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a b s t r a c t   

Light-weight Al-Ti nanocomposites attract increasing attention due to the advancements in spacecraft and 
additive manufacturing. In this work, ab initio modeling, DSC, and in-situ XRD experiments were used to 
formulate a strategy for rapid fabrication of Al-Al3Ti nanocomposites with enhanced mechanical properties 
(ultimate tensile strength up to 437 MPa at room temperature and up to 109 MPa at 500 °С, ~6% elongation 
before failure), resulting from a mixed ductile-fragile deformation behavior. The investigated samples were 
produced by spark plasma sintering of high-energy ball-milled reactive composites Al-TiH2 leading to the 
precipitation of 0.05–0.25 µm Al3Ti particles from the nanostructured Al matrix. Samples with coarser TiH2 

powder or higher TiH2 content featured a minor amount of transitional core-shell structures resulting from 
the incomplete conversion of the as-formed Ti particles into Al3Ti. The following phase and structure for
mation mechanism upon the heating of the reactive nanocomposite powders was proposed: 

+ + + +
° °

TiH Al Ti Ti Al TiH Al Al TiAl [ ] [ ] .x2
~450 500

2
~550 600

3 Tentative guidelines for the sintering of 
Al-TiH2 composites were proposed based on the analysis of diffusion kinetics. 

© 2021 Published by Elsevier B.V.    

1. Introduction 

Aluminum-based metal matrix composites (Al-MMCs) have high 
electrical/thermal conductivity and specific strength due to their low 
density [1]. Due to these enhanced properties, Al-MMCs are in
tended to replace many monolithic materials for structural and 
multi-functional applications [2]. In particular, the combination of 
density (ρ = 2.7 – 3.0 g/cm3), strength (200–400 MPa), and relatively 
low production costs [3] makes Al-MMCs attractive for aerospace 
and automotive industries. 

Various additives have been used to enhance the mechanical 
properties of Al-MMCs: Al2O3 [4], TiB2 [5], TiC [6,7], SiC [8], and BN  
[9]; carbon nanotubes [10,11], intermetallics and metallic glasses  
[12–15]. Reinforcing phases have been introduced into the alu
minum matrix by in-situ and ex-situ approaches; for in-situ ap
proaches, the reinforcing phase is formed during processing, for 
example during casting [16] or thermal treatment [17]. Ex-situ ap
proaches use additives that are chemically inert during processing 

with composite formed by solid-phase and liquid-phase consolida
tion of the powder mixtures: the addition of reinforcing particles 
into the Al melt, impregnation of ceramic frameworks using Al, etc  
[18–20]. Considering this, in-situ approaches generally result in 
better adhesion between the reinforcing phases and matrix due to 
the formation of coherent phase boundaries within the system [21]. 
Additionally, the in-situ formed phases have higher wettability, are 
more thermodynamically stable, and have fewer impurities on their 
surface [21]. 

Aluminides are an effective reinforcing phase for Al matrixes due 
to their high specific strength at room temperature and under 
heating. Specifically, the high melting point (1340 °C), low density 
(3.4 g/cm3), and high Young’s modulus (216 GPa) [22] make Al3Ti an 
excellent reinforcement phase for Al-MMC. One of the simplest and 
most convenient ways to produce in-situ reinforcements is the re
action between Ti or Ti-containing compounds (e.g. K2TiF6) with the 
Al matrix during casting [21,23–26]. However, it is difficult to control 
the grain size of the reinforcing phase, leading to reduced mechan
ical properties of the composite. Powder metallurgical techniques 
allow for more control over the composition and grain size of the 
composites. In particular, the grains size can be tuned by the ap
plication of various low- and high-intensity milling procedures and 
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by thermal or thermo-mechanical treatment. A recent study of Al- 
Al3Ti composite produced by high energy vibromilling with sub
sequent hot extrusion [27–29] showed that 4 h milling of the re
active mixture resulted in the formation of nanosized aluminum 
particles (63 nm), mechanochemical synthesis of minor amounts of 
Al3Ti, and that hot extrusion increased the Al3Ti content [27]. Milling 
aluminum powder is difficult due to the inherent plasticity of alu
minum; during mechanical treatment, Al powders experience in
tense plastic deformation and form elongated Al microsheets, which 
strongly adhere to milling jar and grinding media. To facilitate mil
ling, a surface-active process control agent (PCA) is added (usually 
stearic acid (CH3(CH2)16COOH). The PCA adsorbs to the surface of Al 
particles, decreasing the surface free energy of the Al particles, 
minimizing the formation of large agglomerates [30]. Since most 
PCAs are organic, contamination of the material by residual oxygen 
and carbon can emerge upon sintering, thus embrittling the com
posite. On the other hand, controlled, reversible hydrogen-driven 
embrittlement can be instrumental in decreasing the grain size of 
the composite powders. 

In this work, we produce Al/Al3Ti composites by an in-situ ap
proach using high-energy ball milling (HEBM) [31,32] of the pre
cursor mixture with subsequent Spark Plasma Sintering (SPS)  
[33,34]. TiH2 was used in conjunction with Al powder to minimize 
adherence to the milling media during HEBM, and form uniform, 
submicron composite particles during milling [32]. Moreover, TiH2 

has a relatively low decomposition temperature (400–750 °С) and 
releases hydrogen upon decomposition, leading to reduction of 
surface oxides and grain refinement of the composite particles, re
sulting in better consolidation [35]. The combination of HEBM and 
SPS reduces the overall fabrication time: HEBM reduces the powder 
mixture treatment duration, while SPS provides faster sintering rates 
and stimulates TiH2 decomposition [33,36]. The main focus of this 
study is the investigation of the influence of the TiH2 content and 
HEBM duration on the microstructure and mechanical properties of 
the Al/Al3Ti in-situ composite, in addition to the exploration of the 
relevant phase formation mechanisms. 

2. Materials and methods 

2.1. Construction of grand potential phase diagrams 

For the estimation of phase stability, we employed AFLOW- 
CHULL: Cloud-Oriented Platform for Autonomous Phase Stability 
Analysis [37] as well as Materials Project Phase Diagram App and 
Interface Reactions App [38–40]. AFLOW-Chull and Materials Project 
employ databases of DFT computed bulk material energies with 
crystal structures obtained from the Inorganic Crystal Structure 
Database (ICSD) [41] and data-mined chemical substitutions  
[42–44]. We used the 0.1 eV/atom energy above the convex hull as 
the phase metastability threshold after [45]. 

