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Abstract

Cyclic behaviour of a tempered martensitic tool steel is studied in relation with the tempering state and a cyclic fatigue-ageing con-
stitutive model is proposed. Kinetics of tempering and hardness evolution in the form of Johnson-Mehl-Avrami relation is introduced in
an anisothermal constitutive model developed in the framework of the thermodynamics of irreversible processes. Model parameter iden-
tification methodology based on two optimised cyclic tests is explained and applied in the temperature range from room temperature up
to 600 °C on a 55NiCrMoV7 tool steel with four different initial hardness levels. Validation is performed comparing model prediction
with experimental results obtained on one hand during cyclic tests performed above the tempering temperature inducing an important
micro-structural evolution as well as for samples with different tempering conditions not used for the identification process.

Keywords: Fatigue behaviour; Ageing; Tempering ratio; Tool steel; Cyclic constitutive model; Micro-structure evolution

1. Introduction

Development of numerical simulation methods, such as
finite element method (FEM) and boundary element
method (BEM), becomes one of the most important, power-
ful and time saving tool in design and innovation of indus-
trial products. However, accurate simulation and
numerical prediction need proper mathematical, mechani-
cal and physical models. Cyclic constitutive models have
been developed for decades for metallic materials subjected
to high-temperature fatigue, and a large number of cyclic
plasticity models with different complexities can be found
in the literature. Particularly, phenomenological models,
for which each physical phenomenon is described with a
corresponding macroscopic internal variable, are widely
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84723556.
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used due to their ability to reproduce many experimental
features. For example Miller [1] and Chaboche models [2]
are well known and frequently used in aeronautical and
nuclear industries. This last framework was also chosen
in previous works as the basis for describing and modelling
the anisothermal behaviour of martensitic tool steels [3-6].

Nevertheless previous investigations were conducted
with the assumption that material has a stable micro-struc-
ture. This is for example the case when testing temperature
is lower than tempering temperature. However, as proper-
ties are changing with tempering temperature, material
parameter identification has to be performed for each final
tempering state. Moreover, numerous investigations have
shown that the die-workpiece interface may reach temper-
ature levels higher than the tempering ones [7,8]. In such
conditions, steel may be subjected during its life to a con-
tinuous evolution of its micro-structure and related proper-
ties. As a consequence, the derivation of a model able to
take into account these micro-structural evolutions would
be of prime interest for industrial applications where mate-
rial initial and final state can vary from one die to another,



and where working conditions are different from one loca-
tion to another.

In recent literature some models involving micro-struc-
ture evolutions are reported. These models can be divided
into three major categories:

— Mixture law models, where total strain and temperature
are common variables in all material phases and where
classical phenomenological models are applied to each
phase. Micro-structure influence on cyclic behaviour is
taken into account through a mixture law based on
the volume fraction of phases. This type of model was
basically applied to Fe-C alloys in order to evaluate
the residual stresses and distortions after quenching or
heat-treatment [9—-14]. They can be used for all two-
phase or even multiphase materials, but it requires the
knowledge of the properties and behaviours of every
phase; however, it is often difficult to measure the prop-
erties of individual phases and to get the related consti-
tutive equations.

— Macroscopic models in which an internal variable is cor-
related to the micro-structure of material. For example,
Cailletaud [15] proposed an internal variable represent-
ing the quantity of precipitated phase in an IN100 alloy.
The same author [16,17] introduced also the ageing of
AS7U3G Al-alloy in an anisothermal elasto-visco-plas-
ticity model using the material hardness as representa-
tive of the transformed proportion of alloy. The
drawback of such model formulation is to be sometimes
far away from the physical phenomena that occur in the
material, on the other hand the advantage is to be easily
identified, using in general mechanical property mea-
surements. The model proposed in this paper belongs
to such kind of models.

— Models referring explicitly to a measured micro-struc-
tural parameter. For example Marquis et al. [18] treated
the ageing effect of Al-Cu alloy (AU4G) using the vol-
ume fraction of precipitation. His model was verified
valid also for Al/SiC composite by Chaboche et al.
[19]. Secondary dendrite arm spacing (SDAS) was pro-
posed by Smith et al. [20] as a parameter in an elasto-
visco-plastic model for Al-alloy for automotive industry.
Devy [21] introduced the size of precipitated y’ particles
into a cyclic constitutive model for an Astroloy alloy.
The parameter identification of this type model is based
on the investigation of the micro-structure of the mate-
rials that can be very time-consuming.

