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Abstract 
The mechanical vulnerability of the Nb3Sn-coated cavi-

ties is identified as one of the significant technical hurdles 
toward deploying them in practical accelerator applications 
in the not-so-distant future. It is crucial to characterize the 
material's mechanical properties in ways to address such 
vulnerability. Nanoindentation is a widely used technique 
for measuring the mechanical properties of thin films that 
involves indenting the film with a small diamond tip and 
measuring the force-displacement response to calculate the 
film's elastic modulus, hardness, and other mechanical 
properties. The nanoindentation analysis was performed on 
multiple vapor-diffused Nb3Sn samples coated at Jefferson 
Lab and Fermilab coating facilities for the first time. This 
contribution will discuss the first results obtained from the 
nanoindentation of Nb3Sn-coated Nb samples prepared via 
the Sn vapor diffusion technique.  

INTRODUCTION 
 Nb3Sn, with a superconducting transition temperature of 
~18.2 K and a superheating field of ~400 mT, is a leading 
alternative material to replace niobium in SRF accelerator 
cavities [1]. Accordingly, it promises a higher accelerating 
gradient, quality factor, and operation temperature than tra-
ditional bulk Nb.  Operating Nb3Sn SRF cavities at 4.3 K 
can deliver similar performance to Nb cavities at 2 K, re-
sulting in enormous cost savings for SRF accelerators. That 
means these cavities can be operated with atmospheric liq-
uid helium or cryocoolers, simplifying and reducing the 
cost of cryogenic facilities. The successful deployment of 
Nb3Sn technology will be transformational, significantly 
benefiting numerous SRF accelerators and enabling new 
classes of SRF accelerator applications. 

Since Nb3Sn is a very brittle material with a significantly 
lower thermal conductivity than Nb, it should be grown as 
a thin film for application. Several alternate coating tech-
niques are being pursued at multiple labs to grow and op-
timize Nb3Sn thin film on metallic structures. Still, the Sn 
vapor diffusion process is yet the more mature technique 
for conformality and the only one thus far that has pro-
duced rf results for Nb3Sn-coated Nb cavities. The state-
of-the-art single-cell Nb3Sn cavity frequently attains accel-
erating gradients of ≥ 15 MV/m with a quality factor ≥ 1010 

[2–5]. Several Nb3Sn-coated multi-cell cavities have 
reached ~15 MV with a quality factor of ~1010 [4, 6]. A 
significant improvement has been made in the performance 
of Nb3Sn-coated cavities over the last decade; these cavi-
ties are already suitable for some accelerator applications. 
Several projects in different laboratories are considering 
Nb3Sn-coated cavities for small accelerator applications. 
The construction of a quarter module using two CEBAF-
style C75 cavities is in the final stage at Jefferson Lab. The 
quarter cryomodule will be installed in the upgraded injec-
tor test facility (UITF) to accelerate an electron beam up to 
10 MeV [7]. If successful, the facility can use a cryomod-
ule with Nb3Sn-coated cavities to run low-energy nuclear 
physics experiments at 4 K. Nb3Sn cavities have the poten-
tial to enable further and significantly simplify widespread 
use of SRF technology in light-source storage rings, FELs, 
and other compact accelerators. There have been success-
ful tests of Nb3Sn cavities operating in conduction-cooled 
setups as demonstrations suitable for industrial accelerator 
applications at Fermilab (650 MHz single cell cavity), 
JLab (1.5 GHz and 952 MHz single cell), and Cornell 
(2.6 GHz) [8-10]. Detailed plans have been published for 
a medium-energy, high average-power superconducting 
e-beam accelerator for environmental applications at 
Fer-milab [11] and a CW, low-energy, high-power 
supercon-ducting linac for environmental applications by 
researchers at JLab [12].  

Because of the material's brittleness, the mechanical vul-
nerability is identified as a significant technical challenge 
in deploying the Nb3Sn-coated cavities in practical accel-
erators. The performance degradation of a Nb3Sn-coated 
cavity resulting from the tuning of ~300 KHz at room tem-
peratures has been demonstrated [13]. To address this chal-
lenge, it is essential to understand the mechanical proper-
ties and behavior of vapor-diffused Nb3Sn thin film. So far, 
per the authors' knowledge, no such studies have been re-
ported before; we used the nanoindentation technique to 
obtain fundamental mechanical properties such as elastic 
modulus, hardness, and yield stress. In this contribution, 
the first results from nanoindentation of vapor-diffused 
Nb3Sn coatings on differently prepared Nb substrates 
coated in Fermilab and Jefferson Lab coating facilities.   

