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CHAPTER 1

INTRODUCTION

Tool wear in metal cutting 1s characterized by a
number of various features. Flank wear and crater wear are
accepted as a regular phenomenon. Thev grow rather unitformly
with the time of cutting. Chipping of the edge and breakage
are both irregular phenomena and their development 1s diffi-
cult to predict and they should be avoided completely if
possible.  Breakage is the most dangerous of all the various
~tool wear features hecause it may lead to damage of the work-
piece and/or of the machiQe;

Sintered carbides are one of the most important
cutting tool materials. They offer an unsurpassed combinatio;
of hardness and strength. Therefore, many attempts have been
made to evaluate the significant parameters resulting in
failure of sintered carbides.

In the present work an attempt has been made to study
the mechanisms of chipping and breakage of carbide tools.

Failure of steel cutting grade carbide tools due to
the fracture of the cutting edge was investigated in turning
operations. Three types of work miterial were used (steel
1040, steel 4340 and steel 4340 hardened and tempered to
380 BHN. The purpose was to try and correlate tool failure

with an analysis of the stresses in the tool caused by the



cutting force. Thermal effects have so far been neglected.
The study consisted of metal cutfing tests§ (continuous and
interrupted) inhich tools were tested until they failed
due to fracture.

The study of fracture in sintered carbides on a
microscopic scale has been limited mainly to the pptica}
examination of surface cracks on the intersection of fraéture
surfaces with polished surfaces, The large depth of focus
of the Scanning Electron Microscope has permitted the examina-
tion of fractured surfaces. The fractured surfaces of the
carbide tools were examined and a stereo picture for both
chippiﬁg and breakagé weré obtained and examined to investigate
the fracture phengmenaxof each. The stress distribution on
the tool and on a special area of interest (tool wedge) was
carried out using the Finite Element Method. The method is
especially useful for stress analyéis problems which cannot
be sélved by classical theory. The problemais mainly the
analysis of local stresses in the tool wedge. The computations
were carried out using two different methods of mesh generation.
The first method was named "The Single Step Method" in which

-
the computation work was carried out in one step. Also, a
stepwise subdividing and refining method was used for investi-
gating the stresses injthe toollwedgg. Using\phis method
the computation work was carried out in a number of steps end‘ng;
with the area of interest with a very fine mesh in which,

stresses could be obta1ned71n great detail.

A new algorithm was developed which makes it p0551b1e



to investigate stresses at various loads without repeating
these successive steps of computation.

By compar;ng the cutting test results, analysis of
fractures surfaces and the stress fields, 1t was concluded
that chipping 1s a ductile fairlure due to shear stresses
close to the cutting edge while breakage is a braittle fracture
phenomenon originating at a certain distance from the cutting
edge. It is assumed that the work will be continued to

include the temperature effects.



CHAPTER 2

BASIC CHARACTERISTICS OF SINTERED CARBIDES AND
SUMMARY OF KNOWLEDGE FOUND IN BIBLIOGRAPHY
ON BREAKAGE OF CARBIDE TOOLS

2.1 Basic Characteristics of Sintered
Carbide Tool Materials

2.1.1 Introduction

Tungsten carbide was discovered by Moissan in about
1890. -However, at that time it was of no value as a cutt-
ing tool material, §ince fabrication into cutting tools
was not possible due to decomposition at the high tempera-
tures required for sintering. A solution to this problem
was found by Schroter in 1923 when he mixed tunésten carbide
with cobalt powder, the mixture being sintered at about
1320°C (melting point of cobalt). The actual cutting tool

material was introduced around 1933 by Krupp in Germany under

the name of Widia. The nameﬁkmplies "like diamond": Although
it actually is by far not as hard as diamond, the sintered .
WC with Co binder offered and practically offers still

today an unsurpassed combihation of hardness and strength.

It was its ability to getain high hardness up to temperatures

)

of 800°C 'to 1000°C compared to high speed steels which lose

ﬂ 3
substantially their hardness at temperatures in the range of
500 °C to 700°C which made it an instant success in machining
non-ferrous materials and cast iron. However, it was soon

-~

discovered that in machining steel it suffered from severe

A Y



cratering on the rake face. This was remedied by the
introduction, almost a decade later, of the complex tungsten
carbide and titanium carbide (WC + TiC). In spite of some
recent dévelopments in tool materials sintered carbides

are still the most important cutting tool materials.,

2.1.2 Method of Manufacturing Carbides

Based on powder metallurgy techniques, the procedures
to manufacture sintered caf%ides for tools are:

1. Tungsten oxide reduced by hydrogen results in
tungsten powder.

2. Milling of tungsten with carbon (lamp black), blend-
ing in fine mixture in a ball mill, heating and
carburizing.

3. Ball milling (several days) together with cobalt.

4. Waxing to impart some coehesion and lubrication.

-
s

5. Cold compacting at pressures up to 60,000 psi using
dies of alloy steel. Dies must be larger to account
for shrinkage during subsequent sintering.

6. Presintering (816°C) in hydrogen, removing the lub-
ricant, shaping, and machining if necessary.

7. Sintering (at temperatures.in the range of 1370°C
to 1593°C) in hydrogen or in a vacuum, so the cobalti
melts and tungsten carbide dissolves partly in

cobalt, diffuses and forms a strong matrix,

In items 1 to 7 any oxidation should be prevented.
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Densification occurs by liquid phase sintering

above the melting point of the binder phase (1320°C) [(1].

The process takes place in three overlapping stages:

1.

considered for cutting tools.

Rearrangement of the particles into a dense packing

by particle transport under the influence of the

surface tension of the liquid.

Solution and reprecipitation of WC in and out of

the liquid resulting in further densification and

particle growth.

)

Coalesence and welding of carbide particles, which

may interfere with further densification.

Various types of hard metallic carbides have been

The hardness and meltiﬁg

point values for a number of them are assembled in Table 1, -

in a sequence of decreasing hardness.

TABLE 1. KEY PROPERTIES OF HARD METAL CARBIDES

Material . M%;;?nggﬁgss Mﬁ%?iﬁg ¥8§nt T¥f0€§§i;§§ Density
TiC Titanium carbide 3200 5790 3200 4.94
vC Vanadium carbide 2950, 5125 2830 5.71
_HfC Hafnium carbide 2700 7030 3890 12.76
ZrC Zirconium carbide 2560 6380, 3530 6.56 -
CbC Columbium carbide 2400 6330 3500 7.80
Cr3C2 Chromium carbide 2280 3440 1895 6.66
WC Tungsten carbide 2080 4710 2600 15.67 B
Mo,C  Molybdemum carbide 1950 4850 2400 9.18
Tantalum carbide 1790 6835 3780 14.50




Brief comments can be made regarding their

individual practical usefulness [2].

el L

- Titanium Carbide (TiC) is essential to be added
to tungsten carbidé to impart crater registance
for machining steel as cutting speed increases.,

~* Vanadium Carbide (VC) has never been properly
cemented together to form a strong body and is used
only, to a small extent, as an additive to control
grain growth.

- Hafnium Carbide (HfC) is expensive and has only
recently become available in qﬁantity conditions.
This applies also to Zirconium Carbide (ZrC). Neither
of these appears to be suitable as a cemented carbide
except as an additive.

- Columbium Carbide (CbC), which alsoc has been used
as an additive to control grain growth and to improve
crater resistance in steel machining grades, is
generally associated with Tanalum Carbide (TaC).

- Chromium Carbide (Cr;C,) cannot be properly bonded. -

or cemented and, therefore, is used only, to a limited

extent, as an additive for grain’growth control.

Thus the two most important classes remain to be
the "straight' grades of WC-Co combination and the 'steel
cutting' grades of (WC + TiC, WC) - Co combination. In
order understand their properties, Table 2 sho&s the

affinity of the various carbides to iron [3].



FABLE 2. SOLUBILITY OF CARBIDES TN IROA

Carbide Solz?x%;;goén Iron
Tungsten Carbide (W(C) . 7%
Titanium Carbhide (T 1C) Less than %%
S0/50 T1C/WC solid solution %%
Fantalum Carbide Ly

Tungsten Carbide easaily dissolves 1n 1ron. There-
fore, when machining steel rather extensive diffusion occurs
on the rake face of the tool over which the hot chip 1s slid-
1ing. The underside of the chip 1s freshly generated non-
contaminated steel and the tool material readily dissolves
in 1t and a crater 1< generated on the face of the tool.
Because the chip slides away and continuously a new chip
surface 1s created no saturation by the diffusing WC can
occur and the diffusion rate i1s kept high. In machining
cast iron this does not occur because cast 1ron is already
rather saturated with carbon. Thi1s would not occur with
T1C which, therefore, would be very crater resistant.

However, similarly as with iron, WC is rather well
soluble 1n cobalt while TiC is not. In the structure of the
WC-Co combination the WC grains are bonded together by a
thin intermediate layer of, actually, solid solution of
WC 1n Co (Fig. 1).

This 1s what makes the bond so strong. . There 1is an

1tdeally thin layer of the (WC + Co) bond which gives the best



strength. A thick layer would be in the middle almost pure
Co with much less strength.

Actually, in order to obtain a good uniformly thin
uninterrupted layer it is important that high uniformity
of grain size be maintained. Graphs in Figures 2 and 3
11lustrate this, reproduced from [1]. - o

In Figure 2, two types of grain size distributions
are shown, one wide and one narrow, both centered on 4
microns diameter. In Figure 3 the trangberse rupture strength
of sintered carbide is shown as a function of mean grain size
for various types of distributions. It is seen that the
narrow distribution gives up to 400,000 psi strength and
exceeds that of.the wider distribution by about 15%.

It is understood that a bond -layer which is too thin
leads to harder, however, more brittle grades. A thicker
layer of Co, which is more ductile than WC imparts the material
better impact resistance.

Because of the bad solubility of TiC in Co a sintered
material of a TiC-Co combination would have very little
strength. The;efore the stéel cutting grades are made either
as a combination of complex (WC + TiC) carbides with dp to
50% TiC content and Co, or ¢omplex (WC + TiC) carbides,
simple WC carbides and Co (the:three-phase carbide).

In both the basic classes of straight ;nd steel cﬁtting
grades the amount of cobalt content influences both hardness
and strength. Actually, in general, the hardness of a '
sintered carbide 4s determined by the carbide grains while

its strength is determined by the strength of the binder.
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’

Therefore, naturally, with the increase of cobalt content
hardness decreases and strength increases (the latter up
to a certain percentage, 15 to 20 wt.%).‘ The grain size
has an influence too. ’
The effect of cobalt content on hardness is shown
in Figure 4 and on transverse'rupfure strength in Figure 5
[2]. In this respect it is fair to include also the
effect of temperature. Thus, the comparison of strength -
of the various classes of sintered carbides inclusive effect
of temperature is shown in Figure 6 reproduced from [4], based
on [S]. - |
It is seen that in general, and especially so at room
temperature, the straight grades, are the strongest ones
and they are about 1.5 times stronger than the three-phase
carbides. With temperature the.straight grades lose hardness
faster than the complex grades and they are equally strong
,agJSOOOC. At higher temperatures the straéght grades are
again much better.
Thus, while the addition of.TiC strongly improves
créter resistance it leads to some 1oss of strength. Therefore,
recently new developments were based on:
a) Coating a thin layer (5 microns) of purely TiC on a
strong WC-Co combination base.

b) Developing sintered carbide of TiC and MoC with Ni

as a binder.

The solution a) is being rather widely accepted.

while the material b) is still rather limited in practical
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applications.

Other recent developments in cutting tool materials
were non-carbides like Borazon (cubic boron nitride) and
UCON (an alloy of Columbium (Cb), Ii?anium (Ti) and Tungsten

(W), nitrided at its surface.)

2.2 Failure of Carbide Tools

2.2.1 Tool Wear and Tool Failure Mechanisms

Tool wear in metal cutting is characterized by a
number of various features which are diagrammatically
" summarized in Figure 7 [4]. ,

There the flank wear FW may be distinguished which
is caused by the rubbing of the workpiece material on the
flank, i.e., on the relief side of the main cutting edge, of
the nose radius and of a part of the secondary edge, crater
wear CW which is due to the sliding of the chip on the rake
face of the tool, the notch N which develops on the main
cutting edge at the point which cuts the surface of the work-
piece, chipping CH of the edge, cracks CR which may be parallel
with or transversal to the cutting edge, breakage BR of the
too\l nose, plastic deformation PD of the tool nose.

Of all these forms of wear the flank wear FW is always
present and it is accepted as the regular phenomenon. The
flank wear width increases rather regularly with the time of
cufting. Flank wear is usually accepted as the criterion for
tool life which is considered terminated when flank wear width

reaches a certain 1limit value. The crater wear CW is another

rather regular phenomenon. It does not occur always but
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whenever it does it also grows rather uniformly with time.
The time of cutting during which both FW and CW will not
exceed an unwanted value can be fairly well predicted.

