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It is well known that the edge geometry of a cutting tool affects the forces measured in
metal cutting. Two experimental methods have been suggested in the past to extract the
ploughing (noncutting) component from the total measured force: (1) the extrapolation
approach and (2) the dwell force technique. This study reports the behavior of zinc during
orthogonal machining using tools of controlled edge radius. Application of both the
extrapolation and dwell approaches showed that neither produces an analysis that yields
a material response consistent with the known behavior of zinc. Further analysis shows
that the edge geometry modifies the shear zone of the material and thereby modifies the
forces. When analyzed this way, the measured force data yield the expected material
response without requiring recourse to an additional ploughing component.
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1 Introduction parts—chip ploughing and workpiece-deformation ploughing.
Pi}]oughing in this sense referred to the extrusion of material either
below the tool and into the workpiedaorkpiece ploughing or
a%lpead of the tool or built up edge and into the ctapip plough-

The effect of cutting edge geometry has long been an issue
understanding metal cutting. In his analysis, MercHamtlearly

indicated the assumption of tool sharpness. There is an un 3). He noted that the workpiece-ploughing component was the
standing, however, that the machining force trends will be diffel"9)- p plougning p

ent for a sharp tool as compared to those of a blunt tool, with a tme a_':, thatthfodrczce: identlilfied 3yRTréomst%%et{a].tdhroulgh tge
else being held constant. A “sharp tool” is a theoretical tool thdt'tércept method. Lonnolly and Rubens also developed a
possesses an edge radius of zero, whereas a “blunt tool” exhibnf‘:?del for ploughing based on the assumption that the material

a non-zero radius on the cutting edge. The ratio of the edge radﬂ?é’\”ng under the tlool,.from an assumgd separation point, would
ergo compression in an extrusion-like process.

to the uncut chip thickness has been used by some investigator%"%%/ g idered ble ploughing f b
a measure of whether or not the tool should be treated as sharp of! [8] considered a separable ploughing force component to be

blunt proportional to the volume of material forced under the tool. The

Many researchers have since investigated the influence of edfgiitations of this approach lie in the assumption of full material
geometry on the cutting process. One phenomenon closely relak aoxery as Wg". as rt]he dlffllcu!ty 'E ddetermlnlgg th? p((ajne;]r_atlon
to the effect of the edge bluntness is the apparent increaseSfPth required in It ? anr?ys?. n re; letk[] ] rehlne this
specific energy required to form a chip as the uncut chip thickne$g/uMe-proportional ploughing force model through a parameter
is decreased. Backer et &2] were among the earliest to Studyestlmatlon routine. The.shortcomllng of th!s model is that there. is
this phenomenon and in doing so coined the teize effectThey NO guarantee of a unique solution for its parameters, making
were concerned with grinding processes, in particular the apparBHVs'Cal interpretation of results difficult.

approach of the work material strength to its theoretical level, VWaldorf[10] developed a slip-line model for blunt tools that is

However, in response to a paper by Thomsen efail. Shaw similar to that of Abebe and Appl11], who formulated their

conceded that the size effect would be much smaller if one al del for_ negative rake cutting. These models postulated material
acknowledged the energy expended in deforming the final wo (_a_form_atlon ahead of the cutting edg(? as well as _be_low _the uncut
piece surface. The paper by Thomsen ef8].argued that the CNiP thickness depth. Use of Waldorf's model is limited in prac-

force intercept at zero uncut chip thickness, derived from a plot i€ due to the required a priori determination of several geometric
force versus uncut chip thickness, was the force required to @_rlables that define the geometry of.the slip line field. Neverthe-
form the cut workpiece surface. The conclusion that followed wa€SS: these models are enlightening in that they show how defor-

that the force required for workpiece deformation, and hence, tion of ma_terial ahead of 'the cutting ed_ge, yet_ not becoming
rt of the chip, may be key in understanding the impact of edge

available for chip formation, is in large part the source of the si " f il def . d th
effect. The inference drawn was that the workpiece deformatiB ir?itr?geszrc?Qst e geometry of matenal deiormation and the ma-

occurred under the tool after chip separation and so could in the ab di . he bulk of th h hi
considered as separate from the shear zone. This hypothesis wi@_S seen In the above discussion, the bulk of the research on this

be evaluated in this paper along with others. subject has assumed_ that the machining_ force obtained using a
Masuko[4] and Albrecht[5] furthered the concept of a seI%l_blunt-edged tool consists (_)f a chip formation or shee_mng compo-

rable force component by attempting to quantitatively identify inent "’.md aseparablq)lo_ughlng component. _The magn'tUde of ‘h?

