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ABSTRACT

Since the introduction of the titanium carbide

coated cemented carbide tools in 1969 by no fewer than

five manufacturers, several independent studies have

acknowledged the superior performance of these todls

 over the non-coated carbide tools. Since that time the

popularity of coated tools has increased, Several manu-

facturers introduced two TiC coated steel cutting grades

which were Specifically recommended as a roughing opera-

tion grade and a finishing operation grade, Meanwhile
several manufacturers of TiC coated carbides did not
recognize a difference between roughiné and finishing
operations by producing only a single coated grade for
both roughing and finishing operations,

In this experiment each tool produced by a partié-

ular manufacturer was tested at a set of roughing and

| finiShing machining conditions for a turning operation

of 4340 heat treated steel to determine if any signif-

icant differences in performance existed between the

ommended areas of application, The parameters of per-
formance were conventional flank wear and surface

| rbughness.. From this experiment it was concluded that

there was very little, if any, significant”difference 

in performance between the'two TiC coated grades over

roughing and finishing grades in thelr respective rec- T
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the set of roughing and finishing conditions; and con-
sequently, there is no need for two steel cutting TiC
coated grades., The manufacturers of the single-grade

- steel cutting coated tools were justified in their

decisioﬁ to prbduce Only oné grade for bothoperations.
In general,‘thesingle-grade coated tools performed
éignificantly better;than the multi-grade coafed tOOIS.
Also, the TiC coated tools were found to perform
significantly better than qnéuated roughing and finishing
tools because of the titanium carbide coating's ability

to inhibit the abrasive, thermal, and diffusion mechan-

isims of tool wear,




INTRODUCTION B .

One of the most unliversal and timely dilemmas 
which confronts the metal removing industry is the need

for improved cutting tools. Because of the tremendous

aﬁvances made 1n materials; material research tech-
'nology, and inbreasing.preSsures onpré&uctivit& in

the last decade; toolAmanufacturers are forced té inno-
vate and supply new tooling to meet these needs. One
‘of the tool industry's latest innovations is the
‘titanium carbide (TiC) coated cemented carbide Which
was introduced in 1969 (1),

Basically the titanium carbide (TiC) coated carbide
1s no more than a standard cemented carbide grade which
1s coated on all surfaces with an extremely thin layer
of titanium carbide. The thickness of this layer is
generally between ,0002 and .0004 inches,

'By introducing the titaniﬁm carblide coated togiz '
the mahufacturers help solve the'"hardness-toughness“
dichotomy that has plagued tungsten‘oarbide toolsfsincel
their 1ﬁtroduction. This dichotomy is the inverse
'relationship whichleXists between'the magnitude of-
hardness and the magnitude of toughness for a particular
cutting tool grade, Previous to the coated tools'
‘introduction; if the hardness of the cuttihg.tooi was
highA(good wear resistance), the toughness Was low (pobr"

mechanical shock resistance). The converse also followed.,

;




| HoweVer, if a fough carbide grade 1s coated with an

extremely hard, thin layer of titanium carbide, the

~ resulting cutting tool is one which exhibits the

excellent wear resistance properties of TiC and the
mechanical shock resistance prgpertiés of the tough
substrate chosen at both room’énd'elevated temperatures

(1,2,3,4).

 Manufacturers Performance Claims

In addition to the immediate solution of the
hardness-toughness dichotomy, the manufactufers pf
TiC coated carbides have highly touted the increased
performance obtained‘by using TiC odated 1nserts’on
operations previously performed by non-coated tools
(5,6,7,8)e A brief summary of the claims afforded the
coated tools is as follows: '

1. increased tool life

2..inoreased resistance to cratering
3., decreased t001~tiptemperatug?s

b, decreased coefficient of friction
5, decreased flank wear

6. decreased surface finish roughness
7 decreasedloperating tool forces

8, decreased diffusion wear 4

9. decreased tool inventory = -

10, increased productivity
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Indeed the list of 1mprovements attributed to the
use of Tic coated lnserts over their non-coated rela-
ytives 1s impressive, 1f not lengthy, and is not without
the manufacturers' support in the form of numerous field
‘and 1aboratory comparisons (2,4,5,6,7, 8 ,9).

Besldes the manufacturers' documentation of their
superior performing tools, there exists an increasing
number of independent institutions whose experimentation
and researdh~w1th TiC coated tools has yielded favorable
results (1,3,10,11). The recent redsearch efforts of
Nem Suh, (12,13,14), in the area of oxide coatings on
tungsten carbide tooling has produced parallel results,
Suh, and his associated have determined that various
oxides, when deposited on WC tools, increase tool per-
formance because the oxide layer diffuses into the car-
blde substrate and forms a superior mass difquion
barrier against unwanted elements during steel cutting
operations, Also, the oxide layer coated tools reflect
lower coefficients of friction at the cuttihg interfaces
- than do non-coated tools; therefore, lower cutting
forces and temperatﬁres are experienced,

It is quite possible to assume that TiC coatings
function in the same manner as the oxide coatings; that
le; the»increased performance observed may be attributed
to TiC's ability to form a diffusion barrier. However,

it is not possible to determine exactly how muop“of the

e e T




improvement is due to TiC's wear resistant properties,

or how much of the improvement is due to TiC's anti- .
diffusion propertiés. |
The results of~a%; of the fééééfch conducted seem
.to reflect twp things;‘the remarkable;physical properties
and pefformance characteristics of TiC which retard the
mechanisims of wear, and the impoftance Qf a bond of
hiéh integrity, Like most present-day manufacturing
practices, TiC and TiC bonding techniques are the result

of the later-day endeavbrs discussed below,

History of TiC and TiC Bonding

Titanium carbide and titanium carbide bon&ing

- processes are not recent innovations, in 1887, Shimer
first identified TiC while conducfing experimental Work4
with cast iron (3)., Eight years later, in 1895, Moissan
produced TiC by reducing TiOgiin the presence of carbon,
and also developed the electric furnace in which this
reduction was conducted, Moissan's basiéncarbon réduc-
tlon process, although modified, is still the basis of
certaln operations for preparing TiC (3).

The basic process of applying a coating of TiC is
the chemical vapor deposition (CVD) process, This pro-
cess was demonstrated by the German chemist Moers some

“ho years ago., TiC‘was deposited on a heated filament
at 1700°C (3000°F) in an atmosphere of titanium tetra-
o chloride, hydrqgen, and‘toluene. Today, the proéess~‘

6




is somewhat different°»the reaotion proceeds at a lower

temperature, 1650°F- 1950°F and methane is substituted

for toluene. These refinements of Moer's process have

\resulted in a coating which is a highly dense, zero

Current TiC Coating Processes N

. was used to apply TiC coatings to "sultable tool steels

porosity, 1ayer of pure TiC (3).

The chemical vapor deposition process used today
was deteloped by Metallgesellschaft A.G., of Frankfort/

Main, Germany approximately ten years ago. The process

and cast iron" (1l1)., The process 1is as follows:

"Titanium carbide is formed from the vapor phase
reaction of titanium tetrachloride (TiCly) and

gaseous hydrocarbons (CH4)" (11).

"This reaction occurs in a sealed reaction chamber
(retort), at an elevated temperature (1650-1950°F),
by passing two separate reaction gases into the
coating or reaction chamber, One gas is a dry
hydrogen plus titanium tetrachloride., The other
gas is a dry hydrogen plus a gaseous hydrocarbon
(CHy), The reaction of these gases with themselves
and Witn the base material to be coated, in accord-
ance with the following equations, produoe the TiC
coatings " o(11)

~ Ticly + CHy at g1650-1250°F2,;
Titanium Methane -~ Hydrogen |

Tetrachloride
TiC + 4 HC1 ,
‘Titanium Hydrochloric

Carbide o ~Acid




Importance of the Titanium Carbide Bond

- The 1ntegrity of the bond formed by the chemical

vapor deposition methodfis dependent upon thec}eanliness
of the surfaces to bé coated,‘the preparatioh of the
surféces to be coated, the puritj of the reacting‘gasés,
and fhe 1ntegrity of the reaction system., The failure
to provide these necessary conditions, in part or whole,
will result in a bond which is porous, chemically contam-
‘1nated, and lacking in hardness and wear resistance (3),
In addition to the CVD coating process, three other
TiC coating processes exist: flame spray, diffusion, and
§1nter1ng. Because of the_poorer porosity, greater
| coating thickﬁesses, and larger TiC grain size of the
coating obtained through the use of these processes;
they should not be used as coating processes for carbide
tooling (3).
| The importance of a high integrity bond between 4
‘the TiC and 1ts carbide substrate cannot be overstated, ’
A contaminated, porous, and/or non-uniform bond inevi-
tabiyleads to the loss of the advantageous TiC coating,
and‘the,sﬁbsequent loss of TiC's performance character-
1stics. Thé cutting tool's performance will then resem-
}ble the performance of the original unprotected substrate
‘carbide (2)., That is, crater énd flank wear will be

