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The design of a product component may require complex processing steps such as metal forming followed by a
thermal treatment. The thermal treatment may improve the functional performance of the material itself, but
may result in rather unwanted changes in the shape of theproduct. Here it is shown that Finite Elementmodeling
of the various processes can assist in the design of a robust and accurate production process. The modeling ap-
proach presented allows a coupling between various complex material models, in such a way that full cold
forming and thermal treatment processes are calculated. This coupling of material models is key for the design
and concerns the novelty of the proposed approach. Cold forming by deep drawing is calculated whereby planar
anisotropy is implemented. The thermal hardening treatment consists of three contributions: creep, thermal ex-
pansion and phase transformation. All models are based on experimental data, acquired from tensile and dila-
tometer tests, and are implemented into the material model either directly or by a simple fit. It is shown that
the effects of a complete forming and heat treatment of a cup could be successfully calculated. The predicted
cup shape change was compared to experiments, and shows excellent agreement.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Miniaturization and net shaping are the trends in manufacturing of
consumer products, electronics and automotive, resulting in narrower
tolerances for smaller products and more stringent requirements. As a
sson).
result, the manufacturing process of high precision components suffers
fromanever increasingnumber of complexities, i.e. the components be-
come geometrically more demanding by specifications in three dimen-
sions. Other critical quality requirements such as hardness, surface
roughness and density [1–3] have to be produced within narrower
specification limits. To keep up with this trend, the development cost
of new products as well as the development time of new products
have to be reduced. This can be achieved by increasing the predictability
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of production processes by Finite Element (FE) analysis. The advantage
of this numerical analysis is the ability to model complex forming pro-
cesses. In contrast, the downside of FE analysis is the complexity in pre-
paring input data fromexperimental results and selection ofmeaningful
output variables.

For the fabrication of high precision metallic parts martensitic high
chromium steels are often used. This class of stainless steel is soft in
the as-received ferritic phase and therefore a preferred material for
complex forming operations. The required hardness is achieved by a
thermal hardening treatment, which should not be confused with
work hardening. The thermal hardening treatment includes heating
up to a temperature of 925 to 1065 °C to transform the ferritic phase
into austenite [4], followed by quenching (air cooling is sufficient for
this material) to room temperature, to promote the formation of the
much hardermartensite phase. Although this hardening heat treatment
is used to improve themechanical properties of the cold-formed ferritic
product, it comes often at the expense of the shape. If the shape can be
maintained and controlled during forming and hardening, the sequen-
tial finishing and assembly steps can be a less costly as well as a more
energetically efficient process.

Product forming operations as deep drawing, which include
stretching and bending, introduce a high residual stress state [5]. Resid-
ual stresses arise from the natural shape between different regions,
parts or phases [6,7]. These stresses can be measured by destructive
techniques such as sectioning, contour, hole-drilling, ring-core and
deep-hole [8] through the release of residual stresses upon removal of
material from the specimen [9], either on a macroscopic scale or at a
local scale [10,11]. Non-destructivemethods asX-ray or neutron diffrac-
tion [6,12–14], ultrasonicmethods andmagneticmethods, usuallymea-
sure a microstructure stress-related parameter [6,9]. The effect of
residual stresses on shape changes has been investigated with FE, but
focused on individual process steps: during cold forming by finite ele-
ment modeling [15,16], phase transformation [17] and quenching
[18,19].

However, as the individual processes are studied in depth, there is a
gap for coupling the dedicated individual models. The aim of this study
is to calculate and predict the shape change based on interaction be-
tween phenomena rather than presenting a detailed constitutive
modeling of the individual material phenomena. The shape change dur-
ing the thermal treatment calculated with the FEM approach is com-
pared with measurements of the geometry of the real product.

2. Experimental and modeling procedure

The material used in this investigation is a cold rolled strip of the
martensitic stainless steel of class AISI 420 with the chemical composi-
tion as shown in Table 1.

