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A B S T R A C T   

Aiming at developing new generation of high-temperature neutron absorbing materials for both structural and 
functional usages, (B4C þ Al2O3)/Al composites were fabricated. Hot forging and extruding were carried out to 
adjust the microstructures of the composites. The forged samples exhibited a lamellar structure with Al2O3 
staying at the grain boundaries. In the extruded sample, most Al2O3 entered into the interior of ultrafine-grains. 
Different strengthening effects of intergranular and intragranular Al2O3 at room and high temperatures were 
studied. It was verified that Al2O3 distributed at the grain boundaries was more beneficial to enhance the high- 
temperature strength by strengthening the grain boundaries and preventing dislocations from annihilating, 
therefore the forged samples were much stronger than the extruded sample at 375 �C. The sample forged with a 
height reduction ratio of 8:1 showed an ultimate strength of 342 MPa at room temperature and an ultimate 
strength of 96 MPa at 375 �C.   

1. Introduction 

B4C is widely used in aluminium matrix composites (AMCs) for its 
low density (2.51 g/cm3), high modulus (445 GPa) and other excellent 
properties [1–4]. Moreover, since 10B isotope has a high thermal neutron 
absorption cross-section (3837 b), B4C/Al composites become a kind of 
appealing neutron absorbing materials in nuclear industries [1,5,6]. 

The dry storage is an important storage mode for the spent nuclear 
fuel. For practical application, the service condition can be up to 350 �C 
for a long time [7]. Thus, one crucial requirement is the stable 
high-temperature strength during the long-term service. However, the 
conventional B4C/6xxx and B4C/1xxx composites are not strong enough 
for serving at such high temperatures [8,9] and extra supporting steel 
structures are usually required, which are detrimental to heat dissipa
tion and weight reduction. So developing B4C/Al composites with 
enough high-temperature strength is of great significance for safety and 
economy. 

Al–Si–Cu or Al–Si–Mg series heat-resistant alloys [10–12] are widely 

used in the automotive field. Their high-temperature strength relies 
mainly on heat treatment and consequent precipitated phases, which 
would coarsen or dissolve at high temperature over 250 �C [13–16]. 
Therefore, these alloys are incompetent for high-temperature service 
conditions like spent fuel dry storage. By adding Sc and Zr into the 
B4C/Al composites, the strength of the composites at 350 �C was 
increased to about 40 MPa [7]. It was still far below the engineering 
requirement (about 90 MPa at 350 �C according to Ref. [17]). 

Compared to the strengthening precipitates in Al alloys, most 
ceramic reinforcements are extremely stable at high temperature. It has 
been reported that the nano-scale ceramic particles exhibited excellent 
strengthening effect on the high-temperature strength [8,12]. A kind of 
high-temperature Al material known as sintered aluminium powder 
(SAP) was developed in the 1950s [18]. The strength of SAPs at high 
temperatures is improved by the nanoscale Al2O3 introduced from flaky 
Al powder surfaces. Therefore, it is a promising route to fabricate the 
B4C/Al composites for high-temperature structural applications by 
introducing this method. 
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For SAPs, in order to obtain the demanded high-temperature 
strength, the Al2O3 content as high as 10 wt% was required [18,19]. 
In this case, considering the Al2O3 thickness as 10 nm [20], the flaky Al 
powders as thin as 200 nm must be used. Such thin Al flakes would 
increase the inflammability and decrease the loose density, which in
hibits the practical application significantly. In order to reduce the 
negative effect of excessive Al2O3 addition on the composite fabrication, 
it is necessary to increase the strengthening efficiency of Al2O3 in SAPs. 
However, because of the lack of sophisticated characterization methods 
at that time, the morphology and distribution of Al2O3 were unknown. 
As a result, the strengthening mechanisms in SAPs were unclear and 
strengthening efficiency of Al2O3 was hard to increase further. 

The strengthening effects of the reinforcements in metal matrix 
composites can be divided into two categories, i.e. direct strengthening 
by load transfer and indirect strengthening by dislocation accumulation 
[21]. Furthermore, since the stability of grain boundaries is more 
important under high temperatures [22], strengthening the grain 
boundaries may be of great importance. All these strengthening mech
anisms are closely related to the reinforcement morphology and distri
bution, in especial, for flaky reinforcements [23,24]. So adjusting the 
morphology and distribution of Al2O3 may be helpful to clarify the key 
factors influencing the strengthening efficiency in SAPs. 

In this study, SAP method was applied to fabricate (B4C þ Al2O3)/Al 
composites with a relatively low Al2O3 content. Hot forging and 
extruding were carried out to adjust the morphology and distribution of 
Al2O3. The aim of this study is (a) to develop new neutron absorbing 
materials with excellent high-temperature strength for dry storage of the 
spent nuclear fuel and (b) to identify factors responsible for the me
chanical properties at both room temperature (RT) and high tempera
ture. By means of sophisticated structural characterization and 
strengthening mechanism analysis, it was confirmed that the lamellar 
structure in which Al2O3 was located at the Al grain boundaries 
exhibited the best strengthening effect at high temperatures. 

