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Abstract

In the presented study, plastometric tests using channel die compression were employed to define the boundary conditions for
numerical simulations of the deformation processes of heterogeneous multi-layer systems composed of microalloyed steel,
titanium, or magnesium. Various configurations, conditions, and deformation schemes were applied, which were then repli-
cated in numerical simulations. Rheological models were used in the studies which, through computer simulations, enabled
the modeling of interactions between the incoherent components of the microstructure. The primary outcome of the conducted
experimental studies and numerical simulations is the ability to assess the heterogeneity of the studied multi-layer systems
in terms of their mechanical states and influence on microstructural changes. This heterogeneity additionally arises from the
diverse microstructural and rheological characteristics of the investigated materials (BCC vs. HCP), which, in turn, affect the
strengthening mechanisms, primarily strain hardening. The results obtained from channel die compression tests were then used
in simulations of multi-stage wire drawing, supporting both the design phase and the analysis of the resulting microstructural
effects in the studied heterogeneous systems. It was observed that one of the key criteria for designing heterostructured wires
from the examined materials is the proper selection of the volume fraction of the components, as well as the deformation history
during multi-stage wire drawing, considering interpass heat treatment.
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1. Introduction

It is well known that combining two metallic materials
with significantly different plasticity in a multi-layer sys-
tem — due to differences in their crystal lattice, the num-
ber of possible slip systems, stacking fault energy (SFE),
chemical composition, phase composition, morphology,
and the degree of microstructure refinement — can result
in an attractive combination of mechanical properties
(Wu & Zhu, 2017). Similar advantages can also be found
in other material systems (That, 2024).

In the presented research, the investigated material
consisted of a microalloyed steel matrix, characterized
by high strength and good ductility during plastic defor-
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mation (Majta et al., 2017), along with titanium or mag-
nesium layers exhibiting limited plasticity. The choice
of the above materials was supported by the literature
focusing on combining materials such as Fe-Cu, Fe-Al,
or Ti and Cu, using roll forming to obtain a layered com-
posite with complex morphology and microstructure de-
velopment (McCabe et al., 2021; Yu et al., 2014). The
main advantage of a material with such an inhomoge-
neous structure is the synergistic effect of the HCP phase
existing as thin layers within the ductile BCC-phase
matrix — i.e., microalloyed steel strengthened by pre-
cipitation and ferrite grain refinement. Effective control
of such inhomogeneities is essential, as their evolution
can have both negative and positive outcomes. On the
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one hand, excessive nonuniformity may lead to prema-
ture failure or uncontrolled fragmentation of reinforcing
layers; on the other, a controlled transition from a strict-
ly layered arrangement to a composite structure with
dispersed reinforcement can enhance and combine the
properties of individual composite components (Hoag-
land et al., 2002; Koseki et al., 2014).

2. Experimental

Channel die compression tests were performed on the
multi-layer samples to experimentally determine their
mechanical state, i.e., the distributions of strain and
stress during deformation. The tests aimed to replicate
the conditions that the materials experience during
metal forming operations. The samples had a length of
15 mm and a width of 10 mm and consisted of microal-
loyed steel layers with thicknesses of 2 mm or 4 mm

and an inner titanium/magnesium layer of 1 mm thick-
ness. Each sheet surface was prepared by degreasing
and grinding with 500 grit sandpaper, no lubrication
was used during process. Such packages underwent
deformation with strain magnitudes of 0.25 and 0.5.
The schematic and example of deformed samples are
presented in Figure 1 and the characteristics of the re-
search materials used are in Table 1.

The channel die compression tests and the per-
formed analysis of their results allowed for the charac-
terization of the complex rheological properties and the
evolution of the microstructure in the studied multi-lay-
er systems. It was demonstrated that differences in the
thickness of the matrix material significantly affect the
plastic flow behavior, ultimately leading to an inho-
mogeneous distribution of work hardening among the
individual layers (Pabich et al., 2024). Additionally,
a multi-stage wire drawing process of heterostructured,
multi-layered materials was performed.

Table 1. Characteristics of research materials

Microalloyed steel Ti, grade 2 Mg, AZ31
Crystal structure BCC HCP HCP
Shear modulus (G) [GPa] 78 43 17
Yield strength (YS) [MPa] 430 230 146
Tensile strength (7S) [MPa] 720 437 315
Elongation (£/) [%] 14.8 47.0 20.2
Average hardness [HVO0.1] 214 125 96
C:0.07 Fe: 0.01 Al 3.27
Si: 0.29 H: 0.03 Zn: 0.98
Mn: 1.36 0:0.04 Mn: 0.28
. . Nb: 0.067 N:0.01 Fe: 0.0027
Chemical composition [wt%] Ti: 0.03 Ti: bal. Ni: 0.00078
Cu: 0.16 Cu: 0.0005
N: 0.009 Si: 0.11
Fe: bal. Mg: bal.
Initial grain size [pum] 22 28 20-25

