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For a perforated sheet with circular holes, used in shadow masks, the diameter of the
Department of Mechanical Engineering, circular hole varies through the thickness, and the non-uniform circular holes are ar-
National Taiwan University, ranged in a triangular pattern. In order to simplify the analysis, a perforated sheet with
Taipei, Taiwan, ROC equivalent circular holes of uniform diameter is proposed such that its plastic behavior is
similar to that with the given non-uniform circular holes. In this study, a yield criterion is
discussed for the perforated sheet with uniform circular holes by employing an equivalent
continuum approach, which is then applied to examine the plastic deformation of the
perforated sheet with non-uniform circular holes. The analytical results predicted by the
theory, including those for the apparent yield stresses and strain ratios, are verified by the
results obtained from the finite element analysis and also from experiments.
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1 Introduction investigated. The diameter of an auxiliary uniform circular hole,
Perforated sheets with circular holes arranged in a triangu!%rWh'Ch the plastic behavior is considered as equivalent to that

. . . LS r the non-uniform circular hole, was defined at the outset, the
pattern are widely used in the metal industry. In most appl'cat'onéonsidered hole being called “equivalent uniform circular hole”

the diameter of each circular hole is uniform in the thickneg .this paper. A perforated sheet with equivalent uniform circular
direction of the perforated sheet, such as tube sheets employe bs was supposed to behave in a manner similar to that with

heat-exchanger equipmefit]. However, the diameter of eachy,,q niform circular holes in the plastic range of deformation. A

hole varies through the thickpess of the pgrforated gheet in oretical model was then developed in the present study to de-
case of shadow masks used in high-resolution color picture tuhggnine the initial yielding of the perforated sheet with uniform
[2] as illustrated in Fig. 1. Such a hole is termed “non-uniformyycyjar holes by examining the average values of the stress com-

circular hole” in this paper. For the proper design and manufagynents along the entire minimum ligament width, instead of
ture of products made of perforated sheets with non-uniform cir-

cular holes, the characterization of the plastic deformation of the
perforated sheet, including the definition of a yield criterion and
its associated flow rule, is fundamental.
Previous investigations of the plastic deformation of perforated
sheet§3—7] focused on sheets with circular holes that are uniform
in the thickness direction, and are arranged in a triangular pattern.
Those investigators proposed various yield criteria for the perfo-
rated sheets with the help of an equivalent continuum approach
after assuming a plane stress condition and a state of isotropy of
the base metal of the perforated sheet. The yield criteria proposed
by them are not applicable, however, to describe the plastic be-
havior of the perforated sheets with non-uniform holes.
For perforated sheets with non-uniform circular holes, the plas-
tic state varies in the thickness direction, and a three-dimensional
model is generally needed for a rigorous analysis of the deforma-
tion behavior. However, Baik et dl8—10] proposed a simplified
two-dimensional model, assuming that a perforated sheet with
non-uniform circular holes behaves in the same way as that with
uniform circular holes having a mean diameter. They also consid-
ered the yielding at the center of the minimum ligament width to I/
identify the overall yield condition of the perforated sheet. How-
ever, the stress state at the center of the minimum ligament width
has been found to be inadequate to describe the initial yielding of
the perforated sheet.
In the present study, the perforated sheet with non-uniform cir- /
cular holes arranged in a triangular array, as shown in Fig. 1, was :
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those at the center of this ligament. An appropriate yield criteric . a®
and its associated flow rule were then developed for the plas [
deformation of perforated sheets with uniform circular holes, ar
subsequently applied to perforated sheets with non-uniform cird
lar holes on the basis of the proposed equivalence. The propo
theoretical models were validated by the finite element analy:s
and also by experimental results.