. All the other mentioned phenomena are rather irregular
and their development is difficult to predict and they
should be avoided completely if possible by a suitable choice
of tool material, tool geometry and cutting conditions, mainly
of cutting speed and feed (chip thickness). Chipping of the
edge and.breakage might be considered both to be phenomeng
of primarily brittle fracture and differ mainly by their
magnitude and they are related to the phenomenon of cracks-
On the contrary, plastic deformation is mainly associated with
the loss of compressive strength of the tool material at high
cutting temperatures. Breakage is the most dangerous of all
the various topl wear features because it may lead to damage
of the workpiece and/or of the machine. Breakage and chipping
as brittle fractures develop from macrocracks which result
from interlinking of microcracks originating in points where
the tensile stress exceeds the tensile strength. More
precisely, it is recently recognized that the limit is imposed
on tensile strgin rather than on tensile stress which, of course,
involves the médulus of elasticity of the material concgrned.
An ultimate admissible tensile stress value could be obtained
once the modulus of elasticity is given.

Brittle fracture is a rather probabilistic phencmenon

and it depends very much on the existence of cracks and voids

in the material prior to its stressing. Im this instance it

1
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very often depends strongly on the surface quality of the
stressed specimen. However, it is found that breakage of
carbide tools is also affected by fatigue and consequently'
the specimens fail at lower stress values if thé stress is of
a periodically variable nature as, for example, in interrupted
" cutting. This shows that breakage is not purely brittle in
character.

Chipping occurs close to the cutting edge where a .
ygiy high temperature is developed. The binder (cobalt)
would lose its strehéth and becomes ductile to a certain
degree due to the high temperature generated‘during the cut.
The results obtained using the finite element technique
agreed rather well with those of Loladze [6]. Both of them
showed compressive stresses near the‘cutting edge ;zntact
area between chip and tool and almoSt no tensile stresses
respdhsible for the brittle fracture are found. Chipping

is thus considered as being more of a ductile than brittle

fracture phenomenon. \

2.2.2 Parameters Affecting the Stresses
in a Tool

As mentioned earlier, brittle fracture fundamentally
is associated with tensile stresses. In a tool these may
be &ﬁe to two basically different causes: '
a) " The thermal load

b)- The load by the cutting force

a) Thermally induced stresses

When the tool starts cutting a high temperature
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develops very quickly on the rake face due to the tontact
with the chip which has been heated as a result of plastic
work in the shear zone and also due additionally to the

" friction work (or, more precisely due to the plastic flow

in the.layer of the chip which is close to the rake face

of the tool) and the flank of the tool heats up as well due

to friction between the machined surface and the tool.
Subsequently, as part of the heat is conducted away through
the insert and, further through the holder, the temperature
inside the insert increases too. In a short time the tempera-
ture field in the insert reaches a steady balanced state.

A typicai example of temperatures in the chip and workpiece
.as are obtained in machining steel with carbide tools is
giﬁen in Figure 8. In this example the maximum temperature
on the rake face of the tool reached 750°C. During thé
heating up period of the tool when the outer parts of the
insert expand more than the inside, compression stresses only
are produced in the insert.

However, when the tool stops cutting its outside is
cooled first by air or by cutting fluid, and the cooling of
the interior follows later. The outer parts are shrinking
and tensile stresses are created. These are greater when
cooling is efficient. Therefore, ,use of coolants is not
recommended in ﬁigh speed madhining with carbides.

Tlusty [4] shows that the important paramete}s which
influence the resistance to thermal shock are the Coefficient

of Therma] Expansion « and Thermal Conductivity K. It is

-
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obvious that the greater 1s a, the greater stress 1s induced

by a given temperature gradient because of greater differences

of expansion of the corresponding layers of the tool: For

a given heat flux the temperature gradients in the tool

will be smaller for materials with better conductivity K.
Various authors define then the resistance to thermal

shock 1n variowd ways but always 1t 1s proportional to the

ratio ot k/x.

The formula of Xal [T] 1s:

iz

- N - 2
Rt = Cf-; , if nAe (1-'1}
where € 1S the ultimate tensile strain of the given’
material.

The thermal stress 2[ 4 ¢lamped tool-bit can be

expressed byv:

= I
9y ad8 . E (2.2)

) So, let the thermal load be characterized by a heat

flux ¢ per unit area then:

AS = ¢ . 2
T ° ¥ (2.3)
where L = 1length of thermal path
N\
¢ = heat flux
. _ aE
% = X $L (2.4)

In this equation the thermal stress sensitivity St is
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represented by %? which is not just simply the inverse of

Rt because it involves also the modulus of elasticity E.

The parameter which is of greatest importance for
breakage either due to the cutting force or due to the
thermal stress is the tensile strength or the ultimate
tensile strain. This parameter is generally measured by
means of a bending test and the values of maximum tensile
stress 1nduced 1n this test at the fracture load are called
the Transverse Rupture Strength, TRS.

Data on Transverse Rupture Strength of various types
of carbides at various temperatures may be found in the
book of Kreimer [S]. From this reférence the graphs given in
Figure 6 are compiled. In these graphs the values of TRS
are plotted with respect to the Co content in the sintered
carbide and the various curves aﬁply to different teﬁperatures
in the range of room temperature of 20°¢C up to 800°C and
1000°C respectively. In the two first graphs also, the effect
of carbide grain size is shown using very fine grain and
rather coarse grain types.

Briefly, the TRS of all kinds of carbide grades
depends strongly‘on the content of cobalt, the best percentage
of which is between 15 and 20 wt. %. The '"straight'" grades
are much stronger than the steel cutting grades at room
temperature but they start losing the strength with increasing‘
temperature above about 500°C.

The steel cutiing grades are less sensitive to
increased temperature and the strength of certain of these

grades actually improves and attains a maximum at about 500°C

¢
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to 800°C and is almost equal to the strength of the straight

grades in this temperature range. |

b) - Stresses generated by the‘cutt1ng force

o There have been attempts to experimentally determlne
the d1str1but10n of stresses in the tool loaded by the
cuttlng'force. Several authgrs used a method where
pﬂotoelastie analysis was appiied to a teolgmade of trans-
parent plastic which was used to'cut lead et rather low
cutting speeds (at higher speeds the plastic would lose its
strength due to the.temperature generated during the cut);

One of these 1nvest1gators was Loladze {6]

“In Figure 9-a q;typlcal example is shown of the

r ]

disttlbutlon of stress on the rake face of a tool with 10°
'%ositi;e rake angle. The stress is plotted in relation to
the dlstance y from the cuttlng edge and C is the length of
ﬂcontact between the chip and the rake face.’ For y < C the
stress is compressive w1th a maximum value at the dlstance
. y = 0.4C. For y > Cc the stress is ten511e with a maxlmum ,
at y = 2C. Lolaeze 1nvest1gatedt_pe effeet of the rake angle
. on the value of maximum tensile stress which iﬁ general was
found proport1ona1 to the ch;p thickness a.
In Flgure Q-b the relat1Ve value of the max1mum \‘
‘tensile stress as measured in phOtOEIaStlc frlnge orders
* is plotted-versus ch1p thlckness a (1nch) for rake angles* -
1) ; 20° - 2) 0%, 3) -20°. | Ll .
It is seen that the max1mum tensile stress was found ﬂ

to be aboiit seven‘tlmes 1owerzfor a = -20° than for a = 200.
. v " S
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A very systematic work in this area was carried
out by Primus, {[8]. He used gless tools to machine aluminum
and a diamond tool to machine various steels and, again,
applied photoelastic analysis. He did not evaluate stresses
in the tool but concentrated on determining the distribution
of the éutting‘load on the rake and flank faces.

5

2.3 Parameters Significant for Failure
of Cemented Carbides

2.3.1 Introduction - -

Brittle fracture of cemented carbides is an important
factor in cutting tool performance. It has been observed
that the sttength and tough&ees of cemented carbides are
predominantlf influeneed by grain eize and the thickness
of the binder layer. Some inyestigaters have determined a
significaﬂt dependence of strength on the isostetic stress
component This dependence was found‘to increaee with a.

decrea51ng percentage of the binder .content.

 An’ attempt has been made by Kals [9] .to evaluate the

ratio of the effective stress (a) and the maximum tensile-

stress (e)“comﬁenent within the binder (C = §/¢) in relation

~ =

to strength

»

It has been shown that the ultlmate tens11e straln
can be related to C. In turn, the parameter C is dependent
on Structural parameters. . o ‘*~A ; ‘
‘ + Receritly, Shaw et al. [ioj‘came’to the‘cbhclusidn
that the maximum’ ten511e straln crlterlon is a rellable tool
for_predlctlpg_brt;tle fracture,“HQwever, measurement of

¥ »
T

o
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-~

small strain is substantially more difficult than the measure-

ment of load. Subsequently the ultimate strain is pre-

. g
ferentlally derived from €g = 7?. There is more .

evidence that e is an adequate parameter for br1tt1e material.

From the results of Gurland and Parikh [11] it

A

)
appears that eg may satisfy as a criterion for fracture

toughness of cemented carbid€s when the carbide contents
exceed 60%.

Hatano [12] and Brands [13], who examined the

-

influence of the deformatlon rate and the isostatic stress

7

component on brlttle fracture respectlvely, concluded that
the ultimate uniaxial strain (ef) rather than the fracture
strength (of) is the reliable brittle failure criterion:
Brands showed that brittle failure occurs irrespectivé of

the state of stress when the maximum elastic.strain

¢ A

1. '
€y = 5 {0, - v(o, *+ 0.)} . {2.5)
1T E 9 2 7 % "~

-

reaches a critical value.

This would mean that the combined principal stresses

k4

rather than the maximum uniaxial stress determines failure.

2.3,.2 The Relatlon between Fracture Toughﬂess
and the Material Parameters o3

Examining exper1mental results obtained by Gurland
‘and Parikh, it has peen.observ "that a pure exponential
relationship exists between-fractufe fbughness in bendiﬁg
. egr and the mean free path between the carbides, i.e., the“

average value of the thlckness of the binder layer (Fzgure 10)
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-

Figure 11 taken from Liebowitz.[11] shows Fhat this
behaviour can be confirmed for various sintered carbide
grades quoted by their corresponding ISO denotaticns. "The
values of mean free paths have been calculated from the.

average particle size dl and the composition of the material

G, assuming cubic grains

. 3/1 '
x=d‘1(\/5-1) ' ./G.ﬁ)

The author concludes that:

) Fracture toughness is mainly controlled by the
mechanical propertie€s of the binder and by the
mean free path between grains.

b) The mechanical propertieé of the carbides (TiC}
TaC; NbC, ngZ, WC) do not have any significant .

influence on fracture toughness.
¥

Gurland and Parikh [11] have shown that strength
increases with increasing values of th mean free path .

However, beyond 1 = 0,45 y when the influence of plastic

"deformation\tecomés importJnt, the.trend is reversed

(Figure 12}.
" From the work of Doi et al. [14], Figure 13, it
apﬁ%ars-that there is a systematic increase in rupture

strength with a decrease in grain size.

2.3.3 Structural Parameters and their Influence gﬂ the
Stress Distribution in the Binder Phase of’
~Cemented Carbides

Although a relationship betwéen structural and

&
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strength parameters exists, there remains the need for
determining a generally applicable structural parameter

which would uniquely quantify the fracture behaviour of

cemented carbides. Bridgman [15] derived the relation

i~ . 2h Ry, -1 2 7y
,g,: Cg = [(1 + ) 1In (1 + »p)] (2.7)

withaapplying the model of Figure 14-a which shows a
toroidal-shaped reduction areg Fharacterized by the ratio
% and assuming a three-dimensional state of stress. This
relationship explains the results of tensile tests at high
strain values (¢ stands for the effective stress, whilst ;z
represents the average value of the axial tensile stress

related to the true area). The factor CB is known as the

Bridgman factor.

Close examination of the structure of cemented carbides

*

was carried out by Kals and Gielisse [9]. This examination
reveals, both on tﬁe surface and in the bulk (par&icularly
in and around voids and pores) specific detail that is 3
geometrically comparable to the tensile test situation of ’
Figure 14-a. It seems therefore justifiedrto adopt the
analogue model of Figure 14-b, where it will be noticed
that dav/z substitutes for R, whilst half the average value
of the mean free path i, /2 represents a fair minimum value
of the radius. Gene;ally, the occurrence of intergranular
voids is lgss frequent than is suggested in Figu?e 14-b.
Putting the aver#ge effective distance between the voids

b
equal to K dév’ an expression analogous to Equation (2.7) is
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arrived at:

2 Kd

= [(1 =+ Kaiz In (1 + ng_)] -1

]
(@]

(=)

g, z=0

(2.8)

The factor K depends upon the density of the voids. Its
value will be largely determined by specific material
processing conditions.

The ratio ﬁav/kav is a structural parameter and

the potential significance of it to failure, in terms of

the ultimate uniaxial.strain is shown in Figures 15 and\16.
The use of tensile test analogue gives rise to
the following five statements:

1. Necking phenomenon in a tensile specimpén

2. Plastic flow in the carbide intergranular layer is
logalized and concentrated in the immediate vicinity
of the voids.

3. The Bridgman factor has not been verified for values
of R/h exceeding 10.

4. Maximum tensile stress occurs at the surface, so.
the test result depends very strongly on the surfaée'
roughness of the specimen.

5. Brittle fracture being a probabilistic feature,

it depends strongly on the volume under stress,

i.e., practically on the size of the specimen.

