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The purpose of this project was to study the failure 

mechanisms of carbide tools in turning operations due to 
\ 

fracture of the cutting edge. The study consisted of a com-

bination of turning tests, examination of fracture surfaces 

and an analysis of the stresses in the tool as produced by 

the cutting force. Thermal stresses are so far not considered. 
I 

It is concluded that chipping is a ductile failure due to high 

shear stresses a~ the cutting edge and breakage -is brittle 

fracture originating at the rake face at a local m~imum of 

tensile streSs. 

For the finite element stress analysis a new method 

of successively refining mesh while diminishing the analysed 

area is introduced which is rather effective and economical 

in that all computation except for the final field is done only 

once for various loading cases. 

(iii) 



ACKNOWLEDGEMENTS 

My sincere gratitude and thanks are due to Dr. J~ 

Tlusty for providing constant guidance and inspiration 

throughout the study. 

The author also expresses his appreciation to 

Ms. BettyAnne Bedell and Ms. Barbara Eastman for typIng the 
. \ manuscrIpt. : . 

I gratefully acknowledge the financial assistance 

from the National Resear,ch Council of Canada and f'.lcMaster 

University. 

./ 



CHAPTER 1 

CHAPTER ;2 

( 

2 . 1 

2.2 

2.3 

TABLE OF CONTENTS, 

INTRODUCTION 

BASIC CHARACTER'ISTICS OF SINTERED 
CARB I DES AND SU~fi\tARY OF KNOWLEDGE 
FOUND IN BIBLIOGRAPHY ON BREAKAGE 
OF CARBIDE TOOLS 

Basic Characteristics of Sintered 
Carbide Tool Materials 

2.1.1 Introduction 

2.1.2 Method of Manufacturing 
Carbides 

Failure of Carbide Tools 

Page 

1 

4 

4 

4 

16 

2.2.1 Tool Wear and Tool Failure 16 
~fechanisms 

2.2.2 Parameters Affecting the 19 
Stresses in a Tool 
a) Thermally induced stresses 19 
b) Stresses generated by the 

cutting force 24 

Parameters Significant for Failure 
of Cemented Carbides 

26 

2.3.1 Introduction 26 

2.3.2 The Relation Between Fracture 27 
Toughness and the Material 
Parameters 

2.3.3 Structural Parameters and their 29 
/ Influence on the Stress Dis­

tribution in the Binder Phase 
of Cemented Carbides 

2.3.4 Standard Test Method for 34 
Measurjng Material Properties 

2.3.5 The Development of Test Method 36 

(v) 



CHAPTER 3 

3.1 

3.2 

2.3.6 Introduction of Tool Fracture 
Classification System' 

EXPERIMENTAL RESULTS 
" '-' 

Introduction 

Test Equipment and Materials 

3.2.1 

3. 2.2 

3. 2.3 

r>lachine Tool 

Tool 

Workpiece 

38 

46 

46 

46 

46 

46 

47 

3.3 Cutting Tests SO 

3.4 Fractography 7S 

3.5 Fracture Mechanisms for Sintered Carbides 7S 

3.6 

'..c' 

CHAPTER 4 

4 . 1 

4. 2 

4. 3 

CHAPTER 5 

3.5.1 Transgranular Fracture 

3.5.2 Intergranular Fracture 

Evaluation of Test Results 

3.6. 1 

3.6. 2 

3.6.3 

Type of Fracture 

Chipping 

Breakage 

ANALYSIS OF STRESSES 

Introduction 

Definition of the Problem 

Stress Analysis of the Tool 

4.3.1 

4.3.2 

Solution Using Elementary 
Beam Theory (Cantiliver 
Beam in Bending) 

Solutions Using the Finite 
Element Technique 
A ~ Single step method 

B - Stepwise sub-dividing 
and refining method 

CONCLUSIONS 

(vi) 

7S 

75 

79 

79 

79 

82 

9S 

..::- 95 

95 

112 

112 

118 

118 

146· 

1 S6 



REFERENCES 

APPENDIX A 

APPENDIX B 

APPENDIX C 

APPENDIX 0 

APPENDIX E 

., 

Analysis of Stresses Using the SIngle 
St ep ~1et hod 

Resulting Stresses in the Case of 
Zero Rake Angle and No Flank Wear 
(a = 0.0 Inch) -

Derivation of the Replacement Matrix 
Used in the Method Suggested by Tlusty 

-
Compu~er Program Used for CalculatIon 
of the Replacement Matrjx in the 
First Step 

Computer Program for Calculation of the 
Stresses in the Fifth Step 

(vii) 

. . 

159 

161 

168 

178 

182 

189 



Table 1 

Table 2 

Table 3 

Table 4 

Table 5 

Table 6 

Table 7 

Table 8 

Table 9 

Table 10 

Table 11 

Table 12 

Table 13 

Table 14 

Table 15 

Table 16 

LIST OF TABLES 

Key properties of hard metal carhides 

Solubility of carbides in iron 

Chemical composition and hardness of 
wickaloy grades 

Chemical composition and hardness of steels 
4340 J 1040 

Test results in case of continuous cutting 
using tool number I-a 

Test results in case of continuous cutting 
using tool numher I-b 

Test results in case of continuous cutting 
using tool number l-c 

Test results in case of continuous cutting 
using tool number 2-a,b 

Test results in case of continuous cutting 
using tool number 3 

Test results in case of continuous cutting 
using tool number 4~a 

Test results in case of continuous cutting 
using tool number 4-b,c 

Test results in case of continuous cutting 
using tool number 5 

Test results in case of continuous cutting 
using tool number 6 

Test results in case of continuous cutting 
using tool number 7-8 

Test results in case of continuous cutting 
using tool number 7-b 

Test results in case of continuous cutting 
using tool number 8 

Test results in case of continuous cutting 
using tool number 9-a,b,c .. 

(viii) 

6 

s 

47 

50 

51 

53 

S4 

5S 

56 

57 

58 

59 

60 

61 

62 

63 

6S 



Tahle 18 Test results in case of continuous cutting 66 
us i ng tool numher lO-a,b,c, 11 

Tahle 19 Test results In case of interrupted cutting 67 
using tool number 1 

Tahle 20 Test results in case of interrupted cutti.ng 68 
using tool number 2-a s b 

Table 21 Test results in case of interrupted cutting 69 
uSIng tool number 3, 4 

Table 22 Summary of tests results in case of conti- 71 
nuous cutting 

Table 23 Summary of tests results in case of inter- 73 
rupted cutting 

Table 24 Chemical composition of the etcher used for 82 
removing the iron 

I 

Cix) 



Figure 1. 

Figure 2~ 

Figure 3. 

Figure 4. 

Figure S. 

Figure 6. 

Figure 7 . 

Figure 8. 

Figure 9a,h 

Figure 10. 

Figure 11. 

Figure 12. 

Figure 13. 

Figure 14. 

LIST OF FIGURES 

Structure of WC-Co Comhinatlon 

The frequency of occurrence of narro~ 
and wide particle size distributIon as 
a function of spherical diameter In 
microns. 

10 

I () 

Transverse rupture strength of slntered 11 
carbide as a function of mean grain,size 
for various types of dIstributIons. 

Hardness of straight tungsten carbide- 13 
cobalt grades (Adarnas grades) as a function 
of cobalt content and grain size. 

Transverse rupture strength of straight 14 
tungsten carbide-cobalt grades as a function 
of cobalt content and grain size. 

Transverse rupture strength of sintered 
carbides at elevated temperature, according 
to Kreimer. 

Tool wear features 

Temperatures in the workpiece in the chip 

Tens ile stresses in the tool 

The mean free path A versus fracture to~gh-
ness after results from Gurland and Pairkh 

The mean free path 1 versus fracture 
toughness Eft for a number of carbide 
tool rna terH,l.s. 

-

Transverse rupture str~ngth (ofT) as a' 
function of mean free path for-~arious 
compositions. 

The influence of,grain size on tensile 
strength (orr) and fracture strai"n (Err) 
for straight· carbides. 

a) Geometry of the Bridgman model 
b) Analogue for the structure of cemented 

carbides. 

(x) 

1 S 

1 7 

21 

2S 

28 

30 

31 

31 

33 



FIgure 17. 

FIgure 18. 

FIgure r\. 

Figure 20. 

Figure 21. 
~ 

Figure 22. 

Figure 23. 

Figure 24. 

Figure 25. 

Figure 26. 

Figure 27. 

figure 28. 

rhc ultImate uniaxIal strain (£71' 
bending test) vs. the ratio d A 

. a'J av for a number of commercIal graaes 

DIstrIhutIon of stresses of a dIame­
trical loaded cIrcular dISC. 

Stress dIstribution across the diagonals 
of a diagonally loaded square specimen. 

Safety chart of the chipping at low 
cutting speed. 

35 

3S 

37 

39 

-41 

Typical location and appearance of 43 
varIOUS types of fatigue cracks. 

Fatigue tool life of P20 tungsten carbide 44 
determined by the chipping starting on 
the flank and or the chipping starting 
on the rake face. 

Example of breakage (Tool grade 1\7H) 4S 

Dimensions of the tool 

MicrostrQcture of K7H carbide grade 

Microstructure of K45 carbide grade 

Microstructure of WP5 carbide grade 

Microstructure of WP6 carbide grade 

48 

48 

49 

49 

49 

Optical micrograph showing a trans- ___ // 76 
granular crack 

Figure 29. Types of int~rgranular fracture 78 

Figure 30. Optical micrograph'showing an inter- 78 
granular crack 

Figure 31. Chipping of the edge (K45 tool grade) 80 

'* Figure 32-a Stereo picture of chipping area at -the 81 
nose of the tool, WP6 

(xi) 



Figure 32-h Chipping area near to the tool nose WP6 8) 

FIgure 33-a (hipping area after etching, WP6 83 

Figure 33-b Chipping area after etching, K4S 83 

Figure 34-a Crack on the rake face of K7H carhide 84 
grade 

Figure 34-h End of the same crack as figure 34-a 84 
~ith high magnification 

Figure 35-a Microcrack on the rake face of K45 86 
carbide grade tool 

Figure 3S-b ,Stereo view of the same microcrack as 86 
figure 35-a 

I 

Figure 36-a Microcrack on the rake face of the 87 
same tool as figure 35 

Figure 36-b Microcrack with high magnification, K4~ 87 

Figure 37. 

Figure SS. 

Figure 39. 

Figure 40. 

Figure 41. 

Figure 42. 

Figure 43. 

Figure 44. 

tool grade 

Fracture surface at K7H carbide grade tool 88 

Fracture surface of the same tool as 
figure 37 taken from another view 

~ 

Fracture surface of K7H carbid~ grade 
tool 

Fracture surface of K45 carbide grade 
tool 

Stereo picture of fracture surface of 
K45 carbide grade tool 

Fracture surface of K45 carbide grade 
tool 

Stereo picture of fracture surface NP6 

Stereo picture of fracture surface WP6 

88 

89 

89 

90 

91 

92 

Figure 45. Stereo picture of fracture surface WP5 93 

Figure 46-a The load distribution (normal and shear 97 
loads) on the rake face and on the flank 

(xii) 



, 

it 

Figure 46-b Mesh used in the Finite Element 
Computation (single step method) 

98 

Figure 47. 

Figure 48. 

Figure 49. 

Figure 50. 

Figure 51. 

Figure 52-a 

Figure 52-b 

Figur~ 52-c 

Diagrammatica1 representation of the 
problem « 

The area of interest (8) with refined 
mesh and imposed the displacement 
boundary conditions COb) 

The area 
mesh and 
(K ) and 
boBndary 

of interest (B) with refined 
imposed a very stiff springs 
external force (Fb ) on 
b 

100 

103 

lOb 

Substructures A and B lOS 

Stepwise and subdividing and refining 111 
method (Tlusty's approach) 

Normal. stress contours using the 
classical solution 

Maximum principal stress contQurs 
using the classical solution 

Minimum principal stress contours 
using the classical solution .. 

113 

114 

-115 

Figure SZ--d Maximum shear stress contours using 116 
the classical solution 

Figure 52-e Direction of maximum principal stresses 117 
and maximum shear stresses using the 
classical solution 

Figure 53-a 

Figure 53-b 

-Figure S4., 

Figure 55. 

Figure S6-a 

Computed maximum principal stress in 
the loading region 

Computed maximum principal stress in 
the tool and tool holder 

Computed minimum principal stress in 
the loading region 

computed maximum shear stress in the 
loading region 

Directions at maximum principal stress 
and at maximum shear stress in the 
loading region 

119 

120 

121 

122 

126 

, 
\ 



Figure S6-b 

Figure 57. 

Figure 58. 

Figure 59. 

Figure 60. 

Figure 61. 

Figure 62. 

Figure 63-a 

Figure 63-b 

Figure 64. 

FigU\ 65. 

Figure \'6-a 

Figure 66-b 

Figure 67. 

Figure 68. 

"'-. Figure 69./ 

Figure 70. 

Directions of maximum principal stress 
and at maximum shear stress in the tool 

computed maximum principal stress in 
the loading region 

computed minimum principal stress in 
the loading region 

Computed maximum shear stress in the 
loading region 

Computed maximum principal stress in 
the loading region 

Computed minimum principal stress in 
the loading region 

Computed maximum shear stress in the 
loading region 

Computed maximum principal stress in 
the loading region 

Computed maximum principal stress in 
the tool and tool hqlder 

Computed minimum principal stress in 
the loading region 

Computed maximum shear stress in the 
loading region 

Computed maximum principal stress in 
the loading region 

Computed maximum principal stress in 
the tool and tool holder 

computed minimum principal stress in 
the loading region 

Computed maximum shear stress in the 
loading region 

( 

Dimensions of ~he fifth step (loading 
region) 

Computed max.imum principal stress in 
the loading region 

." , 

127 

131 

132 

133 

134 

135 

136 

138 

139 

140 

141 

142 

143 

144 

145 ~ 

147 

148 



j 

I 

Figure 7l. Computed minimum principal stress in 149 
the loading region 

~ 

Figure 72. Computed maximum shear stress in the 150 
loading pegion 

F igu re 73, Computed maximum principal stress in 152 
the loading region 

Figure 74, Computed minimum principal stress in 153 
the loading region 

F igu re 7S. Computed maximum shear stress In the 1 S4 
loading region 

r~ 

(xv) 



CHAPTER 1 

INTRODUCTION 

Tool wear 1n metal cuttIng IS charactcri~ed hy a 

numher of various features. Flank wear and crater wear are 

dccepted as a regular phenomenon. They grow rather unIformly 

wIth the tIme of cuttIng. ChipPIng of the edge and breakage 

are hath irregular phenomena and their development IS diffi-

cult to predict and they should be avoided completely if 

possible. .Breakage is the most dangerous of all the varIOUS 

tool wear features Qecause it may lead to damage of the work~ 

pIece and/or of the machine. 
~ 

Sintered carbides are one of the most important 
.. 

cutting tool materials. They offer an unsurpassed combination 

of hardness and strength. Therefore, many attempts have been 

made to evaluate ~he 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 ~erial were used (steel 

1040, steel 4340 and steel 4340 hardened and tempered to 

380 BHN. The purpose w~s to try and correlate tool f~ilure 

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

1 
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cutting force. Thermal effects have so far been neglected. 

The,study consisted of metal cutting tests (continuous and 

interrupted) in~hich tools were ~ested until they failed .. 
due to fracture. 

The study of fracture in sintered carbides on a 

microscopic scale has been limited mainly to the ~pticat 
! 

~ examination of surface cracks on the intersection of fracture 

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 a~d a stereo pictu~e for both 
. 

chipping and brea~age were obtained and examined to investigate 

the fracture phenomena of 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 u-seful for stress analysis plroblems which cannot 

be solved by classical theory. The problem is 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 tiThe Single Step Method" in which 
0-

the computation work was carried out in one step. Also, a 

stepwise subdividing and refining ~ethod was used for investi-
I 

gating the stre~ses in,the tOOl, wed~e. Using this method 

~he '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'co~ld be obtaine~ in great deta~l. 

A new algorithm ~as developed which makes it possible 



to investigate stresses at varlOUS loads wIthout repeatIng 

these successive steps of computation. 

By comparing the cuttlng test results, analysis of 

fractures surfaces and the stress fIelds, It was concluded 

that chippIng IS a ductIle fallure due to shear stresses 

close to the cutting edge whIle breakage is a hrittle fracture 

phenomenon orIgInatIng at a certain dlstaHce from the cuttIng 

edge. It is assumed that the work will he contlnued to 

include thi temperature effects . 

• 



CHAPTER 2 

BASIC CHARACTERISTICS OF SINTERED CARBIDES AND 
SUMMARY OF KNOWLEDGE FOUND IN BI.,BLIOGRAPHY 

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, since 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 tungsten carbide 

with cobalt powder, the mixture being sintered at about 

l3200C (melting point of cobalt). The actual cutting tool 
• 

material was introduced around 1933 by Krupp in Germany under 

the name of Widia. The name implies t11ike diamond". Although 

it actually is by far not as hard as diamond, the sintered 

we with Co binder offered ~nd practically offers still 

,today an unsurpassed combination of hardness and strength. 

It was its ability" to x;etain high hardness up to temperatures 

of BOODC 'to lOOpoC compared to high speed ste'els' which lose' 
(I 

substantially their hardness at temperatures in the range of 
500°C to 700 0 e 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 
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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 developments in tool materials sintered car~ides 

are still the most important cutting tool materials. 

2.1.2 Method of Manufacturing Carbides 

Based on powder metallurgy techniques, the procedures 
I 

to manufacture sintered carbides 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 wlth cobalt. 

4. Waxing to impart some coehesion and lubrication. 

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 l3700 C 

to l5930 C) in hydrogen or in a vacuum, so the cobalt, 

melts and t~ngsten carbide dissolves partly in 

cobal.t, 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 (13,20 oC) [·1]. 

The process takes place In three overlapping stages: 
. 

1. Rearrangement of the particles into a dense packing 

by particle transport under the influence of the 

surface tension of the liquid. 

2. Solution and reprecipitation of we in and out of 

the liquid resulting in further densification and 

particle growth. , 
3. Coalesence and welding of carbide particles) which 

may interfere with further densification. 

Various types o£ hard metallic carbides have been 

considered for cutting tools. The hardness and melting 

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

in a sequence of decreasing ~~rdness. 

