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Abstract: In situ (α-Al2O3+ZrB2)/Al composites with network distribution were fabricated using low-energy ball milling and reaction hot 
pressing. Differential thermal analysis (DTA) was used to study the reaction mechanisms in the Al–ZrO2–B system. X-ray diffraction (XRD) 
and scanning electron microscopy (SEM) in conjunction with energy-dispersive X-ray spectroscopy (EDX) were used to investigate the 
composite phases, morphology, and microstructure of the composites. The effect of matrix network size on the microstructure and mechani-
cal properties was investigated. The results show that the optimum sintering parameters to complete reactions in the Al–ZrO2–B system are 
850°C and 60 min. In situ-synthesized α-Al2O3 and ZrB2 particles are dispersed uniformly around Al particles, forming a network micro-
structure; the diameters of the α-Al2O3 and ZrB2 particles are approximately 1–3 μm. When the size of Al powder increases from 60–110 μm 
to 150–300 μm, the overall surface contact between Al powders and reactants decreases, thereby increasing the local volume fraction of re-
inforcements from 12% to 21%. This increase of the local volume leads to a significant increase in microhardness of the in situ 
(α-Al2O3–ZrB2)/Al composites from Hv 163 to Hv 251. 
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1. Introduction 

The application of discontinuously reinforced aluminum 
composites (DRAMCs) has attracted the significant atten-
tion in the aerospace, automobile, and weapons industries 
[1–3] because of their good mechanical, thermal, and phys-
ical properties. Moreover, DRAMCs fabricated by in situ 
methods have attracted much interest [1–2,4–7] because of 
their isotropic properties and low cost. Furthermore, Al2O3 
and ZrB2 synthesized by in situ reactions have been demon-
strated to be an effective reinforcement for the Al matrix 
[5–6]. The mechanical properties of DRAMCs are not only 
determined by the volume fraction, morphology, and type 
of reinforcement and matrix, but are also affected by the 
distribution of the reinforcement material and the 
morphology of the matrix. The strengthening effect of re-
inforcement and the ductility effect of the matrix can be 
better exploited by creating a network reinforcement ar-

chitecture [7–8].  
Some efforts have been made to create the composite 

materials with a variety of new microstructures that offer 
the enhanced properties [9–12]. Peng et al. [11–12] fabri-
cated the bicontinuous aluminum matrix composites by 
squeeze casting, where the reinforcement materials formed 
a network rather than being dispersed in a homogeneous 
manner. In fact, this network microstructure is based on 
the famous Hashin–Shtrikman (H–S) bounds theory, 
which is used to estimate the mechanical properties of 
quasi-isotropic and quasi-homogeneous multiphase mate-
rials. Although the H–S bounds are sufficiently close to 
provide a good estimate for the effective elastic properties 
of the conventional composites with arbitrary phase ge-
ometry, the upper (lower) bound rigorously corresponds to 
the composites containing spherical inclusions as a matrix 
(reinforcement) encapsulated by a reinforcement (matrix) 
phase [13]. 
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Because of the formation of large pores during the in situ 
processing of composites, the reaction hot pressing (RHP) 
has been proposed as a method to overcome this problem. 
This method includes the compaction of reaction products 
after in situ synthesis of reinforcements in the matrix to ob-
tain a near fully dense composite [6–7,14]. 

Recently, extensive research has been devoted to the 
fabrication of in situ (α-Al2O3+ZrB2)/Al composites with 
the homogeneous microstructures [6,15–16]. Hence, the 
comparative mechanical properties, such as tensile proper-
ties and wear resistance, have been obtained. Furthermore, 
B/ZrO2 with the molar ratio of 2 has been reported to 
completely prevent the formation of Al3Zr from the 
Al–ZrO2–B system, thereby resulting in the formation of 
only Al2O3 and ZrB2 as reinforcement materials [16]. In 
fact, Al3Zr is a very brittle phase, which limits the applica-
tions of such composites. On the basis of these previous 
results, a B/ZrO2 with the molar ratio of 2 was used in the 
present study to fabricate dense in situ (α-Al2O3–ZrB2)/Al 
composites with a network structure. Moreover, the influ-
ence of Al matrix particle size on the microstructure and 
mechanical properties of the in situ (α-Al2O3+ZrB2)/Al 
composites was studied. Differential thermal analysis 
(DTA) was used to determine the reinforcement synthesis 
temperature in the Al–ZrO2–B system.  

