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Abstract 

A long-term high-temperature testing stress rig has been designed and fabricated for performing in 

situ neutron diffraction tests at the ENGIN-X beamline, ISIS facility in the UK. It is capable of 

subjecting metals to high temperatures up to 800°C and uniaxial loading under different boundary 

conditions including constant load, constant strain and elastic follow-up, each with minimum of 

external control. Samples are held horizontally between grips and connected to a rigid rig frame, a 

soft aluminium bar and a stepper motor with forces up to 20kN. A new three zone split electrical 

resistance furnace which generates a stable and uniform heat atmosphere over 200 mm length was 

used to heat the samples. An 8 mm diameter port at 45 degrees to the centre of the furnace was made 

in order to allow the neutron beam through the furnace to illuminate the sample. The entire 

instrument is mounted on the positioner at ENGIN-X and has the potential ability to operate 

continuously while being moved in and out of the neutron diffraction beam. The performance of the 

rig has been demonstrated by tracking the evolution of lattice strains in Type 316H stainless steel 

under elastic follow-up control at 550C. 

Keywords: thermal-mechanical rig, elastic follow-up, neutron diffraction, lattice strain, 316H 

austenitic stainless steel
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I. Introduction 

  The concept of elastic follow-up was first introduced by Robinson [1] as representing a 

mechanical boundary condition lying between constant load and constant strain control. This 

mechanical boundary condition can be described by a two bar model which is a specimen (with 

stiffness of 1K ) connected to a spring (stiffness 2K  ) in series, as shown in Fig. 1a state 1. A 

locked-in tensile stress can be introduced in the specimen and spring when the two bar model is 

subjected to a fixed displacement, 0  (Fig. 1a state 2). When the force in the specimen relaxes due to 

creep, the force/displacement ( 2 ) in the spring also relaxes/reduces. The reduced displacement in 

the spring will then be transferred to the specimen ( 1 0 2    ) as the total misfit ( 0 ) is fixed. This 

displacement redistribution is called the elastic follow-up for creep which can exist in many 

engineering components operating at high temperature [2-4].  

 

  When the specimen experiences creep while the spring is elastic [5, 6], an elastic follow-up factor, 

Z, is given by 

1
1Z


   1 

where   is the stiffness ratios between the specimen and the spring, given by 2 1K K  , 

where 1 1 1 1K A E L  and 2K  are the stiffness for the specimen and spring respectively. 1A , 1E  and 

1L  are the cross-section area, Young's modulus and the length of the specimen. Unlike under 

constant load or constant strain control, under elastic follow-up both the stress and total strain in the 

specimen can change (Fig. 1b). The slope of the stress-strain trajectory during stress relaxation 

( 1 1    ) in Fig. 1b represents the value of elastic follow-up factor (more detail can be found in 

the Appendix). 
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  The presence of elastic follow-up results in a slower stress relaxation rate (Fig. 1c) and additional 

strain accumulation in the specimen (Fig. 1b) when compared to a classical stress relaxation test. The 

result of this is accumulation of creep strain in a localized region, exacerbating problems of crack 

initiation and fatigue damage. Therefore, predicting the effect of elastic follow-up on creep stress 

relaxation is important for the structural integrity assessment of high temperature critical plant 

components. The majority of previous work predicted the stress relaxation and elastic follow-up 

behaviour using a constant-load creep model [6-14]: 

 1 1 11 Z E f    2 

where 1  is stress rate in the specimen, 1E  is Young’s modulus and 1f  is a constant-load model 

derived from constant-load creep data.  

  However, most recently Wang et al. [6, 15] show that Eq. 2 was not able to predict stress 

relaxation and elastic follow-up using an empirical constant-load model and its constants. This 

indicated that the boundary conditions could affect the creep deformation mechanisms, such as 

change the evolution of intergranular stress between different grain families. Creep as a 

time-dependent plastic deformation can generate intergranular strains/stresses in Type 316H 

austenitic stainless steel often during the primary stage of the constant load creep [16-18]. This is due 

to creep occurring differently along different crystalline planes, thereby creating strain 

incompatibilities between grain families. The presence of intergranular stress can change the internal 

resistance and effective stress in materials which therefore change the material properties [7, 19-21]. 

