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ABSTRACT: The paper deals with the FEM (Finite Element Method) simulation of rotary swaging of Dievar alloy
produced by additive manufacturing technology Selective Laser Melting and conventional process. Swaging was
performed at a temperature of 900○C. True flow stress-strain curves were determined for 600○C–900○C and used to
construct a Hensel-Spittel model for FEM simulation. The process parameters, i.e., stress, temperature, imposed strain,
and force, were investigation during the rotary swaging process. Firstly, the stresses induced during rotary swaging and
the resistance of the material to deformation were investigated. The amount and distribution of imposed strain in the
cross-section can serve as a valuable indicator of the reduction in porosity and the texture evolution of the material.
The simulation revealed the force required to swag the Dievar alloy. It also showed the evolution of temperature,
which is important for phase transformation during solidification. Furthermore, microstructure evolution was observed
before and then after rotary swaging. Dievar alloy is a critical material in the manufacture of dies for high-pressure die
casting, forging tools, and other equipment subjected to high temperatures and mechanical loads. Understanding its
viscoelastoplastic behavior under rotary swaging conditions is essential to optimize its performance in these demanding
industrial applications.

KEYWORDS: FEM; rotary swaging; SLM; selective laser melting; dievar; ingot casting; hot work tool steel; additive
manufacturing

1 Introduction
Steels of various kinds are highly popular in numerous commercial and industrial branches, from

nuclear, heat, and power industry, through transportation, to medicine [1–3]. Tool steels, including Dievar
steel (a relatively new type of hot-working tool steel designed based on the H13 type steel) [4,5], are essential
for a wide range of industrial applications. They are used for the production of various components, where
the performance and durability of the tools themselves are crucial [6,7]. Conventional methods, such as
casting and heat treatment, offer reliable results and balanced properties in final products. However, these
can be affected by process irregularities and heterogeneity within larger material volumes [8,9]. In contrast,
modern technologies, such as laminating, powder metallurgy, or additive manufacturing, i.e., 3D printing,
methods offer new possibilities in design and production [10–12].

Laser Powder Bed Fusion technologies (L-PBF), known as the Selective Laser Melting (SLM) [13,14]
technology, allow the creation of more or less complex components with customizable microstructures,
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which can provide numerous possibilities for optimizing the mechanical properties of the resulting com-
ponents. Conventionally produced steels, which undergo ingot solidification followed by heat treatment,
typically have homogeneous final microstructures with uniform grain sizes and relatively low levels of
internal defects. On the contrary, 3D printed steels, which are produced by gradual melting and layering of
powder particles with a laser, tend to have different microstructural characteristics. The SLM technology can
lead to the formation of relatively finer grains and specific microstructural patterns as a result of rapid cooling
and localized melting [15,16]. These microstructures can influence the phase distribution within the material,
possibly affecting the final mechanical properties [17]. To enable microstructure/properties optimization,
detailed research of the effects of different processing conditions and possibly different manufacturing
processes used for post-processing of SLM-prepared components should be performed.

Post-processing of 3D printed material by shear strain, i.e., methods of plastic deformation, has been
shown to be highly advantageous to reduce or eliminate the disadvantages of components related to additive
manufacturing, such as internal porosity, presence of voids, unfavorable and inhomogeneous distribution
of residual stress, or (locally) aggravated mechanical and utility properties [18,19]. Such post-processing
can be performed by conventional forming methods, such as rolling, forging, and drawing [20–22].
However, the typical dimensions of 3D-printed components are generally too small to be effectively post-
processed by industrial machines, stands, hammers, etc. Nevertheless, shear strain-based forming methods,
such as rotary swaging [23,24], multiaxial and radial forging [25,26], or severe plastic deformation (SPD)
methods [27–31], can advantageously be applied. In this paper, we focus on the post-processing of a 3D-
printed steel by rotary swaging [32–34]. It is an industrially applicable process that incrementally applies
shear strain using a set of rotating dies [35–37]. This process results in microstructural changes, refined
grains, and changes in microstructure morphology—these phenomena can be tailored by optimizing the
processing conditions [38,39]. For conventionally manufactured materials, RS can improve microstructural
homogeneity, reduce grain size, and enhance mechanical properties. In the case of 3D printed steels, RS
further improves the structure by reducing residual stress and eliminating porosity and inhomogeneities
introduced during the printing process [40–43].