In grand potential phase diagrams, the chemical potential (μ) 
represents the effect of temperature and partial pressure of the 
particular element (in our case, hydrogen). More negative values 
correspond to higher temperatures and lower partial pressures [46]. 
Grand potential phase diagrams represent the behavior of complex 
hydrogen-containing systems with reasonable accuracy [38,39,44]. 

2.2. Experimental 

The following powders were used as precursors: (I) Al (ASD-6 
grade, Russia) with a purity of >  99% and a particle size within 
10 µm, (II) titanium hydride (Plazmoterm, Russia) with a purity of 
99.5% and an average particle size of 12 µm. Stearic acid was used as 
a PCA. 

HEBM of the reactive mixtures was performed in a planetary ball 
mill “Activator-2S” (Novosibirsk, Russia). Two 18 g batches of Al 
+TiH2 + 1 wt% stearic acid were loaded in 250 ml stainless steel jars 
partially filled with 360 g of 6 mm stainless steel balls (milling 
media). Before the milling, each jar was sealed, vacuumed, and filled 
with 99.998% pure argon (P = 400 kPa). The jar’s frequency was 694 
rotations per minute (rpm) at a rotational coefficient of K = 1. TiH2 

powder was added in the following concentrations: 1, 1.5, 5, 10, or 
15 wt%. All samples were obtained by the following scheme: TiH2 

was pre-milled for 5 min to decrease its size, then the Al and stearic 
acid were added, with the mixture milled for an additional 10 min. 
One additional composition (5% TiH2) was prepared without pre- 
milling of TiH2 to ascertain the impact of particle size on the 
structural evolution of the composite. All sample abbreviations, 
compositions, and regimes are summarized in Table 1. 

The post-milled powders were consolidated into Al-MMC disks 
with a diameter of 30 mm and a thickness of 6–8 mm in the vacuum 
using an SPS device (Labox 650, SinterLand, Japan). A load of 50 MPa 
was continuously applied to the sample during the process. The 
heating rate was 100 °C/min. Consolidation was conducted at 600 °C 
with a dwelling time of 20 min 

The phase composition of the fabricated materials was studied 
through X-ray diffraction (XRD) analysis on a DRON-4–07 apparatus 
(Russia) using monochromatic Cu-Kα radiation (λ = 0.154187 nm). 
XRD patterns were scanned from 30° to 110° (2Ѳ) in a step-by-step 
scanning mode with a scan increment of 0.01°. The exposure time 
was 2 s. The instrumental broadening of the peaks was calibrated 
using Si etalon. 

Phase evolution upon heating of the reactive powders was 
monitored in situ using the ARL X’TRA diffractometer with a Bragg- 
Brentano 2Θ geometry using a high-temperature add-on НТК2000 
“Anton Paar”. XRD patterns were recorded using Cu source (40 kV 
voltage and 40 mА current) and Peltier detector. A uniform 100 µm- 
thick layer of reactive powders was deposited onto the tungsten 
heater (9х10 mm2); then the add-on was evacuated to a residual 
pressure of 10 Pa. The heating regime was programmed using a 
Eurotherm 2604 controller. The temperature was controlled by a 
WR5/20 thermocouple attached to the lower surface of the tungsten 
heater. The powder was heated at a rate of 100 °C/min with the 
tungsten heaters located inside the furnace chamber. Annealing of 
the powder was performed in a temperature range of 300–600 °С 
with a step of 50 °С. XRD patterns were recorded with 0.04° steps 
and exposure time of 6 s per step using monochromatic Cu-Kα ra
diation. 

The microstructure of the samples was analyzed using a scanning 
electron microscope (SEM) Jeol JSM7600F (Jeol, Japan) equipped 
with an energy dispersive X-Ray spectroscopy (EDS) microanalysis 
system (INCA SDD 61 X-MAX, Oxford Instruments). SEM imaging 
and EDS analyses were performed at an acceleration voltage of 
15 keV. 

The thermal behavior of the ball-milled powder mixtures was 
investigated using differential scanning calorimetry (DSC) on a 
Setaram Labsys calorimeter in an Ar atmosphere. The measurements 

Table 1 
Sample abbreviation, composition, and milling regimes used in the work.     

Sample`s 
abbreviation 

Composition Milling regime  

1TiH2 Al + 1 wt% TiH2 5 min of TiH2 pre-milling + 10 min 
milling 1.5TiH2 Al + 1.5 wt% TiH2 

5TiH2 Al + 5 wt% TiH2 

10TiH2 Al + 10 wt% TiH2 

15TiH2 Al + 15 wt% TiH2 

5TiH2-10 Al + 5 wt% TiH2 10 min milling 
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for all experiments were collected using a crucible containing 
powder with an empty reference crucible for calibration. The tem
perature difference between the cell and sample/reference cell was 
measured experimentally using an S-type (platinum: platinum- 
rhodium) thermocouple. The measurement error was ±  1 °C. The 
experiments were carried out in the 20–800 °C temperature range at 
a constant heating rate (1 °C/s). 

The microhardness of the synthesized composites was measured 
using Vickers hardness tests with an Emco-Test DuraScan 70 
(Austria) under applied loads of 9.8 N. 

Mechanical properties of the samples at room (25 °C) and ele
vated (500 °C) temperatures were investigated on an Instron 300LX 
test machine equipped with a radial furnace. For these experiments, 
6 × 4 × 4 mm3 rectangular samples were prepared. To equalize the 
sample`s temperature with the furnace temperature, it was placed 
inside the preheated to 500 °C furnace and held for 10 min before the 
experiment. The temperature of the samples was controlled by the 

K-type thermocouple attached to the surface. For each point at least 
3 specimens were tested. 

3. Results and discussion 

3.1. Characterization of the reactive mixture after high-energy ball 
milling 

The composite powders produced by HEBM had platelet-like and 
irregular-shaped morphology, typical for the mechanochemically 
treated Al-based powder compositions (Fig. 1a,b, Supplementary 
Table S1). Since aluminum is a ductile metal, multiple cold welding 
and fracturing events occur under the impact of the milling media, 
resulting in the formation of small particles (less than 10–20 µm) 
and larger agglomerates (50–100 µm) (Fig. 1c,d). Pre-milling of the 
titanium hydride decreases its particle size (see Supplementary 
Table S1), which along with the further treatment with Al allow the 

Fig. 1. SEM images and cross-sections of the composite powders produced by HEBM: (a) 5TiH2-10 and (b) 5TiH2.  
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formation of the TiH2 grains less than 1 µm in size (Fig. 1e,f). The 
inner structure of the particles demonstrates the embedding of fine 
TiH2 particles into the Al matrix and its uniform distribution in the 
Al matrix. 

