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• The addition of TiCN NPs can lead to a
significant refinement of primary α-Mg
and eutectic β-Mg17Al12 in AZ91 alloys.

• The growth control induced by multi-
layer of NPs covering the surface of
α-Mg could be the main refining
mechanism.

• NPs can reduce grain growth velocity,
promote nucleation events andgrain
impingement, inducing significant
grain refinement.
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Significant grain refinement of AZ91 alloys was achieved by ceramic nanoparticle(NP)-induced growth control.
Advanced characterization techniques including 3D tomography and in-situ observation were carried out to ex-
amine the microstructure evolution. The results show that the NPs are distributed in matrix in three ways, i.e.
along the grain boundaries, inside the α-Mg grains and within the interior of β phases. The intergranular NPs
that are distributed along the grain boundaries can form amultilayer of NPs covering the surface ofα-Mg, greatly
restricting the grain growth. A numerical model is proposed to predict the grain size, inwhich the solute concen-
tration gradient at dendrite tip and the impingement of grains are recognized as two pivotal factors inmodelling.
It is demonstrated from the model prediction that a reduced growing rate of α-Mg can be obtained upon NP ad-
dition due to the lowered solute concentration gradient at dendrite tip, which could increase the nucleation
events, accelerate the grain impingement and thus induce significant grain refinement. Given the chemically
and thermally stability of ceramic NPs, which can avoid the intrinsic drawbacks of conventional inoculation,
e.g. element poisoning, NP-induced growth control (NIGC) may provide a new avenue for grain refinement in
magnesium alloys.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A combination of light weight, good plasticity, high specific strength
and stiffness makes magnesium alloys one of the most promising and
widely-applied metallic structural materials in the last few decades
[1–3]. With increased development and usage of magnesium alloys,
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magnesium alloys with enhanced performance are increasingly re-
quired. Nowadays, it is well-accepted that grain refinement is one of
the most effective approaches to improving the mechanical properties
of magnesium alloys [4]. Although it can be achieved by addition of var-
ious nucleating particles including SiC, Al4C3, AlN, Al2Y etc. [5–9], there
still remain intractable issues such as element poisoning and poor refin-
ing efficiency for specific magnesium alloys like AZ series. For example,
Zr is well-established for its high growth restriction factor (Q-value) of
38.29 [10], which implies that the constitutional supercooling (CS)
zone can be built up at a high rate, leading to fine grains. But it only
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works with Al/Mn/Si-free alloys due to the formation of intermetallics
with Al, Mn and Si that have a poor crystallographic matching with
the magnesium matrix [4]. Moreover, the grain-refining efficiency by
nucleating particles is so low that only less than 1% of the particles can
participate in a nucleation event [11]. What is worse, refining efficiency
decreases dramatically with the increase of particle addition level.
Therefore, it is of great necessity to adopt a new strategy to tackle
these problems associated with magnesium alloys.

Most recently, nanoparticles (NPs) reinforced lightmetal alloys have
attracted increasingly more attention [12,13]. Apart from the utilization
of NPs as reinforcements, many efforts have been undertaken to control
themicrostructure by NPs and significant microstructure improvement
has been achieved in this way [14–16]. The charged NPs were initially
discovered as the functional universal surfactants to induce a slow crys-
tal growth by the formation of NP layer on the crystal surface [17]. After-
wards, ceramic nanoparticles were employed to refine the
microstructure of Sn\\Al and Al\\Si alloys and found to restrict the
growth of primary α-Al phases [18,19]. It is possibly because solute
transport during solidification could be retarded through the NP assem-
bly onto the advancing interface. It was reported that when 0.7 wt% NPs
were incorporated inMg-25Zn-7Al (wt%) alloys, the effective diffusivity
of zinc could be decreased by about one-third as compared to that for
NP-free alloys, which resulted in a reduction of 33% in grain size [20].
Additionally, given that ceramic nanoparticles are much more chemi-
cally and thermally stable than refining elements like Zr, the element
poisoning and detrimental reaction products would be radically
avoided. Therefore, NP-induced growth control (NIGC) may pave a
novel avenue for grain refinement of magnesium alloys.

To clarify the mechanisms underlying NP-induced crystal growth, an
irreversible adsorption model was firstly proposed by Kowalczyk et al.
[17]. Then, itwasmodified byChen et al. [21]who employed it to describe
the phase growth kinetics influenced by NPs in immiscible Al\\Bi alloys.
Subsequently, Wang et al. [19] extended it to the condition of equiaxed
dendritic growth at different cooling rates in hypoeutectic Al\\Si alloys.
As far as these models are concerned, the characteristic time for NP as-
sembly onto the phase surface tnp and the diffusion-hindrance efficiency
f are acknowledged as two critical factors in themodelling. For the former,
the time factor is inversely proportional to NP addition. The infinitesimal
tnp of about several milliseconds manifests a high efficiency for NP cover-
age. For the latter, the diffusion-hindrance efficiency is used as an indica-
tor of NP effect on the phase growth,which is proportional toNP addition.
As pointed out byWang et al. [19], f is in essence a synthetical reflection of
the growth restriction causednot only byNPassembly, but also by the im-
pingement of the growing phases. However, the contribution of impinge-
ment to growth restriction is not considered in previous models.
Although in the early stages of solidification, each grain is isolated from
each other and can grow freely, impingement of growing grains stifle fur-
ther growth as solidification proceeds [22,23]. With the developing den-
dritic grains impinging on the neighboring ones, a coherent dendrite
network can be established. The interaction between growing grains is
thus another important mechanism by which grain growth is restricted.
For an in-depth understanding of the grain growth mechanisms in NP-
containing alloys, it is of great significance to investigate the effects of im-
pingement and NPs on grain growth.

