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Abstract
Background  Mechanical constitutive models of metals can be difficult to validate without loss of generality. Creep-induced 
stress relaxation in stainless steels is one such example: stress triaxiality may play a role in the deformation rate but is chal-
lenging to measure experimentally.
Objectives  We aimed to determine whether the accuracy of constitutive laws for multiaxial deformation, particularly creep 
deformation, can be verified by measuring the evolution of the complete stress tensor at a point within a structure.
Methods  Creep stress relaxation specimens of Type 316H stainless steel were exposed to 550 °C for different durations. We 
used time-of-flight neutron diffraction and finite element analysis to determine the complete stress tensors at points within 
the specimens, tracking their development as the residual stress field relaxed.
Results  Multiaxial stress relaxation of 316H occurs at 550 °C due to plasticity and creep, and can follow a non-proportional 
deformation path. In our measurements, over-determination of the elastic strain tensor using neutron diffraction was found 
to reduce stress uncertainty. A popular creep constitutive model for 316H, when used with finite element analysis, predicts 
slightly higher strain rates than were observed experimentally.
Conclusions  Sequential neutron diffraction stress measurements can be used to validate material constitutive laws in situ-
ations involving multiaxial deformation. This could be used to substantiate models of plasticity, viscoelasticity and creep. 
The RCC-MR primary/secondary creep law for 316H stainless steel is conservative for cases involving a complex initial 
stress field.

Keywords  Stress relaxation · Neutron diffraction · Creep · Stainless steel · Multiaxiality · Residual stress

Introduction

AISI/SAE Type 316H austenitic stainless steel is used 
extensively for nuclear power reactor internal components 
in UK Advanced Gas-cooled Reactors (AGRs). These 

CO2-cooled reactors operate at coolant outlet temperatures 
of up to 640 °C [1]. Typical service temperatures for Type 
316H components are between 470 °C and 650 °C. Typical 
stresses are in the range 100-300 MPa and mostly thermal 
or residual in nature [2]. One life-limiting factor for AGRs is 
the condition of the steam generators, which in AGR designs 
are located inside the reactor’s reinforced concrete pressure 
vessel. Some parts of the steam generators are vulnerable 
to creep; particularly the superheaters which experience the 
highest temperatures (up to around 620 °C inlet gas tempera-
ture). AGR superheater headers contain welds which are not 
post-weld heat treated and contain residual stresses which 
can further drive creep deformation.

The creep damage and creep rupture properties of metals 
are strongly affected by stress multiaxiality. This has led to 
the development of specialised test methods to measure 
creep rupture under multiaxial stress [3–5]. Material models 
which include the effect of stress multiaxiality on creep dam-
age are now in common use and have been included in the 

Highlights 

• Neutron diffraction enables measurement of complete stress 
tensors inside homogeneous stainless steel specimens subject to 
high-temperature stress relaxation.

• Material deformation processes which cause a non-proportional 
change in multiaxial stress can be studied.

• Comparison with finite element analysis confirms that a widely-
used creep rate law is conservative for multiaxial stressing.

• Reduction in stress tensor uncertainty is achievable using over-
determined neutron diffraction measurements.
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R5 structural integrity assessment procedure maintained by 
EDF Energy and others [6]. By contrast, the effect of multi-
axial stress on creep deformation is less well understood. For 
isotropic materials, it is normally accepted that creep defor-
mation rate models which use a scalar effective stress based 
on the second invariant of the stress deviator tensor ( J2 ) are 
accurate for multiaxial creep in the primary and secondary 
regimes [7, 8]. This is consistent with the physical assump-
tions that: a.) if the material is isotropic then the creep rate 
tensor ( 𝜀̇cr

ij
 ) must be an isotropic function of the stress tensor 

( �ij ) and  b.) primary and secondary creep do not cause a 
volumetric creep strain ( 𝜀̇cr

ii
= 0 ) [9, 10].

For a few materials and conditions, the scalar effective 
stress approach to estimating the creep deformation rate 
in the primary and secondary regimes is more difficult to 
justify. The Type IV region of ferritic steel welds is one 
example [11]: inhomogeneous evolution of microstruc-
ture and stress can lead to a creep deformation rate which 
appears to have a dependence on the maximum principal 
stress [12]. Issues such as these have led to the develop-
ment of generalised creep potentials [13]. Furthermore, 
in most metals the formation of micro-cavities and other 
forms of damage during tertiary creep can cause both 
volumetric strain and material anisotropy. This creates a 
further source of error for conventional creep deformation 
laws. Physically-based approaches, such as the popular 
Cocks & Ashby model [14] and more recently the model 
proposed by Spindler [15], have proved useful for estimat-
ing damage at larger creep strains and hence for predicting 
the ductility of materials in multiaxial creep.

In structures where residual and/or thermal stresses 
cause the localisation of creep strain due to elastic fol-
low-up, any errors in prediction of the creep deformation 
rate can be greatly magnified [16]. Furthermore, residual 
and thermal stresses can affect the local stress triaxial-
ity. Therefore, accurate creep deformation rate models 
are particularly important in structures where thermal and 
residual stresses occur. By accounting for the effects of 
multiaxial stress more accurately, it might be possible to 
provide more reliable predictions of primary and second-
ary creep strain accumulation in these complex structures. 
This would allow engineers to give better assessments of 
structural integrity for high temperature systems, aiding 
both design and life-extension efforts. 

