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Abstract 

In superconducting Nb3Sn layers with coherence lengths of approximately 3 nm, grain 

boundaries act as effective pinning sites. Thus, grain refinement is an essential issue that 

directly affects the superconducting critical characteristics of the Nb3Sn layer. In recent years, 

Hf addition to Nb3Sn wires co-doped with Ta has attracted notable interest as a method that 

enables grain refinement down to several tens of nm. In-depth characterization of the Nb3Sn 

grain morphology in Hf-doping is crucially important to correlate the microstructure with the 

flux pinning characteristics. In this article, the grain morphologies of Ti–Hf and Ta–Hf-doped 

Nb3Sn layers were clarified by scanning transmission electron microscopy (STEM) and 

TEM-based automated crystal orientation mapping (ACOM-TEM). STEM/energy dispersive 

X-ray spectroscopy (EDS) revealed no significant oxide precipitates in our samples. The 

grain size distribution was attained by ACOM-TEM. Although Hf-doping attained a grain 

refinement effect in the Nb3Sn layer in both doping cases, the degree of this effect was 

relatively small for Ti–Hf. Kernel average misorientation (KAM) analysis by scanning 

electron microscopy-electron backscatter diffraction (SEM-EBSD) unveiled no appreciable 

difference between the internal strain states of the Nb-alloy parent phases in Ti–Hf and Ta–

Hf. One remarkable new finding through STEM/EDS was the presence of a Cu–Hf 

compound phase in the Nb3Sn layer. The Cu–Hf compound sounds analogous to the Cu–Ti 

compounds that form when Nb–47Ti with Cu matrix is heat treated. The STEM/EDS maps 

revealed a larger amount of Cu flow from the Cu-Sn side along the grain boundaries. The 

large Cu deposition on the grain boundaries might facilitate grain growth in Nb3Sn. Those 

findings make a novel contribution to the literature as they provide a deep insight into Nb3Sn 

phase formation via Hf doping. 
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1. Introduction 
Nb3Sn superconducting wires are integral components of 

high-field magnet systems such as NMR spectroscopes [1], 

fusion magnets [2–5], and acceleration magnets [6,7]. At 
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present, a big scientific project to build a large high-energy 

particle collider 100 km in circumference, called the Future 

Circular Collider (FCC) [6,7], has attracted particular interest 

in the field of Nb3Sn wire development. The project demands 

a performance of 1500 A/mm2 at 16 T for the conductor at the 

industrial level, which is critically challenging because 

thermodynamical and cross-sectional geometric design 

optimization for Nb3Sn layer formation seems to be almost 

accomplished. 

As a breakthrough, two methods for refining the Nb3Sn 

grain morphology during the Nb/Sn diffusion reaction have 

been proposed recently; the internal oxidation technique for 

the parent Nb phase [8–11], and Hf–Ta co-addition to Nb [12]. 

In the internal oxidation method, the formation of nano-scale 

oxide particles plays a pinning role during Nb3Sn grain 

growth; these particles also act as flux pinning centers under 

current operation in magnetic fields [10]. Hf-addition 

effectively increases the nucleation frequency owing to the 

introduction of nanostructures, such as dislocations or local 

misorientations, within grains in the parent Nb phase [12,13], 

while Ta is co-doped to improve the critical magnetic field 

(Bc2) [9,12]. 

