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Analysis of the Machining Process of Sintered Bronze 

Ki-Ju Kang and N. A. Fleck 
(Received November 27, 1995) 

The machining process observed during orthogonal cutting tests for sintered bronze of l 1%, 

23% and 33% porosity is analyzed. Each step of the machining process, that is, compaction due 

to the indentation by a cutting tool, the shear local to the tip of the tool and the fracture near 

the chip root are simulated by a mechanical model based on classical theories of indentation, 

mackining and fracture. The presented models make it possible to predict the several behaviors 

of the machining, such as the types of chip formation, maximum cutting pressure and chip wave 

length. Good agreement between the experimental results and the predictions is found. 
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1. Introduct ion 

Recently sintered materials are widely used as 

machine parts and structural members. Sintered 

metals are useful for mass production of precision 

components of complex shape. Ultra hard and 
high tough machine tools and oil-less bearings are 

the typical examples. Engineering ceramics are 

also manufactured by sintering and their high 

hardness; and heat-resistibility make them ones of 

most promising engineeing materials. As increas- 

ing use of tile sintered materials, their machining 

becomes an important subject. Because of the 

porosity, it shows unique characteristics different 

from fully dense materials. 
Authors have reported some test results of 

orthogoaal machining for sintered bronze (Fleck 

et al., 1996). The dependence of the cutting 

mechanism and cutting force upon the initial 

porosity of the bronze, the depth of cut and the 

rake angle of the tool was investigated. It was 

shown that machining of the sintered bronze is 

composed of three processes, that is, compaction 
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due to indentation by tool, shear local to tip of 

the tool, and fracture near the chip root. Relative 

dominance among the processes seems to deter- 

mine types of chip formation, such as continuous 

or discontinuous chip. 

In this papar, the each process of machining of 

the sintered bronze is mechanically analyzed. 

Several phenomena observed in the experiments 

are explained theoretically. The results are expect- 

ed to be applicable to machining of any sintered 

or porous materials, for examples, ceramics, rocks 

and concretes. 

2. Exper imenta l  Results  

Spherical bronze powder of diameter 50_+ 10//. 

m was pressureless sintered in a vacuum furnace 

for one hour. The final porosity, f was controlled 

at 33%, 23% and 11%, by setting the sintering 

temperature at 750~ 800~ and 850~ respec- 

tively. Figure I shows the stress-strain curves. The 

mechanical properties are summarized in Table 1. 

Only for f =  33%, somewhat significant difference 

was observed between the compressive yield stress 

o'~c and tensile yield stress #yt as 55MPa versus 

34MPa. The fracture toughness Kc was measured 

using a 3-point bend r ig:  it was found that the 

values are typical for sintered bronzes. 

The specimens were machined using a specially 
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Table I Mechanical properties of porous bronze specimens 
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Porosity, 
/ 

33% 

23% 

11% 

H,. 

22.7 

34.0 

62,9 

(GPa) (MPa) (MPa) 

19 34 55 

87 95 

80 142 140 

Kr 
(M Pa./'m) 

1,5 

8.9 

16.5 

Fig. 1 Uniaxial true stress versus ture strain 
response for the sintered bronze, at f-11~ 
and f~:~- 33% 

designed machining rig mounted in a screw 

driven test machine, as shown in Fig. 2 Cutting 

force F,  transverse force T and tool displacement 

l, were measured simultaneously. 

