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Abstract— Mechanically alloyed Al50Ti40Si10 nanocrystalline alloy powder was consolidated by Hot isostatic pressing in the range 300-
600oC with a pressure of 1.2 GPa. Phase and microstructural evolution at appropriate stages of mechanical alloying/blending and sintered 
compact was monitored by X-ray diffraction and scanning and transmission electron microscopy. Alloy sintered at 500oC recorded an 
excellent combination of high hardness (8.61 GPa) compressive strength (1212 MPa), shear strength (600 MPa) and Young’s modulus 
(149 GPa).  
Index terms- Aluminum alloy; Mechanical Alloying; Hot isostatic pressing; Composite 

——————————      —————————— 

1 INTRODUCTION                                                                     
High strength to weight ratio is an essential criterion for de-
sign and selection of a material for structural applications in 
transportation and aviation industries. In this connection, Al-
alloys are the most widely used materials. It is known that the 
maximum tensile strength level of age hardenable Al-alloys 
are limited to about of 500-600 MPa. In contrast, compressive 
strength of Al-alloys can be increased to as high as 1200-1400 
MPa in amorphous or nanocrystal dispersed amorphous con-
dition [1-3]. Among various techniques, mechanical alloying 
has emerged as a versatile solid-state synthesis route to devel-
op amorphous alloys with metastable microstructure [4-6]. 
Furthermore subsequent heat treatment of the mechanical al-
loyed amorphous matrix product may enable dispersion of 
nanocrystalline intermetallic phases [7-8]. Hot/warm pressing 
or extrusion is a possible method to fabricate bulk sample 
from mechanically alloyed amorphous powders [9-10]. Sinter-
ing at high pressure and temperature for prolonged period 
proves counter productive, as it leads to partial crystallization 
of the amorphous phase, or grain coarsening of the nanocrys-
talline aggregate [11-13]. Therefore, consolidation of mechani-
cally alloyed amorphous/nanocrystalline powders into fully 
dense bulk structure presents a major challenge towards de-
veloping high specific strength Al-alloys with amorphous, 
nanocrystalline or nano-intermetallic dispersed amorphous 
microstructure. It is known that mechanical properties of 
nanocrystalline materials are highly sensitive to the presence 
of internal defects, heterogeneities and grain size distributions, 
caused during the consolidation of the nanocrystalline pow-
ders [14-16]. Hence, the consolidation process needs to be op-
timized for production of dense nanocrystalline materials with 
narrow grain size distributions. 

In the recent years, the hot isostatic pressing (HIP) has 
emerged as a versatile technique to obtain dense and near-net 
shape bulk product from nanometer-size powders [17-18]. Hot 
isostatic pressing involves the simultaneous application of an 
elevated temperature and a high-pressure (usually inert) gas 
in a specially constructed vessel or container [19]. The applied 
pressure is isostatic because it is developed with a gas, so that, 
at least as a first approximation, no alteration in component 
geometry occurs. Under suitable conditions of heat and pres-

sure, internal pores or defects within a solid body collapse and 
weld up to obtain high density compacts without large scale 
change in the component shaped or dimension[20]. The pro-
cessing time is shorter compared to conventional sintering 
which prevents excessive grain growth, thereby yielding rela-
tively high yield strength and toughness associated with finer 
grain sizes in the products [21]. Densification of compacts de-
pends on many processing parameters such as temperature, 
pressure, and material parameters such as powder size, creep 
and diffusion constants. 

The mechanical behavior of nanocrystalline metals is a re-
search topic of considerable interest for the past two decades. 
The shear-punch test is an efficient technique for evaluating 
mechanical properties, particularly when material availability 
or component size is limited. The mechanical properties, such 
as yield and ultimate strengths, as well as strain hardening 
exponent values can be calculated from the shear punch test 
data [22]. A linear correlation between the shear punch test 
and tensile data has been reported earlier by many investiga-
tors [23-24]. Though this technique was initially employed for 
testing of conventional metals and alloys, it has been subse-
quently been extended to heterogeneous materials like com-
posites and multi-phase aggregates [25]. The procedure for 
shear punch test is similar to the blanking operation, where a 
flat solid punch is used to shear a sheet material through a die 
at a constant rate. The stress-strain curve obtained from this 
test based on shearing operation has many similarities to ten-
sile test response as both comprises an initial linear elastic re-
gion, the yield point, a region representing plastic deformation 
and an ultimate (maximum) load. As quantity and dimension 
/ size of bulk amorphous or nanocrystalline material or com-
ponent is often restricted and too small to conduct tensile 
studies, shear punch test can be convenient and ideal tech-
nique to estimate approximately the tensile strengths of nano 
crystalline materials [26]. 