2.3.4 Standard Test Method for Measuring

{ Material Properties
= .
N
\

K\g:oposal is found for the introduction of a new

J

P
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method for testing toughness of cemented carbides 1n which
a disc-type specimen is compressed {7]. It 1s based upon
the phenomenon that a tensile stress 1s acting across the
loaded diameter of a diametrical loaded disc. Kxcbpt for
the regions quite near the strip loadings, this stress 1s

%
uniformly distributed over the loaded diameter and 1s equal to

2F
°3 T 14t . (2.9)
where F = applied load
d = diameter of the disc
t = thickness of the disc

The stresses in such a case are shown to be as given in
Figure 17.

In the region of the load the stress condition is
biaxial compressive which means that the material there can
resist much greater stresses. The fact that compression
shows a minimum at the centre of the disc specimens may
"explain why the specimens rupture at the centre. Also, the
volume under stress is rather well specified. For these
reasons, this te;t may become more important than the
classical test.

]

2.3.5 The Development of Test Method .

The development of the test method based on the
diametrical compression test was carried out by H. Kals and
W. Nollet [16]. Square specimens are ground flat at the

two diagonally opposed corners till the resulting faces
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attain a length of j.l D, where § is the length of the
diagonal. The test specimen is placed upright, the two
small faces touching between the dies o@ an adapted pillar
diw‘set. The results of stress-analysis (plane stress)
made with the aid of the finite element, is given in

JFigure 18. Figure 18-a shows the principle stresses across
the diagonals and Figure'18-b shows the mesh distributiqn
in the quarter of the specimen.

o

2.3.6 Introduction of Tool Fracture
Classification System

Keiji Okushima and Tetsutaro Hashi [17] classified
the tool fracfures into three major categories according r
primarily to the outside appearance and association with
any preceding crack. They are:

Category 1  Chipping at low cutting speed.

Category 2 Chipping of large sizé without

a preceding crack.
Categbry 3 Fractures at high cutting speed:

it occurred as a result of fatiéue

damage to the tool tip.

The tests were carried out in the face-milling

. ¢ .
operations on carbon steel work materials.

Features of Category 1 and Category 2

Category 1:‘ The chippiﬁg occurred along the cutting edge,

and the thickness of the fractyred portion was rather small
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A
on the rake face but somewha; larger on the flank. No
crack was inferred. This type of chipping occurred a short
time after a new tool tip was put-into operation. A
tougher tool grade was safer from this type of chipping.
Also it was commonly experienced that machining of a ha;der
steel was accompanied by more danger due to this type of
chipping. The experiments showed the chipping at low cutting
speeds is caused by mechanical impacts of intermittent
cutting and the brittleness of tool material when subjected.

to the impact loading (Figure 19).

Category 2: This is the fracture which occurs in a fairly
large size. Thé fracéure is supposed to start on the rake
face and devéiop nearly parallel to th? flank so that a
large fracture is observed on the flank. No crack is pre-
cedingly recognized as causing the fracture. This breakage
occurs occasionally at any edrly stage after a new tool is

started.

Features of Category 3

This category is the most important one and it
consists of several types of. breakage which occur due to
preced%ng cracks, therefore, they are fatigue fractures.

Each type of fracture is caused by different types of cracks.
They occur earlier at high cut'ting speeds. Fractures of
this category are classified into fi%e types. The first
three types are most common in operations without cutting

fluids. -
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Fracture starting on the rake face is.the first type
and it is caused by cr?cks parallel to the cutting edge
starzing on the rake face., With repetition of the inter-
mittent cﬁtting, the crack gradually propagates into the
tool materia{, nearly parallel to the flank surface and
finally causes the breakage (Figure 20-1).

Fracture starting on the flank or land is the second
type and it is caused by cross\cracks starting.on the flank
or land (Figures 20-IIA, IIB).

The third type is fractuxe starting both &n the
rake‘face and on the flank ana it is caused by combined
propagation of the above two cracks (Figures 20-I1I1IA,B,C,D).

Figure 21 shows that the fractufe starting on the
flank occurs below a certain cutting speed and the chipping
starting on the rake face occurs at high cutting speeds.

Breakage is a fourth‘type of fracture at high
cutting speeds. This is a fracture caused by a crack in
the direction nearly perpendicular to the cutting edge
which propagates and finally splits the tool tip (Figure 22).

Occasionally, therﬁal cracks occur also in the
direction parallel to the cutting edge. B

Pitting is a fifth type of fracture at high cutting
speeds. This is segregation of a thin layer of tool material’
from ihe locaiized poition of the tool chip contact area.
Pitting occurs adjaceﬁtvtofthermai cracks both perpendicular

and parallel to thé cutting edge (Figure 20-1V).
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Figure 20. Typlcal Location /and Appearance of Varmus
Types of Fatigue/Cracks.
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CHAPTER 3
EXPERIMENTAL RESULTS

3.1 Introduction

Failures of tungsten and titanium carbide tools due
to fracture of the cutting edge were investigated in turn-
ing operations using alloy steel 4340 for work material.

The purpose was to classify what is generally called

fracture of the tool edge into:several definite types and

to reveal the cause and mechanism of each type.

| The study consisted of metal cutting tests in which
tools were tested until they fail due to fracture. The
fractured tool was inspected under a scanning electron micro-
scope to analyze the location, size, direction and other

characteristics of the fracture.

3.2 Test Equipment and Materials

3,2.1 Machine tool v

All turning tests were performed on a Mazak-Rex
heavy duty lathe rated at 25 HP of main m&tor. The spindle
speed ranged from 12 to 1200 rgV}/min. (stepless speed drive)

and the feed ranged from (0.0021 inch - 0,265 inch).

3.2.2 Tool

Tool holders for triangular negative rake inserts

- 45 .
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and triangular positive rake inserts were used. They had
4.5 in. length, 3/4 in. x 3/4 in. cross section and 30°
side cutting edge angle. Figure 23 shows the dimensions
of the inserts used and mounted in the tool holder. They
had negative 50 énd positive 5° rake angles. Steel machining
grades of tungsten-titanium carbide Kennametal K7H (93.5 ﬁwA)
and K45 (92.5 RwA) and Wickaloy WP6 (92.2 RA) and WP5 (91.0
RWA) were used.
| They have a three-phase structure as shown in Figures
24, 25, 26 and 27'showing the angular grey grains of tungsten
carbide (WC), rouﬁd dark grey grains of complex (WC + Ti€ + TaC)
carbide and the white phase (Co).

The exact composition of the Kennametal érades was
not available. Hardness and chemical composition of the

Wickaloy grades (WP6 and WP5) are listed in Table 3.

Table 3
Grade Chemical Compo§1t10n ‘ Ha;dxess
Co ‘WC TiC TaC w
WPS 8 72 9 11 91.0
WP6 4,5 71 12.5 12 92.2

3.2.3 Workpiece
Three kinds of steel were used: 4340 alloy steel

.normalized with hardness 217 BHN, 4340 hardened and tempered

to about 380 BHN and 1040 carbon steel. Their compositions
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Figure 27: Microstructure of WP6 Carbide grade (X2000)
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are listed in Table 4

Table 4

Chemical Composition (percent)

Brinell
Steel C Mn S Si Cr Ni Mo p Hardness
BHN
4340 .4 .7 0.02 .25 .8 1.75 .25 0.04 217
1040 .4 .6-.7 0.04 - - - - 0.04 210
3.3 Cutting Tests
Two types of cutting tests were carried out. The

.first type was continuous cutting, where K7H and K45 tool
grades and the three kinds of steel workpieces were ﬁsed.
The second type was interrupted cétting. Tooi grades WPS
and WP6 and 4340 hardened and tempered steel workpiece
were used.

For every tool the test was carried out by increasing
the feed in steps from 0.010 inch up to 0.043 inch”and using
0.05 inch or 0.1 inch depth of cut. The cutting speed also
changed due to the change in workpiece diameter starting from
250 ft./min. down to 100 ft./min. v

The tests were periodically interrupted and the tools
were examined using the tool maker's microscope. The test
results of continuous cutting were recorded in Tables § to 18.

For interrupted cutting the test results were

recorded in Tables 19, 20 and Z21.
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a. Continuous Cutting tests

Table 5 : Cutting test results using tool number (1-a} «

. Jool mater§a1;
Geometry Qf tool :
Workpiece material :

Dapth of cut:

CJ

Tool number (1)

K7H

positive 5° rake angle

steel 4340, 217 BHN, initial diameter 3.0 in.,
length 18.0 in,

0.05 in. ‘::'

@ D

£ 2~ — : -

P~ ae R Sketch of the figure

zE|2E | 38 _ Comment

'55 e & X | Shown under the microscope

3 |3 =|

’ o017 o
- 260 .010 Flank wear
.015 ¥ l‘
1 2 260 010 F lank wear + chipping
b
3.5 250 010 “qes Flank wear + chipping
02 . -

5.5 225 .018 ] —f— Flank wear + chipping

4 A e W6

P N PV v ) .,
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Cont. Table 5

o g
1= (7]
ogree [ —~ N
M o Sketch of the figure
o= o e < Q
£E | £ | §% Comment
Pl | ve Showr under the microscope
3 S Z i .
0215
8 | 190 | .02 Ur F1&ak wear + chipping
4
.0075 ) '
10. | 180 .024 'oz? Flank wear + chipping
' 1
. 013
12 160 .024 -T 03 Flank wear + chipping
*
4 4
. LOI7
14 [ 140 | .024 T k ‘032 | Flank wear + large
- ¥ amount of chipping
16 120 024 Flank wear # large
" ‘ amount of chipping"
———
18 110 ° .024 F1an‘k:wear + 'tai*ge

amount of chipping +
crack
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Table 6 : Cutting test results using tool number (1-b)

53

—

Tool Number 1-b.

|

4 )
© b
= U
o e o= | ©3 Sketch of the figure P
= r- =~ D S -
& SE | &> Comment
2 B £ Shown under the microscope
[ ] (3] ~ .
- 8

(o]

5.5 | 220 | .010 i Flank wear + chipping
2
T
R 2 ,

i '

9.5 | 160 | .024 ”‘ o6 Flank wear + chipping
I &
[ 4
:

13 130 | .027 Flank wear + chipping
15.5 110 .035 Flank wear + chipping
18 100 .035 " The tool is broken

i
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Toal Number 1-c

s

N \‘\(3,

%y
T v o Sketch of the figure ,
min. ft/min in. . Comment

Shown under the microscope

1 110 .024 Flank wear + chipping

7

2.5 110 .024 F lank wear + chipping

™~

5.5 100 .024 Flank wear + chipping

-

7.5 90 |.032 “ hdw ' | Flank wéar + chipping

B M ‘ )
9.0 .90 .043 1 The tool is broken
‘ 1 . : :

' Y
8
i




Table 8 : Cutting test results using tool number ‘!(2)

Tool material :
Geometry of tool :
Workpiece material :

Depth of cut :

l

Tool number (2)

K7H
positive 5° rake angle

steel 434Q, 217 BHN, initial diameter 3.0 in.,

lTength 18.0 in.
0.05

A

a

@

2 |3
5~] &% 0
oc] oE -3 Sketch of the figure
= = | =iy U S
:5 :—-\Qp— 'ﬁ\. Comment
g B~ £ Shown under the microscope )
(8] Q ~—
—f .085 }o—
Y—-- <
5 | 240 | .027 \ , | The tool is broken
. \ \ »
)
rd
Tool number 2-bY
: @)
5 /
4
M.OO?
10 240 .027 T Flank wear
, 4
g 009
20 ¢ 240 1 .027 -—-T Flank wear + chipping
J " | '
-
30 240 | .027 The tool is broken |




Table 9 : Cutting test results using tool number (3) 56

Tool material :

Geometry of tool :
Workpiece material-::

Tool number (3)

K7H ,
positive 56 rake angle

steel 1040, 210 BHN, initial diameter 2.0 in.,
£

length 18.0 in.

Depth of cut : 0.05 in.
@ @
£ @
a~| aF -
- > Sketch of the figure
oo o e < v
EEl £S5 3= Comment
ET1 8| V8 Shown under the microscope
S S N
/
3 240 027 Flank wear XNchipping
6.5 240 .027 F lank wear + chipping
jo- 065 —o]
‘— — i
9.5 240 027 |‘ The tool is broken
| \
. ‘f:.".:.'i’_‘ p—
=



Table

|

10 :C}utting test results using tool number (4-a) 57

Tool material :
Geometry of tool :
Norkpigce material :

Depth of cut

Tool number (4)

H
Zegative 5% rake angle

j’length 18.0 in.
: /0.05 in.

