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Abstract 


 


Internal strains that develop between grains during creep of an austenitic stainless 


steel were measured using in-situ neutron diffraction.  The secondary creep pre-


strained test specimens were considered.  Measurements were undertaken before, 


during and post creep deformation at 550 ºC.  There was no measurable change of 


internal strains between grains during in-situ creep for 4 h at 550 ºC.  In addition, the 


effect of increasing/reducing temperatures in a range from 470 ºC to 550 ºC on the 


internal strains was measured and interpreted with respect to contributions from 


thermal expansion/contraction.  No further internal misfit strains between grains were 


created when specimen crept during the dwell time at 530 ºC, 510 ºC, 490 ºC, and 470 


ºC.  Results are discussed with respect to (i) the general structure of self-consistent 


models and (ii) the optimised use of neutron sources for creep studies. 
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Introduction 


 


When a polycrystalline material is deformed plastically and then unloaded, the 


presence of internal strains/stresses between grains is a consequence of elastic-plastic 


anisotropy at the length-scale of grains [1].  In-situ neutron diffraction is often used to 


measure these meso-scale internal strains/stresses in a bulk polycrystalline material 
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[1-4].  The crystal plasticity finite element [5] or self-consistent models [1,4] 


developed at the length-scale of grains can be used to predict the bulk behaviour of a 


polycrystalline material.  Self-consistent models, which provide information about the 


average response of different grain families, can be compared directly with neutron 


diffraction measurements.  This approach aids the development of these models, while 


at the same time providing a physical interpretation of the experimental results.  


Experimental data to validate self-consistent models within the creep regime are 


limited [1,4,6-10].  For example, Ma et al. [10] studied internal stress evolution using 


in-situ neutron diffraction when a polycrystalline superalloy was creep deformed at 


900 ºC and a primary stress level of 425 MPa for about 35 h.  The selection of such a 


high test stress and temperature seems to be limited by the availability of neutron 


beam time. 


We report an in-situ neutron diffraction study to evaluate internal strains before, 


during and post creep deformation at a temperature of 550 °C for a Type 316H 


austenitic stainless steel.  The secondary creep pre-strained specimens were measured 


using in-situ neutron diffraction.  This avoids of undertaking a long term creep study 


at neutron diffraction facility to examine creep mechanism.  In addition, the effect of 


temperature change on internal strains was studied.  The results are examined in the 


context of the general structure of self-consistent models. 


 


Material and Experimental 


 


A Type 316H austenitic stainless steel extracted from a high temperature ex-service 


component was supplied by EDF Energy Nucleation Generation Ltd.  The chemical 


composition of this material is given in Table 1.  Its thermo-mechanical history 


includes plant service at temperatures between 490 °C to 530 °C for 65,015 h, 


followed by thermal ageing at 550 °C for 22,100 h.  This material has been selected as 


one of the superheater header materials for the ongoing research project with a 


primary focus to meet the challenges for extending the lifetime of the UK’s advanced 


gas cooled reactors (AGRs).  The additional thermal ageing at 550 °C for 22,100 h 


was undertaken to simulate a material condition representative of that subjected to a 


longer term service exposure.  The material used for the present study is essentially a 


single phase, face-centred-cubic (FCC) polycrystalline stainless steel, since the sizes 


of inter- and intra-granular carbide precipitates were measured to be 0.2 µm and 0.03 
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µm respectively [11].  This is corroborated by in-situ Bauschinger effect tests using 


the same material [4], where no second phase carbide precipitates induced permanent 


softening was observed.  The grain size of the material was measured to be 87 ± 9 µm 


(linear intercept method). 


Three uniaxial creep test specimens with a 28.25 mm gauge length and 5.65 mm 


diameter were manufactured; specimen conditions are summarised in Table 2.  The 


gauge length of the creep test specimen is five times greater than its diameter, which 


meets the minimum requirement as given in [12].  Specimen 1 received no pre-strain.  


