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The microstructure and mechanical properties of extruded AZ31 + xTiCN (x = 0, 0.4, 0.8, 1.2 wt%) were
investigated, and the strengthening mechanism was discussed. X-ray diffraction and energy dispersive
spectroscopy (EDS) confirmed that the Al4Cs and Al,MgC, duplex phase particles were generated in situ
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by TiCN and Al particles, which act as the nucleation precursors of Mg grains during solidification. The

grain size decreased and then increased with increasing TiCN addition. The yield strength (YS) and
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1. Introduction

Magnesium (Mg) alloy is an attractive and promising structural
engineering alloy, because of its advantages like light weight,
good castability and abundant deposits in the earth.*” However,
the low strength, creep resistance and poor machinability of
magnesium alloys hinder their further application.** According
to the classical Hall-Petch relationship, grain refinement has
been proved to be an effective method to improve the strength
of metal materials.>® Moreover, during the refining process, the
distribution of the second phase in the Mg-Al alloy is more
uniform, which can improve the strength, elongation and
reduce the segregation of castings.®*'* Therefore, various grain
refinement methods for Mg-Al based alloys have been
developed.

Generally, the grain refinement methods during the casting
process of magnesium alloy can be divided into two types: melt
treatment and metal alloying.'**® Metal alloying is a common
refinement method during the liquid forming process in
magnesium alloys, which includes solute element and
compound particle methods.
magnesium alloys usually have high Q value, such as Ti, Zr, Ca,
Si, etc. It can provide rapid development of constitutional
supercooling (CS) to restrict the grain growth.” Therefore, some
particles like TiB,,"*™* AlB,,"**® and AIN'"*® with good hetero-
geneous nucleation ability are widely applied for refining

Solute elements added to

“School of Energy and Power Engineering, Changsha University of Science &
Technology, Changsha, Hunan 410114, China. E-mail: yekyek2009@126.com;
weichen@csust.edu.cn

’Key Laboratory of Energy Efficiency and Clean Utilization, The Education Department
of Hunan Province, Changsha University of Science & Technology, Changsha, Hunan
410114, China

‘Hunan Rare Earth Metal Material Research Institute, Institute of Rare Earth Light
Alloys, Changsha, 410126, China

30650 | RSC Adv, 2022, 12, 30650-30657

ultimate tensile strength (UTS) increased with increasing TiCN addition reaching a maximum (217.5 MPa)
at 0.4 wt%, and in contrast, the elongation index (El) continuously decreased with increasing TiCN addition.

process. In addition, the compound can also be added to refine
grain size because they can react with certain elements of the
alloy in situ to form the particle with potentially heterogeneous
nucleation capabilities.”*™* For example, Qiu, et al.* reported
that the addition of 0.5 wt% VN reduces the grain size of AZ31
alloy. Duplex phases composed of AIN and VN can act as
nucleation substrates during solidification of o-Mg.

Although the solute paradigm is considered to be the most
important factor controlling the grain refinement process, some
findings attribute it to the role of the presence of effective
heterogeneous nucleation sites in the melt. Among potent
nucleants, carbon inoculation is widely employed because of its
lower treatment temperature and less fading. So far, many
carbonaceous agents have been used as refiners in Mg-Al alloys,
such as MgCO;,* SiC,*** Al,C;,”>*® particles. There are also
other particles, such as TiC*® and B,C,* which are usually added
to magnesium alloys in the form of Al-Ti-C and Al-B-C master
alloys. For example, Liu et al.** discovered that the addition of
1.8 wt% Mg-50% Al,C; master alloy into AZ91D alloy could
reduce the grain size from 360 pm to 154 pm.