(a) non-uniform circular hole (b) equivalent uniform circular hole

. - . . Fig. 3 Non-uniform circular hole and the equivalent uniform
2 The Diameter of an Equwalent Uniform  Circular circular hole: (a) non-uniform circular hole; and  (b) equivalent

Hole uniform circular hole

Yielding generally occurs in the base metal along the minimum
ligament width when a perforated sheet with uniform circular
holes is loaded, as shown in Fig. 2. The effective stress in the base A Yield Criterion for the Perforated Sheet With Uni-
metal along the minimum ligament is equal to the yield stress gf .\ circular Holes
the base metal when the perforated sheet begins to yield. By as- . . i )
suming that the base metal of the perforated sheet is perfectly~or the given geometrical configuration of the perforated sheet,
plastic, and yielding occurs instantaneously and uniformly acrotiix andy directions are chosen coincidentally with the directions
the thickness, the yielding loall under a uniaxial loading of a Of the principal axes of anisotropy in the perforated sheet with
unit cell, as shown in Fig. 2, in the perforated sheet with nonthiform circular holes arranged in a uniform triangular pattern, as
uniform holes can be expressed as illustrated in F|g 4. The ”gament ratbis defined as the ratio of
. the ligament widthw to the perforation pitchP in a unit cell, as
B displayed by the areABCD in Fig. 4, wherep, andp, are the
F—J'O[nya(z)]aydz, @ ligament ratios in thex and y directions, respectivelil, and are
given byp,=W, /P, andp,=W, /P, whereW,, P, andW,, P,
where o, is the yield stress of the base metal of the perforateste ligament width and perforation pitch normal to thendy
sheet. The diameter of the non-uniform circular ha(g) varies directions, respectively. The significance of the equivalent uni-
through the thickness of the perforated sheet, whedsethe dis- form circular hole for the geometrical configuration of the perfo-
tance in the thickness direction of the perforated sheet, as shomired sheet with non-uniform circular holes for shadow masks is
in Fig. 3. Py is the perforation pitch antlis the thickness of the illustrated in Fig. 3. The ligament ratip, of the perforated sheet
perforated sheet, as illustrated in Fig. 2. with equivalent uniform circular holes generally lies within a lim-
On the other hand, the yielding load of the perforated sheet witled range of low values of the ligament ratio, and is approxi-
equivalent uniform circular holes, where the stress is uniformiypately 0.23 for most shadow masks. Therefore, a yield criterion
distributed across the thickness of the perforated sheet, canvizes developed to investigate the plastic deformation of the perfo-
written as rated sheet with uniform circular holes for sufficiently low liga-
— ment ratios. Earlier workis7—10] assumed yielding to begin along
F=tx(Py-a)ay, @ the ligaments defined by the lines AB and AO shown in Fig. 4.
wherea is the diameter of the equivalent uniform circular hole, aslowever, the stress distribution of the perforated sheet furnished
depicted in Fig. &). by the finite element simulations, performed in the present study,
The diametera of the equivalent uniform circular hole is ob-indicates yielding to occur in the ligament along AO when the
tained by equating the yielding load for the perforated sheet witl§ament ratiop, is less than 0.5. By considering yielding only in
non-uniform circular holes with that having equivalent unifornihe ligament along AO, a theoretical model that defines a yield

circular holes. It follows from equatiord) and (2) that criterion for the perforated sheet was developed in this paper.
_ 1t
a:?f a(z)dz )
0 y E
The diameter of the equivalent circular hole evaluated by usit A

Eq. (3) will be validated by the finite element analysis and exper
ments, which compare the apparent stress-strain relation of -
perforated sheet with equivalent uniform circular holes with the
containing non-uniform circular holes. The detailed validation i” B E A
depicted in the section of results and discussions. -
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Q O minimum ligament width

Fig. 2 Triangular pattern of circular holes showing yielding
along the minimum ligament width Fig. 4 Circular holes arranged in a triangular pattern
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03 perforated sheet to occur under plane stress condition. Under the
02 plane-stress condition, the von Mises yield criterion applied to the
base metal of the perforated sheet furnishes
01 f B
< o . 55—050',]+Ef]+3;§7]=Y2, (8)