Figure 3 shows typical variation of cutting 

pressure, i.e. l v normalized by depth of cut d and 

thickness of specimen t plotted as against tool 

displacement c,. During the continuous chip for- 

mation the cutting force asymptotes to a steady 

state with increasing tool displacement as indicat- 

ed by the upper two lines in Fig. 3. But during a 

discontinuous chip lbrmation the cutting force 

fluctuates with a constant wave length as indicat- 

ed by the lowest line. Experimental results for the 

tool of the rake angle 45" are summarized in 

Table 2, where wave length A--0 means the ccia- 

tinuous chip tormation. Optical and scanning 

Fig. 2 Schematic diagram of machining rig and 

specimen 

Fig. 3 Obseved normal cutting pressure F/td and 
transverse cutting pressure T/td plotted 
against tool displacement t,, for a cutting 
depth of 0.4mm and porosities in the range of 
I 1% to 33%0 
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Table 2 Cutting test results 

d ( m m )  

A(mm) 

F~x (MPa) 
td 

f=33% 

0.2 <1 ,.012.2 
188 132 110 81 [ 66 

electro-microscopies for the cutting process 

showed that the continuous chip forms by 

compaction due to indentation of  cutting edge 

followed by shear in a diffuse zone emanating 

from the tip of  the tool. The discontinuous chip 

forms by repetition of compaction followed by 

fracture, i.e. crack growth from the tip of  the tool 

towards the free surface of the chip. For  details of 

the experiments and the results, see the reference 

(Fleck et al., 1996). 

3. Theoretical Analysis 

As mentioned above the cutting of the sintered 

bronze is composed of three processes, that is, 

compaction due to the indentation by cutting 

edge, the shear and the fracture near the chip root. 

Each process is analyzed using a model as fol- 

lows. 

3.1 Compaction due to indentation by the 
cutting edge 

In early stage of  machining the indentation by 

the cutting edge compacts the material, that is, the 

porosity local to the cutting edge is reduced. 

Fleck et al. (1992) showed that even for porous 

solids the indentation pressure using a Vickers 

pyramidal  indenter is represented by 

A F =  (1) kayc 

where k is a constant given by the initial porosity 

and weakly dependent upon the indenter angle. A 

is the projected area of the indentation and aye is 

the compressive yield stress. Figure 4 shows the 

schematic diagram for the indentation by the 

cutter tip. The projected area A for this machin- 

ing is represented as 

A = t v t a n ( 9 0  ~ a) 

f=23% 

0.21 0.42 1.0 75 

0 0 4.0 0 

/=it% 

0.33 0.52 1.17 

0 0 5 

2.21 

8 
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where t is the specimen thickness, v is the tool 

displacement and c~ is the tool rake angle. There- 

fore, from the Eq. (1), the cutting pressure due to 

the indentation is represented by 

F F A - k a y ~  t a n ( 9 0 ~  
td  - A td  d v (2) 

The cutting pressure F / l d  is proportional to v 

and inversely proport ional  to d. 

3.2 Steady-state shear 
After the compaction due to the indentation 

proceeds to a certain extent, some of the material 

slides over the rake face of tool to form chip while 

most of the plastic deformation, i.e. shear takes 

place in a diffuse zone emanating from the tip of 

the tool. We assume classical machining theory to 

be applicable. According to the theory (Oxley, 

1989) the cutting and transverse pressure are 

given by 

F cos ( ~ -  a) 
t d  - r~ 95cos (95 + fl - a) 

Fig. 4 Geometry of a specimen and the cutting tool 
during initial indentation 
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Table 3 Flow stresses and cutting pressure for steady state shearing 
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Porosity, 
c~y~,(M Pa) c~o(MPa) F/td(MPa) 

/ 

33% 55 400 486 

23% 95 500 608 

I 1% 140 750 910 

T - s i n  (/3 - a) (3) 
O =  ro sin r ( ~b + f l - -  a) 

where the friction angle fl-:tan-~/~, r0 is the shear 

flow stress and ~ is the shear angle, which is 

typically given as (Oxley, 1989) 

= C , -  C~ (~ - a )  

where C~=45~ 1 0 -  15 ~ 0.5<_ C2_< 1. We assume 

that q~ is given as the mean, i.e. 

q~:45~ (~- -  a) (4) 