In order to characterize the beneficial effects of the combination of 3D printing and deformation post-
processing, this paper focuses on comparing two specific material states of the Dievar tool steel, a state
conventionally cast and annealed and a state prepared using SLM. Both the prepared steel workpieces were
subjected to rotary swaging. To provide complete information, the experimental study is supplemented by a
numerical simulation of rotary swaging of the steel using the FEM, which provides a detailed insight into the
dynamics of the process [44,45]. The importance of simulation lies in its ability to quickly and cost-effectively
predict and optimize the results of the swaging process. FEM allows the modelling of complex interactions
between the material and deformation dies, including stress and strain distributions, deformation force,
distribution of temperature, etc. [45–49]. This enables us to predict material behavior during the swaging
process and optimize the process parameters to achieve the desired properties. Simulations also allow authors
to identify possible issues during processing and adjust the swaging parameters, resulting in more efficient
use of material and minimization of waste. FEM simulations provide valuable insight into how conventionally
manufactured and 3D-printed steels respond to RS without the need for costly experimentation.

This work aims to use FEM simulations to analyze the deformation behavior of conventional and
3D-printed Dievar steel during rotary swaging. The primary aim is to acquire a deeper understanding of
how different manufacturing methods affect the development of stress, imposed strain, and deformation
heat (temperature) within the swaged workpiece. The use of FEM simulations prospectively allows more
effective control of the manufacturing processes and adaptation to specific application requirements. This
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research will help to better understand the differences in the behavior of the studied alloy caused by different
preparation methods.

2 Materials and Methods

2.1 Material Preparing
The investigated material was Dievar alloy (Böhler-Uddehom, Vienna, Austria). There were evaluated

two states, i.e., the commonly bought tool steel Dievar (Conv) (Fig. 1a) and the additive manufacturing state
performed using Selective Laser Melting (SLM) technology (Fig. 1b). The original diameter of both samples
was 25.4 mm.

Figure 1: Workpieces used for testing: (a) SLM state; (b) Conv state; (c) state after rotary swaging of Dievar alloy

The Conv state was soft annealed at 850○C for two hours, then cooled to 600○C at 10○C/s, and
subsequently air-cooled. The chemical composition of the Dievar material is given in Table 1. The as-printed
sample for experiment was prepared by SLM as was mentioned above using a Renishaw AM400 printer
(Renishaw plc., Wooton-under-Edge, UK) featured particle size ranging from 15 to 45 μm. The powder was
melted by laser with a power of 165 W. As an atmosphere was used inherent gas Argon with purity 5.0. The
parameters used to build the workpiece were of a layer thickness of 60 μm, a focus size of 70 μm, and a
scanning speed of 650 mm’s−1. The SLM workpiece was built with the perpendicular to the building substrate
(print orientation 90○) from left to right using the chessboard printing strategy.

Table 1: Chemical composition of Dievar alloy (wt. %)

C Si Mn Cr Mo V
0.35 0.20 0.50 5.00 2.30 0.60

Both states were also subjected to plastic deformation via rotary swaging (RS) (Fig. 1c) to enable
microstructural comparison of the undeformed and deformed states. After RS, the Conv and SLM states are
called Conv+RS and SLM+RS, respectively. The samples were preheated before swaging at the temperature of
900○C. The swaging was performed in two individual swaging passes from the original diameter of 25.4 mm
to the final swaged diameter of 10 mm. The swaging ratios after each swaging pass were calculated via Eq. (1):

φ = ln( Si

Sn
) (1)
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In Eq. (1), Si (mm2), Sn (mm2) and φ (-) represent the cross-sectional areas at the input, output of the
swaging dies and swaging ratio, respectively. The swaging ratio from diameter of 25.4 mm to diameter of 10
was φ3 = 1.864.

