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Abstract To improve vehicle fuel economy and improve safety, automakers have
focussed on substituting low-carbon steel for advanced high-strength steel (AHSS)
alloys. A common grade of AHSS is the transformation-induced plasticity (TRIP)
steels, which undergo a phase transformation from austenite to martensitic that
enhances the ductility and strength. This work employs a phenomenological consti-
tutive model for TRIP 800 steel to study the thermomechanical behaviour over
large strains. This formulation is implemented into the recently developed fully
coupled thermomechanical Marciniak—Kuczynski (MK) framework by Connolly
et al. (2018). These are employed to analyze formability of a TRIP 800 alloy under
a range of thermal conditions expected in realistic stamping operations. This work
demonstrates that control of the initial blank temperature, die temperature, and die
conduction coefficient can produce improvements in uniaxial and plane strain forma-
bility of up to 44% and 41% relative to room temperature formability. In contrast,
the presented study shows that poor control of these parameters can reduce uniaxial
and plane strain formability by up to 35% and 41%. Additionally, the conditions for
optimal formability are shown to be strain path dependent, suggesting that tightly
coupling component, process, and die design could improve final component designs.
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Introduction

Structural lightweighting through the novel design technology development [1] and
advanced material substitution [2—4] has been a focus for automakers to address
vehicle fuel economy regulations [5]. For formability components, particular focus
has been directed to the development of novel advanced high-strength steel (AHSS)
alloys due to their high strength and ductility. These desirable characteristics result
from advanced chemical compositions and heat treatment processes allowing fine
control of phase properties with these multiphase alloys. In addition, AHSS alloys
commonly exhibit the transformation-induced plasticity (TRIP) effect, wherein
metastable retained austenite () transforms into martensite (o). This effect depends
on temperature [6], stress state [7], and strain rate [8], and can induce tension—
compression asymmetry in yield behaviour [9]. This results in substantial increase
in material hardening, improving ductility, strength, and fracture resistance [10]. The
most industrially applicable steels exhibiting this behaviour are TRIP steels, wherein
the retained austenite (RA) and martensite exist within a matrix of ferrite (o) and
bainite () [11].

To enable rapid and cost-effective design iteration, vehicles are designed primarily
in a virtual environment, with experiments used as calibration and validation. Compo-
nent design is then limited by a combination of formability, weight, energy absorp-
tion, and strength (i.e., anti-penetration). One formability measure is the forming
limit diagram (FLD) [12, 13], which is defined as a set of limit strains below which a
sheet metal deformed under a constant strain path is unlikely to fail through localized
necking. A common approach for numerically predicting an FLD is the Marciniak—
Kuczynski (MK) analysis [14], wherein analytical equations are used to model the
evolution of a diffuse neck.

Connolly et al. [15] recently extended MK analysis to include a fully coupled
thermal model. This was coupled with an advanced constitutive model to analyze
the effects of transformation deformation kinematics and thermal conditions on the
formability of a TRIP 800 steel alloy. Their results showed that control of the thermal
boundary conditions and initial blank temperature could be used to improve forma-
bility by up to 35% in uniaxial tension and 25% in plane strain tension. This work
builds upon these results by analyzing formability under a realistic forming process,
controlling initial blank temperature, stamping die temperature, and the stamping
die to blank conduction coefficient to suggest specific avenues of exploration for
improving formability in existing TRIP steel alloys.
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Model Formulation

Constitutive Modeling

This work employs the phenomenological model previously used in Kohar et al. [16]
and Connolly et al. [15]. This model is summarized below with full details in the
aforementioned paper.

Strain-Rate Decomposition

The total strain rate, &;;, is decomposed into elastic (se"”’ ), inelastic ('l j> and

thermal ( ’Jh”m> terms:

Slj — Eelast + 8 + 8therm (l)

The thermal strain rate can be modelled using isotropic thermal expansion, given
by

N = o 8T )
where o is the linear thermal expansion coefficient, §;; is the Kronecker delta,
and T is the temperature rate. The inelastic deformation is further decomposed into
plastic slip strain (5’? P ) and both a dilational ( 1 d'lm) and shape change ( & ( pshap g)
component of transformation strain:

P

. psli dilat shape
l[; llj [’+ 1’ +é [7 P (3)

