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DUCTILE FRACTURE PHENOMENON DURING EXTRUSION OF BIMETAL RODS"

ZJAWISKO PEKANIA PODCZAS WYCISKANIA PRETOW BIMETALOWYCH

The analysis of plastic flow in the extrusion of bi-metalic rods from the point of view of identification of parameters

influencing fracture phenomena of core in core — sleeve system. The concept of FEM Marc Mode has been presented with
results which may indicate the possibility of assessment of existing fracture criteria for composite material. Programme of
experimental work dealing with extrusion of mono material end co — extrusion of various kind of composed material have
been curried out with use of flat dies leading to different extrusion ratios. It has been shown, that existing analyzed criteria for
mono materials (uniform materials) are not satisfactory for heterogeneous composite materials.
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Przedmiotem pracy jest analiza plastycznego plyniecia podczas wyciskania pretéw bimetalowych z punktu widzenia
identyfikacji czynnikéw wplywajacych na zjawisko pekania. Przedstawiono koncepcje modelu wyciskania wlewkéw o uktadzie
rdzefi — powloka oraz wyniki obliczert wskazujacych na mozliwo$¢ oceny istniejacych kryteriéw pekania w zastosowaniu
do materialéw kompozytowych. Przedstawiono analize znanych kryteriéw pekania z punktu widzenia poszukiwania kryterium
odpowiedniego dla przewidywania zjawiska pekania w procesie wyciskania bimetalicznych warstwowych materialéw zlozonych.
Zaprezentowano wyniki obliczefi numerycznych z zastosowaniem komercyjnego programu MSC MARC opartego na metodzie
elementéw skoriczonych oraz wyniki przeprowadzonych badari eksperymentalnych wyciskania materiatéw monometalicznych
i materialéw zlozonych z zastosowaniem matryc plaskich prowadzacych do dwéch réznych wspéiczynnikéw wydluzenia A.
Zastosowano rézne aranzacje geometryczne bimetalicznych wlewkéw do wyciskania. Wykazano, ze kryteria stosowane do
materialéw jednorodnych nie dajg zadowalajacych wynikéw w zastosowaniu do materialéw niejednorodnych, do ktérych naleza

kompozyty warstwowe.

1. Introduction

The mechanical behaviour of material in metal form-
ing process depends on mode of plastic flow, structural
and mechanical effects and factors dealing with condi-
tions of the process. The means of controlling the mate-
rial structure and determining the influence of material
properties on metal flow are basic information needed to
describe physical nature of plastic deformation of metal-
lic materials. It is essential to be able to predict me-
chanics of plastic flow and in consequence controlling
the metal forming operation. Among the simplest forms
of composite materials are bi-metal rods or wires, which
can be obtain in the course of co-extrusion process. Even
in this simple case metal flow is very complicated espe-

-

cially because of non-homogeneity of the initial material
[1, 2, 3].

The deformation degree results from the size of the
deformation zone. The global degree A, (the extrusion
ratio of composite) is kind of averaging of the defor-
mation degree of the core A, (the extrusion ratio of the
core) and of the deformation degree of the core A,. Their
values depend on the features of the materials mainly;
for hard materials A, or A, (the extrusion ratio of the
sleeve) is smaller then A, whilst for soft material they are
greater then A,. The volume ratio of the components in-
fluences the moment of the beginning of the second stage
of extrusion — steady flow. Non — homogeneity of com-
ponent deformation in comparison with the composite
extrusion ratio arises from the plastic non-homogeneity
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of the composite billet (distinct core and sleeve) and the
characteristic non- uniform velocity distribution in the
initial material. The some material deformed as mono-
material behaves in a different manner, unlike metal si-
multaneously deformed together with another material.
For a sound composite product it is important not to ex-
ceed the limit of deformation degree. The following are
conditions for sound co-extrusion of non-uniform flow:

’lg # 'ls * /lc; /ls < 'lslimit; /lc < lclimil-
Total equalization of these values (1, = 4; = A,
for assumed homogeneous flow) is impossible because
of technological restrictions and technological require-
ments. These values are important for evaluation of the
actual parameters of simultaneous deformation without
defective flow. Considering mechanical behaviour of two
different materials deformed together it is necessary to
take into account two possibilities in the interface core
— sleeve: sticking or sliding phenomena. It depends on
the conditions and parameters of the co-extrusion pro-
cess. Relative thickness of layers of the composite (com-
ponents volume ratio),flow stress ratio (07 hard component/