In this work an anisothermal model is investigated to
describe the fatigue behaviour of a martensitic tool steel
subjected to evolution of his micro-structure during tem-
pering and mechanical cycling at high temperature. In
order to achieve this goal, a macroscopic parameter called
“tempering ratio” and based on Vickers hardness measure-
ment is introduced. Model formulation, identification
methodology and validation of the model are successively
presented.

2. Tempering ratio and experimental fatigue test
2.1. Material and heat-treatment

55NiCrMoV7 hot-work tool steel, widely used in forg-
ing industry, with a chemical composition (wt%) of
0.56C, 1.7Ni, 1.0Cr, 0.5Mo, 0.1V, 0.2Si and 0.7Mn was
selected for this investigation. The steel was austenitised
at 850 °C for 1 h followed by a single tempering for 2 h
at 350 °C, 460 °C, 560 °C and 600 °C, resulting in a tem-
pered martensitic structure with a measured hardness level,
respectively, equal to 580HV,, 509HV,,, 457THV,, and
376HV,, (Table 1). These tempering conditions corre-
spond to the usual steel states required for industrial
applications.

2.2. Micro-structural parameter: tempering ratio parameter

The tempering process can be considered as a phase
transformation promoted by diffusion from an unstable
state (martensite) towards a stable equilibrium state (fer-
rite + globular carbides), which corresponds to the
annealed state of steel. The tempered steel is therefore in
a quasi equilibrium state (ferrite + primary carbides and
small secondary carbides) which is supposed to evolve
towards a stable equilibrium state as long as thermal and
mechanical conditions promote this evolution.

In order to define the micro-structural state, a definition
of a tempering ratio (7,), based on the measurement of
hardness of the steel, was introduced in previous works
[22-24): t, = (HV — Hy)/(H,, — Hy) where Hj is the hard-
ness after quenching, H_ is the hardness in the annealed
state, and HV is the hardness obtained after a given tem-
pering treatment. According to this definition, tempering
ratio values fall between 0 (as-quenched state) and 1
(annealed state). From this definition, a tempering kinetic
law was proposed in the form of the Johnson-Mehl-
Avrami type equation: 7, =1 — exp(—(D - 1)), where ¢ is
the tempering time, m is the ageing exponent depending
on the material and the previous austenitising—quenching
heat-treatment. D depends on tempering temperature and
follows the Arrhenius equation D = Doexp(—Q/RT), where
Dy is the pre-exponential constant, Q is the activation
energy of the tempering transformation, R is the perfect
gas constant (equal to 8.31 JK 'mol™!) and T is the

Table 1
Heat-treatment, corresponding hardness and tempering ratio (ty)

Quenching condition: austenitisation at 850 °C for 1 h, vacuum quenching
Tempering condition: 2 h at the selected temperature

Tempering temperature Vickers hardness Tempering ratio

0 (HVo,) (z)

350 580 0.3640
460 509 0.4788
560 457 0.5636
600 376 0.7102




tempering temperature in Kelvin. Identification of the
model parameters [22] gave following values Hy=
776HVy>, H. =210HV,, Dy=2.7x10%s"!, Q=
231 kI mol™!, m = 0.0518.

Based on this definition, the tempering ratio values cor-
responding to the four tempering conditions used for fati-
gue sample manufacturing are listed in Table 1.

2.3. Fatigue tests program

Isothermal fatigue behaviour of the steel at each temper-
ing state was investigated in the 20-600 °C range. All fati-
gue tests were carried out with a MTS 810 closed-loop
servo-hydraulic testing machine and Teststar II™ control-
ler connected to a personal computer. Samples were sub-
jected to total strain fatigue controlled test at the
following temperatures: 20 °C, 300 °C, 400 °C, 500 °C
and 600 °C. The round specimens were mounted in
water-cooled grips and heating was achieved with a 6 kW
induction generator. Temperature was controlled on the
middle of the sample by mechanically applied thermocou-
ples [5]. Strain is recorded with a 12 mm gauge length con-
tact extensometer with alumina rods. Cyclic tests were
started after heating at a rate of 200 °C/min and a temper-
ature stabilisation of 75 s [23,25].