1ncreased because the diffusion and abrésion barrier of

TiC is lost. Also, the natural lubricity of TiC with its
. . |
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associated low coefficienthoffriction and antiéwelding
properties will no longer ald the reduction of built-up-
edge and cutting interface temperature problems. The
conventlional cutting forces encountered during machining
will also increase significantly if the coatiﬁg is

breached (4),

Importance of the Substrate

From the preceeding discussion it becomes apparent
that the TiC coating, if bonded properly, is the major
éontributing element to better tool performance., It
would seem that the choice of substrate material is of
secondary importance., McKee and Briefley (2) agree that
the differences in crater and flank wear between uncbated
carbide tools is ﬁarrowed by the introduction of the
TiC coating, However, the areas of ultimate tool wear,
deformation, and thermal crack resistance are still

governed by the substrate; depending upon the operation

and the material being cut. For example, in the machin-

ing of grey cast iron or non-ferrous materials a WC-Co

type grade would be a probable cholce since WC-Co grades

exhibit superior abrasion resistance. But, the use of

a WC~Co grade for high speed machining of steel could
lead to chipping or cé;éstrophio breakage.

’bne should not expect superior performance from a
coated tool if there has been no engineering judgement

exercised in the selection of the substrate grade.

9




Conslderation of the nature of the operation, matefial,
and cutting oonditions must be made. .The coating itself
is not going to totally outweigh or 31gnifioant1y alter

the inherent performance characteristics of an improperly

chosen substrate gyade.

A brief glance. at the coated tool manufacturers!
product catalogues reveals a oertain concern for this

in that several grades of coated tools are available,

TiC Coated Carbides of Various Cutting Grades

Generally, the TiC coated grades fall into two
basic categories: cast iron and ste@l Of the five
manufacturers of coated inserts revie N\ fwo manufaoture'
cast iron cutting grades,as Well as steel cutting grades,
- The remaining three manufacturers havevnot, as yet,
introduced the cast iron grades; but have steel cutting
grades available, |
It is quite understandable that it is difficult,
| 1f,hot impossible, for a single carbide grade to perform
optimally on both cast iron and higher-speed steel cut-
ting operations, Therefore, the‘diStinotion which is
reoognized by the introduction of both grades is highly
justified There would be little doubt in the oonsumer S
dﬁind that he Would prefer the cast iron grade when
cutting cast iron. Since there is only one ooated cast
1fonAgrade availableger manufaoturer,‘the consumer has
only.to deoide from whom to purchase the tool;

10




Thé process of selecting a coated tool for steel
machining operations becomes more than just a question
~ of the lowest bid, Three of the manufacturers of coated

tools produce two steel cutting grades. They ﬁaVe re-

ferred to these as a "general purpose" grade, and a &

"finishing purpose™ grade.' On the other hand, two manu-
facturers offer a single grade which is labeled as~a
~ﬁgenera1 purpose" or a "light to medium roughing ana"
semi-finishing operations"_grade.

In essence, the two-gradé manufacturers are suggest-
 1ng that the differences between'general and finishing
operations are so large that there must be a coated tool
grade for each of these operations for optimal performance,
Meanwhile, the single gréde manufacturers are suggesting
that the differences between general.and finishing
operations are narrowed and virtually eliminated by the
use of a TiC coated tool; therefore, a single grade will
produce optimal results for both operations,

~In addition to theﬁba§1c confusion of thése two
ideologies is the lack of any flrm guidelines fér the
use of these steel cutting grades, thus gﬁgmenting the
difficulty of grade selection, Both single, and multi-
grade manufacturers hedge at the limits of useful appli-
. cation..’A glance at the multi-grade manufacturers?!
product literature shows sOme.doubt and overlapping of |
the aréas of applicétion. It is certain that ény consum-
er who is knfawledgeable of the prbduot arrays of the |

11
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‘ coatéd tool manufacturers will not know whether to buy
and stock two TiC coatédsteel cutting grades, one
cutting grade,uorbsome mixture of grades from severél_
ﬁanufacturers. . v

‘Since the manufacturers are in conflict as to how

'many coated steel cutting grades are neoessary; there
1s the need to determine if any differences in perform-
ance exist within and between the two-grade system, and
‘the single-grade system over a range of roughing and
Afinishing cutting operations, If the manufacturers
who.support the two;grade system are right, the general
purpose tools will outperform the finishing purpose
tools for the general cutting cases; and vice-versa,

If 1t 1s shown that there is little or no difference in
performance of the two grades for either roughing or
finishing operations, the manufacturers of the single
coated grade system will be correct in their decisiop

to manufacture only one coated steel cutting grade,

12




EXPERIMENTAL DESIGN AND PROCEDURE
Objectives

The objectives of this experiment Wére to determine
if there were any significant differenées‘1n_performance
between:  ‘ | . |

1) the roughing and finishihg‘TiC coated grades

~offered by the manufadturers“of there grédes:

2) the multi-grade manufacturers and the single-

grade manufacturers; and

3) the TiC coated carbide tools and the uncoated

carblde tools.

The experiment was a fixed factorial.experiment'
comprised of four independent variables and two depen-
dent variables,

» The four independent variables were: tools (10 levels,
- 8 coated with TiC, and 2 uncoated), type of operation

(2 levels, roughing and finishing), cutting speed (2 levels)
and thé duration of cutting (4 levels).

The two dependent variables were oonventionalv
flank wear, and surface finish roughness, These vafiables
‘are considered to be the most common parameters of per-
formance in the metal removing industry, and were consi-
~dered as such for this experiment. Also, any accompany-
_ing abndrmalities which occurred to t@e tool during the

‘experiment were observed, measured, and recorded,
13
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Since ﬁhe eﬁphasis of this‘expériment was placéd
upon discerniﬁg any differences in performance between
these coated and uncoated tools and manufacturers, the
possibility of creéting moreﬂinterdepéndenéies and
 confusing ihteractidns is limited by-chosing'a Single

~ work material, tool geometry, and machining category.

Discussion of the Independent Variables

Tool Selection-
- The tools chosen form three categories:

1) manufacturers who produce two TiC coated steel

cutting‘grades:

2) manufacturers who produce one TiC coated steel

cutting grade; |

3) and uncoated cafﬁide steel cutting grades,

Three manufacturers produce a roughing and finishing
coatéd grade; theréfore, 6.todls belong to the first
category, Two manufacturers produce a single coated
- grade (2 toOls), and one uncoated carbide roughing'and
one uncoated finishing grades were selected as a control
group. This gives a total of ten tools. To aid in the
reduction of experimental error, all tools were of the
one-half inch square indexable throw-away type, all had
~ honed cutting edges, and all had the same tool geometry.
Type of Cutting Operation, Speeds, and Times-nm

‘The ma jor objective of this experiment was to deter-

mine if the roughing and finishing grades perform best
| -




under roughing and finishing opefations respectively,
Therefore, two combinations of feed and depth of cut
were chosen, Each was to reflect_typical.industrial
roughing and finishing parameters. Thg roughing condi-
tion had ,020 in,/rev. feed and\.050 in, depth of cut,
‘The finishing condition had .005 in./rev. feed and
.020 in, depth of.cut. |

A pilot experiment was conducted in order to estab-
1ish the two levels of speed desired gor each operation,
and the’f&ur intervals‘of cutting duration. It was de- |

cilded that the upper limit of speed and time should
produce near-failure (.,030 in, flank wéar, or loss of
the cutting edgé) on an uncoated tool,

The results of this pilot experiment yielded speeds
of 200 and 300 sfpm,and 500 and 800 sfpm for the rough-
ing and finishing operations respectively. The'upper
limit for the duration of the cuts was 7 minutes, with
intermediate intervals at 1, 3, and 5 minutes.