The studied cup shaped products were fabricated using cold
forming, following the design rules and procedures described in [21].
A disk of metal (the blank) is placed in a die with a hole in the middle.
The hole is about half the diameter of the disc. The blank is pushed
through the hole in the die with a cylindrical punch, causing the sides
of the blank to bend over. This bending has to be carefully designed as
the material has to be compressed. In this case a tractrix shape (hyper-
bolic radius) was used for the bending to avoid that the blank has to be
pressed flat with a blank holder, and so damaging the ears. The blank is
0.35mm thick and has a diameter of 32mm. The resulting cup after this
deep drawing has a diameter of 20 mm and a height of about 10 mm.
Typically the forming process is followed by a thermal hardening treat-
ment reaching a temperature between 925 and 1065 °C for 30 to 90min
Table 1
Chemical composition of AISI 420 class of martensitic stainless steel (wt%) [20].

C Cr Si Mn P S Fe

Min. 0.15 12–14 1 1 0.04 0.030 Bal.
to obtain the desired hardness and strength [4]. The treatment in this
work consists of heating with a ramp of 4 °C/s to a temperature of 970
°C. After a dwell time of 900 s, the cups are cooled down to room tem-
perature using a cooling rate 6 °C/s. As itwill be describedwithmore de-
tails in the following section, the temperature evolution of the yield
stress of this material during heating and cooling was experimentally
determined using compression (carried out in a plastodilatometer)
and tensile tests. The temperature evolution of the relative change in
length and the volume fractions of austenite (during heating) and mar-
tensite (during cooling) were also obtained using high resolution dila-
tometry experiments.

The shape of the cup was recorded at different stages in the process:
after forming, during stress relaxation, during annealing and after ther-
mal hardening. The critical geometric parameter for the shape change is
the bottom flatness and defined as indicated in Fig. 1. The bottom flat-
ness is defined as the angle between the side of the cup and the top,
andmeasured by scanning the top with a Nanofocus μscan confocal mi-
croscope [22]. A radial measurement has been performed at points r =
9mm (y1) and r= 7mm (y2). The absolute difference between y1 and
y2 then quantifies the bottom flatness of the cup. To point out the effect
of the thermal cycle on the shape change, the flatness after forming was
taken as a reference. The shape change Δ is therefore expressed as Δ=
(y1− y2)forming− (y1− y2)hardening. Themeasured values of y show an-
gular variations caused by the anisotropy in thematerial. The final value
of y is the average over the circumference. To be able to make a statisti-
cal comparison and distinguish between reproducible shape defects and
distortions, the experiment was repeated for a set of 50 specimens.

Calculation of the cup shape change during forming and the subse-
quent heat treatment was done using Finite Element Method (FEM).
The shape change (or total strain) can be expressed mathematically as
the sum of material phenomena; the elastic strain (εelastic), plastic strain
(εplastic), creep strain (εcreep), thermal strain (εthermal) and transformation
strain (εtransformation):

εtot ¼ εelastic þ εplastic þ εcreep þ εthermal þ εtransfomation: ð1Þ
Fig. 1. Real fabricated cup (bottom) and its cross section with points y1 and y2. The
absolute difference between y1 and y2 defines the bottom flatness of the cup.
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A regular FEM approach is strongly concentrated on one set of op-
eration at the time, e.g. forming followed by the subsequent heat
treatment. When multiple subroutines need to be taken into account
simultaneously, the modeling space becomes impractically large as
visualized in Fig. 2. Instead, two partial models are preferable. The
full process chain model requires a smaller amount of model space.
In this work a novel method is used to integrate these two models.
The method allows for a model to switch between FE analysis of
the forming and the hardening. Since the material model of the
forming and the material model of the hardening have a limited
physical overlap, the models can be divided with minimal accuracy
loss. Filling up the two resulting model spaces with data, results in
a lower requirement of measurement data. This approach is called
FlexMM, after Flexible Material Model, and is based on previous
work [23,24]. The symbols included in the parameter space p
(Fig. 2) will be explained in the following sections.

When thematerial model is split in ametal forming part and a hard-
ening part, it is important to have a thorough understanding of both
models and knowledge of which data has to be passed from the forming
model to the hardening model. For the new material models, material
equations can be used, but also themeasurement results can be directly
implemented in the FEM parameter space. For the components of
Eq. (1):

- The elastic, plastic and creep strains are implemented using the con-
stitutive law;

- The thermal strain, transformation strain and plastic strain at high
temperature are experimental data.

