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ARTICLE INFO ABSTRACT

Keywords: The aim of this work is to investigate the feasibility of revalorizing commonly disposed wood ash as source to

Composites produce more sustainable in situ reinforced Ti composites. We propose a manufacturing process based on the
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reactive induction sintering as the primary consolidation method. The feasibility of the proposed approach is
demonstrated through the characterization of the physical, microstructural, and mechanical performance. It is
found that compressibility decreases and the amount of residual porosity increases (6.0-11.7% for pressureless
sintering) with the amount of wood ash used (0-0.25 wt%). However, the effective in situ creation of the rein-
forcement is always guaranteed by the proposed approach. Furthermore, minor adjustments of the
manufacturing route can be used to maximize the amount of ash to be added for higher sustainability. The in situ
reinforced Ti composites are commonly characterized by both elastic and plastic deformation and fail non-
catastrophically, where for vacuum sintering ductility decreases (13.7 — 8.7%) but strength (497 — 653
MPa) and hardness (47.8 — 55.0 HRA) increase with the amount of ash used. The in situ reinforced Ti composites
produced from revalorized wood ash have overall comparable or better mechanical properties in comparison to

Mechanical properties

other Ti-based composites bearing a higher amount of generally more expensive reinforcements.

1. Introduction

The current widely adopted linear economy entails mining of raw
materials, transformation of these resources into useful products, use of
the products by the consumers, and final disposal of the products that
most of the time end up in landfills. Conversely, the evolving paradigm
shift of circular economy pushes the more efficient utilization of the
available resources through reducing, reusing, and recycling. The
implementation of this new paradigm is supported by mandatory reg-
ulations aiming at reducing consumption (e.g. energy, virgin materials,
etc.) for COz emission’s reduction gains. Revalorization of currently
considered wastes is a key aspect to pursue the virtuous path of a circular
economy. Although neither sustainable nor energy efficient, the reality
is that wood burning to produce heat is still widely used, and this results
in the generation of a significant amount of wood ashes [1].

Ti alloys are the ideal materials for a wide range of engineering ap-
plications due to the combination of properties they afford, which
include the highest relative mechanical properties (i.e. in relation to the
density of the alloy), outstanding corrosion resistance, and
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biocompatibility [2]. The wider adoption of Ti alloys would result in
significant environmental and social benefits exemplified, amongst
others, by the reduction of CO pollution from the transportation sector
and lower maintenance of infrastructure due to the avoidance of
corrosion. However, there are two key problems, respectively, pre-
venting and limiting the wider adoption of Ti alloys to harvest such
benefits. Specifically, Ti alloys are more expensive than other structural
metal counterparts [3] and they are characterized by relatively low wear
resistance due to their low hardness. Solutions to these two problems
can be sought via investigating alternative manufacturing processes (e.
g. powder metallurgy) and creating composite materials, respectively
[4,5].

Powder metallurgy is a recognized green technology as its methods
are more energy efficient, produce less waste, and allow the flexibility of
easily creating new high-performance materials. In particular, most
powder metallurgy techniques rely on solid-state processing (i.e. low
temperature) resulting in less energy demand due to the avoidance of
the need to melt the materials for their shaping. Powder metallurgy
techniques are net- or near-net-shape methods characterized by high
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yields of material where the amount of waste (i.e. energy/metal) is
limited as a consequence of the reduced number of steps needed and the
reduced amount of machining required [6]. Finally, powder metallurgy
is ideally suited to create metal-based composite materials with ceramic
reinforcements.

Composites made out of a metallic matrix with ceramic re-
inforcements are commonly divided in continuously and discontinu-
ously reinforced, and depending on whether the reinforcement is
directly added (i.e. ex situ) or formed in situ through the addition of
appropriate precursors. Regardless of these distinctions, it is accepted
and established that metal matrix composites are characterized by
higher service temperatures and better wear performance due to their
higher hardness. When it comes to Ti matrix composites, a variety of ex
situ and in situ ceramic reinforcements including carbon nanotubes [7],
graphene [8], graphite [9], SiC [10], TiN [11], B4C [12] and TisSiz [13]
as well as TiB whiskers [14] and TiC particles [15] are used. TiC is one of
the best reinforcements as it exhibits both wear- and corrosion resistance
and high stiffness [4]. Moreover, its density and coefficient of thermal
expansion are similar to those of Ti, which leads to reduced interfacial
residual stresses [5].