In the presentwork, advanced characterization techniques including
3D tomography and in-situ observationwere carried out to examine the
microstructure evolution in NP-containing AZ91 alloys. Unlike the
works byD. H. St John et al. [24],where grain refinement can be attained
by applying ultrasonic treatment over a solidified temperature range
during or after nucleation of primary grains, the ultrasonication treat-
ment was adopted to disperse NPs in the melt at a given temperature
above the liquidus, which is invalid before nucleation. The effect of NP
addition on the growth behavior of primary α-Mg was discussed sys-
tematically from the perspective of heterogeneous nucleation and
growth restriction. A theoretical model is first established to unveil
the combined roles of NPs and impingement on the grain growth.
2

2. Materials and experimental methods

2.1. Sample preparation

AZ91 alloys and TiC0.3N0.7 ceramic nanoparticles with a diameter of
50 nmwere used in this study. Thematrix alloyswere prepared by plac-
ing commercial high pure magnesium (99.9% purity), aluminum
(99.5%) and Zinc (99.9%) into a graphite crucible and melting at
720 °C in an electric resistance furnace. The mixture of CO2/SF6 with
ratio of 1:2 was used as a protective gas. For the removal of gases and
inclusions, the melt was heated at 740 °C and then degassed using the
mixture of MgCl2, KCl, BaCl2 and CaF2 (1.0 wt%). After skimming off
the oxide skin, TiC0.3N0.7 nanoparticles wrapped in aluminum foils
(themass of the foil is also considered in the finalmaterial composition)
were submerged beneath the surface of the melt at 720 °C for 10 min.
The ultrasonication was applied to disperse nanoparticles. The tip of ul-
trasonic probe was dipped into the melt about 10 mm in depth and the
ultrasonic treatment was carried out at the temperature of 700 °C for
20min. After the completion of ultrasonication, the probewas removed
out of the melt. The melt was heated to 720 °C before pouring into a
preheated cylindrical permanent mold (300 °C). It should be noted
that there is no ultrasonication during the casting process. In this
work, TiC0.3N0.7 nanoparticles were adopted as growth inhibitors be-
cause of their high density, high chemical and thermal stability, strong
oxidation resistance and better compatibility with the metal matrix
[21,25]. Various volume fractions of TiCN nanoparticles (0.5, 1.0, 1.5,
2.0 and 2.5 vol%) were incorporated into AZ91 alloys. For the purpose
of comparison, a matrix alloy without NP addition was also prepared
under the same condition.

2.2. Measurement of cooling curves

The effects of different cooling rates on the growth behavior of pri-
mary α-Mg were investigated after addition of nanoparticles. The vari-
ations of the temperature with time during solidification were
measured by K-type thermocouples placed inside the castings and
then recorded by data acquisition system. For the permanent mold
mentioned in Section 2.1, the cooling rate was calculated to be about
5 K/s. Besides, to obtain different cooling rates, the melt was cast into
a graphite crucible and then cooled either in air or in furnace. The mea-
sured cooling rates were approximately 1 K/s and 0.1 K/s, respectively.
The characteristic temperatures of solidification can be determined
from the time integration (dT/dt) and three characteristic temperatures
were given in this work [26–28], i.e. the nucleation temperature (TN),
defined as the first remarkable change in the first derivative of cooling
curve or the minimum point of the valley just before the perceptible
peak in the second derivative curve; the minimum temperature before
recalescence (Tm); and the nucleation undercooling (ΔTN), defined as
ΔTN = TN−Tm.

2.3. Material characterization

Themetallographic specimenswere sectioned from the center of the
castings,mechanically polished, and then etched in themixture solution
of 1 ml acetic acid, 150 ml ethanol and 50 ml highly purified water. The
etched samples were imaged using a polarized light optical microscope.
The grain sizes were measured using the linear intercept method. Poly-
functional X-Ray Diffractometer (XRD) with voltage of 40 kV and cur-
rent of 40 mA was used for phase identification. The step size is 0.02°
and the scan angles is a range of 10–90°. Themicrostructures of samples
were observed using

TESCAN-MAIA3 field emission scanning electron microscopy
(FESEM) with voltage of 5 kV. The TEM analysis was carried out to ex-
amine the distribution of nanoparticles and their crystallographic orien-
tations with primary α-Mg using transmission electron microscopy
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Fig. 1. XRD patterns of (a) NPs; (b) Matrix alloy; (c) AZ91 alloy with 2 vol% NP addition.
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(TEM; Talos F200XG2)with voltage of 200kVon the TEM foils prepared
using Precision Ion Polishing system (PIPS, Gatan 695).

The 3D tomography analysis was performed using Zeiss Xradia 520
Versa device. The specimens for 3D tomography observation were cyl-
inders with 0.7 mm in diameter and 5 mm in height. The voltage and
electric power were 60 kV and 5W, respectively. The images of projec-
tion were captured at an interval of 0.11° over a total range of 360°. The
exposure timewas 2500ms. The voxel resolution used in this measure-
ment is 0.7 μm, which is applicable to the observation of β phases with
the sizemore than 1 μm. The datafiles containing three-dimensional in-
formation were processed using Dragonfly software, including image
segmentation and 3D mesh reconstruction of different phases.

In-situ observation of the growth of primary α-Mg under different
cooling rates during solidification were accomplished using Ultrahigh
Fig. 2. The anodized micrographs of as-cast AZ91 alloys with various NP a

3

Temperature Confocal Scanning Laser Microscope. The experimental
samples have a size of φ 7.5 mm × 3.0 mm, whose two base surfaces
were polished. Each sample was deposited in a ceramic crucible and
then heated up ~50 °C above the liquidus temperature for 10 min
until it was completely melted. The heating chamber was filled with
argon to prevent oxidation. Themelts were cooled to room temperature
at three given cooling rates, i.e. 0.1 K/s, 1.0 K/s and 5.0 K/s.

