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This paper concentrates on the effect of the residual stress state during product manufacturing of AISI 420 steel
on the final shape of the product. The work includes Finite Element (FE) calculations of the distribution of the re-
sidual stresses after metal forming and a heat treatment. The evolution of the residual stress state is predicted
employing a creep model which was calibrated through creep experiments ranging between 500 and 700 °C.
The creepmodel is implemented in the FE software togetherwithmaterial specific parameters to simulate a ther-
mal treatment of the product including residual stresses. The complete simulation is validated by a comparison of
the predicted shape change with the actual cold-formed and hardened product. An important message of this
paper is that, in contrast to what is commonly believed, residual stresses play a crucial role during creep and
that a shape changemay occur at lower temperatures, i.e. not at higher temperatures and in fact below the trans-
formation temperature in this AISI 420 steel. This surprising conclusion is essential for keeping the shape change
during product manufacturing minimal.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Modern consumer products need high precision metallic parts so as
tomeet the quality demands of costumers. However, themanufacturing
process of high precision components suffers from a large number of
complexities, i.e. the components typically have demanding geometric
specifications in three dimensions and other critical-to-quality require-
ments, such as hardness, surface roughness and density [1–3]. Com-
monly used consecutive processing steps include metal forming so as
achieve the desired shape and followed by a heat treatment to obtain
the required mechanical strength. In general the heat treatment
makes the shape of the product less accurate. In this contribution we
concentrate on the influence of the residual stress state on the shape
change during hardening of a cold formed product. It is emphasized
that this paper does not have the intention tomeasure the precise quan-
tity of residual stresses but rather to demonstrate its influence on the
combination of product and shape change.

It should be realized that in practice the complete product
manufacturing consists of shaping operations (i.e. forming), heat treat-
ments, finishing operations and assembly.Whenmartensitic chromium
steel is used as a basematerial, themost critical step lies in themiddle of
the production chain, i.e. the hardening of the steel. Here, residual
stresses introduced by forming may cause plastic deformation during
Physics, Materials Innovation
Groningen, The Netherlands.
on).
hardening. However, the material is commonly known to produce little
shape change during the hardening because in most applications the
material is already made stress-free prior to a heat treatment. Obvious-
ly, fewer finishing processes are needed when after the hardening the
product is already more accurate in shape. A reduction of the finishing
processes increases the production efficiency and therefore lowers the
fabrication costs. As a consequence there is a strong need to simulate
the shape of the components through the various processing steps so
that the consequence of any modification of the production process
can be predicted in advance. Also novel products can be tested thereby
decreasing the design-to-product time.

For the aforementioned hardening, a thermic driven process which
should not be confusedwithwork hardening, the typical austenitization
temperature for martensitic stainless steel ranges between 925 and
1065 °C for 30 to 90 min [4]. After forming by cold work, which could
include stretching and bending, the material has a high residual stress
state [5]. In general we may say that there are three mechanisms re-
sponsible for the relaxation of residual stresses [6]: (i) At lower temper-
atures creep mechanisms (diffusional and dislocation creep affected by
grain size) allow areas of tensile and compressive stresses to contract or
expand; (ii) At high temperatures the yield strength decreases, promot-
ing strain relieve through dislocation glide and dislocation creep mech-
anisms; and finally (iii) precipitation and ageing effects may lead to
volumetric changes that can also relax the residual stress state. We
should emphasize that in many circumstances it is a combination of
processes and various relaxation mechanisms which may operate at
the same time. When diffusional creep (Nabarro-Herring, Coble) occurs

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2016.05.085&domain=pdf
http://dx.doi.org/10.1016/j.matdes.2016.05.085
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http://dx.doi.org/10.1016/j.matdes.2016.05.085
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/matdes


Fig. 1. Cross section of a deep drawn cup with a radius (red line) on the bottomwhere the
z-values are measured. Top: 3D line indicating the shape change in the z-direction.
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at low temperature it is still active at high temperature where disloca-
tion creep and dislocation glide maybe become operational depending
on the stress state, i.e. the ratio between then effective stress state and
the temperature dependent shear modulus.

