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Abstract
Motivation of the present work is an inductive heating process, used in manu-
facturing a new kind of improved ultra-high performance concrete. In this novel
material, fibers made out of shape memory alloys are used to increase the maxi-
mum possible fiber volume fraction, or to create an internal state of compressive
stress. In contrast to other works, the underlying microstructure transformation
from martensite to austenite is highlighted based on thermal analysis. Dynamic
scanning calorimetry measurements are adapted as basis for development of a
phenomenological phase transformation model. It relates local temperature and
temperature rate to the rate of change of the phase indicator, modeling the trans-
formation of martensite to austenite. Latent heat is considered by an enthalpy
method, the inductive heating process is considered by a phenomenological
model. Study results for a purely thermodynamic process of heating a single fiber
embedded in concrete are presented. They show that latent heat effects delay
phase transformation and the process of fiber activation is very sensitive to the
induced heat. Furthermore, it is discovered that latent heat causes a strongly
inhomogeneous state of transformation in radial direction of the fiber, which
is of great importance for thermomechanical processes and the interpretation of
experimental results.

1 INTRODUCTION

Reinforcing ultra-high performance concrete (UHPC) using steel fibers is a common proceeding in civil engineering.Most
importantly, thereby, brittle behavior of plain UHPC is transformed to ductile, which increases its applicability vastly. This
improvedmaterial stands out because it enablesmanufacturing relatively slender andmuchmore durable structures. Fur-
ther improvement is obtained by using fibers made out of iron-based [1] shape memory alloys (SMAs), as recent works
propose [2, 3]. They enable to obtain a higher fiber volume fraction by influencing the rheology of fresh concrete [4] or
to create a state of internal compression [5]. The first goal can be achieved by using rolled up fibers in the casting pro-
cess, which reduces fiber-fiber interaction. This leads to less clumping and allows to increase the maximum possible fiber
fraction. Afterwards, the fibers are straightened by activating the one-way effect due to heating them up. The second goal
can be achieved by using pre-stretched fibers. After curing of the concrete matrix, their one-way effect can be activated
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F IGURE 1 DSC scan for NiTiHf, recorded for the temperature range from -50 ◦C to 150 ◦C at Θ̇DSC = 20 ◦C min−1 with a sample mass of
11.94 mg under Nitrogen atmosphere. In ”endo up” representation, endothermic processes cause positive peaks. The experiment’s thermal
direction is annotated with arrows. Areas corresponding to caloric heat are drawn lighter than those, that are considered as latent heat. The
two bell curves are caused by the phase transformation from martensite (M) to austenite (A) and vice versa.

thermally as well, which leads to tension in the fibers and compression in the surrounding concrete. In both cases, induc-
tive heating is proposed, since conduction-based methodologies would require heating up large volumes of material.
Works focusing on numerical modeling and simulation of induction heating are ref. [6, 7]. The present work approaches
this process from the standpoint of the material’s thermodynamic behavior and its role in this process using an additively
manufactured NiTi based SMA as a model alloy in order to simulate the phase transformation, since the characteristic
transformation temperatures associated with the martensitic phase transformation are well understood in these alloys. In
this case, the material was processed by Laser Powder Bed Fusion (L-PBF). Details on the manufacturing process can be
found in ref. [8].
The present work is motivated by two well-known principles, that are united in the inductive heating process. Firstly,

that the effectiveness of induction coils drops strongly in distance, see ref.[9]. Secondly, that the activation of the one-
way effect in SMAs is an endothermic process [10]. This means, a heating system of which the effective heating power
strongly depends on operation conditions should be used to drive a physical process that can only be completed if it is fed
sufficiently. Consequently, it is of great importance to understand the role of the energy that is consumed during phase
transformation in this inductive heating processes.