Op soft component), the combination of flow types of the
components and the conditions of contact and interface
(core — sleeve) friction and die shape are the main factors
influencing plastic flow in extrusion. Analysis of theo-
retical mechanical behaviour allows to verify the fea-
tures of material under conditions of compression tests
of composite initial material. It allows to define (for con-
sidered model of composite material) the most important
material constant and evaluate other parameters e.g. fac-
tor of friction on contact surface metal — tool, or on
the interface between core and sleeve. One of specially
criterion for prediction of fracture of core or sleeve in
the extrusion process of composite is Avitzur criterion
[4], which has been based on assumption that product
emerges without defect in the case of proportional flow
only. It means that degrees of deformation of core and
sleeve are equal. The results presented in [3] show that
it is possible to get product without any defects in cases
differentiated flow of components of composite.

The forms of the plastic zones in the extrusion of
layered composite of sleeve — core system are dependent
on many factors and finally may lead to non-proportional
flow or defective flow with sleeve or core fracture

(Fig. 1).

Fig. 1. Fracture phenomena in extrusion process, a) internal fracture of monomaterial, b) fracture of the core of composite, c) fracture of

the sleeve

To avoid such negative phenomenon it is important
to use the theoretical method for prediction the condi-
tions when fracture may occur. FEM may be applied to
model and control metal forming process or predict pos-
sible negative phenomena. There are numerous papers
concerning such problem [S, 7, 8, 16] but up to now
there is no enough good solution taking into account the
real behavior of various materials or choice of proper
criterion of fracture. There are many criteria of vari-
ous formulas (e.g. Table 1) and their application in the
modeling leads to different results. Functioning of these
criteria may be checked in the bulk forming processes for
example in the co-extrusion of various metals deformed
together. Well known fracture criteria [e.g. 6, 9-18] like:
formula according to Brozzo, Cockroft-Latham, Ayada,

Freudenthal or Clift include different factors, so indica-
tion of the moment of fracture depends of chosen formu-
la. Up to now there is no enough good solution, which
could be applied for composite material. Existing for-
mulas for prediction of fracture of bimaterial (e.g. acc.
to Avitzur) [4] are rather complicated and based on over
simplifying assumptions.

The aim of this work is to select the criteria, which
could be applied in prediction of ductile fracture of lay-
ered composite materials in the extrusion process.

Some of the criteria commonly used to predict duc-
tile fracture are presented in Table 1. These criteria are
based on macro mechanical considerations, in which
fracture occurs when a stress function over the effective
strain field reaches a critical value.
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TABLE 1
Comparison of some ductile fracture criteria
criterion formula of criterion o o O max ] &f
&
Brozzo et.all ¢)) [ s de = C, - & O max - &y
0 %
Cockroft-Latham  (2) [omde = C, - L O max & &
7
Ayada 3) M&lde=cs on o - & &
Oéj
Freudenthal @) Jondé =Cq o - - & &
Oéj
Clift et.all 5) f&de =Cs - & - & &
(]

oy — hydrostatic stress, oy — maximum stress, &
strain of fracture, C — constant

The object of this study is to examine some
known criteria in order to predict ductile fracture dur-
ing co-extrusion process and to profit such results to
determine the forming conditions that enable plastic de-
formation of a bimetal rod composed of two dissimilar
materials to take place without core fracture.

2. Finite element analysis — model description

FEM modeling of extrusion process of composite
material and monomaterial for different geometrical ar-
rangement has been done. The axisymmetric finite ele-
ment analysis was performed using MSC MARC com-
mercial programme for direct extrusion. In general, hot
working and cold working are used for Coulomb fric-
tion equation and shear friction equation, respectively.
In this study Coulomb friction equation is used for finite
element analysis. The finite element analysis was per-
formed with friction factor between die and workpiece
(m; = 0,1) and between core and sleeve (m; = 0,25).
The calculated extrusion forces are compared with ex-

