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Abstract The aim of this work is to generate an advantageous compressive residual stress distribution in
the surface area of hot-formed components by intelligent process control with tailored cooling. Adapted
cooling is achieved by partial or temporal instationary exposure of the specimens to a water–air spray. In this
way, macroscopic effects such as local plastification caused by inhomogeneous strains due to thermal and
transformation-induced loads can be controlled in order to finally customise the surface-near residual stress
distribution. Applications for hot-formed components often require special microstructural properties, which
guarantee a certain hardness or ductility. For this reason, the scientific challenge of this work is to generate
different residual stress distributions on components surfaces, while the geometric as well as microstructural
properties of AISI 52100 alloy stay the same. The changes in the residual stresses should therefore not result
from the mentioned changed component properties, but solely from the targeted process control. Within
the scope of preliminary experimental studies, tensile residual stresses in a martensitic microstructure were
determined on reference components, which had undergone a simple cooling in water (from the forming heat),
or low compressive stresses in pearlitic microstructures were determined after simple cooling in atmospheric
air. Numerical studies are used to design two tailored cooling strategies capable of generating compressive
stresses in the same components. The developed processes with tailored cooling are experimentally realised,
and their properties are compared to those of components manufactured involving simple cooling. Based on
the numerical and experimental analyses, this work demonstrates that it is possible to influence and even invert
the sign of the residual stresses within a component by controlling the macroscopic effects mentioned above.

Keywords Residual stresses · Hot forming · Tailored cooling · FE-based process design

1 Introduction

Forging processes for complex and highly stressed components have become well-established in industrial
mechanical engineering [1]. The high forming temperatures of up to 1250 °C cause a reduction in the yield
stress of thematerial, which favoursmaterial flow and thus allows the production of geometrically sophisticated
components. Furthermore, the plastic deformations in forged components are significantly more extensive in
relation to elastic deformations, making elastic recovery after deformation negligible [2]. In addition, the
forging process fosters a fine microstructure in the material, giving considerable strength to the component
[3]. Despite all its advantages, hot forming is a complex thermo-mechanical process comprising numerous
material and process-specific parameters that are subject to a variety of interactions, so that numerical methods
for process design are crucial and challenging at the same time [4]. As shown in Fig. 1a, the phenomena
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Fig. 1 Interrelated thermo-mechanical-metallurgical material phenomena during thermo-mechanical processing of steel (a) and
basic principles of the additive strain decomposition method (b), [8]

occurring during the hot forming of steels can be attributed to thermal, metallurgical and mechanical effects
based on the chemical composition of the alloy. These different effects are often considered in the finite element
(FE) simulation of thermo-mechanical processes by means of additive strain decomposition, for instance in
the works [5–7]. According to this method, the total strain increment is calculated from the sum of the strains
separately caused by elastic-, plastic-, thermal-, transformation-induced and transformation-plasticity effects
(Fig. 1b).

Against this background, it is obvious that especially the simulative prognosis of the residual stresses
resulting from hot-forming processes represents a challenge, particularly since the stress distribution in the
component can occur through an inhomogeneous distribution of each of the strain components arising from the
five physical phenomena mentioned above. These residual stresses can significantly influence the performance
of forged components [9]. Considering a static load case, it is obvious that the presence of residual tensile
stresses leads to a reduced resistance of additional external tensile stresses. The areas of a component subjected
to tensile residual stresses are thus more prone to crack initiation. Considering the dynamic load case, the
residual stresses also have a significant impact on the service life of the components, since they also affect the
mean ormaximum value of each load cycle. The influence of residual stresses on failure is discussed in [10], for
example. It is pointed out that compressive residual stresses in the surface can prevent damage and extend the
life of a component. An example for the targeted use of residual stresses is the implementation of an additional
process step to the hot-forming process chain aiming at generating residual compressive stresses in the surface
to ensure the wear resistance of components [11]. These include glass-bead peening, water peening and laser-
shock peening, along with deep rolling and low-plasticity burnishing. Although the specific mechanics and
mechanisms of these techniques vary, they share the common characteristic that localised plastic deformation
of arbitrary engineering surfaces is used to induce compressive residual stresses near the surface. It should
be noted that the stability of the residual stresses induced in components depends on operating influences
such as thermal or mechanical loads [12]. Figure 2a clearly shows how residual compressive stresses can
influence the fatigue strength properties of components. The alternating bending curves of stress amplitudes
with respect to the number of cycles to the failure of smooth specimens from AISI 1045 (corresponds to DIN
1.1191) in ground condition and with additional shot peening after treatment are compared. Due to the residual
compressive stresses induced by shot peening, the specimen shows significantly higher finite fatigue life as
well as fatigue-strength properties.

To investigate the residual stress development in the forging process of gears, 40 components made of
the material AISI 4320 (corresponds to DIN 1.5918) were examined in [13], Fig. 2b showing the extremes of
the residual stresses in components A and B. The depth curve A represents the residual stresses at the tooth
root after hot forming and an additional shot-peening operation. Before the shot-peening operation, tensile
residual stresses were present on the surface. Due to the additional treatment step in the process chain, a
favourable residual stress distribution could be generated on the surface. In contrast, a favourable residual
stress distribution was found at the tooth root of gear B immediately after hot forming without an additional
shot-peening step. Such differences occur due to the varying process routes as a result of non-standardised
production techniques [14]. This example illustrates both, the challenges as well as the potential of intelligent
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Fig. 2 Alternating bending curves of stress amplitude with respect to number of cycles to failure of smooth specimens from
AISI 1045 in ground condition and with additional shot peening after treatment (a) [15] as well as the extremes in residual stress
distributions on tooth roots found among 40 hot-formed gears using the steel AISI 3115 (b) [13]

processmanagement. Assuming that a favourable residual stress distribution can be generated only by precisely
controlling the process parameters, the subsequent operation step for improving component properties could
be saved. Such a shortening of the process chain will result in a gain of time, costs and resource efficiency.

