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Vibratory Stress Relief in the schedule of maglev manufacturing. It is obvious that proce-
dure of heat treatment to reduce residual stress is impractical in

Manufacturing the Rails of a MagleV manufacturing the rails for the maglev system.

SyStem Vibratory Stress Relief (VSR)

One kind of mechanical methods of stress relief is vibration-

Delin Rao, Jingguo Ge, and Ligong Chen vibratory stress reliefVSR). The vibration is created by an ec-
Department of Material Engineering, Shanghai Jiaotong _‘f_eh””éc mass elec_trict:hrrlottrc])r whi|<_:h i_sbatiachectj to the Cdodmgotnetr;t'

: . : : e basic theory is that the cyclic vibratory stresses added to the
University, Shanghai, P.R. China residual stresses exceed the vyield strength of the material and
causes local plastic deformation and substantial reduction of re-
sidual stressefl,2,3]. Components subjected to the VSR treat-
To reduce the welding induced residual stress in the rails of ment range in mass from a few kilograms to several hundred
magnetic levitation (maglev) transport system, the procedure wies. The bigger the component is, the easier the treatment is.
vibratory stress relief (VSR) is applied and discussed in this pap@xidation of the component surface does not happen as the VSR
Suitable welding sequence for the rails is introduced to keep thérks at room temperature. The amount of time that the compo-
residual stress low. Qualitative analysis with scanning curveent subjected to the vibration usually depends on its weight and
shows that the peak of acceleration becomes higher after the pgenerally is less than 20 minutes. Because of such advantages of
cedure of VSR and the resonant frequency becomes lowerV8R, it is used in manufacturing the rail of maglev line.
means that the procedure of VSR is effective according to theFour beams are welded to form the rail. Two materials are used.
JB/T5926-91 standard. The residual stress in the rail was me@he mechanical properties of the two steels are listed in Table 1.
sured before VSR and after VSR, using hole-drilling method, and
the result shows that the average principal stresses was redudd@lding and VSR Procedure

by about 30% after VSR[DOI: 10.1115/1.1644544 The cross-section of the rail is close to rectangular. Suitable

welding sequence will induce low-level residual stress in the rail.
The assembling and welding sequence is shown in Fig. 1
To reduce the welding deformation, straightening with manual
Introduction local heating is carried out after the first three beams are welded.

' . I When the fourth beam is welded, straightening is carried out again
The first magnetic levitation transport systémaglev systein  pefore the VSR process. An eccentric mass electric motor is at-

in China is being built in Shanghai, China’s largest commercighched to one end of the rail. Rigid clamps are used to integrate
center. When completed, it will take only 8 minutes for passengefse motor and the rail. The rail is supported on rubber isolator as
on the maglev line trains to travel 30 kilometers between Pudolgyust be allowed to freely deform during the treatmght The
International Airport and the city center. To keep the maglev traig,nnorting points are beneath the nodal lines of the first mode of
at high speed and comfortable, the manufacturing of the rails\jration. A computer is used to control the running speed of the
very important. This route consists of more than 20,000 pieces @for so the vibratory frequency can change. An acceleration sen-
rails. Each rail is 3 meters long and is welded together Witly,r mounted on the rail will identify the resonant conditions as the
StE355 steel and MSH steel using £6hield arc welding. The grequency range is scanned. A resonant peak occurs when the
welding processes will induce a state of residual stress that cauggg,ced vibratory frequency of the motor coincides with the rail’s
the distortion of the rail. _As the permltteq tolerance is less tha_HhturaI frequency. The computer records every peak acceleration
1mm along the traverse direction, the residual stress after weldiggy frequency. After the scanning the computer keeps the motor
must be relieved in order to maintain the dllm_ensmnal stability. running near the frequency of highest peak acceleration for 15—20
The commonly used method of stress relief is heat treatment, [\, tes[5,6]. The whole VSR procedure is under the automatic
annealing, which is effective in many cases. But in maglev casgnirol of a computer. A chart recording the detail resonant re-

the component is so large that heat treatment is not feasible dugl@nse and duration of treatment is produced after the VSR.
the size of the furnace and the cost of treatment. The other disad-

vantage of the heat treatment is the growth of oxides on the comesidual Stress Measurement

ponent surface. The rail is sprayed with aluminum coating to resnstI der t luate the effecti FVSR it i ¢
the corrosion. Heat treatment at high temperature will inevitably ' Order t0 €valuate the efiectiveness of VSR, It 1S necessary 1o
destroy this coating. Heat treatment entails uniform heating of tha€asure the residual stress in the rails. Residual stress is measured

; ; h the hole-drilling method7,8]. The rosette strain gauge, type
component, holding at certain temperature, and then a contro% . : o

; - : . 0-2CF0-90-45 is usedFig. 2. The measurement criteria follow
cooling. Thus the procedure is time consuming which cannot m /T5926-91 standartChinese standard

Contributed by the Manufacturing Engineering Division for publication in the The hole depth is 2 mm and the drilling rate is 0.2mm/min.
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Table 1 Ambient mechanical properties of four beams

Thickness Yield stress Ultimate tensile stress Elongation
Material (mm) (MPa) (MPa) (%)
Beaml,2,3 StE355 2040 390~420 500~530 33-38
Beam4 MSH 30 390 510 37

level of residual stress occurs on the last weld bead. So the mExperiment Results
surement line is on the last weld bead shown in Fig. 4. The posi-

tlo_r|1_v\?c1: gﬁisuggnnliﬂg'zriusbgggg dt(;rgzeegéh one has six meastilon- and recorded using a computer. The sensor of acceleration
P a% record the response of the rail. Then the accelerations, or the

ment points along the longitude of weld bead. In order to provi {% ponses, are plotted against the vibration frequency, or the ex-
a companson of residual stresses before VSR and after VSR, t(:l ment. One vibration response of the rail is shown in Fig. 5.
rosette strain gauges are attached to every measurement poag? scanning curves, before VSR and after VSR, are shown in

One is used to measure the residual stress before VSR. The o . . X
is used after VSR. The distance between the two gauges is 50rli../9ure: The difference of speed between two maximum accel-
(Fig. 3. It is postulated that the two gauges are at the same po, ration points is 31.4 rpm while the difference of acceleration is

- o 6 m/3.
tion as the rail is 3 meters fong. Figure 4 shows that the last weld bead is parallel to the rail. The

working rail can be regarded as beam with fixed supported at each
end. The longitudinal stress, due to bending and vibrating, is
mainly concerned. Quantitative analysis of the VSR effect is
bear? / M / based on the measurement result of residual stress. The maximum
V principal stress and the longitudinal stress, before VSR and after
VSR, are shown in Table 2. Figures 6 and 7 plot the change of the
residual stress before and after VSR.

The speed of the motor is converted to the frequency of vibra-

— Weld bead

Discussion

In vibration analysis, the stress-strain curve will enclose an
area, referred to as the hysteresis loop, that is proportional to the
energy lost per cycle. Generally speaking, vibration reduces the
residual stress of the component, therefore the matenidlyster-
etic) damping inside the component also decreases. VSR system
can be regarded as a damped forced vibration system. The reso-
nant frequency of the system will shift as the material damping

Ileaswe line
{last weld bead)

L — Longitudinal direction

Fig. 4 Measurement line on the weld bead

m/s®

after VSR before VSR

acceleration

78 79 80

running speed of motor (X100 rpm)

Fig. 3 Rosette strain gauge Fig. 5 Frequency scanning before VSR and after VSR

Journal of Manufacturing Science and Engineering MAY 2004, Vol. 126 / 389

Downloaded From: http://manufacturingscience.asmedigital collection.asme.or g/ on 05/06/2014 Terms of Use: http://asme.or g/terms



Table 2 Maximum principal stress and longitudinal stress on weld bead of rail

Average maximum principal stre$s1Pa) Average longitudinal stresvPa)
Before VSR After VSR Before VSR After VSR
Rail 1 117 83 88 58
Rail 2 135 79 96 57
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Fig. 7 Longitudinal residual stress before and after VSR

decrease$9]. This theory can be used to evaluate the result &% and 41% respectively. Figure 7 provides the distribution of
VSR for qualitative analysi$10]. Two scanning curves before longitudinal residual stress before VSR and after VSR. The aver-
VSR and after VSR are shown in Fig. 5. Before VSR the maxage values of longitudinal residual stresses in two rails are 88MPa
mum peak of acceleration and the running speed of motor aaed 96MPa before VSR. They become 58MPa and 57MPa after
57.6 m/$ and 7923.4 rpm respectively. After VSR they becom¥SR. The longitudinal residual stresses reduce by 34% and 40%
63.2 m/$ and 7892.0 rpm. It shows that the peak of acceleratidgg@spectively.
becomes higher after the procedure of VSR and the resonant fre-
guency becomes lower. Sharper peak appear after VSR. These are
coincident with the vibration mechanics. Scanning curve like th'g luSi
means the procedure of VSR is effective according to the J onclusions
T5926-91 standardChinese standajd Because of the characteristic of the rail of maglev system, ther-
In Table 1, comparisons are shown between the changing rofl stress relievingTSR) or annealing is not practical in manu-
principal residual stress before VSR and after VSR. As to rail facturing the rail. Vibratory stress relief method is used which
the difference between maximum and minimum principal residualoids the side effects of TS®istortion, oxidation of surface and
stress equals 287MPa before VSR. After VSR this value becondegradation of mechanical properjieBy comparing two scan-
235MPa. As to rail 2, the difference changes from 432MPa tng curves before VSR and after VSR, the result of stress reliev-
314MPa. It is observed in Fig. 6 that the maximum principahg is effective according to the JB/T5926-91 standard. The fur-
residual stresses reduce due to the VSR treatment and the retfiesr measurement shows that the average principal stresses reduce
tribution of residual stresses along the weld bead. Before VSR, thg about 30% after VSR. The geometrical form of the rail is
average value of principal residual stress of rail 1 is 117MPa, aadntrolled in tolerance that is permitted. The procedure of VSR
rail 2 is 135MPa. After VSR, these two values become 83MPa agdn be used in manufacturing the rail of maglev system effec-
79MPa. Thus, the average principal residual stresses reducetilgly.
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cess. The small scale process is relatively fast, the welding time
being typically tens of milliseconds instead of hundreds of milli-
seconds. The much smaller currents permit the use of higher-
bandwidth high frequency inverter or linear power supplies rather
than low-to-medium frequency inverters or SCR supplies used in
the large scale process. Also the small scale process uses much

