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Abstract. For somemodern steels with a body-centered cubic (bcc) crystal struc-
ture, it is observed that both tensile strength andductility are significantly improved
with decreasing temperature, which motivates the exploration of the cryogenic
formability and fracture properties of these materials. The temperature-dependent
plasticity and fracture phenomena of amodern bainitic steels with the bcc structure
have been investigated by performing a comprehensive experimental program and
finite element simulations, covering a broad range of loading conditions. Uniaxial
tensile tests have been performed at different temperatures along three loading
directions. Tensile tests using flat specimens with various geometries, including
shear, central hole and notched dog bone, have been performed along the rolling
direction at room temperature and –196 °C. An advanced non-associated con-
stitutive plasticity model is used to describe the temperature-dependent strength
and hardening properties of the material. The local critical stress and strain vari-
ables extracted from finite element simulations of different fracture tests have
been used to calibrate a unified fracture criterion, which considers the stress state
dependence. The effects of temperature on the plasticity and stress state dependent
fracture behavior of the modern bcc steels have been quantitatively determined.
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1 Introduction

Recent studies show that the formability of several aluminumalloys (with a face-centered
cubic structure) at cryogenic temperatures is superior to room temperature, which moti-
vates the exploration of the cryogenic formability of other metallic materials [1–3]. For
metallic materials with a body-centered cubic (bcc) crystal structure, brittle fracture is
typically observed in toughness tests when the testing temperature is below the ductile
to brittle transition temperature. However, only a narrow range of stress states with high
triaxiality is considered in the toughness tests. The fracture properties of modern bcc
steels under low to moderate triaxiality conditions have not been fully explored. Recent
studies show that significant amount of plasticity can occur in bainitic pipeline steels
with a bcc structure at extremely low temperatures when the local stress triaxiality is
below a threshold value [4, 5].
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The effects of stress states on ductile fracture have been extensively investigated for
various metallic materials [6–9]. Several uncoupled ductile fracture criteria have been
proposed and applied to describe the stress state dependence of failure strain, which is
typically formulated as the weight function of stress triaxiality and Lode angle parameter
[10–12]. There are several successful applications of these criteria for the prediction of
ductile fracture at elevated temperatures as well. However, the impacts of temperature
on the plasticity and fracture properties of modern bcc steel over a wide range of stress
states have rarely been investigated for temperatures lower than room temperature. For
materials with anisotropic plasticity properties, different advanced constitutive models
are available for the accurate description of plastic deformation at various temperatures
[13–15]. Therefore, the temperature influence on the plasticity and fracture behavior of
a modern bcc steel with anisotropic effects has been investigated under low to moderate
triaxiality conditions at cryogenic temperatures.

2 Materials and Experiments

2.1 Materials and Testing Program

The plasticity and fracture properties of a modern bainitic steel have been investigated
by performing tensile tests using different specimen geometries at room temperature
and −196 °C under quasi-static conditions. The microstructure of the investigated bcc
steel is shown in Fig. 1a. The plasticity of the material is characterized by performing
uniaxial tensile tests using smooth dog bone (SDB) specimens along three different
loading directions (00°, 45°, and 90° with respect to the rolling direction). The biaxial
flow behavior is characterized by compression tests through the thickness direction.
During uniaxial tensile tests at room temperature, the strains along both longitudinal
and width directions have been measured to calculate the r-value. Tensile tests using
fracture specimens, including notched dog bone (NDB), central hole (CH-R3) and shear
(SH) geometries, have been performed along the rolling direction at room temperature
and−196 °C. The gauge length of 40mm is used for all fracture specimens. The detailed
descriptions of the experimental setup are provided in previous studies [4, 16].

Fig. 1. Microstructure of the investigated material (a); Overview of all tensile specimens (b) and
setup of the machine for tensile tests at −196 °C.
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2.2 Experimental Results

The anisotropic engineering stress and strain curves obtained from uniaxial tensile tests
at room temperature and −196 °C are shown in Fig. 2. Both yield strength and tensile
strength are significantly increased at the cryogenic testing temperature than room tem-
perature due to thermal softening effects. In addition, the tensile ductility at −196 °C is
also significantly improved than at room temperature. The r-value along three loading
directions has been measured continuously during tensile deformation at room tem-
perature, as shown in Fig. 2d. In addition to the orientation-dependent flow stress, the
anisotropic effects on the r-value are more pronounced. For instance, the r-value along
00° and 90° is lower than one. The r-value measured along different loading directions
is also changing during plastic deformation.