- equivalent stress, £ — equivalent strain £ — equivalent

perimental data. The die and ram were assumed as rigid
body in finite element simulation. FEM model was ver-
ified by comparison with experimental results. The test
of uniaxial tension for materials that was used in exper-
iments was made in order to obtain flow characteristics
of materials for modeling (lead, aluminum), (Fig. 2).
Some of the mechanical properties of materials used in
experiment are presented in Table 2.
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Fig. 2. Flow stress-thrue strain curves for aluminium and lead

TABLE 2
Some mechanical properties of materials used in the investigations
material Chemical composition [%] Yield stress [MPa] | Young modulus [MPa] | Poisson’s ratio | Brinell Hardness HB
99,98 Pb; 0,05 Ag; 0,05As;
Lead 0,01Sb; 0,05Sn; 0,05Cu; 0,05Fe; 5 14000 0,43 44
0,05Zn; 1,0Bi
Aluminum 99,5 Al; 0,4Fe; 0,3Si; 0,05Cu; 0000
1050 0,07Zn; 0,05Ti 26 7 9,43 224
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The analysis results of FEM modeling were com-

components in the billet was used in the experimental

pared with experimental data. Different arrangement of work (Fig. 3).

R/AR, | 0,1 } 0,28

0,3

04 | 055 | 06

Fig. 3. Geometrical arrangement of metal composite billets

Boundary conditions

Friction models in metal forming analysis:
e Coulomb friction equation

2 v,
o < —/10',,; arctan (—) - t, 6)

C
where:
C — physically, the value of C is the value of the relative
velocity when sliding occurs,
o, — the normal stress,
o, - the tangential (friction) stress,
t — tangential vector in the direction of the relative ve-
locity,
V, — the relative sliding velocity.

Y

=
\Z!

. a

e Shear friction model
The shear based model states that the frictional stress is
a fraction of the equivalent stress in the material:

) v,
o < S, - arctan(—') -t 8)

3 C

This model is available for all elements using the
distributed load approach {20].

Constitutive equations

Flow — stress functions may be divided into a num-
ber of groups differing in the way of taking into account
the parameters describing the conditions and the course
of deformation and the initial state of material. Functions
o, = f() take into consideration the value of the current

strain (¢), and in some forms the stress (o) or strain (¢g)
of the initial state of the material. These functions are
used in simulation programmes for cold — working pro-
cesses. For processes characterized with a deformation
course that is close to proportional and monotonic over
the whole volume of the formed material, these func-
tions fulfill their task in a satisfactory way [19]. Some
examples of constitutive equations are as follow:

e Hollomon power — law equation,

op = K¢, )

From the point of view of simple form and correct
description of phenomenon of strengthening of many
metals it is very often used in the modeling.

e Krupkowski — Swift equation,

Op = K(‘Po + <P)n, (10)

It is applicable for materials, which exert prelimi-
nary strengthening.

e Grosman equation,

op = K¢ exp(me) " . an

The following symbols are used in the above equa-
tions: o, — the flow stress, n, n; — coefficient of strain
hardening, m — strain rate sensitivity, ¢o — pre-strain,
é — strain rate, K — experimentally determined parame-
ter.

Idealization

Applied FEM analysis includes main assumption:



e Mechanical characteristic of the Al, Pb materials:
o, = K¢",

e contact conditions — Coulomb friction model
e Huber-Misses yield criterion
e Prandtl-Reuss flow rule

deg? = d(}pa_z,

oo (12)

where dy? and & are equivalent plastic strain increment
and equivalent stress, respectively.

e number of elements-5000

e automatic re-meshing

e axisymmetric model.

Selection of constitutive equations was made basing
on the result of publication and conditions of experi-

Mpa
74,000

48,000

22,000

-4,000 maximum
value

of 0,

——
'.,_-'-'nt\_

b) R/R=0,6
(no fracture)

a) R/R=0,3

(fracture occurs)
-30,000

-56,000
-82,000
-108,000

-134,000

-160,000
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mental work taking into consideration parameters of the
extrusion process. The equation that excludes influence
of temperature can be used because of cold deformation.
Influence of strain rate was excluded and it can have a
certain value in case of lead deforming like was pre-
sented in {21]. Because of the axisymmetric scheme of
deformation, this process can be idealized to an axisym-
metric model.

3. FEM modeling -result examples

Stress and strain conditions have conclusive sense in
the analysis of ductile fracture phenomena. Stress distri-
bution indicates important differences in localization of
maximal tension stresses in the cases of different val-
ue of Ri/Ry ratio in comparison with monometallic one
(Fig. 4).