Monitoring Resistance Spot Nugget smaller electrode force. _
This work focuses on electrode displacement as a process pa-

Size by Electrode Displacement rameter that is relatively unobtrusive to measure while still offer-
ing a substantial amount of information about weld nugget size. In
all the published works that use electrode displacement as an ap-

D. F. Farson, J. Z. Chen, K. Ely proach for monitorind8,10] or controlling[9,25] the RSW pro-
and T. Frech cess, maximum electrode displacement measurements were used
e-mail: Farson.4@osu.edu to calculate weld nugget diameter. However, the informative

analysis of Chien and Kannatey-Asibid] shows that the maxi-
‘mum electrode displacement/nugget diameter relationship de-
pends on the temperature and thermal strain fields in the welded
material in a complex way that is ultimately related to the exact
process parameter variations. This indirect relationship between
A high-speed video imaging system was employed to directly mgzximum displacement and nugget diameter likely contributes to
sure the electrode displacement of the small scale resistance sibt failure of displacement-based monitoring systems to achieve
welding (SSRSW) process. This measurement technique was oh@-€ precise predictions of weld nugget size. In the present work,
sen because it eliminates a number of potential error sourcé@shigh-speed video imaging system was employed to directly ob-
inherent in other electrode displacement measuring techniquésrve the displacement of the electrodes with relatively high reso-
Careful observation of the heating and cooling portions of thiition. The nugget size/electrode displacement relationship was
electrode displacement curves revealed that each is comprisedstifdied in detail with a goal to formulating a more accurate rela-
two identifiable segments. Distinct high-velocity segments of ttienship between the two.

displacement curves were thought to correspond to solid-liquid

phase transitions in the weld nugget, while lower-velocity portions

corresponded to thermal expansion or contraction of solid mate-

rial. It was found t_hat the magnitudes of the high speed portiora Experimental

of the electrode displacement were more closely correlated wif ) ) o )

the weld nugget thickness than was the overall magnitude of theA Unitek Miyachi high frequency inverter power supply
electrode displacement. Furthermore, all measures of electrog@upled to a pneumatically-actuated small-scale resistance weld
displacement were more closely correlated to weld nugget thidkead was used to produce resistance spot welds. The voltage,

ness than to nugget diamet¢DOl: 10.1115/1.1644550 current, displacement and force change were monitored during the
welding cycles using a computer data acquisition system with a

sampling rate of 50 kHz per channel. Solid RWMA class 2 elec-
trodes with a tip diameter of 2.38 mii3/32 inch were rigidly
clamped onto welding hedthere was no electrode cooling water
1 Introduction and the welding force was 176 M0 Ib). The material used for
the 2-ply lap welds was AISI 302 austenitic stainless steel with a
thickness of 0.254 mn0.01 in). After welding, the joints were
iteratively sectioned, polished and etched to determine the maxi-
um nugget size.
The thin gauge made accurate measurements of electrode dis-
" Contributed by the Manufacturing Engineering Division for publication in thepIa(.:erm:"nt |mp055|b_le with a\./a.'llable LVD-I.- Sen.sors' Although an
JOURNAL OF MANUFACTURING SCIENCE AND ENGINEERING. Manuscript received OPtical sensor provided sufficient resolution, it was found that
September 2003. Associate Editor: S. Jack Hu. dynamic flexure of the sensor mounts introduced measurement
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Although resistance spot weldifiBSW) is very widely used in
sheet metal joining applications and in small-sdelg. electronic
and biomedical devigeabrication[1], it is not easy to accurately
monitor or control the size of the finished weld nugget. Over thd
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Table 1 Welding current waveform parameters

Preheat pulse Welding pulse
# Current/kA Duration/ms Current/kA Duration/ms Note
1 0.2 0.3 1.0 5.0
2 0.2 0.3 1.0 7.5
3 0.2 0.3 1.0 10.0
4 0.2 0.3 1.0 4.0
5 0.2 0.3 1.0 3.0 No joining
6 0.3 15 1.0 5.0
7 0.3 15 0.8 5.0
8 0.3 15 0.6 5.0 No joining
9 0.3 15 1.2 5.0 Large expulsion
10 0.3 15 1.2 5.0 Small expulsion
11 0.3 15 1.1 5.0
12 0.3 15 0.9 5.0
13 0.3 15 0.7 5.0 No joining
14 0.3 15 0.5 5.0 No joining
15 0.005 1.0 1.0 4.0
16 0.1 1.0 1.0 4.0
17 0.1 1.0 1.0 35
18 0.1 1.0 0.9 45
19 0.1 1.0 1.0 45

errors[28]. A high-speed CCD digital camera was subsequentbize of nuggets, as shown in Table 1. It is noted that the Unitek-
implemented to more precisely measure electrode displacembtiyachi welding power supply employs a two-pulse welding
during the welding process. The frame rate of the motion analyzechnique where the electrode and material interfaces are condi-
was set to 4500 per second. A long-distance microscope letisned by a low current pulse before the higher current welding
placed 102mm(4 in.) from the weld location, provided imagespulse.

with a vertical resolution of 1.7&m/pixel. A fiber optic light

source was placed behind the electrodes and workpiece to projgct Results and Discussion

a shadow image of the electrodes and workpiece into the camera. . i )

Spot welding current and weld time were varied according to an WO frames of the motion analyzer images, showing results
experimental matrix to produce a range of weld nugget sizes. Thgfore and after threshold processing, are displayed in Figs. 1
duration and magnitude of the welding current pulse we@d 1b). Because of the high magnification, only the right edge of
changed to vary the input power to workpiece to form differerthe electrodes and part of the workpiece are visible. Electrodes

Upper

electrode

Workpiece

Lower

electroils

Before welding

[£1)

Before welding  Before current cut off

Fig. 1 Obtaining electrode displacement from motion analyzer
images (a) original images captured by the analyzer  (b) images
after threshold processing
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with a higher-than-normal degree of mushrooming were used to
allow accurate measurement of the electrode tip positions. This
configuration eliminated measurement errors caused by thermal
expansion, elastic deflection and/or mechanical displacement of
the electrodes and holders.

The position of each electrode tip was calculated by averaging
the position of all the pixels along the edge of the mushroom in
the thresholded images. Figure 2 shows a typical electrode dis-
placement curve obtained after frame-by-frame processing of the
images. As shown in the figure, when the material expanded in
welding, both the upper and the lower electrode tips moved, al-

50— = 1.5
W ayzﬁ
40 %'. Displacement in
E (M first stage in
<301 cooling, D, -1.0
E dy, <
@ 20 s )
& : | o
a X Displacement in second stage 5
= 107, "™, ., __ incooling, D, 'I 056
oll 4 o
~__Current Y
- 0.0
m{} 20 40 60 80

