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In this study, the AI-TCB master alloy was incorporated into Zr-containing 2025 Al alloys through casting
metallurgy. Subsequent hot extrusion and T6 heat treatment were employed to optimize the microstructure and
improve the comprehensive mechanical properties. The results show that the average grain size of Zr-containing
2025 alloy was refined from 423 pm to 96 pm by adding 2 wt% of Al-TCB master alloy. The Al-TCB master alloy

has a substantial anti Zr-poisoning effect. The B-doped TiC particles induced by the Al-TCB master alloy
remained stable in the Al melt, serving as an effective heterogeneous nucleation substrate. After hot extrusion
and T6 treatment, the ultimate tensile strength of the 2025-2 wt% AI-TCB alloy reaches 400.0 MPa and an
elongation to failure of 20.0 %. The enhancement in mechanical properties is attributed to the effective grain
refinement facilitated by the Al-TCB master alloy, which also suppressed coarse-grain structure formation during

the aging process.

1. Introduction

The heat-treatable Al-Cu alloy are highly competitive and attractive
structural materials in transportation, aerospace and marine applica-
tions due to their combination of lower density and higher strength
[1-3]. As an Al-Cu series alloy, 2025 aluminum alloy is a typical
representative = material employed in the fabrication of
fixed/variable-pitch propeller assemblies [4,5]. The 2025 alloy offers
comparable mechanical properties at a lower cost compared to
fiber-reinforced polymer composites [6-8]. Conventional
manufacturing routes for aluminum products include casting, extrusion,
rolling, and forging [9]. However, because of the variation in under-
cooling during solidification, cast ingots frequently display casting de-
fects such as excessive grain sizes, coarse dendrites, porosity, shrinkage
cavities, and element segregation [10,11]. These defects severely reduce
the ductility and fracture toughness, and these defects are challenging to
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eliminate with further heat treatment. Thus, to minimize casting defects
and achieve the desired mechanical performance of the alloy, micro-
alloying, grain refinement and deformation treatment required [12-14].

Generally, transition metal element Zr is added as an important trace
alloying element (with addition of 0.1-0.3 wt%) in 2xxx and 7xxx series
Al-alloys due to it can generate primary AlsZr particle which is coherent
with the Al matrix and thermally stable at elevated temperatures
[15-17]. During solidification, AlsZr particle can serve as a heteroge-
neous nucleation site, refining the grains of alloy [18]. According to
Ebrahimi et al., Zr addition to an Al-Zn-Mg-Cu alloy reduced the average
grain size by 23 % and the recrystallization area fraction by 65 %,
improving the comprehensive mechanical properties [19]. Moreover, Zr
can also hinder the recrystallization of the aluminum alloy during sub-
sequent processing and heat treatment [20,21]. For example, Deng et al.
reported that the recrystallization and grain growth were significantly
inhibited in solid solution-treated Zr containing (0.08 %) Al-Cu-Li-Mn
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alloys, and then improving the strength and ductility of this alloy [22].
Furthermore, Bansal et al. reported that the segregation of Zr atoms at
the 0’/a-Al interface increases the kinetic and thermodynamic barriers
to precipitate coarsening in Al-Cu alloy [16].

Grain refinement has become an essential metallurgical procedure in
aluminum foundries world-wide, providing improved mechanical
properties, enhanced fluidity, reduced segregation, and decreased hot
crack propensity [23,24]. Commercial refiners, such as the Al-Ti-B and
Al-Ti-C master alloys, effectively turn coarse columnar grains into fine
equiaxed grains by introducing more heterogeneous nucleation sites
[25,26]. Regarding heterogeneous nucleation of Al-Ti-B refiner, Fan
et al. utilized high-resolution electron microscopy to observe that a
two-dimensional compound (2DC), TiAls forms at the interface between
TiB and a-Al. The orientation relationship (OR) between these phases is
given by “(0001) [1120] TiBy//(112) [201] TiAl3-2DC//(111) [0 T 1]AI”
[27,28]. In this interfacial structure, the formation of TiAl3-2DC signif-
icantly reduces the lattice mismatch, thereby substantially increasing
the nucleation potency of TiB, for a-Al [29]. However, it has been
demonstrated that the grains of Zr-containing Al alloys are usually
difficult to refine using the Al-Ti-B grain refiners [30,31]. The effec-
tiveness of such grain refiners is severely compromised when a few
hundred ppm of Zr is present in the Al melt, and this phenomenon is
referred to as Zr-poisoning [32,33]. Spittle and Sadli found that adding
Al-5Ti-1B grain refiner to commercial purity Al resulted in coarser
grains when Zr was present with other solute elements such as Fe or Si
[34]. Rao et al. found that Zr had a detrimental effect, specifically a
poisoning effect, on the grain refining capability of Al-5Ti-1B [33]. It
was revealed that the presence of Zr in Al melts leads to the dissolution
of the nucleating substrates of TiAl3-2DC and the formation of
TiyZr-2DC, and then impede the heterogeneous nucleation [29,35]. As
an effective grain refiner, the dispersed TiC particles in Al-Ti-C master
alloy display improved dispersion characteristics compared to the
agglomeration-prone TiB; particles in Al-Ti-B master alloy [36]. How-
ever, the refining efficiency of AI-Ti-C master alloy decreases in
Zr-containing alloys due to the thermodynamic instability of TiC within
the aluminum matrix [32]. At refinement temperature (~720 °C), TiC
particles will evolve to be Al4Cs phase in Al melt [37]. Given that Zr acts
a crucial trace strengthening element in certain Al-Cu alloys, their grain
refinement is both necessary and urgent. Therefore, new strategies to
overcome Zr-poisoning, particularly for Zr-containing Al alloys, are the
key directions for grain refiners to achieve breakthroughs. The Al-TCB
master alloy has emerged as an effective refiner for a-Al, as it contains
both B-doped TiC and C-doped TiBy particles [15,38,39]. Yang et al.
reported that the Al-TCB master alloy performs better on grain refine-
ment for Zr-containing 7050 Al alloy than conventional Al-5Ti-1B or
Al-5Ti-0.2C due to the high efficiency of B-doped TiC particle [40]. This
enhanced grain refiner significantly refines the o-Al and reduces
dendrite formation. In the Al-Si melt, B-doped TiC transforms into
C-doped TiBy due to the high level of Si, which acts as an effective
nucleation substate for a-Al and overcome Si-poisoning [35,41]. How-
ever, the refinement effect of AI-TCB alloy on Zr-containing Al-Cu alloys
has rarely been reported up to now. The application of a novel Al-TCB
master alloy is anticipated to overcome the Zr-poisoning problem. In
the present work, trace Zr with an addition of 0.1 wt% was added to the
2025 alloy to investigate the effect of AI-TCB master alloy on grain
refinement and mechanical properties. Extrusion is an economical pro-
cessing route that can further refine the grain, resulting in superior
initial mechanical properties [22]. Furthermore, subsequent heat
treatment can enhance the mechanical properties of alloy. During the
aging process of 2025 alloy, a precipitation phase transformation occurs:
supersaturated solid solution (SSS) — Guinier-Preston (GP I) — GP I1 (8")
— §-Al,Cu— 0-Al,Cu, which significantly affects the mechanical prop-
erties of the alloy [42].