XRD analysis (Fig. 2) of as-milled mixtures revealed that the 
5TiH2-10 sample shows reflections from both Al and TiH2. As the 
milling duration is increased, the TiH2 peaks are broader and have 
decreased intensity, due to the decreased crystalline size and mi
crostrain accumulation. Indeed, SEM observation showed consider
able refinement of TiH2 particles, which corresponds to the XRD- 
derived decrease of crystalline size from 277 to 99 Å. No additional 
phases were formed during HEBM. 

Additionally, the TiH2 particles upon HEBM can experience a 
partial decomposition. Authors in [47] demonstrate that after 2 h of 
HEBM the TiH2 phase transformed to TiH1.924. Additional 8 h of 
HEBM transformed the phase to the TiH1.8 stoichiometry. In our 
work, the milling duration was orders of magnitude shorter, but the 
jars had twice higher rotational velocity (300 rpm vs 694 rpm), so 
the question of the possibility of minor hydrogen release during the 
HEBM remains open. 

3.2. Spark plasma sintering of reactive nanocomposite powders Al-TiH2 

To promote the interaction between Al, Al[Ti], and Ti[Al] along 
with precipitation of the intermetallic reinforcing phase, the SPS was 
carried at 600 °С with a 20 min dwelling. At this temperature, the Al 
flux into Ti is higher than Ti to Al [48]; in addition, the diffusion of Al 
into the growing Al3Ti layer is faster than Ti [49]. At the isothermal 
stage, Al3Ti precipitates rapidly, forming the bulk composite. A small 
portion of the solid solutions are present in the XRD pattern, but the 
majority of Ti precipitates as Al3Ti from the Al-matrix (Fig. 3). 

For the 5TiH2 sample, TiH2 completely disappeared after 20 min 
of consolidation, meaning that the conditions are sufficient for 
thermal decomposition of TiH2 along with the reaction of the re
sultant Ti with Al. XRD analysis (Fig. 3) of this sample shows only the 
Al matrix and Al3Ti reinforcing phase. In contrast, XRD of the 5TiH2- 
10 sample shows that the Ti[Al] solid solution is still present, in
dicating an incomplete reaction. 

Microstructural investigations (Fig. 4) confirm the XRD results 
(Fig. 3). Cross-sectional analysis of non-pre-milled TiH2 sample 
shows secondary phase particles <  10 µm distributed in the alu
minum matrix (Fig. 4a). More detailed investigation (Fig. 4b) at 
higher magnification revealed the presence of two particle types: (i) 

core-shell particles, with unreacted Ti covered by Al3Ti, and (ii) fine 
Al3Ti particles. This means that the sintering conditions were not 
sufficient for the complete conversion of these larger particles. The 
sample with pre-milled TiH2 particles forms an Al-matrix composite 
with homogeneously distributed fine particles (0.02 – 0.25 µm) of 
the Al3Ti precipitates (Fig. 4c,d). The size of Al3Ti precipitates cor
responds to the size of TiH2 particles in the as-milled reactive 
composites, which opens a possibility for tailoring the micro
structure of the final composite material and thus its properties. To 
verify the proposed phase and structural evolution mechanism of 
the Al-TiH2 reactive nanocomposite upon heating, we conducted a 
series of SPS experiments followed by XRD analysis, structural in
vestigations, and EDS distribution of Ti and Al. Samples with larger 
TiH2 particles (such as sample 5TiH2) showed a tendency towards 
the formation of the transitional Ti/Al3Ti/Al core-shell structure 
(Fig. 4e,f). Conversely, when the TiH2 particles were finer (such as in 
5TiH2-10), thinner intermetallic surface layers were formed, which 
were then converted into Al3Ti precipitates more rapidly. 

3.3. Experimental investigation of the phase formation mechanisms 

To ascertain the phase transformation temperatures and kinetics, 
DSC experiments were conducted (Fig. 5a). The two peak positions 
associated with TiH2 decomposition were then used for in-situ XRD 
experiments, where the intensity of the (111) TiH2 peaks was 
monitored at a fixed temperature (Fig. 5b,c). The DSC curve has two 
broad endothermic peaks (350–600 °C), corresponding to the two- 
staged decomposition of TiH2 [50–53]. The earlier onset of TiH2 

decomposition might result from the HEBM treatment, due to the 
increased defect density or smaller grain size. 

The major exothermic peak on the DSC curve at ~650 °С corre
sponds to the precipitation of an intermetallic phase, presumably 
Al3Ti. This was later confirmed by XRD analysis. The color-coded 
images depict the intensity of the TiH2 (111) peak at 500 °С and 
550 °С (Fig. 5d) showing an accelerated reduction in the peak in
tensity coupled with peak broadening during annealing at 550 °С. 
Al3Ti precipitation. 

Heating the sample between 300 and 500 °С did not lead to any 
apparent phase transformation (Fig. 6а). In this range, only Al and 
TiH2 phases were apparent (W is a material of the heater). More 
precise investigation of the sample before and after heat treatment 
showed that the TiH2 peak intensity decreased, while the second 
peak shifted towards smaller angles, it was assumed that the 

Fig. 2. XRD patterns of Al-5%TiH2 powders after different treatment regimes: 5TiH2 - 
HEBM with 5 min of TiH2 pre-milling + 10 min of the joint milling with Al; 5TiH2-10 - 
HEBM of TiH2 with Al for 10 min. 

Fig. 3. XRD patterns of the Al-composites after hot pressing at 600 °C: 5TiH2 and 
5TiH2-10. 
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formation of a Ti[Al] solid solution occurred. This was confirmed 
after annealing the powder in vacuum for 280 min at 500 °С (Fig. 6): 
the Al reflections became more pronounced but shifted and their 
lattice parameter increased, which is typical for solid solution for
mation. Another possible explanation for the emergence of the 
second peak could be the recrystallization of TiH2 into a more stoi
chiometric phase. 