Several authors have investigated various aspects of the heating
cycle: i.e. calculation of internal stresses during martensite forming
[7], FE modeling of residual stress [8,9] and stress relaxation [10] during
quenching; high temperature deformation [11] and the evolution of dis-
tortions during quenching [12]. Surm et al. [13] noticed the importance
of the residual stress state during heating, attributing stress relieve to
plastic deformation due to the decrease of the yield strength at high
temperatures. Relaxation of residual stresses with a creep model has
been shown in [14,15], however no predictions for shape change have
been done and that is the novel contribution in this paper.

In general, shape change of steel during a hardening treatment is at-
tributed to the transformation induced stress or thermal stress [7,16,
17]. But, little attention is paid to the role of residual stresses in the
shape change at the lower temperatures of the heating cycle. In this
paper wewill in particular focus on the contribution of the low temper-
atures heating region to the overall shape change during hardening and
the role of residual stresses.

In this paper a novel approach will be proposed to predict and vali-
date the shape change during a hardening treatment of a metal formed
product in 3-Dimensions. The overall idea is that forming of a metallic
product induces inhomogeneous strains resulting in residual stresses.
The latter are calculated by using the commercial Finite Element (FE)
software package ‘Marc’. The residual stress distribution is obtained by
making a comparison between the simulated work hardening with
the hardness profile of the product.

Key in the simulation of the heat treatment step is the assumption
that the residual stresses leads to creep and that the creep strains may
predominate the shape change of the product. A creepmodel is calibrat-
ed in single creep experiments to predict creep strains below the
austenitization temperature, and implemented in the FE calculations.
The accuracy of the model is evaluated by making a comparison with
the shape of a product in reality.

2. Experimental procedure

The material under investigation is a cold rolled steel strip of mar-
tensitic stainless steel of class AISI 420 with chemical composition as
listed in Table 1. The product is fabricated using cold forming by deep
drawing. Its shape is characterized bymeasuring the flatness of the bot-
tom of the cup. This bottom flatness is determined along the circular
track indicated in Fig. 1. The height profile of small domains (in the z-di-
rection) on this track was measured with confocal microscopy, com-
pleted with a fit through the average of many neighboring domains.
The shape change in the product during heating is monitored by mea-
suring the bottom flatness before and after the hardening. (See Table 2.)

The FE calculations of the forming assume planar anisotropy (Hill
1948 [18]) and a dislocation work-hardening description (see [19]).
Due to the anisotropy in the material the residual stress state will also
become inhomogeneous.

The calculation for the shape change during heating includes: elas-
ticity, thermal expansion, plasticity, and creep. The assumption here is
that the various shape changes can be added linearly to the total strain,
with the same global stress acting on the various individual elements.
Consequently, the underlying constitutive equations for a specific
mechanism can be determined individually. Hence the combined total
Table 1
Chemical composition of AISI 420 class of martensitic stainless steel (wt.%) [38].

C Cr Si Mn P S Fe

Min. 0.15 12–14 1 1 0.04 0.030 Bal.
strain rate equation is written as the sum of elastic strain rate, thermal
strain rate, plastic strain rate and creep strain rate:

_εtot ¼ _εelastic þ _εthermal þ _εplastic þ _εcreep ð1Þ

and all contributions to the total strain are found by integration of the
various strain rate contributions over time in the subsequent order, i.e.
first elastic plastic behavior followed by thermal strain, plastic strain
andfinally the creep strain. The description of the constitutive equations
can be found in [20]. For the FE simulation of thedeep-drawing (at room
temperature), Eq. (1) reduces to: _εtot ¼ _εelastic þ _εplastic. This initial resid-
ual stress state is further evaluated during the heating stage. The creep
rate relation used in this work is only depending on temperature and
stress, and can be calculated separately. By evaluating the decrease of
the residual stress state due to creep strain, it can be observed that the
residual stresses stay below the yield point during the heating stage.
Therefore the contribution of the plastic strain is not taken into account
in this trajectory.

Since creep forms an important phenomenon in our work a brief
summary of the equation used in the following is given here. Strain
Table 2
Experimentally obtained values for the functional set of variables n, Qc and A of the creep
model (see Eq. (2)) in the temperature range 500–700 °C.

500 °C 600 °C 700 °C 500–600 °C 600–700 °C

n 2.1 5.4 5.3 −23 + 0.033 ∗ T(K) −6.6 − 0.001 ∗ T(K)
Qc 57 kJ/mol 141 kJ/mol
A −123 + 0.16 ∗ T(K) −12 + 0.008 ∗ T(K)



Table 3
Initial loads used for stress relaxation tests at different temperatures.

