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A B S T R A C T   

High-strength materials with good plastic flow stability are highly desirable for structural ap
plications. Refining grain size can effectively enhance flow strength but often cause plastic flow 
instability. Here, we demonstrated that nanosized amorphous ceramics SiOC impart a simulta
neous enhancement of strength and plastic flow stability to Ni-based nanocomposites. The co- 
sputtered Ni-SiOC nanocomposites exhibit core (crystalline Ni)-shell (amorphous SiOC) nano
structures and develop nanograined Ni composite containing amorphous ceramic SiOC nano
particles during annealing up to 800 ◦C. Corresponding to the developed microstructures, in-situ 
scanning electron microscope (SEM) micropillar compression tests at deformation temperatures 
range from room temperature (RT) to 400◦C reveal that the core-shell nanostructure shows high 
strength of 2.5 GPa at RT and 1.6 GPa at 400 ◦C with compressive strain up to 40%, while the 
nanograined Ni composite containing amorphous ceramic nanoparticles exhibits high strength of 
3.0 GPa at RT and 2.0 GPa at 400 ◦C with compressive strain up to 50%. Most intriguingly, both 
nanocomposites do not exhibit obvious strain hardening/softening behavior during compression 
up to 50%. The high strain rate sensitivity (0.02 at RT to 0.05 at 400 ◦C) and the small activation 
volume (8b3 at RT to 10b3 at 400 ◦C) that were measured based on strain rate jump tests suggest 
dislocation slips as dominant deformation mechanisms in Ni grains, which is further evidenced by 
microscopy. Superb plastic flow stability is attributed to microstructure-promoted plastic co- 
deformation between amorphous ceramics and Ni grains as confirmed by microstructure char
acterizations. Moreover, amorphous ceramic SiOC inhibit grain coarsening of Ni, preventing 
deformation induced softening.   

1. Introduction 

Advanced metallic materials with ultrahigh strength, large plasticity and good thermal stability are highly desirable for the ap
plications under high temperature and irradiation environments. Such desired properties could be realized in materials with char
acteristic microstructure. For example, high density, thermally stable interfaces play crucial role in strengthening materials and 
improving irradiation tolerance as demonstrated in nanostructured laminates (Beyerlein et al., 2013; Chen et al., 2020; Wang et al., 
2017; Xiao et al., 2015; Zhang et al., 2018). For ultra-fine and nano-grained materials, grain coarsening happens at high temperatures 
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and/or irradiation, weakening materials (Liu et al., 2014; Meyers et al., 2006; Sharma et al., 2013; Wang et al., 2012). Retaining the 
microstructure in high temperature and irradiation environments could be realized through forming amorphous grain boundaries 
and/or secondary phases along grain boundaries (Freund et al., 2018; Grigorian and Rupert, 2019; Jiang et al., 2018; Schuler et al., 
2020; Su et al., 2019; Zhang et al., 2017). Second phase strengthening is widely observed in metallic materials, for example, Ni-based 
superalloy with intermetallic compounds (Long et al., 2018; Reed, 2008). However, intermetallic compounds are intrinsically brittle at 
RT (Wang et al., 2022) and may decompose at elevated temperatures (Cao et al., 2021; Chyrkin et al., 2015; Jiang et al., 2019; Xiang 
et al., 2019). Moreover, their significant difference in elasticity and plasticity to the matrix leads to deformation incompatibility 
between secondary phase and matrix. Correspondingly, cracks usually tend to be initiated in secondary phase or at interfaces, 
especially under cyclic loading or high strain rate (Liu et al., 2018a; Ma et al., 2016). Therefore, it is desired to promote plastic 
co-deformation between secondary phase and matrix, for example by reducing the size of secondary phases to form coherent in
terfaces, such as the coherent nanosized L12 or γ’ phases in Ni-based superalloy and multi-principal element alloys (Fan et al., 2020; 
Grant et al., 2012; Han et al., 2021; He et al., 2016; Kim et al., 2015; Wang et al., 2020). 