Fig. 2 Displacement of electrodes in welding and the abrupt
change of electrode velocity in cooling
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Fig. 3 Relationship of electrode displacement in first stage in Fig. 4 Nugget thickness versus maximum electrode
cooling to nugget thickness displacement

though the lower electrode had much smaller displacement th@st this hypothesis, the electrode displacement in the first stage of
the upper one. The electrode displacement is defined as the chag@siing was plotted against the nugget thickness as shown in Fig.
of the separation between the two tips, terngg, in the figure. 3. This plot shows that this measure of electrode displacement was
As a practical matter, it should be noted that distortion of largevell-correlated to nugget thickness, even in welds when a small
sheets or the geometry of welded parts might obscure the el@gount of expulsion occurred. In the case welds with a large
trode tips, making this image-based measuring technique difficainount of expulsion, the electrode displacement was less than
to implement in a production setting. normal. However, it is reasonable to expect that expulsion would
Careful inspection of the electrode displacement curves revealgve such an affect. Least squares fitting of a quadratic relation
that the cooling part can typically be divided into two stages dsetween nugget thickness and electrode displacement resulted in
noted in Fig. 2. In the first stage of cooling, the curve has a steepré equation
gradient and the change @y,, during this interval is defined as
D| in phe figure. This portion of th_e e_Iectrc_)de displacement curve H=4.44+ 20D|—O.3043,2 (1)
is believed to correspond to the liquid/solid phase transformation
of the weld nugget. If this is true, the second stégbich has a
more gradual slope and is labelBd in the figure, corresponds to whereH is the thickness of nugget arij, is the electrode dis-
thermal contraction resulting from cooling of the solid phase. Thislacement as illustrated in Fig. 2. The correlation of the curve fit
interpretation of the curve is supported by comparison with the excellent, with RZ=0.98 and a maximum error of 20
specific volume of austenitic stainless stg9]. The total change x 10-6 m between the curve and the data. This maximum error is
in density from liquidus to solidus temperatures is about 0.4 g/gfly about 6 percent of the largest nugget thickness. Although
while the total change from solidus to ambient temperature ¢hly weld current and time were varied during the tests, this result
about 0.5 g/cc. Thus, if volume change were constrained to ocGHgicates that the electrode displacement measured directly at the
only in the thickness direction, one would expect the change {ips is highly correlated to weld nugget thickness. It is also noted
electrode displacement during the liquid-solid transition to b@at other parameter variations, such as electrode diameter and
comparable to that occurring during the subsequent cooling dfeet thickness, may affect the accuracy of the relationship and
ambient temperature. However, the curves in Fig. 2 show that thfir influence merits further study.
contraction during the first stage of COOIing is about twice that of It was also found that nugget thickness was C|ose|y related to
the second stage. The fact that contraction during the initial cogle maximum electrode displacemefftig. 4). Maximum dis-
ing phase is larger than expected might be due to the fact that f)gcement is of interest since this parameter has been commonly
average liquid temperature is actually higher than liquidus at thgeasured by prior researchers. The curve fit plotted in Fig. 4
end of the welding current pulse. It should also be noted that soliflows that nugget thickneds is well-predicted by maximum
material surrounding the molten nugget will obscure the observggéctrode displacementy,; by the relationship
high-speed contraction in thicker materials.
It was also observed that there was a noticeable increase in the
slope of the electrode displacement curve shortly after the welding H=—174+19.7y,,— 0.194:iy§1. 2)
current was initiated. This suggests that the heating part of the
displacement curve can also be divided into two stages: the first
corresponding to heating of solid material and the second corfdowever, the data is less well correlated wRF=0.93 and maxi-
sponding to liquid/solid transformation as well as further heatingium error of 6 10~® m (approximately 20 percent of the larg-
of the liquid nugget and the remaining solid material between ti&st nugget thicknegsWe also note that the relationship between
electrodes. However, the change in slope observed during heating high-speed electrode displacement during the second heating
was generally not as abrupt as that observed during cooling. stage and the nugget thickness, which is not shown, had a corre-
The considerations outlined above lead one to predict that thion of R?=0.93 and a maximum error of about 820 © m.
weld nugget thicknes@ts size in sheet thickness directjosshould Since spot weld shear strength is more closely related to nugget
be better-correlated to electrode displacement than its diameter.diameter than nugget thickness, diameter is usually regarded as a
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A New Tool Wear Examination Mode|  may infer the crack start position, the plastic deformation zone of

sheared surface, the influences of punch geometry features
by Least Square Method for on plastic deformation zone, and the final profile of the sheared
H i products[14-16.
Shearlng Process of Thin Metal Sheet In the machining process, tool wear can be regarded as one kind
of systematic variation, and usually can be presented as a time
series probleni17,18. Most academic research believed that the
flank wear mostly affects the machining quality of the pdri9—

Zone-Ching Lin

Professor, . ) . . . 21]. Cheung et al[19] revealed that the wear land of punch flank
Department of Mechanical Engineering, National Taiwanwas larger than that of punch top face, and the wear of punch
University of Science and Technology, Taipei, cutting edge was greater than that of die block blades in the lower
Taiwan, R.O.C. shoe. In Luo’s shearing experimef2], the results showed that

the punch wear mainly took place at the punch flank. Hence, this
study focused the issue on punch flank wear.
In order to explore the effects of shearing parameters on tool

e-mail: zclin@mail.ntust.edu.tw

Dar-Yuan Chang wear, a series of shearing experiments of thin phosphor bronze

Assistant Professor, sheet are executed. The analytical parameters include a number of
Department of Mechanical Engineering, De Lin Institute shearing strokes, punch-die clearance, punch sheared angle, and
of Technology, Tucheng, Taipei Hsien, Taiwan, hardness ratio between the punch and the sheet. The results of this

study provide valid references for thin metal shearing process of

R.O.C. e
progressive die.

e-mail: dyc@dlit.edu.tw

_ _ ~ 2 Experimental Scheme
A new method that accounts for material loss in the normal direc- Tables 1 and 2 list the parameters plan of the experiments and

tion has beten develotpter?. Mtoft resfe?k:chtapf)h'(\eld wet?]r :engtrlha{l)](é chemical ingredients of the materials of punches and sheets.
wear area 1o present the status of the tool. Nevertheless, Ngsg, experimental strip designed to simulate the dam-bar cutting

methods cannot detect the wear in the. normal direction of t ocess in IC leadframe fabrication is illustrated in Fig. 2. The
contact surface between tool and material, and cannot make ac¢-

. - L L a highlighted by monocline lines in the middle drawing is the
curate judgments in precision machining process. In the ProPOSELh, jlated lead, and the blanks are the materials removed during
model, both of the least square lines of the inspected positions it h

. ; process. Material between the two rectangles is called dam-
the least square planes of the examined flanks calculating by % "and the two leads at the right are the leads finishing the

yvggr depth ?]f mefzi\suliing points ?re used éo ir;;]erfthe relﬁtitve Vf"egﬁearing process. Detailed dimensions of the simulated lead show
Indices, such as flank wear angie, wear deptn of punch top 1agf.ie |eft drawing, and the cross grids in the right drawing pin-
strglghtness error, area loss, gnd.volum(‘e Io;s of punch flanks.. dint the position of the dam-bar cutting punch investigated.
using these indices more objective estimations can be acquli eq]:igure 3 is the photograph of experimental progressive die.
than t_hat of wear length and wear area. A series of She'a”nl‘-;’ive machining stations are designed to complete the whole pro-
experiments of thin phosphor bronze sheet are executed t0 explolgg b\ nch-5is the dam-bar cutting punch investigated in this
the effects Qf shearln_g parameters on punch flank wear, ?‘”d Sgi’l]dy, and the removed area by the dam-bar cutting punch is the
eral regressive equations are derived to express the relationsh Rduct of dam-bar width WD) and punch width PW). The
ng\fig ﬂ]leS/\iV?L%rzv;ggfes and number of shearing strok cture at the right bottom is the progressive die in processing in
B ) which the strip is progressed from the left hand to the right hand.
The thickness of metal sheet is 0.254 mm. he frequency of punch
stokes is set as 48P M, and the punch stroke is 4 mm; there-
1 Introduction fore, the shearing speed is 60 mm/sec. Experiments, were fol-

. - . lowed by inspections and analyses.
In studies of tool machining, the tool condition has always been ¥ Insp 4

presented either by wear length and wear area based on the tool
images obtained from various microscop#s5], or the tip radii
of cutting edgd 6—7]. Although the wear length and the wear areg’ Punch Wear Models
can provide the information of machining surface, they cannot This study proposes a tool wear examination model based on
detect the wear in the normal direction on the contact surfatiee least square method for the progressive shearing die. First,
between tool and sheet. measure the height of the measuring points at the three examined
During the high-speed shearing process, punch flank wear vpositions which sit at shear center and near the shear boundaries.
ies from the setting of shearing parameters; however, the wédre least square lines of the three examined positions and the
volume affects the punch width directly, and then the punchirigast square plane of the tool flank can be calculated based on the
dimension has also be influenc¢8,8]. Consequently, how to height data measured. Next, calculate the wear indices of the ex-
measure the punch flank wear in the normal direction becomesiained positions including flank wear angle, flank wear length,
worthy issue to be studied. area loss, straightness error, and wear depth of the punch top
Figure 1 shows the illustration of the shearing principle. A nunbased on the least square lines calculated. Afterwards, the gradi-
ber of studieg9-11] explored the influence of the punch shearednt, normal vector, and volume loss of the punch flank were reck-
angle on the shearing force and the punch-die clearance on timed, too. Final, the tool status can be exactly determined by
shearing quality{8,12—13. In addition, many studies were de-means of these indices. The followings are the descriptions of the
voted to constructing the simulation models of the sheet sheariagalytical procedures.
process by the finite element method in order to analyze the sheet

fracture processes, and then applying the developed model, on -1 Wear Calculation Based on Least Square Lin_e. As-
sume that the least square line calculated from the height of mea-

Contributed by the Manufacturing Engineering Division for publication in theSurlng points isy=ax+b. Based on the definition of least square

JOURNAL OF MANUFACTURING SCIENCE AND ENGINEERING. Manuscript received  €ITOF, the sum of square erraf, of the measuring points and the
Aug. 2003. Associate Editor: A. J. Shih. corresponding positions of the least square line is
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pun ch-die