From the Eq. (3) the friction factor is represented 

by 

T . . . .  + t a n a  
F 

/~ =tanr  1 +-mtana)~ 

The results of this machining experiments showed 

that for the rake angle a = 4 5  ~ 

T .  -0 .05  

regardless of the porosity of the material or the 

Fig. 5 Geometry of a specimen and the cutting tool 
during steady state shear 

existence of tool relief. Consequently the friction 

factor for a = 4 5  ~ is f t : : l .105,  so that from the 

Eqs. (3) and (4) 

~b--_42.853 o 

F =2.106 ro (5) 
td 

The shear flow stress ro is likely bigger than the 

initial yield stress because the material is signifi- 

cantly hardened, as shown in Fig. 1, during the 

initial compaction followed by shearing. The ro is 

estimated as follows; according to the classical 

machining theory, the shear strain ?, during the 

continuous chip formation is given by 

) '=  cosr + t a n  (qS- a) 

Substituting ~b=42.853 ~ and ff=:45 ~ into this 

equation, the shear strain 7--1.0404 is obtained. 

Assuming Mises material and the', state of pure 

shear, the equivalent stress Oo is read from Fig. 1 

corresponding to Eo 5 = 0 . 6 0 1 0 .  Then the 

shear flow stress ro is obtained from the relation 

r o : = ~  for the state of  pure shear. Substituting 
V J  

into the Eq. (5), the cutting pressure due to the 

steady-state shear is obtained. Table 3 shows the 

compressive yield stress aye, the equivalent stress 

6o and the cutting pressure F / M  for each poros- 

ity f .  

3.3 Fracture  near  the  chip root 

If the stress local to the tool is over a certain 

limit, a crack develops from the tip and grows 

towards the free surface of the chip. We assume 

elastic-brittle behavior. The geometry and loading 

is simulated by a subsurface short crack subject to 
uniform edge compression as shown in Fig. 6. 

According to Thouless et al. (1987) the stress 
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Fig. 6 Idealization of geometry/load of a specimen 
being machined by a tip of the cutting tool 

intensity factor I(z is given by 

: 0 . 3 6  F ~,~- (6) K, 

On identifying f f - -K1c and crack length ce:-~,, 

the cutting pressure the on the fracture is esti- 

mated to be 

F _. A'Jc (7) 
dt 0.36v'~' 

Fig. 7 Variation of cutting pressure against tool 
displacement due to the each process, i.e.. 
indentation, fracture and steady state shear 
(dimension) (dimension) 

4. E s t i m a t i o n  of  the Cut t ing  Behavior  

Figure 7 shows a schematic diagram of rela- 

tions between the tool displacement and the cut- 

ting pressure for indentation, the steady-state 

shear and the fracture which are represented by 

the Eqs. (2), (5) and (7), respectively. At the point 

p in the figure the cutting pressure for the inden- 

tation is equal to the one for the fracture, while at 

the point Q the cutting pressure for the indenta- 

tion is equal to the one for the steady-state shear. 

If the p is lower than the O as shown in Fig. 7, 

the indentation is followed by the fracture, which 

results in the discontinuous chip formation. 

Otherwise, that is, if the P is higher than the Q, 

the shear occurs after the indentation, which 

results in the continuous chip formation. 

Combining the Eqs. (2) and (7), the critical 

tool displacement v,. corresponding to the point 

O is obtained as 

0.36k~,ctan (90 ~  o:) d (8) 

where ~=45  ~ and k = 3  for fully dense metals and 

even porous metals o fup to  30% porosity (Fleck et 

al., 1992). l f the  material and geometry are given, 

the critical tool displacement v~ is obtained as a 

Fig. 8 Variation of wave length of chip formation 
against cutting depth for the specimens of 
various porosities f .  Symbols (~, L\, ~-] repre- 
sent experimental results for f--38%, 23%, 
11%, respectively, and lines represent the 
results estimated using Eq. (8). 

function of the depth of  cut d using the Eq. (8). 

