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Abstract: This study deals with Transformation-Induced Plasticity (TRIP) observed in the martensitic
transformation of 35NCD16 ferritic steel. In this study, TRIP tests were carried out for two different
cases: First, after only free dilatometric (FD) tests, which is used as the reference test for the considered
applied stress; second, with TRIP tests being performed similarly to the first case (same thermal cycle,
same applied stress) but with pre-thermomechanical loading histories applied. Such histories may be
FD tests, TRIP tests, elastoplastic history, etc. The comparison between the results of TRIP test (a)
and TRIP test (b) indicates if TRIP holds the memory of the applied loading histories. The current
obtained results tell us that TRIP does not hold any significant memory. During the martensite —
austenite transformation, the material may present recovery from strain hardening. Waiting for
more details about the physical phenomena responsible for the absence of TRIP memory, one can
point out the importance of this result as it enables one to use the same specimen for several TRIP
tests. However, this result must be validated using other combinations of loading histories (such as
multiaxial and cyclic, among others).

Keywords: TRIP (transformation-induced plasticity); FD (free dilatometric) test; martensite; austenite;
elastoplasticity; 35NCD16 ferritic steel

1. Introduction

Transformation-induced plasticity (TRIP) refers to an anomalous plastic strain ob-
served when metallurgical transformation occurs under external stress much lower than
the yield limit [1-4]. One of the most common ways of studying the TRIP phenomena is by
performing a TRIP test. However, before defining this, we refer first to the definition of a
free dilatometric (FD) test.

FD tests consist of subjecting a test specimen to a thermal cycle, which leads to the
transformation of the « (ferritic) phase into the y (austenitic) phase during heating, followed
by the transformation of the o phase into the « phase during cooling. During FD tests, the
test specimen is only subjected to temperature variation and no inelastic strain is observed
at the end of the transformation [3-5].

Similar to FD tests, TRIP tests also consist of subjecting a specimen to a thermal cycle
leading to the same transformations just mentioned. However, the key difference between
the FD tests and the TRIP tests is that during the TRIP tests, the test specimen is also
subjected to the aforementioned external stress, provoking said anomalous plastic strain.
The external stress is applied just before the starting temperature (Ms) of the transformation
during cooling and maintained constant during the whole transformation [4].
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The explanation of the TRIP phenomena dates back all the way to the 1960s, with two
main mechanisms:

—  Greenwood-Johnson mechanism: TRIP is due to the micro-mechanical plastic strain
arising in the parent phase from the expansion of the product phase [6].

— Magee mechanism: TRIP is due to the formation of selected martensitic variants
resulting from the applied stress [7].

Following these works there have been many contributions towards the understanding
of the TRIP phenomena throughout the years, both from experimental and modeling
point of views. Experimentally, one can cite the recent investigations of Otsuka et al.
(2018) [8,9] about the effect of carbon amount on anisotropic dilatation behavior during
phase transformation, in addition to the studies of Boudiaf (2011) [5] about the influence of
the grain size of the austenitic phase on the TRIP and the recent study of Simsir (2017) [10]
about the TRIP in martensitic and bainitic transformations of SAE52100 steel. Other works
performed by Nagayama et al. (2000, 2001, 2002) [11-13] considering the martensitic
transformation of Cr-Ni-Mo-Al-Ti steel show the existence of an interaction between
classical plasticity and TRIP. For the modeling point of view, among the works proposed
in the literature, one can cite the finite elements (FE) investigations of Tahimi (2011) [3]
and, the works of Zuo et al. (2020) [14] on 40CrNiMo steel leading to a modification of the
function that describes the kinetics of the TRIP. However, the well-known Leblond’s model
(1989) [15] seems the most important achievement. This model has been revised in Taleb
and Sidoroff (2003) [1].

The focus of this paper is to provide our own small contribution to this subject, by
carrying out experiments using TRIP and FD tests and analyzing the behavior of 35NCD15
ferritic steel test samples, and determining whether, within the experimental results, there
is any observable elastoplastic history effect carried forward after different tests.

2. Experimental Procedure

In addition to the FD and TRIP tests, other tests have been carried out in order to
gain an idea about the elastoplastic behavior of the austenitic phase at a given temperature
before Ms (austenite — martensite transformation). Such elastoplastic characterization is
performed through the application of a loading—unloading cycle where both directions are
considered: Tension and torsion. The FD, TRIP, and elastoplastic tests are carried out in
different orders (and magnitudes of stress in the case of the TRIP test) and are compared
in order to visualize the transformation plasticity phenomenon and see if the effects of
loading history could be observed.

As a remark, some details about the parameters are mentioned in Table 1.

Table 1. Different histories applied in the present work.

