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Load-displacement profiles of nickel-molybdenum-tungsten (Ni-Mo-W) thin films

The digital image correlation (DIC) method utilized in uniaxial tensile testing could not be 

extended to tension-tension cyclic loading. This limits the tracking of plastic strain evolution 

under stress-controlled fatigue tests (Fig. S1(a)), so instead load-displacement profiles of 

fatigue-tested Ni-Mo-W thin films were extracted (Fig. S1(b)). The applied load was 

normalized by Ni-Mo-W’s ultimate tensile strength, and the displacement was normalized by 

the gauge length of the dog-bone specimen for convenience. The profiles for both as-deposited 

and annealed thin films show a constant slope throughout the test, indicating no direct signs of 

cyclic hardening of softening. The profiles shown in Fig. S1(b) were consistent for both as-

deposited and annealed Ni-Mo-W thin films, regardless of the number of cycles tested.

 
Fig. S1 (a) Plastic strain profiles under stress-controlled cyclic hardening and softening. (b) 
Normalized load-displacement profiles of as-deposited (left) and annealed (right) Ni-Mo-W 
thin films.



Nanocrystalline (nc) and ultrafine-grained (ufg) Ni, nc Ni-based alloys, and nanotwinned (nt) 

Cu-based metals

All films introduced and juxtaposed in Fig. 6, Results of the manuscript are listed below along 

with their stress-life (S-N) curves [S1–10]. The description for each sample is written in the 

following format: material type (author’s name; d, λ), where d is the grain size and λ is the twin 

boundary (TB) spacing. 

Fig. S2 S-N curves of all fatigue-tested materials in the Results section of the manuscript. The 
stress level is expressed as the Goodman stress amplitude to be consistent with the data 
presented in the manuscript.



Consideration about the effect of residual stress on the fatigue strengths of Ni-Mo-W thin films

Tensile residual stress of the metallic thin film is another factor that may drastically reduce the 

fatigue strength by aggravating the stress concentration effect [S11]. The residual stresses of 

as-deposited and annealed Ni-Mo-W films obtained through membrane deflection experiment 

(MDE) [S12,13] were indeed tensile (+ 430 and + 791 MPa, respectively; Fig. S3), but this 

should not affect the mechanical properties obtained from micro-mechanical testing. The 

mounted freestanding thin films are first deliberately buckled by having a compressive 

displacement applied. Conducting a uniaxial tensile test at this state ensures that the tensile 

residual stress is fully relieved, and the load increases steeply when the film is fully stretched. 

Fatigue tests are carried out at the displacement at which the load level increases sharply under 

tensile loading – i.e. when the film is fully stretched without tensile residual stress. 

Fig. S3 Tensile response of as-deposited and annealed Ni-Mo-W thin films obtained by MDE. 
The y-intercept stress (σ0) was used to obtain the final residual stress.



More on the GB characteristics of as-deposited Ni-Mo-W thin films

Fig. S4 (a) a band-like structure along the GB of as-deposited Ni-Mo-W thin film. (b) a 
spherical aberration-corrected (Cs-corrected) scanning TEM image of an amorphous phase and 
FFT patterns of a crystalline region (orange square) and an amorphous region (green square). 



In-plane STEM-EDS analysis of annealed Ni-Mo-W thin films

Figure S5 (a) In-plane STEM-EDS map of annealed Ni-Mo-W thin film (left). An example 
of in-plane micrograph used for point EDS, and the chemical compositions of selected grains 
(right).  

Table S1 Chemical compositions of annealed Ni-Mo-W films at the selected points in Fig. 
S5(b).

Spectrum number Ni (at.%) Mo (at.%) W (at.%)

18 78.63 18.15 3.22

19 78.47 18.60 2.92

20 76.66 20.94 2.40

21 76.01 21.06 2.93

22 76.83 19.99 3.18

23 76.89 19.99 3.11

24 77.47 19.80 2.73
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