I,
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St/Mg/st_2/1/2_0.5
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Direction

St/Ti/St_4/1/4_0.5

St/Mg/St_4/1/4_0.5

Fig. 1. Schematic and example of deformed multi-layered systems produced through channel die compression test
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The investigated heterostructured system, sub-
jected to deep wire drawing, consisted of a hollow mi-
croalloyed steel cylinder with a diameter of 6.5 mm and
a rod of Ti or Mg with a diameter of 3.0 mm placed
inside it, later referred to as TR (Tube/Rod) samples.
The process involved reducing the wire diameter from
6.5 mm to 4.0 mm in 10 passes, with an effective strain
per pass of approximately 0.10 and monosodium soap
powder as a lubricant. Examination of the longitudinal
section of the specimens at the 4.0 mm diameter showed
cracks in the Mg layer, which eliminated this material

St @6.5 mm
x1.75 mm

Ti and Mg @3 mm

as suitable for further drawing tests due to its inabil-
ity to accumulate severe plastic deformation (Pabich
et al., 2024). The initial material and schematic of the
wire drawing process are presented in Figure 2. Vick-
ers hardness tests (applied load 100 g, dwell time 10 s)
and electron back-scattered diffraction (EBSD) analy-
sis carried out on the 4.0 mm diameter wire (Fig. 3)
showed that the steel exhibits greater strain hardening
and grain refinement than the Ti layer, suggesting that
the steel carries more strain in the initial stages of wire
drawing.
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Fig. 3. Hardness test results and EBSD maps performed for TR samples at a diameter of 4 mm
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3. Rheological models

The material data used in the computer-aided design
(Yanagimoto et al., 2022) were selected from a data-
base of commercial FEM software, Forge NxT, and
from the literature (Majta, 2019). The data from the
database was additionally compared with the results
of plastometric tests carried out for initial materials.
Based on the obtained stress-strain curves (Fig. 4), cal-
culations were made and adjusted for the Hansel-Spittel
equation (Chadha et al., 2018):

o, = Aexp(mT)e™e™ exp(%j(1+g)m5T :
(1)

exp(mg —e)e™ T™

where: ¢ )~ flow stress, A—material constant, € —equiv-
alent strain, € — equivalent strain rate, 7 — deformation
temperature, m —m, — constants defining the material’s
sensitivity to temperature, strain and strain rate.
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Fig. 4. Stress-strain curves obtained for initial materials

The resulting rheological data, together with ma-
terial parameters, were implemented to simulate the de-
formation of multi-layer materials. Other material data,
including thermal model coefficients, are presented in
Table 2.

Table 2. Thermal coefficients of analyzed materials

Specific
. Thermal
. heat Density . L
Material . ;1 | conductivity | Emissivity
capacity | [kg/m’] [W/(m-K)]
[J/(kg-K)]
St 778 7,850 355 0.88
Ti 420 4,540 6.0 0.88
Mg 101 1,780 12.0 0.08

4. Numerical simulations

In the first part of the numerical simulations, a channel
die compression test was reproduced using the Forge
NxT software. The software allowed for assigning mul-
tiple materials to a single object sample when defining
the spatial parameters, which resulted in significantly
reduced computation time while maintaining correct re-
sults. To better understand the interaction between the
layers, the simulations were modified by introducing dif-
ferent friction conditions, an additional layer of St and
Ti or Mg, and by swapping the positions of the St layers
with the Ti or Mg layers (Fig. 5a), as well as modifica-
tions in friction conditions, categorized as high, medium,
and low/sliding friction, values of which are shown in
Table 3. The influence of the friction coefficient on the
deformation of layers is presented in Figure 5b. As a re-
sult, 12 variants with different layer configurations were
obtained, from which data on temperature, stress, strain
and material distributions were extracted.

Table 3. Values of used Coulomb friction coefficients

. Friction conditions
Coefficient - -
low medium high
Static friction 0.00 0.10 0.40
Kinetic friction 0.00 0.05 0.20

The second numerical simulation developed was
arepresentation of the multi-stage wire drawing process
of the investigated multi-layered systems. The model
represents the drawing process of a sample composed
of two or three layers, successively representing two
systems: Tube/Rod (TR) and Tube/Tube/Rod (TTR). In
these systems, the outer layer always consisted of St,
the inner rod consisted of Ti or Mg in the case of the
TR system, and the inner tube was made of Ti/Mg and
St rod in the case of the TTR system. The dimensions
of the samples were 30 mm in length and 6.5 mm in di-
ameter. The wire drawing process consisted of 7 pass-
es, reducing the diameter of the wires from 6.5 mm to
5.2 mm. The diameters of the individual dies and the
effective strain per pass are presented in Table 4.