In this work, the influence of Al-TCB master alloy on the grain
refinement, microstructure and mechanical properties of 2025 alloy was
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Table 1

Nominal composition of the 2025 base alloy (wt.%).
Samples Cu Si Mn Zr Al
Zr-free 2025 45 0.8 0.8 0 Bal.
Zr-containing 2025 4.5 0.8 0.8 0.1 Bal.

Table 2

Composition of the 2025 under different refinement conditions (wt.%).
Samples 2025 alloy Al-Ti-B Al-TCB
Zr-free 2025 100 0 0
Zr-free 2025-0.2 wt% Al-Ti-B 99.8 0.2 0
Zr-free 2025-0.2 wt% Al-TCB 99.8 0 0.2
Zr-containing 2025 100 0 0
Zr-containing 2025-0.2 wt% Al-Ti-B 99.8 0.2 0
Zr-containing 2025-2 wt% Al-Ti-B 98 2 0
Zr-containing 2025-0.2 wt% Al-TCB 99.8 0 0.2
Zr-containing 2025-2 wt% Al-TCB 98 0 2
Zr-containing 2025-4 wt% Al-TCB 96 0 4

investigated. The nucleation process, grain refinement mechanisms of
the Al-TCB master alloy in the 2025 Al alloy melt were analyzed. The
microstructure and mechanical properties of 2025-TCB alloy were
further optimized through heat treatment, and the strengthening
mechanisms of 2025-TCB alloy were revealed in depth.

2. Materials and method
2.1. Preparation of the 2025 alloy

The 2025 alloy used in this paper was prepared through the melting
pouring process at Shandong Aluminum Magnesium New Material Co.,
LTD. First, a pure Al ingot (purity 99 %) was heated to 720 °C in a
crucible until melted. Subsequently, electrolytic Cu (purity 99 %), pure
Mn (purity 99 %), pure Si (purity 99 %) and pure Zr (purity 99 %) were
added in exact amounts. The chemical compositions of 2025 alloy are
shown in Table 1. The mixture was then held at 720 °C for 20 min. After
complete melting, a predetermined amount of the Al-2Ti-0.3C-0.2B
master alloy (hereafter Al-TCB master alloy) containing TCB complex
was introduced. The content of TCB particles within the Al-TCB master
alloy is approximately 2.14 wt%. The melt was stirred with a graphite
rod for 10 s, kept for 20 min, and then poured into a copper mold to
obtain 2025 ingots with varying grain refiner contents. In addition, 2025
ingots containing 0.2 wt% and 2 wt% Al-5Ti-1B commercial grain
refiner were prepared for comparison under the same melt conditions.
The Zr-containing 2025-TCB alloys with 0 %, 0.2 wt% and 2 wt% Al-TCB
master alloys were then subjected to hot extrusion (extrusion process
was performed at 400 °C with extrusion ratio of 20:1) and T6 treatment
(solution treatment at 540 °C for 4 h and aging at 175 °C for 8 h). The as-
extruded and T6-treated alloys are denoted as EXT and T6, respectively.
The grain refiner contents of all alloys are presented in Table 2.

