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In this work, we present the use of small angle neutron scattering (SANS) and nanoindentation (NI) to determine the 

microstructural state typical of a divertor mock-up assembly, which has undergone complex heating and cooling cycles. 

Material property mapping is used to measure the local variation in properties throughout a component geometry, which is 

used to infer a variation in local stress-strain properties. It is proposed that the measurement of spatially heterogeneous 

material properties by these mapping techniques may provide engineers with useful insights for the design and failure 

analysis of components. 
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1. Introduction 

CuCrZr alloys are favored in applications where a 

high thermal conductivity and high strength are required 

at elevated operating conditions, such as in heat exchange 

structures in a nuclear fusion reactor, e.g. ITER [1]. 

Precipitation hardening, with precipitate dimensions in 

the 1-100 nm range, is crucial to their mechanical strength 

during operation and therefore needs to be extremely well 

controlled [2]. During manufacturing and use, these 

components are exposed to complex, non-uniform 

thermal cycles, which will impact on the CuCrZr 

microstructure. Atom probe tomography (APT) or 

transmission electron microscopy (TEM) provide direct 

visual information of this microstructure, but only on a 

very small sample (< 1 mm3) [3,4]. Small angle neutron 

scattering (SANS), on the other hand, is able to provide a 

bulk measurement on millimeter-scale samples, while 

maintaining the sensitivity for the precipitate dimensions 

[5]. Here we combine SANS and nanoindentation (NI) 

hardness measurements to spatially map the 

microstructure and behavior of a single-block EU DEMO 

“thermal break” divertor mock-up (MUP), after 

fabrication [6–8].  

2. Experimental methods 

A single rolled tungsten block, with dimensions 12 x 

23 x 30 mm and a central bore of 19 mm, containing a 1 

mm cast Cu interlayer (ALMT, Japan) is brazed using an 

Au-Cu braze to a 15 mm diameter, 1.5 mm thick CuCrZr 

(Zollern GmbH & Co., 1 wt% Cr, 0.06 wt% Zr) pipe (Fig. 

1a). More details of the manufacturing process will be 

published elsewhere [8].  The brazing cycle for the MUPs 

is shown in Fig. 1b – the difference between MUPs A and 

B is that the CuCrZr pipe in “B” has undergone this cycle 

twice, to improve braze flow and adhesion after removal 

of the segregated Zr at the surface, based on prior on-site 

experience with brazing this alloy. 

The MUPs were cut lengthwise by wire-EDM to expose 

the pipe cross-section. An additional cut was made to 

remove the tungsten and expose the Cu interlayer. The NI 

sample, approximately 1 mm thick, was sliced with a third 

cut from MUP A. No further sample preparation was done 

on the SANS samples.  

(a)   

(b)  

Fig. 1. (a) Photo of MUP B after brazing and before sample 

preparation. (b) Furnace cycle for the MUPs. 

SANS was performed on the diffractometer SANS2D 

at the ISIS Pulsed Neutron Source [9,10]. This is a time-

of-flight instrument, which means it utilizes a range of 

neutron wavelengths (1.75 – 16.5 Å) to simultaneously 

probe a very broad range of d-spacing (for the instrument 

configuration used, 8 – 3140 Å), and is thus ideal for the 

type of scoping study performed here. In the figures 

below, the d-spacing is expressed as the (magnitude of) 

the scattering vector, Q (= 2/d = 4/sin, where  is the 

neutron wavelength and 2 is the scattering angle). The 

beam footprint at the sample was collimated to 5 mm high 

and 2 mm wide. Each scattering and transmission dataset 

was collected for 54 and 12 minutes respectively. On each 

MUP, 5 measurement locations were investigated: 3 on 
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the pipe away from and 2 underneath the tungsten 

monoblock (Fig 2). Examination of the transmission data 

revealed prominent absorption ‘edges’ at the shorter 

wavelengths, a common occurrence in multi-phasic 

materials with crystalline regions, and so neutron 

wavelengths below 4.3 Å were subsequently excluded 

during the data reduction.  

Data reduction was performed using the Mantid 

framework in accordance with standard procedures for 

SANS2D [11,12]. 2D data from the detectors were 

radially-averaged to 1D, using only the scattering data 

within sectors extending ±30° of Qx = 0 to avoid artefacts, 

caused by a reflection of the neutrons from the edges of 

the pipe or the tungsten due to beam divergence. Radially-

averaged data were fitted using the ODR package in SciPy 

[13,14] to a scattering function consisting of a 

combination of Porod’s law [15] and a single Lorentzian 

peak: 

𝐼 = 𝐴𝑄−𝛼 +
𝐵

1+(𝐿∗|𝑄−𝑄𝑝𝑒𝑎𝑘|)
2 + 𝐶  (1) 

where  (Porod exponent) is related to the interface 

roughness, L (Lorentzian screening length) is related to 

radius of the precipitates, Qpeak (peak position) is related 

to separation of the precipitates, A and B are scaling 

parameters and C is the Q-independent background. 

