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Precipitate-hardened high-entropy alloys (HEAs) exhibit great mechanical strength and exceptional ductility. However, the
existing model fails to accurately predict the yield strength contributing from the solid solution strengthening and precipitate
strengthening in the HEAs due to the neglect of the crucial roles including the complex chemical element, precipitate-size
distribution, and the precipitate-spatial distribution. Moreover, a unified strength model for analyzing the yield strength in the
HEAs is still lacking. A developed precipitate strengthening model considering the size distribution and spatial distribution is
established and shows a higher accuracy compared to the existing model. The results show that the precipitate strengthening is
the dominant contribution to the yield strength. It reveals that the effect of spatial distribution on precipitate strengthening is
more pronounced than that of the precipitate-size distribution. This developed model provides a theoretical framework for
determining the precipitate strengthening and the yield strength of HEA, and then subsequently guides the design of the high-

strength HEAs.
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1. Introduction

High-entropy alloys (HEAs) have attracted significant at-
tention in the past decades due to their great strength, su-
perior structural stability, and corrosion resistance [1-5].
Unlike traditional alloys, HEAs generally comprise five or
more elements with nearly equal atomic ratios [4,5]. Thus,
the simple solid solution structures, such as the face-cen-
tered-cubic (FCC) structure and the body-centered-cubic
(BCC) structure, are formed due to the high resultant con-
figurational entropy [4,5]. The BCC HEAs have high
strength and low elongation [6,7], while the FCC HEAs
have good eclongation and relatively low strength [8,9].
Among the HEAs, the FeCoCrNiMn HEA has the con-
siderable tensile strength above 1 GPa and ductility of
nearly 70% [4,10]. To obtain a better mechanical property,
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the FeCoCrNiMn HEA has made modifications by changing
the composition ratio and element kind. Some theoretical
models have been developed for the analysis of the crystal
plasticity and self-sharpening penetration [11,12].

The addition of Ti and Al elements in FeCoNi-based and
FeCoCrNi-based HEAs improves the yield strength due to the
formation of the spherical precipitates in the matrix [13-15].
Thus, the precipitate strengthening plays a key role in en-
hancing the mechanical properties of HEAs [16-18]. The
precipitate strengthening is widely used in many alloys, such
as Ni alloys [19], Al alloys [20], Mg alloys [21], and steels
[22]. Recently, the precipitates to enhance the strength and
ductility of the materials at the atomic level in FCC Cu with
nanoprecipitates are studied using molecular dynamics si-
mulations [23]. The results reveal that nanoprecipitates pro-
vide a unique type of dislocation source activated at
sufficiently high-stress levels for increasing uniform plasticity
[23]. Although the work about strengthening mechanisms has
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been clearly explained, the quantitative prediction of
strength contribution using the strengthening model is still
lacking in HEAs due to the extremely complex chemical
composition. The existing precipitate strengthening model
developed is only to describe the simplified interactions
between the dislocation and precipitate in the traditional
alloys. The shearing mechanism and Orowan bypassing
mechanism have been widely used in the precipitate
strengthened alloys [24]. However, the existing models do
not take into account the precipitate-size and -spatial dis-
tributions and the extremely atomic complex chemical
composition in the novel HEA, and thus the unreasonable
assessment of the solid solution and precipitate strengthen-
ing is a frequent occurrence.

Hence, a solid solution and precipitate strengthening
model in the precipitate-hardened HEA is developed, to
describe the strengthening contribution considering the ef-
fect of the precipitate-size and -spatial distributions and
heterogeneous lattice distortion originating in the complex
chemical composition. Here, instead of a single precipitate
radius, a normal distribution of precipitates is considered.
The Orowan bypassing mechanism is triggered when a
dislocation passes through the large-radius precipitate. The
triggered mechanism is the shearing mechanism when the
dislocation passes through the small-radius precipitate. Be-
sides, the existing strength models for predicting the
strength in the precipitate-hardened HEA are inaccurate and
do not give a detailed contribution from each strengthening
mechanism. In the present work, we have coupled pre-
cipitate strengthening with solid solution strengthening,
grain boundary strengthening, and dislocation strengthening
to form a physically-based constitutive model for analyzing
the yield strength of precipitate-hardened HEA. This model
can analyze the contribution of each strengthening me-
chanism to yield strength. The effect of size and spatial
distribution on precipitate strengthening is analyzed and
discussed. Moreover, the findings obtained provide theore-
tical guidance for the preparation of high-strength HEAs by
turning the precipitate size and fraction.