2.2 Microstructure Analysis
The microstructure was observed by JEOL JSM-6010PLUS/LA (JEOL Ltd., Tokyo, Japan) scanning

electron microscopy (SEM) equipment available at Swansea University, laboratory MACH 1 and Zeiss EVO
LS25 (TESCAN, Brno, Czech Republic) equipment available in Swansea University. Microstructure analysis
was focused on observing the differences between prepared states, i.e., Conv, Conv+RS, SLM and SLM+RS.
The samples were mechanically ground on SiC papers and subsequently polished (Metalco s.r.o., Roztoky
u Prahy, Czech Republic). Nital’s etchant (Metalco s.r.o., Roztoky u Prahy, Czech Republic) was used for
visualization of microstructure using SEM microscopy.

2.3 Building the Material Flow Stress Model
To prepare the FEM simulation of hot RS of the Dievar alloy, it is essential to determine the material’s

behavior during deformation under various thermomechanical conditions. Since the flow stress behavior
has not yet been established for this type of material, uniaxial hot compression tests have been employed.
These tests were carried out using the Gleeble 3800-GTC (Dynamic Systems, New York, NY, USA) thermo-
mechanical simulator and its Hydrawedge II testing unit. The tests were conducted at strain rates of 0.1 and
10 s−1 and deformation temperatures of 600○C, 700○C, 800○C, and 900○C. The flow stress behavior under
these conditions was measured for both initial states of the Dievar alloy, i.e., the Conv produced alloy and
the 3D printed alloy. The testing was performed on cylindrical compression test samples with a diameter of
11 mm and a length of 16 mm, which were always heated directly to a selected deformation temperature by a
heating rate of 10○C⋅s−1 via a direct electric resistance heating with a following soak time of 300 s. Preheated
samples were compressed to a true strain of −1.1 and air-quenched for 60 s to preserve the deformation
structure. The temperature measurement was provided via a pair of thermocouple wires of K-type (i.e., Ni-
Cr (+) and Ni-Al (−)) welded on the sample surface at its mid-length. Tantalum foils and nickel-based grease
(high temperature resistance, anti-seize and lubricating compound) were used to protect tungsten carbide
anvils and reduce friction forces on the anvils–sample interface. Testing chamber was during the test held
under vacuum to hamper oxidation processes, when the vacuum level was below 10−2 Torr-evoked by a rotary
vacuum pump.

The load forces measured by the load cell and the values of the anvil displacement measured using
a linear variable differential transformer transducer were then used to construct the dependence of the
true flow stress behavior on the true strain under a given combination of strain rate and temperature as
follows [50]:

ε = ln( l0 − Δl
l0
) (2)

σ = F
π ⋅ d2

0
4
⋅ l0

l0 − Δl

(3)
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In Eqs. (2) and (3), d0 (mm), l0 (mm), Δl (mm), F (N), ε (-) and σ (MPa) embody the initial
sample diameter, initial sample length, anvil displacement, load force, true strain and true flow stress,
respectively [50].

Once the experimental flow stress curves are known, it is possible to use these data to build a material
flow stress model. Due to this model, it is then possible to predict the flow stress behavior for the given
material even in experimentally unexamined thermomechanical conditions, which is an important factor
from the viewpoint of the subsequent simulations. The intended simulations of the RS process will be
performed in the Forge N × T software, and although the material model can be constituted in several
ways [51–54], the Hensel-Spittel rheological law relationship (4) has been chosen for this purpose [55]:

σ = A ⋅ em1 ⋅T ⋅ εm2 ⋅ ε̇m3 ⋅ em4/ε (4)

In Eq. (4), T (○C) and ε. (s−1) correspond to the deformation temperature and strain rate, respectively.
Parameters A, m1, m2, m3 and m4 which define a specific material have been computed by non-linear
regression analysis using the Levenberg-Marquardt optimization algorithm. The algorithm used is an
iterative refinement of a rough parameter estimate based on the following formulae [55]:

βi+1 = βi − (H + λ ⋅ diag [H])−1 ⋅ ∇β F (5)

In this equation, βi, βi+1,∇βF, H and λ represent an m × 1 vector of material parameters from previous
iteration step, an m × 1 vector of material parameters from the current iteration step, an m × 1 vector of
gradients of objective function (sum of squared errors), m × m Hessian matrix of the second-order partial
derivatives (given as multiplication of m × n transposed Jacobian matrix and n ×m Jacobian matrix of partial
derivatives of the objective function with respect to the examined material parameters) and damping factor,
respectively, where n is the number of observations and m is the number of material parameters [55]. Table 2
summarizes the Hensel-Spittel parameters for Dievar alloys, including Pearson’s correlation coefficient R (-),
indicating high regression accuracy for both models.