2.2. Microstructure characterization

In this experiment, Bruker-AXS D type advanced X-ray diffractom-
eter was used to test at 40 kV, the scanning angle range was 10°-90°, and
the scanning step was 0.01°. The grain structure was observed by a
polarizing optical microscope. Quanta 250F field emission environ-
mental scanning electron microscope (equipped with EDS) was used to
observe the microstructure at 15 kV. Electron back scattered diffraction
(EBSD) technique was used to observe the grain morphology and crystal
orientation at 15 kV, and the scanning step was set to 0.5 mm. FEI Tecnai
G2-20 was used to capture bright field images at 200 kV. The typical
interface between the nucleation substrate and a-Al matrix was observed
using a high-resolution transmission electron microscope (HRTEM). The
sample was prepared by focused ion beam scanning electron
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Fig. 1. Schematic geometries of tensile specimens.

microscopy. In addition, high-resolution atomic images were captured
using Tian G2 60-300, which operates at 300 kV. All samples were
ground and polished according to the standard process of metallog-
raphy. The samples were anodized before optical observation to make
the grains visible. The sample surface is further treated with electrolytic
polishing with an electrolyte containing 30 vol% HNOs and 70 vol%
CH30H at —25 °C before EBSD testing. TEM samples were prepared by
ion thinning technique (device PIPS Gatan 695).

2.3. Mechanical properties test

The Vickers hardness test was performed using the HMV-G 21DT
with an applied load force of 980.7 mN and a duration time of 15 s. At
least fifteen points were measured for each specimen. The tensile
property test was carried out using the LFM-kN electronic universal
tensile testing machine. The samples for room temperature tensile
property test were machined into “dog-bone” type bars with a gauge
dimension of 10 mm x 2.5 x 2.0 mm?® as shown in Fig. 1. Before the
tensile test, the surface of each specimen was polished using 600# and
1000+# sandpaper to remove traces from the electric spark wire cutting.
During the tensile testing, the strain rate was controlled at 1 x 1073571,

) Intensity (a.u.)
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To ensure the reliability of the experimental results, each test was
repeated three times.

3. Results
3.1. Microstructure characterization of the AI-TCB master alloy

Fig. 2 shows the morphology and distribution of particles in the Al-
TCB master alloy used in this study. Both micron and nano-scale parti-
cles are uniformly dispersed in the Al matrix, and there is no obvious
agglomeration in the alloy, as shown in Fig. 2a. The XRD shows that the
Al-TCB master alloy contains Al, TiC and TiB; (Fig. 2b). The magnified
SEM images and corresponding EDS results (Fig. 2c—e) further confirm
the formation of doped particles containing Ti, C and B elements. Ac-
cording to our previous work [35], the doped particles are B-doped TiC
and C-doped TiBy, respectively.

3.2. Microstructure characterization of the 2025-TCB with different Al-
TCB addition

The average grain size and microstructure of the 2025 ingots under
different refinement conditions are shown in Fig. 3. The detailed data of
corresponding average grain sizes are listed in Table 3. The as-cast
grains in the Zr-free 2025 alloy are very coarse, with an average grain
size of 491 pm (Fig. 3a). The average grain size of Zr-free 2025 alloy can
be reduced from 491 pm to 103 pm and 75 pm by 0.2 wt% Al-5Ti-1B and
0.2 wt% Al-TCB, respectively (Fig. 3b and c). As shown in Fig. 3d, Zr-
containing 2025 alloy exhibits an average grain size of 423 pm, char-
acterized by coarse dendritic structures within the grains. As is well
known, Al-5Ti-1B is difficult to refine the Zr-containing Al alloy. The
average grain size of Zr-containing 2025 alloy can only be slightly
reduced from 423 pm to 400 pm and 327 pm by 0.2 wt% and 2 wt% Al-

Element
B
(&
Al
Ti

Fig. 2. Microstructure of Al-TCB master alloy: (a) the distribution of the particles; (b) the XRD results; (c) typical SEM images and EDS line-scanning patterns of the
particles; (d) the quantitative analysis of TiB, in Fig. 2c; (e) the quantitative analysis of TiC in Fig. 2c.
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Fig. 3. Polarized light photographs and average grain size of 2025 ingots with different grain refiners contents: (a—c) Zr-free 2025 alloy, (a) adding no grain refiner;
(b) adding 0.2 wt% Al-Ti-B; (c) adding 0.2 wt% Al-TCB. (d-i) Zr-containing 2025 alloy:(d) base alloy; (e) adding 0.2 wt% Al-Ti-B; (f) adding 2 wt% Al-Ti-B; (g) adding
0.2 wt% Al-TCB; (h) adding 2 wt% Al-TCB; (i) adding 4 wt% Al-TCB; (j) average grain size of a-Al under different refinement conditions.

5Ti-1B, respectively (Fig. 3e and f), which indicates the grain refinement
efficiency degraded due to the Zr induced poisoning effect. By contrast,
the average grain size of the Zr-containing 2025 alloy can be refined to
354 pm and 96 pm by the Al-TCB master alloy under the same condition
(Fig. 3g and h), indicating that the element-doped particles show a
strong grain refinement efficiency and anti Zr-poisoning potency. It
shows that the Al-TCB master alloy has a significant anti Zr-poisoning
effect in the present condition. The incorporation of the Al-TCB master
alloy into the Zr-containing 2025 alloy increases the number of nucle-
ation sites within the Al melt, which refines the grains and suppresses
dendritic formation [35]. The average grain size is reduced to 77 pm by

increasing the content of Al-TCB master alloy to 4 wt% (Fig. 3i). Despite
doubling the Al-TCB master alloy addition, grain refinement improves
by only around 19 %, indicating that the AI-TCB master alloy has
reached its grain refinement limit at this concentration.

