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Nanostructured materials, with average grain size in nanometer scale and a high volume fraction of grain
boundaries, were known to have advanced mechanical properties, such as high strength, high wear re-
sistance and so on. However, the low thermal and mechanical stabilities have become an important issue to
block their practical applications. This paper first reviewed the thermal stability of nanostructured mate-

rials, then reviewed the kinetic and thermodynamic strategies for enhancing thermal stability of nanos-
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tructured materials as well as their synergy effect. Especially the kinetic approach can stabilize the
nanostructure to higher temperatures. The microstructural architecture induced thermal stability was fi-
nally reviewed and the generation mechanisms was discussed in point of atomic experiments and per-
ception. Outlook on thermal stability of nanostructured materials was also addressed at the end of paper.
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1. Introduction - significance of nanostructured materials with
high thermal stability

Highlights on nanostructured (NS) materials combing with un-
ique characteristic features have indeed renovated the traditional
cognitions of structure relating properties. Exhilaratingly, NS
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materials exhibit dramatic properties such as high strength [1-4],
high fatigue and wear resistance [5-7], which always broken the
limit of conventional materials rendering attractive applications in
industrial and functional fields.

Thermal stability is the ability of materials to withstand tem-
perature changes without microstructural or property performance
failure. For structural metallic materials, thermal stability is one of
the essential standard in evaluating the service capability, resisting
structural failure induced by high temperature [8]. The
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Fig. 1. NS materials with exceptional thermal stability. (a) Engineering stress-strain curves of HPT processed and post-annealed CoCrFeNiMnTi HEA [13]. (b) Variation of surface
micro-hardness of the SMRT treated interstitial-free steel with annealing temperature [ 14]. (c) The electrospinning setup of nanofibers, (d) High-temperature thermal stability test

for a PMDA/ODA nanofiber [15].

microstructural thermal stability of ultrafine-grained (UFG)/NS ma-
terials is extremely vital for its application and expansion in in-
dustrial production [9], especially in the occasion of sustaining high
temperature and pressure [10], irradiation and other harsh en-
vironment [11,12]. Consequently, stable microstructure is the basic
reliable performance and the study of the thermal stability of NS
materials has extremely utility value.

For metallic materials with high thermal stability, NS materials
can maintain the exceptional mechanical properties at elevated
temperatures which were established in high entropy alloys (HEAs)
[13,16-22], multilayer materials [23-25], NS pure Cu and Cu alloys
[26-30], NS steel [14,31,32], Al alloys [33-35], Ni alloys [36,37] and
Mg alloys [38] et al. For instance, the ultimate tensile strength (UTS)
of a nano-grained (NG) CoCrFeNiMnTi0.1 HEA deformed by high-
pressure torsion (HPT) maintained 1.06 GPa when annealed at
800 °C for 1 h [13], shown in Fig. 1a. Nanolaminated surface layer of
an interstitial-free steel processed by surface mechanical rolling
treatment (SMRT) kept almost a constant hardness of 2.5 GPa with
increasing temperature up to 500 °C for 2 h (Fig. 1b) [14]. The high
thermal-stabilized strength promoted the NS materials to be use in
the fields of automotive, electronics and aerospace, such as high-
speed rail contact line, vacuum pump rotors and electric trans-
formers.

For non-metallic NS materials, in the fields of lithium-ion bat-
teries [39], fibers [15] and nanocomposite [40], high thermal stabi-
lity was emphasized to implement the stable and safe service
performance. For example, as displayed in Figs. 1c and 1d, pyr-
omellitic dianhydride (PMDA)/ diaminodiphenyl ether (ODA) nano-
fibers which are fabricated by the typical electrospinning posse

high-temperature thermal stability up to T=450K [15]. Meanwhile,
superior thermal conductivity was also detected for the nanofibers
facilitating potential candidate for heat dissipation in microelec-
tronic devices.

Herein, this review is expected to be helpful in addressing the
historical origin and developing new strategies to obtain thermally
stable NS materials. The progress in experiments, approaches and
theoretical modeling that have been implemented to stabilize NS
materials within the framework of thermodynamics, kinetics and
the synergy effect for recent 10 years was reviewed. With the
growing interest in the thermo-stable microstructural architecture
of NS materials, investigations on the low-energy interfaces, schwarz
crystals (SCs) and grain boundary (GB) relaxation are also elabo-
rated. Specially, the summarization and update of representative
review articles and their foci is presented in Table 1 as firstly de-
veloped by Peng et al. [41-46].

This paper is organized as follows. First, the inherent problems
and challenges induced thermos-instability of NS materials are pre-
sented in the section‘Thermal instability of NS materials’. Second,
within the framework of thermodynamics and kinetics, the theore-
tical models and experimental strategies are reviewed in the section
‘Stabilization of NS materials by elements alloying’ including ‘Kinetic
stabilization’, ‘Thermodynamic stabilization’ as well as ‘Synergy of
kinetic and thermodynamic stabilization’. Third, microstructural
construction can be employed to improve the thermal stability by
structural restrictions is reviewed in the section of ‘Stabilization of NS
materials by microstructural architecture’. Finally, the authors sum-
marized this review and proposed several issues that require future
systemic investigations in the section ‘Conclusions and outlook’.
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Representative review of literature on thermal stability of NS materials that published in the recent two decades and their foci.

Authors Year Title and focus

Andrievski[42] 2003 Title: Review Stability of nanostructured materials
Foci: This review focuses on grain growth behaviors of NC materials. The thermodynamic and kinetic factors that influence grain coarsening
are briefly analysed. In addition, the‘locking’ of grain growth due to the ‘injection’ of vacancies into grain interiors is discussed.