2 THERMAL ANALYSIS BASED ON DIFFERENTIAL SCANNING CALORIMETRY

The mechanical behavior of SMAs is commonly displayed in stress-strain-temperature curves, see for example ref. [11].
They reveal, that for SMAs, a pseudo-plastic strain can be brought into the material, which can be retrieved by heating.
It is the one-way effect, that straightens the fibers or creates an internal state of compression. It is enabled by a change in
microstructure, that is a phase transformation frommartensite to austenite. To gather such information, normally a certain
tensile test program is executed in a furnace. A totally different approach is performing investigations in a Differential
Scanning Calorimetry (DSC, [12]) under the absence of mechanical load. A DSC allows to detect any heat flux emitted
or adsorbed by a sample in isothermal or non-isothermal conditions. Therefore, it is possible to quantify the heat flow
that is connected to the phase transformation. Since a heating process is object of study, the experiment is performed
in non-isothermal conditions. This means a certain temperature range is chosen, which is investigated with a certain
heating/cooling rate resp. temperature rate Θ̇DSC. As a result, the specific heat flux �̇� over temperature Θ, is evaluated. In
Figure 1, it is displayed for a high temperature Nickel-Titatium-Hafnium (NiTiHf) alloy, which is used as a benchmark in
the present work, due to its well-known endothermic and exothermic heat flux associated with the phase transformation.
Regarding the temperature level for activation, it is similar to the iron-based alloys that are intended to be used in the new
kind of UHPC.
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F IGURE 2 Evaluation of the M→A peak of Figure 1. The left plot was generated by subtracting the caloric part of the signal based on a
polynomial of degree seven. The right plot shows the integrals function of the left plot, that is divided by the heating rate, see Equation (1). Its
final value corresponds to the enthalpy change during phase transformation.

It shows that the overall signal forms a hysteresis and can be divided into four regions. The two caloric regions that
divide the center region equally, and two bell-shaped latent heat regions that are caused by the M→A and A→M phase
transformation. Note that the M→A phase transformation, which is core of the present work, is an endothermic process.
It means that in the heating process, additional heat has to be provided. The lower part of the hysteresis reveals that in a
cooling process, additional heat has to be removed. Furthermore, there is a pronounced temperature difference between
the two phase transformation regions. It is useful formodeling, since thismeans, if during theM→Aphase transformation,
temperature only decreases slightly, austenite will not transform back tomartensite. Since the temperature gap separating
the two peak tips is approximately 70◦C, the model of the present work will be defined as one directional.
To transform the results in a usable form for modeling the M→A phase transformation, a separation of the upper latent

heat peak from the overall signal is needed, see ref. [13]. This was executed bymodeling the caloric heat signal in the range
from −40◦C to 140◦C using a polynomial of degree seven. It was already used for separating the caloric and latent heat
regions in Figure 1. The result is the bell curve of Figure 2 left, of which the integral

Δℎ(Θ) =
1

Θ̇DSC ∫ �̇�(Θ)dΘ (1)

corresponds to the enthalpy absorbed by the transformation. When the M→A phase transformation is finished, Δℎ(Θ)
reaches a limit value ΔℎMA, which will later be used as the transformation enthalpy Δℎtr. Its meaning is the same as for
example a melting enthalpy, therefore a modeling approach from this field of research is applied.

3 MODELING AND SIMULATION OF THE PHASE TRANSFORMATION

Gaining information about the progress of phase transformation is possible by dividing the curve presented in Figure 2
right by its maximum. The result is the phase indicator function 𝜙(Θ), which for 𝜙 = 0 corresponds to martensite and
for 𝜙 = 1 to austenite, see Figure 3 . The present work intends to model this progress phenomenologically and derive an
evolution equation by differentiation, as done in ref. [14]. For this purpose, the normalized error function

𝜙(Θ) =
1

2

[
1 − erf

(
4
√
ln 2(Θtr − Θ)

ΔΘtr

)]
(2)

is chosen. It is based on the transformation temperature Θtr = Θ(𝜙 = 0.5) and the transformation temperature range
ΔΘtr, which corresponds to the temperature range, the transformation takes place. For the given NiTiHf, the latter was
determined as ΔΘtr = 47.75◦C using least squares, Θtr = 87.5◦C was read directly from the data.
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F IGURE 3 Experimentally derived phase indicator compared to the empirical function given by Equation (2), plotted in blue.
Martensite corresponds to 𝜙 = 0, austenite to 𝜙 = 1.