The microstructure of the 2025-TCB ingots was further characterized
by SEM and EDS. Fig. 4 (a-d1) presents SEM images of 2025 Al alloy with
varying Al-TCB master alloy contents. As shown in Fig. 4a and al, the
2025 alloy has coarse grains with noticeable dendritic structures. Ac-
cording to the EDS mapping (Fig. 4el-e4), the white phase is predomi-
nantly made up of Al and Cu elements. It has been demonstrated that Cu
exhibits pronounced segregation at grain boundaries, and the
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Table 3
Average grain sizes of the 2025 alloys under different refinement conditions.

Alloys Refinement conditions Average grain size (pm)
Zr-free 2025 none 491 £ 76

0.2 wt% Al-5Ti-1B 103 +£12

0.2 wt% AI-TCB 75+ 9
Zr-containing 2025 none 423 + 58

0.2 wt% Al-5Ti-1B 400 + 62

2 wt% AI-5Ti-1B 327 £ 22

0.2 wt% AI-TCB 354 + 42

2 wt% Al-TCB 96 +9

4 wt% Al-TCB 77 +8

concentration of Cu atoms was higher closer to the boundary [43,44].
Simulation results of Ren et al. also showed that Cu tended to segregate
at pure aluminum grain boundaries, and the segregation energy was
most negative at the interstitial position [45]. Under constant total Cu
content, an increase in grain boundary amount may lead to the total Cu
concentration at grain boundaries greater than that within the Al matrix.
During the solidification process, L(liquid) —a(Al) + 6(AlzCu) took place
[46]. In this study, the addition of the Al-TCB master alloy efficiently
promoted equiaxed grain formation, increased the number of grain
boundaries, and greatly inhibited dendrite growth [47]. Massive Al,Cu
is distributed along the grain boundaries, resulting a network structure
in Fig. 4(a—d). The transformation of coarse grains to equiaxed grains in
the 2025 alloy is consistent with the polarized light photographs. The
secondary phase composed of Al, Si, and Mn is also formed and is
identified to be the AlSiMn secondary phase, as shown in Fig. 4 (f-f3).
Meanwhile, the AlSiMn secondary phase is dispersed along the grain
boundaries, which is similar with Al,Cu. The formation of these sec-
ondary phases can be attributed to compositional fluctuations during the
solidification process, which occur when the concentration of the Cu, Si
and Mn elements exceeds their solubility in the Al matrix.

Good nucleation substrates of a-Al grains enhance grain refining in
Al alloy. The nucleation substrates of a-Al grains in the 2025 alloy are
observed, as shown in Fig. 5a-c. And Fig. 5 (bl) illustrate the
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distribution of Ti, B, C, and Al elements in Fig. 5b. The EDS quantitative
analysis of nucleation site is given in Fig. 5Sc. It is confirmed that the
particle is primarily composed of Ti, B and C elements. The particle is
identified as B-doped TiC according to Fig. 2, which could act as a
nucleation substrate for the 2025 alloy [15,41].

Analyzing the interfacial relationship between the nucleating sub-
strate and the Al matrix aids in understanding the grain refinement
mechanism of the 2025 alloy. Fig. 6 shows the HADDF-STEM image and
EDS analysis of the B-doped TiC. The EDS line-scanning patterns
depicted in Fig. 6a reveal a ladder-like distribution of Al and Ti elements
at the interface between the B-doped TiC particle and Al matrix. EDS
line-scanning includes measurements of both the Al matrix and the B-
doped TiC, resulting in a continuous gradient at the interface. It is worth
noting that a peak in the line-scanning patterns (red rectangle) of
element B in Fig. 6a. The cause for this peak could be that the element B
has somewhat enhanced on the surface of TiC particles. Both the EDS
line scanning results and EDS mapping analysis prove that Zr has not
aggregated at the interface of B-doped TiC/Al. Furthermore, Fig. 6¢
demonstrates a specific orientation relationship between the B-doped
TiC and the Al matrix. Local FFT images within the purple and blue
rectangle in Fig. 6¢ are presented in Fig. 6d and e, respectively. The Ti
atoms are shown with red dots, while the Al atoms are denoted with blue
dots. The B-doped TiC has an orientation relationship with Al matrix:

[112]p.doped Tic//[110]g-a1; (220)B.doped Tic//(1 1D)gal

3.3. Microstructures of 2025-TCB alloys after hot-extrusion and T6
treatment

Fig. 7 shows the microstructure of the extruded and T6 treated 2025-
TCB alloys along the extrusion direction. Fig. 7(a—c) indicate that the
extruded alloy contains two phases. EDS mappings reveal that phases
are primarily composed of Cu, Si and Mn elements, which are identified
as AloCu and AlSiMn secondary phase [48]. It has been reported that the
Al>Cu and AlSiMn secondary phases are generated during the casting
process (as shown in Fig. 4) and their morphology can be improved after
heat treatment [49,50]. The AlyCu secondary phase appears as dot-like

Fig. 4. Microstructures of 2025-TCB ingots with different AI-TCB contents: (a-al) 2025 base alloy without Al-TCB; (b-b1) adding 0.2 wt% Al-TCB; (c-c1) adding 2 wt
% Al-TCB; (d-d1) adding 4 wt% Al-TCB; (el-e4) EDS mappings of the (al); (f-f3) morphology and EDS mappings of AlSiMn secondary phase of the (al).
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Fig. 5. Microstructure of the 2025-TCB alloys: (a) distribution of a typical B-doped TiC in grain center of a-Al; (b) magnified image of the B-doped TiC particle in (a);
(b1-b6) the EDS results of Ti, B, C, Al, Cu and Zr elements in Fig. 5b; (c) the quantitative analysis of particle in Fig. 5b.