500 °C 600 °C 700 °C

Initial load #1 (MPa) 210 160 100
Initial load #2 (MPa) 160 120 75

Fig. 2. a: Yield stress (σ0.2) as a function of temperature, obtained from tensile tests with _ε
= 0.012 s−1. b: E-modulus derived from tensile test (squares) with a linear fit.
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rate due to creep in solid solutions is described as a diffusion controlled
process [21–24] by:

_εcreep ¼ A
b
d

� �p σ−σ0

E Tð Þ
� �n

e−
Qc
kT ð2Þ

where b represents the magnitude of the Burgers vector, d is the grain
size diameter p represents the grain size exponent.Qc represents the ac-
tivation energy for self-diffusion, in bulk or along grain-boundaries or
along dislocation cores, depending on the actual operating mechanism.
The external applied stress is represented byσ, the threshold stress isσ0

and E(T) represents the temperature dependent Young's modulus. Each
of these parameters has to be determined experimentally.

As a consequence, creep and tensile tests at elevated temperature
were performed with a setup consisting of a Zwick/Roell Z30 tensile
bench, equipped with a three-zone induction furnace and a Fiedler
Laser Extensometer (LEX). True strain ε was derived by measuring the
extension of two markers on the tensile bar with the LEX. Markers on
the tensile bars were spaced 50 mm and their distance was measured
with a precision better than 1 μm (0.002%) at 700 °C.

3. Results and discussion

In this paper we concentrate on the initial stress state after forming.
Residual stresses could also arise from thermal gradients and phase
transformation, which however are not considered. The reason is that,
as we will show, the initial residual stresses due to forming cause the
majority of shape change, before a phase transformation. In another
publication we will investigate more explicitly the contribution of ther-
mal gradients and phase transformation to improve the shape change
calculations.

3.1. Creep model calibration

Tensile tests in the range of RT–900 °Cwere performed to determine
the dependence of the yield stress on temperature, and the results are
displayed in Fig. 2. The minimum value at 800 °C marks the onset of
austenitization. The E-modulus also has a temperature dependence
[25–30] as was derived from the tensile experiments. This is not always
very reliable since at elevated temperature creep effects make the elas-
tic regime shorter and often not even linear. For the experiments above
room temperature, the markers on the tensile bar were measured with
a high precision, prior to the beginning of the tensile test. The start of the
tensile tests at 300 °C caused disturbance in the recording of the strain,
with the result of a derivation of the elastic modulus which is too high.
The values of 500–700 °C have been obtained from tensile tests with
various strain rates, i.e. 0.012–0.00012 s−1. Especially at these temper-
atures creep phenomena influenced the elastic response and made the
elastic regime shorter and for the highest temperatures and lowest
strain rates, non-linear. Given these results, tensile tests at elevated
temperatures are not the optimal experiments to determine the Young's
modulus. The Refs. [25–29] supplemented with the work of Masumoto
[30] with acoustic waves on similar steels, indicate a mainly linear de-
crease of Young's modulus up to 700 °C. Therefore we assume a linear
fit to the data of Fig. 2 is appropriate.

Creep tests at 500 °C, 600 °C and 700 °Cwere done at constants load
in the elastic regime. The steady state creep rates are displayed in Fig. 3
and show an increase over several orders of magnitude between 500
and 600 and 600–700 °C for a stress around 100 MPa. The stresses
have been chosen to about maximum 75% in the elastic zone for every
temperature. Therefore the temperature dependent flow stress deter-
mined in Fig. 2 acts as an upper limit. For higher stresses the creep re-
gime changes from a power-law to exponential creep, whereby the
steady state creep is a relative short state and tertiary creep is active.

The slope of the double log plot yields the stress exponent n of 2.1,
5.4, and 5.3 at 500, 600 and 700 °C, respectively. The creep stress expo-
nent is an indication of the creep rate controllingmechanism. For n=3,
viscous dislocation glide is rate controlling; for n = 4–6 dislocation
creep is rate controlling through dislocation climb [31,32]. Likely both
creep mechanisms are active simultaneously. Therefore, dislocation
glide is the predominant mechanism between 500 and 600 °C and dis-
location climb is the predominant phenomenon at 600–700 °C. For the
threshold stress in Eq. (2) σ0 a value of zero was derived.

