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Abstract Elastic-plastic finite-element analysis applied to metalforming allows the real macroscopicproperties of
the workpiece to beincorporated. This paper presents the resultsof an experimental study of the initiation of crackingin
side-pressing of a heat-treated aluminium alloy (Duralloy 2014). Using an F. E. analysis, these are related to various
fracture criteria. It is found-that the criterion of generalised plastic work correlates well with the change infracturesite
from the centre of the billet to the outer corner as the geometric shape becomes more oblate. For central cracks the
limiting deformation is about 13%, but when these are suppressed the deformation can continue to nearly 50%.

S 5 U3 sl gr 36 5 a0l JSRE SL 5, 3504 03 3900 robe (Smuds - (Sl dod B, S iz oS
ST 5 a8 Gl il 25 3 Jolo gl gy par Wie () e L3 awdlan g g3 by NS ankd il Sy Sl (g3l
S ainie 3 game sole GEa) $eS MS L ol 0 pla] 85 g 2 asllae ] Duralloy 2014 YAF T pries o]
P Sl Jola SA S e L RO VY on ol 33 g g8 i B i 5550 ST Sl
0, 35 b} Jous eGeneralised Plastic Worky oad 315 s gus R ) PRI P SCEET SN Sy
ISy Koy 5 a2 St 5V IS sk 05081 a3 e P9 S (0 et S S anda poiih JS 5| Sz
opadNe b 85 5 b Gl SIS e I (g e 355 AU LS aalsd S e 538548 53,0 g 52001, ankh i

‘-J'\JQS‘._.;,.M.;JS.:,_.,AJp)'l.\i‘;.il.!gau.hsug)l'ad;):ﬂjJau«i_.:i,vl,(aj,-ijﬁhU\\’J‘\)n,.!c,a..a

'INTRODUCTION

Until the present decade,most metal working ana-
lysis was confined to the prediction of working
loads, and sometimes of the pattern of flow. The
assumptions about the materials were crude,
usually ignoring strian—hardening, and the geo—
metric conditions that could be handled were
highly simplified. The availability of finite -
element (F. E.) Plasticity analysis programs has
markedly changed the situation [1], especially
where three-dimensional problems are concerne
EZ ,3]. Indeed, the scope and detail of the in—
ormation that can now be obtained raise the
problem of performing adequate experimantal
tests to compare with the predicted results.

A feature of particular interest and concern in
industrial metalworking is the incidence of cracking
during processing, especially for certain alloys and
certain conditions of heat-treatments. A preliminary
survey of this topic [4] has shown clearly that the F.E.
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“method can give valuable predictions of both the

location of cracks and the degree of deformation
necessary to produce them.

The present study extends the work of Clift et al.[5],
using the same simple geometric conditions of plane -
strain side - pressing of circular and oblate cylinders, as
used also by Kobayashi et al.[6]. The F.E. analysis for
this system is well proven and therefore allows
comparison of different theories of crack productionor
initiation. A further check is provided by using a semi -
brittle aluminium alloy, Duralloy 2014, in two different
conditions of heat - treated stock.

‘The Finite Element Method and Theoretical
Back ground

The «internal work» and «external work» of a field
are defined, respectively, by [7]:
Wint. = f,0;;dv,
Went. = [Fudv + [Tuds
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‘where F, is body force per unit volume, T;is the surface
tractions, u; displacement, ;;stress vector and g;;strain
vector.

According to the principle of energy balance, a
variational|{formulation, governing the elastic - peastic
behavior of materials, can be derived,

¢ = [.oedv- [Tds- [Fudv (1)

Where any heat exchange is ignored.
Expressing this in terms of rate and in equililrium
condition we have:

:/:d'ijéijdv 7ﬁ|\;|d5 - fF.'iVidv =( _(2)

The distribution of the stress rate vector oy, isrelated
with the strain rate vector, g, whichinturnisderivable
from a continuous velocity vector, v,.

The body is composed of an isotropic material that
obeys Von Mises Yield Criterion and its associated
flow rules. The stress rate and strain rate components
are associated by Hooke’s law in the elastic region and
by the Prandtl - Reuss equations during plastic
deformation.