3. Results

3.1. Grain refinement with nanoparticles

Fig. 1 shows the XRD analysis of TiC0.3N0.7 nanopowder and as-cast
AZ91 alloys with and without NP addition. As shown in Fig. 1(a), five
strong diffraction peaks of NPs can be identified at the 2-Theta ranging
from 25° to 90°, and the corresponding indices of lattice planes vary
from {111} to {222}, among which the diffraction peak intensity of
{200} is strongest, followed by {111} and {220}. Fig. 1(b) presents the
phase composition of the matrix alloy and it is composed of primary
α-Mg and eutectic β-Mg17Al12. After the addition of NPs, three strong
peaks of TiC0.3N0.7 phases concordant with Fig. 1(a) can be observed
in Fig. 1(c), which confirms the existence of TiC0.3N0.7 nanoparticles in
the sample.

The anodized micrographs of the samples with different NP addi-
tions prepared at the same cooling rate of 5 K/s are showed in Fig. 2.
Fig. 2(a) exhibits the grain microstructure of matrix alloy characterized
by coarse equiaxed dendritic grains with the average size of 108 μm.
After the addition of 0.5 vol% NPs, the average grain size is decreased
to 87 μm. With the further addition of NPs, the variation of grain sizes
continues a declining trend until reaching the minimum of 36 μm at
the addition level of 2 vol%, which is approximately 66.3% smaller
than that of matrix alloy. It should be noted that very high NP addition
levels, i.e. more than 2.0 vol% can not lead to further grain refinement
as shown in Fig. 3(a). It may be ascribed to the agglomeration of NPs
at high addition levels. It can be speculated that NP aggregates or
ddition levels. (a) Matrix alloy; (b) 0.5 vol%; (c)1.0 vol%; (d) 2.0 vol%.



Fig. 3. (a) The average grain size of AZ91 alloys vs NP addition levels; (b) The comparison of grain sizes between the present work and the experimental results reported in literature.
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clusters are likely to compromise the refining effect. For comparison
with the refining effects of various refiners in AZ91 alloys, including par-
ticles and elements, the relevant experimental information in the liter-
ature is listed in Table 1 and the comparison of results is shown in Fig. 3
(b). It can be seen that the NP-induced growth control can result in the
most remarkable refining effect in AZ91 alloys nowadays.

3.2. Refinement of β-M17Al12 phases

Fig. 4 shows the eutectic microstructure of matrix alloy and AZ91
alloy with 2 vol% NP addition. The bright phases are eutectic β-
M17Al12 while the dark ones are primary α-Mg. From Fig. 4(a) and
(b), it can be seen that the coarse β phases in the matrix alloy are char-
acterized by the network structure and precipitate along the grain
boundaries of primary α-Mg. Some of them are in the form of lamellar
structure. The addition of 2.0 vol% NPs leads to the morphological tran-
sition ofβ phases from coarse continuous tofinediscontinuous network
structure as shown in Fig. 4(c) and (d). Furthermore, it is clear from
Fig. 4(d) that a majority of nanoparticles are found to be distributed
along the grain boundaries of primary α-Mg.

To evaluate the extent towhichNPs can affect themorphology, distri-
bution and fraction of β phases, 3D tomography analysis has been per-
formed, which is expected to provide more comprehensive information
on their network structure than the characterization by 2D images. The
spatial structures of β phases in thematrix alloy and the sample contain-
ing 2.0 vol% NPs are illustrated in Fig. 5. The primary α-Mg phases are
colored in blue while the β-M17Al12 phases are visualized in green.
Fig. 5(a) displays the cuboid reconstruction map of the matrix alloy. It
is evident that β phases are distributed intricately along the grain
Table 1
Various grain refinement methods of AZ91 alloys reported in literature [29–41].

Matrix Refiner Addition level Method

AZ91 AlN – Gravity casting
TiC and SiC 1 vol% Ultrasonication+Grav
MnCO3 0.6 wt% Gravity casting
Sr 0.2 wt% Gravity casting
SiC 2 vol% Ultrasonication+Grav
SiC 1.5 wt% Ultrasonication+Grav
SiC 10 vol% Gravity casting
Al-TiB2 master alloy 2.5 wt% Semi-solid mechanical
Al-TiB2 master alloy 2.5 wt% Semi-solid mechanical
C powder 1 wt% Gravity casting
Sn 0.5 wt% Gravity casting
Gd 0.5 wt% Gravity casting
Sb 0.5 wt% Gravity casting
In-situ TiC-TiB2 – Semi-solid mechanical
Al4C3 0.5 wt% Gravity casting

4

boundaries ofα-Mg. Fig. 5(b–g) represent themorphology and distribu-
tion of primary and eutectic phases extracted from Fig. 5(a). The 2D im-
ages, as shown in Fig. 5(b–d), are the basis of reconstruction, extraction
and visualization of the partial three-dimensional microstructure, in-
cluding separate 3D morphologies of primary α-Mg phases and β-
M17Al12 phases. The typical α-Mg equiaxed dendrites with coarse
dendrite arms can be observed in Fig. 5(f). By contrast, there is a marked
reduction in the length of dendrite arms of α-Mg in NP-containing sam-
ple, some of which even transform from dendritic to spherical grains in
Fig. 5 (m). After removing the primary phases, the coarse and continuous
3D network structure of β phases can be clearly demonstrated in Fig. 5
(g). Comparedwith thematrix alloy, theβ phases in NP-containing sam-
ple exhibitmore homogeneous spatial distribution and refinedmorphol-
ogy as depicted in Fig. 5(n). Fig. 6(a) and (b) present the 3D
morphologies of β phases extracted from Fig. 5(a) and (h), respectively.
By comparison, it is can be seen that the NP addition can lead to a uni-
form and dispersive distribution of β phases in the matrix. Also clear
from Fig. 6(c) is that the volume fraction and specific surface area of β
phases are both increased after theNP addition. The experimental results
show that the NP addition can lead to the reduction in α-Mg and β-
Mg17Al12 sizes. The refinement of α-Mg may be mainly attributed to
NP addition while the refinement of β-Mg17Al12 may be a by-product
of finer primary α-Mg, which is further discussed in Section 4.1.