Strain rates at different temperatures provide information about the
activation energy for creep Qc [23] and two creep regimes were found,
i.e.Qc is 57± 30 and 141± 2 kJ/mol for 500–600 °C and 600–700 °C re-
spectively. The latter value ofQc is close to self-diffusion activation ener-
gy whereas the former points to carbon diffusional processes.

The microstructure was investigated in detail with electron back
scatter diffraction (EBSD). A specimen from the strip of material (as-re-
ceived) was heated 30 min at 700 °C prior to analysis. More than 1000
grains from each sample where measured, but no significant grain
growth was observed compared to the as-received material. Therefore
detailing of the grain size exponent p is not needed.

Finally, stress relaxation calculations based on this creep model are
done using a FE bending test. The sample is heated to the temperature
of interest and bended between two tilted dies until the desired stress



Fig. 3. Secondary creep rate as a function of load at 500 °C (triangles), 600 °C (dots) and
700 °C (squares).
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(load) is reached in an element on the outside of the sample (inducing
tensile stress). Thereafter the dies are fixed in their final positions and
the temperature is kept constant. In every time step the creep strain
due to the stress is evaluated resulting in a decrease of the stress. This
test is repeated at different loads and at various temperatures
(Table 3). Fig. 4 shows the resulting equivalent VonMises stress togeth-
er with the tensile tests. Here the specimen is deformed elastically due
to a particular load, after which the stress relaxation is recorded by
the load cell. The calculated stress relaxation is in good agreement
with the tests: i.e. for the initial stage 0–10 s (rapid decrease) and the
second stage where the stress level remains quasi-static. It demon-
strates that the creep model is suitable to calculate stress relaxation
below the austenitization temperature of 800 °C.

3.2. Forming

Metal forming by deep drawing introduces residual stresses, which
are not uniform distributed along the cup [33]. In reference [34] it is
shown that residual stresses increase due to pre-straining, with a rela-
tion that indicates a work-hardening (or strain-hardening) mechanism.
In order to validate the FE calculations after deep drawing, we have vi-
sualized the residual stress by comparing the hardness of the actual
formed cup with the simulation. Therefore the hardness of pre-strained
material has been used to translate the calculated stress to hardness.
This assumption/method has no influence on the further calculations
Fig. 4. Stress relaxation tests with fixed strain, lines 2 (squares) & 4 (diamonds); together
with the calculated stress relaxation by creep of a bending test, lines 1 (triangles) & 3
(circles).
of the evolution of the stresses during the heat treatment. Hardness
measurements have been chosen, as they are an indirect but simple ex-
periment to perform. The justification of this procedure can be found in
[35], where a linear relation between the hardness and residual stress is
derived.

The deep-drawing process has been done following thewell-known
procedure described in [36], resulting in a cup with 20 mm in diameter
and 10 mm height. The FE simulation of the forming has been done by
implementing the deep-drawing parameters into the Marc software.
Material specific properties as yield stress and Young's modulus at
room temperature have been stated in the software. The deep-drawing
is simulated using planar anisotropy and dislocation work hardening
(asmentioned in Section 2). The parameters of theHill'48 planar anisot-
ropymodel are derived from themagnitude of the flow stress in various
directions with respect to the rolling directions. The dislocation work
hardening description of [19] is calibrated with the data presented in
Fig. 5.

It is known that the hardness changes depending on the amount of
cold work, i.e. work hardening [19]. Experimentally this is verified
with tensile tests on pre-strained material. The stress at the onset of
plastic deformation (yield stress) for various strains is recorded. There-
after the hardness of each strained sample is measured. The hardness
with the corresponding flow stress after the tensile test is depicted in
Fig. 5. Since the flow stress depends on the amount of strain, an indirect
relation between the strain (thus residual stress) and the hardness ex-
ists. The calculated residual stresses of a cup after forming can therefore
be expressed by a calculated hardness profile. The prediction of the
hardness is verified in Fig. 6 by comparing the calculation with a hard-
ness profile of a fabricated cup.

