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A B S T R A C T   

Controlling precipitates in spatial density and size distribution is essential for tailoring the 
microstructure and mechanical properties through precipitation hardening. We herein obtained 
heterogeneous grain structures with coherent L12 nanoprecipitates in (CrCoNi)94Al4Ti2 medium 
entropy alloy (MEA) by annealing and aging. Additional pre-aging leads to a high spatial density 
and more random distribution nucleation sites of the coherent L12 nanoprecipitates. The pre- 
aging doubled the ductility without apparently sacrificing the strength. Transmission electron 
microscopy (TEM) revealed that, in pre-aged MEA, finely dispersed L12 nanoprecipitates with 
higher spatial density were sheared by dislocation, promoting planar slips, which favors 
geometrically necessary dislocations (GNDs) piling up to increased hetero-deformation-induced 
(HDI) stress and work-hardening. Stacking faults, Lomer-Cottrell locks, and 9R structures were 
formed in aged and pre-aged MEA after tensile deformation. The formation of these defects 
enormously enhanced strain hardening by blocking dislocation movements and accumulating 
dislocations. Moreover, a higher frequency of interactions between defects and coherent L12 
nanoprecipitates can be observed in the pre-aged MEA due to the more randomly distributed L12 
nanoprecipitates, substantially increasing ductility. This work demonstrates a new route to 
achieving a super strength-ductility combination of single-phase FCC high entropy alloys by 
nanoscale coherent precipitation strengthening.   

1. Introduction 

Single-phase face-centered cubic (FCC) alloys containing multi-principal elements, which are also named high-entropy alloys 
(HEAs) or medium-entropy alloys (MEAs) (George et al., 2019; Ma and Wu, 2019; Cao et al., 2021; Yeh et al., 2004), have been 
intensely studied in recent years due to their unique and attractive tensile properties (Jo et al., 2017; Li et al., 2016; Liang et al., 2018) 
and fracture toughness (Gludovatz et al., 2014, 2016; Yang et al., 2021). The superior mechanical properties in these FCC single-phase 
M/HEAs have been attributed to not only the traditional mechanisms, such as lattice distortion (Fantin et al., 2020; Sohn et al., 2019) 
and sluggish diffusion effect (Wang et al., 2019), but also the novel mechanisms, such as unevenly distributed stacking fault energy 
with atomic level (An et al., 2023; Li et al., 2019; Wagner and Laplanche, 2023) and chemical short/medium-range orders (Chen et al., 
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2021b; Seol et al., 2022; Wang et al., 2022; Zhang et al., 2020; Zhou et al., 2022). 
The application of single-phase FCC M/HEAs with coarse grains would be limited due to the relative low yield strength. Plastic 

deformation and aging treatments are usually employed to improve the strength of M/HEAs by dislocation hardening (Wu et al., 2015; 
Yang et al., 2018a; Zhu and Liao, 2004) and precipitation hardening (Xu et al., 2019; He et al., 2016). Nevertheless, strengthening by 
nanostructured grains or incoherent precipitates with larger sizes inevitably leads to a dramatic reduction in ductility (Du et al., 2020; 
Liu et al., 2022; Zhao et al., 2023). However, sometimes, coherent nanoprecipitates can relieve the dilemma of strength-ductility 
trade-off, producing a superior combination of yield strength and ductility (Fan et al., 2020; Yang et al., 2019, 2018b). The prob-
lems of stress/strain concentration in metals with large-size incoherent precipitates can be avoided by coherent nanoprecipitates (Jodi 
et al., 2019; Yang et al., 2018b). Moreover, fixed volume fractions of nanoprecipitates result in significantly higher spatial precipitate 
density than micrometer-size precipitates, leading to increased precipitation hardening. Thus, better ductility may be obtained by 
deploying nanoprecipitates with coherent interfaces (Yang et al., 2018b; Fan et al., 2020). 