The plastic slip strain is given by the associative flow rule

1 - psli 1o
éip}slzp — EP lip (4)
8ol~j

where 8" is the effective plastic slip rate and & is the yield function. The dilational

and shape change transformation strains are given by

. pdilat __ -
B = AV fy8 (5)

shape Goff . 30
8 = [Ro + R1<("” )]f— (©6)
00,}, 30,']
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where AV = 0.02 is the austenite to martensite volume change, Ry = 0.02 and
R = 0.02 are fitted parameters, 6, is the effective flow stress, oy ,, is the austenite
initial yield stress, and f,, is the rate of transformation of martensite.

Kinetics of Transformation

Martensite transformation rate is assumed to occur as a result of the formation of
new martensitic units at potent nucleation sites at shear band intersections [6, 17].
The transformation rate is given by

fo = FKpfiy+ fip0(p)] (7)

where f, is the austenite volume fraction, p is the probability of a shear band inter-
section site transforming, ffb is the volume fraction of shear band intersection sites,
and 6 (x) is a Heaviside function. The shear band intersection volume fraction, shear
band volume fraction ( f;;), and effective slip rate in the austenite (é}'jmp ) are related
using

fio = n(fa)™ ®)
fsb = am(l - fsb)gibﬁp (9)

where 1 and n; are calibration constants and a,, is given by

0

, 8; Am,6
am = (am1 + am2T + an3T° — anaZ)| 1 — ans| — (10)
é

5 - tr(f)
30

(1)

where a,, 1-a,, ¢ are calibration parameters, 7 is temperature, X is stress triaxiality,
¢ is an effective strain rate, &y is a normalization factor, and & is the von Mises
equivalent stress. The probability of transformation is given by

| g ( , )2
8 — 80 '
= exp| ————— |4 (12)
P V2o, / p( 202 ) 8
—00

g=-T+gX (13)
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where g and o, are the mean and standard deviation of the distribution of critical
driving forces required to cause transformation at a shear band intersection site, g
is the transformation driving force, and g; is the dependence of the driving force
triaxiality.

Effective Flow Stress

Itis assumed that the average effective flow stress (0,,.) is given by a rule of mixtures
such that

6uve = fJ/&y + fﬁgﬂ + fa&a + fo/&a’ (14)

where f; and 6; are the volume fraction and effective stress of each phase as denoted
by = {y. B, @, a'}. The effective stress of each phase i is given using a Holloman
hardening law:

& = Ki(eo,; +&""P)" (15)

B\
g0, = (Z) (16)

where K; and n; are calibrated constants, &y ; is the yield strain, and E; is Young’s
modulus. The Johnson—Cook [18] model is used to incorporate temperature sensi-
tivity and the Cowper—Symonds [19] model is used to incorporate strain-rate
sensitivity, such that the total flow stress, o, is given by

;=5ave(1+( ")”P><1 . (%)) (17)

Al ol

where C and P are Cowper—Symonds rate sensitivity parameters, £ is the total
effective strain rate, 7" is a reference temperature, 7,,.;, is the material melting
point, and m is a temperature sensitivity exponent.

Evolving Anisotropic Yield Function

The yield surface is given by a modified Y1d2000 function [20] with an evolving
asymmetry term [9]:

J3(0y5) (e

1 1 sli .\ 2
P =¢(Uij)é +3;kW o(e™'r, T,8)" =0 (18)
ij
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k= Co(1 — k)&™"™ (19)

where ¢ (0;;) is the Y1d2000 function, J3 is the third deviatoric stress tensor invariant,
k is a parameter defining the evolving yield surface asymmetry, and C;, = 0.49 [21]
governs the asymmetry increase rate. A maximum limit is enforced for k such that
yield surface convexity is maintained [15]. The overall constitutive equation for
stress is given by a hypo-elastic formulation with a modified Jaumann co-rotational
framework such that

- VJ __ pel _elast
0jj _ﬁijklgkl (20)

. .VJ .
6ij = 0;;" + ouWij — Wiroy; + 0ijéuk 2D

where Efjl « 18 the isotropic elasticity tensor and W;; is the antisymmetric component

of the velocity gradient.

