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Abstract: In this paper, the inelastic material models for Type 316H stainless steel, which is one of
the principal candidate materials for elevated temperature design of the advanced high temperature
reactors (HTRs) pressure retained components, are investigated and the required material parameters
are identified to be used for both elasto-plastic models and unified viscoplastic models. In the
constitutive equations of the inelastic material models, the kinematic hardening behavior is expressed
with the Chaboche model with three backstresses, and the isotropic hardening behavior is expressed
by the Voce model. The required number of material parameters is minimized to be ten in total. For the
unified viscoplastic model, which can express both the time-independent plastic behavior and the
time-dependent viscous behavior, the constitutive equations have the same kinematic and isotropic
hardening parameters of the elasto-plastic material model with two additional viscous parameters.
To identify the material parameters required for these constitutive equations, various uniaxial tests
were carried out at isothermal conditions at room temperature and an elevated temperature range
of 425–650 ◦C. The identified inelastic material parameters were validated through the comparison
between tests and calculations.

Keywords: Type 316H; inelastic material model; material parameter; elasto-plastic; viscoplastic;
elevated temperature; nuclear power; kinematic hardening; isotropic hardening

1. Introduction

One of main issues in the development of advanced high temperature reactors (HTRs), such as
sodium-cooled fast reactors, molten salt-cooled reactors, lead or lead-bismuth-cooled reactors, and high
or very high temperature gas-cooled reactors, is to develop design materials applicable for elevated
temperature services with long life times over 60 years.

In elevated temperature design, the strain or deformation-based design is important because
structural failure modes are deeply related to a large accumulated plastic strain, creep strain, creep
rupture, and creep-fatigue damage. To assure structural integrity against such damages in an elevated
temperature design, an inelastic analysis approach, using accurate material models, can be a powerful
tool to be able to eliminate excessive conservatism contained in design acceptance criteria on current
nuclear codes and standards.

The codes and standards as rules or guidelines applicable for the elevated temperature design of
the HTRs are ASME-Division 5 [1], RCC-MRx [2], Monju design guide [3], and R5 [4]. Current ASME
BPVC Section III, Division 5 provides five design materials for Class A (Safety-related) components,
such as Type 304SS, Type 316H, Alloy800H, 2(1/4)Cr-1Mo, and 9Cr-1Mo-V. Recently, Alloy 617 was
newly included to be used for Class A components in elevated temperature services [5]. Among the
allowed design materials, Type 316H is mainly considered to be used for the design of component
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vessels and internals, due to its outstanding material performance in elevated temperature service.
As for the same usage of ASME Type 316H stainless steel in elevated temperature services for HTRs,
RCC-MRx, and Monju Design Guide provide Type 316LN stainless steel [6].

There have been many studies for Type 316H stainless steel [7–14]. However, the published
material data of Type 316H are not enough for the inelastic material models to be used for the elevated
temperature design of HTRs. They mainly investigate the time dependent material behavior focused
on the creep or stress relaxation behavior at specific temperatures. For the purpose of the elevated
temperature design by the inelastic analysis method, the inelastic material models should be able to
express time-independent cyclic material behavior and time-dependent viscous behavior to cover all
design temperature ranges of the HTRs. There have been studies with the same purpose for 9Cr-1Mo-V
steel [15,16], which is one of the allowed Class A design materials in ASME-Division 5.

In this paper, the inelastic material models for Type 316H, which is one of principal candidate
materials for the elevated temperature design of the HTRs components, is investigated and the required
number of material parameters is simplified to be ten for the elasto-plastic model and to use additional
two for the unified viscoplastic model. In the constitutive equations of the inelastic material models, the
kinematic hardening behavior is expressed with the Chaboche model with three backstresses [17–19]
and the isotropic hardening behavior is expressed by simplifying the Voce model [19]. To identify the
material parameters required for these constitutive equations, various tests are carried out at isothermal
conditions of a room temperature and elevated temperature range of 425–650 ◦C. The identified
inelastic material parameters are validated through the comparison between tests and calculations.

2. Inelastic Material Models

2.1. Elasto-Plastic Model

The total strain increment tensor can be expressed as the sum of the elastic and plastic strain
increment tensors as follows;

.
εi j =

.
ε

e
i j +

.
ε

p
ij (1)

In above, the elastic strain tensor is obtained by differentiating the elastic potential function with
respect to the stress tensor σij. As the same way, the plastic flow equations are obtained from the yield
function f(σij), which is a scalar function of the stresses, as follows;
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where λ is a positive scale factor of proportionality having zero in the elastic domain. It can be derived
as follows;
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1
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In above, H is a plastic modulus and < > indicates the MacCauley bracket.
The yield function, f and the plastic modulus, H in Equations (2) and (3) are expressed as

follows [15]:
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where τij, aij, and αij indicate deviatoric stress tensor, total backstress tensor, and deviatoric backstress
tensor, respectively. R and σyo, are a drag stress and initial yield stress at a stabilized hysteretic behavior.
Ck, γk, b, and Q are the material parameters to be identified in this study, which come from the kinematic
and isotropic hardening models.
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There are typically two types of material hardening behavior when stress state exceeds the
elastic limit. One type is a kinematic hardening behavior representing the yield surface translation in
deviatoric stress space. Another one is an isotropic hardening behavior representing the expansion
of the yield surface without translation. The material hardening behavior can occur with one of two
types or both.