In contrast to intermetallic compounds, amorphous solids such as metallic glass and amorphous ceramics exhibit plastic flow ability 
especially when their featured size was reduced into nanoscale (Guo et al., 2007; Jang and Greer, 2010; Ming et al., 2020; Wei et al., 
2021; Wu et al., 2019). In addition to refinement of the characteristic dimension, improving the plasticity of amorphous materials, 
especially preventing plastic flow instability, can be realized through microstructural engineering (Abdolrahim et al., 2013; Barai and 
Weng, 2009; Lieou et al., 2017). Crystalline-amorphous and amorphous-amorphous multilayers exhibit either uniform deformation or 
discrete shear bands, which depends on the thickness of individual layers and the type of interfaces between layers (Tran, 2021; Wang 
et al., 2017; Wang et al., 2007). Plastic deformation in metal-amorphous laminates is mainly accommodated by plastic deformation in 
metallic layers. Amorphous materials lack strain hardening ability, resulting in limited elongation after the elastic-strain region. 
Beyond the elastic limit, amorphous materials deform via shear transformation zones and fail by localized shear bands (Cui et al., 2016; 
Guo et al., 2014; Zhang et al., 2012). In addition to laminar microstructure, another approach to preventing plastic flow localization is 
to combine materials with distinct flow localization behaviors in a single composite composed of crystalline/amorphous phases (Liu 
et al., 2018b; Ming et al., 2022; Qiao et al., 2016; Zhou et al., 2013), and gradient or bimodal microstructures (Hasan et al., 2019; Ning 
et al., 2013; Shi et al., 2022; Tang et al., 2022; Yuan et al., 2019; Zhu et al., 2021). When deformed, such composites develop limited 
regions of flow localization. However, the alternation of flow localizing and uniformly deforming phases in the composite impedes 
individual flow-localized zones from extending across the entire length of material. Meanwhile, small, flow-localized zones are forced 
to re-nucleate throughout the microstructure without percolating. 

Therefore, it is speculated that nanosized amorphous solids can impart a simultaneous enhancement of strength and plastic flow 
stability to amorphous reinforced metallic alloys. Here, we demonstrated this hypothesis with crystal-amorphous Ni-SiOC nano
composites. Ni was chosen in this study because Ni-based alloys are important high temperature materials (Reed, 2008). Amorphous 
SiOC ceramic is chosen because it exhibits superior thermo-mechanical properties (strength and hardness, creep and oxidation) and 
structural stability at elevated temperatures (>1300 ◦C) and under irradiation (Su et al., 2017; Wang et al., 2001; Zhao et al., 2019). In 
this work, Ni-SiOC nanocomposites were synthesized through co-sputtering 75 at.%-Ni and 25 at.%-SiOC, and further tempered at 
different temperatures (400 ◦C, 600 ◦C and 800 ◦C) to modify the microstructure. The co-sputtered Ni-SiOC nanocomposites exhibit 
core (crystalline Ni)-shell (amorphous SiOC) nanostructures and develop nanograined Ni containing amorphous ceramic SiOC 
nanoparticles during annealing up to 800 ◦C. In-situ SEM micropillar compression tests revealed that Ni-SiOC nanocomposites exhibit 
high strengths, superb plastic flow stability, and no hardening/softening over a wide range of deformation temperatures. Such superb 
mechanical properties are attributed to microstructure-promoted plastic co-deformation between amorphous ceramics and Ni grains. 
Amorphous ceramic SiOC imparts high thermal stability to Ni-SiOC nanocomposites, inhibiting grain coarsening of Ni and retaining 
high strength at high temperature. 

2. Experimental methods 

Fig. 1 show the schematic diagram of the procedure for sample preparation, high temperature annealing and in-situ mechanical test. 

Fig. 1. Schematic diagram of the procedure for sample preparation, high temperature annealing and in-situ mechanical test.  
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The Ni-SiOC nanocomposite was synthesized by co-sputtering Ni (99.995%), SiC (99.5%) and SiO2 (99.995%) targets onto a Si/SiO2 
substrate in an AJA ATC-2000F sputtering system with a base pressure of ~9.8 × 10−6 Pa. Ar pressure was kept at 0.65 Pa during 
sputtering. The nominal composition is determined to be 74.4 at.% Ni, 5.6 at.% Si, 13.4 at.% O, and 6.6 at.% C (Wei et al., 2021) by 
energy dispersive X-ray spectroscopy analysis in transmission electron microscope (TEM) equipped with a quad Super-X detector. The 
as-deposited Ni-SiOC nanocomposite was then annealed at temperatures of 400 ◦C, 600 ◦C and 800 ◦C at vacuum circumstance for 1 
hour to tune their microstructures. Micropillars with diameter of about 2-3 μm and aspect ratio (height/diameter) of 2 were prepared 
by focused ion beam (FIB) in an FEI Helios Nanolab 660 dual beam system. Fabrication of the micropillar was performed via a series of 
concentric annular milling/polishing with progressively de-escalated currents. Great care was taken to minimize the taper angle by 
using low milling current (30 kV, 10-40 pA) which was supposed to exhibit high lateral resolution and small beam size (Liao, 2006). 
Top and bottom diameters of the micropillar were measured to calculate the taper angle, which was controlled to be smaller than 1.5◦. 
Final milling voltage/current of 2 kV/23 pA was used to reduce surface damage by Ga ion beam. In-situ SEM micropillar compression 
testing was conducted over a range of temperatures from RT to 400 ◦C to measure mechanical properties of Ni-SiOC nanocomposites. 
These tests are performed using a Hysitron PI85 PicoIndenter under a displacement-control mode at strain rate range from 10−3 s−1 to 
4 × 10−2 s−1. In-situ heating was realized by using the micro electro-mechanical system heater provided by Bruker company. Strain 
rate jump (SRJ) tests were also conducted over the same range of temperatures to study the strain rate sensitivity of Ni-SiOC nano
composite. Two to three micropillars were prepared for each testing. True stress-strain curves were obtained by the Elastic modulus 
correction formula for a pillar (Lee et al., 2009). Elastic modulus was obtained by nanoindentation test by using a Hysitron TI950 
nanoindenter with a diamond Berkovich tip. Reduced elastic modulus (Er) was used here which was obtained from force vs. pene
tration depth curves (Oliver and Pharr, 1992). The penetration depth was maintained less than 10% thickness of thin film to minimize 
the influence of substrate on the results. Considering the additional displacement from the substrate and diamond tip, the valid 