with Albrecht coining the term “ploughing force” to describe it. shearing component is assumed to be identical to that which

; « P : would be observed if the operation was performed using a per-
Later, Albrechi(6] refined the term “ploughing” to consist of two fectly sharp tool. Thus, the ploughing force is obtained as a dif-
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experimental, have appeared in the literature. Of these, the  4s0

trapolation procedure of Thomsen et §B], mentioned previ- 454t — Cutting Force

ously, is the most widely used. However, it does not enjoy un

versal support{12,13. Stevenson[14]| has further suggested,

based on experimental evidence, that the extrapolation approac 300 H ‘
ﬁM\

350 ’ —— Thrust Force

incorrect. An experimental procedure, the feed-dwell approaczsof— -

was proposed by Colwell and co-workgds5,16 and was evalu- g 5o, [

ated further by Stevensofl2]. This approach considers the£ T ey

ploughing force to be that measured on the tool just before fitt "0 F e )

forming a chip. This ploughing force can be measured directly t 100 | == wal

reducing the machine fedie., decreasing the uncut chip thick- 5

ness to zero while continuing to “machine.” The force measurec

after the chip ceases to form is then considered as the plough

force. -50
In the work presented here, no presumption is made as to 1

physical origin of the force trends. Rather, a number of interpre-

tations of how the observed force trends arise and how well thesg, » Typical cutting and thrust force signatures from CNC

interpretations reflect this behavior will be explored. In order teep test

do this objectively we adopt the criterion that any analysis con-

ducted on blunt tool cutting must yield the same fundamentsbble 1 Test Conditions (all combinations run, except r,

material response as would be observed with a sharp tool. Thees,40 um, which was run with  +5 deg rake only )

we will use the known material response as an internal marker 0.647 (133, 1246 (356) s (o)

- Velocity (V)
evaluate model capability. Orthogonal rake angle (7) | 5,0, 16 deg

Edge radius (r,) 0, 28, 33, 80, 140 um
Uncut chip thickness (k) 2.9,5.9,11.8,23.6,47,94, 186,377 pum
U

10 20 30 40 50 60
Time (sec)

2 Experimental Procedure

Orthogonal machining tests were performed on 99.99 perc
pure zinc received as 101.6 mm diameter continuously poured bar
stock. The bar stock was turned and bored to final tube dimen-

sions of 98.43 mm outer diameter, 508 mm wall thiCkneSS, al]‘ébd ang|eS. Honed,_'G 4321 uncoated carbide inserts were spe-
250 mm length for orthogonal end turning tests. cially produced by a commercial tooling supplier to a variety of

2.1 Tests Conducted. Testing was initially conducted on a ©dge radii and relief angle to maintain a constant six-degree clear-

CNC lathe. However, during the initial stages of conducting dwef}c€ across all rake angles. Each insert was measured to confirm
tests as described by Stevengda], a problem caused by con- "€ SPecified six-degree clearance angle and to record the true
troller feedback was detected. Thus, all dwell tests were p&dge radius. A white-light interferometer measurement system

formed on a manual lathe following a procedure based on ra;f‘@s employed and the techniques of Schimmel ef1a] were

domization and replication for experimental soundness. Figure qulowed to determine th_e edg(_e radius of all inserts in the cutting
zone. From the population of inserts measured a set was chosen

A further set of conventional orthogonal machining tests wadich tha_t for each rake_angle one of each of the targeted ed_ge radii
performed on a CNC lathe at smaller feeds. In this set of tests @S achieved. The radii were measured again after all testing; no
largest feeds replicated the smallest two feeds used in the dwaflnificant changes were found.
tests. The feed was reduced in a Step-Wise fashion eVery 19 Work2.3 Measurements. Cutting’ thrust and |atera| force mea-

piece revolutions. After the smallest feed was reached the feggtements were made with a piezoelectric dynamometer and were
was increased, again in a step-wise fasfis®e Fig. 2, efficiently recorded using a PC-based data acquisition system. Chip thick-
generating a large quantity of data, and allowing for the evaluatigjass measurements were made with a point micrometer. For each
of the impact of previous feed conditions. feed, six chip thickness measurements were made at the mid-