Koch et al.[43] 2008 Title: Stabilization of NC grain sizes by solute additions
Foci: Grain growth behaviors of pure NC metals are presented. Strategies of thermodynamic and kinetic stabilizations are independently
elucidated. Experimental examples of kinetic stabilization, including reduction of GB mobility, solute drag, second-phase pinning, chemical
ordering and grain size stabilization, and thermodynamic stabilization are briefly reviewed

Koch et al.[44] 2013 Title: High-temperature stabilization of NC grain size: Thermodynamic versus kinetic strategies
Foci: Strategies of thermodynamic and kinetic stabilizations of NC materials are reviewed. Data of the maximum homologous thermal stability
temperatures attained by thermodynamic and kinetic stabilizations are compared and analysed. The role of a kinetic stabilization strategy
(Zener pinning) in stabilizing nanostructures at high temperatures is highlighted.

Andrievski[45] 2014 Title: Review of thermal stability of nanomaterials

Foci: Thermodynamic and kinetic approaches for stabilizing NC materials are reviewed. Special attention is given to the recent progress in
theoretical models that describe the thermodynamics of NC substitutional alloy systems. In addition, experimental research on abnormal grain

growth is reviewed
Saber et al.[46] 2015

Title: Thermodynamic Grain Size stabilization models: An Overview

Foci: The models of thermodynamic stabilization of binary and ternary alloy systems are reviewed. Two nanostructure stability maps of solute
selection for stabilizing NC materials are compared. Additionally, the reduction of GB energy by solute segregation validated by computer

simulations is briefly reviewed.
Peng et al.[41] 2017

Title : Thermal stability of nanocrystalline materials: thermodynamics and kinetics

Foci : Fundamentals of grain size stabilization by different approaches. First, the stabilizing approaches, thermodynamic stabilization and
kinetic stabilization. Second, within the framework of thermodynamics and kinetics, the progress in theoretical models, experiments, and
computer simulations is comprehensively reviewed. Third, strategies that are proposed to stabilise the grain size are summarised and

discussed

2. Thermal instability of NS materials
2.1. Grain coarsening of pure NS materials

In terms of microstructural evolution, the thermal stability of a
NS material is the ability of the NS structure to resist an apparent
defects recovery and grain coarsening at elevated temperatures.

For coarse-grained (CG) materials, only a small fraction of atoms
spatially located at or in the immediate vicinity of GBs. However, NS
materials have a large volume fraction of GBs, leading to more atoms
residing near GBs [47,48]. Comparing with grain interior, the atomic
packing at thermodynamic non-equilibrium GBs is less dense and
more disordered, which increases the configurational and vibra-
tional entropy of the entire system [49] and consequently leads to
higher Gibbs energy. This in turn leads to thermal-instability of NS
materials where always been performed as restoration process of a
micro/nano-structure [42,50,51].

Grain coarsening of NS materials has been frequently observed
even at low temperatures [53-56]. NS pure Cu prepared by eva-
poration exhibits abnormal grain growth at ambient temperature
[53]. Huang et al. [54] also reported self-annealing for high purity Cu
at room temperature processed by HPT. Lu summarized the variation
of grain-coarsening temperature with grain size of several pure
metals shown in Fig. 2 [52]. It can observed that grain-coarsening
temperature decreases significantly with decreasing grain size. As
the grain size is close to 10 nm, the grain-coarsening temperature
becomes as low as 0.15 Ty, where T, is the equilibrium bulk melting
point. The inferior thermal stability complicates the processing and
limits the potential large scale commercialization of NG pure metals.

Theoretically, the effective driving force Py and velocity Vg of
thermally driven grain growth on GBs is given in accordance with
the Gibbs-Thomson equation by [48,57]:

Crop
Py = B
0= (1)

C is a numerical constant of order 1, ygp is the grain-boundary
free energy (hereafter referred to as GB energy) and r is the radius of
curvature, which is proportional to the grain size, D.
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Fig. 2. Reduced temperature for grain coarsening (T/T,,, where Ty, is the bulk equi-
librium melting point) for the pure Ni, Cu, Fe and Al [52].

Mgg is the GB mobility, Q,, is the activation energy and R and T
are the gas constant and absolute temperature, respectively. For NS
and UFG material, Py will be very large as the grain size is reduced to
the nanocrystalline size scale (<100nm). Meanwhile, plenty of
stored enthalpy introduced by dislocation defects as well as high ygp
provide a high driving force and velocity for grain coarsening.

2.2. Thermal instability and mechanical properties of NS materials

With notable microstructure coarsening of NS materials at re-
lative high temperature, the unique mechanical properties at am-
bient temperature significantly decreased where thermal induced
mechanical instability occurred. The decreased strength was owing
to grown grains evaluated in Hall-Petch relationship as well as the
dissolution of segregation at GBs. For instance, Zhang et al. [58]
found that the micro-hardness of HPTed NS 4 N Ni decreased from
300 to 140 HV at low temperatures form 140-180 °C (Fig. 3a) and the
narrow temperature interval of 40 °C indicates rapid recrystalliza-
tion and grain coarsening. NS Al-Ni-Ce alloy was synthesized by
sputter deposition [59]. The nano-indentation strength drops con-
siderably from 1350 to 230 MPa when testing temperature increased



N. Liang and Y. Zhao

Journal of Alloys and Compounds 938 (2023) 168528

400 2000
o} -@- AlNi-Ce
a ] -@ AL55Fe
350 & . Al-12Ce-4Si-0.4Mg
T - Al-12Ce-0.4Mg
n T - Al-12C
s6d &N 1500 o WSoz
" = 1000-Series
1 é? EEE 2000-Series
W 3000-Series
250 E BN 4000-Series
5. £ 1000 = s
-Series
T 200 . § EEE 7000-Series
. B .
150
: e § 500
1004 —=—4N -
50 1 ' ) 1 1 1 T 1
0 100 200 300 400 500 600 0 100 200 300 400 500
Annealing Temperature (°C) Testing Temperature (°C)
130 T T T T 400 6 T T T T T T - T 6
g . _d R—
120 N G — 5L (—D— average grain 15
.. tk s W grown grain
2 10} e R 1a
. \El J300 © E
g \ g 2
& 100} A 5 o 43
B L 250 & o
= v ] @ »
g o9f "] % £ 12
5 S 2008 &
L2 : E T O
80 0-m. < J
= - m- ECAP-16, 0 " 3 > 1
70f --0O-- ECAP-16, Hv ‘O@qpoo {150 10
1 1 1 1 1 1 1 1 1 1 |
1 10 100 1000 0 50 100 150 200 250 300 350