A major barrier to the development of generalised 
creep deformation models is the difficulty involved in 
experimentally observing multiaxial creep prior to the 
tertiary regime. For example, the evolution of the stress 
state inside a metal specimen undergoing multiaxial creep 
cannot be measured directly using conventional meth-
ods. For creep specimens containing non-uniform stress 

states, materials or temperature distributions, the total 
multiaxial strain on the surface can be measured using 
(for example) strain gauge rosettes or high-temperature 
Digital Image Correlation (DIC) [17, 18]. More frequently, 
easier-to-determine quantities such as overall extension 
and dilatational strain of a notched cylindrical specimen 
are measured and related to deformation rate models via 
Finite Element Analysis (FEA). Only relatively simple 
deformation rate models containing few material-depend-
ent parameters can be confidently fitted using this limited 
experimental data.

In this work, we examine the feasibility of using neutron 
diffraction measurements to study multiaxial creep stress 
relaxation. An experiment in which relaxation of a multiax-
ial stress occurs would be more closely representative of real 
AGR conditions than conventional creep tests and neutron 
diffraction provides a means to probe complex stress fields. 
Specimens of Type 316H stainless steel containing a non-
uniform residual stress were created. They were exposed to 
high temperature for different lengths of time and the result-
ing partially-relaxed stress states were studied in detail using 
neutron diffraction. By comparing the results to those from 
a set of FE models which used a creep deformation model 
with a single creep potential, we aimed to assess the suit-
ability of such models for predicting multiaxial creep stress 
relaxation, and particularly the suitability of diffraction 
methods for investigating changing multiaxial stress states.

Method

Overview

Stress relaxation tests were performed using purpose-
designed Double-Cantilever Beam (DCB) specimens of 
ex-service Type 316H austenitic stainless steel, shown 
in Fig. 1. This specimen type is designed to contain large 
multiaxial residual stresses at the connected end, and to 
promote the localisation of creep strain here. Each speci-
men was pre-stressed by using a Nimonic 80A loading 
screw which opened the mouth of the cantilevers to a pre-
defined opening displacement to produce a residual stress 
field. The specimens were then heated to 550 °C to allow 
stress relaxation to occur in the sample while the loading 
screw remained elastic. Each specimen was held at this tem-
perature for a different length of time. After cooling, the 
residual stresses remaining in the specimens were measured 
using neutron diffraction. The results were compared with 
those of a FE model which simulated the stress relaxation 
process.
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Material

The material used was taken from an ex-service AGR steam 
header of the well-studied Cast 69 431. It was extracted after 
service in the Heysham 1 power station (Reactor 2, Quad-
rant D, Boiler 1) [19]. This material had been subjected to 65 
015 h of reactor operation at 490–530 °C, followed by artifi-
cial thermal ageing at 550 °C for 22 100 h [20]. The chemi-
cal composition is shown in Table 1 and the average grain 
size was 74 ± 6 µm [21]. All specimens were taken adjacent 
to one-another and with the cantilever arms oriented parallel 
to the axis of parent pipe. The specimens were all from parent 
material remote from any welds. Previous tests on the same 
material have shown that it is only weakly textured, with none 
of the major crystallographic axes exceeding 1.4 Multiples of 
Random Density (MRD) in any direction [22].

Specimen Preparation

Six purpose-designed Double Cantilever Beam (DCB) speci-
mens of Type 316H with overall dimensions 80 × 32 x 16 mm 
were prepared by cutting them from an ex-service forg-
ing using wire Electrical Discharge Machining (EDM). M8 
loading screws at the mouth of the cantilevers were used to 
pre-stress the specimens at room temperature, as shown in 
Fig. 1. Nimonic 80A was used for the loading screws because 
it does not creep significantly under the test conditions. The 
screws were gradually tightened while measuring the open-
ing displacement of the cantilever mouth using an Instron 
2670–132 extensometer (Instron Corp., Norwood, MA., USA). 

All specimens were loaded to an opening displacement of 
1121 ± 2 µm; FEA results indicated that this would produce 
a maximum von Mises equivalent stress of 380 MPa at the 
joined end of the cantilevers. To avoid any strain-hardening 
which might affect the material’s creep deformation rate, the 
specimens were designed so that only a small amount of plastic 
deformation would occur at room temperature during screw-
loading (see Fig. 8). Furthermore, the creep deformation rate 
for this material is relatively insensitive to room-temperature 
pre-straining at the levels used here (< 1%) [23, 24].

This DCB specimen is also designed to produce localisa-
tion of creep strain at the connected end. The elastic follow-
up factor Z can be used to quantify the level of creep strain 
localisation, and is defined as:

Where Δ𝜎̃ is a change in von Mises equivalent stress dur-
ing high-temperature stress relaxation and Δ�c is the corre-
sponding change in equivalent creep strain. E is the equiva-
lent elastic modulus:

FEA confirmed that this specimen design would produce 
significant creep strain localisation in the region which 
would subsequently be measured using neutron diffraction 
(see Fig. 2).