With reference to TiC reinforced Ti, casting [16] can be used as
exemplified by the work of Lu et al. [9] who used the self-propagation
high-temperature synthesis reaction between titanium and graphite
during melting in a non-consumable vacuum arc remelting furnace to
produce in situ reinforced Ti/TiC composites. However, powder metal-
lurgy is preferred as it permits to avoid segregation of the reinforcement
and a variety of techniques including pressureless sintering [17,18],
vacuum hot-pressing [19], spark plasma sintering [8,20-22], hot
isostatic pressing [23], powder extrusion [23], selective laser sintering
[24], and electron beam melting [25] have been investigated.

For instance, Peillon et al. [17] and Zhang et al. [18], respectively,
used uniaxial pressing and cold isostatic pressing followed by pres-
sureless sintering in Ar or under vacuum. Sun et al. [19] produced TiC
reinforced Ti composites by means of hot-pressing at 900 °C applying a
uniaxial pressure of 30 MPa during 10 min. Vasanthakumar et al. [20]
and Lee et al. [21] analyzed the effect of using different combinations of
sintering parameters, respectively 800-1200 °C/50 MPa/5 min and
1170 °C/80 MPa/10 min, during spark plasma sintering. Fruhauf et al.
[23] produced Ti reinforced with 15 vol% TiC particles by means of hot
isostatic pressing of encapsulated powder blends consolidated at 920 °C
for 2 h under a load of 100 MPa. Fruhauf et al. [23] also analyzed
powder extrusion of the same composition using steel cans filled with
powder, which were heated to 920 °C for 1 h before extrusion with an
extrusion ratio of approximately 4. He et al. [24] used scan speed of 200
mm/s, laser power of 100 W, laser spot of 100 mm, powder layer
thickness of 50 mm, and hatch spacing of 70 mm to manufacture a
Ti-5wt.% TiC composite via selective laser sintering. Valkov et al. [25]
used a two-step electron beam surface modification technique including
injection of C powder within the Ti substrates and refinement and ho-
mogenization of the microstructure to form Ti/TiC composite layers.

Apart from the direct addition of micro/nano TiC particles [17,21,
23,24], a wide range of C sources to create the TiC reinforcing particles
in situ can be used. This includes graphite [9], methane [18], n-hexane
[26], B4C [27], polycarbosilane [28], carbon powder [25], activated
carbon powder [29], carbon black [30], continuous carbon fibers [31],
plain weave carbon fabric [32], carbon nanotubes [19,20], graphene [8,
22], and diamond [33]. Additionally, coal fly ash has been evaluated to
make metal matrix composites [34-36] using powder metallurgy.

Therefore, it is found that specialized and expensive high-
temperature equipment as well as special conditions for handling the
raw materials are generally needed and researching a suitable process
with a simple sintering route will be beneficial [26] from a sustainable
point of view. Moreover, the trend found in literature points towards the
use of progressively more expensive C sources, namely nanotubes, gra-
phene, and diamond, which are far less than sustainable. From that, the
aim of this work is to investigate the possibility of revalorizing
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commonly disposed ashes derived from wood burning as source to
produce more sustainable in situ reinforced Ti composites by quantifying
their physical, microstructural, and mechanical behaviors. To further
enhance sustainability, the present work also put particular emphasis on
the consolidation of the composites by means of reactive induction
sintering [37]. The latter is a far more energy efficient method with
respect to other more conventional and well-established powder met-
allurgy techniques due to its characteristic much higher heat transfer
mode [38,39].