Annealing time (min)

Annealing Temperature (°C)

Fig. 3. (a) Hardness as a function of annealing temperature (isochronal annealing for 1 h) of 4 N HPT Ni [58]. (b) Elevated temperature mechanical properties of the Al-Ni-Ce alloy,
alongside conventional (1XXX-7XXX series) alloys, Sc and Ce containing alloys, and other high performance Al-alloys [59]. (c) Evolutions of micro-hardness and yield strength of
ECAPed 16-passes pure Cu with isothermal annealing time at 200 °C, (d) Average grain size and recrystallized grain size of ECAPed 16-pass pure Cu samples during isochronal

annealing for 0.5h [30].

from 250° to 325°C shown in Fig. 3b, as well as other Al alloys. This is
due to significant microstructural coarsening and intermetallic
precipitation.

Poor thermal stability of equal channel angular pressing (ECAP)
processed UFG Cu has been reported in [30,60-62]. The micro-
hardness and yield strength of ECAPed Cu with 16 passes decreased
within minor annealed time and temperatures (Fig. 3¢). From ther-
modynamics point of view, the instability is attributed to the com-
bination of high stored energy and low apparent activation energy
for recrystallization [30]. With the increase of ECAP passes, the ac-
cumulated strain of dislocation storage improved and increased
stored energy [30,63]. The growing fraction of high angle grain
boundaries (HAGB) lead to increased nucleation conditions which
decrease the apparent activation energy [62]. From kinetics point of
view, attributing to the absence of impediment of GB movement
(solute segregation, second phase particles, etc.), literature survey
indicates that the activation energy of UFG Cu for grain growth
should be lower [30,43,62], resulting in early onset temperatures of
grain coarsening shown in Fig. 3d.

3. Stabilization of NS materials by elements alloying

In order to improve the thermal stability, alloying elements were
always introduced in pure materials as microstructural stabilizer
deriving from kinetic and thermodynamic mechanisms [43]. Ther-
modynamically, lowering GB energy can reduce the driving force for
grain coarsening. This is often achieved by solute segregation at GBs,
such as in Ni-W [37,64] and Ni-Fe alloys [65]. Kinetically, the driving

force for grain coarsening could be counteracted by solute dragging
and second phase pinning, introducing impediment of GBs. This is
normally achieved by mechanical alloying, such as in Cu-W [66] and
Cu-Al alloys [67]. The stability of nanostructure can be further en-
hanced when thermodynamic and kinetic strategies are favorably
combined together. Table 2 summarized the mechanisms of ex-
perimental thermal stabilization strategies where kinetics (K),
thermodynamics (T) and both synergy presented (K+T), where the
quantitative proportion is 53%, 17% and 30%, respectively. It can be
seen that most research employed the kinetic or kinetic combining
thermodynamic synergy approach for stabilization, and relatively
few work focused on the independent thermodynamic strategies.

3.1. Kinetic stabilization

In the kinetic stabilization of NS materials, the GB mobility is
reduced by various kinetic mechanisms, such as porosity drag,
second phase drag, solute drag, Zener pinning, and chemical or-
dering [43]. The stabilization of boundary structure due to particle
pinning has been widely observed in experiments, for example
second-phase and intermetallic particles. The best-known tradi-
tional kinetic approach is the containment of grain growth by par-
ticles, or the so-called Zener pinning [45]. Classical Zener pinning
dominates this mechanism and can stabilize the grain size of the NS
materials to relative higher temperatures. In the following, the
theory and experiments results of Zener pinning stabilization is
expounded from the perspective of kinetic mechanisms.
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Table 2
Mechanisms of experimental thermal stabilization strategies, including kinetics (K), thermodynamics (T) and both synergy presented (K+T).
Sample Strategies Sample Strategies
UFG Al-Fe alloy[33] K NS carbon-containing FeMnCoCrNi iHEA[68] K
NS Al-Zr alloy|[34] K UFG Ni alloys[69] T
NS CoCrFeMnNi alloy[13] K NS Ag-W alloys[70] T
NS Mg-Gd-Y-Zr alloy[38] K NS Cu-Zr-Hf alloys[71] T
UFG CoCrFeNiNb HEA[19] K NS Mg-Ti alloy[72] T
UFG Mg-Zn-Ca-Zr alloy|73] K NS Mg alloys|74] T
UFG Fe-22Mn-0.6 C steel[31] K NS Ni-W alloy[64] T
UFG Cu matrix|[75] K UFG Mg-Gd-Y-Ag-Zr alloy|[76] T
NS Cu-Al alloy[67] K NS Ni-Fe alloy[65] T
NS Ni-Mo alloy[36] K NS austenitic stainless steel[12] T+K
NS Fe composites|77] K NS Cu-Ag/Fe triphase multilayers[78] T+K
NS Mg-Al-Zn-Ti alloy[79] K UFG Cu-Cr-Zr alloy[80] T+K
NS Cu-W alloy[66] K UFG Al-7Mg alloy[81] T+K
UFG Al-Cu alloy[82] K UFG ECAPed Cu-Cr-Zr alloy[26] T+K
NS Al-5083 alloy[83] K NS Fe-18Cr-8Ni stainless steel[84] T+K
NS CoCrFeNi HEA[20] K NS Al-Mg alloy[85] T+K
NS Fe-Zr alloy[86] K NS NbMoTaW HEA|[87] T+K
NS NiTiWx thin films[88] K NS Pt-AuPd alloy[89] T+K
NS Ni-W alloy[37] K NS Ti6Al4V5Cu alloy[90] T+K
NS Fe-Zr steel[91] K NS Ta-Hf multilayer[92] T+K
NS Ni-SiOC amorphous ceramic reinforced metals[93] K NS Al-Fe-Ti alloys[94] T+K
Cu alloying UFG Fe-22Mn-0.6 C steel[95] K NS Ni-ZrNbMoTa alloy[96] T+K
UFG 9Cr-ODS steel[97] K NS Ni-containing HEA[22] T+K
K