Discussion of Fixed Variables

The machining category was fixed to a simple outer
- diameter turning of 6" x(54" bar stock on an engine
- lathe, Other basic machining operations such as milling
and shaping would introduce the more}complicated_thermai
fatigue craéking wear phenomena which was not to be evale-
uated by this experiment,
| The work material was fixed to SAE 4340 heat treated -

4 “steel in the form of 6" diameter by 54" long bar stock,
15




ReckwellC-35-37. wThis materiai approaches the "hard"
materials category,wend would be a sufficient test of
the red-hardness properties of the coated and uncoated
- tools, I
w The tool geometry was fixed to SNG 433 with a basic
'negative geometry of: BRA -5, SRA -5, FCA 5,.SCA 5,
‘ECEA 15, SCEA 15, and NR 3= 64ths. inches, This geometry
ensured these inherently brittle carbide tools of some
cutting edge support by having negative rake angles, small
eleeranee angles, and a small end cutting edge angle.
: Also, there is protection against vibration and chatter-
1ng because of'the small side cutting edge angle and |

small nose radius,

Discussion of the Dependent Variables

The two dependent variables are conventional flank
wear and surface finish roughness,

The flank wear viariable was meesured by a toolmaker's
microseope for the particular tool, cutting eondition,
and speed at the end of the first minute of cutting. It
was then measured at two minute intervals until the tool

| either falled or seven minutes of cutting elapsed, Fail-

ure wes defined as +030 inches of flank wear, or as the
1oSs of'the cutting edge by any mechanism of wear, If
a2 tool failed before seven'minutes of cutting, arvelue
of .030 in, was assignedito the remaining time intervals E

to ensure a complete matrix for analysis,

16
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The surface finish roughness was measured by a

- portable stylus-type surface roughness“instrument. A

measurement was taken for each’flank wear measurement,
If tool fallure occured prior to seven full minutes of
cutting, the roughness'measurement was taken at that
time and applied to any remaining time intervals £0'
complete the data matrix, |

Since there were 10 tools, 2 cutting operatidﬁs,
2 cutting spééds/operation,'h time intervals;énd 2
replicatés,'the number of observations of flank wear

' \

and surface roughness was 320 (10 x 2 x 2 x 4 x 2=320),

The raw data is arrangéd and presented in Appendix-A.

ExperimentallPrecautions Exercised

"1) In order to ensure constant surface sﬁeeds with
changes in workplece size, a frequency alternator was |
coupled to the AC driven lathe., A very accurate hand-
held cumulative tachometer was used to measure the actual
speed of the revolving workpiece, and the frequency
alternator could be adjusted accordingly.

| 2) When a particular.cuﬁ was to be terminated; the
feed was stopped first, the tool withdrawn, and the
rotation of the workpiece stopped, in that order. This
helps to guard against any unnecessary chipping énd ‘
bréakage bfthe tool, | |

o 3) When thé diaﬁéte} df the bar stock approximatéd_.

3 inches, the bar was removed and replaced with a new

17




nar'fromthe same heat, |

- 4) When a full longitudinal'“pass“~on the bar was
completed, a "pass" was taken on the bar with a roughing
?ogﬂ in ordef to generate a homogeneous cutting surface
for further cutting.

-5) The diameter of the bar waé récorded for each -
replicate for the purposes of explaining some of the
variation, 1if any, between replicates made at different
diameters, | | | o S

| -'6)4Thé built-up-edge deposits, if any, were removed

from the tool before the flank wear measurement was

- taken,

7) The tool holder was reCentefed, 1f needed, for

- each change of the bar stock,

List of Independent Variables

1, Tools:

a, Sandvik G.C, 135 = TiC Coated (Roughing)

b. Sandvik G,C., 125 TiC Coated (Finishing)

c. G.E, Carboloy "s516" TiC Coated (Roughing)
d. G.E., Carboloy "s5lin TiC Coated "(Finishing)

e, Firth Sterling TC+ TiC Coated = (Roughing)

f. Firth Sterling TC+1 TiC Coated . (Finishing)

g+ V.R, Wesson Ti-Bond-1l TiC Coated (General Purpose)
h, Kennametal KC-75 TiC Coated (General Purpose)
i. G.E, Carboloy 370 Uncoated (Roughing)

Jo G.E. Carboloy 350 ‘Uncoated | (Finishing)

18
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3.

Cutting Conditions:
Roughing Cut- a - | \
Depth of Cut = ,050 inches (constant)
Feed Rate = +020 inches/revolution (constant)

a, @ 200 surface feet/minute
b. @ 300 surface feet/minute

Finishing Cut-
" Depth of Cut

= o020 inches (constant) .
Feed Rate = o005 inches/revolution (constant)

a., @ 500 surface feet/minute
b, @ 800 surface feet/minute

Time”IntervalswforMMeasuremantnwﬁn
a. 1 minute

be 3 minutes

Ce 5 minutes

de 7 minutes

Work Material (constant):

SAE 4340 Heat Treated Steel 6" diameter by 54" long
Bar Stock Rockwell "C", 3537

Tool Geometry (constant):
SNG 433, -5, =5, +5, +5, +15, +15, 3.
Machining Operation (constant):

Turning an Outer Diameter with an Engine Lathe

List of Dependent Variables:

1.
2 e
3.

Flank Wear
Surface Roughness

Additional Observed Phenomena(on) .

List of Equipment:

1,
2.

3.

Le Blond 16" Heavy Duty Engine Lathe

Varidyne Frequency Alternator‘_

Jagabl Hand-Held Cumulative Tachometer

19




h. AssortedMicrometers'
5, Toolmaker's Microscope

6. Bfush Portable Surfindicator

7. LehighAUniversity CDC'64OO Computer and Facilities

- Procedure

‘1., The experimental conditions and replications are

- randomized to lesson the chances of obtaining unrepre-

~sentative data,

2. The lathe is“prepared*accordfﬁg“toWthé"firstj“or“
next cutting condition stipulated by the randomizing,
3., The work material is cut for 1 minute.

4, The,flénk wear, 1f any, and the surface roughness
are measured, Any other phenomena(on) is observed
and ﬁeasured.

5. The data is recorded.

6., Steps 3.-5. are repeated for the additional three
two-minute cutting intervals, ‘ |

7. Steps 2,-6, are repeated for the remaining_Blé

observations,

20
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RESULTS
"*The flank-wear and surface roughness data is.
presented in Appendix-A, For ease of comparison, the
data 1is arranged by tool manufacturer, that is, the

roughing gradel's and finishing grade's data for that

'umanufacturer appear on the same page, The two single-

grade manufacturers and the uncoated roughing and finish- p
ing tools are greuped in the,same fashion, |
AppendixAA”alsb“presentSWtWowadditiOnal“measure-
ments, The first of these i1s the magnitude of thermal
discoloration which appeared on the wear land of the
tool which was similar in shape and location as the flank
wear. The measurement is made along the vertical distance
of the flank ef the tool with its initial end-point as
the flank-faceinterface.

The.other phenemenon appearing 1n Appendix-A is'the

"chipping"™ or "popping" of the TiC coating from the sub-

 strate of some tools during the roughing operations,

The location of this "popping" is directly under the
observed flank wear, but not at the cutting edge, and
appears as a‘thin band which horizontally wraps itself

around the nose radius portion of the tools, The

"measurement takennis the height of this band along the

flank The "popping" is not evident during any of the

‘finishing operations. Because of its infrequent and

selective appearance it is not suited for rigorous

21




statistical analysis.

~Preliminary Data Analysis
4 Eefore any significant and:quahtitatively supﬁorted\
_conclusicns can'bé drawn from'this data, ;t is necéssary |
-Ato”tést the'integrity of the data.\. ‘
The item Which‘is.questionable“is tﬁe.effect of
changing wofkpiece diameter on the replicates, The
entire data matrix wasasubjectedwto a pilot analysis of

varlance test using,the Lehigthmalgamateg”PackggeW£££QW,J

Statistics program (LEAPS) designed by Frank W. Koko,

and the Lehigh University Computing Center and its
facilities, This test confirmedthaﬁ the changing
diameter had no significant effect on the replicates!
flank wear and surface roughness data, The error mean
square comprised only 2.5% and 1,6% of the total varia-
tion observed for the flank wear and surface roUghness
.observations’respeotively. Also, the error mean square
includes all other experimental Sources of error; suCh
as, the consistency of measurement, and thé'consistency
of the work and tool materials, Therefore, no mathe-
matical transformations must be performed on the data,

Data Analysis

Appendix-B contains the analysis of variance tests
for the flank wear and surface roughness data, Because
the two sets of cutting'conditions, roughing and finish-

ing, must be considered as_mutually‘excluSive cutting
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environments for the purpose of thls experiment, it'is

necessary to have an analysis of varlance  -for each

~ environment. The analysis of variance test used was

from the LEAPS package designed-by Koko, of Lehigh., The
factors which are evaluated by each test are the effects
of changes in tool material, cutting'speed, cutting time,
and their interactions on flank wear and surface
roughness,

The criteria for the significance of these effects
is the F-Ratio, which is the ratio of the mean square
of the particular effect under comparison, and the mean
_wsqnare of the error term. The sign,*, denotes signif-“
icance at the 95%;and/or 99% level of confidence,