Mpa
112,457

60,653
8,849

-42,954
-94,758

-146,562

-198,366

¢) monomaterial aluminum

-250,170

-301,973

-353,777

Fig. 4. Stress ¢ distribution on the longituﬁinal section of the billet and of extrudate of sleeve (Pb) — core (Al) system

Distribution of o; stress (stress in the axis of ex-
trusion) for constant ram displacement and for two cases
of components volume ratio in the billet has been done.
It is shown that an examples of deformation in extrusion
when different components volume ratios (indicated by
Ri/Rg on the longitudinal sections) cause such stress oy;

distribution which may produce core fracture (e.g. in
Fig. 4a) or avoid fracture (e.g. in Fig. 4b). Different me-
chanical behaviour of Al as monomaterial in comparison
with its behaviour as a component (core) in the A/Pb
composite is presented in Fig. 4c. Fig. S shows evolution
of oy stress in particular stages of extrusion process.
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e) R/R=0,1 s=4mm

f) R/R=0,1 s=12mm

-0,500

g) R/R,=0,1 s=24mm

-60,200

h) R/R=0,1 s=36mm

Fig. 5. Distribution of oy, stress in various stages of extrusion process of the Al/Pb composite for different Ri/Ry ratio, s — ram displacement.
Composite material: sleeve — Pb; core — Al a)-d) Ri/Rg = 0,3; e)-h) Ri/Rg = 0,1

It is visible the concentration of high stress at given
component volume ratio and stage of the process which
may cause future fracture in this region.

4. Experimental results and discussion

Experimental investigations have been made to iden-
tify a ductile fracture phenomenon in composite material
extrusion process and to define a moment of core frac-
ture for analyzing such case in order to compare with
theoretical results (using chosen fracture criterion).

Forward extrusion of layered composite rods were
carried out using set of tools in a hydraulic press. Con-
ditions of the process were as follow: forward extrusion,

ram speed about 2mm/s, flat dies leading to extrusion
ratios A = 3 and A = 12, room temperature. The initial
material (billet) was composed of aluminum (the core
layer) and lead (the sleeve layer).

The stress-strain relationships of the materials have
been obtained by a tension test. Figure 2 shows the true
stress-true strain curves for these materials. The flow
stresses for lead and aluminum can be expressed ap-
proximately by the Hollomon power law and are given
by: o = 118*£%2%* for aluminum, o = 24*£%28 for lead.

Other process parameters are presented in Table 3.
The values of parameters for modeling were chosen by
matching procedure of comparison FEM and real results
in experimental work.
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Fig. 6. Longitudinal section of the composed billet and extrudate; a) Ri/Rg = 0,55, 2 = 3; b) Ri/Rg = 0,28, 1 = 3; ¢) Ri/Rg = 0,28, 1 = 12.
b), ¢) Fracture of the inner material (core) with periodic cracking

TABLE 3
Process parameters used in experimental work and modeling
procedure

Billet length 72 mm
Billet diameter 36 mm
Temperature 20°C
Extrusion ratio 3and 12
Length of the bearing area 2 mm
Die semi- angle 90°
Friction coefficient between core and sleeve 0,25
Friction coefficient between core and tool (punch) 0,1
Friction coefficient between sleeve and tool 0,1

.
[

a) J b)

50
|
]
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Products of experimental extrusion process have
been cut along the symmetry axis in purpose to observe
the obtaining effect (Fig. 6a-c).

In order to use the fracture criterion it is neces-
sary to know the constant value (C) and fracture strain
(&¢). Fracture strain was obtained in tension test (for alu-
minum & = 1,2) (Fig. 7). Values of stresses and strains
were received from computer simulation of the process.
A critical value was calculated for each criterion.

d)
y = -0,0009x> + 0,0208x? - 0,1876x + 1,2022
R? = 0,9997
1.4 . -
g 12 e : ——
"; 1'0 e
L 08 i o !
) H \ H
= T80 [ J0 [CAP— WS- D— 2 et
o 2 4 6 8 10 12

length of measuring base [mm]

Fig. 7. The method of determination of strain of fracture, a) view of sample, b) scale before tension test, c) scale after tension test,
d) assignment of value of strain of fracture for aluminium
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Fracture initiation was achieved experimentally and theoretically indicated (Fig.8).

o
~—

/ fracture initiation
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100
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—o—Pb-Al-R/R,=0,28
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20 40

displacement [mm)])
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o

Fig. 8. a) Initiation of fracture in experimental work (Pb/Al; Ri/Rg =

(Pb/Al; Ri/Rg = 0,28)

Numerical simulation for other cases of geometrical
arrangement of the billets (various R;/Ry ratios) for two
different values of extrusion ratio A (3, 12) was realized.
Experimental and theoretical results have been compared
in Table 4.