NS Al-Ni and Al-V alloys[98]

It is well known that the presence of second-phase particles in a
polycrystalline material can limit grain growth by pinning their
boundaries [83]. Generally, two processes that emphasized by Hanna
et al. [83] are in accountable for particle pinning. In the first process,
incoherent particles tend to accumulate at the boundaries because
they reduce their areas and hence the energy of the system. In the
second process, a boundary motion is hindered since its migration
has this requirement: the creation of more boundary area, where
particles previously resided. As a result, an increase in the energy of
the system will be essential. The above two processes are the basis of
the idea originally proposed by Zener in a communication to Smith
[99]. The pinning force between a single particle with the radius r
and a boundary could be given by [83]:

D; = 7Ty (3)
In a system in which the area density of the disperse particles is:

. = 3f particle
P 22 (4)

where fparicle is the volume fraction of pinning particles, for the case
in which many particles interact with the boundary, the total pin-
ning force was given to:

3f particle YGB
2r (5)

Eq. (5) is the well-known form of the Zener pinning force on the
GBs [79,99]. Based on Zener's development reported elsewhere
[100,101], the driving force, Fp, for grain growth may be given by:

Fp = 2y/D (6)

When the system is in equilibrium, P; = Fp. Under this condition,
the critical average grain size, D, related to Zener effect can be ob-
tained by the following equation:

P =npp; =

4cr
3f particle ( 7 )

where c is a constant. The above equations implied that precipitates
of smaller size and large volume fraction are much more effective in

D=

pinning the GBs by Eq. (5) and resulting in smaller annealed grains in
Eq.(7)[67,75,102]. Hanna et al. [83] predicted the D, value of 33 nm
of Al 5083 alloy pinned by diamantane nanoparticles. This estima-
tion is in good agreement with experiment observations suggesting
that Zener GB pinning i.e. kinetic grain size stabilization is the key
strengthening mechanism during high-temperature annealing.

Experimentally, Zener pinning was widely adopted to impede
microstructure coarsening. Gao et al. [95] introduced minor Cu al-
loying into UFG structures in a typical Fe-22Mn-0.6 C steel and the
thermal stability was notably enhanced to 910°C for 5min and
760 °C for 60 min annealing (Fig. 4a). Owing to the rapid and copious
precipitation, Zener pinning pressure P, increases rapidly and ex-
ceeds the driving force for grain growth P, throughout 20 min an-
nealing (Fig. 4b), suggesting that these freshly recrystallized sub-
micro grains are persistently stabilized. The copious Cu-rich nano-
precipitation is responsible for the pinning of GB migration shown in
Fig. 4c. Chakravarty et al. [67] reported the precipitation of nanoscale
Cu-Al intermetallic phases (mainly CuAl, and CugAl,) stabilize the
nanocrystalline grain size to high homologues temperature ~0.87 Ty,
in Cu-12 at% Al alloy. High density nano-sized precipitates in HP-
Thermal-Compression produced Fe-5 at% Zr steel retained the grain
size of 30 nm at 923 K and 250 MPa contributing the excellent creep
resistance [91]. In heat treatable UFG Al-4.5%Cu alloy shown in Fig. 5,
nano-particles have precipitated in the GBs (Fig. 5b to d) thereby
retarding the grain growth process and inducing conspicuous mi-
crostructural stabilization to 350 °C(Fig. 5a) [35].

The pinning effect was also performed together with some other
mechanisms such as solute segregation [34], twinning [75] and na-
noclusters drag [86]. AlZr precipitates was produced in HPT de-
formed nanocrystalline Al-5%Zr alloy after aging. The precipitates
and Zr segregations suppress GB migration by pinning and provide a
remarkable thermal stability [34]. The thermal energy during an-
nealing (0.55 T,,) does not provide enough driving force for grain
growth due to the restriction by micro-particles and TBs in UFG Cu/
CrB and Cu/CrB, samples [75].

Another form of Kinetic stabilization is depicted by sluggish
diffusion. Especially in HEA, the lack of a major diffusion element
and a huge discrepancy of atoms size also weighted in favor of
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sluggish diffusion [103,104]. Sluggish diffusion kinetics is an im-
portant contributor to the outstanding properties of HEA and a
strong resistance against grain coarsening, resulting in slow atom
segregation, precipitation and migration process [105,106]. Zhou
et al. [22] summarized the mechanisms of sluggish diffusion effect
on thermal stability in three ways: (i) local sites with a wider dis-
tribution of metastable energy levels, (ii) the slowest diffusion rates
of segregating element and (iii) Zener pinning. Jiang et al. [19] de-
signed an ultrafine-lamellar CoCrFeNiNb0.45 eutectic HEA and found
that the high thermal stability is contributed by sluggish diffusion
effect, and low-energy phase boundaries and near-equilibrium mi-
crostructure of eutectic HEAs. NS CoCrFeNi HEA was synthesized by
Praveen et al. [20] with mechanical alloying followed by spark
plasma sintering. Comparing with normal nanocrystalline metals,
sluggish grain growth of nanocrystalline HEA (Fig. 6a) is attributed
to the Zener pinning effect from the fine dispersion of oxide, mutual
retardation of GBs in the presence of two phases, and sluggish dif-
fusivity because of cooperative diffusion of multi-principle elements.
The size of face-centered cubic (FCC) phase, Cr;Cs and Cr,03 pre-
cipitates remain nearly unchanged controlled by sluggish diffusion
in heat treated condition (700 °C for 600 h) in Fig. 6b. Sluggish dif-
fusion effect was also observed in conventional binary alloy by lower

diffusion coefficient. For example, the thermal stability of Al-5at%V
was higher than that of Al-5at%Ni, which was attributed to the lower
diffusion coefficient of V in Al retained a considerably larger amount
of V in solid solution even after heat treatment at 400 °C, whereas,
the higher diffusivity of Ni leads to the formation of coarse inter-
metallics in Al-5at%Ni alloys at lower temperatures [98].

