M. Gaci, Frattura ed Integrita Strutturale, 59 (2022) 444-460; DOIL: 10.3221/IGF-ESIS.59.29

Numerical study of TRIP transformation in 35INCD16 steel-effects of

plate orientation and some criteria

Mounir Gact
Laboratory of Mechanics, University Freres Mentouri Constantine 1, Constantine, Algeria
monnir.gack@ume.edn.dz

Kamel Fedaoui, Lazhar Baroura

University Freres Mentouri Constantine 1, Constantine, Algeria

Kamel. fedaoui@umec.edn.dz, hitps:/ / orcid.org/ 0000-0003-0885-6914
barouralaz{@yahoo.fr, bttps:/ [ orcid.org/ 0000-0002-6747-5049

Amar Talhi

Metallurgy and Materials Engineering, Foundry laboratory,
Badji Mokhtar University - Annaba, Algeria
talbiamaryacind@gmail.com

ABSTRACT. This study aims to analyze the effect of thermo mechanical coupling
damage in the presence of a phase change (austenite/martensite) in 35NCD16 steel.
The impact of increasing mechanical traction load, accompanied by a martensitic
transformation on the scale of a single grain with boundary has been studied. The
prediction transformation of induced plasticity (TRIP) was evaluated by taking into
account the following parameters: twenty shear directions of the martensitic plates,
two values of the shear deformation of the martensitic plates, energetic and
thermodynamics criteria for getting in order the transformation of the martensitic
plates, elastoplastic behavior of the two areas in the first case (martensitic plate and
grain boundary) and elastic behavior for the grain boundary in the second case. The
numerical calculation is catrried out using the finite element method (FEM),
implemented in the Zebulon calculation code. The developed approach is validated
using the available experimental results reported in the literature. The numerical
results showed that the estimation of TRIP given by the energetics criteria with the
values of the shear deformation (yp = 0.16) are closer to the experiment results.
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INTRODUCTION

he deformation transformation is accompanied by an additional plastic deformation, or plasticity of transformation
commonly called TRIP. This phenomenon takes place in steels solid phase change, under the application of the
stress even lower than the elastic limit of austenite [1]. TRIP is observed much more in: nuclear reactor vessels, heat
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treatment processes, welding, etc. [2, 4]. One of the essential characteristics to emphasize this phenomenon of plasticity
transformation is its itreversible nature [5, 6 and 7].

According to Mitter [8], the phenomenon of transformation plasticity is generally explained by two mechanisms. The first
presented by Greenwood-Johnson [9]; during a transformation the two phases involved (mother phase and daughter phase)
do not have the same compactness (different volume). When an external stress is applied on the macroscopic scale, the
plastic deformation will then be oriented. The second mechanism given by Magee [10] explains the phenomenon of TRIP
in the case of martensitic transformation by the variation in volume, resulting from the formation of plates during
transformation, under the effect of an external weak stress (lower than the elastic limit of austenite) [11]. Poirier [12] has
defined transformational plasticity as a temporary mechanical weakening of a material, which undergoes a phase change.
The following effects [13] can characterize the phenomenon; an increase in the rate of deformation, beyond the rate allowed
thermally in the case of creep at constant stress and a drop in the stress, in the case of tests deformation at constant speed.
Several analytical and numerical models have been proposed to satisfactorily describe the value and the kinetics of the plastic
transformation flow (TRIP). These models are generally based on several micro-macro approaches, without however taking
an interest in the fine evolution of the microstructure. Among the related reported work, we find Berveiller et al [14], Diani
et al [15], Han et al [16], Inoue et al [17] and Ganghoffer et al [18]. In addition, these models are generally used in the case
of simple types of loading and weak values of stress. Greenwood and Johnson [8], were the first to publish an interpretation
relating to transformational plasticity. The Greenwood and Johnson approach was based on several hypotheses such as:
The transformation is supposed to be complete, each phase is supposed to be perfectly plastic and the classical macroscopic
plasticity criteria are applicable at the microscopic scale.

For the prediction of the TRIP phenomenon, Leblond [19] developed an analytical model based on the Greenwood-
Johnson mechanism [8]. The model is based on a simplified micro-mechanical approach, which assumes an elastoplastic
behavior of the two parent and produced phases. Other approaches were developed with the aim of a better estimation of
TRIP in its two parts (kinetics and the final value) [20, 21] such as:

-A micromechanical approach [21], combining theories of limit analysis and homogenization makes possible to overcome
the excessive hypotheses introduced in the Leblond model [19].