02 0.25 03 0.3 04 045 o5 whereY, is the uniaxial yield stress of the base metal of the
oLy perforated sheet. The vyield criterion for the perforated sheet is
02 obtained by substituting the stresses(s), (6), and(7) into the
03 von Mises yield criterior(8). The result is

Ligament ratio (p,) 1\[[k* 3k 18| , [6k* 10k 12
S
Fig. 5 Values of k for various ligament ratios Px  PxPy Py Px  PxPy Py

+(9k2 3k 10 2}_\(2 ©
P)% PxPy P32/ Sy b

3.1 Yield Criterion. Consider an equivalent sheet metal The yield criterion expressed i§9) is not general, however, for
that has the same overall dimensions and mechanical propertieg@sp|astic behavior under arbitrary stress states. We therefore add

those of the perforated sheet metal. The stresses existing in #ignear termS,,, into the yield criterion(9), to obtain the modi-
equivalent sheet metal are only apparent stresses, defined asfi€form

external forces divided by the equivalent areas upon which the 5
forces act. LeB, andS, be the apparent stresses acting in the unit 1 ) k® 3k N 18
cell ABCD, as shown in Fig. 4, in the andy directions, respec- 16 p)Z( PxPy p)2/
tively, which are presumed to be uniform in the equivalent con-
tinuum model. The X,y) components of the apparent stress can 9k* 3k 10
be transformed into those referred to ttien) coordinates under t—

Pe PxPy P S
biaxial loading in thex andy directions as indicated in Fig. 4. It is ) < § y_ veed o
easily shown that whereN is the anisotropic coefficient of the shear term, which is

yet to be determined.
S :E(S)(+3Sy) For perforated sheets with uniform circular holes arranged in a
4 ' triangular pattern, there are three axes of symmetry for the asso-
ciated state of anisotropy. Since the degree of anisotropy is small

2 2
px Pxpy py

5 (6k2 10k 12)

+NxSE=Y] (10)

s =E(SSX+SY) 4) [7], the anisotropic behavior of the perforated sheet can be ap-
74 ’ proximately described by assuming a state of planar isotropy.
Then the yield stress in pure shear with respect to the anisotropic
\/§ axes should be the same as that in simple shear with respect to the
Sey=— T(S“_ Sy)- same axes. A state of pure shear is given by
Dividing the apparent stresses by the corresponding ligament ra- S=7, S§=—-7 and S,=0, (11)

tios, the mean values of the true stresses across the ligament i

t . . . -
base metal are obtained as r\/\)ﬂ%rer is the associated yield shear stress. Substituting EL).

into Eq. (10), we obtain

;ﬂzsﬂx Pﬂ: SyX Py:%:i(35x+3y), (5) 7 4k2+ 4k +40 V2 12
W, Wy Py Apy 16 P_f PPy p_s =Yy (12)
— _Z¢p” Ty O¢ Ty S _ n the case of simple shear represented by
Ug_S XP_S XP_S _ \/§(Sx s) ©) In th f simple sh d b
K w W, 4 '
_ y  Pno Py $=5,=0, and S,=r, (13)
where o, and o, are the mean true normal and shear stresses
across the ligament in the direction. It should be noted that W& have
according to the geometry of the perforatiow/,=W,, P, N><72:Y§. (14)

=P,, andp,=p,.
y 7~ Py o . . _
In order to obtain the mean true normal stress along the liggonsidering the equality of given by (12) and(14), we obtain
ment in the¢ direction, it does not seem to be realistic to define he coefficientN of the shear term as

