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Abstract

A hot-dipped galvanized zinc-coated sheet steel was deformed with three different laboratory test systems: a Marciniak punch system, a
flat-die friction test system, and a cupping system. These systems were able to impose various combinations of deformation modes to the
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heet. The deformation modes include: (1) strain without die contact, (2) sliding, (3) pressing, and (4) bending. Strain measureme
lectrolitically gridded specimens were made at the same locations as surface profilometry measurements, allowing a direct corr
f surface roughness with strain. Quantification of the roughening as a function of strain, sliding and bending was determined. The
ate depends upon the strain level as well as the strain path. Increased strain without die contact causes an increase in the surfa
ith strain paths close to plane strain exhibiting the highest roughening rate. The deformation modes of sliding, pressing, and bend
ecrease in the surface roughness (i.e. smoothing) to occur. A first-order model is proposed to account for the surface roughness
f these deformation modes.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Complex forming operations are often used to shape
oated sheet steels into many products. During these oper-
tions, the deformation imparted to the zinc-coated surface
an be classified into four distinct modes: (1) strain with-
ut die contact, (2) sliding, (3) pressing, and (4) bending.
he condition of the zinc-coated surface after these types
f deformations must be monitored separately from the sub-
trate, because the zinc coating may not necessarily have the
ame forming behavior as the sheet steel. The zinc-coated
urface may develop defects, such as unacceptable roughen-
ng, cracking or powdering, as a result of a forming operation
ven though the sheet steel itself performs well[1].

∗ Corresponding author. Tel.: +1 303 273 3793; fax: +1 303 273 3795.
E-mail address:cvantyne@mines.edu (C.J.V. Tyne).

The purpose of the present work is to quantify the e
of different deformation modes on the changes that occ
the zinc-coated surface. Such relationships would be u
in assessing the effect that various forming operations
on the subsequent surface quality of the final part. Thes
lationships are developed by measuring both the deform
applied to the sheet steel and the resulting surface topog
of the zinc coating in a manner that allows direct correla
of the measurements.

2. Background and theory

2.1. Strain without die contact

The level of strain imparted to a sheet will affect
mechanical properties, including strength, toughness, a
tropy, microstructure, and many others. These properties

924-0136/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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a role in the formability of the sheet, and can affect the ma-
terial either locally or on a bulk scale[2]. The mechanism
by which the material fails is dependent on these material
properties, as well as the strain path, which also has an effect
on sheet steel forming[3].

The strain level, as quantified by the VonMises equivalent
strain[4] and grain size, are cited in the literature as being
the most important factors affecting the surface roughening
during deformation[5,6]. For a plastically deformed material,
the VonMises equivalent strain is

εvme =
√

4
3(ε2

1 + ε2
2 + ε1ε2) (1)

whereε1, ε2 andε3 are principal strain components and that
volume constancy occurs during plasticity,ε1 + ε2 + ε3 = 0.
It should be noted that theεvme value gives no indication of
strain path, which for sheet deformation is often characterized
by the ratio of the principal strain components,ε1 to ε2. The
Keeler–Goodwin[7] forming limit diagram (FLD),Fig. 1,
quantifies strain path effects using the major and minor strains
in the plane of a deformed sheet, to describe the reaction of
the sheet to applied deformation.Fig. 1shows three general
strain paths that are referred to as drawing (left side of FLD),
plane strain (εminor = 0) and stretching (right side of FLD).

2.2. Sliding
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2.3. Pressing and bending

During sliding deformation, there is often a simultaneous
normal pressure imposed upon the sheet. In the present work,
we have not completely separated the roughness changes
due to sliding from the roughness changes due to press-
ing; therefore, the quantification of the pressing pressure
has not been attempted. We do propose that the pressing
mode of deformation be considered as a separate entity
in the extension of the first-order model that is developed
herein.

Bending is imposed on the sheet during a cupping op-
eration, as the sheet is pulled over the die shoulder. On
the inner side of the bend, the sheet will experience com-
pressive strains and on the outer side of the bend, ten-
sile strains will be imposed. We have not attempted in this
work to quantify the strain that occurs during the bending
operation.