However, no work has been done to study the effect of elastic follow-up on creep behaviour at the 

grain length scale and along different crystalline orientations. The main reason for this is that elastic 
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follow-up control is not readily achievable using existing sample environments at current neutron 

facilities. Also in the majority of neutron measurements, the maximum time to conduct an 

experiment is often limited to a number of days. This is because the stress rigs used in diffraction 

facilities are confined to servo-hydraulic [22], servo-electric or digital control [23, 24] test rigs and 

the heating systems [22, 24, 25] used on most of these test rigs can only operate for a short duration. 

However, a key element in examining metals at high temperature is the ability to understand their 

performance for long durations and this requires using a loading rig that needs minimum intervention 

during an experiment, especially when using neutron diffraction techniques at high temperature. 

  The purpose of the rig described in this paper is the ability to perform elastic follow-up tests to 

understand the evolution of intergranular strains and stresses during forward creep, stress, relaxation 

and elastic follow-up. With such an understanding, a new creep model can be develop to predict the 

stress relaxation and elastic follow-up behaviour and account for the elastic follow-up in structural 

integrity assessments and life extension cases of, for example, the UK’s advanced gas-cooled 

reactors (AGRs). Moreover, it can be operated continuously but also has the ability to be moved into 

the neutron diffraction beam at selected intervals to obtain intermittent diffraction measurements. In 

the remainder of the paper, the design of the new stress rig is first described. Then, a set of 

high-temperature experiments using Type 316H stainless steel as test samples is presented to 

illustrate the capability and performance of the test machine in the ENGIN-X instrument. The key 

scientific results have been presented in Ref. [26]. 

II. Test Rig Design Characteristics 

  The test rig for our neutron diffraction creep experiments under elastic follow-up control was 

designed to be mounted on the positioner in the ENGIN-X beam-line at ISIS neutron source. A three 
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dimension model of the rig frame, extensometry system, loading systems and integral furnace are 

shown in Fig. 2. Notably, the design, orientation and positioning of the furnace proved to be the most 

critical element in the design of the test machine. The furnace design is described first followed by 

more details of the remaining elements of the rig frame, specimens and connectors and finally the 

loading system. 

Furnace design 

There are many different types of furnace that are suitable for heating test samples and have been 

used for conducting neutron diffraction measurements [27, 28]. These include lamp [29], current 

heating, induction, mirror [29], vanadium, [24], and electrical resistance [30] furnaces. For our 

experiments it was essential that the furnace could be used for long periods (thousands of hours), 

achieve a stable temperature up to 650°C for a sample with a 150 mm gauge length, simple to 

operate and be transported safely with the rig. Most importantly the furnace must be capable of being 

in a neutron beam-line without compromising neutron diffraction measurements. The electrical 

resistance furnace is the most widely used in conventional creep tests since it provides a stable and 

uniform temperature. It is easy to manipulate and can be run without a cooling system and is very 

durable for long-term tests. These advantages made it suitable for use in the current study but had 

never been used before in diffraction studies in any neutron beam-line. Therefore, a new three-zone 

split electrical resistance furnace was designed to maximize the neutron diffraction intensity during 

experiments. The resistance furnaces are manufactured with a wire wound element for operation on 

specimens up to 1100°C. 

A cross-section of the furnace and its orientation in the ENGIN-X time-of-flight neutron detectors 

are shown in Fig. 3 (top view). The beamline has two detector banks, centred at 2θ=±90̊ to the 
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incident beam. The detectors monitor diffracted neutrons and within each detector there are five sets 

of removable radial collimators with distances (L1) of 100, 160, 310, 400 and 490mm which offer 

sample gauge volumes sizes of 0.5, 1, 2, 3 and 4mm respectively [31]. A 4mm gauge volume was 

selected in the present study to minimize the measurement time during creep. As the principal 

interest in the experiments reported in this paper was the axial deformation of test samples, the main 

axis of the test machine and its furnace had to be orientated at about 45 to the incident beam as 

shown in Fig. 3. An 8mm diameter port at 45 degrees to the centre of the furnace was made in order 

to allow the neutron beam through the furnace to illuminate a sample. Additionally, a 56 ̊, 165mm 

long and 68mm wide ceramic area was removed to reduce the attenuation of neutrons measured by 

detector bank 1. The dimensions of the removed area were determined according to the coverage of 

the detector banks which corresponded to ±16̊ and ±21̊ in the horizontal and vertical planes 

respectively [31]. Except for the 25mm thick internal furnace insulation wall, no part of the furnace 

was in the path of the neutron incoming and scattering paths. This provided good quality 

neutron-diffraction data. The weight, overall length, diameter and furnace bore diameter of the 

furnace were 33kg, 400mm, 300mm and 114mm respectively. 