The evolution equation for 𝜙 is obtained by calculating the total differential. However, it is limited to positive values
to ensure that 𝜙 cannot decrease. This property was discussed regarding Figure 1 based on the temperature difference
between the two regions of phase transformation. Consequently,

�̇�(Θ, Θ̇) = max
(
0,
d𝜙
dΘ

𝜕Θ

𝜕𝑡

)
(3)

has to be solved for the initial condition 𝜙(𝑡 = 0) = 0. It is possible to calculate the first expression of the differential
analytically. Therefore, during the simulation,

d𝜙
dΘ

=

√
4 ln2
𝜋ΔΘtr

exp

(
−4 ln2

(Θtr − Θ)2

ΔΘ2
tr

)
(4)

has to be adapted to local temperature. The temperature rate Θ̇ is obtained by the numerical solution of the energy balance.
A heat sink is used to consider the absorption of heat, denoted as𝑄tr. Its magnitude is proportional to the rate of change

of 𝜙, following the standard enthalpy method [15], known from phase field methods [16]. The resulting energy equation is

𝜌𝑐 Θ̇ + ∇ ⋅ (−𝜆∇Θ) = 𝑄tr + 𝑄J, 𝑄tr = −𝜌Δℎtr
𝜕𝜙

𝜕𝑡
. (5)

For this consideration to work as desired, meaning that the absolute heat absorbed is limited to the latent heat, a second
limiter ensuring that 𝜙 ≤ 1 has to be introduced, for example demonstrated in ref. [13]. It deactivates the source term of
Equation (3) for 𝜙 ≥ 1. Next to density 𝜌, heat capacity 𝑐 and heat conductivity 𝜆, a term considering inductive heating
appears, denoted as Joule heat source 𝑄J. If a simulation of Maxwell’s equations is desired, it is proportional to the
local electric field. However, in the present work, a phenomenological approach is chosen. It is to set 𝑄J different from
zero only in regions close to the fiber’s surface, further described in the following chapter.
Equation (2) and Equation (4) are solved using an in house finite element solver. For spatial discretization biquadratic

Lagrange elements are used, temporal discretization is carried out by application of the Newmark-𝛼-method with a
parameter setting for implicit treatment. The energy and phase indicator equations are coupled on the Gauss quadrature
point weakly, Θ is updated first in every time step.

4 FIBER ACTIVATION STUDIES

Studies are performed for the inductive heating process of a single SMA fiber embedded in concrete, described in Figure 4.
It is an axisymmetric setup in which the materials are assigned on an element level. Standard coefficients for steel and
concrete are used in the energy equation. Only in the outer element layer of the fiber, the inductive heat source is different



DESCHER et al. 5 of 8

F IGURE 4 Domains, boundary conditions, dimension and material properties for the single SMA fiber embedded in concrete. The red
domain’s thickness is one finite element, the overall resolution is 10 biquadratic Lagrange-elements over the fiber radius.

from zero. In this way, it is considered that inductive heating systems are generallymost dominant in surface-close regions,
see for example ref. [6, 17, 18]. This approachwas already used in ref. [5] and is suited verywell for parameter studies. Alter-
natively, the Maxwell equations could be solved numerically for the fiber, coil and environment [6, 18]. However, since
the effort of solving the coupled electromagnetic and thermal field is very high, the present phenomenological inductive
heat model is used.
The initial condition is the static state at 20◦C, which is also the outer boundary temperature. The fiber length is 10 mm

and its diameter is 1 mm, the outer dimension of the compound is 15 mm by 7 mm. At 𝑧 = 0, a planar symmetry boundary
condition is applied. A resolution of 20 elements/mm and a time step size of 0.5 ms was found out to be sufficient for the
presented studies. Note that in this process, the criterion for time step size is Equation (3), since otherwise 𝜙 = 1 will not
be reached or the value will be exceeded vastly. Furthermore, the value of 𝑄J = 1e+10 W m−3 in the outer fiber element
layer is indeed quite large. However, it ensures fast heating which triggers the phase transformation almost immediately.
Furthermore, if for such a high value of𝑄J there is an influence of latent heat, there will certainly be one for lower values.
In order to study the influence of latent heat, a parameter studywas performed for the parameterΔℎtr = ΔℎMA, of which

the results are displayed in the two left plots of Figure 5. It shows that when neglecting latent heat, standard exponential
heating occurs. When taking latent heat into account, this process is delayed by formation of an almost isothermal range
that extends with increased latent heat. It is not exactly isothermal, because the temperature rate drives the phase tran-
sition, see Equation (3). This indicates that a large amount of the induced heat is absorbed by the phase transformation.
Therefore, the heat sink reached a magnitude, at which this condition is enabled. Since the magnitude of the heat sink
is proportional to the rate of change of 𝜙, this means for lower values of Δℎtr, higher transformation rates occur and vice
versa. It is exactly the outcome of the presented parameter study. Since the parameter setup for 100% ΔℎMA is already
realistic, it can be concluded that for SMA fibers as they are supposed to be used for creating a new kind of UHPC, latent
heat plays an important role in the inductive heating process.
The motivation to study the influence of 𝑄J is in its great dependence on the operating conditions of the induction coil.

