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ARTICLE INFO ABSTRACT

Keywords:
Porous metallic materials

Voids degrade the strength of metallic materials and accelerate fracture. However, our experiments have
demonstrated a breakdown of the strength—ductility trade-off in gold by introducing dispersed nanovoids.
Till now, the underlying strengthening mechanism remains unclear, as the previously proposed Orowan-based
interpretation contradicts the observed dislocation-nanovoid cutting behavior in experiments and molecular
dynamics simulations. In this research, a physics-based constitutive model that incorporates competition among
different dislocation—nanovoid interaction mechanisms was developed to reveal the dominant strengthening
mechanism. The yield strength and ductility predicted by the proposed constitutive model agree well with the
experimental results for both dense gold and porous gold with dispersed nanovoids. It is shown that the weak-
cutting mechanism, involving the formation of new matrix surfaces, governs the strength enhancement across
a wide range of void sizes, rather than the Orowan mechanism previously assumed. Moreover, the increased
ductility arises from strengthening induced by nanovoid growth and from nanovoid-enhanced dislocation
accumulation. Based on these findings, an efficient prediction model for yield strength and a quantitative
criterion for maintaining ductility were developed to conveniently assess macroscopic mechanical performance.
This study provides mechanistic insight and practical guidance for designing nanovoid-engineered metallic
materials with optimized strength and ductility.

Dislocation—nanovoid interaction
Strengthening mechanisms
Strength—ductility synergy
Constitutive modeling

1. Introduction due to the introduction of a high density of weak boundaries (Xie

et al., 2023). At the nanoscale, the presence of nanovoids — such

Metallic materials that combine low density with a favorable
strength—ductility balance are highly desirable for engineering struc-
tures, as they can improve energy efficiency and reduce carbon foot-
print. In addition to alloying with lightweight elements such as alu-
minum, magnesium, and lithium, an alternative strategy is to tailor
the material’ s hierarchical architecture at multiple length scales (Chen
et al., 2025; Kim et al., 2025; Chen et al., 2026; Dai et al., 2026).
At the macroscopic scale, metallic lattices incorporating triply periodic
minimal surfaces or multi-phase architectures exhibit superior energy
absorption and high specific stiffness and strength under compressive
loading (Pham et al., 2019; Huang et al., 2025). At the mesoscale,
reducing the mean domain size to the micrometer level enhances tensile
ductility in porous Fe-Mn—Cr alloys prepared by dealloying, primarily
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as helium bubbles — can impede dislocation motion and significantly
strengthen metallic materials (Hu et al., 2016; Ji et al., 2023). However,
this strengthening is often accompanied by reduced ductility owing
to helium-induced embrittlement, resulting in a pronounced strength—
ductility trade-off (Hure et al., 2022; Changizian et al., 2023). The dual
role of pores and voids thus presents both opportunities and challenges
for achieving strength—ductility synergy in porous metallic materials.
In general, large pores and voids degrade the strength of metal-
lic materials and accelerate fracture under tensile loading. However,
our recent experimental study has reported an unexpected nanovoid-
enhanced strength-ductility synergy in gold, achieved without altering
the materials composition or phase (Chen et al., 2024). As the average
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nanovoid diameter decreased from 180 to 18 nm, the experimentally
measured yield strength of the porous gold increased from 116 to
176 MPa, around 36% and 107% larger than that of dense gold, respec-
tively. In addition, compared with the original tensile elongation 11.5%
of dense gold, the maximum relative increase in tensile elongation
exceeds 45% for the porous gold. Assuming that nanovoids act as
impenetrable obstacles to dislocation motion, we previously attributed
the strengthening effect to the Orowan bypassing mechanism and de-
veloped a quantitative model that explains the experimentally observed
evolution of yield strength. This unconventional observation offers new
insights into designing lightweight metallic materials with superior
synergistic mechanical performance. Nevertheless, the physical origin
of the yield strength enhancement induced by nanovoids remains not
fully understood.

Numerous experimental studies have demonstrated that the inter-
action between dislocations and precipitates in metallic materials is
strongly size-dependent (Li et al., 2024; Yuan et al., 2025). As the char-
acteristic precipitate size decreases from hundreds of nanometers to
several nanometers, the governing deformation mechanism transitions
sequentially from the Orowan bypassing mechanism to the strong-
cutting mechanism and finally to the weak-cutting mechanism (Roger,
2006; Fang et al., 2019). For the nanovoids present in porous gold,
a similar size dependence can be expected: at sufficiently small void
sizes, dislocations tend to shear through the voids rather than bypass
them, since the voids possess lower stiffness and weaker resistance
to dislocation motion compared with precipitates. This behavior has
been confirmed by both molecular dynamics simulations and exper-
imental observations in metallic systems containing nanovoids with
various internal pressures (Ding et al., 2016a,b; Ji et al., 2023; Liu and
Demkowicz, 2023; Lin et al., 2026), contrasting with the assumption
of impenetrable obstacles. Therefore, it is not rigorous to attribute the
strengthening effect of nanovoids solely to the Orowan mechanism. In
addition, the observed improvement in ductility is cursorily ascribed to
the suppression of low-energy dislocation cell formation by dislocation—
void interactions (Chen et al., 2024). However, as nanovoids evolve in
both size and volume fraction during deformation, their influence on
dislocation slip resistance — and thus on the overall strain hardening
and ductility — can vary significantly, irrespective of whether the
governing mechanism is cutting or bypassing. Therefore, the physical
origin of ductility enhancement in porous metallic materials containing
dispersed nanovoids remains unresolved.