A separate unit contained all the equipment necessary for the control of the furnace system and 

included Eurotherm 3216 temperature controllers for each of the three heating zones. The power 

supply and furnace controller were operated remotely by using a 15m cable. 

Stress rig frame 

Based on the constraints of the furnace dimensions and the ENGIN-X test environment a rigid frame 

of overall length 1100mm was manufactured (using EN24T steel), as shown in Fig.2 and Fig.4. The 

diameter of the two outside bars was selected to be 70mm. Two end plates had dimensions of width 
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120mm, length 500mm and thickness 100mm. The end plates were designed to place the rig either 

vertically or horizontally on a table. The length of 520mm for the end plates was selected in order to 

accommodate a 300mm diameter furnace and the two 70mm diameter outer bars. The thickness of 

100mm ensured the deflection of each end plate was smaller than 5um when applying a force of 20KN. 

The test samples and spring/connectors were designed to achieve target values of elastic follow-up. 

These are described in the next sections. 

Test sample and connectors for Z ~ 1 

The stiffness of the specimen was designed to be as small as possible in order to obtain an elastic 

follow-up factor close to 1. A 150mm long specimen with diameter 6mm was designed to ensure that 

a neutron diffraction measurement gauge volume of 3×3×4 mm3 could easily be accommodated. This 

gauge volume was selected to provide a measurement time of about 5 minutes for a single strain 

measurement in steel. The stiffness of the creep specimen ( 1K ) was equal to 28.3KN/mm. Since it 

was required to achieve Z ~ 1 an additional spring K2 was not required.  

Nevertheless, the connectors and fittings designed to connect the test specimen to the end plates 

introduced additional elastic follow-up. These connectors and fittings, all in series, included a top 

loading bar ( 4 300L mm ), an end loading bar ( 5 500L mm ), two adaptors, a load cell ( 7 30L mm ) 

and a load cell end fitting, as shown in Fig. 4a. Two loading bars were used to connect the creep 

specimen with adaptors to the load cell and the top plate. Consequently two adaptors and part of the 

loading bars were inside the furnace. These parts were manufactured from Nimonic 80A which is a 

material with good creep resistance properties relative to the test sample. The diameter of the loading 

bars was selected to be 35mm. Increasing the diameter of the loading bars increased the stiffness of 

rig but decreased the temperature performance of the furnace since larger diameter bars lead to 
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greater thermal losses. The load cell end fitting with diameter 100mm was made to link the load cell 

to the end plate. A load cell was screwed in the middle of the disc, and the disc was fixed to the end 

bottom plate. 

On the basis of the various dimensions of the fittings and connectors, the elastic follow-up was 

determined using 

11
1 1

CF

K
Z

a K
     3 

where CFK  (represents the total stiffness of the connectors and fittings (CF)). These connectors and 

fittings acted like multiple springs and hence introduced elastic follow-up into the specimen during 

creep stress relaxation. The designed dimensions of these connectors and fittings resulted 

in 254 /CFK KN mm . The final elastic follow-up factor was determined using Eq.3 and found to be 

1.2 which was very close to the target value of about 1. The extra 0.2 elastic follow-up has very 

minimum effect on the creep stress relaxation [6]. 

Test sample and connectors for Z ~ 10.5 

A larger elastic follow-up factor (Z ~ 10.5) was obtained by using a short specimen with 30mm 

length and diameter 7mm (stiffness 1 192 /K KN mm  ) connected in series to a 250mm length, 

10mm diameter aluminium 7075-T6 (E2=71GPa and 2 22 /K KN mm ) round bar with yield 

strength 430MPa. The aluminium bar represented the spring in Fig. 1a. Fig. 4b illustrates two 

removable bars with length 3L  equal to 200mm and diameter 3D  equal to 40mm attached to the 

end of the plate in order to link the aluminium bar to the test machine frame. Again, all the fittings 

and connectors could introduce extra elastic follow-up into the specimen. The final elastic follow-up 

for this case is given by 
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1 1

CF

K K
Z

K K 
       4 

where   is stiffness ratio between the whole connectors/fittings and the test sample. The stiffness of 

the various connectors and fittings were determined in the same way as in the previous section. Using 

these values in Eq. 4 provided an elastic follow-up of 10.8 and this was sufficiently close to the target 

value of 10.5 to be acceptable. 