3.2. Thermodynamic stabilization

The driving force for grain growth is directly proportional to the
GB energy, then the driving force for grain growth will be lowered by
reducing the GB energy especially for NS materials with high frac-
tion of GBs, which is elaborated by thermodynamic stabilization. The
thermodynamic mechanism has proven to be successful in over-
coming the intrinsic instability of NS materials. The thermodynamic
approach depends on introducing solutes that segregate to the GBs
such that the free energy of the system reaches a local minimum
impeding grain growth. This concept has been frequently modeled
and experimented as reviewed in the following.

Several researches has modeled and calculated the thermo-
dynamic reduction of GB energy by solute segregation, methodical
design-based approach for selecting solutes in binary NS alloys and
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diffuse-interface model of GB segregation in binary metallic alloys
by the method of first principles and phase field model [48,107,108].
Since the values of segregation energy (AGse) are usually not
available, they are estimated. Wynblatt and Chatain [108,109] re-
viewed the analytical models on segregation to GBs and surfaces and
addressed the difficulty of meaningful definitions of segregation

enthalpy, entropy, and free energy among various issues. The central
equation for all models is as follows for a binary system:

B % exp _ G
1-x58 1 -—x{ RT (8)
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where x§8and x§ are the mole fractions or solute concentration of
component B (solute) in the GB and grain interior, respectively. AGg,
is the excess Gibbs energy of segregation. Then Zhang et al. [69]
calculated the GB energy by solving Gibbs adsorption equation in the
dilute limit:

Y=n-t 1—‘S(AHse,g - TAsseg) (9)

where y is surface energy, yo is the interfacial energy of the solvent,
T is the specific solute excess at the interface and assumed as:

2(x5” — xb)
o (10)

which is for double monolayer and ¢ is the molar area of a mono-
layer. AH,e; and ASg are the enthalpy and entropy of segregation,
respectively, given that AGgeg = AHgeq - TAS,eq, rearranging of Eq. (9)
gives the normalized GB energy as:

I =

AG,
Loqene
LG} 0] (11)

It can be the criterion that, when AGs, < 0, solute segregation to
the GB is favored and y decreases. Thermal stability of the alloy is
elevated. When AG,eg > 0, desegregation is favored and y increases.

Darling et al. [108] and Zhang et al. [69] calculated and found that
each y/yp curve has a minimum value and the GB energy decreases
with increasing x$5 before it reaches the minimum value shown in
Fig. 7a. However, the GB energy increases with increasing x§? after it
reaches the minimum value. The equilibrium condition of the
system with respect to grain growth is stipulated by AGg, =0,
reaching the saturation of solute concentration at GBs. For Fe-Zr
alloy shown in Fig. 7a with the molar Zr fraction x¢ is 0.03 and the
temperature is 550 °C, the saturated solute mole fractions in the GB
is 0.26 [108]. For Ni alloys shown in Fig. 7b, the saturated solute
concentration of NiggFe; and NiggCry is ~ 1.5 at%, whereas the satu-
rated solute concentration of NiggV; and Nig;Cr3 is ~ 4.5 at% [69].
After the solute concentration is saturated at GBs, AGg, is positive
and continues to increase with increasing solute concentration at
GBs, suggesting that more enrichment of solute at GBs is thermo-
dynamically unfavorable. Schuh's group developed theoretical fra-
mework with which the GB segregation behavior in ternary alloys
can be estimated based on the thermodynamic properties of the
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constituent binary systems using Monte Carlo simulations and high-
throughput combinatorial technique [110-112]. The alloy systems
explored computationally are experimentally validated via advanced
characterization techniques exploring the stability of binary and
ternary nanocrystalline alloys, such as Fe-Mg alloy [113,114], Pt-Au-
Pd alloy [89,111].

Experimentally, grain growth can be inhibited by solute segre-
gation and segregation of certain solute atoms to GBs can reduce the
GB free energy and thus lower the driving force for grain growth. The
thermodynamic strategy exhibits weak temperature dependence
and has been extensively studied. Jiao and Schuh [70] studied the
effect of W additions on the grain structure, GB segregation, and
thermal stability of nanocrystalline Ag-W alloys. As depicted in
Fig. 8a, the Ag-W alloys with GB segregation show enhanced stability
with no structural changes after annealing for 24 h at 200 °C. The GB
segregation enthalpy for W in Ag is calculated to be in the range of
1.7-9.4 k] mol™! suggesting that W segregation in Ag-W should lower
the GB formation energy, providing thermodynamic stability. Slight
segregation of Fe and impurities in NS Ni contributed the good
thermal stability and annealing hardening was achieved by Zhang
et al. [65]. The high volume fraction of GBs in NC grains results in a
large fraction of solute and/or impurities accommodated in the GBs,
shown in Fig. 8b, consequentially reducing specific GB energy, y.
According to the equation developed by Kirchheim [115], the free
energy change in a closed system due to a change in GB area dA, is
dG=vdA. The reduced y lowers the thermodynamic driving force for
grain growth. In Mg alloys, GB segregation of solute can restrain the
grain growth to high temperatures versus room temperature growth
of NS Mg-based materials [72]. The segregation of Ti solute at GBs
during annealing largely enhanced the thermal stability from 100 °C
for NS Mg to 450 °C for Mg-Ti alloy shown in Fig. 8c which was
verified by electron energy loss spectroscopy analysis. Xiao et al. [76]
produced an Mg-Gd-Y-Ag-Zr alloy having the nanoscale interfacial
phases which are better for improving the combination of me-
chanical property and thermal stability than high density pre-
cipitates within grains. When the structure is ordered in
coordination with large Gd atoms and small Ag atoms, shown in
Fig. 8d, the lattice strain and the number of vacancies can be re-
duced, leads to a lowered interfacial energy. The low energy nature
of the coaxial GB with the interfacial phase leads to higher stability.
Thermodynamic effects can also work with thick amorphous inter-
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Fig. 7. (a) Normalized GB energy y/yo versus mol fraction of Zr atoms on the GB for several different grain sizes of Fe-Zr alloys: 10, 15, 23.1, 30, 50 and 1 x 10'2 nm [ 108]. (b) Change
in the free energy due to solute segregation, AG;g, versus the fraction of solute atoms on the GBs for NiggFe;, NiggCr, NiggV; and Nig;Crs [69].
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granular films to stabilize NS Cu-4Hf-1Zr alloy reported by Grigorian
and Rupert [71] and the grain sizes were retained well within the
nanocrystalline regime after annealing for two weeks at a tem-
perature above 95% of the solidus temperature.