2. Experimental procedure

The raw materials of the present study were a commercially available
Ti powder and wood ash. The Ti powder was obtained by means of the
comminution hydride-dehydride process and it is, therefore, character-
ized by an irregular powder morphology, particle size lower than 75 pm,
and oxygen content of 0.27 wt%. The morphology and particle size make
the powder ideal to be shape via the simple uniaxial pressing method
and the oxygen content indicate that the material is equivalent to pure Ti
grade 3 [40]. The desired proportions of raw materials were mixed by
means of a V-shape blender operated at 45 rpm for 30 min. The overall
study is divided into three parts, each one aiming at optimizing one
aspect leveraging the findings of the previous sub-study, and the overall
conditions are reported in Table 1. Part I analyzed the effect of the
sintering method to prove the viability of using reactive induction sin-
tering to manufacture Ti composites. For that, powder blends with
0-0.25 wt% wood ash were cold uniaxially pressed into 40 mm cylin-
drical samples and sintered at the same temperature (i.e. 1250 °C) either
using vacuum or induction sintering. It is worth mentioning the 1250 °C
was initially selected because it is one of the most common temperatures
used to pressureless sinter Ti-based materials [14,18,41,42]. Vacuum
sintering is the standard powder metallurgy route used to consolidate Ti
alloys [43]. As the technique relies on conventional electrical-resistant
heating elements, the maximum heating rate is approximately
10 °C/min and the overall sintering cycle time is around 12 h. During
induction sintering the metallic samples are heated from the inside out
thanks to the Eddy currents generated by the applied magnetic field,
resulting in much faster heating rates. Ti samples with relative density of
approx. 88% can be heated up to 1300 °C in less than 2 min with an
effective heating rate of 15 °C/s (i.e. 900 °C/min) [38]. This allows to

Table 1
Details of the compositions and related processing conditions used in the study.
Project  Ash Shaping Sintering Forging
content
Part I 0 wt% Cold uniaxial Vacuum, -
0.05 wt pressing: 600 MPa, 1250 °C, 2 h,
% 25°C 10 °C/min
0.15 wt
%
0.25 wt
%
0 wt% Cold uniaxial Induction, -
0.05 wt pressing: 600 MPa, 1250 °C, 2 min,
% 25°C Ar
0.15 wt
%
0.25 wt
%
Part 1T 0 wt% Cold uniaxial Induction, -
0.1 wt% pressing: 600 MPa, 1300 °C, 5 min,
0.3 wt% 25°C Ar
0.6 wt%
Part III 0.5 wt% Warm uniaxial Induction, -
1 wt% pressing: 600 MPa, 1300 °C, 5 min,
200 °C Ar
0.5 wt% - Induction,
1 wit% 1100 °C, 5 min,
Ar
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significantly shorten the overall sintering cycle from hours to min with
the associated energy saving, increasing the overall sustainability of the
manufacturing process.

Using exclusively reactive induction sintering, Part II investigated
the effect of a wider range of wood ash additions, precisely 0-0.6 wt%.
40 mm cylindrical samples were shaped at room temperature and sin-
tered at 1300 °C for 5 min. It is worth noting that, from the findings of
Part I, the sintering temperature was raised aiming at enhancing the
densification of the Ti composites as it was found that the addition of the
wood ash decreases the density of the induction sintered samples.
Finally, part III considered the effect of using warm pressing without and
with forging to further enhance the densification of the Ti composites
with 0.5-1.0 wt% of wood ash additions.

The density of the samples after shaping (i.e. green density) was
calculated as mass/volume ratio. For that, the weight of the samples was
obtained by means of a 4-digit analytical balance and the dimensions
were measured using a 2-decimal digital caliper. The density of the
sintered samples was quantified using water displacement measure-
ments based on Archimedes’ principle. Porosity is the difference be-
tween the relative and the theoretical density. Relative density values
were calculated by dividing the measured density value by the theo-
retical density of the composite assuming, for the sake of simplicity, that
all the wood ash transforms into stoichiometric TiC. The densification
parameter was calculated as sintered minus green density divided by
theoretical minus green density. Preparation of the samples for metal-
lographic analysis followed the classical route, which includes grinding
with Emery papers, polishing, and chemical etching (Kroll solution: 2 ml
HF, 5 ml HNOj3, and distilled H30). Quantification of the mechanical
behavior was done through both hardness (HRA) and tensile testing. For
the latter, dogbone samples (2 x 2 mm?) were tested using a strain rate
of 5:1072 1/s. The offset method was used to calculate the yield stress.
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3. Results
3.1. Part I — Vacuum sintering vs. induction sintering