/

teel 3440, 217 BHN, initial diameter 3.0 in.,

a

®

@ °
£ o
oy O~ —
=~ w = .
oc | of -3 Sketch of the figure \
= [ RS a, 5
SE| ©¥ Rl Comment
= = £ Shown under the microscope
< (3] —
J
\ .008 -
1.5 250 .0}9 ¥ F 1ank wear
T
014
4.5 240 .035 — Flank wear + chipping
x‘ ‘08
Raine
5.5 230 043 \ Crack
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Table 11 :Cutting test results using tool number (4-b,c)

o
Tool number 4-b,c
¢ @ b
@ =)
13 8 Ay N
b~ &= S Sketch of the fi
2| 2E | gb gLch of The Tiadre
SE| o8 I Comment
b P P Shown under the microscope
=3 p=1 o
[ [&] ~ )
1.5 220 019 | F Tank wear + chipping
Vg
4.5 200 .03'5 F lank wear + chipping
6 190 - | .043 . the tool is broken

s -
P O S e

o ar
ey
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Table 12 : Cutting test results using tool number (5) 59

Tool material :

Geometry of tool :
Workpiece material :

Depth of cut :

Tool number (5)

K45 .

positive 5° rake angle

steel 4340, 217 BHN, initial diameter 2.0 in.,
length 18.0 in.

0.05 in.

©

[+ Q

e [+3}

oy Q. ~ —

Ml = > Sketch of the figure

o= o E o o

E=l £ES5 | 9& Comment

2l BE | v < Shown under the microscope .

=3 3 -

(S (8] ~— ™~

| TR
3.5 240 2027 Flank wear + chipping
4

8.5 240 027 F lank wear + chipping
13.5 220 | .035 F Jank wear + chipping




Table 13 : Cutting test results using tool number (6)

60

Tool material :
Geometry of tool :
Workpiece material :

" isitial diameter 2.0 in., length 18.0 in,

Depth of cut :

Tool number (6)

K45 N
negative 5° rake angle -

4340 steel hardened and tempered to 380 BHN,

0.05 in.

®

o @
= @~ .
‘;3,.: ,‘},.,E _o:. Sketch of the figure
gg EE §§ Comment
oo | B . Shown under the microscope
+2 > =
3 = -
(&} () ~~
006
1 250 .010 I Flank wear
\
l l ‘ot
2 250 | .024 —  |Flank wear
3 250 035 A Plastic deformation
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Table 14 :Cutting test results using tool number (7-a) 61

Tool material :

Geometry of tool :
Workpiece material :

Tool number (7)

- K45

positive 5° rake angle \
4340 steel hardened and tempered to 380 BHN, initial
diameter 2.6 in., length 18.0 in.

lepth of cut: o.1 in.
XD
e ] 5
s 3]
e 3’5 2 Sketch of the figure
E’E g’g ' gg Comment
el b4 - Shown under the microscope
-~ L [ =
3 3 z
«QO7?7
1 160 020. ' Flank wear
4
. [T .coe _
2 160 027 Flank wear + chipping
- o112 - )
r-—--. ~
s |\ieo | .o038 \ The tool is broken
L*t-‘—
1 o 283 —»
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Table 15 : Cutting test results using tool number (7-b)

62

|
|
l
\
1

Tool number 7-b
@,
v o ¥
£ 8 . —
e R Sketch of the figure
2= 251 %8 Comment
PE] SE | €= | Shown under the microscope
3 3 z
r ‘ 007
1 1so | .020 T F lank wear
4 !150 .030 Flank wear + chipping
f .0ls
7 150 033 —T Flank wear + cpipping
| fo~ +108 -+
——=
8 150 .033 ‘\ The tool is broken
L.‘ ——— iy Guviy.
. b w215 —of

S Y e

] p————ri -
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Table 16 : Cutting test results using tool number (8)

63

Tool material :
Geometry of tool :
Workpiece material :

Depth of cut:

Tool number (8)

K45
negative 57 rake angle

steel 4340, 217 BHN, initial diameter 2.3 in.,
\ .

length 18.0 in.
0.1 in.

o @
£ | & ~ .
=~ wn £ . .u‘l-‘
oc| =E 85’ Sketch of the figure
E»E :;__,‘.,*-_’ Q‘.’E Comment
> s - Shown under the microscope
[& ) (4 ) ~— .
2 250 .018 Flank wear

3.5 250 .024

Flank wear + chipping

4.5 250 .030

F lank wear + chipping

5.5 200 .030

Flank wear + chipping

7.5 200

Flank wear + chipping
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Cont. Table 16

o

Q U

£ @

S~ 0= —~

e | oF S Sketch of the figure

== S5 T o

SE|l & ] I - Comment

s B— | +£ Shown under the microscope

L& (& ] ~

9.5 160 F lank wear + chipping

+ 9 -

r“

11.5 160 ‘\ The tool is broken
L“F‘~
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Table 17 : Cutting test results using tool number (9)

-

Tool material :
Geometry of tool :

Workpiece material :

Tool number (9)

K45
positive 5° rake angle
4340 steel hardened and tempered to 380 BHN,

jnitial diameter 1.5 in., length 20.0 in.

Depth of cut : 0.1 in.
- .
Q ]
(=3 [« 4] a
= rer -
— - > Sketch of the figure
g 28 | g2 ~ :
TE :‘t‘ uq_,\. v 4 . Comment
BE} R e Shown under the microscope
3 3 z
o 35}
F-—
.5 150 .033 ‘ The tool is broken
|
|
1 150 1 .03 The tool is broken-
L )
2 150 .02 Good example of
chipping \\\
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Table 18 : Cutting test results using tools number {10,11)

¥

|

Tool material :
Geometry ot -tool :
Workpiece material :

Depth of cut :

\

L3

Tool number (10)

K45

positive 5 rake angle
steel 4340, 217 BHN, initial diameter 2 0 in:,
length 20.0 in.
0.1 1in.

©
L] Q
.E Q. .
v wE - Sketch of the figure
gz 25| 38 ‘ ‘ Comment
&l SE| &7 Shown under the microscope
& o c own un y
3 1.3 =
20
1.0 250 | .03 The tooT™fs broken
- >

Too1 matema]
. Geomet[:y of too’l

<

_Norkp'lece material :

epth of cut

Tool number (11)
ka5 .,
positive- 59 rake angle
steel 4340, 217 BHN,"initial diameter 2.0 in.,

B

e [ &7

r (:"%/\ ~
t o e 7, %~ . o
S| oE| 93
2| £5| 3%
- -

3 3 Y B »
R ot L o Y -4
= =3 o
(&) (& ~

¥

length 20.0 in. -
0.1 in. - ‘ @\

Sketch of the figure,

Shown under the.microscope

[

1.0 l2s0. | .034

b e e TSSO - e [ e e e e
-
.

fo- 146 —o] ] i

The tool is broken

— S, S

fom 2223
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b. Interrupted Cutting tests
Table 19 : Cutting test results using tool number (1)

Tool number (1)

Tool material : WP5
Geometry of tool : positive 5% rake angle
Workpiece material : 4340 steel hardened and tempered to 380 BHN,
initial diameter 3.5, length 25. in.

Depth of cut : 0.1 1in. -
o)
@ U
- E o
b~| &% - - -
- > Sketch of the figure
gE| 2E| 38 -
=5 el & ! . Comntent
’ %g b=t £ | -Shown under the microscope
& ) (8] ~— : ‘ 3
I je— 154 . /
Y“”"'" :
N 250 .020 l‘ | The tool s broken
5 ‘ "l ——
‘ je- .208 —s
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Table 20 : Cutting test results using tool number (2)

Tool material :
?Geometry of tool :
Workpiece material :

Tool number (2)

WPS
positive 50 rake angle

steel 4340 hardened and tempered to 380 BHN,

jnitial diameter 3.5 in., length 25.0 in.

Depth of cuf : 0.1 in. °

<
—~ 3

£

H~| &%= .S .

o .= -3 Sketch of the figure

£l £5 & Comment

Bl g | e ¥

= > - Shown under the microscope

(& ] [ & ] ~

~ .53
rT_._.
1.5 | 200 7 0.022 \ Breakage
|
. -~ 3 b
" Tool number 2-b
2 250 0.017 Chipping
[
<

5 250 0.017 Breakage




Table 21 :Cuttiqg test results using tools number (3,4)

69

Tool material :
Geometry of tool :
Workpiece material :

Tool number (3)

WP6 .
positive 5% rake angle

4340 steel hardened and tempered to 380 BHN,
initial diameter 3.0 in., length 25.0

Depth of cut : 0.1 in.

~
Q [ 1]
= [+ 1]
o= ja T —
el NE > Sketch of the figure
2| 2E | B2 Comment
33" e c Shown under the microscope

= i
| &) (&) S .

1 00155

E

b 158 4

3
-

4. The tool 1is broken

Tool material :
Geometry of tool :
Workpiece material :

Tool number (4)

WP6 ,
positive 5° rake angle

4340 steel hardened and tempered to

380 BHN, initial diameter 3.0 in., .

length .25.0

Bepth of cut : 0.1 in,
g 18 e '
bl @ E — a
ol 9E | 9@ Sketch of the figure
cEl =9 oL ’ ' Comment
-— =8 o— 4> QD ~ . .
o] P - 2 -
5.1 5~ = Shown under the microscope
S S ~ ,

'0.022

[
! ny

Q
\p

je- 152
‘;"""‘.

| RO

The tool s broken

v

e
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According to the preceding tables, the results of

the tests conducted for both types of cutting are summarized

~

in Tables 22 and 23:

3.

From Table 22 one may conclude that:

Complete breakage of the tool occurredfstarting
from a feed rate of 0.027 in./rev. In the case of
tgol 1-a the only observations were chipping and

crack on the rake face at 0.024 in./rev. feed rate.

Breakage occurred at a higher feed rate (0.033 in./rev.)

when using toqlS/with negative rake angle (toolsﬁdd
6 and 8), thag with tools with positive rake angte.

c7An increase in the depth ‘'of the cut (0.1 in.) had
a similar effect as an increase of feed; it lead
to a breakage in a'shofte? cutting £ime.

. For the same cutting conditions tool material and
workpiece there was coﬁsiderable scatter in the time
of cutting before breakage. (Tool number 7 was broken

rafter 4 minﬁtes while tool number 9 was broken after
0.5 minute&: .

The difference in breakage observed in cutting the
hardeneé steel (380 BHN) and non-hardened steel
(217 BHN) was rather small.

In general breakage occurred at heavy loads on the
tool tip)‘actua11y4 whén a load speéifiednby'feeds
in the range of 0.027 inch to 0.043 inch at 0.05
and 0.1 inch width of cut was exceeded. dftgn; it

occurred first after some amount of chipping had

A

~
|
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Table (22) :Cutting test results in case of continuous cutting

Tool o - . -
oo | B 1 & |5 |2 |7 |Ef 4’
er | &£ = w2 |5 = & Comment 4
E EOC oG c - ) u
<81 25| 25 | £ |RE | == |®& i
No. jgrade | BE || BE | X~ | B~ |8~ [2% (B {
— e a
o V) Y=

1-a “280 [0.024 | 0.05 | 18. { 12.5 | 110 | Chipping, -
K7H 4340 crack’ !
, STEEL _ ;

1-b | pesitive 220 |0.035°] 0.05} 18 |5 100 | Chipping, .

217 BHNY | : ;
™ | © | break

o RAKE VO ) i

1-c | ANGLE 10 10.043 | 0.05 1 9 | 1.5 | 90 |Chipping,

) - ’ ( Y ) 'breé!( .

2-a 280 |0.027 |'0.05 | 0.5 |0.5 | 240 |pgreak %
K7H | 4340 i
positive | STEEL N gw

o e} i
2-b 5 |zwenn| 240 |0.027 | 0.05 | 9.5 | 9.5 | 240 |preak ?!
RAKE ] ' ¥
K7H | 1040 _ ﬂ [
3 +ves |STEEL ] 240 10.027 | 0.05| 9.5 | 9.5 | 240 | Break i
RAKE 210 8HN ’ g!
j
- |

4-2 | k7u | q3a0 | 290 |0.043) 0.05 | 5.5 | 1.0 | 230 | Break |

negative | STEEL - . - : A -
® B . =
5 217 BHN . . . ’ ) ;.
4-b,c . 220 {0:043) 0.05| 6 1.5 | 190 | Break 1
RAKE i , ’ ,
I K45 1 4340 ' ' \ T
. (-] a . \
" 3 L . ] .
5 | *v°SISTEEL odp 10.036] 0.05] 13.51 5 | 220 | chipping
- RAKE 1217 BHN -1 "1 . -

[T e —n



Cont. Tab1e~(22)
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+ —
8w | & = 1%5 | Y EL | EE
I 2T |oE | B2 | <& |RE | & | 5& | Comment
1 _z-s Ed‘-’ E:— -oa-...— '.6“" [T w) o
SE |8 o ] = EB | 39
No. .{ grade| 2 = = 4% | co
o - -
K‘;S hatdened
"6 |-ves | 4340 | 250 (0.035 | 0.05 |3 1 250 | Plastic
RAKE 380 BHN deformation
7-a ka5 |nardened] 160 [0.038.] 0.1 |5 3 160 | Break %
positive 4340 }
5 |3808HN ' & .
7-b 150 {0.033 | 0.1 |8 4 150 | Break
, RAKE | .
Kas | 4340 )
8 —ves |STEEL | 250 ]0.03 | 0.1 [11.5 |8 160 | Break
RAKE [2178un] ) '
9-a K35 - | harderied 150 10.033 | 0.1 .5 .5 1150 |Break
4340 :
positive STEEL
5 éSOBHN
9-b 150 {0.03 (0.1 ]1.0 |1.0 }150 |Break
RAKE —
ANGLE " )
9-¢ 150 {0.02 | 0.1 |2.0 |2.0 |150 |Chipping
Kas .| 4340 . o . \
10 | eves |STEEL] 250 10,031 | 0.1 | 1.0 -}1.0 | 250 |Break
{ 2:0:C | RAKE [217 BHN e T~ -
K45 4340 _
1 | ,es |STEEL] 250 10.039 | 0.1 | 1.0 {71.0 |250° [Break:.
a,b,¢ RAKE |217BHN|" : o
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Table (23) :Cutting tests results in case of interrupted cutting