Fig. 2. TEM bright-field images and corresponding electron diffraction patterns of Ni- SiOC nanocomposites: (a) as-deposited, (b) 400 ◦C annealed, 
(c) 600 ◦C annealed and (d) 800 ◦C annealed; Characteristic size distribution of Ni nanograins and amorphous ceramic SiOC in (e) as-deposited, (f) 
600 ◦C and (g) 800 ◦C annealed nanocomposites. 
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displacement of the pillar was corrected by using Sneddon equation (Sneddon, 1965): 

upillar = umea. −
1 − υ2

dia.

Edia.

(
F
dt

)

−
1 − υ2

Si

ESi

(
F
db

)

(1)  

where umea.and F are the measured displacement and force, respectively. The subtracted two items stand for the displacement from the 
diamond indenter and Si substrate, respectively. dt and db are the top and bottom diameters of the pillar, and E and υ are the Elastic 
modulus and Poisson’s ratio, respectively. The corrected displacement was well consistent with that measured from the in-situ video of 
compression tests. TEM and scanning TEM (STEM) characterizations were performed using an FEI Tecnai Osiris TEM operated at 200 
kV. Cross-sectional TEM samples before and after deformation were prepared by FIB lift-out technique. Plasma cleaning for 2 mins was 
conducted to remove surface pollution before TEM observation. 

Fig. 3. Enlarged TEM images of Ni-SiOC nanocomposites annealed at (a) 400 ◦C, (b) 600 ◦C and (c) 800 ◦C for 1 hour; Schematic diagrams showing 
characteristic microstructures of (d) as-deposited and 400 ◦C annealed, (e) 600 ◦C and (f) 800 ◦C annealed nanocomposites; (g) HRTEM image of the 
600 ◦C annealed Ni-SiOC nanocomposite with amorphous grain boundary; (h) Grain size coarsening process for Ni in Ni-SiOC nanocomposites and 
pure NC Ni. 
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3. Results 

3.1. Characteristic microstructures of Ni-SiOC nanocomposites 

Fig. 2 shows characteristic microstructures of Ni-SiOC nanocomposites. The as-deposited sample presents a core-shell nano
structure (Fig. 2a) which is composed of Ni nanograins (core) with elliptical shape along growth direction and amorphous SiOC grain 
boundaries (shell). The distributions of characteristic dimensions (Fig. 2e) show that the average size of Ni nanograins along longi
tudinal and transversal directions is ~13 nm and ~7 nm, respectively, and the average thickness of amorphous SiOC is ~1.8 nm. The 
diffraction rings in the corresponding diffraction pattern (inset in Fig. 2a) indicates random texture. The core-shell nanostructure 
remains stable up to 400◦C as shown in Fig. 2b. No obvious growth of Ni nanograins was detected while the amorphous SiOC phase 
(bright contrast) tends to thicken at the triple junctions of Ni nanograins. After annealing at 600◦C for 1 h, both crystalline Ni and 
amorphous SiOC grew up (Fig. 2c). In contrast to the quick and tremendous grain coarsening of nanocrystalline (NC) Ni during heating 
process (Sharma et al., 2012), the size of Ni grains in Ni-SiOC nanocomposites was still at nanoscale and no obvious texture developed 
as evidenced by the diffraction rings (inset in Fig. 2c), indicating good thermal stability of Ni-SiOC nanocomposites. This is attributed 
to the high thermal stability of amorphous ceramic SiOC and its strong pinning effect on Ni nanograins. Dark field imaging was used to 
measure the size distribution of Ni grains due to its relatively irregular shape and the overlap effect between nanograins. The average 

Fig. 4. STEM-Mapping of the (a) 600 ◦C and (b) 800 ◦C annealed Ni-SiOC nanocomposites.  
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diameter of Ni nanograins and SiOC particles are ~22 nm and ~9 nm (Fig. 2f), respectively. Fig. 2d shows a TEM bright-field image 
and corresponding diffraction pattern (inset) of 800 ◦C annealed sample. Ni grains and amorphous SiOC ceramic phase further grew up 
to ~220 nm and ~110 nm, respectively (Fig. 2g). 