3.3. Characterization of nanoparticles

Fig. 7 shows the SEM micrographs of AZ91 alloys with 2.0 vol% NP
addition. As shown in Fig. 7(a) and (b), a large proportion of NPs are lo-
cated at the interfaces between primary α-Mg and β-Mg17Al12. These
State Grain size (μm) Ref

As-cast 50 [7]
ity casting As-cast 55.79 [29]

As-cast 61 [30]
As-cast 67 [31]

ity casting As-cast 80 [32]
ity casting Solid solution 65 [33]

As-cast 53 [34]
stirring+Gravity casting As-cast 66 [35]
stirring+Gravity casting Solid solution 58.4 [35]

Solid solution 75 [36]
– 75 [37]
As-cast 100 [38]
As-cast 93 [39]

stirring+Gravity casting Solid solution 72 [40]
As-cast 78 [41]



Fig. 4. SEMmicrographs of AZ91 alloys with different NP addition levels: (b) and (d) magnified from (a) Matrix alloy and (c) 2 vol% NP addition, respectively.
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nanoparticles segregate intergranularly to form a densely-packed layer
covering the surface of α-Mg, which may be effective in inhibiting sol-
ute atoms from transporting onto the growing interface, restricting its
growth and thus refining its grain size. Apart from the intergranular dis-
tribution, many NPs are found to be distributed within α-Mg dendrites
and β phases as shown in Fig. 7(c) and (d). For the former, a small frac-
tion of NPs may be captured by the growingα-Mg dendrites during so-
lidification. There are several factors behind the NP capture, including
melt viscosity and local solidification rate. An increase in NP addition
level may increase the melt viscosity and thus the viscous force acting
on NPs, facilitating the NP capture. In addition, the local positions like
the mold wall may provide high solidification rate to promote the NP
capture. For the latter, as the grain growth proceeds, a majority of NPs
may be pushed by the advancing dendrite to the intergranular regions
where the eutectic reaction would occur once the eutectic temperature
could be reached. With the β phases precipitating along the grain
boundaries, these NPs inevitably assemble onto their surface and are
distributed inside them eventually.

The bright-field TEM images and STEM mapping in Fig. 8(a–c) fur-
ther reveal that the nanoparticles with an average diameter of 50 nm
are distributed in the matrix in three ways, i.e. along the grain bound-
aries, inside the α-Mg grains and within the interior of β phases. As
shown in Fig. 8(d), nanoparticles that are embedded in the interior of
α-Mg exhibit random crystallographic orientation relationships (ORs)
with the α-Mg matrix. Some of them are found to be coherent with
the matrix. Fig. 8(e) displays a nanoparticle located in between α-Mg
and β phase, and two interfaces can be clearly observed. According to
the crystallographic information provided by the fast Fourier transfor-
mation (FFT) of the nanoparticle and α-Mg in Fig. 8(g–i), there exists
a coherent interface between the nanoparticle and the α-Mg matrix,

and the OR is obtained as [2110]α-Mg//[011]NP, (0002)Mg//(111)NP.
5

Conversely, an incoherent interface is formed between the nanoparticle
and β phase. Fig. 8(f) exhibits another nanoparticle located at the grain
boundary of α-Mg. The incoherent interface between them confirms
that the intergranular nanoparticles also have random ORs with the
α-Mg matrix. Furthermore, the interfaces between NP and α-Mg and
between NP and β phase are smooth and taintless with no intermetal-
lics formed, whether they are coherent or incoherent. It is noteworthy
that the coherent interfacemay provide a strong interfacial bonding be-
tween the NP-layer and the growing phase, leading to a pronounced
growth-restricting effect.

3.4. Effects of cooling rates on microstructure evolution

Fig. 9 shows themeasured cooling curves of thematrix alloy and the
sample with 2.0 vol% NP addition produced at three given cooling rates,
i.e. 0.1, 1 and 5 K/s. Two plateaus can be observed on each curve, which
represent the nucleation and growth of primary α-Mg dendrites and
eutectic β-M17Al12 phases [42]. The time integration (dT/dt) of each
curve is calculated and shown at the bottom of each figure. The three
characteristic temperatures as mentioned in Section 2.2 are listed in
Table 2. From the measured data, it can be seen that TN of α-Mg in-
creases with the cooling rate while Tm decreases with it. As a result,
the nucleation undercoolings ΔTN exhibits an increasing trend with
the cooling rate asΔTN = TN−Tm. After incorporating NPs into AZ91 al-
loys, there is a slight increase in TN,α-Mg for any given cooling rate. It can
be inferred that the NP addition may have little effect on the nucleation
temperature of primary α-Mg. However, a significant reduction occurs
to Tm,α-Mg for NP-containing sample. It may be principally attributable
to the decline in the release of latent heat during the restricted growth
of α-Mg induced by NPs. The decreased Tm,α-Mg could lead to a great
increase in the nucleation undercooling, and the heterogeneous



Fig. 6. 3D morphologies of separated β-M17Al12 phases in a cuboid with the size of 310 μm × 81 μm × 285 μm: (a) Matrix alloy; (b) Sample with 2 vol% NP addition; (c) Comparison of
volume fraction and specific surface area of β-M17Al12 phases between the matrix alloy and 2 vol% NP-containing sample.