The specimens were each subjected to high-temperature 
soaks at 550 ± 3  °C in air for different durations: 1, 10, 
50, 200 and 800 h, with no external loading applied. One 
control specimen was not heated but instead left in the as-
loaded condition. The temperature was monitored using three 

(1)Z = −E
Δ𝜀c

Δ𝜎̃

(2)E =
3E

2(1 + �)

Fig. 1   Purpose-designed Double Cantilever Beam (DCB) specimen 
of Type 316H austenitic stainless steel. This design ensures that the 
most highly-stressed region is the connection between the beams, and 
that no localised deformation occurs close to the pre-loading screw

Table 1   Chemical composition (wt%) of AISI/SAE Type 316H austenitic stainless steel, Cast 69,431 [20]

Cr Ni Mo Mn Si Co C P S B Fe

17.17 11.83 2.19 1.98 0.40 0.10 0.06 0.021 0.014 0.005 Bal

Fig. 2   Distribution of elastic follow-up factor ( Z ) at the connected 
end of the DCB specimens during 800  h of stress relaxation at 
550  °C, calculated element-wise using FEA. There is significant 
strain localisation, with Z > 2 in some regions
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specimen-contacting K-type thermocouples. The heating of 
the specimens was performed in a manner which minimised 
time spent at intermediate temperatures while avoiding a tem-
perature gradient within the specimen. An initial heating rate 
of 20.5 °C/min was used, and each specimen was left to fur-
nace-cool after the soak resulting in a maximum cooling rate 
of 1.7 °C/min; the temperature regimes are shown in Fig. 3.

Finite Element Modelling

Finite element models of the pre-stressed Double-Cantilever 
Beam specimens were used to predict the stress relaxation 
inside them at high temperature. The creep constitutive prop-
erties of this cast of Type 316H were assumed to approxi-
mate the RCC-MR deformation law described below, which 
uses a more general set of material parameters designed to 
cover the 316, 316H and 316LN grades [25]. By comparing 
multiaxial stress relaxation rates predicted using these mod-
els to those measured experimentally, it should be possible 
to demonstrate that the RCC-MR approach is conservative 
in this case.

The Abaqus/CAE v6.12 pre-processor and Abaqus/
Standard v6.12 FEA solver were used for all models. A 
domain representing one-quarter of the DCB specimen was 
created (see Fig. 4), with appropriate boundary conditions 
applied at the symmetry planes. The domain was meshed 
using 36,345 10-noded quadratic tetrahedron elements 
(Abaqus type C3D10) resulting in a model with 109,035 

degrees-of-freedom. Initial bolt stress calculations showed 
that the compressive stress in the loading screw would 
always remain below 15 MPa. Therefore, the loading screw 
was not modelled in FEA: the interior of the screw hole 
was displaced directly to achieve the necessary cantilever 
mouth opening displacement of 1121 µm. During heating, a 
very small additional displacement (7.8 µm) was applied to 
account for the effect of the minor difference in the thermal 
expansion coefficients of Type 316H and Nimonic 80A.

Fig. 3   Temperature regimes 
experienced by the five heated 
specimens. The specimen 
temperature was maintained at 
550 ± 3 °C throughout the soak-
ing period

Fig. 4   Finite element domain and mesh representing one-quarter of 
a Double Cantilever beam specimen. Dimensions in mm. The num-
bered red dots indicate locations where neutron diffraction measure-
ments were performed in the real specimens. The loading screw is not 
shown
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The material constitutive model used to represent Type 
316H included temperature-dependent elastic, plastic and 
creep behaviour. The elastic behaviour of Type 316H was 
assumed to be isotropic, with the Poisson’s ratio � taken to 
be a constant 0.28 and a Young’s modulus of E = 205 GPa 
at 20 °C [26]. The rate-independent component of inelastic 
deformation was modelled using a Chaboche nonlinear iso-
tropic/kinematic hardening law with a single back-stress [27, 
28], giving the material’s yield surface as:

where �0 is the material’s initial yield stress, sij is the stress 
deviator tensor and aij is the backstress deviator tensor:

�ij and �ij are the stress and backstress tensors, respectively, 
and �ij is the Kronecker delta. The change in backstress is 
evaluated from the backstress rate ( 𝛼̇ij ) given by:

where 𝜀̇
pl

 is the equivalent plastic strain rate. C is the initial 
kinematic hardening modulus and � is a kinematic harden-
ing parameter, which determines the rate of decrease of the 
kinematic hardening modulus with plastic deformation. In 
this study, the hardening parameters and the yield stress �0 
were also taken to be temperature-dependent (see Table 2) 
and were determined from elevated-temperature uniaxial 
cyclic hardening tests [29].