Table 2: Hensel-Spittel parameters for Dievar alloys

Parameter Conv SLM
A 3837.60 20,000.00

m1 −0.00314 −0.00438
m2 −0.01000 −0.04345
m3 0.12387 0.10000
m4 −0.01734 −0.02251
R 0.99365 0.98023

In spite of the fact that two strain rates were tested, all the acquired results exhibited comparable trends,
i.e., higher values of true stress under higher strain rates and lower temperatures. Therefore, for the following
analyses, only the strain rate of 0.1 s−1 was selected, being a reliable representative of the acquired data. Fig. 2
shows a comparison between the hot compression test flow stress data and flow stress data calculated
via Eq. (4) and parameters in Table 2. The graphical comparison practically confirms the accuracy of the
constitutive material model in the case of Dievar produced by Conv way. However, the situation is different
in the case of the sample fabricated by additive manufacturing in Fig. 2b. For temperatures of 600○C, 700○C,
and 900○C, the experimentally obtained curves correlate relatively well with the Hensel-Spittel model. The
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difference, at 800○C, is very significant, especially when compared to the Conv state. Regarding material
behavior there is a high probability that processes such as work hardening due to martensitic transformation
occurred. This hypothesis is supported by the fact that the model overestimated flow stress in comparison
to experimental plastometric testing. In other words, based on model prediction, the applied temperature of
800○C is not high enough to provoke a greater extent of material softening by the activation of the recovery or
recrystallization process. This overestimation is, with high probability, connected with the fact that the used
model does not take into account the possible mutual influence of residual stress and porosity level after 3D
printing. As can be seen, during higher strain rate model predicts much closer correlation to experimentally
measured flow stress (Fig. 2c). Moreover, a significant difference in the effect of the deformation temperature
is evident from this graphical comparison. For both alloys, it can be seen that the flow stress gradually
grows as the deformation temperature decreases, but in the case of the alloy manufactured by the 3D
printing technology, this increase is more significant—practically, there is an unexpected change when the
temperature drops to 700○C and 600○C. At a temperature of 600○C, the flow stress of the 3D printed Dievar
was, even so, excessive that the testing device was unable to produce the force required to fully compress the
test sample—the registered forces reached the limit of the testing device, i.e., 196 kN. For this reason, there is
no recording of the corresponding flow curve for deformations higher than 0.8, and the given missing piece
of this curve can only be calculated using the assembled material model.

Figure 2: Comparison between the compression test and Hensel-Spittel flow stress data of the investigated Dievar
alloys: (a) Conv—0.1 s−1; (b) 3D—0.1 s−1; (c) 3D—10 s−1

Since the hydrostatic stress has a significant effect on the stress-strain relationships in compression tests,
it has been examined in Fig. 3, where the initial increase and subsequent decrease due to plastic flow of the
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material can be observed. This situation was evaluated in 4 chosen sensors as can be seen in Fig. 3b and the
results from the sensor can be observed in the graph in Fig. 3c,d, respectively.

Figure 3: Evaluation of hydrostatic pressure: (a) hydrostatic pressure distribution of the tested sample (MPa); (b)
distribution of hydrostatic pressure and sensors in the cross-section (MPa); (c) graphical interpretation of hydrostatic
pressure according to sensors; (d) magnification of peaks with differences in hydrostatics pressure value according to
the sensors

The selection of the Hensel-Spittel model was based on its ability to effectively describe viscoelastoplastic
behavior under hot forming conditions. The model is widely recognized for its flexibility and robustness in
capturing the temperature- and strain rate-dependent deformation behavior of metals, making it particularly
suitable for high-temperature processes such as RS. Key parameters such as temperature (T) and strain rate
(ε.) enable predictions of material behavior even under conditions that do not directly match experimental
data obtained at a constant strain rate.

