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Abstract. In this paper, a new modelling is proposed to describe the viscoplastic behaviour of face-centred
cubic (FCC) metals. Creep tests under various conditions were performed. The material chosen to test the
model is Al-1050. The plastic deformation is controlled by intragranular diffusion when the test temperature
exceeds 0.4T,,. The developed model involves two state variables related to the microstructure: dislocation
density and subgrain size. The grain size is assumed to be constant in the intermediate temperature range.
Validation tests were proposed to justify the reliability of the developed model in various loading conditions.
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1. Introduction

The development of forming operations of sheet metal requires the use of numerical simula-
tion tools based on the resolution methods such as finite element methods. For this purpose,
the choice of the accurate modelling of thermomechanical behaviour of the material that has to
be introduced in the numerical code is a decisive step. Various models are now available in the
literature to describe at low scale the viscoplastic behaviour by taking into account inter- and
intragranular effects (model of Pierce and et al. (1983), model of Cuitino Ortiz (1992), model of
Teodosiu et al. (1997), etc.). The models are selected so that they present a similar formalism: a
flow law plus a hardening law. This makes it possible to use the same numerical scheme to in-
tegrate each model [1]. In our case, a viscoplasticity model based on physics is proposed to de-
scribe the thermomechanical behaviour during creep tests of face-centred cubic (FCC) metals
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such as Al-1050. Dislocations are important microstructure features, as their mobility greatly im-
pacts the strength and plasticity of crystal materials [2]. Therefore, dislocations and their associ-
ated mechanisms for a given microstructure are generally self-sufficient to macroscopically ex-
plain most of the mechanical properties [3]. Physically, strain hardening and dislocation pattern-
ing are strongly interrelated. The microstructure evolution during high-temperature deforma-
tion is to be taken into account. Definitely, the temperature plays an important role in the devel-
opment of microstructures by promoting the annihilation of dislocations and thus the dynamic
recovery. The evolution of dislocation density and their structuring within the material controls
the evolution of flow stress during the plastic deformation. To determine the effects of complex
loading, it is wiser to use models whose state variables related to dislocations microstructure are
better able to evolve according to the history of the material [4]. In this study, two internal state
variables (dislocation density and subgrain size) under different loading conditions were inves-
tigated. It is important to note that the present article can be considered as an extension of a re-
cently published study [5], the latter was devoted to modelling the thermomechanical behaviour
of FCC metals (e.g. aluminium 1050A alloy) under tensile tests. All the tests were performed for
each imposed temperature and a constant strain rate, the time factor is not taken into account.
The effect of microstructure on the mechanical behaviour during plastic deformation was in-
vestigated. Two opposite and simultaneous physical phenomena were generated during plastic
deformation: the strain hardening rules that occur because of dislocation multiplication mech-
anism within the crystal structure of the metal and the dynamic recovery governed by thermal
activation. Dynamic recovery allows dislocations to overcome obstacles to their motion to form
a cell structure more homogeneous and less dense [6]. The theory of thermal activation indicates
that we will have to apply to the dislocation located at a point, a stress at least equal to the internal
stress exerted on the dislocation (o = g},) [7]. In the intermediate temperature range (T = 0.4T,),
the process of annihilation and rearrangement of dislocations may give rise to the formation of
subgrains or dislocation cells, which contribute to the strength of the metal [8]. In this study, the
evolution of internal stress and dislocation microstructures during creep tests under the coupling
effect of strain rate and temperature was investigated. New equations were developed to predict
the thermomechanical behaviour in creep for FCC metals under various conditions with and
without sudden change in load. A set of constitutive equations and model parameters were used
to describe the creep behaviour of FCC metals over a wide range of strain rate and temperature.
Experimental data derived from literature [9] are used to validate numerical results.

2. Presentation of the thermomechanical model under tensile test

For temperatures higher than 0.4 T}, the applied stress depending on the microstructural param-
eters is represented by the internal stress according to the following relationship [10]:

b I'b
azaﬂ(e,é,T):ale\/ﬁ+a2G\/;+a3G o’ (1)

where a1, a2, and a3 are dimensionless constants.
The microstructural parameters p and d vary significantly during plastic deformation and are
closely dependant on strain rate and temperature [5]:

p = ps(1—Kexp(—K,¢)) )
d = ds(1+2exp(-K,¢)) @)
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Table 1. Numerical values of model constants [5]

a; a» a3 dyoum) n B(m?®) Dum) Am*®x107% po(um=2) C b (um)

02 007 008 05 50 7500 60 2500 50 40 2.86x 102
with

. 1

ps(€,T) = [bdsKa + po 4)
. AN
ds(é,T) =dso+A(D—L) (5)
Kq(&,T) = Kao+B(i) " (6)
Dy

K,=C-K, ™)

1
K= T baK,po (®)
Kao = 3dy, 9)

where A,B,C, and n are constants determined from uniaxial tensile test. K is an integration
constant. dgyp and K represent, respectively, the values of ds and K, for low temperatures and/or
high strain rates [11]. po represents the dislocation density before deformation, we introduced
this quantity in order to account properly the initial conditions of the deformation.