For the refinement mechanism in Mg-Al base alloys with
carbon addition, researchers are mainly focused on deter-
mining the role of carbon in grain refinement. According to the
edge-to-edge matching crystallographic model,*® the d-value
mismatch between the matching directions, should be less than
10%. Recently, a new refinement mechanism was proposed by
Huang et al.*® A ternary carbide Al,MgC, was found in the Mg-
3% Al alloy inoculated by carbon or SiC powder, and it was
believed that Al,MgC, particles can act as a nucleation substrate
for a-Mg, leading to alloy refinement. In addition, TiCN and
magnesium matrix have the crystallographic orientation rela-
tionships by the edge-to-edge matching (E2EM).* The calcula-
tions show that there exist two possible ORs between a-Mg and
TiCN. [1120}e//[110}ricn, (1011)Mg//(111)picn and [1120]yg//
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[110]ricn, (0002)pg//(111)ricn.** Recent studies have shown that
small amounts of TiCN nanoparticles dispersed into the matrix
by high-energy sonication can effectively refine pure
aluminum,** Al-Cu* and Al-Si alloys.**?*® Chen et al.>” added
TiCy 7Ny ; nanoparticles to Al-20Bi alloys, and as a result, the
size of the Bi phase was reduced from 821 um to 7.5 pm.

Unfortunately, there is no report about nano-TiCN powder
reinforced AZ31 alloy. In this paper, the microstructure evolu-
tion and strengthening mechanism of x wt% TiCN (x = 0, 0.4,
0.8, 1.2) in AZ31 extruded alloy were comparative studied. The
effect of TICN nanopowder addition on the growth behavior of
a-Mg grains was discussed from the heterogeneous nucleation
and solute restriction theory.

2. Experimental procedure

According to the designed nominal composition, in a ZG-25
vacuum medium frequency melting furnace with mixed gas
(CO, + SFg), electromagnetic stirring was carried out for 15 min
at about 750 °C and held for 10 min before pouring into
graphite mold; AZ31 + x wt% TiCN cast alloy (x = 0, 0.4, 0.8, 1.2)
was prepared. In order to eliminate intracrystalline segregation
and improve microstructure heterogeneity, the ingot was
heated at 400 for 20 h.

Samples for optical microscope (OM, Zeiss 200 MAT)
observation were ground with 400-2000 grit SiC papers, and
subsequently polished with 0.5 mm diamond paste and then
etched in a solution of 1 ml nitric acid, 1 ml acetic acid, 1 ml
oxalic acid and 97 ml distilled water. Fig. 1 presents the typical
microstructures of the AZ31 alloys refined with different
amounts of TiCN. For AZ31 alloy without TiCN, the grains are
coarse, and the average grain size is about 132.8 um. With the
addition of TiCN increased to 0.4 wt% and 0.8 wt%, the average
grain size decreased to 77.6 um and 85.8 um, respectively.
However, when the TiCN content increased from 0.8 wt% to 1.2
wt%, the grain size showed an obvious coarsening trend, and
the average grain size increased from 85.8 um to 127 um.

Fig. 1 Microstructures of AZ31 alloys refined by different amounts of
TiCN: (a) 0% TiCN; (b) 0.4% MgCQOs; (c) 0.8% MgCOs3; (d) 1.2% MgCO:s.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The extrusion experiments were completed on a horizontal
extruder with temperature of 400 °C and ratio of 16. Micro-
structure analysis was observed by scanning electron micros-
copy (SEM, FEI Quanta 250) equipped with energy dispersive
spectroscopy (EDS). The phase composition was identified by X-
ray diffraction (XRD) with a scanning angle from 10° to 90° and
a scanning rate of 5° min . The test instrument used in the
uniaxial tensile test of this experiment is the new Sansi CMT-
5105 microcomputer-controlled electronic universal testing
machine. The test parameters are uniform uniaxial tension at
room temperature at a rate of 1 mm s~ *. The size of the tensile
specimen was determined according to the standard ASTM ES.
The specific shape and parameters are shown in Fig. 2.

3. Results and discussion

3.1. Phases and microstructures in the extruded AZ31 alloy

Fig. 3 shows the SEM microstructure images of the surface of
AZ31 + x wt% TiCN. There are a large number of fine particles in
the alloy with TiCN. After TiCN particles are added to the alloy,
these second phases are partially agglomerated in the extrusion
band and some are distributed at grain boundaries, as shown in
Fig. 3(c), where the particles are mostly fine.