Additionally, the Hensel-Spittel model is one of the most widely used models in industrial practice for
simulating the plastic behavior of materials. Its simplicity in implementation and ability to describe material
behavior have made it a standard choice in commercial software tools for modeling processes such as hot
forming. This widespread adoption in industry confirms its effectiveness and reliability in predicting the
mechanical properties of metallic materials.
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2.4 Simulation Background
The deformation behaviour of the investigated alloys under the hot RS procedure was determined by

numerical simulation using Forge N ×T 3.0 software. Fig. 4 shows a RS geometry before the forming process
(red—Dievar rod, green—anvils) with a demonstration of used meshing settings. Swaged rods were heated to
900○C, with anvils and ambient temperature set to 20○C. Other boundary conditions were then set as follows:
thermal exchange between anvils and swaged rod was given by a transfer coefficient of 10,000 W⋅m−2⋅K−1,
thermal exchange between objects and surroundings set as exchange with air (10 W⋅m−2⋅K−1), the friction
conditions between the tools and the rod were set as without lubricant (corresponds to a friction coefficient
of 0.4).

Figure 4: RS process

Note, both investigated material states (Conv and SLM) were processed via two RS passes, which
corresponds to two levels of swaging ratios—specifically to φ1 = 0.478 and φ2 = 1.053.

To better understand the swaging process, stress, temperature, and strain distributions were evaluated
over time using a moving sensor measurement. It was assessment stress, temperature and strain during the
swaging process using a moving sensor measurement. There were placed three sensors on the swaged rod
(billet) surface (hereinafter called surface), within 1/4 of the middle (hereinafter called middle) and in the
axis of billet (hereinafter called core). The location of the sensors and movement of the billet during the time
can be seen in Fig. 5a–h. Furthermore, the overall force exerted by one swaging die during the process was
observed. Since the RS technology is symmetrical, the forces on each swaging die are also symmetrical, i.e.,
the same force is applied to all four swaging dies.

The simulations were conducted using a quasi-static implicit formulation available in the Forge N ×
T 3.0 software. This approach is well-suited for processes such as RS, where the kinetic energy is negligible
compared to internal energy. By employing this method, the influence of kinetic phenomena was minimized,
and consequently, it was not necessary for the kinetic-to-internal energy ratio to be monitored or for mass
scaling to be applied. The mesh size was selected through an iterative approach to ensure the stability and
accuracy of the simulations, with a finer mesh being applied in critical regions characterized by high stress
and strain gradients, as illustrated in Fig. 4. In future analyses, a formal convergence study could be included
to further refine the results.
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Figure 5: Position of billet during the RS in time (s): (a) 0.5; (b) 1.25; (c) 1.75; (d) 2.75; (e) 0.75; (f) 1.75; (g) 2.25; (h) 3.25

Although it is recognized that axi-symmetric analysis could provide faster computational performance,
a 3D finite element model was selected. This approach provides a more universal framework that can be easily
adapted to potential future analyses involving non-axisymmetric features, variable boundary conditions, or
local deviations. The use of the 3D model also enables the preparation of the analysis for future comparisons
with experimental data, which often include real-world deviations that axisymmetric analysis may not
adequately capture.

3 Results and Discussion

3.1 Microstructure Evaluation Using SEM Microscopy
Fig. 6a–d shows the individual microstructures of the prepared states. The microstructure of Conv state

had a ferritic-perlite structure with a disperse distribution of carbides throughout the structure. The grain
size was approximately 10 to 20 μm and can be seen in Fig. 6a. The microstructure produced by SLM consisted
of a cellular structure where the size of the cell was approximately 3 to 5 μm (Fig. 6b). This type of structure
is typical from workpiece performed using SLM technology [56–58]. The SLM-prepared structure (Fig. 6b)
is visibly finer than the Conv-prepared structure (Fig. 6a).

Figure 6: Microstructure at the swaging ratio φ3 = 1.864 of the: (a) Conv, mag. 1000×; (b) SLM, mag. 3000×; (c)
Conv+RS, mag. 3000× (Surface); (d) SLM+RS, mag. 5000× (Surface)
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After the RS of Conv state, microstructure was composed of finer grains than before RS with a grain size
of 5 to 8 μm. Furthermore, the microstructure contained the highest amount of precipitated carbides formed
during the RS (Fig. 6c) [5]. The microstructure of the SLM+RS state looked very similar to the Conv+RS
state, but the grain size was between 2 and 3 μm with very finely dispersed precipitates (Fig. 6d). From a view
point of microstructural, the SLM+RS state after the swaging process shows a finer microstructure, than the
Conv state after the RS.

