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NUMERICAL MODELLING OF INNOVATIVE MANUFACTURING
PROCESSESWITH INDUCED STRAIN PATH CHANGES

A review of various bulk metal forming processeatttake into account influence of strain path clesngn
material flow is presented in this paper. Particidtention is put on computer aided design of wative
angular accumulative drawing (AAD) operation. Reskain the area of development of metal forming
processes taken advantage of strain path phenomemaducted in many scientific laboratories as gtrain
patch change effect influences many crucial progerof the deformed material. As a result it pregid
a possibility of forming materials, which are edifficult to form in a conventional manner. Advagés and
limitations of the AAD process are summarized argsented in this work. Difficulties in developmagitthe
complex rheological model that takes in to accostndin path changes in the deformed material ase al
presented and discussed.

1. INTRODUCTION

Recent scientific investigations proved close retst between changes in the strain
path during deformation and the material structarel formability. Development and
changes occurring in the microstructure are idietibs one of the main mechanisms that
control material flow during deformation path chandt was proven that precise control
of the microstructure changes may lead to a reolicin applied loads during these
processes. It is also proven that certain defoonatonditions (e.g., change of temperature
or strain path) may lead to an increase in the ifagroapabilities of many materials, that are
difficult to form by conventional metal forming ofaions. This statement is supported by
research performed in [1], where, material behavimder two deformation modes was
investigated: torsion-torsion-torsion, and torstension-torsion, as presented in Fig. 1a and
1b, respectively. Flow stress obtained from the sueament for the 1st and 3rd step
of torsional straining is presented schematicatlyFig. 2. Clear drop in the flow curve
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during last deformation is visible in both caseswaver it is much more pronounced when
straining mode was changed from pure torsion (Sgerre 1a) to torsion-tension-torsion
(see: Fig. 1b). These observations confirm a pasigffect of the strain path change on
materials processing as it results in lower loaglsded to deform the material to the same
total strain. Similar observations are reportef2in

The methodology, which involves strain path chadgeng deformation, was already
successfully applied to more complex forming operst Compression with cyclic
oscillations is one of the possible examples ohlatatory test that is used to investigate
influence of additional oscillations on materialhbgiour under deformation (Fig. 3).
Laboratory equipment for this process was developedhe Department of Process
Modelling and Medical Engineering of the Silesiamivérsity of Technology in
Katowice [3].
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Fig. 1. Schematic illustration of the performeddesith the change in the strain path: a) torsmmsibn-torsion,
b) torsion-tension-torsion [1]
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Fig. 2. Comparison of the flow stress recordedrdputorsional straining for the first and third defation
achieved from torsion—tension—torsion and torsiorsibn—torsion tests [1]
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Fig. 3. Schematic illustration of the developed po@ssion test reversible oscillations

This laboratory process is mainly used to analyfferénces in material flow, while
reversible oscillations are applied and obtaineslite can be transferred to set up real
industrial processes. An example, of such real stréal metal forming operation is the
KOBO extrusion. The KOBO extrusion was extensivstydied experimentally [4] and
numerically [5] and proved its advantages in extrgdhardly formable materials. As
a result, due to additional reversible die osddled, large degree of deformation can be
obtained without danger of material failure. Thedadf the process is presented in Fig. 4.

a) b)

Fig. 4. a) FE model of the KOBO extrusion proc&3gine mesh reflecting shape of the grooved die

The same methodology was also applied to the ghaeMiorging process as the main
difficulty in the monotonic closed die forging was obtain the final shape of the product
with the material properties that meet customeeshands. Application of the reversible
rotations to the die solved these problems. The RQBpe forging led to better filling
of the groove and allowed to obtain final produdthwhigher accuracy in shape in
comparison to monotonic forging. Additionally, #d to a decrease in die wear due to
reduction in applied loads. Research on this mather be found in another authors work
[6]. Example of the process and obtained shapkeoptoduct are presented in Fig. 5.
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As presented, all those examples of processesatikantage of the strain path change
effects and are focused on a bulk forming operation

a) b)

Fig. 5. a) FE model for gear wheel forging witheesible die oscillation, b) FE mesh after deforoadi

In the present work, the recently developed in Diepartment of Metal Forming at
AGH University of Science and Technology in Krakosgcumulative Angular Drawing
process (AAD) [7],[8] is presented and discusseth wespect to its potential to produce
wires with enhanced properties thanks to contro#fiedin accumulation that leads to local
high grain refinement. In this process, that isesshtically presented in Fig. 6, a complex

strain path can be applied, and large strain actatmon is introduced to refine the
microstructure of a drawn wire.