2.4. Three-dimensional surface topography analysis

In order to examine the effects of forming on the surface
of the workpiece, some quantitative measure must be used.
There are a large number of roughness parameters that can
be used to describe various aspects of a surface. From these
p arame-
t sage
[

S
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i

Deformation by sliding occurs when the sheet is force
lide along a die surface, and may occur with or without st
or example, in a flat-die friction test, the sheet slides betw

wo dies but does not experience any significant elong
train. But in a deep drawing or cupping process, the fl
egion of the sheet slides between the lower die and b
older. The sheet in this operation is also being compre

n the radial direction as it moves toward the die shoulde

Fig. 1. Plot of major engineering strain vs. minor engineering s
 r five different strain paths ranging from drawing to biaxial stretching[7].

arameters the root mean square average roughness p
er,Sq, was chosen for its basic nature and widespread u
8]. The parameter is calculated as:

q =
√√√√ 1

MN

N∑
j=1

M∑
i=1

η2(xi, yj) (2)

hereM andN are the discretized surface matrix size, anη
s the height at surface coordinatesx andy.
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3. Experimental methods

3.1. Materials

The experimental testing was performed on an interstitial
free (IF) steel substrate with a hot-dip galvanized (HDG)
coating. During production, two separate surface textures
(EBT — electron beam textured roll) were imparted onto
the material. The final cold roll in the tandem mill before the
coating process imparted an EBT texture with ring diame-
ters,φ, 100–150�m, a minor lateral spacing,dl , of 225�m
and a major lateral spacing,dq, of 388�m. After the zinc

F
i
s

coating, the EBT textured rolls of the temper mill imparted
a second EBT-type roughness onto the surface of the zinc
coating. The EBT texture parameters wereφ = 170–180�m,
dl = 318�m anddq = 550�m. For both surface-texturing
operations, one side of the sheetdl is parallel to the rolling
direction anddq is perpendicular to the rolling direction and
on the other side of the sheetdq is parallel to the rolling direc-
tion anddl perpendicular. The depths of the features imparted
by the textured rolls are on the order of 20�m, which is an
order of magnitude greater than the surface roughness of the
coating.Fig. 2a shows the coated surface resulting from the
final skin pass texturing, which is the topography of the HDG
ig. 2. (a) Initial surface topography of HDG zinc-coated sheet steel with E
ndividual points in the image. The height scale units are microns. (b) Surfa
urface patterns can be seen. The gray scale to the right of the image is the
BT surface pattern. The gray scale to the right of the image is the height of the
ce topography of IF steel substrate after removal of the zinc coating. Two EBT
height of the individual points in the image. The height scale units are microns.
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material in the untested condition.Fig. 2b shows the topog-
raphy of the substrate material after the coating has been
removed, which upon examination shows both the large and
small EBT texture pattern.

3.2. Laboratory mechanical tests

Different forming modes were imparted to the coated sheet
steel via several laboratory mechanical tests. The mechanical
testing consisted of three different types: Marciniack punch
tests, flat-die friction tests, and cup tests. After testing, the
surface topographies from each of these tests were measured
via three-dimensional surface profilometry, and the strains
imparted during Marciniack punch and cup testing were mea-
sured via square grid analysis. The strain measurements and
the surface profilometry measurements were performed at the
same position on the specimen. This enabled a direct corre-
lation between deformation and surface topography.

3.3. Marciniack punch testing

Strain deformation without die contact was imparted to the
sheet by Marciniak tests performed to four different punch
depths (15, 25, 35 mm and to failure) along eight different
strain paths. These eight strain paths were realized through
t gths
o mm,
a , and
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c raw-
b slip-
p heets
o re

F for Mar rmed by the
M e assoc

Fig. 3. Schematic diagram of Marciniack punch test setup showing both test
specimen and spacer sheet[7].

used during testing to eliminate the effects of friction that
would be applied to the test specimen via the face of the
Marciniack punch.Fig. 3 shows the geometry of this test
configuration. After deformation via Marciniack punch test-
ing, strain analysis and surface profilometry were performed
on each tested specimen.

The strain analysis was performed using a pattern of
square grids measuring 2.5 mm× 2.5 mm. The grid pattern
was electrolytically etched onto the surface of the specimen
prior to testing with one axis of the grid parallel to the lon-
gitudinal axis (i.e. the rolling direction) of the sheet and the
other parallel to the transverse axis of the sheet. After test-
ing, the change in size of the grid in both the longitudinal and
transverse directions and the initial grid size were used to cal-
culate strain imparted to the sheet.Fig. 4shows the position
of the strain measurements and the most common location
for a failure.