After adding TiCN particles to the alloy, it can be seen that
there is an obvious un-dynamically recrystallized (Un-DRXed)
region in the alloy, especially when the TiCN content reaches
1.2 wt%, there are large-size un-DRXed grains (Fig. 3c and d). It
suggested that the addition of TiCN particles hinders the
dynamic recrystallization of the extruded AZ31 magnesium alloy.
These particles are broken during the hot extrusion process, and
are concentrated on the extrusion band. In addition, a large
number of fine particles appear in the alloys with TiCN addition
(Fig. 3c), and these particles are uniformly distributed in the
particle area, and the grain size around the particle aggregation
area is smaller than that in the region without particles. In order
to determine the composition of these particles, the energy
dispersive spectrum (EDS) of the particles in the marker area A in
Fig. 3c was obtained. The results are shown in Table 1, which
shows that these particles are mainly composed of Mg, Al and C,
and these particles are mainly Al,C; or Al,MgC,.

In order to explore the composition of the second phase in
the extruded alloy with the addition of refiner, XRD was per-
formed. Fig. 4 shows the XRD results of the AZ31 alloys with and
without TiCN addition. As shown in Fig. 4, all the alloys mainly
consisted of a-Mg and AlgMn; phases. Furthermore, adding 0.4
wt% TiCN to the AZ31 alloy did not cause the formation of any
new phases, which is possibly related to the low contents of
TiCN. However, after adding 0.8 wt% and 1.2 wt% TiCN to the

15 . .
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Fig. 2 Diagram of a tensile specimen.

RSC Adv, 2022, 12, 30650-30657 | 30651


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05280f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 26 October 2022. Downloaded on 2/7/2026 6:14:13 PM.

[{ec

RSC Advances

View Article Online

Paper

Fig. 3 SEM microstructure of surface of the extruded alloy; (a—d) AZ31 + x wt% TiCN (x = 0, 0.4, 0.8, 1.2). (e) A region enlargement diagram.

AZ31 alloy, the Al,C; new phase formed in the alloys. The
following figure can be found that the diffraction peaks of the
extruded state alloy of AZ31 with the addition of TiCN are
shifted somewhat overall, with the addition of TiCN powder, the

Table 1 EDS analysis results of particles in region A in Fig. 3 (at%)

1 2 3 4
Mg 41.37 50.52 60.67 60.32
Al 35.54 24.91 25.80 23.73
Zn 0.04 0.17 0.34 0.26
Mn 0.43 1.28 0.06 0.13
C 20.09 23.10 13.11 15.31
N 2.53 0 0 0
Ti 0 0.02 0.01 0

30652 | RSC Adv, 2022, 12, 30650-30657

(006) peak of Al,Cj; shifts to a higher angle and the intensity of
the Al,C; peak increases with the increase in C content; the ‘ N’
of TiCN reacts with the matrix to produce the AIN phase. Due to
the low content, the (100) peak of AIN was only detected in the
AZ31 alloy with 1.2 wt% TiCN.

Fig. 5 shows the average grain size of AZ31 alloy with and
without TiCN. The grain size of the original extruded AZ31 alloy is
mainly concentrated in 5 ~ 7 um. After adding 0.4 wt% TiCN, the
average grain size is 4.92 pm. When the TiCN content is 0.8 wt%,
the average grain size is 5.09 pm. When the TiCN content reaches
1.2 wt%, the grain size of extruded alloy is 6.07 pm. The grain size
of the extruded alloy is the smallest when the TiCN content is 0.4
wt%. In summary, after adding TiCN particles with different
contents, the grain size decreases with different degrees.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD patterns of AZ31 magnesium alloy extruded with different
TiCN contents.

3.2. Mechanical properties and fracture analysis

Fig. 6 shows the engineering stress—strain curves of as-extruded
magnesium alloy AZ31 + x wt% TiCN (x = 0, 0.4, 0.8, 1.2) at
room temperature and the variation of yield strength (YS),
ultimate tensile strength (UTS) and elongation (EI) with TiCN
content.

