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a b s t r a c t

In this work, the effects of ultrasonic treatment on in-situ ZrB2 particle-reinforced AA4032-

based composites were studied. The composites were synthesized from AleK2ZrF6eKBF4
system via an in-situ melt reaction. The phase composition, macrostructure characteris-

tics, hardness and tensile properties of the composites were investigated. The results

showed that the addition of in-situ submicron ZrB2 particles into the composites resulted

in grain refinement, and the increased hardness and tensile properties. The ultrasonic

treatment effectively enhanced the uniformity of in-situ ZrB2 distribution, which further

enhanced the structure and mechanical properties of the composites. The mechanisms of

the ultrasonic treatment in the improvement of in-situ particle distribution and mechan-

ical properties of the composites were discussed.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

AA4032 is a near-eutectic AleSi based alloy that is widely used

for automotive applications such as pistons and scroll com-

pressors due to its good mechanical properties at high tem-

peratures. Previous studies reported that an addition of 3.5 wt

% Cu to an AA4032 alloy improved the hardness and tensile
.ac.th (P. Pandee).
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strength [1]. The higher Cu content led to the formation of

thermally stable Cu-rich phases, i.e., g-Al7Cu4Ni, d-Al3CuNi

and Q-Al5Cu2Mg8Si6, which increased the high-temperature

properties for engine application [2e4]. Nowadays, in-situ

aluminum matrix composites (AMCs) have attracted great

interest, having the advantages of finer reinforcement, good

thermodynamic stability and strong interfacial bonding
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Fig. 1 e Schematic diagrams of the synthesis of AA4032-3.5CueZrB2 composites by (a) mechanical stirring and (b) additional

ultrasonic treatment.
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between the particle and the matrix as compared with the ex-

situ ones [5]. Different particles, such as titanium diboride

(TiB2), zirconium diboride (ZrB2), titanium carbide (TiC), and

alumina (Al2O3) were suggested as potential in-situ particles

for producing aluminum matrix composites. Among the par-

ticles, ZrB2 is a promising candidate due to its excellent

properties, i.e., high melting temperature, high hardness,

good corrosion resistance and high wear resistance [6,7]. ZrB2

particles have also a positive effect on dimensional stability,

which is critical for engine applications [8]. Recently, a num-

ber of aluminum alloys based composites reinforced with in-

situ ZrB2 particles have been developed, i.e., AA2024 [9],

AA5052 [10], AA6061 [11], AA6111 [12,13], AA7075 [14], ADC12

[15] and A356 [16]. The addition of in-situ ZrB2 reinforcement

was shown to improve not only the tensile strength of

aluminum alloy but also other properties, i.e., creep resistance
Table 1 e The chemical compositions of the experimental allo

Alloys Si Mg Cu

AA4032-3.5Cu 12.15 0.83 3.57

AA4032-3.5CueZrB2 12.24 0.87 3.52

AA4032-3.5CueZrB2þUST 12.23 0.85 3.55

Fig. 2 e Scheil simulation of phase formation in (a) the base allo

the solidification ranges are shown.
[17], wear resistance [15,18], and fatigue performance [12].

However, there is lack of research in the in-situ ZrB2 com-

posites with high-Si alloys as amatrix, which can be attractive

for engine applications.

Clustering of in-situ particles inside the metal matrix is a

typical issue encountered during the manufacture of com-

posites using stir casting processes. To disperse the clusters,

some external force must be applied. Ultrasonic treatment

(UST) is considered as an effective technology for degassing

molten metals and refining the microstructure [19]. Moreover,

it was reported that the UST can effectively disperse particles

due to acoustic cavitation and streaming [20]. It was also re-

ported that the UST can improve the uniformity of distribu-

tion of in-situ particles, i.e., Al3Ti [21], Al3Zr [22], TiB2 [23,24],

Al2O3 [25], ZrB2 [26] and MgAl2O4 [27] in aluminum matrix

composites. UST was demonstrated to enhance both particle
y and composites (wt%).

Ni Fe Zr B Al

0.55 0.40 e e Bal.

0.58 0.47 2.68 0.57 Bal.

