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Abstract: To eliminate the defects during piston skirt isothermal forming process, simulations under different process parameters
such as the deformation temperature and friction factor were analyzed with the rigid-plastic FEA. Deformation pattern, metal flow
and influence of process parameters were concluded. The prediction load value with a relative error of 4.98% is more accurate to the
testing one than that from the empirical formula whose relative error is up to 50.8%. Finally, based on the simulation results, an
improved process at 300 °‘C and 0.005—0.05 s~ was verified without any defects by the physical try-out.
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1 Introduction

A piston skirt, as shown in Fig.1, is one of the
important components of internal combustion engines
(ICE). As ICE will be run in higher speed, larger
pressure and heavier load, it results in more burdening
working conditions for piston skirts[1]. Consequently, it
is necessary to improve the design and manufacturing
process of piston skirt. Recently, light-mass design has
been widely spread in metal forming[2—4]. According to
this concept, studies on aluminum alloy instead of steel
to be the main material of piston skirt have attracted
more and more research interests, which may benefit
energy conservation and environmental protection.
Another technical renovation is about manufacturing
process. Forging is adopted to substitute for casting to
gain a better metal structure quality. Isothermal forging is
a metal forming process developed since 1960s, in which
dies should be heated and kept at the same temperature
as the billet during the whole process[5—6]. This
technology may improve the homogeneity of metal flow,
enhance the plasticity and decrease the deformation
pressure, which is important to shape the complex
surface with accurate dimensions. Therefore, it is
proposed to trial-produce an aluminum piston skirt by
isothermal forging. Due to lack of experience about how
to integrate these technologies, it is critical to further
research thoroughly and urgently.

SONG et al[7-8] experimentally studied the
influence of the deformation condition on the isothermal
forming for type 240 aluminum piston skirt. YOU and
MAJ9] discussed the isothermal extrusion process of
4A11 alloy piston skirt. Using CAE (computer aided
engineering) technology, ZHOU et al[10—11] analyzed
the deformation load and relative effects by different
billet profiles during forging process of LD11 aluminum
alloy.

In the present work, 3D FEA simulations were
carried out under different process parameters such as
deformation temperatures and interfacial friction factors
based on commercial FEA code, DEFORM 3D V6.0.

2 Simulation

2.1 Piston skirt isothermal forming process

A piston skirt has a complex inner face which
consists of many non-machining slips and a rather large
volume. The forging ratio is up to 75%. The metal flows
tempestuously in die cavities, which might result in
defects or die failures if the process parameters were not
set up properly. The isothermal forming process
maintains a constant temperature and slow strain rate,
which can effectively improve the homogeneity of metal
flow and decrease the deformation pressure on the
material. Experimental studies showed that the
isothermal forming process may prevent many forging
defects, for instance, eccentricity, sticking to die and un-
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Fig.1 Photograph of piston skirt after machining

filled pores, which are common in the hot forging
process[6].

Isothermal forming process adopts
isothermal forging[12], as shown in Fig.2, and the
motion pattern is like back extrusion. Through adjusting
the punch velocity, the forming temperature can be kept
relatively as a constant. The billet is heated up through
resistant heating while the die uses an internal heating
system that can control the temperature automatically.
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Fig.2 Schematic diagram of tooling assembly of forging

process

2.2 Methodologies

A half of the billet was modeled for symmetry. The
symmetry face was predefined as a boundary condition.
In process simulations, the billet was defined as a
rigid-plastic object while the punch and the die were
considered to be rigid. According to traditional
experience, the parameters used are listed in Table 1.

Aluminum alloy 4A11 was adopted in this process
and it is assumed to be isotropic. The stress—strain

curves are shown in Fig.3. Based on the experiments of

existing products, there were two forging temperatures to
compare, whose data were from the technical document
of factory through their previous material testing.

Table 1 Simulation parameter

Parameter Value
Billet diameter/mm 112
Billet height/mm 54
Maximum load/MN 1.96
Maximum punch speed/(mm-s ') 1 000
Forging temperature/'C 300450
Friction coefficient 0.2-0.9
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Fig.3 Stress vs strain curves with different strain rates: (a) 300
C; (b) 450 C

Limited by the plant equipments, we are required to
analyze two ranges of punch velocity; one was smaller
than 5 mm/s, and the other was 5—50 mm/s. And the

average value of the effective strain rate was
approximately calculated by[13]

- 14

Cavg = Z (1)

where v is the initial velocity of the punch, and # is the
maximum height of the workpiece.
Considering the complex of lubricant, we used two
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types of friction models, coulomb friction and shear
friction to computer simulations on software DEFORM.
Coulomb friction is used when contact occurs between
two elastically deformed objects, or between an elastic
object and a rigid object, generally to model sheet
forming processes, while constant shear friction is used
mostly for bulk-forming simulations. The frictional force
in the constant shear model is defined by[14]

Je=mk 2)

where f; is the frictional stress, k is the shear yield
stress and m is the friction factor. The typical values of m
range from 0.2 to 0.9 as suggested in Ref.[13], generally,
0.2—0.3 for lubricated hot forming processes, and 0.7—
0.9 for un-lubricated surfaces.