The first indication of the Al3Ti intermetallic was observed when 
heating to 600 °С. After 500 °С, the intensity of the TiH2 phase peaks 
starts to decrease and is negligible by 550 °С. At the same tem
perature, peaks at ~35° and 39° emerge, which can be identified as 
(100) and (101) reflections of α-Ti (#44_1294) shifted to higher lat
tice parameters, which is indicative of a Ti[Al] solid solution. At 
600 °С the intermetallic Al3Ti phase also emerges (Fig. 7). 

A minor amount of alumina is also formed during the isothermal 
annealing due to the interaction between the aluminum and oxygen 
impurities in the reactive nanocomposite. The reduction of the Al3Ti 
formation temperature from 650 to 670 °С (Fig. 5a) to 600 °С during 
SPS may be related to the formation of plasma spark discharge be
tween the nanocomposite particles upon sintering. 

3.4. Ab initio modeling of the phase formation mechanisms 

To ascertain the phase formation mechanisms in the Al-Ti-H 
system, the phase formation enthalpies were calculated in an open 
system, from which H2 can leave (Fig. 8). At 0 K, two hydrides exist in 
the system: TiH2 and AlH3. Upon heating, β and γ-AlH3 transition 
into α – phase, and then decompose. Complete γ → α AlH3 transition 
occurs at 100 °C [54]. 

For the open system, we observe a series of two-phase equilibria. 
The increase in temperature leads to the decrease of hydrogen 
content and, correspondingly, a decrease in µH2. The stability of in
termetallics increases as the Al/Ti atomic ratio increases from Ti3Al 
to Al3Ti. Because Al3Ti is highly stable, coupled with the composi
tion, it is expected that Al3Ti will precipitate during sintering. 

To ascertain in-silico the probable phase evolution mechanism 
during sintering of the Al-TiH2 reactive nanocomposites, we ex
plored the stability of certain phases at different hydrogen potentials 
(Fig. 8). The phases are stable when the energy above the convex hull 

is zero or negative. The dotted line represents the meta-stability 
threshold of 0.1 eV/atom [55]. 

The phase equilibrium in Ti-Al-H2 system experiences drastic 
changes in two periods: -µH2= 3.3–3.4 eV and -µH2= 3.9–4.1 eV. For 
µH2= 3.3–3.4 eV; Ti, Ti3Al, TiAl, TiAl2, and TiAl3 experience a sharp 
step-like decrease in the energy above the convex hull. The energy 
for TiAl3 and TiAl2 reaches negative values, meaning these phases 
are stable. TiAl reaches the metastability threshold at 3.55 eV. Ti3Al 
and Ti are the last two phases to stabilize (at 3.98 and 4.1 eV, cor
respondingly). At 4.05 eV the energy of TiH2 begins to rise, and at 
4.09, TiH2 becomes unstable. Interestingly, the decomposition of 
TiH2 at 550 °С resulted in the formation of an Al[Ti] solid solution 
rather than an intermetallic phase (Fig. 7a), which is likely the result 
of the residual hydrogen content in the system being still high en
ough to suppress intermetallic phase stabilization (Fig. 8). 

Based on the ab initio modeling, DSC, and in-situ XRD analysis, a 
phase formation mechanism during reactive sintering can be pro
posed. DSC investigations showed two endothermic events, which 
are usually related to the hydrogen release and transition to ele
mental Ti. For heating rate above 10 °C/min, the sequence of phase 
transformations upon dehydrogenation of TiH2 is (Eq. 1) [56]: 

+
° °

TiH Ti TiH Ti.2
~450 500

2
~550 600

(1)  

The exact phase transformation temperature differs among re
ports, which may be related to the difference in sample`s weight and 
purity as well as in experiment procedure (atmosphere, heating 
rates, etc.). 

During SPS, the heating rate is 100 °С/min, which means that the 
suggested phase transformations can be considered. Up to 400 °С, 
the powder compact consists of Al particles with fine TiH2 em
bedded within. Heating to 500 °С causes partial decomposition of 
titanium hydride with simultaneous hydrogen release from the 
particle surfaces, with the formation of Al/Ti/TiH2 reaction sites. The 
as-formed Ti can then form a solid solution or precipitate as an in
termetallic. Both our results and previous reports [48,49,57] indicate 
that below the Al melting point, the Al3Ti phase is the most stable 
intermetallic and will therefore appear at the interface between Ti 
and Al. 

Fig. 4. SEM cross-section of bulk Al-Al3Ti composite from a, b – 5TiH2-10; c, d – 5TiH2 and e, f – distribution of Ti (pink) and Al (teal) along the transitional Ti/Al3Ti/Al core-shell 
structure. Samples were sintered at 600 ℃. 
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Based on the ab initio modeling and experimental observations, 
we propose the following phase and structure formation sequence 
(Eq. 2): 

+ + + +
° °

TiH Al Ti Ti Al TiH Al Al TiAl [ ] [ ] x2
~450 500

2
~550 600

3 (2)  

When the sintering temperature is increased to 600 °С, an in
termetallic layer will grow on the Ti surface due to the diffusion of Al 
atoms into the intermetallic phase [49]. At this stage, the reaction 
will be limited by the diffusion of the Al and Ti atoms through this 
layer, which will lead to the formation of the core-shell transitional 
structures. Previous investigations [48,58] indicate that the diffusion 
rate of Al is ~20 times higher than Ti. As the concentration gradients 
continue to decrease due to the solid-phase diffusion, the transi
tional core-shell structures will transform into uniformly dispersed 
Al3Ti precipitates. 

3.5. Diffusion analysis and sintering guidelines for Al-TiH2 reactive 
composites 

Microstructural and phase analysis of mechanically activated 
reactive mixtures and sintered composite suggests that the 

following diffusion-related phenomena occur during the sintering: 
decomposition of TiH2 accompanied by the release of hydrogen, 
diffusion of hydrogen through the as-formed Ti particles and Al 
matrix, diffusion of oxygen from the surface of reactive composite 
particles though the Al matrix, self-diffusion in Al matrix and as- 
formed Ti particles, interdiffusion between Al and Ti, formation of 
intermetallic and alumina precipitates. Additionally, pores can form 
in the composite as a result of the Kirkendall effect, but the appli
cation of external pressure generally counteracts the effect [59]. The 
formation of water vapor might also occur, leading to the formation 
of individual high-pressure vapor pockets; however, such pockets 
must be transient since the water vapor would oxidize the alu
minum resulting in the formation of alumina precipitates and hy
drogen outgassing. 