A creep deformation law was included for temperatures 
above 425 °C. Creep deformation in the primary and second-
ary regimes was assumed to follow the RCC-MR deforma-
tion law in a strain-hardening formulation [25, 30, 31]. Wang 
et al. have shown this model performs reasonably well for 
uniaxial creep stress relaxation of Type 316H [32]:

Where �c is the equivalent creep strain (in %) and 𝜎̃ is 
the equivalent stress. t is the current time and tfp  is the time 
at the transition between primary and secondary creep. 
The material constants n , n1 , C , C1 and C2 are dependent 
on temperature T  . The primary-secondary transition time 
tfp is given by:

(3)
√

3

2

(
sij − aij

)(
sij − aij

)
− �0 = 0

(4)sij = �ij −
1

3
�kk�ij

aij = �ij −
1

3
�kk�ij

(5)𝛼̇ij = C
1

𝜎0

(
𝜎ij − 𝛼ij

)
𝜀̇
pl
− 𝛾𝛼ij𝜀̇

pl

(6)

𝜀c =C1t
C2𝜎

n1 (for 425
◦
C ≤ T ≤ 700

◦
C and t ≤ tfp)

𝜀c =C1t
C2

fp
𝜎
n1 + 100C𝜎

n
(t − tfp) (for 480

◦
C < T ≤ 700

◦
C and t > tfp)

where:

and:

During stress relaxation the equivalent stress � is not 
constant, so it is more useful to write (equation (6)) in 
rate form:

Where 𝜀̇c is the equivalent creep strain rate. Finally, the 
first expression in (equation (10)) can be used to give the 
primary creep rate in a strain-hardening formulation via sub-
stitution from (equation (6)):

The creep strain rate tensor is taken to be co-linear with 
the stress tensor. Empirically-derived creep deformation 
law coefficients for Type 316H (from R66 [25]) are given 
in Table 3. Creep coefficients specific to aged ex-service 
Type 316H have been derived by Wang et al. [19]. How-
ever, we used the more general coefficients in Table 3 so 
that our model would resemble one for structural integrity 

(7)
tfp =∞ (for 425

◦

C ≤ T ≤ 480
◦

C)

tfp =C3
𝜎
n
3 (for 480

◦

C < T ≤ 700
◦

C)

(8)n3 =
n − n1

C2 − 1

(9)C3 =

(
100C

C1C2

) 1

C2−1

(10)

𝜀̇c =C1
C

2
t(C2−1)𝜎

n1 (for 425
◦

C ≤ T ≤ 700
◦

C and t ≤ tfp)

𝜀̇c =100C𝜎
n

(for 480
◦

C < T ≤ 700
◦

C and t > tfp)

(11)

−̇

𝜀c =C2
C

1

C2

1

−

𝜎

n1
C2

−

𝜀

C2−1

C2

c
(for 425

◦

C ≤ T ≤ 700
◦

C and t ≤ tfp)

𝜀̇c =100C𝜎
n

(for 480
◦

C < T ≤ 700
◦

C and t > tfp)

Table 2   Coefficients for an isotropic/kinematic hardening model of 
AISI/SAE Type 316H austenitic stainless steel in the temperature 
range 20 – 600 °C [29]. γ is assumed to be temperature-independent 
such that the material’s plastic behaviour is independent of tempera-
ture history

Temperature T  
(°C)

Yield stress �0 
(MPa)

Hardening param-
eter C (MPa)

Hardening 
parameter �

20 351.8 4997.0 34.0
100 289.3 5268.2 34.0
200 242.8 5576.2 34.0
300 220.9 5753.2 34.0
400 213.5 5695.7 34.0
500 211.8 5300.2 34.0
600 205.5 4463.1 34.0
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assessment: i.e. using general properties for the material 
grade, rather than component-specific material properties. 
The strain-hardening formulation in (equation (11)) was 
implemented as an Abaqus creep user subroutine. No creep 
damage model was used: in the stress relaxation tests, the 
specimens were expected to experience much smaller creep 
strains than would be required to initiate damage and tertiary 
creep.

Neutron Diffraction

To determine the residual stresses remaining in the DCB 
specimens after high-temperature exposure, time-of-flight 
neutron diffraction measurements were performed using the 
ENGIN-X diffractometer at the ISIS Pulsed Neutron Source 
[33, 34]. In this technique, the macroscopic or polycrystal-
average elastic strain can be inferred from the spacing of the 
material’s crystal lattice; irreversible deformation (plasticity 
and creep) does not cause a change in the average lattice 
spacing. The measurement setup is shown in Fig. 5. Dif-
fraction measurements were taken at 12 locations in each 

specimen, as shown in Fig. 4. These locations were cho-
sen to cover highly-stressed regions of the specimen while 
ensuring that the gauge volume would always be located 
completely inside the material.

