SIMULATION

PREDICTING FRACTURE
IN CLOSED-DIE FORGINGS

Laboratory tests and finite element simulation are used to estimate the potential for,
the location, and the conditions in which defects may form.

By LUKASZ LISIECKI, PIOTR SKUBISZ, STANISLAV KANEVSKIY, and PAUL MORDVINTSEV

he enhanced method for estimating of the risk of fracture

appearances in closed-die forging has been developed in this
paper for hard-to-deform materials under process conditions,
where a high vulnerability of fracture initiation during plastic de-
formation results from specific stress-strain state, non-uniformity
of strain rate and temperature fields.

The methodology based on the forgeability compression test
using a laboratory rig with the 5 MN hydraulic press and finite
element simulation on QForm software while implementing the
ductile fracture criteria at elaborated parameters has presented.
The results have been verified at production conditions.

Thorough, cost-effective planning

New solutions in a forging technology (new component
geometry or deformed material) often require predicting the
formation of defects, which is best done during the process
development stage, preferably with the most thorough and
cost-effective approach. A development process supported with
“failure prediction oriented” analysis will significantly reduce
the number of tests and material losses for a trial batch.

However, efficient identification of the areas and conditions
leading to defects formation (including cracks during forging)
requires accurate studies to determine the final deformation and
process parameters.!')

Among the conditions leading to failure during bulk metal
forming, the most common are those that result from process-
ing conditions affecting viscous flow, e.g. temperature-com-
pensated strain rate and/or intrinsic workability of the deformed
material.l Both of these cases are observed in this report.

The first example is the warm forging process on the ham-
mer mill, which combines advantages of hot (e.g., reduction of
deforming force) and cold (e.g., no scale) metal forming oper-
ations." On the other hand, the lower working temperature at
increased strain rate results in lower forgeability and a higher
probability of fracture.

Warm forging of AZ61 magnesium alloy is the example of
another case, where Von Mises criterion of five independent
slip systems is not fulfilled due to low forging parameters and
intensive cooling in the thin-walled section. The bulk forge-
ability depends upon implementing proper technology while
accounting for stress state dependent plasticity of the forged
material, because of a complex stress-strain state of closed-die
lforging (hammer or screw press forging at relatively high strain
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rates.)

The fracture criteria have been studied intensively over re-
cent decades and dozens of different equations may be found
in the literature, based on different plasticity concepts while
taking into account different thermo-mechanical parameters.!*!
They cover a wide range of technological instances and require
awide spectrum of parameters to be included in the technology
development process. On the other hand, it makes it hard to
select an appropriate criterion for each case.

A cylindrical specimen is upset into a flat pancake in a tra-
ditional compression test and it is usually considered to be a
standard bulk forgeability test.l'*"8! The stress state observed
in common workability tests is similar to that seen in many
bulk deformation processes, without introducing the problems
of necking (in the tension) or material reorientation (in the
torsion.) Therefore, a high deformation value is reached before
fracture occurs. The ultimate compression without failure by
radial or peripheral cracking is considered as a forgeability
measure.!

The results of fracture risk estimation have been presented
for two different cases: hammer warm forging of surgical for-
ceps, made of stainless steel; and screw press forging of a mo-
torbike part, made of magnesium alloy. The research methodol-
ogy combines a laboratory compression test and finite element
simulation (FE simulation) of forging technology.

Experimental technique

The experiment involved uniaxial compression at different
temperatures within the forging range. Flat surface tools made
of cold-work tool steel were used. Dry frictional conditions
were maintained to enhance surface deformation. A welded-on
thermocouple and pyrometer were used to measure temperature
during deformation, accompanied by plotting of the load digital
camera recording to detect location and time of fracture initia-
tion (see Fig. 1.)

Different geometries of specimens were involved (see Fig.
2) in experimental procedures indicating a higher sensitivity to
stress concentration in the preceding numerical analysis. The
compression tests were carried out on a laboratory rig based on
a 5-MN hydraulic press. The press allows precise registration
of process parameters, such as force, velocity and temporary
position of the upper tool or temperature.