or coarse particles and is evenly dispersed throughout the Al matrix,
with a streamlined alignment along the extrusion direction. The AlSiMn
secondary phase consists primarily of tiny plates. These secondary
phases in the 2025-TCB alloys change significantly after the T6 treat-
ment, as shown in Fig. 7(d—f). The remaining coarse granular Al,Cu
secondary phase is spheroidized, partially decomposed and redissolved
into the Al matrix while kept the streamlined distribution along the
extrusion direction [51]. Conversely, the initial dot-like Al,Cu second-
ary phase primarily decomposes and dissolves back into the matrix. The
morphology of the AlSiMn secondary phase stays constant after T6
treatment due to its thermal stability. Previous studies have indicated
that AlSiMn secondary phase is resistant to decomposition and disso-
lution into the Al matrix [52]. Fig. 7(a-c) also illustrate that as the
Al-TCB master alloy content increased, the coarse AloCu secondary
phase disappeared, leaving only a dot-like Al,Cu secondary phase. After
T6 treatment, the number and size of remaining AlyCu secondary phase
in the 2025 alloy decreased with the addition of Al-TCB master alloy, as
shown in Fig. 7(d-f). The decrease in the number and the size of the
remaining Al,Cu second phase can also slightly enhance the mechanical
properties to some extent. Thus, the addition of Al-TCB master alloy not
only refined the matrix grains, but also influence the morphologies of
AlyCu secondary phase in the matrix. However, due to the trace addition
of Al-TCB master alloy, the enhancement value of the mechanical
property is limited.

The microstructures of as-extruded and T6-treated 2025-TCB alloys
were characterized by EBSD, as shown in Fig. 8. The black lines in the
image represent grain boundaries with misorientation angles >15°
(referred to as high angle grain boundaries, HAGBs). The unmarked
areas in Fig. 8b correspond to the unidentified Al;Cu secondary phase.
As shown in Fig. 8(a—c), the as-extruded 2025 alloy primarily consists of
coarse elongated grains. In contrast, the as-extruded 2025 alloys with
0.2 wt% and 2 wt% Al-TCB exhibit a combination of coarse elongated
grains and fine equiaxed grains, displaying similar grain orientations.
The matrix grains of the 2025 alloy with different AI-TCB master alloy
additions were decreased even more during the extrusion process than
the as-cast alloy due to the significantly plastic deformation applied, as
shown in Fig. 8. During the extrusion process, the effect of applied large
plastic deformation on the matrix grains is substantially greater than
that of the Al-TCB master alloys. The average grain sizes of as-extruded
samples are measured to 4.3 pm, 3.9 pm and 3.0 pm, respectively. The

introduced B-doped TiC and C-doped TiB; particles are ceramic particles
with high hardness and high elastic modulus. During the extrusion
processing, these ceramic particles will also influence the grain structure
by hindering the deformation and inhibiting grain growth to a certain
extent [44,47,53]. Thus the grains of the 2025 after adding Al-TCB are
slightly smaller than those without addition. After the T6 treatment, the
grains of 2025 alloy recrystallized and grew, shifting from fine grains to
coarse grains. Despite the increased average grain size, the grains
remain elongated along the extrusion direction. T6 treatment resulted in
larger average grain sizes (508.5 pm, 479.1 pm and 433.6 pm, respec-
tively). The introduced B-doped TiC and C-doped TiB; particles effec-
tively inhibit the growth of a-Al to some extent during the T6 process.

Fig. 9 shows the recrystallization and substructure distribution of as-
extruded and T6 treated 2025-TCB alloys. As shown in Fig. 9(a—c), the
microstructure of 2025 alloy primarily consists of recrystallized grains
and substructures after hot extrusion. This structure results from dy-
namic recovery and dynamic recrystallization caused by external heat
and mechanical forces during the hot extrusion process. After T6 treat-
ment, previously recrystallized grains grew further, resulting in the
development of coarse grains and an increase in the proportion of sub-
structure. The addition of Al-TCB master alloy effectively inhibits grain
growth, allowing for further microstructural refinement.

Fig. 10 shows the statistics of HAGBs in the extruded and T6 treated
2025-TCB alloys. As shown in Fig. 10(a—c), the proportion of HAGBs in
the extruded alloys increased from 31.5 % to 47.0 % with the addition of
Al-TCB master alloy. The enhancement is attributed to the Al-TCB
master alloy, which refines the grains and optimizes the microstruc-
ture. HAGBs possess higher interface energy, which effectively hinders
dislocation movement during deformation, and play a crucial role in
improving mechanical properties of the alloy. After the T6 treatment,
the proportion of HAGBs in the 2025 alloy remained above 40 %.
Notably, the percentage of HAGBs in the 2025-TCB alloy exceeds than
that of the 2025 base alloy. It is suggested that the addition of the Al-TCB
not only aids in grain refinement but also helps to maintain a favorable
distribution of HAGBs, hence improving the mechanical properties of
the alloy.