Specimens 2 and 3 were loaded to a maximum tensile stress of 250 MPa at 550 °C 


and then allowed to creep for 1000h.  Secondary creep was achieved for specimens 2 


and 3 within a period of 1000 h, Figure 1.  Following this creep pre-strain, specimens 


2 and 3 were cooled to room temperature and unloaded elastically.  The measured 


plastic pre-strains during specimen loading and creep pre-strains during the 


subsequent creep for 1000 h are shown in Table 2.  The loading induced plastic pre-


strain in specimen 2 is smaller than that in specimen 3, while the creep pre-strain in 


specimen 2 is higher than that in specimen 3.  This is consistent with the effect of pre-


strain upon specimen loading at 550 °C on the subsequent creep rate in Type 316H 


stainless steels, proposed by Wilshire and Willis [13]. 


Both ex-situ and in-situ neutron diffraction measurements were adopted using the 


ENGIN-X instrument, ISIS, UK.  The former provides a measure of the internal 


strains created by the secondary creep pre-strain, whereas the latter was performed 


during tensile creep deformation.  Both the ENGIN-X neutron diffractometer and the 


in-situ testing rig have been described in detail elsewhere [3,9,14,15].  Each specimen 


was positioned in a 100 kN testing rig, where the load frame (i.e. the axial direction of 


the specimen) was orientated at an angle of 45° relative to the incident neutron beam.  


A neutron detector located at 90° to the incident beam provided the measurement of 


axial internal strain.  The bisector between the incident and diffracted beams was 


along the axial direction of the specimen.  This ENGIN-X testing rig was equipped 


with a radiant furnace for heating the specimen to the pre-defined temperature for the 


in-situ tensile creep deformation.  The macro-strain of the bulk specimen was 


measured using a high temperature extensometer. 


For the evaluation of the internal strains created by secondary creep pre-strain (ex-


situ neutron diffraction measurement), the measured lattice spacing along the axial 


direction of specimens 2 and 3 were compared with that measured in specimen 1.  
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Specimen 1 received no pre-strain and was the reference for specimens 2 and 3,   


Table 2.  The axial internal strain was calculated from the relative change of the lattice 


spacing for the specific {hkl} grain family [3].  Such a diffraction peak shift analysis 


provides a measure of internal strain at the length-scale of the family of grains.  More 


details about the principles of neutron diffraction technique for measuring internal 


strains can be found elsewhere [16].  Four grain families were measured: {111}, 


{200}, {220} and {311}.  A single peak fitting routine was used to determine the 


specific lattice spacing [14]. 


The secondary creep pre-strained specimens 2 and 3 were then subjected to in-situ 


neutron diffraction, Table 2.  In this case, the “reference” lattice spacing for each grain 


family was taken as the initially measured lattice spacing when the specimen was held 


at an applied stress of 5 MPa.  This allowed evaluation of the internal strain created by 


the in-situ deformation at 550 °C.  The creep pre-strained specimen 2 was subjected to 


two in-situ testing cycles.  Cycle 1 included the following steps: heat to 550 °C, load 


to an engineering stress of 250 MPa, creep for 4 h, cool and finally unload as shown 


in Figure 2 (a).  The engineering stress was calculated from the original cross-section 


area of the specimen.  After specimen 2 was unloaded at room temperature, it was 


subjected to cycle 2, Figure 2 (b).  It was heated to 550 °C and then loaded to 250 


MPa.  This was followed by creep and temperature changes at the same stress level of 


250 MPa, by either increasing or reducing the temperature, Figure 2 (b).  For cycle 2 


the following temperatures were selected: 530 °C, 510 °C, 490 °C, 470 °C as well as 


the “reference temperature” of 550 °C.  These temperatures represent those 


experienced by the Type 316H stainless steels during service of AGRs in the UK.  The 


test duration of cycle 1 was about ~13 h and that for cycle 2 was ~20 h, Figures 2 (a) 


and (b).  Since specimen 2 was previously subjected to secondary creep pre-strain for 


1000 h, cycle 1 can be judged to be a continuation of secondary creep.  To examine 


the reproducibility of the specimen response when subjected to creep and temperature 


changes, specimen 3 was subjected to cycle 2 only, Table 2. 


A gauge volume of 3 mm × 3 mm × 4 mm was used to measure the lattice spacing 


and a typical measurement time of 600 s was selected to ensure good counting 


statistics for the diffraction peaks.  This selected measurement time allowed at least 


six individual internal strain measurements to be undertaken during a creep dwell time 


of 1 h.  During heating, Figures 2 (a) and (b), measurements were undertaken by 


holding the temperature constant for each step.  During loading, Figures 2 (a) and (b), 
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measurements were undertaken with stress-controlled holds for the elastic region and 


strain-controlled holds for the plastic region.  Finally, during unloading, 


measurements were undertaken with stress-controlled holds for each step, Figures 2 


(a) and (b). 