2. Experimental procedure 

2.1. Preparation of composites 

The (B4C þ Al2O3)/Al composites were fabricated using commercial 
sphere-shaped pure aluminium powders (99.5% purity) and granular- 
shaped B4C particles (96.5% purity) as raw materials. The mean sizes 
of original aluminium powders and B4C particles were 5 μm and 6.5 μm, 
respectively. 

Al powders were ball milled in argon atmosphere using an attritor 
with a ball-to-powder ratio (BPR) of 15:1 at 300 rpm for 3 h to obtain the 
flaky powders, after which passivation was carried out to introduce 
Al2O3 film. Then ball-milled Al powders were mechanically mixed with 
10 wt% B4C particles in a bi-axis rotary mixer for 8 h at a rotational rate 
of 50 rpm and a BPR of 1:1. 

The as-mixed powders were cold compacted under a pressure of 70 
MPa and then hot pressed into billets with a height of 80 mm and a 
diameter of 65 mm, under a pressure of 50 MPa in a vacuum chamber of 
10� 2 Pa at 630 �C for 2 h. Then different hot working processes were 
carried out at 450 �C, including forging with a height reduction ratio of 
4:1 (sample F4), 8:1 (sample F8), 16:1 (sample F16), and extruding with 
an extrusion ratio of 16:1 (sample E16). 

2.2. Characterization 

Flaky Al powders were characterized using Micromeritics 
ASAP2010 M in liquid nitrogen to determine the specific surface area 
according to Brunauer-Emmett-Teller (BET) analyses and the oxygen 
content of powders was measured using LECO TCH600 to calculate 
Al2O3 mass fraction. 

The microstructure of the composites was observed using optical 
microscopy (OM, Zeiss Axiovert 200MAT), field emission scanning 

electron microscopy (FESEM, Leo Supra 55) and transmission electron 
microscopy (TEM, FEI Tecnai F30). Specimens for OM observation were 
ground with 3000 grit abrasive paper and then mechanically polished 
using diamond paste. After polish, the specimens were further ion 
etched using Leica RES101 to remove impurities. Specimens for TEM 
were prepared by metallographic grinding and dimpling, followed by 
ion-milling using a Gatan PIPS (Model 695). The forged samples were 
observed perpendicular to the forging direction while the extruded 
sample was observed along the extrusion direction. 

2.3. Mechanical property test 

Tensile specimens with a gauge length of 5 mm, a width of 1.7 mm 
and a thickness of 1.2 mm were machined from the composites. For the 
forged composites, the tensile specimens were cut from the forged disks 
with the axis parallel to the radial direction of the disks. For the extruded 
composite, the tensile specimens were cut parallel to the extrusion di
rection. Tensile testing was carried out at a strain rate of 1 � 10� 3 s� 1 at 
both RT and 375 �C using an Instron 5582 tester after being annealed at 
450 �C for 4 h and then cooled inside the furnace. To observe the 
microstructure of specimens after tensile testing, larger tensile speci
mens with a gauge length of 10 mm, a width of 3 mm and a thickness of 
2.5 mm were tested, and the fractured specimens were immediately 
quenched after testing at 375 �C. Then specimen was sampled near the 
cracked point for TEM observation. 

2.4. Statistical analysis 

For density measurement of each sample, 3 specimens were used and 
repeated experiments were carried out for 3 times for each specimen. 
Average lamellae thickness/grain size of the composites was obtained by 
counting over 120 grains for each composite. Average length of Al2O3 
was obtained by counting the length of over 50 Al2O3 for each sample. 
For tensile testing, at least 5 tensile specimens were tested for each 
composite. 

3. Results 

3.1. Characterization of the flaky Al powders 

The SEM image of the mixture of flaky powders and B4C particles is 
shown in Fig. 1. Al powders exhibited a flaky morphology with irregular 
and rolled-up edges, while the B4C particles exhibited a granular 
morphology with straight edges. The characterization results of the flaky 
Al powders are listed in Table 1. The thickness was calculated according 
to the BET using the relation ThicknessBET ¼ 2=ðBET *ρAl flakeÞ, where 
BET is the specific surface area of the flaky Al powders (2.12 m2g-1) and 
ρAl flake is the density of the flaky powder. 

Taking the thickness of Al2O3 film as 10 nm (according to Ref. 19 and 
the present study shown in Fig. 4), ρAl flake can be expressed as ρAl* 
(1–20/ThicknessBET) þρAl2O3

*20/ThicknessBET, where ρAl (2.7 g/cm3) and 

Fig. 1. SEM image of the mixture of Al powders and B4C particles.  
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ρAl2O3 
(2.9 g/cm3) are the density of Al and amorphous Al2O3 [25]. So 

the volume fraction of Al2O3 was calculated to be 5.8 vol%. The oxygen 
content of the flaky powders was measured as 3.0 wt% on LECO 
TCH600, so the corresponding Al2O3 content was 6.3 wt%. The volume 
fraction corresponding to 6.3 wt% can be calculated as 
(6.3/2.9)/(6.3/2.9 þ 93.7/2.7) ¼ 5.9 vol%, which was in accord with 
the volume fraction calculated by BET analyses. 