TABLE 1. KEY PROPERTIES OF HARD t--fETAL CARBIDES 

Material Microhardness Melting Point Theoret ieal Densit;.y' 
(kg!sq.rrm) (F) (C) (g/em3) ./ 

TiC Titanium carbide 3200 5790 3200 4.94 
VC Vanadium carbide 2950 5125 2830 5.71 . 
HfC Hafnium carbide 2700 7030 3890 r 12.76 
zrC Zirconium carbide 2560 6380 3530 6.56 , 

CbC Columbium carbide 2400 6330 3500 7.80 

Cr 3e2 Chromium carbide 2280 3440 1895 6.66 

we TlBlgsten carbide 2080 4710 2600 15.67 

MoZC Molybdenum carbide 1950 4850 2400 9.18 
TaC Tantalum carbide 1790 6835 3780 14.5'0 



,', 

. . 
Brief comments can be made regarding their 

individual practical usefulness (2). 

Titanium Carbide (TiC) is essential to be added 

to tungsten carbide to impart crater resistance 

for machining steel as cutting speed increases. 

7 

-, 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 quantity 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 also 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 (Cr3C2) cannot be properly bonde~~~ __ ", 
or cemented and, therefore, is used only, to a limited 

extent, as an additive for grain growth control. 

Thus the two most important classes rem9 in to be 

the "s t ra ight" grades of lye -Co comb ina t i on and the "s tee 1 

cutting" grades of (We + TiC, we) - Co combination. In 

order ~erstand their properties, Table 2 shows the 

affinity of the various carbides to iron (3) • 

• 
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I'f\BLE 2. SOLUBILITY OF CARBIDES If\. IROt-. 

Solubility In Iron 
at 12S00 C 

[ungstcn Cdrhidp (WC) 

fltanlum Carhide (TIC) 

so/so r lC/\~r SOlId solutlon 

f ,1 n tal u m ( , :l r h 1 J \.' 

71, 

Less than ~~ 
~ 

L 
;0 .. 

Tungsten CdrhlJe ea~llv dissolves In Iron. Thcrc-

fore, when machlnlni steel rather extenSIve dIffUSion occurs 

on the rake face of the tool over WhICh the hot ChIp l~ SlIJ-

Ing. The underSIde of the ChIP IS freshly generated non-

contamInated steel and the tool materIal readIly dissolves 

In it and a crater l~ generated on the face of the tool. 

Because the chip slides away and contInuously a new ChIp 

surface IS created no saturatIon by the dIffusing WC can 

occur and the diffusion rate is kept high. In machinIng 

cast iron this does not occur because cast Iron is already 

rather saturated with carbon. ThIS would not occur with 

TIC WhICh, therefore, would be very crater resistant. 

However, similarly as with iron, we is rather well 

soluble In cobalt while TiC is not. In the structure of the 

WC-Co combInation the we grains are bonded together by a 

thin intermediate layer of, actually, solid solution of 

h'C I n Co (F 1 g. I). 

T h 1 S 1 ~ ~'h a· t m a k e $ the bon d so 5 t ron g . The rei s an 

Ideally thIn layer of the (WC + Co) bond which gives the best 
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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 

Illustrate this, reproduced from [1]. 

In Figure 2, two types of grain SIze distributions 

are shown, one wide and one narrow. both centered on 4 
p 

microns diameter. In Figure 3 the transverse 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. Therefore the steel cutting grades are made either 

as a combination of complex (WC + TiC) carbides with up to 

50% TiC content and Co, or complex (We + TiC) carbides, 
\ . 

simple WC carbides and Co (the three-phase carbide). 

In both the basic classes of straight and steel cutting 

grades the amount of cobalt content influences both .hardnes~ 

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 effec~ of cobalt content on hardness is shown 

12 

in Figure 4 and on transverse rupture 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 151. 

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-~se 
carbides. Wi th temperature the straight grades los'e har"dness 

faster than the complex grades and they are equally ~trong 

~SOOOC. At higher temperatures the straight grades are 
--

again much better. 

Thus, while the addition of TiC strongly improves 

crater resistance it leads to some loss of strength. Therefore, 

recently new developments were based on: 

a) Coating a thin layer (5 microns) of purely TiC on a 

strong we-co combination base~ 

b) Developing sintered carbide of TiC and MoC with Ni 

as a binder. 

The solution a) is being r.athel' widely acce,pted, 

while the material b) is still r~ther limited in p,ractical 
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appli~ations. 

Other recent developments in cutting tool materiars 

were non-carbides like Borazon (cubic boron nitride) and 

ueON (an alloy of Columbium (Cb), Jitanium (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 [4J. 

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 cu~ting edge, breakage BR of the 

too~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 

cutting. Flank wear is usually accepted as the criterion for 

tool life which is considered terminated when fl~nk wear width 

reaches a certain limit 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. 

18 

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 breaka?e might be considered both to be phenomen~ 

of primarily brittle fracture and differ mainly by their 

magni tude and they are related to the phenomenon of cracks". 

On the contrar~, 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 tool wear features because it may lead to damage 

of the workpiece and/oT 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 str~in rather than on tensile stress which, of course~ 

involves the mddulus of ela.ticity of the material concerned . 
• 

An ultimate admissible tensile stress value could be obtained 

once the modulus of elasticity is given. 

Brittle fract~re is a rather probabilistic phenomenon 

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

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

-
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ver~ 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 jf the stress is of 

a periodically variable nature as, for example, in interrupted 

c~tting. This shows that breakage is not purely brittle in 

character. 

Chipping occurs close to the cutting edge where a 

very high temperature is developed. The binder (cobalt) ---. 
would lose its strength 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 contact 
0: area between chip and tool and almost no tensile stresses 

.' 
responsible 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 eailier~ brittle fracture fundamentally 

is ~ss6ciated with tensile stresses. In a tool these may 
~ ... .ot .., 

be due 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 t e rake face due to the contact 

wit h the chi P w h i c h has . bee n h ea ted a s are suI t 0 f pIa s tic 

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 too~ and the flank of the tool heats up as well due 

to frIction between the machined surface and the tool. 

Subsequently, as ~art of the heat is co~ducted 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 typical example of temperatures in the chip and workpiece 

. as are obtained in machin)ng steel with carbide tools is 

given in Figure 8. In this example the maximum temperature 

on the rake face of the tool reached 7S0 0 C. During the 

heating up period of the tool when the outer parts of the 

insert expand more than the inside, compression stresses only 

ar.e produced in the insert. 

However, ~hen 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 i~ efficient. Therefore, .use of coolants is not 

recommended in high speed ma~hining with carbides. 

Tlusty (4) shows that the important parameters which 

influence the resistance t~ thermal shock are the Coefficient 

of Thermal Expansion a and Thermal Conductivity K. It is 



J 

Temperatur.. In C 

Tool 

.: y •• 
z 

Figur~ 8. Temperatures in the f:orkpiece and in 
the Chip. 

, ) 
/ 

21 

/ 



\ 

) 

22 

OhVIOUS that the greater IS a, the greater stress IS induced 

hy a gIven temperature gradIent hecause of greater differences 

of expansion of the corresponding layers of the tool. For 

a given heat flux the temperature gradients in the tool 

WIll he smaller for materials With hetter conductivity K. 

Various authors defIne then the resistance to thermal 

"hn,,--k In varlol-*"ways hut always It IS proportIonal to the 

r ,I t I () n t ~ ,I I . 

where 

rhe f\)rmul.l of Kals [-:'1 IS: 

f 
( 2 • 1 ) 

ff IS the ultImate tensile strain of the given' 

rna t e ria 1 • 

The thermal stress .1 cl,lmped tool-hit can be 

expressed hy: 

= aL\6 • E (2. n 

So, let the thermal load be characterIzed by a hedt 

flux ~ per unit area then: 

L\6 4l 
T 

:; 

K ( 2 . 3 ) 

where L = length of thermal path 

(lux 
'\. 

+ = heat 

°6 = aE 
T q,L (2.4) 

In thiS equation the thermal stress sensitivity St is 
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represented by ai which is not just simply the inverse of 

Rt hecause 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 hending test and the values of maximum tensile 

stress Induced In thlS 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 [5]. From this reference 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 sinter~d 

carbide and the various curves apply to different temperatures 

in the range of room temperature of 200 e up to 800 0 e and 

looooe respectively. In'the two first graphs also, the effect 

of carbide grain size is shown using very fine grain and 
. 

rather coarse grain types. 

~iefly, the TRS of all kinds of carbide grades 

depends strongly on the content of cobalt, the best percentage 

of which is between IS and 20 wt. %. The "straight" grades 

are much stronger than the steel cutting grades at room 

temperatur~ but they start losing the strength with increasing 

temperature above about 5000 e. 

The steel cutting grades are less sensitive to 

Increased temperature and the strength of certain of these 

grades actually improves and attains a maximum at about soooe 

• 
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to 8000 e and is almost equa~ to the strength of the str~ight 

grades in this temperature range. 

b) ,. Stresses generated by thAt> cutting force 
7 , 

There have been attempts to experimentally determine· 

the distribution ~f stresses in the tool loaded by the 

cutting,force. Several' authors used a method where ' 
\ 

photoelastic analysis was applied to a tool; made of trans· 
I 

i 

parent plastic which was used to'cut lead at rathe'r low 

cutting speeds (at hi~he~ speeds t~e plastic would lo~e its 

strength due to the t.emperature gen~rat:ed during the cut) • . 
One of these investigator~ was Loladze [6]., 0 

, ' 

.' In Figure 9-a CQ,tYP,ical example is shown of the 

distribution of stress on the rake face of a tool with 109 
! 

,iositi~e rake ang~e. The stress is plotted in relation to 

the dis'tance y from the cutting edge ~ng e is the leng~h o£ 

, contact be'tween 'the chip and the :rake face.' 
'0 

. 
For y < C the 

stres.s is compressive .w'ith a ~aximum, va~ue at the distance 
, " y = O.4C. For y > C the stress is tensile with a maximum 

at Y = 2C •. Lolad'Z.e inve~tig'atedt.!.h·e' effe~~ of the rake .angle 

on the value 'of maximum tensile stress ~hich in general was 

found proportional to the chip thickness a • 
. " 

In Figure 9-b the r,elative value of the maximum 

tensile stress as mea~ured in photoelastic fringe ord~rs 
,.. . . 

.. .. is iplotted -v~rs~s 'Chip thicknes~ a (in~h) for' ,rake a~gles: 
, .' 

" 1)' + 200 ~' 2 ) 0 0
', . 3) ,.. 200 

'. . .' 

It is'seen that the maximum tensile' stress was found 

to be about se~en times lower ~or a ~ -200 than f~~ a = 20o~ 
'I ". 
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A very systematic work in t'his area was carried 

out by Primus, [8). He used glass tools to machine aluminum 

and a diamond tool to machine various steels and, again, 

ap~lied photoelastic analysis. He did not evaluate stresses 

in the tool bu~ concentrated on determining the distribution 

of the cutting.load on the rake and flank faces. 

2.3 Parameters Significant for Failure 
of Cemented Carbides 

2.3.1 . Intro4uction 

. Brittle fracture of cemented carbides is an important 

factor in cutting tool performan~e. It has been obs~rved 
- ( , 

that the strength and toughriess of cemented carbides are 

predominantly influenceq by gra~n size and the thic~ness 

of the ,binder layer. Some in~estigators have determined a 

significan't depen-dence of strength on the isostatic streSs 

component. This dependence was found to increase with a. 

decreasfng perc~ntage of the binder,content. 
• fJ-' ., 

, ,An"attempt ha~ been made'by Kals [9] ,to evaluate the 

ratio of the ef'fec~ive stress (a) and the maximum tensile, 

stress (or conrp'pnent wi thin the pinder (C ~ 0/ a) in 1,"ela'tion 
• J, _ 

to strength. , " 

" . 
It' has been shown that the ultimate tensile strain 

can be rel'ated" to c. .'In' turn, the' parameter C, is depe~~~nt 
.' . 

o~ s~ructural parameters. , " 

,: Re.c:eritly J Shaw et ale (iO]' came' to the conclusion 

that the maximum'tensile strain ctiterfon is a reliable tool· 
, , ".. ~ .. 

~or pTedict~ng brittle fracture. , H~weve~, measur~m~nt of . ... " . ".;." .. ',~ , 

'.' 

, . 
" .. " .. 
'~ ~,. , .' 

-.. . ' 
.' 
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small strain is substantially more difficult than the measure­

ment of load. Subsequently the ultimate strain is pre-
a·f ferentially derived from €f '" T' There is more " 

evidence th~t Ef is an adequate parameter for brittle material. 

From the results of Gurland and Parikh [11] it 

appears that Ef may satisfy as a criterion for fracture 

toughness of cemented carbides when the carbide contents 

exceed 60%. 

Hatano [lZJ and Brands [13J, who examined the 

influence of the deformation rate and the isostatic stress 
... l" ~. \ 

component oK brittle fracture respectively, concluded that 

the ultimate uniaxial strain (ef) rather than the fracture 

strength (af) is the reliable brittle failure criterion. 

Brands showed that b~ittle failure occurs irrespective of 

the state of stress when th~ maximum elastic.strain 

(2.5) 

reaches a critical value. 

This would mean that the combined principal stresses 

rather than the maximum uniaxial stress determines failure. 

2.3',2 The Relation between frac.ture Toughness 
and the Material Parameters ~3 . 

Examining experimental re~ults obtained by Gurland 

and Parikh, it has ~een ob~erv~ pure exponential 
, 

relationship exists between fracture toughness in .bending 

. efT and tJie mean free path between the carbides, i. e., the, 

average v~'lue of the thickness of the binder layer (Figure 10). 
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Figure 11 taken from Liebowitz, (111 shows that this 

behaviour can be confirmed for various sintered carbide' 

grades quoted by their corresponding ISO denotations. The 

values of mean free paths have been calculated from the 

average particle size dl and the composition of the material 
, __ G;- assumi'ng cubic grains 

I\oa) 

). :: cfl ( 31 fr - 1) ~.6) 

The author concludes that: 

Fracture toughness is mainly controlled 6y the 

mechanical properti~s of ~he binder and by the 

mean free path between grains. 

b) The mechanical properties of the carbides (TiC, 

TaC; NbC, ~rC2' WC) do not have any significant 

influence on fracture toughnes~. 

Gurland and Parikh {II] have shown that strength , 
increases with increasing values of th1 mean free pa~h ~. 

However, beyond A ~ 0.45 p when the influence of plastic 

"deformation\becomes importJnt, 

(Figure 12).\ 

the.trend is reversed 

I 
( 

From the work of Doi at al. [l~], Figure 13, it ~ 

ap{gears. that there is a systematic increa~e· in rupture 

str~ngth with a decrease in grain size. 

2.3.3 Structural Parameters and their Influence on the 
St'ress Di~tribution in th-e Binder Phase of P 

Cemented Carbides . 

Although a ~elationship between 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 

~ = CB = [(1 + ~) In (1 + jk)]-l 
(J 

z 

with applying the model of Figure l4-a which shows a 

32 

(2.7) 

toroidal-shaped reduction area characterized by the ratio 

~ and assuming a tBTee-dimensional state of stress. This 

relationship explains the results of tensile tests at high 

'" strain values (0 stands for the effective stress, whilst 0z 

represents the average value of the axial tensile stress 

related to the true area). 

Bridgman ~actor. 

The factor CB is known as the 

Close examination of the structure of cemented carbides 

was carried out by Kals and Gielisse 19]. This examination 

reveals, both on the surface and in the bulk (particularly 

in and around voids and pores) specific detail that is Q 

geometrically comparable to the tensile test situation of 

Figure l4-a. It seems therefore justifiedf)to adopt the 

analogue model of Figure l4-b, where it will be noticed 

that dav/2 subs~itutes for R, whilst half the average value 

of the mean f~e: pat~ Aav/2 represents a fair minimum value 

of the radius. Generally, the occurrence of intergranular 

v.oids is ltss frequent than is suggested in Figure l4-b. 

Putting the average effective distance between the voids 
~ 

equal to K dav ' an expression analogous to Equation (2.7) is 

1 
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arrived at: 

( ..2...) 
"V 
C1 Z=O 

Z 

= C = [(1 (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 ~av/Aav is a structural parameter and 

the potential significance of it to failure. in terms of 

the ultimate uniaxial. strain is shown in Figures 15 

The use of tensile test analogue gives rise 

the following five statements: 
/ 

1. Necking phenomenon in a tensile speci 

2. Plastic flow in the carbide intergranular layer is 

local ized and concentrated in the immediate vicini ty 
• 

of the voids. 

3. The Bridgman factor has not been verified for values 

of Rlh exceeding 10. 

4. Maximum tensile stress occurs at the surface, sq. 

the test result depends very strongly on the surTace 

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 tne specimen. 

2.3.4 Standard Test Method 
i~a.terial Properties 

.~ A,\proposal is found 

~\ \ 
j 

for Measuring 

for the introduction of a new 
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method for testing toughness of cemented carhldes In hhlch 

a disc-type specimen is compressed (7J. It 1 S ha :.cd upon 

the phenomenon that a tensIle stress IS dctlng Jcros~ the 

loaded diameter of a diametrical loaded dISC. Lxccpt for 

the regions quite near the str~p loadIngs, thIs strcs:. lS 

uniformly distributed over the loaded dIameter and IS cqudl to 

= 2F 
(2.9) °3 1I'dt 

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 test 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 compress ion test was car"ried out by H. Kals and 

w. Nollet [16]. Square specimens are ground flat at the 

two diagonally oPP?sed 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 

sma 11 faces touch i ng between the die's cf!) an adapted pilla r 

d~ set. The results of stress'analysis (plane stress) 
. 

made with the aid of the finite e1emen~ is given in 

,Figure 18. Figure 18-a shows thi principle stresses across 

~ the diagonals and Fi~ure'18-b shows the mesh distribution 

in the quarter 0 f the spec imen. 

2.3. 6 Introduction of Tool Fracture 
Classification System 

Keiji Okushima and Tetsutaro Hashi [17] classifLe~ 

the tool fractures into three major categories according 

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 size without 

~a teg'ory 3 

a preceding crack. 

Fractures at high cutting speed: 

it occurred as a result of fatigue 

damage to tbe tool tip, 

The tes ts were carr ied out in the ,face· mi 11 ing 
. 

operations on carbon steel work materials . .. 

