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Experimental details:

Elemental powders of Co, Cr, Fe, Ni, Mn (purity > 99.5 wt% and particle sizes < 
75 m) and master alloy powder of FeTi (purity > 99 wt% and particle sizes < 75 m) 
were mixed (nominal composition: CoCrFeNiMn+4 at%Ti) in a planetary ball milling 
machine (QM-3SP4, Nanda Instrument Plant, China) at 200 rpm for 6 h and then milled 
at 400 rpm for 66 h with a ball to powder weight ratio of 5:1. To inhibit excessive cold 
welding, 0.5 wt% stearic acid was added as process control agent (PCA) and also to 
provide a source for C and O to form TiO(C) nanoparticles. After milling, the powder 
was passivated and compacted by die-pressing. Then, the compact was induction heated 
to 1000 °C with a holding time of 2 min, and hot extruded with the extrusion ratio of 
9:1 in an argon atmosphere (named as EX). A strip with a thickness of 6 mm and width 
of 6.5 mm was cut from the extruded rod and forged to the thickness of 4.8 mm (~20% 
reduction) at liquid nitrogen temperature (the sample is named as EX+CD). Then, the 
strip was heat treated at 800 °C for 1h (the samples is named as EX+CD+HT).

X-ray diffraction (XRD) (D8Advance, Bruker AXS, German) with Cu kα 
radiation, scanning electron microscopy (SEM) (Nova 230, FEI, USA) with the back 
scattered electron (BSE) imaging mode, energy dispersive spectrometer (EDS) (Octane 
SDD, EDAX, USA), and transmission electron microscopy (TEM) (JEM 2100 and 
JEM 2100F, JEOL, Japan) were used to characterize the microstructure. The average 
grain size and nanoparticle size were estimated by image analysis using ImageJ 
software. In the image analysis, the sizes of the grains and nanoparticles were measured 
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by calculating the corresponding area-equivalent circle diameters of the grain and 
nanoparticle areas in the image. Due to the random distribution of the nanoparticles, 
their volume fraction was estimated by the area fraction on the SEM BSE images using 
ImageJ software.1 The dislocation density (ρ) was calculated by the following 
equation2, 3: 
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where ε is microstrain, b is the Burgers vector (0.255 nm by XRD) and Dg is the average 
grain size, which can be calculated by the Williamson-Hall method based the XRD 
patterns by the following equation: 2, 4
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where β is the full width at half maximum of a diffraction at the Bragg angle of 2θ and 
λ is the wavelength of the X-ray. Tensile tests were conducted with dog-bone shaped 
specimens with gauge length, thickness and width of 12, 1 and 3 mm, respectively and 
using a universal testing machine (Roell Z100, Zwick, German) with a strain rate of 
5×10-4 s-1. Three tensile tests were done for each sample. 

Strengthening mechanism analysis:

For metallic materials, their strength mainly depends on the mobility of dislocations 
and there are four main strengthening mechanisms involved in this study, as discussed 
below.5 Firstly, nanoparticles can effectively strengthen metals since they become 
barriers for dislocation movement during plastic deformation as shown in Fig. S1(a). 
Nanoparticle strengthening mechanism (Δσp) can be calculated by the following 
Orowan equation:
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where υ is the Poisson's ratio (0.26 for the CoCrFeNiMn alloy), Dp is the mean diameter 
of the particles and f is the particle volume fraction.6-8 Besides, the interactions between 
dislocations, which can be observed in Fig. S1(b), will also cause the increasing of 
dislocation movement resistance.5 This strengthening mechanism (Δσd) can be 
estimated by the following Taylor equation:
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where α is the strength coefficient of the dislocation network, which can be taken to be 
0.16, M is the Taylor factor, which can be taken to be 3.06 for FCC structure alloys, G 
is the shear modulus, which can be taken to be 80 GPa.9-11 Meanwhile, grain boundaries 



are also barriers for dislocation movement. In coarse grained metals, dislocations pile 
up at grain boundaries during plastic deformation.11 However, it is widely accepted that 
theses boundaries change into the source of dislocations in ultrafine or nanoscale 
grained metals.12 The extra dislocations emitted from grain boundaries increases the 
dislocation density, leading to the increasing of strength.11 For grain boundary 
strengthening mechanism (Δσg), it can be estimated by the Hall–Petch relationship 
using the following equation:
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where KHP is the Hall–Petch coefficient, which can be taken to be 490 MPa·μm1/2. 11, 13, 

14 As special grain boundaries, twin boundaries also strengthen metals. As shown in 
Fig. S1(c) and (d), half dislocation loops in the vicinity of twin boundaries are observed, 
suggesting that dislocations can bow out from these boundaries and twin boundaries 
become the source of dislocations like ordinary grain boundaries in ultrafine or 
nanoscale grained metals.15-18 Besides, twin boundaries can serve as barriers for 
dislocation movement by interacting with dislocations (Fig. 5(d)-(f)) as grain 
boundaries in coarse grained metals.12, 19

In the EX sample, the Δσd and Δσg are calculated to be 82 and 730 MPa, 
respectively. Due to the low number density of twins in this sample, the contribution of 
twin boundary strengthening is negligible. This means that the extra 356 MPa increase 
is attributed to the introducing of Ti(O)C nanoparticles by Orowan mechanism. 
However, the Δσp is calculated to be 787 MPa by Eq. (S3), which is much larger than 
356 MPa. This should be attributed to the interactions between grain boundary 
strengthening and nanoparticle strengthening. After the deformation at the cryogenic 
temperature, the Δσd increases by 24 MPa calculated by Eq. (S4), while the YS of the 
cryogenic deformation is 207 MPa higher than that of the EX sample. The extra 183 
MPa increase should be owing to the introduction of deformation nanotwin. After heat 
treatment, the Δσg and Δσd decrease to 564 and 92 MPa, respectively. Due to the 
stability of the Ti(O)C nanoparticles during heat treatment, the strengthening from 
nanoparticles can be considered unchanged, being 356 MPa. Based on them, the 
strengthening from nanotwin boundaries can be estimated to be 301 MPa.



Figures

Fig. S1: TEM bright field images of the EX+CD+HT sample after tensile test 
under two-beam condition showing (a) dislocations pinned by the nanoparticles, 
(b) dislocations interacting with each other, (c) and (d) half dislocation loops in 

the vicinity of twin boundaries.

Fig. S2: (a) Particle size and (b) grain size distributions of the EX sample.

 



Fig. S3: (a) Particle size, (b) grain size, (c) twin thickness and (d) domain size 
distributions of the EX+CD+HT sample.
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