After deformation, three-dimensional non-contact sur-
face profilometry was performed on the surface of the
tested sheets. The surface profilometer used was a Wyko
he use of test specimens with different widths. The len
f all specimens used for the current work were 300
nd the widths were 60, 120, 150, 180, 200, 220, 230
00 mm. The 60 mm wide specimen corresponds to a d

ng strain path, the 180 mm wide specimen correspon
he plane-strain strain path, and the 300 mm wide spec
orresponds to a biaxial stretching strain path. The d
ead force used during testing was increased until no
age occurred through the locking drawbeads. Spacer s
f 300 mm× 300 mm with a circular hole in the center we

ig. 4. Position of strain measurements and usual location of failure
arciniack punch. A representative region of 2.5 mm2 grid pattern and th
ciniack punch tested specimens. The circular region is the area defo
iated strain measurement locations are also shown.
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Fig. 5. Schematic diagram of flat-die friction testing apparatus.

corporation RST system. All surface scans were performed at
2.5 times magnification with a field of view of approximately
2.0 mm× 2.5 mm. At this magnification, the size of the ma-
trix of surface heights is 236 points wide by 368 points long
with a lateral resolution of approximately 7�m. This level
of lateral resolution is still well within the range necessary
to capture the major features of the EBT surface, which has
lateral features on the order of 100–600�m.

3.4. Flat-die friction testing

A flat-die friction testing system was used to impart sliding
deformation to the HDG material. The sliding deformation
was performed using a commercial flat-die friction test sys-
tem similar to the schematic inFig. 5. Test specimens were
50 mm wide and a test length of 150 mm was used. Normal
load, 5.0 kN, and sliding speed, 50 mm/s, were controlled via
the software used for operating the test apparatus.

Surface profilometry was performed at each of the mea-
sured grid squares using the Wyko RST surface profilome-
ter in the same manner as the Marciniak punch tested spec-
imens. Surface scans were performed in center region of
the test specimens. The locations of the scans were at po-
sitions of increasing sliding distances (0–45 mm in incre-
ments of 5 mm) with respect to the leading edge of the
fl

3

cup
d

Fig. 6. Schematic diagram of cup forming apparatus used during the current
work [7].

shows a schematic diagram of the cup forming method used
to impart the desired deformation.

Two different types of cup testing were performed. The
first was a full cupping operation. A disc withφ = 150 mm
was deformed into a cup shape using a punch withφ = 50 mm.
Blank holder force, 13 kN, and punch speed, 70 mm/s, were
maintained constant while punch force was recorded. The
second cup test was an interrupted test. The test was stopped
while the flange of the specimen was still in the blank holder.
This type of testing was performed using punch depths of 10,
20 and 30 mm.

All of the blanks for the cupping operations were
electro-gridded with the same grid used on the Marcini-
ack punch test specimens.Fig. 7 shows that upon com-
pletion of cupping, the strain levels imparted to the sides
of the cup were measured for the full cupping operation
in regions on the outside of the cup.Fig. 7 also shows
the strains imparted to the flange region of the cup, mea-
sured in regions on the flange for the interrupted cupping
operation.

Surface profilometry was performed in the same man-
ner for cupped specimens as it was for the Marcini-
ack punch deformed specimens and the flat-die friction
tested specimens. Surface profiles were again taken at the
same location as strain measurements to create a direct
c rface
t

F here
b

at dies.

.5. Cup testing

To impart sliding, pressing, and bending deformation,
rawing tests were performed on the HDG material.Fig. 6
orrespondence between applied deformation and su
opography.

ig. 7. Schematic of partially formed cup. The two lines indicated w
oth strain analysis and surface profilometry were performed.
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Fig. 8. Forming limit diagram for the HDG sheet steel with iso-εvme lines and roughness values for different strains.

4. Results

4.1. Marciniack punch tests

Fig. 8shows the surface changes due to strain on the form-
ing limit diagram for the sheet steel. This figure provides
a comparison of the VonMises equivalent strain,εvme. The
semi-elliptical lines on this figure are iso-εvme lines. InFig. 8,
the surface roughness,Sq, of the material surface is reported
via five different levels. Each of the five levels is represented

r differ

by a different symbol style.Fig. 9is a plot of roughness ver-
sus strain,εvme, for the eight strain paths used during the
Marciniak punch deformation. The roughness increases with
strain.