2. Precipitate strengthening

2.1 Classical precipitate strengthening

Orowan bypassing and shearing mechanisms are the main
strengthening mechanisms in precipitate strengthening. Of
the two mechanisms, the one with a small value of pre-
cipitate strengthening is the operative mechanism.

When dislocations bypass the precipitates, they leave the
dislocation loops, resulting in the precipitate strengthening.
The Orowan bypassing strengthening can be calculated by
the following formula [25,26]:
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where M is the Taylor factor; G is the shear modulus of the

alloy; b is the Burgers vector; v is the Poisson ratio; 7 is the

mean precipitate radius on the slip planes, which can be

written by 7= +/2/3 -r, where r is the precipitate radius;

L, is the mean interparticle spacing, and it can be calculated

as L, = ZF[J w/(4f) — 1], where f'is the precipitate volume
fraction.

When the dislocations shear the precipitates, three factors
should be considered: the coherency strengthening (0cs), the
modulus mismatch strengthening (0ys), and the order
strengthening (0ps). The three strengthening behaviors to-
gether constitute the shearing strengthening mechanism. The
relevant expressions are as follows [27-29]:

Ocs =M -a,(G-e ) [rf1(0.5Gb)]"?, ()
ons = 0.0055M (4G)*2(2f 1 G)(r 1 b)*™* 7, A3)
Gos = 0.81Myrp/ (2b) - (3nf/ 8)"2, 4
Oshear — 9cs T Oms + 00s, (5)

where a, = 2.6 for the FCC structure; m = 0.85; €, is the
constrained lattice parameter mismatch, which can be

written by ¢, = %Aa/ a, where Aa is the constant lattice

difference between precipitates and the FCC matrix, and
Aa/a=0.0026 [13]; AG is the shear modulus difference be-
tween the precipitate (77 GPa) adopted from Niy(Al, Ti) and

FeCoNiCr HEA (78.5 GPa) [13], and AG = |GHEA— G precipiate

Vapp is the anti-phase boundary (APB) energy of the
precipitates.

Thus the curves of precipitate strengthening for the fixed
precipitate volume fraction, and precipitate radius as the
independent variable can be obtained in Fig. 1.
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Figure 1 Corresponding precipitate strengthening mechanism under dif-
ferent precipitate radii.
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As shown in Fig. 1, the curves of Ogheyr and Forowan are
interlaced. There is an important intersection cyitical. “Critical 1S
the critical precipitate radius of the transition from the
shearing mechanism to the Orowan bypassing mechanism.
Thus the precipitate strengthening opg as a function of the
precipitate radius can be summarized as follows:

| Oshear> 7' = Teriticals
T Py (6)
Orowan> Critical*

2.2 Spatial distribution-dependent precipitate strengthening

Many experiments show that the precipitate shape in the
HEAs is mostly spherical [13,15,30,31]. When dislocations
move in the matrix, dislocations may interact with spherical
precipitates at any position, so the actual shape of a single
precipitate in the matrix should be considered. That is to say,
considering the spatial distribution of precipitates. As shown
in Fig. 2a, the dislocation slip plane in the spherical pre-
cipitate may not necessarily pass through the spherical
center. The slip plane may shear or bypass the precipitate in
either direction. Furthermore, Fig. 2b shows the triggering
mechanism for precipitate strengthening when the pre-
cipitate is sheared or bypassed by dislocations through dif-
ferent cross sections. The active mechanism depends on
whether 7 is greater or less than "cyiscal.

The differential quadrature method calculates the pre-
cipitate strengthening controlled by different mechanisms.
As shown in Fig. 2c¢, the precipitate radius 4 (h =r) is di-
vided into two parts of O4 and 4B, the two parts are divided
into n portions, respectively. According to continuum theory
and calculus, n tends to positive infinity. 4;,, = h;+dh (i =
1,2,...,n)in 4B, where dh = AB/n,and h; ;= h;+dh (j =

1,2, ..., n) in OA, where dh = OA/n. Thus Egs. (1)-(5) can
be rewritten as

n
Spatlal _ 1
) Z CS(r T = TCriticals
Spatlal 13
n z MS(V)’ 7; = Teviticals
Spatial _
Oos  — 00s 1i < Titicals ()
Spatial _ _ Spatial Spatial Spatial
OShear — 0CS T OMS 1008 5 17 Teritcals
Spatlal _
O0rowan Z O-Orowan r; > Ieriticals

Spatial

Spatlal _
for o5 and o , 1=

= A= (r— hi)2 . However, based

on Eq. (4), the precipitate radius is not essential for the value

Spatlal Spatial -

of o as ohg  is not influenced by the precipitate ra-

: Spatial _ 2 42
dius. As for g™ % 7= \r = h; .