For the application of residual compressive stresses in connection with hot forming, some authors report
on processes involving case hardening or induction hardening. These techniques pursue the aim of triggering a
martensitic phase transformation in the near-surface region, resulting in a strain gradient in the component due
to the higher specific volume of martensite compared to other phases like ferrite, pearlite or bainite prevailing
in the core of the component. The expanded material in the surface area of the component is thus subject to
compressive stress, while tensile stresses dominate in the core for reasons of equilibrium. In case-hardening
processes, steels with a generally low carbon content of 0.1 to 0.2% are enriched with carbon atoms in the
surface areas in order to increase the hardenability of this layer [16]. For instance, the studies [17–19] show
that high compressive stresses can be generated in carburised steels by means of this method. A similar effect
is achieved in induction hardening, where the skin effect arising from induction heating is used to partially
heat the components, so that only the near-surface areas of the component are austenitised. During subsequent
quenching, only these areas undergo volume expansions as a result of themartensitic transformation, in analogy
to the carburised layer during case hardening. The most important advantages are short heat-treatment times,
good repeatability concerning the quality of the hardened layer, small or negligible subsequent distortion
and a minimum subsequent surface oxidation [20]. An analysis of the compressive stresses occurring in
induction hardening processes is given in the publications [21–23]. However, a substantial drawback of these
two techniques is that the treatments take place in an additional time- and energy-intensive step in the process
chain, which involves reheating and quenching of the component after forging. Meanwhile, efforts are already
being made to shorten the hot-forming process chain and to integrate heat treatment in the forging step [24].
Researchers in the work [25–27] report on the possibility of saving energy by performing the quenching and
tempering directly from the forging heat. Due to the high forming temperatures, however, this may cause
increased material loads leading to cracks. A further shortening of the process chain is the controlled cooling
from the hot-forming heat, such as best-yield treatment.Here, the desiredmicrostructure andmaterial properties
are achieved by controlled cooling from the forging heat. The so-called broken quenching process is used in
industrial practice, in which a component is first cooled rapidly in a water bath just before the martensite
start temperature Ms [28]. Subsequently, the component is cooled more slowly in an oil bath to prevent crack
formation due to the lower heat-transfer coefficients. Amore precise adjustment of the heat-transfer coefficients
and thus of the temperature gradients is achieved in [29] and [30] by means of a cooling medium with added
polymer solutions in customised concentrations. In addition, theworks [31, 32] and [33] show that the controlled
cooling using a two-phase fluid flow on the basis of a water–air mixture has proved to be very flexible, since
both comparatively low heat transfers as in gas quenching and high cooling rates like those in water cooling
can be achieved. Thus, a surface tempering of austenitised components like gears [34] and pinion shafts [35]
could be realised by controlled spray cooling, with the surface being quenched and tempered by means of the
residual internal heat. The heat transfer during quenching is achieved by means of water spray finely atomised
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by compressed air sprayed onto the surface of the component. As a result of the atomisation, the surface of the
water is significantly increased so that a higher heat transfer is achieved [36]. No current research results exist
with regard to the targeted adjustment of residual stresses in the course of the heat treatment integrated in the
forging step. However, some experimental as well as numerical investigations have been performed to analyse
the residual stress development during the hardening of cylindrical components. The formation of residual
stresses is attributed to an inhomogeneous plastification of the material as a result of temperature gradients and
transformation-induced volume expansions. These in turn occur depending on material properties, geometric
properties and cooling rates. Thus, in [37] the relationship between the resulting residual stresses on the cylinder
surface as a function of Ms, cylinder diameter and quenching techniques referring to AISI 1045 is shown. In
the study [38], common rules are derived for a prognosis of signs of residual stresses at the cylinder surface,
which are based on the time of the turning point from thermally induced stresses together with the martensitic
transformation timing during cooling.

In summary, it is shown that hot forming is an important element in industrial steel processing. The hot-
forming process chain offers significant potential for increasing service life by introducing compressive stresses
in the component surface using controlled cooling concepts. A suitable option for the resource- and energy-
efficient production of these components is integrating heat treatment in the forging step for the direct induction
of residual compressive stresses in the near-surface area with simultaneous shortening of the process chain.
In further research work, spray cooling proved to be useful for investigating tailor-made forming applications
since it allows for controlling and replicating the generated heat transfer. Based on this state of research, this
publication aims at demonstrating the possibilities of applying compressive stresses by means of intelligent
cooling strategies using a spray-cooling system integrated in the hot-forming process. To achieve this goal,
both FE simulations and experimental examinations are carried out. A comprehensivematerial characterisation
of the material AISI 52100 (corresponds to DIN 1.3505) is carried out, and a material model is created. The
material model is initially used to analyse the development of residual stresses during simple water cooling
or air cooling from the forging heat on the basis of a reference process of hot forming. It is shown that this
process results in fully hardened components with martensitic microstructure and high tensile residual stresses
on the surface or almost stress-free specimens with pearlitic microstructure. Following this, FE studies are used
to demonstrate the methods for manufacturing the same martensitic and pearlitic components with residual
compressive stresses in the near-surface area by using a partial or instationary cooling strategy with spray
cooling. These four numerically considered process cases are realised experimentally, and the residual stresses
on the component surfaces are determined by X-ray diffraction.

2 Materials and methods

As mentioned in introduction, the aim of this publication is to demonstrate the feasibility of hot-forming
processes to manufacture components with beneficial residual stress distributions at the surface solely by
forming with subsequent tailored cooling. In order to design the studies close to industrial reality, it is essen-
tial to consider the tailored cooling in connection with the preceding forming process. That is, the material
behaviour during cooling from the forming heat is partly dependent on the state of deformation. The plastic
pre-deformation in the austenitic state affects the phase transformation behaviour. In addition, the degree of
deformation influences the development of stresses during cooling as a result of material hardening. The purely
thermal execution of the studywithout integrated formingwould therefore lead to significantly different results.

The methodology of the research work is shown in Fig. 3. The basis of the studies is an earlier publication
of the authors [39], where the resulting residual stresses of hot-formed specimens from two process strategies
were investigated with the experimental equipment presented in Sect. 2.1. In the process strategy 1A, it was
found that after hot forming with subsequent cooling in water, the manufactured components exhibit a fully
hardened martensitic structure and tensile residual stresses on the surface. In strategy 1B, low residual stresses
were found on the specimen surface after hot forming with subsequent cooling in atmospheric air. With
the motivation outlined in Sect. 1, stating that the induction of compressive residual stresses at the surface
can improve component performance, the residual stress states detected on these components are considered
undesirable. Instead, two alternative process strategies (2A and 2B) are to be developed, which also produce
martensitic and pearlitic specimens, but with near-surface compressive residual stresses.

For this reason, a closer theoretical look at the material phenomena as well as process parameters is
intended. Thematerial used is comprehensively characterised as shown in Sect. 2.2.1, and the derived numerical
models are validated by means of the experimental results of strategies 1A and 1B [40]. In the next step,
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Fig. 3 Methodology of experimental and numerical investigations aiming at compressive residual stresses in the component
surface induced by the hot-forming process

Table 1 Chemical composition of the investigated steel alloy AISI 52100

[wt%] C Si Mn P S Cr Mo Fe

AISI 52100 0.98 0.28 0.31 0.012 0.006 1.42 0.01 Balance

the FE model is employed for process design including tailor-made cooling by water–air spray. For this
purpose, the experimental equipment is extended by a spray cooling system, whose heat transfer coefficients
are determined according to Sect. 2.2.3. Numerical investigations are conducted to study the interactions
between process parameters and material phenomena in order to develop the process strategies 2A and 2B. In
these processes, the same components with similar microstructures as in strategies 1A and 1B are produced,
aiming at residual compressive stresses on the component surface. These process strategies are regarded as
exemplary for introducing compressive stresses, while there may indeed be other possibilities to achieve this
goal. The developed strategies are discussed in Sect. 3.1 and experimentally realised in order to verify the
numerical results in Sect. 3.2. A summary of the work and an outlook on future research is given in Sect. 4.

The investigations concern the typical hot-forming steel alloy with the international material number
AISI 52100. The chemical composition is specified in Table 1.

2.1 Experimental procedure

2.1.1 Experimental equipment for precision hot forming provided with a spray cooling system

In the experimental referenceprocess of hot forming, the specimens shown inFig. 4a are upset by22mmat about
200 mm/s between two anvils. The specimen design based on [41] is chosen to generate an inhomogeneous
stress state in the material, as it may occur in industrial components. The heating of the specimens takes
place in a furnace. After reaching the forming temperature of 1000 °C, a ten-minute holding time is added
for soaking. The servo-hydraulic forming simulator DYNSJ5590 is used for hot forming. In order to ensure a
quasi-isothermal process, forming takes place inside a thermobox,which allows the temperature to bemeasured
via thermocouples type K (NiCr-Ni) during the entire process (Fig. 4b).

After forming, the specimens are cooled using the varying strategies shown in Fig. 3. More information
on the reference process can also be found in the publication [39].

