8 1.1
171 0.9 1.6 897.1 201.7 0.9
172 0.7 1.5 1748.9 393.2 1.2
173 0.8 1.5 1677.7 377.2 1.1
174 0.8 1.4 1535.3 345.2 1.0
175 0.8 2.3 1324.2 297.7 0.7
176 0.8 15 1092.8 245.7 1.0
177 0.9 1.3 875.5 196.8 1.0
178 0.7 1.7 1771.1 398.2 0.9
179 0.8 1.6 1818.0 408.7 0.9
180 0.8 1.3 1546.3 347.6 1.1
181 0.7 1.5 979.8 220.3 1.4
182 0.8 1.8 804.3 180.8 0.8
183 0.8 1.2 736.2 165.5 1.3
184 0.7 15 1834.2 412.3 1.5
185 0.8 1.5 1635.8 367.8 1.1
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Resulatant

Friction Sbear force Resulatant Shear Strain
run CO { 4N 7 (newtons) force (Ibf) Vishnu

efficient | Merchant Merchant Merchant
186 0.8 1.2 1596.8 359.0 1.5
187 0.8 2.1 1175.3 264.2 0.9
188 0.8 1.3 935.3 210.3 1.4
189 0.9 1.3 971.0 218.3 1.4
190 0.8 1.8 1951.2 438.6 1.0
191 0.8 15 1631.5 366.8 1.1
192 0.8 1.4 1621.1 364.4 1.0
193 0.8 1.6 1044.6 234.8 1.1
194 0.8 1.2 920.6 207.0 15
195 0.9 1.3 839.7 188.8 1.5
196 0.8 1.5 1895.6 426.1 1.3
197 0.8 1.5 1687.0 379.3 1.0
198 0.9 1.5 1721.2 386.9 1.0
199 0.6 1.3 115.9 26.0 10.9
200 0.9 1.2 119.3 26.8 3.6
201 0.7 1.1 108.9 24.5 3.9
202 0.5 1.3 176.1 39.6 7.2
203 0.6 1.2 171.6 38.6 6.5
204 0.6 1.1 171.3 38.5 4.7
205 0.6 1.3 107.9 24.2 3.9
206 0.7 1.2 113.0 25.4 3.7
207 0.7 1.1 112.7 25.3 3.7
208 0.5 1.3 175.4 394 7.5
209 0.5 1.2 172.0 38.7 8.8
210 0.6 1.1 172.4 38.8 3.9
211 0.6 1.3 106.9 24.0 6.1
212 0.7 1.2 112.0 25.2 6.1
213 0.7 1.2 113.2 25.5 2.4
214 0.5 1.3 174.7 39.3 13.3
215 0.5 1.3 170.2 38.3 5.7
216 0.6 1.1 170.3 38.3 6.9
217 0.7 1.6 111.7 25.1 15.6
218 0.8 1.2 118.4 26.6 10.4
219 0.9 1.0 113.3 25.5 9.2
220 0.5 1.3 195.7 44.0 -14.3
221 0.7 1.2 186.2 41.9 -65.2
222 0.7 1.1 180.7 40.6 -15.3
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Resulatant

Friction Sbear force Resulatant Shear Strain
run CO { 4N 7 (newtons) force (Ibf) Vishnu

efficient | Merchant Merchant Merchant
223 0.7 1.3 114.8 25.8 -6.4
224 0.8 1.2 110.5 24.8 22.8
225 0.9 1.0 109.9 24.7 4.0
226 0.5 1.3 184.2 41.4 -7.9
227 0.7 1.2 177.0 39.8 -112.5
228 0.7 1.1 177.8 40.0 10.6
229 0.7 1.3 104.3 23.4 -27.2
230 0.9 1.2 108.3 24.3 37.1
231 0.9 1.0 111.8 25.1 8.4
232 0.5 1.3 174.6 39.3 -31.1
233 0.7 1.2 184.0 414 -23.8
234 0.7 1.1 183.8 41.3 92.6
235 0.8 4.1 338.8 76.2 0.3
236 0.8 2.8 297.7 66.9 0.5
237 0.8 2.1 236.7 53.2 0.6
238 0.7 3.0 556.8 125.2 0.4
239 0.7 3.0 446.3 100.3 0.5
240 0.8 2.1 426.2 95.8 0.6
241 0.7 2.3 341.2 76.7 0.6
242 0.8 1.9 312.2 70.2 0.7
243 0.8 2.3 240.8 54.1 0.6
244 0.7 2.5 565.4 127.1 0.6
245 0.8 2.8 498.3 112.0 0.5
246 0.7 2.4 389.9 87.7 0.5
247 0.7 3.3 327.6 73.6 0.4
248 0.8 2.4 318.8 71.7 0.6
249 0.8 3.2 257.5 57.9 0.4
250 0.7 2.9 547.9 123.2 0.5
251 0.8 2.4 528.5 118.8 0.5
252 0.8 2.7 427.2 96.0 0.4
253 0.7 1.7 228.2 51.3 1.2
254 0.8 1.4 237.0 53.3 1.5
255 0.8 1.3 198.4 44.6 1.2
256 0.7 2.0 439.9 98.9 0.9
257 0.7 1.6 3934 88.4 1.2
258 0.7 1.3 367.4 82.6 1.2
259 0.7 2.2 242.5 54.5 0.9
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Resulatant

Friction Sbear force Resulatant Shear Strain
run CO { 4N 7 (newtons) force (Ibf) Vishnu

efficient | Merchant Merchant Merchant
260 0.8 1.7 243.8 54.8 1.1
261 0.8 1.3 202.4 45.5 1.2
262 0.7 2.0 444.0 99.8 0.9
263 0.7 1.4 402.2 90.4 1.1
264 0.7 1.6 380.2 85.5 0.9
265 0.7 1.9 234.4 52.7 1.1
266 0.8 1.4 213.3 48.0 1.3
267 0.8 1.3 197.1 44.3 1.2
268 0.7 1.8 446.1 100.3 1.0
269 0.7 1.6 404.8 91.0 1.1
270 0.7 1.4 373.3 83.9 1.1
271 0.7 2.8 309.0 69.5 0.5
272 0.7 2.7 313.8 70.5 0.5
273 0.7 1.9 269.9 60.7 0.8
274 0.6 2.6 619.7 139.3 0.7
275 0.6 2.0 527.7 118.6 0.8
276 0.7 2.1 482.8 108.5 0.7
277 0.7 2.8 344.0 77.3 0.5
278 0.7 2.0 314.6 70.7 0.7
279 0.7 1.7 261.9 58.9 0.8
280 0.6 24 589.6 132.5 0.7
281 0.7 2.2 561.4 126.2 0.8
282 0.7 1.9 486.9 109.5 0.8
283 0.7 2.9 340.8 76.6 0.6
284 0.7 1.8 305.7 68.7 0.9
285 0.7 1.6 257.0 57.8 0.9
286 0.6 2.2 593.2 133.4 0.8
287 0.7 2.0 570.3 128.2 0.8
288 0.7 1.8 497.7 111.9 0.8
289 0.7 1.9 859.6 193.3 0.8
290 0.8 2.0 890.1 200.1 1.0
291 0.8 1.7 701.3 157.6 0.8
292 0.7 2.2 1592.8 358.1 0.7
293 0.8 1.5 1530.6 344.1 1.0
294 0.8 1.3 1344.4 302.2 1.3
295 0.7 2.8 942.2 211.8 0.6
296 0.8 2.2 956.9 215.1 0.7
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Resulatant