Memory after light thermomechanical history composed of one TRIP test

VS FD T;:’J; , D Ty, /4
VS FD TZ{Z FD Ty, 2
VS FD ng;{ 4 D T3, /4
Memory after medium thermomechanical history composed of 3 TRIP tests
VS FD T;if; , Db To,/2 FD Ty 2 FD  Tagya FD Ty 4
VS FD Tg;z FD Tag, /4 FD T3pya FD Ty s FD Ty o
VS FD T;Z: /4 FD To, /4 FD T, /s FD T, FD Ty 4
Memory after medium thermomechanical history composed of 2 TRIP tests
VS FD T;;’]; , Db T30, /4 FD Ty, /s FD Ty /4
VS FD T;jfz FD Ty, /4 FD T, ;4 FD T,
VS FD T;Z: /4 FD To,/2 FD T, 2 FD  Tag s
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Table 1. Cont.

Memory after severe thermomechanical history in classical elastoplasticity

VS FD T;jf , FD  Elastoplastic cycle (see Figure 4) FD Ty /4

VS FD T;?; , FD  Elastoplastic cycle (see Figure 4) D T /2

VS FD T;{ ;4 FD  Elastoplastic cycle (see Figure 4) FD Ty, /4
where:

— VS: Virgin specimen.

- Tay /4: TRIP test under oy, /4.

ref
Tvy /
ceded only by a free dilatometric cycle and will be used for comparisons throughout

the article).

4 reference TRIP test under o, /4 (this test is considered as a reference, as it is pre-

The Tgy /4 test results will be compared to T;;J; 4 and, more generally, the test results of

the third column will be compared to the corresponding test results of the last column.

The tests were carried out following the left to right order. An example for the first
line of Table 1 is shown, in which the virgin specimen is subjected to successively:

FD test — TRIP test under 0y, /4 — FD test — TRIP test under o, /4.

In Figure 1, we can observe an example of how these tests are carried out by presenting
a simplified form of the loading vs. time plot of the first series of tests previously presented.

FD3 TRIP(a,/2) FD4 TRIP(30,/4) FD5 EP Ax EP Tor

' )
' '
] )
] )
1 1
' '
] 1
] )
1 1
] )
] )
1 1
' '
1 1
FD1 TRIP(O,/4); | FD2 TRIP(o,/4), 1
] )
] )
] )
1 1
! 1
] )
1 1
' '
] 1
' 1
1 1
] )

Figure 1. Simplified look of the loading vs. time plot of the first series of tests.

The top part of this figure shows an example of the temperature cycles through which
the test specimen goes through. The Ms line represents the temperature at which the
transformations would occur. The captions indicate the test cycles carried out. The stress
charges are represented on the bottom part of the figure.

2.1. Experimental Device

In order to carry out the experiments, the device, which is a Series 809 Axial/Torsional
Test System (MTS, Minneapolis, MN, USA) presented in Figure 2 is used. It is composed of
2 main parts: The part for thermal loading, and the part for mechanical loading.

The thermal loading is performed by electromagnetic induction, which is convenient
for controlling a fast temperature rise. As for the cooling, this is performed using nitrogen
and argon. The nitrogen flows inside the test specimen, while the argon flows on the



Metals 2021, 11, 1929

40f21

3: Servo- Hydraulic

N

group control

: Thermal regulation

LANS A

external surface. The temperature measurements are made with K-type thermocouples,
which are welded on the strain gage of the specimen.

The mechanical loading is conducted through a hydraulic multiaxial thermomechan-
ical testing machine capable of working with axial, torsion, and internal pressure. The
measurement of the elongation and rotation of the working zone is performed with a
high-temperature bi-axial extensometer.

Biaxial MTS servo-hydraulic
machine.

Capacity of 250 kN, £75 mm,
+2200 N.m, £50° (angle)
Extensometer L,=25 mm AL=%
2.5 mm.

Hydraulic grips.

4: Frame

5: Heating chamber
6: Grips

7: Extensometer

8: Control desk

Sample:
Lo=25 mm (ext.)

1: Computer control L]

Figure 2. Experimental device used in the present study.

2.2. Material and Specimen

The chemical composition of the 35NCD16 steel test specimen used in this work is
listed in Table 2. It is low-alloyed steel with low carbon content mostly used for heavy-duty
machine parts, construction, and equipment, as well as the aviation and aerospace industry.
It (and its substitutes) is characterized by its relatively high nickel content, and thus better
tensile strength and yield point, as well as its very good hardenability, impact resistance,
load deformation, wear, tension resistance, and high toughness. As for the specific test
specimen, as seen in Figure 3, the central part, which is a tubular cylinder, allows us to
obtain a quasi-homogeneous stress field and a negligible temperature gradient across its
tube section.

Table 2. Chemical composition of the 35NCD16 steel used in the present study.

Element C Ni Cr Mo Mn Si P S Fe
Weight [%] 0.34 3.67 1.54 0.31 0.35 0.26 <0.008 <0.006 Balance
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Figure 3. Dimensions (in mm) of 35NCD16 test specimen.

