Reinventing the Wheel

#

Thomas Pyttel

Professor of Mechanical Engineering Sam

Fachhochksciule (iessen
Friedberg, Germany

Introduction

Engineering requires applying known physical phenom-
ena and concepts to problem solving to create new devices
which can aid and assist everyday life. Using this under-
standing, engineers must work within a specific design
window, partially defined by limits of assumptions and
other estimations that must be made during the design
cycle. These assumptions or estimations are items that are
not quantifiable, or at least so within the time and budget
of the design cycle.

To aid the engineer with these problems, various analy-
sis tools have been developed to individually facilitate the
investigation of specific aspects of the design cycle. These
tools range from basic geometric design using solid model-
ing tools, to evaluating the performance of the design using
structural analysis tools, as well as the manufacture of these
designs using metal stamping and metal casting software.
Recent advances in hardware have allowed for analysis of
very large and complex parts through faster processors,
cheaper memory and the ability of multiple processors to
solve the same problem (parallel processing). However,
these solutions typically concentrate on the same task, be it
the welding of an assembly or the filling and solidification
of a six-on high-pressure die casting. A communication
gap formed between these single-tasked softwares prevent-
ing the engineer from determining how various sequential
manufacturing tasks would influence the performance of
the designed part.

The next large advancement in analysis is the closing
of this communication gap. Some software packages now
have the capability of chaining analyses — for example,
evaluating how the microstructure and porosity of a cast
component might influence the overall performance of
a part in its actual usage or in testing, In this article, the
design of a magnesium automotive steering wheel is eval-
uated, where the results of 2 ProCAST casting analysis
are used to create more accurate inputs for a subsequent
PAM-CRASH loading test of the steering wheel. These
analysis results are compared to actual measured data.

Typical Design Considerations

German automotive OEM Takata-Petri along with
casting and crash analysis teams of ESI Group, a global
leader in manufacturing software and analysis of materi-
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als, ventured on this task of evaluating the ability to link
process development and design using numerical tools,
When designing a component such as a steering wheel,
certain structural requirements are taken into account,
such as minimizing the mass while maintaining a level
of safety.

One safety item is that the wheel must deform or fail
in a cerrain manner during impact. During this design
stage, engineers must make assumptions about the mate-
rial composition and structural integrity of the cast wheel.
Typically, the assumption is that the wheel is of homo-
geneous strength (defect-free), even though it is obvi-
ous that the casting process will create a part of varying
strength due to the filling and solidification of the part
and the various levels of porosity. Figure 1 demonstrates
how a low quality wheel {center) will fail versus a high

quality part and shows an analysis using the homogencous
marterial property assumption.
Simulation Rest
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Figure 1 — Destructive testing using defect-free wheel (left),

wheel with porssity (center) and analytical reqults using
defect-free material properties (right}.
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Reality of the Casting Process

To investigate the variation of strength, a typical casting
was produced and a corresponding ProCAST analysis
of the casting was performed. The ProCAST analysis
showed a varying amount of porosity across the part
(Figure 2). The higher porosity amounts were located
where the wheel spokes met the wheel itself. Other criti-
cal sections were identified, such as the area around the
connection of the wheel to the steering column, as well
as part way along the spoke from the hub to the circular
wheel. The severity of the porosity is indicated by the
color scale on the right side,

The amount of porosity found via ProCAST analysis
was vilidated with experimental results and a close cor-
relation was seen. In the high porosity locations near the

www.diecasting.org/dee




spoke to wheel interface, the ProCAST resules present
a value of approximately 0,34% while the cast wheel
showed a range of 0.27% to 0.46% in the same section,
Other sections correlated well, such as in the spoke
where analysis shows 0.17% I,rlnp spokc} and 0.25% (bot-
tom spoke) porosity, compared to cast results of 0.18%
and 0.33%, respectively.

To provide an indication of the material properties
in the casting, tensile bars are typically included in the
casting cavity. However, these tensile bars are usu-
ally defect-free and thus cannot accurately portray the
material state of the casting. Therefore, from the actual
casting itself, tensile bars were extracted from the steer-
ing wheel in these three critical areas (Figure 3). Metal-
lurgical testing of these bars was performed to analyze
the variation in static and d}'namic stress-strain curves,
de pcnding on the extraction location {F‘:gurﬂ 4). These
curves were also compared to the typical separately cast
tensile bar specimen,

Figure 2 — Shrink porasity indication in the wheel,
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Figure 3 = Imprints of Tensile Bar Extraction from Cast Part.