2.1.1. Kinematic Hardening Model

For the kinematic hardening rule, Chaboche model with deviatoric backstresses is expressed as
follows [17–19]:

.
α =

m∑
k=1

(2
3

Ck
.
ε

p
− γkαk

.
p
)

(6)

where Ck and γk are material parameters to be identified and
.
p is the magnitude of plastic strain tensor

(=
∣∣∣ .
ε

p∣∣∣).
2.1.2. Isotropic Hardening Model

For the isotropic hardening rule, the Voce model is used as follows [20]:

.
R = b[Q−R]

.
p (7)

where b and Q are material parameters to be identified. When the initial value R = 0, integrating
Equation (7) gives:

R = Q
(
1− e−bp

)
(8)

2.2. Unified Viscoplastic Model

The total strain tensor εt can be expressed by the sum of the separate elastic strain (εe), plastic
strain (εp), and viscous (creep) strain (εv), as follows:

εt = εe + εp + εv (9)

In the above equation, the plastic strain and viscous strain can be summed and expressed as the
viscoplastic strain εvp. And the total strain tensor can be rewritten as follows;

εt = εe + εvp (10)

In Equation (10), the elastic strain, εe can be obtained by Hooke’s as follows:

εe =
1 + ν

E
σ−

v
E
(trσ)I (11)

where E, σ, ν, tr, and I are Young’s modulus, the stress tensor, Poisson’s ratio, the trace, and unit tensor
of second-rank respectively. The inelastic strain rate equation of the unified Chaboche’s model is used
for the viscoplastic strain as follows [16–19]:

.
εvp =

3
2

.
p
τ− α

J(σ− a)
(12)

where (·) indicates a differentiation by time. a, τ, and α are the total back stress tensor, the deviator of
the stress tensor, and the deviatoric back stress tensor of Equation (6), respectively. The

.
p indicates an

evolution of the accumulated inelastic strain expressed by

.
p =

〈
J(σ− a) −R

K

〉n

(13)
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where K and n are material parameters related with the viscous behavior and R is a drag stress as
presented in Equation (8). The symbol of < > indicates the McCauley bracket (<x> = 0 if x < 0; <x> = x
if x ≥ 0). The von Mises distance in the deviatoric stress space J can be expressed as follows;

J(σ− a) =
[3
2
(τ− α)•(τ− α)

]1/2
(14)

where the symbol of •means the inner product as x•y = xi jyi j.
The following explicit time integration of the rate of the state variables produces the inelastic

strain, back stress, and drag stress at time tk+1:

σ(k) = E
[
ε(k) − εvp(k)

]
(15)

εvp(k) = εvp(k− 1) + ∆t ·
.
εvp(k− 1) (16)

α(k) = α(k− 1) + ∆t ·
.
α(k− 1) (17)

R(k) = R(k− 1) + ∆t ·
.
R(k− 1) (18)

3. Tests for Parameter Identifications

In order to identify the material parameters required in Equations (6)–(8) and (13), various test
data are required from specimen tests as follows;

- Uniaxial tension data (yield stress);
- Strain-controlled stabilized hysteresis loop data (kinematic hardening parameters);
- Strain-controlled cyclic hysteresis loop data (isotropic hardening parameters);
- Stress relaxation data (viscous parameters);
- Stress-controlled ratcheting data (ratchet parameters).

Figure 1 shows the photos of the test facility and specimens used. The test facility consists of MTS
hydraulic actuator, a 3-zone controlled electric heat furnace, hydraulic grip, alignment fixture, and
the extensometer. The gage length of the specimen is 15 mm, and the test sectional diameter is 6 mm,
which are in compliance with the ASTM E466 requirement.Energies 2020, 13, x FOR PEER REVIEW  5  of  14 
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Figure 1. Photos of test facility and specimen used: (a) facility; (b) specimen; (c) schematics and
dimensions of specimen.
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Table 1 presents the chemical compositions of Type 316H used for the specimen.

Table 1. Chemical compositions of Type 316H used in the study (wt%).