Loading system 

A stepper motor was used to apply a misfit (0) that in turn introduced the load ( 1) into the test 

machine as illustrated in Fig. 1a and Fig. 4c. The loading system included a stepper motor, a thrust 

ball bearing, two keyways, a worm gear and wheel, a linear shaft and a coupling to link the motor to 

the worm gear (Fig. 4c). A worm wheel was modified by manufacturing an M35 screw to fit the 

loading screw bar and a slot to include a thrust ball bearing. Two aluminium plates were made to fit 

the motor on the rig frame. Different loading strain rates were obtained by controlling the rotation 

speed of the stepper motor. 

The holding torque hT  of the stepper motor was 12.1Nm, with a working temperature up to 90°C 

[32]. The output torque decreased with an increase in the rotational speed of the motor and the torque 

reduced to about 8Nm at speeds of 180 rpm [32]. The rotational speed of the motor was always 

smaller than 180rpm in the tests. Therefore, the output torque opT  of the loading up system was 

calculated using 

122.5 .op vT T N m      5 

where vT  is the output torque of the stepper motor at a speed of v ;  is the gear ratio between the 

worm wheel (4 starts) and the worm gear (68 teeth) which is 17;   is the gear transmission 

efficiency coefficient which is about 0.9 for 4 starts. 
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The total friction torque ( fT ) exerted by the screw thread sT  and the thrust ball bearing with the 

raceway bT  can be calculated using 

f s b s bT T T F d F         6 

where F is the applied force and d is the nominal diameter of the screw. s  and b  are the 

dynamic and static friction coefficients respectively. The dynamic friction coefficient of a bearing 

with the raceway and lubricant was assumed to be 0.09, and the static friction coefficient before the 

ball rotated was assumed to be 0.24 [33]. 

The motor can only rotate when the output torque of the loading system was larger than total 

friction torque. Therefore, the maximum force that could apply using this system is 23.5KN which 

was determined using f opT T .  

A stepper motor controller system was powered through a 220 voltage socket and a 10m eternal 

cable was used to connect the controller system to a computer placed outside of the beam at the 

ENGIN-X instrument. Labview software [34] was used to control the loading system. 

Data acquisition 

In addition to neutron spectra, the force, temperature and strain or displacement were also 

monitored from the test machine during a test. The displacements in the test samples (bar 1 in Fig. 1a) 

were measured by using a modified axial extensometer, as shown in Fig. 5. The strain in the 

aluminium bar (bar 2) was measured by using three strain gauges located on the middle of the bar 

and placed 120̊ around the circumference of the bar. The specimen extensometer was made of 

Nimonic 80A. Two LVDTs in the extensometer, with a stroke of ±2.5mm, measured the sample 

extension with a displacement resolution of 2 m  at a maximum operating temperature of 80°C. The 

average of the voltages from the two LVDTs were used and considered to be the output value of the 
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extensometer in accordance with BS EN 10291 [35]. The temperature profile along the specimens 

was recorded using three K-type thermocouples attached to the top, mid and bottom of the gauge 

length. A compact tension load cell was used to monitor the applied force. 

The analogue signals produced by three strain gauges, one load-cell, two LVDTs and three 

thermocouples were recorded on a digital computer. A Vishay System 5000 data logger was used in 

conjunction with Vishay's 'strain smart' data logging software (version 4.22). The entire apparatus 

was controlled by a custom graphical user interface (GUI) using Labview and National Instruments 

hardware. Only an external cable was required to connect to a computer to permit data acquisition 

and motor control.  

III. Experimental Procedure 

There were several elements to the test procedure when using the new test machine in the 

ENGIN-X instrument. First, a sample and the extensometer had to be assembled into the test 

machine. The test machine and its sample were then lifted into the ENGIN-X beam-line and mounted 

on the work table. This was followed by aligning the test machine and its sample in the neutron beam 

and the two detectors. Finally, high-temperature experiments using steel samples were conducted. 

Specimen assembly 

First, the extensometer was assembled on the specimen, followed by attaching three thermocouples 

to the top, middle and bottom of the specimens. Four thermocouples were also placed on the two 

loading bars and the two outside bars to monitor temperatures at different positions of the test rig. 

The specimen was positioned in the centre of the furnace. The test machine with its specimen and 

extensometer, thermocouples and load cell was then lifted into the beam line of the ENGIN-X 

instrument. It was ensured that the rods of the extensometer were positioned so that they did not 
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interfere with the incoming and diffracted neutron beams. 