Ta and Ti have long been known as effective elements for 

augmenting the Bc2 value [14–18]; however, a Ta content 

almost twice that of Ti is needed to obtain a similar 

improvement. A study of the doping mechanism has indicated 

that the site displacement behavior in the Nb3Sn lattice differs 

between these elements. Extended X-ray absorption fine 

structure (EXAFS) measurements revealed that Ti atoms are 

preferentially localized in Nb sites, whereas Ta atoms can sit 

in both Nb and Sn sites [19,20]. This phenomenon may 

account for the difference in the enhancement of Bc2 when 

doping with these elements. Using 3D atom probe tomography 

[21], Tarantini reported the presence of numerous 

nanocrystalline HfO2 phases in the grains of the first Hf–Ta 

doped Nb3Sn wire reported by Balachandran [12]. This 

specimen was fabricated by a powder-in-tube (PIT) technique, 

which might provide oxygen sources via the decomposition of 

the oxide layers on the powders. Thus, it is still argued that the 

grain refinement and additional flux pinning effect may have 

been caused by the same mechanism as that of internal 

oxidation. Meanwhile, it was confirmed that the 

microstructure of the parent Nb layer definitely affects the 

Nb3Sn microstructure formation by simple experiments using 

as-drawn fine microstructural Nb–Ta–Hf alloys and fully-

recovered Nb–Ta–Hf alloys [13]. Xu also examined the effect 

of Hf-addition on grain refinement for a sample fabricated by 

the PIT process under no oxidation source conditions [22]. On 

the contrary, Bovone has recently reported that there was no 

significant grain refinement by Hf-addition in a sample 

fabricated by the rod-in-tube method [23]. Thus, the effect of 

Hf-doping on the Nb3Sn layer formation still appears to be 

ambiguous. 

In this context, the first aim in this study is to prove the 

effect of Hf doping in no-oxygen conditions and increase the 

creditability of the past results [12,22,23]. The second 

objective is to clarify the difference in the Nb3Sn layer 

development between Ti and Ta co-doping with Hf. For these 

purposes, in this study, specimens were fabricated by an 

electroplating technique to achieve easily and relatively 

homogenous Nb/Cu/Sn diffusion couples and prevent oxygen 

contamination as much as possible. In the observation of the 

grain morphology of the Nb3Sn layer, scanning transmission 

electron microscopy (STEM) was applied with energy 

dispersive X-ray spectroscopy (EDS) to identify the formed 

phases. TEM-electron energy loss spectroscopy (EELS), 

which tends to work better at relatively low atomic numbers 

than EDS, was also performed as a complemental check of the 

composition. Furthermore, a TEM-based automated crystal 

orientation mapping (ACOM-TEM) method was used to attain 

the grain size distribution. Moreover, differences in the 

internal strain state of the parent Nb-alloy phase with respect 

to the doping elements was evaluated through scanning 

electron microscopy (SEM)/electron backscattered diffraction 

(EBSD) analysis. 

In conclusion, no significant oxide nanoprecipitates were 

observed in our specimens. Then, it was confirmed that Hf-

doping has a grain refinement effect in the Nb3Sn layer in both 

cases of Ti–Hf and Ta–Hf doping; however, notably, some 

difference was observed in the degree of the effect. Ti–Hf 

doping demonstrated a relatively small impact. In addition, 

grain growth was observed even in the Ta–Hf doped specimen, 

depending on the position in the Nb3Sn layer. The Cu 

diffusion might be accelerated in Hf doping when Cu content 

in the Cu–Sn side is increased, facilitating Nb3Sn grain growth. 

2. Method 

2.1 Nb3Sn specimen preparation 

The precursor wires of the Nb3Sn specimens were prepared 

by an electroplating technique. First, bars of Nb-alloys (Nb–

2at%Ti–1at%Hf and Nb–4at%Ta–1at%Hf) that act as a parent 

phase in Nb3Sn formation, were prepared by arc-melting. The 

Nb-alloy bars were re-arc-melted after plastic deformation to 

better homogenization. The Nb-alloy bars were then swaged 

into a cylindrical shape with a diameter of approximately 

5.8 mm. The bars were inserted into a Cu tube with an 

outer/inner diameter of 8/6 mm, and cold-drawn by swaging 

and die-drawing into composite wires with a diameter of 

1.09 mm. The true strain due to drawing is approximately 4.0. 

The wires were then flat-rolled into tapes with a thickness of 

approximately 0.18 mm. 

Sn layers were electroplated on the tapes. The amount of 

Sn was controlled, measuring the weight so that the atomic 

ratio of the Cu sheath and Sn layer is 0.75:0.25. The Cu cross-

sectional areas were measured on the transverse cross-
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sectional images taken by a SEM (SU-70, Hitachi), using 

image analysis software (ImageJ, Wayne Rasband). The Sn 

atomic composition was chosen to be 25% because of 

preventing Nb6Sn5 development in case of the Sn composition 

over 25% in the diffusion reaction stage between Cu–Sn and 

Nb-alloy [24,25]. Reportedly, Nb6Sn5 decomposes into coarse 

Nb3Sn grains with less intergranular connections [26,27], 

which would be a source of uncertainty in the analysis. 