Fig. 3 presents microstructure evolution of the annealed Ni-SiOC nanocomposites. High-resolution TEM (HRTEM) image clearly 
shows the crystal-amorphous core-shell nanostructure of the 400 ◦C annealed sample (Fig. 3a). After annealed at 600◦C, the granular 
amorphous SiOC distributed both at grain boundaries and triple junctions of Ni nanograins (Fig. 3b), leading to the irregular shape of 
Ni nanograins. Moreover, amorphous SiOC phase was occasionally observed along grain boundaries as indicated by the white arrows 
in Fig. 3g. The amorphous halo and nanocrystal rings in the corresponding Fast Fourier Transformation (FFT) further verified the 
crystal-amorphous dual phase structure (insets in Fig. 3a and 3b). After annealed at 800 ◦C, amorphous SiOC particles were mainly 
distributed at the triple junctions of sub-micron sized Ni grains with near equiaxed shape (Fig. 3c). Smaller amorphous SiOC nano
particles (10-30 nm) were also observed inside Ni grains as marked by yellow arrows in Fig. 3c. The corresponding schematic diagram 
of Ni-SiOC nanocomposites annealed at 400 ◦C, 600 ◦C and 800 ◦C are illustrated in Fig. 3d, f, respectively. Fig. 3h compares grain size 
coarsening process for Ni in Ni-SiOC nanocomposite and pure NC Ni (Sharma et al., 2012) during annealing. Obviously, the critical 
temperature for grain growth in our samples is much higher than that of pure NC Ni, proving high thermal stability of Ni-SiOC 
nanocomposites. The distribution of amorphous SiOC particles in 600 ◦C and 800 ◦C annealed samples were further verified by 
STEM-Mapping (Fig. 4). It is noted that Ni is distributed separately from Si, O and C amorphous elements, thus no intermetallic or 
compounds are produced after annealing. The interconnected feature of amorphous SiOC might be caused by the overlap effect. 

Fig. 5. (a) RT true stress-strain curves of Ni-SiOC nanocomposites; (b1-b3) SEM snapshots of 600 ◦C annealed micropillar during compression; (c) 
Comparison of RT flow strengths among Ni, Ni alloys and Ni-SiOC nanocomposites. 
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3.2. High strength and plastic flow stability of Ni-SiOC nanocomposites 

In-situ SEM micropillar compression tests were conducted at temperatures up to 400 ◦C with a constant strain rate of 10−3 s−1. 
Fig. 5a shows the RT true stress-strain curves of Ni-SiOC nanocomposites at different states (as-deposited, 400 ◦C-, 600 ◦C- and 800 ◦C- 
annealed). The reported mechanical property of pure NC Ni with a grain size of 20 nm (Pan et al., 2007) was added for comparison. The 
as-deposited and 400 ◦C annealed Ni-SiOC nanocomposites with the similar core-shell structure exhibit the similar mechanical 
response, i.e., flow strength of 2.5 GPa, compressive strain up to ~40% and no obvious strain softening/hardening behavior. In 
contrast to pure NC Ni with lower flow strength (2.0 GPa) and deformation induced grain growth associated with strain softening 
behavior at later deformation stage (Pan et al., 2007), the excellent mechanical properties of the as-deposited and 400 ◦C annealed 
Ni-SiOC nanocomposites were attributed to the core-shell structure, where amorphous ceramic boundaries act as strong barriers and 
sinks for dislocations and co-deform with Ni nanograins (Wei et al., 2021). Interestingly, the 600 ◦C annealed Ni-SiOC nanocomposite 
show simultaneously improved flow strength (3.0 GPa) and compressive plasticity (>50%) despite of the increased size of Ni grains 
and amorphous ceramic phase after annealing. Moreover, the material exhibits high plastic flow stability without obvious strain 
softening/hardening behavior. Fig. 5b shows the corresponding SEM snapshots of a compressed micropillar. The micropillar present 
large deformability and no crack or shear instability were observed. After annealed at 800 ◦C, the flow strength of Ni-SiOC nano
composite decreases to ~1.5 GPa corresponding to grain growth from 22 nm to 220 nm. It must be noted that the strength is much 
higher than NC Ni with the same grain size. SiOC particles experienced clear plastic deformation during compression test, which will 
be discussed later. Fig. 5c compares flow strengths of Ni-SiOC nanocomposites with those of reported Ni and Ni alloys (Ebrahimi et al., 
1999; Lu, 2016; Schuh et al., 2003; Schuh et al., 2002; Zhang et al., 2011), showing that Ni-SiOC nanocomposites at different states 
have much higher strength than the reported Ni and Ni alloys with similar grain size. 