Neutron beam alignment 

A calibration was conducted to ensure that the neutron beam was directed at the centre of the test 

sample through the channel in the furnace, as shown in Figs. 2 and 3. An alignment was performed to 

ensure that the gauge volume was in the centre of the specimen. This was done by first introducing a 

laser beam that was coincident with the path of the neutron beam. Then the complete test machine 

and its sample were lifted onto the work table into the beamline. One half of the furnace was raised 

up and a theodolite was used to make sure that the laser targeted the centre of the sample by 

adjusting the position of the work table. Good alignment was achieved when the laser beam was 

focused on the right side of the sample and there was no scattering of the laser beam. 

Then the beamline was switched on and neutron spectra obtained. The beamline was switched off 

and the furnace was closed and the position of the furnace was adjusted to permit the laser beam to 

pass through the tube and target the sample. Then the beam-line switched on and another neutron 

measurement conducted. 

Fig. 6 shows neutron spectra obtained from detectors 1 and 2 before (Figs. 6a and 6b) and after 

closing the furnace (Figs. 6c and 6d). Note that detector 1 is the detector that is positioned with a 

ceramic section of the furnace removed as illustrated in Fig. 3. Figs. 6a and 6c show that the closure 

of the furnace did not modify the neutron spectra from detector 1. 

The careful alignment of the test machine and its integral furnace in the ENGIN-X beam-line 

ensured that during an experiment the axial intergranular strains of the metal test samples could be 

measured at high temperature. However, the system could only measure the neutron spectra from 

detector 1 and data from detector 2 were not used in the experiments. The experiments are described 
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in the next section. 

High-temperature experiments 

Experiments were conducted using an ex-service plus further laboratory aged Type 316H austenitic 

stainless steel supplied by EDF energy [26]. Uniaxial samples were manufactured using this material, 

inserted into the new test machine and the test machine installed into the diffractometer as explained 

earlier. Two samples were tested, one with Z ~ 1.2 and the other Z ~ 10.5. In each case, the 

experimental procedure was the same. The test durations were relatively short (around several days) 

and were undertaken to demonstrate the capability of the test machine. 

After ensuring that the alignment of the neutron beam with each specimen was complete, 

additional insulation was inserted into both ends of the furnace. The neutron beam was then switched 

on and arranged to ensure that each sample was illuminated with the beam so that there was a gauge 

volume of 4 by 4 by 4mm for the diffraction measurements.  

Each test specimen was first heated to 550 C at a rate of 5 C/min for a period of about 6 hours 

and the system then soaked for 5 hours to ensure the test machine and the surrounding environment 

was at a stable temperature. During heating diffraction data were obtained at 5 min intervals. The test 

sample was then loaded at a strain rate of 0.0067 %/s and the stress in the gauge length was 

increased in 25 MPa steps until the target stress of 250 MPa was achieved. Again diffraction data 

were obtained during loading with a measurement time of 10 minutes for each stress. The time to 

achieve maximum load was about 2 hours. The stepper motor was then switched off once the target 

stress was achieved. The stress in the specimen then naturally decreased as elastic strain was 

converted to creep strain. Apart from controlling the specimen temperature no additional external 

control of the test machine was required.  For Z = 10.5, the specimen was reloaded to 350 MPa 
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after 8h relaxation from the initial applied stress of 256 MPa and further relaxed for about 13 h at 

550°C. Measurements of stress relaxation lasted around 8-30 hours and diffraction measurements 

were made during stress relaxation. 

IV. Experimental results and discussion 

The load cell, extensometer and thermocouples in the test machine provided the macro stress, 

strain and temperature of each test sample. Figs. 7a and 7b illustrate the different stages of the 

macro-stress-strain behaviour of the samples with Z ~ 1.2 and Z ~ 10.5 included heating, loading to 

the target stress, creep stress relaxation, unloading and finally cool down phases. It can be seen in 

Figs. 7a and 7b that during loading to approximately 250MPa the sample underwent elastic 

deformation and significant plastic deformation prior to creep stress relaxation. The measured elastic 

follow-up factor was obtained from the slopes of stress versus strain curves during the creep stress 

relaxation. It showed that the measured elastic follow-up factors were approximately 1.2, 10.5 and 

10.8 (reloaded) which agreed excellently with the designed values. Fig. 7c shows that the elastic 

aluminium bar acted like perfect elastic spring during both loading up and unloading. Fig. 8 shows 

that the stress relaxation rate reduced as the elastic follow-up factor increased. The measured stresses 

were fluctuating slightly over time due to the fluctuations of room temperature. The stress relaxation 

curves agreed with the results obtained from laboratory experiments published in [6]. The 

temperature profiles for both tests at the centre position of the samples during loading up and creep 

stress relaxation were very stable, as shown in Fig. 9. These results illustrated that this rig was able 

to provide accurate elastic follow-up factors, stable temperature profile and mechanical responses. 