2.2 Experiment Conditions. Table 1 shows the levels of width line and the average taken as the thickness. Even for large

the variables employed in the tests. The various rake angles wEfi9€ radii the side spread in the chip was small, refative to the

achieved using individual tool holders with zero back rake anffidth of cut, which indicates that near plane-strain conditions
existed. A laser measurement system was used to verify the feed

of the tool holder relative to the bed of the lathe. Video images
800 were captured by a Xenon-strobe video system using a strobe rate
|<-— Steady State —>|> - of 30 sec! and a telephoto lens. The video images were used in
700 E A v — Cutting Force . e . K .
Ipr\-w identifying changes in chip contact with the rake face. The camera
800 — Thrust Force was mounted to move with the tool and was oriented perpendicu-
lar to the action of cutting.

Cease Feed / Begin Dwell 2.4 Data Reduction. As noted, Fig. 1 shows the force sig-
nals from a typical dwell test. Figure 2 shows the force signals
MM«MM from a typical CNC step test. In all cases the sampling frequency
200 F : , was 512 Hz. The steady-state forces were calculated as the aver-
3 age force over the final five revolutions for each feed condition. In
R the CNC step test where the feeds were stepped down and then
0 L__ owel —— 3] back up, a direct comparison could be made to check for any

-100 i . impact of the prior feed condition. Such comparisons showed

1 3 5 7 9 1 13 15 17 there was no noticeable effect of the previous feed conditions on
Time (sec) steady-state forces. The same held true(fwt) chip thickness.
This confirms the work of Stevenson and Stepheri4@h

Fig. 1 Typical cutting and thrust force signatures during feed All the responses, including force components, chip thickness,
dwell tests and shear angle, each versus uncut chip thickness, as well as shear

shows representative force signatures of this method.
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4 Fcsing, cos¢,— Frsir? ¢,

40 % : = h-w (€]

35 v wherew is the width of cut andh is the uncut chip thickness.
B30 | l The analyses also differ in the details of how shear angle and
ﬁ . Edge Radius (um) strain rate are computed. The strain ragejis calculated accord-
o2 B Upsham ing to Oxley’s[19] method in which the shear zone is approxi-
220 3 ° 28 mated as parallel sided with a thickness proportional to the shear-
< 15 E. s 33 plane length. Theominal shear angle, denoted &s, in Eq. (1)
b and used to compute shear strain as well, is computed in the usual
% 10 M way from the chip ratior,,, while using thenominal orthogonal

st * 140 rake angley,. The chip ratio is determined using the six-point

averaged chip thickness and the commanded feedmatee un-
00 o005 o010 ots o2 oz o080  oss o4 Cutchip thickness Figure 3 shows the nominal shear angle ver-

Uncut Chip Thickness (mm)

Fig. 3 Shear angle vs. uncut chip thickness

pm)

stress versus strain rate, showed similar trends for each rake ang
and speed combination. Hence, for the sake of brevity, most of th
response data shown in the figures will be for the 1.246(2B8§

rpm), five-degree rake angle case to present a typical result, w|

any exceptions noted.

(5 deg rake, 256

sus uncut chip thickness. Figure 4 shows the cutting and thrust
force data versus uncut chip thickness for that same typical set of
tests.

3 An Analysis of Data Under a Sharp-Tool
Assumption

IjIahe previous work of Stevenson and Stepherg@) demon-
fated that, during machining, zinc approximates visco-plastic be-

ﬁvior, i.e., 7=ky™, with the exponenim being dependent on
emperature and, hence, cutting speed. A conventional analysis of
ggg data is presented here where:

Of interest in the ensuing analyses is the graph of shear str
versus strain rate. To that end, the force data must be converted to The shear angle used is the nominal shear angle, which is

shear stress in the shear plane. The analyses differ in the details of computed using the nominal rake angle, as described above.
those conversions, but in general they make use of the traditional The shear stress is calculated using €.