Constant C value defined acc. to given criterion was
obtained from calculations using criterion formula at

b)

300
=P

Z 200

= 150 ]

(-]

(3]

8 1°°“i —&— FEM
50 |
08 |

0 20 40 60

displacement [mm]

0,28), b) Relationship between force and displacement acc. to FEM

fracture (obtained experimentally for every geometrical
case of the composed material) and compared with crit-
ical value C. Matching of functioning of a criterion was
succeeded with the procedure of calculation of critical
value for one case of geometrical arrangement of initial
material (Ri/Ry = 0,28). Other cases were analyzed to
verify each criterion.

TABLE 4
Prediction of fracture using criteria equations and experimental data; “+” fracture occurs, “-”” no fracture

A=3 A=12

Criterion critical value Ri/Ro Ri/Ry
c 011028 03)|]041}051]06, 01} 0281]03]1|04] 05506
Cockroft and Latham 0,29 + + + + - - + + + + + +
Clift et al. 109,62 + + + + - - + + + + + +
Brozzo et al. 5552 + + - - - - . - - + + +
Ayada 0,58 + + + + - - + + + + -+ +
Freudenthal 105,06 + + + + - - + + + + + +
experimental work + + + - - - + + + + + +

Review of ductile fracture criteria implementation
into specific plastic deformation processes and their con-
ditions let us to show the difference between them and
between the results after using them in FEM method for
modeling the extrusion process and prediction of possi-
ble fracture phenomena. It is important especially from
the point of view of composed material to be deformed
without fracture.

FEM data was used to calculate C value for par-
ticular ductile fracture criterion. Table 4 shows compar-
ison of experimental and theoretical data. Calculation

and experimental work for different value of R;/Ry ratio
(0,1-0,6) were realized, what enable to obtain an influ-
ence of characteristic of component volume fraction on
the effect of deformation (fracture) in different extrusion
process conditions. If extrusion ratio A = 3 then different
extrusion effect were noticed depending on the value of
R;/R ratio. In the case when extrusion ratio A = 12, core
fracture was observed in all cases regardless of the size
of R;/Ry ratio. For extrusion ratio 4 = 3 and R;/Ry ratio
smaller then 0,4 ductile fracture occurs in the experi-
ment. It was confirmed by calculation results when four



of examined criteria were used. For R;/R, greater than
0,4 calculation results are the same as results of experi-
ment work for all cases. For extrusion ratio 2 = 12 and
Ri/Ry < 0,4 there is not good convergence between calcu-
lation and experimental work for one criteria. The others
indicate properly that core fracture occurs. Comparison
between experimental and theoretical results using par-
ticular criterion gives some differences but there is no
criterion that indicates core fracture in all experimental
cases properly (Table 4).

Stress distribution indicates important differences in
localization of maximum tensile stresses in the cases of
different value of R;/Ry in comparison with monometal-
lic one (Fig. 4). Figure 5 enables to observe evolution of
stress 0717 distribution in the extrusion process stages for
constant ram displacement for some cases of geometri-
cal arrangement of billet with the great concentration of
maximum value oj; in symmetry axis area. For lower
value of R;/Ry ratio (Fig.5.e-h) oy, stress reaches higher
value and appears earlier in comparison with the case of
higher value of R;/Ry ratio (Fig. 5.a-d).