Features of Category I and Category 2 
, 

. Category 1: The chipping occurred along the cuttIng edge, 

and the thickness of the fractl.4red portion was rathe'r small 

j 

I 
I 

l 
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I 
on the rake face but somewhat larger on the flank. 

\ 

40 

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 pf a harder 

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 th~ fracture which occurs in a fairly 

large size. The fracture is suppos~d to start on the rake 

face and develop nearly parallel to the 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 early 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 

preceding cracks, therefore, they are fatigue fractures. 

Each type of fracture is caused by different types of cracks . .. 
They o.ccur earlier at high cut"ting speeds. Fractures of 

this category are classified into five 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 cracks parallel to the cutting edge 

starting on the rake face. With repetition of the inter­

mittent cutting, the crack gradually propagates into the 

tool material, 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, lIB). 

The third type is fractu~ starting both ~n tbe 

rake face and on the flank and it is caused by combined 

propagation of the above two cracks (Figures 20-IIIA,B,C,D). 

Fi~ure 21 shows that the fracture 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, thermal cracks occur also in the 

direction parallel to the cutting edge. 

Pitting is a fifth type of fracture at high cutting 

speeds. This is segregation of a thin layer of tool material 

from the localized portion of the tool chip contact area. 
• c 

Pitting occurs adjacent to,thermal ~racks both perpendicular 

and parallel to the cutting edge (Figure 20-IV). 

\ 

. , 
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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 

fracture4 tool ~as inspected under a scanning electron micro~ 

scope to analyze the location, size, direction and other 

characteristics of the fract~re. 

3.2 Test EqUipment and Materials 

3.2.1 Machine tool 

All turning tests were performed on a Mazak-Rex . 
heavy duty lathe rated at 25 HP of ~ain motor. The spindle 

speed ranged from 12 to 1200 r~v./min. (stepless spee~ drive) 

and the feed ranged from (0.0021 inch - O.Z65 inch). 

3.2.2 Too~ 

Tool holders for triangular negative rake inserts 

46 
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and triangular positive rake inserts were used. They haa 

4.5 in. length, 3/4 in. x 3/4 in. cross section and 300 

side cutting edge angle. Figure 23 shows the dimensions 

of the inserts used and mounted in the tool holder~ They 

had negative SO and positive SO rake angles. Steel machining 

grades of tungsten-titanium carbide Kennametal K7H (93.5 RwA) 

and K45 (92.5 RwA) and Wickaloy WP6 (92.2 RwA) and WPS (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 (We), round dark grey grains of complex (WC + TiC + TaC) 

carbide and the white phas~ (Co). 

The exact composition of the Kennametal grades was 

not available. Hardness and chemical composition of the 

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

= 

CT3ble 3 

Grade Chemical Composition ., 
Co 'wC TiC TaC 

WP5 8 72 9 1,1 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 ·25: lu.crostructUf'e' of. ~45 Caro1~~ grad~ (X2000) 

\ 

\ 

"f.igure 26: Hicrostructure of '·IPS tarbida grade (X2000) . ~ .... - .... . 

\ 

Figure 27: Microstructure of WP6 carbide grade (X2000) . " 
1 , 
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a re listed in Tab1 e 4 

Table 4 

Steel C Mn 
Chemical Composition (percent) 

S Si Cr Ni p 
Brine1! 
Hardness 

BHN 

4340 .4 • 7 0.02 .25 .8 1.75 .25 0.04 

1040 .4 .6-.7 0.04 0.04 

3.3 Cutting Tests 

Two types of cutting tests were carried out. The 

. first type was continuous cutting t where K7H and K45 too! 

grades and the three kinds of steel workpieces were used. 
-

The second type was interrupted cutting. Tool grades WPS 

and WP6 and 4340 hardened and tempered steel workpiece 

were used. 

217 

210 

For every tooJ. the test was car,ried 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. 

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 5 to 18. 

For interrupted cutting the test results were 

recorded in Tables 19~ 20 and 21. 
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a. Continuous Cut~ing tests 

Table 5 : Cutting test results using tool number (l~a} .. 

Tool nunber (1) . 
Tool material: 
'~y - ., • 

K7H 

Geometry Qf tool: 
';' .... , '" 

positive SO rake angle 
Workpiece material : steel 4340. 217 BHN, initial diameter 3.0 in., 

length 18.0 in. 
Depth of cut: 0.05 in. 

-0 
cu cu 
6 cu ..- 0._ - Sketch of the figure +l- CIIC . . ..- > Comment ens:: ~.!! ~<LI 
s:: -. <1.Is.. 
-5 .... +.t <1.1"-- Shown under the microscope ~- +l tt- l+- . 
+l . ~- C 
::s ::s ..-

(,.) u ........ 

. ' 
_ 1 260 .010 Flank wear 

. : 2 260 _010 Flank wear + chipping 

~ 

3;.5 260 .010 Flank wear + chipping 

5.5 225 .018 Flank wear-+ chipping 

1 

1 

1 
I 

, I 

I 
j 

-. 
I 
I 

, 
" . 

f 

; 

> 
1 



Q.I 
E .,.. 
+J-. 
C'lt: c·,... . ,.. e 
+.I ........ 
+.I 
::I 

U 

8 

10 . 

12 

14 

16 

-
18 

I 

Cont. Table 5 

""0 
Q.I 
Q.I 
0..-.. ....... 
lilt: . Sketch of the figure 'r- > 
C'lE ""OQ.I 
e:: ....... Q.lS-

.... +J ClJ ....... 
+.II.!- '+- . ~howJl.. under the mi croscope +.I- e:: 
::I ''''' U ......... 

" 190 .024 

.00751.. ~~m..",",I!InTIIr""'""--
.024 T~ 180 

160 . .024 

140 .024 

llO ,.O~4 

1. '1 
.~.~ T .O~ 

T." .. 

" 

110 ' .024 

52 

Conment 

Fltrnk wear + chipping 

Flank wear + chipping 

r 

Flank wear + chipping 

Flank wear + large 
amount of chipping 

Fl~nk wear ~ large 
amount of chipping' 

Flank,wear +, large 
amO'unt of chipping + 

crack 



Table 6 : Cutting test results ~sing to~l number (l-b) 53 

Tool Number l-b 

"0 
ev ev e ev 
'r- 0..- - . 

cne: . Sketch of the figure . ..... > 
Ole: OlE "Oev 
e: .,.. e: ........ (Us... 

:;:;& .... +l <11 ........ COl1l11ent 
+I't- 't- . Shown under the microscope +I +I_ e: 

::;, ::;, or-
U U -
5.5 220 .010 Flank wear + chipping 

" 

9.5 160 .024 .016 Flank wear + chipping 

.L 

• • 
i 

13 130 .027 Fiank wear + chipping 

15.5 110 .035 Flank wear + chipping 
, . , 

18 100 .035 , The tool is broken 

.. :/ 



7 : tool 54 

I 
I . 

& 
. . 

Tool Number l-c . . . -
~ 

. 
I 

. ,- '-1 
• 

T V • 'f Sketch of the figure 

min. ft/min in. . COI1Il1ent 
Shown under the microscope 

, 
\ 

1 110 .024 .o~~lunlll 12• 
Flank wear + chip ping 

/ -- -,-

.o{~·' 2.5 110 .024 Flank wear + ch1pping 
, I .()25 

~ 
, 

. • 

j 

~J7 
~ 

5.5 100 .024 Flank wear + chipping 
, . 

. ~., , 

\dIIJr~ 
~ 

7.5. 90 .032 Flank ~tar + ~hipping . 
'. r 

f 
,. 

. . 
..... 064 r-

, \ '~ 9.0 ".90 .043 The tool is bro,ken 

, 
\ 

J.,.. .118 ~ . ( - -

j, 



Table 8 : Cutting test results using tool nuitber l(2) ss 

• 
Tool number ( 2) 

Tool matena 1 ! K7H 
Geometry of tool : positive 50 rake angle , 

Workpiece material: steel 434~, 217 £HN, irritia1 diameter 3.0 in., 
1 ength 18.0 in. 

, 

Depth of cut : 0.05 £ t • 

'0 
C1J C1J 
e C1J .,... 0- -~- (liS:: . 

Sketch of the figure . .,.. > ens:: ene 'OC1J c· .... s:: ........ C1J$.. 
COlllllent ..... e .,...~ ev ........ 

o4-l "-" -4-1~ '1-' . ..., 
~- c Shown under the microscope . 

:;l :;, ..... 
u u ........ 

-"1 ·055 t-- . r--\ < 

.5 240 .027 , The tool is broken \ 
j \ 

\ ' 

--I. .130 t--- \ 

" 

~ Tool nunber 2-b" 

" 
, 

I 

. 1 , 

r 

l[lllllIJHmnJlIIUl·007 
10 240 .027 -'T Flank wear 

\ , 

" 

/" ' 1 
240 ~mm_'-:009 20 II .027 Flank wear + chipping J) , , ," T r 

; 
I 
i 

.I 
V4' 

-+/.065 ~ 
" 
r~-L ' " 30 240 .027 
L~-\ ' The'too'1 is broken " 

. , 
~ .J~~ -f 

/ 
, 

, , .. 



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

Tool material: 
Geomet ry of tool: 

Workpiece materiaL':: 

Depth of cut : 

QJ 
E .,.. ..-.. 
~- IIlC . . . .... > 
OlC OlE "OQJ 
c..- c ..... QJS-. 

'r- E .,.. +J QJ ..... 
+J_ ~ &t- 4- 0 

~ +J- s:::; 
=s =s .,... 

(.) u -

3 240 .027 

6.5 240 .027 

9.5 240 .027 

Tool nurrt>er (3) 

K7H . 
positive 56 rake angle 
steel 1040» 210 BHN t initial 
length 18.0 in. 
0.05 in. 

Sketch of the figure 

Shown under the microscope 

.035 

l 

J-.06S ---l ,-- - .,...---. 
~ 
\ 
\ 
, .Id 
~-- -~~-..-..J 

I 

diameter 2.0 in., 
~ 

£ 
Conment 

Flank wear ipping 

F lank wear + chipping 

The tool is broken 
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Table 10 : Cutting te~t results us;~g tool nUnDer (4-a) 57 

Tool number (4) 

Tool material: ~ H 
Geometry of tool: ~egative 50 rake angle 

Workpi~e material = ~teel 3440, 217 BHN t initial 

'" _ j~ength lB.O in. 
Depth of cut: j 0 .05 In. 

C1J 
E .,... 
+'-. 

1.5 250 

) 

4.5 240 

5.5 230 

.019 

.035 

.043 

Sketch of the figure 

Shown under the microsc~pe 

; 

.014 

f 

diamet£., 

Conment 

F lank wear 

Flank wear + chipping 

Crack 

, 
1 

, i 
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Table 11 : Cutting test results using tool 'number (4-b,c) 

" 

-" 
~ 

Tool number 4-b,c £ 
-

, 

'0 
cu cu 
E IV , , 
'r- 0.-. ..-. 
+ol- (l)C . Sketch of the figure . .,.. > 
~c:: ~5 'OC11 
Co,.. e ....... cus.. Cotmlent 'r- E .,.. .f.,) cv ....... 
.f.,)_ .f.,)~ ~ w Shown under the microscope +.) +ol- C 
:l :l or-

U U '-" 

I 

. rim • • ~~9 
1.5 220 .Ol~_ Flank wear + chipping -- r----- _ ", 

. 

room· ·IIS 
-

4.5 200 .{l3'S IJ= lank. wear + chipping . -
, '. 

o 

-i .Q62 t-r--\: - , 
\ 

6 
. 

190 ' .043 the tool is broken , . 
\ 

- \ . , ' 

..... - .. -
\4-. .,52 ---I 

.. 
,. . 

/ 

.. 

, 

" 

, 

I 
I 

I 
I', 
f., 
I' 

1:-
• · , " , " 

f t ~ 

i _-..: 

t ' · ~ 
I '" , 
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Table 12 : Cutting test results using tool number (5) 59 

Tool number (5) 

Tool material: K45 

Geometry of tool : positive 50 rake angle 
Workpiece material: steel 4340, 217 BHN~,initia1 diameter 2.0 in., 

length 18.0 in. 
Depth' of cut : 0.05 in. 

"0 cu QJ 
E cu ..- 0.- .....-
-+-»- III$: . . - > 
tnc tnE -ocu 
c·,.. e ........ cus-
..-5 ..... +' cu ...... 
+'- -+-»If- If- . 
-+-» -+-»- c 

Sketch of the figure 

Shown under the microscope 
Conment 

:::J :::J ..... 
~ ~ -

3.5 240 Flank wear + chipping 

J 

.027 
. 
8.5 240 F la'nk wear + chipping 

13.5 220 .035 '- Flank wear + chipping 



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

Tool number (6) 

Tool material: K45 

Geometry of too 1 : 
Workpiece material: 

Q) 

e 0,.. 
+>-. 
O'lC 
Co,.. 
-e +> ......... 
+> 
!:' 

U 

1 

2 

Depth of cut : 

250 

250 

-. 
"0> 
4141 
CU~ 
~ ....... . 

c:: -......... 
.010 

.024 

negative 50 rake angle 
4340 steel hardened and tempered 
iJHtial diameter 2.0 in .• length 
0.05 in. 

Sketch of the figure 

Shown under the microscope 

.006 

to 380 BHN, 180£ ' 

Comment 

f Flank wear 

Flank wear 

60 

3 250 .035 
.. ~ Plastic deformation 

.' 
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Table 14 : Cutting test results using tool number (7-a) 61 

Tool number (7) 

Tool material:.· K45 

Geometry of too 1 : positive 50 ~ake angle 
. \ ~ 

Workpiece material: 4340 steel hardened and tempered to 380 BHN, inltial 

QJ . e ..... 
.f.J-. 
OIC 
c ..... ..... e 

+oJ ...... 
.f.J 
::I 

U 

1 

• 2 

5 

diameter 2.6 in., length 18.0 in. 

lEpth of cut: 0.1 in. 

"'0 
OJ 
OJ 
0.- - Sketch of the figure IIlC . .,.. > 
gt~ ~f Comment 

..... +> • OJ ....... Shown under the microscope +>'+- '+- . 
+> ...... C 
::I ..... 

U ...... 

160 .020. . F lank wear 

+ 
Flank wear + chipping 160 .027 

VlllIllIlll!illIlli1ll mnWl .009 -.-

~J60 .038 The tool is broken 



OJ 
E .,... 
..... -. 
OlC c·,... 
~ ..... 
;:, 
u 

1 

4 

7 

8 

62 Table 15 : Cutting test results using tool number (7-b) 
/ 

150 

-. 

.020 

.030 

.033 

.033 

" 

Tool nUnDer 7-b 

Sketch of the figure 

Shown under the microscope 

J 
'llllliIIlIIlUIIiUP .. om -T 
\ 

, 1ll11ffilJ I1llJIII n .009 

\ f 

I- . lOS -+I 

r--~ , 
\ ' , ' 

'-- .... ----~ r.- .215~ 

Comment 

F lank wear 

Flank wear + chipping 

Flank wear + chipping .. 

The tool is broken 

( 

! 

! 



Table 16 : Cutting test results uSing tool number (8) 
63 

Tool material 
Geometry of too 1 : 

Workpiece material: 

Depth of cut : 

<1J QJ 
E QJ .... 0..-
+>- 1111:: . . - > OlC OlE 'Q4I c .... c ......... QJ~ 
-E .... +> QJ ......... 
+>- +> «t- «t- . 
+> +>- c 
::s ::s 'r-

U U '-'" 

2 250 .018 

3.5 250 .024 

4.5 250 .030 

5.5 200 .030 

7.5 200 

Tool number (8) 

K45 

negative SO rake angle 
steel 4340, 217 BHN, initial 
length 18.0 in. 
0.1 in. 

(J 
.,~.~, 

~ket~ of the figure 

Shown un~er the microscope 

' .. 

diameter 2.3 in., 

Comnent 

F lank wear 

Flank wear + chipping 

Flank wear + chipping 

F.lank wear + chipping' 

Flank wear + chipping 

.. 



c~ -'\ . 
\ 

/ 

"0 
QJ QJ e QJ 
~ c.-
~- cnC -. .... . 
OlC Ole > c..- c ...... "OQJ ..... e ..- +-' QJs... 
+-'- +-'11- ~~ +-' +-' ....... 
;::, ::J .... 

U U ........ 

9.5 160 

11.5 160 

/ 

" 
Cont. Table 16 

Sketch of the figure 

Shown under the microscope 

,-
HID1111JIll1lJ .02 

T \ 

~ .119 ,.. 

r-~ \ 
\ " L ___ . &0- .2.8 ~ 

64 

. COlTlTlen t 

F lank wear + chipping 

, 

The tool ;s bro~en 

l 

.' 

1 

i 
l 
I. 

i 



Table 17 : Cutting test results using tool number (9) 

~ Tool number (9) 
~ I-

. 
Tool material: K45 , 

Geometry of tool: positive 50 rake angle 

Workpiece materi'al : 4340 steel hardened and tempered to 380 BHN, 

initial diameter 1.5 in. , le·ngth 20.0 in. 

Det>th of cut : 0.1 in. £ 
~ 

<11 <11 
c <11 

.. 
..... 0..- -..., V)C . Sketch of the figure ...... ..- > 
en • tne "0<11 \ 

, 
CC c ......... C1.IS- Conment .,... ...... ..... ..., <11 ......... ! # 

~ 

""c ..., 'too '+- • ShoWn u~der the microscope ...,- of.)_ c· . 

G :l .,... 
U ........ 

..f .135 .... . 
r--~ .5 150 .033 , - The tool is broken , , ' L ___ ~' 

- J+- .tJl--{ 

. i &1 , 

}- .142-f 

r r---~ . . 

l-.20.~ 1 150 .03 The tool is broken-. 

~ . 

-

'\ ~ 

\ 
q; Y. 

2 150 .02 Good example of 
. . ch1.pping 

" 
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Table 18 ~Cutting test results uSlng tools number (10,11) 
, 

Tool number (10) 

Too 1 mater; a 1 : K45 
Geometry ot"tool : positive ~o rake angle 

Workpiece material: steel 4340, 217 BHN, initial diameter 2.0 in:, 

length -20_.~ in. 

Depth of cut: 0.1 in. 