Fig. 1 shows the variation of the physical properties, namely density,
porosity, and densification parameter, of the Ti composites as a function
of the ash content. Although from Fig. 1a) it seems constant, in reality
the theoretical density slightly increases as the density of TiC (i.e. 4.93
g/cm®) is marginally higher than that of Ti (i.e. 4.51 g/cm®). The green
density continuously decreases with the progressive addition of a
greater amount of wood ash. The values achieved in the sintered samples
are dependent on the sintering technique used and remain almost con-
stant for vacuum sintering whereas constantly decrease in the case of
reactive induction sintering. This behavior is reflected on the porosity
values (Fig. 1b). Consequently, the amount of porosity in the green
samples linearly increases from 12.0% to 13.2% as the amount of ash
increases from 0 wt% to 0.25 wt%. From the analysis of the vacuum
sintered composites, there are minor local variations but the amount of
porosity remains almost constant at 6.3 & 0.2% regardless of the amount
of ash. In the case of the induction sintered composites, the porosity
increases from 9.6% to 11.7% as the ash content increases. The com-
bination of decreasing green density and constant/decreasing sintered
density, respectively, leads to a slight increase for vacuum sintering and
a decrease for induction sintering in terms of the densification of the
composite with the amount of ash added (Fig. 1c).

Representative micrographs of the composites manufactured by
means of vacuum and induction sintering are shown in Fig. 2. Regardless
of the actual composition, porosity is present in the microstructure in
agreement with the data of Fig. 1. However, the features of the residual
pores are different depending on the manufacturing process used. Spe-
cifically, the majority of the pores are spherical in shape, are isolated,
and primarily found at the grain boundaries in the case of vacuum sin-
tering. Conversely, more irregularly shaped, and more interconnected
residual pores are found in the induction sintered composites.

In terms of phases, the microstructure of the Ti composites is
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Fig. 1. Variation of the physical properties of the vacuum and induction sintered Ti composites as a function of the ash content: a) density, b) porosity, and c)
densification parameter. Legend: VS — vacuum sintering, and IS — induction sintering.
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d) Ti-0.05% Ash

f) Ti-0.15% Ash
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h) Ti-0.25% Ash

Intermetallic

Fig. 2. Representative micrographs of the Ti composites, respectively, vacuum and induction sintered: a-b) Ti, c-d) Ti-0.05% Ash, e-f) Ti-0.15% Ash, and g-h) Ti-

0.25% Ash.

composed of grains of the equilibrium o-Ti phase; however, their
morphology is different. In particular, equiaxed or coarse acicular grains
are, respectively, found in the vacuum or induction sintered composites.
This is due to the intrinsically different cooling rate, which is much
faster in the case of induction sintering leading to the formation of a
martensitic-like acicular structure rather than an equiaxed one. This is
coherent with the physical metallurgy of Ti where massive martensite
can be obtained [40]. Both type of grains form upon cooling from sin-
tering in the p field, above the allotropic § transus temperature of Ti (i.e.
approximately 920 °C for Ti grade 3 [40]). The equiaxed f-Ti phase

grains, thus, transform into equiaxed or acicular a-Ti phase grains as the
degree of cooling increases. The addition of the wood ash leads to the
precipitation of equiaxed intermetallic particles (representative average
EDS analysis in at.%: 55.49%Ti-43.03%C-1.48%Si) with particle size in
the 5-10 pm range at the grain boundary of the o-Ti phase regardless of
the amount of ash used.