Table 4. Diameters and strain obtained
in individual passes of wire drawing

No. of Diameter of Effective strain/pass,
pass the die (D) [mm] e=2In(D/D)

1 6.5 —

2 6.2 0.09
3 6.0 0.07
4 5.9 0.03
5 5.6 0.10
6 5.4 0.07
7 5.2 0.08
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Fig. 5. Dimensions and layer configurations of defined samples for numerical calculations (a)
and results of sample deformation under different friction coefficients (b)

As in the channel compression test, the individu-
al material layers were assigned to a single object, the
dimensions of which are presented in Figure 6. In the
case of friction parameters, the analysis of friction-free
conditions was abandoned as purely theoretical. The
results of the obtained simulations were extracted sim-
ilarly to the channel test. During the simulations, a ful-
ly coupled thermo-mechanical model was used with

a)
N

A

b)

tetragonal finite elements. The mesh size was selected
based on the initial trials to provide acceptable simu-
lation time and accuracy. Depending on the number of
layers, the number of finite elements varied between
approximately 100,000 and 160,000. In order to avoid
numerical errors related to interpolation along the ma-
terial contact surface, remeshing was not used during
the analysis.
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Fig. 6. Initial dimensions of TR (a) and TTR sample (b)
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5. Results

Complex simulations of the channel compression tests,
with multiple configurations of materials, layers and fric-
tion coefficients, have provided a better understanding of
the deformation behavior of multi-layer systems. A com-
parison of the simulation results with the dimensions and
geometry of the deformed specimens showed that the
best correlating results are those obtained with the me-
dium value of the friction coefficient. Depending on the
chosen configuration, the system either deformed rela-
tively uniformly without any pronounced serpentining or
thinning of the inner layers, as in the case of4/1/4,2/1/2 -
Mg/St/Mg and Ti/St/Ti (Fig. 7a) as well as 2/1/2/1/2 —
Mg/St/Mg/St/Mg and Ti/St/Ti/St/Ti. However, it can be
observed that there is pinching in the steel at the cen-
ter of the layer. In the case of specimens with magne-
sium or titanium as the inner material, in the 4/1/4, 2/1/2
St/Ti/St and StMg/St and 2/1/2/1/2 St/Ti/St/Ti/St and
St/Mg/St/Mg/St systems very intense wave formation and
thinning occur in the middle layers, which would be ben-
eficial for their fracture and particle formation (Fig. 7b).

The analysis of the results shows a correlation be-
tween temperature and strain. As expected, higher tem-
perature values are observed in areas with higher defor-
mation. Likewise, a similarity can be seen in the field
pattern of these two parameters (Fig. 8a). The highest
temperature occurs at the central point of the samples. In
all cases, higher values of Von Mises Equivalent Stress
can be observed in St layers compared to Ti or Mg. It is
also worth noting that in the case of samples where wave
formation occurs in the inner layers, the stress present in
the material above the peak of the waves is lower than
that “below” them (Fig. 8b). This leads to inhomogene-
ities in strain hardening not only at the cross-section of the
material layers but also at the matrix layers of material.
Both wave formation in inner layer of samples and stress
variations within steel layers are direct consequences of
the upsetting process which is characterized by x-shaped
distribution of stress, rheological differences between the
constituent materials and stress-induced fluctuations at
the contact surface of layers. The shape of the produced
wave is a function of shear modulus and the ratio of the
thickness of the layers used (Junqua & Grilhé, 1995).

a) Material index
3.0
4/1/4 Mg/st/Mg 2/1/2/1/2 Mg/St/Mg/St/Mg 2/1/2 Ti/St/Ti I
2.8
2.6
24
2.0
b) 4/1/4 St/Mg/St 2/1/2/1/2 St/Mg/St/Mg/St 2/1/2 St/Ti/St
1.0

Fig. 7. Selected deformed layer configurations characterized by: a) uniform deformation; b) wave formation of inner layers
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Based on the results of the channel compression
test, the second part of the simulation of the drawing
process of the heterogeneous system was carried out.
As a result of the results obtained from the first part,
the construction of a multi-layer inhomogeneous sys-
tem was proposed, i.e. TTR and TR in both systems
the composite materials were microalloyed steel as the
matrix and Ti or Mg in the TTR system a tube and in
TR system a rod.

As demonstrated by the channel compression
tests, the deformation conditions and process param-
eters — i.e., the size and number of drafts for specific
layer thicknesses of the systems — are crucial in the
development of both the rheology and the microstruc-
ture of the constituent materials. For this reason, it
was necessary to prepare simulations of the inves-
tigated TTR and TR systems during the production
process of multi-layered wires, taking into account
the characteristics of the drawing process. This pro-
cess differs significantly from other plastic forming
methods due to the shape of the tool (tapered die)
and the nature of material flow through the tool. A di-
rect consequence is the high inhomogeneity in the
cross-section of the drawn products. Moreover, the
heterogeneous system — comprising different materi-
als with varying rheological characteristics — results
in a drawing process outcome that varies significantly
for the final products.