The spray cooling system employed and presented in Fig. 5 works with six circularly arranged two-
substance nozzles of the type XA PR 050 from Bete GmbH. The media water and air are supplied to the
nozzles at a pressure of 0.04 MPa. This results in a volume flow of water of about 0.2 l/s. The solenoid valves
upstream of the nozzles are controlled by the NI-9375 digital I/O module from National Instruments and
programmed using the software LabVIEW.

The partial cooling strategy 2A is performed with only one active nozzle at a distance of 90 mm from the
specimens’ centre and takes place immediately after hot forming for 300 s. The specimen is positioned in a
manner that the spray cone impacts approximately 90° of the circumference on the thick-walled side of the
specimen, with MP1 in the centre.
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Fig. 4 Shape of the specimens investigated with dimensions in mm (a) and schematic representation of the specimen prepared
with thermocouples in a thermobox (b) [39]

Fig. 5 Water–air spray system for tailored cooling using one active nozzle (a) or six active nozzles (b)

The instationary cooling strategy 2B is performed with six active nozzles arranged surrounding the spec-
imen. In this case, the entire circumferential surface of the specimen is exposed to the spray. After forming,
the specimens are cooled in air for 300 s followed by 100 s spray cooling. The selection of process parameters
is made on the basis of numerical analyses and discussed in Sect. 3.1.

Thus, the cooling of strategies 2A and 2B differs both in terms of spatial and temporal characteristics. In
strategy 2A, the specimen is partially cooled, as only a section of the specimen surface on the thick-walled side
is exposed to the spray, whereas in strategy 2B the entire specimen surface is exposed to the spray. However,
the specimen in strategy 2B is not cooled continuously, but variably over time, as the 300-s cooling in air is
followed by further cooling in the spray field. In both strategies, the specimen is cooled until room temperature
is reached. Each of the four strategies is carried out three times in order to scientifically and statistically confirm
the experimental residual stress results.

2.1.2 Determination of residual stresses using X-ray diffraction

The determination of residual stresses is carried out according to the German Standards [42] using Cr-Kα
radiation on the X3000G2 X-ray diffractometer from Stresstech GmbH. The respective measuring point is
polished electrolytically in order to avoid influences on the analyses from the layer of scale arising in the hot-
forming process. Themeasuring point is defined by a collimator with a diameter of 2mm. Nine tilting positions
of the measuring device are used per measuring point for stress evaluation. Afterwards, the measurements are
evaluated with the software XTronic (Stresstech GmbH) by means of the sin2 method. The residual stresses
are calculated based on the {211} peak of the ferritic lattice. The X-ray elasticity constant ½s2 � 5.81*10–6

mm2N−1 is taken from the tabular data collection of [43].
The measuring points (MP) for determining the residual stresses are located on the surface at mid-height

of the specimen, whereby only MP1 and MP6 (Fig. 6b) and further measuring points at the angle θ on the
circumference of the specimen surface (Fig. 6c) are accessible for X-ray examinations. At themeasuring points
MP2 to MP5 inside of the specimen in addition to MP1 and MP6, metallographic examinations are carried out
as described in Sect. 2.1.3.
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Fig. 6 Illustration of the untreated specimen (a), the measuring points MP1 to MP6 at mid-height of the specimen (b) as well as
the angle θ on the circumference of the specimen (c)

2.1.3 Light microscopy and hardness measurements according to Vickers

Following the hot-forming tests, one specimen per strategy is cut along its plane of symmetry by wire erosion
as shown in Fig. 6b. This allows the preparation of light microscopic images of the microstructure as well
as Vickers hardness testing at MP1 to MP6. The hardness tests at the measuring points are carried out after
grinding and polishing of the cut surface as HV30 tests according to the German standards DIN EN ISO
6507–1 [44].

2.1.4 3D Optical scanning method

In order to compare the component geometries resulting from the different thermo-mechanical treatments,
3D models of the experimental specimen are generated using an optical scanning method. The optical mea-
surements are taken with the ATOS II 400 system from GOM GmbH. In the configuration used, this system
provides a camera resolution of 1.3 MP in a measuring volume of 175 mm×140 mm×135 mm, correspond-
ing to a measuring point distance of 130 μm. Using the software Inspect from GOM GmbH, CAD models of
the experimental specimens are created by optical scans and the geometries of the differently manufactured
components are compared.

2.2 Numerical procedure

2.2.1 Characterisation of the thermo-mechanical-metallurgical material behaviour

The methods of material characterisation have already been published in earlier works which are referred to in
the following. The flow curves for modelling hot-forming processes are determined in uniaxial compression
tests on the Gleeble 3800-GTC forming simulator for the temperature range T f � 900 °C to 1200 °C at
forming rates from ε̇ eq � 1 s−1 to 50 s−1 (Fig. 7a) [39]. Based on these experimental data, Origin software
is used to determine the parameters of the GMT flow curve model (Eq. 2–1) by means of the least squares
method to continuously calculate the yield stress kf as a function of plastic strain εeq, strain rate ε̇ eq, and
temperature T f. The parameters were determined as c1 � 3113.02MPa; c2 � -0.0033 °C−1; n1 � 5.0507*10–5

°C−1; n2 � 0.109; l1 � -2.0135*10–5 °C−1; l2 � 0.0024; m1 � 6.6491*10–4 °C−1; m2 � 0.5.

kf � c1e
c2Tf εeq

n1Tf +n2e
l1Tf +l2

εeq ε̇m1Tf +m2
eq (2.1)

The phase transformation behaviour is investigated with and without previous deformation in cooling tests
on theQuench andDeformationDilatometer DIL 805A/D+T. Figure 7b shows the transformation behaviour in
a continuous cooling transformation (cct) diagram. For modelling, the cct is converted into a time temperature
transformation (ttt) diagram using an experimental numerical approach [45].

In addition, the transformation plastic effect of phase transformations occurring under superimposed loads
is investigated. For this purpose, using an experimental–numerical method, the following phase-specific trans-
formation plasticity parameters can be determined as K tr,m � 4.85*10–5 MPa−1 for the martensitic phase as
well as K tr,p � 6.17*10–5 MPa−1 for the pearlitic phase [40].
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Fig. 7 Flow curves for different temperatures T f and different strain rates ε̇eq determined in upsetting tests by means of the
Gleeble 3800-GTC (a) as well as continuous cooling transformation diagram (b) for the material AISI 52100

Fig. 8 Design of the investigated FE simulation model with boundary conditions [40]

For a holistic numerical consideration of the hot-forming process chain, it is also necessary to include
a variety of other material parameters in the simulation in a phase-specific manner in order to correctly
represent the polymorphism of steel. Since an experimental determination of many material parameters for
the pure microstructure phase is challenging [46], the thermodynamic calculation software JMatPro [47] is
used. By means of this software using empirical equations based on the chemical composition of Table 1,
phase-specific and temperature-dependent values for specific heat capacity, thermal conductivity, coefficient
of thermal expansion, density, Young’s modulus, Poisson ratio, latent heat and hardness are calculated. The
data have already been published in tabular form in [39].

2.2.2 FE model of the hot-forming process

The simulation model of the reference process of hot forming is created analogous to the experimental process
conditions shown in Sect. 2.1.1 in the commercial FE software Simufact.forming v16 and computed with the
MSC.Marc solver. The data presented in Sect. 2.2.1 are used to model the material behaviour. The simulation
starts at the beginning of the forming process with a thermally expanded specimen geometry at 1000 °C and the
initial condition of a 100% austenitic microstructure. The tools are considered to be thermally conductive rigid
bodies made of the material AISI Inconel 718 (DIN 2.4668) with the specific heat capacity of 435 Jkg−1 K−1

and the thermal conductivity of 11.4 Wm−1 K−1 according to the material supplier’s specifications [48]. For
contact modelling, the combined Coulomb–Tresca model with the friction coefficient of 0.1 and the friction
shear factor of 0.4 were used according to [49]. A schematic representation of the symmetric FE half model
and the boundary conditions is shown in Fig. 8.