Fig. 2. Anisotropic uniaxial tensile properties of the investigated bcc steel at room temperature
and−196 °C. Engineering stress and strain curves along (a) 00°, (b) 45°, and (c) 90°; (d) Evolution
of r-value at room temperature.

Significant plastic deformation occurs in tensile tests using fracture specimens at
both temperatures, as shown in the following section. However, the underlying failure
mechanisms are different, depending on the loading stress states and temperature. For
instance, shear failure occurs in theSHspecimens at both room temperature and−196 °C.
For the NDB specimens, cleavage fracture occurs after significant plastic deformation
at −196 °C while ductile fracture takes place at room temperature.
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3 Material Models

3.1 Plasticity Model

The non-associated flow rule has been adopted to overcome the drawback of the conven-
tional Hill48 model, which provides limited accuracy in the simultaneous description
of anisotropic strength and r-values [15, 17]. The features of anisotropic hardening and
r-value evolution have been further considered in the evolving non-associated Hill48
(enHill48) model to improve the accuracy in describing the anisotropic plasticity [18].
The yield function f and flow potential g are described using separate equations.

f = σ̄σ(σ |Fσ,Gσ,Hσ,Lσ,Mσ,Nσ) − σY
(
εp

) ≤ 0 (1)

g = σ̄r(σ |Fr,Gr,Hr,Lr,Mr,Nr) − σY
(
εp

) ≤ 0 (2)

The same quadratic Hill48 equivalent stress σ̄ (σ ) is adopted in the yield function
f and flow potential g, where the anisotropic parameters are calibrated independently.
Anisotropic flow stress is used to calibrate parameters (Fσ,Gσ,Hσ,Nσ) in yield function
f while anisotropic r-values are used to determine parameters (Fr,Gr,Hr,Nr) in flow
potential g.

σ(σ ) = {1
2
[F(σ22 − σ33)

2 + G(σ33 − σ11)
2 + H (σ11 − σ22)

2]
+ Lσ 2

23 + M σ 2
13 + Nσ 2

12}
1
2 (3)

According to the non-associated flow rule, the equivalent plastic strain rate ε̇
p
is

calculated in Eq. (4), where a correction factor is added to the typical non-negative
plastic multiplier λ̇.

ε̇
p = λ̇ · σ̄r

σ̄σ

(4)

3.2 Fracture Criterion

The unified fracture criterion proposed by Shen et al., [4, 5] is used in this study, where
the Bai-Wierzbicki [10] phenomenological expression of fracture initiation strain is
adopted. The anisotropic damagemechanicsmodel has been used to describe the fracture
properties of high-strength bainitic steels at different temperatures [4, 16]. The general
expression of stress state using stress triaxiality η and Lode angle parameter θ is adopted
in the fracture criterion, which are derived from stress invariants (I1, J2, J3).

η = I1/
√
27 · J2 (5)

θ = 1 − 6

π
θ = 1 − 2

π
cos−1(

√
27/4 · J3 · J2−3/2) (6)
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The stress state effects on failure strain are quantified by a phenomenological function
with four parameters (C1∼4) for proportional loading conditions according to Eq. (8). To
consider the non-proportional loading effects, the average values of stress triaxiality and
Lode angle parameter (ηavg, θavg) are used to describe the overall stress state. Fracture
occurs when the fracture indicator If reaches the unity.

εf
(
η, θ

) =
(
C1exp

−C2η − C3exp
−C4η

)
θ
2 + C3exp

−C4η (7)

ηavg = 1

εf

∫ εf

0
η dεp, θavg = 1

εf

∫ εf

0
θ dεp (8)

If =
∫ εp

0

1

εf
(
η, θ

)dεp (9)

4 Simulation Results

4.1 Calibration of Plasticity Model

The orientation-dependent distribution of flow stress and r-value at the equivalent plastic
strain of 0.04 can bewell captured by the enHill48 plasticitymodel for both temperatures,
as shown in Fig. 3a and Fig. 3b. Assuming the anisotropy of the investigated material is
not affected by temperature, the r-value is considered to be independent of temperature
[4, 19]. The anisotropic hardening behavior of the material is described by fitting the
individual flow curves along 00°, 45°, 90° and the biaxial flow curve using the combined
Swift-Voce function. The evolution of the r-value along three loading directions during
plastic deformation is described using the Voce function. The fitting of the flow curve
and r-value evolution function along the rolling direction is shown in Fig. 3c and Fig. 3d.