as the ratio of the apparent streSs, to the corresponding liga- 1 /4K 4k 40
ment ratio,p, . In this study, a factor ok is introduced to modify =__ (T +—+ . (15)
the definition of the mean true normal stress in thdirection, 16\ p5  pxpy Py
which may be expressed as The yield criterion is now determined completely, and is rewritten
— kxS kxl(SX+3 ) @) as
T e ok 4 S (i) k2 3k L 18 < 6k? 10k 12 ss,
where p.=p, according to the geometry of the perforation pat- 16 ;f PxPy ;yz 7{ PxPy ;yz
tern, displayed in Fig. 4. In the present study, a theoretical model, 5 5
using the method of complex stress potentials based on the theory 4 %_ 3k E) 2., ﬂJr 4k T ﬁ) 8)2( —v2
of elasticity, developed by Isida and Igahl], was adopted to Py PxPy Py pr  pxpy Pyl Y
calculate the distribution of the transverse normal stegsalong (16)

the minimum ligament width AO. The value df which is a

function of the ligament ratip12], was then determined according If the uniform circular hole diameter is zer@,= p,=1, and the

to Eqg.(7), and was plotted in Fig. 5 fgs,<0.5. apparent stresses of the perforated sheet are the same as the mean
As mentioned earlier, this study assumes the base metal of thee stresses in the base metal, whers also equal to unity, the

perforated sheet to be isotropic and the plastic deformation of thield criterion (16) reduces to the von Mises yield criterion.
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The apparent yield stresses for the perforated sheet can be |
dicted by using the yield criterion. Assuming a uniaxial tension i|

[/
stue

they direction, the apparent yield stre¥g can be expressed as [ L
Y,=4X oK 3k + 10 71/2Y a7 .
VUOURE ey ey

Similarly, the apparent yield stress in tkelirection,Y,, can be
determined from

k* 3k 18|12
Yy=4X|—— +— Yy . (18)

Px  PxPy Py
Considering a uniaxial tension in the direction inclined at an ang
of 45° to thex direction, the apparent yield stre¥ss is obtained
as (G)] (b)

20k? 12k 56| 12 Fig. 6 Finite element models for a unit cell: (a) two-

Y45=8X 2z PxPy+ 2 Yp. (19)  dimensional; and (b) three-dimensional
x y

3.2 Associated Flow Rule. The associated flow rule can be

established by assuming that the yield functf¢s;;) is identical yepetitive portion, as depicted by the area OFAE in Fig. 4, is
to the plastic potential. The components of the apparent strain rgigopted as a unit cell for the finite element simulations. For the

e are therefore defined as deformation simulation of the unit cell OFAE, the symmetry
_of edges FO and OE have to be fixed in the direction of symmetry.
;= , (20) Under a uniaxial tension in thedirection, the side FA is given a
IS;j constant displacement and the deformation of the side EA is also

W . : : : d uniform. Under a uniaxial tension in yheirection, the
where\ is a factor of proportionality. Since the apparent stegjn assumed uni . P
: : AE is given a constant displacement and the deformation of
(rjnay be SUbSt!tUti-d forlthe apparent ﬁtraln ratef as the stress ratﬁigégside FAg is also assumed ur?iform. The simulation results, in-
(;O)ngégsge?gm icantly over a small range of strajds], Eq. cluding the apparent stress-strain curve, apparent yield stresses,
and apparent strain ratios, are compared with those predicted by

of both the theoretical analysis and experiments.
€=\ a—&- (21) The finite element simulations were first conducted for the per-
! forated sheet with non-uniform circular holes, used in shadow
where\ is a positive scalar quantity. masks illustrated in Fig. (6), in order to verify the theoretical

Using the yield function of16) substituted into the associatedprediction of the equivalent uniform circular hole diameter, as
flow rule (21), we obtained the normal strains as well as the apparent stress-strain relation for the perforated sheet.