According to Fig. 2c, by differentiating the precipitate
radius, the probabilities of the two mechanisms can be
calculated. In the active region of the shearing mechanism
(" = Teritical)> the probability is equal to the ratio between the
line AB and the precipitate radius. Therefore, the probability
in the shearing mechanism region (4B region) can be cal-
culated as

4B FCritieal |
pr=50 =1 1 (P ) (8)

For the Orowan bypassing mechanism region (OA re-
gion), the probability can be calculated as

P> =1-p;. )

Combined Egs. (6)-(9), the precipitate strengthening

Spatial

considering spatial distribution (op¢ ) under different

precipitate radii can be obtained by
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Figure 2 Schematic diagram of the dislocation bypassing a precipitate. a Spherical precipitate; b dislocation shearing or bypassing the precipitate;

c differentiating the precipitate radius.
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Spatial __ _ Spatial
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2.3 Size distribution-dependent precipitate strength-

ening

As shown in Fig. 3, the precipitate-size distribution in the
FeCoCrNiTiAl HEA is approximately normal distribution
[32]. The probability density can be expressed as

(P Pave)
202

) an

fo) = e

where o is the standard deviation, and 7ay. is the average
radius of precipitates.
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When the average radius of precipitates meets
Pave = critical, the size distribution consists of two regions. It
includes the shearing mechanism region (* < F¢jcar), and the
Orowan bypassing mechanism region (* > ¥criical) (Fig. 4a).
As shown in Fig. 4b, according to the infinitesimal method,
the precipitate radius in each mechanism region is divided
into n portions (n tends to positive infinity). The precipitate
strengthening contribution of the corresponding part is equal
to the product of the probability of the precipitate radius and
the corresponding precipitate strengthening. The contributed
precipitate strengthening from the mechanism region is the
sum of the contribution of precipitate strengthening in the
corresponding # portions.

The size distribution-dependent precipitate strengthening
considers spatial distribution in two regions and can be
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Figure 3  Precipitate size distribution. a Aged solution treated and 25% pre-deformed sample conditions at an aging time of 240 h and the temperature of
1023 K in the FeCoCrNiTiAl HEA [32]; b solution-treated sample conditions at an aging time of 240 h and the temperature of 1023 K in the FeCoCrNiTiAl

HEA [32].
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Figure 4 a Normal distribution diagram of the precipitate size; b schematic diagram for calculating the contributed precipitate strengthening by the

infinitesimal method.
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expressed as

CSSIZE Spanal(r) J. fp (r) dr, 7 < Foyiticals
i1
O'l\s/llge _ Spatlal(r) I fp (r) dr, 7 = Teriticals
=
008" = Spanalj Sy(r) dr, "= Teitiear (12)
=
Oghees = 08 + Ot + 058", "' = Teriticals
LD o) [y > e
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where 652 is the sum of the precipitate strengthening

contributed by each portion in the shearing mechanism re-

gion (" = Tcyitical)s agriﬁfvan represents the sum of the pre-
cipitate strengthening contributed by each portion in the
Orowan bypassing mechanism region (* > 7cyitical)-

Hence, based on the size distribution and spatial dis-
tribution of the precipitates, the new precipitate strength-

ening model is expressed as

New Size Size
Ops = OShear to O0rowan- (13)

2.4  Yield strength

The yield strength oyg in the precipitate-hardened HEAs
comes from the contribution of four strengthening me-
chanisms, including the solid solution strengthening Ossg,
grain boundary strengthening 0gg, dislocation strengthening
Opis, and precipitate strengthening ops. Therefore, the yield
strength in precipitate-hardened HEAs is expressed as

Oys = 0gs T 0ggT Opjs T Opg. (14)
The elastic mismatch and atomic size mismatch of the
HEA matrix lead to the lattice distortion. Based on the

previous work [33], the solid solution strengthening in the
HEAs is calculated by the following equation:

n
=2.4Gc Pop P, (15)

where A is a treatment processing-dependent and material-
dependent non-dimensional constant, ¢; is the concentration
of the element i in the HEA, and Jp; is the mismatch
parameter. Appendix A gives the detailed derivation process
for the modified solid solution strengthening, and Appendix B
provides the process for the classical solid solution
strengthening.