One obvious influence is, that for smaller𝑄J, the time constant of exponential heating is larger. As a result, it takes longer
until the transformation is triggered. That the transformation takes place at the same temperature level for all values of𝑄J
investigated, shows that it is caused by the transformation. Since at the same fiber temperature, the heat flux towards the
cooled boundaries must be in the same range, because it is temperature gradient-related, different amounts of heat are
available to drive the phase transformation. This means, for lower values of 𝑄J, the phase transformation takes longer. It
is assumed, that if𝑄J is barely sufficient to heat up the fiber into the temperature range of transformation, it is not realistic
that the whole SMA domain transforms into austenite in a technical process. This is exclusively caused by latent heat and
has to be considered in design of such a process and thermomechanical models.
Besides the influence of latent heat on temporal changes of 𝜙, it is also important to know about its influence on spatial

distribution. The reason is that due to the phase transformation, strain is released, which is extensively discussed in the
preceding work of this paper [5]. Consequently, the distribution of 𝜙 can be related to the stress distribution. This is,
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F IGURE 5 Parameter studies performed for the impact latent heat and Joule heating. In both left plots, Δℎtr is varied while 𝑄J is
constant. In both right plots, 𝑄J is varied while Δℎtr is constant. Temporal progress of the phase indicator and temperature are plotted for the
coordinate (𝑟 = 0, 𝑧 = 0).

F IGURE 6 Progress of the phase indicator during fiber activation for Δℎtr = 0. Only the upper half of the fiber is displayed.

for example, vital for the process of unfolding SMA fibers in fresh concrete. When analyzing the phase indicator field
during transformation, one key influence of latent heat stands out. If latent heat is neglected, shown in Figure 6, the
transformation occurs smoothly over the radius. There is only a small positive gradient towards the outer region, because
this is where𝑄J ≠ 0. However, itsmagnitude ismuch smaller than themagnitude of the negative gradient towards the tips.
If latent heat is considered, the result is totally different, as shown in Figure 7. A transformation zone is forming and

moves from the outer region of the fiber, towards the center. This is in superposition with the previously observed gradient
towards the tip. As a result, a cusp-shaped isoline of 𝜙 = 1 moves from (𝑟 = 0, 𝑧 = 0) towards (𝑟 = 0, 𝑧 = 𝐿∕2) until the
fiber is fully austenitic.
Considering, that in parts with multiple fibers included, the distribution of induced heat is highly irregular and cer-

tainly not axisymmetric on a fiber level, this finding is crucial. It means that in the fiber’s thickness direction, there are
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F IGURE 7 Progress of the phase indicator during fiber activation for Δℎtr = ΔℎMA. Only the upper half of the fiber is displayed.

for example interactions between transformed and untransformed zones. When realizing the above-described process of
unrolling fibers on the basis of a beammodel, this influence must be considered in addition to the lengthwise gradient of
phase transformation.
The existence of such a transformation zone is typical for systems with sufficient influence of latent heat. It is often

found in fluid to solid transformations such as melting and there are many works focusing on it, a popular is ref. [19].
Consequently, this finding is plausible. That the phase transformation will always start at a surface is justified by the
principle of working of inductive heatings. As they can only act in the surface regions of metallic objects, this is where
temperatures increase first.

5 CONCLUSIONS AND OUTLOOK

Major conclusion of the present work is that it is absolutely necessary to consider latent heat effects in induction heat-
ing cases that involve SMAs. Because of the strong decrease in effectiveness of the Joule heating impact, a sufficient
heat source driving the martensite to austenite transformation might not be reached. The result might be an incomplete
respectively stuck activation. It is important to consider, that latent heat effects might extend activation time vastly. When
considering to describe the activation mechanically, based on a beammodel, it must be considered that latent heat causes
a strongly inhomogeneous state of transformation, that will affect stresses greatly.
The continuation of the present work is to consider coupling of the phase transformation and temperature to the

momentum equation, as done in the preceding work [5]. It allows to investigate the influence of latent heat in tensile
tests, as they are usually performed to generate the well-known stress-strain-temperature curves.
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