The material modeling method to describe a large amount of
phenomena at the same time will be explained first. The flow stress
of the material is an important material parameter and will be used
as an example to express the novel approach. Here, the experimen-
tal data can be implemented in the material model, or the constitu-
tive equations can be used. The different contributions to Eq. (1)
can be replaced by experimental data, i.e. a measurement graph.
In generalized form the flow stress can then be expressed as:

σy ¼ εp; T;Rð Þ; ð2Þ

with σy as the flow stress, εp the equivalent plastic strain, R as the
anisotropy and T as the temperature. (εp,T,Z) represent the state
Fig. 2. Schematic of the span of the modeling space for cold forming and heat treatment (Left
forming-hardening model (Right). The symbols of p represent: σy the yield stress, εel the elas
creepstrain, εth the thermal strain, ερ strain by mass density change, T the temperature, R the a
variables of the material model. Based on Eq. (2), the derivative
of the flow stress with respect to the state variables can be written
as:

_σy ¼ ∂σy

∂εp
_εp þ ∂σy

∂T
_T þ ∂σy

∂R
_R ð3Þ

The partial derivatives in Eq. (3) are representing the contributions
to the general material model of the constitution and can be replaced
by a more general formulation:

_σy ¼ f εp εp; T;Rð Þ _εp þ f T εp; T ;Rð Þ _T þ f R εp; T;Rð Þ _R ð4Þ

where fpi
represents the derivative of the constitutive model with re-

spect to the parameter space p. Eq. (4) yields:

p ¼ εp; T;R½ �

In a generalized form, p can be stated as:

_pi ¼ f pj pð Þ _pj here i≠ j ð5Þ

The parameter space p and the functions fp are the default input for
thematerialmodeling routine. In thiswork a hybridmaterialmodelwas
applied, which uses partly constitutive behavior, and partly experimen-
tal data, that was placed directly into the material model.

3. Results

3.1. Cold forming

Calculation of cold forming requires a plasticitymodel. Due to rolling
during manufacturing of the steel, the material is textured. Therefore,
the plasticity behavior of the material is not homogeneous for all direc-
tions. This anisotropic mechanical behavior of sheet material is de-
scribed by the Lankford coefficient or planar R-values [25]. The Hill
parameters [26] have been calculated from the Lankford parameters
using the commercial available software Marc [27] (which will be ad-
dressed in the following alinea's).

The R-values are experimentally derived by tensile testing, using the
magnitude of the flow stress and the plastic deformation in various di-
rections with respect to the rolling direction. The Hill parameters may
vary during the deformation process. Therefore they are implemented
), and the work flow through the parameter space p and subroutines, in the multi-stage
tic strain vector, E the elastic modulus, εpl the equivalent plastic strain, εcrthe equivalent
nisotropy and φfer, φaus, φmarthe fractions of ferrite, austenite and martensite respectively.



Fig. 4. Temperature evolution of the yield stress during heating up to 1100 °C and
cooling down to room temperature. Red full dots have been acquired from tensile
tests, while the green and blue full dots correspond to compression tests performed
in a plastodilatometer. Symbols RD and TD stand for the rolling and transversal
directions. Symbols As and Af stand for the start and end of the ferrite to austenite
transformation during heating, while Ms stands for the start of the austenite to
martensite phase transformation during cooling. The dashed lines have been drawn
as a guide to the eye. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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in FEM as a function of the plastic deformation. The function of the Hill
parameters therefore becomes:

_R ¼ f 1εpð Þ εp;R0;R90;R45;σ0=90;σ 0=45ð ÞÞ _εp; ð6Þ

with values of 1.35, 1.81, 1.17, 1.03 and 1.02 for R0, R90, R45, σ0/90 and
σ0/45 respectively. The 2D tested planar anisotropic parameters are
recalculated to 3D Hill parameters according to [26,27]. R0 is deter-
mined parallel with-, and R90 perpendicular to the rolling direction.
The evolution of the anisotropy during the metal forming is beyond
the scope of this paper, whereupon the function is considered to be
constant for this work.