The cupwas first coldmounted in an epoxy resin and then dissected
twice. The mounting prevented spring-back of the cut section and
therefore a relaxation of the residual stress. The surface was then care-
fully prepared for hardness measurements by consecutive refining
steps of grinding and polishing: a common method of sample prepara-
tion for hardness measurements and EBSD microscopy (where surface
stress perturbations by cutting and polishing should be erased). The
hardness is measured by a grid of indentations. The contour is obtained
by interpolation of the hardness values for the body, and extrapolation
to the edges. This method is demonstrated and described in [37].

Based on symmetry, only half of the product cross-section is shown.
The black line in Fig. 6a represents the contour of the simulated cup. The
difference can be due to geometrical errors in the settings of the press,
which cause more deformation of the fabricated cup compared to the
FE simulation. The overall hardness distributionsmatch quite well, indi-
cating that the calculation of the residual stresses is validated.
Fig. 5.Hardness of the pre-strained samples (circles) as a function offlow stressmeasured
in tension, with a continuous fit.



Fig. 6. Hardness profile measured on the product cross-section (a), and FE simulation (b).
The black line in (a) is the contour of the simulated cup (b) and indicates the deviation
between the product and the simulation.

Fig. 8. Bottom flatness of the fabricated (solid lines) and simulated cup (dashed),
normalized at 90°. Bottom flatness after forming is presented in red and after heating in
black.
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3.3. Stress relief during hardening

The creepmodel is implemented in the FE software and enables cal-
culation of the evolution of the residual stresses and creep strains during
a heat treatment. The residual stresses in the cup calculated by FE
modeling of the forming process are shown in Fig. 7a. This is the initial
state before heat treatment. In the simulation of the heat treatment a
temperature profile from 20 to 700 °C in 1000 s is applied. Due to the
convergence of the constitutive equations, the calculation can be done
in just 11 FE steps. The stress decreases significantly to nearly 0MPa. Al-
though the yield strength decreases with increasing temperature con-
siderably (as shown in Fig. 2), the residual stresses remain in the
elastic zone during the entire heat treatment. The relaxation by creep
lowers the residual stress faster than the decrease of the yield strength
as a function of temperature.

The resulting creep strains affect the bottom flatness and are there-
fore responsible for shape change during heating. It has been noticed
that the shape change of a full hardened cup is equal to a cup heated
to 700 °C. This observation is supported by the calculation in Fig. 7,
showing that almost all stresses have been relaxed after heating to
700 °C. The bottom flatness as described in Section 2 has beenmeasured
on a fabricated cup after forming and after a full hardening cycle.

The maximum distortion in the bottom flatness after forming is 5.4
and 2.9 μm for the fabricated and simulated cup, respectively. The nor-
malized profiles for bottom flatness after forming and hardening are
presented in Fig. 8. For a clear comparison of the relative increase after
Fig. 7. Cross-section of simulated cups with contour plots of the equivalent Von Mises stress
hardening, all graphs are normalized. The maximum values at 90°
after forming, are the reference points for the simulated and fabricated
cup. The typical shape, i.e. two peaks and two valleys around the circular
track on the cup, is caused by the anisotropic behavior of the cold rolled
material. The profile of the calculated cup after forming and hardening
shows a very good agreement with the processed manufactured cup.
The relative increase of the shape change due to heating is 22% for the
fabricated and 15% for the simulated cup. As shown in Fig. 6, the fabri-
cated cup is slightly more deformed during cold forming due to unfore-
seen geometrical errors in the settings of the press. This resulted in
slightly higher stresses in the bottom of the cup. Higher stresses lead
to higher creep rates (Fig. 3, Eq. (2)). Indeed, the resulting higher
creep strains could have caused the difference in shape change during
the hardening of the produced cup, compared to the calculated bottom
flatness.
4. Conclusions

A full simulation of the cold forming of a martensitic steel cup and a
following heat treatment has been performed. The distribution and
magnitude of the residual stresses was successfully predicted in com-
parison with the micro hardness profile of a fabricated cup.
. a: local high stresses after forming. b: relaxation of the stresses after heating to 700 °C.
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The relaxation of the residual stresses can be described with a creep
model. Two creep regimes were experimentally identified in the
heating trajectory to 700 °C. The relaxation by creep lowers the residual
stresses faster than the decrease of the yield stress by temperature. Ob-
servations on the fabricated products show that the effect of the com-
pletion of the heating cycle (hardening) after heating to 700 °C has
only a negligible effect on the shape change. Therefore the shape change
after forming is mainly due to residual stress induced creep strain.