Corresponding to the thermally stable microstructure, Fig. 6a shows the true stress-strain curves of the as-deposited (Wei et al., 
2021) and 600 ◦C annealed Ni-SiOC nanocomposites at deformation temperatures of 200 ◦C, 300 ◦C and 400 ◦C, respectively. In 
contrast with substantial decrease of flow strength and strain softening of NC Ni at high temperatures (Sharma et al., 2013), the 
Ni-SiOC nanocomposites maintain high strength, 2.5 GPa at RT to 1.6 GPa at 400 ◦C for the as-deposited sample and 3 GPa at RT to 2 
GPa at 400 ◦C for the 600 ◦C annealed sample. More importantly, all curves do not show obvious strain softening/hardening behavior. 
Compared to NC Ni, Sharma et al. (2012, 2013) reported a significant decrease in yield strength from ~703 MPa at RT to ~184 MPa at 
300 ◦C, which is ascribed to obvious grain growth from 60 nm to 210 nm when the sample was annealed at 300 ◦C for 30 min. In 
addition, strain softening behavior occurred in NC Ni at the later deformation stage (Sharma et al., 2013, 2012). Fig. 6b shows the 
temperature dependent flow strength of Ni-SiOC nanocomposites and reported NC Ni (Sharma et al., 2013). Clearly, the Ni-SiOC 
nanocomposites exhibit much higher strength than pure Ni. In addition, Cottrell and Stokes (1955) pointed out that for a given 
microstructure the ratio of flow strengths at two temperatures reflects the ratio of thermal to athermal deformation components of the 
flow stress during straining. For a 200 K temperature change, the strength ratio is about 1.33 for Ni-SiOC nanocomposites and 1.2 for 
coarse grained Ni (Wang et al., 2006), implying a significant thermal deformation component in Ni-SiOC nanocomposites 

Fig. 6. (a) High temperature true stress-strain curves of as-deposited and 600 ◦C annealed Ni-SiOC nanocomposites; (b) Temperature-dependent 
strengths of NC Ni and Ni-SiOC nanocomposites; (c-d) SEM snapshots of 600 ◦C annealed micropillars deformed at 200 ◦C and 400 ◦C, respectively. 
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(Brandstetter et al., 2005; Wang and Ma, 2004), which will be discussed based on deformation mechanisms. Fig. 6c and 6d present the 
SEM snapshots of 600 ◦C annealed micropillars deformed at 200 ◦C and 400 ◦C, respectively, revealing high plastic flow stability. 

4. Discussion 

4.1. Deformation mechanisms of Ni nanograins 

Plastic deformation in Ni nanograins is accommodated by dislocation slips. Since nucleation of dislocations from grain boundaries 
and crystal-amorphous interfaces in Ni nanograins are highly rate controlling deformation processes, we studied the temperature and 
strain rate dependence of the deformation behavior based on SRJ testing to understand the role of amorphous ceramics in deformation 
processes of Ni-SiOC nanocomposites. SRJ testing was conducted with a sequence of 10−3 s−1 → 10−2 s−1→ 2 × 10−3 s−1→ 2 × 10−2 

s−1→ 4 × 10−3 s−1→ 4 × 10−2 s−1→ 4 × 10−3 s−1 → 2 × 10−2 s−1 → 2 × 10−3 s−1 → 10−2 s−1 →10−3 s−1 at different temperatures. 
Fig. 7a-c show the true stress-strain curves of 600 ◦C annealed samples and corresponding SEM snapshots of micropillars, which were 
conducted at RT, 200 ◦C and 400 ◦C, respectively. The flow stress increased with increasing strain rate, showing positive strain rate 
sensitivity. Also, the step height corresponding to the same strain rate increased with increasing temperature, indicating an increased 
strain rate sensitivity with temperature. Another important feature is the corresponding SEM snapshots of micropillars during SRJ tests 
(Fig. 7a1-c1) present high plastic flow stability with plastic strain up to 60%. 

The value of strain rate sensitivity (m) and corresponding activation volume (V) at different temperatures were calculated based on 

the two equations (Dalla Torre et al., 2005): m =
[

d(lnσf )

d(lnε̇)

]