The diffusion coefficient D (T) is given by the following relation [12]:

42
Di(T)=1.7x10"%e
(T) X Xp( RT

+6x10 7 exp| 2. (10)
P\ rT

As a reminder, the basic equations (2) to (9) have been developed and demonstrated in the
previous publication [5]. In addition, the constants of the model were identified in this step
(Table 1). These values were chosen on the basis that they give a best fit of numerical curves
to the experimental data.

3. Modelling of creep at constant load

The creep process is accompanied by many different microstructural rearrangements including
dislocation movement, ageing of microstructure, and grain-boundary cavitation [13]. This phe-
nomenon is highlighted by tensile test under constant load. The deformation occurs instanta-
neously and the behaviour is highly sensitive to strain rate £. The test reveals the influence of
temperature and applied load on the various stages of creep by taking into account the evolution
of two internal parameters (p and d). The creep curves can be represented in two types of func-
tion £(¢) or &(¢). For an irreversible deformation process, an incremental relationship involving
stress, strain, and strain rate is defined as follows [9]:

do=0d5+ﬁdln(i) an
Dy
with

0o . 3 0o
:(E)(g,T), P= aln(DiL)

£
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0 and p are analytically calculated using the relationships previously described:

R e
2 0—p 2 Ods
1 K, Ups)2 > [ ) < (Ud )2> ]}
- 5 es) 1\ y Kel1-[=%] )-1 1
B IOdS{ O 5 <(Up +0q|K € s (13)

0ps and o 45 are used to simplify the expressions of & and  such as

['b
0ps=a1Gb\/ps; 045=a2G 5
)

The flow stress evolution during creep can also be expressed in exponential form as a function of
effective strain:

o =0pexp(e) (14)

0y is the initial stress corresponding to the beginning of primary stage of creep (at € = 0). It is
deduced from (1) by using the minimum boundary condition:

b b
00=a1Gb\/p0+a2G —+a3Gy/ —. (15)
\ do \' D

This study assumed that the metal does not undergo recrystallization of the structure, then the
grain size remains constant (D = Dy = constant).
The viscoplastic behaviour expressed by the function &(¢) can therefore be formulated com-
bining equations (1) and (15):
¢ Creep at constant load (do/de = 0):
dé¢ (o-0
de ( p )
+ Creep at constant stress (do = 0):
dé (-0),
= (—) £. 17

de B
The numerical integration of relationships (13) and (14) allows us to plot the creep curves &(g)
at constant load and at constant stress, respectively. However, before making the numerical
calculation, we must first find the initial values d;; and ép; corresponding just at the beginning
of the primary creep. The expression of dj; is obtained directly from the relationship (12). dj is
taken equal to 3 times the value of dg; [14, 15]:

£ (16)

aiG*b

dsi = .
" 3(00—0p0 — 0 D)2

(18)

The expression of the initial strain rate (&y;) corresponding to subgrain size dg; can be determined
from the relationship (2): ;
To ensure the consistency of our model, several tests under various conditions were performed
by comparing the calculated results with the experimental ones. A computer program (Fortran in
our case) is used to plot numerical graphs from the different relationships of the model. Figure 1,
for example, describes the creep curves at constant load for different conditions of solicitation.
The three stages of creep deformation are well described. It is checked that high initial stress
levels and high temperatures accelerate the creep process.

NB/In the calculated curves, the same conditions of solicitation as those of the experimental
tests are imposed.
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04 —— Calculated curve L] L] = Experimental curve [9]
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Figure 1. Creep curves for Al-1050 sheet under different conditions of solicitation.

Several experimental works [16, 17] showed that during creep, an abrupt change of the initial
stress amplitude (o) induces a significant change in the material microstructure. Various tests
were carried out in this context. At a given temperature (T = 0.4T},) and for a defined level of
plastic deformation €*, an abrupt change of o causes a noticeable change in the microstructure
via the internal parameters p and d. The variation in flow stress Ao due to the jump in load
between two amounts (F; = g1 x S; — F» = 02 x S») can be determined as follows:

0(5)2{01 =001exp(£),£<£*} 20)
g2 =00p2€exp(e),e=¢
Ao = (0g2 —0¢1) expe”. (21)

According to experimental and numerical works studying the physicomechanical behaviour
of metals, creep test with sudden change in load (or temperature) leads to a rapid change in the
material microstructure. This can be explained by the appearance of a transient during the jump:
the subgrain size evolves rapidly to reach its new stationary value (ds»), while the dislocation
density p has a negligible change as long as the deformation is almost constant. For this reason,
only the variation of the parameter d during the jump was considered.

Two steps to consider:

e Just before the jump (¢ < £*):

{d1 =dgll +2exp(—K,’11€*)]} (22)
p1=p]
o Just after the jump (e > £*):
{dz —dyll +2exp(—K;28*)1} (23)
p2=p; ,

where p] and p; represent the dislocation density just before and after the jump, respectively.
Considering that the dislocation density remains constant during sudden change in load, that
is, p} = p; and using the relationship (1), we can deduce the physical expression of Ao

1 1 )
— . (24)

Vi i

Ao = agG\/}_ﬂ
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Figure 2. Creep test at constant load with a sudden decrease in the load.