In the present work, mechanically alloyed Al50Ti40Si10 
amorphous/nanocrystalline powders have been sintered by 
hot isostaic pressing to obtain nano-intermetallic dispersed 
amorphous matrix composite microstructure. The microstruc-
tures have been investigated by X-ray diffraction and trans-
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mission electron microscope. Furthermore, mechanical proper-
ties such as hardness, Young’s modulus, shear strength, com-
pressive strength and compressive fracture mechanism of the 
composites have been investigated. 

2 EXPERIMENTAL PROCEDURE 
Appropriate amounts of Al–Ti–Si elemental powders (with 
each constituent having at least 99.5 wt% purity and about 50–
100 μm particle size) in the nominal stoichiometry of 
Al50Ti40Si10 were subjected to mechanical alloying in a Retsch 
PM 400 high-energy planetary ball mill operated at 300 rpm 
with 10:1 ball to powder weight ratio using tungsten carbide 
(WC) coated vial and balls (10 mm diameter). Milling was car-
ried out in wet (toluene) medium to avoid agglomeration, re-
tard oxidation, and prevents coating of milling media (balls 
and vial) with Al. Fully amorphous Al50Ti40Si10 alloy was ob-
tained after 10 h of mechanical milling.     
Thereafter, the mechanically alloyed powder was sealed into a 
steel can or cylinder in vacuum, and was processed in ultra-
high pressure HIP equipment in order to consolidate the 
powders. The powder volume was heated in temperature 
range 300-600oC under an isostatic pressure of 1.2 GPa in Ar 
gas for about 10 min. Studies on the microstructural evolution, 
mechanism of solid state amorphisation and thermal stability 
of the Al50Ti40Si10 amorphous alloy has already been reported 
elsewhere [27]. Identity and volume fraction of phases in sin-
tered samples were determined by high resolution X-ray dif-
fraction (XRD) using a Panalytical X’Pert Pro diffractometer 
with Cu Kα (0.1542 nm) radiation. Microstructure and micro-
composition of different phases of the composite samples 
were investigated using field emission gun assisted scanning 
electron microscope (FESEM, Carl Zeiss, Supra 40) and high 
resolution transmission electron microscope (HRTEM, JEOL 
2100) with energy dispersion spectroscopy (EDS). 
The average hardness and modulus of elasticity of the compo-
site samples was measured with the help of a nano indenta-
tion tester (Nanoindentor-XP, Nanoinstrument incorporate, 
USA) at 500 mN load averaged from 15-20 indentations at 
equivalent locations on the same sample (within a standard 
deviation with 1%). Density of the compacted and sintered 
samples was measured using a helium pycnometer (Ac-
cuPyc1330). 
Compression tests were carried out at a strain rate of 1x 10-3s-1 
at room temperature using a universal testing machine. The 
load and displacement were measured by using a quartz load 
cell of 5 kN capacity (accuracy ± 1 N) and high accuracy digi-
tal strain gauge (accuracy ± 1µm), respectively. During com-
pression test, deformation and micro-cracking in the sample 
were monitored through acoustic emission signals using 
acoustic emission measuring system. The apparatus for such 
measurement was presented elsewhere [28]. The fracture sur-
faces of the composite after compression test were studied 
using an FESEM. 
Shear punch tests were carried out on 250 – 400 µm thick sam-
ples. The die and punch used for shear punch test were pro-
cured from Pivot – Punch Corporation, New York, USA. A 
schematic illustration of the test geometry indicating the ideal-
ized pure shear deformation zone is shown in Fig.  1    The 

specific dimensions used for the test: diameter of the punch 
(dpunch) = 0.982 mm, diameter of the die (ddie) = 1 mm and 
clearance (c) = (ddie - dpunch)/2 = 9 µm. These parameters were 
chosen to maximize the shear loading for a high strength ma-
terial. The punch was connected to a load cell with a capacity 
of 10 kN. Disk samples cut from the sintered composite were 
ground flat with 600, 1200, 2400 and 4000 grit polishing pa-
pers. Final polishing to obtain mirror surface was done on 
clothes by using 0.1 µm alumina powder slurry. Load (L) ver-
sus punch displacement (∆) curves were obtained at a punch 
displacement speed of 0.24 mm/s. Shear failure mechanism 
investigated by observation of fracture surface using an 
FESEM. The average shear stress (τ) was computed from the 
empirical relation: τ = L / (πdmean h), where dmean is the mean 
of the punch and die diameters and h is the specimen thick-
ness. The shear stress computed in this manner has been 
shown to correlate well with uniaxial tensile test results for 
polycrystalline metal and alloys [29]. For pure shear, the asso-
ciated strain is normally given by γ = ∆/c. However, this rela-
tion is generally not used for shear punch test because the 
strain involved during the test is spatially distributed outward 
from an idealized zone as shown in Fig. 1 [30]. It is generally 
assumed that the average shear strain and strain rate are pro-
portional to the punch displacement and punch speed, respec-
tively. The usual practice of presenting shear punch test data 
is usually presented by plotting τ as a function of normalized 
displacement ∆/h in order to eliminate the effect of sample 
thickness [29]. 