To represent the different cooling techniques in water, air or with spray as described in Sect. 2.1.1, the
surface is exposed to the respective heat-transfer coefficient (HTC) from Sect. 2.2.3. The cooling strategies 2A
and B with spray are modelled by the so-called near-field contact function in Simufact.forming, which allows
to apply a specific HTC to defined surface areas of the component. The HTC from air to steel is assigned to
the remaining areas that are not exposed to the spray.
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Fig. 9 FE model of the cylindrical specimen for the experimental–numerical HTC determination of the spray

2.2.3 Identification of the heat-transfer coefficients in the spray cooling system

The HTC occurring in the different cooling strategies is numerically identified in iterative procedures based
on experimental temperature–time data from the different cooling strategies. To determine the HTC during
simple cooling between the steel alloy and the media water and air, the temperature curves on the surface
of the specimens are measured during the test as described in Sect. 2.1.1. The cooling simulation according
to Sect. 2.2.2 is repeated in an automated loop under varying HTC values until a satisfactory solution is
obtained by the method of least squares between the calculated temperature–time curves and the experimental
temperature–time curves.

In determining the HTC for simple cooling in water and air is on model validation. For the purpose of the
numerical design of strategies 2A and B, no temperature–time curves are yet available which could be used
as a basis for determining the HTC of the spray cooling. In contrast, the HTC from spray cooling should be
determined in general and should not be bound to a specific process. Therefore, experimental cooling tests
starting at 1000 °C were performed on cylindrical specimens measuring Ø 40 mm x 50 mm using 6 nozzles
as described in Sect. 2.1.1. The temperature–time curves are measured using a thermocouple in the middle of
the face area in a depth of about 3 mm. Thus, an influence of the heat transfer in the spray field by the supplied
thermo-wires is avoided. The rotationally symmetric 2Dmodel of the cylinder for the experimental–numerical
determination of the HTC of the spray is created in Simufact.forming, similar to the model presented in
Sect. 2.2.2 and is presented schematically in Fig. 9. The HTC to be determined for the spray is applied to the
circumferential surface, while the HTC already determined from the air cooling is applied to the faces of the
cylinder. As for the determination of the HTC from water and air cooling, in an automated loop, the HTC for
the spray is adjusted until a satisfactory agreement of the temperature curves at the measuring point between
experiment and simulation is achieved.

A comparison of the experimentally and numerically determined temperature curves for all cooling strate-
gies to validate the HTC can be found in Sect. 3.1.

The determined HTCs for the different cooling strategies are listed in Table 2. It can be seen directly from
the strongly varying HTC that the different cooling strategies cause clearly different temperature profiles in the
cooling phase.When cooled in water, the HTC varies significantly over the temperature range of 1000 to 20 °C,
as expected, as the various cooling stages of film boiling, bubble boiling and convection are passed through.
During the entire cooling process in air, free convection occurs continuously on the component surface, which
explains the uniformly low HTCs. Using spray cooling, in contrast, the fine atomisation increases the contact
surface between water and component which leads to higher maximum HTCs.

The advantage of this iterative experimental–numerical method for identifying the HTC is that all material
parameters from Sect. 2.2.1 are considered. This enables the HTC to be isolated and determined independently
ofmaterial-specific effects such as the release of latent heat as a result of phase transformations or phase-specific
and temperature-dependent specific heat capacity.

3 Results and discussion

As described in introduction, tensile residual stresses are found on the surface of martensitic specimens and
low compressive residual stresses on pearlitic specimens in previous work produced with process strategies
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Table 2 Numerically identified heat transfer coefficient between steel alloy AISI 52100 depending on cooling strategy as well
as temperature

Component temperature Still water Atmospheric air Water–air spray

50 1398 18 28,284
100 4178 18 30,560
150 8424 18 27,244
200 10,514 18 17,054
250 11,187 22 15,900
300 9823 28 9399
350 8027 25 7553
400 7359 21 6874
450 7132 19 6337
500 6325 12 5137
550 5371 19 4249
600 6337 34 5130
650 6575 46 4901
700 6326 58 4755
750 4327 78 1134
800 1753 103 563
850 864 98 391
900 695 72 171

Heat transfer coefficient [Wm−2 K−1] between steel alloy AISI 52100 and

1A and 1B using simple cooling in water or air. The focus of the present work is on a targeted change of the
tensile residual stresses into compressive residual stresses by modifying the process. Only the residual stresses
should be changed, and the final component geometry and the resulting microstructure should be similar to
those of the reference processes with water or air cooling. This ensures that the change in residual stresses is
only due to the adapted process and not to changed material properties.

As Sect. 1 shows, research exists about common rules for how residual stresses in undeformed cylindrical
specimens are affected by martensite start temperature, cylinder diameter or cooling media. These rules lose
their validity if no cylindrical geometries as well as materials with deformation gradients are considered. On
the one hand, an asymmetric specimen geometry is used here, which changes the temperature gradients and
the development of the stresses compared to a simple cylinder. On the other hand, the local distribution of
the equivalent plastic strains must also be taken into account. In the considered strategies (1A, 2A, 1B, 2B),
the same forming parameters of 22 mm upsetting at 200 mm/s and 1000 °C are applied, while the cooling
parameters are different. Therefore, the distribution of the equivalent plastic strains is the same in each strategy.
During cooling, the already present equivalent plastic strains influence the local stress development as a result
of hardening, depending on the other influencing parameters such as thermal and transformation-induced
strains. This shows that it is difficult to apply general rules for the modification of the residual stress state.

For this reason, several FE studies are carried out in which the interactions between the temperature profile
and the resulting residual stresses on the previously formed specimens are investigated. The temporal and
spatial characteristics of the cooling via spray are varied until a suitable process strategy for the generation of
compressive residual stresses is found. As a result, the strategies 2A and 2B are suitable process variants to
achieve this goal.

In strategy 2A, as in strategy 1A, hardenedmartensitic specimens are produced, except that the compressive
residual stresses are generated at the surface. This is achieved by partial cooling of the specimenwith one active
nozzle directed at the thick-walled side of the specimen, as described in Sect. 2.1.1. Section 3.1.1 describes
how the modified temporal sequence of thermal, transformation-induced and transformation plastic strains is
mainly responsible for the resulting residual stresses.

In strategy 2B, the aim is to produce compressive residual stresses in the pearlitic specimen. For this
purpose, strategy 2B is designed to start with slow cooling in air until the perlitic transformation is complete.
Based on the cct diagram for the deformed material from Fig. 7b, the duration of air cooling aiming at perlitic
transformation is chosen to be 300 s. After a 100% pearlitic structure is present, martensite formation can no
longer occur, even if the critical cooling rate is exceeded. This is exploited in strategy 2B to generate residual
compressive stresses in the specimen surface. For this purpose, the spray cooling is activated from 300-s
cooling time onwards, with the aim of rapidly cooling the specimen surface, which leads to plastification of the
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material. As a result of the thermal contraction of the material core at the end of cooling, residual compressive
stresses develop on the specimen surface.