Friction Sbear force Resulatant Shear Strain
run CO { 4N 7 (newtons) force (Ibf) Vishnu

efficient | Merchant Merchant Merchant
297 0.9 1.7 758.5 170.5 0.9
298 0.7 2.0 1714.4 3854 0.8
299 0.8 2.0 1578.8 354.9 0.7
300 0.9 1.3 1379.7 310.2 1.1
301 0.7 3.0 936.2 210.5 0.6
302 0.8 1.7 915.7 205.8 0.9
303 0.9 1.3 837.5 188.3 1.3
304 0.7 1.5 1613.8 362.8 1.0
305 0.8 1.6 1645.6 369.9 0.9
306 0.8 1.3 1462.7 328.8 1.1
307 0.8 1.8 1029.0 231.3 1.0
308 0.8 1.8 861.8 193.7 0.9
309 0.8 1.2 753.4 169.4 1.4
310 0.7 15 1776.5 399.4 1.2
311 0.8 1.5 1643.5 369.5 1.1
312 0.8 15 1466.0 329.6 1.1
313 0.8 1.7 973.0 218.7 0.9
314 0.8 1.6 1061.2 238.6 1.0
315 0.9 1.5 937.3 210.7 0.9
316 0.7 1.8 1805.4 405.9 1.0
317 0.8 1.6 1602.9 360.4 1.0
318 0.8 1.5 1543.0 346.9 1.0
319 0.8 2.0 1076.9 242.1 0.8
320 0.8 1.4 1071.7 240.9 1.2
321 0.9 1.2 872.3 196.1 1.2
322 0.7 1.6 1765.6 396.9 1.2
323 0.8 1.6 1591.8 357.9 1.0
324 0.9 1.6 1590.9 357.7 0.9
325 0.8 1.4 889.0 199.9 1.3
326 0.8 1.8 891.7 200.5 0.8
327 0.8 1.3 796.9 179.1 1.2
328 0.7 1.6 1816.9 408.5 1.3
329 0.8 1.4 1657.3 372.6 1.3
330 0.8 1.4 1565.8 352.0 1.1
331 0.8 1.4 1039.4 233.7 1.5
332 0.8 15 877.2 197.2 1.1
333 0.9 1.1 996.6 224.0 1.6
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Resulatant

Friction Sbear force Resulatant Shear Strain
run CO { 4N 7 (newtons) force (Ibf) Vishnu

efficient | Merchant Merchant Merchant
334 0.8 1.6 1961.4 440.9 1.0
335 0.8 1.6 1713.3 385.2 0.9
336 0.9 1.4 1665.0 374.3 1.1
337 0.8 15 1089.6 2449 1.2
338 0.8 1.8 938.3 210.9 0.9
339 0.9 1.1 908.5 204.2 1.7
340 0.8 15 1930.2 433.9 1.6
341 0.8 1.5 1706.5 383.6 1.0
342 0.9 1.6 1621.8 364.6 1.0
343 0.7 1.3 110.3 24.8 7.0
344 0.7 1.2 107.3 24.1 5.3
345 0.7 1.1 103.2 23.2 3.9
346 0.5 1.3 169.6 38.1 8.8
347 0.6 1.2 169.0 38.0 7.1
348 0.6 1.2 167.4 37.6 3.8
349 0.6 1.3 109.1 24.5 5.8
350 0.7 1.2 105.9 23.8 3.7
351 0.7 1.2 116.5 26.2 2.9
352 0.5 1.3 165.5 37.2 8.5
353 0.5 1.2 164.3 36.9 11.2
354 0.6 1.1 162.8 36.6 3.4
355 0.6 1.3 111.3 25.0 5.9
356 0.7 1.3 104.4 23.5 2.8
357 0.7 1.1 112.9 25.4 2.7
358 0.5 1.4 165.2 37.1 7.8
359 0.5 1.3 165.5 37.2 5.2
360 0.6 1.1 162.8 36.6 5.6
361 0.7 1.3 106.5 23.9 5.8
362 0.9 1.2 112.6 25.3 7.2
363 0.9 1.0 122.5 27.5 6.2
364 0.6 1.3 183.0 41.1 -17.5
365 0.7 1.2 184.5 41.5 -38.0
366 0.8 1.0 182.5 41.0 23.7
367 0.7 1.3 112.4 25.3 -33.9
368 0.8 1.2 112.3 25.3 -98.2
369 0.9 1.1 120.4 27.1 6.4
370 0.6 1.3 169.1 38.0 -17.4
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Resulatant

Friction Sbear force Resulatant Shear Strain
run CO { 4N 7 (newtons) force (Ibf) Vishnu

efficient | Merchant Merchant Merchant
371 0.7 1.2 186.5 41.9 72.1
372 0.7 1.0 177.4 39.9 21.5
373 0.7 1.3 117.1 26.3 -13.2
374 0.8 1.2 115.0 25.9 -30.3
375 0.9 1.1 115.5 26.0 5.7
376 0.5 1.3 181.7 40.8 -17.0
377 0.7 1.2 182.6 41.0 78.5
378 0.7 1.0 184.4 41.5 40.7
379 0.8 4.1 334.2 75.1 0.3
380 0.8 2.2 313.3 70.4 0.7
381 0.8 2.6 246.4 55.4 0.5
382 0.7 3.6 542.5 121.9 0.4
383 0.7 3.3 506.2 113.8 0.4
384 0.8 2.3 412.4 92.7 0.5
385 0.7 2.9 326.1 73.3 0.4
386 0.8 24 307.9 69.2 0.6
387 0.8 3.5 257.1 57.8 0.4
388 0.7 3.0 526.9 118.5 0.5
389 0.7 2.4 517.4 116.3 0.5
390 0.8 2.5 393.9 88.5 0.5
391 0.7 35 334.9 75.3 0.4
392 0.8 3.2 296.5 66.7 0.4
393 0.8 3.0 272.3 61.2 0.5
394 0.7 3.0 555.3 124.8 0.5
395 0.8 3.0 516.3 116.1 0.5
396 0.8 2.3 426.8 96.0 0.6
397 0.7 1.6 243.4 54.7 2.0
398 0.8 1.3 227.4 51.1 2.2
399 0.8 1.1 195.7 44.0 1.9
400 0.7 2.0 442.8 99.6 1.0
401 0.7 1.6 413.0 92.8 1.3
402 0.8 1.2 370.4 83.3 1.4
403 0.7 1.6 239.6 53.9 1.3
404 0.8 1.6 217.3 48.9 1.0
405 0.8 1.3 203.8 45.8 1.2
406 0.7 1.8 404.6 90.9 1.0
407 0.7 1.7 388.0 87.2 1.0
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Resulatant

Friction Sbear force Resulatant Shear Strain
run CO { 4N 7 (newtons) force (Ibf) Vishnu