The elastic-plastic behavior is calculated with the FEM software
Marc. The subroutine requires a yield curve of the material. The data
for the yield curve was acquired by tensile testing and for the higher
strains by rolling, and fitted with an Estrin description [28,29]. The
flow stress is thus described by a constant *square root of the dislocation
density. The resulting flow stress relation for FE implementation be-
comes:

_σy ¼ f 2εp εp;Rð Þ _εp: ð7Þ

The five coefficients of the original Hill model which define the an-
isotropy, are encapsulated in parameter R. The description of Eq. (7)
was used to calculate the cold forming of the cup by deep drawing.
The FEM calculation was validated in two ways. First, deep drawing in-
troduces residual stresses. This pre-straining can be related to work–
hardening. The calculated stress distribution can be indicated by a hard-
ness measurement profile [30] as was demonstrated in our previous
work [29]. Second, the anisotropic behavior is typically exhibited by ear-
ing at the open side of the cup. The earing (amplitude and phase) has
been calculated and compared to the measured average profiles of 46
cups. The profiles are compared in Fig. 3 and show a good agreement
in both the ear-height, as in the phase with respect to the rolling direc-
tion. The values of y after forming are 27 μmwith a standard deviation of
10 μm.
Fig. 3. Result of the metal forming. Top: shape after forming in the FE model. Bottom,
comparison of the height of the ears from the calculated cup (solid red line) and a
measured specimen (scattered blue dots). The ear profiles vary from cup to cup due to
small imperfections like cutting burrs in the blank, which cause large defects in the edge
of the cup, but have minor impact on the deep drawing process. Compression at the
edge of the cup has a leveraging effect on the edge defects. Also slight eccentric
movement during the forming process can affect the height of the individual ears. The
specimen showed here suffered less from the possible forming defects, but some
imperfections in the blank can still be seen. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
3.2. Thermal hardening

As it has been described before, the thermal hardening required
heating the sample to transform the ferrite into austenite, followed
by air cooling to form a martensitic microstructure at room temper-
ature. In Fig. 4 the temperature evolution of the yield stress during
the heating and cooling stage is provided Blue and green full dots
were determined from compression experiments carried out at
0.01 s−1 in a Bähr DIL 805A/D plastodilatometer [31]. For these ex-
periments small cylindrical samples of 5 mm in length and 3 mm in
diameter machined along the rolling (RD) and transversal (TD) di-
rections were heated at a rate of 4 °C/s to the testing temperature.
A range of temperatures between 25 °C and 1100 °C was tested dur-
ing heating (light and dark blue full dots). The green full dots corre-
sponds to experiments in which samples, with the same geometry,
were heated at 4 °C/s to 970 °C, held for 10 min and cooled at a
rate of 6 °C/s to the targeted testing temperature. The red full dots
represent the yield stress obtained from tensile test data also during
heating up, using a strain rate of 0.012 s−1 on samples machined
along the rolling direction For these tensile tests, bars of length
430 mm and width 20 mm where cut from a steel plate of 0.5 mm
thickness. Indicated by arrows are the austenite start temperature
AS at 852 °C, the austenite finishing temperature AF at 937 °C and
the martensite start temperature MS at 367 °C. This figure shows
that during heating the yield stress decreases continuously down
to the range of temperatures where the austenite forms. During
cooling, once the Ms has been attained, the hard martensite phase
which is now present in themicrostructure, increases the yield stress
of the steel abruptly, reaching a value of about ~1350 MPa at room
temperature (TD sample), compared to yield stress obtained for the
initial ferritic microstructure (~370 MPa for the TD sample). There
is not a significant dispersion among the results obtained: i) using
samples machined along the RD or TD; ii) using tensile or compres-
sion samples. Therefore the anisotropy is disregarded for the thermal
cycle.

The experimental data is directly implemented in FE. While doing
so, one has to distinguish between the heating up and cooling down
phase, as the yield stress can have different values for the same temper-
ature depending on the history and phase. The implementation of the



Fig. 6.Temperature evolution of the relative change in length duringheating at 4 °C/s up to
970 °C (10 min holding) and subsequent cooling at 6 °C/s. The dark blue solid line
corresponds to the experimental behavior recorded by dilatometry, and the red circles
reproduce the FE model. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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measurements of Fig. 4 in the FE model is therefore split into a descrip-
tion for heating up, and one for cooling down which is valid once the
temperature has exceeded the austenite start temperature:

_σy ¼ f 3εp εp; Tð Þ _εp þ f 1T εp; Tð Þ _T if TbAS ð8Þ

_σy ¼ f 1T T ;φaus;φmarð Þ _T þ f 1φaus
T ;φaus;φmarð Þ _φaus þ f 1φmar

T;φaus;φmarð Þ _φmar if T NAS

ð9Þ

The fractions of ferrite, austenite and martensite are denoted as φfer,
φaus andφmar respectively. Itmust be noted that the startingmicrostruc-
ture does not only contain ferrite, but also a significant amount ofM23C6
carbides that will (partially) dissolve during the formation of austenite.
The influence of these carbides on the shape changes has been consid-
ered indirectly as it influences the temperature evolution of the yield
stress of ferrite, austenite and martensite (Fig. 4), the temperature evo-
lution of the volume fraction of austenite/martensite (Fig. 5) and the rel-
ative change in length during heating and cooling (Fig. 6). As themodels
included in the manuscript rely directly on these experimental results,
the influence of carbides has been included.