Based on the Hall-Petch relationship, the grain boundary
strengthening is expressed as [34,35]

oG = kup/ dy, (16)

where kyp is the Hall-Petch constant, and d, is the mean

122393-5

grain size.

The dislocations interact with themselves and impede
their movement. Therefore, the high dislocation density in
the alloys results in the strong dislocation strengthening
[36]. Based on the Bailey-Hirsch relationship [37], the dis-
location strengthening is calculated as

opis = MaGb, [p, a7

where a is the empirical constant [15], and p is the dis-
location density. The dislocation density at different strains
is calculated through the constitutive model in Appendix C
[38,39].

3. Results and discussion

3.1 Validity of developed model and contribution of
strengthening mechanism

The FeCoCrNiTiAl and FeCoNiTiAl HEAs obtained by
different treatment processing (Details are given in Appen-
dix D) [13-15] are analyzed to verify the accuracy of the
developed model, and the yield strength calculated from our
model is compared with the experiment and classical model.
Table 1 shows the parameters used for calculating the
strength of the HEAs. The shear modulus and atomic radius
of the elements in the FeCoCrNiTiAl and FeCoNiTiAl
HEAs are listed in Table D1 of Appendix D. The specimens
of the FeCoCrNiTiAl HEA with various treatment proces-
sing are designated as TP1, TP2, and TP3, respectively. The
specimens of FeCoNiTiAl HEA with various treatment
processing are designated as T1, T2, and T3, respectively.
The treatment processing and atomic fraction of TP1/TP2/
TP3 and T1/T2/T3 are listed in Tables D2 and D3 of Ap-
pendix D, respectively. Moreover, the constant 4, disloca-
tion density, grain size, precipitate radius, and volume
fraction in FeCoCrNiTiAl and FeCoNiTiAl HEAs are listed
in Table D4 of Appendix D.

Based on the experiments, the yield strength of the Fe-
CoCrNiTiAl and FeCoNiTiAl HEAs is obtained through the
classical model I, classical model II and the present model.
Here, the classical model I is based on the classical solid

Table 1 Parameters used in the present model for the HEA

Parameter Symbol Magnitude
Taylor factor M 3.06
Burgers vector (nm) b 0.255 [40]

Shear modulus differ-
ence (GPa) AG 1.5
Poisson ratio v 0.31 [14]
APB energy (J/mz) YAPB 0.12 [41]
Standard deviation o 34
Hal}l\f/’li:)t:}:l I:;)flzs)tant ko 266 [35]
Empirical constant o 0.2 [15]



https://www.sciengine.com/doi/10.1007/s10409-022-22393-x
https://www.sciengine.com/doi/10.1007/s10409-022-22393-x
https://www.sciengine.com/doi/10.1007/s10409-022-22393-x
https://www.sciengine.com/doi/10.1007/s10409-022-22393-x
https://www.sciengine.com/doi/10.1007/s10409-022-22393-x
https://www.sciengine.com/doi/10.1007/s10409-022-22393-x
https://www.sciengine.com/doi/10.1007/s10409-022-22393-x

S. Ren, et al. Acta Mech. Sin., Vol. 39, 122393 (2023)

solution strengthening model and classical precipitate
strengthening model; the classical model I is based on the
modified solid solution strengthening model and classical
precipitate strengthening model; the present model is based
on the modified solid solution model and developed pre-
cipitate strengthening model. The strength from the rest of
the strengthening mechanism is computed using the same
model. As shown in Fig. 5, the error between the present
model and the experiment is minor compared with the
classical models I and II. The results calculated with the
classical model I usually have a large deviation. Take TP2
alloy as an example, the yield strength of TP2 is 648 MPa,
the yield strength calculated by the classical model I is
810.5 MPa, and the error is 25.1%. The yield strength cal-
culated by the classical model II is 707.9 MPa, and the error
is 9.3%. The yield strength calculated by the present model
is 677.3 MPa, and the error is 4.5%. In contrast, the accu-
racy of our model is 20.6% higher than that of the classical
model I and 4.7% higher than that of classical model II in
TP2. Moreover, the calculation error of the present model is
less than 10%, and the calculation accuracy is improved
compared with the classical models I and II.