A gauge volume of 3×3×3 mm3 was used for all meas-
urements, implying roughly 105 grains within each scattering 
volume. The gauge volume was defined by a pair of slits on 
the primary beam and by two radial secondary collimators, 
each accepting approx. 5% of the total solid angle. A typi-
cal diffraction pattern is shown in Fig. 6, the large number of 
grains within the scattering volume and the large range of grain 
orientations sampled in each measurement mean that any strain 

Table 3   RCC-MR creep deformation model coefficients for 316, 
316H and 316LN austenitic stainless steels [25]

Tempera-
ture T  (°C)

C C
1

C
2

n n
1

425 0 0 0.34043 1 3.9073
450 0 7.89E-13 0.34043 1 3.9073
475 5.83E-33 8.73E-13 0.36121 9.78 4.0057
500 2.05E-32 1.21E-12 0.38054 9.97 4.0722
525 4.15E-29 1.88E-12 0.40053 9.06 4.125
550 5.28E-26 2.96E-12 0.42131 8.2 4.18
575 3.66E-25 1.81E-12 0.46417 8.2 4.3952

Fig. 5   Experimental setup for 
neutron diffraction measure-
ments on the ENGIN-X diffrac-
tometer. The specimens were 
mounted together in a rack and 
oriented relative to the neutron 
optics using a large goniometer 
and a laser tracker

Fig. 6   Typical time-of-flight neutron diffraction patten for 316H 
stainless steel taken using ENGIN-X in this study. Reflections from 
several differently-oriented grain families are represented in a single 
measurement
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measurement taken this way should accurately represent the 
material’s macroscopic elastic response. Furthermore, for 
fine-grained and untextured austenitic stainless steel, good cor-
respondence has been observed between strains determined 
from structure refinement of TOF diffraction and macroscopic 
elastic strain [35]. In untextured materials, a minimum of 
three diffraction peaks is typically required to achieve a good 
approximation of a material’s macroscopic elastic response 
[36], whereas ten were used in this study (see Fig. 6).

At each location, diffraction measurements were taken 
with the specimen in 6 different orientations using a goni-
ometer. Since ENGIN-X has two opposing detector banks, 
this gave access to 11 unique scattering vectors 

[
l m n

]T , 
allowing determination of the lattice parameter for 11 
directions at each location—one scattering direction was 
repeated. The specimens were located on the beamline using 

a FARO Vantage laser tracker (FARO Technologies, FL., 
USA) which could locate spherically-mounted retroreflec-
tors attached to the rack holding the specimens. Kinematic 
calculations required to position the samples were performed 
using the SScanSS virtual laboratory software [37–39].

The GSAS structure refinement package was used to 
fit the diffraction data using a Pawley-type refinement and 
hence determine the lattice parameter ( almn ) from each 
measurement in a direction 

[
l m n

]T [40]. Although inter-
granular strain partitioning is known to occur in this material 
[26], the use of structure refinement ensures that an aver-
age lattice parameter representing many differently-oriented 
grains is determined with each directional measurement. 
Comb specimens cut using EDM from the same Type 316H 
material were used to determine the material’s unstrained 
lattice parameter ( almn

0
 ) in the same manner [41]. Separate 

unstrained lattice parameter measurements were used for 
each direction. Elastic strains were calculated from the lat-
tice parameters using:

where �lmn is the elastic strain for the measured direction. 
Using these strain results, we determined the complete elas-
tic strain tensor at each measured location. The 6 independ-
ent components of the strain tensor can be related to each 
strain measurement using the strain transformation equation 
[42–44]:

(12)�lmn =
almn − almn

0

almn
0

(13)

�lmn = �11 sin
2� cos2� + �22 sin

2� sin
2�

+ �33 cos
2� + 2�12 sin

2� sin� cos�

+ 2�23 sin� cos� sin� + 2�13 sin� cos� cos�

Fig. 7     Scattering vectors used for neutron diffraction strain measure-
ment. This set of vectors, listed in Table 4,  is the set of directions in 
which strain was measured at each location in each DCB specimen. 
One strain direction is measured twice (see Orientations 3 and 4)

Table 4   Scattering angles 
and direction cosines used 
to define the measurement 
directions during the neutron 
diffraction measurements. The 
measurement at ϕ = 45°, ψ = 0° 
is repeated, so 11 unique strain 
directions are measured. The 
measurement directions are 
shown graphically in Fig. 7

Measurement Scattering angles Direction cosines

Specimen 
orientation #

Detector 
bank #

Azimuth �  (°) Elevation �  (°) l m n

1 1 90 0 0 1 0
1 2 0 45 √2/2 0 √2/2
2 1 0 0 1 0 0
2 2 90 -45 0 -√2/2 -√2/2
3 1 0 90 0 0 1
3 2 45 0 1 0 0
4 1 135 35.26 -√2/2 1/2 1/2
4 2 45 0 1 0 0
5 1 -90 45 0 -√2/2 √2/2
5 2 -45 -35.26 √2/2 1/2 -1/2
6 1 180 26.57 -0.8944 0 0.4473
6 2 0 63.43 0.4473 0 0.8944
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where �11 , �12 etc. are components of the strain tensor, � 
is the azimuth (measured anticlockwise about the sample 
z-axis from the x-axis), and � is the elevation (measured 
clockwise about the sample y-axis). Therefore, with 11 
measurements it was possible to construct and solve an over-
determined system of simultaneous linear equations to find 
the elastic strain tensor [45–47]:

where �i are the independent components of the elastic strain 
tensor expressed as a 6-element vector, �lmn

j
 is a set of direc-

tional strain measurements ( i = 1 ∶ 11 here), Aji is the cor-
responding matrix of direction cosines (from equation (10)) 
and A+

ij
 is its pseudo-inverse. After determining the elastic 

strain tensor at each location, the stress tensors were deter-
mined using Hooke’s law for an isotropic material:

where �ij is the (Cauchy) stress tensor, �ij is the elastic strain 
tensor, K is the material’s bulk modulus:

and G is the shear modulus:

The material’s continuum-scale Young’s modulus and Pois-
son’s ratio were used ( E = 205 GPa and � = 0.28, respectively) 
as these are appropriate for relating macrostrains from full-
pattern refinement of neutron diffraction data with the cor-
responding macroscopic stresses [35].

Measurement Uncertainty

The uncertainty in the determination of lattice parameter by 
neutron diffraction was estimated from the goodness-of-fit of 
the Pawley refinement. For each measurement, the estimated 
standard deviations of the lattice parameter ( Δalmn ) and 
unstrained lattice parameter ( Δalmn

0
 ) were used to estimate the 

uncertainty in the measured strains [48]:

To determine the uncertainties of the strain tensor compo-
nents, the uncertainties in measured strains were propagated 
through the system of simultaneous linear equations used to 
find the elastic strain tensor (equation (11)). The variance-
covariance matrix of the tensor components ( Σ�

ij
 ) is:

(14)�i = A+

ij
�
lmn

j

(15)�ij = 3K
(
1

3
�kk�ij

)
+ 2G

(
�ij −

1

3
�kk�ij

)

(16)K =
E

3(1 − 2�)

(17)G =
E

2(1 + �)

(18)Δ�lmn ≅
1

almn
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where Σ�lmn
kl

 is the variance-covariance matrix of the meas-
ured strains. If the measurement uncertainties are uncor-
related then this reduces to:

where Σ�lmn

k
 is the variance of the k th measured strain:

Further assuming that the calculated strain tensor com-
ponents are uncorrelated, i.e. that Σ�

ij
 is diagonal, the uncer-

tainties in the strain tensor were propagated through Hooke’s 
law to give an estimate of the uncertainty in the resulting 
stress tensor, as described by Wimpory et al. [48, 49].

This method of uncertainty estimation only considers 
uncorrelated random errors resulting from structure refine-
ment of the diffraction data. It ignores any uncertainty in strain 
resulting from systematic errors, including sample positioning 
errors, inappropriate unstrained lattice parameter specimens, 
or material anisotropy. It also assumes that the material can 
be considered elastically isotropic. In general, however, there 
may be a more complex relationship between the macroscopic 
stress tensor and the strain measurements [50].

Results

Finite Element Analysis

The results of FEA (see Fig. 8) indicated that after loading-
up of the specimens, the maximum equivalent stress in each 
specimen would reach 382 MPa at the interior radius of 
region ②. They also showed that a small amount of plastic 
deformation would occur at this inner radius during loading: 
1.39 × 10-3 equivalent strain. Some plasticity in regions ② 
and ③ occurred during the initial heating-up of the speci-
mens: e.g. in region ② a further 2.23 × 10-3 equivalent plastic 
strain occurs, accompanied by a reduction in the maximum 
equivalent stress of -154 MPa.

The model also predicted that significant relaxation of 
residual stress will occur due to creep during the high-tem-
perature soak. The distribution of accumulated equivalent 
creep strain is shown in Fig. 8(i-l): as expected, the creep 
strain is localised to areas of initially-high equivalent stress 
(①, ② and ③). The stress reduces as creep strain accumulates 
and only a small amount of creep strain, comparable to the 
initial elastic strain, is required to cause significant stress 
relaxation. Consequently, the creep strain is relatively low 
even after 800 h of exposure (Fig. 8(l)), with a maximum 
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equivalent strain of 3.6 × 10-3 occurring in region ②. The 
stress field in the sample redistributes significantly as plas-
ticity and creep occur. For example, the stress in region ④ 
reduces during the high-temperature soak even though no 
creep strain occurs there (see Fig. 8(a-d)). The change in 
stress state during cooling of the specimens from 550 °C to 
room temperature is negligible.

Figure  9 shows how the �11 (x-direction) and �22 
(y-direction) components of the stress tensor at the 12 
labelled points in Fig. 4 change over time. At all locations 
where a large change in stress occurs, the different com-
ponents of the stress tensor do not change in proportion 
to one another: initially, the unloading path during stress 
relaxation is strongly non-radial, but after ∼ 10 h the relax-
ation at most points becomes roughly radial. This occurs 
because the stress is not initially uniform throughout the 
structure and it redistributes in response to localised creep 
(as shown in Fig. 8). Areas with an initially high effec-
tive stress deform faster, shedding load to areas of initially 
lower effective stress.