 

 
 

Fig.1 Schematic of shear punch test set up 
 

3 RESULTS AND DISCUSSION 
Fig. 2 shows the XRD patterns from the Al50Ti40Si10 elemental 
powder blend subjected to mechanical alloying in planetary 
ball mill for 1, 10 and 15 h, respectively. It is evident that the 
characteristic peaks of the constituent elements in Fig. 2(b) 
disappear after 10 h of mechanical milling. However, a low 
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intensity and broad peak of Al3Ti is found superimposed on 
the broad hump representing the amorphous matrix. This 
phase aggregate corroborates the results of a previous study 
dealing with mechanical alloying of the same powder blend 
[31-32]. Fig. 3 shows the high resolution TEM image and cor-
responding SAD pattern from the Al50Ti40Si10 blend following 
mechanical alloying in a planetary mill for 10 h. It is evident 
that the microstructure is predominantly amorphous with 
isolated nanocrystalline regions confined to less than 8 nm. 
The presence of a diffuse halo and a faint ring in the SAD pat-
tern representing Al3Ti, indicate that the milled product at this 
stage contains amorphous and nanocrystalline areas. Thus, Fig 
3 corroborates the XRD results in Fig. 2 and confirms that the 
microstructure consists of a mixture of an amorphous and 
nanocrystalline Al3Ti phase. 
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Fig.2 XRD patterns from the Al50Ti40Si10 elemental powder 
blends obtained by mechanical alloying for (a) 1 h, (b) 5 h and 
(c) 10 h 
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Fig. 3 TEM image of the Al50Ti40Si10 alloy following mechani-
cal alloying for 10 h (a)     High resolution image and (b) the 
corresponding SAD pattern. 

 
Fig. 4 shows the XRD patterns of the composite after hot iso-
static pressing in the temperature range 300-600oC. The pat-
terns suggest that sintering has led to crystallization of the as-
milled partially amorphous aggregate into dispersion of sev-
eral ultrafine intermetallic phases like Al3Ti and Ti5Si3 in var-
ying volume fraction in the remnant amorphous matrix. Peaks 
of these phases seem superimposed on the halo of the as-
milled product suggesting that sintering produces a metasta-
ble composite microstructure comprising several intermetallic 
phases dispersed in amorphous matrix.  
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Fig.4 XRD patterns of the Al50Ti40Si10 amorphous matrix com-
posite consolidated by hot isostatic pressing at different tem-
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perature. 
Bright field TEM image and corresponding SAD pattern from 
the composite consolidated at 500oC are shown in Figs. 5a and 
4b, respectively. Examination of the TEM image (Fig. 5a) and 
indexing of the Debye rings in the SAD pattern (Fig. 5b) indi-
cate that nanometric (≈50 nm) precipitates of Al3Ti, and Ti5Si3 
are dispersed in the Al-rich partially amorphous matrix of the 
composite consolidated at 500oC. Thus Fig.5 corroborates the 
results obtained by XRD analysis in Fig. 4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                   (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                   (b) 
 
Fig.5 Composite consolidated by hot isostatic pressing at 
500oC: (a) Bright field TEM image, and (b) the corresponding 
SAD pattern. 
 
Fig. 6a shows typical bright field TEM images of the composite 
consolidated at 600oC, while a selected area diffraction pattern 
from same microstructure is presented in Fig. 6b. Comparison 
of the TEM images in Figs. 5a and 6a indicate that the volume 
fraction of crystalline phases is greater in the latter. In fact, the 
SAD pattern from the composite sintered at 600oC (Fig. 6b) 
clearly shows sharp Debye rings, without the diffuse halo con-

tributed by the amorphous region. In other words, the rings of 
the SAD pattern in Fig. 6b represent a predominantly nano-
crystalline structure. As expected, the present TEM investiga-
tion has revealed that the amorphous-nanocrystalline phase 
transformation is promoted to a larger extent at the higher 
temperature. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                     (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 (b) 
 