Two types of fatigue tests were performed in reversed
total strain amplitude conditions with a triangular wave-
form [4,23]:

— Test type ome. Total strain amplitude is fixed to
Ag; = +0.8% during all the tests, whereas strain rate is kept
constant at 1072s~! during a first phase. The number of
cycles was selected in order to reach a near constant cumu-
lated plastic strain “p” close to 4 mm/mm whatever the
testing temperature and hardness, in order to ensure that
the material has reached the quasi-linear cyclic softening
stage. In order to study strain rate sensitivity of the steel,
three levels of strain rates were selected to cover the indus-
trial strain rate conditions arising when forging dies are
used in mechanical or hydraulic presses. Strain rate is then
varied from 107257 to 107s™! and 107*s! and only
three cycles were performed at each strain rate. This test
is used for kinematic and isotropic hardening parameter
identification, as well as for Young’s modulus and viscous
parameter identification.

— Test type two. Total strain amplitude Ag, was changed
in the following sequence: +0.6%, +0.7%, +0.8%, +0.9%,
and £0.7%, whereas strain rate was kept constant at
1072 s~!. The number of cycles performed at each strain
amplitude was selected to reach a cumulated plastic strain
“p” close to 1 mm/mm. This test allows a verification of the
parameter identified with test type one and is used for
strain memory parameter validation.

At each temperature, only two fatigue specimens are
needed to determine all the parameters of the cyclic consti-
tutive model when performing the previous optimised test
procedures. Depending on testing and tempering tempera-
tures, the material micro-structure is expected to be

“stable” or “unstable’ during the whole testing procedure
starting at the beginning of the heating up, as shown in
Table 2.

2.4. Results

The typical cyclic behaviour of the 55SNiCrMoV7 steel is
shown in Fig. 1 where the half-stress amplitude is plotted
according to cumulated plastic strain at four different test-
ing temperatures and for each hardness level. Tempered
55NiCrMoV7 steel undergoes cyclic softening regardless
of the initial hardness and testing temperature, i.e. half-
stress amplitude decreases with cumulated plastic strain
(i.e. the number of cycles). This softening could be divided
into two-phases, which are the rapid softening phase dur-
ing the initial few hundred cycles (cumulated plastic strain
<1 mm/mm) followed by a slow quasi-linear softening
phase till rupture [26,27]. The former is generally explained
by the rapid change of dislocation density inherited from
the quench treatment, the later is related to the formation
of dislocation sub-structure and carbide coarsening under
the action of time and temperature as well as cyclic load
[8,25,27].

As previously shown [25], cyclic softening behaviour is
strongly influenced by testing temperature and tempering
ratio of the steel (values reported are calculated at the
end of the fatigue test procedure). Generally, the higher
the tempered hardness of steel is, the higher is the yield
strength and the cyclic stress amplitude (see Fig. la
(20 °C), b (300 °C)). However, for fatigue tests at elevated
temperature > 400 °C, increase of the experimental stress
amplitude is not proportional to the hardness (see Fig. lc
(500 °C), d (600 °C)). As discussed in detail in previous
work [25], where a detailed analysis of the effect of ageing
on the cyclic behaviour of this steel can be found, it is
due to the effect of ageing during fatigue procedure (heat-
ing up, temperature stabilisation followed by the fatigue
cycling) when testing temperature is higher or equal to
the tempering temperature. Under these conditions, the ini-
tial hardness no more controls the fatigue behaviour. Con-
versely, the tempering ratio value is the relevant parameter
taking into account the micro-structure evolution during
the whole fatigue procedure. As a matter of fact, all sam-
ples with a close value of tempering ratio have a similar
cyclic softening behaviour.