 

Fig. 2. Cross-section of MUP A, with the SANS (rectangles) and 

NI (dotted line) measurement positions indicated. 

Nanoindentation testing was conducted to assess the 

nano-hardness along the length of the pipe as it passes 

through the tungsten monoblock. A slice from MUP A 

was polished using silicon carbide abrasive papers (up to 

FEPA 4000), 1 µm diamond suspension and a final 

chemo-mechanical polish using colloidal silica 

suspension (0.04 µm). A line of indents were placed with 

100 µm spacing (Fig. 2). The tests were conducted with a 

Keysight G200 nanoindenter equipped with a Berkovich 

tip.  

A continuous stiffness measurement (CSM) technique 

was used with an amplitude and frequency of 2 nm and 45 

Hz respectively. The tip geometry was calibrated using a 

fused silica reference sample in accordance with Ref. 

[16]. The indents were conducted with a total depth of 2 

m and a strain rate of 0.05 s-1. Measurements (n = 13) 

were also conducted on a sample of peak aged CuCrZr for 

a baseline comparison (solution annealing to 980 °C, 

water quenching and ageing at 480 °C for 2 hours) [1]. 

3. Results and discussion 

The radially-averaged 1D data (Fig. 3) all show a 

similar Q-dependence: a power law decay at low-Q 

followed by an inflection leading to a broad peak at 

higher-Q. The Porod exponent, from fitting with equation 

(1), hardly fluctuates over the length of the pipe (Fig. 4a). 

The value is also close to the “ideal” of 4, suggesting the 

scattering centers (precipitates) have a good coherency 

with the matrix. Interestingly, there appears to be a subtle 

variation in the precipitate size (Fig. 4b), with a slight 

increase in size being observed underneath the tungsten 

monoblock. The diameter of the precipitates is in line with 

TEM analysis of optimum aged material, with slight 

overaging under the tungsten block [17] .This would be 

consistent with a subtly different thermal response of the 

CuCrZr due to the locally different thermal mass. 

 

Fig. 3. Comparison of SANS curves at different positions in 

MUP A. The curves are vertically offset for clarity. 

The precipitate separation under the W block was difficult 

to fit reliably, presumably due to additional scattering. In 

the CuCrZr pipe away from the W, the average distance 

is approximately 32 ± 4 nm in MUP A and 27 ± 4 nm in 

MUP B, which corresponds to an approximate number 

density of (0.80 ± 0.27) x 1022 m-3 and (1.40 ± 0.75) x 1022 

m-3 in MUP A and B respectively. Comparing to the 

TEM-based values obtained for CuCrZr annealed at 

different temperatures, this suggests the MUP pipes are 

comparable to slightly overaged material [17].  

Fig. 5 shows the average modulus and hardness results 

from nanoindentation for positions along the pipe. The 

elastic modulus is 137 GPa (3 s.f.) ± 5 GPa standard 

deviation; this corresponds well to the elastic modulus of 

the peak aged material of 135 GPa ± 3.4 GPa standard 

deviation (called baseline value in the figure) which has 

been measured using identical techniques. The average 

hardness of the pipe material was 1.71 GPa ± 0.11 GPa 

which also corresponds well to the average hardness for 

the baseline material of 1.75 GPa ± 0.06 GPa. Indentation 

tests were not placed in the region 13-14 mm to avoid 

sample damage and debris in that area, therefore there is 

a gap in the data at this point. Any apparent weak trend 



3 
 

within the scatter in hardness results corresponds to a 

proportional change in the measured modulus and is 

therefore likely the cause of local variation in compliance 

within the load train rather than a genuine variation in 

mechanical properties of the material.  

 (a)  

(b)  

Fig. 4. Variation of fitted (a) Porod exponent and (b) precipitate 

diameter across the length of the pipe for both MUPs. 

(a)  

(b)  

Fig. 5. Average values of NI (a) elastic modulus and (b) 

hardness for data produced over indentation depth of 1 to 2 m. 

A 95% confidence interval around the baseline is indicated by 

an orange box. 

4. Conclusions 

In summary, we have demonstrated that SANS can be 

used to resolve the state of CuCrZr precipitates at a 

millimeter scale on divertor components, with minimal 

sample preparation required. The manufacturing method 

for the thermal break EU divertor concept studied here, 

namely brazing the solution annealed CuCrZr pipe, 

followed by a gas quench and an ageing treatment, is 

demonstrated to give near-optimal mechanical properties, 

with only subtle variations underneath the tungsten 

monoblock, suggesting slight over-ageing, as detected by 

SANS. The NI results are in line with the baseline, 

optimum aged material. Further work could include other 

manufacturing methods, as well as full divertor mock-ups 

that have been exposed to cyclic high heat fluxes. 
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