Cr Ni Mo Mn Si Cu P S C N Fe

16.26 10.16 2.05 1.76 0.44 0.48 0.034 0.001 0.05 0.05 Val.

3.1. Uniaxial Tension Data

As typical characteristics of an austenitic stainless steel, the Type 316H stainless steel revealed
a dynamic strain aging (DSA) behavior in tension tests, which is an instability in the plastic flow of
materials associated with interaction between moving dislocations and diffusing solutes. Figure 2
shows the tension test results for the isothermal condition of specific elevated temperatures. In this
figure, we can see the manifestation of type A and type B serration, which indicate DSA phenomena [21].
We can also see that the DSA occurs at some specific strain rate as shown in Figure 3. Actually, the
initial strains are all the same as zero. The curves in Figures 2 and 3 are intentionally moved a little to
avoid overlapping curves and to show the DSA phenomena clearly.
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3.2. Strain-Controlled Cyclic Hysteresis Loop Data

To obtain the material parameters for the kinematic and isotropic hardening models in Equations
(6) and (8), the strain-controlled cyclic tests are carried out with a fully reversed total strain range of
1.2% (±0.6%) and a constant strain rate of 1 × 10−4/s.

Figure 4 presents the test results of the cyclic hysteresis behavior for various isothermal conditions
from room temperature (RT) to 650 ◦C.
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As shown in Figure 4, Type 316H material is quickly stabilized at RT and over 600 ◦C with a
lower number of cycles compared with those of temperature ranges from 427 to 600 ◦C, which reveals
DSA phenomena.

Figure 5 presents the test data of the stabilized hysteresis loops of the stress–strain curves for each
isothermal conditions from room temperature (RT) to 650 ◦C corresponding to 100th cycle selected in
Figure 4.

As shown in Figure 5, the maximum peak stresses at temperature of 500 ◦C and 550 ◦C are
slightly larger than those at room temperature and 425 ◦C due to the DSA phenomena. For a higher
temperature range, over 600 ◦C, the maximum stress significantly reduced compared with those of the
lower temperatures.

Figure 6 shows the maximum hardening ratio (i.e., max. peak stress/initial peak stress) for
each isothermal condition. As shown in the figure, the hardening ratio is relatively larger at specific
temperatures from 500 ◦C to 575 ◦C due to DSA effects. The test specimens used in this study were
machined from a Type 316H plate fully solution annealed at 1050 ◦C for one hour. However, the thermal
solute strength effect may be expected to be apparent at abnormal temperature ranges. Therefore, more
detailed investigations are needed for the solute effects.
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Figure 6. Cyclic hardening behavior.

4. Identification of Material Parameters

4.1. Elasto-Plastic Model

In this paper, the three decomposed rule (m = 3) of the evolution of the deviatoric backstress,
.
α in Equation (6), is used for the kinematic hardening material model. This model requires that the
first back stress, α1 should be set to have a sufficently large modulus value at the beginning of the
hardening behavior, and should stabilize quickly. The second back stress, α2 should be identified to
describe the transient nonlinear part. The third back stress, α3 should be identified to describe the
linear hardening behavior of the hysteresis loop throughout all strain ranges. The material parameters
of C1, C2, C3 and γ1, γ2, γ3 in the three backstresses can be identified from the test results of the
stabilized stress–strain cyclic behavior. In this identification method, the C1 should have a very large
value matching the plastic modulus at yielding and γ1 should be a sufficiently large value to stabilize
the kinematic hardening of α1. The C3 parameter should be determined to be the slope of the linear
segment of the hysteresis loop at a high strain range. The C2 and γ2 parameters should be determined
by trials in satisfying the specific relationship at or near the plastic strain limit [22]. The parameter γ3

represents the ratchet parameter. This can be determined through ratchet tests with various mean
stress conditions.

For the isotropic hardening model, the material parameters of b and Q in Equation (8) should be
identified to be able to express the maximum stress at each cycle.

Table 1 presents the material parameters identified for the elastic–plastic constitutive equation
using the Chaboche model with three backstresses for the kinematic hardening behavior and Voce
model for the isotropic hardening behavior.
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Figure 7 presents the comparison results of the strain-controlled cyclic behavior between
calculations of the elasto-plastic material model using the material parameters of Table 2 and test
results of Figure 4 for each isothermal condition.
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Table 2. Identified Material Parameters for Elasto-Plastic Model.