 EXPERIMENTAL 
Sample Preparation 

The substrate samples used here were 30 mm × 30 mm 
niobium coupons produced by electro-discharge machin-
ing (EDM) cutting 3 mm thick, RRR>300 sheet material of 
the type used for cavity fabrication. These samples re-
ceived 100-150 μm bulk material removal using buffer 
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chemical polishing (BCP) or electropolishing (EP) to re-
move the damaged layers from the surface. Each sample 
was treated at 800 °C for 2-3 hours. Samples then received 
the final removal of 25 μm via EP or BCP. One sample was 
mechanically polished for the smoothest surface that fol-
lowed 15 μm EP removal. Nb3Sn thin films were then 
grown on these samples following a typical coating proce-
dure at Jefferson Lab or Fermilab following typical coating 
procedures. In this study, we used five samples: 
 MC01 (BCP'ed substrate, coated in FNAL)
 MC07 (Mechanical polishing (MP) -> EP'ed substrate,

coated in JLab)
 GE70 (EP'ed substrate, coated in FNAL)
 GE71 (EP'ed substrate, coated in JLab)
 Nanoindentation
Nanoindentation is a widely used technique for measur-

ing the mechanical properties of thin films [14-16]. This 
technique typically involves indenting the film with a small 
diamond tip and continuously recording the displacement 
and load. Nanoindentation equipment allows precise load 
or displacement control during measurement with small 
applied forces in nN scales. Figure 1 illustrates a typical 
nanoindentation measurement that consists of a three-step 
process; loading, holding, and unloading. During loading, 
the load increases with indentation depth consisting of de-
formation and plastic deformation. In the unloading stage, 
elastic deformation can be recovered during the unloading 
that can be used to obtain the film's elastic modulus, hard-
ness, and other mechanical properties.  

Figure 1: Schematic of the load-displacement curve during 
a typical nanoindentation measurement. 

 Nanoindentation measurements were performed on 
each sample using a Nano Test Vantage instrument (Micro 
Materials, Wrexham, UK) equipped with a Berkovich dia-
mond indenter at MechAction Lab. The instrument was 
calibrated before conducting measurements on the 
Nb3Sn/Nb samples to ensure the lowest noise floor and 
thermal drift rate. The system and the indenter tip were also 
validated using fused silica and tungsten reference samples 
per the ISO 14577 standard. The applied maximum load 
for each indentation was set to 10 mN for the maximum 
indent depth below 1/10th of Nb3sn coating thickness to 
avoid severe substrate effects. A total of 30-50 indentations 

were performed on each sample, with an indent spacing of 
10 µm between adjacent indentations. The loading, hold-
ing, and unloading times were set to 5, 2, and 5 s, respec-
tively. The testing parameters and methods followed 
ASTM E2546 and ISO 14577 standards to ensure the ac-
curacy and reliability of the measurements. Because of the 
surface roughness of the Nb3Sn surface, see Fig. 2; we only 
reported 40-60% of the total indentation with consistent re-
sults. In the first batch of testing, MC01 and GE70, both 
coated at the FNAL facility, were tested with ~30 indenta-
tions in each sample, out of which ~ 12 were used for the 
analysis. The other two samples were indented in >50 spots 
for better statistics, where ~25 indentations were consid-
ered for analysis.  

Figure 2: Topography of vapor diffused Nb3Sn from the 
sample MC07. Note that the roughness is about 1 μm.   

During the P-h curve measurement, the indenter is 
driven into the material producing an impression with a 
projected area (Ap). The indentation hardness, which 
measures resistance to plastic deformation, can be esti-
mated as HIT = Pmax/Ap, where Pmax is the maximal load. 
The Vicker's hardness is defined as Hv = 94.5 × HIT, where 
HIT and Hv are in GPa and Vickers, respectively. The esti-
mation of Young's modulus, EI, is obtained from the Hertz-
ian theory of contact mechanics [17], which uses the slope 
of the unload at the maximum displacement point hmax (S), 
Ap, modulus and Poisson ratio of the indentor, and Pois-
son's ratio of the sample. Our calculation is based on the 
assumption of a Poisson's ratio (ν) of 0.4 for typical Nb3Sn 
material. Please, see the reference for more details on esti-
mating the modulus value. It should be noted that Young's 
modulus may vary slightly depending on the assumed Pois-
son ratio value. Like most metallic materials, yield stress 
(σy) values are estimated as 1/3rd of the indentation hard-
ness HIT.  
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Figure 3: Load-displacement (P-h) curves obtained from nanoindentation of each Nb3Sn-coated sample. Note "pop-in" 
events in each sample characterized by a distinct drop in the indentation load and an associated discontinuity in the depth 
of the indenter. 