Before any test, the specimens undergo a heat treatment that leads to austenization in
order to obtain the same initial mechanical and metallurgical state. This heat treatment
consists of heating to 1050 °C, holding for one hour, followed by slow cooling in the furnace.
The whole process is performed under vacuum.

2.3. Elastoplastic Behavior of Austenite at Temperatures Close to Ms

In order to conduct correct TRIP tests where the applied stress is lower than the
yield stress of the austenitic phase in the temperature interval of the transformation, we
need to have an idea about the yield limit at an adequate temperature. For this, we have
performed a thermomechanical characterization at about 300 °C just before the onset of the
martensitic transformation, namely, during cooling, when the temperature reaches 300 °C,
a loading-unloading cycle is applied quickly (with a duration of about 2 s). An example of
the cycle carried out in the axial direction can be seen in Figure 4 where the yield stress
of the austenitic phase may be estimated at about 160 MPa. Therefore, in order to be sure
that the applied loading in our tests is in elasticity, we assume that the yield limit is around
120 MPa. The conditions of determination of this stress—strain diagram can be assumed
to be isothermal regarding the small variation of temperature (less than 10 °C) during the
application of the cycle (about 2 s).
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Figure 4. (a) Application of the loading—unloading cycle; (b) stress—strain diagram result of the loading-unloading cycle.

3. Tests Performed and Obtained Results
3.1. References: TRIP Tests Preceded Only by FD Tests
3.1.1. Method of Evaluation of TRIP

In a general assumption, evaluating TRIP consists of a relatively simple formula:

stp — stotal o sthm Y (1)

where ¢'? is the actual TRIP strain, ¢! is the deformation measured during the TRIP
test, ¢/ is the deformation measured during the FD test, and € is the measured elastic
deformation. It is to be noted that this rule only applies when the stress applied to obtain
TRIP is significantly smaller compared to the yield stress [4].

Knowing this, before evaluating TRIP, it is important to define the FD test, which
will be considered as the reference. Indeed, FD test results obtained after applying TRIP
tests (FD_2 in Figure 5) will not provide the same results as those that were performed
before (FD_1). The graphs in Figure 5 for these two particular FD test cases show that after
applying a TRIP test, there is a significant compressive plastic strain reducing the length of
the specimen.

0.01

A

0.006

0.004

0.002

Strain (mm/mm)

0 250 300 350 400 00 550 600 650 700 750 800 850 900

-0.002

-0.004

-0.006
Temperature (°C)

FD_1 FD_2

Figure 5. Free Dilatometric test results: FD_1 is carried out using virgin specimen while FD_2 is
obtained using the same specimen subjected to TRIP cycle in addition to FD_1.
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However, taking a look at Figure 6, we see that, despite applying more TRIP tests,
even for cases in which the stress applied to the specimen is higher, the following FD results
(FD_3, FD_4, and FD_5) are almost superimposed. Therefore, FD_2, FD_3, FD_4, and FD_5
may be taken as references that may be used for the determination of TRIP.

0.008

0.006

0.004

0.002

Strain (mm)

50 100 150 200 250 300 350 400 4504800 550 600 650 700 750 800 850 900

-0.002
-0.004

-0.006
Temperature ("C)

FD 2 FD_3 FD 4 FD 5

Figure 6. Free Dilatometric test results post TRIP tests.

This is where the importance of the choice of the Free Dilatometry results comes into
play, as the results shown of the TRIP tests depend strongly on the results of the FD tests.
Knowing this, we can proceed to evaluate our test specimens.

Three specimens were utilized, as was shown in the layout of tests to be performed.
In the next section, we can see the TRIP test results for each test specimen only preceded
by FD tests and they will be used as references for the following test results. Additionally,
we present the comparison of the three reference TRIP test results to gain an idea of the
magnitude of difference in the strain levels during tests.

3.1.2. References of the TRIP Tests
Here, we present the reference TRIP tests related to the levels of applied stresses. The
reference of the TRIP test under ¢, /4 ~ 30 MPa is denoted as ngj; 4- Similarly, the reference

of the TRIP tests performed with ¢y, /2 = 60 MPa and 3¢, /4 = 90 MPa are denoted as fke)

oy /2
and T;?; /4 Tespectively. We can see these aforementioned references in Figure 7.
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0.008
0.006 __ 0.0045
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g E 0.003
£ 0.002 =
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£ 0 — &
. 0 100 200 300 400, 500 600 700 800 900 0.0015
-0.002
-0.004 0
50 100 150 200 250 300
-0.006
Temperature ("C) Temperature ("C)
T(cy/4) Reference T(oy/2) Reference T(3cy/4) Reference T(oy/4) Reference T(oy/2) Reference T(3cy/4) Reference

(@)

(b)

Figure 7. (a) Complete thermomechanical cycle comparison between ) T;jf/rz and T, /4; (b) TRIP strain vs. temperature

comparison between

oy /4

ref ref
TU'y/4’ Tg,y/z, and T30'y/4'

To obtain these TRIP strain curves (¢'?) shown in Figure 7b, we refer back to Equation (1)
where:

gfotal, Deformation measured in the TRIP test.