The contributions of various strengthening mechanisms
on the yield strength in the FeCoCrNiTiAl and FeCoNiTiAl
HEAs are presented in Fig. 6. Because the dislocation
strengthening in TP1 and T1 calculated by the constitutive
model in Appendix C are too small, they are ignored. From
Fig. 6a, precipitate strengthening is dominant in the incre-
ment of the yield strength and contributes more than 50% of
the strength. The highest contribution of precipitate
strengthening reaches 87% (Fig. 6b). Although the pre-
cipitate radius and volume fraction in TP1 and TP2 are
different, their treatment processes are almost the same (The
treatment processing of TP1/2 is listed in Table D2 of Ap-
pendix D). There is nearly no difference in the precipitate
strengthening and yield strength. However, compared with
TP2, TP3 has a higher yield strength due to the contribution
of dislocation strengthening. The dislocation strengthening

a 1200
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1100 | - Present model
|:| Classical model I

1000 | - Classical model IT

o
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(=}
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accounts for 27% of the yield strength in TP3. This trend is
consistent with the previous experimental result [42]. When
the dislocation density is very high, the heterogeneous nu-
cleation is dominant [42]. The massive nucleation increases
the number of precipitates, resulting in the strong precipitate
strengthening.

From Fig. 6¢, precipitate strengthening plays a vital role in
the yield strength, and the contribution of precipitate
strengthening to yield strength is higher than 43%. Its
highest contribution reaches 81% (Fig. 6d). Similar to the
case in the FeCoCrNiTiAl HEA, compared with T1 and T2,
T3 has high dislocation density. This trend makes the effect
of dislocation strengthening obvious, and the contribution of
dislocation strengthening accounts for up to 29% (Fig. 6d).

Based on the theoretical modeling results, there is no
apparent competition between grain boundary strengthening
and precipitate strengthening (Fig. 6a and c). Hence, the
optimal choice is to reduce the grain size to increase the
grain boundary strengthening. The increased dislocation
density enhances the dislocation strengthening by adjusting
the treatment processing, thereby improving the yield
strength of the precipitate-hardened HEAs.

3.2 Effect of size distribution and spatial distribution
on precipitate strengthening

To determine the influence of size distribution and spatial
distribution on precipitate strengthening, the relationship
between precipitate strengthening and precipitate radius is
analyzed. Figure 7a shows the apparent differences between
the present precipitate strengthening model and the classical
precipitate strengthening model. When the precipitate radius
meets ¥ = Tcriical, the difference between the classical model
and the present model is close to 100 MPa. The radius
corresponding to the maximum precipitate strengthening is
increased after considering the size and spatial distributions.
Besides, the difference of the precipitate strengthening from
the present and classical models becomes more prominent in

b 1600
Experiment
Present model
1400 |:|C1assical model I
f=s - Classical model II
S 1200
=]
2 1000 |
(0]
E=]
wv
2 800}
>
600 [
400

Tl 12 13

Figure 5 Comparison of yield strength from the experiments, classical models, and present model. a FeCoCrNiTiAl HEA; b FeCoNiTiAl HEA.
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Figure 6 a Contribution of different strengthening mechanisms in the FeCoCrNiTiAl HEA; b yield strength from different strengthening mechanisms in the
FeCoCrNiTiAl HEA; ¢ contributions of different strengthening mechanisms in the FeCoNiTiAl HEA; d yield strength from different strengthening

mechanisms in the FeCoCrNiTiAl HEA.

the case of » > 50 nm, due to the contribution of the shearing
mechanism considered in the developed model. According
to Fig. 7b, the effect of the size distribution on precipitate
strengthening is small, and the calculated value is almost no
different from the classical model. The difference is only
apparent when the precipitate radius is near the critical ra-
dius, and the difference between the classical model and the
size distribution-dependent model is about 50 MPa.

Figure 7c reveals that the spatial distribution plays a cri-
tical role in the present model. With the increasing pre-
cipitate radius, the difference between the spatial
distribution model and the classical model gradually ob-
vious until it approaches *critcal. The radius corresponding to
the maximum precipitate strengthening of the spatial dis-
tribution model increases compared with the classical
model. When the precipitate radius is slightly larger than the
critical radius, the shearing mechanism and the Orowan
bypassing mechanism can still enhance the precipitate
strengthening. However, as the precipitate radius continues
to increase, the proportion of the shear mechanism reduces,
and the strength from the Orowan bypassing mechanism is
insufficient to compensate for the strength loss caused by
the reduction of the proportion of the shearing mechanism.