Fig. 5. Three-dimensional morphology of the matrix alloy and the sample with 2 vol% NP addition: (a) Matrix alloy; (h) 2 vol%; (b−d) and (i-k) 2D images extracted from (a) and (h),
respectively; (e–g) and (l–n) 3D images extracted from (a) and (h), respectively.
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Fig. 7. (a) SEM micrographs of AZ91 alloys with 2 vol% NP addition: (b) and (d) magnified from (a) and (c), respectively.
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nucleation of α-Mg is thus promoted. Similarly, the three characteristic
temperatures of eutectics in NP-containing sample exhibit almost the
same varying tendency as that of α-Mg. It is noteworthy that unlike
the slight variation of TN,α-Mg, there is a remarkable increase in TN,eu
for three given cooling rates. Itmay bemainly due to the growth restric-
tion caused by the presence of nanoparticles along grain boundaries,
which can hamper the growth of eutectic phases, thus leading to the en-
hanced nucleation of eutectics.

To unveil the combined effects of NP addition and cooling rates on
the microstructural evolution of AZ91 alloys, in-situ observation of the
solidification processes of the matrix alloy and 2 vol% NP-containing
sample has been carried out and the results are shown in Figs. 10 and
11. The entire solidification process can be divided into three stages:
the beginning of nucleation at 600 °C, the growth of primary α-Mg at
500 °C and the completion of eutectic reaction at 400 °C. As shown in
Figs. 10(a, d, g) and 11(a, d, g), several α-Mg nuclei emerged in the
melts at the first stage for the matrix alloy and NP-containing sample
under the cooling rates of 1 K/s and 5 K/s, respectively. As solidification
proceeded, an increasing number of primaryα-Mg grains started to nu-
cleate and grew during a short period. When the temperature reached
500 °C, the growth of α-Mg grains at the second stage seemed to be
spherical and not dendritic for the matrix alloy solidified at the cooling
rate of 0.1 K/s as shown in Fig. 10(b). However, the dendritic growth of
α-Mg grains could be discernible at high cooling rates of 1 K/s and 5 K/s
in Fig. 10(e) and (h), respectively. Compared with the matrix alloy, sig-
nificantly refined α-Mg dendrites could be achieved at any given
cooling rates through the addition of TiCN nanoparticles as presented
in Fig. 11(b,e,h). Moreover, the interdendritic or intergranular regions
between primary α-Mg grains, i.e. the dark regions shown in Figs. 10
(b,e,h) and 11(b,e,h) were filled with the residual metal liquid that
was trapped by solid networks. Then the eutectic reaction would
7

occur in these regions. As the temperature declined to 400 °C, the solid-
ification process came to an end with the precipitation of β-Mg17Al12
phases along the grain boundaries. As illustrated in Fig. 10(c,f,i) and
11(c,f,i), the morphologies of α-Mg grains could be clearly observed at
the end stage. Interestingly, a morphological transition of α-Mg grains
from spherical at 500 °C in Fig. 10(b) to dendritic at 400 °C in Fig. 10
(c) took place. More interestingly, when the cooling rate was raised
from 0.1 to 5 K/s, the α-Mg grains in the NP-containing sample trans-
formed from refined equiaxed dendrites (Fig. 11(c)) to fine equiaxed
dendrites (Fig. 11(f)) and eventually to finer spherical grains (Fig. 11
(i)). In conclusion, the in-situ observation results demonstrate that the
NP-induced grain refinement can be further improved with increasing
the cooling rates from 0.1 to 5 K/s.

4. Discussion

4.1. Microstructural refinement mechanisms induced by nanoparticles

According to the microstructural observation, the presence of nano-
particles in thematrix has a significant influence on theα-Mg grain size,
and the NIGC is highly likely to be the main mechanism underlying the
grain refinement. Nevertheless, there is no denying the fact that the
added nanoparticles might be involved in the nucleation event as the
nucleating particles. In general, particles can be taken as potent nucleat-
ing particles if two basic requirements can be fulfilled simultaneously,
i.e. (i) good crystallographic matching with the matrix; (ii) sufficient
melt undercooling for grain initiation. For the former, the crystallo-
graphic orientation relationships (ORs) between TiCN and α-Mg can
be predicted and evaluated by E2EM [43,44], where the interatomic
spacing misfit between a pair of closed-packed rows fr and the inter-
planar spacing mismatch between a pair of closed-packed planes that



Fig. 8. (a) TEM bright-field image of NPs that are distributed in the AZ91 alloy with 2 vol% NP addition; (b) STEMmapping; (c) Magnified from (a); (d) HRTEM analysis of NPs within the
interior ofα-Mg grain; (e) HRTEM analysis of two interfaces between α-Mg and NP and between β-Mg17Al12 and NP; (f) HRTEM analysis of a NP located at grain boundary; (g), (h) and
(i) are the fast Fourier transformation (FFT) of NP, α-Mg, and β-Mg17Al12 in (e), respectively;

Fig. 9. The cooling curves of 2 vol% NPs alloy at different cooling rate: (a) 0.1 K/s; (b) 1 K/s; (c) 5 K/s. The time integration (dT/dt) of each curve is calculated and plotted in the bottom of
each figure.
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Table 2
The three characteristic temperatures extracted from cooling curves.