3.2 Influence of RS Procedure on Stress Evolution
The size and distribution of the stress during the RS process can be seen in Fig. 7a–d. The most

significant increase in the stress occurred when the billet was inserted into the anvils and during the RS
process itself, particularly during the reduction of the billet—see Fig. 7a (between 0.5 and 1.25 s), Fig. 7b
(between 0.5 and 1.5 s), and Fig. 7c,d (between 0.5 and 1.75 s). In all states, the highest stress values were
measured on the surface (Fig. 7a–d). The direct contact between the anvils and the billet is the reason for the
higher stresses on the surface and its surroundings. The trends of stresses in the middle area are very similar
to the billet core for all swaged samples (Fig. 7a–d). When comparing stress values, there were a significant
difference between the Conv state with a swaging ratio of φ1 = 0.478 (Fig. 7a) and the SLM state with a
swaging ratio of φ2 = 0.478 (Fig. 7b). RS of the SLM state required 450–460 MPa, compared to 280–300
MPa for the Conv state. A similar trend was observed in Fig. 7c,d, where RS of the additively manufactured
sample required a higher stress value of 400 to 480 MPa, which was 150 to 180 MPa more than that of the
Conv state (Fig. 7d).

Figure 7: (Continued)
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Figure 7: Stress-time dependence of RS Dievar alloy: (a) first pass Conv; (b) first pass SLM; (c) second pass Conv; (d)
second pass SLM

3.3 Influence of RS Procedure on Temperature Evolution
Regarding the temperature evolution is concerned, it can be observed that the temperature in the first

moments of the swaging process first rises slowly and then rises steeply—practically independently of the
technology of preparation of the examined material (Fig. 8). In the case of the first pass, this initial increase
is completed in approximately 1.2 s. However, looking at the temperature recorded on the surface of the
deformed billet, it can be seen that in the first few passes, the aforementioned steep rise in temperature
is preceded by a drop in temperature—this is even very significant in the case of the Conv prepared alloy
(Fig. 8a). The temperature difference between the billet surface and core is due to heat dissipation to the
cold anvils. The phase of sharp increase is then evidently caused by the development of deformation heat,
which can also compensate the heat transfer to the anvils. For the second pass, it can be seen that in this case
the temperature drop in the surface layers is negligible or absent. The thinner rod allows faster temperature
equalization between its center and surface. The graphic records also show a temperature drop, immediately
following the phase of rapid temperature growth. This drop corresponds to the moment when the bar (or
more precisely the part of it fitted with sensors) leaves the deformation zone. The heat is dissipated into
the surroundings as the deformation heat from the deformed part spreads to the part that is no longer
deformed.
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Figure 8: Temperature-time dependence of RS Dievar alloy: (a) first pass Conv; (b) first pass SLM; (c) second pass
Conv; (d) second pass SLM

3.4 Influence of RS Procedure on Imposed Strain
During the RS procedure, strain is gradually imposed into the formed part. The graph in Fig. 9 show

that this accumulation of strain occurs gradually over time. The strain initially increases very slowly, which
corresponds to the part of the billet that is just approaching the main part of the deformation band (just
approaching between the anvils). The part of the billet monitored by the sensors is not yet directly deformed
by the tools, but as a result of the deformation of the surrounding parts that are already between the anvils,
a partial deformation also occurs here as well, and this deformation is the greater the closer the given part
of the billet is to the anvils. As soon as the monitored part of the billet gets between the anvils, there will be
an intensive increase in strain—practically in all its layers. The most intensive stresses occur in the surface
layers, directly in contact with the anvils, aligning with the previously observed stress distribution trends. As
soon as the deformed part of the billet leaves the space of the anvils, the strain value no longer increases and
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the curve changes to a constant character—the imposed strain remains in the material. It is also interesting
to note the difference in the imposed strain on the surface during the first pass, at a swaging ratio of 0.478.
The imposed strain on the surface of the additively manufactured state reaches a value of 1, while in the case
of the Conv state it reaches a value of 0.8. This difference in imposed strain is a consequence of the relatively
high porosity of the SLM sample, which achieves 13%. Therefore, in the first pass, the imposed strain must
be used to eliminate the pores and subsequently the imposed strain follows the same behaviour as in the
case of the Conv sample. As for the second pass, the newly imposed strain begins to be added to the strain
accumulated from the previous pass. It can be noticed that on the surface of the billet in the first pass the
strain of 0.8 and 1 have been accumulated as for the Conv and SLM material, respectively and the next strain
begins to accumulate on these strain values. Similar behavior can be then observed for the inner layers of
the billet.