0.57 0.49 2.61 0.57 Bal.

y and (b) the composite; only the phases that are formed in
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dispersion and in-situ particle formation, ultimately

increasing the particle count in the matrix [26,28]. Previous

works have studied the in-situ formation of ZrB2 by salts

synthesis [17], and the effect of UST on nanoparticle disper-

sion and grain refinement [29]. However, due to the complex

chemical composition and phase formation in an AA4032-

type alloy, the in-situ ZrB2/AA4032 composite synthesized

through a combination of stir process and UST deserves to be

studied in detail.

Thus, to gain insight into the mechanism of phase forma-

tion by the combined effect of salt synthesis with stir process

and UST, and the corresponding effects on the structure and

mechanical properties, in this study an AA4032 alloy with

high Cu content (3.5 wt%) reinforced with ZrB2 particulates

was prepared by the in-situ reaction of K2ZrF6 and KBF4 salts

with the melt assisted with mechanical stirring. The com-

posites then were processed with UST before casting. The

macrostructure, microstructure and mechanical properties of

the composites were investigated, and the effects of UST were

discussed.
2. Experimental procedure

An AA4032-type alloy used in this study was prepared from

99.7 wt% pure Al, 99.9 wt% pure Si, 99.5 wt% pureMg, 99.9 wt%

pure Cu, and Al-20wt%Ni and Al-10wt% Femaster alloys. The

AA4032-type alloy contained 3.5 wt% Cu, as shown in our

previous research, improves mechanical properties at room

and elevated temperature [1]. AA4032-type ingots were pro-

duced in an induction furnace at a temperature of 700 �C.
Then, AA4032-type ingots were remelted to mix with salt flux

for the in-situ synthesis reaction to make composites. The in-

situ ZrB2 reinforced particles were synthesized through the

chemical reaction of K2ZrF6 and KBF4 salts with the aluminum

melt [10,14]:

3K2ZrF6 þ 13Al / 3Al3Zr þ 4AlF3 þ 6KF (1)

2KBF4 þ 3Al / AlB2 þ 2AlF3 þ 2KF (2)

Al3Zr þ AlB2 / ZrB2 þ 4Al (3)
Fig. 3 e Optical macrographs of the alloy and composites: (a) AA

3.5CueZrB2 with UST.
The two salts were preheated at 300 �C for 3 h in an electric

oven to remove the bonded water contained therein, and then

were mixed together mechanically. An AA4032-3.5 Cu ingot

with a weight of about 1800 g was melted in a silicon carbide

crucible and maintained at 850 �C by using an induction

furnace with a heating and cooling controller. Themixed salts

were added manually to the molten alloy with the amount

reflecting 5 wt% ZrB2 to be produced with the ratio of K2ZrF6
235 g and KBF4 205 g in the molten aluminum of 1800 g. The

melt was stirred for 30 min by a high-purity graphite impeller

stirrer, maintaining the liquid temperature at 850 �C. The

experimental system is shown in Fig. 1a. After the salt syn-

thesis reaction was completed, the liquid by-products in the

top layer of the melt were collected. After removing the by-

products, the composite melt was degassed by purging pure

argon gas. To study the effect of UST, after the salt reaction

was completed for 30 min and the molten metal cleaned, the

ultrasonic vibration with a power of 1.5 kW (an air-cooled

piezoelectric transducer) and a frequency of 20 kHz was

introduced for 3 min to the composite melt through a pre-

heated Nb sonotrode with a diameter of 20 mm, as illustrated

in Fig. 1b. The liquid metal temperature was maintained

during the UST at 720-680 �C. The same procedure was

repeated for composites without UST. Then the composite

melt was poured into a steel mold (150 mm � 170 mm

� 15 mm) at 680 �C. The chemical compositions of the studied

alloys were analyzed after melt in-situ synthesis reaction

using optical emission spectrometry and are given in Table 1.

Thermo-Calc software (version 2023a) with the TCAL8 data-

base was utilized to define the sequence of phase formation in

the composite, which contains 2.68 wt% Zr and 0.57 wt% B

after the in-situ ZrB2 reaction.

Specimens were machined from the castings for structure

and mechanical characterization. The specimens were pol-

ished following standard metallographic procedures and

etched with Keller's reagent (5 ml HNO3, 3 ml HCl and 2 ml HF

in 190 ml distilled water), and then examined by optical mi-

croscopy (Olympus DSX1000). To reveal their grain structures,

specimens were anodized in Barker's agent (5% HBF4 water

solution) for about 2 min at 20 V and were then examined by

the Olympus microscope with polarized light. The grain size

wasmeasured by the linear interceptmethod (ASTM E112-10).