Appendix-C contains the correlation matricies for
‘the variables recorded, The flank wear, surface rough-
ness, thermal discoloration, and "chipped" coating
measurements were correlated for any general dependen-

cies or relationships which may be present between these

variables, The LEAPS package was also used for these
tests, | |

AppendixQD shows the results of the Student-T tests
for flank wear and surface roughness which Wereperformed
by the computer to detect‘any significant differences
betweenthe mean performance of the roughing and finish-

@

ing coated tools within a particular manufacturer. They

- ‘weregalso applied to detect any differences in the per-
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f9rmance~between the single grade coated tools offered
by two manufacturers, and to the two uncoated contrpl
group roughing and finishing tools,

These T-tests were conducted at each level of speed,

and cutting operation, 'One:set of tests was performed

for ﬁhe overall time periods;'and one set of tests was
| performed fbr the values at the end of seven minutes of
cutting, A 95% level of confidence was chosen as the
1criterion-for a difference to be significant, and.the...
sign, *¥, indicates significance., The particular Student-

T test used was the "BMDX70" program from the BMD

Blomedical Computer Programs, published by the University

of California Press, Berkeley and Los Angeles, 1968,
v .Appendix;E shows the results of the Tukey tests
(16,17) which were designed tb compare the average of
one.grﬁup of means with the average of another group of
means, The groﬁpings tested were the multi-grade coated
tools verses the single-grade coated tOols;Eand the coated
*,tools verses the uncoatéd tools, These tests‘were con-
obtained for the overall experimental means. All tests
for significance are at the 1% level of confidence.
| | - | ' Appendix-F lists the results of the Duncan Multiple
| | o ) Range Tests (15) performed on the mean4flankwear and
! | - surface roughness observatiohs.for all tools.fxThe pur-

‘pose of this test is to signifilcantly fahk all tools in

2




order of their performance, These tests are conducted
at the roughing aﬁd finishing operation levels, and for

the overall experiment, All results are at the 1% level

of sign1f1cance.

)




DISCUSSION OF RESULTS

Analysis of Variance for the Roughing Operations
Flank Wear- |

The analysis of variancg for the flank wear

‘(Appendix-B) 6bserved for the roughing operations showed

that all factors and their interactions were significant

at the 95% level of confidence. The factors significantly

| affecting the flank wear in order of their magnitude

were speed, time, and tools., The mean flank wear was

7;4x10'31nches, and no tools suffered failure,
Speed accounted for 61% of the variance for the
flank wear observed, and had a large F-Ratio of 1436,7 .

The mean flank wear for all tools increased from 4.88x10'3A

_1nches at 200 sfpm to 9.33x10'31nches at 300 sfpm, This

difference was due to the complicated combination of

increased forces, temperatures, material removal rates,
and abrasion rates, All tools reflected this increase
in flank wear,

‘The factor of time-significantly increased flank

- wear for all of the tools; that is, with an increase in

time, flank wear also increased. Time accounted for
11.9% of the variation observed. This'suﬁports the
theory of cumulative flank wear over time,
b'Although the tools were found to have a significant
effect on fiank wear, only 3.5% of the vériation_db;;
served was éttributed'to them;‘“This suggested that the
‘ 26




L changes in speed and time were more responsible for
changes in flank wear than were the changes in the various

‘tools; thus,this indicates that tool berfcrmance was

- relatively uniform,

Surface Roughness-
The mean sﬁrface roughness for these roughing con-
ditions was 235.%ainches; The analysis of variance.for
~the surface roughness at-the rOughihg operation level
produced different results than the analysis of the
flank wear, The changes in tools and speeds were found
to significantly affect the surface roughness., In tﬁis
case the tool factor was most important, suggesting that
~surface roughness was more dependent on the particular
tool than was flank wear, However,utimewaswnctwfcundﬂw-'"”"
_ to be a significant contributor., Also, all interactions
vwﬁich contained the time factor were not significant,
This shoWed that surface roughness waslindependent of
| time;‘and therefore, 1ndependent,of flank wear since
flank wear is dependent upon the time of cut The
correlation matrix in Appendix-C supported this because
the correlation coefficient is only .1330 . Hence, 1t
seemed that the portlon of the tool which exhibited
flank_wear was not the portion of the tool which pro-

LVREE

duced_Surface rOughness for tﬁé roughing conditions,
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Thermal Discoloration-
" The thermal discoloration Which was observed on the

flank portion of the tool was not subjected to the analy-

sis of variance test because it merely accompanies flank

wear, This discoloration occurred on both the coated
‘and uncoated tools. The phenomenon of discoloration is
the oxidationiof the tool's surface due to the extreme
localized temperatures encountered at the cutting edge
'-and flank of tpe tool during machining,

The correlation matrix showed a very positive
coefficient, ,5718, betﬁeen this discoloring and flank
wear, However, there is almost no correlation between
this phenomenon and surface roughness,

Loss of Coating-.
The "chipping" or "popping" of the TiCccoating

from the substrate of some of tlie coated tools was a
- phenomenon which was neither strongly correlated with
flank wear, .2566, or surface rougﬁness, -+1699, There
was no evidence that tools which had.lost thelir coating
had experienced greater flank wear, This phenomenon
apparently occurs only when some minimum threshold of
temperature and mechanical stresses are placed upon

the tool, For instance, the higher cutting speed,l

300 sfpm, was responsible for the majority, as well as
the'largest"of'the‘observations. Thisylevel of speed,
coupled with the level of feed, and deptﬁ of cut pfo-
duced "popping"; however, no "popping" was observed
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for the finishing operations which proceeded at 500 and
800 sfpm. This suggests that the loss of’coating may
be more‘dependent on the feed and'depth of cut than on
speed., |

Had the loss of coating been at the cutting edge
instead of beneath the lowest portion of the flank wear,
'the observed.f1ank wear might have increased, Also,
had the cutﬁing times been lncreased, the loss of coating
‘may have continued and the flank wear may have been -

affected.

Analysis of Variance for the Finishing Operations

Flank Wear-

The analysis of variance for the flank wear (Appen-
dix-B) for the finishing operations showed that all
factors and their interactions were significant at the
95% level of confidence. The mean flank ﬁear was
9.,1x10 3inches, 1,7x10° 3inches greater than the roughing
operations, Paralleling the roughing conditions, the
‘most significant factor was speed, followed by time, and
tool type, | |

Speed accounted for 39,6% -of the variation in
flank wear, with the mean flank wear increasing from
3.99x10'31nohes4t0 9.35x10‘31nohes at 500 and 800 Sfpﬁ
arespectively.' No doubt the major contributor to this

1arge increase was the increased temperatures associated |

with 800 sfpm cutting speed. This was sapported by the
29
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loss of the red-hardness properties of the uncoated 370
grade, and subsequent smearing of the nose of this tool,
The significant time factdr contributed 14.3% of

the variation observed and was quite similar to that
observed for the roughing conditions. |
The tool type‘factor appears to be more significant‘

on the flank Wear observations for these finishing con-

ditions than it was for the roughing conditions.

Surface Boughness-

The mean-surface reughnéss for the finishing
operations.was 38,iﬂinches.’ This was a great improve-
ment over the 235.%“inches for the roughing conditions,
The 1mprovement is due to the 1ighter feed, depth, and
higher cutting speeds which ensures a clean shearing
action at the fool-work interfaoe andhless plastic
- deformation type shearing. |

All major factors were significant at the 95%level,
but only one interaction, time-speed was significant,
Unlike the roughing'observations ef surface roughness,
the time factor was most significant here,. This: suggested
that the surface roughness was dependent on the flank
wear exhibited by the tool since flank wear is dependent
on tine. The correlation matrix in Appendix-C justified
this with a strong positive coefficient of ,5613 between .

flank wear and surface roughness,
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- and a coated finishing grade, and each suggests that the

Thermal Discoloration-
The thermal discoloration was present on the flank
portion~of the tool, and_the correlation coefficient

associated with flank wear was again quite high at .8199,

| Since the surface roughness and flank wear are positively

correlated («5613), then the thermal discoloration should

" also be positively correlated with surface roughness.

This coefficient was .5161 and agreed with the 5613
surface roughness-flank wear coefficient, but this dis-
coloration is a by-product of temperature and not a cause

of surface roughness or flank wear,

Coated Roughing Tools vs, Coated Finishing Tools

Three manufacturers produce a coated roughing grade

roughing grade performs best under roughing conditions

and the finishing grade performs best under finishing

conditions,

Appendix-D shows the results of testing the

hypothesis that the performance between roughing and

f finishing coated grades within a manufacturer is differ-

ent, In order to ensure that a significant difference

‘actually exists, the hypothesis was tested at the 95%

level of confidence., The tests were applied to the flank

wear and surface roughness data at each level of speed

for both operations, If significant differences are

present they would be more discernable at the higher speed
| 3




- for each operation, Also, by testing at the seven
minute interval, it is possible to concentrate on the

‘total or final flank wear and surface roughness observed.