Cooling rate (K/s) Alloy TN,α-Mg (°C) TM,α-Mg (°C) ΔTN,α-Mg (°C) TN,eu (°C) TM,eu (°C) ΔTN,eu (°C)

0.1 Base alloy 597.8 597.2 0.6 427.6 427.2 0.4
2.0 vol% NPs 598 595 2.4 428.3 426.9 1.4

1 Base alloy 598.4 596.3 2.1 428.4 425.1 3.3
2.0 vol% NPs 599 591.6 6.4 430.2 424.2 6

5 Base alloy 599.8 595.5 4.3 430.6 419.3 11.3
2.0 vol%NPs 600.3 590.5 9.8 431.3 418 13.3
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contain the rows f d should both satisfy the criteria of f r < 10% and
fd < 10%. The calculations show that there exist two possible ORs
between α-Mg and TiCN as listed in Table 3, i.e. [1120]Mg//[110]TiCN,
(1011)Mg//(111)TiCN and [1120]Mg//[110]TiCN, (0002)Mg//(111)TiCN.
More importantly, the HRTEM analysis of the nanoparticle within the
interior of α-Mg in Fig. 12(a) and (b) may lead credence to the E2EM
prediction as the observed OR of [2110]Mg//[011]NP, (0002)Mg//
(111)NP is consistent with the predicted one. Hence, the added TiCN
particles may act as the nucleating particles to promote the heteroge-
neous nucleation of α-Mg from the crystallographic aspect. For the lat-
ter, based on the free-growth model [11], the undercooling for free
growth ΔTfg is inversely proportional to the particle diameter d, which
Fig. 10. In-situ observations of α-Mg grain growth in th

9

is given by ΔT fg ¼ 4σ
ΔSvd

where σ is the solid–liquid interfacial energy
andΔSv is the entropy of fusion per unit volume. By calculation, the crit-
ical undercoolingΔTfg for a TiCN nanoparticle with an average diameter
of 50 nm is about 15.04 °C. FromTable 2, however, it can be seen that the
measuredmaximum undercoolings are less than 10 °C far below the re-
quired critical undercooling even for the samples solidified at the
highest cooling rate of 5 K/s. Therefore, the added TiCN nanoparticles
may not be activated to be effective nucleation sites in spite of high nu-
cleation potency. Nevertheless, there remains a controversial issue of
whether NP-clusters can be activated for heterogeneous nucleation if
the critical undercooling can be reached due to their large size. Assum-
ing that they can be activated, the crystallographic orientations of all
e matrix alloy produced at different cooling rates.



Fig. 11. In-situ observations of α-Mg grain growth in the 2.0 vol% NP-containing sample produced at different cooling rates.

H. Li, K. Wang, G. Xu et al. Materials and Design 196 (2020) 109146
nanoparticles within a NP-cluster must be consistent and their
matching planes are expected to be parallelly exposed to α-Mg grains.
Unfortunately, as depicted in Fig. 12(c) and (d), the selected area
electron diffraction (SAED) of a NP-cluster exhibits only diffusive poly-
crystalline ring patterns, substantiating the polycrystalline nature of a
NP-cluster with random orientation. As a result, the NP-cluster may
not participate in the nucleation event as effective nucleating particles.

In fact, the enrichment of NPs at the interface can lead to a reduction
in interfacial energy, which provides a driving force for the self-
assembly of NPs onto the growing interfaces [21]. The interfacial energy
Table 3
The possible orientations between Mg and TiCN predicted by E2EM.

Crystal structure and lattice parameters Matching planes fp (%

TiCN FCC
a = 0.4264 nm

(1011)Mg/(111)TiCN −0.4

(0002)Mg/(111)TiCN 5.4
(1011)Mg/(200)TiCN 13

(1011)Mg/(220)TiCN 23.2
Mg HCP
a = 0.3209 nm
c = 0.5211 nm

(1010)Mg/(111)TiCN 11.3

(1010)Mg/(200)TiCN 23.2

(1010)Mg/(220)TiCN 45.7
(0002)Mg/(200)TiCN 18.1
(0002)Mg/(220)TiCN 11.3
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is minimized when the interface is saturated by forming a NP-
monolayer at the interface [45]. Based on the Boltzmann constant, tem-
perature, nanoparticle size as well as their number density, they are
capable of assembling rapidly onto the interfaces via Brownian motion.
The smaller NP size, the higher Brownian velocity. In previous studies
[19,21], the time factor tnp was used as an indicator of the time for NP
coverage onto the growing phases, and it is determined to be of the
order of several milliseconds for the AZ91 alloy with 2.0 vol% NP addi-
tion. The rapid formation of NP-monolayer can greatly restrict grain
growth at the initial stage of solidification. As solidification proceeds,
) Matching directions fp (%) OR

[1120]Mg/[110]TiCN
[1120]Mg/[110]TiCN 6.4 (1011)Mg/(111)TiCN
[1120]Mg/[100]TiCN 50.6

4 1120]Mg/[112]TiCN 62.8 [1120]Mg/[110]TiCN
2 (0002)Mg/(111)TiCN



Fig. 12. (a) TEMbright-field image of NPswithin the interior ofα-Mg; (b) HRTEM image showing the coherent interface between NP andα-Mg; (c) TEMbright-field images of NP-cluster
insideα-Mg grain; (d) Selected area electron diffraction (SAED) ofNP-cluster in (c); (e) TEMbright-field image exhibiting aNP-layer covering the grain boundary; (f) HRTEM image of the
grain boundary in (e). The inset in (f) displays the polycrystalline nature of a NP-cluster with random orientation.
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more nanoparticleswould be pushed ahead of the solid/liquid interface,
which could lead to the transition of NP-layer frommonolayer tomulti-
layer. Assumingα-Mg grain grows to the point where the grain bound-
ary is entirely covered by a NP-monolayer, its grain size can be
determined by Δ ¼ 2πd