2. Experimental 

Pure Al powder with different particle sizes of approxi-
mately 60–110, 110–150, and 150–300 μm as well as ZrO2 
(0.5–1 μm) and B (~1 μm) powders were used as the start-
ing materials to produce the in situ (α-Al2O3+ZrB2)/Al 
composites with a network structure; these composites were 
labeled as C1, C2, and C3, respectively. First, the stoichio-
metric starting materials were weighed according to the hy-
pothetical reaction. To maintain the spherical design of the 
network structure, the powder mixtures were ball milled at 
125 r/min for 1 h in a planetary ball mill; the powders were 
milled under an argon atmosphere, and the milling 
media/material ratio was 4:1. The mixed powders were 
transferred into a graphite mold pre-coated with boron ni-
tride to avoid reaction between the mold and reactants. Un-
der a vacuum of 4.5 × 10−2 Pa, different stages were used to 
fabricate the in situ (α-Al2O3+ZrB2)/Al composites. In the 
first stage, the powders were heated to 600°C and com-
pacted at 25 MPa for 1 h to produce the as-sintered 
(ZrO2+B)/Al billet with a diameter of 60 mm and a height of 
25 mm, thereby enhancing the reactivity in the Al–ZrO2–B 
system. 

To determine the synthesis temperature of the 
Al–ZrO2–B system, a sample with 2 mm in diameter and 1 
mm in height cut from the as-sintered (ZrO2+B)/Al billet 
was subjected to DTA testing. The sample was heated under 
an argon atmosphere in a TGA/SDTA85IE thermal analyzer, 
where the temperature was increased from room tempera-
ture (25°C) to 1000°C at a heating rate of 10°C·min−1. After 
being subjected to DTA, the as-sintered (ZrO2+B)/Al billet 
was cut into small samples and each sample was placed into 
a quartz container that was subsequently evacuated to avoid 
the oxidation of sample. Subsequently, all samples were 
heated in a conventional furnace at 850°C for different 
holding times of 30, 60, and 90 min to produce the compos-
ites labeled as C30, C60, and C90, respectively. After the 
optimum sintering parameters (i.e., the synthesis tempera-
ture and holding time) were determined, the in situ 
(α-Al2O3+ZrB2)/Al composites were cooled from 850°C to 
600°C and re-compacted at 25 MPa for 1 h to produce the 
dense composites labeled S60, S110, and S150, respectively, 
with different Al matrix particle sizes. The raw materials 
and fabrication process of composites are shown in Fig. 1. 
All the sintered composites and their sintering parameters 
are shown in Table 1. 

The composite phases were identified using X-ray dif-
fraction (XRD); a Philips X’pert diffractometer was used in 
the experiments and was equipped with a Cu Kα radiation 
source. Scanning electron microscopy (SEM, Quanta 
200FEG) along with energy-dispersive X-ray spectroscopy 
(EDX) was used to investigate the microstructure and mor-
phology of the composites. Microhardness measurements 
were performed on samples using an HVS-1000 Vickers 
hardness tester.  

3. Results and discussion 

3.1. Thermodynamic analysis 

The variation of Gibbs free energy ( TG −Δ ○ ) can be writ-
ten as  

298 298TG H T S− − −Δ = Δ − Δ○ ○ ○ . (1) 
where 298H −Δ ○  and 298S −Δ ○ are the standard enthalpy and 
standard entropy, respectively, at room temperature. Ac-
cording to the published thermodynamic data [17], the pos-
sible reactions and their accompanying free-energy changes 
in the Al–ZrO2–B system can be written as the following 
equations.  
4Al + 3ZrO2 → 2Al2O3 + 3[Zr] (2) 

176603 54.63TG T−Δ = +○  (3) 

Al + 2B → AlB2 (4) 
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Fig. 1.  Raw materials and fabrication process of the composites: (a) Al; (b) ZrO2; (c) B; (d) ball-milled Al powders; (e) reaction hot 
pressing parameters. 