Table 1: Mechanical Properties of Vapor Diffused Nb3Sn on Nb 

Sample Substrate 
Preparation 

Indentation 
Hardness 
HIT (GPa) 

Vickers 
Hardness 

Hv (Vickers) 

Young's Modulus 
EI (GPa) 

Yield Stress 
σy (GPa) 

Coating 
Facility 

MC01 BCP 10.36 ±1.65 979.10±155.80 150.06±14.22 3.45±0.55 Fermilab

MC07 MP -> EP 10.50 ±2.28 991.9 ± 215.3 164.99±25.71 3.50±0.76 JLab 

GE070 EP 14.40±3.29 1360.4 ± 310.9 161.2 ± 27.70 4.80±1.10 Fermilab 

GE071 EP 12.82 ±4.55 1211.1± 430.0 201.92±56.91 4.27±1.52 JLab

C-29 (Nb) BCP 1.2 ±0.09 114.9±8.1 116.02±7.35 0.41±0.03 - 

RESULTS  
Ensembles of P-h curves obtained from the indentations 

of each sample are shown in Fig. 3. Almost all the curves 
of each sample have shown "pop-in" events on the loading 
side. Only occasionally, "pop-outs" or "elbows" were ob-
served during the unloading.  

The mechanical properties estimated for each sample are 
tabulated in Table 1. The estimated average among all the 
samples for HIT, Hv, EI, and σy are 11.98±1.98, 
1135.63±183.83, 169±22.49, and 4.00±0.65 GPa, respec-
tively, where the errors are standard deviation for average 
estimated values for each sample in Table 1. A SRF cavity 
grade Nb sample was also characterized; see the P-h inden-
tation curve in Fig.4 using the same measurement instru-
ment to validate the technique. Unlike Nb3Sn, each P-h 
curve for Nb is more consistent and shows no "pop-in" 
event, as expected for the soft material. The estimated val-
ues for each mechanical parameter are also tabulated in Ta-
ble 1.   

DISCUSSION 
The nanoindentation technique differed from the usual 

tensile tests used to analyze the mechanical characteristics 
of SRF cavity materials. The measurement was done on a 
Nb sample to validate the technique. The obtained values 
for the hardness (1.2±0.09 GPa) and Young's modulus 
(116.02±7.35 GPa) are within the values typically found in 

Figure 4:  Load-displacement (P-h) curves obtained from 
nanoindentation of a Nb sample. 

the literature 0.87-1.3 GPa and 105-124 GPa and [18], re-
spectively. The yield strength can be as low as 35-70 MPa 
for well-annealed Nb to some 100 s of MPa for heavily de-
formed samples [19]. Since the measured Nb sample was 
not annealed and was not subjected to bulk removal, the 
indentation was performed on the deformed/ damaged sur-
face layer, likely resulting in a higher value of yield 
strength. 
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The observed data show the distinction between soft Nb 
vs. hard Nb3Sn. The 'pop-in' events observed in Nb3Sn are 
most likely because of the generation of micro-cracks 
during the loading. Similar 'pop-ins' were observed 
experimentally and linked to the fracture of the brittle film 
in several studies. Note that we have not observed multiple 
'pop-ins' in our experiments but observed single 'pop-ins' 
as shown in Fig. 5. A comparison of the number of 'pop-in' 
events relative to different loading forces of two samples 
coated in identical conditions is shown in a histogram in 
Fig. 6, and does not indicate a common correlation between 
the loading and pop-in in different samples. Note that the 
measurement values for the hardness from MC01 and 
MC07 coated in the two different facilities are very similar 
that is similar to GE070 and  GE071. Since each pair of 
these samples was fabricated from a different batch of 
materials, more studies are required to see if that has any 
correlation in resulting in mechanical parameters. 

Figure 5: P-d curve for Nb3Sn/Nb sample with typical sin-
gle 'pop-in.'  

Figure 6: Comparison of 'pop-in' events occurrence at dif-
ferent loadings between sample GE71 and MC07.  

 SUMMARY AND OUTLOOK 
A set of vapor-diffused Nb3Sn thin films coated on Nb at 

JLab and Fermilab coating facilities were examined with 
the nanoindentation technique, and preliminary data were 
presented. The 'pop-in' events resulting from the material's 
cracking show the hard and brittle nature of the material. 
as these events likely resulted from the initiation and prop-
agation of micro cracks. Despite the surface roughness, we 
have estimated average mechanical parameters among all 
the Nb3Sn samples for HIT, Hv, EI, and σy are 11.98±1.98, 
1135.63±183.83, 169±22.49, and 4.00±0.65 GPa, respec-
tively. These preliminary values are expected to be valua-
ble in understanding the mechanical limitations for tuning 
Nb3Sn-coated cavities. These values will be used to simu-
late the tuning of the Nb3Sn-coated Nb cavity in the near 
future. 

We look forward to using the nanoindentation technique 
to study the effect of different coating characteristics, such 
as thickness, grain size, orientation, and grain boundaries 
while improving the accuracy of the measurement.    
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