During each of the test stages, illustrated in Figs. 7a and 7b, neutron diffraction data were analysed 

to obtain changes in crystal lattice spacing and then used to determine the internal lattice strains for 
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each grain family. In the present work, four diffraction peaks (111, 200, 220 and 311) were 

considered. The strain for each orientation is given by 

0

0
hkl hkl

hkl
hkl

d d

d
 

  7 

where hkl is the elastic strain in the  hkl grain family, hkld and 0
hkld  are the stress and stress-free 

lattice spacings. The stress-free lattice spacing 0
hkld  for loading and stress relaxation were 

considered as the values when the sample was at 550C. Results presented here are confined only to 

loading and stress relaxation. The typical uncertainties in the measured lattice strains were 

approximately ±30 microstrain [18, 36]. However, the scatter of lattice strain measurements could be 

as larger as 200 microstrain, as shown in Refs. [17, 26]. 

The evolution of lattice strains in grain families having 111, 200, 220 and 311 crystallographic 

planes aligned normal to the direction of loading during the loading stage for Z ~ 1.2 and 10.5 are 

shown in Figs. 10 a and 10b. The figure shows that the crystallographic planes deformed linearly to 

stresses lower than 125MPa, which is similar to the macro stress-strain response shown in Figs. 7a 

and 7b. The diffraction elastic constants (DEC) for each lattice plane were obtained by using the ratio 

of applied stress to the lattice strains on each plane in the linear region. These constants derived from 

the loading up stage are summarized in Tab. 1 and are compared with the DEC obtained by using a 

hydraulic Instron tensile rig at ENGIN-X [18, 37] with reasonable agreement. The initial 

elastic-plastic loading created misfit strains and stresses between the different crystallographic planes 

prior to stress relaxation. 

The decreasing of the lattice strains on the 111, 200, 220 and 311 crystallographic planes for Z ~ 

1.2 and 10.5 are shown in Figs. 11a-11c. The lattice strains when samples were loaded to 

approximately 250MPa were treated as zero. The greatest relaxation of lattice strains occurred for the 
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200 crystal plane and the least on the 111 crystal plane. However, as shown in Ref. [26], when the 

product of the relaxed lattice strain and the corresponding diffraction elastic constant were 

determined, it was found that stresses on the different crystal planes relaxed the same amount, and 

the trends in the relaxation of the lattice stresses agreed with the macroscopic stress relaxation. It 

should be noted that the DEC used in Ref [26] were obtained from the unloading stage rather than 

the loading up stages presented in the current work. More scientific discussion about the results can 

be found in Ref. [26]. 

While the results were confined to short durations the findings demonstrated that the new test rig 

has the potential for undertaking longer duration experiments. This would require the test machine 

being set-up to operate continuously for several thousands of hours and moved periodically into the 

beamline for diffraction measurements. This is subject of further research work. 

V. Conclusions 

A new test rig has been designed and commissioned to operate in the ENGIN-X instrument at the 

ISIS facility. The test rig was designed to allow test samples measured using neutron diffraction 

whilst being subjected to high temperatures and stress relaxation with the machine capable of 

subjecting samples to different levels of elastic follow-up. The test rig with its integral furnace was 

designed to be operated remotely away from the instrument beam-line with only temperature control 

required. 

A set of test samples were used to commission the test machine within the neutron beam 

environment. High-quality diffraction measurements from a sample of 316H austenitic stainless steel 

confirm that data of excellent intensity and resolution can be obtained from crystalline samples using 

the neutron diffraction technique. This apparatus will enable the study of creep behaviour under 
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constant load, constant strain and elastic follow-up control for in situ tests at temperatures up to 

800  with a maximum applied stress of 20kN. The future work would be mount and un-munt the rig 

system several times in the beamline to show the repeatability of the lattice parameter measurement. 
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Fig. 1. (a) A two-bar model allows the introduction of a tensile stress and elastic follow-up into the 

specimen; (b) an example of the stress-strain trajectories for loading up and creep at constant load 

( Z  ), elastic follow-up ( 10Z  ) and constant strain ( 1Z  ) control; (c) the comparison of creep 

stress relaxation with elastic follow-up factors of infinitely large, 10 and 1. 