efficient | Merchant Merchant Merchant
408 0.8 1.5 367.5 82.6 1.1
409 0.7 15 248.2 55.8 1.3
410 0.8 1.5 235.6 53.0 1.2
411 0.8 1.2 207.6 46.7 1.5
412 0.7 1.9 463.7 104.2 1.0
413 0.7 1.6 392.5 88.2 1.1
414 0.8 1.6 367.5 82.6 1.0
415 0.7 2.6 335.8 75.5 0.6
416 0.7 2.7 3124 70.2 0.5
417 0.7 1.9 247.2 55.6 0.8
418 0.6 2.3 620.7 139.5 0.7
419 0.7 2.0 536.1 120.5 0.8
420 0.7 1.9 500.3 112.5 0.7
421 0.7 2.9 355.1 79.8 0.5
422 0.7 2.0 309.3 69.5 0.7
423 0.7 15 259.7 58.4 1.0
424 0.6 2.5 616.3 138.5 0.6
425 0.7 2.2 565.9 127.2 0.7
426 0.7 1.7 506.5 113.9 0.8
427 0.7 2.9 335.2 75.4 0.5
428 0.7 2.2 316.2 71.1 0.7
429 0.7 2.0 268.6 60.4 0.7
430 0.6 24 620.9 139.6 0.7
431 0.7 2.3 573.5 128.9 0.7
432 0.7 2.1 498.5 112.1 0.6
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Resultant Resultant Resultant Specific Coefficient
run Shear Stresg Shear Stress She_ar Stress Horsepower | of Friction
Merchant Payton Vishnu (hp*min/in 3) > 6ad
(MPa) (MPa) (MPa)
1| 1582.4946 | 1582.5230 | 1953.4031 | 12.15587879| 1.072176907
2| 1194.4807 | 1194.5022 | 685.5702 | 3.364212121] 0.868017149
3| 1222.1008 | 1222.1228 | 1029.0308 3.2118 0.963009285
4| 1083.1947 | 1083.2142 | 1396.6366 | 11.76466667| 1.215245804
5| 1268.2853 | 1268.3081 | 1707.7391 | 10.41636364| 1.101362887
6 | 1254.9858 | 1255.0084 | 1409.9061 | 2.613878788| 1.055736922
7| 710.9989 711.0117 898.7820 | 12.73569697| 1.077815699
g | 1417.6063 | 1417.6319 | 959.8426 | 4.211490909| 0.855197725
o | 1344.7332 | 1344.7574 | 884.1010 | 1.350751515| 0.89783108
10 | 1210.9768 | 1210.9986 | 1674.2892 | 3.251569697| 1.098473231
11 | 1001.9182 | 1001.9362 | 1193.0421 | 1.590139394| 0.781698252
12 | 1226.7555 | 1226.7775 | 1430.6701 | 1.502763636| 0.853980983
13| 868.9648 868.9804 | 1003.2777 | 1.406206061 1.158221442
14 | 1071.9049 | 1071.9242 | 700.3585 | 2.868054545| 1.002023494
15 | 1542.4135 | 1542.4413 | 995.8859 | 11.81842424) 0.842227771
16 | 1147.7074 | 1147.7281 | 1536.3401 | 3.786945455| 0.867083538
17 | 1409.5445 | 1409.5699 | 1520.7806 | 11.37206061) 1.0661282
18 | 1297.9453 | 1297.9686 | 1543.1517 | 13.75830303| 1.06902359
19 | 1435.7595 | 1435.7853 | 1254.7610 | 4.180824242| 0.855725793
20| 1069.8691 | 1069.8884 | 1109.0325 | 1.192172727| 0.605319712
21| 1816.0648 | 1816.0974 | 1908.1919 | 3.61330303 | 0.894983602
22 | 1806.5954 | 1806.6279 | 3713.7523 | 3.845236364| 1.015665563
23| 1457.1515 | 1457.1777 | 1466.8955 | 11.52369697| 1.001186249
24 | 1362.1257 | 1362.1503 | 1390.1754 | 2.693939394| 0.838521252
25| 1443.8231 | 1443.8491 | 1486.6400 3.823 0.734043891
26 | 1238.2075 | 1238.2298 | 1369.3690 | 13.29769697| 1.143651719
27| 1669.7260 | 1669.7560 | 1721.8281 | 2.989939394| 0.760321017
28| 1661.7702 | 1661.8001 | 1764.4316 | 3.955290909| 1.02365251
29 | 1263.3943 | 1263.4170 | 1362.6959 | 10.32493939| 1.136276019
30| 1289.5737 | 1289.5970 | 1321.1081 | 3.846212121 0.788609002
31| 1532.3837 | 1532.4112 | 1380.6122 | 2.627184848| 0.839038155
32 | 1753.3009 | 1753.3325 | 1835.2008 | 4.027393939| 0.898234942
33| 1680.5471 | 1680.5774 | 1801.2060 | 12.80121212| 0.961447316
34| 1606.9588 | 1606.9878 | 1723.7485 | 1.161075758| 0.603161112
35| 1338.9537 | 1338.9778 | 1535.1947 | 13.35593939| 1.126249856
36 | 1497.9546 | 1497.9815 | 1668.7963 | 10.15351515| 1.176602036
37| 1793.0415 | 1793.0738 | 1672.7636 | 10.15893939 1.164261602
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Resultant Resultant Resultant Specific Coefficient
run Shear Stresg Shear Stress She_ar Stress Horsepower | of Friction

Merchant Payton Vishnu (hp*min/in 3) > 6ad

(MPa) (MPa) (MPa)
3g | 1369.1770 | 1369.2016 | 1574.7048 | 1.138587879| 0.525247463
39 | 1640.5144 | 1640.5439 | 1687.3700 | 2.863490909| 0.989762649
40| 17545663 | 1754.5979 | 1883.5466 | 11.84266667| 1.23542832
41| 1457.4843 | 1457.5105 | 1483.9302 | 1.190175758| 0.530284709
42 | 14527984 | 1452.8246 | 1783.8645 | 11.61554545| 0.851141164
43| 2147.8285 | 2147.8672 | 2271.9258 | 3.719242424) 0.742738816
44 | 1578.0758 | 1578.1042 | 1661.7598 | 12.78418182| 0.926654232
45| 1950.2055 | 1950.2406 | 2167.6092 | 4.446054545 0.77705307
46| 1715.9705 | 1716.0013 | 1921.5379 | 12.63184848 0.96484302
47 | 1640.6371 | 1640.6666 | 1698.7903 | 11.65751515| 0.986730703
48 | 1435.3904 | 14354162 | 1664.3215 | 1.417236364| 0.816816663
49 | 2026.6246 | 2026.6611 | 2102.0930 | 1.444624242| 1.123189343
50 | 2011.5914 | 2011.6276 | 1992.5385 | 8.388727273| 1.118950093
51| 1825.7813 | 1825.8142 | 1867.0145 | 4.221939394| 0.702997403
52 | 1906.6306 | 1906.6649 | 1914.6626 | 1.518072727| 0.724175269
53 | 1461.9762 | 1462.0025 | 1586.6590 | 4.380969697| 0.754999922
54 | 1198.2231 | 1198.2447 | 1252.0956 | 4.231224242| 0.916180723
55| 272.1559 272.1608 | 239.9759 | 1.216181818| 0.810626247
56 | 305.9802 305.9857 285.9270 | 2.303663636| 0.930739476
57 | 309.4853 309.4909 262.6205 | 9-998333333| 1.100130614
58 | 202.5343 202.5380 172.0010 | 2.488615152| 0.931622055
59| 217.0918 217.0957 192.8495 | 1.428084848| 0.840686073
60| 213.5250 213.5288 192.6087 | 10.68781818| 1.180514504
61| 286.7429 286.7481 322.1734 | 2.652036364| 1.027199364
62 | 274.9925 274.9974 232.7535 | 3.39330303 | 0.779602708
63| 269.8254 269.8303 236.3283 | 2.706372727| 1.010570825
64| 187.0501 187.0535 155.8900 | 1.296133333| 0.871376333
65| 175.7943 175.7975 161.2195 | 12.50939394| 1.130538873
66 | 199.4687 199.4723 173.9538 | 11.14369697| 1.023002169
67 | 264.9957 265.0004 232.3570 1.5014 1.277301431
68 | 161.1734 161.1763 119.8778 | 1.111406061| 0.596118358
69 | 264.4911 264.4958 201.9117 | 14.16860606| 1.022785029
70 | 190.3290 190.3324 167.9906 | 12.02187879| 0.924365535
71| 184.1849 184.1882 143.7442 | 3.022781818| 0.931302118
72 | 181.5601 181.5634 140.6402 | 3.148757576| 0.810423443
73| 315.2454 315.2511 347.1525 | 1.463927273| 1.114546452
74| 267.6603 267.6651 282.1055 | 11.50339394| 1.027290277
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Resultant Resultant Resultant - -
Shear Stresg Shear Stres§ Shear Stress Specific Coefflc[ent