— ¢! Deformation given by the FD test performed just before the TRIP test.
—  ¢°: Elastic component, due to the applied stress, given by Hook’s law.

As we are in a uniaxial stress state, ¢° is given by Equation (2):

e =

g
z @

where:

— 0: Applied mechanical (external) stress during the transformation.
—  E: Young’s modulus.

ref .
T3(7y /4
thm

For instance, in the case of the test

gtotal jg given in Figure 7a (blue) and ¢
ratio: 90/170,000 = 0.0005.

Note that this method of determination of (¢'7) assumes that the applied loading does
not significantly change the temperature Ms.

is given in Figure 6, while ¢° is equal to the

3.2. Memory Effect for the Test—TRIP (o, /4)

To evaluate the memory effect, we compare our reference TRIP test characterized by
the fact that the thermomechanical history applied on the specimen before the TRIP test
is reduced in FD (see details in Section 3.1.2). Different cases were evaluated, which are
detailed in the following subsections.

3.2.1. Memory after Light Thermomechanical History Composed of One TRIP Test

In this case, we compare the test results of T;;j; 4 with Tay /4. The details about thermo-

mechanical history applied before T,, /4 are given in Table 3. As for the test results, these
can be seen in Figure 8.
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. . . . re
Table 3. Thermomechanical history applied before the test T, /4 that will be compared to T, ]; 4
y
0 1 2 3 4
.. . ref
VS (Virgin specimen) FD thy /4 FD T% /4
0.01 0.002
0.008
0.0015
0.006 7
= E
£ 0.004 ]
£ E 0.001
E =
£ 0.002 &
£ £
: et 0.0005
@ 0 50 100 150 2083250 300 350 400 450”500 550 600 650 700 750 800 850 900
-0.002
0
-0.004 50 100 150 200 250 300
Temperature (°C)
-0.006
Temperature (°C)
T(oy/4) Reference T(cy/4) T(oy/4) Reference e T(gy/4)

(a)

(b)

Figure 8. (a) Complete thermomechanical cycle comparison between T;ye]; 4 and To, /4 defined in Table 3; (b) TRIP strain vs.

ref

temperature comparison between T * ; and T, /4.
v J

The obtained results show that the two tests provide very similar behaviors; the two
curves in Figure 8b are almost perfectly superimposed.

3.2.2. Memory after Medium Thermomechanical History Composed of 3 TRIP Tests

T f

Again, we compare the test results of T -, with T, /4. The details about thermome-

chanical history applied before T,, /4 are given in Table 4. As for the test results, these can

be seen in Figure 9.

Table 4. Thermomechanical history applied before the test T, /4 that will be compared to T;;

f

/4

4 5 6 7 8 9 10

0 1 2
ref
VS FD Tvy m

Tpro FD T, FD  Tyy FD T,

y

/4

0.01 0.002
0.008
0.0015
0.006 o
. £
£ 0.004 H
E E 0.001
g =
£ 0.002 E
= &
= 7]
Z 0 T 0.0005
@ 0 50 100 150 290\250 300 350 400 480° 500 550 600 650 700 750 800 850 900
V 4
-0.002
0
-0.004 50 100 250 300
-0.006 .
Temperature (°C) s T(gy/4) Reference s T (Gy/4)
T(cy/4) Reference T(cy/4)
(a) (b)

Figure 9. (a) Complete thermomechanical cycle comparison between T;jj; 4 and T, /4 defined in Table 4; (b) TRIP strain vs.

temperature comparison between T:); gand Ty /g
Y
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Unlike the previous case, the test Tgy /4 leads to less TRIP than the reference test T;;J; 4

3.2.3. Memory after Medium Thermomechanical History Composed of 2 TRIP Tests

In the present case, we compare the test result of T;;J; 4 with Tgy /4. The details about

thermomechanical history applied before T, /4 are given in Table 5. As for the test results,
these can be seen in Figure 10.

Table 5. Thermomechanical history applied before the test T, /4 that will be compared to T;e/; 4
Y
0 1 2 3 4 5 6 7 8
re
\E FD Tgyl; . FD T30, /4 FD Tse, /4 FD Ty, /4
0.01 0.002
0.008
0.0015
0.006 2
- £
g g
£ oom £ oon
g =
£ 0002 g
£ &
£ 0.0005
- 0 50 100 150 208,250 300 350 400 4507500 550 600 650 700 750 800 850 900
-0.002
0
-0.004 50 100 150 200 250 300
Temperature (°C)
-0.006
Temperature (°C)
T(cy/4) Reference T(cy/4) . T(oy/4) Reference T(oy/4)
(a) (b)
Figure 10. (a) Complete thermomechanical cycle comparison between 7', and Ty, /4 defined in Table 5; (b) TRIP strain

oy /4
ref

v.stemperature comparison between T, -/, and Tj, /4.
v E

The results here are very similar to the previous case.