In Sect. 3.2 the process strategies presented are experimentally realised according to Sect. 2.1 and inves-
tigated regarding the residual stresses, Vickers hardness, geometric deviation and microstructure. The aim of
the investigations is on the one hand to evaluate the prognosis accuracy of the simulation models regarding the
residual stress state. On the other hand, the investigations are to prove that it is possible to vary the residual
stress state in hot-formed specimens by means of different tailored cooling strategies, while the geometry and
the microstructure remain the same. In Sect. 3.2.1, the temperature boundary conditions of the different strate-
gies are first validated, followed by the comparison of experimental and numerical results for the modification
of residual stresses in martensitic specimens in Sect. 3.2.2 and in pearlitic specimens in Sect. 3.2.3.

3.1 Numerical investigations on process strategies aiming at compressive residual stress development

3.1.1 Residual stresses in fully hardened components using strategy 1A as well as 2A

First, strategy 1A is investigated, which involves simple cooling of the specimen in still water after forming. In
order to explain the thermal, metallurgical and mechanical phenomena in the material during cooling, the time-
dependent curves of temperature, cooling rate, martensitic phase fraction and tangential residual stresses at
MP1 andMP6 are shown in the left column of Fig. 10. In the right column, a contour plot representing the local
manifestation of each state variable in the half section of the specimen at selected stages of the cooling process
is illustrated. After a process time of 7.2 s, a maximum tensile stress is present at MP1, while a compressive
stress is present at MP6. In the material core of the thick-walled side, on the other hand, compressive stresses
are present, and tensile stresses in the core of the thin-walled side. On the thick-walled side, a higher cooling
rate occurs at the surface than inside the specimen at this stage, resulting in the formation of tensile stresses
at the surface due to plasticising following thermal contraction. In contrast, the thin-walled side has stored
less energy due to its lower mass, which explains why it has already cooled down to lower temperatures than
the thick-walled side. The cooling of the surface on this side has already progressed so far that the maximum
cooling rate is shifted into the material core, and thus, compressive stresses are present at MP6 due to thermal
contraction in the core. In the further course of cooling, the effects of thermal contraction are superimposed
by volume expansion due to the transformation from austenite to martensite. At a process time of 16.8 s, there
is a maximum of compressive stress at MP1, while tensile stress occurs in the core. The martensitic phase
transformation is almost completed on the surface of the specimen, while an austenitic phase is still present in
the core. The martensitic material regions with higher specific volume thus cause a strain gradient which leads
to the observed compressive stress maximum. The effect is intensified by the stronger thermal contraction
in the core compared to the sample surface at this stage. At MP6, on the other hand, there is a tensile stress
maximum, since the martensite transformation has already taken place in the specimen core.

The volume expansion in the core has generated a strain gradient, which caused a sign reversal of the stress
state. This reversal in the sign of stress as a result of volume expansion due to martensite transformation in the
specimen core can also be observed at MP1, starting from a process time of 16.8 s. At the end of the martensitic
phase transformation, MP1 and MP6 contain about 85 vol. % martensite and 15 vol. % retained austenite.

Finally, until the cooling process is completed by reaching 20 °C, a slight decrease in tensile stresses
appears at MP1 as well as at MP6, which can be explained by the thermal contraction in the specimen core on
both sides. After equalisation of the thermal, metallurgical and mechanical inhomogeneities, σ t � 338 MPa
at MP1 and σ t � 157 MPa at MP6, remain in the specimen as residual stresses.

Based on the experimental and numerical observations of the residual stress developments in the strategy
1A, an alternative strategy is to be developed, whereby in the martensitic microstructure instead of the tensile
residual stresses compressive residual stresses are present in near-surface areas. For this purpose, several FE
studies are carried out in which the interactions between the temperature profile and the resulting residual
stresses are investigated. The analysis of the strategy 2A presented in Fig. 11 is therefore representative as an
exemplary process for demonstrating the feasibility to essentially influence the stress state in the component
by intelligent cooling.

In this strategy, the specimen is partially exposed to the air–water spray through only one active nozzle
pointing at MP1 on an area of about 90° of the circumference as shown in Fig. 5a. Cooling starts immediately
after hot forming and is performed continuously for 300 s. In the first stage, the specimen rapidly cools down
on the surface exposed to the spray, which leads to an incipient martensite transformation in MP1 after 29 s of
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Fig. 10 Temporal and spatial development of residual stresses arising from process strategy 1A during simple cooling in water

process time. The martensite transformation causes a local increase in yield strength in the specimen surface
in relation to the yield strength of the austenitic phases. Therefore, very high stresses can be developed in the
martensitic phase before the stress relief by plastic deformation occurs. This leads to high tensile stresses of
almost σ t � 1000 MPa at MP1 due to thermal contraction at this stage. For comparison, it can be seen in
Fig. 10 that at this process time of 29 s with strategy 1A, the specimen at MP1 and MP6 is already cooled
to below 100 °C and the martensite transformation is almost complete. The faster cooling results from the
entire surface being exposed to the cooling mediumwater, while the slower cooling in strategy 2A results from
the one-sided spray cooling. Despite the slower cooling in strategy 2A, however, the critical cooling rate is
exceeded and diffusionless martensite transformation occurs. In the further course of cooling, the martensite
transformation continues at MP1; the strains caused by the higher specific volume of the martensitic phase
leading to a reversal of the sign of stress and now at the time of 38.4 s approximately σ t � -1000 MPa are
present at MP1. Up to this point in time, only slight changes in stresses have occurred at MP6 in the not yet
transformed austenitic phase due to the significantly slower cooling.

Starting at 39.4 s, the martensite transformation now continues from MP1 towards MP6 over the circum-
ference of the specimen. The resulting volume expansion on the thick-walled side of the specimen core slightly
reduces compressive stresses at MP1. However, due to thermal contraction and volume expansion as a result of
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Fig. 11 Temporal and spatial development of residual stresses arising from process strategy 2A during tailored cooling

the martensite transformation on the circumference of the specimen, the stress at MP1 remains in the negative
range. Starting at a process time of about 110 s, enough energy is removed from the thin-walled side of the
specimen to reach the Ms temperature as well. At this point in time, compressive stresses are present at MP6
due to the preceding volume expansion resulting from martensite transformation in the neighbouring regions.
The phase transformation at MP6 therefore takes place under superimposed compressive stress, which, in
accordance with the transformation plastic effect, significantly weakens volume expansion in circumferential
direction. It is remarkable that the simulation predicts a lower martensite content at MP6 (ξm � 72 Vol. %) than
at MP1 (ξm � 85 Vol. %) due to the lower cooling rate. Instead, a microstructure with 10% pearlitic content
is calculated for the material at MP6, which develops during the slow cooling at this side of the specimen.
Accordingly, a slightly decreasing austenite content can be seen between 66 and 109-s process time at MP6
in Fig. 11.

Furthermore, as the material sections at MP6 are the last to cool down, adjacent to the already cold regions
with significantly higher yield strength, strains leading to tensile stresses occur due to thermal contraction.
After equalisation of thermal, metallurgical and mechanical inhomogeneities, σ t � -429 MPa at MP1 and σ t
� 65 MPa at MP6 remain in the specimen as residual stresses.
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Fig. 12 Temporal and spatial development of residual stresses arising from process strategy 1B during simple cooling in atmo-
spheric air

3.1.2 Residual stresses in pearlitic components using strategy 1B as well as 2B

In this chapter the possibility of generating compressive stresses in the pearlitic material phase of AISI 52100
is considered. First, strategy 1B is investigated, which involves simple cooling of the specimen in atmospheric
air after forming. For this process, the temporal as well as spatial development of the stresses at certain stages
is shown in Fig. 12 as before.