3.2. Density of the composites 

Density values of the composites are given in Table 2. Because the 
amount of γ-Al2O3 transformed from amorphous Al2O3 was unknown, 
the theoretical density of these composites cannot be determined. 
However, it can be seen that the density of the composites was improved 
by increasing the deformation amount. Forging at a reduction ratio of 
4:1 is an ordinary deformation process and could obtain completely 
densified samples for other composites [26]. However, it was proven to 
be insufficient for the present (B4C þ Al2O3)/Al composites and the 
density of sample F4 (2.664 g/cm3) was about 1.2% lower than that of 
sample E16 (2.697 g/cm3). This was because Al2O3 films located at the 
flaky powder surfaces made the sintering and bonding more difficult 
[27]. Only by high-ratio deformation could Al2O3 be disrupted, after 
which the Al matrix inside the powders could contact and bond 
mutually. 

3.3. Microstructure 

Under the dark filed of the OM observation, the edges of the particles 
can be exhibited clearly, making them distinct from the micro-cavities. 
As shown in Fig. 2, micro-cavities in sample F4 (Fig. 2a) located possibly 
at the flake/flake boundaries could be seen, which agreed with the 
density measuring results. The cavities resulted from poor sinterability 
of the flaky powders due to surface oxide layer [27]. The cavity ratios 
were reduced in samples F16 and E16 due to larger deformation ratio, as 
shown by Fig. 2b and c. 

According to the TEM observations, some main differences in various 
composites are listed in Table 3. Fig. 3 shows the TEM images of the 
forged samples. The grains exhibited the lamellar shape in these forged 
samples. The interlamellar spacing decreased with increasing the forg
ing ratio from 4:1 to 16:1, and the average thicknesses of the lamellar 
grains of samples F4, F8 and F16 were estimated to be about 326 nm, 
201 nm and 86 nm, respectively (Fig. 3a–c). The STEM image of sample 
F4 is shown in Fig. 3d and the EDS mapping (the insets of Fig. 3d) 
revealed that the light lines in the STEM images were corresponding to 
Al2O3 layers on the surfaces of the flaky powders. 

Fig. 4 shows Al2O3 in the forged samples. It could be seen that Al2O3 
films were mainly distributed at the grain boundaries and constituted 

the lamellar structure with the Al grains. According to Balog et al. [28, 
29], the lamellar morphology was corresponding to the characteristic of 
amorphous Al2O3 (am-Al2O3). The average length of am-Al2O3 was 
found to slightly decrease with increasing the forging ratio, which was 
373 nm in sample F4 (Figs. 4a) and 307 nm in sample F16 (Fig. 4b). The 
high resolution TEM (HRTEM) image in Fig. 4c confirmed the amor
phous nature of the Al2O3 layer. The lamellar amorphous Al2O3 had a 
thickness of about 10 nm. 

Besides lamellar am-Al2O3, some Al2O3 with granular morphology 
were also found (Fig. 4d). The corresponding selected-area electron 
diffraction (SAED) pattern is given in Fig. 4d as well. The diffraction 
pattern could be indexed by the [110] zone-axis of an fcc lattice with a 
lattice parameter a ¼ 7.93 nm. This suggests that the aluminium oxide 
particle was γ-Al2O3 (space group Fd3m). The weak spot l ¼ 2n in the 
[110] SAED partern confirmed the d glide in (100) plane. The γ-Al2O3 
particles exhibited the same morphology and size as it was found in 
other investigations [28,29]. 

γ-Al2O3 was verified to transform from am-Al2O3 during the high- 
temperature sintering process [28]. During this process, the thickness 
of am-Al2O3 can reach a certain value by diffusion, then transition will 
happen because the higher bulk Gibbs free energy of am-Al2O3 
compared to that of γ-Al2O3 can be compensated by the lower sum of 
surface and interfacial energies [30]. It should be noted that only a small 
amount of Al2O3 was transformed into γ-Al2O3 and most of the Al2O3 
remained the amorphous type in the present study. 

TEM image shows a well-bonded interface between B4C and Al and 
moderate interfacial reaction (Fig. 5a). The higher-magnification TEM 
image and the corresponding SAED pattern confirmed that the reaction 
product was Al3BC (Fig. 5b), which resulted from the reaction between 
B4C and Al, and was also found in the B4C/6061Al composites [31]. 

Fig. 6a shows the TEM image of sample E16. An ultrafine-grained 
structure was developed after the extrusion process, which made it 
distinctly different from that of the forged samples. The average grain 
size of sample E16 was 223 nm. From the TEM and STEM images of 
sample E16 shown in Fig. 6b and c, it can be seen that after extrusion, 
Al2O3 flakes were distributed randomly and most of them entered into 
the Al grains. The average length of Al2O3 in the extruded sample was 
96 nm, which was much shorter than that in the forged samples. 

The microstructural differences in the forged and extruded samples 
are attributed to different deforming modes. The relatively simpler 
deforming mode in the forging process could only make Al2O3 extend 
with the Al powders perpendicular to the forging direction. Al grain 
boundaries could not pass Al2O3 by grain growth, so Al2O3 stayed at the 
boundaries even after 16:1 forging, as shown in Fig. 4a and b. In the 
extrusion process, much more complicated material flow caused drastic 
torsion and tearing of the Al powders, resulting in that Al2O3 was 
divorced from the grain boundaries and entered into the Al grains, as 
shown in Fig. 6a–c. 