-The second approach takes into account the viscous character of the two phase’s behavior (parent and produced) [23].
The purpose of this work is the analysis of the numerical simulation parameters effects on the TRIP phenomenon during
martensitic transformation in 35NCD16 steel. The numerical computation is based on a micromechanical Wen model [24]
using FE in two dimensions (2D) in a single grain with boundary scale. The applied mechanical loading is an increasing
tensile stress in x direction with gy max = 118 MPa [25]. The following calculation parameters used in this study to give the
order of plates formation are: the 20 shear directions of the martensitic plates (in reported works, the number of shear
direction were eight [18]), the two values of the shear deformation of the martensitic plates (yp= 0.16 and 0.19 [26]) and the
thermodynamics criteria MMDF (Max Mechanical Driving Force) [18], AMDF (Average Mechanical Driving Force) [24]
and ESE (Elastic Strain Energy) [26] energetic creteria expressed in the local and global benchmarks. In the first case,
elastoplastic behavior for the two domains (martensitic plate and the grain boundary) was taken into account, whereas in
second case, the elastic behavior has been considered only for the grain boundary. Consequently, the influence of the
numerical calculation parameters on the final value and the TRIP kinetics have been discussed and compared with the
experimental results reported in the literature [25].

THE DEFORMATION OF THE TRANSFORMATION PLASTICITY -TRIP

The macroscopic behavior of a material can be modeled using two methods. The first is based on the thermodynamics

rules for irreversible processes and the second is based on microstructural deformation mechanisms. The macroscopic
behavior laws are obtained by passing from micro to macro scale [27]. For a better understanding of the TRIP phenomenon,
the study of the involved physical mechanisms are necessary [28, 29]. Different authors have taken an interest in this problem
by focusing on two types of tests: Cooling under stress and mechanical tests of deformation by traction, compression or
torsion at constant temperature. Gautier et al. [30] observe a linear variation in the plasticity of transformation in the applied
stress domain less than the elastic limit of austenite. For higher stresses, this plasticity increases rapidly. The authors find a
linear variation in the plasticity of transformation in the domain of applied stress less than the elastic limit of austenite.
Videau et al [31] studied the plasticity of transformation for different loading paths [6] in the case of bi-axial loadings
(traction-torsion). They have shown that for the martensitic transformations, the equivalent TRIP of Von-Mises criteria is
independent of the loadings type when the value of the equivalent stress was the same.The authors also conclude that the

I n the literature, the first models were not proposed until several years after the discovery of the TRIP phenomenon.
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flow direction of the transformational in plasticity is the same as the effective stress ones, which is defined as the difference
between the applied external stress and internal stress of the material [31].

Greenwood and Johnson [9] have carried out several theoretical and experimental works to elucidate the phenomenon of
transformation plasticity. To study the irreversible elongation during cycles with transformation, they have carried out many
tests on pure iron, iron-carbon alloy, uranium, zirconium, titanium and cobalt samples. Their results show a linear
relationship between the plasticity deformation of transformation and the applied stress, up to stress levels equivalent to
half of the yield strength of the austenitic phase [32, 33].

The Fig. 1 shows the axial deformation measured on a tensile test piece for 1T6MNDD5 steel with and without stress
dilatometer during the phase change. The application of a cooling stress during the martensitic phase change induces a
residual deformation called TRIP [3]. However, in case of cooling without stress application, the TRIP phenomenon did

not appear (Fig 1.b)
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Figure 1: Axial deformation during a heating-cooling cycle (TRIP), a) under tensile stress b) stress free, [3]

MATERIAL

n all calculations, authors consider that the martensitic phase (the daughter phase) has an elastoplastic behavior. The

grain boundary follows two types of behavior, the first purely elastic and the second elastoplastic. The two phases

(martensite and austenite) obey to a linear isotropic hardening model. The mechanical data used to simulate the
35NCD16 steel transformation are given in Tab. (1).
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Phase’ Young’s modulus Hatdening slope Yield Poisson’s

S¢S (MPa) (MPa) Strength (MPa) Ratio (u)
Mattensite 1.5%105 16500 890 0.3
Austenite 1.8%¥105 2700 240 0.3

Table 1: Mechanical characteristics of the 3SNCD16 steel [26]

To numerically simulate TRIP, Ganghoffer [18] adopts a transformation strain tensor 8(;,”) expressed by Eqn.1. The

thermal deformation component tensor has two parts representing the normal dilation (g9) with the plan of habitat (local
reference mark d, n attached to each martensitic plate according to its orientation) and an important shearing directed along
the martensitic plate (yg), see Fig. 2. For the TRIP prediction, the tensor of thermal deformation is imposed progressively

[18].
0 Ty,
8# — (1)
(d.n) 7,

The values of normal dilation (g9) was taken equal to 0.006 and the shear deformation (yg) measured at a temperature of
320°C was in the order of 0.16 and 0.19 [26].
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Figure 2: Mesh of the grain based on a scalene triangle

NUMERICAL CALCULATION OF TRIP

Geometry of the model
I n this study, we used the geometry of the numerical model improved by Wen [24]. This improvement consists in

creating a mesh with two areas; a contour and a central area representing respectively, the grain boundary and the
formation of the martensitic plate’s area. Based on the Wen’s work, we have developed a mesh formed by triangular
elements of scalene type (Fig. 2). Using this type of triangle in mesh construction makes possible the reach of 110 plate’s in
20 possible shear directions (160°, 340°, 60°, 240°, 80°, 260°, 170°, 350°, 10°, 190°, 110°, 290°, 150°, 330°, 30°, 210°, 50°,
230° 120° and 300°) and a contour representing the grain boundary composed of five bands. Fig. 3 shows an identification
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of all the martensitic plates formed after transformation. Each plate consists of (N) triangular element marked with a distinct
color. The geometric characteristics of the plates, such as the number of elements and the shear direction (o) are given in

Tab. 2.