For finite element modeling, we have used a mesh
divided into quadrilateral elements, interconnected at
a finite number of nodal points. This is illustrated,
along with nodal point number, geometrical parame-
ters(H and W), in Figure 1{a). We then approximated
that the forces.acting on the body are concentrated at
the nodes of an element, so the variational expression

_6 (&lm) fim = IU".]“S(V]-J) dv _(3)

Where f,, is the mth component of force, and d,,, the
mth component of displacement at node I of the
element. The & symbols in equation (3) denote
arbitrary variations in the quantities enclosed in
parentheses and integral is taken through the volume
of the element. If o;; in equation (3) is replaced by the
Jaumann rate of Cauchy stress [8] the basicrate
expression becomes:
¥di) fim = f[s(éij)(Dijke -20,.8;.) &yt €))

5(Vj.1) a'ajv,.k] dv

If the deformation incrementsarekept small, thenthe
fundamental variables like rates of change of nodal
displacement, nodal force and particle displacement
will be all proportionalto their incremental values and
equation (4) may be rewritten in an incremental form
as:

8(Adyy) Ay = fa(Aeij) (Dijkl -28,0y) Agy +

5(Uj_i)aikuj_k] dv &)
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‘Where 8, is the Kronecker deita equating to 1ifi = j,
and to zero if i#].

During each increment of deformation the stiffness
relationship between the applied forces and resulting
displacements has the familiar form:

AfIrn = Klm]n Ad]n (6)

~ Inthis expression K, is the stiffness matrix and is

determined at the midpoint of eachincrement. For the
present finite - element modeling, the stiffness matrix

has three components whose detail is explained
elsewhere [9].

Theoretical predictions in this work are based on
post - processing of the detailed F. E. predictionsof the
stress and strain in each element, using various criteria
for fracture published by a variety of authors. For this
purposethe generalized stress and generalized strain
were evaluated for each element of the F, E, mesh
using the program EPFEM (Elastic - plastic finijte -
element methed) originally produced by Pillinger [2]
and subsequently extensively used by others [3, 10]. The
actual F.E. program used was that developed by Clift{4]
as used in the fracture initiation study quoted [5].

The results were then calculated in a form suitable to
the particular criterion to be studied. For example the
Generalized Plastic Work (GPW) criterion, first formu-
lated by Freudenthal [11] postulates that cracks will
start during deformation when the GPW reaches a
critical value, i. e:

[ HedE = Cl 7

Where Clis an empirical constantimplicitly containing
the volume. More correctly, the criterion should be
described as generalized plastic work per unit volume,
but this is usually underestood in the definition. -
Cockroft and Latham [12] performed tensile tests and
concluded that only the tensile plastic work should be

] included:

Jif(@)dE=C2 ®)
Brozzo [13}further modified this equation toinclude an
explicit statement of the hydrostatic stress oy
20,

S ———dE=C3 (%

o-oy) ‘
Chosh [14] proposed a fracture criterion based upon
statistical probabilities of voids joining up by a shear
process, following earlier proposals by McClintock et
al. [15] and Rice and Tracey [16].

o,
(1+—)¢’ =K (10}
a )

Where K contains various material property inputs.
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Another. approach was taken by Oyane et al. [17].
This postulates that fracture occurs when the volumet-
ric strain reaches a certain critical vaiue, which is a
characteristic of the material:

m
al
Where a and C are constants that should be evaluated
experimentally. Atkins proposes a further develop-
ment of the void coalescence theory, in his book [18].