16

B Az31

Average grain size: 6.73um

14

Volume fraction (%)

0 4 8 12 16 20
Gain size (um)

[ AZ31+0.8%TiCN
Average grain size: 5.09um

14

Volume fraction (%)

0 4 8 12 16 20
Gain size (um)

Fig. 5 Effect of TiCN addition rate on average grain size of AZ31 alloy.
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It can be seen from Fig. 6 that the YS, UTS and EI of the
original extruded AZ31 magnesium alloy are 155.2 MPa,
268.5 MPa and 14.8%, respectively. After adding 0.4 wt% TiCN,
the YS, UTS and EI of the extruded alloy are 217.5 MPa,
293.3 MPa and 13.7%, respectively, which the YS and UTS
increased by 40% and 9.2%, and the EI decreased slightly. After
0.8 wt% TiCN was added, the YS, UTS and EI of the extruded
alloy are 171.5 MPa, 268 MPa and 12.4%, respectively. When the
addition of TiCN reaches 1.2 wt%, the YS, UTS and EI of the
extruded alloy are 171.2 MPa, 268.7 MPa and 8.3%, respectively.
The plasticity decreases by 43.9% compared with that of the
original extruded alloy.

In summary, the YS and UTS of the extruded alloy after
adding TiCN particles are higher than those of the original
extruded AZ31. It can be seen that the YS and UTS of the
extruded alloy are the highest. When the addition is 0.4 wt%.
With the increasing of TiCN particle content, the YS and UTS
show a downward trend. When the content of TiCN powder
increases to 1.2 wt%, the fracture mechanism changes into
a mixed mode of intergranular fracture and transgranular
fracture. More TiCN powder, due to powder segregation, may
produce thick edges, showing brittleness, and easy to crack
penetration. The continuous increase of TiCN particles will
deteriorate the mechanical properties of the metal, mainly in
the reduction of plasticity.

Fig. 7 shows the SEM morphology of the tensile fracture of
AZ31 magnesium alloy with different TiCN particles. It can be

[ AZ31+0.4%TiCN

Average grain size: 4.92um

Volume fraction (%)

0 4 8 12 16 20
12 Gain size (um)

Bl AZ31+1.2%TiCN
Average grain size: 6.07um
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Fig. 6

tensile strength; (d) elongation.

Fig. 7 SEM morphology of tensile section of alloy (a—d) AZ31 + x wt% TiCN (x = 0, 0.4, 0.8, 1.2).

30654 | RSC Adv, 2022, 12, 30650-30657

(a) Engineering stress—strain curve of extruded magnesium alloy AZ31 + x wt% TiCN (x = 0, 0.4, 0.8, 1.2); (b) yield strength; (c) ultimate

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Q value of common solute elements in magnesium alloy?®

Lattice Disregistry in
Particle Crystallographic ~ parameter/nm  close-packed plane/%
Mg HPC a = 0.3203, 0

¢ = 0.52002
Al,C; HPC a = 0.3331, 4.05

¢ = 0.4990
Al,MgC, HPC a = 0.33797, 5.32

¢ = 0.5822

seen from Fig. 7(a) that the fracture surface presents a network
morphology, such as marked by yellow arrow in the figure,
a large number of dimples are distributed on the surface, and
there is basically no cleavage surface, which is a typical ductile
fracture morphology. Fig. 7(b) also shows the similar
morphology as Fig. 7(a), and its surface is distributed with
smaller dimples. It can be seen that the magnesium alloy con-
taining 0.4 wt% TiCN should have better plasticity than the
original extruded alloy. The fracture morphology of Fig. 7(c)
is different. In addition to the local ductile fracture morphology
of the dimple, there are also obvious cleavage planes, such as
the yellow arrow in the figure. In general, the fracture mode
is a combination of ductile fracture and brittle fracture, and
the plasticity should be significantly lower than that of alloys
without and with 0.4 wt% TiCN. When the TiCN content rea-
ches 1.2 wt%, a large number of cleavage planes and obvious
cracks appear on the fractured surface. Its plasticity is the
worst, which is consistent with the experimental results in
Fig. 6(d).