~ 
11> 11> 
E 11>. .,.. 0..- -+>- VlC . . .,... > 
OlC 0')5 ~11> 
Co .... C ....... 11>L. 
'r- e ..... +> 11> ....... 
+>- +>'t- '+- . 
+> ' +>- e::: 
'0 ;::, -. (..) .". (..) -

1.0 "250 • 031 . 

Too 1 mater; a 1 : 
,,; ~ • t I. 

GeO!1l~~i:Y of too 1 : 
Workpie~e'~material : 
~ . 

.. . 
Ole::: c ..... 
-5 
+>­+> 
'0 

(..) 

. . 

. 
£epth of cut : 

1.0 '"250 . .034 

Sketch of the' figure 
> 

Show~-uinder the microscope, 

J.- ."2 .... . 
r--~ \ . 

L_~_ " 
t- .JI6 ---t 

Tool number (ll} 

K45 

, 

J , 

P~sitive~5° -rake ari91~ . ' 

, 

·Coment 

The tool~ broken 

steel 4340, 211 BHN,'initia1 diameter 2.0 in., 
.' 

length 20.0 in. 
0.11n. " & 

Sketch of the f1 gure, ? 

COITIIlent 
Shown under the.microscope 

The tool is broken 
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b. Interrupted Cutting te~ts 

Table 19 : Cutting test results using tool number (1) 

Tool nUnDer (1) 

Too 1 materi a 1 : WP5 
Geometry of tool: positive 50 rake angle 

Workpiece material: 4340 steel hardened and tempered to 380 BHN, 

initia1 diameter 3.5, length 25. 

Oapt.h of cut: 0.1 in. " 

,:\ . 

-0 
IV cv 

, 5 cv . ,... P-- ....... . - - - -
of-)...-. CII C • ~ketch of the figure , . ..- -o~ OlC 0'15 . 
C .... C"' OJ$.. , Corm1ent .... s ..... of-) OJ, 
~ ...... .f.,I4- Cf-. \ ,? ',fj ....... c . ~Shown un~er the microscope ::s ::s .... 

'U U ...... , 

, ~ •• 54 -tt /' . , , r---c .1 250 .020 The tool is brbken 
') . '----

,... .208 --I 

" 

'. 



Table 20 : Cutting test results using tool number (2) 

Tool number (2) 

Tool material: WP5 
... Geometry of tool: 

Workpiece material: 

Depth of cut : 

0(" 
I/QJ "0 

5 ~ .,... 0,..-... -~- ",c . . ...... > 
o>c 0>5 "'QQJ 
c· ... c ..... al~ ..... 5 .~~ 
~ ........ ~4- 4-' 
~ +>- c 
::s ::s .~ 

0 u '-'" 

1.5 200 0.022 

2 250 0.017 

5 250 0.017 

. , 

positive 50 rake angle 
steel 4340 hardened and tempered to 380 BHN, 
initial diameter 3.5 in., length 25.0 in. 
0.1 in. 

~ 
Sketch of the figure 

Corrment 

Shown under the micrbsoope 

Breakage 

Tool nUnDer 2-b 

Chipping 

- / 

~reakage . 
~.:~~-.rL ' . , , , " ' 

L..,--
....... 228--f 
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Table 21 :Cutti~ test results using tools number (3,4) 
69 

Tool material: 
Geometry of tool: 

Workpiece material . 

Depth of cu t : 

I 

~ 
cu cu 
S cv . 
'r- a.- ...... 
~- (I)~ . . or- "'d~ O)~ OlE 
S::'r- s:: , • cu 5-
-E ~e 

cv, .... - tt- . 
~ ~- ~ 
:s :::J 'r-

(,.) L> -
1.0 180 

~ 
0'.-Ol55 

J 

Tool material: 
Geom~~ry at. tool: 

Workpie~e material: 

'-
~ 

[epth of cut: 
cu OJ 
S QJ 

'''' 0.--. -~J.-.. (1)1: . . - > o)s;: O>E "OQJ 
c: or- s:: , (1)5-
-e or- ~ cv, 
~- ~tt- q... • 
~ .f.J- s:: 
:::J :s ~ 

.,-
(,.) (..) .-
~ 

Kv '0.022 

Tool number (3) 

WP6 ~ • 
positive 50 rake angle 

-
4340 steel hardened and tempered to 380 BHN, 
initiai diameter 3.0 in length 25 0 

0.1 in. ". £ 
Sketch of the fi-gure 

Shown under the microscope 

.. 
I- .. IS8 -if 

r--~ 
'L __ ~ 

r-:-.226 -I 

Too J llurmer (4) 

WP6 

positive 5° rake anple 

COI11l1ent 

Itt The tool is broken 

4340 .steel hardened and tempered to . 
380 BHN, initial diameter 3.0 in., ~ 
le~gth .25.0 ~. 
0.1 in. . 

~ketch of ~he fi~ur~ 
COITIIlent 

Shown under the microscope 

The to01 '1 s broken 

..\ 
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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; 

From Table 22 one may conclude that: 

1. Complete breakage of the tool occurred ,starting 

from a feed rate of 0.027 in.frev. In the case of 

tdol I-a the only observations were chipping and 

crack on the rake face at 0.024 in.frev. feed rate. 
-

2. Breakage occurred at a higher feed rate (0.043 in.frev.) 

when using to~ls jwith negative rake angle (tools";,4., 

6 and 8), than with tools with positive rake angIe. 
", 

,3. hAn 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 S~oTter cutting time. 

4. For the same cutting conditions tool material and . . 

workpiece there ~as considerable scatter in the time 
\ 

of cutting before breakage. (Tool number 7 was broken ~ 

s~ 

:after 4 minutes while tool number 9 ~as broken after 

0.5 minute]-; 

The difference in breakage observed in cutting the 

hardened steel (380 BHN) and non-hardened steel 

(217 BHN) was rather small. 

6. In general breakage ~c~urred at heavy loads on ~he 

", 

tool tip, actually~ when a load specified by-feeds 

in the ~~nge of 0.027 inch ~o 0.043 inch a~ 0.05 

and _ 0.1 inch width of cut was exceeded~ Ofte,n, it 

occurred first after some, amount of C' ipping had 

J 

"" 

I 

b 
r; 
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Table (22) : Cutting test results in case of continuous cutting 

Tool . -"'0 ~ +.I . . . 
OJ OJ ::s 0) x- XI:: 
u- 0)- 0) U S IU t ItS·,... 
0) ItS Q., I:: «t-- - .,...- sc ss Conment .,- .,... U)o,... 

s-o 
\j.I...c:: +.I . - , 

Q.,J- E ou I:: +.IS +.I~ cu 0)' ::sr::; I:: ...-- n:s~ , 1tSC+--=-' ~ C+.I c- ..c:: .,... IUS ....... 
No. grade J-1tS , 0,... «t- .,...- +.1- +.1- ~'g "'0 os +.I- X 0- 0 0)"'0 

:3: +.I ItS ~ 1- .,... OJ 
~~ ::s ::E ..... C+-u Vl C+-

(I 
l-a . - "260 0.024 0-.05 ',18, 12.5 110 ~ChipPing, \ /' 

K7H 4340 
crack' 

SlEEL 
l-b posltlvo 220 0.035 0.05 18 5 100 Chipping, 

217 BHN ! 
a I . break 

5 

~ , 

RAKE 
1\ : I l-c ' ''I 

ANGLE lJP ~.O43 0.05 9 ~ ·2 90 ~~ip~1~~: '. j • J:J . . ~ , ,,; "" break' 
~ " 

. 
2-a 240 0.027 ' 0.05 0.5 0.5 -240 Break 

K7H 4340 

poslttve- STEEL 
0 , I 

2-b 
5 217 8HN 240 0.027 0.05 9.5 9.S 240 Break 

RAKE 

K7H 1040 
, 

3 +"05 
STEEL 240 0.027 0.05. 9.S 9.5 240 Break 

RAKE 2108HN 
-

. 
4-a - K7H 4340 250 0.043 0.05 5.5 1.0 a30 Break 

~ 

negative STEEL - ~ 

• .-
5 217 BHN 

\ 

4-b,c 220 0;043 0.05 6 loS' :190 Break 
RAKE f 

- K45 4340 \ 
0 \ 

5 
+ve 5 'stEEL 240 0·936 0.05 13.5 . 5 '220 Chipping 
RAK-E 217 BHN 

'f. 

. \ 
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," Cont. Table (22) 

+.I .-. 
"0 "0 :::s cv • .... . 

Tool cv cv u e x~ xc 
cv ·tII ......... <V .-. ..... - «J ,,. 10-,... 
U.- CoS::; 4-- tt-.,c +.I . EI: se 
<V res CI)'r- 6-5· ou s::; .... ....... 

It ..-~ e s::; ,-. or- ~.£ +1+1 . Coment Q.r.. en ....... :::ss::; .,c'r- rese ~ restt-
QJ S::+1 S"r- +.I ...... +1 ....... ....... 

.:at: +1 ..... 4- 'r- ........ Q. 0 CU"O "0 
r..res +1 ...... x a J- SQJ ClJ"O 

No. , grade os +1 10 ;:~ CVQJ 
:3 :::s ::£ Q.QJ 

U ': VII+-

K45 
h.«dened 

, ,. 0 
4340 6 _veS 250 0.035 0.05 3 1 250 Plastic 

RAKE 380BHN 
defonnation 

\ 
I' 

7-a 
K45 h.rd_ned 160 0.038 , 0.1 5 3 160 Break 

~6 ,~, 

poeltlYe 4340 
> .. , '", 

5 380BHN . 
7-b 150 0.033 0 .. 1 8 4 150 Break 

RAKE , 
i 

K45 4340 

8 0 STEEL 250 0.03 0.1 11.5 8 160 Break -yeS 
HAKE 217BHN 

I 

• 

9-a K45 • hardened 
1m 0.033 0.1 .5 .5 150 Break 

4340 
positIve 

. 
STEEL 
. 

5 380BHN 
150 1.0 9-b 0.03 0.1 1.0 150 Break 

RAKE 

~NGLE "l '\ 

9-t 150 0.02 0.1 2.0 2.0 150 Chipping 
~ 

< 

K45 
'4340 ,-0 

.' ~'10 +ye 5 
STEEL" 2.$0 . 0.031. 0.1 1.0 1.0 250 ,Break 

• 

/ 

a,b ... ·c RAKE 217 B~N . . .. 
.:.. 

1(45 4340 

11 . 
. ~~e 5 STEt;L 250 0 .. 039 O.~ 1.0 1.0. ' 250' 'Break ",. ... 

a;b,c . - . 
217BHN 

.. 
RAf(,E 

-, ", 
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Table (23) : Cutting tests results in case of interrupted cutting 
. 

~ -~ "C :;, C1J 0 o 0 

Tool o..w ClJ u S x- xC::: 
41 ~c 41 - 0,...- m 0 m·,... 
U .... If-_ '+-..r:: ~ 0 sC:: S'S' 
4110 1111) .,.. ..r:: OU c:: - ....... 

0,... or-
~~ !3g c:: r- .,.. ~s ~~ 

COl1l11ent o.s.. ..c: .,... mS m_ mlf-
ClJ ':S:::~ e·,... ~ ....... ~ ....... '-" 

..)( ~ ' ..... If- .,... ....... a. ~ ClJ"C "C s..m <+J ....... x d )- SClJ ClJ"C OE ...., m ..- ClJ 8.~ No. grade 3: "CS ::E: )-If-
U V) If-

I 

I 1 

WP5 
• '. l' - v6 5 - 180 0.02 0.1 2.0 2.0 180 Break z 

RAKE l: 
ID 
0 
Q) 
M 

2-a - 250 0.017 0.1 3.0 3.0 250 Break WPS -' 
/ 

w 
w . . • ... 

"'ve 5 en ,. 
0 

l 

2-b 
RAKE 

...:t 200 0.02,2 0.1 1.5 1.5 200 Break 
M 

, . 

'It . , 

Q 
WP6 w , 

3 -·ve 5-
z 200 0.022 0.1 .5 .5' 200 Break w .. 
0 J 

RAKE « . . 
< x 

WP6 . . 
o .OlS! 

. 
4 • 180 0.1 0.5 0.5 180 Break _v6 5 .. 

RAKE 

3.5' 
.. 

~ 
1 

"- tJ 

Ii , 
t ,~" 
£ ; 

0 ~: 
• I 'it 

~ " f r ... 
~ 

j 
I 

~ 
I 
f 
j -. 

b I" 
,c • 

L 
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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 continuous cutting 
0' 

the most significant difference is found in 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 diagram in 
. 

Table 23. The side cutting edge angle of the . tool was 300
• 

. ~ . 
The diameter of the workpiece was about 3.5 inches and, on 

,; 

average, the spindle speed was about 220 r.p.m~ 

This means that the increased tendency to breakage· 
/) 

in the interrupted cutting cannot be explained by fatigue 

b~cause the nu~ber of impacts before bneakage was between 
'.A 

100 and ~OO. Theref~Te, the reason should b~ related r~ther 

to ei ther special loading co.ndi tions on the edge of the tool 

at the entrance .or at the exit of the cut ,or to the inter­

ference of.the c~i? adheri~g to the t~ol at th~ end of eve~y 

.c~tting period. Thermal cycli~g is nat a p~obable influence 

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

have enough time to cool down between the cutting periods . . ., 

/ 
/ 

c 
( 
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3.4 Fractography 
, 

The study of fracture in sintered \arbides on a 
\ 

microscope scale has been limited mainly to\the optical 

examination of surface cracks on the inter~ctions of 
\ 

fracture surfaces with polished surfaces. The\;arge depth 

of focus of the scanning electron microscope ha~ permitted 
\ 

the examination of fracture surfaces of many diff~rent 

materials. There appears, however, to have been f~~ applica­

tions of the technique to the sintered carbides. 

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 

q~arbide in the tool. The actual fractions observed were 
.} 

always much smal~e~ than expe(~ed on this basis [1]. 
>, .. 

Figure 28 shows a transgranular crack at a WC-lS% 

Co spec,imen [2]. The fraction of transgranular fracture 

was found to depend on the grain size rather than the cobalt 

content. 

Kreimer and Alekseyva (3] report that no fracture 

of grains smaller than 2 ~m was observed 1n 

specimens. 

'3.S~2 Intergranular Fracture , 

the cracked 

, 
The two tYDes of. intergranular fracture, namely 

• > 

ductile ,rupture of the co&alt .{which means'that the fractur~ 
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, . 
.... - ~ , 

Figure' 2$£' ~p~1cal ~tc'~graPh ,~bO~i~~' a it~ns9r~ular',' • 
/ ' . ," -, ~r.·~ek in One' ~f: the' .51 des 9f :~ 'WC-l~: ·wt~Co . 
; .: / specimen,. " ,The' ~ra1ns- .tran~versed· by the crack. - . 

;,' " - ~av~~~een.' i,~di~(:at~d.'by ~"~;~~:~J.'- .- .. _ ' 
.. • ~... " ~,~ ~ T~'" ~. • ~ • , . ~ ,.. .. 
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I 
occurs through the cobalt and interfacial fracture 

(which means that the fracture occurs tangent to the grain • 
boundaries) will .be discuss er (Figure 29). The 

fraction of intergr~nular fracture a ea represented by inter­

facial fractur~ was, found to correlate with 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 ~8 [2]~ The interfacial fracture area 

C0 decreased rapidly as the ,cobalt volume fraction increased 

from about .1 to .4 [1]. 

It is conclude~ therefore, that intergranular fracture 

does not foIlow'a random intergranular path and produce one 

or other mode of fracture aCcording to the thickness of 

cobalt encountered locally. 

, , 
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F1gure ?9: Types of inter?ra.nular fracture. 
A ... Ductile ~upture- 'Of carbide 
.0: ... Interfacial fracture 

.1.' 

Figure 30: Optical micrograph showing an intergranulat crack 
in one of the sides of the same -,;pecimen as figure 28. 
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3.6 Evaluation of Test Results -~ 

3.6.1 Type of Fracture 

On a m~croscopic scale, the fracture of all the tools 

tested had the characteristic features of brittle fract~re 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 thelr 

original shape and size. 

The tooi fractures were classified into two major 

categories according primarily to the outside appearance and 

the feature of the fracture. They are: 

3.6.2 Chipping 

Chipping occurs along the cutting edge. Flgur~ 31 

shows the chipping area with low magnification. The appear­

ance of the chipped away surfaces makes it obvious that it 

occurred gradually. Due to the high temperature generated 

from the cutting operation, the binde~ (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 tobl edge w~s examined under the ESM 

using ,the X-ray to determine its composition. At-the ~ose 

it is found that a steel layer 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 no~e a small amount ~f iFon ~as found (Figure 32-b). 
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. . 
F1~gur~ 3}: \Cilippfng' of 1;'tie ,edg~' in ~ontinu~~s 'cutting 

. . ·usfr;g K45 .carbfda ~r.ad3 for machjning- 4340 
steel, har.d~n3~· and ,t~"$ered to ~80 nan (X65). 

-, '-
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Figure 32-a: Stereo picture of chipping area covered with a s~l -layel' .at. 
the tool nose in case of interrupted cutting using WP6 tool grade 
(X22PO). . 

(K45) 

.. 

Figure 32-b: Chipping ~rea 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 tAe steel. 

Table 24 

Component Volume % 

nitric acid 30 

hyperchloride acid (HCl) 15 . , 
hyperfloric acid HF 10 

Typical electro scanning micrographs of the chipped 

surfaces after etching away any steel coating and smear? 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 ~ost dangerous type of fracture 

becau~e in metal cutting, as mentioned before, it may lead to 

It occurs due 

diTection of these cra£ks is nearly 

edge which propagates and finally 

splits the tool tip. 

Figure 34 shows 

and gradually propagates 

to the flank surface. 

Cracks running fro~_the 

'the present work and found to be 

which starts on the rake face 

nearly parallel 

e examined in 
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Figure 33-a: Chipping area after etching. WP6, (X2000). 
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Figure 33-b: Chipping arya after etching. K45, (X2000) •. 
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Figure 34-a: track on the rake face of K7H carbide 9rade tool 
. used for machining 4340 ~teel (217 BHN) , (X55). 

Figure 34-b:.End"of th~.same crack with 
high magniffcatfon (X550). 

84 
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(Figure 35). Trans'granular -fracture was occasionally observed 

usually when a large carbide grain was situated across the path 

of the crack. 