’rfraeture Iine

pun ch-die

clearance - clearance
@) k)
Fig. 1 lllustration of metal shearing principle
n Figure 4 shows the examined punch model. The calculation
5:2 (yi—y)? (1) procedures are described as follows:
i=1 (1) Calculate the least square linesay+b, of the examined

position by the height of the measuring points. In this model,
é'nterceptb is negative.
h_(2) Calculate the punch wear anglg,, by slopea, expressed

Substitutey=ax; + b into Eq. (1), the coefficients o andb can
be derived, whera andb are the slope and the intercept of th
least square line, respectively. Two parallel lines passing the hi
est and the lowest measuring points are made based on the 1&3st
square line. The deviation between the two parallel lines in verti- fy=tan X(a) ?)
cal direction is defined astraightness errgrexpressed as w
) _ (3) Calculate the wear depth of punch taggp, by a, b, and
BT straigntness™ Supper™ dlower @ e coordinate of x-axis, expressed as
wheredypper @and diower are the distance from the least square line

to the two parallel lines, respectively. Z1op=Ztop(X)=a-x-sin(6y) +b (4)

Table 1 Scheme of thin metal sheet shearing experiments

Punch Number of
Punch-die sheared shearing
Exp. Punch clearance angle stroke Hardness Explosion

No material (mm) (degreep Metal sheet (thousandl ratio factors

la ASP60 0.076 0 C5191-RH 10 4.75 Shearing

1b ASP60 0.076 0 C5191-RH 20 (940/198 stroke

1c ASP60 0.076 0 C5191-RH 25

1d ASP60 0.076 0 C5191-RH 30

le ASP60 0.076 0 C5191-RH 40

1f ASP60 0.076 0 C5191-RH 50

1g ASP60 0.076 0 C5191-RH 60

1h ASP60 0.076 0 C5191-RH 70

2a SKH9 0.078 0 C5191-RH 15 1.39 Punch-die

2b SKH9 0.060 0 C5191-RH 15 (275/198 clearance

2c SKH9 0.047 0 C5191-RH 15

2d ASP60 0.077 0 C5191-RH 15 4.75

2e ASP60 0.060 0 C5191-RH 15 (940/199

2f ASP60 0.051 0 C5191-RH 15

3a ASP60 0.039 0.5 C5210 30 4.18 Punch

3b ASP60 0.037 10 C5210 30 (940/225 sheared

3c ASP60 0.040 20 C5210 30 angle

3d wcC 0.040 0.5 C5210 30 5.88

3e WC 0.040 10 C5210 30 (1323/225

3f wcC 0.041 20 C5210 30

Table 2 Alloy ingredients and mechanical properties of punches and sheets (%)

Components C Cr Mo w \% Co Hardness
ASP60 2.3 4.2 7.0 6.5 6.5 10.5 66—688 (940 Hv)
SKH9 0.87 4.2 5.0 6.4 1.9 — 261 HR75 Hv)

wcC 85% Tungsten Carbide, 15% cobalt 88.5/4H(1323 HY
Yield Tensile
Hardness strength strength
Components Cu Sn P Zn Pb Fe (Hv) (kgf/mm?) (kgf/mm?)
C5191R-H 93.7530 6.1050 0.1108 0.0030 0.0088 196-198 61.3
C5210 91.895 7.9584 0.1065 0.0059 0.0107 223-225 70.0
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Fig. 2 Schematic diagram of experimental strip
where 6 is the punch sheared angle. When a flat punch is used, 1 b%2—(a-x-sinfy)?
the wear depth of punch top is equal to intercept WAFLANK=§-ZTOP-WL= B Pe— (6)
(4) Calculate the flank wear lengtlyL, by a, b, and 6+ .
WL=WL(x)=b/a—x-sin(67) (5)

(6) Final, evaluate the wear condition of the punch flank based
(5) According to zrop and WL, calculate the area loss,on the indices okrop, Oy, WA ank, WL, @ndETT giraightness
WAL ank ., Of the examined position. More detailed descriptions are presented in Sec. 4.

o i
punch ro‘l’nﬂen the sheet

(punch_; gj} |

lnwnr square hgln shearing p-nch-

E

. O fpunc\.h 5)

dam bar cutting punch

|
lower shoe
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in processing

Fig. 3 Photographs of experimental progressive die
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Fig. 4 Punch wear examination model

3.2 Punch Flank Volume Loss. The wear loss of the whole WD (tanfr-x (0

punch can be evaluated by the least square plane of the flank. V1=J J f dv=f f f dzdydx
Assume that the least square plane of the punch flank calculated o Jo Ax+By+C

by the measuring points B=Ax+By+C. Then, the deviation v
between the measuring poin¥(,Y;,Z;), and the corresponding —tan ;- WD?

position on least square planezraxisis written as: [(2A+Btan6r)- WD+ 3C] (20)

6
di=Z;— (Ax+By;+C) (7)  consequently, the volume loss of a punch with sheared angle,
Vi ang: IS
The sum of square error between the measuring points and the
corresponding points on least square plane is calculated by VL anc=VL Fiat— Vi (11)

n 3.3 Height Measurement of Punch Flank. Figure 5 shows
572 (d)? 8 the me_asuring points o_f punch flank in_ this model. The punch
T M (8 wear width of the shearing experiments is 0.8 mm, and the actual
sliding distance between the flank and the sheet is 1.75 mm during
) o the process. Three inspected lines are set based on the examined
According to the definition of the least square method, the cogfositions. Two of them set as 0.05 mm apart from the left and the
ficients of A, B, andC can be derived. The intercepts of the thregight shearing boundaries and the other one sets at shear center.
axes ard = —C/A, m=—C/B, n=C, respectively. As the punch The height measurements carried out at seven positions along the
model shows in Fig. 4, intercept of y-axisis greater than zero y-axis of each inspected line, as the dot marks shown in Fig. 5.
and the intercept of z-axisis less than zero. However, the inter-Therefore, each flank has 21 sets of measurement data, and the
ceptl of x-axisis decided by the normal vector of least squargrea marked with two bold dot lines is the flank wear region.

plane. The measurement process uses an optical projector wittKa 50
The volume loss for a flat puncl#;y=0, can be calculated by magnified lens. The examined punches are placed on the platform,
the following formula. and the measuring position is controlled by the displacement

mechanism of the projector with Am precision. The wear depth

WD [ —(AX+C)/B [0 of each measuring point can be read from an electronic compari-
A FLATZJ j j dv=f f J dzdydx son apparatus with resolution of Quim.
} 0 0 Ax+By+C
Vv

= E(AZ'WD2+3A-C-WD+3C2) ) 4 Experimental Results and Discussions

68 This study executed a series of high speed shearing experiments
of thin phosphor bronze sheet to explore the effects of the param-
As for a punch with sheared anghe , the volume loss is smaller eters including the number of shearing strokes, punch-die clear-
than that of a flat one due to its geometric shape. The voluraaece, punch sheared angle, and hardness ratio of punch and sheet,
difference,V,, is calculated by on the punch wear.
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Fig. 5 Schematic diagram of measuring points on punch flank

4.1 Effects of Number of Shearing Strokes on Punch Wear cannot obtain a consistent relationship with the index of flank area
The first case executed eight shearing experiments with differéass, as shown in Fig. 6]. The main reason is that the wear
strokes, as the experiments schemed in Sec. 2. There were a tetadith only provided the @ information, i.e.y-axis it cannot
of 16 flanks to be measured of the 8 experimental punches. Eaebkon the wear depth on punch flank along #hexis which
flank carried out the height measurements at the three inspecaffécts the shearing quality significantly. Therefore, the wear
lines of 21 measuring points. Because the two inspected lines nkargth of flank is not suitable to wear examination in high-speed
the shearing boundaries were easily affected by other shearsiget shearing process.
factors, this study implemented the wear analysis by the data ofFrom the above discussions, we conclude that three indices of
shear cente(Pos. B. wear depth of punch top, punch sheared angle, and area losses are

Table 3 lists all the wear indices calculated of the punches proper to be used in the examination of punch flank wear. The
Exp-1 Figure 6 shows the relationships between the number cfirve fitting works are conducted by five analysis modes, such as
shearing strokes and the wear indices including wear depth lofear mode, exponential function, 2-orders polynomial, 3-orders
punch top, flank wear angle, flank wear length, and flank area Igsslynomial, and 4-orders polynomial. The fitting equations of the
of the examined position. From the viewpoint of materials, theumber of shearing strokes and above three indices are derived, in
index of area loss is the most objective one to display the weahich the mean square error of 3-orders polynomial is the least
condition among the four, as shown in Figd$( In this case, the among the five, as expressed in E(2)—(14). These equations
punch was in the run-in stage before 25,000 strokes, and tten be used in punch wear estimation for the thin sheet shearing
strokes of 25,000-50,000 belonged to the stable growing-ppocess.
stage, but after 50,000 the punch was rapidly deteriorated. = Wear depth of punch top face z;op