Neutron Diffraction

Figure 10 shows the principal stresses and directions meas-
ured at 12 locations in a specimen of Type 316H, and the 
corresponding quantities predicted by FEA. The specimen 
is clearly in a state of bending: the principal stress com-
ponents on either side of the specimens’ neutral axis have 
opposite signs. The rotation of the stress tensor in the transi-
tion between the arm and the end of the specimen is clearly 
visible, and some locations are in a state of almost pure 

Fig. 8   Predicted evolution of stress (a-d), plastic strain (e-h) and 
creep strain (i-l) in the 800 h hold specimen, from FEA. von Mises 
equivalent values of stress and strain are shown. Initial stress relaxa-

tion due to reduction in the short-term elastic limit occurs during the 
heat-up, and further relaxation due to creep occurs during the hold

Fig. 9   Predicted stress trajectories at 12 locations in a Type 316H 
DCB specimen undergoing creep stress relaxation. The �

11
 (sample 

x-direction) and �
22

 (sample y-direction) stresses are shown, although 
other stress tensor components may also be significant. None of the 
stress trajectories are radial to the origin: strongly non-proportional 
changes in the stress tensor occur at most locations
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shear with respect to the specimen coordinate system. For 
example, the point circled in magenta in (Fig. 10(a)) (Point 
#8) initially experiences the following stress state:

i.e. approximately pure shear in the x-y plane. Whereas the 
point on the bending arm circled in cyan (Point #5) experi-
ences almost pure uniaxial tension:

The out-of-plane shear components of stress ( �23,�13 ) 
were found to be small for all specimen conditions and meas-
urement locations. This is expected, as all the measurement 
points lie on the specimens’ x-y symmetry plane. Similarly, 
the �33 was small because the component is relatively thin 
and not loaded in this direction. Figure 10 also shows good 
agreement between the experiment and the model: both the 
experimental and FEA results show some stress redistribu-
tion during the initial high-temperature exposure (up to 1 h) 
resulting from the reduction in short-term elastic limit, and 
then gradual relaxation over the hold period (1 h → 800 h).

The equivalent stress at each of the 12 measurement loca-
tions was also calculated from the experimental and FEA 
results, and the mean equivalent stress for each specimen 
was found. This was used to produce the time series shown 
in Fig. 11. This shows that gradual relaxation of the residual 
stress field occurs over time. Although the measured stress 
field has a slightly greater magnitude of equivalent stress 
than that predicted by FEA on average, the rate of stress field 
relaxation is very similar: both showing ∼ 15 MPa relaxa-
tion over the entire period. The measured result for 50 h is 
around 10 MPa higher than expected, which may be due to 
imperfect sample conditions or measurement error.

Discussion

Validation of Multiaxial Creep Deformation Laws

The specimens in this study were relatively lightly-stressed: 
the neutron diffraction results from the samples subjected to 

(22)�8,init.

ij
=

⎡
⎢⎢⎣

9.6 ± 5.3 68.8 ± 3.0 −3.6 ± 2.6

10.3 ± 5.8 −8.7 ± 2.9

symm. 11.5 ± 5.0

⎤
⎥⎥⎦
MPa

(23)�5,init.

ij
=

⎡⎢⎢⎣

93.2 ± 5.0 1.9 ± 2.9 −5.5 ± 2.4

−12.4 ± 5.2 4.3 ± 2.6

symm. 3.5 ± 4.7

⎤⎥⎥⎦
MPa

a 1 h hold (Fig. 10) indicate that after heating-up, equivalent 
stresses in the range 74 MPa to 155 MPa occur at the meas-
urement locations. The magnitude of creep stress relaxation 
observed in the experiments was quite small, and slightly 
less than predicted by the FE models. This suggests that 
either the primary and secondary creep deformation law 
used for modelling (i.e. the RCC-MR law with R66 material 
coefficients) is generally conservative, or that the ex-service 
Type 316H material used here, and which has undergone 
prior ageing, has been significantly hardened prior to the 
experiment. This is in agreement with previous work by 
Wang et al. [32], which also showed that in this lightly-
stressed regime at 550 °C, the conventional RCC-MR creep 
coefficients predict higher strain rates than actually occur for 
ex-service Type 316H.

The magnitude of creep stress relaxation experienced by 
the specimens here was too small to draw strong conclusions 
about the role of the equivalent stress in primary/secondary 
creep deformation laws, but was in line with Type 316H 
550 °C stress relaxation data presented by Douglas et al. 
for uniaxial tests [51]. However, the measured stress relaxa-
tion was similar to that predicted by FE; this is shown in 
terms of the point-wise equivalent stress in Fig. 12. Also, 
the experimental results clearly demonstrate that measuring 
multiaxial creep stress relaxation using ex-situ specimens is 
feasible. Figure 10 illustrates that the principal stress direc-
tions and magnitudes can be established experimentally, as 
can the equivalent stress at each measurement location; so 
the creep relaxation of an arbitrarily-complex stress field can 
be observed directly. This is particularly valuable for study-
ing multiaxial stress relaxation because this process involves 
stresses which can change over time in a non-proportional 
way (see Fig. 9); diffraction provides a means to measure 
this non-proportional change. Likewise, general experiments 
of this type, where arbitrary stress states can be observed, 
may be used to study the effects of stress mode and material 
anisotropy on creep deformation [8].