Moreover, the specimens were examined using a field emis-

sion scanning electronmicroscope (FE-SEM, Thermo Scientific
4032-3.5Cu, (b) AA4032-3.5CueZrB2, and (c) AA4032-
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Apreo S) equipped with an energy-dispersive spectroscopy

(EDS) detector. In addition, X-ray diffractometer (XRD, Bruker

D8 advance) using Cu Ka radiation source was used to deter-

mine the phase composition of the specimens. The hardness

of each specimen was measured using a Brinell hardness

tester with a 2.5 mm ball indenter and 625 N load applied for

15 s. Each reported hardness value was the average of at least

five indentations. Tensile specimens were prepared as per

ASTM E8 standard having a gauge length of 40 mm, a gauge

width of 7 mm and a thickness of 6 mm. The ultimate tensile

strength (UTS), yield strength (YS) and percentage elongation

(%El) were measured using a computerized universal testing

machine at a cross head speed of 1 mm/s at 25 �C. Three

samples for each group were tested to ensure the reliability of

the results and the average values of YS, UTS and %El were

calculated. The fracture surfaces of the tensile specimens

were observed by FE-SEM to evaluate the fracture mecha-

nisms of the composites.
Fig. 4 e Polarized images showing the grain structure of

the alloy and composites: (a) AA4032-3.5Cu, (b) AA4032-

3.5CueZrB2, and (c) AA4032-3.5CueZrB2 with UST.
3. Results

3.1. Solidification sequence in an AA4032-3.5Cu
composite containing ZrB2

Thermo-Calc software was utilized to define the solidification

sequence of phase formation in the base AA4032-type alloy

and the composite after the in-situ ZrB2 reaction, as demon-

strated in Fig. 2. The result showed that the ZrB2 phase was

formed in the composites from 1008 �C, followed by the for-

mation of Si2Zr phase at 980 �C, while the UST was performed

between 720 �C and 680 �C, which is above the formation of

primary Si at 613 �C. Therefore, the UST was performed in the

range of Zr-phases formation and above the formation tem-

perature of other phases.

3.2. Microstructural characterization

Optical macrographs showing the grain structure of the base

alloy and the AA4032-3.5CueZrB2 composites are presented in

Fig. 3. For a clearer presentation, optical micrographs using

polarized light were produced, as displayed in Fig. 4. It is

obvious in Figs. 3a and 4a thatmost grains in the base AA4032-

type alloy have a dendritic shape with a rather large size

(480 ± 4.2 mm). The grain structure of the AA4032-3.5CueZrB2

composite prepared withmechanical stirring without UST are

presented in Figs. 3b and 4b. After the in-situ reaction of the

generating ZrB2 reinforcing particles, the grain size was

significantly reduced. After applying UST, the grain size was

further reduced, as shown in Figs. 3c and 4c, i.e., from

221 ± 2.0 mm to 138 ± 0.8 mm.

Optical micrographs at low and high magnifications of the

matrix alloy and AA4032-3.5CueZrB2 composite are shown in

Fig. 5. The addition of in-situ ZrB2 into the AA4032-3.5Cu alloy

refined and decreased the amount of primary Si particles, as

well as refined the overall microstructure, as shown in

Fig. 5aee. Optical micrographs showing the eutectic Si
morphologies in the matrix alloy and AA4032-3.5CueZrB2

composites are presented in Fig. 5def. The addition of in-situ

ZrB2 into the AA4032-3.5Cu alloy and the corresponding gen-

eral refinement of the microstructure refined the eutectic Si

from coarse plate-like (Fig. 5d) to lamellar morphologies

(Fig. 5e) with its length decreasing from 4.8 ± 0.5 mm to

1.8 ± 0.5 mm.Moreover, UST further refined all microstructural

features (Fig. 5c and f) and the length of eutectic Si decreased

further with an average length of 0.6 ± 0.2 mm and more
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Fig. 5 e Optical micrographs of alloy and composites; at lower magnification: (a) AA4032-3.5Cu, (b) AA4032-3.5CueZrB2,

(c) AA4032-3.5CueZrB2 with UST; and at higher magnification: (d) AA4032-3.5Cu, (e) AA4032-3.5CueZrB2, and (f) AA4032-

3.5CueZrB2 with UST.
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rounded morphology (Fig. 5f). The average size and area

fraction of eutectic Si are shown in Fig. 6.