Coupled Thermomechanical Marciniak-Kuczynski Analysis

This work uses the fully coupled thermal MK model outlined in Connolly et al. [15]
which is utilized for this work. A brief description of the model is given here. Figure 1
[15] shows a schematic of an infinite sheet with axes x; and x, and an infinite band
related by an initial angle v; to the x;-axis. A superscript B and no superscript are
used to denote in-band and out-of-band properties, respectively. The band (H B (t))
and sheet (H (t)) thicknesses are initially related through an imperfection parameter

(f):

H"(0)
Fe (22)
H(0)
The MK formulation assumes plane stress sheet deformation such that
Fig. 1 Sheet with initial 2
band inclined at angle v/; ‘ ‘ ‘ ‘ ‘
~-— *2 —
n
- II —- o-| ]
¥
- —
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e =Pé, Wi =£1,=0 (23)

where P is a proportionality constant. The band angle (1) is updated by
tan ¥ = exp[(1 — P)ey]tanyy; 24)
The in-band and out-of-band velocity gradients are related by [22]
LYy = Lag + ganpa, p=1,2 (25)
Force equilibrium requires that in-band and out-of-band stresses are related by
na(rogg HE = neoupH (26)

The numerical results are updated by solving algebraic equations for g,and D%,
created by combing the constitutive law, force equilibrium, and boundary conditions.
Necking localization failure occurs when the in-band thickness strain rate (D%,) is
tenfold larger than the out-of-band thickness strain rate (D33). Temperature evolution
in band and out of band is considered independently and is described by

2[RI =) (Tors = T) + sphe(Tos — T) + sp03, € r(Tog — Ty)]
H (27

pC,T =

+ (XC_"SLPSHF + Qtr fa’)

where R is a conductive heat transfer constant, 7,,, is conductive boundary temper-
ature, s is the surface fraction exposed to air, &, is a convective heat transfer coef-
ficient, T, is the air temperature, o, = 5.67 x 1078 w/ m?2K is the Stefan—Boltz-
mann constant, €, is a coefficient of emissivity, x = 0.9 is the plastic work fraction
converted into heat, and Q,, is the specific latent heat of austenite to martensite
transformation.

Material Characterization and Calibration

This work uses coefficients presented in Connolly et al. [15] as summarized here.
Table 1 presents the elastic and plastic parameters for each phase and Table 2 presents
the TRIP 800 steel thermal properties.

Table 3 lists the yield function coefficients as calibrated to experimental Lankford
coefficients and normalized yield stress variation with k = 0 and with the coefficient
ranges restricted to o; € [0.8, 1.2]. The maximum asymmetry coefficient with these
parameters was determined to be k;;,, = 0.762.
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Table 1 Elasticity and hardening parameters for TRIP800 [15]

fi[%] | Ei[GPa] |u; Ki [MPa]  |n; g0 (x1073)
Austenite, y 16.5 190 0.30 | 1300 0.114  |3.602
Bainite, 8 135 210 0.30 | 2930 0201 |4.776
Ferrite, F 70.0 210 030 |720 0.135 | 1416
Martensite, o' 0.0 210 030 3470 0.126  |9.133

Table 2 Thermal properties of TRIP 800 steel

TRIP 800
Density, p [gm 3] 7800
Specific heat capacity, C), [(Jkg~'K~1] 519
Thermal expansion, o, [K~ Y 12 x 107
Thermal resistance, R}[Wm-ZK-l] 22
Coefficient of convection, n' [Wm—2K~1] 15
Emissivity coefficient, € 0.80
Fraction of exposed surface to air, s ¢ 0.50

Table 3 Y1d2000 yield function parameters for TRIP 800
(3] [0%) o3 [e 7} o5 (o7 o7 og a

09719 | 0.9882 1.1051 09634 09882 |0.8918 1.0214 | 0.8980 |6.00

Tables 4 and 5 present the calibrated parameters for martensite transformation,
Johnson—Cook thermal sensitivity, and Cowper—Symonds strain rate sensitivity.
These were determined via simultaneous calibration to flow stress for several temper-
atures and strain rates, martensite evolution for several strain rates and strain paths,
and temperature rise under uniaxial tension at an elevated strain rate.