Fig. 11 shows TEM images of T6 treated 2025-TCB alloys. The
numerous fine precipitates are observed along the [110]4; zone axis, as
shown in Fig. 11(a-c). After the aging process, a large number of
0'-Al,Cu nanoprecipitates were formed. The numerical densities of the



Z. Liu et al.

Materials Science & Engineering A 937 (2025) 148467

/W;MF :

0.02

0.0;

7 Distanceum 0.00

004 005 006 007 008 R o000

3 004
Distance/jum

12
8.
T’ﬁ &

0 001 002 00 005 006 007 0.

03 004
Distance/um

002 003

5004 005 006
Distance/um

004 005 006 003 _ 004 005
Distance/um Distance/jm

002 0.0 005 0.06

3 004
Distance/um

Fig. 6. HRTEM images of the B-doped TiC in 2025 ingot: (a) HADDF-STEM image and EDS line-scanning patterns of the B-doped TiC/Al interface; (b) EDS mapping
of image (a); (c) HADDF image displaying the B-doped TiC/Al interface; (d, e) FFT images of the purple rectangle (B-doped TiC) and the blue rectangle (Al matrix) in
image (c), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

0'-Al;Cu nanoprecipitates in 2025 base alloy, 2025-0.2 wt% Al-TCB
alloy, and 2025-2 wt% AI-TCB alloy were calculated to be 2.0 x 1073
nm™2 1.8 x 1072 nm ™2 and 2.2 x 1072 nm~? after T6 treatment,
respectively. The average length of precipitates was 16.7 nm, 15.6 nm
and 16.3 nm, respectively, with widths of less than 5 nm. The average
length of 8"-Al,Cu nanoprecipitates has been slightly reduced due to the
refinement of the matrix grains [54]. In addition, no dislocations were
observed. This absence can be explained by dislocation rearrangement
after the longer aging times. Fig. 11d shows a magnified image of the
1.2 nm wide 0"-Al,Cu precipitate. The inset in the upper right corner of
Fig. 11d shows additional diffraction spots (marked by the yellow cir-
cles), which demonstrate the presence of the 8'-Al,Cu precipitate.

Fig. 12 shows the engineering stress-strain curves for both as-
extruded and T6 treated 2025-TCB alloys. As shown in the dashed line
of Fig. 12a, the yield strength (YS) and ultimate tensile strength (UTS) of
the as-extruded 2025 alloy are 115.7 MPa and 242.0 MPa, respectively,

with a uniform elongation (EL) of 8.7 %. The UTS of the as-extruded
2025 alloy improves significantly as the AI-TCB master alloy content
increases. The UTS of 2025-0.2 wt% AI-TCB and 2025-2 wt% Al-TCB
alloys increase by 21.6 MPa and 22.3 MPa, respectively. At the same
time, the EL of 2025-TCB alloys has increased. After T6 treatment, the YS
and UTS of the 2025 alloy without Al-TCB and 2025-2 wt% Al-TCB alloy
increase to 267.8 MPa, 383.8 MPa and 283.5 MPa, 400.0 MPa, respec-
tively. It is noteworthy that the EL of both alloys has improved by
around 20 %. The mechanical properties of as-extruded and T6 treated
alloys have been presented in Table 4. The as-extruded 2025-TCB alloys
exhibit an obvious Portevin-Le Chatelier (PLC) effect, as shown in
Fig. 12a. It is attributed to the solid solution atoms within the Al matrix,
which cause lattice distortion and suppressing dislocation motion [55].
However, it is noticed that the average YS of the 2025-0.2 wt% Al-TCB
alloy decreased slightly from 267 MPa to 249 MPa compared to 2025
base alloy after T6 treatment. In general, the mechanical properties of
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Fig. 7. Microstructure of the as-extruded and T6 treated 2025 alloys with and without Al-TCB: (a, d) 2025 base alloy; (b, e) adding 0.2 wt% Al-TCB; (c, f) adding 2 wt
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(a, d) 2025 base alloy; (b, e) adding 0.2 wt% AI-TCB; (c, f) adding 2 wt% Al-TCB.

the alloy are related to the matrix grain size according to the Hall-Petch
relationship. The yield strength of 2025-0.2 wt% Al-TCB alloy is ex-
pected to increase after the grain refinement of the matrix Al grains.
However, the uniformity of microstructure and solid solution strength-
ening can not be ignored. When the Al-TCB addition content is 0.2 wt%,
the optimization on grain size and secondary phase is not obvious, and
some large AlyCu particles existed in some grains. After solution treat-
ment, the non-uniform microstructure (Cu-rich and Cu-poor grains) may
be formed due to the AlpCu secondary phase, with the strength of the
two parts differing due to solution strengthening. When the load is
applied, local stress concentration is easy to occur between Cu-rich and
Cu-poor grains, which leads to the initiation and expansion of cracks,
and finally decreases YS. When the addition of TCB is 2 wt%, the par-
ticles are more evenly distributed in the alloy and the grains and Al,Cu
secondary phases are fully refined. The fine equiaxed grain are formed in
the alloy. After solution treatment, the non-uniformity microstructure

and stress concentration are eliminated, and then both the YS and UTS of
the alloy are improved. Further investigation will be carried out in our
future work to reveal the exact cause. Fig. 12b shows true stress-strain
curves for the 2025-TCB alloys, and the trend is consistent with engi-
neering stress-strain curves. As shown in Fig. 12c, the strain hardening
rate curves (© = do/de) of 2025-TCB alloys drop fast as strain increases.
In comparison to the T6 treated 2025-TCB alloys, two inflection points
are observed in the strain hardening rate curve of extruded 2025-TCB
alloys. The presence of the second inflection point is due to extra
strain hardening produced by the hindrance of dislocation movement by
solid solution atoms in the Al matrix. Comparing 2025-TCB alloy to
other Al-Cu alloys, as shown in Fig. 12d, it is clear that the EL of the
2025-TCB alloy is approximately 50 %-100 % greater than that of
conventional Al-Cu alloys. It emphasizes the beneficial impact of the
Al-TCB master alloy in enhancing ductility. Furthermore, the
strength-ductility synergy of the 2025-2 wt% Al-TCB alloy outperforms
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that of previously reported Al-Cu alloys, showing the superior properties
of the 2025-TCB alloy system.