The calculated relative shape change during heating to 700 °C was
found to be in agreement with the observed shape change on a fully
hardened product.

An important message of this paper is that, in contrast to what is
commonly believed, residual stresses play a crucial role during creep
and that the shape change occurs at lower temperatures, i.e. not at
higher temperatures and in fact below the transformation temperature.
This surprising conclusion is the key for keeping the shape change dur-
ing product manufacturing minimal.

Acknowledgments

This researchwas carried out under the project number T63.3.12480
in the framework of the research program of the Materials Innovation
Institute M2i, Delft, the Netherlands and has been part of Press Perfect,
RFSR-CT-2012-00021, Research Fund for Coal & Steel.

References

[1] R. Husson, J.Y. Dantan, C. Baudouin, S. Silvani, T. Schreer, R. Bigot, Evaluation of pro-
cess causes and influences of residual stress on gear distortion, CIRP Ann. Manuf.
Technol. 61 (2012) 551–554, http://dx.doi.org/10.1016/j.cirp.2012.03.106.

[2] C.M. Amey, H. Huang, P.E.J. Rivera-Díaz-del-Castillo, Distortion in 100Cr6 and nano-
structured bainite, Mater. Des. 35 (2012) 66–71, http://dx.doi.org/10.1016/j.matdes.
2011.10.008.

[3] R. Husson, C. Baudouin, R. Bigot, E. Sura, Consideration of residual stress and geom-
etry during heat treatment to decrease shaft bending, Int. J. Adv. Manuf. Technol. 72
(2014) 1455–1463, http://dx.doi.org/10.1007/s00170-014-5688-8.

[4] A.S.M. International, ASM Handbook Volume 04 - Heat Treating, 1991.
[5] P.J. Withers, Residual stress and its role in failure, Rep. Prog. Phys. 70 (2007)

2211–2264, http://dx.doi.org/10.1088/0034-4885/70/12/R04.
[6] M.R. James, Relaxation of residual stresses an overview, Adv. Surf. Treat. 4 (1987)

349–365 (Ed. A. Niku-Lari).
[7] S. Denis, E. Gautier, A. Simon, G. Beck, Stress–phase-transformation interactions –

basic principles, modelling, and calculation of internal stresses, Mater. Sci. Technol.
1 (1985) 805–814, http://dx.doi.org/10.1179/026708385790124071.

[8] L. Huiping, Z. Guoqun, N. Shanting, H. Chuanzhen, FEM simulation of quenching pro-
cess and experimental verification of simulation results, Mater. Sci. Eng. A 453
(2007) 705–714, http://dx.doi.org/10.1016/j.msea.2006.11.023.

[9] C. Simsir, C.H. Gur, 3D FEM simulation of steel quenching and investigation of the
effect of asymmetric geometry on residual stress distribution, J. Mater. Process.
Technol. 207 (2008) 211–221, http://dx.doi.org/10.1016/j.jmatprotec.2007.12.074.

[10] S.C. Polytechnic, The effect of stress relaxation rate on the generation of thermal
stress during quenching, 82 (1986) 101–115.

[11] M.C. Somani, L.P. Karjalainen, M. Eriksson, M. Oldenburg, Dimensional changes and
microstructural evolution in a B-bearing steel in the simulated forming and
quenching process, ISIJ Int. 41 (2001) 361–367.

[12] S. Lee, Y. Lee, Finite element simulation of quench distortion in a low-alloy steel in-
corporating transformation kinetics, Acta Mater. 56 (2008) 1482–1490, http://dx.
doi.org/10.1016/j.actamat.2007.11.039.

[13] H. Surm, O. Kessler, F. Hoffmann, H.W. Zoch, Manufacturing residual stress states in
heat treatment simulation of bearing rings, Mat. -Wiss. U. Werkstofftech. 37 (2006)
http://dx.doi.org/10.1002/mawe.200500973.
[14] S. Hossain, C.E. Truman, D.J. Smith, R.L. Peng, U. Stuhr, A study of the generation and
creep relaxation of triaxial residual stresses in stainless steel, Int. J. Solids Struct. 44
(2007) 3004–3020, http://dx.doi.org/10.1016/j.ijsolstr.2006.09.001.