The strengthening strategy by coherent nanoprecipitates has also been applied to M/HEAs recently (Fan et al., 2020; Jodi et al., 
2019; Yang et al., 2019, 2018b). Both high yield strength and high ductility were obtained in many M/HEA systems, such as 
(CoCrNi)94Al3Ti3 MEA (Du et al., 2020; Zhang et al., 2022e, 2022c), Al0.5Cr0.9FeNi2.5V0.2 HEA (Qin et al., 2022a, 2023; Qin et al., 
2022b, 2022c), and (FeCoNi)86Al7Ti7 MEA (Cheng et al., 2022; Peng et al., 2023; Xu et al., 2023). In metals and alloys with coherent 
nanoprecipitates, the tensile properties can be optimized by adjusting the dimension, shape, distribution, element concentrations, and 
interspacing of coherent nanoprecipitates (Xu et al., 2019). Besides substantial precipitation hardening and other deformation 
mechanisms, such as micro-bands and high density of stacking fault networks, were also found to play crucial roles in the 
high-performance M/HEAs (Cheng et al., 2022; Fan et al., 2020; Yang et al., 2018b). However, controlling the size of precipitation is a 
great challenge by adjusting the annealing until peak aging, i.e., prioritizing the shear mechanism of nanoscale precipitating to 
improve the strength and ductility together (Chen et al., 2021a; Chou et al., 2022). 

In this work, we used pre-aging treatment before annealing in (CoCrNi)94Al4Ti2 MEA to activate multiple strengthening and strain- 
hardening mechanisms. High spatial and randomly distributed coherent L12 nanoprecipitates were formed in the heterogeneous 
structured FCC matrix by adjusting the aging treatment. The obtained MEAs show better ductility with similar yield strength. The 
corresponding strengthening mechanisms of precipitates are investigated by tensile testing and microstructure characterizations. This 
work demonstrates a new thermal-processing route to achieve a super strength-ductility combination for single-phase M/HEAs by 
more randomly distributed nanoscale coherent precipitates along with heterogeneous grain structures. 

2. Materials and experimental procedures 

The (CoCrNi)94Al4Ti2 MEA was melted in a vacuum arc furnace, and the actual chemical composition is Co34.46Cr32.12Ni27.42Al4Ti2 
(in at.%). The MEA was re-melted several times under the argon atmosphere to ensure homogeneity for each element and then cast into 
ingots. The ingots were hot forged into 10 mm thick plates at 1223 K, followed by solution annealing at 1473 K for two hours and then 
water quenching to obtain a single FCC phase with coarse grains. Finally, these plates were cold rolled (CR) with multiple passes to 
reduce thickness by about 90 %. 

Four different heat-treatment procedures were applied to these CR plates to adjust the size and distribution of precipitates. First, 
some plates were annealed at 1123, 1173, and 1223 K for one hour and water quenched, named AN1123, AN1173, and AN1223, 
respectively. Second, some plates were first pre-aged at 973 K for four hours and then annealed at 1123, 1173, and 1223 K for one hour 
with water quenching, which were referred to as PA-AN1123, PA-AN1173, and PA-AN1223, respectively. Third, some plates were first 
annealed at 1123, 1173, and 1223 K for one hour, and then aged at 973 K for four hours with water quenching, named AN1123-AG, 
AN1173-AG, and AN1223-AG, respectively. Fourth, some plates were first pre-aged at 973 K for four hours, then annealed at 1123, 
1173, and 1223 K for one hour, and last aged at 973 K again for four hours with water quenching, which were referred to as PA- 
AN1123-AG, PA-AN1173-AG, and PA-AN1223-AG, respectively. Overall, the low aging temperature was designed to avoid grain 
coarsening and abnormal grain growth, while the higher annealing temperature could encourage partial recrystallization and grain 
coarsening, promoting heterogeneous grain structures. The MEAs treated in the second and fourth processes were pre-aged compared 
to the MEAs treated in the first and third processes. Thus, the effect of the pre-aging treatment on the size and distribution of coherent 
nanoprecipitates on the tensile behaviors can be revealed. 

Tensile specimens were dog-bone shaped and machined by electric discharge machining to a gauge section of 18 mm in length, 2.5 
mm in breadth, and 1.0 mm in thickness (based on ISO6892–1998 standard). Tensile tests were conducted on an Instron 5967 testing 
machine with a strain rate of 5 × 10− 4 s− 1 at room temperature. An extensometer was used to measure the tensile displacement. The 
tensile test was repeated three times at least for each heat-treated sample. Energy dispersive spectroscopy (EDS) and X-ray diffraction 
(XRD) were used to characterize the element distributions and the volume fractions of various phases, respectively. Electron back- 
scattered diffraction (EBSD), transmission electron microscopy (TEM), and high-resolution TEM (HRTEM) were used to charac-
terize the microstructures of samples. The detailed procedures for sample preparation and the other information for EBSD, TEM, and 
HRTEM observations can be found in our previous papers (Ma et al., 2018; Zhang et al., 2022d). 