Crystallographic texture was measured on a previously creep pre-strained Type 


316H stainless steel specimen using the GEM instrument at ISIS neutron source.  


GEM has a large number of detectors covering a significant solid angle around the 


specimen.  These detectors are bunched in 160 groups with each of the 160 energy 


dispersive patterns containing a number of diffraction peaks.  The patterns are 


analysed simultaneously using the MAUD software [17] which contains the texture 


model. Details of texture measurements on GEM can be found in reference [18]. 


 


Results 


 


Figure 3 (a) summarises the axial internal strains introduced by loading and creep 


pre-strain of 1000 h for specimens 2 and 3, compared with the non-pre-strained 


specimen 1 (zero internal strains), Table 2.  Tensile internal strains were present in the 


{200} grain family, whereas these strains were compressive for both the {220} and 


{111} grain families, Figure 3 (a).  Small compressive internal strains were associated 


with the {311} grain family.  The absolute internal strain difference between 


specimens 2 and 3 introduced by high temperature pre-strain, hklεΔ , was < 170 × 10-6 


for all four grain families, Figure 3 (a).  These differences could be due to the 


specimen-to-specimen variation for the creep tests, see the levels of plastic and creep 


pre-strains in Table 2.  Since specimen 2 was unloaded at the finishes of both cycles 1 


and 2, as indicated by steps 5 and 10 in Figure 3 (b), the internal strains created by 


subjecting the specimen to both cycles 1 and 2 can be evaluated.  Although the 


measured creep macro-strains were 0.55% for step 5 of cycle 1, and 1.43% for step 10 


of cycle 2, Figure 3 (b), there were insignificant changes in the internal strains 


corresponding to all four grain families in the unloaded state, indicating that the 


internal misfit stresses between grains have not changed.  


As shown in steps 2 and 7 of Figure 3 (b), in-situ neutron diffraction measurements 


were undertaken at incrementally increasing loads for specimen 2.  There was little 


deviation from linearity in the measured axial internal strain when plotted against the 
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applied stress1.  This indicates that no extra internal misfit stresses were created by in-


situ loading of specimen 2 to resume the secondary creep deformation.  Specimen 2 


was subsequently subjected to in-situ creep for 4 h at 550 °C, as shown in Figure 2 (a) 


and step 3 of Figure 3 (b).  During the range of creep deformation, approximately 20 


neutron diffraction internal strain measurements were carried out, as shown in Figure 


4 (a).  Also shown in this figure is the creep strain (macro-strain) measured by the 


high temperature extensometer.  The change of the axial internal strain during creep 


was calculated by comparing the axial internal strain at each creep time interval with 


that measured at the start of creep.  This applies for all four grain families considered: 


{111}, {200}, {220} and {311}.  There were only small changes in the measured 


internal strains during creep, although the creep macro-strain increased linearly with 


time, Figure 4 (a).  In addition, the derived creep rate from the in-situ creep test 


conducted at 550 °C and 250 MPa, as shown in Figure 4 (a), is two orders of 


magnitude higher than that from the creep pre-straining test undertaken at the same 


condition, as shown in Figure 1.  This could be related to the dislocation recovery that 


would occur when the creep pre-strained specimen 2 was cooled to room temperature 


and unloaded elastically. 


When specimen 2 was subjected to in-situ creep and temperature changes,     


Figure 2 (b), the changes of the axial internal strains during creep for ~1 h were 


quantified for different temperatures: 530 °C, 510 °C, 490 °C, 470 °C, and 550 °C; 


examples are shown in Figures 4 (a) to (d).  First, the creep rate decreased with the 


reduction in temperature; see the slopes of the macro-strain in Figures 4 (b) and (c).  