run Merchant Payton Vishnu Horse_po_wer of F“Ct,lon

(MPa) (MPa) (MPa) (hp*min/in 3) > oOad
75| 266.4894 266.4942 261.5549 | 3.339545455| 0.816052302
76 | 240.7695 240.7738 251.2888 | 3.53230303 | 0.871171975
77 | 248.0244 248.0289 242.9087 | 3.728957576| 0.979802711
78| 243.0798 243.0842 219.3345 | 1.557151515] 0.844221
79| 243.4582 243.4625 209.0123 | 10.53581818| 1.071259131
80| 250.9815 250.9860 205.6920 | 10.04181818| 1.049796975
81| 2455677 245.5721 237.8468 | 10.96348485| 1.204599324
g2 | 218.0140 218.0179 203.4712 | 3.168266667| 0.876428834
83| 218.6045 218.6085 189.5875 | 9.902878788| 1.174976723
84| 221.1308 221.1348 211.8123 | 1.192224242| 0.593609836
85| 242.6597 242.6640 200.0082 | 10.98242424| 0.998121473
86 | 277.4431 277.4481 238.3332 | 10.98651515| 1.002106994
g7 | 288.5634 288.5686 262.9864 | 1.26430303 | 0.614830876
gg | 219.6417 219.6457 219.7242 | 3.982315152| 0.810279899
89 | 235.4428 235.4470 | 208.9138 | 2.637333333 0.97138619
90| 218.0573 218.0612 186.9981 | 1.152781818| 0.503582908
91| 260.7676 260.7723 179.5229 | 12.92212121| 1.008337118
92| 209.7498 209.7535 179.2285 | 1.425678788| 0.70929057
93| 234.8043 234.8085 190.9114 | 3.251569697| 1.078498938
94| 242.8572 242.8615 188.3894 | 1.461206061| 0.683491372
o5 | 172.8167 172.8198 154.4243 | 3.777169697| 0.874080391
96 | 206.5691 206.5728 162.4910 | 11.88709091| 0.904032492
97| 263.0168 263.0216 174.8449 | 10.98072727| 0.929178803
98| 381.7762 381.7831 204.0631 | 2.616233333| 0.812187467
99 | 268.1752 268.1800 151.7192 | 10.21430303| 0.804456839
100 | 286.2343 286.2395 199.7675 | 11.96145455| 0.860296449
101 | 320.3607 320.3665 201.3792 | 1.643478788| 0.784542883
102 | 225.6267 225.6308 220.6299 | 11.57278788| 0.946434942
103 | 324.6935 324.6994 256.1624 | 13.76436364| 1.071696475
104 | 217.4169 217.4208 182.1962 | 3.347545455| 0.826533538
105 | 242.3502 242.3546 235.0281 | 3.019357576| 0.979558149
106 | 238.4951 238.4994 201.8158 | 1.139966667| 0.714056041
107 | 213.4073 213.4111 172.1480 | 11.64006061| 1.016360347
108 | 268.6244 268.6292 254.8868 | 11.87778788| 0.939379229
109 | 443.7516 443.7596 205.6020 | 10.39442424| 1.119618522
110 | 616.5564 616.5675 268.4437 | 1.454406061| 0.834813763
111 | 461.9859 461.9942 453.3987 | 3.948945455| 0.868691813
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Resultant Resultant Resultant - -
run Shear Stresg Shear Stress She_ar Stress HOSrrs)gmflc Coefflc[ent

Merchant Payton Vishnu power of Friction

(MPa) (MPa) (MPa) (hp*min/in 3) > oOad
112 | 355.0989 355.1053 204.8549 | 3.251909091| 0.935302116
113 | 361.4451 361.4516 257.5033 | 12.20021212 1.02728082
114 | 355.1746 355.1810 405.2499 | 10.15893939| 1.095831262
115 | 424.2882 424.2958 427.5455 | 1.295190909| 0.761428935
116 | 490.8583 490.8672 564.0105 | 12.41784848| 0.912181365
117 | 333.5117 333.5177 380.5394 | 11.40315152| 0.847206912
118 | 340.0101 340.0163 336.5856 | 3.270927273| 0.847645887
119 | 363.3656 363.3721 384.5881 | 1.261821212) 0.81401596
120 | 294.6031 294.6084 316.7067 | 1.196833333| 0.891839497
121 | 547.5157 547.5256 443.1704 | 3.711333333| 0.747292704
122 | 400.1429 400.1501 402.4171 | 1.427187879| 1.349266473
123 | 379.0802 379.0870 381.6371 | 10.62824242| 1.014738776
124 | 370.4515 370.4582 366.0340 | 11.55278788| 1.234176349
125| 362.5726 362.5791 383.5700 | 3.318478788| 0.910291341
126 | 331.1829 331.1888 312.2099 | 2.496293939| 0.922923536
127 | 324.2860 324.2919 271.6786 | 3.154581818| 1.104826322
128 | 346.5491 346.5553 288.3217 | 11.10418182| 0.876270123
129 | 351.5625 351.5688 255.9939 | 2.871618182| 1.016218335
130 | 270.0280 270.0329 260.8921 | 2.725815152| 0.810215787
131 | 274.2075 274.2124 264.6838 | 1.207954545 0.599297066
132 | 272.8403 272.8452 278.3669 | 4.565715152| 0.787379766
133 | 325.3917 325.3976 286.6834 | 8.238545455 1.116258633
134 | 331.3267 331.3327 313.8126 | 1.185727273| 0.685278824
135 | 378.8152 378.8220 306.9177 | 11.13069697| 0.915685685
136 | 339.5491 339.5552 299.3921 | 2.955160606| 0.812041029
137 | 328.8769 328.8828 324.4577 | 11.41242424] 1.28647597
138 | 365.8827 365.8893 366.3222 1.2149 0.910764605
139 | 382.8460 382.8529 267.2501 | 2.531490909| 0.861326543
140 | 358.4357 358.4422 302.4507 | 10.18260606| 0.973751452
141 | 334.3717 334.3777 305.7842 | 1.140175758| 0.699194336
142 | 366.2371 366.2437 351.9777 | 4.313254545| 0.928970221
143 | 347.2552 347.2615 341.6588 | 1.491806061| 1.245865092
144 | 324.8894 324.8953 304.7451 | 1.481739394| 1.214431425
145 | 1091.5689 | 1091.5886 | 1052.7227 | 1.45029697 | 0.682223435
146 | 1419.7414 | 1419.7669 | 899.5325 | 12.09969697| 1.095926672
147 | 13315147 | 1331.5387 | 911.1424 | 1.197536364| 0.545375924
148 | 1082.3048 | 1082.3242 | 1356.3780 | 1.188333333| 0.834736208
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Resultant Resultant Resultant Specific Coefficient
run Shear Stresg Shear Stress She_ar Stress Horsepower | of Friction