Table 2
Fatigue test program (for test type one and two) and micro-structure
stability under these test conditions

Tempering Testing temperature (°C)

temperature (°C) 20 300 400 500 600

600 Stable Stable Stable Stable Unstable
560 Stable Stable Stable Stable Unstable
460 Stable Stable Stable Unstable Unstable
350 Stable Stable Unstable Unstable Unstable
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Fig. 1. Half-stress amplitude evolution according to cumulated plastic strain, for the four investigated initial hardness (Ae, = +0.8%): (a) 20 °C, (b)

300 °C, (c) 500 °C, (d) 600 °C.
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Fig. 2. Maximum stress measured during the first cycle (¢ = 1+0.8%)
according to the calculated tempering ratio before cycling.

As regard to a constitutive modelling, there is a direct
impact of the micro-structure evolution during the ageing
on kinematic hardening (back stress) as well as on the iso-
tropic hardening (drag stress). This can be seen in Fig. 2
where the maximum stress during the first strain increase
of the first fatigue cycle (directly related to the kinematic
part of a constitutive model) is plotted against the temper-
ing ageing parameter calculated at the beginning of the
cycling (i.e. after heating up and temperature stabilisation).
A linear relationship depending on testing temperature is
obviously observed. A similar relationship is found (see
Fig. 3) when plotting the half-stress amplitude (correlated
to the isotropic hardening) at a cumulated plastic strain
of p =4 mm/mm according to the tempering ratio calcu-
lated after cycling.

Consequently, interaction between fatigue and ageing
should be reproduced in a constitutive model for a proper
and general use for fatigue design purposes of such steels.

1400 *20°C

1200 T 0300 °C
= T ° - 4400 °C
S 1000 1 * 0500 °C
~ + x 600 °C
B 1
g 800”

600 1 \

400

0.3 04 0.5 0.6 0.7 0.8
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Fig. 3. Half-stress amplitude at cumulated plastic strain p =4 mm/mm
with respect to the calculated tempering ratio after cycling.

3. Cyclic constitutive model with ageing

Anisothermal cyclic plasticity model reported in more
details in Ref. [5] is used as the basis for introduction of
ageing effect. In order to be able to reproduce the experi-
mental features in cyclic conditions, it takes into account
kinematic hardening, strain rate and strain memory effects,
and uses two back stresses to describe the non-saturating
cyclic softening of such tempered martensitic steels. State
equations and evolution laws were derived from dissipation
potential and thermodynamic potential (free energy) in the
framework of the thermodynamics of irreversible
processes.

3.1. Introduction of ageing effect in cyclic constitutive model

A new internal scalar variable 7, (tempering ratio)
related to steel ageing is introduced into the previous



elasto-visco-plastic model [5]; its associated thermody-
namic variable is called “Z”. Considering ageing-fatigue,
free energy was derived in the following form':

where ¢;, a; Q1, Q», b, L are scalar model parameters
depending on temperature and steel grade, o; ry, 2, Ty
internal variables and X;, R, R,, Z their associated vari-
ables, ¢ is the strain memory variable, &, and g, are elastic
and plastic strain tensors.

From Eq. (1), the state equations can be derived:

g=p%=g-§e (2)
X, = g—zzgci a;- o (3)
&=p%:th (4)
Rz=p27d;=b 0,(q) - 12 (5)

:pg%;L (1-1,) (6)

The micro-structure change, i.e. evolution of tempering
ratio 1, is associated to an ageing potential Q, [19]. There-
fore, total dissipation potential can be divided into Q, and
plastic potential Q:

Q:Qp(ga&aRj;%vrjapaT)+QV(Z;TV7T) (7)

Visco-plastic dissipation potential is selected in the form
[6,28]:

K f n+l1
Q = =
P n+l<K> ®
where
f—G—f—zz: iX 'X—lc2 a;- oo —l—LR2
= - dg i 2iT g in %X 20, 1
0 , b0O,,
- RF_x=l,2 7=2
+2Q2b§ 2 2’”1 P X

and G = Jy(g — X) — Ry — R, — k defines a Von Mises type

yield surface with X =37 X, and Jy(gc—X)=

V/3/2(c’ —X') : (¢/ — X') where X’ and ¢’ the deviatoric

parts of X and ¢ and where K, n, k are temperature, tem-

pering ratio and steel grade dependant parameters.
Ageing potential is proposed in the form:

! Notation: x, second order tensor; C, fourth order Hooke’s tensor.