The Sn-electroplated specimens were subsequently 

encased in a silica capsule filled with Ar gas. The specimens 

were pre-annealed at 550 ºC for 100 h and then heat-treated at 

685 ºC for 100 h for Nb3Sn formation. The former stage of the 

heat treatment is devoted to mix the Cu and Sn [25]. Nb3Sn 

was then developed through diffusion reaction between the 

Cu–Sn and Nb-alloy: Nb3Sn layer is primarily formed on the 

Nb-alloy parent phase because of the faster diffusion rate of 

Sn. The average Nb3Sn layer thickness was also measured by 

 

  

  

 

Figure 1. STEM BF images (acc: 200 kV) of formed Nb3Sn layers in (a) 2Ti doped, (b) 2Ti–1Hf co-doped, (c) 4Ta doped, and (d) 4Ta–

1Hf co-doped. The left images represent the grain morphologies near the reaction front, the center ones around the middle of the layer, 

and the right ones near the Cu–Sn side. 
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an image analysis (ImageJ), using SEM images of the 

transverse cross-section: more than a hundred thicknesses 

were measured and averaged per sample. 

2.2 S/TEM observation 

Ultra-thin samples with 10–20 μm in width and 5–10 μm in 

height were cut out by focused ion beam from fine polished 

transverse cross-sections of the heat-treated Nb3Sn specimens. 

To see the overall microstructures of the Nb3Sn layer, the 

samples include thin areas of Nb-alloy and Cu-Sn compound 

layers at both sides perpendicular to the diffusion direction. 

The microstructures were observed by two S/TEMs (JEM-

2800 with an accelerator voltage (acc) of 200 kV, and JEM-

ARM300F with acc of 300 kV, JEOL) that have been installed 

at Research Network and Facility Services Division in NIMS. 

The JEM-2800 is equipped with ACOM-TEM system, while 

the JEM-ARM300F is equipped with EDS system. 

2.3 Grain size analysis by ACOM-TEM 

Grain size was analyzed by the ACOM-TEM method 

(ASTAR™ system, NanoMEGAS), which is a method for 

obtaining crystal orientation maps and phase maps similar to 

the SEM/EBSD method in a TEM. ASTAR™ combines 

precession electron diffraction to collect stable diffraction 

patterns, which allows orientation or phase mapping with a 

resolution down to 1 nm (specimen dependent). Diffraction 

patterns are indexed using NanoMEGAS’s patented template 

matching method to calculate crystal orientation and 

determine phase (crystal system). 

In collecting the grain maps, first, the areas with low 

analysis accuracy due to reasons such as pattern overlap (OR 

(orientation reliability) <2) were removed from the raw data. 

The measurement step was 2.5 nm. Therefore, the grains no 

more than 5 nm (consisting of only one or two measurement 

points) were taken off as anti-grain because of unreliability. 

Finally, the dropout areas with 1 pixel were filled, using the 

surrounding data. 

2.4 EBSD analysis 

The transverse cross-section of samples was first polished 

with polycrystalline diamond suspensions and then chemo-

mechanically polished with non-crystallizing amorphous 0.05 

and 0.02 µm colloidal silica suspensions  (MasterMet, 

Buehler) in the final steps. The cross-sections were then 

thoroughly cleaned with a neutral cleanser. Raw EBSD data 

were refined using the neighbor CI correlation method with a 

threshold of CI=0.1. The minimum misorientation angle used 

to determine the grain boundaries was set to 5°. 

In order to determine the internal strain state, grain 

orientation spread (GOS) or kernel average misorientation 

(KAM) is often analyzed [5,25,28,29]. Here, KAM was 

analyzed. KAM is the index expressing the local average grain 

orientation difference at a given pixel defined as 

 

 

 

 

Figure 2. Characteristic magnified STEM BF images (acc: 

200 kV) of formed Nb3Sn layers in (a) 2Ti doped, (b) 2Ti–1Hf 

co-doped, (c) 4Ta doped, and (d) 4Ta–1Hf co-doped. In Hf doped 

specimens, some kind of nanoprecipitate is identified. A few 

small spots seen in the 4Ta-doped specimen were confirmed by 

detailed analysis to be not precipitates, but rather areas where a 

portion of another grain is superimposed in thickness. 