3.5.1. Diffusion of metals and formation of Al3Ti 
When discussing the formation of Al3Ti during the reactive sin

tering of Al-TiH2 reactive composites, diffusion kinetics is critical in 
determining the interface at which Al3Ti grows faster, as individual 
Ti and Al atoms diffuse across the intermetallic layer to react with 
their respective interfaces. Together with two other group IV B h.c.p. 

Fig. 5. DSC curve of the Al-5%TiH2 reactive composite (a); extinction of 111 peak of TiH2 at 500 °С (b) and 550 °С (c).  
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metals (α - Zr and α - Hf), α - Ti is classified as an "open" metal. In 
such metals, the ionic-to-atomic radius ratio is unusually large in 
comparison with "normal" h.c.p. metals, such as Mg, Zn, and Cd  
[60,61]. The self-diffusion of Ti (Eq. 3) and diffusion of Al in Ti (Eq. 4) 
follow the Arrhenius law (T = 873–1133 K): 

=D
k T

1.35*10 exp
3.14

B

3

(3)  

=D
k T

6.6*10 exp
3.41

B

3

(4)  

In this temperature range, Al diffusion into Ti particles is reported 
to be 3  ±  6 times slower than Ti self-diffusion. In both cases, the 
diffusion anisotropy ratio D�/D∥ is about two, which corresponds 
well with the c/a correlation usual for h.c.p. metals [61]. Hence, in 
the initial stages of the sintering (before the formation of continuous 

Fig. 6. The sequence of the XRD data of the 5TiH2-10 sample after heat treatment in 300–500 ℃ temperature range (a); an overlay of the initial and final (after cooling from 
500 ℃) diffraction patterns (b). 

Fig. 7. Sequence of the XRD data of the 5TiH2-10 sample a) after heat treatment in 500–600 ℃ temperature range; b) initial and final (after cooling from 600 ℃) diffraction 
patterns. 
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Al3Ti layers), the net flux of atoms should be directed from Ti par
ticles into the Al matrix. 

At both the Ti/Al3Ti and Al/Al3Ti interfaces, it is expected that the 
formation of Ti[Al] and Al[Ti] solid solutions occurs before the nu
cleation of Al3Ti. According to the Ti-Al binary phase diagram [62], 
the Ti[Al] solid solution exists over a broad composition range, 
whereas the Al[Ti] solid solution region appears to be narrow, in
dicating that Al is more soluble in Ti than Ti is in Al. With this 
phenomenon in mind, Xu et al. [63] claimed that Al[Ti] solid solution 
reaches saturation earlier than Ti[Al], due to the lower solubility of 
Al in Ti resulting in faster nucleation of Al3Ti nuclei along the Al/ 
Al3Ti interface. Additionally, it was expected that the distribution of 
Al3Ti nuclei near the Al/Al3Ti interface would be fine and uniform, 
whereas it would be relatively coarse on the other side [63]. On the 
interface between Al and Ti, the formation of a new lattice is the 
rate-determining step and results in a nearly-linear layer growth (Eq. 
5) [59,64]: 

=d e t2.6* *RT
42.9 0.909

(5) 

where d is the diameter of particles (m), R is the gas constant. 
When a certain intermetallic layer thickness is reached, diffusion 

of elements through the Al3Ti becomes the rate-controlling step, 
resulting in a parabolic growth rate [59]. Vacancies act as a key 
mediator in the diffusion in Al3Ti [65]. Zhu et.al. [66] calculated 
migration barriers for the Al and Ti in the Al3Ti lattice. They de
monstrated that the lowest possible migration energy barrier of Al 
vacancy is 0.54 eV, corresponding to the jump of the vacancy to the 
first nearest neighbor site. Ti vacancy cannot jump effectively via 
inner sublattice hop due to the high migration energy of 5.89 eV. The 
first nearest neighbor hop has lower migration energy of 1.41 eV but 
would cause the disorder of the Al3Ti crystal structure. Considering 
the prohibitively high migration energy of inner sublattice hop for Ti 
vacancy, Zhu et.al. [66] proposed a diffusion mechanism that in
volves the net migration of a two-defect complex. The migration 
path consisted of one second nearest neighbor hop of Ti vacancy, two 
first nearest neighbor hops of Al vacancy, and one second nearest 
neighbor hops of Al vacancy. The largest migration energy barrier of 
1.70 eV for this two-defect complex hop sequence occurs in the 
second nearest neighbor hops of Al vacancy and is significantly de
creased compared with the migration energy of direct inner sub
lattice hop for Ti vacancy (5.89 eV). These findings were 
corroborated by Thiyaneshwaran et al. [48] who reported that Al was 
diffusing almost 20 times faster than Ti through the Al3Ti layer. 

Microstructural investigation of sample 5TiH2-10 revealed the 
presence of transitional Ti/Al3Ti/Al core-shell structures in places 
where relatively large TiH2 particles were in the reactive composites 
(Fig. 4b). The microstructural analysis of these core-shell structures 

(Fig. 4f) shows that the Al3Ti/Al interface contains multiple nano
sized Al3Ti precipitates, whereas the Ti/Al3Ti interface is smooth, 
with no precipitates present in the area. The linear EDS scan of the 
core-shell structure (Fig. 4e) suggests that the Ti-based particle is Ti- 
5 at% Al solid solution, whereas the surrounding Al matrix has little 
to no dissolved Ti atoms. While the numerical values of the ele
mental composition of Ti-based particles should be treated with a 
grain of salt due to the possibility of the background emission from 
the Al matrix, this result agrees well with the previously published 
data on the solubility of Al in Ti [62,63]. One should note, however, 
that Thiyaneshwaran et al. [48] reported a different precipitation 
mechanism in multilayered Ti/Al diffusion pairs, with Al3Ti particles 
forming on the Ti/Al3Ti interface and Al/Al3Ti interface being 
smooth. 