Fig. 7 shows SEM micrographs of the base alloy and

AA4032-3.5CueZrB2 composites. In-situ addition of Zr and B

resulted in the increased heterogeneity of the structure with

possible suppression or significant refinement of primary Si.
The microstructure of composites (Fig. 7b and c) contained

ZrB2 and Si2Zr phases. It is also found that Si2Zr was finer after

UST, as shown in Fig. 7d and e. The element mapping in Fig. 8

confirmed the presence of Zr and Si elements, which were

expected to be Si2Zr phase, and the composition of the ZrB2

particles was confirmed by the semi-qualitative EDS analysis

https://doi.org/10.1016/j.jmrt.2023.03.182
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Fig. 6 e Size and area fraction of eutectic Si in the tested

alloy and composites.
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as shown in Fig. 9. This result is consistent with the XRD re-

sults presented in Fig. 10. There are diffraction peaks of Al and

Si, which are the main phases contained in the AA4032 base

alloy. The XRD pattern also confirms the successful formation

of the ZrB2 phase in the composite through a direct in-situ

melt reaction technique between the salts K2ZrF6 and KBF4
in the molten AA4032. ZrB2 particles clustered in the micro-

structure with agglomerate sizes of 10 ± 5 mm, while the small

individual particles observed by SEM, were 200 ± 20 nm in size

as shown in Fig. 9b. In general, the experimentally observed

phase composition agreed well with the results of thermo-

dynamic calculations in Fig. 2.

Fig. 11 shows the ZrB2 particles distribution in AA4032-

3.5Cu prepared without and with UST. These data further

confirmed that UST increased the uniformity of distribution of

ZrB2 particles in the aluminum matrix with less
Fig. 7 e SEM micrographs of alloys and composites: (a) AA4032

3.5CueZrB2 with UST.
agglomeration. This is quantified by the frequency distribu-

tion that shows more individual fine particles after UST

(Fig. 11f).

3.3. Mechanical properties

The hardness of the base alloy and the AA4032-3.5CueZrB2

composites was determined using the Brinell method and the

average hardness results are shown in Fig. 12. As expected the

hardness increased with the in-situ ZrB2 reinforcement. Ul-

trasonic treatment of the AA4032-3.5CueZrB2 composite

further increased the hardness and decreased the scatter of

the results (evidenced by a smaller standard deviation), indi-

cating that the UST made the structure more homogenous.

The average yield strength (YS), ultimate tensile strength

(UTS), and percentage elongation (%El) of the base alloy and

AA4032-3.5CueZrB2 composites are given in Fig. 13. The ten-

sile properties of the alloy increased with the addition of the

in-situ ZrB2 reinforcement. Interestingly, both strength and

ductility showed the improvement, reaching YS of 151 MPa,

UTS of 266 MPa, and El 1.9%.

The SEM fracture surfaces of the base alloy and AA4032-

3.5CueZrB2 composites are shown in Fig. 14 There were

numerous brittle planes and tearing edges in the fracture of

the matrix alloy (Fig. 14a), which indicated that the main

fracture mode of the AA4032-type alloy was cleavage. With

the addition of ZrB2 particles, the fracture surface exhibited

more dimples and less tearing edges (Fig. 14b and c), which

agreed with the better ductility.

The fracture surfaces of the AA4032-3.5CueZrB2 compos-

ites prepared without and with UST at a higher magnification

are demonstrated in Fig. 15a and b, respectively. Large particle

clusters of ZrB2 can be seen in the AA4032-3.5CueZrB2 com-

posite produced without UST, which will act as crack initia-

tors, reducing the ductility as compared with the UST

produced composite that has smaller and more evenly

distributed agglomerates.
-3.5Cu, (b, d) AA4032-3.5CueZrB2, and (c, e) AA4032-

https://doi.org/10.1016/j.jmrt.2023.03.182
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Fig. 8 e SEM image and EDS mapping analysis of Si2Zr intermetallic in AA4032-3.5CueZrB2 composite prepared with UST.
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4. Discussion

4.1. Microstructure evolution in the composites after in-
situ ZrB2 synthesis

We observed the decrease in the occurrence of primary Si

after the in-situ formation of ZrB2 phase. It was also observed

that the Si2Zr phase was formed with the Zr addition. EDS

confirms that this phase contains Si and Zr elements, as

showed in Fig. 8, which corresponding to thermodynamics of

the ternary phase diagram in Ref. [30] as well as our thermo-

dynamic calculations (Fig. 2). The formation of Si2Zr phase

may result in the decrease in the residual Si content in the
melt and less Si available to form primary phase. Note that the

base alloy is nearly eutectic, so the lack of available Si effec-

tively shifts the alloy to hypoeutectic range. The observed

grain refinement as a result of in-situ ZrB2 formation (Figs.