Second, there was a good agreement for the measured macro-strain at 550 °C for the 


initial and final creep, Figures 4 (a) and (d), where a creep macro-strain of 0.15% was 


achieved after 1 h at 550 °C.  Thus, there was no measurable change in the 


macroscopic response of the material after being subjected to cycle 2.  Third, within 


the scatter of the measurement data, there was no systematic change in the axial 


internal strains during creep, Figures 4 (a) to (d).  This indicates that the internal 


strains created by the crystallographic misfit between grains are independent of creep 


strain/time within the secondary creep condition.  The uncertainty in the determined 


peak position was less than 6 × 10-5 Å and this corresponds with an uncertainty in the 


measured internal strain of ± 30 × 10-6, as illustrated in Figure 4 (a).  This magnitude 


                                                        
1 The deviation from linearity results are not shown in this short communication 
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of uncertainty applies similarly to the measurements of all four grain families: {111}, 


{200}, {220} and {311}.  Any contribution from plastic strain in the width of the 


diffraction peak was not evaluated since the time-of-flight peaks have a more complex 


shape, i.e. a non-Gaussian diffraction peak shape measured at ENGIN-X [14]. 


The ex-situ neutron diffraction technique was used by Chen et al. [3,4] to measure 


the internal strains/stresses between grains for several creep pre-strained conditions; 


tests were interrupted at different levels of inelastic strain.  When secondary creep was 


achieved, internal strains/stresses tended to a limiting value.  Thus the present in-situ 


measurements are consistent with the previous work [3,4].  Finally, we observed 


similar changes for internal strains and the macro-strains during in-situ creep of 


specimen 3; thus the measurement is reproducible. 


 


Discussion 


 


To provide further insight into the internal strains between grains measured by in-


situ neutron diffraction, the general framework of self-consistent models is now 


described briefly.  More details about the theory of self-consistent models can be 


found elsewhere [19-22].  In general, self-consistent models incorporate the crystal 


plasticity framework that provides an approximate procedure for calculating the 


plastic shear strain rate of each individual slip system in each grain, as well as the 


overall nominal plastic strain rate of each individual grain within a polycrystal [19].  


Let )(kγ!  denote the plastic shear strain rate on the kth slip system of each individual 


grain.  The relationship between )(kγ!  and the resolved shear stress τ(k) on the kth slip 


system is taken as: 


 


!γ (k ) = !γ0 (τ
(k ) / τ c


(k ) )n                                                                                                 (1) 


 


where !γ0  is a reference creep rate and )(k
cτ  is the critical resolved shear strength of the 


kth slip system, which relates with the internal resistance to inelastic deformation and 


n is the rate-sensitivity exponent.  Change of the internal resistance is related to the 


evolution of different microstructural elements, such as hardening and recovery of 


dislocation network.  In addition, the nominal plastic strain rate !ε p can be obtained by 
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summing all the shear strain rates )(kγ!  on all the active slip systems within the grain: 


 


!ε p = θ (k ) !γ (k )


k
∑                                                                                                      (2) 


 


where ( )kθ is the Schmid factor of the kth slip system which also links the resolved 


shear stress τ(k) with the stress state of the individual grain.   


The overall plastic strain rate of the bulk polycrystal !ε p  is regarded as the average 


of plastic strain rates !ε p  over the volume V of the polycrystal, i.e. the average over all 


individual grains, which can be determined using a virtual work principle [22].  This 


requires that the polycrystal is homogeneous (texture-free) at the macroscopic length-


scale.  It is recognised that austentic stainless steels with a coarse grain size can have 


significant crystallographic texture.  However Figure 6 shows that the present creep 


pre-strained Type 316H stainless steel specimen has a weak texture with none of the 


major crystal directions exceeding 1.4 times randomness in three crystallographic 


orientations {111}, {200} and {220}.  Thus the assumption made for texture-free 


polycrystal considered in our work is reasonable.   


The internal strains (misfit strains) between grains accumulate during macroscopic 


plastic deformation of the polycrystal.  This accounts for the creation of Type II 


internal stresses (also called as Type II residual stresses) in grain/grain family length-


scales [23].  Such a misfit strain rate !εm between an individual grain and the 


surrounding matrix in a polycrystal has been considered by Kroner [24], Budiansky 


and Wu [25] to be: 


 


!εm = !ε p − !ε p                                                                                                         (3) 


 


Thus apart from the macroscopic stress applied to a polycrystal, internal stresses 


between grains also exist with a magnitude that varies depending on the grain 


orientations.  The self-consistent models suggest that suitable steady state of internal 


stresses are established in the secondary creep.  This condition results in all the grains 


in the polycrystal creeping compatibly [19,20], i.e. the misfit strain rate in Eq. (3) as 


well as the internal strain/stress of each individual grain ceases to change.  As a result, 


during secondary creep of a Type 316H austenitic stainless steel under a constant 
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macroscopically applied stress, the internal strain/stress state in each individual grain 


remains constant. This accounts for the constant internal strains measured in the 


present work, such as Figure 4 (a). 