To elucidate the fundamental mechanism underlying the enhanced
strength—ductility synergy in porous metallic materials containing dis-
persed nanovoids, this study develops a physics-based crystal plastic-
ity model that explicitly accounts for the competition between the
Orowan bypassing and cutting mechanisms. After validating the in-
trinsic material parameters using the mechanical response of dense
gold, a series of numerical simulations is conducted to investigate
the nanovoid-regulated deformation and failure behaviors of porous
gold. The simulations reveal that the weak-cutting mechanism, asso-
ciated with the formation of new matrix surfaces, predominates in
strengthening across a wide range of void sizes, in contrast to exist-
ing theoretical explanations based on the impenetrable obstacle and
Orowan mechanism. Furthermore, a theoretical model for predicting
yield strength and a quantitative criterion for ensuring ductility are pro-
posed for the first time, providing efficient guidelines for optimizing the
strength—ductility balance in nanovoid-engineered metallic materials.

2. Crystal plasticity constitutive model for porous metallic mate-
rials with dispersed nanovoids

2.1. General constitutive framework

For metallic materials containing voids with non-zero internal pres-
sure, Yu et al. (2020) proposed a modified Gurson-Tvergaard—
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Needleman yield potential that captures the coupling among applied
stress, void volume fraction, internal pressure, and effective stress
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where the resolved shear stress z; acting on the ith slip system is defined
by 7, = 6 : N;, and o is the applied Cauchy stress tensor. The Schmid
tensor N; = m; ® n; acts as a projection operator that converts the
macroscopic stress into the resolved shear stress acting on the ith slip
system, where unit vectors m; and n; are the slip direction and normal
of the ith slip system, respectively. Both the von Mises stress o., and
hydrostatic stress o,, are associated with ¢. Dimensionless parameters
41, 45, and A are variable constants. P denotes the internal pressure of
the gas trapped inside the voids. The effective void volume fraction ff”
equals to the void volume fraction f, when f, < 1/¢;, and equals to
1/q, when f, > 1/q,. The effective resolved shear stress rfff is deter-
mined by solving Eq. (1) after giving the aforementioned parameters
and variables. At P = 0 MPa, Eq. (1) degrades to the potential function
for metallic materials containing voids without internal gas pressure.

The plastic strain rate tensor D, of porous metallic materials is
defined as (Han et al., 2013)
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where N, = 12 is the total number of slip systems for the face-centered
cubic (FCC) metals at ambient temperature, and y; is the plastic shear
rate on the ith slip system, with a dot over it denoting a derivative
with respect to time. Using Eq. (1), the normality rule, and the implicit
function theorem, the effective Schmid tensor is defined as
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with the deviatoric stress tensor S = o — ,,,I and second-order identity
tensor L

The plastic shear rate j; is described phenomenologically as
(Hutchinson, 1976)
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where 79 is the reference shear strain rate, m is the dimensionless rate-
sensitivity exponent, and z; denotes the critical resolved shear stress
(CRSS) of the ith slip system. The parameter m ranges from the order
of 10=3 to 1072 for the low viscous metallic materials at ambient
temperature.

For the porous metallic materials with dispersed nanovoids, both
dislocation interactions and nanovoid-dislocation interactions con-
tribute to the flow resistance. Since lattice friction is negligible in FCC
metals, the CRSS is expressed as

7= ‘rl.d +17!, 7

where rl.d = aub,/p; represents the dislocation hardening contribution,

with a the dislocation hardening coefficient reflecting the contribution
of microscopic dislocations to the macroscopic yield behavior, u the
shear modulus, b the Burgers vector magnitude, and p; the dislocation
density belonging to the ith slip system. The term 7} accounts for
the strengthening induced by nanovoids, which will be modeled and
discussed in detail in the following section. The evolution rate of
dislocation density p; follows (Li et al., 2025)

1 (Ve .
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where K is a dimensionless material parameter governing the disloca-
tion accumulation, and y, is the critical annihilation distance between
dislocations. Small K and y, result in rapid accumulation and slow
annihilation of intragranular dislocation, respectively, mathematically
increasing the strain hardening ability of materials.

2.2. Strengthening mechanism driven by nanovoids

The interaction mechanism between dislocations and obstacles, such
as precipitates or voids, depends on the obstacle size (Roger, 2006; Fang
et al., 2019). For relatively large precipitates, dislocations bypass these
precipitates by bowing between them, forming semicircular loops. The
corresponding increase in slip resistance is classically described by the
Orowan relation (Orowan, 1948)
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where Ty is the dislocation line tension, L = d,(1/z/6f, — 1) is the
mean planar spacing between adjacent precipitates with d, as the
obstacle diameter. Considering the softening effect due to the self-
interaction among adjacent bowing dislocation loops, modified Orowan
formulas have been proposed by introducing the harmonic mean of the
precipitate spacing and diameter (Bacon et al., 1973; Osetsky et al.,
2003). However, the prediction accuracy of this approach, also adopted
in our previous work (Chen et al., 2024), relies on experimentally
measured yield strengths, as the fitted dimensionless parameters lack
physical meaning.