3e5) agrees well with the previous work [9,10,14,31].

There are two mechanisms known to explain the grain

refinement in metal matrix composites, i.e., the heteroge-

neous nucleation and the restricted grain growth. According

to the heterogeneous nucleation mechanism, it is widely

known that the lower the lattice mismatch of the solid/sub-

strate, the greater the substrate particle nucleation potential.

The crystal structure and lattice parameters of ZrB2 are hex-

agonal close-packed a ¼ 0.3172 nm, c ¼ 0.3536 nm, and the

lattice mismatch of ZrB2 with Al (a ¼ 0.4049 nm) is too large to

https://doi.org/10.1016/j.jmrt.2023.03.182
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Fig. 9 e SEM images of AA4032-3.5CueZrB2 composite: (a) agglomerates, (b) nanoparticles of ZrB2 and (c) EDS point analysis

of ZrB2 particles.
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be a suitable nucleation site for Al matrix. ZrB2 is known be an

ineffective heterogeneous nucleating substrate for the Al

matrix (hence Zr poisoning of TiB2 grain refiners). Therefore, it
Fig. 10 e XRD patterns of AA4032-3.5CueZrB2 composites.
can be suggested that the ZrB2 particles pushed by the solid-

liquid interface can limit the grain growth, resulting in the

refining of grains and eutectic colonies during the solidifica-

tion of ZrB2/AA4032 composites [9,10,14,32].

The eutectic Si changed from a coarse plate-like to a

lamellar morphology in the ZrB2/AA4032 composite (Fig. 5),

and the size significantly decreased (Fig. 6). The presence of

in-situ ZrB2 reinforced particles could hinder the growth of

eutectic Si colonies as well, therefore the Si phase was refined

[33,34]. In addition, residual potassium from the salt reaction

can lead to partial modification of eutectic Si [35,36] as shown

in Fig. 5.

4.2. The effect of UST on the evolution of microstructures

As USTwas performed in the range of ZrB2 and Si2Zr existence

in the melt, these phases were directly affected by cavitation,

which was evidenced by the deagglomeration of borides and

refinement of silicides as shown in Figs. 7 and 11. The ZrB2

particles tend to aggregate to form clusters as can be seen in

Fig. 7b, leading to the nonhomogeneous distribution of parti-

cles (Fig. 11aed). The mechanical stirring is unable to produce

enough high shear force, which can break up these clusters

completely, and the clustering of ZrB2 particles unavoidably

exists in aluminum matrix composites. A more uniform

https://doi.org/10.1016/j.jmrt.2023.03.182
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Fig. 11 e SEM images and EDS mapping analysis of the AA4032-3.5CueZrB2 composites prepared (a)e(d) without UST, and

(e)e(h) with UST.
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distribution of in-situ ZrB2 reinforced particles can be

observed in the SEM images of the composite with UST (Figs.

7c and 11eef). The mechanisms involved in this phenome-

non are well recognized as cavitation and acoustic streaming.

The cavitation-induced deagglomeration and distribution of

particles has been recently studied in detail [31]. The cavita-

tion bubbles collapse in the liquid near the particle agglom-

erate and emit shockwaves that break up the agglomerates

from the surface and from inside, while acoustic streaming

disperses and distributes particles throughout the liquid

metal. The further reduction in grain size may be attributed to

the enhanced distribution of ZrB2 particles that become more

efficient in hindering the grain (eutectic colonies) growth.
Fig. 12 e Brinell hardness of base alloy and AA4032-

3.5CueZrB2 composites.
There is a possibility that UST also improves the nucleation

potential of ZrB2, though this needs to be studied additionally.

The refinement of Si2Zr particles upon UST is a result of

fragmentation facilitated by the shock-wave emission upon

cavitation as described in detail elsewhere [31].