3. Results and discussion 

3.1. Microstructures of MEA 

The microstructures of four selected samples (AN1173, PA-AN1173, AN1173-AG, and PA-AN1173-AG) for each heat-treatment 
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procedure were depicted by EBSD band contrast (BC) figures before tensile testing in Fig. 1. The results show that all samples have 
heterogeneous grain sizes ranging from 0.11 μm to ~5.0 μm, in which the fine-grain region was separated by a coarse-grain region 
without a clear boundary (Fig. 1e-f). The corresponding average grain sizes were 1.23 ± 0.66, 1.14 ± 0.68, 0.84 ± 0.56, and 0.78 ±
0.37 μm, respectively. Annealing twins are observed with high density in all samples. The grain sizes of aged samples (AN1173-AG and 
PA-AN1173-AG) are moderately smaller than those of annealed samples (AN1173 and PA-AN1173). This refinement was controlled by 
the second recrystallization during aging, in which the formation of grain nuclei and slight grain growth happened at the relatively low 
aging temperature (Song et al., 2021). Notably, the average grain sizes of pre-aged samples are similar to those without pre-aged 
procedures. These observations suggest that the effect of the pre-aged procedure is mainly on the size and distribution of the 
coherent nanoprecipitates, as will be confirmed by the following observations. 

The XRD patterns for the four samples mentioned above are given in Fig. 2a. As shown in Fig. 2b-e, the amplified (111) diffraction 
peaks exhibit an asymmetry due to the overlap of the peaks of the FCC matrix and coherent L12 phase. The asymmetric peak can be 
deconvoluted into two separated symmetric peaks for the FCC matrix and L12 phase by Gauss function fitting. Then, the relative 
volume fraction of both phases can be estimated by the integrated areas of these two symmetric peaks (Liu et al., 2023a; Ma et al., 
2021; Zhang et al., 2022a). The relative volume fractions of the L12 phase for the four samples were estimated to be about 10.0 %, 13.2 
%, 18.2 %, and 20.3 %, respectively. These results indicate that the pre-aging can slightly increase the volume fraction (2.1–3.2 %) of 

Fig. 1. Microstructures of four typical samples upon each heat treatment by EBSD. Band contrast figures of (a) AN1173, (b) PA-AN1173, (c) 
AN1173-AG, (d) PA-AN1173-AG. Black lines note grain boundaries, and red lines note twin boundaries. The statistical results of grain size dis-
tribution for (e) AN1173, (f) PA-AN1173, (g) AN1173-AG, (h) PA-AN1173-AG. 

Z. Zhang et al.                                                                                                                                                                                                          



International Journal of Plasticity 172 (2024) 103821

4

the L12 phase, while post-aging can significantly increase it (7.1–8.2 %). Accordingly, additional pre-aging can produce high-density 
nucleation sites of the coherent L12 nanoprecipitates for the MEA. 

TEM and HRTEM images for AN1173 and PA-AN1173 samples are displayed in Fig. 3a-c and Fig. 3d-f, respectively. As shown in 
Fig. 3a and d, heterogeneous grain structures are observed in both samples. The density of annealing twins in the PA-AN1173 sample 
(Fig. 3d) is a little higher than that of AN1173 (Fig. 3a), which is consistent with the EBSD results (Fig. 1a and b). The size and dis-
tribution of the L12 phase for these two samples are revealed in Fig. 3b and e. It is noteworthy that the L12 phase in PA-AN1173 is more 
randomly distributed, and the number density is much larger than that of AN1173. Selected area electron diffractions (SAED) in the 
insets of Fig. 3b and e exhibit superlattice reflection, confirming the coherence of FCC and L12 phases. The apparent difference between 
PA-AN1173 and AN1173 samples reveals that the pre-aging on the CR sample, in the high-density-defects state, can facilitate 
precipitating due to the higher stored distortion energy (Du et al., 2020). HRTEM images in Fig. 3c and f show the coherent interfaces 
of the FCC and L12 phases. The EDS mapping for an area with several L12 nanoprecipitates is demonstrated in Fig. 3g, and the element 
concentrations along the marked line are displayed in Fig. 3h. It reveals the significant enrichment of Ni, Al, and Ti elements in 
precipitates, Co and Cr elements are depleted in precipitates. The present MEA has the same element diffusion trades as reported 
previously (Fan et al., 2020; Yang et al., 2018b), which can improve strain hardening by facilitating the dislocation slips. 