The stress relaxation during heating of the material is attributed to
creep. For an extensive description the reader is referred to [29]. The
creep behavior is stress and temperature dependent and leads to the
material relation stated in Eq. (10).

_εcreep ¼ A
b
d

� �pgrain σ− σ0

E Tð Þ
� �n

e
−Qc Tð Þ

RT ; or generalized as _εcreep

¼ f 1t T;σð Þ ð10Þ

where b represents the magnitude of the Burgers vector, d is the grain
size diameter, pgrain represents the grain size exponent. Qc represents
the activation energy for self-diffusion, in bulk or along grain-
boundaries or along dislocation cores, depending on the actual operat-
ingmechanism. The external applied stress is σ and the threshold stress
is σ0. Young's modulus E is temperature dependent [32–37], and imple-
mented as:

_E ¼ f 2T Tð Þ _T ð11Þ

Regarding shape change, phase transformations can be seen best by
a change inmass density and thus volumetric change. Amass density of
7.740 kg/m3 for austenite, and 8.03 kg/m3 for ferrite and martensite is
used. It must be noted that a change in mass density is caused by the
Fig. 5. Temperature evolution of the volume fraction of ferrite to austenite (left plot) and a
respectively, as derived from dilatometer tests. Full dots (left plot) correspond to experimen
plot) has been measured experimentally while the red solid line refers to the FE model. (For in
web version of this article.)
thermal expansion and the change in phases,which in this case is ferrite
to austenite and austenite to martensite:

_ρ ¼ f 2φaus
φausð Þ _φaus ð12Þ

Fig. 5 shows the ferrite to austenite (for different heating rates), and
the austenite to martensite transformations derived from high resolu-
tion dilatometry experiments. These experiments were carried out on
planar samples, 12 mm in length, 4 mm in width and 0.7 mm in thick-
ness using an Adamel Lhomargy DT1000 high resolution dilatometer
[38].

The curves cannot be implemented into thematerial model directly,
since the thermal expansion is also incorporated in the results. More
ustenite to martensite (right plot) phase transformations during heating and cooling,
tal values, while the dashed lines represent the FE model The dark blue solid line (right
terpretation of the references to colour in this figure legend, the reader is referred to the



Table 2
Input values and boundaries for FE calculations.

Setting Value

Element type Hexagonal full 3D with 8 nodes
Elements in thickness of blank 6
Angular element steps blank 10
Radial elements in blank 200
Max. increment change Max value

Equivalent Cauchy stress 100 MPa
Temperature 1000 °C
Strain 0.05
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importantly, as the ferrite to austenite (left plot, Fig. 5) is a diffusional
transformation, the heating rate affects atom diffusion involved in the
transformation. As the heating rate is increased, the transformation
needs higher temperatures to activate the diffusion of the carbon
atoms and the transformation shifts to higher temperatures as
shown in these figure. Besides, the speed of the transformation
might be also influenced by the heating rate. Therefore, a transfor-
mation rate description has to be used for this transformation. A
(mathematical) Avrami equation [39,40] is used to describe the frac-
tion of a new phase. Starink and Zahra derived an isothermal phase
change equation [41,42] in order to obtain a time dependent descrip-
tion. A simple empirical relation is used to integrate start and stop
temperatures in this modified JMAK (Johnson-Mehl-Avrami-Kolmo-
gorov) equation: themartensitic transformation (right plot, Fig. 5) as
described by Koistinen and Marburger [43]. The main intention of
this work is to fit the experimental determined material behavior,
in order to demonstrate the capability of this work flow for modeling
on a product-sized level.

The relation proposed by Koistinen and Marburger is only tempera-
ture dependent and can only facilitate a dual phase transformation.
However for the thermal treatment applied here, three phases can be
present: ferrite, martensite and austenite.