Table 1.  Composite nomenclature and the corresponding sintering parameters 

Composite reinforcement phase content = 5vol% Step 1 Step 2 Step 3 

As-sintered (ZrO2+B)/Al 600°C, 1 h, 25 MPa none none 
C30 600°C, 1 h, 25 MPa 850°C, 30 min, 0 MPa none 
C60 600°C, 1 h, 25 MPa 850°C, 60 min, 0 MPa none 
C90 600°C, 1 h, 25 MPa 850°C, 90 min, 0 MPa none 
S60 (Al size: 60–110 µm) 600°C, 1 h, 25 MPa 850°C, 60 min, 0 MPa 600°C, 60 min, 25 MPa 
S110 (Al size: 110–150 µm) 600°C, 1 h, 25 MPa 850°C, 60 min, 0 MPa 600°C, 60 min, 25 MPa 
S150 (Al size: 150–300 µm) 600°C, 1 h, 25 MPa 850°C, 60 min, 0 MPa 600°C, 60 min, 25 MPa 

 
65557 5.47TG T−Δ = − −○  (5) 

3Al + [Zr] → Al3Zr (6) 
251383 319.4TG T− +Δ = −○  (7)  

AlB2 + [Zr] → ZrB2 + Al (8) 
254330 41.4TG T−Δ = +−○  (9) 

where [Zr] stands for the free Zr which can react either with 
Al to produce Al3Zr or with B to produce ZrB2 as final 
phases.  

According to the study of Zhu et al. [6], Eqs. (2), (4), (6), 
and (8) are thermodynamically feasible and spontaneous. 
Moreover, three exothermic reactions can occur, leading to 

three different final products.  
13Al + 3ZrO2 → 2Al2O3 + 3Al3Zr (B/ZrO2 by molar = 0)
 (10) 
17Al + 6ZrO2 + 6B →  

4Al2O3 + 3Al3Zr + 3ZrB2 (B/ZrO2 by molar = 1) (11) 
4Al + 3ZrO2 + 6B →  

2Al2O3 +3ZrB2 (B/ZrO2 by molar = 2) (12) 
According to the Al–Zr phase diagram [18], the inter-

metallic Al3Zr is formed through peritectic reaction and 
congruent melting. However, the brittleness of Al3Zr is a 
shortcoming that precludes its practical use as a structural 
material.  
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In the present work, because the presence of brittle Al3Zr 
phase in the composites was deleterious, a B/ZrO2 molar ra-
tio of 2 was selected to synthesize only Al2O3 and ZrB2 as 
new reinforcement materials. In addition, the variation of 
Gibbs free energy with the temperature of Eq. (12) was neg-
ative within the experimental temperature, suggesting that 
the in situ formation of Al2O3 and ZrB2 via Eq. (12) was 
thermodynamically feasible. 

Fig. 2 shows the DTA curve of the as-sintered 
(ZrO2+B)/Al composite. A large endothermic peak is ob-
served at 664°C, which is attributable to the energy ab-
sorbed by the relatively large volume faction of Al during 
heating; i.e., the endothermic peak at 664°C corresponds to 
the melting temperature of aluminum. After the aluminum 
melts, the reactions in the Al–ZrO2–B system become more 
favorable because of the increased elemental diffusion in the 
Al–Zr–O–B system resulting from the increase in tempera-
ture. Therefore, two exothermic peaks at approximately 
750°C and 850°C are observed. Consistent with the afore-
mentioned thermodynamics considerations, the first exo-
thermic peak at 750°C corresponds to the reaction between 
Al and B via Eq. (2), which results in the formation of AlB2 
phase. Subsequently, because of the increase in tempera-
ture from 750°C to 850°C, ZrO2 reacts with Al via Eq. (1), 
forming Al2O3 and Zr. Meanwhile, the free Zr reacts with 
AlB2 via Eq. (8), forming ZrB2 and Al. Consequently, the 
second exothermic peak at 850°C is a superimposition of 
two peaks that correspond to Eqs. (1) and (8), which result 
in the formation of Al2O3 and ZrB2 at the final stage. Nota-
bly, the presence of excess boron (B/ZrO2 = 2) increases the 
diffusivity of B into Al in comparison to that of Zr into Al, 
thereby increasing the surface interaction between Zr and B. 
Consequently, ZrB2 is more likely to form than Al3Zr.  

 
Fig. 2.  DTA curve of the as-sintered (ZrO2+B)/Al composite. 

3.2. XRD and microstructures 

Fig. 3 shows a typical XRD pattern of the in situ 

(α-Al2O3+ZrB2)/Al composite fabricated in the Al–ZrO2–B 
system using a B/ZrO2 molar ratio of 2. As evident in the 
figure, three phases, α-Al2O3, ZrB2, and Al, are detected as 
the final products, whereas neither ZrO2 nor B is detected. 
These results suggest that the reactions in Al–ZrO2–B sys-
tem occurred completely when the synthesis temperature 
was 850°C. In addition, Al3Zr was not present in the in situ 
(α-Al2O3+ZrB2)/Al composite. Therefore, when a B/ZrO2 
molar ratio of 2 was used, the material design of the in situ 
(α-Al2O3+ZrB2)/Al composite was similar to that reported 
by Zhu et al. [6].  