[l (1+ yds=C (1

'EXPERIMENTAL

The specimens were all produced from Duraloy 2014
aluminium alloy {composition: Al, 3.9-5.0Cu, 0.5-0.9
Si,0.5Fe, 0.4-1.2 Mn, (.2-0.8 Mg, 0.1 Cr,0.1Ni,0.25
Zn,0.15 Ti)cylinders, 16mmdiameterand45mmlong.
Each was cut in half and thefaces were

carefully ground flat and perpendicularto the axis. The
two halves were held in a constraining container with
tightly - fitting shims at one end, so that plane - strain
conditions were imposed. The compressive load was
then applied transversely to the axis, using flat parallel
dies moving slowly at room temperature. The average
strain rate was about {).001 per second to avoid local
temperature rise. The specimens were removed at
intervals as the load was applied, using smaller
intervals as the expected incidence of fracture was
approached. Each of the mating surfaces was carefully
examined for the appearance of a small visible crack.
The presence of acrack can beemphasized by the use of
a standard non-destructive testing technique with a
fluorescent die penetrant, illuminated by ultraviolet
light. A practiced observer with a hand lens can
however detect very small cracks (of the order of Imm
long) quite reliably.

Figures 1(a) and 1(b) show the equipmentused. The
oblate sections were produced by milling accurately flat
and parallel areas on diametrically opposite sides of the
bar stock. Various ratios, of height H between flats to
width W of each flat, were produced for testing. Two
heat treatment procedures were foilowed:

A: Solution treatment for two hours at 500°C followed

by water quenching and ageing at room temperature

for four days.
B: Solution treatment as in A, followed by ageing at
180°C for 6 hours.

A third heat treatment, annealing.was applied to test
the effect of lower strength but higher ductility. As this
produced no cracks up to 70% deformation thesetests
will not be further discussed here.
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7Figure 1(a). Geometric Parameters and Node Numbers of a Mesh.
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“Figure 1(b). Experimental Arrangement for Plain- Stain Side
Pressing.

"RESULTS

"It was first necessary todetermine accurately the stress -

strain curves for the material. Figure 2 shows
the results obtained from a compression test, corrected
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“to allow for friction [16].

In addition, uniaxial tensile tests were performed to
find the strain or work to fracture the specimens. These
results are shown in Figure 3.

The cylindrical specimens were then compressed as
described and examined for minute cracks. Table 1
shows the sites of the initiation of fracture as predicted
by the various theories, with a star grading indicating
the degree of agreement with the experimental
observations. Figure 4(a) shows the location of the
relevant nodes at fracture of the originally circularrod,
at 149 height reduction. Fracture occurred at the
center,node 2. This may be contrasted with Figure 4(b)
where fracture occurred after 49% height reduction
nedt node 174 at the original corner of the billet. This
particular initial geometric ratio, H/W= 2.5, isinfact, a
traqsitiopal one; as Table 1 shows, some fractures
‘occurred at the corner but some at the center.

The féature is clearly seen in Figure 5, which
records-the percentage deformation at which fracture
occurred in the experiments. For all values of H/N from
the circular shape (H/W = o0 ) down to H/'W = 2.5,
cracks were found at the center (near node 2), and
fratture occurred after about 13% compression. The
flatter specimens, however, behaved quite differently.
The crack was found near the original corner (near
node 174) and did not appear until almost 50%
compression had been applied. Table 2 shows that this
change of fracture site accords well with the general-
ized plastic work (GPW) predictions. The remarkable
transition at H/W=2.5 is reflected in the low
deformation for the spccimens of thisratio that failed at

700[ Y T T NG J— | T T T T
(b) » Z s xmm - .-
600} bl e . -
Nigs
2ol ) ]
% ‘..
= aooy 4
b2 C
v
2 300% 4
g
é zqo‘, 4
T |
> |

1 rl ) 1 i L 1 _
v [ B 02 03 04 05 Q.6 or - X ] 09
PLASTIC STRAIN €£p
Yiald tunction
. Yield data

Figure 2. The stress - strain results for Duraloy 2014, aged at room
:emperature (a) and at 180°C (h).
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the center and the very much larger possible deforma-
tion for those nominally identical specimens where the
center fracture did not occur, and the sample remained
sound until the corner cracked.
A similar pattern of crack location is found with the
somewhat more ductile specimens with heat treatment
A. This will be discussed in a-subsequent publication

with reference to the influence of hydrostatic stress on
the deformation level at fracture. A comparative result
at H/'W = 0.577 is given in the last line of Table 2.