Fig.6 Composite consolidated by hot isostatic pressing at 

600oC: (a) Bright field TEM image, and (b) the corresponding 
SAD pattern 

 
Fig. 7shows the variation of density of the sintered com-

pacts with temperature of consolidation. It is apparent that the 
maximum density is observed in the composite sintered at 
600oC, and lowest density is exhibited by the composite con-
solidated at 400oC temperature. While the lowest density on 
compacting at 400oC temperature is due to incomplete grain-
bridge formation or cold welding and presence of porosities, 
greater density at 500-600oC is facilitated by greater de-
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gree/extent of diffusion at higher temperatures for identical 
time period. It may be noted that the difference in density or 
porosity levels in the products obtained by sintering at 500 
and 600oC is marginal.  

 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
Fig.7 Plots depicting the variation Variation of density and 
porosity of the composite as a function of the temperature for 
hot isostatic pressing 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 

 
 
 
Fig. 8 Plots presenting the young’s modulus and hardness of 
the composite as a function of the temperature used for HIP 
during consolidation. 
Fig. 8 shows the variation of the Young’s modulus and hard-
ness of the mechanically alloyed and sintered Al50Ti40Si10 
powder samples as a function of the temperature of hot iso-
static pressing. It is apparent that pressing at 500oC yields the 
composite with the highest hardness and Young’s modulus. 
Based on the observations from Fig.8  it is possible to infer that 
the maximum Young’s modulus and hardness is obtained af-

ter pressing at 500oC. It is interesting to note that samples 
pressed at still higher temperature of 600oC have lower hard-
ness and Young’s modulus, than those pressed at 500oC. Both 
the decrease in hardness and Young’s modulus on pressing at 
the higher temperature can probably be attributed to the trans-
formation of amorphous matrix to nanocrystals as well as 
anomalous growth of the intermetallics precipitates taking 
place on a larger scale between 500o and 600oC. It has been 
previously reported that the Young’s modulus of nanocrystal-
line metals and alloys is lower than that in the samples with 
coarse-grained structure, due to a large volume fraction of 
grain boundaries in the former [33,34]. The decrease in hard-
ness may also be explained on the basis of activation of dislo-
cations or deformation twinning during indentation in the 
fully crystalline samples, obtained by pressing at 600oC. Grain 
growth in isolated regions may also contribute to a significant 
decrease in hardness in localized areas. 
Fig.9 shows the stress-displacement plots obtained during 
compression tests, carried out on the hot isostatic pressed 
composites at different temperatures. From the stress-
displacement curves, it is obvious that failure has occurred in 
the elastic regime itself prior to yielding, indicating that com-
pressive ductility is almost non-existent. The maximum com-
pressive strength of 1212 MPa has been found in the compo-
site pressed at 500oC. The process of fracture initiation and 
propagation has been monitored through the observation of 
the cumulative number of acoustic emission events recorded 
from the unit volume of the samples subjected to compressive 
loading (Fig. 10). In the plots of acoustic emission against 
stress, the stress corresponding to the initiation of failure is 
distinguished by the rapid increase of acoustic emission activi-
ty marked by the arrowheads in Fig. 10. From examination of 
the plots for the compact pressed at 500oC, it is apparent that 
the failure is initiated in the range of 1200 MPa. 
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Fig.9 Variation of engineering stress with displacement for the 
composite prepared by hot isostatic pressing at different tem-
perature 
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Fig.10 Variation of cumulative acoustic emission events 
against the compressive stress recorded during deformation of 
the compacts sintered by hot isostatic pressing at different 
temperature. 

The fracture surfaces formed due to compression tests are 
shown in Fig. 11(a) and (b). Examination of the SEM images of 
the fracture surfaces records evidence of primarily brittle fail-
ure, which is obvious from the corresponding stress - dis-
placement plots in Fig. 9. Fig. 10 (a) shows evidence of sec-
ondary cracking and shear accompanying deformation prior 
to failure. The presence of secondary cracks is consistent with 
the presence of multiple acoustic emission events near the 
fracture stress. The roughness of the fracture surface is at-
tributed to deformation by microscopic and localized shear, 
although the macroscopic plastic strain is non-existent (Fig. 9). 
On the other hand, examination of the SEM fractograph in Fig. 
11(b) shows presence of nano-size particles exposed on the 
fracture surface, suggesting that failure involves interfacial 
decohesion of individual or clusters of nanocrystalline Al3Ti 
particles with spheroidal shapes from the amorphous Al-Ti-Si 
alloy matrix. It is suggested that ductility of the composite 
could be improved by inhibiting the separation of the nano-
metric particles, and promoting the shear. 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.11 FESEM images of the fracture surfaces generated dur-
ing compression tests carried out with the compacts consoli-
dated by hot isostatic pressing  at: (a) 500oC (b) 600oC. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Fig.12 Plots showing the variation of shear stress with normal-
ized displacement for the composite samples prepared by hot 
isostatic pressing at different temperature 
 