This leads to the weakening of the precipitate strengthening.
Before the turning point, the precipitate strengthening cal-
culated by the spatial distribution is smaller than that of the
classical model, as the dominant mechanism of precipitate
strengthening is the shearing mechanism. After the turning
point, as the effects of both shearing and Orowan bypassing
mechanisms on individual precipitate are considered, the
precipitation strengthening is greater than that of the clas-
sical model.

3.3 Effect of the precipitate volume fraction

Figure 8 shows the relationship between the spatial dis-
tribution-dependent precipitate strengthening and the pre-
cipitate radius. The precipitate strengthening increases with
the increasing precipitate volume fraction, and the pre-
cipitate radius required for the maximum precipitate
strengthening increases. When the volume fraction of pre-
cipitates is large, more precipitates are needed to cut or
bypass by dislocations in the slip plane.

The relationship between the spatial distribution-depen-
dent precipitate strengthening and the precipitate volume
fraction is analyzed in Fig. 9a. The precipitate strengthening
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Figure 7 Curves of precipitate strengthening for the precipitate volume fraction of 14.9%. a Classical precipitate strengthening model and the present
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Figure 8 Spatial distribution-dependent precipitate strengthening versus
precipitate radius for different precipitate volume fractions.

curves with different precipitate radii are staggered, sug-
gesting that the precipitate strengthening is very sensitive to
the precipitate radius. The precipitate strengthening in-
creases with the increasing precipitate volume fraction, even
though the precipitate radius is different.

As shown in Fig. 9b, when the radius meets < 30 nm, the
change rate of the precipitate strengthening to volume
fraction decreases with the increased volume fraction, as the
shearing mechanism dominates the precipitate strengthening
(Fig. 9c). However, when the radius meets » > 60 nm, the
change rate begins to increase, due to that the dominant
mechanism is the Orowan bypassing mechanism (Fig. 9c¢).
With the increase of the volume fraction, the dominant
precipitate mechanism changes to the shearing mechanism
(Fig. 9c), leading to the decrease of change rate.

The relationship between the spatial distribution-depen-
dent precipitate strengthening and precipitate radius is ana-
lyzed in Fig. 9d. The change rate of the spatial distribution-
dependent precipitate strengthening to precipitate radii de-
creases with the increasing radius. The singularities re-
present that the dominant mechanism changes from the
shearing mechanism to the Orowan bypassing mechanism

(Fig. 9d). By increasing the volume fraction, the range with
a positive change rate can be extended to maximize the
precipitate strengthening.

3.4 Effect of the shear modulus difference

The modulus mismatch strengthening is the strengthening
mechanism that can reflect the effect of material properties
differences between precipitates and HEAs on the yield
strength. Figure 10 shows the relationship between the shear
modulus difference and modulus mismatch strengthening.
The modulus mismatch strengthening enhances with the
increase of the shear modulus difference, and radius as well
as volume fraction. Here, the toughness loss caused by ex-
cessive shear modulus difference should be inestimable al-
though modulus mismatch strengthening can increase with
the increase of shear modulus difference. It is worth noting
that a key issue associated with modeling strain hardening in
the HEAs would be left in the future [43].

4. Conclusion

A theoretical model of yield strength in the HEAs is de-
veloped by considering various strengthening mechanisms,
including the solid solute strengthening, grain boundary
strengthening, dislocation strengthening, and precipitate
strengthening. In addition, a precipitate strengthening model
is established in the HEAs, taking into account the size and
spatial distribution. The developed model is in good
agreement with the experiment and the accuracy is higher
than the classical model, which verifies the reliability of the
model.

From the analysis of the experimental data and the de-
veloped strengthening model, the following conclusions are
obtained. The precipitate strengthening is the main con-
tribution to yield strength in the FeCoCrNiTiAl and FeCo-
NiTiAl HEAs. The spatial distribution significantly
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influences the precipitate strengthening. However, the size
distribution has little effect on the precipitate strengthening.

In the relationship

between the spatial distribution-depen-

dent precipitate strengthening and the volume fraction, when
the radius is smaller than the critical radius, the shearing

mechanism is triggered, resulting in the weakness of the
precipitate strengthening. When the precipitate radius is
larger than the critical radius, the dominant mechanism
changes to the Orowan bypassing mechanism, leading to the
enhancement of the precipitate strengthening.
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