The difference can be attributed to two factors: (1) localization of 
Ti as inclusion in Al matrix instead of parallel Ti and Al layers, used 
by Thiyaneshwaran et al. [48]; (2) application of anisotropic external 
pressure during the hot pressing as compared to vacuum annealing 
employed in the diffusion couple studies. The TiH2 particles 
(ρ = 3.75 g/cm3) first transform into Ti (ρ = 4.5 g/cm3), then into Ti[Al] 
solid solution (ρ ≈ 4.41 g/cm3), and finally into TiAl3 (ρ = 3.3 g/cm3). 
The outgassing of hydrogen accounts for a 2.7–4.1 wt% decrease in 
the weight of the initial TiH2 particles. Overall, the conversion of 
TiH2 into Al3Ti leads to a 12% increase in the volume of the re
inforcing phase. If the growth of the Al3Ti layer was achieved by 
diffusion of Al though Al3Ti layer into saturated Ti[Al] solid solution, 
the precipitation of emerging Al3Ti grains on the Ti/Al3Ti interface 
would create massive tensile stress due to the drastic difference in 
the density of Ti[Al] and Al3Ti. This stress can either lead to con
tinued fragmentation of the Al3Ti layer or arrest the precipitation of 
Al3Ti on the Ti/Al3Ti interface, making the diffusion of Ti (or Ti va
cancies) through the Al3Ti layer an overall rate-limiting step. The 
interdiffusion coefficient of Ti in Al3Ti was previously established as 
1.202∙10−15 m2/s at 575 °C [48] and was taken as a reasonable ap
proximation for the sintering conditions employed in our work. 

The two-dimensional Einstein’s relation can be applied to cal
culate the relations between the diffusion length and sintering 
duration (Eq. 6): 

=D s t/42 (6) 

where D is the diffusion coefficient (1.202∙10−15 m2/s), s is the dif
fusion length (m), and t is the time (s). We assume that the diffusion 
coefficient is a single-valued function of the concentration of a given 
element. This is always the case, if an undisturbed single diffusion 
mechanism is operating, no matter whether this is volume diffusion 
or e.g. grain-boundary diffusion. In most metals, this requirement is 
fulfilled at temperatures higher than half the absolute melting point. 
The required diffusion length is taken as half of the particle’s ef
fective diameter. To provide tentative guidelines for the optimization 
of Al-TiH2 sintering conditions we calculated the relationship be
tween the diameter of initial TiH2 particles and the dwelling time 
required for their complete conversion into Al3Ti (Fig. 9). 

The results correspond well with our microstructural observa
tions - at the selected sintering duration of 20 min, TiH2 particles 
larger than ~4 µm formed transitional Ti/Al3Ti/Al core-shell struc
tures, whereas finer particles were completely converted into Al3Ti 
(Fig. 4b,d). Naturally, the differences in the kinetics of diffusion and 
Al3Ti precipitation kinetics led to the drastic alteration in the mi
crostructure of sintered composites. For example, the average size of 
Al3Ti precipitates in the 5TiH2-10 sample is 1040 nm, whereas in the 
5TiH2 sample (with pre-milled TiH2) it is 208 nm. This corresponds 
to a ~125 increase in the interface area between Al matrix and Al3Ti 
precipitates. The increase of TiH2 content up to 15%, however, results 
in the increase in the size of the Al3Ti precipitates to 1215 nm, 
probably due to the recrystallization of Ti and Al3Ti during sintering. 
As will be demonstrated in Section 3.6 , the difference in the size of 

Fig. 8. Phase diagram for the Ti-Al-H2 system (open to H2).  
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Al3Ti is closely related to the mechanical performance of the sintered 
composites. 

3.5.2. Diffusion of hydrogen and oxygen during sintering of Al-TiH2 

composites 
The usage of TiH2 in the Al-TiH2 reactive composites raises the 

question of hydrogen embrittlement of the resulting Al-Al3Ti ma
terial. Hydrogen can interact with various microstructural defects in 
aluminum (including significant hydrogen-vacancy interactions) and 
can become trapped in the Al matrix. The mechanisms of embrit
tlement are not fully understood yet but may include hydrogen-in
duced local plasticity and decohesion, as well hydriding and 
stimulation of vacancy formation. The combination of these factors 
can degrade the mechanical behavior of the materials under both 
static and cyclic loading [67]. 

It should be noted that the diffusion of hydrogen in aluminum is 
significantly affected by the presence of Al2O3 both in the form of 
oxide films on the surface of the Al particle and Al2O3 grains. Surface 
oxide films can form on aluminum particles even in a vacuum and 
have a significant effect on hydrogen permeability. The relationship 
between hydrogen permeability and annealing duration shows that 
reconstruction of the metal-oxide interface results in the creation of 
crystalline Al2O3 particles [68] and alters the process's limiting step. 
With an increasing fraction of Al2O3 particles at the metal-oxide 
interface, the effective cross-section for hydrogen diffusion through 
the metal decreases. 

This explains why the hydrogen flow rate through aluminum 
decreases during high-temperature annealing. When the majority of 
the 'aluminum–aluminum oxide' interface is covered with crystal
line Al2O3 particles, the mechanism of hydrogen transfer through 
aluminum changes. Following this point, the rate of hydrogen ad
sorption on the metal-oxide interface begins to dictate the pace of 
hydrogen penetration into the metal. Correspondingly, the reaction 
has a zero-order at high pressures, as well as the increased activation 
energy of hydrogen permeability in aluminum following a long 

period of high-temperature annealing. These modifications may not 
affect the mode of the aluminum permeability to hydrogen de
pendency on hydrogen pressure if they occur in the oxide film but 
not at the metal-oxide interface. Simultaneously, gas porosity ki
netics is dependent on the pace of hydrogen redistribution inside the 
metal structure after heat treatment. Based on the formation of 
~4 wt% Al2O3 after the sintering of Al-TiH2 samples, we estimate the 
content of O in the mechanically activated mixture at 2 at%. 

Hydrogen and oxygen both dissolve in α-Ti, forming interstitial 
solid solutions. The effect of these two elements on the metallic 
matrix structure, on the other hand, is quite different. Oxygen's high 
solubility (34 at%) stabilizes the compact hexagonal α-phase, with O 
atoms taking up octahedral positions in the crystal lattice. Hydrogen, 
which is nearly insoluble in the α-phase (0.14 at%), where it occupies 
tetrahedral sites, dissolves much more easily in the cubic β-phase, 
thereby increasing its heat stability. When oxygen diffusion occurs in 
Ti-H, the primary effect is the disappearance of hydrides when the 
oxygen concentration exceeds 2 at% (for H-rich titanium hydrides) 
and 5 at% (for H-depleted titanium hydrides). Hydrogen’s diffusion 
conditions are highly dependent on the oxygen content in the 
system. A concentration of 1–2 at% appears to be critical; at higher 
oxygen concentrations, the amount of dissolved hydrogen sig
nificantly decreases, which is beneficial for the prevention of hy
drogen embrittlement [69]. 