 
Fig. 3.  XRD results for the in situ (α-Al2O3+ZrB2)/Al compos-
ite (B/ZrO2 molar ratio = 2). 

Figs. 4(a)–(f) show low- and high-magnification SEM 
images of composites C30, C60, and C90 sintered at 850°C 
for different holding times of 30, 60, and 90 min, respec-
tively. In the case of composite C30, a portion of the in situ 
reinforcements are dispersed along the Al particle bounda-
ries; however, some Al particles are interpenetrated, indi-
cating that the reactions in Al–ZrO2–B system do not pro-
ceed to the completion at these regions (Figs. 4(a)–(b)). 
Therefore, a holding time of 30 min is not sufficient for the 
completion of the reactions between Al, ZrO2, and B. In the 
case of composite C60, all reinforcements are dispersed 
uniformly at Al particle boundaries, suggesting that a hold-
ing time of 60 min is sufficient for completion of the reac-
tions in the Al–ZrO2–B system (Figs. 4(c)–(d)). In fact, suf-
ficient energy to complete the in situ reactions depends only 
on the increase in temperature, as reported in our previous 
work [4]. However, the use of an extended reaction time can 
also lead to the growth of Al3Zr, as observed in the case of 
composite C90 (Figs. 4(e)–(f)). The growth phenomenon of 
Al3Zr was also previously reported in Ref. [19], and the 
holding time was observed to play a key role in determining 
the final morphology of Al3Zr. Consequently, the optimum 
sintering parameters (i.e., synthesis temperature and holding 
time) for the fabrication of in situ (α-Al2O3+ZrB2)/Al  
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Fig. 4.  SEM images of composites sintered at 850°C for different holding times: (a) and (b) 30 min; (c) and (d) 60 min; (e) and (f) 90 
min. 

composites were determined to be 850°C and 60 min, re-
spectively. Furthermore, because no pressure was applied in 
the case of composites C30, C60, and C90, large pores were 
present. 

Fig. 5 shows the SEM images and EDX results of the in 
situ (α-Al2O3+ZrB2)/Al composite compacted under a pres-
sure of 25 MPa. As evident in the figure, the size of Al net-
work matrix (~130 μm) is consistent with the size of the 
ball-milled Al particles, with no interpenetration between 
the reinforcements and Al matrix; this arrangement may 
enhance the plasticity of composite. Hence, the final press-
ing step prevents the formation of pores, thereby resulting in 
dense composites (Figs. 5(a)–(b)). Furthermore, the in situ 
synthesized α-Al2O3 and ZrB2 particles are dispersed uni-
formly at the edge of the spherical Al particles (reinforce-
ment rich region), and their sizes are approximately 1–3 μm 
(Figs. 5(c)–(d)). The EDX results further confirm that these 
in situ reinforcements are Al2O3 (the EDX spectrum of point 
A in Fig. 5(d)) and ZrB2 (the EDX spectrum of point B in 
Fig. 5(d)). 

3.3. Effect of Al network size 

SEM images of the fabricated composites S60, S110, and 
S150 were used to determine the local volume fraction (VL) 
quantitatively, thereby enabling an analysis of the effect of 
Al particle size on both the final architecture of composites 

and the enhancement of their mechanical properties. The 
SEM images of the fabricated composites in Fig. 6 reveal 
that the network architecture of composites is divisible into 
two parts (phases I and II): the enhanced rich in situ rein-
forcing area (phase I) and the matrix region (II). Because the 
Al matrix particles are still assumed to be spherical, the lo-
cal volume fraction of reinforcements ((α-Al2O3+ZrB2) rich 
region) can be determined by measuring the width of the 
reinforcement-rich area, and VL can be calculated using the 
following equation. 

3

C

L 3 3

4 π
3 2

4 4π π
3 2 3 2

D V
V

D D d

⎛ ⎞ ⋅⎜ ⎟
⎝ ⎠=

⎛ ⎞ ⎛ ⎞− −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (13) 

where VL is the local volume fractions of reinforcements, VC 
the overall volume fraction of reinforcements, D the average 
particle size, and d the interface width. VL for different Al 
matrix particle sizes was calculated via Eq. (13); the results 
are summarized in Table 2. 