2 > 2 The diameter of the non-uniform circular hole varies from 0.246

e,= A(E) 2(52 3_k 178) + i, 10 172) } mm to 0.120 mm in the thickness direction of the perforated sheet,

4 Px  PxPy Py Py PxPy Py as illustrated in Fig. 1. The apparent stress-strain relation for the

(22) perforated sheets with uniform circular holes, within a limited
o2 3k 10 range, are also sir_nulateql by the finite eIer_nent mod_el, sho_wn in
+2( —— _2) Sy}. Fig. 6(a). The predicted diameter of the equivalent uniform circu-
Px  PxPy Py lar holes for the shadow masks is approximately 0.20 mm, while
(23) the uniform circular holes of diameters, 0.18 mm, 0.20 mm and

1 2
ol
For a uniaxial tension in thgdirection, the apparent strain ratio0-22 MM are adopted to obtain the prediction values. The theoret-

R, defined as the ratio of the negative apparent steaim the x |ch model is justified by compar_ing th_e apparent stress_,-strain_re-
diyrection to the apparent stra@, in the y direction, can be ex- lation for the perforated sheet with uniform and non-uniform cir-

2 2
Px  PxPy Py

6k? 10k 12)

pressed as cular holes. The finite element software ABAQUS was employed
in the present study, and the plane stress element was used to
(6k2 10k 12) perform simulations.
T T 3
€x Px  PxPy Py )
=78~ Jok 3k 10 (24) 5 Experimental Work
<_2_ + _2) Invar (Fe-36N) and stainless steéhISI-304) were used as the
Px  PxPy Py - : )
o o o o base materials to manufacture various perforated sheets. Young's
Similarly, for a uniaxial tension in the direction, the apparent modulus and Poisson’s ratio for invar are 151 GPa and 0.28, re-
strain ratioR, is found to be spectively, and the corresponding flow curve is approximately
6k2 10k 12 represented by the empirical equatior 229.9+ 1280 (MPa).
( >———— _2) Young's modulus and Poisson’s ratio for stainless steel are 198
€y Px  PxPy Py GPa and 0.30, respectively, and its flow curve is approximately

Ry=~— e, (K& 3k 18" (25) given by o=308+144% (MPa). The significance of the adop-
( t— tion of an equivalent uniform circular hole could be established by
Py comparing the experimental results for the apparent yield stress
.. . ratios and the apparent strain ratios with those predicted by the
4 Finite Element Analysis proposed vyield criterion under the assumption of a plane-stress
The finite element simulations were performed to analyze ardndition.
validate the analysis of the local deformation of the perforated The 0.137 mm thick perforated sheet with non-uniform circular
sheet subjected to uniaxial and biaxial tension. In view of theoles made of invar was investigated to verify the equivalent uni-
symmetry in the geometric configuration of the perforated sheetfam circular hole for the given non-uniform hole used in shadow

;E PxPy
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masks. The invar sheet metal was etched to make the perforat” 14
with various uniform circular holes with a given perforation pitch 12
and tensile tests were performed in order to confirm the equivale 1}
uniform circular hole model. The selected hole diameters Wex (g f————f==
0.18 mm, 0.20 mm and 0.22 mm, and a perforation pitch of 0.2 4
mm was adopted for the purpose.

The experimental results for the uniaxial tensile tests, furnis
ing the apparent yield stress ratios and apparent strain ratios, w
used not only to verify the theoretical results but also to confiri 00‘25 03 035 04 045 05
the results determined by the finite-element method. Perforat ligament ratio ( 0 y)
sheets with ligament ratios,=0.25, 0.3, 0.4 and 0.5 were pre-
pared for the experimental work. The sheets were cut from a ]
mm thick stainless steel sheet along bothxtendy directions to
prepare the tensile specimens. The distance between the centersp%. 9 Comparison of apparent yield stress ratios
two adjacent holes was subsequently recorded to determine the
material flow during the deformation. The average distance be-
tween the centers of two adjacent holes in the loading and
transverse directions was measured after the test, and th
pared with that before the test to evaluate the apparen
ratios.