In this study, the constant shear law was used to
model the lubricant condition between billets and die
during isothermal forging process.

3 Results and discussion

3.1 Metal flow pattern

As can be seen from Fig.4, there are two stagnant
zones of the billet in the forging process. One is located
around the upper end face which contacts with the
punch, and the other is adjacent to the bottom which
contacts with the lower die. Between these two zones,
there is a zone with severe deformation, where the metal
flows outward and upward to shape the piston skirt. It
flows almost as the pattern of a back-forward
extrusion[15]. The zone with the greatest deformation
lies in the inner surface at the beginning but turns up
both in the inner surface and the upper end face by the
end. There is a local deformation of upset pattern
occurring close to the thick wall during die closure.
Furthermore, the extruded metal translates upward with
no deformation until it reaches the stepped face of the
punch. Because of the non-equal-thickness of the shaped
piston skirt, Fig.4 also shows that the thick side has the
quickest metal flow, and such phenomenon become more
and more notable as the deformation increases.

At the end of forming process, the metal flow brings
a jump of the forming load, as shown in Fig.5. This jump
is due to the final die closure, where the cavity was filled
up (without considering the residual air) and there was
no more space for the metal to flow. Forging process
became a closed compression process, as a result, the
load increases sharply.

3.2 Effects of process parameters

Forging temperature is the primary factor affecting
metal flow stress. Fig.4 ((b) vs (e) and (d) vs (f)) shows
the effect of the temperature on metal flow at a certain
time step. Fig.5 represents the influence of forging

temperature on the load prediction. In the whole forging
process, the billet experienced extraordinarily uneven
deformation. The state variable of effective strain
presented details about the accumulated deformation of
billet at a certain time step. Lower temperature improved
the homogeneity of metal flow at a higher flow stress
level, and higher temperature brought more active metal
motions, which enhanced the plasticity subsequently.
Thus, at a certain deformation, the load decreased as the
forging temperature increased with heating time and
energy consumption.

Due to interfacial friction and non-uniform cross
sections of skirt, the metal flow is postponed in the thin
wall area. Larger friction factor indicates faulty
lubrication. Fig.4 shows that the faulty lubrication does
lots of harm to the homogeneity of metal flow. And it
also made the forging load increase, and energy
consumption as well. As shown in Fig.5, together with a
complex inner surface, the metal flow velocity to the
upper end face varies so much that a bulge is formed
which might result in fold or under filling. Fig.6
indicates the under filling in the thin wall area.

Under a certain temperature and deformation, the
forging load increases with the increases of punch
velocity. With the increases of strain rate, flow stress gets
larger; accordingly, the load becomes greater.

The whole forging process is analyzed by numerical
simulations prior to the shop trials. Design improvements
are used to balance the metal deformation.

3.3 Load prediction

During conventional engineering calculation,
empirical equations are employed to estimate the
forming load. The modified formula[16] is used to obtain
the pressure with taking a flow pattern as back-forward
extrusion with shear law:

o, do dg
pP=0y —211’12—(/112+(1+3m)(1+1l’lm) (3)

1 0 1 0 1

where
friction factor, d, is the diameter of an initial billet, and
d, 1s the diameter of the deformed one.

Thus, the forming load was calculated to be 22.62

o; is the yield stress of billet material, m is the

MN, which is much larger than the testing value (15
MN). The relative error is up to 50.8%. Fig.5 presents
the instantaneous load prediction with the respect to the
stroke increment (=300 ‘C, m=0.2). The maximum of
load reaches 14.252 7 MN, which is smaller than that of
actual measurement. And the relative error of simulation
prediction vs actual measurement is just 4.98%. Because
of the complex interfacial contact condition, the friction
factor varies much even in a single forming process with
one type of lubricant. It is a general law that increasing
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Fig.4 Effective strain distribution with different process parameters: (a) =300 C; m=0.2, & <<0.05; (b) =300 C, m=0.2,
£=0.1-1.0; (¢) =300°C, m=0.4, £ <0.05; (d) =300 C, m=0.9, & <0.05; (e) =450 C, m=0.2, & =0.1-1.0; (f) =450 C, m=0.9,

£ <<0.05
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Fig.5 Load prediction with different process parameters:
(a) =300 C; m=0.2,& <0.05; (b) =300 C, m=0.2,£=0.1—
1.0; (¢) =300°C, m=0.4, & <0.05; (d) =300 C, m=0.9,¢ <
0.05; (e) =450 C, m=0.2,£=0.1-1.0; (f) =450 C, m=0.9,
£ <0.05
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Fig.6 Unfilling in thin wall area: (a) Initial design; (b) Modified
design

friction not only blocks the metal flow but also causes
the metal to be unevenly deformed. In order to shape the
workpiece, the forming load is set up to be greater with
an extended forming stroke.

4 Conclusions

1) The simulation results demonstrate that it is a
feasible way to improve the conventional hot forming
process at =300"C, £=0.005-0.05 s~' with isothermal
forming technology.

2) The distribution of deformation is revealed by
metal flow pattern on computers. And the influence of
forming conditions was also studied without any cost
before a workshop trial.
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