3.3. Synergy of kinetic and thermodynamic stabilization

Regarding that both the above independent thermodynamic and
the kinetic approach for grain growth contribute to the thermal
stability of NS materials, a more stable NS material may be designed,
if considering additionally the kinetic stabilization based on the
thermodynamic framework, i.e. stabilization strategy of NS materials
by consideration of the thermo-kinetic synergy. Peng et al. [116]
used first-principles calculations for a series of combinations be-
tween fifty-one substitutional alloying atoms as solute atoms and Fe
atom as fixed solvent atom, and they found that the thermal stability
neither simply increases with increasing the segregation enthalpy as
expected by thermodynamic stabilization, nor monotonically in-
creases with increasing the activation energy for bulk diffusion as
described by kinetic stabilization. Validity of this thermo-kinetic
stabilization criterion has been tested by current experiment results
of Fe-Y alloy and previously published data of Fe-Zr [57] alloys.

Complementary thermodynamic and kinetic stabilization ap-
proach has been widely reported by simultaneous segregation and
pinning. The grain size of as-sputtered Al-10% Mg alloy films
(3.3 nm) only increased by 69% to 6.1 nm after annealed at 300 °C for
3 h (Fig. 9a and b) [85]. Coarsening resistance of NS Al-Mg alloys is
attributed to a combination of thermodynamic stabilization of GBs
by controlled Mg segregation, and Kinetic stabilization through
pinning of the boundaries with nanoscale intermetallic precipitates.
The formation of nanoscale intermetallic precipitates was identified
in both the computational predictions and experimental results as
shown in Fig. 9c. Du et al. [12] reported an NS austenitic stainless
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Fig. 9. STEM images of as-sputtered (a) and annealed (b) at 300 °C for 3 h films of Al-
10% Mg, (c) Computationally predicted Mg atom distribution in solute stabilized na-
nocrystalline and the solute stabilized and phase separated nanocrystalline states,
correspond to atom probe tomography (APT) results [85].
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rich NPs at GBs and in grain interiors [12].

steel (NS-SS) containing 1 at% lanthanum with an average grain size
of 45 nm that exhibits exceptional thermal stability up to 1000 °C
(0.75 Tm) as illustrated in Fig. 10a. Some elemental Si, La, O atoms
are segregated at GBs and thermodynamically stabilize the nano-
grains in NC-SS (Fig. 10b). The remained elemental La atoms form a
high density of La-rich NPs mainly distributed along GBs and provide
additional kinetic resistance against grain growth (Fig. 10c). These
two factors play a critical role in accomplishing the outstanding
thermal stability of nanograins in NC-SS.

For HEAs, utilize high-entropy GB complexions to enhance the
thermal stability of NS alloys at high temperatures. GB energies
could be reduced via bulk and/or GB high-entropy effects at/within
the solid solubility limit to reduce the thermodynamic driving force
for grain growth at high temperatures. Moreover, grain growth can
be hindered by the high-entropy sluggish kinetics at GBs. Zhou et al.
[22] stabilized a Ni-based NiggMoggTigNbgTa;4 alloy and a Ni-con-
taining high-entropy NiysFe;3C0,3Cr23Mo,Nb,yZr; alloy up to 1000 °C
via an innovative use of high-entropy GB complexions thru both
thermodynamic and kinetic effects. A bulk dual-phase AlCoCuNi
medium-entropy alloy was prepared by mechanical alloying and
could maintain the nanostructures as well as a high hardness of
about 580 HV even after annealing at 900 °C for 50 h [8]. The ex-
tremely high thermal stability has been attributed to the extensive
thermal-stabled low-energy phase boundaries, LAGBs, the high-en-
tropy and sluggish diffusion effects.
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Focusing on the comparison of thermodynamic versus kinetic
stabilization, the Zener pinning mechanism may provide the best
thermal stabilization to higher homologous temperatures as shown
in Fig. 11a. As discussed by Koch et al. [44], the solutes will be in-
soluble in equilibrium and only nonequilibrium processing methods
can induce metastable solid solutions. However at sufficiently high
annealing temperature, the solutes will come out of solution and
segregate to GBs. With the optimum kinetics of nucleation and
growth of the second phase, nanoscale phases can be obtained,
which may be effective for Zener pinning. At the same time, the
solute segregation may induce minor reduction of GB energy or
thermodynamic driving force. For example, in electro-deposited NG
pure Ni and Ni-Mo alloys, GB energy in the NG Ni-Mo alloys after Mo
segregation at GBs, is slightly higher than that in NG pure Ni, in-
sensitive to Mo concentrations shown in Fig. 11b [36]. The enhanced
GB stability in the as-annealed NG Ni-Mo alloys is ascribed to GB
pinning by Mo atoms rather than GB energy reduction. The above
suggestion that kinetically reduced mobility by Zener pinning may
be more effective strategy for stabilizing NC materials at higher
temperatures than thermodynamic mechanism.

4. Stabilization of NS materials by microstructural architecture

While without alloying treatment, for pure materials, structural
stabilization is faced with more challenges due to loss of segregation
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induced GB pinning and lowing boundary energy mentioned before.
Through mechanical process, significantly thermostable micro-
structure can be manufactured in NS metals by modifying the ar-
chitectures of their interfaces, such as low-energy interfaces, SCs and
related GB relaxtion. By tailoring the structure and distribution of
these thermostable architectures, anomalous thermal stability can
be achieved for NS materials. Furthermore, in some alloys higher
thermal stability can be obtained by multiple mechanisms re-
sponding from microstructure artifacts, sluggish diffusion and solute
segregation.