4.2. Flat-die friction tests

The flat-die friction testing of the HDG sheet steel resulted
in the relationship between sliding distance,Xslid, and rough-
ness as shown inFig. 10. As the sliding distance increased,
Fig. 9. Surface roughness as a function of strain fo
 ent strain paths imposed by Marciniak punch deformation.
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Fig. 10. Surface roughness as a function of sliding distance for HDG sheet steel tested using a flat-die friction tester.

the surface roughness decreased, indicating that the sliding
mode of deformation is a smoothing process.

4.3. Cupping tests

Roughness versus strain plots were created for the cupped
materials.Fig. 11 shows roughness versus strain plots for
both cupping operations and the Marciniak punch deforma-
tion performed along the drawing strain path.

rciniak

5. Discussion

5.1. Surface roughness and the forming limit curve

Fig. 8 reveals a relationship between the highest rough-
ness levels and the forming limit curve. On the draw side, the
highest roughness values and the forming limit curve corre-
spond well. For strain paths that are increasingly plane strain,
the roughness levels near the forming limit curve are lower.
Fig. 11. Surface roughness as a function of strain for Ma
 punch deformation (drawing strain path) and cupping operations.
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Table 1
Rate of roughening for different strain paths

Marciniak specimen width (mm) mε
Sq

(�m)

Drawing
60 3.2
120 3.9
150 4.8

Plane strain
180 4.0
200 4.2
220 4.0
230 3.9

Biaxial stretching
300 2.8

On the stretch side, the highest roughness levels correspond
well to the forming limit curve at biaxial stretching. How-
ever, some points in the stretch region exhibit the highest
roughness level well below the forming limit curve. The im-
plication of this observation is that, although a material and a
forming process might be safe according to the forming limit
diagram criteria, the surface of the sheet may roughen to the
point where surface quality becomes problematic.

5.2. Surface roughness and strain path

Although a general trend of increasing surface roughness,
Sq, with increasing VonMises equivalent strain,εvme, is ob-
served and shown inFig. 8, the roughness values do not con-
sistently match with iso-εvme lines. The lack of correspon-
dence between the roughness and strain is somewhat contra
dictory to previous investigations, which found that rough-
ness is a function ofεvme and grain size, but not dependent
upon strain path[5,6].

To determine the dependence of roughness on strain and
strain path,Sq for the eight strain paths has been plotted as
a function ofεvme, in Fig. 9.Fig. 9 shows that roughness is
essentially a linear function of strain for each individual strain
path. The strain path dependence of roughness is related to the
slopes of the lines plotted for each of the different strain paths
s
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the failure. A defect of critical size may occur due to in-
creased surface roughness.Table 1shows that a plane-strain
strain path has the highest roughening rate. If the critical de-
fect size for localization of deformation is actually a surface
feature caused by roughening, the development of a critical
defect can occur at the lowest strain level along the strain path
with the greatest roughening rate.

A significant feature ofFig. 9 is the group of tests per-
formed at very low strain levels. These tests do not correspond
to the linearity seen for higher strain levels. Because of these
data points, it appears that the zinc-coated surface roughens
upon application of very low strains, smoothes out again at
somewhat higher strains, and then proceeds to roughen once
again continuously up to the highest strains. Surface rough-
ness evolution of this nature is unexpected. A proposed ex-
planation of this phenomenon is the subject of another paper
[10].

5.3. Surface roughness and deformation mode

Examination of the roughness evolution during the three
different deformation processes can be used to assess surface
changes due to different forming modes. The specimens from
the 60 mm Marciniack tests, which are subjected to strain
without die contact along a drawing strain path, are replotted
i cup-
p h and
a long
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o rized
s oves
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f sur-
f unch
hown inFig. 9. These slopes are the roughening rate,mε
Sq

,
ith respect to strain and the values are given inTable 1. The
ighest rates of roughening (mεSq

= 4.0–4.8�m) are observe
or strain paths close to plane strain. The rate of roughe
mε

Sq
= 3.2�m) decreases as the strain path moves tow

rawing or biaxial stretching which shows the lowest rat
oughening (mεSq

= 2.8�m).
The observations about the roughening rate depend

n strain path provide a possible explanation for the m
um in the forming limit curve at plane strain. Marcin
nd Kudzinski have explained sheet failure via the pres
f a preexisting defect and strain localization[9]. The loca
tress state in a preexisting defect is different than the s
tate in the sheet itself. The localized stresses in the d
ay reach instability before the rest of the sheet, initia
-

n Fig. 11. The specimens deformed by an interrupted
ing process are subjected to a deep drawing strain pat
dditionally pressurized sliding as the material moves a

he blank holder. The specimens deformed by a full cup
peration are subjected to deep drawing strain, pressu
liding and additionally bending as the test specimen m
ver the die shoulder. The bending causes compressi
he sheet on the outside surface of the cup as it passe
he die shoulder.Fig. 11also plots the data from these t
upping tests.