Table 4 Flow stress strain rate and temperature sensitivity parameters for TRIP 800
C[s™'] P go[s™] m T*[K] | TweulK1 | x Qi [Wm™3]
9.938 x 10* |5.2554 [1.0x 107* |1.274 |293 1643 0.90 |4.981 x 10°

Table 5 Martensite generation parameters for TRIP 800

am,1 am,2 am,3 am,4 am,5 am,6 Og 80 81 n ng

1.698 |5.865 x | —1.137 | —4.320 |0.09864 | 0.153 |335.12 | 0.0071 |76.8 |9.626 |4.058
102 x 10
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Results and Discussion

The purpose of this work is to study the influence of thermal processing parameters on
formability of TRIP 800 steel during a forming operation. In forming processes where
the blank is typically constrained in a fixture that is not exposed to the surroundings,
conduction to the forming dies is the main heat transfer mechanism. In practice, the
conduction coefficient can be modified through selective lubricants and die design.
It should be stressed that the conduction coefficient used here is meant to represent
the overall heat transfer between the blank surface and a thermal boundary (e.g.,
coolant) and will therefore be much lower than the conduction between the blank
and the die surface.

In this study, the thermal conductivity coefficient is varied to explore the effect
on formability through modification of the martensite generation rate in the sheet.
It is assumed that the entire surface of the sheet is in contact with the dies, such
that convective and radiative heat transfer can be neglected (s; = 0). The conduc-
tion coefficients used are Ry = {10, 20, 40, 80} Wm—2K~"'. The initial temper-
ature of the blank, 7(0), and external thermal BCs varied between 400K and
700K with AT (0) = AT, = 100K and compared to formability with a blank
initially at room temperature (7(0) = 293K) and with room temperature dies
(T.x; = 293K). The independent variables of this study are the initial blank temper-
ature (7 (0)), the external boundary temperature (7,,), and the conduction coeffi-
cient (Ry). Each formability study was conducted with a macroscopic strain rate,
Dy = 1.0 x 1073s~!, an imperfection parameter, f = 0.996 [23], proportionality
constant of —0.5 < P < 1.0 with AP = 0.1, and initial band angle of 0° < y; < 40°
with Ay = 5°.

Figure 2 presents the FLD for an effective conduction coefficient of Ry =
10Wm~2K ~! for different initial temperature conditions. The percentage improve-
ment in formability for a given initial blank temperature, thermal boundary condition,
and strain path for the same strain path for an initial blank temperature and boundary
temperature of 293K and conduction coefficient of 10Wm 2 is presented in Fig. 3.
Raising the initial blank temperature for a constant die temperature results in two
possible effects depending on the die temperature. For room temperature external
BCs, increasing the initial blank temperature primarily had the effect of delaying
martensite generation, while also resulting in minor reductions in the final volume
fraction of martensite generated. This yielded a net improvement in formability, up
until the critical temperature discussed in Connolly et al. [15], where the blank does
not chill sufficiently for transformation to initiate. Throughout this work, this point
will be referred to as the critical blank temperature. However, at elevated die temper-
atures, raising the initial blank temperature resulted in a major reduction in the final
volume fraction of martensite. This yielded a net reduction in formability.

Figures 4, 5, 6 present the percentage improvement in formability for a given
initial blank temperature, die temperature, and strain path with R, = {20, 40, 80}
Wm~2K ~! relative to the formability with boundary and die temperatures of 293K
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Fig. 2 Predicted forming limit diagrams for an effective conduction coefficient of 10 Wm 2K ~!
for a variety of boundary temperatures and initial blank temperatures
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Fig. 3 Predicted percentage improvement in forming limit strain comparing an effective conduction
coefficient of 10 Wm~2K ! for a variety of boundary temperatures and initial blank temperatures
to an effective conduction coefficient of 10 Wm 2K ~! with boundary temperature 293 K and initial
blank temperature 293 K
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Fig. 4 Predicted percentage improvement in forming limit strain comparing an effective conduction
coefficient of 20 Wm 2K ~! for a variety of boundary temperatures and initial blank temperatures
to an effective conduction coefficient of 10 Wm 2K ~! with boundary temperature 293 K and initial
blank temperature 293 K
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Fig. 5 Predicted percentage improvement in forming limit strain comparing an effective conduction
coefficient of 40 Wm 2K ~! for a variety of boundary temperatures and initial blank temperatures
to an effective conduction coefficient of 10 Wm =2 K ~! with boundary temperature 293 K and initial
blank temperature 293 K
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Fig. 6 Predicted percentage improvement in forming limit strain comparing an effective conduction
coefficient of 80 Wm~2K ! for a variety of boundary temperatures and initial blank temperatures
to an effective conduction coefficient of 10 Wm =2 K ~! with boundary temperature 293 K and initial
blank temperature 293 K