4. Discussion
4.1. The effects of AI-TCB master alloy on grain refinement

Zr poisoning phenomena occurred in the aluminum containing Zr
has been well known for the adverse effect of Zr on the grain refinement
of traditional grain refiner such as Al-Ti-B master alloy. The effective-
ness of Al-Ti-B master alloys can be dramatically reduced, resulting in a
coarse and columnar grain structure in some cases [31,33]. It is a
longstanding challenge to overcome the Zr poisoning problem
completely for last decades. The Zr element in the melt is revealed to
aggregate at the Al/TiB; interface at a concentration higher than 0.05 wt
% and leads to the dissolution of the Al3Ti formed on the TiB, surface
during the grain refiner production process [31]. In our previous work,
the Zr poisoning has also been proved in the Al-5Cu alloys with 0.1 % Zr,
which lead to the coarse grain structure [35]. Efficiently refining o-Al
grains in Zr-containing Al-Cu alloy (2025 alloy) is a significant chal-
lenge. In contrast, the Al-TCB master alloy containing B-doped TiC and
C-doped TiB; particles can effectively serve as nucleation substrates of
a-Al [35,40]. The incorporation of C atoms alters the physical and
chemical properties of C-doped TiBg, particularly reducing its ability to

absorb Zr atoms on the surface of nucleated crystals. Meanwhile, the
B-doped TiC eliminates the driving force for the reactions of the surface
Zr atoms. As a result, both B-doped TiC and C-doped TiBy particles
mitigate the effects of “Zr-poisoning” and promote the nucleation of
a-Al. In this study, the grains are refined to 77 pm and Al;Cu secondary
phase receives a modified effect, as shown in Figs. 3 and 4. The grain
refinement of 2025-TCB alloy is attributed to B-doped TiC in the Al-TCB
master alloy, and the interface between B-doped TiC and Al matrix was
characterized by HRTEM, as shown in Fig. 6. EDS examination confirms
that there is no Zr element segregation at the interface of B-doped TiC
and Al matrix, as shown in Fig. 6a and b. Furthermore, the results show
that a good orientation relationship between B-doped TiC and Al. This
makes B-doped TiC an efficient heterogeneous nucleation substrate for
a-Al and refines the grains of the 2025 alloy.

4.2. Strengthening mechanism of the 2025-TCB alloys

In this study, the 2025-TCB alloy exhibits excellent mechanical
properties. To comprehend superior properties, it is important to
investigate the underlying strengthening mechanisms, which can be

attributed to the following factors:

(a) Grain refinement
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precipitates.

The effect of average grain size on the mechanical properties of
metals can usually be described by the Hall-Petch relationship [51]:
0Ggp — 0o + Kd71/2 [2]
Where o5 is the yield strength, d is the average grain size, 6o and « is the
constant. The Hall-Petch relationship indicates that a smaller average
grain size leads to an increase in yield strength. Due to the addition of
the Al-TCB master alloy, the grains of as-cast 2025 alloy were refined
and the microstructure and casting defects were optimized (see Fig. 3).

Grains of 2025 alloy were finer after hot extrusion (see Fig. 8). During
extrusion, these ceramic particles (B-doped TiC and C-doped TiB5 in the
Al-TCB master alloy) will influence the grain structure by hindering the
deformation and inhibiting grain growth to a certain extent. Thus the
grains of the 2025 alloy after adding Al-TCB are slightly smaller than
those without. Finer grains provide more grain boundaries, which serve
as obstacles to dislocation movement, enhancing the resistance to
deformation and thus increasing the strength of the material.

10
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Table 4

Mechanical properties at room temperature of the as-extruded and T6 treated
2025 alloys with and without Al-TCB.

States Sample YS (MPa) UTS (MPa) EL (%)
As- 2025 115.7 £+ 2.3 242.0 £ 5.0 8.7 + 0.4
extruded 2025-0.2 wt%- Al- 120.5+4.9 263.6+36 124+0.7
TCB
2025-2 wt%- Al-TCB 115.2+ 1.5 264.3 + 4.5 9.1 +£0.7
T6 2025 267.8 +3.4 3838+41 20.6+0.7
2025-0.2 wt%- Al- 249.2 + 8.4 3781 +7.8 24.2+0.2
TCB
2025-2 wt%- Al-TCB 283.5+1.1 400.0+34 200+1.5

(b) Precipitation strengthening

The strengthening of precipitates in Al-Cu alloy, particularly the
0'-Al,Cu precipitate, is critical for enhancing the mechanical properties.
The 0-Al,Cu precipitate increases the strength of the material by effec-
tively obstructing the dislocation motion. According to the Orowan
mechanism, the strengthening effect is described by Ref. [68]:

. __084MGb  or (3]
Orowan 271'/‘[(] — 0)1/2 b
2 1/2
A=F. ( z ) [4]
3¢AICu2

Where 4 is the interspacing of particles; ¢4, is the volume fraction of
precipitates and 7 is the average radius of the precipitates and other
parameters are constants. The strength of the T6 treated alloy is
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enhanced with increasing the number of ©-Al,Cu precipitate and
decreasing the average radius (see Fig. 11).