Although tests appear for the mean performance over the

entire seven minute intervals, the ability of these tests
to detect differences 1s‘shrquded4by the initial "break-
ing in" periods of the tool substrates, It was felt

that the seven minute interval would minimize fhese
differences in '"breaking-in" periods between tools, and

reflect a more stabilized, uniform cutting situation

with the substrates being in steédy equilibrium, i ;
Performénce constraints also accompany these compar-

isons in two areas: tool failure, and acceptable surface

roughness, A tool is judged unacceptable in a specific

category if it has failed (=,030 inches flank wear, or

loss of cutting edge), or doesnot produce a surface

roughness of £.25QA1hches and éLézginches for roughing.

and finishing operations respectively. These‘are common-

ly accepted industrial criterion for performance,

Firth Sterling TC+ vs, TC+l

Firth Sterling's TC+ and TC+1l do significantly
differ in performance but not according to their claims,
Roughing Operation Comparison- |
~ At7200 sfpm there was nosignificantdifference1n.*¥@¢1;;_
flank wear, however the roughing gradé (TC+) produced |

significantly less surface roughness (189«in, vs. 252uin.).
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At 300 sfpm TC+ produced significantly greater
flank wear than TC+1 (.017%A@n. vs., ,00894in.), but a |
- significantly better surface finish (222.2ﬂ1n. vsS. 315uin,)

‘Althcugh TC+ exhibited greater flank wear its surface
roughness was quiteacéeptable. The'finishing‘grade
produced a surface finish which was at an unacceptable
level of 31§pinchess therefdre,it was eliminated and

- TC+ was qpﬁeld as the prbper grade for the roughing

operations,

—_— - Sy e - ” 1 - - ——e

FihiShing Operation Comparison- -

No significant differences'were found to exist
between TC+ and TC+1l at 500 sfpm. Nelther tool failed
or produced a surface finish greater than 63ainChes;

The results at 800 sfpm also show no significant N

differences for either performance parameter or tool,

- Slnce no significant differen¢es 1n‘performance were
observed at the finishing level, either tool was accept- -
able for these operations, but this dbes not jﬁstify v
the need for two TiC coated grades, Because the rough-
ing grade; TC+, Was.found superlior at the roughing
level, and was not found unacceptable or worse than the
finishing grade, TC+l, at the finishing level, the\need
for the additional TCfl finishing coated grade is not

justifiéd at.either.level,.andShouldbedisc¢ntinueda'1;:*;;w;a'

.

1.
¥




G.E.‘Carboqu 516 vs, 514

coated finishing grade exhibit significant differences
1n performance which‘partly favor the manufacturers
claims,

o Roughing Operation Comparison-

Appendix-D shows a significant difference in flank " .,”

wear between 516 and>514 (,004in, vs., ,0055 in,) at
200 Sfpm. Howe&er there was no difference in surface
roughness, 235uin, for both tools, and neither tool
suffered fallure or unacceptable surface roughness,

At 300 sfpm no significant differences are noted;
.however, the 516 roughing grade had a 262,5usin, surface
roughness which exceeded the accepted\upper limit of
250uinches, Therefore, the roughing tool does nofgper-
form adequately, but the finishing grade 514 is wholly

acceptable in terms of flank wear and surface finish,

Finishing Operation Comparison-

The 500 sfpm data does not show significant differ-
ences in flank wear and surface roughness for both tools
which suggests that either tool could be uéed for this.
opération. At the higher speed, 800 sfpm, the 514.
finishling grade produced a significantly better surface

finish, Since fihishing operations concern themselves
With'thé.magnifude of the surface reughness obtalined,

the manufacturer's recommendation for the 514 tool
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for finishing operations is upheld,
Because the 514 finishing tool gave acceptable

and superior performance at the roughing level, and

usignificantly better surface finish at the finishing

level, there is no justification for the introduction

of the 516 roughing grade,

Sandvik Coromant G,C. 135 vs. G.C, 125

Of the three multi-grade coated tool manufacturers

the Sandvik roughing 135 and finishing 125 grades exhib-

ited the least differences in performance.

Roughing Operation Comparisbn-
At both 200 and 300 sfpm there were no significant

"differences in performance at the seven minute interval,

However, for the overall time t-tests the finishing tool

produced significantly better surface finish than the
roughing tool, and showed generally less flank wear t@én
the 135 grade, 4
“Finishing Operation Compafisoﬂ-

For both the 500 and 800 sfpm conditions there were
no significant differences at the seven minute testing
interval or at the overall testing intervals, The only
trend yisible wWas a consistently better performance of
the G.C. 125 finishing grade., However, these differen@es
do not justifj“éﬁj“ﬁféference,for a particular tool,

. . From the results of both the roughing énd'finishing

| operations there were no significant differences in

' ' ki
(', T




- performance of these tools, Either tool is an accept-
able cutting tool for both operations., The manufacturer's
claims for these tools was notljustlfied and consideration"

should be glven to the discarding of one of'these steel

:cutting,grades;

V.R. Wesson Ti-Bond-1l vs, Kennametal KC=-75
.~ Both of these manufacturers produce a sifigle TiC

Icoated steel cutting grade which they recommend for,both
L /7
roughing and finishing operations, The Student T-tests

were applied in this instance to determine'whiéh; if
either, of the tools performed better at each operation,
The results of these tests appear in Appendix-D asvwell.
BoughiﬁgOperation Comparison- |

At 200 sfpm the Kennametal KC-75 tool significantly
produced less flank wear than“thé V.R. Wesson Ti-Bond-1
tool, The surface roughness shown Was_roughly equal }
for both tools. The 300 sfpm speed data shows signifi-
cantly léss flank wear for Ti-Bond-l than for the KC=75
tool, Again the surface roughnesses were not different,

These results show that neither tool would be pre-
 'ferred and‘that each tool performs well under the rough-

ing_cbhditions stipulated.

Einishing Operation Comparison- o '_

‘The KC=75 tool produced significantly less flank

~ wear than the Ti-Bond-l tool at 500 sfpm, There was no

»
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difference in the surface roughness, At 800 sfpm'there
was no significant difference in elther the flank wear

or surface roughness,

It seems that both manufacturers have produced a
single coated grade which gives acceptable performance
for»both roughing aﬁd finishlng operations; consequently, -
this shows that there 1s no need to produce two TiC

coated steel cutting grades,

Uncoated G.E;'Cgrbdlgz,370 vs. 350

Although thése tools are not coated with TiC they
are labeled as roughing and finishing tools and may also
not per}orm as.claimed. These tools are subjected to
the same Student T-tests and the results are recorded
in Appendix-D, |

Roughing Operation Comparison-

Although there was no significant difference in
.flank wear at 200 sfpm between these grades, the finish-
ing grade (350) produced significantly less surface
- roughness than the roughing grade (370). Also, the
surface roﬁghness produced by the 370 grade was at an
unacceptable level of 3254lnches, At 300 sfpm the
- finishing grade again showedﬁless flank wear than the
roughing grade, and also a better surface finish,

These differences are the most prbnoﬁnced of all
tools reviewed for the roughingoperat;ons, and they‘
are in favor of the finishing grade,
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Finishing Operation Comparison-

As was expected,(the 350,finishing grade produced
éignificantly less flankJWeér'and surface roughheséthan
the roughing tool at 500 sfpm, Also, tﬁe 350'grade showed
less wear at 800 sfpm while thé 370 roughing tooliost
its cutting edge., Most likely,vthe temperaturé problems
associated With the higher cuttiﬁg speeds affected the
red-hardpess properties of the tougher 370 grade,

These findings show the 350 finishing grade to be
the better performer for both the'foughing andffinishihg
operations, This indicated that the 350 carbide is hard
errough to withstand the abrasive and thermal wear, and
tough enough to resist breakage and chipping at the
roughing operation level, However, the 370 base was not
hard enough to withstand the higher speed finishing

opérations.

 Multi-Grade Manufacturers vs. Single-Grade Manufacturers

of TiC Coated Tools

Appendix-E shows the results of the Tukey tests
which tested for any significant differences at the 1%

level of confidence between the average pefformance

of the multi-grade coated tool manufacturers and the

single-grade coated tool manufacturers for the entire,'

experiment,
Flank Wear-
The mean flank wear produced by the Six~t0@13 belong-
ing to the mﬁlti-grade manufacturérs (Firth Sterling,
o o 38 | g




G.E. Carboioj, and Sandvik Steel) was 6.75x10'31nches,
The mean flank wear prodﬁced by the single-grade tools
" from V.R. Wesson and Kennametal Inc, was 5.79x10'31nches.
The difference is ;96x10'31nches. .