As seen in Figure 4, the locations indicated as hav-
ing higher porosity values indeed have a lower strength
compared to the separately cast tensile bar. The elastic
region has a shallower slope (less Modulus of Elastic-
ity), and the plastic section of the curve ocours with less
strain (thus, lower yield strength). This experimental dara
clearly shows that the manufacturing process must be
considered in the initial design of the component, which
is becoming more possible as software tools continue to
evolve and mature,
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Figure 4 — Stresi-strain curves: static and dynamic feap); static
with comparisen fo separalely cast fensile bar (boftom).

Cnuplmg the Castin
Results with Impact Testing

The experimentally derived stress-strain curves were
entercd as material property information into ESI
Group's non-linear high deformation software, PAM-
CRASH. PAM-CRASH is well-known in the auto-
motive industry as a world leader in crash and safery
analysis. Two “crash” analyses were performed: one
used only a homogeneous L’Itscripl‘iun of the magne-
sium mechanical properties as found via testing of the
separately cast tensile bar, and the other included the
mechanical properties of the extracted bars at vari-
ous sections of the steering wheel. The analysis was of
a standard destructive rest where the steering wheel

is moved against a metal rod to observe the amount
of deformation versus the force applied 1o the wheel
aga'msr the bar,

I
.,_lr‘\.__

Figure 5 — Crash teit results using reparately cast tensile bar
data (tap right) and extracted tensile bar data (bottom rightF.

The two PAM-CRASH runs produced very different re-
sults (Figure 5). The steering wheel using the homogeneous
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mechanical propertics showed much less plastic strain in
the critical sections of the wheel as compared to that which
used varying properties as indicated by the extracted tensile
bars, Plastic strain is an indicator of sections more likely to
fail; thus, showing potential failure in the critical sections is
cause for concem,

This trend is duplicated in the actual testing of the
wheel (Figure 1). A wheel that was manufactured with no
irregularities in x-ray matched the simulated final deforma-
tion state of 4 likewise analysis. However, the wheel that
shows x-ray defects indeed failed ar a section of high plastic
deformation as shown in PAM-CRASH. Therefore, it is
casily seen by this example that having correct mechanical
property information in the structural analysis is eritical to
ohtaining an accurate result, enabling engineers to see how
the as-cast and/or heat treated part will perform under real-
life loading.

Chaining Casting and
Impact Anal‘yﬁcuﬂhsulh

The shility to caleulate mechanical property data based
on alloy compesition, pracess definition and casting
history is currently being realized by high-end casting
saftware. By coupling the phase information for a given
alloy via empirical phase transformation data with the
solidification kinetics such as coaling rate and porosity,
ProCAST is capable of predicting the microstructural
composition of the component across the entire part.
Areas of weakness due to slow cooling or porosity, com-
bined with dendrite and secondary dendrite arm spacing,
create a resultant definition of the strength of that region.
Yield strength, modulus and other information pertain-
ing to the mechanical definition of the alloy in every
local region will be passed from the casting software to
the structural software, enabling software packages such
as PAM-CRASH to use the most accurate and detailed
input data available.

ProCAST has the additional capability to couple the
thermally-induced stresses generated during the cast-
ing process into the transferable data, Therefore, residual
stresses, final part shape (including after degating), plastic
strains, hot tears/eracks and any other information relating
to the state of the part will be available for the subsequent
loading analysis.

Conclusion

The possibility to obtain more accurate and more
detailed results of the relation between casting process
and component performance opens a new set of doors
for the design engineer to cxamine. By understand-

ing how the casting process affects the strength of the
part, 4 process window can be defined which would
ensure a quality part. Part savings can be realized by
making specific changes to the design that will directly
improve strength, instead of blindly or globally making
modifications that the cngineer “hopes” will improve
results. The seamless integration of the data transfer will
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in the design cycle and work with designers to produce
the best quality wheel with a clearly defined working
manufacturing process, thereby reducing the time of
the design cycle and ensuring that even the first set of
manufactured parts comes off the line as quality, ready-
fo-usc cumpun:nts.
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