Figures 66)—(b) show the relationships between sharing
strokes and both the wear depth of punch top and flank wear 7. ,=1.03188581% 0.1282985252— 3.099x 10~ 3. x2
angle, respectively. We found that the two curves are very similar
to the one of flank area log§ig. 6(d)); therefore, both indices
can also be used to examine the punch wear. Nevertheless, the
index of flank wear length used in most tool wear examinatiofdank wear angle, 6,

+3.657x10 5. %3 (12)

Table 3 Wear indices of shear center of  Exp-1
Flank
Number of Wear wear Sum of Sum of
strokes depth angle Flank wear Area loss Straightness WA anK Vi ear
Exp.- (thousandgl (um) (degreg length (um) (um?) error (um) (um) ()

la 10 1.89285 0.04870 2252.3500 2108.92728 0.46670 4268403 15960.46
1b 20 2.80715 0.07448 2170.9969 3034.44385 0.79470 5119472 19187.84
lc 25 3.20000 0.09167 1962.9004 3210.17420 0.86843 6027867 22689.16
1d 30 2.95000 0.07734 2246.0278 3243.13798 0.74767 6219055 22634.50
le 40 3.32140 0.08021 2349.9778 3943.86143 1.49407 6946871 26057.90
1f 50 3.80000 0.09167 2369.7490 4518.12485 0.93753 7515629 28032.66
19 60 6.22860 0.15470 2300.3795 7184.57645 1.09230 9439480 35109.10
1h 70 7.09285 0.18048 2518.0182 8074.48248 0.76313 11264258 42254.54

PS: Data in table are the index average of two flanks.
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Fig. 6 Relationship charts between number of shearing strokes and the related indices of

Exp.-1
6w=0.01310662364 0.00524613871% — 1.431x 10 *- x> The examined results of volume loss are listed in the last two
6 3 columns of Table 3, in whiclsum of WA ank is the summation
+1.484<10 °-x (13)  of wear area of the three examined positions ¥pd:, A7 is the

volume loss of the flank calculated by the least square plane. Both
terms magnify as the shearing strokes increase. The relationship

WAE ank= 1.6457945-0.06978977675— 1.045< 10”3 X charts are shown as Figs.gj(and 6(). By the same way, the

. fitting error of 3-orders polynomial is the smallest, expressed as
5 3
+2.0202x 1075 x (14 Egs.(15-(16).

wherex is the number of shearing strokes in thousands. Sum of area loss of the three inspected lingsum of WA ank

In this case, the straightness errors listed in the seventh column _ _
of Table 3 have a similar result to the wear length. They cannot sum of Wiy an=9.278524009-0.808046359—1.694
accurately be used in the examination of punch wear. However, X 10 2.x24+1.739x 10 4-x3 (15)
the smaller the straightness error, the better the surface condition
of the examined position; that is, it approaches to a straight linéolume loss of punch flank V| g a7
T_hus, the wear indices mferre_d by _the prc_)posed model pr_owde 8V, r 7= 2.45017783 0.2181664937X— 4.509% 10" 3- X2
higher credibility. A more detailed discussion is presented in Sec.
4-2. +4.579<10 % x° (16)

Area loss of punch flank WA | ank
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Table 4 Area loss and straightness error of  Exp-2 and Exp-3

Punch-die Straightness Punch Straightness
clearance Area loss error sheared Area loss error
Exp- Pos. (0.01% (um?) (um) Exp- Pos. angle (um?) ()
2a A 15.35 3003.9741 0.7768 3a 0.5° 15735.3157 2.8357
2b 11.81 7183.2343 1.3518 b3 A 10° 11739.7553 2.0946
2c 9.25 8601.0174 1.5482 c3 20° 2804.1021 0.5482
2a B 15.35 3184.2163 1.2322 3a 0.5° 16509.9399 3.2690
2b 11.81 8559.7611 1.5929 b3 B 10° 12756.3796 2.2786
2c 9.25 10739.2616 1.9643 c3 20° 4991.8316 1.8250
2a C 15.35 1974.7557 0.4893 3a 0.5° 16197.3949 3.0161
2b 11.81 7966.2200 1.1893 b3 C 10° 11824.1620 2.2768
2c 9.25 8748.8434 1.7465 c3 20° 3597.9468 0.9857
2d A 15.15 2733.1086 0.6214 3d 0.5° 8761.1253 1.5273
2e 11.81 3337.1440 0.7214 e3 A 10° 3516.6885 0.7179
2f 10.03 6550.9157 1.3232 f3 20° 7644.6229 1.7393
2d B 15.15 2414.2921 0.6572 3d 0.5° 9220.4857 1.6518
2e 11.81 3441.6344 0.7429 €3 B 10° 4864.4514 0.9018
2f 10.03 7354.3859 1.3929 f3 20° 9682.1607 1.8572
2d C 15.15 2108.8387 0.5929 3d c 0.5° 9021.3195 1.6393
2e 11.81 4100.5137 0.7518 e3 10° 3836.7281 0.9214
2f 10.03 7044.8924 1.2179 f3 20° 8058.4152 1.5572
Average of Exp-2a Exp-2b Exp-2¢ Exp-2d Exp-2e Exp-2f
straightness
error (um) 0.8327 1.3780 1.7530 0.6238 0.7387 1.3113
Sum2 of area loss Exp-3a Exp-3b Exp-3c Exp-3d Exp-3e Exp-3f
()
48.442 36.320 11.394 27.003 12.218 25.385
PS: Data in table are the average of indices of the two flanks.
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Fig. 7 Relationship charts between punch-die clearance and the related indices at Pos.A of Exp.-2
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12000 — That is to say, when the punch-die clearance extends tot15%
flank wear improvement by the hardness ratio of punch and sheet
. is not obvious.

(3) The analytical results of the wear depth of punch top and
the flank wear angle are similar to Sec. 4.1; both are to be used in

EOo0 — —

2 o =i the wear examination of punch flank, as shown in Figa)#{

B N m (b). Nevertheless, the relationship between flank wear length and
ﬁ punch-die clearance still has a big difference from the area loss
g (Fig. 7(c)).

E (4) The straightness error can be used to evaluate the surface

condition near the inspected position. The last second row of
- Table 4 lists the average straightness error of the examined posi-
tions of Exp.-2 The smaller the clearancExp-2c and Exp-2the
I e s e A B e e KB e ABE larger the straightness error, since a more violent friction takes
SKHI  SKHS  SKHI  ASP60 ASPED  ASPEO place between the punch and the sheet. . .
(15.35%!) (11.61%0 (9.25%0 (15.15%0 (11.51%) (10.03%0) In order to illustrate the area loss of the three examined posi-
tions, Fig. 8 shows the histogram of the area los&xp-2 The
Fig. 8 Histogram of area loss of  Exp.-2 bar of shear centeRos. B is the highest in the threBKH9 ex-
periments; that is, the maximum flank wear happens at the shear
center.
Figure 9 shows the photograph of the sheared surfaéexm
As to the flank wear length, as Fig.®(shows, the eight ex- 2d. When the process enters the tear fracture stage, the plastic

perimental data are far from the fitting curve, and the mean squ&t@formation is terminated. From the image, the height of tear
error is greater than that of the five wear indices. It is obvious thicture surface at shear center is greater than that of the bound-

wear indices proposed herein can provide an accurate judgm@fgs. From the concept of shearing time, the time of the plastic
than the flank wear length. deformation at shear center is the shortest among the three; there-

) ~ fore, the friction effects that materials sustained during the period
4.2 Effects of Punch-Die Clearance on Punch Wear. SiX time is the maximum. In other words, the most violent friction
experiments programmed by three kinds of punch-die clearanggges place at the shear center. Consequently, the area loss exami-
are listed in Table 1. ACCO(dIng to the actual widths of Shearl%ﬁon model proposed in this Study can be verified by the inspec-
punch and punch slot of die block in lower shoe, the clearancggn of sheared surface. All six of sheared surfaceBxp-2have
was set as 15.358011.81% and 9.25% in Exp-2a-Exp-2cus- the same situation.
ing SKH9 punch and that inExp-2d-Exp-2f were 15.15%, As to the ASP60experimentsExp-2d-Exp-2f the area losses
11.81% and 10.03% of ASP60 punch respectively, wheres the gy |ower than that ofSKH9 experiments,Exp-2a-Exp-2¢ as
thickness of metal sheet. ~ shown in Fig. 8, but the difference among the three positions is
After 15,000 shearing strokes, the area loss and the straightnggs very distinct. The comparison experiments of HEP60

error of the inspected lines are listed in Table 4, and the relatiofynch and the tungsten steel punch are conducted in next section.
ship charts of the wear indices to various punch-die clearance of

the examined position near the left boundéPps. A x=p) are 4.3 Effects of Punch Sheared Angle on Punch Wear.In
shown in Fig. 7. Several findings are observed as follows: this section, six experiments @5210sheet shearing bASP60

(1) From Fig. 7@), the relationship between area loss angunch and tungsten steel punch are executed to explore the effects
punch-die clearance is in inverse proportion; that is, the area lasthe punch sheared angle on punch wear. The number of shear-
of flank extend as the contraction of punch-die clearance. In ddg strokes is increased to 30,000 cycles and the shearing speed is
dition, all the area loss 08KH9 punches are larger than that ofset as 40 mm/sec. The analytical results are listed in the right part
ASP60punches for three different clearances. of Table 4.