By obtaining the standard error of estimate for the

flank wear (.141110-31nches), and securing a studentiéed
- range value of 5 25 for 10 means and 160 degrees of
freedom at the 1% 1eve1 of significance, the wholly
significant difference is calculated as ,141 x 5,25 =
741 10 inches. _

Since the observed difference of ,96 xlO'Binches
1s greater than the calculated difference, .741}(10"3
inches needed for significance, the single-grade tools
- significantly produce less flanKGWear than the multi-
grade tools,

Surface Roughness-

The average‘Sunface roughness produced by the
multi-grade tools was 136.Qainches'wh11e the average
surface roughness produced By fhesinglé-grade toois
was 122,2uinches, The difference is lh.gﬂinches;

Slince the standard error for phe surface fbughness
- was 2,63uinches, the'whoily significaﬁtidifference is
13;&Ainches (2.,63uinches x 5.25‘= 13.§N1nches).
Comparison of the observed difference and the caleculated
difference needed for significance shows that the QbServed-
difference is greater; thérefore, the tools belonging

to the single-grade systems do produce'a significantly
39
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better surface finish than those tools belonging bo?fhe |

— —h

multi-grade systems,
The reason(s) for the better performance Cf'single
coated grade tools does not lie in the TiC coating'e ’
perfermanoe characteristics since all of the tools'are
coated, More likely, the”differences occurred because
the substrate material chosen for theee single-grade
tools was a better compromise between the needs of |
finishing and roughing operations., On the othef hand ,
the manufacturers of the multi-grade tools produced
pooere results by believing that sueﬁ a compromise was
not possible, and inadvertently chose substrate materials
'"Which they believed were optimal when in fact they were

not.

TiC Coated Tools vS., Uncoated Tools

Appendix-E also shows the results of Tukey.tests
which were applied to the mean performances of the TiC
coated tools and the uncoated tools, The calculation
of the wholly significant difference statistics is
1dentica1 to the calculations performed previously. Tnat
1s, the WSD for flank wear is ,7%1 x10™Jinches and the
WSD for surface roughness is 13.§ainches. )
Flank Wear-

‘The meen.flank wear produced by the eight TiC

coated tools was 6,52 xlO'Binches; while the mean flank =

wear produced by the two uncoated tools wasn9.17 x10~3
" 40
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| inches. This difference (2;65x10'31nches) is signifi-
cant at the 1% level of confidence; therefore, TiC
coated tools significantly produce less flank wear than
tools which are not coated with TicC, '
\The'majorvcontributor to the better performance of
- the TiC coated tools is the mere presence of this coat-
ing, Titanium carbide possesses unusually high resistance
to abrasive wear by acting as a shield for the cutting
edge and tool substrate, As a coating it replaces.the
need for an extremely hard. subStrate with 1ts associated
lack of.toughness. Also thils coating minimizes abrasive
- Wear because it forms a véry hard'titanium dioxide pro-
tective film during its operation at elevated‘cutting
speeds, This oxidized film resists being welded to the
cutting material since its-adhesion temperature is con-
'siderably higher than conventional cobalt alloys,
Therefore, the phenomenon of built-upeedge is minimized,
and the corresponding minute wel&s as well. The net
effect is lower cutting forces and fewer strain hardenen

particles paésing over the flank of the tool; thus, less

abrasive wear,

Another important function of the titanium carbide

coating is to effectively reduce%the'effects of the

thermal environment at the tool-work interface. The

mechanical properties of titanium carbide alone guarantee

greater hot-hardness and resistance to thermal deformatioh.

In addition, this coating helps to réduce the cause of |
41 |




~ temperature, friction. With this reduction in friction,
the shearing zone friction decreases and less shearing
~_energy 1s required, AlSo, the cutting zone temperature'
decreases, and consequently, so does the temperaﬁure at
the tool's cutting edge., The fact that}no\oratering was
observed for-the-TiC coated.tools suggests that the TiC
coating inhibits the atomic metal diffusion which occurs
between the tool-chip Interface at higher speeds and -
temperatures. |

Surface Roughness- e

The mean surface ronghness for the eight TiC coated
tools was 132,1uinches, and 155,;Ainches for the uncoated
tOols; a difference of 23.guinches. This difference is
greater than the WSD of 13.8minches required for signif-
icance, This results in the TiC ¢oated tool's better.
surface finish than the uncoated carbide tools.

Because of the combined effects of a lower coeffi-
cient of friction at the tool-work inferface, and the
reduction of the number of strain-hardened particles ~
(which would have been attributed to a built-up-edge)
| pasSing between the tool and newly generated surface;
the surface roughness 1is COrreSpondingly lowered by the
use of this TiC coating. Also, the decrease in the energy
required at the shearing zone -to remove the metal and
a very hard, undulled cutting‘edge ensures,a cleaner

mechanical shearing of the work and a better surface

 finish, -
| b2 ..
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Duncan Ranking of Tool Performance

Apbendix-F shows the Duncan statistical rankingS«
of the tools in order of their performance for the v
overalliexpériment. It must be noted that some ﬁools
are ranked at more than one level, This is dua to the
statistical peculuarities of multiple grouping. Each‘a
__ "Duncan Tool Grouping" may contain several tools because
these tools statistically_prdduced the same wear and
‘surface finish although their absolute values may be
quite different, ‘

Because of the lack of any consistent performancé.
of a particular tool or group of tools between operations
1t is quite difflcult to distill any concrete aonclusions.
However, several trends are evident: ‘

1, There seems 0 be some positive correlation
betweén the order of performance between flank
wear and surface finish; especially for the un-
coated tools,

2. The slingle=-grade manufacturersvranked very well
in both flank wear and surface roughness when
compared to the multi-grade manufacturers and
the unooated‘tools. N

'3Q The multi-grade tools‘within a manufacturef c
generally exhibited the same flank wear, but
not the same surface roughness, |
b4, The uncoated tools produced the greatest flank

wWear, and the uncoated 370 grade produced the

43




|
I

worst surface finish of all the tools,

The results of\the ranking reflect the generalv.
disposition of the performances of these tools as dis-
cussed previously; therefore this ranking proCedure pro-
vides good qualitative as‘Wellkas quantitative monitoriné

of the results obtained in this experiment.
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CONCLUSIONS *

| » | | |
From the preceding discussion and from the results

obtained it can be concluded that:
1) For the multi-grade manufscturers the differénces
in performance between the two TiC coated steell
grades are so small that there is no experimental

Justification for the production of a single

Srédefofroughing and a single grade-for fiﬁish-
" ing; only a single grade is néeded for both

- operations,

2) The single-grade TiC coated tools pfoduced by
V.R, Wesson and Kennametal collectively produced
significantly less flank wear and surfase fough- T
ness than the multi-grade TiC coated tools.,

3) Tools which are coated with TiC perform signifi-
cantlybetter (less flank wear énd surface rough-
ness) than uncoated tools because the TiC coating;
a. lncreases the wear resistance at the cutting

edge, P

b. reduces the friction at the shear zone,
tool-work, and tool-chip inte%faces;f

Ce Inhibits the minute welding between the tool-
work and tool-chip interfaces, and

d,sincreasss the resistance to‘msss diffusion

of the work material into the carbide substrafe._

% A11 bonlcusions are significant at at 1east the 95%
level of confidence,

H5




 RECOMMENDATIONS FOR FUTURE STUDY

l, A siﬁilar experiment could}be4conductgdfor
a milling operationlto determine if the muiti;
grade TiC coated tools significantly differ in
.performance for an 1nterm1ttent cugting environ=-

ment,

—————— .

2o Cast iron could be used as the work material

for an experiment which would evaluate if any

differences in. performance exist between TiC
coated cast iron grades and steel cutting grades,
This experiment could also be conducted for

continuous and intermittent cutting'operations.