As precipitate size decreases, a dislocation can cut through the
precipitate, forming an anti-phase boundary (APB) and a new matrix—
particle interface. Creating new interfaces in materials increases slip
resistance to dislocation motion. For relatively large precipitates, the
dislocation—precipitate interaction occurs via the strong-cutting mech-
anism, and the additional shear stress required for cutting obstacles is
(Reppich, 1975)
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where d, and d, are the line lengths of edge dislocations within
the pair-coupled precipitates, both on the order of the precipitate
diameter. y,pg and y,,; denote the APB energy and surface energy,
respectively. At sufficiently small precipitate sizes, the weak-cutting
mechanism dominates, and the corresponding increase in CRSS is given
by (Reppich, 1975)
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Nanovoids could be considered as precipitates with zero stiffness.
Unlike dense precipitates, dislocations shearing nanovoids do not gen-
erate APBs; thus, the strengthening arises solely from the creation of
new matrix surfaces. For this case, with y,pg = 0 J/m?, the pair-
coupling coefficient of 1/2 in Egs. (4) and (5) should be replaced
by 1 (Brown and Ham, 1971). The resulting CRSS expressions for
strong-cutting and weak-cutting through voids become

2 c 2
Tyrong = —ysL"” + _ys;rszv (12)
and

2y, b 2
ek = Vzlrf }/;’;:df + 75;1'2ffv , (13)

respectively. Since both L and d, scale with the nanovoid diameter
d,, Egs. (12) and (13) indicate that the strengthening effect increases
inversely with d,. Consequently, a pronounced rise in yield strength is
expected as the nanovoid size decreases.

In general, a dislocation moves along the path of least slip re-
sistance. Focusing on the physical mechanisms underlying nanovoid-
regulated strengthening in porous gold, the increase in slip resis-
tance can be attributed to the competition among the Orowan by-
passing, strong-cutting, and weak-cutting mechanisms. Accordingly, the
strengthening contribution 7 in Eq. (7) due to nanovoids is proposed
as

v
T,' = min {TOrowan’ Tslrong’ rwea.k}

I ZTd 2}’surf 275urffv 275urf ysurfb 275urffv (14)
= min b_L T + + .

d, L Td d,

The dislocation line tension T reported in the literature varies consid-
erably. To minimize artificial influences in numerical simulations, T} is
uniformly set to Ty = ub? /4, following Reppich (1975), which is notably
smaller than T; = ub?/2 for the Orowan mechanism (Li et al., 2024).

In general, spherical voids elongate into ellipsoid under multiaxial
stress loading. The aspect ratios and orientations of ellipsoidal voids
could result in plastic anisotropy and damage anisotropy even for
isotropic metallic materials (Nasir et al., 2025). However, as supported
by our experimental results in Fig. A.1 of Appendix A and molecular
dynamics simulations at relatively small strains (Chandra et al., 2017;
Jing et al., 2018; Zhu et al., 2023; Lin et al., 2026), nanovoids are
assumed to remain approximately spherical during deformation to
simplify the modeling and analysis. As the void diameter d, evolves due
to void growth, the strengthening 7}’ determined by Eq. (14) also varies
during numerical simulations. The detailed derivation for the evolution
of d, is provided in Appendix A.

3. Mechanical behaviors and strengthening mechanism

3.1. Finite element model and validation of material parameters for dense
gold

Section 3.1 focuses on the macroscopic mechanical response of
dense gold to validate the intrinsic material parameters. For dense
gold, voids with irregular shape may nucleate and grow during plastic
deformation. Although these deformation-induced voids may play a
role in impeding dislocation movement, in general they do not con-
tribute to strengthening. The softening effect significantly surpasses the
possible strengthening effect due to irregular voids and the associated
localized stress concentration, accelerating material fracture, regardless
of the nucleation and growth rate of voids. In contrast, nanovoids
intentionally introduced prior to deformation (e.g., in porous gold)
interact with dislocations from the onset of plastic flow, thereby in-
creasing slip resistance and yield strength via Orowan or cutting mecha-
nisms. Accordingly, in the simulations for dense gold, the strengthening
contribution from voids is set to zero (z} =0 MPa) in Eq. (7).