In reality the dissolution of the carbides causes the inability to trans-
form back into ferrite when the material is in the austenitic phase, but
since the carbide evolution was not included in themodel, a more prac-
tical way to induce themartensitic transformationwas applied. In order
to avoid that in the calculation the material would transform back into
ferrite instead of martensite, the curve is implemented with respect to
temperature and phase. A phenomenological relation as shown in
Eq. (13)was used to describe the preferred phase in thematerial. A sim-
ilar expression is used for the transformation fromaustenite tomartens-
ite.

_φaus ¼ f 2t Tð Þ if φfer N0
_φmar ¼ f 3t Tð Þ if φfer ¼ 0 ð13Þ

To assure that thematerial phase transformation is considered in the
model in the right order, i.e. from ferrite to austenite and from austenite
tomartensite, Eqs. (14)–(16) are included in the FEmodel for the trans-
formation:

_φaus ¼ f 2t T ;φfer

� �
ð14Þ

_φfer ¼ f 3φaus
φfer

� �
_φaus ð15Þ

_φmar ¼ f 4φaus
φfer

� �
_φaus ð16Þ

The thermal expansion coefficient has been determined by dilatom-
etry from the temperature dependent evolution of the relative change
in length (Δl/l0), as shown in Fig. 6. As for Fig. 5, these experiments
have been carried out on planar samples, 12 mm in length, 4 mm in
width and 0.7 mm in thickness using an Adamel Lhomargy DT1000
high resolution dilatometer. The heating and cooling rates have been 4
and 6 °C/s respectively.

The austenitization conditions used have been 970 °Cwith a holding
time of 10min. During heating the sample expands linearly up to a tem-
perature (As) where the ferrite starts transforming to austenite and the
samples contracts; when the transformation has finished (Af), the sam-
ple continues expanding linearly again. During cooling, the sample con-
tracts linearly down to a temperature (Ms) where it starts transforming
to martensite and an expansion is recorded. A linear expansion coeffi-
cient of 10−6 K−1 and 1.9−5 K−1 has been experimentally measured
for ferrite and austenite phases respectively. The thermal expansion of
martensite is difficult to derive from Fig. 6, and therefore assumed
being equal to the thermal expansion of ferrite. The implementation of
the thermal expansion coefficient is shown in Eq. (17).

_αth ¼ f 5φaus
φausð Þ _φaus ð17Þ

A summary of all the implementations of the thermal hardening
model according to Eq. (5), is shown below.

_σy

E
ρ
αth
εcr

φaus
φfer
φmar

����������������

����������������

¼

f 3εp f 1T f 1φaus
f φmar

0
0 f 2T 0 0 0
0 0 f 2φaus

0 0
0 0 f 5φaus

0 0
0 0 0 0 f 1t
0 0 0 0 f 2t
0 0 f 3φaus

0 0
0 0 f 4φaus

0 0

�����������������

�����������������

_εp

T
φaus
φmar
t

����������

����������

3.3. Shape change by experiment and FEM predictions

Considerations in the FE model are that the model for anisotropy
dictates that the product has symmetry in the 0 and 90 degree direction.
Therefore only a quarter of the cupwasmodeled. This makes it easier to
constrain the calculation and speeds up the calculation time consider-
ably. Because of the symmetry the temperature gradient has to be
applied in the height direction. The amount of elements over the thick-
ness is very important, as the stress gradients can be large due to deep
drawing. To avoid convergence problems and maintain a reasonable
calculation time, some boundaries have been set on the calculation as
summarized in Table 2. The heat treatment is divided in 4 zones, each
calculated in 50 increments: 1) up to 800 °C where creep causes the
major deformations. 2) up to 1000 °C where transformation is
predominating. 3) Holding (dwelling) with little change, and 4) cooling
to room temperature where transformation is the biggest effect. Some
increment criteria are set to avoid large change, and thus computational
errors.

The initial calculation of the forming of the cup (see Section 3.1) was
subjected to a heat treatment up to 970 °C [4], according to the tempera-
ture heat treatment described in Section 2. The various implementations
for heating described in the previous section, Eqs. (8)–(17), were used to
calculate the strains caused by: cold forming, creep, thermal expansion
and phase transformation. These calculated strains are displayed in
Fig. 7 for different stages of the thermal treatment: elastic strain after
cold forming; thermal strain after heating to 970 °Cwith a thermal gradi-
ent of 1 °C; total creep strain after the full thermal cycle (heating and
cooling). From the calculations it is observed that:

- Residual stresses have been relaxed due to creep strains before the
austenite start temperature (As).