3. The above recoﬁmendations could include the

use of a thermocoupletwhich could measure the
absolute and relative changes in the cutting edge's
and substrate'!s temperature for furthering the
understanding of the effects of TiC coatinglon

the various substrate materials,
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RAW DATA*

Boughing Condition for 200 SFPM
Feed = ,020 in./rev.
Depth = ,050 in,

Sandvik G.C. ljﬁﬂ(Boughing~Grade)

S _.-_.__.._.M__*_‘.”___,_,_..M. .,~_.-l- mj__,n‘-;..%v.,,_ 3 min, 5 min, 9 miE_’_ |
' Flank_Wear 3.6 4.0 4,9 665
x10~3 in, .0 b3 4,8 5,3
Surface u in. 260 265 240 240
Roughness 255 235 24 5 250
. Thermal x10™93n, 16,4  19.6  22.1 28,6
. | Discoloration 19,0 26,0 29,1 31,7
d - -
"Popped" o 0,0 ko kg 6,5
Coatling x10 “4n, 0.0 . 0,0 0,0 | 0.0

Sandvik G.C. 125 (Finishing Grade)

lmin, 3 min, 5 min, 7 min,

Flank;Wear 4,2 4,8 5,0 5.6

x10 “in, 4,8 5.0 5.2 5.6
Surface & in, 160 175 180 170
Roughness 200 210 210 215
Thermal xlO-Bin. 20,1 23,0 26,7 - 28,9
Discoloration 15,5 17.2 17.8 18,1
"Popped " 0.0 0.0 0.0 0.0
Coating x10™3in, 0.0 0.0 0.0 0.0

* Only’the data collected for_these‘two tools appears
in thls Appendix, The remaining data for the eight
additional tools is on flle with Professor George Kane

at Lehigh University., ' - po
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Roughing Condition fbr 300 SFPM
Feed = ,020 in,/rev,
Depth = ,050 in, |

.,'iSandvik GeC. 135 (Roughing Grade)

- 1 min, 3 min, 5 min,
FlanEBWear 5,2 Ol . 12,9 16,9
x1l0 “in, | 6.4 10,1 _12.5 16,1
Surface suin. 230 230 225 230
Roughness 250 - 260 | 245 230
Thermal x10 2in. 17.0 18.5 22,1 30,1
Discoloration 14,2 18,8 2647 34,7
"POpped " -3 0.0 0.0 o O. O o 0.0
Coating x10 “in, .0,0 0,0 0,0 0.0
- - Sandvik G.C. 125 (Finishing Grade)
“ 1l min, Jmin, 5 min, 7 min,
FlankjWear 749 Q.7 11,4 13,2
x107“in, 8.1 10,6 12,0 15.3
Surface/«in; 210 210 215 235
Roughness 185 185 190 200
‘Thermal xlO'Bin. 18,4 22,9 28.5 33.6
Discoloration 15, 24,6 28,8 30,
"Popped" . 0.0 0.0 0.0 7.8
Coating x10 “in, 12,0 13,6 16,8 17.
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Finishing Condition for 500 -SFPM
Feed = ,005 in,/rev,
Depth = 1020 in,

| Sandvik G.C. 135 (Roughing Grade)

ey ~
i

53

1l min, 3 min, 5 min, 7 _min,
FlanEBWear 2.8 33 | 3,9 4,0
Xlo in.’ 3.2 3.6 309 406
Surface uin, bo Bl 41 38
Roughness _‘ 22 38 ho - Wi
Thermal x10™7in, 10,8 °©  11.7 12,2 12,5
Discoloration 10.1 11.9 13.4 14,6
"Popped" 3 0.0 0.0 0.0 0.0
Coating x10™“in,” 0,0 0.0 0,0 0.0
Sandvik G.C. 125 (Finishing Grade)
1 min, 3 min, 5 min, 7 _min,
| FlanEBWear 2.3 3ol 3.8 4.3
x10 -“in, 2.6 3.0 3.4 3.8
Surface min, 27 29 31 34
Roughness 38 38 L1 42
Thermal x10™7in, 10,1 10.9 11,8 12,9
Discoloration 9,8 11,1 12,2 13,2
"Popped" 3 0.0 , 06,0 0.0 0.0
Coating x10 “in, 0.0 0.0 0.0 0.0
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Finishing Condition for 800 SFPM

Depth = 020 in,
Sandvik G.C. 135 (Roughing Grade) .
. 1 min, 3 min. 5 min, 7 min,
FlankBWear 543 11,6 13,3 16.5
x10~ in, 4,6 7 ol 10,5 13.0
Surface/uin. 37 42 45 50
Roughness 36 34 U2 50
Thermal x10~Jin. 14,0 15,2 18,7 23,2
Discoloration 12,7 15,2 17.4 20,1
"Popped" -3 0.0 0.0 0.0 0.0
Coating x10 “in, 0.0 0,0 0,0 0.0
Sandvik G.C..lgj (Finishing Grade)
_min, 3 min, 5 min, / min,
FlankBWear L,8 14,5 16,0 16,8
x10~74n, 5,0 10.3 12,0 15,1
Surface aAin. 31 40 43 43
Roughness 32 36 42 58
Thermal x10'31n;‘ 0,0 16,8 19.4 20,1
Discoloration 0,0 13,6 17.6 19.0
"Popped" 0.0 - 0.0 O;O 0.0
Coating x10™Jin, 0.0 0.0 0,0 0.0
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Analysis of Variance of Flank Wear igg.gggéglgg Cuts :
Source ' Sum of Degrees of -  &'Mean ‘‘‘‘‘‘ Square
Squares Freedom \
A (Tooi)~ 271,29 9 | .- 30,14
B (Speed)  1020.10 1 1020,10
¢ (Time)  385.19 3 - 128,39
AR 166,83 9 - 18,53
AC 43.95 27 1,63
BC 100,31 3 | 33.43
ABC 26.77' 27 ¢ <99
R(ABC) 37.62 80 U7
‘.Sourcé F-Ratio F-Ratio F-=BRatio Significant
-- " ~at 95% at 99% at 95% at 99%
A(Tool) 64,10 2,04 2,72 * #
B (Speed) 2169,27 4.00‘ '7.08 ¥ ¥
C (Time) 273,05 2.76 b4.13 "*, *
AB - 39,42 2.0k 2,72 * *
Ac 346 1,70 2,12 o *
BC 71,11 2,76 4,13 R 2
ABC 2,11 1,70 =~ 212 ¥
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Amalysis of Variance g£{§ggface Roughness for‘Roughing:

Source

A (Tool)»'
B (Speed)
C (Time)
AB

AC

BC

ABC
R(ABC)

source

A (Tool)
B (Speed)
C (Time)

AC
BC
ABC

Sum of
Squares

177651,0

6760,0

458,1

25821,2
4885,6
31.3

- 3387.5
28975, 0

F=Ratio

54,50

18,66
U2

7,92
.50
o 03
35

, Degrees of

5

7

- Freedom -
9
1
3
9
27 f
3
.y
80
F-Ratio F-Ratio
at 95%  at 99%
2,04 2.72
4,00 7.08
2,76 4,13
2,04 2472
1,70 2e12
2,76 b.13
1,70 2412

LN

 Mean Square

l9739000'
6760.0

152570

286903
180,95
10,41

125,46

362,19

e

Significant
at 95% at 99%

3 . 3

* *
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Analysis of Variance for Flank W

|
-2y

source

A (Tool)
B (Speed)

<'<Cg(Time) |

AB
AC

- BC

ABC
R(ABC)

Source

A (Tool)
B (Speed)
C (Timé)
AB
AC

BC
- ABC

Sum of
Squares

563.69.

1149.18
919,80
168423
364,09
348,12
210,70

63.99

F-Ratio

78.30
1436,7

383,31

23437
16.86

145,07

9.76

Degrees of

Freedom
9
.
; l
9
27
3
27
80
F-Ratio F-Ratio
at 95% at 99%
2 o 04 2672
4,00 7.08
2.76 b,13
2 o 04 2472
1,70 2,12
2476 4,13
1.70 2,12

58
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ear for Finishing Cuts:

Mean Square

62,63
1149,18
©306.60
18,69
13.49
116. 0l
7.80

.80

Significant

at 95% at 99%

3 3
3 3%

¥ ¥
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Analysis of Varlance of Surface Roughness for Finishing:

Source ~ Sum of Degrees of | Mean Square

Squares Freedom | |
A (Tool)  3152.23 9 A 350,25
B (Speed)  1305.31 1  1305.31
C (Time) =  4783,82 3 ;  1594,61
AB 848,01 9 94,22
ac 2062, 62 27 | 76439
BC 950,31 3 . 316,77
ABC 863,62 27 - 31.99
R(ABC) - 6164,50 80 | . 77.06

source F-Ratio F-Ratio F-Ratio Significént

at 95% at 994 at 95% at 99%

A (Tool) 4,55 2,04 2.72 * * - J
‘B (Speed) 16,94 . 4,00 7.08 %* % ' 4 |
C (Time) 20,69 2,76 4,13 * # -
 AB 1,22 2,0k 2,72
AC 99  1.70° 2,12 |
BC 4,11 2,76 4,13 N ?
amc 2 1,70 2,12
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- Correlation Matricies

Overall Experiment-

Flank Flank Thermal
Wear Wear - Disc,
Thermal ,6597 1.0000
Disc, | |
Popped 1687 «2370
Coating | |