Fig. 1a illustrates the polycrystalline finite element model compris-
ing 891 grains used in the numerical simulations. As demonstrated in
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Fig. 1. Finite element model of polycrystalline gold: (a) Dimensions of sample containing 891 grains. (b) Volume-weighted probability density function (PDF)

of grain diameter.

our previous work (Han et al., 2026), the element length of L, = 1.8 pm
could obtained convergent numerical results for porous metallic ma-
terials. The corresponding volume-weighted average grain diameter
dyye = 9.87 pm shown in Fig. 1b aligns with the experimentally mea-
sured average grain size of 10 pm (Chen et al., 2024). For dense gold,
voids nucleate and grow as plastic strain increases. The evolution of the
void volume fraction is described by the phenomenological law (Zhang
et al., 2025)

eq 2
; /N 1( €mp — €N .eq
fo= exp|-= e Emp + (1 = f)trace(D,), 15)

sNV 2w 2

where fy, sy, and ey are dimensionless parameters characterizing the
nucleation rate of new voids, and the microscopic equivalent plas-

| \/@2/3)Dy,, : Dy,dr with D, =

tic strain is defined as e = /)
T 7N+ (Ne) '] /2,

Table 1 summarizes the material parameters used for modeling
dislocation slip and void evolution in dense polycrystalline gold. The
shear modulus y at ambient temperature 7' = 300 K is estimated by the
Voigt-Reuss-Hill average (Hill, 1952). The parameters for temperature-
dependent elastic constants C;;(T) = Cioj = S;;/lexp(T;;/T)— 11 (i = 1,4
and j = 1,2,4) are listed in Table 2 (Olsson, 2015), where C?j is the
elastic constant at T = 0 K, S;; and 7;; are the corresponding fitting
coefficients. The initial void volume fraction is taken as an extremely
small value, f0 = 0.0001, ensuring no influence on the initial yielding
behavior. The critical annihilation distance between two opposite dis-
locations is fitted as y, = 34b. In addition, the other parameters are
also fitted through the experimentally measured nominal stress—strain
curve. In all simulations, models with zero internal void pressure are
symmetrically constrained at the surfaces of x = 0 pm, y = 0 pm, and
z = 0 pm. Meanwhile, the surface at x = 189 pm is uniaxially stretched
along the x-direction at a nominal strain rate of ¢}{™ = 0.002/s,
consistent with our experimental conditions (Chen et al., 2024).

Fig. 2 compares the nominal stress—strain (aﬁ’"‘—e?‘l’m) curves ob-
tained from finite element simulations and experiments for polycrys-
talline dense gold under uniaxial tension. The simulated curve shows
excellent agreement with the experimental result at £}{™ < 0.15, in
which the localized necking is imperceptible. Following the conven-
tional definition, the flow stress at 0.2% offset strain is referred to
as yield strength. In addition, the strain corresponding to the maxi-
mum flow stress on ol "-€(™ curve denotes uniform tensile strain,
which marks the initiation of local necking in materials. The yield
strength ¢%™¢ = 90.33 MPa and uniform tensile strain g = 0.108
predicted by the simulation are consistent with the measured values
ojere = 85.27 MPa and £(°™° = 0.115 in our experimental study (Chen
et al., 2024), thereby confirming that the present model accurately

Table 1
Material parameters for dislocation slip and void evolution in dense single-
crystal gold.

Parameters Values References

K 2.5 Fitted parameter

b 0.289 nm Zhang et al. (2022)

7° 0.0001 Fitted parameter

N 0.02 Chakraborty and Biner (2015)

m 0.05 Fitted parameter

q 1 Han et al. (2013)

q, 1 Han et al. (2013)

SN 0.02 Chakraborty and Biner (2015)

Ve 9.826 nm Fitted parameter

a 0.32 Fitted parameter

70 0.0001/s Xiao et al. (2015)

[N 0.08 Chakraborty and Biner (2015)
1 Han et al. (2013)
28.06 GPa Voigt-Reuss-Hill average

2 1.06 x 10'* /m? Fitted parameter

Table 2

Temperature-dependent elastic constants for dense single-crystal gold (Olsson,
2015).

Elastic constants C}) (GPa) S,; (GPa) T, (K)
c, 201.6 8.467 240.7
Cp, 176.1 10.566 219.6
Cy 475 1.140 87.5

captures the macroscopic mechanical performances and validating both
the constitutive formulation established in Section 2 and the material
parameters summarized in Tables 1 and 2. In addition, the fundamental
mechanism underlying marked discrepancies at large strains is revealed
in Section 3.2.

3.2. Nanovoid-regulated mechanical performance of porous gold

For metallic materials with low yield strength, the growth of pre-
existing voids is energetically more favorable than the nucleation of
new ones (Ramesh, 2009). Given that ¢d™e = 85.27 MPa of the dense
gold in the experiment is relatively low, the growth rate of the void
volume fraction is simplified as f, = (1 — ftrace(Dy) in the following
simulations for the porous gold samples in Table 3 (Chen et al., 2024).

As analyzed in Section 2.2, dislocations can cut through nanovoids,
and the associated formation of new matrix surfaces might dominate
the strengthening of the material. For FCC gold, dislocation slip primar-
ily occurs on the {111} (110) system at ambient temperature. Therefore,
the increase in the CRSS of the porous gold arising from the cutting
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Fig. 2. Comparison of nominal stress—strain curves under uniaxial tension
along the x-direction between numerical simulations and experimental results
for polycrystalline dense gold.