ffiffi

3
p

Vf
[46],whereΔ is the grain size, d is the diameter

of nanoparticle and Vf is volume fraction of NPs. GivenVf=0.02 and d=
50 nm, the Δ is calculated to be 9.1 μm in the present work. Taking into
account the measured size of 36 μm, the α-Mg grain with the size of
36 μmwould be coveredby roughly four layers ofNPs. Fig. 12(e) exhibits
the bright-field TEM image of a typical NP-layer at the grain boundary. It
has a width of approximately 200 nm, which is exactly four times as
large as the average diameter of NPs. According to the crystallographic
information provided in Fig. 12(f), the multilayer structure of NP-layer
can be confirmed, which is in good agreementwith the theoretical anal-
ysis. Conclusively, the NPs assembling onto the surface of growing
grains of α-Mg can effectively retard the transport of solutal atoms
and greatly restrict their growth, thus leading to a significant grain re-
finement of AZ91 alloys.

On the other hand, the predictions using E2EM, as listed in Table 4,
show that TiCN has a poor nucleation potency for β-Mg17Al12. And the
Table 4
The possible orientations between β-Mg17Al12 and TiCN predicted by E2EM.

Crystal structure and lattice parameters Matching planes fp

TiCN FCC
a = 0.4264 nm

(330)β/(111)TiCN 0.
(330)β/(200)TiCN 14
(330)β/(220)TiCN 39
(332)β/(111)TiCN −

β-Mg17Al12 FCC
a = 1.0561 nm

(332)β/(200)TiCN 4.
(332)β/(220)TiCN 32
(721)β/(111)TiCN
(721)β/(200)TiCN −
(721)β/(220)TiCN −
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HRTEM analysis in Fig. 8(e) also demonstrates that there is no crystallo-
graphic matching between NP and β-Mg17Al12. Thus, TiCN nanoparti-
cles may not act as nucleating particles for the heterogeneous
nucleation of β phases. Instead, the presence of nanoparticles along
grain boundaries can hamper the growth of eutectic phases, thus
resulting in the refinement of β phases.

4.2. Modelling of NP-induced grain refinement

The microstructural observation demonstrates that a large propor-
tion of nanoparticles are distributed along the grain boundaries, based
on which the growth mechanism of α-Mg grains can be elucidated in
terms of the NP effects on the solute diffusion. Fig. 13(a) is a schematic
illustration of two growing equiaxedα-Mg dendrites in an undercooled
melt, and each dendrite can be divided into three regions including solid
dendrite (Region 1), interdendritic liquid within a grain envelope
marked by radius Rg (Region 2) and free liquid with a solute diffusion
zone outside the grain envelope (Region 3) [47].

When the α-Mg grains begin to nucleate, the neighboring nanopar-
ticles dispersed in themelt, drivenby the reduction in interfacial energy,
(%) Matching directions fd (%) OR

7 [001]β/[100]TiCN 79.8 –
.01 [001]β/[110]TiCN 71.4
.2 [001]β/[112]TiCN 50.5
9.9 [110]β/[100]TiCN 85.7
8 [110]β/[110]TiCN 79.8
.68–72.18 [110]β/[112]TiCN 65.1

[111]β/[100]TiCN 76.6
49.44 [111]β/[110]TiCN 70.8
5.4 [111]β/[112]TiCN 42.8



Fig. 13. (a) The schematic of α-Mg dendrite growth process with marked three regions 1, 2, 3, indicating a solid dendrite, an interdendritic liquid within the grain envelope marked by
radius Rg, and the free liquid with a solute diffusion zone outside the grain envelope, respectively. Rg refers to the radius of growing grains at any growing time t and Rf is the final
grain radius after the occurrence of impingement; (b) Solute profiles with partition coefficient k < 1 for the AZ91 alloys with and without NP addition; (c) Binary phase diagram with
partition coefficient k < 1; (d) Temperature fields ahead of a dendrite front.

H. Li, K. Wang, G. Xu et al. Materials and Design 196 (2020) 109146
can rapidly self-assemble onto the surface of α-Mg grain until a NP-
monolayer is established. The formed NP layer can act as a diffusion
barrier to prevent solute atoms from transporting onto the growing
interface, leading to the reduction in solute concentration at the den-
drite tip. In the case of the partition coefficient k < 1, the solute concen-
tration at the dendrite tip is thus decreased from CL to CL’, connected
with the solute concentration gradient in reigon 3 decreasing from GC

to G'C as shown in Fig. 13(b).
Fig. 13(c) exhibits the binary phase diagram with partition coeffi-

cient k < 1, in which the constitutional undercooling ΔTc is given by
ΔTc=TL

r−T⁎, where TL
r is the liquidus temperature at a curved interface

and T⁎ is the interface temperature at the dendrite tip [48]. Given that
thermal undercooling and curvature undercooling are insignificant in
an isothermal melt, solutal undercooling is only considered as the effect
on the grain growth. The variation of solute concentration at the inter-
face due to the presence of NPs results in the increase of interface tem-
perature from T⁎ to T⁎’, accompanied by the decrease of constitutional
undercooling from ΔTc to ΔTc′ as depicted in Fig. 13(d). The decreased
constitutional undercooling has a strong effect in reducing the growth
rate of α-Mg dendrites and thus limiting the grain size.