During the Marciniak punch deformation, surface rou
ess increases with increasing levels of strain, as se
ig. 11. Results from both cupping operations show
ig. 11also show an increase in roughness with an incr

n strain. However, roughness data from the cupping op
ions are below the data from the Marciniak punch opera
or the same strain values. The rate of roughening for the
upping operation is slightly lower than the rates of rough
ng for the interrupted cupping operation and the Marcin
unch deformation. FromFig. 11, it can be surmised th
ressing, sliding, and bending deformation modes lead
ecrease in the amount of roughening.

.4. Proposed model

If one assumes that roughness is a linear function
espect to both strain and sliding distance, and that the
nduced roughening is the same for both Marciniak pu
eformation along a drawing strain path and cupping

ormation, then the effects of strain and sliding on the
ace topography can be separated. For the Marciniak p
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deformation (i.e. strain without die contact) there are no slid-
ing, pressure, or bending effects, and the relationship between
roughness and strain has the linear form of:

Sq = S0
q + εvmemε

Sq
(3)

whereS0
q is the roughness before testing andmε

Sq
is the rough-

ening rate with respect to strain. For the interrupted cupping
operation (i.e. strain and sliding under pressure) the relation
for roughness can be written as:

Sq = S0
q + εvmemε

Sq
+ XSlid mPX

Sq
(4)

whereXSlid is the interface sliding distance andmPX
Sq

is the
roughening rate due to sliding under pressure. It is likely that
a pressure value,PN, should be included in the sliding term,
because when no normal pressure is present, sliding should
have no effect on the surface roughness. This would cause
the third term inEq. (4)to becomeXSlidm̂

PX
Sq

PN. It has been
found that roughness varies linearly with normal pressure for
constant sliding distances[11]. In the present analysis, this
pressure effect is neglected.

If the effect of bending on roughening is considered to
be independent with respect to strain and sliding distance – a
reasonable first assumption for the full cupping tests since the
material bends over the same die radius regardless of previous
s r for
t

S

w gh-
e

p lated

ce for erations.

Table 2
Roughening parameters due to strain, sliding distance and bending

mε
Sq

(�m) mPX
Sq

(�m/mm) KBend (�m)

Marciniak punch
deformation

3.2 – –

Interrupted cupping
operation

3.2a −8.5× 10−3 –

Full cupping
operation

3.2a −23.0× 10−3 −0.10

Flat-die friction
test sliding

– −9.7× 10−3 –

a Value assumed from Marciniak test.

from the experimental strain and surface topography data.
The value ofmε

Sq
can be substituted intoEq. (4), and then

Eq. (4)can be solved formPX
Sq

using the experimental strain,
sliding distance and roughening data from the interrupted
cupping operation. The first two rows inTable 2present the
numerical values for these parameters.

To test the validity of the model, the smoothing (i.e. neg-
ative rate of roughening) during sliding in the blank holder
for cupping operations and smoothing during flat-die fric-
tion test sliding are compared. If the model is correct, then
the change in roughness as a result of sliding under constant
normal pressure can be obtained by subtractingEq. (3)from
Eq. (4)to obtain:

�Sq = XSlid mPX
Sq

(6)

Plots of roughness change (�Sq) versus sliding distance
(XSlid) for the cupping operations and the flat-die friction
tests should yield identical values ofmPX

Sq
. Fig. 12 is a plot

of the roughness change as a function of sliding distance
for flat-die friction test sliding, interrupted cupping, and full
train or sliding distance – then the roughening behavio
he full cupping operation can be written as:

q = S0
q + εvmemε

Sq
+ XSlid mPX

Sq
+ KBend (5)

hereKBend is a constant representing the amount of rou
ning attributed to bending.