relation

29
1200 N M 133 rpm, -16 deg
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(@ Fig. 5 Shear stress vs. shear-strain rate  (log-log ) for all sharp
tool data
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Fig. 4 Forces vs. uncut chip thickness
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Fig. 6 Shear stress vs. shear-strain rate
radii (5 deg rake, 256 rpm )
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« Strain rate is computed using a shear-zone thickness of osebtracting the respective ploughing force componedagg, and
tenth the shear-plane length per Oxlej19] work. Fp, to obtain the shearinfchip formation portions as

The stress and strain rate results for all sharp tog|s-Q) are Fcs=Fc—Fcp and Frg=F1—Fqp. @)
shown in Fig. 5. The analysis produces straight lines in the log-I
space where the slope is dependent on cutting speed, or like
wise spindle spee@pm) for the case at hand where the workpiec
diameter is constant. This data set, exhibiting a straight line, con- F s SiN by COSho— F 1S ¢y
firms the assumed material modei=ky™). .= , ®3)

Figure 6 shows the stress and strain rate results for all edge ) o
radii in a typical data seffive-degree rake, 256 rpmin this plot, where the-_subscrlpt will indicate t_he_method_ used to correct for
the blunt tools show no evidence of constant slope, unlike the c48€ ploughing force. As noted earliev,is the width of cut andp,
for the nominally sharp tool data in Fig. 5. The following may béds the shear angle computed from the chip ratio using the nominal

observed regarding the analysis results for blunt tools: orthogonal rake angle,. Strain rates were calculated as previ-
) ) ] ) N ~ously noted(using a shear-zone thickness of one-tenth the shear-
1 At intermediate strain rate§.e., at transitional uncut chip plane length

thicknessesa transformation in behavior is observed, where no- i ]

tably different slopes are present above and below said transition4.1 Dwell Forces. The first separation method employed
2 In the lower strain-rate regiofiie., at large uncut chip thick- considers the dwell forcesF¢q,F74) to be equivalent to the

nessesthe slope decreases with increasing edge radius. ploughing related components-¢,,Fry), following Stevenson
3 In the higher strain rate regidhe., at small uncut chip thick- [12]. The shear related force componefig;s and F are then

nessesthe slope increases with increasing edge radius. calculated as

%e shear stress is again computed in the traditional manner as in
gq. (1) but by using the shearing related force components, i.e.,

h-w

The failure of this analysis is not unexpected since it is founded Fes=Fc—Fcg and Fre=Fr—Frq.

on the traditional assumption of sharp-edged tools. It clearly o5 shown in Fig. 7, which is typical of all dwell tests, the dwell
shows the inability to model the performance of blunt tools undegyce components are mainly a function of edge radius. However,
the sharp tool assumption. cutting velocity (not shown also had an effect. For each combi-
nation of inser{rake angle and edge radjuand speed, an average
4 An Analysis Based on Previously Proposed Force dwell force is calculated as an average across all feeds.
Separation Methods Figure 8 shows typical results for the dwell-corrected strgss

versus strain rate, in this case for positive five-degree and negative

The separation methods are implemented by correcting t§gteen-degree rake angles and 256 rpm. It is clear that this
measured cutting and thrust force componehts,and F+, by

2.60
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% b ® x ) 255 [-| @ Upsharp a
80 250 2 B
AN s * 7 A3
70 | ®o45L ]
° 54 ¢ 80 -‘ ]
- 60F @ % 140 Py * 4 A o
> A Edge Radius (pm) G240 ‘ A Ax A
S 50 ‘ A& Y ¢ o - . s
] . M Upsharp g 235 F AD N . . s s
40 -4
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30 a 33 L2230 £ .
%
20 * 80 2.5
10 F n | B % 140 n x
220 bt :
0 : : . 40 42 44 46 48 50 52 54 56 58 60
000 005 010 015 020 025 030 035 040 log(Shear-Strain Rate)
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000 005 010 015 020 025 030 035 040 log(Shear-Strain Rate)
Uncut Chip Thickness (mm) (b)