In order to achieve a satisfactory simulation of the TRIP phenomenon, the formation domain is constituted of martensitic
plates having several lengths and shear direction (o). Martensitic plates are classified into three categories according to their
number of triangular elements. long plates (N°: 41,42,43,59,60 and 64) contain between 26 and 32 triangular elements,
medium plates (N°: 44, 45, 61, 62, 63, 38, 46, 51, 16, 80, 25, 31, 37, 55, 92, 93, 94, 102, 103 and 104) composed of 12 to 24

elements and the short plates formed of less than 12 elements, see Tab. 2.

Number Shear
I;:t:i of direction of
elements plates ()
1 2 160°
2 5 340°
3 7 160°
4 7 340°
5 6 160°
6 5 120°
7 6 150°
8 8 150°
9 3 160°
10 2 330°
11 ) 50°
12 2 30°
13 8 60°
14 7 240°
15 6 50°
16 1 230°
17 5 60°
18 1 240°
19 6 60°
20 6 240°
21 5 50°
22 4 230°
23 3 60°
24 2 30°
25 14 30°
26 11 240°
27 9 60°
28 7 240°
29 5 50°
30 2 50°
31 15 170°
32 11 350°
33 8 170°
34 5 350°
35 3 150°
36 1 330°
37 16 80°

N°o
plates

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

Number

of

elements

12
7
3

32

31

27

23

19

14

10
7
4
5

12
7
2

16

12
8

AN~ SN Ul YU WD W

Shear
direction of
plates («)

260°
80°
260°
340°
340°
160°
160°
340°
150°
330°
160°
340°
110°
290°
290°
80°
60°
240°
240°
60°
30°
110°
110°
290°
290°
120°
300°
10°
190°
10°
190°
10°
190°
10°
190°
10°
30°

N° of
plates

75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

Number of
elements

8

O 00 1

AONNDNDNDN = OO RS

—_
B~ 0 B~

11

Shear
direction of
plates (x)

30°
30°
210°
210°
210°
30°
150°
150°
330°
80°
260°
80°
260°
260°
80°
260°
80°
340°
340°
160°
340°
150°
340°
160°
340°
160°
170°
50°
50°
230°
230°
50°
50°
50°
230°
230°

Table 2: Martensitic plates characteristic
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Figure 3: Identification of the martensitic plates

The calculation is carried out on the single-grain scale with boundary, under an increasing mechanical tensile stress (o, max
= 118 MPa), applied in the X direction, see Fig. 4 [25].
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Figure 4: Presentation of the increasing tensile stress applied during the martensitic transformation [24]

The advancement criteria of the martensitic transformation

Ganghoffer [18] proposes a form of criterion based on the principles of thermodynamics, which manages the transformation
of martensitic plates (Eqn. 2). This criterion is called Max Mechanical Driving Force (MMDEF) [18]. The improvement of
the criterion (MMDEF) was carried out by Wen [23], who derived Eqn. 3, called the criterion of the Average Mechanical
driving Force (AMDE).

ow,. =0, +1.), @)
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i=1
where
oW, . : Isthe Max Mechanical Driving Force in a non-transformed mesh element (MMDE);

o, :Represents the normal stress in the normal direction (n);

T : Represents the shear stress acting in the habitat plane along the direction (d). These stresses are calculated from the
state of local stress in the considered element;

& ,7o : Represent the components of the transformation strain tensor defined in the local base (d, n), see Eqn.1 [18];

ow : is the Average Mechanical Driving Force in the plate composed by (n) element (AMDF).

average

With the aim of improving qualitatively and quantitatively the results of TRIP martensitic obtained numerically, Meftah [26]
used the criterion of the elastic strain energy ESE given by Eqn. 4. In addition, present numerical calculations the criterion
ESE is expressed in the two local (d, n) and global (x,y) benchmarks giving LESE and GESE, respectively. Also we used
the Max and Average values of this criterion to give the transformation order for each martensitic plate making up the
domain.