TEM observations showed that the interface bonding and reaction at 
the B4C/Al interface in the extruded sample were similar to that in the 
forged samples, and γ-Al2O3 was also found in sample E16 (not shown). 

In the forging process, dislocation activities were involved and the 
grain boundaries were formed parallel to the forging direction (Fig. 7a). 

Table 1 
Characteristics of the ball-milled Al powders.  

BET (m2g� 1) ThicknessBET (nm) Al2O3 (vol%) O (wt.%) Al2O3 (wt.%) 

2.12 347 5.8 3.0 6.3  

Fig. 2. OM images of samples (a) F4, (b) F16 and (c) E16.  
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Fig. 3. TEM images showing lamellar structure of samples (a) F4, (b) F8, (c) F16 and (d) STEM image of sample F4.  

Fig. 4. TEM images showing lamellar Al2O3 in (a) sample F4 and (b) sample F16; (c) magnified view of amorphous Al2O3 and (d) γ-Al2O3 particle with inset SAED 
pattern in both samples. 

Table 2 
Density of (B4C þ Al2O3)/Al composites.  

Sample F4 F8 F16 E16 

Density (g/ 
cm3) 

2.664 �
0.005 

2.678 �
0.002 

2.683 �
0.002 

2.697 �
0.001  

Table 3 
Grain and Al2O3 characteristics of (B4C þ Al2O3)/Al composites.  

Sample Lamellae thickness/grain size (nm) Al2O3 length (nm) 

F4 326 � 147 373 � 160 
F8 201 � 86 314 � 143 
F16 86 � 33 307 � 139 
E16 223 � 71 96 � 34  
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In TEM images with high magnification, most dislocations were found to 
confine by the adjacent Al2O3 films and propagate along the lamellae 
(Fig. 7b). These dislocations finally piled-up in front of the grain 
boundaries. In a single Al layer, sub-grain boundaries were developed, 
shown as the dislocation array perpendicular to the lamella boundary 
(Fig. 7c). 

In the case of the extruded sample, Fig. 8a and b shows the same view 
field in sample E16 using HAADF-STEM and bright-field TEM images, 
respectively. The image contrast of HAADF-STEM mode is determined 
by the chemical compositions of the imaged area and seldom influenced 
by lattice strains (e.g. dislocations). Combining the two imaging modes, 
it can be clearly seen that dislocations accumulated at the grain 
boundaries and tangled the intragranular Al2O3. This suggests that the 
dislocation activity in this sample was mainly impeded by the grain 
boundaries and Al2O3 flakes. 

3.4. Mechanical properties 

Fig. 9 shows the tensile stress–strain curves of the composites and the 
mechanical properties are listed in Table 4. At RT (Fig. 9a), for the 
forged samples, the strength increased with increasing the forging ratio. 
Sample F4 showed a relatively low strength and ductility because of the 
low relative density. Further increase in the deformation ratio resulted 
in denser composites, and therefore sample F8 exhibited simultaneous 
improvement in strength and ductility compared to sample F4. When the 

forging ratio increased to 16:1, sample F16 was further strengthened, 
but with lower ductility, attributable to poor strain hardening capability 
of the finer grains [32]. As for the extruded sample, the strength of 
sample E16 was close to that of sample F8. In general, the strength of 
annealed B4C/Al composites using 1xxx or 6xxx alloys as the matrices is 
lower than 150 MPa [7,8,33], which confirmed the significant 
strengthening effect of Al2O3 

At 375 �C (Fig. 9b), all the samples exhibited significant strength 
decline. However, the present (B4C þ Al2O3)/Al composites had higher 
strength compared to previous B4C/Al composites with the yield 
strength lower than 40 MPa [7,9]. 

From Fig. 9b, it can be seen that the high-temperature strength of the 
composites closely depended on the microstructure. For the forged 
samples with the lamellar structure, sample F8 showed the highest 
tensile strength of 96 MPa while the strength of more uniform-structured 
extruded sample E16 was only 58 MPa. This indicates that the lamellar 
structure was more efficient to maintain the strength at this 
temperature. 

3.5. Fractographs 

As shown in Fig. 10, sample F8 exhibited mainly brittle fracture at 
RT, consistent with low ductility of the composite. The lamellar struc
ture could be observed in Fig. 10a. Under a higher magnification as 
shown in Fig. 10b, cleavage-like facets were revealed, which might be 

Fig. 5. TEM images showing (a) B4C in sample F16 and (b) Al3BC formed at B4C/Al interface and the corresponding SAED pattern (inset).  

Fig. 6. (a) TEM image showing ultrafine-grained structure, (b) TEM and (c) STEM images showing intragranular distribution of Al2O3 in sample E16.  