+) —
0 o = 1) . . .
O r— (<t Yo o~ Y = L. Ec E'E
22 I™E | g6 [°8 | £ | E | o>
5% | =S E €| 5= | RE | 5= | =& Comment
VK ropie Yo -~ [a % [« W v o =
[ TR * A = E U
[ 38— ot -] - QU L] $
No. |grade| & 5 = =+ 1 8¢
WPS.
T | -vws]| 3 180 | 0.02 { 0.1 | 2.0 | 2.0 | 180 | Break
RAKE | Z
=
o
?-a WP5 5 250 1 0.017y 0.1 | 3.0 3.0 250 Break
of B
“~ve § w FY
o 13 .
2-b RAKE § -200 0.022}1 0.1 | 1.5 1.5 200 Break
s | 8
wPe b
3 —ve 5 E 200 | 0.022} 0.1 .5 .5 200 Break
=] ' v .
RAKE té .
e
wP6 ' -
4 _ve §° 180 | 0.0154 0.1 0.5 05 180 Break
RAKE '
- .
¥
[a}
€
@

R, e 2 b

g e oy g = SHaAn e g £
e i, ;
Y POl - - e
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accummulated on the cutting edge (thus obviously contribut-
ing to the increase in the cutting force). Sometimes,

however, it occurred after a very short time,

Comparing the results of tests carried out in inter-
rupted cutting, Table 23 with those of;gontinuous cutting
the most significant difference is foundfin the fact that
in interrupted cutting, complete breakage occurred at feeds
of @.015 inch to 0.022 inch at which it did not occur at all
in the continuous cut. Again, the times before breakage
were rather short.

The tests were carried out by turning a workpiece
with two slots .25 inch wide as indicated by ‘the diagraﬁ in
Table 23. The side cutting edge angle of the tool Qas 30°.
The dia@eter of the workpiece was about 3:% ;nches and, on
average, the spindle speed was about 220 r.p.m.

This means that the increased tendency to breakage -
in the interruptedxiutting cannot be explained by fatigué
because the npmber of impacts beforesbneékage was between
100 and 406. AThereere, the reason shduld ber feléted rgther
to either special loading conditions on the edge of the tool

at the entrance or at the exit of the cut or to the inter-

ference of the chip adhering to the tool at the end of every

,cgtting period. Thermal cycling is not a probable influence

because the slots are rather narrow.and the tool does not

have enough time to cool down between the cutting periods.
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'3.5.2 . Intergranular Fracture
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3.4 Fractography

The study of fracture in sintered garbides on a

\

microscope scale has been limited mainly to\the optical

examination of surface <c¢racks on the interésctions of

fracture surfaces with polished surfaces. The\large depth

of focus of the scanning electron microscope h;;\permitted
the examination of fracture surfaces of many difgbrent
ﬁaterials. There appears, however, to have been féw applica-
tions of the technique to the sintered carbides. |

v

3.5 Fracture Mechanisms for Sintered Carbides

3.5.1 Transgranular Fracture

If the fracture through the tool followed a random
surface, the fraction of the surface represented by trans-

granular fracture would be equal to the volume fraction of

scarbide in the tool. The actual fractions observed were

&
always much smallef than expegyed on this basis [1].

Figure 28 shows a transgranular crack at a WC-15%
Go specimen [2]. The fraction of transgranular fracture
was found to depend on the grain size rather than the cobalt
content. ‘
| Kreimer aﬁd Alekseyva [3] report that no fracture
of grains smaller than 2 um was observed in the cracked

specimens.

A >

The two types of intergranular fracture, namely

ductile rupture of the cobalt.(which means-that the fracture
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Figure 28* Optica‘l micrograph s’nouing a :!;ransgranular

. Terack in one of the' sides of ‘A WC~15'wtdCo -~
specimen.. The trains transversed- by the crack
| have been indicated by arrows. {323
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occurs through the cobalt layer) anq interfacial fracture
(which means that the fracture occurs tangent to the grain
boundaries) will be discuss to er (Figure 29). The
fraction of intergranular f:j::;f:$§>ea represented by inter-
facial fracture was found to correlate wéth the cobalt
content of the tools but not with their grain size [1].

Figure 30 shows an intergranular crack of the same
specimen as Figure 28 [2]. The interfacial fracture area
decreased rapidly as the cobalt volume fraction increased
from about .1 to .4 [1].

It is concludé& therefore, that intergranular fracture
does not follow a random intergranular path and produce one

or other mode of fracture atcording to the thickness of

cobalt encountered locally.
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A 8
Figure 29: Types of intergranular fracture.

A - Ductile rupture of carbide
B - Interfacial fracture

Figure 30: Optical micrograph showing an 1ntergranu1ar crack
in one of the sides of the same spacimen as figure 28.
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3.6 Evaluation of Test Résults

~x%

3.6.1 Type of Fracture

On a macroscopic scale, the fracture of all the tools
tested had the characteristic features of brittle fracture except
in the region where chipping occurred.

No reduction in thickness was observed, and the frag-
ments into which the tools broke fitted one another exactly,
so that they could be put together restoring the tools to their
original shape and size,

The tool fractureé were classified into two major
categories according primarily to thq outside appearance and

the feature of the fracture. They are:

3.6.2 Chipping
Chipping occurs along the cutting edge. Figure 31
shows the chipping area with low magnification. The appear-
ance of the chipped away surfaces makes it obvious that it
occurred graduallf. Due to the high temperature generated
from the cutting oéeration, the binder (Cobalt) starts to lose
a part.of its strength‘which results in some plastic deformation.
Also a portion of the work metal could be adhered
to the cutting edge. The tool edge was examined under the ESM
using the X-ray to detefmine its composition. At‘fhe nose
it is found fhat a steel '1ayer is spread over the carbide
grains (Figure 32-a). It is interesting to note that it is’

generally inclined at 45° to the rake face. At the area near

the nose a small amount of iron was found (Figure 32-b),



Figure 3t: Cifpping of the edgs in continuous cuttin
' .-using K45 carbida grada for machining 4340
steel hardanad and tewpered to 380 BHY (x65).

S 3.
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Figure 32-a: Stereo picture of chipping area covered with a steel layer at.
\ %he tggl nose in case of interrupted cutting using WP6 tool grade
X2200). :

Figure 32-b: Chipping area near to the tool nose in case of interrupted'cutting
using WP6 tool grade and in case of continuous cutting using K45
grade for machining steel 4340 (380 BHN) (X2000).
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" Table 24 shows a 'typical composition of the etcher used to

remove the steel,

Table 24
Component ' Volume $%
nitric acid 30
hyperchloride acid (HC1) 15
hyperfloric acid HF 10

Typical electro scanning micrographs of the chipped
surfaces after etching away any steel coating and smears are
shown in Figure 33-a for WP6 tool grade and in Figure 33-b for

K45 tool grade at 2000 magnification.

3.6.3 Breakage

Breakage is the yost dangerous type of fracture
because in metal cutting, as mentioned before, it may lead to

It occurs due

Cracks running from.the cutt\ing edge wege examined in
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Figure 33-a: Chipping area after etching, WP6, (X2000).
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Figure 33-b: Chipping arga after etching, K45, (X2000).
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Figure 38-a: Crack on the rake face of KJH carbide grade tool
used for machining 4340 steel (217 BHN), (x55).

-

\v

Figure 34-b: End of the same crack wit
high magnification (X550) .
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(Figure 35). Transgranular fracture was occasfonally observed
usually when a large carbide grain was situated across the path
of the crack.

Figure 35-a shows the microcrack wgth low magnification
and Figure 35-b shows a stereo view for the same micréérack
with high magnification. Figure 36 shows another microcrack
which was found in the same tool.

Breakageswith high magnification are illustrated 1in
the following photographs. Figure 37, 38, 39 and 40 are low
magnification (X20) views of K7H tool grade and Figure 40 is
a low magnification (X23j view of K45 tool grade. The broken

surfaces have many sharp edgeé and other cleavage fracture

features of brittle materials. Figures 41 and 42 show the
fractured surface of K45 tool grade at high magnification.
Figure 43 shows the fractured surface of WP6 tool grade at a
1300 magnification and the same spot again at 2700 magnification.
Figufe 44 'shows the fractured ;urface of another WP6 tool at
1700 magnification. Figure 45 shows the fractured gurface of
! ?S tool grade at 1700 magnification and the same §pot again
at 3300 magnification,
.In all these micrographs sharp contours of individual
’ carbide grains are visible. The large grain in the centre o
of Figure 43 shows ridge markings of intergranular fracture: '
) Fomparing the fracture surfaces in the case of breakage
(Figures 44 ,and 45) with those obtained in the case of chipping
(Figures 33), it is seen that there is a,significant difference
between the two cases.

In the case of breakage it is found that the ﬁarticles
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f—‘FigTe?S-a Microcrackon the rake face of K45 carbide grade tool

used for machining 4340 stee1 hardened and tempered
to 380 BHN, (xzzcm) ; .

Figure 35-b: Stereo view of the same microcrack as figure 35-a, (X5300).
. . ‘ v ¢ . ,
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Figure 35-b: Hicrocrack with
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high magnification, (X5300).



Figure 37: Fracture surface of‘K7H carbide -grade
, tool used for machining 4340 steel
. {217 BHN), (X20).

Figure 38: Frécture surface of the same toadl as
figure 37 taken from another view, (Xx20).
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Figure 39 Eracture surface~of K7H carbide grade tool
used for machining 4340 hardened and tempered.

. to 380 BN, (X30).

Figure 40 Fracture surface of K45 carbide grade tool
used for machining 4340 hardened and tempered
to 380 BHN, (x23) _ _



90

?igure 41: Stereo picture of f}acture surface of K45
carbide grade tool used for machining 4340
steel (217 BHN), IXSQOO)

X7500

AR A R . TN
Figure 42: Fracture surface of K45 carbide grade tool
used for machining 4340 steel hardened and

. tempered to 380 BHN.
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Figure 43: Stereo picture of fracture surface of PC2arbide
-teol used for cachining 4340 steel hards>d and
tempared to 320 Bl (intorrupted cutting case),
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' Figure 45: Stereo view of fracture surface of WP5

. carbide grade used for machining 4340 stéel

' hardened:‘and ‘tempered to 380- BHN (interrupted
cutting case). - . "
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are substanding out of the surface and one could easily dis-
tinguish between individual gra{né. But in the case of chipping
the fracture surface looks more smooth and it could be
considered as a shear mode of failure. However it is obvious
that one had to deal with a.brittle fracture in the case of

breakage and a ductile fracture in the case of chipping.
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CHAPTER 4
ANALYSIS OF STRESSES

2

4.1 Introduction

The finite element method has heen used to solve many
varied and complex engineering problems. By this method a
continuous body is idealized by a number of discrete elements,
continuous forces are discretized and the problem is then solved-
by the methods of structural analysis.

’ The method*is‘especially useful for stress analysis
problems which cannot be solved by classical theory. One such
problem which is of special interest in tpis report concerns \
the analysis of local stresses in the tool wedge.

4,2 Definition of the Problem

Using the findings of Primus [8] about the actual load
distribution on fﬁe tip of a cutting tool it should be possible
to utilize recent developments in finite elements computing
methods to determine streéses in the tool wedge for various
geometries and assuming various loadings unde; various cutting
conditions. The case represents a three-dimensional problem
.due to the rather short length of the loaded edge and to the
load on the tip. However for simplifying the computations, a
plane strain (Z-dimensionai) case was assumed. This assumption

is considered justifiable in about the middle of "the width of

95 |
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the cut, assuming rather large width to thbckness ratio of the
chip. - This ratio may often in practice be between 10 and 20.
At this stage no temperature induced stressesdare considered.
Figure 46-a shéws the load distribution of normal
and shear loads on the rake and on the flank. The length of
contact of the chip with the rake face is .040 in. and the
length of contact on the flank (a) is taken as 0.0, 0.006 in.
and 0,015 in.
Both normal and frictional loads are maximum at the
tip of the tool and are assumed to decrease lﬁnearly towards
the end of the conta&t area with the exception of the normal
force on the rake face which differs slightly by being constant
over the distance of Palf'of'the undeformed chip thickness.

The size of the insert considered was .5625 in.lengthk
and .125 in. thickness. The ﬁidth may be assumed of any large
dimension.

The computation wark has Eeen éarriea out for various
tool geometriesf zero rake angle, positive 5° rake angle, and
negativg 59 rake angle, with 8° relief angle in all cases.