- Thermal strains are relatively small, but not homogeneously spread
due to an applied thermal gradient.

The critical parameter used to characterized the shape of the cup, the
bottom flatness (as described in Section 2), can be extracted from the
calculations as a function of temperature. The results are compared to



Fig. 7. Example of a FE calculation of the strain distribution in a cold-formed cup at different stages of the thermal treatment. Left) elastic strain after cold forming; Centre) thermal strain
after heating to 970 °C with a thermal gradient of 1 °C; Right) total creep strain after the full thermal cycle (heating and cooling).
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the experimentally measured shape changes due to the heat treatment
(Fig. 8). The shape after forming is taken as the reference values and set
to zero (dotted line in Fig. 8). The test samples have to be at room tem-
perature before the shape change can be determined by confocal mi-
croscopy. This implies that the samples heated to 970 °C, which is
above the austenite start temperature, are actually transformed tomar-
tensite during the (air) cooling to room temperature after this temper-
ature has been reached.

The calculations performed with the FEM model have been sub-
jected to the same temperature profile and contain therefore also the
austenite to martensite phase transformation. In Fig. 8 can be seen
that the bottom flatness decreases as the temperature increases. Up to
300 °C the shape change is the result of plastic deformation due to the
decrease of the flow stress with increasing temperature. The majority
of the shape change is gained in the following temperature region up
to the temperature at which the phase transformation starts (As =
852 °C). Here the residual stresses induce the largest strain due to
creep processes, which is also seen in Fig. 7. The modeling of the
shape change is in good agreement with the experimental values as
the same trend is observed in both cases with increasing temperature.
The calculations provide a final shape change of 6 μm, and 5.0 ± 0.8
μm for the experimentally measured cups. The shape change of the
batches of experimental measured cups is depicted as a box plot [44]
Fig. 8. Cup shape change after heating as predicted by the FEM modeling (solid red
line) compared to experimentally measured values (blue box plots). All samples
(experimental and calculated) have been cooled down to room temperature before
the shape change has been determined. Samples heated to 970 °C have therefore
been transformed to martensite. The shape change after forming is taken as a
reference value and indicated by the dotted line. The experimental measured
values obtained from 46 cups are represented by the box plots. Outliers are
indicated by asterisks. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
in order to visualize the spread of the batch values on top of the average
value.

4. Discussion

Modeling of the temperature evolution of the cup shape change
(Fig. 8) is in general in good agreement with the experimental values.
Some deviations compared to the experimental values are observed.
Overall the spread for the experimentally measured cups is attributed
to small deviations in the forming by deep drawing. A local change of
the strain during cold forming could cause a different stress state and
stiffness in the product. This can enhance or lessen the occurring
shape change during the heat treatment; therefore, the trend of the
shape change is more important than the actual values.

The novel contribution of this paper is the successful coupling of a
forming and a hardening calculation, in which several material subrou-
tines are called at the same time. Not only has the material behavior
been implemented andmodeled, but also validated for both the forming
and thermal hardening. Thanks to the integrated modeling of both the
forming and the hardening, the effect of the metal forming on the
shape change after the heat treatment can now be calculated directly.
A unique insight in the interactions between the material phenomena
and the residual stresses caused by the forming is now created. This
model provides the special opportunity to investigate the relative im-
pact of individual parameters, as described in Eqs. (10)–(17), on the
cup shape change. The design of the work-flow can be investigated
and adjusted, without the necessity of installing a new production
setup andperforming time consuming experiments. To this end, various
parameter changes have been explored, such as:

- amount of material flattening during cold forming;
- the temperature gradient on the product during the heat treatment;
- the heating rate;
- the amount of FEM increments;
- deviation of the experimental determined E-modulus;
- deviation of the creep rate.