As evident from the results in Table 2, the local volume 
fraction is increased from 12% to 21% when the Al particle 
size is increased from 60–110 to 150–300 μm. This result is 
in accordance with the SEM images in Figs. 6(b)–(c). When 
the local volume fraction of reinforcement is relatively high, 
a wall-like ceramic reinforcement network is formed; i.e., 
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Fig. 5.  SEM images and EDX results of the in situ (α-Al2O3+ZrB2)/Al composite compacted under a pressure of 25 MPa: (a) and (b) 
SEM images of composite S110 with a network structure; (c) and (d) SEM images of the reinforcements’ aggregation at Al grains; (e) 
EDX spectrum collected at point A in (d); (f) EDX spectrum collected at point B in (d). 

with the increase of Al particle size, the overall surface con-
tact decreases and the local reinforcement content gradually 
increases. This behavior is attributed to the inner layer of 
ZrO2 and B, which is in direct contact with the Al matrix, 
first reacting to form α-Al2O3 and ZrB2 phases, thereby gen-
erating an inner barrier that limits the ability of the outer 
layer of ZrO2 and B to react with Al. In this case, only the 
diffusion of Al through the interface can lead to the genera-
tion of α-Al2O3 and ZrB2 at the outer layer. This process is 
illustrated in Fig. 7 to show the effect of the particle size on 
the local volume fraction. This illustration shows that the 
decrease of the overall surface as a consequence of the in-
crease in Al particle size decreases the direct contact be-
tween both the ZrO2 and B particles in one side and the Al 

from the other side, thereby generating a large amount of 
reinforcements by diffusion from the inner layer to the outer 
layer. 

3.4. Hardness measurements 

Fig. 8 shows the results of Vickers microhardness meas-
urements at different positions for composites S1, S2, and S3 
fabricated with Al matrix particle sizes of 60–110, 110–150, 
and 150–300 μm, respectively. Notably, the microhardness 
measurements are an average of three readings taken at a par-
ticular region. Moreover, when the microhardness values of 
composites S60, S110, and S150 at position 1 are compared, 
no obvious variations of the microhardness with respect to 
the basic area of the network structure are observed.  
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Fig. 6.  SEM images of composites: (a) and (c) S1; (b) and (d) S3. 

Table 2.  Local volume fractions with different Al particle siz-
es of the in situ (α-Al2O3+ ZrB2)/Al composites 

Al particle size, 
D / μm 

Overall volume 
fraction, VC / % 

Interface width, 
d / μm 

Local volume 
fraction, VL / %

 60–110 5 7 12 
110–150 5 8.5 15 
150–300 5 10 21 
 

However, at positions 2 and 3, a significant increase in mi-
crohardness is observed when the particle size is increased 

from 60–110 to 150–300 μm. In addition, the microhardness 
of the in situ (α-Al2O3+ZrB2)/Al composite at position 3 is 
higher than that at position 2, which is attributable to the 
wall-like ceramic structure caused by the increase in the local 
volume fraction of reinforcements in this region. As previ-
ously mentioned, increasing the Al particle size from 60–110 
to 150–300 μm led to an increase of the locally rich rein-
forcement regions at the edge of the Al matrix, thereby in-
creasing the hardness from Hv 109 to Hv 157 and from Hv 
163 to Hv 251 at positions 2 and 3, respectively. 

 
Fig. 7.  Schematic showing the effect of increasing Al particle size on increasing the local volume fraction of reinforcements. 
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Fig. 8.  Schematic of Vickers microhardness measurement (a) and Vickers microhardness vs. Al matrix particle size at different po-
sitions (b). 

4. Conclusions 

(1) In situ (α-Al2O3+ZrB2)/Al composites with network 
distribution are successfully fabricated via reaction sintering. 
The optimum sintering parameters for the completion of re-
actions in the Al–ZrO2–B system are determined to be 
850°C and 60 min. 

(2) When the Al matrix particle size increases from 
60–110 to 150–300 μm, the overall surface decreases, 
thereby increasing the local volume fraction of reinforce-
ments from 12% to 21%. 

(3) The microhardness of the composites increases with 
increasing Al particle size because of the large local volume 
fraction of in-situ synthesized α-Al2O3 and ZrB2 particles at 
the Al particle boundaries. 
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