In addition, the neutron diffraction measured internal strains changed 


insignificantly during a dwell at constant applied stress of 250 MPa following a 


temperature change, as shown in Figures 4 (b) and (c).  This could be a consequence 


of two possibilities.  First, the stress dependence of the constitutive response of the 


grains changes weakly with temperature for the secondary creep condition, i.e. the 


mechanism of deformation does not change.  Second, the constitutive response of the 


grains changes in a similar way with their surrounding matrix in a polycrystal, i.e. no 


further internal strains (misfit strains) create between the grains and the surrounding 


matrix. 


There are two major contributions to the internal strains associated with the 


temperature change: (i) the thermal expansion (contraction) of the material and (ii) the 


temperature dependence of the elastic moduli.  The internal strains due to the 


temperature changes occurring over cycle 2 for specimen 2 are shown in Figure 5.  


Since Type 316H stainless steel is a single phase polycrystalline material, the 


temperature change induced internal strain is isotropic.  Four grain families are 


considered here and the measured internal strains are plotted against the accumulated 


macro-strain during cycle 2 as shown in Figure 5.  The vertical axis represents the 


change in internal strain due to a temperature increase (positive) and decrease 


(negative).  At each temperature, the absolute change of the internal strain is the same 


for a temperature increase and decrease for all the grain families, Figure 5, indicating 


that the response is reversible.  In addition, there is a small difference among four 


grain families for each temperature change.   


The magnitude of thermal expansion (contraction) induced internal strains was 


calculated by the product of temperature change and the thermal expansion 


coefficient, α = 20 × 10-6 / ºC [26].  There is a small temperature dependence of α that 


has not been taken into account.  The predicted internal strains shown in Figure 5 for 


both the thermal expansion and contraction are the same for all grain families and 


account for more than 90% of the measured internal strains due to temperature 


change.  The measured internal strains deviate from the prediction with increasing 


temperature change, due to a contribution from the temperature dependent elastic 


moduli.  Diffraction elastic constants for the different grain families, were determined 
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from the in-situ room temperature neutron diffraction measurements [4] - E111 = 250 


GPa, E200 = 160 GPa, E220 = 219 GPa and E311 = 188 GPa.  According to the 


temperature dependence of the elastic modulus, provided by Frost and Ashby [27], a 


temperature increase from 470 ºC to 550 ºC introduces additional internal strains hklε  


of: 84 × 10-6 for {200}, 61 × 10-6 for {220}, 54 × 10-6 for {111}, and 71 × 10-6 for 


{311}.  The small difference between these values combined with any temperature 


dependence of α would contribute to the discrepancy between the measured and 


predicted values. 


Finally, it is worthwhile to emphasise that the creep damage due to cavitation and 


associated micro-cracking are non-steady processes which subsequently modify 


secondary creep [19,28].  Since the present work is limited to the early stage of 


secondary creep, the influence of the creep damage on the neutron diffraction 


measured internal strains is judged to be negligible. 


 


Concluding Remarks 


 


In conclusion, in-situ creep combined with neutron diffraction measurements 


undertaken on a Type 316H austenitic stainless steel showed no measurable change of 


internal strains during secondary creep at the grain family length-scale.  These results 


covered temperatures in the range from 470 °C to 550 °C, demonstrating that no 


further internal strain between grains is created when secondary creep was achieved.  


The present measurements imply that it might not be necessary to undertake a 


continuous measure of internal strains within secondary creep for long-term creep 


studies of a single phase polycrystalline material, provided significant microstructural 


changes don’t occur over the timescale of interest. 
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Figure Captions 
 


Figure 1 Creep strains during the creep tests of specimens 2 and 3 for 1000 h at 


550 ºC under an engineering stress of 250 MPa.  The determination of 


secondary creep rate for specimen 2 is given for illustration. 