Complete Stress Tensors from Neutron Diffraction

At each measurement location within each sample, the elas-
tic strain in 11 directions was determined using neutron 
diffraction. The six independent components of the elastic 
strain tensor were calculated from these measurements. With 
11 measurements at each location, the system of strain rota-
tion equations which relates the strain measurements to 
the tensor components (equation (11)) is over-determined. 
Consequently, the strain tensor can be found with a greater 
degree of certainty than is present for any of the individual 
measurements. This is illustrated in Fig. 13, which shows 
normalised histograms of the standard uncertainties in 
the 846 strain measurements and the resulting 432 strain 
tensor components. The mean uncertainty in strain tensor 

Fig. 10   Principal stresses in pre-stressed Double-Cantilever Beam 
specimens of Type 316H stainless steel measured using neutron 
diffraction (a, c, e), with corresponding FEA results (b, d, f). Out-
wards-tipped arrows indicate tension, inwards-tipped arrows indicate 
compression. Red arrows indicate the principal stress closest to the 
sample x direction, green is closest to y and blue is closest to z. The 
principal stress closest to the out-of-plane (z) direction is very small 
in most cases

◂
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components (17.6 µε) is less than the mean uncertainty in 
the measurements (24.6 µε), so the histogram for tensor 
components is shifted to the left.

This uncertainty analysis assumes that any errors in 
the strain measurements are normally distributed and that 
there is no co-variance between measurements. In fact, 
the measurements may be affected by common sources 
of error. The analysis also assumes that the continuum-
scale strain rotation relationship (equation (10)) accurately 
describes the relationship between the measured strains. 
Nevertheless, this technique of taking redundant measure-
ments to over-determine the strain tensor is useful in sit-
uations where high strain precision is needed, either in 

one strain tensor component or all of them. For example, 
it could be used for investigating stresses in specimens 
made from very stiff materials such as ceramics carbon-
based nanocomposites where the range of elastic strains is 
small, or (as in this study) in metals operating in low stress 
regimes e.g. creep and superplastic forming. Sampling the 
lattice spacing in different directions, as done here, is ben-
eficial from a continuum mechanics point-of-view because 
it ensures that the macro-scale stress tensor is determined 
from measurements from a larger fraction of the crystal-
lites present within the neutron diffraction gauge volume.

Multiple neutron diffraction measurements can also be 
used to determine the principal stress directions at a meas-
urement location within a polycrystalline specimen (see 
Fig. 10). This is useful in situations where the principal 
stress directions are not known and cannot be guessed, 
e.g. from specimen symmetry. It is particularly signifi-
cant because many models of plasticity and viscoplasticity 
depend on the von Mises equivalent stress ( �vm =

√
3J2 ) 

and determining the invariants of the stress deviator tensor 
( J2 and J3 ) requires either the complete stress tensor or the 
three principal stresses:

and:

where sij is the stress deviator tensor. Therefore, full-tensor 
measurement of stress (residual or applied) could be used to 
provide validation for models of a wide range of 3D inelastic 
deformation phenomena - not only models of primary and 

(24)J2 =
1

2
sijsji

(25)J3 =
1

3
sijsjkski

Fig. 11   Equivalent stress (mean for all 12 measured locations in a 
specimen) after cooling as a function of high-temperature exposure. 
The FE model slightly under-predicts the final stresses, although the 
rate of stress reduction over time is similar to that indicated by the 
ND results

Fig. 12   Equivalent stress at the 
12 measurement locations in 
DCB specimens of Type 316H 
austenitic stainless steel after 
1 h and 800 h soaks at 550 °C. 
Results from Finite Element 
Analysis and neutron diffraction 
measurements are compared. 
The locations of each measure-
ment are indicated in Fig. 4
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secondary creep. Currently, neutron diffraction and syn-
chrotron x-ray diffraction are the only methods by which 
it would be feasible to measure the complete macro-scale 
stress tensor inside a metal undergoing an unknown inelastic 
deformation.

Conclusions

•	 Measurements of the macroscopic stress and strain 
tensors in complex-shaped samples are possible using 
neutron diffraction. Accurate sample positioning is nec-
essary: in this study, a laser tracker and virtual lab envi-
ronment software (SScanSS) were used.

•	 Neutron diffraction measurement of the stress tensor can 
be used to study deformation phenomena in materials 
in 3D, i.e. with no a priori assumptions about the stress 
state occurring in the material (multiaxiality) or how 
it changes during the process being investigated (non-
proportionality).

•	 Using measurements in different directions at the same 
location to provide over-determination, uncertainty in the 
stress tensor can be reduced. However, this technique 
only mitigates the non-covariant component of measure-
ment uncertainty.

•	 The strain-hardening formulation of the RCC-MR/
R66 multiaxial creep deformation law for Type 316H 
stainless steel is conservative for the ex-service mate-
rial tested here. Relatively little stress relaxation was 
observed experimentally, and this was slightly less than 

was predicted by inelastic FEA using the RCC-MR 
deformation law.
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