Merchant Payton Vishnu (hp*min/in 3) > 6ad

(MPa) (MPa) (MPa)
149 | 945.8128 945.8298 | 1240.9563 | 2.63189697 | 1.054207471
150 | 1363.7537 | 1363.7783 | 1513.3885 | 4.102187879| 1.012059193
151 | 1038.7986 | 1038.8173 | 1201.9123 | 11.97072727 0.995267745
152 | 1572.3139 | 1572.3422 | 1019.6731 | 10.82090909| 0.959959666
153 | 1281.7050 | 1281.7281 | 987.6794 12.594 1.318760528
154 | 1259.2792 | 1259.3019 | 1741.7902 | 10.67348485 1.03997641
155 | 1174.6112 | 1174.6323 | 1215.8706 | 1.17189697 | 0.57948572
156 | 1477.4712 | 1477.4978 | 1569.3226 | 3.598909091 0.850491612
157 | 862.4690 862.4846 | 1177.4352 | 1.536563636| 0.842239231
158 | 1188.2993 | 1188.3207 | 842.1118 | 11.59233333| 0.889567863
159 | 1696.4695 | 1696.5001 | 1427.7988 | 12.96975758| 0.906150187
160 | 1144.0021 | 1144.0227 | 1620.0898 | 10.05490909| 1.212272003
161 | 1646.4199 | 1646.4495 | 1639.6911 | 2.703551515 1.047696502
162 | 1730.9946 | 1731.0258 | 1988.4385 | 1.458284848 1.26804947
163 | 1254.4519 | 1254.4745 | 1283.9569 | 4.138818182 0.736542834
164 | 2072.7616 | 2072.7989 | 2082.5005 | 11.78224242) 1.101562961
165 | 1744.3241 | 1744.3555 | 1717.0377 | 4.525781818) 0.779129567
166 | 1455.4805 | 14555067 | 1665.4018 | 10.97751515 0.87509148
167 | 1261.3185 | 1261.3412 | 1343.4886 | 9-804757576| 0.975239628
168 | 1244.9360 | 1244.9584 | 1306.9383 | 2.718172727| 0.83120659
169 | 1627.9349 | 1627.9642 | 1845.8161 | 1.174636364| 0.69737942
170 | 2177.7261 | 2177.7653 | 2113.5647 | 10.69736364| 1.026574928
171 | 1429.4955 | 1429.5212 | 1302.2924 | 3.380757576| 0.818122087
172 | 1628.1953 | 1628.2246 | 1699.4329 | 1.236842424| 0.819080381
173 | 1490.7076 | 1490.7345 | 1710.1047 | 1.52990303 | 0.833182681
174 | 1363.5220 | 1363.5466 | 1337.5203 | 10.75521212| 1.189175104
175 | 1631.3577 | 1631.3871 | 1549.8355 | 11.93969697| 0.920735977
176 | 1983.3142 | 1983.3499 | 1950.8491 2.8998 0.82828446
177 | 1720.0823 | 1720.1132 | 1917.7636 | 3.207921212| 1.053872993
178 | 1463.8392 | 1463.8656 | 1650.4851 | 4.28010303 | 0.883522131
179 | 1482.9296 | 1482.9563 | 1466.5518 | 1.159366667 0.591527063
180 | 1452.9487 | 1452.9749 | 1684.1902 | 11.48236364| 0.912788311
181 | 1965.8757 | 1965.9111 | 1843.9105 | 1.220078788| 0.924263918
182 | 1231.3934 | 1231.4156 | 1396.5862 | 2.808424242| 0.996319932
183 | 1569.3193 | 1569.3476 | 1840.6235 | 10.30527273| 1.070809451
184 | 1828.5392 | 18285721 | 1933.9389 | 10.7360303 | 1.132137342
185 | 14485581 | 14485842 | 1569.1816 | 10.57163636| 1.009062179
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Resultant Resultant Resultant - -
run Shear Stresg Shear Stress She_ar Stress HOSrrs)gmflc Coefflc[ent

Merchant Payton Vishnu power of Friction

(MPa) (MPa) (MPa) (hp*min/in 3) > oOad
186 | 1785.7693 | 1785.8014 | 1883.3982 | 2.47989697 | 0.926235971
187 | 1573.6977 | 1573.7260 | 1569.8945 | 12.13969697| 0.997710682
188 | 2056.7288 | 2056.7659 | 2033.4294 | 9.803939394| 1.080488988
189 | 1935.3212 | 1935.3560 | 1841.8100 | 3.306787879| 0.822622142
190 | 15125647 | 1512.5919 | 1422.1242 | 11.44139394| 0.86942078
191 | 1533.6946 | 1533.7222 | 1698.8519 | 9.485272727| 1.089108351
192 | 1461.6955 | 1461.7218 | 1670.3894 | 3.281939394| 0.804648471
193 | 1829.6509 | 1829.6838 | 1750.3948 | 11.58721212 0.875032063
194 | 2116.7330 | 2116.7711 | 2298.0915 | 14.79412121) 1.091252185
195 | 1721.0294 | 1721.0604 | 1869.3510 | 2.951542424| 0.803808508
196 | 1836.3426 | 1836.3756 | 2245.7979 | 14.15878788| 0.998970144
197 | 1510.7973 | 1510.8244 | 1711.3574 | 3.652812121| 0.890412424
198 | 1467.2068 | 1467.2333 | 1559.7531 | 1.427660606| 1.131638517
199 | 267.7445 267.7493 220.7784 | 2.974260606| 0.897264891
200| 289.3109 289.3161 258.7553 | 4.186272727| 1.016683906
201 | 248.7084 248.7129 214.4487 | 1.518187879| 1.23269293
202 | 221.2927 221.2966 209.4344 | 1.244760606| 0.874213313
203 | 204.9440 204.9477 184.0667 | 1.202524242| 0.896454673
204 | 207.0324 207.0362 181.4020 | 3.937878788| 0.736131904
205 | 264.3534 264.3581 250.7709 | 1.437212121) 0.687126361
206 | 284.9773 284.9824 241.2066 | 9-489515152| 1.098339023
207 | 260.3433 260.3480 216.5681 | 3.155836364| 0.906490361
208 | 197.8286 197.8322 168.2642 | 3.786272727| 0.783639671
209 | 190.6842 190.6877 152.1919 | 9.477272727| 1.054125417
210 | 211.4359 211.4397 186.9074 | 3.219115152| 0.973960983
211 | 259.1467 259.1513 232.0507 | 3.909860606| 1.014436259
212 | 258.2589 258.2636 195.6799 | 4.426666667| 0.925133066
213 | 247.7408 247.7453 223.3868 | 2.566887879| 0.922091442
214 | 209.9545 209.9583 186.3539 | 2.940424242| 0.797677852
215| 181.9638 181.9671 139.4248 | 1.325690909| 0.605376819
216 | 199.9035 199.9071 166.5879 | 2.864190909| 0.980854728
217 | 194.3447 194.3482 135.9791 | 10.44781818) 0.84725874
218 | 314.8432 314.8489 297.2177 | 1.249184848| 0.584759791
219 | 300.8782 300.8836 319.0477 | 3.687848485| 0.893388032
200 | 235.9518 235.9560 221.0410 | 4.558036364| 0.793537685
221 | 220.9236 220.9276 177.8767 | 4.102466667| 0.78027099
292 | 227.9730 227.9772 199.8596 | 1.507963636| 0.801065051
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Resultant Resultant Resultant - -
run Shear Stresg Shear Stress She_ar Stress HOSrrs)gmflc Coefflc[ent