z

From (8) plastic strain rate evolution is:
0Q, 3 Jd—-X
"% 27 e 1o
and
1
. S\ P
P:Q;(f):<i = 3% (11)

is the cumulated plastic flow rate and flow rules of the
internal variables are written as follows:

g:_@:%_c.g.p (12)
0, . . 0y .
I :—a—R'::p and r2=—6—RZ=P(1—b"’2) (13)

Ageing variable flow equation is derived from expres-
sion (9):
0Q, VA

— — — . m—1 . . n
57 7! m-D (14)

T, =

Combining Egs. (6) and (14), ageing parameter evolu-
tion expression can be rewritten:

ty=(1-1)-""-m-D" (15)

This later equation corresponds to the tempering ratio
rate obtained by derivation of the tempering kinetic law
7y =1 —exp(—(D - t)") reported in Section 2.3 and Ref.
[22]. For numerical simulation purposes with complex
time-temperature routes, the following equation is
preferred:

m=1
=t 1w ()]
(16)

Under the assumption of decoupling the thermal dissi-
pation and intrinsic dissipation, the second principle can
be written:

@:Qlﬁp—Rl'l.”l—Rz'I.’z—liz—Z".L'v (17)
namely:
0=G '+i' X-X+(k+R—§) '
=G-p 2ap A A 0, p
ZZ
+Im~D’”~t’”’1 =0 (18)

where the first three terms correspond, respectively, to vis-
cous, kinematic and isotropic flow dissipations. The last
one represents the ageing dissipation of the steel. Intrinsic
dissipation is always positive and shows that the model is
in agreement with the thermodynamic principles.



3.2. Identification methodology

Model parameter identification is performed using the
SiDoLo software [29]. Differential equations of the unidirec-
tional model formulation are implemented in user subrou-
tines with Fortran language. Minimising the difference
between test results and model prediction, the model param-
eters are obtained after an iterative optimisation process.

Identification methodology of model parameters includ-
ing ageing effect is done in three successive steps:

(i) Identification of ageing kinetic law parameters (H,,
H.., Dy, Q and m) using hardness measurements for
various times and temperatures. A detailed descrip-
tion can be found in Ref. [22] and results have been
reported in Section 2.3.

(i) Identification of the eleven elasto-visco-plastic cyclic
model parameters from isothermal fatigue tests (test
type one and two) conducted for different tempered
states and for temperatures assuming that micro-struc-
ture is stable during the duration of the cyclic testing
(i.e. between 15 min and 1 h). Detailed identification
procedure and methodology can be found in Refs.
[4,5,23].

An example that shows the quality of the identification
process is shown in Fig. 4 for a type 2 test performed on
a 475HV,, sample tested at 300 °C. This result can only
be obtained if plastic strain memory effects are integrated
in the model: if strain amplitude is increased after a previ-
ous linear softening is achieved (for example from +0.6%
to £0.7%, respectively, to +0.8% and +0.9%), a new rapid
non-linear cyclic softening appears. In the opposite, if
strain amplitude is decreased from +0.9% to +0.7%, soft-
ening remains linear, and moreover lies in the continuity
of the linear softening curve obtained for the previous
40.7% cycles (shown as a dashed line in Fig. 4).

(iii) Determination of relation between each cyclic model
parameters and the tempering ratio calculated just
before starting the cycling. Indeed, micro-structure
may evolve during the heating up, and the 75 s tem-
perature stabilisation before starting the cycling (see
Ref. [25] for more details).

1150 -+ Experimental

— Simulation f
_[+09%]

1100

1050

““““““

Ac/2 (MPa)

1000

0.0 1.0 2.0 3.0 4.0 5.0
Cumulated plastic strain (mm/mm)

Fig. 4. Half-stress amplitude-cumulated plastic strain for a type two test
on sample 475HV,) , tested at 300 °C: experiment-simulation comparison.

3.3. Model parameters results

The evolution of all isothermal cyclic model parameters
with the corresponding tempering ratio parameter calcu-
lated before cycling is presented in Fig. 5. Except for
Young’s modulus £ and p (parameter related to strain
memory), not shown in Fig. 5, all parameters significantly
evolve with tempering ratio.