Fig. 7. TEM images showing (a) grain boundaries formed parallel to forging direction, (b) dislocations propagating along the lamellae, and (c) sub-grain boundaries 
developed by dislocation array perpendicular to the lamella boundary in sample F16. 
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the initiation points of fracture (black arrows). Al2O3 was observed to 
locate at the lamella boundaries in the forged samples (Fig. 10c). During 
tensile deformation at RT, stress concentration could form at the in
terfaces because of the huge difference in the deformation ability of Al 
and Al2O3. The irreconcilable deformation and stress concentration led 
to the exfoliation of Al2O3 and the initiation of fracture. 

Fig. 11 shows the fracture surfaces of samples F8 and F16 at 375 �C. 

Lamellar structure was also clearly observed. Compared to sample F8 
(Fig. 11a), the lamellas in sample F16 (Fig. 11b) were shown to be 
thinner and more discontinuous. It is due to that severer forging defor
mation decreased the distance between Al2O3 along the forging direc
tion and increased the distance perpendicular to the forging direction. 
This is proposed to be the reason why high-temperature strength of 
sample F8 was higher than that of sample F16. 

Under a high magnification, Al2O3 could also be found (Fig. 11c), but 
it did not form a cleavage like the situation at RT (Fig. 10c). It is believed 
that at elevated temperatures, intergranular Al2O3 could pin the grain 
boundaries strongly so the grain boundaries could not glide easily dur
ing the tensile process, resulting in significantly increased strength. Al 
matrix was so soft at high temperature that the shear stress imposed on 
Al2O3 could not break Al2O3 or the interfaces. Thus, the fracture process 
could only initiate in the Al matrix. So the strengthening effect of 
intergranular Al2O3 could be effective until the final fracture. 

The fracture surfaces for sample E16 are shown in Fig. 12. The 
fracture surface at RT exhibited a brittle manner and only small and 
shallow dimples were observed. No distinct lamellar fracture charac
teristic was detected (Fig. 12a), which was consistent with the TEM 
observations (Fig. 6). High-temperature fracture morphology of sample 
E16 is shown in Fig. 12b. The intergranular fracture mode dominated 

Fig. 8. (a) STEM and (b) TEM images showing Al2O3 and dislocation distribution in sample E16.  

Fig. 9. Tensile stress-strain curves for various composites at (a) RT and (b) 375 �C and (c) ultimate strength values.  

Table 4 
Tensile properties of (B4C þ Al2O3)/Al composites.  

Sample RT 375 �C 

YS 
(MPa) 

UTS 
(MPa) 

El (%) YS 
(MPa) 

UTS 
(MPa) 

El (%) 

F4 258 � 8 285 � 6 1.0 �
0.6 

81 � 10 87 � 8 1.4 �
0.5 

F8 272 � 6 342 � 4 2.5 �
0.3 

95 � 11 96 � 4 0.9 �
0.3 

F16 331 � 6 369 � 3 1.4 �
0.3 

73 � 7 78 � 5 1.6 �
0.4 

E16 262 � 2 326 � 1 2.6 �
0.2 

57 � 3 58 � 3 1.0 �
0.2 

YS: Yield strength and UTS: Ultimate tensile strength. 

Fig. 10. SEM fractographs of sample F8 at RT showing (a) lamellar structure, (b) cleavage-like facets (black arrows) and (c) Al2O3 exfoliated from the Al matrix 
(white arrow). 
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the fracture surface. It could be speculated that the fracture process 
initiated at the grain boundaries because of the insufficient high- 
temperature strength. 

4. Discussion 

4.1. Strengthening mechanism at RT 

By summarizing strengthening mechanisms in the composites, the 
yield strength of the composites can be expressed as [20]: 

σyc¼ σym þ ΔσAl2O3 þ ΔσB4C; (1)  

where σyc is the yield strength of the composite, σym is the yield strength 
of Al matrix, ΔσAl2O3 is the strength increase coming from Al2O3, and 
ΔσB4C is the strength increase coming from B4C. 

The yield strength of Al matrix could be estimated by: 

σym¼ σo þ
KHP
ffiffiffiffi
D
p ; (2)  

where σo refers to the friction stress (20 MPa), D is the average grain 
size, and KHP is the Hall–Petch slope (40 MPa ffiffiffiffiffiffiffiμmp ) [34]. The calcula
tion results of σym as well as other values in the following are listed in 
Table 5. 

The strengthening effect of Al2O3 comes from two parts: i) direct 
strengthening by load-transfer (ΔσL-T) and ii) secondary strengthening 
by dislocation accumulation, including Orowan strengthening (ΔσOro) 
and geometrically necessary dislocation (GND) strengthening (ΔσGND) 

caused by mismatch in elastic modulus and mismatch in coefficient of 
thermal expansion [21]. The annealing process before tensile testing 
makes it reasonable to neglect the strengthening effect of the GNDs 
caused by mismatch in coefficient of thermal expansion [24,35,36]. So 

ΔσAl2O3 ¼ΔσL� T
Al2O3
þ ΔσOroAl2O3

þ ΔσGNDAl2O3
: (3) 