3.2.4. Memory after Severe Thermomechanical History in Classical Elastoplasticity

In this section, we make some comparisons between T;ej; 4 and Tgy /4 for cases in which

T, /4 is performed after the elastoplastic characterization cycle (Table 6). The comparison
under question is given in Figure 11.

Table 6. Thermomechanical history applied before the test T;, /4 that will be compared to T;;f

/4
0 1 2 3 4 5 6
VS FD T;e/; . FD Elastoplastic cycle (see Figure 4) FD To, /4
Yy
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0.008
0.0015
0.006 T (St S
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. . . re . . .
Figure 11. (a) Complete thermomechanical cycle comparison between T j; 4 and Tgy /4 defined in Table 6; (b) TRIP strain vs.
Y

. ref
temperature comparison between Tay /4 and Tgy /4
Once again, the results here are very similar to the previous case.

3.3. Memory Effect for the Test—TRIP (0, /2)
3.3.1. Memory after Light Thermomechanical History Composed of One TRIP Test

In this case, we compare the test results of T;ej;z with T, /». The details about thermo-
Y Y

mechanical history applied before T, /4 are given in Table 7. As for the test results, these
can be seen in Figure 12.

. . . . ref
Table 7. Thermomechanical history applied before the test T,, /, that will be compared to T(Ty /2
0 1 2 3 4
ref
VS FD Tay o FD To, /2
0.01 0.004
0.008
0.003
0.006 =
E
- £
E 0.004 E 0.002
g £
E 0.002 £
g @
.'-E 0 0.001
- 0 50 100 150 200 500 550 600 650 700 750 800 850 900
-0.002
0
-0.004 50 100 150 200 250 300
Temperature (°C)
-0.006
Temperature (°C)
T(oy/2) Reference T(oy/2) T(cy/2) Reference T(oy/2)
(a) (b)
Figure 12. (a) Complete thermomechanical cycle comparison between T;ej;z and To, /2 defined in Table 7; (b) TRIP strain vs.
Yy
. ref
temperature comparison between T(Ty /2 and Tgy /2-
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The obtained result is very similar to the corresponding one using ¢ /4 described in

Section 3.2.1 (Figure 8). No effect at all of the applied thermomechanical history occurred
on the TRIP.

3.3.2. Memory after Medium Thermomechanical History Composed of 3 TRIP Tests

Again, we compare the test results of T;?;Z with T,, />, but in this case, there is more

thermomechanical history applied to the test specimen between the two results to compare.
The details about thermomechanical history applied before T, /, are given in Table 8. As
for the test results, these can be seen in Figure 13.

Table 8. Thermomechanical history applied before the test T, /, that will be compared to T;;f

/2°
0 1 2 3 4 5 6 7 8 9 10
re
VS FD Tayi/f , FD Ty FD Ty, FD O T,y FD T,
0.01 0.004
0.008
0.003
0.006 z
- £
£ 0.004 g
£ £ 0.002
g =
£ 0002 £
g &
g 0 0.001
@ 0 S0 100 150 2001250 300 350 400 450”500 550 600 650 700 750 800 850 900
-0.002
0
-0.004 50 100 150 200 250 300
Temperature (°C)
-0.006
Temperature (°C)
T(cy/2) Reference T(cy/2) T(oy/2) Reference T(oy/2)
(a) (b)

/2

Figure 13. (a) Complete thermomechanical cycle comparison between T;jf and Tgy /2 defined in Table 8; (b) TRIP strain vs.

temperature comparison between ks ,and Ty, /5.

oy/

In this case, the martensitic transformation starts a little bit before compared to T;;j;z.

3.3.3. Memory after Medium Thermomechanical History Composed of 2 TRIP Tests

Our third comparison of the test results of T;;f; » with T, /> also shows a high amount of

thermomechanical history applied to the test specimen compared to the case of Section 3.3.1
between the two results to compare. The details about thermomechanical history applied
before T, / are given in Table 9. As for the test results, these can be seen in Figure 14.

Table 9. Thermomechanical history applied before the test T;; /, that will be compared to T;Ef
k Y

/2
0 1 2 3 4 5 6 7 8
VS FD T;SJ; ) FD Ty, /4 FD Ty, /4 FD Ty, 2
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0.004

Strain (mm/mm)

0.004
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0.003
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E 0.002
=
g
- -
@

0 0.001
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Figure 14. (a) Complete thermomechanical cycle comparison between T;:J;Z and Tvy /2 defined in Table 9; (b) TRIP strain vs.
T;;J;Z and Ty, /.

temperature comparison between

Once again, the martensitic transformation starts a little bit before the case of the
reference.