Merchant Payton Vishnu power of Friction

(MPa) (MPa) (MPa) (hp*min/in 3) > oOad
223 | 279.5877 | 279.5927 | 210.6108 | 1.388648485 1.1792437
224 | 275.4339 275.4389 254.6242 | 12.71175758| 0.925181293
205 | 292.7926 | 292.7979 | 264.7833 | 1.363078788| 0.882080802
226 | 215.3696 | 215.3735 | 175.2876 | 1.183051515 0.601848806
207 | 217.6444 217.6483 203.8960 | 11.89239394| 0.928349028
228 | 215.0511 215.0549 197.4561 | 3.506757576| 0.935125626
2209 | 277.5264 277.5314 271.7989 | 11.16069697| 1.020096656
230 | 263.4255 263.4302 243.6391 2.6722 0.953201674
231 | 289.6437 289.6489 259.0463 | 4.202909091| 0.856399546
232 | 217.5310 217.5349 223.7412 | 12.67175758| 1.08666468
233 | 225.8067 225.8108 194.0231 | 11.7169697 | 0.998970144
234 | 230.1764 230.1805 194.1531 | 11.42921212| 0.988782165
235 | 238.0420 238.0463 184.6251 | 11.88709091| 1.134540182
236 | 294.5570 294.5623 221.7940 | 10.19451515 1.147086915
237 | 298.8613 298.8667 238.6578 | 4.384406061 0.939310661
23g | 261.3992 261.4039 181.2506 | 11.06178788| 0.971087721
239 | 208.4111 208.4149 146.6639 | 10.65890909| 0.971087721
240 | 265.0381 265.0428 227.6783 | 11.30933333| 1.204772393
241 | 426.5816 426.5892 208.1909 | 2.634851515| 0.910185751
242 | 447.9739 447.9819 231.9247 | 3.646272727| 0.869619463
243 | 271.8996 271.9045 188.6668 | 1.194421212| 0.498545205
244 | 326.2002 326.2061 241.9502 | 1.517066667| 0.81239598
245 | 241.6611 241.6654 194.4823 | 2.632863636| 0.86094227
246 | 214.2046 214.2085 184.9259 | 11.08957576| 1.007614005
247 | 286.4832 286.4884 210.6557 | 1.166754545| 0.719932214
248 | 358.9823 358.9888 286.5423 | 1.432060606| 1.275386303
249 | 217.5506 217.5546 138.0460 | 10.92472727| 1.292785736
250 | 269.1365 269.1413 211.9668 | 10.17951515| 1.101562961
251 | 299.8154 299.8208 219.8805 | 1.537309091| 1.094465153
252 | 207.9391 207.9428 193.0696 | 4.093951515| 0.858090695
253 | 387.6535 387.6605 240.4661 | 3.548854545 0.869351197
254 | 471.1683 471.1768 322.2594 | 1.467321212| 1.332279565
255 | 385.7879 385.7948 368.2393 | 12.89248485| 0.966697168
256 | 318.2317 318.2374 157.7846 | 11.48260606| 1.222495879
257 | 341.9499 341.9560 181.0852 | 3.045951515| 0.915170777
258 | 369.8104 369.8171 422.0058 | 4.209472727| 0.866710351
259 | 324.4804 324.4863 311.6855 | 12.2010303 | 1.064198695
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Resultant Resultant Resultant - -
run Shear Stresg Shear Stress She_ar Stress HOSrrs)gmflc Coefflc[ent

Merchant Payton Vishnu power of Friction

(MPa) (MPa) (MPa) (hp*min/in 3) > oOad
260 | 393.4748 | 393.4819 | 402.6159 | 1.251354545| 0.822388842
261 | 404.2862 404.2935 | 379.7981 | 14.17884848 1.10193589
262 | 321.1254 321.1312 318.2039 | 3.578393939| 0.71264154
263 | 385.4545 385.4614 | 405.9887 | 12.59118182 0.9553611
264 | 313.6307 313.6364 299.2428 | 1.474921212) 0.876415645
265 | 362.9505 362.9570 361.8541 | 1.523563636| 0.788504719
266 | 440.2210 440.2289 502.6517 | 1.451757576| 0.917274708
267 | 383.5517 383.5586 353.1030 | 3.303424242 0.942881597
268 | 350.6283 350.6347 376.8616 | 3.480793939| 0.878718073
269 | 354.3236 354.3300 348.3590 | 2.964193939| 0.928464146
270 | 343.5145 343.5207 321.1585 | 3.427915152| 1.084184487
271 | 303.5067 303.5121 265.3932 | 3.963545455| 0.733006983
272 | 313.2845 313.2901 281.3491 | 2.696830303| 0.843484921
273 | 359.7607 359.7672 327.6106 | 13.26739394| 1.043277787
274| 333.8955 333.9015 279.1862 | 12.3320303 | 0.912788311
275 | 348.8812 348.8875 307.2470 | 3.843181818| 0.793717405
276 | 292.9796 292.9848 263.1913 | 1.189918182| 0.498004306
277 | 333.2012 333.2072 290.7459 | 1.168018182 0.63185196
278 | 405.7843 405.7916 348.1484 | 3.207921212| 1.077952565
279 | 380.8315 380.8383 424.9964 | 3.130684848| 0.972810233
280 | 332.6144 332.6204 327.1872 | 1.548836364| 0.731202361
281 | 332.6912 332.6972 307.8581 | 8.958515152 1.114315793
282 | 329.3197 329.3256 344.4482 | 13.11133333| 0.966697168
283 | 327.5636 327.5695 250.7249 | 2.867030303| 0.997352641
284 | 445.5095 4455175 400.4894 | 1.160421212) 0.70051194
285 | 405.0998 405.1071 288.6288 | 10.19451515 1.054125417
286 | 377.9459 377.9527 326.3325 | 16.84763636| 1.034359188
287 | 368.9925 368.9992 332.9816 | 2.519354545| 0.928610911
288 | 349.7194 349.7257 312.5449 | 10.67624242| 1.018117655
289 | 1260.5935 | 1260.6162 | 1276.1417 | 1.585878788| 1.185352847
200 | 1215.1346 | 1215.1565 | 818.7298 | 11.19263636| 1.024146029
201 | 1068.7978 | 1068.8170 | 863.6874 | 11.5469697 | 0.877177699
292 | 1032.8876 | 1032.9062 | 1507.7877 | 2.632548485 0.841470302
293 | 1390.8780 | 1390.9030 | 1585.9950 12.296 1.220454717
294 | 1310.0056 | 1310.0292 | 1468.8001 | 1.253330303| 0.82215989
205 | 954.7501 954.7673 | 1247.2085 | 10.43375758| 0.867274439
206 | 1186.8120 | 1186.8334 | 764.7211 | 2.993969697| 0.996453186
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Resultant Resultant Resultant Specific Coefficient
run Shear Stresg Shear Stress She_ar Stress Horsepower | of Friction