When calculating the ΔσL� T
Al2O3

, the critical length of Al2O3 must be 
taken into consideration. It is considered that Al2O3 longer than the 
critical length can bear its tensile strength during the tensile process, and 
the critical length of Al2O3 (lc) can be calculated as [37]: 

lc¼
2tσR

σym
; (4)  

where t is the thickness of Al2O3, σR is the strength of Al2O3 (3.85 GPa 
[38]) and σym is the yield strength of Al matrix. In this study, the critical 
length of Al2O3 is 856 nm, 706 nm, 494 nm and 733 nm for samples F4, 
F8, F16 and E16, respectively. Therefore, compared to the Al2O3 length 
as listed in Table 3, for all samples, the critical lengths were longer. 
According to Ref. [24], ΔσL� T

Al2O3 
can be calculated as: 

ΔσL� T
Al2O3
¼
Lσym

4t
VP; (5)  

where L is the length of Al2O3 and Vp is the volume fraction of Al2O3. 
For the forged samples, because Al2O3 was mainly distributed at the 

grain boundaries, they cannot effectively increase the strength by means 
of Orowan mechanism (Fig. 7). For sample E16, as shown in Fig. 8, Al2O3 
showed Orowan strengthening by pinning dislocations. According to the 

Fig. 11. SEM fractographs of (a) F8 and (b) F16 at 375 �C; (c) high-magnification image showing Al2O3 located at grain boundaries in forged samples.  

Fig. 12. SEM images showing fracture surfaces (a) at RT and (b) at 375 �C for sample E16.  

Table 5 
Prediction of yield strength of (B4C þ Al2O3)/Al composites at RT.  

Sample σym Al2O3 B4C Combined prediction Deviation 

ΔσL-T ΔσOro ΔσGND ΔσL-T ΔσGND 

F4 90 49 – 28 5 9 181 77 
F8 109 50 – 30 6 9 204 68 
F16 156 69 – 31 9 9 274 57 
E16 105 15 64 55 6 9 254 8  
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model proposed by Nie [39], the Orowan strengthening of flaky rein
forcement, ΔσOrowan can be expressed as: 

ΔσOrowan¼
Gb

2π
ffiffiffiffiffiffiffiffiffiffiffi
1 � v
p

 
1

1:145
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:306πdt=f

p
� πd

.
8 � 1:061t

!

ln
0:981

ffiffiffiffi
dt
p

b
;

(6)  

where G is the shear modulus of aluminium (26.4 GPa), b is the Burgers 
vector (0.286 nm), v is the Poisson’s ratio of Al (0.33), and d, t and f are 
the average diameter, thickness and volume fraction of reinforcements, 
respectively. 

The yield strength increase caused by GND strengthening (ΔσGND) 
can be calculated by Ref. [40]: 

ΔσGND ¼αGb
ffiffiffiffiffiffiffiffiffiffiffiffi
8VPεy
bB

r

; (7)  

where α is the constant that is equal to 1.25, B is the diameter of the 
prismatic dislocation loop around the particles (approximate to average 
diameter of reinforcement particles), and εy is the yielding strain (0.2%). 

For B4C particles, the Orowan strengthening can be neglected 
because of their large size, so strengthening effects of B4C include load- 
transfer strengthening and GND strengthening. ΔσL� T

B4C can be calculated 
as [41]: 

ΔσL� T
B4C ¼ 0:5VPσym: (8) 

The yield strength increase caused by GND strengthening of B4C can 
be calculated using Eq. (7). The calculated results and deviations are 
summarized in Table 5. It can be seen that the prediction of yield 
strength of sample E16 was relatively accurate with a small deviation of 
only 8 MPa. However, the deviation in strength prediction of the forged 
samples was as high as 50–80 MPa. This indicates that the present 
prediction of strengthening effect of Al2O3 in the forged samples 
remarkably underestimated the experimental values. Therefore, calcu
lations based on the combined effect of load-transfer and dislocation 
strengthening cannot accurately describe the strengthening effect of the 
present composites with a lamellar structure. So there should be other 
strengthening mechanism contributing to the strength enhancement of 
this lamellar-structured composite. 

Considering the different Al2O3 distributions in these samples, it is 
proposed that the extra strengthening in the forged samples originated 
from Al2O3 at the grain boundaries. In general, the grain boundaries act 
as obstacles for dislocation slip, resulting in the dislocation pile-ups. The 
plastic yielding occurs once the concentrated stress overcomes the 
critical value required for activating the slip system in the neighbouring 
grains [42,43]. The presence of Al2O3 at the grain boundaries can 
largely enhance this critical value. The magnitude of hardening pro
vided by above mechanism can be estimated by Ref. [38]: 

ΔσB¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GbcosθΔσAl2O3

πð1 � νÞD

s

; (9)  

where ΔσAl2O3 is the additional stress that Al2O3 can sustain during strain 
hardening, which was described in Ref. [38], and θ is the angle between 
the slip plane and the loading axis. By taking θ as 45�, D as lamellae 
thickness of Al grains, and neglecting the effect of image force, the 
magnitude of ΔσB is obtained as ~80 MPa for sample F4, which can well 
explain the experimental results. Therefore, it is proven that Al2O3 at the 
grain boundaries in the lamellar structure can enhance the strength by 
strengthening the grain boundaries. 

4.2. Strengthening mechanism at 375 �C 

To understand high-temperature deformation behaviour of different 
samples, the following three factors must be taken into account: i) grain 
boundary strengthening by pinning effect of Al2O3 at the grain 

boundaries; ii) dislocation strengthening by climbing mechanism rather 
than Orowan mechanism at such a high temperature; and iii) L-T 
strengthening mechanism. These factors will be discussed as follows 
respectively. 