In the case of the sintering of Al-TiH2-absorbed O, the H out
gassing and formation of Al2O3 is affected by the length of the dif
fusion pathway between the source of the gas (the decomposing 
TiH2 particles in case of H and surface of reactive composite particles 
in case of O). 

According to [70], the solubility of hydrogen in aluminum L [cm3/ 
100 g] is (Eq. 7): 

= + +L
T

Plg
2080

0.788
1
2

lg (7) 

where P is pressure [atm]. For the used pressure of 50 MPa and 
temperature of 600 °С the calculated hydrogen solubility is 
0.035 cm3/100 g of Al matrix and drops dramatically with the de
crease of temperature. 

Regarding the temperature dependence of the hydrogen diffu
sion coefficient in aluminum, there is a relatively wide scattering in 
the data reported in various sources (Fig. 10). The discrepancies in 
the hydrogen diffusion coefficients and the activation energy values 
might be caused by differences in the used materials, as well as by 
not accounting for surface-absorbed and captured-by-traps 

Fig. 9. Calculated relation between the maximum diameter of TiH2 particles in the Al- 
TiH2 mixture and time required for the complete conversion of TiH2 to Al3Ti at 600 °C. 

Fig. 10. A compilation of hydrogen diffusion in aluminum. 
Data from various sources: 1 – [70]; 2 – [71]; 3 – [72]; 4 – [73]; 5 – [74]; 6 – [75]; 7 –  
[76]; 8 – [77]; 9 – [78]; 10 – [79]; 11 – [80]; 12 – [81]; 13 – [82]; 14 – [83]; 15 – [84]; 
16 – [85]. 
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hydrogen. The evolution of gas porosity is highly dependent on the 
hydrogen content of the metal. Metals can degas during heat treat
ment in air, an inert atmosphere, or under vacuum. 

The sintering duration required for complete degassing of Al-TiH2 

reactive composites depends on the weight fraction of the TiH2 in 
the mixture, temperature, the size of reactive agglomerates, and the 
porosity (and pore structure) of the sintering powder body. TiH2 

particles contain 2.7–4.1 wt% H2 (depending on their stoichiometry). 
In situ XRD investigations and DSC analysis (Figs. 5–7) suggest that 
to achieve a complete decomposition of TiH2 at a reasonable sin
tering time, temperatures of 550–600 °C are required. The diffusion 
path required for hydrogen to exit the material depends on the pore 
structure of the powder body. 

Let’s consider two extreme cases: (1) The decomposition of TiH2 

and hydrogen outgassing completes while the particles of the re
active composite are still connected with open porous canals; and 
(2) The TiH2 decomposition and outgassing occur after the pores in 
the powder body have been closed and isolated by recrystallizing Al 
matrix. In the former case, the diffusion length is equal to the ef
fective radius of the reactive composite particle (rrcp), whereas in the 
latter case the hydrogen has to diffuse through Al the whole distance 
between the particular TiH2 inclusion and the surface of the sample. 
Taking into account the relatively uniform distribution of TiH2 in
clusions within the powdered body, the diffusion length, in this case, 
is roughly equivalent to ¼ of the sample’s height and is at least 2 
orders of magnitude higher than rrcp. 

To ascertain the required duration of dwelling without the ap
plication of pressure, we used the Einstein’s relation (Eq. 4) and a 
middle-of-the-road estimation of hydrogen’s diffusion coefficient, 
obtained by Ulanovsky [70] at 600 °C (Eq. 8): 

=D
RT

0.525·exp
62002

(8) 

where R = 8.314 (J/mol·K). 
The calculations show that the diffusion of individual hydrogen 

atoms from TiH2 particles to the surface of specimens at 600 °C takes 
from 6∙10−6 to 24.5 s depending on the position of TiH2 particles and 
the sintering stage. Since the rate of hydrogen outgassing depends 
not only on the diffusion mobility but also on the release rate, we 
used the estimations of the 50% transformation (t0.5) of the titanium 
hydride derived from in situ XRD study performed in this work and 
in [86]. At 600 °C, the t0.5 is ~20 min both in this work (Fig. 5c) and in 
the reference [86]. At 600 °C, the t0.5 decreases to ~8 min. Using 
these values, we calculated the duration of sintering (Fig. 11) which 
is required for the reactive composite to achieve a residual hydrogen 
content below the solubility of hydrogen in Al at the given sintering 
temperature and pressure (Eq. 5) depending on the TiH2 content in 

the reactive composite (0–30 wt%). The dwelling time of 20 min 
chosen in this work lies either above the pessimistic estimation or 
between the pessimistic and optimistic estimations (Fig. 11), de
pending on the composition. A sample height of 10 mm was as
sumed for the calculations, but the sintering time can be scaled 
linearly to fit the required geometry. 

3.6. Mechanical properties of spark plasma sintered Al-Al3Ti composite 

To understand how the initial TiH2 content affects the mechan
ical performance of the spark plasma sintered composites, samples 
with 1–15% TiH2 content were produced. The SPS samples were then 
used for the preparation of mechanical test specimens at room and 
elevated temperatures. The ultimate tensile strength (UTS) and yield 
stress (YS) for Al-MMC with different TiH2 addition are shown in  
Fig. 12. Compared to pure Al and Al after HEBM [87], the mechanical 
properties were improved bу in-situ Al3Ti reinforcement. At room 
temperature, the maximum UTS and YS reached 437  ±  26 and 
367  ±  32 MPa respectively for 1.5TiH2 and 410  ±  29 and 
337  ±  34 MPa for 5TiH2 samples, which is 4 times higher than pure 
Al (92 MPa [87]). 

As the reinforcement additive content increases from 1% to 15%, a 
more effective transfer of stress from the matrix to reinforcing par
ticles is induced. Enhancement in the strength can partially be at
tributed to Orowan strengthening, which is based on the 
deceleration of the dislocations on second phase particles [88]. 
However, the grain-boundary strengthening (Hall-Petch strength
ening) may play an even more important role in the enhancement of 
the mechanical properties due to reduction of the Al grain size after 
HEBM, since its size may be several times less compared to the ef
fective distance between reinforcing particles [89]. To confirm the 
latter hypothesis, we conducted a TEM investigation of the two 
samples: pure Al (ASD-6 grade) and 5TiH2, which we sintered in the 
same conditions (Fig. 13). Grains in the sintered pure Al powder have 
an ovoid shape and a size of 2–3 µm (Fig. 13a). For the 5TiH2 com
posite the microstructure changes drastically, it is almost impossible 
to determine the grain size at the same magnification (Fig. 13b). 
Investigation at higher magnification revealed the formation of the 
nanocrystalline Al grains (Fig. 13c) along with the Al3Ti inclusions. 
Further detailed analysis showed that a clean interface without any 
visible porosity or defects was formed between the aluminum ma
trix and reinforcement particles. 