3.3.4. Memory after Severe Thermomechanical History in Classical Elastoplasticity

In this section, we make some comparisons between ng;z and T, /> for cases in which

T, /2 is performed after the elastoplastic characterization cycle (Table 10). The comparison
under question is given in Figure 15.

Table 10. Thermomechanical history applied before the test T, /, that will be compared to T;jJ;T
0 1 2 3 4 5 6
V6 FD T;?; ) FD Elastoplastic cycle (see Figure 4) FD To,/2

0.01

0.008

0.006

0.004

0.002

Strain (mm/mm)

-0.002

-0.004

-0.006

0 50 100 150 2004250 300 350 400

0.004

0.003

0.002

Strain (mm/mm)

0.001
450 500 550 600 650 700 750 800 850 900

50 100 150 200 250 300

Temperature (°C)
Temperature (°C)

T(oy/2) Reference T(oy/2) T(oy/2) Reference T(cy/2)

(a) (b)

Figure 15. (a) Complete thermomechanical cycle comparison between T;;J;Z and T, /, defined in Table 10; (b) TRIP strain

vs. temperature comparison between

ref
Tay/2 and Ts, 2-

The results show very small difference between the amount of TRIP in the two tests.
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3.4. Memory Effect for the Test—TRIP (3¢, /4)
3.4.1. Memory after Light Thermomechanical History Composed of One TRIP Test

In this case, we compare the test results of T;?; /4 with Tg,gy /4. The details about

thermomechanical history applied before T5,, /4 are given in Table 11. As for the test results,
these can be seen in Figure 16.

Table 11. Thermomechanical history applied before the test Tag, /4 that will be compared to T;ef

oy /4
0 1 2 3 4
VS FD ref FD T.
T3‘7y / 4 3(Ty / 4
0.01 0.006
0.008
0.006 _0.0045
7 s
£ E
£ 0004 s
g £ 0.003
£ 0.002 £
£ H
E 0 &
b 0 50 100 150 200 2§ 4507500 550 600 650 700 750 800 850 900 0.0015
-0.002
-0.004 0
50 100 250 300
-0.006
T(36y/4) Reference T(30y/4) T(36y/4) Reference T(3cy/4)
(a) (b)

Figure 16. (a) Complete thermomechanical cycle comparison between Tg?; /4 and T3, /4 defined in Table 11; (b) TRIP strain

vs. temperature comparison between T;Zf /4 and T3Uy /4-
y

The obtained results show that the two tests provide very similar behaviors; the two
curves in Figure 16b are almost perfectly superimposed. This result is very similar to the
equivalent ones with o, /4 (Figure 8) and 0y /2 (Figure 12).

3.4.2. Memory after Medium Thermomechanical History Composed of 3 TRIP Tests

Again, we compare the test results of T;Zf /4 with T3(7y /4, but in this case, there is more

thermomechanical history applied to the test specimen between the two results to compare.
The details about thermomechanical history applied before Ty, /4 are given in Table 12. As
for the test results, these can be seen in Figure 17.

Table 12. Thermomechanical history applied before the test Tag, /4 that will be compared to T;ef

0y /4
0 1 2 3 4 5 6 7 8 9 10
VS FD T;ET{ /4 FD Toy /4 FD Toy /4 FD T% /2 FD T317y /4
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0.01 0.006
0.008
0.00 0.0045
.006 E
~ £
g 0.004 £
E £ 0.003
£ 0.002 £
= &
=] 0 0.0015
& 0 50 100 150 200 2 7500 550 600 650 700 750 800 850 900
-0.002
0
R 50 100 150 200 250 300
o
-0.006 Temperature (°C)
Temperature (°C)
T(30y/4) Reference T(3oy/4) T(3oy/4) Reference T(3oy/4)
(a) (b)

Figure 17. (a) Complete thermomechanical cycle comparison between T;?; /4 and Tag, /4 defined in Table 12; (b) TRIP strain

vs. temperature comparison between T;Z/; sqand Tp /g

Similar to the previous section, the TRIP evolves with the same manner in both cases,
no significant effect of the applied thermomechanical history is observed.

3.4.3. Memory after Medium Thermomechanical History Composed of 2 TRIP Tests

Our third comparison of the test results of T;;J; /4 with T3gy /4 also shows a high

amount of thermomechanical history applied to the test specimen compared to the case
of Section 3.4.1 between the two results to compare. The details about thermomechanical
history applied before Ty, /4 are given in Table 13. As for the test results, these can be seen

in Figure 18.
. . . . ref
Table 13. Thermomechanical history applied before the test T5;, /4 that will be compared to Ty oy /4
0 1 2 3 4 5 6 7 8
re
VS FD TSU{ /4 FD To, 2 FD To, /2 FD T30, /4
0.01 0.006
0.008
0.0045
0.006 7
= £
£
£ oo g oms
£ =
£ 0.002 E
£ &
£ 0 0.0015
@ 0 50 100 150 200 P5 507500 550 600 650 700 750 800 850 900
-0.002 '
0
-0.004 50 100 150 200 250 300
Temperature (°C)
-0.006
Temperature (°C)
T(36y/4) Reference T(3oy/4) T(306y/4) Reference T(3oy/4)
@) (b)

Figure 18. (a) Complete thermomechanical cycle comparison between T /4 and T3g, /4 defined in Table 13; (b) TRIP strain

vs. temperature comparison between T;Z/; sqand Tp /4.