(2) However, under a larger punch-die clearance such ag,15% From the data ofExp-3a-Exp-3¢ which using theASP60
the area loss of the two kinds of punches is rather close, and fhenches with a hardness ratio of 4.18, the following results are
same phenomenon happens in the other two examined positianstained:

800 microns

Fig. 9 Photograph of sheared surface punched by ASP60 punch of Exp.-2d
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Fig. 10 Histogram of flank area loss of  Exp.-3 |n5pe¢ted pogitim

Fig. 11 Histogram of wear depth of punch top of Exp.-3
(1) The design of punch sheared angle is contributed to the
decrease of punch wear. In this case, area losExpF3c with
sheared angle of 20° is only one third of that of 30 minutes, agords, both indices of area loss and the straightness error are
Fig. 10(@) shows. Moreover, the scale of wear depth of punch togonsistent. Therefore, even in the unstable run-in stage, the
is merely about 1:49.352:40.76, as shown in Fig. 1H). straightness error can be regarded as an index for punch wear
(2) From Fig. 10@), we can find that the area loss of the sheagxamination.
center is greater than the others near to the boundaries. Owing t62) The area loss of shear center is the greatest among the three
the design of the sheared angle, the area loss of the right inspeardmined positions, as Fig. H)( shows. The next is the right
line, Pos. G which spends a shorter time in mutual action betwedmundary,Pos. G with the most shortly time of shearing action.
the punch flank and materials, is larger than that of the left on€his result is the same with that of t#SP60punch(Fig. 10@)).
Pos. A (3) The punch with the sheared angle of 10° has the minimum
As to the tungsten steel puncBxp-3d-Exp-3f with a higher area loss among the three, and the wear depth of punch top also
hardness ratio of 5.88, since the accomplished shearing strokestee the same results, as shown in Figsb)@Gnd 11p).
low, the punches still situate in the run-in stage. The analytical The last row in Table 4 is the sum of area loss of the six
results are not similar to th&SP60punches providing the regular punches inExp. 3 When the sheared angle is less than 10°, two
variation. But, several observations are observed: kinds of punches have the same tendency to slow down the flank
(1) The last two columns with shaded marks in Table 4 are thveear. Nevertheless, as the sheared angle increased to 20°, the
ones with the smallest area lossHixp.-3 and their straightness tungsten steel punch with a higher hardness ratio could not obtain
error also is the smallest in the three examined positions. In othliee expected effect of lowering punch wear.
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5 Conclusions [16] Goijaerts, A. M., and Govaert, L. E., 2002, “Experimental and Numerical
] ) ) Investigation on the Influence of Process Speed on the Blanking Process,”
This study successfully proposes a tool wear examination ASME J. Manuf. Sci. Eng.124 pp. 416—419.
model by using least the square method to judge the punch flarﬁkﬂ Kuo, R. J., 2000, “Multi-Sensor Integration for On-Line Tool Wear Estimation
. . . Through Artificial Neural Networks and Fuzzy Neural Network,” Journal of
wear for thin me.tal She?t shear!ng process. It can improve t_he Engineering Applications of Atrtificial Intelligencé,3, pp. 249—-261.
drawback of lacking the information on the punch wear depth iig] Fraiceli, B. M. P., Lehtihet, E. A, and Cavalier, T. M., 1999, “Tool-Wear
the presentations of wear length and wear area. A total of twenty Effect Compensation Under Sequential Tolerance Control,” International Jour-
experiments of thin metal sheet shearing were conducted, to o ?:Er:l Ofdifoducst'olz Resgaif(c_ﬁge)' Pp- 6K39£g§é- o0l Wear M .
. oudhury, S. K., an ishore, K. K., , “Tool Wear Measurement in
plore .the effects of Shearl.ng parameters, such as the number 6? Turning Using Force Ratio,” Int. J. Mach. Tools Manu40, pp. 899—-909.
shearing strokes, punch-die clearance, and punch sheared angg) Lce, w. B., Cheung, C. F., Chiu, W. M., and Chan, L. K., 1997, “Automatic
on punch flank wear. The analytical results show that the proposed  Supervision of Blanking Tool Wear Using Pattern Recognition Analysis,” Int.
wear indices, such as wear depth of punch top, flank wear angle, J. Mach. Tools Manuf.37(8), pp. 1079-1095. o ]
and flank area loss. could derive more objective expressions théﬁ‘}] Kalpakjian, S., 1984 Manufacturing processes for engineering materials
h f | h ,I dditi he indi f iah Addison-Wesley Publishing Company, p. 391.
.t ato Wea_r ength. In addition, the indices of straightness error ‘{Ez] Luo, S. Y., 1997, “Studies on the Wear Conditions and the Sheared Edges in
inspected line and the volume loss of the flank are also accurate in" punching,” Wear208, pp. 81-90.
presenting the punch situation.
Punch flank wears increase as the increment of shearing
strokes. Five fitting curves regressed by 3-orders polynomial are
derived to present the relationships between the number of shear-

ing strokes and the related wear indices. These equations can .
provided as valid references in the metal shearing process of tﬁﬂf’naracterlstlcs of Heat Transfer

phosphor bronze sheet. During Machining With Rotary Tools
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Table 1 Thermal properties of the tool and workpiece material

p (kg/m®) ¢, (IkgK) K (W/mK)

Tool (High speed stegl 8600 360 30
Workpiece(Plain carbon stegl 7850 486 52

Tool

model the effect of the tool rotational speed on the temperature
generated in machining with rotary tools. In this paper a heat

transfer model is presented and used to examine the influence of
tool rotational-speed on the heat partitioning and temperatures in
the tool.

2 Heat Transfer Model of the Rotary Tool

In the presented analysis it is assumed that the chip formation
takes place along a thin shear zone and the formed chip moves as
a rigid body along the rake face of the tool. The heat generation
associated with the shear zone is calculated based on the analysis
presented previousli1]. Table 1 shows the thermal properties ofig. 1 A simplified model for the tool, the chip, and the chip-
the materials that were used in this investigation. The convectitwl interface
heat transfer coefficient used was 100 VRKm(dry machining
and the ambient temperature was 20°C. Although the thermal
properties are temperature dependent in this investigation the ef-
fect of temperature is ignored for simplicity. friction face is appliel the conservation of surface flux at the

One of the primary benefits of the rotary tool is the potential fahterface yields the following:
carrying out the cutting process at a lower tool temperature. In
light of this it becomes important to obtain a clear understanding
of the heat transfer characteristics of the rotary tool. In developing K i

o oy )
Ct

a framework for the mathematical models presented in this paper,
it is considered that the chip is moving at a spe¥d, and in
contact with the tool over a frictional are@,, . The rotary tool is
spinning with an angular velocity, .

The conservation equation describing the movement of ene

K ad
= ( ngz—°) =J( ety +t 7S ()
c an

J 922% c

where the subscriptsandc refer to the tool and chip side of the
Werface respectively. The metries,, 7y and », are described in

within the body of the chip can be described by: [20] and the terml(#,+ n,+ 7,) is equal to the ared.;. The
ability of the heat to be moved away from the friction zone de-
J J J J isti i
7 7 7 7 pends on the heat transfer characteristics of the chip and the tool,
g (pdd)c+ 7% (pIU) .+ a7](PJV¢>)C+ ﬁg(pJWqﬁ)c and the movement of heated material away from the friction zone.

A special characteristic of the rotary tool is that the heated mate-
rial is continuously moved away for cooling and returned to the
:i( E( %)) i( E(g L’sc)) cutting zone to potentially acquire more heat. To examine the
de |~ co | I ge an\ c.\ PP an unique features of the rotary tool, two levels of application of Eq.
(2) and (3) are considered.
In the first application a simplified discrete model is derived
+S, (1) providing a means to evaluate the influence of tool rotational
speed and cutting speed on important cutting parameters. These
parameters include the heat partitioning coefficiést, the chip/
where ¢ is the specific internal energy,the density of the mate- tool interface temperaturd,.,, and the average tool temperature
rial, k the thermal conductivity andthe specific heat. To accountT,,. This model, intended for parametric studies, includes thermal
for the effect of the heat generation in the primary shear zonejraeractions between the chip, chip-tool interface, and the rotary
heat sourceS, is included. Similarly, the conservation equatiortool and the surroundings. A schematic of the model, showing
describing the movement of energy within the body of the tool isow the control-volumes in the analysis are linked, is shown in
given by the same equation with subscript&hip) changed ta@  Fig. 1. The application of Eq€$2) and (3) with appropriate sim-
(tool), and the heat sourc®=0. These equations account for bothplifications, results in a predicted circumferential temperature dis-
the conduction and advection of energy in a moving mass, and &tbution in the tool, the chip-tool interface and chip temperatures.
cast in generalized coordinatés#,) to account for the geomet- The required simplifications are described 20]
ric differences between the chip and tdok. rectangular versus The second level of application involves a 3-D discrete model
cylindrical shapes A description of the transformation metrics,of the rotary tool, and provides a means to examine in detail the
011, 920 @andgas, the contravariant velocitied, V, andW, along temperature distributions in the tool as a function of rotational
with the Jacobian of the transformatiadh, are provided in Ref. speed. For the subsequent development of the discrete equation
[20]. set, Eq.(1) is discretized using a finite-volume discretizat{@i].