 

 

 

Figure 3. STEM BF images (acc: 300 kV) of Nb3Sn layers near 

the reaction front in (a) 2Ti–1Hf and (b) 4Ta–1Hf co-doped. 
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KAM = ∑ 𝛼𝑖 6⁄
6
𝑖=1 ,   (1) 

 

where αi is the orientation difference between a given pixel 

and the i-th neighboring pixel. The local crystal orientation 

change within a grain is thought to be caused by the internal 

strain. Therefore, KAM is likely to reflect the internal strain 

energy. 

3. Results 

3.1 Grain morphology and element maps 

Figure 1 exhibits STEM bright field (BF) images of the 

formed Nb3Sn layers in (a) 2Ti, (b) 2Ti–1Hf, (c) 4Ta, and (d) 

4Ta–1Hf doping. The left, center, and right images indicate 

the maps near the reaction front, around the middle, and near 

the Cu–Sn side, respectively. STEM images taken at the 

acceleration voltage of 200 kV are usually expressed in 

  

  

  
 

Figure 4. STEM-EDS elemental maps of the Nb3Sn layers. (a), (b) and (c) indicate the maps near the reaction front, around middle and 

near the Cu–Sn side in Ti–Hf, and (d), (e) and (f) the maps near the reaction front, around middle and near the Cu–Sn side in Ta–Hf 

doped samples. 

Table 1. Analyzed results of Nb3Sn grain size by ACOM-TEM 

Sample 1 2 3 4 

Additive 2Ti 2Ti–1Hf 4Ta 4Ta–1Hf 

Grain size (nm)     

Reaction front 171.6 145.1 111.0 69.7 

Middle 150.6 150.3 101.3 121.8 

Cu–Sn side 167.7 134.1 98.7 158.2 
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greater contrast than at 300 kV due to interference with the 

sample. A quick view of the microstructure shows that the Ta–

Hf-doped sample appears to have a fine microstructure. A 

detailed analysis of grain size is presented in Section 3.2. 

Figure 2 demonstrates characteristic magnified STEM BF 

images (acc: 200 kV) in (a) 2Ti, (b) 2Ti–1Hf, (c) 4Ta, and (d) 

4Ta–1Hf doped specimens. In the Hf doped specimens, some 

kind of nanoprecipitates were identified. Figure 3 exhibits 

additional examples of BF images (acc: 300 kV) of the Nb3Sn 

layer near the reaction front in Ti–Hf and Ta–Hf co-doping, 

which more clearly unveil the presence of precipitates. The 

precipitates dwell primarily at grain boundary triple points. 

The size of the precipitates appears to be larger in Ti–Hf 

doping. 

Figure 4 shows STEM-EDS elemental maps of the Nb3Sn 

layers in Ti–Hf and Ta–Hf doped samples. Notably, the 

elemental maps indicate no significant oxide precipitate, while 

suggesting the presence of Cu–Hf nano-compound. In Ta–Hf 

 

  

 

Figure 5. Inverse pole figure (IPF) maps of Nb3Sn layer in (a) 2Ti, (b) 2Ti–1Hf, (c) 4Ta, and (d) 4Ta–1Hf doped, taken by ACOM-TEM. 

The left, center and right images indicate the maps near the reaction front, around the middle, and near the Cu–Sn side, respectively. 
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doping, the Cu–Hf compound seems to include Ta as shown 

in Figure 4 (d). At the middle and near the Cu–Sn side, the 

deposition of Cu on the grain boundaries appears to be more 

pronounced, accompanied by a small amount of Hf and Ta 

(Figure 4 (b), (c), and (e)); in the Ta–Hf doping sample, while 

a large amount of Cu segregates along grain boundaries near 

the Cu–Sn side, Hf and Ta seems to be taken away (Figure 4 

(f)). 