The investigated material was martensitic stainless steel,

L pyrometer

lower tool specimen
camera
Fig. 1. Laboratory tools used in compression test on the 5-MN
hydraulic press.

Fig. 2.The example of forgeability compression test of flanged
cylindrical specimen on hydraulic press.

AISI 420, commonly used to manufacture forged parts such
as surgical and dental instruments, cutlery, and various hand
tools.!"! The magnesium alloy AZ61, considered to be a hard-
to-deform material, was used for the second-stage investigation.
This material is applicable to production of vehicle parts due
to its low density and relatively high mechanical properties.
However, problems with fractures appearing during deforma-
tion under unfavorable working temperature or high strain rate

were observed (see Fig. 3), resulting from a very complex stress

Fig. 3. The motorbike
component made of (A)
magnesium alloy and (B)
aluminum alloy, just after
forging.

state and depending on forgeability of these forging process
parameters.>4

Simulation assumptions

Numerical simulation allows estimating the mechanical pa-
rameters of stress and deformation for several fracture criteria
with following use for case studies of the presented industrial
forging processes. Analyses of industrial production tech-
nologies preceded by another part of the study — numerical
simulation of compression tests in order to determine a crack

initiation moment and estimate the corresponding values of
critical process parameters.

Numerical simulation has performed using the QForm soft-
ware, based on finite element method (FEM) with imple-
mentation of Voronoi Cells method to calculate the fields of
thermo-mechanical parameters in the deformed body.”! The
FE simulation involved analysis of three-dimensional strain
state assuming of the visco-elastic-plastic material model of
the deformed body and the elastic-plastic material model of die
tools. Boundary nodal constraints in surfaces defined and cou-
pled thermal-structural analysis has performed for accounting
of real industrial process conditions. The Levanov friction law
has used for specimen-tool contact surface.!”

Practical implementation of the compression test results
focused on identifying areas of cracking appearance and deter-
mination of the selected component of stress or strain tensor.
This part of analysis allows preliminary selection of speci-
mens’ areas with a relatively high risk of crack initiation.

It is well known that the concentration of tensile or shear
stresses promotes cracking of the material. The Triaxiality
Factor was used in order to determine stress concentration ar-
eas, which allowed selection of tensile stress domination areas.

_ (01 + 0, + 03)
V0,5[(01—0,)% + (0,—03)? + (03—01)?]

The Triaxiality Factor (TF) links together the principal stresses
values and it has established that domination of tensile stress is
observed when the equation result is close to 1.1

The analysis is aimed to determine parameters of two se-
lected fracture criteria: Cockcroft & Latham (2) based on high-
est tensile stress o1, and Rice & Tracey (3) which considering
the hydrostatic om and effective stress at the moment of crack
initiation!!78l,

Cockeroft & Latham GdE=C, 2

°

U
Rice & Tracey f exp (%)de‘ =C, 3)

0

Where o, is the tensile stress and &f is the effective failure strain.

The results allowed extrapolation of the analysis to indus-
trial forging processes of complex-shaped parts while consid-
ering the ultimate deformation established during compression
tests. The dependences of selected process parameters on
the thermo-mechanical parameters in the point of fracture
initiation and method for calculation of a critical deformation
value is based on the Cockcroft & Latham fracture criterion is
presented in Fig. 4.1

Crack initiation risk analysis

Laboratory compression tests make it possible to determine
both the failure strain and process parameters at the crack ini-
tiation point, while accounting for the most significant factors,
such as the air cooling during transfer of specimens from the
furnace to forging press, or cooling in die tools before deforma-
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Fig. 4. Numerically estimated dependences
of selected mechanical parameters at
compression test of cylindrical specimens:
a) load, b) mean stress and effective strain
at the fracture initiation point, c) maximum
principal stress, d) critical values of the
definite integral in the Cockcroft & Latham
fracture criterion.[?!

tion. It is possible to simulate parameters
and conditions of many industrial pro-
cesses in laboratory tests.