[15] Z. Zhou, A.S. Gill, A. Telang, S.R. Mannava, K. Langer, V.K. Vasudevan, et al., Experi-
mental and finite element simulation study of thermal relaxation of residual stress-
es in laser shock peened IN718 SPF superalloy, Exp. Mech. 54 (2014) 1597–1611,
http://dx.doi.org/10.1007/s11340-014-9940-9.

[16] M. Hunkel, Anisotropic transformation strain and transformation plasticity: two cor-
responding effects, Mat.-Wiss. U. Werkstofftech. 40 (2009)http://dx.doi.org/10.
1002/mawe.200900478.

[17] M. Wolff, M. Böhm, S. Bökenheide, D. Lammers, T. Linke, An implicit algorithm to
verify creep and TRIP behavior of steel using uniaxial experiments, J. Appl. Math.
Mech. 379 (2012) 355–379, http://dx.doi.org/10.1002/zamm.201100083.

[18] R. Hill, A theory of the yielding and plastic flow of anisotropic metals, Proc. R. Soc.
Lond. A. Math. Phys. Sci. 193 (1948) 281–297, http://dx.doi.org/10.1098/rspa.
1948.0045.

[19] Y. Estrin, H. Mecking, A unified phenomenological description of work hardening
and creep based on one-parameter models, Acta Metall. 32 (1984) 57–70, http://
dx.doi.org/10.1016/0001-6160(84)90202-5.

[20] R.M.J. Voncken, O. Van Der Sluis, J. Post, J. Huétink, FE calculations on a three stage
metal forming process of Sandvik Nanoflex, AIP Conf. Proc. 712 (2004) 469–474.

[21] J. Weertman, Steady-state creep through dislocation climb, J. Appl. Phys. 28 (1957)
362, http://dx.doi.org/10.1063/1.1722747.

[22] J. Weertman, Steady-state creep of crystals, J. Appl. Phys. 28 (1957) 1185–1189,
http://dx.doi.org/10.1063/1.1722604.

[23] O.D. Barret, C.R. Ardell, A.J. Sherby, Influence of modulus on temperature depen-
dence of activation energy for creep at high temperatures, Trans. Metall. Soc.
AIME 20 (1964) 200.

[24] O.D. Sherby, P.M. Burke, Mechanical behavior of crystalline solids at elevated tem-
perature, Prog. Mater. Sci. 13 (1968) 323–390, http://dx.doi.org/10.1016/0079-
6425(68)90024-8.

[25] J.H. Lee, M. Mahendran, P. Makelainen, Prediction of mechanical properties of light
gauge steels at elevated temperatures, J. Constr. Steel Res. 59 (2003) 1517–1532,
http://dx.doi.org/10.1016/S0143-974X(03)00087-7.

[26] H.M. Ledbetter, R.P. Reed, Elastic properties of metals and alloys, I. Iron, nickel, and
iron-nickel alloys, J. Phys. Chem. Ref. Data 2 (1973) 531–618, http://dx.doi.org/10.
1063/1.3253127.

[27] M. Fukuhara, A. Sanpei, Elastic moduli and internal friction of low carbon and stain-
less steels as a function of temperature, ISIJ Int. 33 (1993) 508–512.

[28] J. Chen, B. Young, Corner properties of cold-formed steel sections at elevated tem-
peratures, Thin-Walled Struct. 44 (2006) 216–223, http://dx.doi.org/10.1016/j.tws.
2006.01.004.

[29] J. Chen, B. Young, Experimental investigation of cold-formed steel material at elevat-
ed temperatures, Thin-Walled Struct. 45 (2007) 96–110, http://dx.doi.org/10.1016/
j.tws.2006.11.003.

[30] H. Masumoto, S. Sawaya, M. Kikuchi, Thermal expansion Young's and temperature
modulus in Fe-Cr dependence alloys, Trans. J I M. 12 (1971) 18–21.

[31] O.D. Sherby, E.M. Taleff, Influence of grain size, solute atoms and second-phase par-
ticles on creep behavior of polycrystalline solids, Mater. Sci. Eng. A 322 (2002)
89–99, http://dx.doi.org/10.1016/S0921-5093(01)01121-2.

[32] S.V. Raj, S.C. Farmer, Characteristics of a new creep regime in polycrystalline NiAl,
Metall. Mater. Trans. A 26 (1995) 343–356, http://dx.doi.org/10.1007/BF02664671.