In this strategy, the cooling from forming temperature to room temperature takes about 3000 s, so that
largely homogeneous cooling rates of approximately 3.5 °C/s maximum occur over the entire cross section
of the specimen at all stages. The tensile stress maximum after 75 s process time is caused by the thermal
contraction of thematerial on the specimen surface. After 200 s process time, however, the temperature gradient
between the surface and the core of the specimen is balanced. This is followed by a relaxation of the tensile
stresses. The relatively simultaneous pearlitic phase transformation over the specimen cross section leads to a
volume expansion, which explains the low compressive stresses. Finally, residual stresses of σ t � -11 MPa at
MP1 and σ t � 1 after 3000 s, respectively.
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Fig. 13 Temporal and spatial development of residual stresses arising from process strategy 2B during tailored cooling

With the aim of generating near-surface compressive residual stresses in the pearlitic specimens, strategy
2B is investigated, for which the numerical results are presented in Fig. 13.

As described in Sect. 2, in this strategy the specimen is slowly cooled in air for 300 s exactly like in strategy
1B. But in strategy 2B starting from 300 s, the specimen is rapidly quenched in the spray field using six active
nozzles as shown in Fig. 5b. After cooling in air, the pearlitic phase transformation is already completely
finished and a homogeneous structure is present in the specimen. At the onset of rapid cooling from 300-s
process time, very high cooling rates of up to 500 °C/s are present on the specimen surface. Shortly afterwards,
thermal contraction at 300.8 s results in a maximum tensile stress at MP1 and MP6. As a result of the high
strains, the material at the surface of the specimen is plasticised. In contrast, in strategy 1B, at this process time
the slow cooling in air continues. Therefore, the specimen has a homogeneous temperature distribution over the
entire cross section, which explains minor resulting residual stresses caused by inhomogeneous plastification.
In strategy 2B, at 304.9 s, the maximum cooling rate shifts into the specimen core on the thick-walled side as
well as on the thin-walled side. Now the material core experiences a higher thermal contraction than at MP1
and MP6 on the surface. Because of the preceding plastic strains at the surface, the thermal contraction in the
specimen core now results in a reversal of the stress sign. After the inhomogeneous thermal strains have been
equalised, residual stresses of σ t � -297 MPa and σ t � -130 MPa remain at MP1 and MP6.
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Fig. 14 Comparison of the temperature developments from the numerical and experimental investigations in the strategy 1A (a),
2A (b), 1B (c) as well as 2B (d),

In the twomodified process variants 2A and 2B, the thermo-mechanical-metallurgical influencing factors of
the elastic, plastic, thermal, transformation-induced and transformation-plasticity effects are used to different
extents to influence the residual stresses. In strategy 2A, the focus is on the temporal development of the
martensite front,with the transformation-induced strains occurring in the formofmartensitic volumeexpansion.
In addition, the thermal strains occur in the form of thermal contraction due to the one-sided cooling of the
thick-walled side by the spray. Superimposed on this, the transformation plastic effect, again influenced by the
prevailing stresses, affects the extent of the martensitic volume expansion. In sum, these effects lead to local
plasticisation of the material at certain times, which generates the plastic strains and the final residual stresses.

In contrast, the transformation-induced and transformation-plastic strains have only a minor influence
on the residual stresses formed in strategy 2B. Primarily responsible for the compressive residual stresses
formed here is the inhomogeneous thermal contraction, which causes plastic strains during rapid cooling of
the specimen surface. With the thermal contraction of the specimen core at the end of cooling, the previously
expanded and now cooled surface areas are contracted, which causes the residual compressive stresses.

3.2 Experimental application of the numerically designed process strategies

3.2.1 Validation of the temperature boundary conditions for the different cooling strategies

To validate the HTC presented in Sect. 2.2.3, a comparison of the temperature–time curves during cooling
from the experiments and simulations is shown in Fig. 14 for each of the different cooling strategies.

In the course of the investigations, it is found that the temperature–time curves measured in the experiments
could be replicated well in the different cooling strategies during cooling in water, air or spray. The shape of the
temperature–time curve during continuous cooling is therefore always very similar. However, when carrying
out the experiments, slightly varying temperatures occur after forming, respectively, at the start of the cooling
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process. Using Fig. 14, the influences on the temperatures are demonstrated on the basis of the temperature
curve beginning 50 s before the start of the cooling process at 0 s. About 50 s before the start of cooling,
all experiments begin with the removal of the thermobox including the specimens from the oven. When the
specimens are taken out of the oven, the temperature is always between 1000 °C and 1010 °C, as the oven is
set to 1010 °C for faster heating of the specimens. By using the thermobox, the temperature decreases only
slightly during the transfer time from the furnace to the forming simulator. This ensures that the forming
starts at 994 °C in average with a minor standard deviation of 19 °C at MP1 for instance. The forming of the
specimen is indicated by a jump in the temperature curves by an average of �T � 11 °C as a result of heat
release due to plastic deformation at both measuring points. Directly after forming, the specimen is removed
from the thermobox and transferred to the cooling medium. The removal of the specimen from the thermobox
and its transfer to the cooling medium take varying time periods in the experiments, as this procedure is not
machine-made, but carried out by technical staff with the utmost care due to the high temperatures. During
these time periods, the cooling of the specimens takes on differing extents. For MP1, the average temperature
at the beginning of cooling in the experiment is determined to be 946 °C with a standard deviation of 42 °C.
Since the experiments are repeated three times for each process strategy and the forming process described
above is the same for each case, the values given are the mean of 12 experiments.

In the simulations, cooling starts immediately after forming. In other words, related to the time line in
Fig. 14, forming starts at -0.11 s. Thereby a temperature of T � 1013 °C is calculated for MP1 and T �
1011 °C for MP6 due to the heat release as a result of the forming process. This means that at the start of
cooling there is a difference of 67 °C at MP1 between the temperature from simulations and experiments.
However, this initial temperature difference is balanced out quickly in the further course of cooling. The
fluctuating temperature at the start of cooling is supposed to be of secondary importance for the development
of residual stresses. Instead, variations in the austenitic microstructure due to static recrystallisation, which
can be altered by varying holding times after forming, respectively, before cooling, influence the development
of residual stresses. However, since the temporal fluctuations of the process flow are in the range of seconds,
these influences should be marginal.

As Fig. 14 shows, in each case, the temperature curves can be predicted well by the simulation. When
cooling in water in strategy 1A, the entire specimen surface cools very quickly at the same time. Figure 14a
exemplarily shows the temperature curves of MP1 from experiment and simulation. In strategy 2A, in contrast,
rapid cooling first takes place at MP1 as a result of the spray cooling, while the specimen cools more slowly at
MP6,which is not exposed to the spray (Fig. 14b). In the case of cooling in air in strategy 1B, the entire specimen
cools down uniformly, whereby Fig. 14c shows a comparison of the temperature curves from experiment and
simulation at MP1. In strategy 2B, the specimen surface also undergoes slow cooling in air at all positions
simultaneously for 300 s and thereafter rapid cooling in the spray, whereby Fig. 14d shows the comparison of
the temperature curves at MP1.

With the comparison of the temperature boundary conditions, it can be shown on the one hand that the FE
models are able to simulate the cooling well by means of the implemented HTC values. On the other hand, it
is evident that the experiments are only subject to minor fluctuations in the temperature curve due to the use
of the thermobox. This makes the process suitable for the scientific investigation of the influences from the
cooling strategy on the residual stresses.