A good correlation between laboratory
test and numerical simulation results (see

] —— laboratory test
900 — —— numerical simulation

Load, kN

R L L L L B L L DL L BN
05 1 15 2 25 3 35 4 45 5 55 6
Time, s

Fig. 5. Comparison of simulated and
experimental values of a) forging load, b)
specimen temperature during compression
of stainless steel specimen.!"!

Fig. 5) is of great importance for reaching
of satisfying results, and the boundary
conditions assumed for simulation should
comply with the measurements of experi-
mental parameters.

The presented method has been ver-
ified by a numerical analysis of closed-
die forging processes for complex shape
f)arts. The surgical forceps with a visible

a) b)
@,
‘—<
K*\,
C) d) Fractures

during forging

Fig. 6. Analyzed parts: a), b) surgical
forceps of stainless steel; c), d) motorbike
handle part of magnesium alloy with
localization of cracks; b), d) forged parts’
a), c) are final products.["?

fracture in the flash area propagating to
the final product is presented in figures
6a and 6b. The second part was a compo-
nent of motorbike handle (Fig. 6¢ and 6d)
with several defects identified (including
fractures in the area of the final product
and flash.)

Itis essential to separate metal flow-re-
lated defects, like laps or flow-through
defects, from those defects caused due to
insufficient workability, as established

Cockeroft
and Latham

o
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Fig. 7. QForm simulation results of surgical
forceps forging: a) the final shape with
localization of point P; b) the tensile stress
distribution; c) the estimation of fracture
risk based on Cockcroft & Latham fracture
criterion.

Tensile
Stress, MPa c

from the forging practice. FE simulation
for estimating of conditions leading to
fracture formation helps to identify the
location and fracture conditions in forged
pieces.

The results of compression test and
numerical simulation ensured the devel-
opment of material models and fracture
models for analysis of forging technolo-
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gies. Examples of parameter distribution
maps are presented in figures 7 and 8. The
main result of the analysis is the point of
maximum fracture initiation risk (point
P) in the case of the surgical forceps (see
Fig. 7) The highest values of tensile and

Fig. 8. Estimating of critical values of
fracture criterion in the forged piece: a)
real part; b) simulation result in the QForm;
c) temperature distribution; d) Rice &
Tracey fracture criterion distribution./?!

mean stresses were observed at this point.
Consequently, maximum values of the
Cockcroft & Latham fracture criterion
may be found at this point, too.

Analysis of distributions of fracture
criteria values (see Fig. 7c, 8d) indicated
the fracture appearance area, which is
highly vulnerable to the crack initiation
in both analyzed cases. Crack initiation
parameters have been identified by com-
prehensive analysis of simulation results.
In the case of the surgical forceps forg-
ing, a high tensile-stress concentration in
the area of fractures resulted from spe-
cific geometry of the workpiece. Simu-
lation carried out for the part of the mo-
torbike handle determined an extremely
low temperature at the fracture initiation
point. Consequently, the presented ap-
proach allowed changing parameters of
the workpiece geometry, configuration of
the blocker impression, as well as select-
ing of forging process conditions at the
technology development stage.

Toward new guidelines

The methodology for estimation of
the fracture initiation risk based on the
laboratory uniaxial compression test and
numerical simulation has presented in
this paper. The research results have val-
idated by analysis of two industrial
closed-die forging processes of materials
with different crystallographic structure
and forging conditions, commonly re-
ferred to as hard-to-deform while forg-
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ing on a high-speed press. The distribu-
tion maps of fracture criteria parameters
calculated using FEM and implemented
models ensured accurate prediction of
fracture location. The presented study
provides a sufficient reliability and may
become a basis for the development of
guidelines on improvement the geome-
try of billets or workpieces, forging pa-
rameters, and making possible to prevent
from crack initiation during the forging
process. %
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