Figure 35-a shows the microtrack with low magnification 
~ 

and Figure 3S-b shows a stereo view for the same microcrack 

with high magnification. Figure 36 shows another microcrack 

which was found in the same tool. 

Breakageswith high magnification are illustrated in 

the following photographs. Figure 37,38, 39 and 40 are low 

magnification (X20) views of K7H tool grade and Figure 40 is 

a low magnific~tion (X23) view of K45 tool grade. The broken 

have many sharp edges and other cleavage fracture 

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 magpification. 

Figuie 44 1 shows the fractured surface of another WP6 tool at 

~o magnification. Figure 45 shows the fractu~ed surface of 

~PS tool grade at 1700 magnification and the same spot again 
, 

at 3300 magnification. 

In all these micrographs sharp contours of individual 

J carbide grains are visible. The large grain in the centre 

of Figure 43 shows ridge markings of intergranular fractur~: 

Comparing the fracture surfaces in the case of breakage 

(F i gure s 44 ,and 45) wi th those e ob tained in the case 0 f chipp ing / 

(Figu,res 33), it is'seen that 'there is a.significant difference 

between the two cases. 

In the case of breakage it is found that the particles 
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I-:::-Js_a; ~lc~cra~on the r~ke fac:e oi K45' carbide grade tool 
used 'for machinil19 4340 steel hardened and tempered 
to 380BHN. {X2300}..· ; . _.' . . 
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Figure 35-b: Ste~o yiew of the s~e microcrack as figure 35-a, (X5300). 
. . t' 

\ .. 
, . 

I 

,. • _4 



, 
I 
t 

. CJt I 

__ --__ ~ __________________________________ (n----~ 

87 

f d:', 

'. 

Figure ~:~';"f.ifcroc~ack on the 'rake face of th~ satr.2 tool as figure 35. (X2300) • 

• 

Figure 35-b: MicrOcrack with high magnification. (X5300). 
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Figur.e 37: Fracture surface of K7H carbide 'grade 
tool used for machining 4340 'steel 

• (2l7 BHN) t (X20). ' 

\ -
~ 

Figure 38: F.tacture,surface of the same tool ,as 
figure 37 taken from another view. (X20). 
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~ Figure 39: Fra~ture surface of K7H ca~bide grade tool 
. . ~sed for maCf\illfng 43~ hardened and tempered. 

to 380 BHN. (X30).. . 

Figurt! 40: frac~ure ~urface :Of K45 carbi de g~atfe tool' 
" USQd for machining 4340 hardened and tempered 

to 380 BHN,'(X23). 

'-
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Figure 41: Stereo picture of fracture surface of K45 
carbide grade tool used for machining 43~ 
steel~{~17 BHN). {X5900}. , . 

X7500 

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 45: stereo view of fracture surface of WP5 

carbide grade used for machining 4340 steel . 
- hardened/and :tempered. to 380· BHN {interrupted 

cutting case).', ~ • 
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are sub s tan dIng 0 u t 0 f the sur fa c e and 0 n e co u 1 d e a 5 i 1. Y dis-

tinguish between individual grains. But in the case of chipping 

the frac ture sur face 100 ks mo re s,mooth and it coul d 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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4.1 Introduction 

/ 

CHAPTER 4 

ANALYSIS OF STRESSES 

The finite element method has ~een used to solve many 

varied and complex engineerlng 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 w~ich cannot be solved by classical theory. One such 
. 

problem which is of special interest in this rep,ort concerns 

the analysis of local stresses in the tool wedge. 

4.2 Definition of the Problem 

Using the findings of Primus [&] about the actual load 
~ 

distribution on the tip of a cutting tool it should be possible 

to utilize recent developments in finite elements computing 

methods to determine stresses in the tool wedge for various 

geometries and assuming various loadings under various cutting 

conditions. The case represents a three-dimensional problem 

. due to ~he rather short length of the loaded edge and to the 

load on the tip. However for simplifying the computations, a 

plane strain (2-dimensional) 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 th#ckness ratio of the 

chip. This ratio may often in pr-actice be between 10 and 20. 

At this stage. no temperature induced stresses are considered. 

Figure 46-a shows 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 linearly towards 

the end of the contact area with the exception of the normal 

force on the rake face which differs slightly.by being constant 

over the distance of half of'~he undeformed chip thickness. , . 
The size of the insert considered was .56'25 in. length 

and .125 in. thickness. The width may be assumed of any large 

dimension. 

The computation work has been carried out for various 

t'ool geometries: zero rake angle, positive SO rake angle, and 

negative 50 r,ke angle, with gO relief angle in all cases. 

Two different methods were used. Figures 46-a anp 

46-b show t~e 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 i·s based on one single 

large stiffness ~atrix encompassing the whole tool. This 

metho~ will be henceforth ,refered to as ~the single step method". 

A detailed expl~nation of this method is found in Appendices A and D. 
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0.040 

0.015 

0.005"-1 

l;M = 25 Ks; I ; n ax 
100 Ks iii n 

Load distribution (notmal and shear loads) on the rake face and 
on the flank (a~a ~ in figure 46~b enlarged 1J5 times). 
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In this met~od it is known that the region of high 

stress gradients necessitates a finer finite element mesh than 

the other regions of the tool. rhis gives rise to the following 

two major difficulties: 

i) there will be a great variation in element size re.sult­

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 

areas: 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 one 

described by Mahomed [18]. For example, in Figure 47 the 

governing matrix equatioh for the analysis of the structure 

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

! 
l 
I 

1 

l 
I 
f 

1 

, 
t 
i , 
J , 
; I 



a 

INTERNAL 

f----A
----, 

8 12 

4 A---------~--------~~------~ 

3 

2 

c 

1 ~ ..... __ ~_ . .4..l'_,: __ 5..:..-. 
A ________ 13~B--1 

100 

........ 
~ 
'-

0 
oct 
0 
..J 

Figure 47. Oiagrarrmatical representati.on of the problem . 
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(4 . 1 ) 

40xl 

Figure 47 shows that the structure has imposed boundary 

conditions on a but these are zero displac.ements (boundary a is 

fixed). Because the primary interest is in the analysis of 

stresses not of the forces, Equation (4.1) can'be reduced to 

Equation (4.2). 

6 
less 

6 a 

{ 

32x32 32xl 

= 

o 
o 
o 

F 
c 

3-'2 x 1 

So, in all' the following the structure, (A+B) without 

the terms, relating to the boundary a is considered. 

In reference [IS} a first approximation is made 

by performing a coarse lanalysis of the structure (A+B) without 

particular attention to the mesh size of ,the region of 

interest B and solving for the displacements 0b between A 

and B. 

(4.2) 
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i.e., in more detail: 

K AA 
J . 
=-t------

I 
Kbb I ~e 

I ~ 
I - - - . KBB -- - - -
I K K 

cb ee 

32x32 
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0 

0 

0 

= 0 (4.3) 

0 

0 

Fe 

32xl 32xl 

where Kbb-and Kec are sub-matrices representing d~reet stiffness 

on boundary b and on the loading nodes c respectiv~ly. 

The region B is then isolated from t~e main structure 

(A+B) and a,refined 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 0b 

obtained in the previous step are imposed as displacemen~ 

eon~itions on the part B of the outer boundary (Figure 48). 

The load may now be more uniformly distributed accordingly: 

...: 

-



• 

h 

Figure 48. !he area of interest (B) with refined mesh 
and imposed the disp1acement boundary 
conditions (&b)' 
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This has now to be solved for displacements 6, and 

further for strains and stresses with 0b imposed as boundary 

conditions. This needs a special computational technique 

described in [18]. 

... 

The refined analysis gives a more detailed picture of 

(4'.4) 

the stress distribution in the area u~der 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 whic~ 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 

t 

1 , 
t , 

, . 
~ 

" 
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in the preceding method {IS]; 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 islsolved 

with a refined mesh while attaching 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 0b 

as calculated in the first step. These added springs and forces, 

actually, enforce displacements 0b with a very good approximation 

(due to the very high stiffness of the springs). The problem 

now looks formally different from the preceding one: 

K cc 

80x80 

= 

SOxl . SOxl 

In both previous methods all steps will have to be 

repeated for ~he 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 

-, 

(4.5) 



, 

I 

I 
I 

The area of interest (B) with refined mesh 
and imposed very stiff springs (~) and 
external forc~ (Fb) on boundary b. 
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the same rather small .part of the structure, the ,actual load 
) 

distribution varies with cutting conditions. Therefore another 

-methoo was proposed by Tlusty [231 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 

.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 bet~een 

displacements and forces on the boundary b but be much' simpler. 

In,other words, the whole structure is considered as a sum' of' 

two--substructures A and B CFigute SO). The original internal 
t 

boundary b is split int9 an exte~nal boundary bA on part A and 

an external boundary bB on pa·rt B. Tne original "internal" 

forces on b may be considered as external forces FbA and FbB 

acting on these new boundaries. In this way the original 

structure is a sum of A and B, whi~~ 

~ , 

~ 0bA = o;B and FbA = FbB 

* The task is now to formulate a stiffness matrix KA which 

would replace the stiffness matrix KA and be much smaller ~hile 

it would still give the same relationships between forces FbA 

and displacements 0bA: 

• 
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aa 

K 
A,_ o = 

I 

IOxlO lOx8 

- l8x18 l8xI l8xl 

(4.6) 

Actually, as shown in Appendix'-B, such a replacement 

can be determined which will have a size of the original 

Equat~on (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 th.an the total number of nodes in. structure 

A. 

In the next step, solving for part B only, a refined 

KB matrix is formulated and combined with the replacement 

* m~trix KA. As a result, the 4isplacements could be obtained 

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

, 
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(4.7) 

In tpis method ag~in, the refining of the mesh could be 

carried out in a number of steps. 
( 

Applying this method to the problem investigated in 

"the present work, the computations were carried out in a number . 6 
of steps. Referring to Figure 51, excluding the area ABC which 

includes the loading region JKC, a large mesh was used. Accordingly, 

the corresponding 'stiffness matrix was calculated using a 

mathematical technique ~hich is explained in detail in Appendix C. 
~ . 

As a result, the. effect of both the remaining part 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 ~tep, a smaller mesh was used fOT 

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 f~r the'loading region .. 
I 
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The stiffness matrix replacing the a~ea_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 COijfined to the area of consideration. 
I . 
" 

Once this replacement matrix is derived and combined with the 

refined matrix of area CJK it may be repeatedly used in the 

various cases of loading as they correspond to the various 

combinations of cutting conditions. 

4.3 Stress Analysis of the Tool 

4.3.1 Solution Using ~lementaty Beam Theory 
(Cantiliver Beam- in Bending) 

T~e tool and tool holder were treated as a square 

section cantiliver of'Z inches length and 0.75 inch in depth. 

A concentrated normal load o~ 2250 pounds acting at the tip 

of the free end, which is equivalent to the load acting on 

the tool tip, was considered. 

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

CO'ntouTS of normal stresses (Ox).' the contours 6f maximl,lm 

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 approximatiQn cannot, of course, solve the local 
. 

stresses in the loading region (the tip of the ~ool). From 

Figures 52, this anatysis would lead to a conclusion that as 

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

also the maximum shear stress are all approacning zero and 

this is o~viously 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 t~(chnique with this classlc~l solution. 

4.3.2 Solutions Using the Finite Elemeni Technique 

A. Single Step Method 

. The computations have been carried out for various 

tool geometries. Three different cases were considered: zero 

rake angle, positive SO rake angle and negative 50 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" 

were considered: a = 0.0 inch, a = 0.006 inch and a ~ 0.015 inch, .. 
and the corresponding maximum and minimum principal stresses 

',,- . 
"-a$ well as the maximum shear stress were plotted. 

'", 
,"-,'-. The discussion of the results will- include the effect 
, '-, 

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 (a = 00 1 with no flank 

wear, the contours of princip~ stresses and of maximum shear 

stress are shown in Figures 53, 54 and S5 respectively,. 

By irispectin'~ the maximum prinCipal stress contours 

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

immediate loading area (close to the ~utting edge) Figure 53-a. 
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loading regi~n (02 Ksi): a = 0.0 inch 
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0max= 100 Ksi/in 

l;max= 25 Ksi/in 

Maximum shear s,tress contours in the 
loading region (~max Ksj) 
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Checking with Figure 53-h it is seen that a local maximum of 

tensile stress in the carhide insert occurred at the rake 

face at a distance from 'the tip slightly greate'r than t\oJO times 

the length of chip contact, which agrees rather well with the 

results ohtained hy Loladze [6]. 

The value of the local maximum tensile stress is 

21.3 Ksi and it starts to decjease 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 t~nsile stress is rather small and 

i t 'i sea n fin edt a the i mm e d i ate vic in i t y 0 f the r a kef a de . 

From there into the insert the stress decreases rapidly. 

The values of the local maximum t~nsile stress in 

the insert are rather small. The usua) values of the transverse 

rupture strength of carbides ~re between 100 Ksi and 400 Ksi. 

The feed assum~d in calculating the forces on the fip of the 
( . 

too! was 0.010 in./rev. In the cutting tests no breakage of 

the tool was obtained at th~s feed. The tools were broken ~ 

.the values of feeds betw~en 0.030 in.frev. and 0.043 in./rev. 

which are larger by about four times than those us~d in the 

,computations. For these feeds the compu~tation would give a 

maximum tensile stress on the rake face of the insert of about 

85 Ksi. The difference between this value and the transverse 

rupture strength may h,e 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 finiie element problem which would 
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better express' the real case. Al'so, in the computations, a 

homogeneous and isotropic material was assumed. However, 

actually, in the case" 0 f sint'ered material (carbide), the 
. 

structure is anisotropic and not homogeneous. Th, structure 

consists of two or three phases (Figures 25, 27) . Local 

stresses in such a structure may be much higher than those 

computed ahove and'this would further account for the discrepancy 

between computation and experiment. It is however very 

tmpo rtaR t tha t, the compu ta t ions show the loca t iol1 0 f the po i n t 

of the highest tensile stress on the rake face of the tool 
I 

(Figures 53-b, 63-b and 66-b) and thi's location agrees' wi thO the 

location of breakages found ~erimentallY (Tabl'es 14, IS and 16) 

The point of highest tensil; stress fciund in the 

computations was at a distance from the tip of between 0.1 inch 

and 0.13 inch and the distance of brea~~ge from the tip was' 
, 

found to be about 0.15 inch in the cutting tests. 

These findings may interpret the breakage of the tool 

as a brittle fracture phenomenon but' in the case of chipping 

of the ~dge, these could not explain the chipping phenomenon 

as caused, by tensile stresses because no tensi~e stresses were 

found close to ~he edge of th~ tool. 

Figure 54 shows the contours of the minimum principal 

stress at the cutting edge. It is seen that high compressive 

stresses were found with a maximum value of 100 Ksi clo~e to 

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

From Figure 55, which shows the contours qf the maximum 

shear stress, it is found that the shear st~ess increases as 
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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 witff high temperatures in this area resulting from 

the cutting operation (400oC), could be the possible cause of 

chipping as a ductile failure in a shear flow mode.' The 

strength of cobalt start$ 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 same ,result at the edge as in the bulk 

of the insert and the edge itself has lower strength. Hence,.--. 
~he purpose of honing the edge. Another one is the opinion 

~that chipping is due to tRe mechanism of adhesion between the 

tool and the workp~ece material (4]. 

Figure S6 shows the direction of maximum principal 
I 

stresses and the maximum shear stresses ,(the lines with arrows 

represent the. direction of the maximum p~incipal stresses while 

the simple lin~s represent the direction of the maximum shear 

stresses). Comparing these directions with those shown in the 
~ , 

photomicrographs of breakage (Figures 37,,40), it is seen 

that the d"irection of breakage in the cutting tests was rather 

the same as the normal to the directions of 'maximum tensile 

st~esses obtained from the computations. This agrees with the 

.---~.-... -------~ 
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assumption of brittle fracture phenomenon which means that the 

breaka&e initiates by crack sta~ts and' propagates at the point 
~ 

of maximum tensile stresses and at the ~irection normal to 

'these stresses. 

Comparing the stresses obtained oJ the classical 

solution with those resulting from using th~ 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 dtffer~nces were also found at the fixed boundary. 

A maximum tensile stress (30 Ksi) was found very close to the 

top by using the finite e~ement method, but the location of . 
this value using the classical solution was at a distance from 

th~ 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 lo~d, 

cannot express the local effects of the fixed boundary reaction 

stresses. 

The contours of 20 Ksi~ 10 Ksi and 5 Ksi are almost 
-

ide~~ical in values and locations but at the area near to the 

bottom of the tool holder, there are some differences at very 

low stress values and these can be neglected. 

Comparing the' contours of the minimum principal stress 

resulted from ~oth metho~s, tedsile ~tresses were found in 

the area close to the top of the fixed end when usi~g the finite 
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element method (Figure S3-bj. The values of these stresses 

are from I Ksi to 3 Ksi. In Figure SZ-c it is seen thai 

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 5S and SZ-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 v~lues are smaller itt the 

solution using the finite element method in the 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 fin~te element method and those of the classical solution. 

It is shown that the value of the shear stress is 

s.~ Ksi in the middle of the tool holder using the classical 

solution. This value is the same and approximately 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 ~oncluded that a 

comparison of the finite element results with those obtained 

by the classical method verifies that the finite element 

results are correc~ since they agree in general with those 

obtained from the classical solution in area~ remote from 
" . 

• 
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localized stresses~ 

From investigati~g the resulting stresses in the case 

of zero rake angle and comparing with those obtained in the 

case of -So 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 shaw the maximum principal 

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

a = +5° and a = --S° respectively' (with, flank wear a = 0.0). 

In all -these three cases there are practically no tensile stresses 

in the vicinity of ihe tip of the tool. 

The value of the ma~imum compressive stress is almost 

the same (100 Ksi) and it decrease& when moving from the tool 

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 = 0°, a = 5° and ex = _ S° wi th no flank wear (a = 0.0) are , 

shown in Figures 55, 59 and 62 respectively. The maximum value 

the shear stress is 46 Ksi in the case of (l = S° 47 Ksi in , 

the case of (X = 0° and 48'Ksi in the case of (l = +5°. The 

maximum shear stress increases slightly with decreasing the 
• 

tool wedge angle but the difference. between these vaiues is , 

only, about 4 %. 

of 

• ~ The, results obtained by using the finite element tech-

nique are in agreement with"the results obtained from the 

e~perimental work in both +5° and -S° rake angle tests. In 

Tab,le 22, it is se'en tha t in both +5° and - SO rake ang les 

tools and for the sa~e cutting conditions, the breakage'occurred 

approximately, at the same cutting time in both tools. 
~ 
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Figure 60 
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Effect of the flank weaT: 

The discussion of the effect of flank wear will be 

restricted to the·case of zero rake ang~e. 

rrom Figures 53, 63 and 66 which represent the con-

tours pf the maximum principal stress in the three"cases 

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 increases 

the friction load will increase too and consequently the area 

of the minor compressive stresses at the tool wedge increases 

(Figures 53-a, 63-a and 66-a). 