Table 3
Initial diameters and volume fractions of nanovoids in samples (Chen et al.,
2024).

Sample 1 2 3 4 5
d? (nm) 180 92 83 45 18
fvo 0.0691 0.0462 0.1170 0.0597 0.0615

mechanism is governed by the surface energy y,; = 1.283 J/m’ of
the close-packed {111} plane in Eq. (14) (Vitos et al., 1998). The
line length of edge dislocations is estimated as d, = d,. Moreover,
nanovoids can promote dislocation nucleation and multiplication (Chen
et al., 2024), thereby enhancing the material’s overall strain-hardening
capacity. To capture this effect, the propagation coefficient is adjusted
to K = 2.3 for porous gold, slightly lower than K = 2.5 for dense gold.
This is a rough qualitative modification for dimensionless parameter
K, as it is difficult to microscopically measure the dynamic evolution
rate of dislocation density in the experimental study for the porous
gold with dispersed nanovoids. All other material parameters remain
the same as those listed in Tables 1 and 2.

Fig. 3 shows the nominal stress—strain curves and yield strengths
obtained from numerical simulations and experimental measurements
for samples with various initial diameters and volume fractions of
nanovoids, as listed in Table 3. The simulated results exhibit good
agreement with experiments, except for a relatively large deviation
observed in the sample with d° = 18 nm and f = 0.0615. These results
demonstrate that the proposed physics-based constitutive model in Sec-
tion 2, which requires no empirical fitting parameters for z,, can pre-
cisely describe the strengthening effect induced by nanovoids, despite
the underlying microscopic mechanisms not being fully elucidated.

Using the yield strengths and uniform tensile strains of the dense
gold in Section 3.1 as benchmarks, Fig. 4 compares the experimental
and numerical results for the normalized yield strengths &, and normal-
ized uniform tensile strains &, of all samples, where &, = oy /o,
&, =&y ™" /et and o} """ and £} denote the yield strength and
uniform tensile strain of the porous gold with dispersed nanovoids, re-
spectively. The numerical predictions agree well with the experimental
data, successfully reproducing the remarkable strength—ductility trade-
off observed in porous gold. The values of £, obtained from numerical
simulations approach the lower bounds of the experimental results at
relatively large nanovoids. The underlying microscopic mechanisms re-
sponsible for the nanovoid-induced strengthening and the simultaneous
enhancement of strength and ductility at larger void sizes are discussed
in detail below.

European Journal of Mechanics / A Solids 121 (2027) 106311

Using Egs. (9), (12), and (13) in Section 2.2, Fig. 5 shows the initial
increase in CRSS resulting from the Orowan, strong-cutting, and weak-
cutting mechanisms at an initial void volume fraction of f0 = 0.05.
In contrast to the decreasing trend of the weak-cutting contribution
in precipitate-strengthened alloys (Fang et al., 2019), the strengthen-
ing effect of the weak-cutting mechanism arising from dislocation—
nanovoid interactions increases monotonically with decreasing void
size. More importantly, the CRSS values associated with the weak-
cutting mechanism remain lower than those predicted by the Orowan
and strong-cutting mechanisms over the entire void-size range, with
no intersection points indicating a mechanism transition. This result
suggests that the weak-cutting mechanism — associated with the for-
mation of new matrix surfaces — possesses the lowest critical resolved
shear stress among all interaction modes. Hence, it is the easiest way to
activate during plastic deformation and thus dominates the dislocation
slip behavior in porous gold containing dispersed nanovoids.

To further identify the dominant role of the weak-cutting mecha-
nism, Fig. 6 presents the evolution of z, with void growth at given
f9 and d9, using Egs. (9), (12), (13), (A.4) for all samples in Table
3. Both the initial and evolving values of 7, from the weak-cutting
mechanism remain substantially smaller than those from the Orowan
and strong-cutting mechanisms throughout nanovoid growth. Mean-
while, the existing direct experimental observations and molecular
dynamics simulations for different metallic materials, containing the
high-entropy alloys as well as the irradiated copper, tungsten, and
nickel with helium bubbles, indicate a cutting behavior in dislocation—
nanovoid interaction (Ding et al., 2016a,b; Ji et al.,, 2023; Liu and
Demkowicz, 2023; Lin et al., 2026), despite Torowans Tstrongs aNd Tyeak
according to Eq. (14) mathematically showing different trends with
the variation of u and y,; and the possible transition in dominant
strengthening mechanism. Therefore, incorporating the above theoret-
ical results and observed cutting behaviors between dislocations and
nanovoids in different metallic materials, the weak-cutting mechanism
associated with the formation of new matrix surfaces is identified as the
fundamental physical origin of the observed strengthening in porous
metallic materials with dispersed nanovoids.