Because the wave length of  the cutting force ,~ is 

about 2 times vc as shown in Fig. 3, the Eq. (8) 

gives estimation of  the ,4 during the discontinuous 

chip formation. Figure 8 shows the plot of,4-d for 

the specimens of  various porosities f .  Here the 

symbols (~), ~ ,  ~ represent the experimental 

results for f=33%,  23%, 11%, respectively, and the 

lines represent the results estimated using the Eq. 

(8) The results with ,4=0 mean the continuous 
chip formation, so the Eq. (8) is not applicable. 

In the case of discontinuous chip formation, i. e. 

,420, the estimated results agree well with the 
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Variation of non-dimensional cutting pres- 
sure against cutting depth normalized by the 
plastic zone size d/rp for (a) f : 3 3 % ,  ( b ) f =  
23%, (c) f 11%, respectively. Symbols �9 
and @ represent experimental resuhs during 
continuous and discontinuous chip forma- 
tion, respectively. Solid lines represent the 
ones estimated from Eq. (2) with Eq. (8) 
while dashed lines represent the ones esti- 
mated from Eq. (5) 
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experimental ones considering the approxima- 

tions involved. 

Substituting the obtained vc to the Eq. (2), the 

corresponding cutting pressure P;na:,//d is calcu- 

lated. Figs. 9(a) - - (c)  show the non-dimensional 

plots of I"m,~• versus d/r~ for f - 3 3 % ,  f =  
23%, f= :  11%, respectively, where r~ is the plane 

strain plastic zone size at the onset of brittle 

fracture, i,e. 

y ~ 3 1 z r ( / G ~ c )  2 

Here the solid and open circles represent the 

experimental results during the continuous and 

discontinuous chip formation, respectively. And 

the solid lines represent the ones estimated from 

the Eqs. (2) with (8) lbr the discontinuous chip, i. 

e. corresponding to the indentation-tYacture sys- 

tem while the dashed lines represent the ones 

estimated from the Eq. (5) for the continuous 

chip, i.e. corresponding to the indentation-shear 

system. At the point M in Figs. 9 ( a )~ (c )  the 

cutting pressure for the both systems is identical, 

so that M gives the critical depth of cut. If the 

depth of cut is bigger than the critical value 

corresponding to M, the cutting pressure for 

indentation-shear system is bigger than the one 

for indentation-fracture system, which results in 

the discontinuous chip formation. Otherwise, the 

continuous chip occurs. Predictions for the types 

of the chip formation on the basis of the point M 

agree well with the experimental results. Also the 

estimations of the cutting pressure versus depth of  

cut show reasonable agreement with the experi- 

ments considering the simplified models and 

approximation involved. 

5. C o n c l u d i n g  Remarks  

The several behaviors observed during the 
machining of  the sintered bronze can be ex- 

plained. The lower the porosity f is, the lower/GJ~ 

is, which gives the lower cutting pressure F/tcl 
via the Eq. (7). This promotes tendency of  the 
discontinuous chip formation as shown in Fig. 7. 

Effect of the depth of  the cut d can be interpreted 

via the Eq. (5) to (8). The F/ td  for the steady- 

state shear is independent of d while F / M  for the 
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indentation-fracture system in inversely propor- 

tional to d,  which is in favor of  the discontinuous 

chip formation. Consequently the bigger depth of 

cut d likely yields the longer wave length A and 

the lower F / t d  as shown in Figs. 8 and 9. 

We think that this approach can be applied to 

the other materials, such as ceramics and rocks 

and that the parameters for machining, for exam- 

ple, the depth of cut can be pre-determined for 

given surface roughness, cutting force and poros- 

ity. 

Effect of the tool rake angle has not been 

explored because of  insufficient experimental 

results. More experiments are needed for it. For  

the rake angle ~ 0  or a<O,  the indentation 

model described in this paper would not be valid 

because the compaction with the obtuse angled 

tool cannot be simulated by an indentation on 

semi-infinite media. For  other processes, that is, 

for the shear and fracture, the presented models 

could be applied yet. 
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