4.2 Critical Stress and Strain Values

Finite element simulations have been performed to extract the local critical stress and
strain variables in different specimens. The material model is implemented as a user-
defined VUMAT subroutine. Half-thickness models with solid elements have been used
for all geometries during simulations using the ABAQUS/EXPLICIT software. The
evolution of equivalent plastic strain with stress state variables in the critical element
of CH-R3 and NDB-R6 specimens is demonstrated in Fig. 4 for both room temperature
and −196 °C. Solid symbols represent the fracture point. It is observed that significant
plastic deformation occurs at −196 °C during tensile tests along the rolling direction
using these specimens. It can be seen that the fracture strain at room temperature is
slightly higher than at −196 °C, indicating the temperature effects on fracture strain are
not very pronounced under the investigated conditions.
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Fig. 3. Calibration of anisotropic plasticity model at room temperature and−196 °C: Anisotropic
description of flow stress (a) and r-value (b) at the equivalent plastic strain of 0.04; Fitting of flow
curve (c) and r-value evolution function (d) along the rolling direction.

Fig. 4. The evolution of equivalent plastic strain with stress triaxiality (a) and Lode angle parame-
ter (b) at critical position inCH-R3andNDB-R6 specimens during tensile tests at room temperature
and −196 °C along the rolling direction. Solid symbols represent fracture point.

4.3 Fracture Prediction

Considering the marginal effects of temperature on fracture strain, one set of fracture
parameters (C1∼4) has been calibrated to describe the fracture behavior of the investi-
gated bcc steel during tensile tests at room temperature and −196 °C along the rolling
direction. The predicted force and displacement curves during tensile tests using CH-R3
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andNDB-R6 specimens are comparedwith experimental results in Fig. 5. Based on good
prediction accuracy, it can be concluded that the fracture behavior of the investigated bcc
steel during tensile tests at room temperature and −196 °C can be well captured using
one set of failure criterion under the considered loading conditions. Brittle fracture is
typically observed in fracture toughness tests of engineering bcc materials at extremely
low temperatures, which is mainly attributed to the high local triaxiality in the testing
conditions. Recent studies show that significant plastic deformation can occur in bcc
steels by delaying the cleavage fracture at cryogenic temperatures, far below the ductile
to brittle transition temperature, if the local stress triaxiality is below a threshold value
[4, 5].

Fig. 5. Experimental and numerical results of force and displacement curves during tensile tests
using CH-R3 (a) and NDB-R6 (b) specimens at room temperature and −196 °C along the rolling
direction.

By comparing the fracture behavior at room temperature and −196 °C, it confirms
that the local fracture strain of the investigated bcc steel at −196 °C is comparable
to that of room temperature under the considered stress states below the threshold tri-
axiality, which is approximately 1 for the same grade of steel [4]. More systematic
investigations should be performed to quantify the temperature effects on failure strain
at other temperatures, particularly within the ductile to brittle transition region. However,
these observations indicate that the local formability of modern bcc steels under low to
moderate triaxiality conditions needs more exploration at cryogenic temperatures.

5 Conclusions

The effects of temperature on the plasticity and fracture properties of a bcc steel have
been investigated by performing tensile tests using various specimen geometries at room
temperature and −196 °C. The fracture properties during tensile tests at different tem-
peratures have been simulated using an evolving plasticity model combined with a
strain-based fracture criterion. The key findings are summarized as follows:
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• Significant plasticity occurs at−196 °C in the investigatedbcc steel during tensile tests
using various specimen geometries, where the local triaxiality is below a threshold
value.

• The temperature has weak impacts on the failure strain of the investigated bcc steel
under the considered loading conditions.
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