The corresponding results of AN1173-AG and PA-AN1173-AG by TEM, HRTEM, and EDS mapping are shown in Fig. 4. It is 
observed that the L12 nanoprecipitates are not randomly distributed in the AN1173-AG sample, and both large and small sizes of L12 
nanoprecipitates can be found in the AN1173-AG sample (Fig. 4a-b). In contrast, the dimensions of L12 nanoprecipitates are very 
similar (~10 nm), and they were randomly distributed in the PA-AN1173-AG sample (Fig. 4d-e). The element concentrations of the L12 
phase of the aged samples are consistent with annealed samples (AN1173 and PA-AN1173), as shown in Fig. 4g and h. Hence, the 
effects of element and composition in the L12 nanoprecipitates could be disregarded. Combining the results of Figs. 3 and 4, we can 
conclude that more uniform sizes and random distribution of L12 nanoprecipitates can be achieved by pre-aging treatment in the 
present MEA. 

3.2. Mechanical properties of MEA 

Tensile properties of the MEA subjected to four different heat treatment procedures are compared in Fig. 5. The engineering stress- 
strain (σe-εe) curves of AN1173, PA-AN1173, AN1173-AG, and PA-AN1173-AG samples are shown in Fig. 5a. The inset shows other 
samples subjected to varying annealing temperatures. 

Fig. 2. Phase identification via X-ray diffraction (XRD) analysis. (a) XRD patterns for four typical samples of each heat-treatment procedure 
(AN1173, PA-AN1173, AN1173-AG, PA-AN1173-AG). The asymmetric (111) diffraction peaks and the deconvoluted symmetric peaks of coherent 
FCC and L12 phases for (b) AN1173, (c) PA-AN1173, (d) AN1173-AG, (e) PA-AN1173-AG. 
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It is interesting to note that the additional pre-aging treatment can significantly increase the ductility (uniform elongation, εU) 
while maintaining a similar yield strength (σy). In other words, the yield strengths of PA-AN1173 and PA-AN1173-AG (about 1040 MPa 
and 1420 MPa) are very similar to those of AN1173 and AN1173-AG (about 1100 MPa and 1460 MPa), while the uniform elongations 
of PA-AN1173 and PA-AN1173-AG (about 26.3 % and 11.2 %) are much higher than that of AN1173 and AN1173-AG (about 16.5 % 
and 4.5 %). 

Stain-hardening rate (θ) and true stress (σT) as a function of true strain (εT) are plotted in Fig. 5b. It is observed that the pre-aged 
samples (solid lines) have a more obvious up-turn phenomenon and higher θ, as compared to the samples without pre-aging treatment 
(dashed lines). The up-turn phenomenon has been widely observed in hetero-structured materials, such as gradient structures (Qin 
et al., 2022a; Wu et al., 2016), heterogeneous lamella structures (He et al., 2019; Wu et al., 2015), and heterogeneous nanoprecipitated 
structures (Fan et al., 2020; Qin et al., 2022c). Significantly, the more obvious up-turn phenomenon, the better ductility (Yao et al., 
2022; Zhu et al., 2023; Chang et al., 2022; Guan et al., 2021). As reported (Wu et al. 2014), the up-turn phenomenon is due to the more 
mobile dislocations and extra strain hardening for increasing the material ductility. Thus, the pre-aging treatments can give rise to a 
more obvious up-turn phenomenon, resulting in better uniform elongation. The tensile properties (σy vs. εU) for four different 
heat-treatment procedures are summarized in Fig. 5c. Overall, it can be concluded that additional pre-aging treatment can result in 
better tensile properties in this MEA. 