N
o ‘, .
A=Y 3 < as ] @

nel

where:

AE: The increment of the Elastic Strain Energy (ESE) resulting from the plate transformation;
nel 'The number of the element considered;

Net: The total number of elements;

£ The number of the time increment considered;

#f. The number of increments necessary for the transformation of a plate;

Agy : The increment of the tensor of local deformations at the moment « t »;

o, The tensor of local constraint at the moment « t ».
RESULTS AND DISCUSSION

max = 118 MPa), have lead us to better consider an optimum parameters for the simulation such as: the increase of
shear directions number of the martensitic plates to 20 (160 °, 340 °, 60 °, 240 °, 80 °, 260 °, 170 °, 350 °, 10 °, 190
°, 110 °, 290 °, 150 °, 330 °, 30 °, 210 °, 50 °, 230 °, 120 °, 300 °) and taking into account two shearing values yo = 0.16
and 0.19. On the other hand, two types of mechanical behavior have been used, the first considers an elastoplastic behavior
for the formation of martensitic plate’s area and the grain boundary, the second admits an elastic behavior for only the grain
boundary (the martensitic plates behave according to the elastoplastic mode). The influence of the parameters giving the
order of martensitic plate’s formation in the grain (transformation advancement criteria) has been tested using the following
criteria:
-MMDF (Max Mechanical Driving Force: This is the max value calculated with Eqn. 2 between all the triangular elements
constituting the martensite plate in question;
-AMDF (Average Mechanical Driving Force: This is the average value calculated with Eqn. 3 between all the triangular
elements constituting the martensite plate in question;
-ALESE (Average Local Elastic Strain Energy expressed in the local coordinate system (d, n): This is the average value
calculated with Eqn. 4 between all the triangular elements constituting the martensite plate in question;
-MLESE (Max Local Elastic Strain Energy expressed in the local coordinate system (d, n): This is the max value calculated
with Eqn. 4 between all the triangular elements constituting the martensite plate in question;

T he context of technical requirements for a better numerical prediction of TRIP under an increasing tensile stress (ox
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-AGESE (Average Global Elastic Strain Energy-expressed in the global coordinate system (x, y): This is the average value
calculated with Eqn. 4 between all the triangular elements constituting the martensite plate in question;
-MGESE (Max Global Elastic Strain Energy-expressed in the global coordinate system  (x, y): This is the max value
calculated with Eqn. 4 between all the triangular elements constituting the martensite plate in question;

Elastic boundary of grain and elastoplastic behavior for martensitic phase

Figs 5 and 6 show the variation of TRIP according to the progress of the martensitic plate’s formation in the grain with a
purely elastic behavior of the grain boundary, while the martensitic phase obeys to an elastoplastic behavior. It can be
noticed in Fig. 5.a that with the use of the two criteria AMDF (y = 0.16) and MMDF (yy = 0.16) a completely superimposed
trip kinetics has been obtained. In addition, the variation in the deformation (TRIP) was very rapid from the start to 60%
of the transformation compared with the experiment results [24]. Beyond this threshold (Z = 60%) a loss of kinetics is
recorded. The final values of trip obtained with the three criteria, namely AMDF (yp = 0.16) and MMDF (yp = 0.16) are
almost equal and slightly lower compared to that given by the experience [25]. On the other hand, with the use of the shear
deformation value yp = 0.19, the three criteria (AMDF , MMDF) give a kinetics and the final value of trip largely estimated
compared to the results of the experiment | 25], see Fig 5.b.
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Figure 5: Evolution of TRIP under an increasing stress depending on the progress of the transformation with elastic behavior of the
grain boundary and elastoplastic for martensitic phase for a) yp =0.16, b) yp =0.19.
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In Fig. 6.a, we observe that the transformation kinetics obtained with the two criteria MLLESE (y» = 0.16) and MGESE (y
= 0.16) were relatively better compared to the experiments [25] in the ranges of 0% < Z =< 15% and 37% =< Z <70% for
MLESE and 37% < Z <60% for MGESE. The average values of these two criteria ALESE (yy = 0.16) and AGESE (o
= 0.106), permit to obtain a fast TRIP kinetics from the beginning of the transformation to Z=< 72%. With four criteria
MLESE (y0 = 0.16), MGESE (y = 0.16), ALESE (o = 0.16) and AGESE (p=0.16), the final values of TRIP are significantly
improved compared with those obtained with the first criteria and are almost equal to the experimental final value [24].

In the calculations where the shear deformation value yp was equal to 0.19, it can be clearly seen that the criteria MLESE (yo
=0.19), MGESE (y = 0.19), ALESE (p = 0.19) and AGESE (y =0.19) induced very fast transformation kinetics and faitly
large final values of TRIP, see Fig 6.b.
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Figure 6: Evolution of TRIP under an increasing stress depending on the progress of the transformation with elastic behavior of the
grain boundary and elastoplastic for martensitic phase for a) yp =0.16, b) yp =0.19.

Elastoplastic behavior of the grain boundary and martensitic phase
Figs. 7 present the variation of TRIP as a function of the progress of the martensitic plate’s formation in the grain, with an
elastoplastic behavior of the grain boundary as well as for the martensitic phase. The first remark which appears quickly is
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that, the use of the shear deformation value yy = 0.16 and the criteria AMDF (y» = 0.16) and MMDF (y = 0.16), gives the
same evolution of TRIP presented in previous section, see Fig 7.a. Furthermore, it can be seen in Fig. 7.b that the curves
obtained with the AMDF (yy = 0.19) and MMDF (yy = 0.19) criteria are perfectly superimposed.