-- The value of the 19cal maximum tensile stress in the 

_ ~ case of a = 0.0 is 21.3 Ksi and it decr~ases 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 mi~imum principal stress of the three values of flank wear 

width respectivelY. 'In these figures there is not any 
. 

recognizable change in the values of .the stress with flank 

wear growth. 

A slight difference in valu~s of the maximum shear 

·~ses of flank w~ar. stress was found when comparing 
. 

It is seen that as the flank we~r increases, the shear stress 

slightly decreases (Figures S5,~65, 68). Its value is 47 Ksi 

in the caSe of "no flank wear (a = 0.0) and 4S Ksi in the" case 

of flank wear width a =~O.OlS· inch. 

This is mainly so because of the increase in 

he horizontal direction due to the 

increas ing- load Qn the fl~nk w~~ch, to Some extent, 

I 
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"supports" the edge against being sheared off by the effect 

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 des~ribed where 

nor,al 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 

a = O. Figure 69 shows the dimensions of 

(loadin region) using the same load values as 

step method. The area considered in detail 

overlaps ~ith only a part of the area considered in the pre­

ceding, the latter one is shown in a broken line. 

The contours of the principal stresses and the maximum 

shear stresses at the tool edge (loading region) in the case 
~ 

of no flank wear are next shown in Figures 70, 71 and 72. 

Figure 10 shows the maxim~m 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 
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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 th·e shear. stress is 46 Ksi 
I 

(Figure iz) and the difference between 't'~s yalue aJl.Sl the 

value obtained ~y 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 load.i'ng re~kion), 

Figures 73, 74 and 7S show xhe contours of the 

princ'ipal stresses and the maxim,um shear s-tresSes resul ting 
, 

in the case of zero rake angle with 0.006 inch flank wear 

width. 

Figure 73 shows the contours of\)he maxim~m 'princip~l 

stress (minor compressive stress). It is seen th~t the 

stresses near the flank are increased by about 1.S times the 

ca~e of no flank wea~ (a = 0.0). Thi~ actually, is due to 

increasing the load values resulting from the present 

flank wear~ a = ;006 inch. 

Comparing these results with t'ho~e obtai'lled by using 

,the single step method, ii is'seen that there is no significant 
. 

difference between the values Qf the stresses in the case of 
• 

no f~ank 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 100 Ksi which agrees with the value 

r 
-o-w 
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obtained when using the single step method (Figure 58). 

The shear stress has a maximum value of 46 Ksi which 

occu.rred c].ose to the flank (Figure 75). These resul ts 

too agree with those obtained by using the single step method 

(Fig4re lO-b). 

From the preceding discussion, it can be concluded 

that comparing the results obtained ~y 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 investigation concentrated on chipping (gradual 

damage to t~e cutting edge) and on breakage (fracture of 

a rather .large Ror~ion of the tool wedge) of carbide tools. 

Experiments conducted by turning 1040, 4340/217 . ' 

BHN, and, 4340/380 BHN in con,tinuous and interrupted cutting, 

'the latter, with very short interruptions so as not to . 
induce cyclic thermal stresses have confirmed general experi­

ence in that chipping was observed at medium feeds of .012 
.' 

to .024 in:/rev. and breakage at peavy feeds of .027 to .043 in./ 

rev. in continuous cutting. Breakage occurred ,either after 

some accumulation of chipping (a?d consequent increase of . 
cutting force) or outright after a very s~ort cutting time. 

In interrupted cutting breakage occurred at lower feeds about 

0.02 inch after very short cutting times. Therefore, .fatigue 

was excluded as an explanation. Occurrence of breakage at 

lower feeds i~ interrupted cutting is beli~ved to be due to 

a change in the loading mode (shock'wa~e at the exit of the cut 

or chip i~terference at the entrance into the cut~ The nature of 

this change was 'not investigated., Both the above mentioned I 

types of fractured surfaces were inspected under a sC,anning 

electron micro~cope. The chippe~ surfaces appear to' have , 

failed in th~ middle of the cobalt layer ~nd the failure was 

ac~ompanied by an amount of plaitic fJow. The broken surfaces 
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appear as brittle fractures occurring at the cobalt carbide 

>interfaces as a result of tensile stresses. 

Stress analysis simplified to a two-dimensional 

plane strain problem .,onfirmed these conclusions .. A local 

maximum of tensile stress was identifed on the rake face at 

a dJstance between .08 to .1S inch from the cutting edge 

which coincides with the origin of the observed brittle 

fracture. The level of the stress roughly corresponds to 

the TRS of the sintered carbide. Shear stress maxima wete 

found close to the cutting edge at levels corresponding to 

the shear flow strength of the sintered carbide. 

Although all three modes of invest~gation, experi­

mental, fractographic and stress analysis lead to the same 

conclusion, explaining Hreakage is brittle failure and 
, 

chipping as ductile failure ~t 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 microsc~pic scale when considering the 

individual grains as distinct fro~ the binder, tensile ,r 

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

adhesive forces could produce'tensile str~sses at the cutting 

edge. A large amou~t of work based on a mUltifaceted effort 

will be necessary to really clarify these phenomena. However, 

the conclusion presented here may remain valid to a good 
, . 

degree. 

, .' " 
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On the side of methodology an efficient method 
I 

was presented in applying finite el~ment an~lysis to a 

problem with various load5 concentrated to one ~mall area 

of the body. 
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APPENDIX A .. 

The analysis of the problem by using the finite element 

tee h n i qu e will fa 11 ow t he fa 110 win g log i c [ 2 4 J : 

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 oimensions 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 has nodes number 251, 252, 253 and 254 .. 

Therefore, the displace~ents of these nodes are zero. 

4. This is a plane strain analysis problem. The elements 

used are constant-strain. triangles. 

5. The governing ma~rix equation for the analysis of this 

problem is given by: 

{K] {oJ = {F} CA -1) 

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

n 
.[K] = I: [KJ e 1 

CA- 2) 

The expression which defines the element stiffness matrix 

[K] is given 'by the expression: e 

(A - 3), .' • 
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" 
~ 

The displacement s''train matri6C {B} is defined by 
\ 

triangu!'~r defined the Equation (A- 4) • For a element by nodes 
;-. 

i, j , m, t'he genel'"l matrix {B} , 
'e 

is written as: 
I 

.... {Bl e = {e} [A -ll (A-4 ) 

~ 

l\'here 

0 1 ,0 0 0 o· 

'{e} == 0 of -0 0 0 1 (A- 5) 

~ 

o~ 0 1 0 1 0 
\ ~~., 

......... \ " ~ .,.1 
<, I" .... , 

and 
" 

1 x· y. 0 0 0, .-
1 _ 1 

" , 

l' .x j Yj 0 0' 0 
I 

• ! 
l' xm Ym 0, 0 0 

= 0 (A- 6) 
.. j' " 

0 0 ·0 1 Xi y: 
],. 

0 0 • 0 ' 1 x~ '" • x. 
.. J J 

~ , 
0 0 0 1 Xm Ym . 

) 
~. ", . .. ," . I 

'. ~ 

and the inversiorl of fA) is: 

" 
. . 

, " 



L 

.-
\. 

, 

} 

" 

(X.y -~y.) 
J m J 

(x Y·-X.y ). (X.y.-X.y.) 
m 11m 1 1 J 1 

0 0 0 

(y i-Ym) (Ym-Yi) (y. -y.) 
1 1 0 0 0 

(_~-Xj) (Xi -xm) (x.-1i;.) 
[A -1]= _I_ 

) 1 0 ,0 0 

IAI 0 , 0 0 (xjym-xmY j) ex y. -x.y ) (x.y .-x.y,) 
, m 11m , 1 1. J 1 

and 

0 0 0 (Yj-Yml 

0 0 0 (xm-xj ) 

" 

IAj = 12 times the,area of. the elementl 

= Xl..C,Y).-Ym) +'x.(y ::y.) + X (y.-y.)­
J m 1 m ~ J 

. . 

'l-Y -y.) , 
.m 1 

(y. -y.) 
1 .• J 

, 
(Xi -X!Jl) (x.-x.) 

J 1 

(1\ - 7) 

(A-B) 

The elasticity matrix 'for: plane strain analys~s problems 

is given by the expression: 

,r., 
(l-p) II ·0 

[D.)e;;' (1-+Jl)~i-2\lJ ,(l-ll) 0 (A.- 9.) 
... 

o 1-2lJ 0 -2-

, . 

wher.e 13 

. JJ. ;.. -'Poisson IS ratio 
I, ',-- ., 

'. The gener-al 'nod,al ,displacement' m~ trix for this p'sr,ticl;11ar 

problem can Qe written as follow~: 

" ' 

, 

, 
· j 

! , 
I · · .I 

" 

( 

L 

, 
'­f ... 
f 
.:;: 

,) 

'f 
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Ul 

Uz 
-v, -, 

{o} = (A -1 0) 

The external loads are ap~lie~only at the' tip of the 

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

and 109 after ca.lcula tion of the equ~ valen t loads from tile 

distributed load and these external loads are illustrated by 

the fo~ loring,. IT\a tr ~x:' 

, ,,' 

,- .. " 

.. 
" ,.' 

- , . " 

. " 

, ' 



F{F}, = 

"' 

'I ~ 

" 
.) 

... 

,\ 

'~ ..... 

... 
.\ '. 

't 

FX19 

FylO 

Fy19 

40)1 ,. t 
~-. 

""'-
'-'. t 

)1 
/1 

( I 

/, 

I 

I 
1 
I' 

19 
·0.0 

56.0 
0.0 

" 
.-

.. 

-75.0 
0.0 

" 

-"187.5' 

0.0 
.. 

-225.0 

0.0 

.. 

l , , 
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node 1 

node 2' 

node 19 

" 

'. 

'J.. 

7 

(A-II) 

node 1 

node 10 ~ ..... 

, . 

node i~ 
~ 

',- ~'o;; 

J 

I . 
" 

J ~. . , 
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6. The total stiffness matrix fbr the tool and tool holder~ 

is obtained by the superposition of'the element stiffness 

matrices. The general form of the total matrix will b~ 

in the following for.m: 

I 
I 

I ' 

I 
tK254, 254 1 

[K]total = ---- ~ ... -- CA-12) ~ \'-
--: - - - - - - - - - -~ - -

1:k], 254 Il:Kll ' 

. 

J I. 
\ 

'Kvu \ Kw 
I 
\ 
I 
f 
i 
I 

tKZ54 Z54 , , 

S08xS08 

... . " , . 
. 7. The comp'utation of the nodal displacement {oJ is based on 

the general equatio~: 

.(A-13) 

, 
~ The d.isplacem-ent matrix. { • .o ha.s 508 po~s.ib+e elements 

, . , 

in which the ~lements ~251' viSl' u2&~' vZ52 ' u253 , v253 ' uiS4 

and YZS4 are z~r~~ dua to t~e fixed boundary condition at 

. ~ 

. 

J 
t 
i • "i-
f 

t 
~ , 
~ 
! 
! 
~ 

"-;: 
t 
~ 
~~ 

t , 
~ 
] 
~ 
~ 

• ;J 

l 
3 
1 • 
~ 

· ~ 

~ 
~ 
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nodes 251, 252, 253 and'Z54 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 

Equation (A-13). 

8. The calculation of the element strains are performpd "by 

the use of the equation: 

(A -14). 

which relate strains to displacement. 

9. The calculation of the element stresses are ~erforrned by 

the use of the equation: 

(A-IS) 

, Since all' the values of the matrices are located ,at 

the right-hand ~ide of the above equition, the stresses are 
(-

readily obtained. "The computations are done for each element. 

" The principal stresses and rnaxlmum .shea·r st'resses 

are aJso readily computed using e~pressions (A-16), (A-1?), and 

o max 

, , 

a +0 I 0 -0 
= x y + (X y)2 +T2 

2 . 2 xy 

o +0 I 0 -0 x "v'_ X v 2 = , 2 I,.. (2 ~) 
Z 

+. T xy 

°max - °min 
Tmax = i' 

, . 

" 
,(A-l.6) , 

.. (A-I7) 

(A -18) 

and'the dit~ctio~ of princi~al st~esse~ is given ~y the equation: 

tan 2e ' " , ... (A-I9) 

.. 

, 
! 
, 
t ., 
~ 
"") , 
,? 
~ .. 
'" " 
~ 
~ 

.~. 
~ 

i. 

\ 
,~~ 

J.. 

, 
• <' 

~ .~ .. 
• 
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RESUbTING STRESSES IN THE CASE OF ZERO 
, . RAKE ANGLE AND NO FLANK WEAR (aa:O. Q) 
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APPENDI~ C 

DERIVATION OF THE REPLACEMENT MATRIX USED 
IN THE M~THOD·SUGGESTED BY TLUSTY 

0, 
l 



.. 

178 

C. Stepwise Sub -di viding and Refining' 
Method (Tlusty·s Method) 

The purpose of the problem of stepwis~ 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 vicinity of the Gon~entrated load. 

In thi"s method" if there is a str.ucture irA and Bit, 

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 giving the same 

relationshi~ between displa~ements and forces o~ boundary b 

but be much simplier. Actually the size of the stiffness ~atrix 
, , 

of this replacement structure WOuld be 2n ~ 2n where n is the 
~ ~ ,,~ 

number of nodes on boundary b, irrespectively of·the number of 

, nodes of the original structure·A. 

As an example; in Figure 47~part A is ~rigi~al1y 

represented by a 24 x 24 ,stiffness rna trix. :rhere are, no external 
, 

forces acting on internal nodal points of Aj all external 

forces are concentrated on boundaries a and b: In addition to 

this simplifcation, boundari a is fiied. 
\ . . 

, It can be shown that under these'conditions 
I' , 

part A 

can be replaced by 'an'other structure A* with a stiffness matrix 

8 x 8 only. 
" t~\ 

The stiffness matrix KA of ~he original A structure 
... 

may be parti tioned:, \'! 

.. 

" 

, \ 

'. 

" 

.:; 

I 



. 
/ 

.... 

o 
= 

24x24 24.1 

P I Q 
I 
I " 

16x161 16x8 . --------r---
R . I S 

8X16f 8x8 

" == I ----:F 
b. 

- Prom (C-Z) 

[P] 

and 
, J 

[RJ {oint} +JS) {~b} :;: {Pb} 
- / 

From· {C-S),1 we can see tha"t 

.,' '[K;J = [[S] - (RJ.[P ,-l][QJ] 

\ 

24.1 
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~ 
(C-l) 

(C - 2) 

I 

/ 

/ 

(C-6) 

. * I "\ . 
where KAI is ;t~e!, stiffness matrix' of -the .iep~ac!ament $tructure, 

, . I 

,and it .is 8 *- 8'. '" ~ " : . 
, ." 

-= T • -

" I '. 

I 

• j "~'.:~; :.:',: ;,> .:;~;:j:<::;':-;'/:':>:i'}: .y;;\;.' : 
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So now the stiffness matrix of the total original 

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

•• 

r ] 
°b 

* '~ 
KA + ~KB 

8x8 
°c 

16x16 

= 

F 

(C -7) 

'In the next step, are~ B may be covered by a finer 

'mesh expressed by a corresponding sti.ffnes~, ~atrix K~ ~ Now, 
, . 

1.) ~ither K: is arra~ged so that the points of the original 

boundary are partitioned~ 

+=-\ 

- - - -~ - - - - - - - - . 

.' 

, 

I 

I (C- 8) 

2:) or the nodes of th~ original b'O;undary b are interspersed 
# ~ in K B 

J 

,. 

0 

c 
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[~~ obI 
I , , 

°b2 (C - 9) l K# ~. I 

B 
, , , 

°b3 ": 

" .-, 

., 
K' In both cases, the band width of B is increased, 

so generally boundaries b between the parts ,A and B of a, ...... \ 
. 

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

to do the refining of 'the mesh in ste~s in order to keep the 

band width of a reasonable size. 

/ 

• _.""J . , 

.' 



i 
I 
I 
1 

\ 

I' 

• 

;' 

\. , 
\ I 

, 
• r . , 

\ '\ I 
i 

\ " I ~ 

I 1 
I , 

\ 
\ 

APPENDIX D 

, 

r 
1 \ 

'\ jl ' . 
I' \ 
I 

I' 
I 

I ' 

\ 

/ '\ .'\ ':\\ 
! I \ '\ 

'.1\ ,I \ " 
I, / '\ ' 'e'I\ 
1 I \ \ 

I 

I 
I 
I 

\./ I:, 

\ ' 

" \ 

i J 

I ! 
\, r : 

~' 
"----

. , 

'" .. ~ -
COMPUTER PROGRAN USED FOR CALCULATION' OF 
THE REPCACEMENT MATRIX IN THE FIRST STEP • 
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C I' I .... ..... t ~ 
C ~ •• ~ •••• + •••••••••••••• + •••••• , ••••••• - •••••••••••••••••••••••••••••• 

g PLANE STRAIN FINITE 'ELEMENT PROSRA'1 BY MASOOO z. " -
& ••. : •.• H •• : ..... ~ •• n .......... ~ ........... ~ ...................... 1 .... ·~ 
& ' SHH 1-S .-T!iE TOTAL STI FfNESS HA TfU )( -- ':, 
~ BBA TlfISE'- AAEA, OF ELEMENT' ' 

g. NI,NJ,NK NUHBER OF NODE~ OF 
C " '-

\ C E HOOULUS OF E·LASTIC'I-TY 

ELEMENT IN ANTICLOCKWISE OIRECrI~ 

I 
\{~ - .~-~~-'-
'~; U PO-SSION RA'TIO 

~\ t . UW SPECIFIC WEIGHT OF -Et'£11E-m~--
g \\ 'ARRWT OWN WEIGHT' OFt ELEHENT c . , 
C - T IS ELEHENT STIFFNfSS'HAlRIX 
C \ 
C X, YARE COOROtNA TES OF' NODES -
C II \' 

C MN'. NUH~£R OF NODES 
C" . , 
C HE NUHBER OF -ELE-HENTS 
C 
C 
C ;c 
C 
C 

NLq NUMBER OF LOA~ CASES 

NU NUMBER OF·UNKNOWNS 

( 

'- . 