Fig. 3 shows representative tensile stress-strain curves of the vacuum
and induction sintered composites as well as their average mechanical
properties. It can be seen that, regardless of the composition or the
manufacturing process, the sintered composites are characterized by
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Fig. 3. Variation of the mechanical properties of the Ti composites: a) representative stress-strain curves of the vacuum sintered samples, b) representative stress-
strain curves of the induction sintered samples, c) strength vs. ash content, and d) elongation and hardness vs. ash content. Legend: VS — vacuum sintering, and IS —

induction sintering.

both elastic and plastic deformation before non-catastrophic failure. The
different composites have comparable elastic modulus as their curves
overlap in the elastic region. Generally the composites get stronger and
more brittle as the amount of ash added increases; however, there is also
a clear influence from the manufacturing method employed.

More in detail, both the yield stress and ultimate tensile strength of
the Ti composites linearly increase with the amount of ash added
(Fig. 3c). However, the initial addition of 0.05 wt% of ash has a much
greater effect on the vacuum sintered (i.e. 85 MPa increase on average)
rather than on the induction sintered samples. For the latter, the initial
addition actually slightly decreases (i.e. 26 MPa on average) the strength
and the highest increment is obtained when increasing the ash content
from 0.15 wt% to 0.25 wt% (i.e. 93 MPa on average). It can also be
noticed that, generally, the average strength of the induction sintered
samples is lower (i.e. 63 MPa on average) than that of the vacuum sin-
tered one. This is due to the lower amount of porosity of the latter
(Fig. 1b) as a consequence of the higher densification experienced. As it
could have been expected, similar trends are found for the hardness of
the Ti composites. Therefore, the hardness continuously increases with
the amount of ash and higher values (i.e. 5.9 HRA on average) are ob-
tained in the vacuum sintered specimens. In terms of elongation to
fracture, the ability to withstand plastic deformation before failure lin-
early decreases for both types of Ti composites. Nevertheless, in this case
the trend is reversed and a smaller loss of ductility is found in the in-
duction sintered samples (Fig. 3d).

From this initial part of the study it is found that the manufacturing
of Ti composites by means of induction sintering generally leads to lower
performance. However, especially for the case of the Ti composites with
0.25 wt% of ash addition, the difference in strength and elongation is not
as pronounced. Considering that induction sintering is a more sustain-
able and much less energy demanding process, this was selected as the
manufacturing method moving forward to analyze the effect of higher
ash additions. Taking into account that the compressibility and the
densification decrease and the amount of porosity increases with the

amount ash (Fig. 1), both the sintering temperature and time were
slightly increased, respectively, to 1300 °C and 5 min for Part II of the
study.

3.2. Part II - Effect of higher wood ash additions

The variation of the physical properties of the Ti composites induc-
tion sintered at 1300 °C for 5 min with ash contents up to 0.6 wt% are
shown in Fig. 4. Not surprisingly, both the green and sintered density
values decrease with the amount of ash added and the theoretical den-
sity slightly increases linearly. Consequently, the amount of residual
porosity present in the green and sintered samples continuously in-
creases whereas the densification parameter monotonically decreases as
a greater amount of ash is added into the composition of the Ti com-
posites (Fig. 4b). The trends found are consistent with the results shown
in Fig. 1. However, a lower amount of porosity (i.e. 1.3% on average)
and a higher degree of densification (i.e. 13.6% on average) is achieved
as a consequence of the slightly higher temperature and longer time used
during the reactive induction sintering process.

The results of the microstructural characterization performed on the
Ti composites induction sintered at 1300 °C for 5 min are displayed in
Fig. 5. The microstructure is still characterized by the presence of re-
sidual pores, coarse acicular a-Ti phase grains, and the precipitation of
intermetallic particles primarily found at the a-Ti grain boundaries.
However, the total amount of porosity is obviously lower and their
morphology tends to be more equiaxed as a result of the higher densi-
fication experienced during sintering. Moreover, the size of the acicular
o-Ti phase grains is slightly bigger as a consequence of the longer time
spent at the higher sintering temperature above the allotropic p transus
temperature. No remarkable differences were found in terms of size and
distribution of the intermetallic particles.