Two different methods were used. Figures 46-a angd
46-b show'the mesh used in the first method. The main character-
‘istic of this method is that the mesh is getting finer the closer

- it approaches the cutting edge at which the load is concentrated
on a small area. Computation of stresses is baséd on one single
large stiffness matrix éncompassing the whéle tool. This

method will be henceforth refered to as '"the single step method".

A detailed explanation of this method is found in Appéndices A and B.
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Figure 46-a Load distribution (normal and shear loads) on the rake face and

on the flank (area A in figure 46<b enlarged 175 times).
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- Figure 46-b. Mesh used in finite element computation (single step method).
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In this method it is known that the region of high
stress gradients necessitates a finer finite element mesh than
the other regions of the tool. This gives rise to the following
two major difficulties:

i) there will be a great variation in element size result-
ing in great variations in the terms of the stiffness
matrix. This causes computational errors such as round-
ing errors:

ii) because of limitations on computer memory size the

mesh cannot be made as fine as desired.

It is possible to use methods with uniform mesh such that repeatedly,
stepwise smaller and smaller areas are considered and mesh
refined.

Considering the structure in Figure 47 as a diagrammati-
cal representation of the problem investigated in the present
work, the total structure is considered-consisting of two
afeas: A (large) and B (small). The load is concentrated on
a part of area B which is the area of interest in which a detailed
stress analysis is required. This diagram will represent one
step in the gradual narrowing down and refining of a small part
of the structure.

The most straightforward of such methods is the oné
described by Mahomed [18]. For example, in Figure 47 the
governing matrix equation for the analysis of the structure

(A + B) without imposing the boundary conditions is:

’,
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Figure 47 shows that tﬁe structure has imposed boundary
conditions on a but these are zero displacements (boundary a is
fixed). Because the primary interest is in the analysis of
stresses not of the forces, Equation (4.1) can be réduced to

Equation (4.2).

r~ - ’ \ ’ 0 3
0
§ 0

R(A+B) less K_ < lgss > = { > - (4.2)
) a
{ Fo
- by k / \ J
32x32 32x1 32x1

So, in all the following the structure. (A+B) without
the terms relating to the boundar§ a is considered.

In reference [18] a first approximatian is made
by performing a coarse‘analysis of the structure (A+B) without
particular attention to the mesh size of \the region of
interest B and solving for the displacements 84 between A