Fig. 3. Characterization of L12 nanoprecipitates for annealed samples. (a-b) Bright-field TEM images for AN1173. (d-e) Bright-field TEM images for 
PA-AN1173. HRTEM observations showing coherent interfaces of FCC matrix and L12 phase for (c) AN1173 and (f) PA-AN1173. (g) EDS mapping 
for an area with several L12 nanoprecipitates in AN1173. (h) Element concentrations along the solid line in (g). 

Z. Zhang et al.                                                                                                                                                                                                          



International Journal of Plasticity 172 (2024) 103821

6

Fig. 4. Characterization of L12 nanoprecipitates for aged samples. (a) Bright-field TEM image and (b) dark-field TEM image for AN1173-AG. (d) 
Bright-field TEM image and (e) dark-field TEM image for PA-AN1173-AG. HRTEM observations showing coherent interfaces of FCC matrix and L12 
phase for (c) AN1173-AG and (f) PA-AN1173-AG. EDS mapping for an area with several L12 nanoprecipitates in (g) AN1173-AG and (h) PA- 
AN1173-AG. 

Fig. 5. Mechanical properties and yield strength-ductility balance. (a) Engineering stress-strain (σe-εe) curves of AN1173, PA-AN1173, AN1173-AG, 
PA-AN1173-AG. Inset: σe-εe curves for other samples varying the annealing temperature. (b) Strain hardening rates (θ) and true stress (σT) as a 
function of true strain (εT) for AN1173, PA-AN1173, AN1173-AG, PA-AN1173-AG. (c) Yield strength vs. uniform elongation. 
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3.3. HDI hardening of MEA 

In general, hetero-deformation-induced (HDI) hardening plays a crucial role in the ductility of heterogeneous structures (Chou 
et al., 2022; Yang et al., 2018a). To verify it, the load-unload-reload (LUR) tensile tests were conducted for AN1173, PA-AN1173, 
AN1173-AG, and PA-AN1173-AG. Fig. 6a shows the true stress-strain curves of the above samples. The close-up view of a mechani-
cal hysteresis loop of PA-AN1173-AG was demonstrated in Fig. 6b. The mechanical hysteresis loop was the characteristic response, 
indicating the key role of geometrically necessary dislocations (GNDs) in producing the GND-based HDI stress (σHDI) during plastic 
deformation (Zhu and Wu, 2023). σHDI is defined as half of the sum of unloading yield stress (σun) and reloading yield stress (σre) (Zhu 
and Wu, 2023). Accordingly, as shown in Fig. 6c, the σHDI accounts for more than half of flow stress (σf ). This suggests that the HDI 
stress elevates the flow stress by the significant HDI strain hardening effect in the overall deformation process. Of special note are the 
higher ratios (σHDI/σf ) of pre-aged samples than those which were not pre-aged. This also indicated the higher frequency of in-
teractions between GNDs and coherent L12 nanoprecipitates in pre-aged samples, which will be confirmed by the following 
experiments. 

Strain gradient and GND can be reflected by the kernel average misorientation (KAM) of samples after straining based on the strain 
gradient theory (Gao et al., 1999; Zhu et al., 2021). KAM mappings and the corresponding mappings of GND density were calculated by 
EBSD, as shown in Fig. 7. Here, the KAM values above 5◦ are excluded from the calculation, because these points are assumed to belong 
to adjacent grains or subgrains. Fig. 7a and b show the GND maps of AN1173-AG and PA-AN1173-AG samples prior to tensile testing, 
and Fig. 7c and d show the GND maps at the strain of 4.5 %, respectively. After tensile strain (at the strain of 4.5 %), the higher density 
of GNDs appeared in the vicinity of grain boundaries (GBs) in the AN1173-AG sample (Fig. 7c). In comparison, a more pronounced 
higher density of GNDs appeared not only around the GBs but also inside the grains in the PA-AN1173-AG sample (Fig. 7d). These 
differences can be attributed to the high density and random distribution of L12 nanoprecipitates due to the pre-aging. Then, the 
statistics distributions of GND density for these two samples are displayed in Fig. 7e-7f. The average GND density increments by 4.5 
%-strain were 2.0 and 3.1 × 1014 m− 2 for the AN1173-AG and PA-AN1173-AG samples, respectively, as shown in Fig. 7g. It is 
interesting to note that the increment of average GND density for the PA-AN1173-AG sample is much higher than that of the 
AN1173-AG sample. These results indicated that the pre-aged samples could promote higher-density GNDs and significant HDI 
hardening for better ductility by the more randomly distributed coherent nanoprecipitates. In addition, grain refinement can be 
observed in the aged samples after deformation (Fig. 7c and d), due to the high-density deformation twins being promoted during 
tensile deformation. As reported previously, the corner twins can be formed as a precursor during deformation in CoCrNi-based MEAs 
with low stacking faults energy, and grain refinement can be induced by further strain (Yang et al., 2018a). The significant refinement 
of grain also could improve the ductility by increasing the strain hardening during deformation. 