Temp
(◦C)

σyo
(MPa)

E
(GPa)

C1
× 109

C2
× 109

C3
× 109

γ1
× 103

γ2
× 103 γ3 b Q

× 106

RT 135 190 120 20.20 10.670 1.0 1.00 1.0 45.0 85
427 86 170 80 14.02 3.333 0.9 1.50 1.0 12.0 165
500 90 150 6 163.3 3.333 0.9 1.87 1.0 10.0 170
550 100 150 40 91.62 3.333 0.9 3.10 1.0 13.0 185
600 105 140 160 3.48 6.333 3.0 5.50 1.0 23.7 150
650 105 136 161 1.65 6.333 3.0 5.50 1.0 42.0 96
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As presented in Figure 7, we can see that the material parameters for the elasto-plastic material
model proposed in Table 2 can accurately express the cyclic hardening behavior for each cycle.

To identify the ratcheting parameter, γ3, the uniaxial ratcheting tests are carried out by the
stress-controlled test procedures with various mean stress conditions. Figure 8 presents the ratcheting
test results for each isothermal condition with stress amplitude of 150 MPa, mean stress of 50 MPa,
and stress rate 5 MPa/s. As shown in the figure, Type 316H stainless steel reveals a stabilization to
plastic shakedown after a few cycles without ratcheting behavior. Especially at a higher temperature
of 650 ◦C, Type 316H reveals an apparent kinematic hardening behavior with more accumulation of a
cyclic plastic strain, but finally reaches plastic shakedown after a few cycles without ratcheting.
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To investigate the effects of stress amplitudes and the mean stress levels in ratcheting, the
stress-controlled cyclic tests with different stress levels were carried out at 550 ◦C. Figure 9 presents the
test results for two cases; stress amplitude of 150 MPa with a mean stress of 50 MPa, stress amplitude
of 220 MPa with a mean stress 30 MPa.
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As shown in Figure 9, we can see that the plastic shakedown occurred for both conditions after a
few cycles without ratcheting behavior.

4.2. Unified Viscoplastic Model

The Table 1, which presents the kinematic and isotropic hardening parameters for the elasto-plastic
model, is also used for the unified viscoplastic material model. To express the time dependent material
behavior, Table 3 presents the additional material parameters required for the unified viscoplastic
model in Equation (13).

Table 3. Identified Material Parameters for Unified Viscoplastic Model.

Temp. (◦C) K × 106 n

RT - -
427 91 50
500 102 41
550 150 18
600 125 17
650 340 7

To validate the material parameters of Tables 2 and 3 for the unified viscoplastic model of Equations
(9)–(18), the strain-controlled cyclic calculations were carried out and the results are compared with
the test data. Figure 10 shows the comparison results for each isothermal condition.
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As shown in Figure 10, we can see that the calculation results of the unified viscoplastic model
give a good agreement with the test results in strain-controlled cyclic behavior.

To see the time dependent material behavior of Type 316H, the stress relaxations are calculated for
a hold strain level of 0.6% and a loading strain rate of 8.3 × 10−5 (1/s). Figure 11 presents the calculation
results of the stress relaxation for each isothermal condition and they are compared with the stress
relaxation data obtained from the Isochronous stress–strain curves (ISSC) in the ASME-Division 5
Nonmadatory Appendix HBB-T.
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Figure 11. Calculation results of stress relaxation.

As shown in Figure 11, the overall calculated values reveal more rapid stress relaxation behavior
during initial time than those of ASME data. At the temperatures less than 500 ◦C, the stress relaxation
is almost negligible, and the stress relaxation strengths seem to be constant at least up to 18,000 h.
We can see that the overall trend of stress relaxations at 550 ◦C and 600 ◦C is similar but significant
stress relaxation occurs at an elevated temperature of 650 ◦C. The calculation results using the material
parameters of Table 3 reveal some discrepancies with those of the ASME stress relaxation data, but
give appropriate engineering predictions of stress relaxation from the point of view of using the least
material parameters.

5. Conclusions

In this paper, the inelastic material models for Type 316H, which is one of principal candidate
materials for elevated temperature design of the HTRs components, are investigated and the required
number of material parameters are simplified to be ten for the elasto-plastic model, with an additional
two for the unified viscoplastic model.

From the material tests of the Type 316H, we can see that the dynamic strain aging effects
significantly occur around 500–550 ◦C and the identified inelastic material parameters are not consistent
at that temperature range. However, it is recommended that the interpolation can be applied to all
parameters identified at 50 ◦C intervals. Related to the ratcheting material parameters, γ3 is set to be
1.0 for all specified temperature ranges because the ratcheting behavior is not detected in design level
stress-controlled cyclic tests.

Through the comparison study, it is found that the calculation results of inelastic material behavior,
such as stabilized cyclic stress–strain curve, cyclic hardening, and stress relaxations are in a good
agreement with those of tests. Therefore, it is expected that the identified material parameters for
the elasto-plastic and the viscoplastic material models of the Type 316H are available for an inelastic
analysis of the HTRs components at elevated temperature service.
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