- and B,
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[KA+B]‘{6A+B} = {FA+B} s
i.e., in more detail: '
~ 9 4 \ \
| ( 0
|
1 0
I K
” A-B
Kea JI 8 0
~~~~~~ A .<"“F = < 95 (4.3)
4 Koy 1 K 5 0
| ' 0
!_---EB _____ ST T
I\BA i KCb ; KCC FC
L ' Y g \ ), \ /
32x32 32x1 32x1

where Kbbiand KCC are sub-matrices representing direct stiffness
on boundary b and on the loading nodes c respectivély.

The region B is then isolated from €ﬁe main structure
(A+B) and erefined mesh (e.g., three times) applied to this
isolated region which is termed a '"sub-region". The sub-region
B is now treated as a separate problem and the displacements N
thained in the previous step are imposed as displacement

conditions on tﬁe part B of the outer boundary (Figure 48).

The load may now be more uniformly distributed accordingly:
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Figure 48. The area of interest (B) with refined mesh
and imposed the displacement boundary
conditions (&b).
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This has now to be solved for displacements §, and
further for strains and stresses with 8y imposéd as boundary
conditions. This needs a special computational technique
described in [18].

The refined analysis gives a more detailed picture of
the stress distribution in the area upder special consideration.
If the solution by the first sub-region is not as detailed as
desired, a second sub-region can be isolated from the first
sub-region. A number of sub-regions may be isolated successively
in this manner until convergence occurs or until a desired
accuracy is attained.-

A similar method was proposed by Emery [22]. He wanted
to use package programs for stress analysis which, however,
do not provide for imposed displacement boundary conditions.
Therefore he used a technique which amounts to the same purpose
but is formally different.

The first step in the solution is identical with that

R Tt
i
o o
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in the preceding method [18]; the total structure A and B

(B is the part to be subsequently refined in mesh and it
contains all the external forces) was solved with coarse mesh
for displacements.

Subsequently, as shown in Figure 49, part B iségolved
with a refined mesh while attacﬁing springs at the original
boundary b which are very stiff (several orders stiffer than
the elements of the stiffness matrix) and adding external forces
at the same boundary b which would give the displacements 6b
as calculated in the first step. These added springs and forces,
actually, enforce displacements 8y, with a very good approximation
(due to the very‘high stiffness of the springs). The problem

"now looks formally different from the preceding one:

Kg |
//dm__ﬁ___ < 8 =9 > (4.5)

cC

———— . —— ———

80x80 80x1 _ 80x1

In both previous methods all steps will have to be
repeated for the same structure if the loading is changed.
However, the problem investigated in the present work is such

that while the region of loading remains confined to always
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\ Figure 49. The area of interest (B) with refined mesh
and imposed very stiff springs (Kb) and
external force (Fb) on boundary b.




e o

}07
. Nph »
the same rather small _part of the structure, the actual load
distrisation varies with cutting conditions. fherefore another
method was propOsed‘nleusty [23} in"which all but the last

step may be carried out once only for all the various loadings.

In this method already the first step is different

-
A4

.from that in the two previous methods.

Referring to Figure 47 in the first step only . part A
of the structure is considered and such a structure is sought
which would replace A by giving the same relationship bethen
displacements and forces on the boundary b but be much simpler.
In.other words, the whole structure is considéred as a sum of -
two- substructures A and B (Figuf% 50). The origingl internal
boundary b is split into an external poundary bA on part A and
an external boundary bB on pa?t B. The original "internal"
forces on b may be considered as external forces Fia and FbB

acting on these new boundaries. In this way the original

structure is a sum of A and B, whi}e

ﬁﬁaﬁkv' § = § and F = F

! bA = °pbB bA ~ "bB

%
The task is now to farmulate a stiffness matrix KA which

-

would replace thelsfiffness matrix KA and be much smaller while

it would still give the same relationships between forces FbA
N »
and displacements GbA:

“~
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. Actually, as shown in Appendix B, such a replacement
magri can be determined which will have a size of the original
Kipa of Equation (4.6), eg., for example in Figure 47 it
will be 8 x 8 only instead of 32 x 32. Practically, of course,
the saving is much bigger because the number of the boundary
nodes is much smaller than tﬁe total number of nodes in. structure
A,

In thé next step, solving for pdrt B only, a refined

K, matrix is formulated and combined with the replacement

B

*
matrix KA. As a result, the displacements could be obtained

from Equation (4.7), and accordingly the strains and stresses.

’
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In this method again, the‘refining of the mesh could be
carried out in a number of steps.

Applying this method to the problem inyestigated {n
the present work, the computations were carried out in a number
of steps. Referring to Figure 51, excluding the area ABC wﬁich
includes the loading region JKC, a large mesh was used. Accordingly,
the corrbsponding‘stiffﬂess matrix was calculated using a
mathematical techniqué which is explained in detail in Appendix C.

As a result, the.effect of both the }emaining par} of

the tool and the tool holder on the region ABC could be found.
Proceeding with the same technique and taking into consideration
the effect of the previous step, a smaller mesh was used for
the area ABED and its effect on the remaining region DEC was’
calculated. .

The same technique is repeatedly used until a very .

fine mesh is reached for the-loading region.
° /
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Figure 51. Stepwise and subdividing and refining method.
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The stiffness matrix replacing the area KJHI and, in

this way replacing all the remaining part of the structure
outside of the area of consideration is independent of loading
as long as loading is coqfined to the area of consideration.
Once this replacement maérix is derived and combined with the
refined matrix of area CJK it may be repeatedly used in the
various cases of loading as they corre;pond to the various

combinations of cutting conditions.

4.3 Stress Analysis of the Tool

4.3.1 Solution Using Elementary Beam Theory
(Cantiliver Beam - in Bending)

The tool and tool holder were treated as a square
section cantiliver of 2 inches length and 0.75 inch in depth.
A concentrated normal load of 2250 pounds acting at the tip
of the free end, which is equivalent to‘ihe load acting on .
the tool tip, was considered. o

" Figures 52-a, 52-b, 52-c, 52-d and 52-e show the

_ contours of normal stresses (°x)’ the contours of maximum .

principal stress, the contours of minimum principal stress,
the contours of maximum shear stress and the direction of
maximum principal @nd shear stresses respectively.

This approximation cannot, of course, solve the local
stresses in the loading région (the tip of the tool). Féom
Figures 52, this analysis would lead to a conclusion that as

;
the tip of the tool is approached, bothprincipal stresses and

also the maximum shear stress are all approaching zero and

this 1is obviousiy incorrect. On the other hand, in regions
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remote from the load the stress distribution obtained in this

way should approach the actual one. Therefore it will be

possible to use these regions for comparing the results obtained

by the finite element technique with this classical solution.

4.3.2 Solutions Using the Finite Element Technique

A. Single Step Method

The computations have been carried out for various
tool geometries. Three different cases were considered: zero
rake angle, positive 5O rake angle and negative s° rake angle.

The flank wear is considered one of the important
failure mechanisms and accordingly in each of the previously

mentioned cases three different values of flank wear width "a"

It

were considered: a

and the corresponding maximum and minimum principal stresses
‘\ - @
as well as the maximum shear stress were plotted.

~,

AN
. The discussion of the results will" include the effect

N,
™.

~

of rake angle and the effect of flank wear on the distribution

of stresses in the tool with special interest in the tool

~
~

wedge.

The effect of rake angle:

In the case of zero rake angle (o = 0°). with no flank
wear, the contours of prihcipa& stresses and of maximum shear
stress are shown in Figures 53, 54 and 55 respectively.

By iﬁspecting the maximum principal stress contours

it can be seen that there are no tensile stresses in the

immediate loading area (close to the cutting edge) Figure 53-a.

.

0.0 inch, a = 0.006 inch and a = 0.015 inch,
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Checking with Figure 53-b if is seen that a local maximum of
tensile stress in the carbide insert occurred at the rake
face at a distance from the tip slightly greater than two times
the length of chip contact, which agrees rather well with the
‘results obtained by Loladze [6].

‘ The value of the local maximum tensilec stress is
21.3 Ksi and it starts to decrease moving away from the tool
tip and starts to increase again in the tool holder and reaches
the maximum value of about 30 Ksi near the fixed end. The
area of the local maximum téngile stress is rather small and
it is confined to the immediate vicinity of the rake facke.
?rom there into the insert the stress decreases rapidly.

The values of the local ma*imum ténsile stress in

the insert are rather small. The usua}‘values of the transverse
rupture strength of carbides ar; between 100 Ksi and 400 Ksi.
The feed assuméd in calculating the forces on the tip of the

PRy

too}l was 0.010 in./rev. In the cutting tests‘np breakage of
the tool was obtainéd at this feed. The tools were broken ®t
.the values gf feeds between 0.030 in./rev; and 0.043 in./rev.
which are larger by about four times than those used in the
computations. For these feeds the computation would give a
maximum tensile stress on the rake face of the insert of about
85 Ksi. The difference betweén this value and ihe“transversé
rupture strength may be due to the simplification of the
computations to a two-dimensional case. Actually,.this value

would be expected to be higher if the computations were carried
- -

~out as a three-dimensional finite element problem which would
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better express: the real case. Also, in the computations, ‘a
homogeneous and isotropic material was assumed. However,
actually, in the case of sintered material (carbide), the
structure is anisotropic and not homogeneous. Thg struqtdre
consists of two or three phases (Figufes 25, 27). Local -
stresses in such a structure may be much higher than those
computed above and this would further account for the discrepancy
between computatioﬁ and experiment. It is however very
important that the computations show the location of the poin£
of the highest tgnsi%e stress on the rake face of the tool
(Figures 53-b, 63-b and 66-b) and this location égregs‘witﬂ the
location of breakages found gkperimentally (Tables 14, 15 and 16)

The point of highest tensile stress found in the
computations was at a distance from the tip of between 0.1 inch"
.and 0.13 inch and the distance of b:eakgge from the tip was
found to be about 0.15 inch in the cuttingttests.

These findings may interpret the breakage of the tool
as a brittle fracture phenomenon but in the case of chipping
of the edge, these could not explain the chipping phenomenon
as caused by tensile stresses because no tensile stresses were
found close to ‘the edge of the tool.

"Figure 54 shows the Eontours of'the minimum principal
stress ét the cuﬁting edgéi It is seen that high compressive
stresses were found wiéh a maximum value of 100 Ksi close to

the tip of the tool and they decrease when moving'from the tip.

From Figure 55, which shows the contours of the maximum

. shear stress, it is found that the shear stress increases as

a
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we move towards the tool wedge with a maximum value of 47 Ksi.

These high values of shear stress especially when -

combined with high temperatures in this area resulting from

‘the cutiing opération (400°C), could be the possible cause of

chipping as a ductile failure in a shear flow mode. The
strength of cobalt starts decreasing to some extent and its
ductility increases. The cobalt deforms plastically and spreads
over the carbide grains. These results agree with those
obtained experimentally. Figures 32, 33 show this kind of
fracture and the direction of shear flow of the cobalt matrix

is shown too.

There are several other aspects to consider regarding
chipping of the edge. One of them is that often the sintering
process will not have the sameiresult at the edge as in‘the Bulk
of the ‘insert and the edge itself has lower strength. Hence,”

~
the purpose of honing the edge. Another one is the opinion

“that chipﬁing 1s due to tlie mechanism of adhesion between the

tool and the workpiece material [4].

Figure 56 shows the direction of m?ximum principal :
stresses and the maximum Shear stresses (the lines with arrows
represent the direction of the maximum principal stresses while
the simple lines rep}esent the direction of the maximum.shear
stresses). Comparing these directiops with those shown in the
photomicrographs of breakage (Figures 37, 40 ), it is seen
that the direction of breakage in the cutting tests was rather

the same as the normal to the directions of maximum tensile

stresses obtained from the computations. This agrees with the
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assumption of brittle fracture phenomenon which means that the
breakage initiates by crack starts andjpropagates at the point
of maximum tensile stresses and at the direction normal to -
"these stresses.

Comparing the stresses obtained by the classical
solution with those resulting fyom using the finite element
technique, a strong difference at the tip of the tool was found.
In Figure 53-a a compressive stress area was shown close to
the tip when using the finite element method while zero stresses
were found at the same area when using the classical solution
(Figure 52-b).

Some differences were aiso found at the fixed boundary.
A maximum tensile stress (30 Ksi) was found very close to the
top by using the finite element method, but the location of
thié value wusing the clgssical solution was at a distance from
the. top. Also the end of the stress contours are different in
both methods. These differences are understood because the ‘
classical solution, similarly to the area under the external load,
cannot express the local effects of the fixed boundary ;eaction
stresses.

The contours of 20 Ksi, 10 ﬁsi and 5 Ksi are almost

~

idquiéél in values an& locations but at the area near to the
bottom of the tool holder, there are some d{fferences at very
low stress values and these can be neglected.

Comparing the contours of the minimum principal stress

resulted from both methods, tensile ‘stresses were found in

the area close to the top of the fixed end when using the finite

r \{/
- ' N
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element method (Figure 53-b). The values of th;se stresses

are from 1 Ksi to 3 Ksi. In Figure 52-c‘it is seen that

there are no tensile stresses when using the classical solution.
In the other regions the values of the compressive

stress are almost the same in both solutions and it reaches

the maximum (30 Ksi) in the area near to the bottom of the

fixed end. .

Figures 55 and 52-d show the contours of the maximum
shear stress resulting from the solution using the above
mentioned two methods. The maximum values of shear stress
were found in both solutions at the area near to the top and
bottom of the fixed end. These values are smaller in the
solution using the finite element method in ghe area near to
the upper fixed end than those obtained by using the classical
solution. This is mainly due to the difference between the
values of the minimum principal stress which were obtained by
the finite element method and those of the classical solution.

It is shown that the value of the shear s£ress is
5.0 Ksi in the middle of the tool holder using the classical
solution. This value is the same and approximatel& at the same
area with using the finite element method. The other values of
the shear stress are the same in both solutions.

From the above discussion it can be concluded that a

comparison of the finite element results with those obtained

by the classical method verifies that the finite element

results are correct since they agree in general with those

obtained from the classical solution in areas remote from
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e

~§ localized stresses.

From investigating the resulting stresses in the case
E of zero rake angle and comparing with those obtained in the

g case pf -59 and +5° rake angles, it can be concluded that there

is no significant difference in the values of stresses of the
three cases.
Figures 53-a, 57 and 60 show the maximum principal

& stress contours at the tool wedge for the cases of a= 00,

© and a = *5° respectively (with. flank wear a = 0.0).

a = +5
In all these three cases there are practically no tensile stresses
in the vicinity of the tip of the tool.
The value of the maximum coﬁpressive stress is almost
the same (100 ksi) and it decréases when moving from_the tool
N wedge in all three cases (Figures 54, 58 'and 61). The contours
of the maximum shear stress at .the tool wedge in the case-of
a = Oo, e = 5° and « = -5° witﬁ no flank wear (a = 0.0) are,
shown in Figures 55, 59 and 62 respectively. The maximum value of

59 47 Ksi in

1l

éhe shear stress is 46 Ksi in the case of «
the case of a = 0° and 48 Ksi in the case of « = +5°. The

maximum shear stress increases §light1y with decreasing the
tool wedge ;ngle bht the difference.between these values is

"only about 4%.

N The- results obtained by using the finite element tech-
nique are in agreement with the results obtained from the

experimental work in both +5°% and -5° rake angle tests. In

o -

Table 22, it is seen that in both +5° and -5° rake angles

.

tools and for the same cutting conditions, the breakage 'occurred

approximately . at the same cutting time in both tools.
P

:
:
é
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Figure 58

Minimum principal stress contours in the
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Effect of the flank wear:

) The discussion of the effect of flank wear will be