T 
and V =

̅̅
3

√
kT

mσf
, where σf indicates the flow strength, ε̇ is the corresponding 

strain rate, k is the Boltzmann constant and T is the absolute temperature. The calculated values were presented in table 1, in which the 
values of m and V for the as-deposited Ni-SiOC with core-shell structures was also added for comparison. Based on the values of m and 
V, the mechanisms of Coble creep and grain boundary sliding that were proposed for NC metals when deforming at high temperature 
were ruled out, because of the much smaller value of m while higher value of V than that of grain boundary diffusion-mediated 
diffusional creep (m~1, V~1b3) and grain boundary sliding mechanism (m~0.5, V~1b3) (Wang et al., 2006), where b is the 
magnitude of a full Burgers vector in Ni. Correspondingly, the dominated deformation mechanism of Ni-SiOC nanocomposites must be 
related to dislocation motion in Ni nanograins. Fig. 8a, b show the temperature dependent strain rate sensitivity and activation volume 
for reported pure Ni (Wang et al., 2006) and Ni-SiOC nanocomposites. Both physical quantities of Ni-SiOC nanocomposites increase 
with deformation temperature. However, the activation volume in nano-grained pure Ni decreases with deformation temperature 
because of the dynamic grain growth and enhanced grain boundary motion at high temperature (Sheinerman and Bobylev, 2018; 
Wang et al., 2012). Thus, the increased activation volume with deformation temperature in Ni-SiOC nanocomposites implies that grain 
boundary motion is less likely activated within 400 ◦C corresponding to the strong pinning effect by amorphous ceramic SiOC. Note 
that the activation volume of NC Ni and Ni-SiOC nanocomposite are much smaller than that of traditional coarse-grained Ni (inset in 
Fig. 8b). This was proposed to be related to significant change of rate-controlling mechanism from conventional intersection of gliding 
dislocations with forest dislocations in coarse-grained Ni to dislocation nucleation or depinning/escaping from grain boundary in NC 
grains and crystal-amorphous interface in Ni-SiOC nanocomposite (Wang and Ma, 2004; Wei et al., 2021). The later deformation 
mechanism entailed much smaller activation length (Cheng et al., 2003). The energy barrier for emitting lattice dislocation from grain 
boundaries was proposed to be larger than that needed to merely form a jog during dislocation intersection, producing higher strength 
ratio with temperature change (Hirth, 1972; Wang and Ma, 2004). 

Fig. 7. (a-c) True stress-strain curves of SRJ tests of 600 ◦C annealed Ni-SiOC nanocomposite and corresponding SEM snapshots of micropillars at 
deformation temperatures of RT, 200 ◦C and 400 ◦C, respectively. 
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4.2. Plastic co-deformation of Ni-SiOC nanocomposites 

Deformation mechanisms of amorphous ceramic and Ni nanograins in Ni-SiOC nanocomposites were revealed based on micro
structure characterizations. For the core-shell nanostructures, i.e., the as-deposited and 400 ◦C annealed Ni-SiOC nanocomposites, they 
show similar deformation mechanism (Wei et al., 2021). Fig. 9 shows the deformed microstructure of as-deposited sample and Sup
plementary video V1 records the in-situ deformation behavior. Cross-section STEM image of deformed micropillar (Fig. 9a) shows high 
plastic flow stability without crack and shear instability though macroscale geometry instability happened at a certain compression 
strain corresponding to slightly softening in Figs. 5a and 6a. No strain induced coarsening of Ni nanograins was observed as evidenced 
by the enlarged TEM image and corresponding diffraction pattern (Fig. 9b). The size variation of Ni nanograins in the longitudinal and 
transversal directions indicates the shape change of Ni nanograins accomplished by dislocation motion (Fig. 9c). More importantly, 
amorphous SiOC boundaries act as strong barriers for preventing grain coarsening while co-deform with Ni nanograins to accom
modate the shape change and rotation of Ni nanograins, achieving superb plastic flow stability. 

Fig. 10 presents the RT deformed microstructure of 600 ◦C annealed Ni-SiOC nanocomposite. The corresponding in situ deformation 
is recorded in Supplementary video V2. The micropillar after compression test shows obvious shape change and no shear instability 
happened inside as shown in the cross-sectional STEM image (Fig. 10a), indicating high plastic flow stability. Fig. 10b shows a 
representative TEM bright field image. Clearly, both Ni nanograins and amorphous ceramic SiOC particles were compressed into 
stripes perpendicular to the loading direction. The comparison of aspect ratio for Ni and amorphous SiOC phase (longest direction 
divided by shortest direction) before and after deformation in Fig. 10c1-c2 show the clear deformation induced shape change. HRTEM 
observation (Fig. 10d, e) was further performed to elucidate the co-deformation mechanism of Ni-SiOC nanocomposites. Elongated 
amorphous bands connected with Ni nanograins were outlined by the yellow dashed lines in Fig. 10d, showing high plastic flow 
stability of amorphous ceramic SiOC. Due to the presence of both amorphous SiOC particles and the remained SiOC phase/segregation 
along grain boundaries, deformation induced grain coarsening was retarded. High density stacking faults of {111} plane was 
frequently observed in Ni nanograins as shown in Fig. 10e, implying that nucleation and emission of partial dislocations should be the 

Fig. 8. (a) Comparison of strain rate sensitivity among Ni-SiOC nanocomposites, NC Ni and coarse-grained Ni at different temperatures; (b) 
Comparison of activation volume among among Ni-SiOC nanocomposites, NC Ni and coarse-grained Ni (inset) at different temperatures. 

Fig. 9. Microstructure of the deformed as-deposited Ni-SiOC nanocomposite. (a) Cross-sectional STEM image of the compressed micropillar. (b) 
TEM bright field image and corresponding diffraction pattern in the deformed micropillar. (c1-c2) Size distribution of Ni nanograins along lon
gitudinal and transversal directions before and after compression, respectively. 
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Fig. 10. Microstructures of the RT-deformed 600 ◦C annealed Ni-SiOC nanocomposite. (a) Cross-sectional STEM image of the micropillar after 
compression test; (b) Representative TEM bright field image and corresponding diffraction pattern of deformed micropillar; (c1-c2) Aspect ratio 
distribution of Ni and amorphous ceramic SiOC particles before and after compression, respectively; (d-f) HRTEM observation of microstructure 
after compression. 