3.2 Grain size distribution 

Figure 5 plots inverse pole figure (IPF) maps of Nb3Sn 

layer in (a) 2Ti, (b) 2Ti–1Hf, (c) 4Ta, and (d) 4Ta–1Hf doping, 

taken by the ACOM-TEM method. The left, center and right 

images indicate the maps near the reaction front, around the 

middle, and near the Cu–Sn side, respectively. Analyzed 

results of the grain size are summarized in Table 1. 

As far as paying attention to the reaction front, the grain 

size tends to be refined by Hf addition in both Ti and Ta doped 

samples. As above-mentioned, since no significant oxide 

nanoprecipitation is present, this grain refinement is believed 

to reflect the pure impact of the Hf-addition. The reason for 

determination of the relatively small grain size in the sample 

3 is thought to be due to a large number of noise-like small 

low-quality areas. Careful view of Figure 5 (c) reveals that 

while many coarse grains are observable, there are also 

substantial small areas. Presumably, the grain size of sample 

3 is actually larger. Nevertheless, across the whole area, the 

grain size of the Ta doped samples tends to be smaller than 

that of the Ti doped samples. Noteworthy, comparing Ti 

doping with Ta doping, the impact of Hf co-doping on grain 

refinement is likely to be larger for Ta doping in the reaction 

front. The grain size in Ta–Hf doped specimen however 

appears to be increasing near the Cu–Sn side as shown in the 

right map of Figure 5 (d) and Table 1. 

3.4 Nb3Sn layer thickness 

Figure 6 depicts SEM images of typical Nb3Sn layer for 

each sample. The Nb3Sn layer thicknesses are measured as 

8.07, 11.87, 8.2, and 15.4 μm for Ti, Ti–Hf, Ta, and Ta–Hf 

doped samples, respectively. The Nb3Sn layer is essentially 

formed through grain boundary diffusion of Sn [30,31]. 

Reflecting this, there can be seen a tendency for the layer 

thickness to increase with decreasing grain size. In reality, the 

phenomenon is probably more complicated due to grain 

boundary precipitation and other effects. 

4. Discussion 

According to a classic nucleation theory, the Gibbs energy 

change ΔG, when a spherical phase is nucleated on a parent 

phase, can be described as [32]: 

 

∆G= (
-4πr3

3
) (

∆g

v
) + 4πr2σ,    (2) 

 

where Δg, r, v, and σ represent the chemical potential 

difference, radius of the precipitate particle, volume of the 

precipitate particle per mole, and surface energy density, 

respectively. ΔG peaks at a radius, that is the critical nuclear 

radius (rc = 2σv/Δg obtained under the condition ∂∆G/∂r = 0) 

of the precipitate particle. Thus, grain size is essentially 

reduced with an increase of Δg: Δg is regarded as the driving 

force for the nucleation. The relationship between the Sn 

chemical potential and the Gibbs energy of Nb3Sn in Nb–Sn 

system at a given Nb3Sn formation temperature of 685 °C can 

 

 

Figure 6. SEM backscattered electron images (acc: 20 kV) of 

Nb3Sn layers in (a) Ti, (b) 2Ti–1Hf, (c) Ta and (d) 4Ta–1Hf 

doped. 

 

 

Figure 7. Schematic illustration of relationship between Gibbs 

energy and Sn chemical potential, μ, at a given Nb3Sn formation 

temperature. μSn, Nb6Sn5 denotes the Sn chemical potential when 

the Nb6Sn5 and Nb3Sn coexist at an equilibrium condition. μSn, 

Cu–Sn indicates the Sn chemical potential in Cu–Sn, when the Sn 

composition is slightly less than 25 at%. μSn, Nb3Sn denotes the Sn 

chemical potential in the stable Nb3Sn. 
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be schematically illustrated like Figure 7. Reportedly, Hf 

addition raises the recrystallization temperature of the parent 

Nb-alloy phase, by which the parent Nb-alloy phase maintains 

the fine grain microstructure such as dislocation induced by 

cold-working at Nb3Sn formation temperatures around 650 °C 

[12,13]. The cold-working-induced fine microstructure is 

 

 
 

Figure 8. IPF with grain boundary (upper) and KAM (lower) maps of parent Nb-alloy before and after heat-treatment at 685 °C for 

100 h: (a) 2Ti, (b) 2Ti–1Hf, (c) 4Ta, and (d) 4Ta–1Hf doping before heat-treatment, and (e) 2Ti, (f) 2Ti–1Hf, (g) 4Ta, and (h) 4Ta–1Hf 

doped after heat-treatment. 