{b)
Fig. 8 Shear stress vs. shear-strain rate  (log-log ) for dwell-
Fig. 7 Dwell forces vs. uncut chip thickness (5 deg rake, 256  corrected nominal stress (256 rpm) at nominal rake angles of:
rpm): (@) cutting Foy, (b) thrust Fry (a) +5 deg (b) —16 deg
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260 e ) 1. That there is no separable ploughing force—the measured
255 || W Upshap force is the deformation force and any change in force with
® 25 edgt?[ radius is due to changes in the local deformation ge-
~250 [ ometry.
§245 4% | n . 2. That for any non-sharp tool, the shear angle derived using
&5 * 80 a3 A £ the nominal rake angle is incorrect when the uncut chip
= 240 X 140 y ) A 'y ® A thickness becomes small relative to the edge radius.
e y R P M Py 3. That in the low strain rate regions of the log stress versus log
Q2351 x Xy % s strain rate plots, the decrease in slope with increase in edge
g * 3 4 radius is due to an error in the thickness assumed for the
D230 % ) ! ! |
shear zone, which translates into an inversely proportional
2251 %o error in computed strain rate.
2.20 ' 5.1 Justifying the Postulates. The first postulate is the ba-

4.0 4.2 4.4 4.6 4.8 5.0 52 5.4 56 5.8 8.0

log(Shear-Strain Rate) sis for the overall approach.

The second postulate is conceptually reasongse Fig. 1D

Fig. 9 Shear stress vs. shear-strain rate  (log-log) for Since it is straightforward to visualize different equivalent rake
extrapolation-corrected nominal stress (5 deg rake, 256 rpm ) angles at different feeds for a blunt tool. Video images captured
during cutting tests support this postulate as does the analysis
proposed by Manjunathaiah and Endf2,22. Figure 11 shows

a sequence of uncut chip thicknesses stepping fronui®4to 2

method fails to improve the consistency of the material respon all for the 80um edge radius, five-degree rake angle and 256

e., it fails to collapse the results to those of the corresponding,, combination. In these images it is evideas highlighted
sharp tool. In the low strain rate region the decrease of slope W{ii,, annotations for clarity that the chip leaves the rake face
increasing edge radius became even more significant. FOr CONgi§iser 1 the shear zone as the feed decreases, and that the appar-
tency, since the sharp tools also exhibited non-zero dwell forcgg; (ke angle is less than nominal. A similar postulate was ad-
the dwell-correction was applied to the nominally sharp tool daig, yceq by Nakayama et &23]. Although no measurements were
as well. In the high strain rate region, with the subtraction of @ qe from the images as the camera perspective made such direct
constant set of dwell components, even the sharp tool data pfaagyres unreliable, the observed trends support such a postulate.
duced in many cases an inconsistent relawn-constant slope  1he third postulate suggests that the actual thickness of the
between log stress and log strain rate. hear zone is something other than one-tenth the shear-plane

The dwell-corrected approach is based on the implicit ass“"]@ngth as suggested by Oxley for the sharp tool case. The alterna-
tion that the “ploughing mechanisms” during dwell are the same

as those during cutting, and so their associated forces are the
same. The failure of this technique shows that this assumption is
in error.

4.2 Zero-Feed Extrapolated Forces. The second separa-
tion method employed was to use the force graphs extrapolatec
zero feed F¢e,Fre) as the separable ploughing componefgg
andFr,, as suggested by Thomsen et[8]. The zero-feed force
components were taken as the force-axis intercepts of second

der polynomials fit to the data through the least-squared-ert
method. The shear related force componénisandF ;¢ are then
calculated as

Fcs=Fc—Fce and Fr=Fr—Fre. \\

Figure 9 shows typical results for the extrapolation-correcte
stressr, versus strain rate. Clearly, this method also fails to prc

duce a consistent material response across edge radii and rake
angle(the latter not shown Fig. 10 Schematic of an equivalent rake angle and shear angle

5 New Analysis Method

Since neither the dwell nor the extrapolation correction tecl Chi Cl’li N
nigues produce a sharp tool response from the blunt tool da P P
both techniques must be invalid. The new approach builds up Workpiece Workpiece
two assertions cited above; namely, that the shear stress is a ft
tion of strain rate only, and that the nominally sharp tool can t
analyzed as ideally sharp. The first assertion may be justified
the known material behavior of zif@3,20. This translates to an
expectation that the log stress versus log strain rate plots may
used in evaluating any proposed analysis techniqgue—precisely [#i[}
approach followed to this point. The second assertion is justifit
by the edge profile measurements, which showed the nomine
sharp edge radii to be less thanu@n, which is less than two- 23
thirds of the smallest feed used. Note that in Fig. 5, the log stress
versus log strain rate graphs for all the sharp-tool data sets exhif. 11 Video images from CNC step test (80 um edge radius,
consistent material responses with no slope changes even dows &leg rake, 256 rpm )—numeric values are the uncut chip thick-
the smallest uncut chip thickness. ness in um, arrows indicate direction of chip departure from
Three postulates on which the new analysis is based are: tool