Using AMDEF (y0 = 0.19) and MMDF (y = 0.19) criteria, we obtain fast and linear TRIP kinetics up to ~ Z = 65% of
martensitic plates formation. On the other hand, we find that the value of TRIP obtained at the rate of Z = 62% was equal
to 0.00355, which is much greater than obtained using the same criteria in case of the shear deformation yy = 0.16 (TRIP
= 0.0022), see Fig 7. We note that the two criteria AMDF and MMDF, whether calculated with yp = 0.16 or 0.19, give a
poor estimation of the TRIP, compated to the results of the experiment [25].
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Figure 7: Evolution of TRIP under an increasing stress depending on the progtess of the transformation with an elastoplastic behavior
of the grain boundary and martensitic phase for a) yp =0.16, b) yp =0.19.

In Figs. 8.a we show the evolution of TRIP during martensitic transformation with the criteria for ordering the formation
of platelets, such as ALESE, MLLESE, AGESE and MGESE. Using the values of the shear deformation pp = 0.16, it was
found that the estimated strain is similar to that given in the fig. 6.a. In Fig. 8.b, we present the TRIP evolution obtained
with the same criteria (MLESE, MGESE, AGESE and ALESE) in case of shear deformation yp = 0.19. We notice that, the
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TRIP curves obtained with the criteria ALESE and AGESE are nearly superimposed. The same behavior has been observed
for two curves plotted using the criteria MLESE and MGESE. The deformation kinetics (TRIP) obtained with the criteria
ALESE and AGESE was found to be faster until 50% of the rate of transformation Z where the TRIP value was about
0.0025. Beyond 50%, there is almost a stable TRIP kinetic value showing a very slight variation. The two max energy criteria
MLESE and MGESE favor almost linear TRIP kinetics over the entire range of martensitic transformation (0% < Z=
100%).
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ofo 0,2 04 0,6 0,8 1,0

Z. : formation rate of the martensitic plates
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;}f

0.0020 - —+— MGESE lf.
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0,0005 -

0,0000 ¢ . r r I r : r ]
ofo 0.2 04 0,6 0,8 1.0
10,0005 - Z : formation rate of the martensitic plates

Figure 8: Evolution of TRIP under an increasing stress depending on the progtess of the transformation with an elastoplastic behavior
of the grain boundary and martensitic phase for a) y9 =0.16, b) o =0.19.

From the results presented in the last two sections, we observe that the two types of behavior do not give a significant
difference. Whereas, the value yp = 0.16 of the shear deformation of martensitic plates favors an acceptable estimation of
TRIP better than the value of yy = 0.19. In addition, the MLESE (py = 0.106) criterion presents a better estimation of the
TRIP than the other criteria by referring to the experience curve [25].
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transformation order for plates with criteria transformation order for plates with criteria
AMDF (3, = 0.16) MMDF (y, = 0.16)

NP° plates Z NP° plates Z N°plates | Z | N° plates Z NP° plates Z N° plates Z

@ || @ | ®w| @& || @ Bl @ || @ %)
56 (2409 | 0.00 | 34 (350°) 73 (10°) 56 (2409 | 0.00 | 34 (3509 73 (10°
14 (240°) 82 (150 67 (109 81 (150 82 (150 67 (10°
26 (240°) 1 (160°) 65 (109 14 (240°) 1 (160° 65 (10°)
28 (240°) 100(160°) 102(50°) 26 (240°) 100(160°) 102 (50°)
55 (240°) 5 (160°) 103(50°) 28 (240°) 5 (160° 103 (50°)
18 (240°) 44 (160°) 109(230°) 55 (240°) 44 (160°) 109(230°)
20 (240°) 3 (160°) 110(230°) 18 (240°) 3 (160° 110(230°)
63 (1209 43 (160°) 107 (50°) 20 (240°) 43 (160°) 107(50°)
64 (300 98 (160°) 104(230°) 63 (120 98 (160°) 104(230%
50 (110°) 96 (150°) 106 (50°) 64 (300 96 (150°) 106 (50°)
52 (290°) 94 (160°) 108 (50°) 50 (110°) 94 (160°) 108 (50°)
51 (290°) 60 (110°) 105(230°) 52 (290°) 60 (110°) 105(230°)
36 (3309 92 (340°) 80 (309 51 (290°) 92 (340°) 80 (309
62 (290°) 97 (340°) 78 (210°) 59 (110°) 97 (340°) 78 (210°
59 (110°) 99 (340°) 79 (210°) 62 (290°) 99 (340° 79 (210°)
61 (290°) 45 (340°) 77 (2109 36 (330°) 45 (340°) 77 (210°)
10 (330°) 88 (260°) 76 (309 61 (290°) 88 (260°) 76 (30°
35 (150°) 90 (260°) 74 (309 10 (330°) 90 (260°) 74 (30°)
47 (330°) 87 (260°) 75 (309 35 (150°) 87 (260°) 75 (30°
81 (150 85 (260°) 24 (30° 47 (330°) 85 (260°) 24 (30°
8 (150 41 (260°) 22 (2309 8 (150°) 41 (260°) 22 (2309
66 (190°) 38 (260°) 54 (60°) 66 (190°) 38 (260°) 27 (60°)
68 (190°) 40 (260°) 27 (60°) 68 (190°) 40 (260° | 0.61 |54 (60°)
70 (190°) 42 (340°) | 0.61 | 57 (60°) 70 (190°) 42 (340% | 0.62 | 57 (60°)
72 (190°) 37 (80% | 0.62 | 17 (60°) 72 (190°) 37 (80 17 (60°)
6 (1209 95 (340°) 19 (60°) 6 (1209 95 (3409 19 (60°)
9 (160°) 53 (30°) 23 (60°) 9 (160°) 53 (30 23 (60°)
46 (150°) 39 (80°) 16 (230°) 46 (150°) 39 (80°) 16 (230°)
83 (330°) 13 (60°) 12 (30°) 83 (330°) 13 (60°) 12 (30°)
4 (340°) 93 (340% 58 (309 4 (340° 93 (340% 58 (309
7 (150°) 49 (340°) 21 (509 7 (150°) 49 (340°) 21 (509
2 (340°) 84 (30 29 (50°) 2 (340 84 (30%) 29 (50°
31 (170 86 (30°) 25 (30° 31 (170° 86 (309 25 (30°
32 (350°) 71 (30°) 15 (50°) 32 (350°) 89 (80°) 15 (50°)
33 (170°) 89 (30°) 30 (509 33 (170°) 71 (30°) 30 (50°)
48 (160°) 69 (109 11 (09| 400 |48 (160°) 91 (80°) G0 | o
101(170°) 91 (80°) 101(170°) 69 (10°)