Surface .,1382 . 5642
Roughness

Roughing Conditions-

Flank Flank Thermal
Wear Wear Disc,
Thermal ,5718  1,0000
DiSCo '

Popped 02566 2147
Coating

Surface ,1330 0127
Roughness _, A

Finishing Conditions- *

Flank Flank Thermal

- Wear Wear Disec,
Thermal . 3199 1.0000
Disc, | |
Popped . 0000 0000
Coating .
Surface ,5613  .5161
Roughness |

Popped

Coating

1,0000

.2070

Popped
Coating

1.0000

“01699'

Popped
Coating

.0000

.0000

surface
Roughness

1.,0000

sSurface
Roughness

1.0000

Surface
Roughness

1,0000

. *'No "popping".of'the coating was obServed'f®r'any of

the tools for either finishing condition speed.,
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Student T-Tests for Flank Wear -
"T'" yalues needed for 95% significance (%*);
| 1,76 for means calculated over seven minutes (A)

2,92 for means calculated at seven minutes  (B)

Firth Sterling TC+ and TC+l

Roughing Conditions Finishing Conditions
- 200 sfpm 300 sfpm 500 sfpm 800 sfpm
A B A B A B A

B
.98 .70 4.37%  9.91% 1,11 2,85 35 467

G.E. Carboloy 516 and 514

- Roughing Conditions | Finishing Conditions
200 sfpm 300 sfpm 500 sfpm - 800 sfpm
A B A B A B A B
b,67% L4,53% 1,69 1.42 1.16 1.34 - 1,04 = 64

Sandvik G.C. 135 and G.C. 125

Roughing Conditions - Pinishing Conditions

200 sfpm - 300 sfpm 500 sfpm 800 sfpm
A B A B A B A B

o Bl .79 +09 2,00 1,22 . 64 +69 .62

V.R, Wesson Ti~Bond-1 and Kennametal KC-75

Roughing Conditions Finishing Conditions
200 sfpm 300 sfpm 500 sfpm 800 sfpm
A B A B A B A B

2,07% 3,28% 1,04 5.97% 2.42%  12,02% 1,88% 2,68 .

G.E. Carboloy 370 and 350

- Roughing Conditions Finishing Conditions
200 sfpm " 300 sfpm 500 sfpm | 800 sfpm
A B A B A B A B

.02 L5k 3.27% 5.79% 2,06% 22,63 A48 . 23.86%
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Student T-Tests for Surface Boughness

"T" values needed for 95% significance (*):

1.76 for means calculated over seven minutes (A)
2492 for means calculated at seven minutes  (B)

Firth Sterling TC+ and TC+1

Roughing Conditions Finishing Conditions

200 sfpm 300 sfpm 500 sfpm | 800 sfpm
A B A B A B A B

9.60% 7.07%  B.56% L.0l* 1.53 1.9%  1.95%  1.18

G,E. Carboloy 516 and 514

Roughing Conditions Finishing Conditions
200 sfpm 300 sfpm 500 sfpm 800 sfpm
A B A B A B A B

1.16 0,00  1.22 1,89 5,11* 2,89  2.88% k,g2%

Sandvik G.C. 135 and G.C. 125

Roughing Conditions Finishing Conditions
200 sfpm ‘300 sfpm 500 sfpm 800 sfpm
A B A B A B A B
7.01% 2,28 W, L 71 1,02 e 60 37 « 07

{

V.B. Wesson Ti-Bond-l and Kennametal KC-75 |

Roughing Conditions | Finishing Conditions
200 sfpnm ) 300 sfpm 500 sfpm 800 sfpm
A B A B A B . A B

1.86% .63  11.39%* .69 .70  1.30 .03 .56

G.E. Carboloy 370 and 350
| WWT;;@M%ﬁMHM;Mmggugh1ng~conditions Finishing Conditions e e

200 sfpm 300 sfpm 500 sfpm 800 sfpm
A B A B A B A B
22,3% 10,3% 3,70% 1,23 1,13 3.,49% 1,07 M0

64
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Tukey Grouped Means Tests For

Multi-Grade Coated Tools vs. h gle~Grade Coated Tools*

Flank Wear-

Multi-Grade Mean Flank Wear = 6.75 x10~ in,
Single-Grade Mean Flank Wear = 5.79 XlO'Bin.

The Mean Difference is = .96 x10™Jin,

The Wholly Significant Difference = . 741 xlo'Bin;

WSD= Standard grror of Estimate X Studentized Bange (qk)
WSD= ,141 x10~2in, x 5.25

Since; .96 XlO'Bin. 1s greater than .741 xlO'Bin.~there

is a significant difference between Multl and Single Grades,

Surface Roughness-
Multi-Grade Mean Surface Roughness = 136.4uin,
Single- Grade Mean Surface Roughness = 122 ,2uin,
The Meen Difference is = l@.%uin. o
The Wholly Significant Difference = lj.@uin. |

WSD= Standard Error of Estimate X Studentized Bange (qk)
WSD= 2, 63/41n. X 5.25

Since; 14.%Min. ls greater than 13.8uin, there is a
significant difference between Multi and Single Grades,

é

* These tests are at the 1% level of confidence.

| “
o

|
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Tukey Grouped Means Tests For

v . Titanium Carbide Coated Tools vs. Uncoated Carbide Tools™
|

Flank Wear-

TiC Coated Tools Mean Flank Wear 6.52 xlO'Bin.

Uncoated Tools Mean‘Flank Wear = 9.17 xlO'Bin.

The Mean Difference = 2,65 XlO-Bin.'

The Wholly Significant Difference = ,741 xlO'Bin,

WSD

Standard Error &f Estimate x Studentized Range (qk)“
WSD -

141 x10™31n, x  5.25

Since; 2,65 XfO-Bin. is greater than .741 x10™2in ,
there is a significant difference between coated and

uncoated tools,

o
0

Surface Roughness-
TiC Coated Tools Mean Surface Roughness = 132.%Ain.

Uncoated Tools Mean Surface Roughness 155.1uin,

The Mean Difference = 23.Quin.
The Wholly Significant Difference = 13.8uin,

WSD
W3D

Standard Error of Estimate x Studentized Range (qk)
2.63uin, x 5,25 |

Since; 23.9uin.'1s greater than 13.§M1n. there is a

significant difference between coated and'uncoated tools,

o

t

. . * These tegtséare at the 1% level ofwconkidence.
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| Kennameta1 KC-75 (G)

Duncan Multiple Range Rankings for Flank Wear*

Tool Mean

G.E. Carboloy'516 (R) 5.19x10-31n.

V.R. Wesson Ti-Bond=1(G)5.35
5479
66273

G.E. Carboloy 514 (F)

Firth Sterling TC+l (F) 6.39

Séndvik G.C. 135 (R) 745
Sandvik G.C., 125 (F) 7478
Firth Sterling TC+ (R) 7.90
G.E. Carboloy 350 (F) 8.02

- G.E. Carboloy 370 (R) 10,30

(R)= Roughing Grade

(F)~ Finishing Grade

(G)= General Purpose Grade

"

1]

"

"

n

Duncan Ranking

1o

G.E. 516 (R)
Ti-Bond-1 (G)

" Ti-Bond-1l (G)

G.E. 514 (F)
G.E. 514 (F)

KC-75 (G)
KC-75 (G)

TC+1 (F)
G.C. 135 (R)
G.C. 125 (F)

TC+ (R)

" G.C. 125 (F)

TC+ (R) ,
G.E. 350 (F) ﬁ
¢.E. 370 (R)

* These rankings are significant at the 1% level of

significance, f




Duncan Multiple Range Rankings for Surface Roughness¥

Tool Mean Duncan Eankiqg

Firth Sterling TC+ (R) 116.9ain., 1. TC+ (R)

‘Sandvik G.C. 125 (F) 117,1“in. G.C. 125 (F)
V.R. Wesson Ti-Bond-l(G)lZO.iAin. Ti-Bond-1 (G)
Kennametal KC-75 (G) 124 ,7uin, KC=-75 (G)

G.E. Carboloy 514 (F) 134.,7uin. 2. G.E. 514 (F)

G.E. Carboloy 350 (F)  136.4uin. G.E. 350 (F)
Sandvik G.C. 135 (R)  141.6xin. G.C. 135 (R)
G.E. Carboloy 516 (R) 142, 6uin, G.E. 516 (R)

Firth Sterling TC+1 (F) 159.0uin. 3. TC+1 (F)
G.E. 370 (R)

| &

G.E. Carboloy 370 (R) 173.84in,

(R)- Roughing Grade
(F)= Finishing Grade

(G)=- General Purpose Grade

*Wfﬁgéé rankinés are significant at the l% level of

significance,

0
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