In order to simplify the mathematical expression of the relationship (21), we can replace the
instantaneous subgrain size by its stationary value dj, that is:

¢ Creep under constant load:

11-2
(g2 —0¢1)expe” ( 1 )E
dyp=|———""7—+|— (25)
2 a>GVD ds
¢ Creep under constant stress:
11-2
(02— 001) ( 1 )5
deyp=|————+|— (26)
§ a>GVb ds1

In order to check the reliability of the proposed model, the calculated results are compared
with relevant experimental results in the literature. Two different tests were carried out; one
with a sudden decrease in load (Figure 2), while the other is performed by a sudden increase
in load (Figure 3). As shown in both figures, a good fit is observed between experimental and
calculated curves. These figures show two types of behaviour: continuous creep (without jump)
and discontinuous creep (with jump).

After certain period of time, the discontinuous curve tends towards a steady state and con-
verges towards the continuous curve.

Note that, the transient reflect the profound evolution of the internal variable (d) that should
be progressive (not sudden) between two stationary values ds; and dj,. Eventually, the curve after
the jump tends towards the steady state and converges towards the curve illustrating the test
without the jump. Therefore, we can observe that the abrupt decrease in the load causes a rapid
increase in creep rate, while increasing the load causes a rapid decrease in creep rate followed by
accelerated growth in its last stage (tertiary creep).

A comparative study was carried out between the two types of creep: at constant load and
at constant stress. For this purpose, we have chosen one of the experimental cases available in

C. R. Mécanique, 2021, 349, n° 1, 55-64
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— Calculated curve = = = = Experimental curve [9]

Jump level

Figure 3. Creep test at constant load with a sudden increase in the load.
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Figure 4. Comparison between the creep curve at constant load and creep curve at con-

stant stress.

the literature (oo = 27.65 MPa and T = 480 K). Figure 4 illustrates the two types of curves clearly
differentiated: in the first case, a significant acceleration of creep in the tertiary stage is observed,
this is due to the increased inflow stress, while in the second case, a steady state creep is observed
and the tertiary stage has not been reached yet, itindicates a thermomechanical balance between
the two simultaneous and antagonistic phenomena: strain hardening and dynamic recovery.

C. R. Mécanique, 2021, 349, n° 1, 55-64
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16
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Figure 5. Evolution of the subgrain size with temperature and/or strain rate.

Furthermore, the steady state creep behaviour of Al-1050 alloy can be described by (24)
derived directly from (1) using the maximum boundary condition:

I'b I'b
os=a1Gb\/ps+a2G\/ — +a3G\/ —=. 27
ds D

The proposed model still allows us to describe other changes in the material microstructure;
for example, Figure 5 shows the evolution of the average subgrain size d as a function of the
term (¢/Dp), which includes the combined effect of strain rate and temperature (replaces the
physical parameter of Zener-Hollomon Z). The experimental curve is plotted for different values
of temperature and strain rate. In the intermediate temperature range (293 K < T < 540 K), a
better agreement is observed between calculated results and experimental data.

4. Conclusion

The proposed study is an extension of preliminary study which has already been published. The
encouraging results obtained previously motivated us to develop the proposed model in order
to extend it to other complex mechanical behaviour. Understanding response of the material
to the combined effect of temperature and strain rate is useful in designing failure resistant
systems. Also, understanding the dependence of deformation mechanisms at microscopic scale
on the macroscopic material behaviour is more relevant than empirical-based models. The
proposed model shows, in a wide range of temperatures and strain rates, the effect of the
microstructure parameters on creep behaviour of Al-1050 alloy. This approach can be generalized
to metals having FCC crystalline structure. The different figures depict a good agreement between
calculated results and experimental data. In addition, this study was carried out on the two types
of creep: at constant load and at constant stress. Besides, to assess the reliability of the model, we
conducted tests with and without load jump. The study also shows that the flow stress is governed
simultaneously by the strain hardening rate (f) and the strain rate sensitivity (). The proposed

C. R. Mécanique, 2021, 349, n° 1, 55-64



methodology has enabled to achieve an adequate description of the thermomechanical response
of the material studied during creep tests. Computer programs were carried out to represent the

different results.

Finally, this numerical modelling can contribute to simulate several phenomena that result
from hot forming, for example, stress relaxation, necking, and thinning behaviour), predict the
creep-damage behaviour of metals, extend the study to other types of structure (cc for example)

etc.

Nomenclature

o (MPa)
FN)

S (mm?)
0 (MPa)

B

p (um™?)
ps (Lm™?)
d (um)

ds (Lm)
D (pm)
o, (MPa)
o4 (MPa)
op (MPa)
G (MPa)
£(s7h

T (K)

b (um)

ka

ky

Dy (m?-s71)
R (J-mol .K1)
Ty (K)
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