The 1.33 ratio specimens came from a batch with
lower ducility. Although these failed as predicted at the
corner, the precentage deformation at fracture wasonly
28%.

Stress- Generalised strain curves in tensile test
Energy Mpm
up 0 vm:nn_

242 MLM/m3
Ep-0.4351

258 MNm/m3
Epa 04441

129 MNmM/md
Ep~0.5506

Figure 3. The stress - strain curve for Duraloy 2014, obtained by
tensile test, a: room temperature ageing, b: aged at 1¥0°C.
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Figure 4(a)., The deformed grid of an initially circular section at the
stage of crack formation, indicating the location of nodes 2 and 203
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Figure 4(b). The deformed grid at fracture of the H/W=2.5
specimen showing node 174 and 154.

'DISCUSSION

‘These results are ingeneralaccord with those produced
byClift{4,5]inshowingthatcracksmayoccureitherat
the center or at the original corner, in side pressing of a
cylinder. The crack locationis determined primarily by
the geometric form, but the metallurgical condition,
affecting the ductility, can of course affect the
deformation level at which fracture commences.

A striking feature of the present results is the large
change in deformation level when the width of the
original flats is increased (H/W decreased), as seen in
Figure 5.

. Allspecimensfromthoseofcircularsectiondown
to H/W = 2.5crack at their centers. [tiswell known that
a tensile stress in the transvetse direction is produced
by lateral compression of a cylindrical billet, and this is
in fact used in some piercing operations to make thick-
walled tubes. Nevertheless it should be recognizedthat
the cracks obscrved in these cxperiments are not
vertical as would be expected from the concept of
cracking normal to the maximum tensile stress. They

are much closer to a direction of maximum shear [5].
The flatter specimens emphasis this point. The cracks
appearing at their cornersare clearly notdue toamajor
tensile stress and in all instances follow approximately
the direction of maximum shear. In some specimens
(H/W = 2.03 and 1.75) the crack appeared along the
diagonal, between the center and the corner.

It is suggested that the cracks are predominantly
attributable to shearing, and it is consequently ex-
pected that the criterion for cracking will be associated
with the maximum work of plasticshearing, rather than
being directly related to a2 maximum tensile stress.
Table 1 supports this, showing that the fracture site is
well predicted by the energy-type theories of GPW,
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Figure S The percentage deformation {reduction in height) at which
cracks were first observed for specimens of various H/W ratios. The
specimens with H/'W = 1.33 were from 2 batch of lower ductility.

Oyane, Brozzo and Cockeroft, for the high H/W
values. There is however a clear change when H/W
becomes less than 1.5. Then the Cockcroft theory,
which considers only the tensile component of plastic
work, is seen to fail, while the other two continue to
predict accurately the new fracture site. Brozzo's
theory is based on that of Cockeroft and Latham, and
this also fails. Atkins’ theory is in fact in better
agreement for these low H/W values. )

The generalized plastic work concept is simple and is
to be preferred to Oyane’s formulation which is very
similar (for non- porous materials) but involves two
empirical constants.

The accumulation of plastic work can be studied in
more detail with reference to Figure 6(a—c)..In
Figure 6(a) for the initially circular specimen,
the total plastic work is clearly greater for node
2 at all reductions up to about 11%, but 203
subsequently shows more work content. The
implication is that if the alloy is sufficiently
ductile to survive the early part of the defor—
mation the crack will appcar near node 203 rather
heat - treatment chosen, fracture occurs at about 13%
and is found at the center (node 2).