M

04
0.2

l —t— proposed model —®—FEM  —¥— experiment I

(YxlYy)

tnfe figures that the variation of the apparent stress with apparent
€N CAfthin for the perforated sheet with non-uniform circular holes is
t Str%}y close to that for the perforated sheet with uniform circular
holes having a diameter of 0.20 mm. This observation agrees very
. . well with that predicted by the theoretical model.
6 Results and Discussions The stress distributions along the ligaments AO and AB, shown
The maximum and minimum diameters of the non-unifornn Fig. 4, were analyzed by the finite element method for the
holes in a 0.137 mm thick shadow mask are 0.246 mm and 0.1perforated sheet with ligament ratios @f=0.154, 0.285, 0.462,
mm, respectively, as depicted in Fig. 1, while the diameter of tf&515, and 0.615, respectively, to confirm the deformation model
predicted equivalent uniform circular hole is found to be 0.20 mifer low ligament ratios. The true effective stress distributions
approximately. The relation between the apparent stress and algng the minimum ligaments obtained by the finite element
parent strain obtained from the finite element analysis and expeapalysis reveal that the location of the maximum true effective
ments, for perforated sheets with the non-uniform circular holesiress is very nearly in the minimum ligament when the ligament
and also those with various diameters of uniform circular holeggtio is small. This result lends support to the assumption that the
are shown in Figs. 7 and 8, respectively. It can be seen from baiitial yielding occurs in the minimum ligament.
The effectiveness of the proposed yield criterion for the perfo-
rated sheet with uniform circular holes and low ligament ratios is
140 established by comparing the predicted values of the apparent
120 | yield stress ratiosy, /Y, and Y,s/Y,, and the apparent strain

= 100 | ././.__’-/.f_- ratios, R, and R, with those obtained from the finite element
o
§ sl
g 60 N :
3 a0} oYK K
2 |
0 o
0 0.02 0.04 0.06 0.08 0.1 0z g
o
strain
—O—non-uniform circular hole —8—-a=0.18mm
A—2=0.20 mm —¥=a=022mm 025 03 035 04 0.45 05

. . . . ligament ratio (0 y)
Fig. 7 Apparent stress and strain relation obtained from FEM

for uniaxial tension in the  y direction

=t proposed model —¥— experiment |

40 Fig. 10 Comparison of apparent yield stress ratios (Yasl Yp)

120
= 100 06
:.2; 80 MM
§ 60 X X 04 +
a 40 x’x______x—-——x—'—__ Eé —— —f— i%;i
20
0 02 |
0 0.02 0.04 0.06 0.08 0.1 0.12
strain 0 .
0.25 0.3 035 0.4 045 0.5
—O— non-uniform circular hole —&—a=0.18mm R !
ligament ratio (0 y)
—&—a=0.20 mm —%—a=022 mm
—&—proposed model —@—FEM = —%— experinm
Fig. 8 Apparent stress and strain relation obtained from ex-
periments for uniaxial tension in the  y direction Fig. 11 Comparison of the apparent strain ratios Ry
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16 ments, was compared with that predicted by the proposed theoret-
14 | ical model to demonstrate the effectiveness of the present theory.
A new yield criterion and its associated flow rule were also
developed for the analysis of the plastic deformation of perforated

Zos t sheets with equivalent uniform circular holes. The assumption for
06 I ' the location of plastic yielding for the perforated sheet is generally
0.4 — = not applicable over the whole range of the ligament ratio. How-
02+ ever, the yielding of the perforated sheet with uniform circular
0 ‘ . holes, and with ligament ratios smaller than 0.5, is found to occur
0.5 03 0.35 04 045 o5 along the ligament width AO shown in Fig. 4. The mean values of
ligament ratio  0.) the stress components in the bgse metal along the I!gament ywdth
Y AO were therefore considered in this paper to examine the yield-
ing of the perforated sheet. The validity of the proposed yield
criterion was confirmed by comparing the predicted apparent yield
Fig. 12 Comparison of the apparent strain ratios R, ;sftr_ess ratios and apparent strain_ ratios with those obtained by the
inite element analysis and experiments. The agreement was found
to be good for low ligament ratios.

1.2 |

( —2&— proposed model —e—FEM —¥— experiment

analysis, as well as with the experimental results. A graphicAcknowledgments
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