restricted to the‘case of zero rake angle.

Trom Figures 53, 63 and 66 which represent the con-
tours of the maximum principal stress in the three“cas?s
of flank wear (a = 0.0, a = 0.006 inch and a = 0.015 inch)
respectively, it can be seen that as the flank wear in?reases
the friction load will increase too and consequently thé area
of the minor compressive stresses at the tool wédge increases
(Figures 53-a, 63-a and 66-a).
- The value of the lgcal maximum tensile stress in the
case of a = 0.0 is 21.3 Ksi and it deéreases to 18 Ksi and
17 Ksi as the flank wear increases (Figures 53-b, 63-b and

66-b).

‘Figures 54, 64 and 67 illustrate the contours of

the minimum principal stress of the three values of flank wear

width respéztively. 'In these figures there is not any

recognizable change in the values of the stress with flank

S

wear growth.

A slight difference in valugs of the maximum shear

stress was found when comparing'tEE/Lhréé/;;ses of flank wear.

-

It is seen that as the flank wear increases, the shear stress

slightly decreases (Figures 55,<65, 68). Its value is 47 Ksi

in the case of no flank wear (a = 0.0) and 45 Ksi in the- case
of flank wear width a =.0.015- inch.

This is mainly so because of the increase in

compressive stre in the horizontal direction due to the

increasing norngal load on the flank which, to some extent,
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"support;“ the edge against being sheared off by the effe;t
of normal force acting on the rake face.

In reality, however, an increase of edge wear leads
to more chipping and eventually breakage. This is because-
the initial chipping of the normal load on the rake face
increases further with increased chipping, etc.  This aspect
was not considered in the computations just described where
nofval load on the rake face was kept constant and independent

of the wear on the flank.

B. Stepwise Sub-dividing and Refining Method

The computation work was carried out in five steps
using the method suggested by Tlusty [23] for the case of zero

rake angle with no flank wear (a = 0.0 inch) and with flank

r width a = 0,006 inch. Figure 69 shows the dimensions of

the fift i region) using the same load values as
in e single step method. The area considered in detail
overlaps with only a part of the area considered in the pre-
ceding, the latter one is shown in a broken 1line.

The contours of the principal stresses and the maximum
shear stresses at the tool edge (loading region) in the case
o%\no flank wear are next shown in Figures 70, 71 and 72.

Figure 7?0 shows the maximum principal stress contours
at the tip of the tool. The stresses were shown in great -
detail and it is seen that the stresses in this area are
compressive stresses. These results agree with those obtained
from the single step method (Figure 53-a).

The contours of the minimum principal stress are

ol m et
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shown in Figure 71 for the same area. The maximum value of

the compressive stress is 100 Ksi which agrees with the

results obtained when using the single step method (Figure 54).
" The maximum value of the sheag stress is 46 Ksi

(Figure 723 and the difference between éﬁ%s value angd the

value obtained by using the finite element method is very

small and is equal to 1 Ksi (Figure 55).

In the case of a = 0.006 inch, only the load values
of the preceding case were changed and the computation work
was carried out for the fifth step only (the loading ré%ién).
Figures 73, 74 and 75 show thé contduré of the
principal stresses and the maximum shear s@resges resul%ing
in the case of zero rake angle with 0.006 inch flank wearn
width, .~ o : -
Figure 73 shows the contours of\fhe maximum'princip§1
stress (minor compressive stress). It is seenNthat the
stresses ne;r the flank ate increased by about 1.5 times the
caéé of no flank wear (a = 0.0). This, actually, is dué to
increasing the load values resulting from the preSent

flank wear, a = :006 inch. |

Comparing these results with thoge obtained by dsing

.the single step method, it is-seen that there is no significant

difference between the values Qf the stresses in the case of

\ Y

no ff%qk wear (a = 0.0) and those in the case of a = .006 inch

(Figures 53-a,63-a). - )

From Figure 74 it is seen that the maximum value of

the compressive stress is lOO Ksi»which agrees with the value
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obtained when using the single gtep method (Figure 58).

The shear stress has a maximum value of 46 Ksi whiﬁh
occurred c%pse to the flank (Figure 75). These’results
too agree with those obtained by using the single step method
(Figure 10-b).

From the preceding discussion, it can be concluded
that comparing the results obtained by using the stepwise
method, a.negligible difference was found. This difference

may be due to variations in grid distribution.
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CHAPTER 5

CONCLUSIONS

The investigatioh concentrated on chipping (gradual
damage to the cutting edge) and on breakage (fracture of
a rather large portion of the tool wedge) of carbide tools.
Experlments conducted by turnlng 1040, 4340/217
BHN, and 4340/380 BHN in contlnuous and interrupted cutting,
‘the latter with very short 1nterrupt10ns 50 as not to

induce cyclic thermal stresses have conflrmed general experi-

ence in that chipping was observed at medium feeds of .012
to .024 in:/rev. and breakage at heavy feeds of .027 to .043 in./

rev. in continuous cutting. Breakage occurred .either after

some accumulation of chipping (and consequent increase of
cutting force) or outright after a very short cutting time:
In interrupted cutéing breakage occurred at lower feeds abbut
0.02 inch after very short cutting times. Therefore, .fatigue
1 was excluded és an explafation. Occurrence of breakage at

IOWer feedé in interrupted cutting is believed to be due to

a change in the loadlng mode (shock wave at the exit of the cut
or chip 1qterference at the entrance into the cut. The nature of
this changngas’not investiga?eda Both the above mentioned ¥
types of fractured surfaces were insﬁected under a scanning

electron microscope. The chipped surfacés appear to' have

failed in the middle of the cobalt layer and ‘the failure was

Y

accompanied by an amount of plastic flow. The broken surfaces
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appear as brittle fractures occurring at the cobalt carbide

Ainterfaces as a result of tensile stresses,

Stress

analysis simplified to a two-dimensional

plane strain problemxdonfirmed these conclusions. .A local

V-

maximum of tensile stress was identifed on the rake face at

a distance between .08 to .15 inch from the cutting edge

AN

which coincides with the origin of the observed brittle

fracture. The
the TRS of the
found close to

the shear flow

level of the stress roughly corresponds to
sintered carbide. Shear stress maxima were
the cutting edge at levels corresponding to

strength of the sintered carbide.

Although all three modes of investigation, expéri-

mental, fractographic and stress analysis lead to the same

conclusion, explaining Breakage as brittle failure and .

chipping as ductile failure it is‘necessary to be very

cautious in accepting these conclusions as absolute. "Too

‘many aspects were neglected like thermally induced stresses,

anisotropy and nonhomogeneity of the sintered carbide and

the three-dimensional nature of the stresses. It is quite

possible that on a microscopic scale when considering the

. individual grains as distinct from the binder, tensile

stresses could be found at the cutting edge. As well,

adhesive forces could produce tensile stresses at the cutting ]

edge. A large amount of work based on a multifaceted effort

will be necessary to really clarify these phenomena. However,

the conclusion

degree.

presenied here may remain valid to a good

A3

PR Ve

(PR

P R T

R, s R



Ty

MET ST T TE i e B Sy

g

I — || T ——
s

A R SIS ) g —

158

On the side of methodology an efficient method
was presented in applying finite element analysis to a
problem with various loads concentrated to one small area

~

of the body.
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APPENDIX A

ANALYSIS OF STRESSES USING THE
SINGLE.STEP METHOD

1
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APPENDIX A

The anélysis of the problem by using the finite element
technique will follow the folléwing logic [24]:

1. The idealization of the structure is shown in Figure 46.
Four hundred and forty triangular elements and two
hundred and fifty four nodes are used for the mesh
generation.

2. The geometric dimensions and elastic properties of the
tool and tool holder are shown in Figure 46-b.

3. The boundary condition is defined by the“fixity of the:
side which hés nodes number 251, 252, 253 and\254.,
Therefore, the displacements of these nodes ére Zero.

4. This is a plane strain analy;is problem. The elements
used are cbnstént-strain_triangles. -

5. The governing matrix equation for the analysis of this

problem is(given by:
[K] (8} = {F} (A-1)

where the stiffness matrix [K] is defined by the equation:

[
-

1Kl = ¢ [K], . (A-2)

s

The expression which defines the element stiffness matrix

[K]e is given by the expression:
kA ,

.[D],. (B}, (A-3)

[K], = (Area) . (thickness)_.{B}.

)

-y
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The displacement strain matrix {B} is defined by

) Equation (A-4). For a triangul?r element defined by the nodes

i, j, m, the genergl matrix {B}e is written as: g
- By, =} (A7) ) (A
where
, 0 1 0 0 0 0
{C} = 0 o/.m 0 0 1 _ ~ (A-5)
’ 0 0 1 0 1 0
T ‘si o ‘ Vo NN
" r
and « ’
e s »
1 X4 ?i, 0 0 0 ‘
1 oy, 0 0 |0
- xJ - y] !
1 X y 0. tO 0 ,
N 2o (A-6)
~'0 0 -0 1 X5 yi -
L4 0 0 K 0 - 1 X X
. J J
’ _0 0 0 } Xy YWT
o - . R | IR ) -
R ‘ RN ’ "
and the inversion of [A] is: - : . -
: N
&, - <%
& " .

- - Al
14 AP A g O L gt S P K L D BRI (AL N i W L | o S kN 1P s e B 1§ gt i

bR i re sk A ot B Lo e emm .



¥m X)) O3 %3V (X35 7%53) 0 0
. 5 V) Opry) - Oyy) 0 0 0
a (xm-xj) (Xi'xm) (XJ 'Ki) 0 .0 0
wh=L | S
IAI 0 - 0 0 (ijm'xm)'j) (xmyi -xiym)_ (xlyi:x)yl)
0 0 0 5Vl Yy O3y
! 0 0 0 (xm—xj) (xi-xm) (xj-xi)
T - . J
(K-7)
and ) ‘
} ~
! |A] = ]2 times the area of. the element] I
‘ . . . e
= X Orymyg) Fxylygtyg) * Xp(Y§¥5) . (A-8)
i'j. .

Sned o c .

4

The elasticity matrix‘forjblane_straig analysis problems

is given by the expression:

where

(1-u)

L
BJe™ tTmya-zay "
’ 0

e

E qudlu;72f~elasficity

A

»

C =
"

=. Poisson's ratio

»

-

u 0
a0 f (A9
 1-2p
0 z |
o .
b 4

“The general‘nd&al)diﬁplacement'mqtrix for this particular

- problem can be written ds follows:

hY

%
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Uy
uz -
~ 1 1
| !
' i »
[} ]
[ i
[N {
{8} = ﬁ u254> (A-10)
vy :
. v,
. I \
i !
) ‘ .
M{/{ﬂ :
. ! \
"254J .

The external loads are api;liegl.- only ‘at the tip of the

tool at nodes.l, 10, 19, 28, 37, 46, 55, 64, 73, 82, 91, 100

and 109 after calculation of the equivalent loads from the
distributed load and these external loads are illustrated by

the follow-i'ng,ﬁ matrix: = ‘ S T

T U g et b



{F}

x1

x10

x19

]
AN

[

— e e m— o -

node 10

node 1

node 2

node 19

node 1.

o~

L

node 19

\

165

(A-11)
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6. The total stiffness matrix for the tool and tool holder:

\\
is obtained by the superposition of the element stiffnéss/
matrices. The general form of the total matrix will be
in the following form:

7/
///l :
///_
- ) -
1 Hyse (o EKy, 254
[
Kou | Kov
I
| -
|
Koen o K [
- IKy54,1 z 254, 2541
[K] = o e e e e e e s A12)
total > .
£K11 EK¥,254 ;2K11
£K21 . .
X } Kw
|
!
N i : *
K541 } , K54, 254
508x508
7. The computation'of‘the nodal displacement {6} is based on :
the general equation: f
(81 = (x4 ;) . (A-13) o+

*The dlsplacement matrlx {¢§} has 508 p0551b1e elements

in which the elements U,c), Vie)s Uzeys Vygps “253' V2537 Y254

and v254 are zero, due. to the fixed boundary condition at

“«
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nodes 251, 252, 253 and ‘254 respectively. This will reduce the
stiffness matrix [K] to 500 x 500 instead of 508 x 508. The
remaining unknown displacements are computed by the use of

N

Equation (A-13).

8. The calculation of the element strains are performgd by

the use of the equation:

(e} = {B}'(s) . (A-14)

which relate strains to displacement.
9, The calculation of the element stresses are performed by

the use of the equation:

Y

{o}= [D] {e} -~ R (A-15)

. Since ali‘the values of the matrices are located at
the right-hand side of the above equation, the stresses are
readily obtained. ‘The computations arehdone for each element.

"The principal stresses and maximumlshear stresses

are also readily éomputed using expressions tA-lé), (A-17) and

(A-IS)“ . LA
) ) o_+o ‘» g -c;, o :
- X Y X _yy2 .2 (A-16)
“max 2 ¥ V/( 2 ) +TXY . . (A-16)
o_+¢ o_-~a :
o= X YL X _"yy2 2 . _ (A-17)
min . V/} 2 .) +'Txy . - (A-17)
5 R ‘ . . .
_ max _.min . . _

~

and the diféctioﬁ of principal stresses is given by the equation:

"+ tan 20 = S Y (A-19)
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APPENDIX B
RESULTING STRESSES IN THE CASE OF ZERO

. . RAKE ANGLE AND NO FLANK WEAR (a=0.0)

o
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APPENDIY C

DERIVATION OF THE REPLACEMENT MATRIX USED 4
IN THE METHOD-SUGGESTED BY TLUSTY i
1_(3%;:—" ’i
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C. Stepwise Sub-dividing and Refining -
Method {(Tlusty's Method)

The purpose of fhe problem of.stepwisé sub-dividing
and refining of a structure with loading concentrated on a small
part of the outer'boundary is to investigate stresses in greater
detail in the Vicinit;‘qf the concentrated load. 4

In this method, if there is a structure '"A and B",
Figure. 47, where B is the‘part in which all external loads are
applied and which has to be subsequently refined in mesh. Such
a structure is sought which would replace A by giv%ng the same
relationship Qetween displaéements and forces on boundary b
but be much simplier. Actually the size of the stiffness matrix
of this replacement structure would be 2n % 2n where n is the
number of nodes on boundary b, irregpectively of -the number of
nodes of the origiﬁal structure ‘A, | 5 |

As an example, in Figure 47 part A is origi?aliy
represented by a 241x_24.sti¥fness matrix. Theré are.no external
forces acting on internal nodal points of A; all exfernal
forces are concentrated on boundaries a and b. In addition to
this simplifcation, boundary a is fixed. A

- It can bé:shown that undef these conditions part A
can be replaced by:aﬁother structure A* with a stiffness matrix
8 x 8 only. - ‘

The stiffness matrix Ky of the original A structure
R ! * ]

A

may be partitioned: _ i <

o
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K, 3 = . (c-1)

J L
.1 24,1 , i

B 4
P 0 )
_____ 16x161 = Qb (c-2)
R ' Fy
8x16] 8x3| )

" From (C-2)

-(C+3)

i
Q.

[P] (6

and
- J"

[R] ts

mt} + £S} {Gb = {Eb} : o (Cc-4)

/ ’
‘From - (C-3) and/ (C-4) -~

~

[ts31-r 17 Q1] ey = (R} ¢ (€-sy

From {C- 5) we can see that o )

[[SJ-[R][P'][QJ] e
\ o ;

Lok
, where KA’ is the st1ffness matrlx of -the replacement structure
/

‘ and 1t is 8 x 8. - - f(lt - S o
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So now the stiffness matrix of the total original

structure .(A+B) is replaced by a 'sum:

¥

B - 4 3 f
5
x b
K AN -
A + Xg {----n> R
8x8 5
b . . | C L
16x16 /

(c-7)

'In the next step, area B may be cofered by a finer

mesh expressed by a corresponding stiffnesgiﬁatrix Kg; Now,

L

1.) ¢ither K is arrafiged so that the points of the original

*

boundary are partitioned:

‘SR

Ka

[~
=3

-

_—e—m e e - e ‘._...\3

(C-8)

L

v—— o - - - —
-
B
. u?qac »
¢

J \ J -

2.) or the nodes of the original boundary b are interspersed .

. # ' ] €
}n KB , _
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+ + "

(//:;”( T \‘\\\‘ T (s ) “

KA [, :,

A, \ 5

. b2 .
~ " Kt S L q (c-2)

B .

83 >
L J AQ f Y,

In both cases, the band width of Kg is increased,

, structure would:have more than 4 nodes. It will be necessary

to do the refining of 'the mesh in steps in order to keep the

band width of a reasonable size. :

] so generally boundaries b between the parts A and%P of a .\

6 4 e p— 41 WA A A



APPENDBIX D

COMPUTER PROGRAM USED FOR CALCULATION: OF
THE REPLACEMENT MATRIX IN THE FIRST STEP
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PLANE STRAIN FINITE ELEMENT PROSRAY BY HAS00D Z.

BEPSILRIRSPRPRSI NI AP PPIRRNEIIRSP NI INAPRIRRIARRRRBERNBIRNRORRLY 'YXy

SHM IS THE TOTAL STIFFNESS MATRIX
BBA THISE AREA OF ELEMENT
NI,NJ;NK NUMBER OF NODES OF 'ELEMENT IN ANTICLOCKHISE ornecrxgm
€ MODULUS OF ELASTIGITY ,

/.
14

u POSSION RATIO

T IS ELEHENT STIFFNESS MATRIX

NN NUMBER OF NODES

NE NUMBER OF ELEMENTS
NLGC NUMBER OF LOAD CASES
NU NUMBER or-uyxuoﬁus

NJ €95)

OMMON SBA(100) ,NI(96) ,NK(96) ECL100),UC100)
ARR (100) 3T (1001696) 5 SHM (108 {ua),npi1oo,s),x(5sw,v(es)
OHNON CCl100,1503 .N1¢200) ]
ggngn6§0(65gé),FFtZ),8(6,6),R(B,G),F(i&ﬂ),SB(G),FN(3),NPN(3) P '8
rifets, 1. :
ORMAT (11, 30X *FINITE ELEMENT PROGRAM FOR SOLVING STRESSES ON 8
ARBIDE TOOL®y77) ¥.
EAD(5,3) Nn,ﬁe,NLc 3
EAD(533) NU ,
o§uA¥1315) .
RITE (Byk) . : '3
ORMAT (1X, tH NOu, bH NI 44 NS W NK, o1 XI,6H  XJ,5H XK, £8
H o~ YIysh = YJ,8H . YKe18H baue NU BERS "~ 36H AREAR; 12# £
| Egbti UyB° UNM 3 " . 3
0 19 I=1,NN ' . i
EAD (5, 2) M, ND(T 1),Nu<1,2),x11),vtr) . ¢
ORMAT(316,5F8.03 g
ONT INUE | : - i
RRT=0, 0. L
8=0 R %
0 11 U= E o 4
EAD(S,?%&?NI(J).NJ(J),NK(J),H(J),U(J)
OPHMAT(3IT6,2F12,.9) . "1
e ) ‘ 3
&
. gt
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CALCULATION OF GODE NUMBERS
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APPENDIX E

COMPUTER PROGRAM FOR THE CALCULATION
OF THE STRESSES IN THE FIFTH STEP
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Y Y Yy Y Y S T SIS NS N RS Y

PLANE STRAIN FINITE ELEMENT PROSRAM 8Y MASO00 2Z,.

PRV pRps R R R R T T T E T S TP TP T T TS SR PP R R R P T e S R NS

SMM IS THE TOTAL STIFFNESS HATRIX
BBA TWISE AREA OF ELEMENT
NI,NJsNK NUMBER OF NODES OF ELEMENT IN ANTICLOCKWISE DIRECTION
E'MODULUS OF ELASTICITY

U POSSION RATIO

UW SPECIFIC WEIGHT OF ELEMENT
ARRWT OWN WEIGHT OF ELEMENT

T IS ELEMENT STIFFNESS MATRIX

XyY ARE COORDINATES OF NODES

NN NUMBER OF NODES

NE NUMBER OF ELEMENTS

NLC NUMBER OF LOAD CASES

NU NUMBER OF UNKNOWNS

COMMON SM(5500) 4BBA(B8) JNI(88) yNJ (88) yNK (B8) 4E (88) 4 UL(BS)

ARR (88),T(BB y646) o SHM (120, 1203, HP(8826) , X( 68, Y(68) y EQUV (28,28)
ggngog)nﬁtso,é),Friz},S(s,é),R(é,e),rc156),38<€),FN(%),NPN(si,p(
wRiTE(8,1)

FORMAT(1H1,30X,*FINITE ELEMENT PROGRAM FOR SOLVING STRESSES ON
GARBIDE TOOL*,//)
READ (5,3) NN, RE,NLC .
READ(5,3) NU .
FORMAT t316)
WRITE (6 y4)
FORMAT(1X,4H NO.pbH  NT,UH NJyuH NKo5H  XI95H N\ XJy5H XK,
5H . YI,5h %H K18 LOOE NUMBERS =~ J6H AREA,12H
€, 6H urdh /3
D0 18 1=1,NN
READ (5, 2) AM,ND (1 1) ND(I,Z),X(I),Y(I)
Fo§uAT(3Ie,é F8.07
CONT INUE
ARRT=0,0
NB=0
DO 11 J=1,NE
READ(5y 724) NI (J) 3NJCJT $NK () yECS) 4UCH)
FORMAT (316, 2F12. ) -
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