3.2.2 Experimentally induced residual stresses in martensitic components using strategy 1A as well as 2A

The calculated as well as experimentally determined residual stresses on the circumference of the specimens
from strategy 1A and 2A are plotted in Fig. 15a with respect to the geometric angle θ .

On the thick-walled side, starting from the angle θ � 0 at MP1 up to θ � 45°, average compressive stresses
of σ t � -407 MPa, respectively, σ t � -223 MPa were generated experimentally with strategy 2A as predicted
in the simulation. Thus, residual stresses at these positions are significantly modified considering the tensile
residual stresses of σ t � 216 MPa for θ � 0° and σ t � 146 MPa for θ � 45° in average, which arise from
simple cooling in strategy 1A. Starting at θ � 90°, both strategies generate tensile stresses. Thus, as predicted
by numerical analyses, the experimental results show that strategy 2A is suitable for the generation of residual
compressive stresses at least at positions θ � 0° to θ � 45°.

In the experiments, the residual stresses are generated reproducibly with a maximum standard deviation
of 36 MPa in strategy 1A and with 68 MPa in strategy 2A, as shown by the error indicators in Fig. 15.

Comparing the experimental and numerical results, it is noticeable that the residual stresses from strategy
2A are overestimated by the simulation. It is assumed that this overestimation of residual stresses results from
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Fig. 15 Comparison of the specimens processed by strategies 1A and 2A with regard to residual stresses from experiments and
simulations (a), Vickers hardness (b), geometric deviation (c) and microstructure (d)

the fact that stress relaxation has occurred in the experimental specimens due to microscopic stress peaks. As
the phase transformations occur on an atomic level, the residual stresses also arise on a microscopic level.
Therefore, if stress peaks form on the microscopic scale, they can influence the equilibrium of the macroscopic
stresses and lead to stress relaxation. This effect could be investigated in more detail by using multi-scale
simulations.

The experimental results of strategy 2A show higher tensile stresses at these positions compared to the
simulation. For example, σ t � 222 MPa are measured in average at MP6, in contrast to the calculated stress
of σ t � 65 MPa. Deviations between the experimental and numerical results of the residual stress values
may result from only measuring the residual stresses in the ferritic {211} peak in the experiment. Possible
influences of the residual stresses in the retained austenite on the macroscopic residual stresses are thus not
taken into account in the experimental results in contrast to the simulations. Furthermore, in the simulation
model used, only macroscopic effects are considered, which result from an inhomogeneous plastification due
to thermal and transformation-induced loads. The influences from microscopic effects like the dislocation
density due to austenite transformation, local gradients of yield stress at the phase boundaries or forced
dissolution of carbon atoms in the martensitic lattice are only considered in the material characterisation at
constant boundary conditions. For example, the ttt diagrams are determined in accordance with the German
standard for a microstructure after a ten-minute holding time at austenitising temperature and subsequent
direct quenching. The same applies to the determination of the transformation plasticity constants, which are
determined by an experimental numerical approach for continuous cooling from the austenitising temperature.
This explains a higher deviation between experimental and numerical results, particularly at those locations
which have experienced discontinuous cooling.

For the specimens from both strategies, in agreement with the simulations (Figs. 10 and 11) it can be
concluded from the hardness values of about 800 HV in the entire cross section of the specimen (Fig. 15b)
and the light-microscopic photographs (Fig. 15d) that they are fully hardened martensitic specimens. It is
remarkable that the hardness at MP6 is similarly high for both strategies, since in the simulation of strategy
2A a lower proportion of martensite is predicted for this location than in strategy 1A. This indicates a similarly
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high proportion of martensite is formed in reality with both strategies, what is shown slightly differently in the
simulation. As shown in Sect. 3.1.1, a pearlitic transformation already takes place in the simulation on the thin-
walled side before themartensitic transformation.As a result, the proportion of austenite that can be transformed
into martensite is already reduced in the simulation, which leads to a lower fraction of martensitic than can be
concluded from the experimental metallographic investigations. Due to the lower martensite transformation,
less volume expansion occurs on the thin-walled side. In the experiment, the thermal contraction atMP6 against
the resistance of the already cooled adjacent areas is more significant than in the simulation. This results in
tensile residual stresses at this location, which are underestimated by the simulation. For better modelling, the
pearlite transformation that obviously occurred incorrectly in the simulation would have to be prevented by
means of a corrected ttt diagram.

Figure 15c shows the optically scanned geometry of the specimen from strategy 1A. The contour plot of
the deviation e on this surface indicates the three-dimensional distance in perpendicular direction to the surface
of the geometry from strategy 2A. The deviation of 0 mm shows a perfect match between the geometry from
both strategies. The algebraic sign of the deviation value indicates, if the corresponding area of the geometry
from strategy 2A lies outside (positive sign) or inside (negative sign) the workpiece shape from strategy 1A.
The different thermo-mechanical strategies result in local deviations of less than 0.4 mm maximum.

3.2.3 Experimentally induced residual stresses in pearlitic components using strategy 1B as well as 2B

The calculated as well as experimentally determined residual stresses on the circumference of the specimens
from strategy 1B and 2B are plotted in Fig. 16a. As described in Sect. 3.1.2, the rapid cooling after completed
pearlitic transformation leads to a stress gradient with compressive stresses at the surface of the specimen
and tensile stresses inside the specimen. In experiments with strategy 2B, average residual stresses of σ t �
-226 MPa at θ � 0° and σ t � -165 MPa at θ � 180° are generated. Compared to the average residual stresses
of σ t � −83 MPa and σ t � −52 MPa previously generated at these positions by strategy 1B, the compressive
stresses are thus significantly increased. The residual stresses from strategy 2B predicted in the simulations,
for example σ t = −297MPa at θ � 0 and σ t = −130MPa at θ � 180° in average, are close to those determined
experimentally.

In the experiments, the residual stresses are generated reproducibly with a maximum standard deviation
of 28 MPa in strategy 1B and with 38 MPa in strategy 2B, as shown by the error indicators in Fig. 16.

In the course of the residual stresses from both experiments and simulations, along the angle θ from θ �
0 to θ � 180°, there is a slightly decreasing tendency of the residual stress amounts. This occurs although
the entire surface is uniformly exposed to the spray. Higher amounts of stresses occur on the thick-walled
side because the strain gradients are more pronounced due to the higher temperature differences between the
specimen surface and the specimen core than on the thin-walled side, which cools more quickly in the core.

As the experiments show, slight residual compressive stresses have already resulted for the specimens from
strategy 1B. In the simulations, however, only low stresses in the range of maximum −11 MPa were found.
This indicates that the thermally inhomogeneous contraction between the surface regions and the material core
is more pronounced in the experiment than in the simulation. While plastic deformation of the surface area
occurs in the experiment, which leads to compressive stresses in the later course of the cooling of the specimen
core, mainly elastic effects occur in the simulation, which almost completely balance each to the end of the
cooling. It is therefore assumed that the applied flow curves of the supercooled austenite as well as the pearlite
from JMatPro are higher than is the case in reality, which inhibits plastification. This problem is obviously
more pronounced for smaller thermal strains, such as those occurring during slow cooling in strategy 1B, than
in strategy 2B, where high thermally induced strain gradients occur. An experimental determination of the
phase-specific flow curves is a possibility to improve the accuracy of the modelling. All in all, the results from
experiments and simulations for strategy 2B are in better agreement than the results for strategy 2A. This can
be explained by the different influencing parameters on the residual stresses that arise in the different strategies.
In strategy 2A, the residual stress state is mainly determined by the transformation-induced strains and the
transformation-plastic strains. As already stated, inaccuracies occur as a result of the phase transformation
phenomena following the delayed cooling on the thin-walled side, as well as the inaccurate pearlitic phase
transformation. In strategy 2B, hardly any effects due to the phase transformation have an impact. The resulting
residual stresses arise as a result of the plastification due to inhomogeneous thermal strains. Deviations may
result from the underlying flow behaviour or the thermal strain. This explains why the FE models of the
different strategies provide different simulation quality.
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Fig. 16 Comparison of the specimens processed by strategies 1B and 2B with regard to residual stresses from experiments and
simulations (a), Vickers hardness (b), geometric deviation (c) and microstructure (d)

For the specimens from both strategies, in agreement with simulations (Fig. 12 and Fig. 13) it can be
concluded from the hardness values of about 360 HV in the entire cross section of the specimen (Fig. 16b)
and the light-microscopic photographs (Fig. 16d) that a fine-grained pearlitic phase structure also known as
troostite is formed. Similar to the martensitic specimens, in the geometric comparison of the specimens from
strategy 1B and 2B, local deviations of less than 0.4 mm maximum are found by optical scanning methods.