Fig. 6. Scheme of the AAD process: a) top viewsdntion view, c¢) alternate and stepped dies' adygesatiings

The applicability of strain path change in the Afdlbbcess allows for the preferred
distribution of effective strain in the entire csesection of the drawn product, which, in

turn, introduces microstructure inhomogeneity at¢hoss-section of the wire. These effects
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— if properly controlled — enable the achievemdra desirable combination of mechanical
properties in the final product. In the presentgflianalysis of microstructure development
and its inhomogeneity was carried out in orderndearstand the deformation mechanisms
and to establish the correlation between deformatimicrostructure and mechanical
properties observed in microalloyed steel. In otdesptimise the process and to learn how
to control the level of strain inhomogeneity, robumsultiscale computer model was
developed. It has already been proven that by ithefanumerical tools it is possible to
predict strain inhomogeneity levels in the AAD puots, and thus, properly control the
process parameters. This in turn enables to int®adontrolled inhomogeneneity of strain
and, by accumulation of deformation energy, to celgrain refinement across the cross-
section of the wire. As a result, enhanced propextompared to conventional wire drawing
processes can be obtained.

2. ACCUMULATIVE ANGULAR DRAWING PROCESS

The AAD process (Fig. 6), thanks to its designuires high strain accumulation in the
surface layers of the processed wire, which alldwsachieve increased mechanical
properties and ductility in wires characterisedshnall diameters. In the present study, wires
made from a fully recrystalized microalloyed steel(0.07C/1.37Mn/
0.27Si//0.07Nb/0.009N) were investigated. Wire rodth diameters of 6.5 mm and average
grain size of 15um were drawn to wires of 4.0mmnuliter by applying steeped dies
positioning and according to the drawing schedude is presented in Fig. 7. Although three
different positioning of the dies are possibledin stepped and alternate), the present study
was focused on the stepped dies' positioning,wastfound to give the best combination of
the strength and ductility in the final product.[8]
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Fig. 7. Scheme of the AAD process. The two-pasedulle

Drawing was carried out at slow speed (0.05m/s}litminate the effect of the heat
generated by cold working. The reduction of crosstisn area, the strain induced in the
outer part of the wires, due to bending/unbendimgce@sses and the desired shear
deformation were the main sources of strain accatiau in the final product of the AAD
process. The cold drawn wires, after deformatiorrewannealed for 1200s at different
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temperatures (500 + 700°C) and then subjected twostructure analysis and mechanical
testing. Examples of optical micrographs takenatous positions of the transverse cross
section of the drawn and annealed wire are predant&ig. 8. Microscopic observations
have revealed significant grain refinement in thgions near the wire surface, with various
intensities. Different levels of microstructure arhogeneity not only at various positions
of the wire cross section but also along its a¥gy.(8 a and b) result from complex
deformation modes (area reduction, shear and hingys however, their gquantitative
assessment requires further analysis.
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Fig. 8. a-b) Examples of inhomogeneous microstnestobserved on the transverse cross section @fithe
drawn with the stepped die positioning, and aretat 500°C, c) effect of the post deformation ating
temperature on the properties of the drawn wires

Presented in Fig. 8c flow curves recorded durertsile test performed on the drawn
and annealed wires, show that post-deformation amgeplays a crucial role in shaping
strength-to-ductility ratio. The higher annealimgniperature the more ductile wires are. At
this initial point of the study, it can be statedatt processing by the AAD plays
a dual role in these microalloyed steel wires byhbrefining the microstructure and
significantly altering the strength/ductility ratiti can be argued that the complex path and
resulting inhomogeneity of deformation of the astAAamples could be a source of an
increase in the ductility, which was also obserypeeviously [9]. To extend this study,
an efficient numerical multiscale model can be @éa

3. MULTISCALE MODELLING OF THE AAD PROCESS

The main aim of the present work was to build austltomputer model of the AAD
process. The emphasis was put on the proper repatise of the evolution process
of strain inhomogeneity what in the future will & to optimise it towards its better
control and improvement of the properties of wirlse major emphasis in the developed
model was put on the proper representation of tridugon of strain inhomogeneity in
order to control and improve the properties of picetl wires. In the present study, due to
the complexity of the AAD process, a concurrenttiegéle approach based on two steps
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of submodelling was proposed (Fig. 9). The firsp siEsubmodelling was applied to solve
a problem with one mesh describing the global dom&@hen another and generally finer
mesh was used to reanalyse a certain subpart ajléhe@l domain which is of particular
interest. To perform such analysis, either the ldtsgment field or the stress field from a
global domain has to be interpolated to the cutlgndary of a submodel having fine
mesh along the edges. The main advantage of suploagh is that very detailed
information can be derived from small area of thabgl domain with no need to perform
costly numerical analysis with very fine mesh ie tithole model. First, a global model
with 42,000 eight-node hexagonal reduced integnagtements with hourglass control
(C3D8R) was run using Abaqus Explicit — Fig. 9aa®ing of 300mm long wire with an
initial diameter of 6.5mm was simulated. After th#te displacements of the nodes
corresponding to face and edges of the cylindebn{sudel 1) were read and used as
boundary conditions for the second submodel. Thie@, analysis was repeated on this
smaller cylindrical area (10mm long) extracted frahe global model using Abaqus
Standard, and a much finer mesh was used — Fig. 9b.
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Fig. 9. Multiscale model setup of the AAD process