Fig. 12 records the variation of shear stress (τ) with normalized 
displacement (∆/h) recorded during shear punch test (as per 
the scheme shown in Fig.1) for the composites processed at 
different temperatures. These curves show an initial rise in 
stress with displacement until the ultimate shear stress is 
reached, followed by a drop in stress due to disk separation 
and punch through. The initial increase in stress with dis-
placement is almost linear, as is expected for predominantly 
elastic deformation. The ultimate shear stress τu is defined as 
the maximum stress reached in the τ versus ∆/h curve. To 
predict the ultimate tensile strength values from the shear 
punch test data, the empirical relationship proposed by Gudu-
ru et al. [30] was used: 
σUTS = 1.8 τUTS                                                                  (2) 
where τUTS = ultimate shear strength and σUTS = ultimate ten-
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sile strength.     
The results in Fig. 12 indicate that the drop in stress occurs 
sharply after the σUTS is reached, while evidence of yielding is 
apparent in the curves representing the composite sintered at 
temperature of 400oC. The ultimate stress is found to exceed 
the apparent limit (deviation from linearity), and this phe-
nomenon observed earlier for uniaxial compression tests has 
been attributed by researchers to a rise in the plastic flow re-
sistance similar to strain hardening [35, 36]. Koch et al [37] 
reported that the elastic limit for the τ versus ∆/h curves does 
not correspond to a physically meaningful yield point. Due to 
the gradual development of general plasticity in the defor-
mation zone (Fig. 1), along with punch die-sample compliance 
effects that can be non-linear, a 1% plastic offset in ∆/h is 
needed to reach the shear yield point for typical polycrystal-
line metals [30]. Owing to a more extensive elastic-plastic tran-
sition and lack of strain hardening capability in amorphous 
material, the yield point offset is expected to be significantly 
larger. This phenomenon requires further systematic investi-
gation. The present study focused attention on the ultimate 
shear stress at failure, τu, with an attempt to determine its rela-
tionship with uniaxial compressive test results.The average 
ultimate shear stress values for the composites sintered at 
500oC and 600oC are 600 ±10 MPa and 500 ± 10 MPa respec-
tively, while their failure stress, σc , in  uniaxial compression 
tests are 1200 ± 10 MPa and 1150 ± 10, respectively. Liu et al. 
[38] reported that pressure independent ultimate shear stress, 
τu, is related to compression data by the following expression:  
τu = σc sin2θ,                                                     (i) 
where θ is shear plane angle. The value of τu estimated theo-
retically by substituting the experimentally determined values 
of σc in relation (2) is found mechanical property data ob-
tained by shear punch test comparable to the composite sin-
tered at 500 and 600oC (600 MPa and 500 MPa).Thus, the re-
sults of this study conclusively indicates that the shear punch 
test could be reasonably used to measure the pressure inde-
pendent shear stress of nano-composites. 
 
4 CONCLUSION 

 
Composites with partially amorphous matrix were synthe-

sized by mechanical alloying of Al50Ti40Si10 elemental powder 
blend in high energy planetary ball mill followed by hot iso-
static pressing. The microstructure of composites sintered at 
range of 300-600oC showed nano-size (≈50 nm) crystalline pre-
cipitates dispersed in amorphous matrix.  

The major conclusions that emerged out of the present  
study are: 

1. Hot isostatic pressing is a possible way for consolida-
tion of mechanically alloyed powders into bulk nano-
composite. The sintered component records homoge-
neous microstructure with high density without de-
fect or cracks 

2. XRD analysis shows that mechanical alloying gives 
rise to amorphous/nanocrystalline microstructure af-
ter 10 h of milling. TEM micrographs also substantiate 
the XRD results. 

3. The Al50Ti40Si10 composite shows optimum values of 
hardness (8.61 GPa) compressive strength (1212 MPa), 

shear strength (600MPa) and Young’s modulus 
(8.71GPa) after hot isostatic pressing at 500oC.  

4. However, the ductility of these nano-intermetallic 
dispersed amorphous matrix composites is not satis-
factory and failure occurs within elastic limit. 
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