3.4. Precipitation hardening of MEA 

The XRD patterns for the four samples (AN1173, PA-AN1173, AN1173-AG, PA-AN1173-AG) after tensile deformation are displayed 
in Fig. 8. The relative volume fractions of the L12 phase for four samples were estimated to be about 6.5 %, 9.1 %, 13.4 %, and 12.3 %, 
respectively, which are smaller than those prior to tensile testing. The reduction of volume fraction might be due to the plastic 
deformation and fragmentation of L12 nanoprecipitates since L12 nanoprecipitates can be cut and sheared by dislocations and stack 
faults (Ming et al., 2018), as revealed by TEM observations. 

The deformation mechanism between defects and precipitations was revealed by TEM and HRTEM. Fig. 9 shows the TEM mi-
crographs of AN1173-AG after tensile deformation. The bright-field TEM image (Fig. 9a) shows numerous dislocations, especially 
around the twin boundaries after tensile deformation. Fig. 9b and c reveal the interactions between defects (dislocations and stacking 
faults) and coherent L12 nanoprecipitates. Stacking faults (SFs) inevitably sheared L12 nanoprecipitates that were spatially distributed 
in the matrix, as shown in Fig. 9c. Lomer-Cottrell (L-C) locks and 9R structures cut through L12 nanoprecipitates after tensile 

Fig. 6. Hetero-deformation-induced (HDI) hardening. (a) True stress-strain (σT -εT) curves of load-unload-reload test for AN1173, PA-AN1173, 
AN1173-AG, PA-AN1173-AG. (b) A mechanical hysteresis loop of PA-AN1173-AG. (c) The ratio of HDI stress (σHDI) to flow stress (σf ). . 
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deformation, as indicated in Fig. 9d and e. The exact packing sequence of (111) planes for 9R structures is displayed in Fig. 9f by the 
HRTEM image. Furthermore, it can be seen that the FCC transformed into 9R structures was related to the two parallel arrays of 
intrinsic stacking faults, i.e., the stacking sequence of (111) planes grind from ABCABCABC to ABCBCACAB. The L-C locks and 9R 
regions can act as strong barriers to accumulating dislocations around them, significantly enhancing strain hardening (Zhang et al., 
2023; Zuo et al., 2019). The precipitate shearing stress (σsh) associated with dislocation cutting through a precipitate is described as 
(Ming et al., 2018): 

σsh = 0.81M
γAPB

2b

(
3πf
8

)1/2  

where M = 3.06 is the Taylor factor for FCC matrix, γAPB=184 mJ/m2 is the anti-phase boundary (APB) energy of binary L12 Ni3Al 

Fig. 7. Evolution of GND density for aged samples at the strain of 0 % and 4.5 %. (a-b) GND density maps for AN1173-AG and PA-AN1173-AG prior 
to tensile test. (c-d) GND density maps for AN1173-AG and PA-AN1173-AG at the strain of 4.5 %. (e-f) GND density statistics distributions for 
AN1173-AG and PA-AN1173-AG. (g) The increment of average GND density for the two samples. 
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(Ming et al., 2018), f is the volume fraction of precipitates, and b is the Burgers vector (0.262 nm). The volume fractions of L12 
nanoprecipitates are 18.2 % and 10.0 % for AN1173-AG and AN1173, respectively. Accordingly, the σsh of AN1173-AG is higher by 
250 MPa than that of AN1173, accounting for about 70 % of their yield strength increment (360 MPa). Thus, the L12 nanoprecipitate 
hardening is the dominant strengthening mechanism for the aged MEA. 