For a given temperature all parameters vary linearly
with tempering ratio. Therefore, a general linear equation
is proposed for all parameters, in the form:

P=P(T,t,) =Py(T)+Py(T)- (1 —1y) (19)

where T is in °C.

A simplified equation can be used for kinematic harden-
ing parameters ¢; and isotropic hardening variable Q;, as
no temperature dependence was observed:

P=Py+P,-(1-1) (20)

If 7, = 0 (respectively 7, = 1), P represents the material
parameter for the quenched state of the steel (respectively
for the annealed state of the steel).

Above-mentioned equations were then introduced in the
identification software SiDoLo, as well as the tempering
ratio evolution Eq. (16), and a new global identification
process taking into account all experimental results was
performed in two successive steps. This new identification
integrates the possibility of micro-structure evolution dur-
ing the fatigue cycling.

Step 1. Py and Py identification for kinematic and vis-
cous parameters.

For a given temperature, all experimental stress—strain
loops stored during test type one for the three strain rates
(1072s7!, 107357, 10™*s7") and for the four tempered
states are simultaneously considered in the optimisation
process, i.e. 12 experimental stress—strain loops. An exam-
ple is shown Fig. 6 for tests performed at 500 °C.

Step 2. Py and P; identification for isotropic parameters
and true elastic limit.

For a given temperature, all cyclic softening curves
Ac/2 — p gathered for all tempering states are simulta-
neously used. Fig. 7a and b are reporting two experimen-
tal-simulated comparisons at room temperature and
300 °C.

Finally, all model parameters are summarised in
Table 3.

4. Cyclic fatigue-ageing model validation

Model predictive capabilities have been validated in two
different and complementary situations.

(1) First validation condition concerns samples subjected
to testing temperatures higher than the tempering
ones. In such conditions, micro-structure evolution
occurs during the cyclic testing. Fig. 8 shows the good
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agreement between experiment and simulation for
successive stress—strain loops during fatigue testing
of a 580HV,, sample (tempered at 350 °C) tested at
600 °C. During this test, tempering ratio parameter
varies as shown in Fig. 9, indicating an important
evolution of micro-structure and hardness (approxi-
mately 30HV,,).
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Fig. 7. Half-stress amplitude versus cumulated plastic strain, experimen-
tal-simulation comparison: (a) room temperature, (b) 300 °C.

Fig. 10 shows that the model is also able to predict the evo-
lution of the half-stress amplitude for all the samples tested
at 600 °C, whatever the initial hardness. Indeed, three sam-
ples (580HV,,, S09HV,, and 475HV,,,) are tested at tem-
peratures higher than the tempering temperature. On the
opposite, the 376HV , sample is tested at the same temper-
ature than the tempering one. For the simulation, the
whole heating up and waiting period before cyclic testing

Table 3

Fatigue-ageing model parameters

Parameter T Py P; Parameter T Py Py

K (MPas) 20 °C —87.25 498.54 k (MPa) 20°C 352.09 —363.53
300 °C —38.8 1178.61 300 °C 406.09 —805.35
400 °C —87.95 704.77 400 °C 246.36 —22.33
500 °C —95.27 1422.56 500 °C 391.29 —977.94
600 °C 195.35 1069.6 600 °C 203.23 —985.54

n 20°C 1.01 64.09 b 20°C —0.96 26.09
300 °C 16.27 59.1 300 °C 3.13 1.15
400 °C 1.1 23.49 400 °C 2.79 1.73
500 °C 2.69 43.06 500 °C 2.76 0.63
600 °C 6.06 13.44 600 °C 4.87 —0.026

a; (MPa) 20°C 117.88 321.63 0r0 (MPa) 20°C 150.3 —1827.9
300 °C 221.41 —65.2 300 °C 138.7 —822.72
400 °C 231.84 —98.49 400 °C -3.96 —395.91
500 °C 100.35 57.18 500 °C —58.87 —273.76
600 °C 100.0 49.09 600 °C 17.8 139.27

a, (MPa) 20°C 180.99 920.0 &) 250 11515
300 °C 29.26 920.0 2 81.17 877.44
400 °C 132.22 646.04 0, (MPa) —1.35 —21.04
500 °C 115.19 371.99
600 °C 16.83 381.11