540 / Vol. 124, AUGUST 2002 Transactions of the ASME



tive presented here is that rather than 1/10, a factor H(@&9 2.70 =

. B Edge Radius (pm) Ly
can be used to describe the shear zone thickness. The param 25 g Upsharp A
Jszindicates a change in shear zone thickness from the ideal sh ., F ° 28 ov°“°‘3:“91\
case, and so a positive value 6§, reflects a thickening of the _ i 5 ¢
shear zone. As;, increases, the shear zone thickness increas @ **°
thereby proportionately reducing the strain rate. % 250 | ¢ 80
o5 | % 140

5.2 Applying the Postulates. Based on the second postulate §
and the support provided by the video images, it is proposed tI & 240 F
for any uncut chip thickness less than the edge radius the equi ®2.3s -
lent orthogonal rake angley, (not to be confused with the = .4 x
oblique-cutting equivalent rake anglis taken as the tangent to
the edge at the point where the projection of the uncut surfa
intersects the edge profile. While this model is simple, for instan 2-2040
compared to that of Manjunathaiah and Endi22], it provides )
the correct qualitative trend. Thus, assuming that the edge may
have a cylindrical profile, the equivalent rake angle is

225

4.5 5.0 55 6.0 6.5
log(Shear-Strain Rate)

Fig. 13 Shear stress vs. shear-strain rate  (log-log ) for stress
h—r calculated using equivalent rake angle and shear zone thicken-

. sin 1t o oh<r, ing (5 deg rake, 256 rpm )

Yo= Fn . 4)

Yo h=r,

The net effect of applying this equivalent rake angle is to de-

crease the computed shear angle and hence to decrease calculated &

values of both strain rate and shear stress. In this case the strain —  coS o= o)

ratey is calculated according to Oxley(49] method with the use Ym T h v, ®)
of the equivalent, rather than the nominal, orthogonal rake angle. -

Figure 12 shows the results of applying this correction to the data (10— 5sz)Sin$o

for the typical case, again presented as log stress versus log strain

rate. The elementary assumption on equivalent rake angle calélere ¢, is the shear angle computed using the equivalent rake
lation seems to hold quite well, with the 14@m and 80um angley,. The estimate fobs, was made by a least-squared-error
radius cases at the smallest uncut chip thickriagghest strain fit between the measured sharp tog| 0) shear stresses and the
rate showing the greatest deviation. These are the most extrefifeain-rate adjusted shear stresses for egchThe value ofds,
cases. Since the edge was modeled as a cylinder, minor deviati$i@s then held to be a constant for a given tool and applied over all
in actual geometry as well as minor errors in uncut chip thickne&eds in a given rake angle-speed data set. The effect on the data
will have a significant impact on miscalculation of equivalent rakanalysis is shown in Fig. 13 for the typical data set and is similar
angle values and hence the calculated shear stress and strain fetell others.

Since the geometric model makes no change in calculations whe
the uncut chip thickness is greater than the edge radius, the inc
sistency in slope across different edge radius is still present at |

s 3 Evaluating the Postulates. Regarding the third postu-
flla, the factorss, as estimated for all cases varied quite linearly

- . - ; : e atIgtn log of the edge radius, with slope being relatively constant
strain .rate(hlgh uncut Ch'p. thlckne$§Thls remaining INCoNSIS- 4cross speeds for each rake angle, and slope increasing slightly
tency is removed by applying the third postulate. with speed. Note that, for either speed, the negative sixteen-degree

Unlike the second postulate, there is no analytical model f ; N
shear-zone thickening. Thus, an empirical approach was adopt%lqke angle set has a thinner shear zemeallerd,,) than the zero