Finally, a second submodel was generated usin@piti¢al Materials Representation
approach (DMR) [10],[11],[12], and calculations weperformed again using Abaqus
Standard — Fig. 9c. A set of 5 unit cells (166) was created in order to capture the effect
of the process on strain inhomogeneity. In ordetat@® into account the microstructure
inhomogeneity across the wire cross section, ceMR was created with 37 grains
whereas all the near-surface DMRs represented aetig with 100 grains. The material
model used in the present work was the combinednkatic-isotropic Chaboche model
[13]. The evolution law of the model consists oé fwo main components: a non-linear
kinematic hardening component, which describedrdngslation of the yield surface in the
stress space through the back stresand an isotropic hardening component describhieg t
change of the equivalent stress defining the sizZe tloe vyield surface as
a function of plastic deformation. The model partere were identified using an inverse
analysis [14] based on the data from a cyclic fodAraverse torsion test [15]. It has already
been proven that the application of the inverser@pmh resulted in a significant
improvement of the accuracy of the results, conpaémethe simple isotropic model that is
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commonly used in the literature [16] especiallyha case of the simulation of the processes
that are characterised by strain path changes.

4. RESULTS

As mentioned, the multiscale model was built toudate the AAD process in order to
verify the effect of strain path change on bothaistrand microstructure inhomogeneity
of drawn wires. An example of Mises stress distidns in the global model and at two key
positions of the transversal cross section of tlevd wire after the first pass of drawing
through the 3rd die is presented in Fig. 10. It banseen, that thanks to the application
of the multiscale approach, much more details comcg stress distribution at various
positions of the drawn wire can be obtained. Tipigraach seems to be very promising, as
representation of the microstuctural features abua scales, offers much more physically-
based numerical tool for the simulation of the psses characterised by a complex strain
path history. Comparing numerical results with éixperimentally obtained microstructures
it can be concluded that the inhomogeneity of strdsat is characteristic for this
deformation process was properly captured and giestlby the proposed model.

+8.215e+02

+6.783e+02

Fig. 10. Equivalent Mises stress distributionshie global model and DMR calculated near the tofasarand centre of
the cross section of the wire after 1st pass ofh@gin the 3rd die

Figure 11 shows example of numerical results whegeivalent plastic strain
distribution was calculated in the global model anthe submodels. It can be seen that the
equivalent plastic strain is localised close to shieface of the wire. Much more detailed



Numerical Modelling of Innovative Manufacturing Resses with Induced Strain Path Changes 67

information regarding strain localisation and intfoganeity can be extracted from the DMR
approach, compared to the global model. Unit cesulated using the DMR approach
show different levels of strain inhomogeneity, lkigation and distortion resulting from the
AAD process.

+1,145e+00
+1.050e+00
+9.543e-01
+8.58%e-01
+7.635e-01
+6.680e-01
+5.726e-01
+4.772e-01
+3.817e-01
+2.863e-01
+1.909e-01
+9.543e-02
+0.000e+00

Fig. 11. Equivalent plastic strain distributiondccgated in the global and local models

Using the DMR approach it is also possible to caghigher grain refinement near the
surface, which is a result of higher strain accwatoh, (Fig. 11b, €). The presented results
show the potential of the proposed strategy; howewere detailed quantitative analysis
requires further work and more experimental data.

5. CONCLUSIONS

In the present paper, review of various bulk md@ming processes that take
advantage of the strain path changes was prese8pegtial focus was put on recently
developed Accumulative Angular Drawing process.eBlagpon results from the presented
research the following major conclusions can bevdra

1. Application of the AAD process allows controliohomogeneity of both deformation
and microstructure in the drawn wires. As a resulis possible to shape the mechanical
properties of the final products and obtain wirdthvibetter combination of strength and
ductility compared to typical wire drawing processe

2. With a more complex strain path and more enagpumulated in the wires during
the AAD process one should expect stronger miarosiral effects and mechanical
property changes in the drawn wires compared thbtioaal wire drawing process.
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3. Proper choice of the rheological model that $ak&o consideration strain path
changes and its application to the multiscale amalg crucial in order to effectively model
the complex strain path processes and to contrainsand microstructure evolution, and
thus, to optimise the properties of the final prctdu
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