4.3. Strengthening mechanism

The addition of ZrB2 (and Si2Zr) to the base alloy improved

hardness, tensile strength and ductility, with UST giving some

further improvement (Fig. 14). The increase of hardness was

expected as both additional phases have high hardness, i.e.

14.5e25 GPa for ZrB2 [37], and appr. 11 GPa for Si2Zr [38]. The

simultaneous increase in strength and ductility can be related

to the soundness of the microstructure. The addition of hard

particles to the already heterogeneous base alloy increased its
Fig. 13 e Tensile properties at room temperature of base

alloy and AA4032-3.5CueZrB2 composites.
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Fig. 14 e SEM micrographs of tensile fracture surfaces of (a)

AA4032-3.5Cu, (b) AA4032-3.5CueZrB2 without UST, and (c)

AA4032-3.5CueZrB2 with UST.

Fig. 15 e SEM micrographs of tensile fracture surfaces of AA403

(b) with UST.
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heterogeneity further. The UST lessened ZrB2 aggregation and

the ZrB2 particles were distributed more uniformly (Figs. 11

and 15).

The strengthening mechanisms of particle reinforced

aluminum matrix composites are typically listed as grain

refinement strengthening (DsGR), Orowan strengthening

(DsOrowan), dislocation strengthening (DsDislocation) and load-

bearing strengthening (DsLoad) [39]. Among those, the Hall-

Petch grain refinement and Orowan dislocation mecha-

nisms are hardly applicable to heterogenous materials like

high-Si alloys and composites based on these alloys. It has

been shown that the thermal mismatch can be a contributor

to the reinforcing effect, which may be attributed to the

significant CTE mismatch that exists between the ZrB2

reinforced particles (a-axis direction is 6.66 � 10�6 K�1 and c-

axis direction is 6.93 � 10�6 K�1 [40]) and the aluminum

matrix (23 � 10�6 K�1). This contribution is more effective

in composites with UST because UST breaks the agglomer-

ates into smaller sizes and distributes them evenly in

the matrix. An increasing of the tensile strength of

aluminum composite may be also related to the load

bearing strengthening, which causes a load transfer to the

reinforcement through interfaces between the ZrB2

particles and AA4032 matrix [41]. In addition, the simulta-

neous increase of strength and ductility shows that there

is another mechanism in play, i.e., delayed fracture due to

the more even stress distribution upon deformation.

Previous work reported that the nano-particles of ZrB2

effectively changed the path of microcrack propagation and

resulted in crack branching and deflection, slowing crack

propagation and effectively increasing fracture resistance

[42]. This corresponds to our result shown in Fig. 15b,

revealing the ZrB2 particles on the edge of boundary cracks

that may impede the crack propagation rate and consume

more fracture energy, thereby improving the fracture

toughness (or strength and ductility simultaneously). In

general, the increased heterogeneity of the structure that

contains a soft matrix (Al) and hard phases (intermetallics

and/or nonmetallic compounds) results in a more even

stress distribution, preventing (paradoxically) stress con-

centration and delaying the catastrophic crack propagation

[43,44].
2-3.5CueZrB2 composite prepared (a) without UST, and
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5. Conclusions

The in-situ 5 wt% ZrB2/AA4032 with high Cu composite was

successfully fabricated by reaction of the molten base Al alloy

with K2ZrF6eKBF4 salt mixture via mechanical stirring fol-

lowed by ultrasonic treatment (UST). The following conclu-

sions can be summarized from the present study.

� Structure refinement can be achieved through the forma-

tion of ZrB2 nanoparticles through salt synthesis. UST re-

sults the additional structure refinement.

� The formation of Si2Zr in the AA4032-3.5Cu alloy with ZrB2

resulted in less primary Si in the alloy.

� UST decreased the agglomeration and improved the dis-

tribution of in-situ ZrB2 nanoparticles in AA4032-

3.5CueZrB2 composites.

� UST of the composite melt improves yield strength, tensile

strength, and elongation by about 5%, 15% and 10%,

respectively, as compared to the composites prepared

without UST.

� The structure refinement can be explained through a syn-

ergetic combination the following mechanisms: hindering

grain growth by the borides, deagglomeration and refine-

ment of additional phases by cavitation, refinement of

eutectics by the overall structure refinement with a po-

tential contribution of residual potassium.

� The improvement of tensile properties is likely to be

caused by the combination of load-bearing, thermal

expansion mismatch and delayed fracture mechanisms.
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