Fig. 2. Three dimension model of the rig set up for Z ~ 10.5 including the rig frame, extensometry 

system, loading up system, an integral furnace, a load cell and an aluminium bar. The rig frame is 

acted like the rigid frame in a two-bar model, as shown in Fig. 1a. The aluminium bar represents the 

spring in Fig. 1a. 

Fig. 3. A schematic plan view of the furnace and its orientation in the ENGIN-X time-of-flight 

neutron strain scanner. All units are in mm. 
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Fig. 4. Schematic drawings of the ENGIN-X rig frame and loading up system; (a) design for Z ~ 1.2 

with a 150 mm gauge length and 6 mm diameter test sample; (b) design for Z ~ 10.5 using a new 

specimen (length 30 mm, diameter 7mm) coupled to an aluminium round bar specimen (length 250 

mm, diameter 10 mm); (c) the connection of the stepper motor, coupling, linear shaft, worm gear, 

worm wheel, thrust ball bearing and keyways. 

Fig. 5. A three dimension drawing to show an overview of the extensometry system. 

Fig. 6. Neutron spectra obtained during alignment of the experiment for two different cases. (a - b) 

Case 1, one half of the furnace is open; (c - d) Case 2, furnace covers are closed. 

Fig. 7. Measured macrostress and strain for the test specimen with (a) Z ~ 1.2 and (b) Z ~ 10.5. Note 

the different stages of the experiment are labelled; (c) the corresponding responses in the elastic bar 2 

during 1st and 2nd loading up and stress relaxation stages as shown in Fig. 7b. 

Fig. 8. The comparison of stress relaxation with similar initial applied stress (250MPa) but different 

elastic follow-up factors infinitely large, ~10.5 and ~1.2. 

Fig. 9: Temperature profiles in the centre of samples during loading up and creep stress relaxation. 

Fig. 10. Neutron diffraction measured elastic lattice strains along the axial direction of the Z ~ 1.2 (a) 

and Z ~ 10.5 (b) test specimens for 111, 200, 311 and 200 grain families during loading stage. 

Fig. 11. Macrostress and lattice microstrain evolution measured in situ during the early stage of stress 

relaxation in type 316H austenitic stainless steel at 550  under (a) an initial applied stress of 

250MPa with Z ~ 1.2, (b) an initial applied stress of 250MPa with Z ~ 10.5 and (c) reloaded stress of 

350MPa with Z ~ 10.5. 
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Table 

Table 1. Summary of derived diffraction elastic constants (DEC) from in situ neutron diffraction 

measurement at 550C, the materials are ex-service laboratory aged Type 316H stainless steel. LC 

means constant load control. 

Test 111E  GPa 200E  GPa 220E  GPa 311E  GPa 

Z ~ 1.2 185 101 160 125 

Z ~ 10 170 87 144 118 

LC 202 115 171 134 

LC 2 [18] 165 103 149 133 

LC 3 [18] 182 93 184 120 

LC 4 [37] 190 110 160 130 
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APPENDIX: Calculation of elastic follow-up in a two-bar model [6] 
 

The total misfit ( 0 ) in the two-bar model is equal to the displacement in bar 1 (specimen) add to the 

displacement in bar 2(spring) during the creep under elastic follow-up control. If we assume creep 

deformation only takes place in the specimen, then the two bars followed a relationship of 

   1 1 1 1 2 2 2 0e p c e pL L               1 

where e , p , c , 0  and L  represent elastic strain, plastic strain, creep strain, total misfit and 

length of bars respectively. The subscripts 1 and 2 represent specimen and bar 2 respectively. The 

elastic and plastic deformation in bars and total misfit ( 0 ) are constant during creep. Therefore, 

differentiating Eq. 1 gives: 

1 1 1 1 2 2 0e c eL L L          2 

where 1 e   and 1 c   are elastic and creep strain rate in the specimen, 2 e   is elastic strain rate in 

bar 2. 