[33] T. Gnaeupel-Herold, H.J. Prask, R.J. Fields, T.J. Foecke, Z.C. Xia, U. Lienert, A synchro-
tron study of residual stresses in a Al6022 deep drawn cup, Mater. Sci. Eng. A 366
(2004) 104–113, http://dx.doi.org/10.1016/j.msea.2003.08.059.

[34] V.M. Radhakrishnan, C.R. Prasad, Relaxation of residual stress with fatigue
loading, Eng. Fract. Mech. 8 (1976) 593–597, http://dx.doi.org/10.1016/0013-
7944(76)90033-3.

[35] J. Frankel, A. Abbate, W. Scholz, The effect of residual stresses on hardness measure-
ments, Exp. Mech. 33 (1993) 164–168, http://dx.doi.org/10.1007/BF02322494.

[36] V.P. Romanovski, Handbook of Cold Stamping, Machinery-Building, Moscow, 1979.
[37] J. Post, C. de Vries, J. Huétink, Validation tool for 2D multi-stage metal-forming pro-

cesses on meta-stable stainless steels, J. Mater. Process. Technol. 209 (2009)
5558–5572, http://dx.doi.org/10.1016/j.jmatprotec.2009.05.020.

[38] J.R. Davis, ASM Specialty Handbook: Stainless Steels, 1994.

http://dx.doi.org/10.1016/j.cirp.2012.03.106
http://dx.doi.org/10.1016/j.matdes.2011.10.008
http://dx.doi.org/10.1016/j.matdes.2011.10.008
http://dx.doi.org/10.1007/s00170-014-5688-8
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0020
http://dx.doi.org/10.1088/0034-4885/70/12/R04
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0030
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0030
http://dx.doi.org/10.1179/026708385790124071
http://dx.doi.org/10.1016/j.msea.2006.11.023
http://dx.doi.org/10.1016/j.jmatprotec.2007.12.074
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0050
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0050
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0055
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0055
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0055
http://dx.doi.org/10.1016/j.actamat.2007.11.039
http://dx.doi.org/10.1002/mawe.200500973
http://dx.doi.org/10.1016/j.ijsolstr.2006.09.001
http://dx.doi.org/10.1007/s11340-014-9940-9
http://dx.doi.org/10.1002/mawe.200900478
http://dx.doi.org/10.1002/mawe.200900478
http://dx.doi.org/10.1002/zamm.201100083
http://dx.doi.org/10.1098/rspa.1948.0045
http://dx.doi.org/10.1098/rspa.1948.0045
http://dx.doi.org/10.1016/0001-6160(84)90202-5
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0100
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0100
http://dx.doi.org/10.1063/1.1722747
http://dx.doi.org/10.1063/1.1722604
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0115
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0115
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0115
http://dx.doi.org/10.1016/0079-6425(68)90024-8
http://dx.doi.org/10.1016/0079-6425(68)90024-8
http://dx.doi.org/10.1016/S0143-974X(03)00087-7
http://dx.doi.org/10.1063/1.3253127
http://dx.doi.org/10.1063/1.3253127
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0135
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0135
http://dx.doi.org/10.1016/j.tws.2006.01.004
http://dx.doi.org/10.1016/j.tws.2006.01.004
http://dx.doi.org/10.1016/j.tws.2006.11.003
http://dx.doi.org/10.1016/j.tws.2006.11.003
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0150
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0150
http://dx.doi.org/10.1016/S0921-5093(01)01121-2
http://dx.doi.org/10.1007/BF02664671
http://dx.doi.org/10.1016/j.msea.2003.08.059
http://dx.doi.org/10.1016/0013-7944(76)90033-3
http://dx.doi.org/10.1016/0013-7944(76)90033-3
http://dx.doi.org/10.1007/BF02322494
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0180
http://dx.doi.org/10.1016/j.jmatprotec.2009.05.020
http://refhub.elsevier.com/S0264-1275(16)30690-6/rf0190

	On the role of the residual stress state in product manufacturing
	1. Introduction
	2. Experimental procedure
	3. Results and discussion
	3.1. Creep model calibration
	3.2. Forming
	3.3. Stress relief during hardening

	4. Conclusions
	Acknowledgments
	References