These calculations are performed in 2D, as opposed to the 3D calcu-
lations shown here, to limit the required calculation time. The effect of
these parameter changes on the calculated shape change is listed in
Table 3. The metal forming shows a strong influence on the calculation.
Less flattening results in less shape change after the heat treatment. The
flattening of the metal influences the stiffness of the product; more
(plastic) deformation can take place when flattening is increased. This
alters the residual stress state after forming, which will cause higher
creep strains during the thermal treatment [29]. A temperature gradient



Table 3
Effect of adjusted input parameter on the calculated shape change.

Parameter Adjustment in FEM model Shape change during
heat treatment (%)

Flattening Lower reduction of material thickness: 30% to
20%

−62.5

Heating rate Reduced heating rate: 10 °C/s to 1 °C/s −12.5
Temp. gradient Reduced temperature gradient: 1 °C to 0 °C 100
Temp. gradient Increased temperature gradient: 1 °C to 10 °C 300
# of increments Increase of increments: 200 to 1000 8
E-module 10% lower 8
Creep rate 10% lower 0
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can be present in the cup, due to experimental conditions such as fur-
nace design and product throughput. The reference calculation is in
good agreement with the experimental results where a temperature
gradient of 1 °C is assumed. The calculationswith adjusted thermal gra-
dients (none and 10 °C) show a large deviation in shape change and in-
dicate that the thermal gradient is an important parameter in the
fabrication process and therefore on the final product quality.

The implementation of the temperature dependent E-modulus, as
seen in Eq. (11), assumes a linear temperature dependence up to 800
°C. For temperatures higher than 800 °C no experimental data is avail-
able, as the drop in the yield stress and creep effects cause flowing be-
havior even for low applied stresses. The elastic module is therefore
assumed to remain constant above 800 °C. A deviation of E-modulus
of 10% seems to have aminor influence on the shape change calculation,
as seen in Table 3. Another underlying assumption is that process of re-
laxation of the residual stresses by creep is faster than the drop of the
yield stress due to increasing temperature. The creep rate is also taken
as constant from 800 °C up to the phase transformation range of tem-
peratures (T N As). The influence of this assumption seems not to be of
impact on the results, as the calculations with this model show that
the residual stresses are already relaxed when a temperature of 700 °C
is reached [29]. The calculation with a 10% lower creep rate at every
temperature below the transformation one (As), does not even show
an effect on the calculated cup shape change.

Refinement of the FEM calculation by increasing the amount of
steps, has a small influence on the calculated shape change. This indi-
cates that the model is robust with a relatively big time step of 200 in-
crements per load case. This is an important parameter with respect to
checking the quality of the FE analysis.
5. Conclusions and outlook

Preliminary investigations of critical parameters indicate that metal
forming (flattening) and a temperature gradient have a significant im-
pact on the final cup shape change, and can both positively and nega-
tively influence the product quality. This investigation contributes to
the predictability and accuracy of the process chain and shape changes
in the product design.

The processing steps of the forming and a thermal treatment have
been successfully implemented in the FE code. Cold forming by deep
drawing is calculated whereby planar anisotropy is implemented. The
important thermal hardening treatment consists of three contributions:
creep, thermal expansion and phase transformation. The creep has been
predicted using amodel developed in [29]. In the presentwork dilatom-
eter tests have been performed to measure the thermal expansion and
phase transformation as a function of temperature and heating rate. Fol-
lowing the new FlexMM approach, the data could be implemented ei-
ther directly, or after a simple fit, into the material model. With this
simplified but robust model, the complete forming and heat treatment
of a cup have been successfully calculated. The defined shape change
of this cup was compared to experimentally measured shape changes
at various temperatures, and showed good agreement.
It has been demonstrated that through modeling a successful cou-
pling between forming and thermal treatment could bemade.Measure-
ment and model show that the individual material phenomena can
clearly be distinguished in the products during observation as well as
the FE model.

Usually the thermal treatment is difficult to adjust in the fabrication
process, due to a fixed production setup. Therefore the brief investiga-
tion with the FE model is laboriously and costly to validate with a
quick series of experiments. However it can be helpful in optimizing
the temperature profile and play an important role when a new furnace
has to be installed, with a full understanding of the effects of stress and
strain during hardening, hereby reducing time and costly experiments.

The metal forming process is more uniform and easier to adjust,
however costly due to high investment costs of tooling. With this
model the effect of a new tooling design or an adjustment on the current
design can now be predicted, but also the interaction with the thermal
treatment. This coupling is key in the design of the product discussed
in this paper.
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