and a conduction coefficient of 10 Wm 2. The effect of increased blank tempera-
ture with room temperature dies and elevated conduction coefficients is similar to the
low conduction case: increasing blank temperature leads to an increase in formability
until reaching the critical blank temperature. However, unlike the low condition case,
simultaneously increasing blank and die temperatures can result in a net improvement
in formability for moderate die temperatures (400 K and 500 K). This is because the
elevated die conduction coefficient allows cooling to occur faster, allowing martensite
formation to begin earlier and continue longer. Despite an increase in the conduc-
tion coefficient, the high die temperature cases (600 K and 700 K) did not result
in an increase in formability. This is because transformation is almost completely
suppressed at these temperatures, where little transformation occurs despite the blank
reaching the die temperature.

It is important to understand the overall sensitivity of formability to initial blank
temperature, die temperature, and conduction coefficient to optimize the thermal
parameters. Considering only cases with room temperature or moderate die temper-
ature and a blank temperature beneath the critical blank temperature, formability is
improved with decreasing die coefficient, increasing initial blank temperature, and
increasing die temperature. Conversely, the value of the critical blank temperature
itself increases with increasing die coefficient and decreasing die temperature. In a
forming process, the critical blank temperature limits the maximum formability of
a process. Improving formability requires finding the correct process parameters to
simultaneously increase the critical blank temperature while improving formability
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below the critical blank temperature. Since the critical blank temperature is depen-
dent on the strain path of deformation, the optimal choice of process parameters will
likely be dependent on the expected strain paths of the specific component being
formed.

In this study, the maximum uniaxial tension formability was predicted to occur
with a boundary temperature of 293 K, a conduction coefficient of 20 Wm =2, and an
initial blank temperature of 700 K. These conditions resulted in a uniaxial tension
formability improvement from 0.33 to 0.48 strain (+44 %), but also caused a reduction
in plane strain formability from 0.19 to 0.14 (—27%). The maximum plane strain
formability occurred with a boundary temperature of 293 K, a conduction coeffi-
cient of 40 Wm 2, and an initial blank temperature of 700 K. With these conditions,
plane strain formability improved from 0.19 to 0.26 (41%) and uniaxial formability
improved from 0.33 to 0.41 (26%). As in Connolly et al. [15], there are only minor
effects on the equibiaxial side because the yield surface changes are decoupled from
the martensite generation, and the martensite generation is saturated and therefore
has minimal effect on hardening at the localization strain. In this study, the blank
temperature, die temperature, and conduction coefficient. In an unbounded opti-
mization, larger improvements could likely be obtained. Additionally, it is crucial to
recognize that poor control of thermal process parameters may also result in signif-
icant reductions in formability. The worst case obtained in the study had an initial
blank temperature of 293 K, die temperature of 700 K, and a conduction coefficient of
80 Wm 2. In this case, uniaxial formability reduced from 0.33 t0 0.21 (—35%), plane
strain formability reduced from 0.19 to 0.11 (—41%), and equibiaxial formability is
unchanged.

Conclusion

In this paper, the formability behaviour of a TRIP 800 steel subject to realistic thermal
conditions for forming processes was analyzed. It employed the constitutive model
and fully coupled thermomechanical MK analysis presented in Connolly et al. [15].
This study varied the effective conduction coefficient, blank temperature, and die
temperature to obtain the following specific conclusions:

e Hot forming of TRIP steels using in-die cooling can result in improvements in
predicted formability of up to 44% under uniaxial tension and 41% under plane
strain tension were observed.

e Excessive blank and die heating can result in reductions in predicted formability
of up to 35% under uniaxial tension and 41% under plane strain tension were
observed

e Optimal thermal process parameters depend on strain path, suggesting that the
ideal formability curve is tightly coupled to die and component design
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