 

Force equilibrium condition between two bars indicates that: 

1 1 2
2 1

2 2
e e

A E L

A E
     

3 

where A  and E  represent the area cross-sectional area and Young's modulus respectively. By 

substituting Eq. 3 into Eq. 2 we obtain: 

1 1 2
1 1 1 1

2 2 1

1 0e c

A E L
L L

A E L
  

 
   

 
   

4 

and rearranging: 

1 1

1
e cZ

      5 

where Z is the elastic follow-up factor in the two-bar model shown in Fig. 1a and can be described as 

1 1 2
2 1

2 2 1

1 1 1 1/
A E L

Z K K
A E L

       
6 

where  is the stiffness ratios between the specimen ( 1K ) and the bar 2 ( 2K ).  
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The elastic strain in the specimen is given by: 

1
1 e E

    7 

Substituting Eq. 7 to Eq. 5 we obtain: 

1 1 1

1
cE

Z
      8 

where 1  is stress relaxation rate in the specimen, 1 c   is the creep strain rate in the specimen 

which can be described by any constant-load creep model. According to Eq. 8, the stress in the 

specimen will reduce as the elastic strain is replaced by creep strain. The total strain rate in the 

specimen during creep can be obtained by adding the elastic strain rate to the creep strain rate giving: 

  1
1 1 1

1

1e c Z
E

      


    
9 

The Eq. 9 can be also rearranged to 

1 1 1 1

1 1

1 1
E E

Z
 
 

 
   

 
 

10 

where 1  and 1 are relaxed stress and accumulated strain in the specimen during creep stress 

relaxation. 
 
The elastic follow-up factor in two-bar model can be predicted by using Eq. 6 or measured from the 
stress-strain curve trajectory (Eq. 10).  

 



 

 

Fig. 1. (a) A two-bar model allows the introduction of a tensile stress and elastic follow-up into the 

specimen; (b) an example of the stress-strain trajectories for loading up and creep at constant load 

( Z  ), elastic follow-up ( 10Z  ) and constant strain ( 1Z  ) control; (c) the comparison of creep 

stress relaxation with elastic follow-up factor equal to infinity large, 10 and 1. 
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Fig. 2. Three dimension model of the rig set up for Z ~ 10.5 included the rig frame, extensometry 

system, loading up system, an integral furnace, a load cell and an aluminium bar. The rig frame is 

acting like the rigid frame in two bar model, as shown in Fig. 1a. The aluminium bar represents the 

spring in Fig. 1a. 
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Fig. 3. A schematic plan view of the furnace and its orientation in the ENGIN-X time-of-flight 

neutron strain scanner. All units are in mm. 

 



 

 

Fig. 4. Schematic drawings of the ENGIN-X rig frame and loading up system; (a) design for Z ~ 1.2 

with a 150 mm gauge length and 6 mm diameter test sample; (b) design for Z ~ 10.5 using a new 

specimen (length 30 mm, diameter 7mm) coupled to an aluminium round bar specimen (length 250 

mm, diameter 10 mm); (c) the connection of the stepper motor, coupling, linear shaft, worm gear, 

worm wheel, thrust ball bearing and keyways. 

 



 

 

Fig. 5. A three dimension drawing to show an overview of the extensometry system. 

 



 

 

Fig. 6. Neutron spectra obtained during alignment of the experiment for two different cases. (a - b) 

Case 2, furnace covers are closed; (c - d) Case 2, an half of the furnace is open. 



 

 

 

Fig. 7. Measured macrostress and strain for the test specimen with (a) Z ~ 1.2 and (b) Z ~ 10.5. Note 

the different stages of the experiment are labelled; (c) the corresponding responses in the elastic bar 2 

during 1
st
 and 2

nd
 loading up and stress relaxation stages as shown in Fig. 7b. 
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Fig. 8. The comparison of stress relaxation with similar initial applied stress (250MPa) but different 

elastic follow-up factors infinitely large, ~10.5 and ~1.2. 
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Fig. 9: Temperature profiles in the centre of samples during loading up and creep stress relaxation. 
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Fig. 10. Neutron diffraction measured elastic lattice strains along the axial direction of the (a) Z ~ 1.2 

and (b) Z ~ 10 test specimens for 111, 200, 311 and 200 grain families during loading stage. 
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Fig. 11. Macrostress and lattice microstrain evolution measured in situ during the early stage of stress 

relaxation in type 316H austenitic stainless steel at 550℃ under (a) an initial applied stress of 

250MPa with Z ~ 1.2, (b) an initial applied stress of 250MPa with Z ~ 10.5 and (c) reloaded stress of 

350MPa with Z ~ 10.5. 
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