Another important factor affecting grain growth is grain impinge-
ment. At the initial stage of solidification, the grains are isolated from
each other and can grow unimpeded by surrounding grains. As solidifi-
cation proceeds, the growing grains begin to impinge on one another. As
soon as the hard impingement occurs, the grain growth is terminated
andfinal grain size is achieved. For a better understanding, the grain im-
pingement is shown schematically in Fig. 13(a). Rg is the instant grain
radius at any growth time t, and Rf is the final grain radius after grain
12
impingement. As the occurrence of impingement signifies the end of
grain growth, the time when impingement occurs can be taken as the
time for grain growth, which is termed impingement time in this work.

The NP-induced solute concentration variation and the impinge-
ment of dendrites are two critical factors determining the growth of
α-Mg grains. Taking them into consideration, an analytical model is
proposed to quantitatively account for the growth behavior of α-Mg

grains and established as R ¼ ξpkDV
2
c t

∗3

3ΓmC0 k−1ð Þπ2. The parameters used for

model calculation are listed in Supplementary Table S1 andmore details
about the growthmodel are provided in Supplementary note 1. It can be
seen that the grain size is proportional to the solute-diffusion factor ξp,
the cooling rate Vc and the impingement time t ∗.

The present model theoretically accounts for the combined effect of
NPs and grain impingement on the grain size due to growth restriction
by NP assembly ( ξp) onto the interface and the impingement (t ∗) with
surrounding grains. Apart from ξp and t ∗, other important parameters
influencing grain size include the cooling rate Vc, and the growth restric-
tion parameterQ (Q=mC0(k− 1)) [10],which can be determined from
the cooling curve and the phase diagram, respectively. It can be seen
from the model that for given alloy composition and solidification con-
ditions, the grain refinement effect largely depends on the solute-
diffusion factor ξp. In themodel, ξp is merely dependent on the addition
level of nanoparticles. Once the addition level is given, the ξp is invari-
able. It can be determined using the model from the measured grain
sizes produced at different cooling rates. Fig. 14(a) exhibits the variation
of ξpwith NP contents. It can be seen that ξp is decreased to the mini-
mum when the addition level is raised up to 2.0 vol%. Fig. 14(b) shows



Fig. 14. (a) Dependences of ξp on NP addition levels; (b) Impingement time as functions of cooling rate and NP addition level; (c) Correlations among the grain size, cooling rate and
impingement time in a three-dimensional coordinates for matrix alloy and 2 vol% NP-containing sample, respectively; (d) Comparison of the measured grain sizes of 2 vol% NP-
containing sample with the predictions.
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the measured impingement time as a function of cooling rate and NP
addition level. The results show that for a given NP addition level, the
higher the cooling rate is, the less the impingement time. Also obvious
is that the impingement time for NP-containing sample produced at
the same cooling rate is decreased with increasing NP addition levels.
For clarity, the correlations among grain size, cooling rate and impinge-
ment time in three-dimensional coordinates are illustrated in Fig. 14(c).
It is clear that the “curved surface” for 2.0 vol% NP-containing sample is
located below that formatrix alloy, implying that small grain size can be
obtained upon addition of 2.0 vol% NPs on the condition of the same
cooling rate and impingement time. Nevertheless, the actual impinge-
ment time for 2.0 vol% NP-containing sample is much lower than that
for matrix alloy even at the same cooling rate as shown in Fig. 14(b).
Thus, the NP addition may lead to finer grain size. Fig. 14(d) shows
the comparison between the measured grain size and the prediction.
The prediction is in good agreement with the experimental results,
confirming the validity of the model.

The model analysis shows that the presence of nanoparticles could
not only cause the reduction in solute concentration gradient at den-
drite tips, but also affect the impingement between grains. On the one
hand, the smaller ξp is, the lower the solute concentration gradient
and the growth velocity of α-Mg. The reduced growth rate could stifle
the release of latent heat from growing α-Mg grains. Therefore,
recalescence would occur at a low temperature, which in turn provides
a large undercooling for the continuous nucleation of grains and thus
leads to an increase in grain number density. It is noted that the exper-
imental results listed in Table 2 demonstrate that the measured
undercooling before recalescence is indeed increased after NP addition.
On the other hand, the higher grain density could lead to the smaller
grain interval, which accelerates the grain impingement and reduces
13
the impingement time. It can be safely speculated that an increase in
cooling rate or NP addition level may induce grain refinement and
lead to an increase in grain number density and thus a decrease in im-
pingement time, which may explicate the variation trends of impinge-
ment time with cooling rate and addition level. Overall, the NIGC is a
competition between grain growth and grain impingement. With in-
creasing NP addition levels, the growth velocity of grains is decreased
and the undercooling before recalescence is increased, whichmultiplies
the nucleation events and accelerates the grain impingement, so that
fine grains can be achieved in the solidified microstructure.
5. Conclusion

In this study, theNP-induced grain refinement phenomenon of AZ91
alloys are investigated systemically. Combined with the experimental
results and theoretical model analysis, the main conclusions could be
summarized as follows:

(1) The added nanoparticles are distributed in matrix in three ways,
i.e. along the grain boundaries, inside theα-Mg grains andwithin
the interior of β phases.

(2) From the perspective of heterogeneous nucleation, the nanopar-
ticles with an average size of 50 nm can not act as the effective
nucleation sites. Instead, the growth control induced by multi-
layer of NPs covering the surface of α-Mg could be the main re-
fining mechanism for AZ91 alloys.

(3) The growth kinetics ofα-Mg, based on two crucial factors, i.e. sol-
ute concentration gradient at dendrite tip and grain impinge-

ment, is established and given by ¼ ξpkDV
2
c t

∗3

3ΓmC0 k−1ð Þπ2.
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(4) The more NPs added to themelt, the lower the solute concentra-
tion gradient at dendrite tip and the growing velocity of grains.
The reduced growth rate could increase the nucleation events
and promote the grain impingement, leading to significant
grain refinement of AZ91 alloys.
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