3.3. Grain refinement mechanism

The common methods of grain refinement include increasing
the nucleation rate and inhibiting grain growth. It is generally
accepted that the presence of the effective nucleation site in the
alloy increases the possibility of nucleation, and the addition of
TiCN promoted the grain refinement of the alloy, which is the
main factors leading to the strength increase. According to the
above experimental analysis, AlgMns, Al,C; and Al,MgC, parti-
cles may be effective nucleation sites for a-Mg. From a crystal-
lographic point of view, previous literature proved that AlgMnj;
particles cannot be used as effective nucleation sites for o-Mg.**
The potential of Al,C; and Al,MgC, as nucleation sites for a-Mg
can be demonstrated by crystallography. Table 2 lists the lattice
mismatch degrees of Al,C;, Al,MgC, and Mg. According to the
Bramfitt theoretical model, the particle can act as a heteroge-
neous shaped nucleation site if the nucleation mismatch is less
than 12%.%* Therefore, both Al,C; and Al,MgC, particles can be
used as effective nucleating agents for AZ31 alloy. It is also
noteworthy that Al,C; and Al,MgC, can exist simultaneously as
nucleation sites. Hard particles Al,C; and Al,MgC, distributed
in the matrix may improve tensile properties by promoting
dispersion strengthening. Sun et al.*® found that fine and hard
intermetallic phases dispersed in the softer «-Mg matrix can
prevent dislocation movement and form dislocation buildup,

© 2022 The Author(s). Published by the Royal Society of Chemistry

Elements Q=m(k—1) Elements Q=m(k —1)
Fe 52.26 Sr 3.51

Zr 38.29 Ce 2.74

Ca 11.94 Sc 2.61

Si 9.25 Yb 2.53

Ni 6.13 Y 1.7

Zn 5.31 Sn 1.47

Cu 5.28 Pb 1.03

Ge 4.41 Sb 0.53

Al 4.32 Mn 0.15

thus improving strength. In addition, the refinement of the B-
phase (Mg;,Al;,) in the alloy is also an important factor in
improving the mechanical properties. Previous studies** have
found that in the coarse AZ91D alloy, there are many large pores
of the eutectic B-phase between the developed dendrites. As
a result, stress concentration tends to develop around these
pores, which leads to cracks preferentially appearing and
extending, resulting in relatively low UTS.

In the present study, heterogeneous nucleation is not the
only factor controlling grain size, the inhibition effect from
solute elements also play an important role in alloy refinement.
Based on the results of phase analysis in Table 1, it can be
assumed that the Ti element in the melt is present in the form
of Ti atoms during solidification. In other words, the Ti element
is similar to a solute element in the melt. According to the
growth inhibition theory of solute elements,** a large “growth
restriction factor” (GRF) not only means that a large number of
solute atoms accumulate at the solid-solution interface during
solidification, which limits the growth of grains, but also
provides a large nucleation subcooling for the growing crystal,
promoting formation of stable nuclei on the nucleating matrix.
Wang et al.** calculated a Q value for Ti of about 5.95 x 10* in
the Mg-Ti system, which is several orders of magnitude higher
than that of the common elements, as can be seen from Table 3.
Therefore, it can be concluded that the element Ti can effec-
tively hinder the growth of a-Mg grains, which leads to the
refinement of AZ31 magnesium alloy. However, high content of
Ti may lead to the grain coarsening of Mg-based alloys, which
explains that when the addition amount of TiCN is 1.2 wt%, the
grain size of the alloy becomes larger.

4. Conclusions

(1) TiCN particles were added into AZ31 alloy to achieve
remarkable refinement. In AZ31 alloy containing 0.4 wt% TiCN
particles, the average grain size from 6.73 pum to 4.92 pm.

(2) After adding TiCN particles, the in situ formation of Al,C;
and Al,MgC, heterogeneous nucleation is the main reason of
grain refinement of magnesium alloy.

(3) The mechanical properties of the TiCN modified AZ31
alloy are improved. The YS and UTS of the alloy with 0.4 wt%
TiCN were the best. The YS increases from 155.2 MPa to
217.5 MPa, and the UTS increases from 268.5 MPa to 293.3 MPa.

RSC Adv, 2022, 12, 30650-30657 | 30655
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In contrast, the EI continuously decreased with increasing TiCN
addition.
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