Table 3: Plates transformation order under thermodynamic criteria’s AMDF (y, = 0.16) and MMDF (y0 = 0.16)

Elffects of the criteria and the martensitic plates shear angle on the TRIP estimation

The results of the elastoplastic behavior have been considered in this section to discuss the influence of the numerical
parameters (since the two modes of behavior give almost the same results). Among the studied numerical parameters, we
have investigated: the influence of the shearing directions (o) of the martensitic plates as well as the criteria (AMDF, MMDF,
MGESE, MLESE, AGESE and ALESE) on the estimation of the kinetics and the TRIP values in the case of the shear
deformation yp = 0.16. From Fig 7.a, we can distinguish two TRIP evolution zone. the first is located in 0% < Z=< 61%
range, while the second is located in 62% =< Z =< 100% range. From the beginning of the transformation (Z = 0% to Z =
61%), we notice that the two thermodynamic criteria AMDF, MMDF favor the martensitic plates in their shear directions
situated in the second, third and fourth quarter of the circle. (240 ©, 110 °, 120 °, 290 °, 330 °, 150 °, 160 °, 170 °, 350 °, 260
©), see Tab. 3. However, with this type of plates arrangement during transformation gives an ovetestimation of the kinetics
and TRIP values, see Fig 7.a. In the second transformation zone (62% =< Z < 100%), where they appear all the directions
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of the plates shear directions (« = 10 °, 30 °, 50 °, 60 °, 80 © 240 °, 110 °, 120 °, 290 °, 330 °, 150 °, 160 °, 170 °, 350 °, 260
°), we notice a slight improvements, but the results remain unsatisfactory. In Fig 8.2 and according to the energy critetion
MILESE, we may divide the evolution of the TRIP into five zones as follows: the first (0% < Z < 0.14%), the second (0.15%
< Z < 0.40%), the third (0.41% < Z < 0.70%), the fourth (0.71% < Z < 0.89%) and the fifth (0.9% < Z < 100%). Tab. 4
shows that these different zones are formed with plates whose shear directions are composed of the smallest to the largest
angle. Only for the last two zones, the curve of the numerical results deviates slightly from the experimental ones, which is
probably due to the applied behavior mode. With the two criteria MGESE and MLESE, the same results have been almost
obtain. However, with the use of MGESE, the third zone (0.41% < Z < 0.52%) was shotter, see Tab. 4. From the obtained
results, we may conclude that the use of the criterion (MLESE) at the local scale gives an acceptable prediction of TRIP
among the other tested criteria in this study. In Tab. 5, are summarized the three TRIP evolution zones and the two energy
criteria AGESE and ALESE, which have almost the same arrangement of the platelets as shown in Fig 8.a. These criteria
give a non-precise TRIP estimation compared to the experimental results [25].