From the representative stress vs. strain curves of the Ti composites
induction sintered at 1300 °C for 5 min plotted in Fig. 6, it can be seen
that they are still characterized by an elasto-plastic behavior in response
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Fig. 4. Variation of the physical properties of the Ti composites induction sintered at 1300 °C for 5 min as a function of the ash content: a) density, and b) porosity/
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Fig. 5. Representative micrographs of the Ti composites induction sintered at 1300 °C for 5 min: a) Ti, b) Ti-0.1% Ash, c) Ti-0.3% Ash, and d) Ti-0.6% Ash.

to the applied uniaxial tensile load. As the amount of ash added in-
creases, the resistance to plastic deformation increases and the ductility
decreases, but the elastic modulus remains fairly constant. On average,
the progressive addition of a greater amount of ash leads to a more
significant increment of the yield strength (i.e. 30 MPa) compared to the
ultimate tensile strength (i.e. 15 MPa) resulting in an increasingly lower
gap between the two of them as seen in Fig. 6b). Associated to that, there
is a monotonic increase of the hardness (i.e. 3.0 HRA) and an almost
linear decrease of the elongation to fracture (i.e. 0.4%) for higher ad-
ditions of ash (Fig. 6¢). The described mechanical behavior is the
compromise between different counteracting aspects induced by the
higher amount of ash added and the increase of the temperature, which
can reduce the mechanical strength. Specifically, the addition of a pro-
gressively higher amount of ash induces both greater solid solution/
precipitation strengthening effects and the formation of a higher amount
of residual pores. Furthermore, the longer sintering at higher tempera-
ture leads to coarsening of the microstructural features. Strengthening
increases strength but reduces ductility, porosity reduces both strength
and ductility, although theoretically linearly and parabolically respec-
tively [42], whereas microstructure coarsening favors ductility

(decreasing strength) due to the resulting lower amount of grain
boundaries.

From this part of the study it is concluded that Ti composites with
higher amount of ash additions can successfully be manufactured using
reactive induction sintering still maintaining a ductile behavior.
Nevertheless, from the characterization of the mechanical behavior it is
found that the Ti-0.6% ash composites have almost a brittle behavior
due to their limited ductility (i.e. 1.0 &+ 0.4%). If the aim is to use a
greater amount of ash in the Ti composites to make them more sus-
tainable, the amount of porosity needs to be reduced. This is generally
associated with the need to enhance the densification of the material.
Significantly increasing the sintering temperature or using much longer
sintering times would be the obvious option; however, this would in-
crease the energy demand, making the process less sustainable. Alter-
natively, reduction of porosity can be achieved by either increasing the
green density, which is expected to result in higher sintered density
values, or by subjecting the Ti composites to a thermomechanical
deformation process. The advantage of induction sintering is that sin-
tering is directly used as preheating step for the subsequent thermo-
mechanical deformation process [37]. This avoids the need for reheating
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the Ti composites, if they were vacuum sintered for instance, resulting in 3.3. Part III - Effect of reduced porosity striving for higher ash contents
amore energy efficient process. With that in mind, the concurrent effects
of a higher green density and thermomechanical deformation via hot Fig. 7 shows the variation of the physical properties including den-
forging was analyzed in part III of this study. sity, porosity, and densification parameter, of the induction sintered and
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forged Ti composites with ash content of 0.5-1.0 wt%. As for the other Ti
composites, the theoretical density slightly increases and the green
density as well as the density after consolidation (i.e. sintering or forg-
ing) marginally decreases. Consequently, the amount of residual
porosity increases (i.e. 0.7% on average) and the values of the densifi-
cation parameter decrease (i.e. 4.4% on average) with the amount of ash
added. However, it is found that the total amount of porosity is signif-
icantly lower in the forged samples as a consequence of the plastic
deformation experienced during the thermomechanical processing.
This, concurrently, translates into much higher densification parameter
values (Fig. 7c). Moreover, it can be noticed that the amount of porosity
present in the induction sintered samples is lower (i.e. 3.0% on average)
with respect to the those analyzed in part II (Fig. 4b), although of the
higher amount of ash added. That is the outcome of using warm pressing
(Table 1) to achieve higher density values in the green samples. How-
ever, it can also be noticed that the values of the densification parameter
(Fig. 7c) are also lower (i.e. 16.2% on average) compared to Fig. 4b),
even though they were sintered under the same conditions (i.e. 1300 °C
for 5 min). This is the consequence of the combined effects of bearing a
higher amount of ash and starting from a higher green density.