Figure 9: Imposed strain-time dependence of RS Dievar alloy: (a) first pass Conv; (b) first pass SLM; (c) second pass
Conv; (d) second pass SLM
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3.5 Force Response
Fig. 10 shows the evolution of forces recorded on the first anvil. It can be seen that the trend is more

or less the same regardless of the pass or the material forged. For the first pass (corresponding to a swaging
ration of 0.478), a steep increase in force and a significant peak followed by a steep decline can be observed.
All this takes place in a very short moment, lasting about 2 s, during which the billet is swaged. The force
gradually increases as more and more of the billet passes between the anvils. When about half of the billet
has been swaged, the force reaches its maximum and begins to decrease again when forging the second half
of the billet. The same situation is observed in the case of the second pass (where the swaging ratio of 1.053
was applied). The difference compared to the first pass is essentially a much slower ramp-up of force in the
initial forging phase. The peaks are also shifted to longer times. This is also because the rod is already longer
during the second pass, and it’s swaging therefore takes a longer time. However, another very important
fact is revealed by the graphic comparison, namely that the forces recorded during the swaging of material
produced by the SLM technique are always higher than the forces recorded during the swaging of Dievar alloy
produced conventionally. This is in accordance with the fact that the material produced by the SLM process
has a higher flow stress behavior compared to the conventional one (see comparison in Fig. 2)—therefore,
greater forces must be applied to change the shape.

Figure 10: First anvil forces response

3.6 Model Applicability
The Hensel-Spittel model was chosen for its established ability to describe viscoelastoplastic behavior

under hot forming conditions and its flexibility in incorporating temperature and strain rate dependencies.
This model has proven robust for industrial applications and provides a reliable framework for simulating
processes such as RS. Despite these strengths, certain discrepancies were observed between the theoret-
ical predictions and experimental data, particularly for 3D-printed metals at higher temperatures and
larger strains.

These deviations may arise from the unique microstructural characteristics of 3D-printed materials,
such as porosity and anisotropy, which the Hensel-Spittel model does not explicitly account for. However,
the model was selected as a practical and effective tool for capturing the general material behavior under the
studied conditions. Its widespread industrial adoption further supports its suitability for this type of analysis.
Future studies could focus on integrating more advanced constitutive models to better address the specific
properties of 3D-printed materials, particularly under extreme conditions.
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4 Conclusions
The paper deals with the FEM simulation of RS of Dievar alloy produced by additive manufacturing

technology Selective Laser Melting (SLM) and ingot casting (Conv).
For the simulation, true-flow-stress to strain curves were determined at temperatures between 600○C

and 900○C and a so-called Hensel-Spittel model was constructed, which was the input for the rotary swaging
FEM simulation.

Before RS, the Conv-prepared state had a yield strength of 380 MPa and the additively manufactured
SLM state had a yield strength of 1100 MPa.

After RS, the SLM state exhibits a finer microstructure compared to the Conv state.
The microstructure of the SLM state after RS shows a finer microstructure than the microstructure of

the Conv state after RS. Specifically, the grain size of the Conv+RS condition was 5 to 8 μm and that of the
SLM+RS condition was 2 to 3 μm.

The highest stress during swaging was observed at the input billet between the anvils. For the Conv and
SLM states, the stresses during the first pass were 300 and 460 MPa, respectively. In the second pass, the
stresses increased to 340 MPa for the Conv state and 480 MPa for the SLM state.