transformation order for plates with criteria transformation order for plates with criteria
MGESE (y = 0.16) MLESE (y0 = 0.16)
NP° plates Z NP° plates Z N° plates Z N°plates | Z | N° plates Z N° plates Z
@ | %W @ | ®w] @ | ®| & | Ww| & || @ %)
1 (160° | 0.00 | 84 (80°) 32 (350°) 1 (160°) | 0.00 | 16 (230°) 0.41 | 31 (170°)
64 (300°) 29 (50 0.40 | 90 (260°) 64(300°) 18 (240°) 95 (340°)
62 (290°) 94 (160°) | 0.41 | 26 (240°) 62 (290°) 52 (290°) 49 (340°)
65 (10°) 48 (160°) 9  (160°) 65 (10°) 105(230°) 90 (260°)
63 (120°) 93 (340°) 50 (110°) 63 (120°) 28 (240°) 9 (160
61 (290°) 98 (160°) 54 (60°) 61 (290°) 99 (340°) 81 (150°)
66 (190°) 104(230°) 22 (230°) 66 (190°) 68 (190°) 19 (60°)
60 (110°) 18 (240°) 31 (1709 60 (110°) 94 (160°) 20 (240°)
2 (3409 92 (340 91 (80°) 36 (330 70 (190°) 46 (150°)
36 (330°) 52 (290°) 7 (1509 2 (3409 93 (340°) 91 (80°)
58 (30°) 014 45 (3409 0.52 81 (150°) 58 (30°) 014 98 (160°) 7 (150°)
37 (80°) ) 28 (240 ) 20 (240 37 (80°) ) 104(230°) 82 (150°)
40 (260°) | 0.15 | 103(50°) 0.53 | 8 (1509 40 (260°) | 0.15 | 33 (170°) 48 (160°)
3 (160°) 46 (150°) 82 (150 | (g4 [39 (809 69 (10°) 8 (150°)
39 (80°) 68 (190°) 73 (2109 3 (160°) 92 (340°) 17(60°)
38 (260°) 97 (340°) 17 (60°) 0.85 | 38 (260°) 25 (309 47(330°)
57 (60°) 102(50°) 74 (30°) 57 (60°) 103 (50°) 14 (240°)
41 (340 70 (190°) 76 _(30°) 41 (340 72 (190°) 73 (10°)
4 (3409 47 (3309 77 (210°) 34 (3509 97 (340°) 83 (330°)
101(170°) 88 (260°) 11 (50°) 42 (340 102(50°) 74 (30°)
5 (1609 89 (80°) 14 (240°) 53 (80°) 85 (260°) 13 (60°)
34 (350 51 (290°) 75 (30°) 56 (240°) 86 (80°) 76 (30°) 0.89
42 (340 72 (190°) 78 (210°) 4 (3409 27 (60°) 77 (210°)
53 (80°) 33 (1709 83 (330°) 30 (509 23 (60°) 11 (50°) 0.90
6 (120°) 69 (109 13 (60°) 43 (160°) 71 (10°) 50 (110°)
56 (240°) 96 (150°) 79 (210°) 101(170°) 55 (240°) 80 (30°)
30 (50°) 10 (330°) 80 (30°) 35 (150°) 32 (350 75 (30°)
43 (160°) 12 (309 110(230°) 5 (1609 87 (260°) 78 (210°)
35 (150°) 25 (30°) 109(230°) 6 (1209 88 (260°) 21 (50°)
59 (110°) 105(230°) 108 (50°) 59 (110°) 89 (80°) 79 (210°)
49 (340 85 (260°) 21 (509 24 (309 51 (290°) 110(230°)
100(160°) 86 (80 107 (50°) 44 (60°) 96 (240°) 109(230°)
24 (309 27 (60°) 106 (50°) 67 (10 12 (30°) 108(50°)
67 (10°) 23 (60°) 15 (50°) 84 (80°) 10 (3309 0.70 107(50°)
99 (340°) 71 (109 16 (230 29 (50°) 26 (240°) ) 106(50°)
44 (60°) 55 (240°) 19 (60°) 1.00 | 100(160°) 54 (60°) 0.71 | 15 (50°) 1.00
87 (260°) 95 (340°) 45 (340°) | 0.40 | 22 (230°)

Table 4: Plates transformation order under energetic criteria’s MGESE (y = 0.16) and MLESE ( 5 = 0.16)
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transformation order for plates with criteria transformation order for plates with criteria
AGESE (y = 0.16) ALESE (y = 0.16)

NP° plates Z | N° plates Z NP° plates Z N°plates | Z | N° plates Z NP° plates Z
@) (%) (@) (%) (@) (%) () (%) () () ) V0

65 (10°) 0.00 | 2 (340°) 35 (150°) 1 (160°) 0.00 | 40 (260°) 49 (340°)

66 (190°) 60 (110°) 73 (10°) 65 (10°) 38 (260°) 93 (340°)

67 (10°) 3 (160°) 47 (330°) 67 (10°) 36 (330°) 9  (160°)

68 (190°) 92 (340°) 49 (340°) 68 (190°) 104(230°) 10 (330°)

69 (10°) 105 (230°) 75 (30°) 66 (190°) 103(50°) 35 (150°)

58 (30°) 41 (340°) 55 (240°) 58 (30°) 72 (190°) 34 (330°)

70 (190°) 94 (160°) 50 (110°) 30 (50°) 51 (290°) 55 (240°)

56 (240°) 96 (150°) 34 (330°) 64 (300°) 2 (3409 31 (170°)