TEM observations of PA-AN1173-AG during tensile deformation are shown in Fig. 10. At the strain of 2 %, the beginning of the 
strain-hardening rate up-turn, only a few SFs and partial dislocations were active at first due to the low stacking fault energy (Fig. 10a- 
b). Some partial pile-ups were marked by green arrows in Fig. 10b. At the strain of 5 %, deformation twins formed and broadened at 
approximately the end of the up-turn, as shown in Fig. 10c. At the strain of 10 %, high-density dislocations were observed not only 
around the TBs and GBs, but also inside the grains interacting with the nanoprecipitates due to increasing strain (Fig. 10d-f), which is 
consistent with EBSD results (Fig. 7). More randomly distributed L12 nanoprecipitates with smaller sizes, smaller interspacing, and 
higher density were sheared by dislocations and SFs, as shown in Fig. 10e. The cutting of precipitates is known to promote planar slip of 
dislocations, which favors GNDs piling up to produce high HDI stress (Zhu and Wu, 2023). L-C locks and 9R structures are also formed 
in the PA-AN1173-AG sample at 10 %-strain (Fig. 10g-i). These deformation-induced 9R regions have widths of tens of nanometers 
(Fig. 10h-i). 9R structures are easily formed in metals and alloys with low stacking fault energy, which could also be formed in metals 
and alloys with medium/high stacking fault energy under high-strain-rate deformation (Liu et al., 2023b; Zhang et al., 2023, 2022b; 
Zuo et al., 2019). These kinds of planar defects (such as 9R structures) should be very effective in strengthening/hardening by blocking 
dislocation slips (Zhang et al., 2023; Zuo et al., 2019). Consequently, more interactions between defects (dislocations, parallel sets of 
stacking faults, and 9R structures) and coherent L12 nanoprecipitates can occur in PA-AN1173-AG, as compared to AN1173-AG. These 
intense interactions should provide significant strain hardening in the pre-aged samples, resulting in better ductility. 

Fig. 8. Phase identification via X-ray diffraction (XRD) analysis after tensile test. (a) XRD patterns for AN1173, PA-AN1173, AN1173-AG, PA- 
AN1173-AG. The asymmetric (111) diffraction peaks and the deconvoluted symmetric peaks of coherent FCC and L12 phases for (b) AN1173, 
(c) PA-AN1173, (d) AN1173-AG, (e) PA-AN1173-AG. 
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4. Conclusions 

Heterogeneous grain structured (CrCoNi)94Al4Ti2 MEA with coherent L12 nanoprecipitates was achieved by annealing and aging 
for different periods. More randomly distributed nanoprecipitates with more uniform size can be obtained by an additional pre-aging 
treatment. Then, the tensile properties and the corresponding deformation mechanism have been studied, and the key findings are 
summarized as follows:  

(1) Tensile tests reveal a greater increase in uniform elongation without apparently sacrificing strength for the pre-aged MEA. A 
more obvious up-turn phenomenon on the strain hardening rate curve can be observed for the pre-aged MEA. Thus, a better 
combination of yield strength and ductility can be achieved by pre-aging.  

(2) The L12 nanoprecipitates can be sheared by dislocations, and the improvement of yield strength is ascribed to the enhanced 
precipitate shear strength for the aged MEA in comparison to annealed MEA. The cutting of nanoprecipitates can promote 
planar slip of dislocation, which favors GNDs piling up to produce high HDI stress.  

(3) Various defects, including stacking faults, Lomer-Cottrell locks, and 9R structures, were formed during the tensile deformation 
producing significant strain hardening by blocking and accumulating dislocation.  

(4) Higher frequency of interactions between defects and coherent L12 nanoprecipitates can be found in the pre-aged MEA due to 
the more randomly distributed L12 nanoprecipitates, resulting in better ductility. This finding demonstrates a new route to 
achieving a super strength-ductility combination of single-phase FCC HEAs by nanoscale coherent precipitation strengthening. 
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Fig. 9. TEM and HRTEM images after tensile deformation for AN1173-AG. (a-b) Bright-field images showing the L12 nanoprecipitates and SFs. (c) 
Shearable L12 nanoprecipitate. (d) L-C locks. (e) 9R structures and L12 nanoprecipitates. (f) The packing sequence of 9R structures. 
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