The boundary conditions for the simulation pro-
cess were designed, as presented in the experimental
section, and it was demonstrated that the ability to vi-
sualize the mechanical state in drawn heterogencous
systems constitutes a very significant indicator for the

strengthening processes of these materials. In other
words, the superposition of the mechanical state — char-
acterized by the inhomogeneity of strains and stresses
in the examined systems — and the associated strength-
ening processes, both deformation-induced and micro-
structural, resulted in different behaviors among the
studied systems.

The numerical simulations were conducted to ana-
lyze the processes of deformation and work hardening
during the multi-stage wire drawing process of two con-
figurations of heterogeneous systems: Tube/Rod (St/Ti)
and Tube/Tube/Rod (St/Ti/St) (Fig. 9). As demonstrated
during the drawing process, there is a significant differ-
ence in the distribution of stresses in the material. In the
case of the TR system, higher stress values are found
in the near-surface layers — the steel — of the deformed
wires, while in the case of TTR, the interaction field
is larger and reaches higher values in the layer of the
inner rod. These differences are all the more apparent
in the initial passes of the drawing process (Fig. 10). In
the initial passes, it is apparent that the steel as a matrix
carries higher stresses in both TR and TTR, particularly
at layers close to the wire surface. In addition, a com-
parison of Ti to Mg also shows that the stress values in
the Mg layer are lower than those in the Ti layers.

The effect of the friction coefficient on temperature
and strain is shown in Figure 11, a higher value of the
coefficient leads to an increase in the obtained tempera-
tures at the cross-section of the specimen from 36°C to
42°C. In the case of deformation, the values obtained
are not significantly affected, but it is noticeable that
the Ti or Mg layer is more displaced at the beginning
of the sample.

Materialindex
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Von Mises Equivalent Stress [MPa]
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After 1st pass
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Fig. 9. Selected simulation results for Ti, TR and TTR specimens: representation of material distribution
after the 1% and 7™ pass, and stresses during and accumulated at the 7 pass
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Fig. 11. Influence of friction value on values of temperature and equivalent strain on the example of TR St/Ti sample

Based on the data gathered from initial experi-
ments and numerical simulations, a methodology was
developed to evaluate the influence of wire drawing
process parameters on the fragmentation of titanium

b)

layers, which are less ductile than the steel matrix. This
led to the production of Tube/Rod and Tube/Tube/Rod
wires with a diameter of 0.3 mm, the microstructures
of which are shown in Figure 12.

== a : - .
00

Fig. 12. Microstructures from the longitudinal section of @0.3 mm wires: a) Tube/Rod; b) Tube/Tube/Rod
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6. Summary and conclusions rectly reflect the applied process parameters, inter-
operational heat treatment conditions, and the di-
The presented research focused on computer-aided verse material properties of the materials used.
analysis of the wire manufacturing process, character- — The observed heterogeneity in stress and strain
ized not only by mechanical inhomogeneity but also by fields arises from the differing microstructural
a material structure consisting of a continuous matrix, and rheological properties of the studied mate-
i.e., relatively ductile microalloyed steel, in which Ti rials (body-centered cubic — BCC vs. hexagonal
particles of various sizes are present. These particles close-packed — HCP structures). These differences
were formed as a result of titanium fragmentation significantly influence the strengthening mecha-
following intense deformation of the inhomogeneous nisms, particularly work hardening.
steel/Ti system. The obtained results allow the formu- — One of the key criteria in designing heterostruc-
lation of the following conclusions: tured wires from the studied materials is the ap-
— The results obtained from channel die compres- propriate selection of the volume fraction of the

sion tests — both numerical simulations and exper-
imental studies — were used in the simulations of
multi-stage wire drawing. These results supported
both the design phase and the analysis of the re-
sulting microstructural effects in the studied het-
erogencous systems. The numerical simulations

components and the deformation history during
multi-stage wire drawing, including inter-opera-
tional heat treatment. It should be emphasized that
a critical factor in this context is the variation in
rheological properties among the components of
the examined multilayered systems.

proved to be a valuable tool for understanding
plastic deformation processes in heterogeneous
systems, particularly during multi-stage wire
drawing operations involving a high accumulation
of deformation energy. The research was funded entirely by National Sci-

— The stress and strain field calculations facilitatedthe ~ ence Centre, Poland, grant number: OPUS 2022/45/B/
analysis of the resulting microstructures, which di-  ST8/01383.
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