Merchant Payton Vishnu (hp*min/in 3) > 6ad

(MPa) (MPa) (MPa)
297 | 1118.8503 | 1118.8704 | 812.6859 | 3.624490909| 1.08587027
208 | 1201.9715 | 1201.9931 | 1715.8217 | 4.038872727| 1.024393778
209 | 1039.8110 | 1039.8297 | 1097.2961 | 1.127521212 0.598442152
300 | 1320.9680 | 1320.9917 | 1616.3988 | 3.430115152| 1.060032068
301 | 898.0923 898.1085 930.7468 | 2.862272727| 0.993826153
302 | 1453.8591 | 1453.8853 | 985.4723 | 1.467460606| 0.763383517
303 | 1699.1552 | 1699.1858 | 1267.9620 | 3.34290303 | 0.897913732
304 | 1504.6935 | 1504.7206 | 3091.0019 | 4451751515 0.790501975
305 | 1417.6538 | 1417.6793 | 1480.8452 | 10.10448485 0.975642701
306 | 1383.8348 | 1383.8597 | 1599.2377 | 9-315939394| 1.104070256
307 | 1600.8128 | 1600.8416 | 1702.1241 | 3.430115152 1.092935281
308 | 1293.2832 | 1293.3064 | 1308.0002 | 10.61075758| 0.844114344
309 | 1669.3016 | 1669.3317 | 1545.6486 | 4.113369697| 1.01766769
310 | 1712.8983 | 1712.9291 | 1951.8843 | 1.248327273| 0.885110045
311 | 1460.3348 | 1460.3611 | 1449.9546 | 2.767221212 0.850474456
312 | 1244.1478 | 1244.1702 | 1180.5236 | 4.710448485| 0.786972947
313 | 1608.6559 | 1608.6848 | 1742.1069 | 12.60218182 0.979764304
314 | 1804.8144 | 1804.8469 | 1695.2100 | 2.642660606| 0.998604328
315 | 1592.1850 | 1592.2137 | 1721.7794 | 1.509527273| 1.253521408
316 | 1403.8744 | 1403.8997 | 1589.4043 | 1.548012121| 0.812710207
317 | 1344.1067 | 1344.1309 | 1461.4316 | 2.498015152 0.937043764
318 | 1307.6235 | 1307.6470 | 1497.5109 3.1194 0.905191776
319 | 1500.1005 | 1500.1275 | 1488.6757 | 10.2469697 | 1.20057728
320 | 2084.2712 | 2084.3087 | 1955.0487 | 10.67121212| 1.192309284
321 | 1910.5489 | 1910.5833 | 1868.4247 | 3.399151515 0.814884786
322 | 1587.7178 | 1587.7464 | 1827.0731 | 10.60533333| 1.086398394
323 | 1338.2111 | 1338.2352 | 1643.2309 | 10.51557576| 1.150879045
324 | 1261.1826 | 1261.2053 | 1370.3819 | 13.70721212| 1.032132898
325 | 1834.0727 | 1834.1057 | 1858.9985 | 10.79181818| 1.024955575
326 | 1357.7422 | 1357.7666 | 1443.5846 | 1.151724242) 0.566001223
327 | 1544.6250 | 1544.6528 | 1889.7613 | 12.16606061 1.106530681
328 | 1594.2524 | 1594.2811 | 1753.3378 | 3.234569697| 0.898352961
329 | 1664.2164 | 1664.2464 | 1750.4802 | 11.05212121 1.167290854
330 | 1445.2154 | 14452414 | 1615.1588 | 1.383472727| 0.919514238
331 | 2281.6029 | 2281.6440 | 2502.6040 | 1433854545 0.876673981
332 | 1611.4774 | 1611.5064 | 1722.8538 | 1.452236364| 1.127447286
333 | 2373.8327 | 2373.8755 | 2265.6266 | 1.603787879| 1.239470124
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Resultant Resultant Resultant Specific Coefficient
run Shear Stresg Shear Stress She_ar Stress Horsepower | of Friction

Merchant Payton Vishnu (hp*min/in 3) > 6ad

(MPa) (MPa) (MPa)
334 | 1765.2294 | 1765.2612 | 1942.2525 | 3.613060606| 0.791306505
335 | 1425.4680 | 1425.4936 | 1717.1834 | 1.498145455 0.668788709
336 | 1575.7910 | 1575.8194 | 1806.4776 | 11.46290909| 1.204852736
337 | 2076.6648 | 2076.7022 | 2067.2585 | 10.50118182| 0.980862222
33g | 1429.4527 | 1429.4784 | 1483.0209 | 1.126633333| 0.505739128
339 | 2393.4924 | 2393.5355 | 2468.3063 | 11.79672727| 0.920324832
340 | 1823.0493 | 1823.0821 | 1802.8394 | 10.88621212| 0.94935895
341 | 1540.9080 | 1540.9357 | 1764.1575 | 13.07654545| 1.094162591
342 | 1344.9853 | 1345.0095 | 1334.1017 | 13.84666667| 1.130597351
343 | 256.1715 256.1761 227.5480 | 3.068545455 0.802323988
344 | 249.8443 249.8488 192.9376 | 2.671960606| 0.815101968
345 | 265.3367 265.3414 251.8190 | 1.118890909| 0.605372873
346 | 203.0575 203.0612 180.3061 | 1.480872727| 0.831238471
347 | 206.9103 206.9140 185.0425 | 3.536909091| 0.895444559
348 | 178.6387 178.6419 149.6285 | 1.231251515| 0.595104007
349 | 259.5769 259.5815 222.5823 | 4.145575758| 0.735913139
350 | 258.1297 258.1344 227.3699 | 11.79345455| 0.884433819
351 | 257.7344 257.7391 216.2811 | 3.113363636| 0.96761863
352 | 188.3817 188.3851 171.2232 | 2.477115152| 0.942229486
353 | 185.7690 185.7723 159.0796 | 12.45333333| 1.080275398
354 | 188.4099 188.4133 170.2409 | 12.15236364| 0.922525432
355 | 248.1400 248.1444 205.0165 | 1.447084848| 1.165136832
356 | 211.2994 211.3032 175.3205 | 4.151072727| 0.837199145
357 | 253.7977 253.8022 228.4347 | 4.234569697| 0.92051102
358 | 175.2721 175.2753 146.1347 12.406 1.022472391
359 | 169.1572 169.1602 133.6209 | 3.423212121| 0.941711679
360 | 186.1551 186.1584 154.1297 | 1.401127273| 0.840429594
361 | 240.3306 240.3349 275.4202 | 1.143760606| 0.61804004
362 | 265.8417 265.8465 237.8884 | 11.26533333| 0.865646737
363 | 328.6272 328.6331 330.0819 | 10.44854545| 1.058097856
364 | 224.4910 224.4950 219.9027 | 1.12469697 | 0.504576942
365 | 236.7719 236.7762 238.3472 | 1.149966667| 0.637548882
366 | 240.9086 240.9129 230.9871 | 1.231163636| 0.932503583
367 | 261.9813 261.9860 216.0665 | 4.448533333| 0.784149731
368 | 286.9403 286.9455 283.0359 | 2.478966667| 0.933143173
369 | 288.2902 288.2954 241.7424 | 1.424478788| 0.811378803
370 | 206.2737 206.2774 195.6545 | 4.149393939| 0.731935139
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Resultant Resultant Resultant - -
run Shear Stresg Shear Stress She_ar Stress HOSrrs)gmflc Coefflc[ent