(c) Solid solution strengthening

The PLC effect observed in extruded 2025-TCB alloys (as shown in
Fig. 12a) indicates that Cu., Mn. Si not only react with Al to form
0'-Al,Cu and AlSiMn, but also dissolve in Al matrix. The solid solution of
Cu, Mn, Si and Zr atoms causes lattice distortion and inhibits the
dislocation movement, which can be described by Ref. [67]:

Ois :HZiC?

Where C; is the concentration of i elements; H and n are constants. The
concentration of elements can be analyzed by spectrum or EDS analysis
(see Fig. 7).

[5]

(d) Dislocation strengthening

After extrusion, the dislocations within the Al matrix can impede the
movement of newly formed dislocations, resulting in dislocation piling,
which increases the strength of the alloys. Dislocation density usually
decreases after T6 treatment. The effect of dislocation strengthening will
be different between as-extruded and T6 treated alloys. The dislocation
strengthening can be described by Ref. [69]:
64 =MaGbplie, [61
Where pgyp is the geometrically necessary dislocations (GNDs) density
and other parameters are constant. The GNDs density can be calculated
by the kernel average misorientation (KAM) that is retrieved directly
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Fig. 13. The fractography of the as-extruded and T6 treated 2025 alloys with and without Al-TCB: (a, d) 2025 base alloy; (b, €) adding 0.2 wt% Al-TCB; (c, f) adding

2 wt% Al-TCB.
from the EBSD.
4.3. Tensile deformation behavior of the 2025-TCB alloys

Fig. 13 shows the fractography of the as-extruded and T6 treated
2025 alloys, both with and without Al-TCB. Notably, the fractography of
T6 treated 2025-TCB alloys exhibits a considerably higher density of
dimples than the extruded counterparts. Numerous dimples indicate
that T6 treated 2025-TCB alloys can undergo more plastic deformation
before failure. The fractography also reveals the presence of some par-
ticles within the Al matrix that match the AlSiMn and Al;Cu secondary
phases shown in Fig. 7. Secondary phase dispersion and micrometer size
play an important influence in influencing the mechanical properties.
Specifically, diffuse cracks and brittle fracture zones were observed in
the fractography of T6 treated 2025-TCB alloys. It is indicated that stress
concentrations may develop around these secondary phases, leading to
crack initiation and propagation and eventually brittle fracture.
Importantly, the addition of the Al-TCB master alloy to 2025 alloy has
been shown to minimize the quantity and size of secondary phases,
resulting in fewer cracks and brittle fracture zones.

5. Conclusion

In this work, the mechanism of grain refinement in a Zr-containing
2025 alloy refined with Al-TCB master alloy is revealed. Furthermore,
the 2025-TCB alloys underwent extrusion and T6 treatment to improve
their microstructure and mechanical properties. The main conclusions
are as follows:

(1) As the Al-TCB content increased, the average grain size of a Zr-
containing 2025 alloy decreased from 423 pm to 77 pm (from
0 wt% to 4 wt% Al-TCB), reaching up to 83 % reduction. The Al-
TCB master alloy effectively refines the grains and overcomes Zr-
poisoning.
(2) The B-doped TiC can act as an effective nucleation substrate for
a-Al, possessing a suitable orientation relationship between them,
where [112]B-doped tic//[110] AL (220)B-doped TiC//(T 1T)(x-Al‘
The Zr has not aggregated at the interface of B-doped TiC/Al.
Hot extrusion further refines the grain size of the 2025 alloy while
optimizing the distribution and morphology of the Al;Cu sec-
ondary phase. Both the grains and Al,Cu secondary phase show a
streamlined distribution along the extrusion direction. Notably,
the incorporating the Al-TCB master alloy into 2025 alloy im-
proves the morphology and distribution of the Al,Cu secondary

3
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phase while retaining fine equiaxed grains. T6 treatment resulted
in a high density of 0'-Al,Cu nanoprecipitates in the Al matrix.

(4) Adding the Al-TCB master alloy to 2025 alloy significantly en-
hances its mechanical properties. 2025 Alloy with 2 wt% AI-TCB
alloy had the best strength and ductility synergy. The UTS and EL
of the extruded 2025-2 wt% Al-TCB alloy are 264.3 + 4.5 MPa
and 9.1 £ 0.7 %, respectively. The T6 treated 2025-2 wt% Al-TCB
alloy has a UTS of 400.0 + 3.4 MPa and an EL of 20.0 £ 1.5 %.
The UTS of 2025-2 wt% Al-TCB alloy increases by 22.3 MPa and
16.2 MPa compared to the 2025 alloy without the Al-TCB after
hot extrusion and T6 treatment.

(5) Strengthening effects mainly come from the microscopic level
after extrusion and heat treatment, achieving uniform grain and
precipitation distributions that obstacle dislocation movement.
Lattice distortion induced by solid solution atoms also inhibited
the dislocation movement.
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