4.1. Low-energy interfaces

Low-energy interfaces, such as twins and LAGBs, are born with
the extremely low excess enthalpy and weak mobility, and then the
thermal stability of these nano-scaled structures in metals is gen-
erally superior to those of NG structures [14,30,52,117]. Liu et al.
[118] found the 2D nanometer-scale laminated structure on top layer
of bulk Ni with low-angle boundaries by surface mechanical
grinding treatment (SMGT) is ultra-thermo-stable up to 500 °C an-
nealing for 1 h, comparing with 3D UFG structure shown in Fig. 12a
and b. This is attributed to the low excess energy and low mobility of
the low-angle boundaries. The authors studied the thermal stability
of pure Cu with two different UFG microstructures: one with la-
mellar grains and LAGBs and another with equiaxed grains and
HAGBs [30]. Thermodynamic calculations and kinetic analysis re-
vealed that grain structures with LAGBs possess lower stored energy
and higher activation energy relative to HAGBs, resulting in higher
thermal stability. Accordingly, it can be seen that the lamellar
structure with specific boundaries has the capacity to stabilize
structure.

For twins, as shown in Fig. 12¢ and d, dynamic plastic deforma-
tion (DPD) produced nano-twins survived after 300 °C and 400 °C
annealing for 10 min in Cu-5Ag alloy, indicating nano-twin bundles
exhibit a higher thermal stability against recovery and re-
crystallization in comparison with that of the NGs [119]. TB pos-
sesses much lower excess energy than that of HAGB (for Cu,
y18=0.02-0.04 ] m~2, y¢p = 0.625 ] m™2). The total stored energy in the
nanotwin bundles is much smaller than that in the NG regions. Dhal
et al. [120] also processed UFG grains enriched with deformation

1

nanotwins in severely cryo-rolled Cu. Excellent thermal stability
combined with high strength-ductility synergy is observed during
isochronous annealing, where nanotwins formed during cryo-rolling
are retained upto a high annealing temperature of 300 °C. The au-
thors found that in HPT deformed FeNi2CoMo0.2V0.5 HEA, na-
notwins can maintained to as high as 600 °C [106]. TBs reduced the
migration rate of GBs, by lowering the overall coarsening rate and
the coherent TB is well known to be immobile in response to
thermal agitation. Then the high thermal stability of FeNi2-
CoMo00.2V0.5 HEA is derived from stable twins coacted with sluggish
diffusion effect.

4.2. Schwarz crystals

In NG copper with a few nanometers in size, a metastable
structure was discovered in which GBs constrained by quadrupolar
network of coherent TBs resemble essentially the triply periodic
minimal surface (TPMS) of Schwarz primitive diamond (D), as illu-
strated in Fig. 13a. The extremely fine-grained structures with GB or
interfacial morphologies featured by any topological manifold of
minimal surface, called Schwarz crystal, represent a novel type of
intrinsic metastable state in polycrystalline metals at an ultimate
grain size limit [121,122].

The SCs are found to exhibit superior thermal and mechanical
stabilities than any other forms of metastable solid states known so
far, for example, the metallic glasses. Li et al. [121] use a two-step
plastic deformation process of SMGT followed by HPT in liquid ni-
trogen to produce the SC, which is formed by the evolution of GBs
into three-dimensional (3D) minimal interface structures con-
strained by TB networks. In this type of polycrystal, annealing in-
duced grain coarsening is effectively suppressed, and the 10 nm
grain size was remained even close to the melting point (1348 K),
shown in Fig. 13b to d. In Al-15%Mg alloys, SC was also observed in
sample processed by HPT at 77K under a hydrostatic pressure of
10 GPa, and the applied strain exceeded 20 [123]. The SC structure
possess inherent diffusionless feature and seems to provide a robust
barrier for arresting the diffusion of atoms in metals and substitu-
tional alloys, boosting stability up to melting temperatures. This
stability is much higher than that for conventional alloys.
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Fig. 12. Thermal stability of the low-energy interfaces. (a) Variations of boundary spacing of the UFG, NG, and nanometer-thick laminated (NL) structures as a function of
annealing temperature (for 1h), (b) A bright-field TEM image of the alternative NG/NL structures in the SMGT Ni sample after annealing at 500 °C for 1 h [118]. Bright-field TEM

morphology of DPD samples after annealing at (c) 300 °C and (d) 400 °C for 10 min [119].

Jin et al. [122] addressed the constraining effects of 3D coherent
TB (CTB) network on the formation and thermos-stability of SC via
atomistic simulations. It was shown that GB migration and evolution
of CTB network trigger formation of SC diamond. CTB constraints are
critical to generate GBs of zero mean curvature underlying vanishing
capillary pressure, and to counterbalance the elastic driving forces of
lattice. GB motion can be suppressed at temperatures close to the
melting point with GB aperture down to 3 nm. In other words, in
Schwarz diamond crystals, TPMS GBs remain to be lattice defects
highly energetic and intrinsically mobile. SCs including those of
lattice structures of other types, point the way for future advances of
structurally stable materials.

4.3. Grain boundary relaxation

When GBs are formed between two crystals a considerable
variety of modes of relaxations, i.e., the rearrangements of atoms in
and near the GB core are possible, depending on GB geometry and
the interatomic interactions. The atomic relaxations within and near
the GB core often include relaxations that involve the formation of
stacking faults in low-stacking-fault energy fcc materials [124].
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Recent simulations and experimental investigations indicated that
GB structures can be transformed into states with lower excess en-
ergy through wiping off extra dislocations, reducing atoms at GB, or
atom rearrangement in the GB region, which is summarized as GB
relaxation [125,126]. Structurally, Zhou et al. [126] reported that the
interaction between partial dislocations and GBs is an effective ap-
proach to changes the GB characteristics. As partial dislocations emit
from a boundary, the original GB dissociates into two or even three
GBs connected by stacking faults, leading to atomic relaxation in GB
region and decreasing the GB excess energy. This model of GB re-
laxation was verified by HRTEM observations in Au [124]. Chen et al.
[127] used an in situ ultrahigh-vacuum and HRTEM to observe the
electromigration-induced atomic diffusion in the twin-modified
GBs. It was revealed that the GB structure is relaxed by interaction
with a coherent twin, and the electro-migration induced atomic
transport is retarded consequently. The above results imply that GB
relaxation can be induced in NS materials by defects reaction.