Fig. 11. (a-b) STEM-Mapping of 600 ◦C annealed Ni-SiOC nanocomposite before and after deformation, respectively.  
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dominant deformation mechanism in Ni nanograins. This is also supported by our SRJ tests (Fig. 7). Fig. 10f1 is the enlarged HRTEM 
image which show partial dislocations are terminated at grain boundary. Fig. 10f, 2 reveal the enlarged HRTEM image of NC Ni with 
high density of stacking faults and corresponding FFT pattern. The above results clearly indicate that the co-deformation between Ni 
nanograins and amorphous SiOC particles proceeds in 600 ◦C annealed Ni-SiOC nanocomposite, which was accomplished by partial 
dislocation slip in Ni nanograins and viscoplastic flow of amorphous ceramic SiOC. The co-deformation behavior was further verified 
by the comparison of STEM-Mappings before and after compression as presented in Fig. 11a, b. Due to the fine grain size and high 
velocity of dislocations at high stress, the interactions between partial dislocations and stacking faults rarely happened, corresponding 
to no obvious strain hardening behavior. 

Fig. 12 presents deformed microstructure of 800 ◦C annealed sample. Cross-sectional SEM image of micropillar after deformation 
(Fig. 12a) shows no cracks and shear bands. Compared with the un-deformed domain of the micropillar, amorphous SiOC particles 
(dark contrast) exhibit shape change. Note that in contrast to the smooth surface of 600 ◦C annealed micropillar after deformation, Ni 
protrudes to form wrinkled surface (marked by pink arrows) in 800 ◦C annealed sample, implying deformation incompatibility be
tween sub-micron sized Ni and amorphous SiOC ceramic particles. Fig. 12b is the corresponding TEM image of the deformed 
micropillar, clearly showing elongated SiOC particles in the deformed domain. To further verify the deformation induced shape change 
of SiOC particles, the aspect ratio distribution of SiOC particles (longest direction divided by shortest direction) before and after 
deformation were measured, respectively as shown in Fig. 12c. Due to the existence of obvious deformation incompatibility, local 
interface decohesion between Ni grains and amorphous SiOC particles was occasionally observed as indicated by yellow arrows in 
Fig. 12d. The contrast difference in Ni grains indicates the storage of dislocations. Fig. 12e shows a representative HRTEM image of Ni 
grain observed along <110> direction, in which a dislocation wall was observed, leading to a local misorientation of about 5◦ as 
evidenced by the inserted FFT pattern. High density dislocations were observed in the domain close to dislocation wall as presented in 
the Fourier filtered HRTEM image (Fig. 12f). It is worth mentioning that strain hardening should exist associated with the storage of 
dislocations in Ni grains, however, the stress-strain curve does not show obvious strain hardening behavior (Fig. 5a). This should be 
caused by the softening behavior associated with local interface decohesion. Despite of local interface decohesion, no crack nucle
ation/propagation and deformation instability were produced in micropillar during deformation. This should be attributed to high 
density of Ni-SiOC interfaces and co-deformation between Ni grains and amorphous SiOC particles, which effectively prevent strain 
localization and crack propagation. 

Fig. 13 presents the SEM snapshots of 800 ◦C annealed Ni-SiOC micropillar with increasing strain, which clearly show plastic co- 

Fig. 12. Microstructures of the RT-deformed 800 ◦C annealed Ni-SiOC nanocomposite. (a) Cross-sectional SEM image of the micropillar after 
compression test; (b) Representative TEM bright field image of the deformed micropillar; (c) Aspect ratio distribution of amorphous ceramic SiOC 
particles before and after compression; (d) Enlarged TEM bright field image of the deformed micropillar; (e) and (f) HRTEM characterization of Ni 
after compression. 
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deformation between Ni and amorphous SiOC particles, and the corresponding in-situ deformation is recorded in Supplementary video 
V3. Two types of deformation modes were identified with amorphous SiOC particles: i) direct plastic flow (marked by green arrows) 
and ii) rotation coupled with plastic flow (marked by red arrows). STEM images before and after deformation in Fig. 14 show plastic 
deformation induced shape change of both Ni grains and amorphous SiOC particles. It is noted that the co-deformation extent of the 
large SiOC particles in 800 ◦C annealed sample is limited compared to that in 600 ◦C annealed sample where amorphous SiOC particles 
are stretched along with Ni grains (Fig. 10). 