The decrease of the mechanical properties with an increase in the 
amount of additive over an optimal value can be associated with the 
clustering of the additives leading to its inhomogeneous distribution 
and deterioration of the composite’s mechanical performance at 
room temperature [90]. For the 5TiH2-10 sample, relatively low 
strength values can also be associated with the incomplete conver
sion of Ti into Al3Ti. In stark contrast, the highest high-temperature 
mechanical properties (Supplementary Table S2) were achieved for 
the composition with 15TiH2, in which a relatively high concentra
tion of Al3Ti was accompanied by the presence of individual tran
sitional core-shell Ti-Al3Ti-Al structures (Supplementary Fig. S2). 
This effect can be attributed to two factors: (1) significantly in
creased content of Al3Ti phase, which provides considerably higher 
creep resistance but also contributes to composite’s embrittlement 
at room temperature due to dislocation pinning; (2) in situ trans
formation of transitional core-shell Ti-Al3Ti-Al structures into new 
Al3Ti precipitates, which leads to in-situ toughening and grain re
finement at elevated temperatures. A similar effect was previously 
reported for ceramics with transitional core-shell microstructural 
elements [91]. The underlying diffusion mechanisms are discussed 
in Section 3.5 . Please note that the presence of transitional core- 
shell Ti-Al3Ti-Al structures in the sample with 15% TiH2 correlates 
well with the proposed sintering guidelines (Fig. 11) since the sin
tering time is below the pessimistic estimation for the composition. 

Fig. 11. Optimistic and pessimistic estimations of the dwelling time (min) required 
for complete evacuation of hydrogen from the sintering Al-TiH2 reactive composites. 
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A good trade-off was achieved for 5TiH2, which had high values of 
UTS and YS, along with decent plasticity (6% elongation of the 
sample before fracture). 

Fig. 14 shows the 5TiH2 sample after tensile testing at different 
temperatures. The fracture trajectory at the macro-level (Fig. 14a,b) 
in both cases is close to linear, with no pronounced signs of macro- 

Fig. 12. Ultimate tensile strength (UTS) and yield stress (YS) for Al-MMC with different TiH2 addition, with tensile testing conducted at (a) room temperature and (b) 500 ℃.  

Fig. 13. TEM micrographs of the pure Al (a) and 5TiH2 (b,c,d) sintered samples.  
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scale plastic deformation. Correspondingly, stress-strain curves of 
these samples have an almost linear character, indicating fracture 
without noticeable elongation (Supplementary Fig. S3). During the 
brittle fracture, the cracks propagate through the sample at high 
velocity (up to 0.4–0.5 of the speed of sound). Higher magnification 
revealed the presence of the dimples (red arrows at Fig. 14c,e) and 
fractured surfaces, implying the prevalence of ductile deformation 
at the microlevel. Such microstructure results from the formation 
of the microvoids in local volumes of the sample during the stress- 
induced loss of stiffness. For tests at elevated temperatures 
(Fig. 14d,f), areas with the secondary phase inclusions (red ring on 
the Fig. 14d) and ridges (red ring on the Fig. 14f) are also observed 
with the dimple formation. This indicates that destruction occurred 
by the formation of the transgranular cracks. In general, it can 
be concluded that the resulting fracture pattern shows a mixed 
brittle-ductile deformation behavior. It should be noted that mea
sured UTS and hardness for our MMСs are significantly higher 
than previously reported values (Table 2). For example, composite 
containing 2.5 wt% Al3Ti (1.5TiH2) demonstrates a 50% higher 
UTS value compared to those with increased intermetallic phase 
content Al-(15–50 wt%)Ti. 

4. Conclusions 

Based on ab initio calculations, DSC analysis, in-situ XRD studies, 
analysis of diffusion kinetics, and structural observations, the fol
lowing phase, and structure formation mechanism was proposed: 

Fig. 14. SEM images of the fracture surface of the 5TiH2 sample after tensile tests at room temperature (a,c,e) and 500 ℃ (b, d, f).  

Table 2 
UTS and hardness at room temperature of Al-based MMCs.       

Composition Al3Ti content, 
wt% 

UTS, MPa Hardness 
HV, GPa 

Reference  

Pure Al 0 92 28 [87] 
Pure Al 

after HEBM 
0 167 44 

Al - 4.5 wt%BN – 386 124 
Al - 8 wt% Al3Ti 8 449 – [26] 
Al - 5 vol% Al3Ti 6 311 – [92] 
Al - 20 wt% Ti ~ 50 – 136 [29] 
Al - 5 wt% Ti ~ 15 287 – [28] 
Al - 20 wt% Ti ~ 50 300 164 [27] 
Al - 5 wt% Ti ~ 15 313 98 [21] 
Al - 1.5 wt% TiH2 2.5 437 155 this work 
Al - 5 wt% TiH2 8.5 410 190 this work 
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Using this fundamental mechanistic understanding, tentative sin
tering guidelines were proposed and samples were produced by 
spark plasma sintering of high-energy ball-milled Al-TiH2, leading to 
an Al matrix reinforced by fine (0.05–0.25 µm) Al3Ti precipitates. 
Samples with coarser TiH2 or higher TiH2 content featured a minor 
amount of transitional core-shell structures resulting from the in
complete conversion of the as-formed Ti particles into Al3Ti. This 
allows for tailoring of the final microstructure of the Al-MMCs, 
producing Al3Ti reinforcement based on the size of the TiH2. The 
combination of HEBM and SPS allowed in-situ production of the Al/ 
Al3Ti composites with ultimate tensile strength up to 437 MPa at 
room temperature and up to 109 MPa at 500 °С, as well as a decent 
elongation before failure (~6%). Obtained data shows that the in-situ 
fabrication approach using HEBM and subsequent SPS allows the 
production of the Al-MMCs with enhanced mechanical properties 
compared to those for bulk Al-MMCs with Al3Ti added separately. 
This combination of properties results from a mixed ductile-fragile 
deformation behavior of the investigated composites. 
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