30y
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Similar results were obtained for both tests, despite the fact that in the present, the
martensitic transformation seems to start earlier.

3.4.4. Memory after Severe Thermomechanical History in Classical Elastoplasticity

In this section, we make some comparisons between 7% and T3, /4 for cases in
30y /4 Ty

which ngy /4 is performed after the elastoplastic characterization cycles (Table 14). The
comparison under question is given in Figure 19.

Table 14. Thermomechanical history applied before the test T3, /4 that will be compared to T;ef

oy /4
0 1 2 3 4 5 6
VS FD T;f'/; /4 FD Elastoplastic cycle (see Figure 4) FD T30, /4

0.01

0.008

0.006

0.004

0.002

Strain (mm/mm)

0 50 100 150 200

0 \
50 100 150 200 250 300

Temperature (°C)
T(36y/4) Reference

0.006

0.0045

0.003

Strain (mm/mm)

0.0015
500 550 600 650 700 750 800 850 900

Temperature (°C)

T(3ey/4) T(36y/4) Reference T(3cy/4)

(@) (b)

o

Figure 19. (a) Complete thermomechanical cycle comparison between Tgef /4 and Ts;, /4 defined in Table 14; (b) TRIP strain

vs. temperature comparison between T;gj; sqand Tsp /4.

Similar to the cases of Sections 3.2.4 and 3.3.4, the results show us that the case after
the characterization cycle leads to less TRIP.

3.5. Analysis of Other TRIP Characteristics
3.5.1. Effect on the Kinetics of Transformation Plasticity

The kinetics of TRIP are usually expressed by the function defined by the ratio vs. the
volume proportion (Z) of the martensite phase that is formed during these tests:

(e7(2)/ (e (2 = 1)) ®)
This function is estimated from experimental results,
e'? = f(T) 4

and the volume proportion of the new formed phase () vs. temperature

Z = f(T). ®)
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Equation (5) is estimated from thermal strain evolution vs. temperature (Equation (4)
deducted from free dilatometry test) by assuming the linear mixture rule to obtain the

thermal strain (sthm) of the phases mixture [4]. The thermal strain can be expressed by

e — o (T — T%) 4 (1 — Z)-ey (6)

with
a=Zay+(1—-2)an (7)

where Z is the volume fraction of the martensitic phase, s is the dilatation coefficient

of the martensitic phase, a4 is the dilatation coefficient of the austenitic phase, « is the

dilatation coefficient of the mixture, AEYAZ 4 is the compactness variation (also known as

deformation of transformation) between the martensitic and the austenitic phases at room

temperature, which, for our case, varies between 0.63% and 0.88% at room temperature at

the beginning of the transformation, and T* is the references temperature of « phases.
Equation (6) and Equation (7) lead to

e — s (T — T%) — Aely

Z - W
(sag — ea)-(T = T%) = Aely,

®)

With this expression, we can now estimate Equation (3), which will provide us the
transformation plasticity evolution vs. the martensitic volume proportion for specific tests.

3.5.2. TRIP Parameter k

In the cases where the applied stress is small, uniaxial, and maintained constant
during the transformation, certain TRIP models, such as Desalos’ model for example, may
be expressed by the following equation:

P =kz(2—z)o )

where k is generally known as the TRIP parameter. This equation is valid if the applied
load remains constant during the transformation, for which a rate formulation is necessary
in general.

This parameter can be defined as a function of the transformation progress [2]. It
allows us to analyze the TRIP rate of a test specimen as a function of the volume fraction
of the product phase and the applied stress to it [1]. This parameter can be estimated
experimentally using tests where applied stress does not generate classical plasticity or
creep, which is why in most cases this is determined using test results that do not surpass
half of the test specimen’s yield stress.

Equation (9) leads to
tp Stp

kzz(zs_iz)a;ifzzl,k:% (10)

In these conditions, k is constant. Because of this, it may be determined after a TRIP
test as the ratio between the final TRIP and the applied stress.

Desalos” model [10] uses such a method in order to determine the coefficient k. This
character makes this model non-predictive.

One can find in the literature the expression giving the parameter k based on microme-
chanical considerations, such as in Leblond (1989) [15], who presents the parameter with
the following expression:

2Aeqp
k= =

(11)

where Aey; is the deformation of transformation during the austenite—-martensite transfor-
mations and ¢¥ is the yield stress of the austenitic phase.
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3.5.3. TRIP Evolution versus Volume Proportion (Z) of the Martensite Phase

As seen in other works such as Taleb et al. (2001) [4], estimating the expression in
Equation (2) is highly influenced by the applied load during tests. For this reason, we
analyze this case with a test using only 75% of the austenitic phase yield stress during
the transformation.