At the surface, the sample temperature initially decreases due to heat transfer between the preheated
sample and the cold anvils. However, as plastic deformation occurs between the anvils, the temperature of
the sample (surface, middle, and core) begins to rise.

During the first pass, the temperature increased by 25○C for the Conv+RS sample and 35○C for the
SLM+RS sample. In the second pass, the temperature rose further by approximately 15○C, reaching 940○C
for the Conv+RS sample, and by 30○C, reaching 970○C for the SLM+RS sample.

The simulation results show that the imposed strain is highest at the surface and increases as the
overall strain magnitude increases. In the middle and core of the sample, the strain distribution remains
almost identical.

For the first pass, the imposed strain at the surface is 0.8 for the Conv+RS sample and 1.0 for the SLM+RS
sample. This difference in imposed strain is a consequence of the relatively high porosity of the SLM sample,
which achieves 13%. Therefore, in the first pass, the imposed strain must be used to eliminate the pores and
subsequently the imposed strain follows the same behaviour as in the case of the Conv sample. During the
second pass, the imposed strain at the surface reaches 2.3 for both the Conv+RS and SLM+RS samples.

The swaging forces were assessed for two swaging ratios: 0.478 during the first pass and 1.053 during the
second pass. It can be seen that less force is required to produce the Conv state, than SLM state. The force
required for forging decreases as the number of forges increases from viewpoint of the observed trend.

The Hensel-Spittel model, while effective for capturing temperature- and strain-rate-dependent
behavior, does not explicitly account for microstructural anisotropy and porosity, particularly in 3D-
printed materials, which may influence the correlation between experimental and modeled data at lower
temperatures.

The results of this study provide valuable insights into the viscoelastoplastic behavior of Dievar alloy
under conditions relevant to RS. This alloy is widely used in the production of dies for high-pressure
die casting, forging tools, and other equipment utilized in the automotive and aerospace industries. Its
exceptional thermal stability, wear resistance, and high strength make it suitable for applications where the
material is subjected to a combination of extreme temperatures, mechanical loads, and cyclic deformation.
This knowledge is helping to optimise forming processes and improve the performance of components made
from this alloy.
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11. Strunz P, Kocich R, Canelo-yubero D, Macháčková A, Beran P, Krátká L. Texture and differential stress develop-
ment in W/Ni-Co composite after rotary swaging. Materials. 2020;13(12):2869. doi:10.3390/ma13122869.

12. Tusher MMH, Ince A, Neu RW. High cycle fatigue and very high cycle fatigue performance of selective laser melt-
ing Ti-6Al-4V Titanium Alloy—a review. Mater Perform Charact. 2023;12(2):214–93. doi:10.1520/MPC20220088.

13. Aboulkhair NT, Simonelli M, Parry L, Ashcroft I, Tuck C, Hague R. 3D printing of Aluminium alloys: additive
manufacturing of Aluminium alloys using selective laser melting. Prog Mater Sci. 2019;106:100578. doi:10.1016/j.
pmatsci.2019.100578.

14. Dolzhenko P, Odnobokova M, Tikhonova M, Kaibyshev R, Chowdhury SG, Belyakov A. Grain boundary assembly
in a 316L steel produced by selective laser melting and annealing. Mater Charact. 2023;206:113434. doi:10.1016/j.
matchar.2023.113434.

15. Chen X, Liu K, Guo W, Gangil N, Siddiquee AN, Konovalov S. The fabrication of NiTi shape memory alloy by
selective laser melting: a review. Rapid Prototyp J. 2019;25(8):1421–32. doi:10.1108/RPJ-11-2018-0292.

16. Pimenov DY, Berti LF, Pintaude G, Peres GX, Chaurasia Y, Khanna N, et al. Influence of selective laser melting
process parameters on the surface integrity of difficult-to-cut alloys: comprehensive review and future prospects.
Int J Adv Manuf Technol. 2023;127(3–4):1071–102. doi:10.1007/s00170-023-11541-8.
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35. Kocich R, Kunčická L. Optimizing structure and properties of Al/Cu laminated conductors via severe shear strain.
J Alloys Comp. 2023;953:170124. doi:10.1016/j.jallcom.2023.170124.
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