Both the experimental observations and finite element simulations
in Fig. 4 reveal a synergistic enhancement of strength and ductility
at relatively large void sizes. This strength—ductility synergy origi-
nates from two concurrent effects, the nanovoid-facilitated dislocation
propagation and the nanovoid growth-induced increase in the strength-
ening contribution. As demonstrated previously, nanovoids in porous
gold promote dislocation nucleation and multiplication (Chen et al.,
2024), thereby elevating the dislocation storage capacity. Consider-
ing the saturated dislocation density pf‘“ = 1/(2Ky,)? (Han et al.,
2023), reducing the parameter K from 2.5 to 2.3 yields an increase
in the saturated dislocation strengthening ¢ = Of,ub\/E from 52.8 to
57.4 MPa. This enhanced ability to propagate dislocations contributes
to greater macroscopic strain hardening, delays the onset of necking,
and improves material ductility.

More importantly, Fig. 6 demonstrates that the strengthening ef-
fect associated with the weak-cutting mechanism increases substan-
tially during void growth across all samples. Taking the sample with
d® = 92 nm and f0 = 0.0462 as an example, the value of 7, de-
scribed by the weak-cutting mechanism rises significantly from 10.65
to 24 MPa, as f, increases from 0.0462 to 0.2. This pronounced
rise in 7, can counteract, or even exceed, the void-induced softening
during nanovoid growth, thereby serving as another critical factor sup-
pressing localized necking. Consequently, the combination of nanovoid
growth-induced strengthening under the weak-cutting mechanism and
nanovoid-enhanced dislocation accumulation gives rise to the observed
improvement in ductility of porous metallic materials with dispersed
nanovoids, delaying material fracture.

In addition, Fig. 3a—e indicates significant differences between the
experimental and simulated nominal stress—strain (a“‘)m—e‘l“l’m) curves at

11
fracture stage in the large strain regions, which can be attributed to the
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Fig. 3. Nominal stress-strain curves (a-e) and yield strengths (f) obtained from numerical simulations and experimental measurements for porous gold samples

with different initial nanovoid diameters and volume fractions listed in Table 3.
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Fig. 4. Normalized yield strengths &, (a) and normalized uniform tensile strains &, (b) as functions of initial void diameter d°, comparing numerical simulations

with experimental results.

neglect of void coalescence in the present finite element simulations.
With increasing plastic deformation, neighboring voids begin to coa-
lesce, leading to a substantial rise in the effective void volume fraction
and a rapid loss of load-carrying capacity (Tvergaard and Needleman,
1984; Meng et al., 2025; Patil et al., 2026). Meanwhile, coalescence in
local regions transforms clusters of spherical nanovoids into irregular
large voids, thereby eliminating the nanovoid strengthening effect.
These two processes together account for the sharp stress drop of
porous gold at large strains. The significant rise in the effective void
volume fraction due to the coalescence mechanism is also applicable
to interpret the discrepancy between the experimental and numerical
results for dense gold at large strains observed in Fig. 2.

As shown in Fig. 3f, the experimentally measured yield strength is
oy ™ = 176 MPa for the sample with d° = 18 nm and f? = 0.0615,
around 35.7% less than the corresponding simulated value of ai’omus =
273.90 MPa. Previous simulations of uniaxial tension in isotropic plastic
material have demonstrated the dependence of yield strength on the
spatial distribution of voids (Bilger et al., 2005; Cruzado et al., 2024;
Gao et al., 2026). At a certain void volume fraction, the samples
containing the connected and disconnected void clusters exhibit lower

yield strengths than those with uniformly distributed voids as well
as the theoretical prediction of the Gurson model, as the nonunifor-
mity increases the effective void volume fraction. For the sample with
d? =18 nm and f = 0.0615, the void number density is nearly three
orders of magnitude higher than that of the sample with ¢° = 180 nm
and f0 = 0.0691, resulting in a greater probability of void clustering, as
confirmed by scanning electron microscopy in Fig. 7. Since the current
constitutive model neglects the additional softening induced by such
nonuniform void distributions, the simulated yield strength is markedly
higher than the experimental value for the sample of d° = 18 nm with
19 =0.0615. Developing a homogenized framework that quantitatively
captures the effect of nonuniform void distribution on yield strength
will be a valuable direction for future work. In addition, Fig. 7 also
indicates a nonuniform size distribution feature of nanovoids. To more
accurately quantify the strengthening effect, the void size distribution-
weighted sum for the slip resistance is a promising strategy (Fang et al.,
2019).

Fig. 8 shows the evolution of reciprocal 1/® of reduction in cross-
sectional area with increasing nominal strain £"°™, where @ = 1-.5/S,

1’
with § and S, denoting the current and initial cross-sectional areas at
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Fig. 5. Strengthening effects of different dislocation-void interaction mech-
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f9=005.

the initial position x = 189 um in Fig. 1a, respectively. A more rapid
decrease in 1/® at a smaller dg suggests an accelerated development
of localized necking, consistent with our previous theoretical analysis
(Chen et al., 2024). Consequently, the ductility of porous gold decreases
with decreasing d?, as shown in Fig. 4b. The sample with d° = 18 nm
and 0 =0.0615 exhibits lower ductility than the dense gold, owing to
the most severe necking.

4. Theoretical models for optimizing strength-ductility balance
4.1. Theoretical prediction for yield strength

Previous numerical simulations have shown that the constitutive
model proposed in Section 2 accurately captures the strengthening
effect of nanovoids. However, the finite element simulations are com-
putationally expensive. To improve efficiency, this subsection pro-
poses a simplified theoretical model to estimate the yield strength of
nanovoid-strengthened metallic materials.