Figure 2 Macro-strain and temperature history of specimen 2: (a) cycle 1 - heat, 


load, creep, cool and unload steps; (b) cycle 2 - heat, load, creep, 


temperature change, cool and unload steps.  Note: Creep stress was 


kept at 250 MPa over the temperature changes in cycle 2. 


Figure 3 (a) Axial internal strain introduced by 1000 h creep pre-strain; (b) 


changes of macro-strain and axial internal strain for cycles 1 and 2 of 


Figure 2. 


Figure 4 Evolution of internal strain and macro-strain during in-situ creep 


deformation of specimen 2 during different dwell steps of Figure 2 (b): 


(a) step 3 - 550°C; (b) step 8 -510 °C; (c) step 8 - 470 °C; (d) end of 


step 8 - 550 °C.  Note: The measurement uncertainty for internal strain 


has been indicated in Figure 4 (a).  In-situ creep was carried out at a 


constant stress of 250 MPa. 


Figure 5 Internal strain changes (measured and predicted) due to temperature 


change as a function of the accumulated macro-strain during cycle 2 of 


Figure 2 (b). 


Figure 6 Crystallographic texture was measured on a creep pre-strained Type 


316H austenitic stainless steel specimen using GEM instrument at ISIS 


neutron source, showing a weak texture for {111}, {200} and {220} 


crystallographic orientations.  Note: this specimen was creep tested for 


60 h at 550 °C and 250 MPa, which produced a plastic pre-strain of 


3.2% and a creep pre-strain of 1.1%. 
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Tables 
 


Table 1. Chemical composition (wt.%) of Type 316H stainless steel 
C Si Mn P S Cr Mo Ni Co B Fe 
0.06 0.4 1.98 0.021 0.014 17.17 2.19 11.83 0.10 0.005 Bal. 


 
 
 


Table 2. Summary of high temperature pre-strain history given to the specimens which were then 
used for in-situ neutron diffraction study 


Specimen 
ID 


Pre-strain (550ºC 
and 250 MPa) 


Plastic pre-
strain, % 


Creep pre-
strain, % 


In-situ neutron diffraction 


Cycle 1 Cycle 2 


1 No pre-strain 0 0 × × 
2 Creep 1000h 2.3 8.0 √ √ 
3 Creep 1000h 2.6 7.2 × √ 
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Figures 
 


 
Figure 1: Creep strains during the creep tests of specimens 2 and 3 for 1000 h at 550 
ºC under an engineering stress of 250 MPa.  The determination of secondary creep 
rate for specimen 2 is given for illustration. 
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(a) 


 
(b) 


Figure 2: Macro-strain and temperature history of specimen 2: (a) cycle 1 - heat, load, creep, cool 
and unload steps; (b) cycle 2 - heat, load, creep, temperature change, cool and unload steps.  Note: 
Creep stress was kept at 250 MPa over the temperature changes in cycle 2. 
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(a) 


 


 
(b) 


Figure 3: (a) Axial internal strain introduced by 1000 h creep pre-strain; (b) changes 


of macro-strain and axial internal strain for cycles 1 and 2 of Figure 2. 
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(a) 


 
(b) 


Figure 4: Evolution of internal strain and macro-strain during in-situ creep 
deformation of specimen 2 during different dwell steps of Figure 2 (b): (a) step 3 - 
550°C; (b) step 8 -510 °C; (c) step 8 - 470 °C; (d) end of step 8 - 550 °C.  Note: The 
measurement uncertainty for internal strain has been indicated in Figure 4 (a).  In-situ 
creep was carried out at a constant stress of 250 MPa. 
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(c) 


 
(d) 


 
Figure 4 (CONTINUED) 
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Figure 5: Internal strain changes (measured and predicted) due to temperature change 
as a function of the accumulated macro-strain during cycle 2 of Figure 2 (b). 
 
 
 


 
 
Figure 6: Crystallographic texture was measured on a creep pre-strained Type 316H 
austenitic stainless steel specimen using GEM instrument at ISIS neutron source, 
showing a weak texture for {111}, {200} and {220} crystallographic orientations.  
Note: this specimen was creep tested for 60 h at 550 °C and 250 MPa, which 
produced a plastic pre-strain of 3.2% and a creep pre-strain of 1.1%. 
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