5. Conclusions

Basing on the analysis of the modeling of composite
flow the following conclusions can be drawn:

e The presented FEM model reflects the flow and char-
acter of deformation of the composite of layered
structure (core — sleeve system) in comparison with
real phenomenon in co — extrusion of the composed
material and extrusion of monomaterial.

e Modeling the distribution of stress for extrusion of
layered composite (of various components volume
ratios) gives the possibility to indicate the danger re-
gions in the composite from the point of view of con-
centration of high stress which may cause possible
fracture. It is very important factor to predict occur-
rence of ductile fracture of core or sleeve. Where the
Ri/Ry ratio is lower than the probability of fracture
occurrence is higher.

e Experimentally and theoretically described relation-
ships between force of extrusion and ram displace-
ment may suggest the fracture initiation.

e The prediction of fracture of the core of layered com-
posite acc. to various criteria is not enough good
from the point of view of coincidence with results
of real process. They indicate the core fracture but in
different stages of the process and different geometri-
cal parameters of composed billet. Presented results
are the first stage of research work on method of
prediction of fracture during extrusion of compos-
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ite material of core — sleeve system with assumed
non-uniformity of such material.

REFERENCES

[11 H. Tokuno, K. Ikeda, J. Mat. Proc. Techn. 26,
323-335 (1991).

[21 R. Sliwa, J. Zasadzinsk 1, Non-homogeneous
plastic deformation of metal composites, Proc. EURO
MAT’91, Cambrige UK. p. 158 June 1991,

[3] R. $1iw a, Odksztalcenie plastyczne kompozytéw met-
alowych podczas wyciskania, Zeszyty Naukowe PRz, 32,
(1992).

[4] B. Avitzur,R. Wu, S. Talbert, Y T. Chou,
Criterion of the prevention of core fracture during extru-
sion of bimetal roods. (1982).

[5] B. Avitzur, Handbook of Metal-Forming Processes,
Wiley, New York, 1983.

[6] A. Atkins, Fracture in forming: Proc. Int. Conf. On
Adyv. in Mat. and Proc. Tech., Dublin, AMPT (1993).

[71 G. Ryzifiska, . Nowotyrniska, R $li-
w a, Niejednorodno$¢ plastycznego odksztalcenia warst-
wowych materialéw zlozonych w prébie $ciskania, Rudy
1 Metale Niezelazne, 1, (2004).

[8] R. Sowerby,N. Chandrasekaran, The upset-
ting and free surface ductility of some commercial steels,
J. Appl. Metalworking, 3, 257-263 (1984).

[91 V. Vujovic,A. Shabaik, A new workability crite-
rion for ductile metals, J. Eng. Mat. Tech. 108, 245-249
(1986).

[10] A. Shabaik, V. Vujovic, On the stress formabili-
ty index, International Conference on Mechanical Design
and Production, Cairo, (1988).

[11] E McClintock, A criterion for ductile fracture by
the growth of holes, J. Appl. Mech. ASME, 90, 363-371
(1968).

[12] M. Oyanne, T. Sato, K. Okimoto, S. Shi-
m a, Criteria for ductile fracture and their applications,
J. Mech. Work. Tech. 4, 65-81 (1980).

[13] M. Cockroft, D. Latham, Ductility and worka-
bility of metals, J. Int. Met. 96, 33-39 (1968).

[14] P. Brozzo,B. DeLuca, R. Rendina, A new
method for the prediction of formability limits in metal
sheets, Sheet metal Forming and Formability, Proc. of
the 7-th Conference of the International Deep Drawing
Research Group, (1972).

[15] D. Norris,]. Reaugh,B. Moran,D. Quin-
nones a, A plastic strain mean- stress criterion for duc-
tile fracture, J. Eng Met. Tech, 100, 279-286 (1978).

[16] A. Atkins, Possible explanation for the unexpected
departure in hydrostatic tension — fracture strain relations,
Met. Sci, Feb. 81 (1981).

[17] H. Moritoki, The criterion for central bursting and
its occurrence in drawing and extrusion under plane
strain, Int. J. Plast. 7, 713 (1991).

[18] H. Moritoki, Free surface ductility in upsetting, Int.
L. Plast. 9, 507-523 (1993).



118

[19]1 E Grosman, Flow-stress functions for the computer [21] Z. Pater, Oléw jako material modelowy do symulacji

simulation of metal forming, J. Mat. Proc. Tech. 106, proces6w obrébki plastycznej na goraco, Obrébka Plas-
45-48 (2000). tyczna 4, 41-48 (2003).

[20] MSC MARC User’s Guide, MSC Software Corporation
2004.

Received: 10 May 2005.