30 (50°) 97 (340°) 33 (170°) 56 (240°) 60 (110°) 32 (350°)

64 (300°) 43 (160°) 101(170°) 69 (10°) 92 (340°) 33 (170°)

63 (120° 98 (160°) 31 (170°) 63 (120°) 3 (1609 101(170°)

54 (60°) 110(230°) 32 (350° | 088 [ 28 2407 43 (160°) 73 (10°)

71 (10°) 99 (340°) 76 (30°) 26 (240°) 41 (340°) 50 (110°) | g8

29 (50°) 5 (160°) 24 (30°) 70 (190°) 94 (160°) 75 (30°)

25 (30°) 44 (160°) 85 (260°) | 0.89 | 25 (30°) 96 (150°) 24 (30°)

28 (240°) 103 (50°) 88 (260°) 29 (50°) 97 (340°) 77 (210°)

89 (80°) 100(160°) 77 (210°) 54 (60°) 44 (160°) 23 (60° | 0.89

62 (290°) 81 (150°) 22 (230°) 62 (290°) 98 (160°) 76 (30°)

57 (60°) 104(230°) 87 (260°) 74 (30°) 110(230°) 19 (60°)

37 (80°) 4 (340° 91 (80°) 61 (290°) 5 (160°) 20 (240°)

74 (30°) 45 (340°) 20 (240°) 37 (80°) 99 (340°) 15 (509

26 (240°) 7 (150°) 11 (509 71 (10°) 42 (340°) 22 (230°)

61 (290°) 42 (340°) | 0.68 | 21 (240°) 27 (60°) 81 (150%) | 0.68 | 80 (30°)

39 (80°) 13 (60° 19 (60° 57 (60°) 100(160°) 11 (509

90 (260°) 46 (150°) 23 (60°) 39 (80°) 45 (340°) 14 (240°)

53 (80°) 48 (160°) 78 (210°) 53 (80°) 46 (150°) 17 (60°)

38 (260°) 6 (120 17 (60° 108(50°) 13 (60°) 86 (80°)

40 (260°) 102509 | 0.69 | 80 (30° 52 (290°) 4 (340% | 0.69 | 89 (80°)

27 (60°) 82 (150°) 14 (240°) 107(50°) 7 (150°) 84 (80°)

109(230°) 51 (290°) 15 (50°) 106(50°) 48 (160°) 78 (210°)

107(50°) 10 (330°) 79 (210°) 105(230°) 82 (150°) 16 (230°)

59 (110°) 36 (330°) 84 (80°) 59 (110°) 6 (1209 91 (80°)

108(50°) 95 (340°) 12 30° | 1.00 | 109(230°) 83 (330°) 12.60° | 100

72 (190°) 83 (330°) 86 (80°) 87 (260°) 102(50°) 18 (240°

106(50°) 8 (150°) 16 (230°) 90 (260°) 47 (330°) 79 (210°)

1 (160°) 93 (340°) 18 (240°) 85 (260°) 95 (340°) 21 (240°)

52 (290°) 9 (160°) 88 (260°) 8 (150°)

Table 5: Plates transformation order under energetic criteria’s AGESE (pp = 0.16) and ALESE (y = 0.16)

The distribution of the shear stress sigl2 over all the studied grain mesh (made of the formation domain of the martensitic
plates and the grain boundary) is shown in Fig. 9. However, in case of an elestoplastic behavior and with the value of yp =
0.16 in AMDF criterion, The first transformed platelets have been observed at the early stage of the transformation (time
= 11.5), see Tab.3 (N°: 56,14,26,28,55,18,20,63,64,50,52,51), which generate the greatest shear stress in the atea of
martensitic plates formation. This observation is confirmed by the reported Magee [10] studies, which show that the
martensitic transformation is favored by the shearing phenomenon.
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Figure 9: shear stress distribution (sig 12) during the martensitic plate’s formation with AMDF (py = 0.106) criteria

CONCLUSION

transformation in 35NCD16 steel under increasing tensile stress (o max = 118 MPa). This have been achieved by

the adaptation of the parameters introduced in the numerical calculation such as: the increase in the number of shear
directions (twenty directions), the use of seven criteria to give the order of plate transformation, the mono grain model with
regular grain boundary and an elastic and elstoplastic behavior of the austenitic and martensitic phases. The TRIP numerical
results have been compared with those reported in the literature [24]. From the obtained results, we may conclude that with
the use of shear deformation py = 0.16, the numerical results were better than those evaluated with yp = 0.19.The estimation
values of TRIP (in its final values and kinetics) given by the MLESE (y» = 0.16) and MGESE (y = 0.106) criteria are closer
to the experiment results [25]. According to the numerical results and for a better prediction of the TRIP, it is necessary to
consider a mixed behavior of mode (elastoplastic and a viscous), which may be applied in certain part of the transformation.
Using the investigated numerical parameters in this study, the two types of behavior have shown almost no difference.

T he aim of this reported work is to obtain a more rigorous and reliable numerical TRIP simulation of a martensitic
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