Comparing the residual stresses generated on the surfaces of the specimens from strategy 2A with those
from strategy 2B, it can be seen that strategy 2A is able to generate higher residual stresses on the thick-
walled side. However, tensile stresses are present on the thin-walled side. With strategy 2B, however, residual
compressive stresses can be generated over the entire circumference. This is due to the different procedure for
the cooling strategies. With strategy 2A, the specimen is cooled inhomogeneously along the circumference.
As a result of the transformation-induced and transformation-plastic effects, stress gradients arise along the
circumference of the specimen. In strategy 2B, the rapid cooling after the completed pearlitic transformation
causes a strain gradient between the specimen surface and the specimen core. Thus, residual compressive
stresses develop over the entire circumferential surface.

Considering strategies 1A and 1B with simple cooling in water and air, respectively, it is noticeable that in
both cases there is no partial cooling of the specimens, but a uniform cooling. As with strategy 2B, temperature
gradients develop between the surface and core of the specimen. In strategy 1A, the martensitic volume
expansion in the core of the specimen at the end of cooling leads to tensile stresses on the entire surface of the
specimen. In strategy 1B, in contrast, the thermal contraction in the core of the specimen at the end of cooling
causes slight residual compressive stresses against the resistance of the already cooled surface areas.

4 Conclusion and outlook

This work aims at the generation of an advantageous surface-near compressive residual stress distribution in
hot-formed components by intelligent process control with tailored cooling. Using a spray cooling system a
reference part of a bulk metal forming process is exposed to an adapted cooling process. Adapted cooling is
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achieved by partial or temporal instationary exposure of the specimens to water–air spray. Thus, macroscopic
effects such as local plastification due to inhomogeneous strains as a result of thermal- and transformation-
induced loads can be controlled in order to finally customise the residual stress distribution. Applications for
hot-formed components often require special microstructural properties, which guarantee a certain hardness or
ductility. For this reason, the scientific challenge of this work is to generate different residual stress distributions
at the surface of components with the same microstructural properties by means of a process chain of hot
forming.

For this purpose a hot-forming processes with four different cooling strategies are investigated using
numerical simulations and experimental tests. Strategies 1A and 1B involve simple cooling of the specimens
from the forming heat in water and atmospheric air. These strategies result in martensitic components with
tensile residual stresses or pearlitic specimens with low compressive residual stresses. Strategies 2A and 2B
are developed by numerical studies and involve tailored cooling by spray. Tensile residual stresses between
138 and 216 MPa in average are measured at the surface of the specimens from strategy 1A. After process
optimisation, average residual compressive stresses of−407MPa aremeasured on the specimens from strategy
2A with adapted cooling at MP1. However, tensile residual stresses of 222 MPa in average also occur at MP6
in this strategy. Average residual compressive stresses between −52 MPa and −83 MPa are measured on the
surface of the specimens from strategy 1B. After process optimisation, average residual compressive stresses
of −153 MPa up to -262 MPa are measured over the entire circumference of the specimen from strategy 2B
with tailored cooling.

Based on the numerical and experimental analyses, this work demonstrates that it is possible to influ-
ence and even invert the sign of the residual stresses of a component by controlling the macroscopic effects
mentioned above. This considerable change in residual stresses is achieved only by tailored cooling. The
numerically designed strategies proved capable of generating advantageous stress distributions at the surfaces
while maintaining the geometry and microstructural properties of the components.

Based on the numerical analyses in Sect. 3.1, different influencing factors are identified in strategies 2A
and 2B, which affect the residual stress state. For example, in the manufacturing of martensitic specimens in
strategy 2A, strains due to transformation-induced and transformation plastic effects are responsible for the
development of the residual stress state. In the manufacturing of the pearlitic specimens in strategy 2B, on the
other hand, the plastic strains that arise as a result of the inhomogeneous cooling between the surface and core
of the specimens are mainly responsible for the resulting residual stresses.

The residual stresses are predicted with good accuracy by the FE simulations in the course of the process
design. The temperature boundary conditions in the different strategies can be simulated well with the deter-
mined HTC values, as the comparison with experimental results shows. However, some aspects are identified
which can contribute to the improvement of the simulation quality.

To improve the simulation of the development of residual stresses in strategy 2A, for example, an
application-oriented material characterisation with regard to transformation-induced and transformation-
plastic effects after delayed cooling is recommended. In addition, the calculation accuracy of the phase fractions
can be enhanced by adapting the ttt diagram used. A further increase in the simulation quality for the case of
strategy 2B could be achieved by experimentally determining the pearlitic flow curves. This makes it possible
to better model the plastic deformation as a result of inhomogeneous thermal strains between the surface and
core of the specimen and to better calculate the residual stresses.

Furthermore, when calculating residual stresses in hot forming, it is also important to take microscopic
influences into account. In this context, the phase transformations during cooling play an important role. These
phase transformations occur at the atomic level. Therefore, if stress peaks form on the microscopic scale, they
can influence the equilibrium of the macroscopic stresses and lead to stress relaxation. Since these effects
cannot be captured with a purely macroscopic model, another working group is already investigating the
microscopic influences on the residual stresses in the analyses by means of multi-scale simulations within the
scope of the project [50]. The aim is to gain a better understanding of the development of residual stresses and
to contribute in improving the macroscopic FE models as efficient virtual tools for process analysis.

Another topic for futurework is the consideration of residual stress distributionswithin the specimens.Up to
now, only the residual stresses from X-ray analyses on the surfaces of the specimens have been investigated, as
these are primarily considered to be advantageous for the fatigue strength andwear resistance of the component.
However, it is also important to include the residual stresses inside a component in the investigations.

On the one hand, fatigue cracks were found in some investigations not only on the surface but also
underneath the surface, for example, in roller bearing rings [51]. It is therefore necessary to investigate which
distribution of compressive residual stresses in the depth profile provides the most effective increase in fatigue
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strength. On the other hand, the evaluation of the FE models on the basis of the residual stress distributions
in the volume of the specimens is very important, since the comparison with experimental results from X-ray
analyses only provides a validation for surface-near points. For example, the contour method can be used to
investigate the residual stresses in the volume of the specimens [52].

In future research work it is planned to transfer the knowledge gained to other materials as well as to
complex and industrially relevant components. Here, components such as bearing rings, gear wheels or shafts
may be considered for optimising the residual stresses aiming at improved properties. Overall, the focus is on
improving component performance in operation while at the same time upgrading manufacturing regarding
cost efficiency and productivity using integrated tailored cooling.
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