Young’s modulus E = 214324-103T (MPa).
Poisson ratio v = 0.3, u = 420.
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Fig. 10. Half-stress amplitude evolution at 600 °C: comparison between
experiment and simulation.

is taken into account. As a result the tempering ratio of the
first three samples are close to each other before cycling
(respectively 0.4820, 0.4855, 0.5708), especially the two
first, and consequently half-stress amplitude evolutions
are close to each other. Calculated tempering ratio before
cycling of the 376HV,, sample (0.7032) is far above and
the cyclic curve is clearly separated. Simulation and exper-
iment are in very good agreement giving a first validation
of the fatigue-ageing behaviour model in such conditions.
(i1) Second validation is performed using samples tem-
pered at 500 °C for 2 h resulting in initial measured
hardness of 495HV». For this sample, the tempering
ratio calculated with the kinetic model gives 0.4965,
whereas the measured one is 0.4964. Fatigue-ageing
model was used to predict the behaviour during a
fatigue test performed at 500 °C under a total strain
amplitude of +0.8% and a constant strain rate of
10725
Fig. 11 compares successive stress—plastic strain loops.
Plastic strain amplitudes for all the cycles, as well as their
rapid increase during the 100 first cycles are well predicted.
During this test, only a low evolution of the tempering
ratio is predicted (see Fig. 12). The predicted half-stress
amplitude evolution during the cycling is plotted Fig. 13
and compared to the experimental one. If the general evo-
lution is well predicted, the slight discrepancy observed

a
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Fig. 11. Stress—plastic strain loops for the 495HV,, sample tested at
500 °C (Ag = £0.8%): (a) experimental, (b) simulation.
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Fig. 12. Calculated tempering ratio evolution during isothermal fatigue of
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Fig. 13. Half-stress amplitude evolution for the 495HV,, ;, sample tested at
500 °C (Ag, = +0.8%): comparison between experiment and simulation.

(5%) is attributed to the typical variation of the Young’s
modulus and true elastic limit from one sample to another
taken in a same batch. Nevertheless this result obtained on
a sample with a hardness not included in the identification
process shows the reliable predictive capability of the fati-
gue-ageing model. Above all, whatever the tempering and
the testing temperatures may be inside the investigated
range, the proposed model is able to correctly simulate
the fatigue behaviour of a quenched and tempered steel
with a single set of identified parameters.

5. Conclusion

An anisothermal elasto-visco-plastic constitutive model
taking into account the micro-structure evolution induced
by time-temperature ageing was formulated in the frame
of the thermodynamics of irreversible processes. Temper-
ing ratio (t,) and tempering kinetic law in the form of
Johnson-Mehl-Avrami relation was introduced as a model
internal variable to predict the micro-structure evolution.
Concerning the model parameter identification, a special
test program was conducted using samples with four initial
decreasing hardness levels. An optimised testing procedure
and corresponding identification process has required only
two samples per temperature in order to determine the
eleven model parameters at each temperature. The quality

of the identification process has been checked for all the
tests.

Evolution of all model parameters with tempering ratio
and temperature was found to follow a general linear equa-
tion. After the introduction of these relations and temper-
ing ratio evolution with time and temperature in the
identification procedure, the identification process was
done again for each temperature, in one shot, taking into
account all experimental curves registered for all hardness
levels.

Validation of fatigue—ageing model was performed by
comparing stress—strain loops and half-stress amplitude
evolution predictions with experimental results on samples
presenting a micro-structure evolution during cyclic test-
ing, and on samples with an initial hardness (i.e., tempering
ratio) different from those used in the parameter identifica-
tion process. In both cases results are in good agreement
with experimental results and, moreover, the model gives
interesting indications on the micro-structure evolution
process in plotting the tempering ratio evolution along
the material sample history.

As a result, such kind of fatigue-ageing model has a
direct industrial interest for tempered martensitic tools
steels. First it allows the knowledge of the fatigue model
parameters whatever the initial tempering conditions
applied on a die, without a new testing campaign. Second
it permits to take into account the micro-structural evolu-
tion of local zones of a die (for example close to the sur-
face) in an design simulation procedure in relation with
life time prediction.
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