4.3. Microstructure/composition dependent mechanical behavior 

Microstructure evolution in Ni-SiOC nanocomposites indicates that Ni and amorphous SiOC tend to separate from each other 
during high temperature annealing. Thus, we can speculate that the content of Ni element in amorphous SiOC decreases with high 
temperature annealing. Recently, we have demonstrated that increasing the content of Fe element in amorphous SiOC will reduce the 
flow strength of amorphous SiOC while increase its plasticity (Ming et al., 2020). Since Ni and Fe have the similar electronegativity to 
Si, O, and C elements (Luo, 2007), the flow strength of amorphous SiOC would increase due to the reduced Ni content during high 
temperature annealing. The improved mechanical property of Ni-SiOC nanocomposite after 600 ◦C annealing can thus be ascribed by 
the following reasons. First, the slightly increased grain size of Ni grains from 13 nm to 20 nm after 600 ◦C annealing will not 
extensively decrease the flow strength of Ni-SiOC nanocomposite. Moreover, the inserted amorphous SiOC particles in Ni grains also 
act as strong barriers for dislocation motion. Second, the flow strength of amorphous SiOC ceramic increases after annealing due to the 
reduced Ni content, which contributes to enhanced strength of 600 ◦C annealed Ni-SiOC nanocomposite. Third, the amorphous SiOC 
particles in the 600 ◦C annealed sample plastically co-deformed with Ni nanograins due to the enhanced flow strength of Ni-SiOC 
nanocomposites. Compared to the 600 ◦C annealed Ni-SiOC nanocomposite, the 800 ◦C annealed sample exhibited a decreased 
flow strength although amorphous SiOC might become much stronger due to the further reduced content of Ni in amorphous SiOC. The 
strength decrease is mainly ascribed to obvious growth of Ni grains according to the Hall-Petch relationship. Corresponding to the 
decrease in the flow strength of Ni-SiOC nanocomposite and the increase in the flow strength of amorphous SiOC, the incompatibility 
of plastic deformation between amorphous SiOC and Ni nanograins will develop with deformation extend, leading to interface 
decohesion between Ni and amorphous SiOC particles. To retain a good plastic flow stability, the present results suggests that it is 
worth studying the strength effect of amorphous ceramics via adjusting the content of metal elements. 

5. Conclusion 

Corresponding to a large volume fraction of boundaries and nanosized constituents, mechanical behavior and properties of 
nanocomposites are dominated by their characteristic microstructure and corresponding deformation processes related to boundaries, 
characteristic size and properties of nanosized constituents. Thus, strength, plasticity and thermal stability that are highly desired for 
structural materials could be realized through optimizing their microstructure. We demonstrated this in crystal-amorphous ceramics 
Ni-SiOC nanocomposites. The following conclusions are drawn:  

(1) Two characteristic microstructures of crystal-amorphous ceramics Ni-SiOC nanocomposites were developed by co-sputtering 
and high temperature annealing: i) core-shell nanostructures in as-deposited and 400 ◦C annealed samples and ii) nano
grained Ni containing nanosized amorphous ceramic SiOC particles in high temperature annealed samples.  

(2) In-situ micropillar compression tests revealed that Ni-SiOC nanocomposites exhibit high strength and large deformability. The 
core-shell nanostructure shows high strength of 2.5 GPa at RT and 1.6 GPa at 400 ◦C with compressive strain up to 40%, the 600 
◦C annealed Ni nanograins containing amorphous ceramic nanoparticles exhibits high strength of 3 GPa at RT and 2 GPa at 400 
◦C with compressive strain up to 50%, and the 800 ◦C annealed Ni nanograins containing amorphous ceramic nanoparticles 
exhibits high strength of 1.5 GPa at RT with compressive strain up to 40%. 

Fig. 13. SEM snapshots of the 800 ◦C annealed micropillar during compression.  
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(3) In-situ mechanical tests and microstructural characterization after deformation indicates that the amorphous SiOC ceramic 
impart high strength, good thermal stability and large deformability to Ni-SiOC nanocomposites. More importantly, amorphous 
SiOC ceramic co-deformed with Ni, contributing to superb plastic flow stability.  

(4) SRJ tests suggest that plastic deformation is accommodated by dislocation slip in Ni grains, which is further verified in HRTEM 
images. For the core-shell nanostructures and 600 ◦C annealed Ni-SiOC nanocomposite, amorphous ceramic SiOC boundaries 
and nanoparticles deform visco-plastically along with Ni nanograins. Corresponding to the large size of amorphous SiOC 
nanoparticles in the 800 ◦C annealed Ni-SiOC nanocomposite, amorphous ceramic SiOC nanoparticles deform via two modes, 
viscoplastic flow and rotation coupled with viscoplastic flow. Deformation incompatibility between Ni and amorphous SiOC 
particles develops with straining in 800 ◦C annealed nanocomposite and results in interface decohesion.  

(5) A synergetic improvement of strength and plasticity in crystal-amorphous ceramics nanocomposites could be achieved by 
further improving deformation compatibility via tailoring characteristic dimensions and mechanical properties of amorphous 
ceramics. 
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