At zero internal pressure (P = 0 MPa), recalling ¢, = ¢, = 4 =1,
Eq. (1) reduces to

2 2
Y 2 cerr Cea eff 3 Om eff\2_q _
W_<T?”> + i it +2/ " cosh 20 e —(ff)-1=0.

(16)

___porous
q = Oy . At the

microscopic scale, dislocation slip initiates when % = 74 + ¥, where

In general, macroscopic yielding occurs when o,

the dislocation strengthening rf is calculated by rid = ayb\/p—?, and the
void strengthening 7} is determined by Eq. (13).

For uniaxial tension, the macroscopic hydrostatic stress is approxi-
mately o, = o,4/3 for polycrystalline samples at a small strain. More-
over, the average Schmid factor for an untextured FCC metal is mg, =
0.33 (Carlton and Ferreira, 2007), leading to 7; = mgy0.q = 0.330

under uniaxial loading. Consequently, the yield strength of dense gold
can be estimated as ase"“ = aub p? /mge, = 80.95 MPa, agreeing well
with 033“53 = 85.27 MPa in experiments and ¢4°"° = 90.33 MPa from the
__ _porous eff — Tq + T,V

i i’

numerical simulations. With knowledge of o,y =0, , 7

T’fl = aﬂb\/p?, 7 = Tyeaks Om = Ocq/3, and 7; = mg 04, EQ. (16) can be
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Table 4
Comparison of yield strengths obtained from the theoretical prediction
Eq. (17), finite element simulations, and experimental results for all samples.

Sample d® (nm) 10 o)™ (MPa)
Prediction Simulation Experiment
1 180 0.0691 94.57 104.34 115.95
2 92 0.0462 106.65 116.90 138.54
3 83 0.117 135.76 145.72 147.91
4 45 0.0597 149.25 160.21 145.98
5 18 0.0615 264.45 273.90 175.97
rewritten as
2 2
porous porous
P = MschOy + 2 eft %
0 457" 0
apb Pi T Tweak apb Pi F Tweak
porous a7

. O,
+2fV°”cosh \/ 61_0y—
apb \/ P? *+ Tweak

- (5 - 1=0

enabling efficient theoretical prediction of the yield strength o}
once the initial void diameter df/) and volume fraction fs are specified.

Table 4 compares the yield strength o, of the porous gold obtained
from the theoretical prediction Eq. (17), experimental results, and finite
element simulations. The yield strengths predicted by Eq. (17) agree
well with both the numerical and experimental results at large void
sizes but exhibit a noticeable deviation for the sample with dg =18 nm
and f0 = 0.0615, demonstrating an efficient and physically inter-
pretable approach for quantifying the macroscopic yield strength of
porous metallic materials containing dispersed nanovoids.

Taking o-;'e“se = 80.95 MPa from the theoretical estimation and
a;‘e““ = 85.27 MPa from the experimental results (Chen et al., 2024)
as the respective benchmarks, we present in Fig. 9 the increment
Aoy = o)™ — glere in yield strengths as functions of the initial void
volume fraction /0 at different values of the initial void diameter d?.
The comparisons show that the discrepancies are relatively small at
large nanovoid sizes for the present theoretical model Eq. (17) and
the fitted model in our previous work (Chen et al.,, 2024). As the
present work neglects the additional softening due to nonuniform void
distributions discussed in Section 3.2, Ao, monotonically increases with
increasing f? at d? = 20 nm, differing from the decreasing trend of the
fitted model at large f2.

4.2. Quantitative criterion linking critical initial void diameter and volume
fraction for strength—ductility synergy

The preceding results demonstrate that smaller nanovoids more
effectively enhance yield strength but can severely degrade ductility
when their size becomes extremely small. To overcome this strength—
ductility trade-off, it is suggested that the average void diameter should
exceed 10 nm (Chen et al., 2024). This subsection establishes a quan-
titative criterion that captures the coupled dependence between the
critical initial void diameter and volume fraction required to achieve
strength—ductility synergy.

Fig. 10 presents the contour maps of the nominal yield strength &,
and the nominal uniform tensile strain £, as functions of the initial void
diameter d‘v) and volume fraction f\? based on the finite element sim-
ulations. As d“,’ decreases or f‘? increases, Gy increases monotonically,
in contrast to the decreasing trend of £,. The contour line of £, = 1
in Fig. 10b indicates that the critical initial volume fraction of voids
to maintain ductility depends on void size. In other words, the critical
initial void diameter, above which ductility is not compromised, varies
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Fig. 6. Evolution of 7, for different dislocation-void interaction mechanisms with nanovoid growth, calculated for all samples listed in Table 3.
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Fig. 7. Images of scanning electron microscopy for samples with different initial void diameters.

with f0, deviating from the constant threshold of 10 nm previously
suggested (Chen et al., 2024).