Journal XX (XXXX) XXXXXX Author et al  

 9  
 

believed to have a high internal strain energy, which should 

increase the Nb3Sn nucleation driving force. Qualitatively, it 

can be explained that the additional internal strain energy by 

Hf addition causes grain refinement of Nb3Sn.  

The internal strain state can be represented by measuring 

KAM values in EBSD. To reveal the internal strain state of the 

parent Nb-alloy phase, IPF and KAM maps were created 

before and after heat treatment, as shown in Figure 8. The 

average KAM values over the measured area in all specimens 

were high before heat treatment at 685 °C for 100 h. 

Especially, the specimens with Hf co-doping exhibited higher 

KAM values, compared with no Hf doping. Furthermore, 

while the specimens with no Hf doping demonstrated a 

decrease in the average KAM values, the Hf co-doped 

specimens sustained high KAM values even after the heat 

treatment. This confirms the effect of Nb3Sn grain refinement 

by Hf addition. 

As described in section 3.1, nano-scale Cu–Hf compound 

particles were present in the Nb3Sn region near the reaction 

front, especially at grain boundary triple points for Ti–Hf and 

Ta–Hf doped specimens. However, the frequency of Cu–Hf 

precipitates does not appear to be high enough to cause the 

Zener pinning effect, compared with the oxide particle 

distribution in Nb3Sn developed by the internal oxidation 

technique [10]. 

As one reason for the relatively small effect of Ti–Hf 

addition on grain refinement compared with Ta–Hf addition, 

a decrease of the internal strain energy was considered in Ti–

Hf doped specimen. However, there was no significant 

difference in the average KAM value between them, rather Ti–

Hf doped specimen demonstrated a higher KAM value even 

after heat treatment. Therefore, the internal strain energy does 

not explain the reason for the smaller impact on the grain 

refinement in Ti–Hf. 

Another possibility for this was a variation in the Gibbs 

energy of Nb3Sn due to the solid solution of Ti into Nb3Sn. 

Reportedly, the behavior of site substitution into the Nb3Sn 

lattice is different for Ti and Ta [19,20]: Ti atoms are always 

allocated at Nb sites, while Ta atoms can locate the Sn sites as 

well as Nb sites. Such a difference in the substitution behavior 

might affect the Gibbs energy of Nb3Sn. However, some 

reports suggest that the presence of Ti does not lead to a 

significant change in Nb3Sn grain size, compared to no Ti 

doping [32,33]. It indicates that the substitution by Ti or Ta is 

unlikely to bring about a substantial impact on the Nb3Sn 

Gibbs energy and thus the nucleation driving force. 

The final discussion for the smaller impact on the Nb3Sn 

grain refinement in Ti–Hf concerns the influence on grain 

growth. As shown in Figure 3, the Cu–Hf precipitates near the 

reaction front are appreciably larger in Ti–Hf doped specimen 

than those in Ta–Hf doped. Furthermore, a closer look at 

Figure 4 (a) noticeably reveals high contrast of Cu along grain 

boundaries in Ti–Hf doping over the entire Nb3Sn region. 

These findings suggest that Ti–Hf doping tends to facilitate 

Cu diffusion along grain boundaries, compared with Ta–Hf 

doping. In general, grain growth is a phenomenon 

accompanied by a decrease in the surface energy of grains. 

The large Cu deposition on grain boundaries might contribute 

to destabilizing the grain surface and thus grain coarsening. 

This is thought to have slightly counteracted the grain 

refinement effect by the Hf addition in Ti–Hf doping. That 

appears to be the most possible reason for the smaller effect 

on the grain refinement in Ti–Hf. 

The additional discussion is regarding the grain growth of 

Nb3Sn in the Ta–Hf doped specimen in the middle and near 

the Cu–Sn side. A closer look at Figure 4 (e) and (f) reveals a 

high Cu concentration along grain boundaries as well as in the 

Ta–Hf doped specimen. Reportedly, Cu content at the grain 

boundary is approximately 10 at%, and the thickness is 

approximately 2 nm in conventional Nb3Sn wires [34,35]. 