The chip and tool interact through a common interface, whefiéhe coordinate transformation terms are retained to allow for flex-
the heat generated along the interfa8g, is transferred by con- ibility in developing equation sets for different geometry. Follow-
duction into the chip and tool. The value §f;, defined as a heat ing integration over a control-volume of dimensidz=1, Ay
rate per unit area, depends on the relative velocity between thd, andA{=1, and using Gauss’s theorem to convert volume
chip and tool,V,y, and the friction forceF.;. Choosing then integrals to surface integrals for the convective and diffusive
transformed coordinatéhe coordinate surface along which theerms, the conservation equation for the chip and tool becomes:

a( kc( I
Pl e\ ST
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V=70 m/min. = 0,05 mm/rev., [13]
V., =28 mimun, = 00025 mmvrev., [13]
Vo6 mmim, f- 0,05 mmirev., [13]

Ia m/min, = 0137 mm/rev..[Predicled]

Ll

Temperature, T, ( "C)

20}

Fig. 2 Measured and predicted temperatures at different velocity ratio

J)e
(pA'[) (dijk— (f’ic}k)c+ (Qe=Qp)ct (2= Q)+ (2= Qp) =S,
(39)
(pI): o
T(d)”k_ ¢ijk)t+ (Qe= Q)+ (2= Q)+ (2 —Qp) =0
(3b)

where the control-volume surface fluxe@, (defined at the east
(e), west(w), north (n), south(s), top (t) and bottom(b) faces of
the control-volumeg include the transport of energiadvection

K

Ct

Ke
Ce

2922( nxt nyt 72)Set (6)

ke ki

+ e bt i~ & P
where g, is the interface energy level, arfd and ¢; the tool and
chip internal energy levels respectively.
Equationg3) and(6) can be used to develop the discrete equation
set for the level one and level two applications, however, specific
features relating to boundary conditions, chip-tool interaction, and
assumptions can be found ig0], due to space constraints.

and thermal diffusion. The transient term disappears in the steady- . .
state but is retained for generality, and acts as a means for relaxihg Results and Discussions

the solution during iterative refinement. Considering only the Figure 2 shows the predicted effect of the tool-cutting velocity
e—face, as all other faces follow a similar deVelOpment, the SUrfapgtio on tool temperature_ Also experimenta”y measured tempera_

flux is:

d¢

k
Qe=pIUd— cJ%u - 4)

ture data is reproduced from Shaw et[dB3]. Their reported data

is only of value in showing trends in the temperature of the rotary
tool in conjunction with changes in feed and cutting speed. The
trends in Fig. 2 indicate that with increasing tool-cutting velocity

ratio the tool temperature is rapidly reduced. This behavior is
more pronounced at lower values of cutting spdgd For each

In the general 3-D case the control-volume, with internal ensompination of cutting speed and feed there is an optimum tool-
ergy level ¢;j , is surrounded by six adjacent control-volumes

located to the eastf , 1jx), west (#;_1jx), north (¢ 1x), south
(dij—1), top (Pijk+1) and bottom ;j—1). At the e-face (with
similar developments for all other fagethe value of¢,, which
must be interpolated using adjacent control-volume valueg of
(i.e., ¢ir1jx and ¢y for the e-face), depends on the relative

strengths of the convective and diffusive fluxes and is approxi

mated by the power law functidi21]:

(1-0.1P.P¢|)®

Qe=Fg¢ dijt Pe

(di+1jk— Pij) %)

wherePe s the Peclet number.
Equation(5) can be substituted into E¢3), with similar sub-
stitutions for the other facese. w-s-n-t-h, to arrive at conserva-

tion equation for the control-volume in terms of its internal en-

ergy, ¢ijx» and the surrounding nodal internal energigs 1y ,
i 1jk» Dijr1kr Pij-1k» Dijk+1 and ey 4 for the 3-D case, and

&, , ¢;_4 for simplified cases where temperatures vary in one gric
dimension only. The temperature is determined from the interne

energy using specific heat information for the material.

£

TR

The discrete equation for the chip-tool interface is obtained g, 3 Typical Temperature Distribution in a 3-D rotary tool

a finite-difference approximation of the gradient tertimsEqg. (2))
on each side of the interface, usidgy=1/2, one obtains:

406 / Vol. 126, MAY 2004

with applied velocity field shown
contour intervals of AT=25C)

(Thax=430C, T.,;n=30C,
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Fig. 4 Effect of tool speed on the temperature distribution on the rake face
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A Quantitative Sensitivity Ana|ysis formulation of the model is based on Dewhurst and Collins’ ma-

trix technique for numerically solving slip-line problens]. A

of Cutting Performances in Orthogonal good agreement has been found between theory and experiments

Machining with Restricted through extensive cutting tests covering a wide range of cutting
conditions[6].
Contact and Flat-Faced Tools Inputs of the mode[4] include: (1) the hydrostatic pressure

ratio Po/k, where P, is the hydrostatic pressure ardis the
material shear flow stres€) the frictional shear stress ratigk,

Ning Fang which governs tool-chip friction on the tool rake fad®) the
Assistant Professor, tool-chip contact length ratio, /h, wheret, is the undeformed
Mem. ASME chip thickness andl is the land length of the tool; and) the tool

primary rake angley;. The model4] predicts a number of ma-

Department of Mechanical and Aerospace Engineering, chining parameters, including) the cutting forcesk./kt;w and

Utah State University, Logan, Utah 84322-4130 F./kt,w, whereF is the cutting forceF, is the thrust force, and
e-mail: ning.fang@usu.edu w is the width of cut;(2) the chip back-flow angley, ; (3) the chip
URL: http://www.mae.usu.edu/faculty/nfang up-curl radiusR,; and(4) the chip thickness,. The model[4]

can also be employed to study chip formation in machining with
flat-faced tools. In this latter case, the mop&lturns into exactly

. o . . the same as Dewhurst’s mod&l. Both models provide the same
This paper presents a new quantitative sensitivity analysis of Cyeoretical solutions to flat-faced tool machining.
ting performances in orthogonal machining with restricted con-

tact and flat'-faced tools, based on a recently qeveloped inp-Iir% Sensitivity Analysis of Cutting Performances
model. Cutting performances are comprehensively measured by
five machining parameters, i.e., the cutting forces, the chip back-The accuracy of sensitivity analysis of cutting performances
flow angle, the chip up-curl radius, the chip thickness, and tHéepends not only on a reliablexperimentally validatedmodel
tool-chip contact length. It is demonstrated that the percentage @f chip formation, but also on the use of an effective mathematical
contribution of tool-chip friction to the variation of cutting per- analysis technique. In this paper, Friedman’s mg8glof multi-
formances depends on different types of machining operations. ¥&yiate adaptive regression spline is incorporated into the slip-line
general conclusion about the effect of tool-chip friction should b@odels[4,7] to perform sensitivity analysis. Friedman’s mogi]
made before specifying a particular type of machining operatidigkes the form of an expansion in product spline basis functions,
and cutting conditions.[DOI: 10.1115/1.164308§1 where the number of basis functions and the parameters associ-
ated with each onéproduct degree and knot locatiorere auto-
matically determined by the input data. It provides the information
1 Introduction on the relative importance level of input variables of the model, or
the percentage of contribution of input variables to the variation of
Sensitivity analysis investigates how the variation in outputs @ltting performances. At present, a computer software package
a model can be apportioned, qualitatively or quantitatively, to dittleveloped from Friedman’s modg8] is commercially available
ferent sources of variatiofl]. Sensitivity analysis of cutting per- [9]. A free demo program that teaches how to use the software to
formances is one of the effective approaches to studying the baséform sensitivity analysis is also availah@.
mechanism of chip formation in machining. It identifies the most Table 1 lists variations of input variables of the two slip-line
important factors governing changes in cutting performances amdels[4,7]. These variations cover a wide range of cutting con-
provides a solid foundation for the optimization of practical maditions, especially a wide range of tool-chip frictional conditions.
chining applications. Sensitivity analysis has been widely enThe predicted values of cutting forces, chip back-flow angle, etc.,
ployed in robust design of machine tool structures and metalso locate within a very wide range. It should be noted that only
forming research. However, it has not received significant attetheoretically admissible combinations of input variatjiékgiven
tion in machining research. So far, only a very few studies can bheTable 1 were employed in sensitivity analysis.
found from the published literature2—3]. Moreover, most of  Figures 1 and 2 show the sensitivity analysis of five cutting
them employed the numerical approach and were concentrateghérformance measures. The vertical axes in Figs. 1 and 2 show the
thermal aspects of machining processes. relative importance level of input variables of the slip-line model,
A new sensitivity analysis for machining with restricted contaasr the percentage of contribution of input variables to the variation
(RO and flat-faced tools is presented in this paper to quantitef cutting performance measures. The percentage of contribution
tively study the effect of the state of stresses in the plastic def@t combined interaction between input variables was found negli-
mation region, tool geometry, and cutting conditions on the varigible; therefore, it is not included in Figs. 1 and 2. Table 2 sum-
tion of cutting performances. The cutting forces, chip back-flomarizes the major findings from Figs. 1 and 2, which are analyzed
angle, chip up-curl radius, chip thickness, and tool-chip contait detail as follows.
length are employed to comprehensively measure cutting perfor- . ) )
mances. A series of new insights into the basic mechanism of chip3-1 Sensitivity Analysis of Cutting Forces. As seen from

formation, especially tool-chip friction, have been obtained. ~ F9: 1, the tool rake angle, is the most important variable gov-
erning the variation of cutting forces, especially the thrust force

. . F./kt,w. Jawahif10] has experimentally demonstrated the close

2 Model of Chip Formation relationship between the tool rake angle and the thrust force. The

A recently developed slip-line model for RC machinifg] is  tool-chip contact length ratit, /h and tool-chip frictionr/k play
employed in the present study. Involving a convex upward shee second important role in RC machining and flat-faced tool
plane and four slip-line angles, the modéd] takes into account machining, respectively. The effect of tool-chip frictiefk on the
both the chip up-curling and back-flow effects and incorporaté#itting force F./kt;w is not significant in RC machining. The
six other slip-line models previously developed for machiningffect of hydrostatic pressuf, /k can be neglected almost com-
during the last six decades as special cases. The mathematiglely in both types of machining operations.