In Figure 20, we present the TRIP evolution of the case presented in Section 3.1.2 vs.
the volume proportion determined from the FD test applied just before it. However, as we
saw in the previous section, there are expressions such as Desalos” and Leblond’s models
that allow us to obtain this relation as well. Therefore, we predict the same relation using
Desalos’ and Leblond’s models and compare it to our results.

0.8

0.6

0.4

TRIP (z)/TRIP(z=1)

0.2

Experiment Desalos Leblond

Figure 20. The orange line represents the evolution of the ratio TRIP(Z)/TRIP(Z = 1) vs. Z during
TRIP with 75% of the austenitic phase yield stress during the transformation. The grey line represents
the prediction using Leblond’s model. The blue line represents the prediction using Desalos” model.

There is a clear distinction between the three results, most noticeably how for our
experiment’s results, there is a much faster TRIP evolution at the beginning of the trans-
formation than the other two. This difference may be shown considering constitutive
equations of both models.

Desalos” model is given by

dell = k2(1 — z)dzo (12)

If the applied stress and k are assumed constants, Equation (12) can be integrated, leading to

sg =kz(2—-z)o (13)
Therefore,
tp
;Di —2(2—2) (14)
ep(z=1)

The same reasoning with Leblond’s model leads to

2Ae
detLp = 12
oy

(—In(z))dzo (15)



Metals 2021, 11, 1929 19 of 21

If the applied stress and 2?7312 are assumed constants, Equation (12) can be integrated,
leading to
t 2A¢e
ef = Uyuz(l —In(z))o (16)
Therefore,
tp
ﬁi =z(1—-1In(z)) (17)
ef(z=1)

One can compare Equation (14) and Equation (17):

e (2) el (2)

>
eh(z=1)  &(z=1)

—z(1—-1In(z)) >z(2—2z) = z>1+1In(z) (18)

Equation (18) is verified for any z > 0.
We can conclude that the TRIP kinetics predicted by Leblond’s model are more
important than the Desalos’ kinetics.

3.5.4. Evaluation of the Linear Relation between the Final TRIP and the Applied Stress

The relation between the final TRIP and the applied stress is estimated using two ap-
proaches: The first one uses only the reference TRIP results (Section 3.1) while in the second one,
for each stress level, the average value is considered. The results are expressed in Figure 21.

0.006
0.005

0.004

Final TRIP

0.003

0.002

0,001
.25 8.5 .75
9y

Average of all applied TRIP Reference

Figure 21. Final TRIP vs. applied stress. In the first case, only the reference TRIP results (found in
Section 3.1) are considered. In the second case, for each stress level, the average value is considered.

The results obtained show us a very good signal of how when the elastoplastic histories
applied to our test specimens are limited to FD tests and TRIP tests, there is only a small
effect noticeable. Note that in the literature, it is generally admitted that the relation is
linear for applied stresses that are less than one-half of the yield limit [4,16]. Our results in
Figure 21 show that such a limit is at least three-quarters of the yield limit.

4. Concluding Remarks

In this paper, we have investigated the TRIP phenomenon in the martensitic transfor-
mation of 35NCD16 steel, with a main focus on the memory of TRIP after the application
of a thermoelastoplastic history including phase changes. In addition, the TRIP parameter,
the kinetics of TRIP, as well as the relation between the final TRIP and the applied stress
are also studied.

The obtained results enable us to make the following concluding remarks:

o  After “light” thermomechanical history composed of only Free Dilatometry, no mem-
ory is observed: The TRIP response is completely superimposed on the reference
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test under question. This observation is the same for all stress levels considered here:
TRIP (0, /4), TRIP (7, /2), and TRIP 30y, /4). As a consequence, the specimen becomes
reusable even if it is necessary to check for oxidation after a certain number of tests.
This “economic” option allows us to perform several “low cost” TRIP tests compared
to the classical procedure (one test = one specimen). Finally, note that our result
confirms the choice adopted in Coret (2002) [17] and Videau (1996) [18] where they
use the same specimen for several TRIP tests.

e  After thermomechanical histories including Free Dilatometries as well as TRIP tests,
the amount of TRIP is a slightly reduced (by about 10%).

o  After the elastoplastic cycle, where the austenitic phase undergoes plasticity, the
difference is more significant. This result is qualitatively in accordance with the test
results given in Taleb (2014) [16] where the interaction between TRIP and Classical
plasticity is studied. For a quantitative point of view, the pre-hardening in Taleb
(2014) [16] is significantly more important than the one considered in our study, as
they reached a plastic strain of the order of 5%. This parameter deserves verification
in a future extension of our study.

The study of the TRIP parameter and kinetics points out the importance of Leblond’s
model with its predictive character.
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