To estimate the thickeni f the sh least i d five-degree cases, across all edge radii. This trend in the
0 eslimate the thickening of the shear zone, a least squares li ar-zone thickness increasing as rake angle becomes larger
fit to the log-log data of each sharp tool was made. This est

X ositive) contradicts speculations made by Kececioftd] for
lished a target curve. Then, the data from tools of non-zero edge -hining of steel. Therefore, a set of quick-stop tests was per-
radius were reanalyzed. For each edge radius, in the same r.

| d dat t th & ofr dified strai ed in order to support the trends seen in this analysis. The
angle-speed data set, over the rangéeir, , a modified strain - oqi5 \yere performed at 33 rpm on the manual lathe and the largest
rate is computed as

feed used in the previous dwell tests, but in this case the spindle
brake was suddenly engaged while cutting.

2.70 - Using high-speed video recording at 1000 frames per second,
I the “quickness” of the stopping action was evaluated. A strip of

W Upsharp graph paper was affixed to the outer circumference of the tube so
_2opes that the axially running grid lines could be tracked and the dis-

w255 A 33 tance traveled per frame measured. By examining the video, the

Eosof| ® 80 time at which the distance traveled by the tube per frame began to
@ ® 140 change could be identified, thus marking the beginning of stop-

ping. The distance traveled by any convenient grid line to a full
stop could then be measured. Based on Kececiof4 report

of his study, it is estimated that the distance traveled by the work-
piece in his quick-stop tests may have been as much as two times

;“: 245 F

S .

& 240 y 3

235 +

g% .
2.30 xR

025 e x the shear-zone thickness. The distance to stop in the current set of
X tests, identified as approximately 0.90 mm, is also roughly twice
220 s a0 " 6.0 65 the average shear-zone thickness of 0.45 mm, as measured from
' ' log(Shear-Strain Rate) the quick-stop micro-graphs. Therefore, the quick stop tests here
are deemed comparable to those of Kececioglu.
Fig. 12 Shear stress vs. shear-strain rate  (log-log ) for stress The micro-graphs produced after the quick stops are shown in
calculated using equivalent rake angle only (5 deg rake, 256  Fig. 14. The samples were electrolytically polished and tint etched
rpm) and then photographed under polarized light. Due to the high
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Fig. 14 Micrographs of quick stop tests for an 80 pm edge radius and a 377 pm uncut chip
thickness at rake angles of: (a) 5 deg, (b) 0 deg, and (c) —16 deg

purity and low melting point of the zinc, a very different record otlearly has a shear front extending far forward of the negative
machining is produced than is typically seen. Traditionally, micraixteen-degree rake tool meaning that the five degree rake angle
graphs show a distorted grain pattern with the distortions beipgoduces a thicker shear zone. Therefore, although no direct quan-
associated with deformation in machining. In this case, howevéifiable comparisons can be made since the initial cutting velocity
the micro-graphs show re-crystallization in the deformed regionsf the quick stops is much lower than the velocities in the main
which appears as a marked decrease in grain size from the lagggdy, the observed trends do support the analysis method sug-
grains associated with the as cast structure to the smaller grajested herein.
associated with the areas that were experiencing deformation at o
the instance of the quick stop. In this way the boundary of the 54 Summary. The analysis given here has shown that
shear zone can be estimated. The thin recrystallized layer at fREce separation techniques fail to provide a means of considering
work piece surface, visible ahead of the tool in th@(ZGeﬂ) the effect of edge radii in metal cutting by the failure of the work
figures, is due to the previous pass of the tool. material to respond in a consistent manner. However, considering
Lines denoting the boundaries of the shear zones were adde@fdntegrated view of the deformation process yielded a consistent
the micro-graphs to clarify the ensuing discussion. As noted, thegerk-material response. This integrated view led to an analysis
boundaries were established by observing the change in grain gfx@t relies on an analytical calculation of an equivalent rake angle
when moving from the incoming direction, through the shedpr conditions where uncut chip thickness is less than the edge
zone, and then out of the primary shear zone into the chip. Conadius, and an empirical regression to calculate the shear zone
parison of the forward boundary for the three rake angles of the §0ckness. These two “corrections” for the presence of edge ra-
um tools shows that the trend inferred from thg model regres- dius were applied universally and succeeded in returning a con-
sion, which is opposite that suggested by Kececi¢dhl, is sup- sistent material respongstress versus strain ratacross a wide
ported by this data. More specifically, the five-degree rake tomnge of rake angle, edge radius, uncut chip thickness and speed.
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In addition to the numerical consistency, the observed trends in Absorbed by the Workpiece During Metal Cutting,” Trans. ASMES, pp.