Figure 9 shows Cu elemental maps of the Nb3Sn layers in 2Ti- 

and 4Ta-doped specimens near the reaction front, around 

middle and near the Cu–Sn side, taken by STEM-EDS. 

Comparing the Cu elemental maps between 4Ta doping and 

4Ta–1Hf doping, the Cu segregation at Nb3Sn grain 

boundaries in Ta–Hf doped specimens are found to be more 

significant, especially near the Cu–Sn side. This finding 

supports the fact that increased Cu diffusion coarsens the 

grains, resulting in a grain size near the Cu–Sn side in the Ta–

Hf doped sample that exceeds that of the no Hf doped. Why 

Cu diffusion near the Cu–Sn side in the Ta–Hf doped sample 

is more pronounced than that in the Ti–Hf doped sample is 

still an open question. The effect of heat treatment temperature 

should also be considered in the next step. 

Hf might have an effect of promoting Cu grain boundary 

diffusion, regardless of whether it is Ti-co-doped or Ta-co-

doped. Recently, we also reported that the grain refinement 

effect was considerably small in bronze-route Hf doped Nb3Sn 

 

 

Figure 9. STEM-EDS elemental maps (Cu) of the Nb3Sn layers 

in 2Ti- and 4Ta-doped specimens near the reaction front, around 

middle and near the Cu–Sn side. 

Cu K 0.5 µm Cu K 0.5 µm Cu K 0.5 µm

Cu K 0.5 µm Cu K 0.5 µm Cu K 0.5 µm

500 nm Cu-K 500 nm Cu-K 500 nm Cu-K

500 nm Cu-K 500 nm Cu-K 500 nm Cu-K

Nb–

2Ti

Nb–

4Ta

Nb-alloy side Nb3Sn-middle Cu-Sn side
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[36,37]. As a possibility, it could be suggested that the Cu 

diffusion is accelerated in Hf doping when Cu content in Cu–

Sn side is increased like bronze-route Nb3Sn, advancing 

Nb3Sn grain growth. 

5. Conclusion 

The STEM, EDS, and ACOM-TEM analysis of Ti–Hf and 

Ta–Hf-doped Nb3Sn layers demonstrated the following 

findings. First, the grain morphologies of the Hf-doped Nb3Sn 

that were developed by diffusion reaction between Nb-alloy 

and Cu–25at%Sn, were found to be finer near the reaction 

front, compared with no Hf doping. In the specimens tested in 

this study that were prepared by an electroplating method, no 

significant oxide nanoprecipitate was detected. Thus, Hf-

addition was proven to contribute to the grain refinement of 

Nb3Sn without oxide nanoprecipitates. The primary reason for 

the grain refinement is thought to be due to the increase in 

internal strain energy of the Nb-alloy parent phase induced by 

cold-working, which contributes to promoting the Nb3Sn 

phase nucleation. 

However, the impact on the grain refinement by Hf-

addition was relatively smaller in Ti–Hf doping than in Ta–Hf 

doping. In the Hf-doped specimens, Cu–Hf compound 

particles were detected primarily on grain boundary triple 

points near the reaction front. Furthermore, high contrast of 

Cu was found even along grain boundaries in Ti–Hf doping. 

The large Cu deposition on grain boundaries might contribute 

to destabilizing the grain surface and thus grain coarsening. 

This is thought to have slightly counteracted the Nb3Sn grain 

refinement effect by the Hf addition in Ti–Hf doping. 

It is worth noting that, in Ta–Hf doped specimen, Nb3Sn 

grain growth was recognized in the middle and near the Cu–

Sn side. High Cu concentration was detected along grain 

boundaries in the middle and near the Cu–Sn in the Ta–Hf 

doped sample as well as in the Ti–Hf doped sample. Hf might 

have an effect of promoting Cu grain boundary diffusion, 

regardless of whether it is Ti-co-doped or Ta-co-doped. The 

Cu diffusion seems to be accelerated in Hf doping when the 

Cu content in the Cu–Sn side is increased, advancing Nb3Sn 

grain growth. 
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