Merchant Payton Vishnu power of Friction

(MPa) (MPa) (MPa) (hp*min/in 3) > oOad
371 | 223.8796 223.8836 200.0603 | 2.769351515| 1.061682606
372 | 229.9559 229.9600 226.9181 | 1.468066667| 0.67817758
373 | 283.2313 283.2364 203.4860 | 3.637012121| 0.883108644
374 | 279.6908 | 279.6958 | 208.4334 | 12.96618182| 1.292680386
375 | 283.5902 283.5953 214.0550 | 11.30115152] 1.02652553
376 | 225.1477 225.1517 224.0103 | 4.178981818| 0.867191725
377 | 223.5994 223.6034 196.9755 | 11.19360606| 1.052186773
378 | 237.9430 237.9473 222.8143 | 11.74842424| 0.991401974
379 | 237.2696 237.2739 167.6045 | 2.599912121| 0.85038881
380 | 389.4467 389.4537 194.4221 | 1.200321212| 0.890794835
381 | 250.6153 250.6198 195.4499 | 9.977393939| 1.195590525
382 | 213.9357 213.9395 173.6216 | 3.16949697 | 0.902875421
383 | 215.4291 215.4330 155.4668 | 3.450515152| 0.86913365
384 | 238.1320 238.1363 192.2563 | 13.75933333| 1.106708683
3g5| 320.0884 320.0941 194.3342 | 1.227148485| 0.820751402
386 | 353.6261 353.6324 184.9923 | 3.384454545| 0.829780502
387 | 200.1392 200.1428 161.0026 | 2.743733333| 0.959605647
388 | 252.5902 252.5948 197.9047 | 10.0350303 | 1.078021339
389 | 297.1280 297.1333 224.3178 | 1.109306061| 0.715487965
390 | 206.8756 206.8793 182.1063 | 3.888606061| 1.026103551
391 | 272.6588 272.6637 215.6757 | 1.533115152| 0.837325715
392 | 257.9244 257.9290 207.5233 | 13.27739394| 0.956615234
393 | 244.7792 244.7836 193.9312 | 4.314630303| 0.953116004
304 | 263.2336 263.2383 203.4728 | 10.96354545| 0.959407403
395 | 239.2959 239.3003 192.3361 | 4.233018182| 0.861606167
306 | 247.1250 247.1295 199.2420 | 12.42418182| 0.969741472
397 | 455.0114 455.0196 202.6932 | 10.57642424| 0.979561028
308 | 500.2531 500.2621 257.1672 | 2.866915152| 0.986577531
399 | 468.3136 468.3220 631.3356 | 1.583618182| 0.811466425
400 | 313.9962 314.0019 148.3141 | 1.109209091| 0.719164874
401 | 346.3400 346.3462 164.7856 | 2.923048485| 0.819229695
402 | 409.3122 409.3196 419.2902 | 11.71593939| 0.998996995
403 | 452.2487 452.2568 468.0949 | 12.23224242| 0.921562779
404 | 362.8357 362.8422 408.2336 | 2.610733333| 1.061470289
405 | 393.5799 393.5870 391.5648 | 13.75684848| 1.075293474
406 | 322.1283 322.1341 348.8087 | 3.631909091| 0.876314444
407 | 307.0909 307.0965 337.9912 | 11.00933333| 1.147449844
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Resultant Resultant Resultant Specific Coefficient
run S&Z?é:‘; :](;:'ss Shlg:)r/titr:ess Sh\e/ia'lsrhitjress Horsepower | of Friction

(MPa) (MPa) (MPa) (hp*min/in 3) > oOad
408 | 310.3792 310.3848 283.9094 3.5146 0.8864074
409 | 483.0136 483.0223 444.3889 | 1.393593939| 0.925397477
410 | 429.0704 429.0781 392.0079 | 2.761172727| 1.023706069
411 | 466.7067 466.7151 547.2294 | 9.78830303 | 1.051510251
412 | 347.1699 347.1761 352.9484 | 9.696848485| 1.1225446
413 | 346.4454 346.4517 369.3659 1.488 1.123469973
414 | 305.9297 305.9352 308.6325 | 10.2469697 | 1.105783294
415 | 351.4480 351.4544 266.3149 | 8.911393939| 1.124089214
416 | 311.6746 311.6802 299.3420 | 3.813878788| 0.791934384
417 | 334.7671 334.7731 332.6188 | 3.439939394| 0.825242167
418 | 364.6298 364.6363 323.8978 | 11.37806061| 1.104096069
419 | 348.9527 348.9590 332.8010 | 11.20021212| 0.883708951
420 | 323.9979 324.0037 294.9813 | 3.866606061 0.78893061
421 | 335.7953 335.8014 287.7443 | 10.34118182| 1.034041012
422 | 412.8954 | 412.9029 | 368.5804 | 4.116212121) 0.735890428
423 | 420.5644 420.5720 359.8268 | 1.140157576| 0.746046959
424 | 345.6200 345.6262 335.6423 | 4.340654545| 0.931425064
425| 345.0823 | 345.0885 | 333.1309 | 11.82163636| 1.290838236
426 | 365.4775 365.4840 342.7345 | 3.438666667| 0.921776341
427 | 318.2066 318.2123 261.0077 | 1.233936364| 0.654474343
428 | 384.4446 384.4515 309.3733 | 11.92575758| 1.075122447
429 | 333.1464 333.1524 318.5636 | 1.235242424) 0.858903663
430 | 358.7914 358.7979 333.2406 | 3.364060606| 0.922825626
431 | 336.2491 336.2551 326.3171 | 11.65775758| 0.856503744
432 | 295.3937 295.3990 290.7131 | 11.42527273| 0.97930927
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AppendixE

T-Tests ofmeancutting and thrust forces for tool wear analy3isese are
comparing the replicate runs

t-Test: TweSample Assuming Equal Variances

Cutting forcel vs 2
cutting cutting
force (Ibs force (Ibs

force) force)

Mean 142.9032 143.9929
Variance 14542.34 14488.71
Observations 144 144
Pooled Variance 14515.53
Hypothesized Mean

Difference 0

df 286

t Stat -0.07674

P(T<=t) ondail 0.469441

t Critical onetail 1.650199

P(T<=t) twetail 0.938881

t Critical twotail 1.968293
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t-Test: TweSample Assuming Equal Variances
Cutting force 2 vs 3

cutting cutting
force (Ibs force (Ibs
force) force)

Mean
Variance
Observations

Pooled Variance
Hypothesized Mean
Difference

df

t Stat

P(T<=t) on4ail
t Critical onetail
P(T<=t) twetall
t Critical twotail

143.9929 142.8826
14488.71 14077.31

144 144
14283.01

0

286
0.078833
0.46861
1.650199
0.93722
1.968293

t-Test: TweSample Assuming Equal Variances
Cutting force 1 vs 3

cutting cutting
force (Ibs force (Ibs
force) force)

Mean

Variance
Observations
Pooled Variance

Hypothesized Mean
Difference

df

t Stat

P(T<=t) ondail
t Critical onetall
P(T<=t) twetall
t Critical twotail
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142.9032 142.8826
14542.34 14077.31

144 144
14309.83

0

286
0.001466
0.499416
1.650199
0.998831
1.968293



t-Test: TweSample Assuming Equal Variances
Thrust force 1 vs 2

thrust thrust
force (Ibs force (Ibs
force) force)

Mean
Variance
Observations

Pooled Variance
Hypothesized Mean
Difference

df

t Stat

P(T<=t) on4ail
t Critical onetail
P(T<=t) twetall
t Critical twotail

36.67969 37.21594
1345.852 1381.035

144 144
1363.444

0

286
-0.12323
0.451006
1.650199
0.902012
1.968293

t-Test: TweSample Assuming Equriances
Thrust force 2 vs 3

thrust thrust
force (Ibs force (lbs
force) force)

Mean

Variance
Observations
Pooled Variance

Hypothesized Mean
Difference

df

t Stat
P(T<=tpne-tail
t Critical onetall
P(T<=t) twetall
t Critical twotail

37.21594 37.21509
1381.035 1333.457

144 144
1357.246

0

286
0.000196
0.499922
1.650199
0.999844
1.968293
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t-Test: TweSample Assuming Equal Variances
Thrust Force 1 vs 3

thrust thrust
force (Ibs force (Ibs
force) force)

Mean

Variance
Observations
Pooled Variance
Hypothesized Mean
Difference

df

t Stat

P(T<=t) on4ail

t Critical onetail
P(T<=t) twetall

t Critical twotail

36.67969 37.21509
1345.852 1333.457

144 144
1339.655

0

286
-0.12412
0.450653
1.650199
0.901306
1.968293
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AppendixF
Program Files

The figure below shows the LabVIEW file used to convert the force data from collection into ar

Excel file for further analysis.
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AppendixG
Normal Plot of Residuals
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Normal % Probability

Normal Plot of Residuals
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Normal % Probability

Normal Plot of Residuals
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Externally Studentized Residuals

AppendixH
Residuals vs. Predicted
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Externally Studentized Residuals

Residuals vs. Predicted
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Residuals vs. Predicted
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Externally Studentized Residuals

Residuals vs. Predicted
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Externally Studentized Residuals

Residuals vs. Predicted
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Externally Studentized Residuals
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