, 

/';-" 
r 

" -. 

, , 
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" 

I 
I 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
CAL LATtON OF TOTAL STIFFNESS KATR~X 

··································~~f~················ ..........•. 
~~(~~~L~~Kt!~Q.B) GO TO 522 
IS=HP (l ,.KK) 
00 523 KJ=1 6 
IF(MP(L,KJ)!Ea.~} GO TO ~23 
NS::'"IP.{L,I{J) 

.' 

> / 



SMH(IS~NS)=SHM(IS,NS)+T(L,KK,KJ) 
523 CONTINuE 
522 CONTINUE 

37 CO-.,TINUE 
6S~ ~~~K~~l~i~) 

90 CONTINUE 
DO 201 I=1,NX 
ggcffOj) ~S~k~~,J) 

201 CONT NUE 
ZERO=1. E- 06 
CALL INVHAT(CC,100,100,ZERO,IER~,N1) 
00 261 I=1,NX 
00 261 J=l,LX 
JJ=NX+J 
SHH<I1J)=D.O 
00 26 K=1',NX 
SHH(I,J)=SMH(I,J)+SHH(JJ,K)·CCC~,I) 

261 CONTINUE 
00 262 I=l,LX 
00 262 J=1,LX 
JJ=NX+J 
CC(IfJ)=CC(I,J)+S~H(I,K)·SHH(K,JJ) 

262 CONT NUE 
00 2&3 I=l,lX 
II=I+NX 
00 263 J=l,LX 
JJ=J+NX .;;; 
SHHCI,J):SHH(II,JJ)-CCCI,J) 

263 CONTINUE 

~~I¥~~6;6~~~~SHH(I,J),J=1,LX)~ 
WRITE(7~231) (SHHCI,J),J=1,LX) 

264 CONTINUt 
650 FO~~AT(8(lX,E1Q.4),/) 
231 FORHATC8E10.4) 

997 STOP 
ENO 

6400 END OF R~CORO 
&1 92 1f 

108 I 
1 Q 00.0 
2 0 00.0 
3 0 00.0 
't ~ 00.0 
5 ~ 00.0 
6 0 00.0" 
7 0 00.0. 
6 1 21.90~ 
9 3 41.75 

10 5 61.5 
11 7 81.25 
12 <3 101.0 
13 11 120.75 
14 13 140.5 
15 15 160.25 
16 11 1~O.2~ 
17 19 2~~.Z? 
1~ 21 220.25 

.. 

0.0 
0.125 
0.25 
0.375 
0.5 
0.625 
0.75 
0.0 o.() 
0.0 
0.0 
0.0 
0.0 
0.0 

g:~25 
O.2c; 
G.3(7 
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18~ 

19 23 2'+0.25 C' 
20 25 260.2~ 0.625 
21 27 280.25 0.75 
22 29 301.92 0.125 
23 31 321.75 0.125 
2·4 33 3'+1.5 0.125 
25 3S 361.25 0.125 . -' .. 
2& 31 381.0 0.125 
27 39 400.75 0.125 
28 '+1 420.5 0.125 
29 43 "'+D.5 - 0.25 
30 '+5 1+60.5 0.315 
31 47 !t80.5 {).5 
32 49 500.5 0.625 
33 51 520.5 0.75 
34 53 541.9/t D.25 
35 55 561.75 n.25 
36 51 581.5 0.25 
37 59 601.25 0.25 
38 61 621.D 0.25 

~~9 63 640.15 0.25 
- 0 65 660.7:J &.375 
/t1 67 680.75 .5 
42 69 700.75 0.625 
1t-3 71 120.75 (J.75 
'+~ 73 . 741.958 0.375 
45 75 761.75 0.315 
46 77 181.5 0.375 

~ 47 7~ 601.25 0.375 
1+8 81 621.0 0.375 
49 83 841.0 0 • .5 
50 85 S6t.!) 0.625 
51 81 881.0 0.75 
52 89 901.975 0.5 
53 91 921.75 0.5 -
54 \93 941.5 0.5 
55 95 961.25 0.5 
56 97 9&1.25 8. 625 
57 , 99 1001.25 .75 
58 101 1021.982 6.625 I 
59 103 1041.75 !l.625 .j 60 105 10&1.5 0.625 
&1 107 1081.5 0.75 I 1 ~ 15 230000000. 0.3 

2 15 1630000000. 0.3 
~ i 

2 1& 330000000. D.l ~ 

3 16 1730000000. 0.3 I 
3 17 430000000. tl.3 ,. 17 183000000.0. 0.3 

~ 18 5300000'(}0. 0.3 
~ 18 1930000000. (h3 f~, ! 5 19 &30000000. D.3 

6 19 2030000000,. (1.3 
6 20 130.00 OGOO • D.3 
7 20 2'130 0 0 000 Q • 0.3 

15 14 1630000000. C.3 
16 14 2830000000. 0.3 
16, 28 173(}OOOCOO. t.3 
17- 2S r 29300JOCOO. 0.3 
17 29 11J10~!)OC,)J. t.3 

.. 
" , 

" 

• 
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18 29 30300QOCOO. 0.3 
16 30 1930000C;OO. O.~ 19 30 3130000COO. o. 
19 31 203000 00 00. 0.3 
20 31 3230000000. 0.3 
20 32 2130000000. 0.3 
21 32 3330000000. 0.3 
14 13 283000000a. 0.3 
26 13 2730000000. 0.3 
26 27 2930000000. 0 .. 3 
29 27 393000000Q. 0.3 
29 39 3030000000. 0.3 
30 39 4030000000. 0.3 
30 40 3130000000. 0.3 
31 ~O 4130000GOO. 0.3 
31 41 3230000000. 0.3 
32 41 423000 oeOD. 0.3 
32 ~ 3330000000. ". 0.:3 
33 4330000000. . 0.3 

J 13 12 2730000000. 0.3 
27 12 2530000GOO. 0.3 
27 26 3930000COO. {l.3 J 
39 26 3630000COO. 0.3 ; 
39 38 403000000iJ. 0.3 ! 
40 38 4830000000. 0.3 
'+0 48 '+ 130 0 0 0000 • 0.3 
41 48 '+930000000. 0.3 
41 49 423000 O(fOiJ. 0 .. 3 
42 49 5n30000UOIJ. 0.3 
42 50 43300000'00. 0.3 
43 5D 5130000000. 0.3 
12 . 11 2630000~o.D • 0.3 
26 11 2530000000. 0.3 
26 25 3830aOOCOJ. 0.3 
36 25 3730000000. 0.3 
38 37 463000000~. 0.3 
48 37 4730000000. {I.3 
48 '+7 ~938OIlQO{lO. 0.3 
49 47 553 OOOOOD. 0.3 
49 5~O30000000' 0.3 
50 55 5530000000. 0.3 
50 56 5130000000. 0.3 
S1 56 !.l..3.U-OOOOOO. 0.3 
11 10 530000000. 0.3 ! 
25 10 ' 2430DOOOOO. 0.3 -i 25. 24 "3730000000. 0.3 
37 24 3630000000. 0.3 
37 36 4730000000. 0.3 
47 36 4630000000. 0.3 
c..7 46 5530aoocoo. 0.3 
55 46 54300-00000. 0.3 
S5 54 5630000000. 0.3 
55 S'+ 6030000(100. &.3 
56 60 573000000a. 0.3 
57 60' 613Dooa~OD. e.3 
10 <;) 2430000000. 0.3 
24 9 2330000GOO. 0.-3 
24 23 363000.oCOO. D.3 
36 23 .3S3f)nOOCOo. ~.3 
.,~ 

~t;) 35 4Ea.3';OilGC,!lJ • !:.3 



e.6 35 4S30000fJOQ. 
46 . 45 543000000Q. 
51t 45 53300anCOo. 
5~ 53 6030000000. 
60 53 5930000000. 

9 8 23300n 00 00. 
2.a 8 2230000000. 
23 22 35300GOGOO. 
35 22 3430000000. 
35 34 4S300IJOOOB. 
45 34 44-30000000. 
45 44 5330800000. 
53 44 5 23 a 0 0 0 0 00 • 
53 52 5930000000. 
59 52 5830000000. 

108 100 8 

0 .. 3 
0.3 
V.3 
D .. 3 
0.3 
0.3 
0.3 
V.3 
0.3 
0.3 
~.3 
e.3 

. 0.3 
0.3 
0.3 

eDTOT 376 
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APPENDIX E 

COMPUTER PROGRAM FOR THE CALCULkTION 
OF THE STRESSES IN THE FIFTH STEP 

I 
. ! 

.' . 



/ 

~ 
v 

-- --...... 

C ~~+~~.+ •••• ~ ••••••••••••••••••••••••••• + •••••••••••••••••••••••••••••••••• 
c 
C PLANE STRAIN FINITE ELEMENT PRO~RAH BY MASOOO Z. 
C . C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C 
C 
C 'SHM IS THE TOTAL STI~FNESS MATRIX C . 
C BBA TWISE AREA OF ELEMENT 
C 
C NI,NJ,NK NUMBER OF NOOES OF ELEMENT IN ANTICLOCKWISE DIRECTION 
E E'HOOULUS OF ELASTICITY 
C 
C U POSSION RATIO 
C 
C UW SPECIFIC WEIGHT OF ELEMENT 
C 
C ARRWT OWN WEIGHT OF ELEMENT C . 
C T IS ELEMENT STIFFNESS MATRIX 
C , 
C X,V ARE COOROIN~TES OF NODES 
C 
C NN NUMBER OF NODES 
C 
C NE NUHBER OF ELEMENTS 
C 
C NLC NUMBER OF LOAO CASES 
C' . 
C NU NUHBER OF UNKNOWNS 
C 
C 

C 

COHMON SM(S500) ,BBA(68),NI(68),NJC66),NK(88)tE{88)tU(88) 
$}ARR(68)~T(881G'G)tSHH(120!120}IHP(88,&)tX(&U)ty(&u)!EQUV(28,28) 
~OHMON ND(&O,Z),FF'2),S(6Jb),R(~,&),~(16D),SB(ol,FN(3),~PN(3),PC 

$88 & 6) 
WR.fTE(G~ll 

1 FORMAT(1H1!30X,·FINITE ELEMENT ~ROGRAM FOR SOLVING STRESSES ON 
, tCARBIOE TOoL""II) 

REAO(S,3J NN,NE,NlC 
REAO(St3) NU 

3 FORMAT(316) 
WRIlE(614) 

~ FORHATe X,4H NO.~4H NI,4H NJ~~H ~K,5H XI,5H ~XJtSH XK, 
1~H YI,5H YJ~5H YK,18H ~OOE NUMBERS ,6H ~REA,12H 
2 E1GH U,oH UNWT/J 

00 1Y 1=1 NN . 
REAO(S,2)~H!NO(I,1),NO(!J2) ,X(I) ,YtI) 

2 FORMAT(316,zF8.0) 
19 CONTINUE . 

ARRT=O.O 
NB=O 

, 724 
C 

00 11 J=1,NE 
REAO(5,72~)NI(J)lNJ(JJ;NK(J),E(J),U(J) 
FORMAT(3I6,2F12.o) . 

F"'- ..... "........ ' ..... '" ,.-'1. ...... J.n.~~ •• ,"'-.. ........ 

\ 

~ 

co 
\D 



c 
c 

C 
C 
C 

c 
c c 

:;;.. 

CALCULATION OF CODE NUMBEPS 
HP(J,1)=NOCNICJ),1) 
HP(J,2)=NO(~J(4),1) 
MP(J,3)=NO(NKtJ) ,1) 
HP(J,4)=NOCNI(J),l) 
MP(J,S)=NO(NJeJ),2) 
MP(J,o)=NO(NK(J) ,2) 

CALCULATION OF BAND WIDTH 

HAX=Q 
MIN=3000 

"-

00 27 II=1,6 
IF(M~(J,II).EQ.O) GO TO 27 
IFCHPeJ,II)-HAX) 28,28,29 

29 HAX=HPeJ II) 
28 IF(I1P{J,iU-tUN) 30,27,27 
30 HI.N=HP (J, II) 
27 CONTINUE 

NB1=HAX-HIN 
IF(N81.GT.NB) NB=NB1 
00 lS 11=116 
0015 JJ=116 
P (JtI ~.I.:lJ 1 ~G. 0 

15· CON ;r:.~ 

CALCULATION OF ELEMENT SlIFFNES~ MATRIX , ~ 
XI~X(NI(J» ~ , 
XJ=X (NJ (J» 
XK= X ( NK ( J) ) 

\
YI=YlNI(J) » 
YJ=Y(NJ(J» 
YK=Y(NK(J» 
peJ,l,l)=XJ·YK-XK·YJ p 
P(J,1,Z)=XK·YI-Xt4 YK 
P(J,1,3)=Xr 4 YJ-XJ·YI 
P ( J, 2 , 1) ': Y J ... y K 
peJ,Z,Z)=YK-YI 
PlJ,2,3)=Yt-YJ 
P(J,3,l'=XK-XJ 
PCJ,3,2)=XI-XK 
P(J,3,3)=XJ-XI 
PCJf4,4>=peJ,1!1) t 
peJI~JS>=PCJ! 2) , 

P(J,'t,b)=P(J, ,~) 1 
peJ,S,4)=PCJ,2,1) ~ 
peJt5,S)=P(J,Z,Z) 
P(J,5,6>=peJ,z,J) 
peJ,6,4):P(J,3,l) 
PCJ,6,S)=P(J,3,2) , 
peJ,6 6)=peJ~3J3) 
BBA(JJ=(CXI-xJ ·(YI-YK)-(XI-XK)~(YI-YJ)} 
ARR{J)=ABSCBBA(J)/2.) 
WRITE(6,31JJ1NI(J).1NJ(J) ,NK(J) ,XI,XJ,XK,YI,YJ,YK, eHP(J,I) ,1=1,6), 

'! A R R ( J) ,t:. ( J) t U ( J) 
31 I ,~Ij' 1X,f.tI4,6f'7.S,613,1F6.6,1El0.3,1F6.3) 
11 I . 'E 

, 1 , 
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WRITE(Ot 34 )NN,NE,NB 
3~ FORHAT(lH~~3X114H~0 OF NODES IS,I4,3X,17HNO OF ELEMENTS IS~I4,3X,1 

18HHALF BANu WIDTH IS,I4/) 
NV=NB4NU 
DO 7 IG=l,NU 
f(1G)=Q~O 

1 CONTINUE 
NB1=NB -1 
DO 90 NI S=1., NlC 
00 888 JJ=1,120 
00 888 II=1112LJ 

. SHH(JJ~lI):U.O 
886 CONTINuE 

DO 37 L=1 t NE 
WRITE(6 061) L 

&61 tO~HAT(}11,4 STIFFNESS MATRIX "FOR ELEHENT ·,16,1/) 
00 16 I1=1,6 
00 1& JJ=1,& 
SCI1 1 JJ)=O.O 

16 COtHINUE 
EU=E(L)/(e1.+U(L»·(1.-2. 4 U(L») 
S(2,2)=EU·'1.-U(L» 
S ( 2, I» = E U. U ( U 
S(3,3)=EU·,1.-2.·UCL)}/2 • 

. S (3 , 5) = S [3, 3 ) 
S (5,3) =S (3,3) 
5(5,5)=S(3,3) 
S(6,2)=5(2,6) 
5 (I) lO·J = S ( 2. , 2 ) 
('0 c1 JA=1,& 
DO 21 rA=1,6 
R(JA1lA)=O.O 
00 2 ~K=1, 6 
ReJA 1 IA1=RIJA,IA)+S(JA,KK)·P(L,KK,IA) 

21 CONT1NUE 
00 22 JJ~1,& 
00 Z2 11=1,0. 

• 

·l(LI JJ ,.II)=O.O 
00 ~2 )C\K=1,6 
T(LtJJ1.Il)=T(L,JJ,II)+P(L,KKJJJ).R(KK,II)/(~.·ARR(L» 

22 CON INuE 
00 641 JJ=1,6 
WRITE(61 642J (TCL,JJ,II) ,II=1,~) 
CONTINUE 
FOP.HAT(1X,6E10.Z) ... 

'041 
&Lt2 

C 
C •• ~ •••••••••••••••••••• 4 •••••••••• ~~ •••••• ~ ••• 4 •••••• ' ••••••••••• , •••••••• 

C 
C 
C 

'g 

523 

CALCULATION OF TOTAL STIFFNESS MATRIX 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• ~, •• +., •• 
00 522 KK=1,o 
IFCMPCL,KK).EQ.O) GO TO ~22 
IS=HPCL,.KIO 
00 523 )C\J=1,6 
IF(HP(L,KJ) .EO.O) GO TO 523 
NS=HP CL,.KJl 
SH~(IS,.NS)=SHH(IS,NS)+T(L,KK,KJ) 
CONTINuE 

~ .. --... ... _~ __ .... ..... ____ ~-.... ... _ ... _ .... _-....~_ .... __ ... _...-_"""-' ..... _-----. ..... _ ..... _ .. ~ ...... .......-- '-___ ~ •• """ __ J." __ L ........ ___ _ 
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~e2 CONTINUE 
37 CONTINUE 

00 271 1=1t28 
REAOE5~272J(EQUV(I,J},J=1,28) 

271 CONTINuE 
272 FO~MATe8E10.4) 

00 273 1=1,28 . 
00 213 J=1~2a . 
SMH(I~J)=SMM(I,J)+EQUV(I,J) 

273 CONTINUE 
WRITE (6 (54) 

651+ 'FORHAT(IHU 
00 36 KI(=1,50ao 
SH(KK'=O.O 

36 CONTINUE 
NBB=NB . 
00 5555 I=1,NU 
00 5556 J=I,N8B ' 
IF(1-1) 151,151,152 

152 NA ~I-1 
K= NA4NB+J-NA 
GO TO 153 

151 K=J 
153 SH(K)= SHHeJ,I) 

555& CONTINUE 
NBB= N88+1 

. 5555 COnTINUE 
,WRITE (f) 92) HIS 

92 FO~HAT(lx,30HNOOAL LOAOS FOR LOAD 
$X FORCE Y FO~CE/) 

READ(S,31NNL 
00 ~7 J=1,NNL . 
READC5,48JJNU,FF(1),FF(2) 
00 58 L=1,2 IF(H (JNU,Ll.£Q.Ol GO To SO 
IK=NOeJNU,.U 
FcIK)=F(IK)+FF(L) 

50 CONTINUE 
~1 CONTINUE . 

00 93 11=1 NN ' 
IF(NO(II,1J.NE.O) GO TO 94 
FX=O.O 
GO TO 95 

9lt IK=NO(II,1) 
FX=F (110 

9S .cONTINUE 
IFCNDII,2»NE)O) GO TO 96 
FY=O.O 
GO TO 97 

<)6' lK=NOCII,2) 
FY=F UfO 

97 CONTINUE 
~RITE(6 98)II,FX FY 

98 FO~HAT(lx,116,ZF11t1) 
93 CONTINUE • c 

C CALCULATION OF DISPLACEMENT 
C 

OET::1.E-8 
CALL 8ANO{SM,F,NU,NB,1,OET) 

--

r), , 
). 
3" J.~ ....... 