4.2.1. Grain boundary strengthening 
It is well known that under high temperature, the grain boundaries 

would soften and glide easily. Dislocations would annihilate at the grain 
boundaries by recovery [22]. So the grain boundaries cannot provide 
strengthening effect any longer as they do at RT. 

TEM observation (Fig. 13a) of fractured tensile specimens of sample 
E16 after tension at 375 �C revealed coarsened grains and obviously 
decreased dislocation density compared to the as-extruded sample. 
Dislocations could easily annihilate in the tensile process at the grain 
boundaries without Al2O3 by dynamic recovery. On the contrary, 
microstructure of sample F8 was quite stable during the high- 
temperature tensile process with the lamellar structure being pre
served (Fig. 13b). In addition, the dark contrast in Fig. 13b indicated the 
dislocation accumulation in sample F8. This confirmed that the lamellar 
structure with Al2O3 being located at the Al grain boundaries could 
improve the stability of the grain boundaries and strongly hindered 
dislocation annihilation, resulting in higher high-temperature strength. 

In sample E16, intragranular Al2O3 could only hinder a few dislo
cations which did not climb away from the intersectant glide plane. It 
was shown that dislocations could not form pile-ups (Fig. 13a and c) and 
most of them annihilated at the grain boundaries. On the contrary, 
intergranular Al2O3 in the forged samples was exactly located at the 
grain boundaries. Therefore, dislocations moving to the grain bound
aries pinned by Al2O3 were stopped and obvious dislocation pile-ups 
were formed (Fig. 13d). So the dislocation density and grain boundary 
stability can be enhanced, resulting in higher high-temperature strength. 

4.2.2. Dislocation climbing 
It was reported that the creep mechanisms became effective above 

the temperature of 100 �C [22]. At the high temperature of 375 �C 
(>0.5Tm, where Tm is the absolute melting temperature), dislocations 
tended to surmount the particles by climbing rather than bypassing [7, 
23,44]. 

For composites reinforced by incoherent particles with a low volume 
fracture, the maximum stress resisting dislocation climb occurs either on 
the arrival side or at the departure side, resulting in a barrier for dislo
cation climbing, or a detachment barrier, respectively [45]. And the 
larger one between these two stresses decides the threshold stress for the 
whole climb process. The primary cause for this phenomenon is that the 
line energy of dislocations can be relaxed at the interface between ma
trix and reinforcements by a factor k (a value between 0 and 1). When k 
is lower than a critical value, the governing factor in a climb process is 
the detachment of dislocations, and an attractive interaction can be 
observed by TEM [46,47]. 

However, by observing numerous TEM images, such attractive 
interaction was not found in this study. As shown representatively in 
Fig. 13c, for intragranular Al2O3 in sample E16, dislocations were simply 
hindered by Al2O3. This could be explained by the morphology of Al2O3. 
Compared to particles discussed in Ref. [46], which has more regular 
and flatter surfaces, the flaky Al2O3 is usually curly, so more energy is 
needed for dislocations to accommodate. So the value of k could be 
higher. In addition, compared to model analyses of spherical shaped 
particles in Ref. [45] or cube shaped particles in Ref. [48], the disloca
tions may need sharper curvatures at the contact point with flaky Al2O3, 
resulting in higher back stress for local climb to initiate [48]. Therefore, 
the governing factor could be the initiation of climbing. Furthermore, 
once the dislocations climb to the top of Al2O3, unlike the spherical 
situation, dislocations would not climb back to the original glide plane 
but begin to detach Al2O3. As a result, the attractive interaction was hard 
to capture. 

The mismatch (modulus mismatch and lattice mismatch) caused by 
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reinforcements could lead to higher strain energy and made it harder for 
dislocations to climb over [7,49,50]. So the strength increment coming 
from dislocation climbing, Δσclimbing, could be obtained by summing up 
ΔσMMC (strength increased by modulus mismatch) and ΔσLMC (strength 
increased by lattice mismatch). 

ΔσMMC could be calculated by derivation of the interaction energy 
for a unit length of an edge dislocation with the reinforcements. Ac
cording to the equation given in Refs. [7,49], the ΔσMMC-diameter curve 
is given in Fig. 14 (taking shear modulus of Al at 375 �C as 21 GPa [7], 
shear modulus of Al2O3 as 141 GPa [51], Poisson’s ratio of Al as 0.33 
[7], Poisson’s ratio of Al2O3 as 0.2 [51]). Although some error might 
exist because of the complexity of strength predicting at high tempera
ture, it is clear that the tendency is totally unconformable to the 
experimental results, because shorter Al2O3 would lead to higher ΔσMMC 
by calculation. So ΔσMMC was not responsible for the higher strength of 
the forged samples. 