To conveniently determine this relationship, the following quanti-
tative criterion is proposed

12 =0.00044° /. 18

Using Eq. (18), the critical initial volume fraction of voids for the
sample with d° = 83 nm is f0 = 0.1149 to retain £, = 1. Meanwhile,
the sample with d° = 83 nm and f? = 0.1170 has the nominal uniform
tensile strains of £, = 0.954 and 1 in the experiments and finite element
simulations, respectively (Fig. 4b). Although the assumption of uniform
void size adopted in the above numerical simulations deviates from the
nonuniform distribution feature observed in Fig. 7, the good agreement
between the extrapolated prediction from Eq. (18) and both experimen-
tal and numerical results validates the proposed criterion. Therefore,
the present quantitative criterion in predicting ductility shows limited
sensitivity to void size distribution. In addition, the corresponding
evolutions of rz, for all samples further identify that the weak-cutting
mechanism dominates material strengthening, regardless of initial void
sizes and volume fractions, as shown in Fig. B.1 in Appendix B.

In summary, Egs. (17) and (18) together provide a practical frame-
work to quantify both the yield strength and the critical combination
of initial void diameter and volume fraction necessary to achieve

strength—ductility synergy in porous metallic materials containing dis-
persed nanovoids.

5. Conclusion

This work has developed a physics-based crystal plasticity constitu-
tive model that couples the competing dislocation—nanovoid interaction
mechanisms to uncover the fundamental strengthening behavior of
porous metallic materials containing dispersed nanovoids. The pro-
posed theoretical yield strength model and the quantitative criterion for
maintaining ductility show excellent agreement with both experimen-
tal observations and finite element simulations. This study advances
the mechanistic understanding of nanovoid-regulated strengthening
and provides theoretical guidance for the design of metallic materials
with optimized strength and ductility. Key findings are summarized as
follows.

(1) The weak-cutting mechanism, which involves the formation of
new matrix surfaces during dislocation-nanovoid interactions, governs
the strengthening of porous metallic materials across a wide range of
void sizes, in contrast to the conventional Orowan mechanism.

(2) The strengthening contribution from the weak-cutting mecha-
nism increases with void growth during plastic deformation. This trend,
together with nanovoid-enhanced dislocation multiplication, improves
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strain hardening, and delays the onset of localized necking, thereby
enhancing ductility and delaying fracture at larger void sizes.

(3) At a fixed initial void volume fraction, reducing the void di-
ameter intensifies localized necking, leading to a loss of ductility at
extremely small void sizes. The critical void diameter below which
ductility is compromised depends on the initial void volume fraction,
and vice versa.

(4) To design porous metallic materials overcoming the strength—
ductility trade-off, the yield strength can be quantified using the pro-
posed theoretical prediction model Eq. (17), while the critical initial
void diameter or volume fraction ensuring ductility can be determined
using the quantitative criterion Eq. (18).

Even though the present work has successfully elucidated the
strengthening effect of nanovoids, establishing a quantitative model for
the softening effect due to the spatial cluster of nanovoids remains a
meaningful challenge in future work.
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Appendix A. Derivation for evolution of void diameter

In Section 2.2, nanovoids are approximately spherical in the numeri-
cal simulations, consistent with our experimental results in Fig. A.1 and
molecular dynamics simulations (Chandra et al., 2017; Jing et al., 2018;
Zhu et al., 2023; Lin et al., 2026). This appendix details the derivation
for the evolution of void diameter in the porous metallic materials.

For a certain integration point in the computational domain before
deformation, the following relation holds among its associated volume

Vipi» void diameter d,, void volume fraction f,, and void number N,

(d%)’
6

where the superscript 0 denotes the initial state. Assuming that the void
number N, remains constant during deformation, one obtains at the
end of the jth time increment

Ny =V £y (A1)

w(dl)’
6
Combining Egs. (A.1) and (A.2) gives the expression for the current

void diameter as

_ vl fi
Ny =V A (A.2)

L \1/3

o (m)!

dy=df —5—1 - (A.3)
Viptfv

Eq. (A.3) is employed in the simulations to update the void diameter.

Because the metallic matrix is nearly incompressible, V;, at any
time can be approximated as Vi, = V,/(1 — f,), where V,, is the
dense matrix volume belonging to the integration point. Substituting

Vig =Vp/(1 - £0) and Vi;‘ =V, /(1 - f}) into Eq. (A.3) yields

on 77173
oo | IO A4
Yo la=rhre

Egs. (A.4) and (12) are used to theoretically quantify the evolution of
7, due to void growth.

Appendix B. The evolution of 7, at different initial values of void
sizes and volume fractions

Fig. B.1 shows the evolution of z, with void growth at the range
of 20 nm < d% < 200 nm and 0.05 < f0 < 0.1. One can see that
both the initial and evolving values of 7, determined by the weak-
cutting mechanism are remarkably less than those of strong-cutting
and Orowan mechanisms, further supporting the dominant role of
the weak-cutting mechanism in strengthening materials concluded in
Section 3.2.

Data availability

Data will be made available on request.
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Fig. B.1. Evolution of z, for different dislocation-void interaction mechanisms with nanovoid growth, calculated for all samples in Fig. 10.
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