C~SE NO.,I~111X,30HNOOE NO. 

/"" 
4,-Y 
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\0 
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c 
C 
C 

CP 

IF' (0 En 5 &.1 5 71 58 
~6 WRITE(& 5~)OET 
~9 FORHATCix,34HHATRIX SH IS NOT POSITIVr-OEFINITE/&H DET= ,E15.7) 

GO TO 997 
S7 WRITE(6 60)OET 
EO FOR~AT(lXt19HOETERHINANT IS ZERJ/&H OET= ,E1S.7) 

GO TO 997 .. 
:-8 CONTINUE 

00 3336 KKL=1,5000 
SH (KKL) =0.0 

33~6 CONTINUE 
WRITE (6 121> NIS 

121 FO~HAT(IH1,1X~38HNOOAL DISPLACEMENTS FOR LOAD CASE NO.,I4111X,40 
$HNODE NO. x DEFLEeTION Y DEFLECTION/) 

00 61 K=11NN --' 
IF(NOCK,lJ.NE.O) GO TO 62 
DX=G.O 
GO TO 63 

t 2 IK=NO (K 1 i> 
OX=F'CIKJ 

E3 CONTINUE 
IF'(NO(K,2).NE.Q) GO TO 64 
OY=O.O 
GO TO 67 

E,ft II(:NO(K,2) 
OY=F (II< 

€:7 SIo1(K)=DX 
SMCI{+$OO)=OY 
~RITE(6 65)1( OX OY 

65 F'ORMATClx,1I~,2t1PE1&.5» 
~1 CONTINUE 

CALCULATION OF' STRAINS AND STRESS FOR ELEMENTS 

WRITfC61132'N'IS 
132 FO~HAT( Hl,lX,47HELEHENT STRAINS AND STRESSES FOR LOAD CADE NO.,I4 

1//) 
WRITE (& 177> 

777 F'0~MAT(!X,3HNO'14X!8HX STRAINt4X~8HY STRAIN,3X,9HXY STRAIN,6X,8HX 
lST~ESS,8X,6HY STRESS,7X,9HXY ~T~~SS/) 

00 6a L::l1NE 
00 69 JJ= ,6 
SS(JJ)=O.O 
LL=HP (L JJ) 
IF'(LL.Eb.O) GO TO 69 
SBCJJ)=FCLU 

&9 CONTINUE 
RS=(SB(1).P(L,2 t 1)+S8(2).P(L,2 Z)+SB(3)·P(L 2~3»/aBA(L) 
SHS=(S8(1).P(Lt311)+SB(2).P(Ll!t2)+SB(3)¥p(l,3,3)+SB(~)'PCL,2,1)+ 

$ SB(5)·PCL,z z)+SB{6)·P(l,z,6»/BBACL) 
VS=(SB(4).P(L~3;1)+SB(5).P(L,3,2)+S8(6)·PCL,3,l»/BBACL) 
EU=E C L) I C Ci. +u C L ) ) '( 1. -2.' U (L) I) 
SIGR=EU' «1.-U(L»'RS+U(l)·VS) 
SIGS=EU'C«1.-2.'UCL»/2.)·SHS) 
SIGV=EU¥{U(L)'RS+(l.-UCL»·VS) 
WRITE(6181) L~RS,VS~SHS,SIGR ,SIGV ,SIGS 

81 FORHAT( X,I3,3t.12.3,.sE16.6) 
C . 
C CALCULATION OF STRESS AT NODES 
C 

'\ 

..... 
'.0 
~ 



.. ' 

NPN(l>=NI(L) 
NPN(2)=NJ(Ll 
NPPH3)=NK (l) 
FN( 1}=S IGR 
FN(2)=SIGV 
FN ( 3 ) ::; S I G S . 
00 75 NHH=1 ,,3 
IEC=1Q·NPN(NHH)-~+1QOO 
S~(IEC)=SH(IEC).1. 
00 75 HNN=1,3 
ICC=IEC+MNN 
SMCICC)=SH(ICC)+FNCHNN) 

75 CONTINUE 
68 cmnntUe: 

WUTE(61144) NIS 
14~ rORHAT( H1,1X,33HNOOAl STRESSES FOR LOAD CASE NO.,I411) 

WRITE (G, 1442) 
$11HMAX. STRESS,5X1.11HHIN. STRESS,2X~14HHAX.S. STRESS18X14HOIR.//) 

1442 FORHAT(1X,3HNO.,8x,8HX STRESS,8X,8HT STRESS,7X,9HXV ~TR~SS,5X, 
00 16 KKZ=11NN 
IOC=10·KKZ-~+10aD 
SIGNR=SH(IOC+l)/S~(IOC) . 
SIGNV:SM(IOC+2)/SH(IOC) 
SrGNS=SH(IOC+J)/S~(IOC) 

• 'If 

STKAX=.5.«SIGNR+SIGNV)+SQRT«SIGNR-SIGNV) •• 2+4 •• SIGNS··2» 
STHIN=.5.j(SIGNR+S!GNV)-SQRT«SIGNR-SIGNV) •• 2+~ •• StGNS··2» . 
SSHN=.5·(STHAX-ST~IN) . 
R£SN=ABSfSTHAX-STHIN) 
If(RESM.GT.O.001) GO TO 141 
OIRRN=999. 
GO TO 142· ~ 

1!t 1 OIRN=A.T MIZ (2 •• SIGNS, SIGNR-SIGNV) 
DIRRN=(.S/.0114533)·DIRN 

142 HRITE(&f83)KKZ~SlGNR,SIGNV,SIGNS,SrHAX,STKIN,SSKN,OIRRN 
WPITE(1 54)STKAx . 
WRITE(7:84)STHIN 
WRITEC? 84)SSH~ 

84 FORHAT(ilG.Gl 
e3 FORHATC1X,I311E1G.6) 

~8 fORHATCIG,2F 0.0) 
76 CONTINUE 
90 CONTINUE 

9C17 STOP 
Et.lO • 
SUBROUTINE BANOCA,S,N,H,LT,OET) 
DIMENSION A(1),B(1) 
Kt-t=K-1 
~t4=N·H 
NM1=NH-HH 
IF CLT.t.lE'1) GO 10 55 
KP=H+1 
KJ(=~ 
FAC=OET 

-A(1)=1./SQRTCA(1» 
BIGL=A(1) 
,StolL =A (1) 

fJ 

,A (2) = A (2) • A (1) 
ACHP)=1./SQ~T{~{MP)~A(2)·A(2» 
IF(ACHP).GT.BtGL)BIGL=ACHP) 
IFCA(HP),LT.SHL)SML=ACHP) 

BNOF0010 
BNOFgOZO 
BNDF 030 
BNOFOOItO 
BNOF(J050 
BNOF0060 
BNOFDG7D 
BNOF00811 
BNDF0090 
BNOF0100 
BNOF0110 
BNDF0120 
BHOFO 130 
8NOF0140 
BNOF0150 
BNDF0160 

.... 
'-0 
~ 

\~" , 



1 

2 

64 
6S 

66 

7 
5 
6 

4 
61-

99 

MP=MP+lo1 . 
00 &2 ~=MP,NM1,H 
JP=J-MH 
HlC=O 
IF(KK.GE.H) GO TO 1 
Kt<=J<K+l 
II=l 
JC=l 
GO TO 2 
KK=KK+H 
II=KK-HH 
JC=KK-l11'f 
00 &S I=KK,JP HM 
IF(A(I)!EQ.o.fGO TO 64 
0.0 TO 60 
JC=JC+H 
HZC=MZC+l 
ASUH1=D. 
GO TO 61 
MMZC=HM·HZC 
Il=II+KZC 
KH=KK+HHZC 
A(KM)=A(KH}4AeJC) 
IF(KM.GE.JP'GO TO 6 
KJ=KH+I11" 
00 5 I=KJ,JP,HH 
ASUM2=Q. 
1 H=I-~1'1 
11=11+1 
KI=II+MHZC 
00 7 K=KM,.IH, MH 
ASUH2=ASUM2+A(KI)·ACK) 
KI=KI+HH 
ACI)=(A(I)-ASUH2)4ACKI) 
CONTINUE 
ASUt.fl=O. 
(\0 4 K=KH,.JPtHH 
ASUM1=ASUM1+A(K)4ACK) 
S;:A(J)-ASUHl 
IF( S. LT. 0 .) OE".= S 
IF(S.EQ.O.)OET=O. 
IFCS.GT.O.)GO TO 63 
NROW=(J+HH1/H 

'I 

~RITE(6199) NROW 
FORHAT(~5HOERROR CO~OITION 
RETURN 

ENCOJNTEREO IN ROW,IG) 

c3 A(J)=l./SQRT(S) 
IF(A(J).GT.8IGL)BIG~=A(J) 
IF(A(J).LT.SHL)SHL=A(J) 

62 CONTINUE 
IF(SML.lE.FAC.SIGl) GO TO 54 
GO TO 53 

54 OEr=O. 

~3 S; 
RETURN .-
OET= SHL/BIGl 
8(1)=SC1)--A(1) 
KK=l 
1<1=1 
J=l 
DO 8 L=2,N 
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q"'OF"1l1?() 
3NOF0180 
trnf}~01qQ 
BNOFCZOO 
f\NO~0210 
3NOF'D 220 
BNOFQ2JO 
BND~O 2~(I 
RNOFG2S0 
B~OF'O 2&0 
RNOF'0270 
aNDFO 280 
FJNOrCZqc 
BNOFl}1 0 C 
SNOF'U 310 
BHOF0320 
BNDrD 330 
BNOFQ3~O 
RNOF03S0 
BNOF&36C 
BNOFt'370 
BNOF'(''38C 
BNOFQ3QC 
8NOFCttOC 
BNOFO!tl0 
BNOFO'+2f 
BNOFOlt3C 
BNOFCItl.O 
BNOFOftSC 
BNOFt4&O 
BNOF"tlt7C 
9NOn'lt8 C 
BNOF'490 
BNOFC50[1 
BNOF"C510 
9NOFC;?C 
BNOF"C;30 
BNOFCSC.C 
BNorC550 
BNOFC5&C 
BNCF"tS7C 
BNOFtS8C 
BNOFC;9C 
BNOF"O&OC 
BNOF('olC 
BNOF062C 
BNOFC;3C 
BNOF3&C.C 
9NOFt&5C 
BNOF-"C&6t 
BNOF"tl&7C 
BNOF"O&80 
BNOFC690 
BNOF070C 
9NOFC7Hl 
BNOF0720 
8Ntll='0730 
BNOF0740 
BNOI='£750 
BtiD~C760 

,-

~ 

\0 
U'I 



) 8SUH1=O. BNDF0770 
LH=L.-1 BNOF0180 
J=J+H SNO~07CJO 
rFCKK.GE.H) GO TO 12 BNOFGaOO 
KK=KK+1 BNOFO&10 
GO TO 13 BNOF'gS20 

12 KK=KI(+H SNDF &30 
K1=K1+1 BNOFOS'+O 

13 JK=KK BNDF08S0 
DO 9 K=K1~LH BNOF8 46O 
BSUM1=BSU 1+AeJK)4B{K) BNDF '10 
JK:JI(+KH ' SNOF0880 

9 CONTINUE BNOF0693 
8 BCL):(B(L)-9SUK1)4AeJ) BNOF090 

" SCN)=BCN)·ACNH1) BNOF0910 
NHK=NH1 BNDF092U 
NN=N-l BNDF093Q 
NO=N BNDF09~O 
DO 10 L=1,NN SNOF09 0 
85UH2=0. BNDFD960 
NL=N-L BNOF0970 
NL1=N-L+1 8NOF0980 
NHli=NHH-H BNOF0990 
NJ1=NHK BNOF10nO 
IF L.GE.H) NO=NO-l BNDF1010 
DO 11 K=NL1, NO BNDF10Z0 
NJ1=NJ1+1 

I 
BNOF1030 

SSUH2=SSUH2+ACNJ1)·S(J() BNOF1040 
11 CONTINUE BNDF1050 
10 S(~L)=(B(NL)-BSUH2)·A(NHH) .SHOF10GO 

RE URN SNOF1010 
END BNOF1080 

t. &400 END OF RECORD 
Gil 88 1 

120 
1 1 2.04r.68 .0 
2 3 4.04297 .0 
3 5 . 6.03906 .0 
4 7 6.03S1E .0 

t~ 9 10.03124 .0 
11 12. Q2133 .0 

. 7 13 14.02343 .0 ... 
8 15 16.01951 .0 
9 17 18.01562 .0 

10 19 20.01171S .0 
11 21 22.00181 .0 
12 23 24.00391 .0 
13 26 lE).00391 .00781 
14 27 28.00391 .01562 
15 29 30.0-0391 .00391 
16 31 32.00391 .011115 
17 33 3~.OO7a1 .00391 
18 35 3 .04SZ3 .06391 -19 37 38.0lt297 .OS391 <a 
20 39 40.03906 .0 391 0-

21 41 S. 2. 03S1S .00391 
22 43 44.03124 .00391 
23 itS 4&.8 2733 .00391 
24 47 r.·8. 2343 .00391 
25 49 50.01951 .00391 

I ~----... ,-~\_-~ .. . .,... .. ~ -.... ""' ................. -~ ........ ""' ....... -----...... ,.....,--, ... "-.. "'.,--.-------......... -........... ""' ................. -....-----' "-~---~--~ - "" ---- -



26 51 52.01S&2 .00391 ,,", 
27 51 54.011715 .00391 
26 55 56.00761 .00761 
29 57 58.00781 .011715 
30 59 &0.00781 • a 15&2 
31 61 &2.011715 .00781 
32 &3 b~.D11715 .011715 
33 65 tt&.D4578 .00761 
14 ~~ b8.01t2<H .00781 
35 '7~ to.0390E: .00761 
36 2.03515 .00781 
37 73 74.03124 .00781 
38 75 76.02733 .00781 
39 77 7a.D2343 .Og781 
ItO 79 60.01951 .0 781 
41 61 82.Q15&2 .00781 
'+2 83 6ft.015&2 .011715 
43 65 86. 0 11 71 5 • 0 1562 
4ft 67 86.015&2 • {) 1562 
45 69 90.01951 .011715 
46 91 92.04633 .011715 
47 93 94.04297 .01t715 
48 95 9&.03906 .011715 
49 97 98.03515 .011715 
50 99 100.1)3124 .011715 
51 101 '-102,02733 .011715 
52 103 104"(}Z3~3 • 0 11715-
~3 105 10&.01951 .015&2 
S4 107 108. (] Z343 .01562 
S5 109 110.02733 .015&2 
56 111 112.0312" .015&2 , 
57 113 114.tl35tS • C 15&2 
58 115 11&.03gaE .01562 
S9 117 118.0ft297 .01562 
60 119 120.04686 .01562 
12 11 1575000000. .283 
15 11 1775l0000D. .283 
15 17 1315QQO(iQQ. .2&3 
13 17 2875400000. .2B3 
13 28 1615000000 If .283 
1& 28 lCJ75000000. .283 
1& 2CJ 14158°0°8°. .2~3 
llt 29 3015 000 O. .283 
11 1Q 1175 Q 0 0 0 0 0 • .283 
17 10 2 7750 0 0 0 0 a • .263 
17 27 2875000000. .263 

'26 27 3175000000. .2S3 
28 31 - 2975000000. .283 
29 31 3275000000. .283 
29 32 3075000COO. .283 
30 32 4375000000. .283 
10 9 2775000(00. .283 ...... 
27 q 2675000000. .283 'CI 

27 2& 311500000Q. .283 
'-l 

31 2& 4175000000. .283 
31 41 3215000000. .2&3 

~~ 41 4275000000. .283 
42 4375DOOOOO. .283 

It) 42 4475000&00. .283 • 9 8 2&75000(;00. .283 



:.. 

2(, 8 2575000003. .Z63 
26 2r; 1t17;OOOOO~ • .283 
'+1 215 "07£;00000:1. .283 
'+1 Ita 427130000011. .28 'J 
'+2 40 457r;lJOOOOO. .28] 
42 '+5 44750')Og08 • .2~3 
44 45 537~HJOO 0 • .283 

6 7 2575000000. .283 
25 7 l475000000. .283 
25 2'" 4075000000. .283 
40 24 ,3Q7500aooo. .283 
ltD 3q 45750DO(00. .283 
4!' 3q 5275QOOOOQ. .283 
1t5 52 ~J750nOOOD. .26J 
53 52 5475000&00. .2~1 

·7 6 ?47;ODOcgO. .283 
24 6 237~OOOt O. .283 

,- 24 23 3975000'000. .l83 
/ 3C3 23 387500000D. .283 

( 39 38 52750gofo ll • .l63 
52· 3& 517r::O 0 00. .283 

\'fE 51 547~OOOOOll. .283 
51 55750001)00. .283 

z~ S l37S000COO. .le3 
5 22750000 00. .283 

23 22 3875000000. .2e3 
38 22 377S.o00COO. .2e3 
38 37 ~175000000. .2el 
51 37 5075000COO. .le3 
~1 50 SS15000COO. • le3 
55 50 ..5 67§O 0 DC 00. .263 

5 ,. 221 Dooeoo. .263 
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