; ; B 591-603.
changes in equwalent rake ang_le and shear zone thickness a{ﬁ Masuko, M., 1953, “Fundamental Research on Metal Cutti Report, A
supported by independent experimental observation. New Analysis of Cutting Forces,” Trans. Jpn. Soc. Mech. Ea8, pp. 32—39.
. [5] Albrecht, P., 1960, “New Developments in the Theory of Metal Cutting Pro-
6 Conclusions cess: Part I-The Ploughing Process in Metal Cutting,” ASME J. Eng. BR].,
pp. 348-357.

1. Only for sharp tools does the shear stress versus strain ratél Albrecht, P., 1961, “New Developments in the Theory of Metal Cutting Pro-

(material responsedetermined through cutting tests and gg?S:s'Zg” II-The Theory of Chip Formation,” ASME J. Eng. In83 pp.

anaIySIS th_at is based on MerCharﬁB] sharp-too_l model [7] Connolly, R., and Rubenstein, C., 1968, “The Mechanics of Continuous Chip
S_hOW consistent trends Wh_en compared to material compres-~ Formation in Orthogonal Cutting,” Int. J. Mach. Tool Des. ReS.pp. 159—
sion tests. The trends are inconsistent when the same sharp- 187. o ‘ ‘ .
tool analysis is applied for blunt tools. (8] \K/IVU(,j Dl.tW.c,) rﬁ?SS, “Alpvlilllcatlgn of atcorr;prehenSIVFi |D¥n§m|\;|c %ut;;;g Force

2. Estimation of a separable ploughing force using the extrapo- g oo = o0 o ave SEneraing Frocesses, T, & Mech. <.
|a.t|0n teChnlq.Ue of Thomsen et 4B] fails to produce con- [9] Endres, W. J., Devor, R. E., and Kapoor, S. G., 1995, “A Dual Mechanism
sistent material response trends regardless of the tool edge Approach to the Prediction of Machining Forces-Parts | & 2,” ASME J. Eng.
radius. Ind., 117, pp. 526-542.

3. Estimation of a separable ploughing force using the dwelf:?l Waldorf. D. 3., 1996, "Shearing, Ploughing and Wear in Orthogonal Machin-

. . . ing,” Ph.D. Thesis, University of lllinois at Urbana-Champaign.
technique of Stevensdii2] fails to produce consistent ma- [11] apebe, M., and Appl, F. C., 1981, “A Slip-Line Solution for Negative Rake

terial trends regardless of the tool edge radius. Angle Cutting,” Proc., NAMRC,19, pp. 341-348.
4. Use of an equivalent rake angle for blunt tools when thél2] Stevenson, R., 1998, “The Measurement of Parasitic Forces in Orthogonal

: : H i : Cutting,” Int. J. Mach. Tools Manuf.38, pp. 113-130.
uncut Chlp thickness is less than the edge radius is support?g] Stevenson, R., and Stephenson, D. A., 1995, “The Mechanical Behavior of

by the analysis of experimental data. _ Zinc During Machining,” ASME J. Eng. Ind.117, pp. 172—178.
5. The suggestion that the shear zone thickness is solely relatgd] stevenson, R., 1999, “A Reassessment of the Extrapolation Technique for
to the shear plane length is not supported for blunt edge Determining the Parasitic Cutting Loads under Orthogonal Cutting in Strain

Is. Rather. th nalvsi r n her hows th Rate Hardening Materials,” Mach. Sci. Technd,,pp. 1.
tools atner, the analysis prese ted here shows that t 1%] Colwell, L. V., 1971, “Methods for Sensing the Rate of Tool Wear,” CIRP

shear zone thickness is some function of the shear plang™ 5, 7g pp. 647.
length, edge radius, and cutting velocity. [16] Colwell, L. V., and Mazur, J. C., 1976, “Tool Wear Tracking in the Production
Shop,” Proc., NAMRC, pp. 420.
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