As for ΔσLMC, it can be expressed as [7]: 

ΔσLMC ¼ MχðεGÞ3=2
ðrVPb=ΓÞ1=2

; (10)  

where χ is a constant, ε is a parameter proportional to lattice parameter 
mismatch, G is the shear modulus of Al, and Γ can be expressed as: 

Γ¼ 2Gbεr (11) 

It can be seen that ΔσLMC is mainly related to the lattice parameter 
mismatch. However, Al2O3 in these samples was mainly amorphous 
according to the TEM images (Fig. 4c). So the difference in ΔσLMC can be 
neglected in this study. 

4.2.3. Load-transfer strengthening 
By Eq. (5), taking σym of Al matrix at 375 �C as 18 MPa [7], the ΔσL-T 

of samples F8 and E16 are only 8 MPa and 2 MPa. A disparity of only 6 
MPa shows that the load-transfer strengthening is not enough to explain 
the significant distinction of the actual strengths. Furthermore, it was 
reported that the efficiency of load-transfer strengthening may be 
decreased at high temperature because of diffusional assisted flow [52]. 

Based on the results and analysis, a schematic can be summarized to 
generalize the high-temperature tensile behaviour in the two micro
structures, as shown in Fig. 15. At high temperatures, strengthening the 
grain boundaries to maintain their stability played a vital role for high- 
temperature strength [22,53]. Al2O3 located exactly at the grain 
boundaries is more effective than intragranular Al2O3 in strengthening 
the Al matrix by strengthening the grain boundaries and preventing 
dislocations from annihilating, as shown in Fig. 13b, d and 15a. For 
sample E16 (Fig. 13a, c and 15b), intragranular Al2O3 can only pin a few 
dislocations but cannot strengthen the grain boundaries, so dislocations 
annihilate easily at the grain boundaries. The grain boundaries would 
slide and then be broken under the effect of shearing stress [22,28]. 
Therefore, in the forged samples, the lamellar structure was quite stable; 
but for the extruded sample, fracture happened at the grain boundaries, 
so obvious intergranular fracture was found, which was in accordance 
with the fracture behaviours shown in Figs. 11 and 12. As a result, the 
forged samples were much stronger than the extruded sample at 375 �C. 
So making Al2O3 distributed at the grain boundaries is an effective way 
to increase the high-temperature strengthening efficiency of Al2O3 in 
SAPs. 

SAPs prepared from the ball-milled flaky Al powders were usually 

Fig. 13. (a) TEM images showing grain microstructure in samples (a) E16 and (b) F8, and interactions between Al2O3 and dislocations in samples (c) E16 and (d) F8 
after tensile testing at 375 �C. 

Fig. 14. Curve showing strength increased by modulus mismatch (Modulus 
strengthening) vs. diameter of am-Al2O3. 
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compacted using extrusion in 1950s, so it could be speculated that these 
SAPs exhibited the ultrafine-grained microstructure similar to sample 
E16 in this study. Sample E16 showed a similar strength to S.A.P. 930 
(ordinary SAP with 7 wt% Al2O3) [19], while sample F8 with the 
lamellar structure showed a similar strength to S.A.P. 895 (ordinary SAP 
with 10 wt% Al2O3) [19]. Thus, it is proven that by constructing the 
lamellar structure, the strengthening efficiency of Al2O3 was increased 
and competent high-temperature strength was obtained using a lower 
content of only 5.8 vol% Al2O3 (6.2 wt% Al2O3). 

5. Conclusions 

In this work, (B4C þ Al2O3)/Al composites designed for structural 
neutron absorbing materials were fabricated using powder metallurgy 
method, followed by forging and extrusion. The strengthening mecha
nisms of Al2O3 at room temperature (RT) and 375 �C were studied with 
both direct strengthening and secondary strengthening being taken into 
consideration. The following conclusions are made: 

(1) The difference in the plastic working modes resulted in signifi
cant variations in the microstructures of the composites. The 
forged samples exhibited a lamellar structure with Al2O3 
300–400 nm in the average length being located at the lamella 
boundaries, while the extruded sample exhibited an ultrafine- 
grained structure and intragranular Al2O3 with the average 
length smaller than 100 nm was observed.  

(2) Al2O3 exhibited obvious strengthening effect at RT and 375 �C. At 
RT, sample F16 (16:1 forging reduction ratio) exhibited the 
highest tensile strength (369 MPa), and sample E16 (16:1 
extrusion ratio) exhibited similar tensile strength with sample F8 
(8:1 forging reduction ratio) (326 MPa and 342 MPa). At 375 �C, 
sample F8 exhibited the highest tensile strength (96 MPa) but the 
strength of E16 (58 MPa) was far lower than that of the forged 
samples.  

(3) At RT, the strength could be increased by both forging and 
extrusion. The strengthening mechanisms of Al2O3 included load- 
transfer strengthening and dislocation strengthening. For the 
forged samples, extra strengthening effect of intergranular Al2O3 
in the lamellar structure was confirmed and interpreted as 
enhancing the inhibition effect of grain boundaries on dislocation 
slip.  

(4) At 375 �C, Al2O3 in the lamellar structure could improve the 
stability of the grain boundaries and strongly hindered disloca
tion annihilation, resulting in that the forged samples exhibited a 
higher strength than the extruded sample. It was proven that 
constructing the lamellar structure with intergranular Al2O3 was 
an effective approach for enhancing the high-temperature 
strength. 
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