Fortheflauerspecimens,exemplified bytheratioH/W
W=2.5in Figure 6(b), the total plastic work at node 2 is
clearly much greater than that at node 174 (Figure 4(b)),
and fracture will again occur at the center. If however
the material is sufficiently ductile to allow a deforma-
tion of about 30% or more, the node 174 has the
greatest work content. As shown inFigure5, thisis the
transition region where central cracks at low deforma-
tion and corner cracks at high deformation are hoth
found experimentally, depending on slight differences
in material condition after heat treatment.
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«Although these results are not obviously to be-
expected, they are not entirely surprising in terms of
slip-line field theory, despite the restrictive assump-
tions made in that theory. For an initially circular
cylinder, the field after 209 reduction in height will be
as shown in Figure 7 for a further infinitesimal
increment. ‘
This will produce a tensile hydrostatic stressat the
center as the rigid blocks to left and right move
i outwards. If however the original H/'W ratiois say 2.0,
then the rigid zone below the upper punch, aftera20%
height reduction, will just reach the center line. Any
further reduction will spréad the deformation with a
plastic central core, so that the stresson thecenter line
intersection becomes compressive.
This may be expected to suppress the fracture
deformation can then proceed toamuchgreater extent
before a fracture startsat some other location. Because
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) Figure 6(b). H/'W=2.5 at low deformation

the deformation is predominantly by shear across the
diagonals, a shear crack may be expected somewhere
along the major shear band. The original corner is
likely to be the most deformed area of the diagonal
shear band, because the metal must rotate about the
corner as weli as shearing.

Although this explanation must be tentative, it
provides some background for the agreement of the F.
E. predictions with the practical observations. It
clearly suggests the extension of this work fo alloys of
different ducttlity, such as the specimen with heat-
treatments A and B, and to other geometric forms.

It may be expected thatsuch studies will differentiate
more clearly between the various crack initiation
theories and also elucidate the effect of hydrostatic
stréss, The post - processing analysiscould then by used
in conjunction with more complex F. E. analyses to
predict fracture in more practical metalforming opera-
tions. The work is continuing.
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“Table 1. Fracture Sites as Predicted by the Various Theories.
Compared with the Experimental Observations.

‘GPW. ‘Oyane | Brozzo |GCock & Lath|  Atkins Ghosh |
25PSCir | 1 ir**' 2 Tkenw| 1 lawH 2 |kww 2io xw| 22 | —
25PS.4 1 I* Al 1 keaw] 1 jwehA 1 [kww 1%8 x| 128 | —
25PS3 | 204 | x 2 kwal Ty Jxxal 1 feax ?g; *awl 87 | —
25PS25 ' 1 lww * 154 |+ |7 [wwa] 154 | o« %2)3 — {109 | —
25PS2.03| 189 | wa 189 | ww | 7 | — | 153 | % 23% * | 154 ww
25PS1.75] 9 — 12| — |9 — | 134 | — ’1%. * 100 -
25PS15 | 174 I.“' 180 | * & | 172 | A x| 2 — Iiﬁ * x| 173 |k e
25PS1.33 1 154 it * %] 46 — (154 [* x4 6 —_ 13‘3 * % & 92 —

“180PSCir 283 [ ** 2 [xax 2 (xaa] 2 |xax %3)% — {1 | — J
180PS1.33 R i* ot AT el 2 —_ 2 —_ ié% * ok x 116 | —
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Tabie 2. The Percentage Deformation at Which Cracks were Detected for the Various Geometric Initiai

Shapes, and the GPW Predictions of Sites.
Experimental results

- % X —
Specimen | Heat T.| H/w | gyp frac. qet.| Crack site G{.rF:ngépredlcéurc]m Considerations
25PScir A @ 19.84 Centre 1 *hx
25PS .4 A 4 19.95 Centre 1 POy
Centre up to
25PS.3 A |3 | 1894 ot Gomer 204+2 o
C
25PS2.5 A | 25 | 21.33N35 |Samac comer’ 7 .
& centre
25PS2.03 A 2.03 50.46 Corner 189 *
25P51.75 A 1.75 43.0 Corner 9 —
25PS15 A 1.5 400 Corner 174 'ER
25PS1.33 A 1.33 508 Corner 154 * ok w
. Cent

180PScir B ® 1337 o Cornay 203+2 *w
180PS1.33 B 1.33 28.15 Corner 171 R

*+* Very good agreement and thiswhen predicted andobservedcrack

sites are located. at the same element

** Good agreement when predicted and observed crack sites are

located at the next neiboring elements.

*Poor agreement when the distance between actual crack site and*

predicted one are 1wo elements apart.

- Non agreement when observed and predictedsite of crack are not

related to each other at all.
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