Contributed by the Manufacturing Engineering Division for publication in th 3.2 Sensitivity Analysis of Chip Back-Flow Angle in RC

JOURNAL OF MANUFACTURING SCIENCE AND ENGINEERING. Manuscript received P]\/Iachining. It can be seen from Fig.(3) that in the decreasing
July 2003. Associate Editor: Y. Shin. order of relative importance, variables governing the variation of
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Table 1 Input variables of the two slip-line models

RC machining Flat-faced tool machining
Input variables (Fang et al.'s modé4]) (Dewhurst's mode[7])
Hydrostatic pressure ratiB, /k 0.75, 0.79, 0.83, 0.87, 0.91, 0.75, 0.77, 0.79, 0.81, 0.83,
0.95 0.85, 0.87, 0.89, 0.91, 0.93,
0.95
Frictional shear stress ratigk 0.65, 0.71, 0.77, 0.83, 0.89, 0.65, 0.68, 0.71, 0.74, 0.77,
0.95 0.80, 0.83, 0.86, 0.89, 0.92,
0.95
Tool-chip contact length ratio, /h 0.80, 0.86, 0.96, 1.04, 1.12, Not applicable
1.20
Tool primary rake angley, —9 deg,—3 deg, 3 deg, 9 deg, 15 deg —9 deg,—3 deg, 3 deg, 9 deg, 15 deg
Total number of combinations of 6X6X6X5=1080 12X 12X5=720
input variables
Total number of theoretically 824 612
admissible combinations of input
variables

chip back-flow angler, are the tool-chip contact length ratio 3.6 Effect of Tool-Chip Friction in Machining. Table 2
t,/h, tool-chip friction 7/k, and the hydrostatic pressuRe /k. and Figs. 1 and 2 reveal a hidden rule that has not yet been well
The effect of tool rake anglg; can be neglected. JawahiO] has recognized, i.e., the effect of an input variable of machining op-
also experimentally demonstrated the strong relationship betwegttions on cutting performances depends on a particular type of
7p andty /h. machining operation and cutting conditions. Let's take tool-chip
3.3 Sensitivity Analysis of Tool-Chip Contact Length in friction 7/k on the tool rake face as an exa}mple. Tool-chip friction
Flat-Faced Tool Machining. Figure Za) shows that the varia- IS one .Of the two bottlenegk problgms in the present syage. of
tion of tool-chip contact length, is sensitive to both the tool rake mac_h'”'”g rt_as_earch worldwide. The Importance of tool-chip fric-
angley,; and tool-chip friction7/k. On the other hand, the eﬁectt'on.m machining has long been recognlzgd, \.N't.h many statements
of hydrostatic pressurB, /k can be neglected. h_aw_n_g been made. Fo_r examp_le, tool-_chlp friction always plays a
significant(centra) role in affecting cutting forces. Unfortunately,
3.4 Sensitivity Analysis of Chip Up-Curl Radius. Figure a statement like this is a typicadcompleteunderstanding of tool-
2(b) clearly illustrates that the hydrostatic pressé#g/k is the chip friction. In some machining cases, the statement is correct. In
only variable dominating the variation of chip up-curl radRisin  other cases, it is not.
RC machining. It is also the most important variable governing Table 2 and Fig. 1 clearly show that tool-chip frictiefk does
the variation ofR, in flat-faced tool machining. IP,/k takes its have a significant effect on the cutting ford&€4.3% onF/kt;w
maximum permissible value of 1.0, straight chip formation inand 23.13% orF, /kt;w) in flat-faced tool machining; however,
volving infinite chip up-curl radius will be generated. Dewhurss effect on the cutting force.53% onF . /kt;w and 7.48% on
[7] also demonstrated the strong dependenc&kpfon Pa/k.  F /kt,w) is negligible in RC machining. Even in the same type of
Tool-chip friction 7/k plays the second important role in affectingrc machining, tool-chip friction/k has different effects on dif-
R, in flat-faced tool machining, but it has almost no effect in Rgrent cutting performance measures. For example, it has a negli-
machining. The effect of tool rake anghg on the chip up-curl gipie effect on the cutting forces but has an important effect
radiusR, is not significant. (25.15% on the chip back-flow angle as shown in Figa2
3.5 Sensitivity Analysis of Chip Thickness. Figure Zc) Therefore, the effect of tool-chip friction actually depends on a
shows that in RC machining, the most important variable domparticular type of machining operation and a particular cutting
nating the variation of chip thickness is the tool-chip contact performance measure.
length ratiot, /h. The hydrostatic pressuf®, /k plays the second  The opposite effects of hydrostatic pressig/k on the chip
important role. In flat-faced tool machining, the important varithickness, in RC and flat-faced tool machining, and the opposite
ables governing the variation ¢f include the tool rake angle; effects of tool rake angle, ont, in these two types of machining
and tool-chip friction7/k. operations provide two additional examples. Figufe) Zhows

100 100 2 F| /kt]w ‘]I[[ﬂm PA/k
< § 7.09% | 7 ok
< sor S s0r 7,
g o V2 ¢, Ih
£ 60r g 60
g 2 §5.20%

E a0t £ aof

2 2

-~ L. - 20 L

g% o 23.13% .
m 0 T m 0 T 2'35% 014%

Flat-faced Restricted contact Flat-faced Restricted contact
(a) Cutting force F./ktyw (b) Thrust force Fi/ktyw
Fig. 1 Sensitivity analysis of cutting forces
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Fig. 2 Sensitivity analysis of chip back-flow angle, tool-chip contact length, chip upcurl ra-
dius, and chip thickness

that the hydrostatic pressurP,/k plays a significant role  To explain the observations made above, we need to consider
(37.53% in affectingt, in RC machining; however, its effect on both tool geometry and the chip deformation mechanism. Let’s
t, (3.769 in flat-faced tool machining can be neglected. Figurstill take tool-chip friction as an example. In flat-faced tool ma-
2(c) shows that the tool rake anglg; has almost no effect chining, the size of the secondary shear zone on the tool rake face
(0.9799 ont, in RC machining; however, it plays the most im-is mainly governed by tool-chip friction due to a relatively large
portant role(61.92% in affectingt, in flat-faced tool machining. length of the natural tool-chip contact. As a result, the cutting

Table 2 Effect of input variables of the model on the variation of cutting performances

In RC In flat-faced In RC In flat-faced
machining tool machining machining tool machining
Has significant effect on the Has negligible effect on the
Influential following cutting performance following cutting performance
variables measures measures
Palk R, /ty Ry /ty Fe/kt,w Fc/ktyw
to/ty Fi/ktw Fi /ktyw
b [n/ty
ty/t;
T/kK M F./ktyw Fc/Ktyw No
F/ktyw Fy /ktyw
In/ty Ry /ty
ty/t; ty/t,
R, /ty
ty/h Fc/ktyw Not Fi/ktyw Not
applicable M applicable
Ry /ty
ty/t;
Y1 Fo/ktyw F./ktyw M R, /ty
Fi/ktw F /ktyw R, /ty
I /ty ty/ty
ty/ty
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forces are highly sensitive to tool-chip friction. However, in RC 6. The percentage of contribution of tool-chip friction to the

machining, the chip only contacts tool land over a restricted variation of cutting performances depends on different types

length, which can be far less than the natural tool-chip contact of machining operations. No general conclusion about the

length. Even a significant variation in tool-chip frictiafik does effect of tool-chip friction should be made before specifying

not cause a profound change in the size of the secondary shear a particular type of machining operation and cutting condi-

zone, or a significant change in the cutting forces. The opposite tions. This conclusion clarifies a long-existing, incomplete

effects of tool-chip friction further imply that in flat-faced tool understanding of the effect of tool-chip friction in machin-

machining, the cutting forces can be decreased by reducing tool- ing.

chip friction, such as by employing tool coatings and lubricants

(cutting oilg; nevertheless, the cutting forces cannot be signifi-

cantly decreased by reducing tool-chip friction in machining witfiReferences
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