The numerical value ofmε
Sq

in Eq. (3)for the Marciniak
unch deformation along a draw strain path can be calcu

Fig. 12. Change in surface roughness as a function of sliding distan
 the interrupted cupping, full cupping and flat die friction test sliding op
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cupping operations. For flat-die friction test sliding at zero
sliding distance, there should be no smoothing due to slid-
ing. The fit line shown inFig. 12matches this expectation
reasonably well. The slight difference could be the smooth-
ing effect of normal pressure without sliding. InFig. 12, the
smoothing rates,mPX

Sq
, are very similar for the interrupted

cupping and the flat-die friction test sliding, however, the in-
terrupted cupping data are offset below the flat-die friction
test data. The offset could be a result of differences in lubrica-
tion during testing, the applied pressure during testing, or the
geometry of the entry points of flat die friction tester versus
the geometry of the blank holder. The slope of the lines in
Fig. 12can be used to obtain values ofmPX

Sq
for the friction

test and both cupping tests. It can also be used to obtain a
value forKBend for the full cupping test from the intercept of
the full cupping test line inFig. 12. These values are given in
Table 2.

The magnitude ofmPX
Sq

for the full cupping operation is

much larger thanmPX
Sq

for either the flat-die friction test slid-
ing or the interrupted cupping operation. The best explanation
for this is thatKBend is not actually a constant and is increas-
ing in magnitude as the level surface deformation changes
before the specimen is bent over the die shoulder. If the effect
from sliding is truly independent of the deformation process,
mPX for the full cupping operation should be about−9 ×
1 n-
c ness
o
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t Addi-
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flange region of the cup and in the die shoulder region was
not uniform, thus making pressure calculation difficult, if not
impossible. However, if a static normal pressure term – pres-
sure applied without sliding – were introduced intoEq. (5), it
could account for the offset between the flat-die friction test
results and interrupted cupping test results inFig. 12. Adding
this term toEq. (5)and the dependence of the bending term
on thickness results in an equation that calculates roughening
effects based on strain level, sliding distance, pressure during
sliding, static pressure, and bending as a function of thick-
ness,t. The equation for surface roughness as a function of
deformation mode is:

Sq = S0
q + εvmemε

Sq
+ XSlid mPX

Sq
+ PS

N mP
Sq

+ KBend(t)

(7)

6. Conclusions

For the deformation of a hot-dipped galvanized (HDG)
zinc-coated sheet steel:

• Surface roughness is a function of both strain level and
strain path.
◦ Roughness increases with strain, without die contact.
◦ Strain path affects roughening rate. Plane strain de-
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Sq

0−3 �m/mm, andKBend should be some function that i
reases with increasing strain, sliding distance, or thick
f the sheet.

.5. Extension of basic equation

This section suggests possible extensions of the m
o account for other factors, which affect roughness du

deformation process. Two modifications are propose
q. (5). The first is to account for the dependence of
ending term on the thickness of the sheet, and the
nd is to account for changes in roughness due to s
ressure. Both of these modifications are proposed

hough we do not have direct experimental data to ve
hem.

It is likely that the effect of bending is affected by t
hickening of the sheet as it is pulled through the blank ho
uring cup testing. The gap between the shoulder of the b
older and the edge of the punch is constant during tes
o any thickening of the sheet during testing would cha
he local pressure as the sheet moves through this gap.
ionally, a thick material is subject to greater surface str
elative to a thin material when both are bent over the s
adius.

The pressure during testing has an effect on roughnes
ng sliding. The clamping force during flat-die friction t
liding was 5 kN. The blank holder force during cupping o
tions was 12.5 kN. Knowing the contact area of the fric

ester allows the calculation of the normal pressure du
at-die testing. However, the pressure distribution over
formation shows the greatest rate of roughening
respect to strain relative to either drawing or bia
stretching strain paths.

Bending and sliding modes of deformation cause a smo
ing of the surface.
Sliding deformation produced during flat-die friction te
ing causes a decrease in roughness that is identical t
occurring in the interrupted cupping operation.
It is suggested that the effects of the bending deforma
mode on deformation is not constant, but dependent
thickening of the sheet during prior deformation. It is s
gested that the normal pressure during deformation
smoothing effect on the surface roughness. An equ
(Eq. (7)) for the effect of four deformation modes on s
face roughness based upon the testing performed in
study has been developed.
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