In the past decades, GB relaxation have been achieved by heat
treatment, cyclic loading, ultrasound, etc. [129-131]. These treat-
ments are exterior process without significant microstructural evo-
lutions. Recently, two strategies for inducing GB relaxation have
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Fig. 13. (a) A section-view of the SC showing Schwarz p-GBs constrained by CTB networks, (b) Grain size variations as a function of annealing temperature for three samples with
initial average grain sizes of 50 nm, 25 nm, and 10 nm, respectively, (c) A TEM image of the sample with an initial grain size of 10 nm after annealing at 1348 K for 15 min, the
extremely fine grains remained, (d) A HRTEM image of a grain in (B), red lines indicate TBs [121].

been developed in NS pure metals. The first one is to activate partial
dislocations by plastic deformation of NG metals below the critical
grain sizes [29]. The second is to induce annealing twins by rapid
heating the deformed NS metals. Both partial dislocations and an-
nealing twins emitted from GBs and their interactions with GBs
induce GB relaxed to low energy states [132]. Zhou et al. [29] re-
ported that plastic deformation can trigger GB relaxation in NG pure
Cu and Ni below a critical grain size when the deformation process is
dominated by partial dislocation activities. The instability tempera-
ture rises substantially at smaller grain sizes, and the nanograins
remain stable even above the recrystallization temperatures of
coarse grains (usually below 0.4 Ty,), as shown in Fig. 14a. An obvious
drop in GB energy as grain sizes decreased below ~100 nm (Fig. 14a),
meaning a reduced driving force for recrystallization, consistent
with the enhanced thermal stability of nanograins below a critical
size. Alternatively, a rapidly heated Cu nanograins remain stable at
temperatures as high as 0.6 T, even higher than the
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recrystallization temperature of deformed CG Cu [132]. The ther-
mally induced GB relaxation originating from the generation of high-
density nanotwins offers an alternative approach to stabilizing NS
materials. Fu et al. [128] reported that structural relaxation of GBs
breaks the purity-stability dilemma in pure Cu and the thermal
stability of NG Cu samples with relaxed GBs, i.e. relaxed NG Cu
(RNG), increase with higher purities shown in Fig. 14b. A HRTEM
image presented the GB relaxation where high density of twins and
stacking faults intersecting with a GB in the relaxed NG-6 N samples
in Fig. 14c. Not only pure metals, GB relaxation was founded in alloys
such as SMGT processed Inconel 718 nickel-based alloy [133]. For-
mation of nanolaminated structure with increased fraction of LAGBs
provides an alternative way to relax GBs besides activation of partial
dislocations in plastic deformation [134].

Actually, GB relaxation is not in the category of structure arti-
facts, because we cannot define a boundary is a GB relaxed boundary
with low-energy state after plastic preparation. Generally, we can
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Fig. 14. (a) Grain size dependence of instability temperature and GB energy in Cu, presenting measured grain coarsening (instability) temperature and GB excess energy as a
function of average grain size in Cu. Literature data for Cu processed with different techniques are included. Conventional GB energies (ygg) and energies for stacking faults and
TBs (ysg/rs) of Cu are indicated [29]. (b) Variations of mean grain size with the annealing temperature for NG-6 N and RNG-6 N samples, respectively. The semi-solid symbols
indicate size variations of some nanograins that coarsen firstly and the solid symbols for nanograins with best stability, (c) A HRTEM image showing high density of twins and

stacking faults intersecting with a GB in the RNG-6 N samples [128].

only use this thought combined with GB energy measurement to
reverse GB relaxation mechanism. But GB relaxation belongs to the
scope of structural stability.

5. Conclusions and outlook

In this review, the importance of thermal stability of NS materials
and the specific schemes of thermal stability are summarized in
detail. Under the premise of alloying elements doping, the thermo-
dynamic and kinetic stabilization approaches have good practic-
ability. Especially with the synergy of the two mechanisms,
preeminent thermal stability can be employed in NG materials. It is
worth noting that kinetics strategies can stabilize NS metals to
higher temperatures than thermodynamic ones. The highlight of this
paper is to summarize the microstructural architecture stabilization
mechanisms where special low-energy structure or boundaries
generate after severe plastic deformation with or without alloying
elements. GB relaxation also contributes to the thermal stability by
detected low energy and reaction with lattice defects, breaks the
purity-stability dilemma in pure metals.

Looking to the future, the following points need to be further
studied in thermal stabilization of NS materials. One is large-scaled
in situ characterization of microstructural evolution during thermal
expose. Due to the limitations of equipment and rigorous experi-
mental environment, most of the microstructural detection are ex
situ and more accurate information can be captured with in situ
experiments. The second one is more attention should be paid to the
synergy or multiple stabilization strategies. Not only combined
thermodynamic and kinetic approaches, low-energy microstructure
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can also be invited to interplay with the two mechanisms. At the
meantime, competition and domination between different me-
chanisms needs to be clarified. The third one is thermal stability of
NS materials in the harsh and complex environment, such as ion
irradiation, heavy load and high-temperature gases and so on. More
unforeseen defects can be introduced in the microstructure and their
effect on thermal stability is not clear. The last one is the exploration
and promotion of microstructure owing low-energy stable feature.
Besides the reaction between defects and GBs, the generation me-
chanisms of SC and GB relaxation should be studied by atomic ex-
periments. In addition to fcc structured pure Cu and Ni, whether the
specific architecture can be produced in other pure metals.
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