Fig. 8 shows representative optical micrographs of the induction
sintered and forged Ti composites. No remarkable differences can be
highlighted for the induction sintered samples in comparison to those
characterized in part II (Fig. 5). Furthermore, regardless of the
manufacturing process used, the Ti composites are still characterized by
the same phases entailing a-Ti phase grains and intermetallic particles
formed at the grain boundaries. The most noticeable difference is the
features of the microstructure of the forged Ti composites (Fig. 8c-d).
Even though still composed of acicular a-Ti phase grains, the size of
these grains is significantly smaller compared to those of the sintered
samples. Moreover, there is a clear distinguishable texture with the
acicular grain elongated in the perpendicular direction to the applied
load during forging. This is evidently the combined effect of the applied
load and the faster cooling experienced by the Ti composites upon
forging in air. It can also be noticed that the volumetric amount of
porosity is lower but the residual pores are characterized by a lenticular
shape rather than an almost spherical morphology, which could be
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detrimental for the mechanical behavior. This is once again due to the
plastic deformation experienced during their processing via thermo-
mechanical deformation.

The representative stress-strain curves of the induction sintered and
forged Ti composites (Fig. 9a) shows that, independently of the
manufacturing process used, the Ti-1.0% ash composites display purely
elastic behavior whilst the Ti-0.5% ash composites undergo both elastic
and plastic deformation, although quite limited. Conversely to previous
results (i.e. Figs. 3 and 6), the strength of the Ti composites decreases
with the amount of ash added due to the embrittlement of the material,
up to the point that it was not possible to determine the yield stress of the
Ti-1.0% ash composites due to their brittle nature. Therefore, the
elongation to fracture also decreases as the amount of ash increases
whereas the hardness of the Ti composites is the only property that
constantly increases. Analysis of the mechanical properties also denotes
that the forged Ti composites are always characterized by better me-
chanical behavior with respect to their induction sintered counterparts
with an average increase of 64 MPa in strength and 4.1 HRA in hardness
but a slight decrease of 0.3% in terms of elongation to fracture. This
behavior is the consequence of the differences highlighted in terms of
microstructural features, precisely finer acicular o-Ti phase grains and
elongated residual pores.

4. Discussion

The circular economy paradigm aims at recovering materials at their
highest utility reducing or avoiding waste. Other key aspects are mini-
mization/elimination of raw materials from fossil sources and reduction
of greenhouse gas emissions [44]. Local circular economy can surge
considering regional available wastes and the revalorization of waste
products in the composites industry is being investigated. However, it is
clear that research on more sustainable polymer-based composites is
well ahead and its metal-based counterparts. Therefore, this study
analyzed the feasibility of revalorizing commonly disposed wood ash for
manufacturing more sustainable in situ reinforced Ti composites. To
maximize sustainability, this research proposes and primarily investi-
gated reactive induction sintering for manufacturing the Ti composites.

Fig. 8. Representative micrographs of the induction sintered and forged Ti composites: a) sintered Ti-0.5% Ash, b) sintered Ti-1.0% Ash, c) forged Ti-0.5% Ash, and

d) forged Ti-1.0% Ash.
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This approach simultaneously harvests all the intrinsic advantages of the
green powder metallurgy technology including high materials’ yield and
reduced energy demand combined with the exploitation of the much
more energy efficient induction heating method. Specifically, for a

single component, this cuts the consolidation processing time from
tenths of hours to few min resulting in significant energy saving, reduced
emission, and enhanced overall sustainability. Therefore, both materials
and manufacturing advantages characterize the proposed approach.
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Form a materials point of view, advantages are the use of a cheap readily
available reinforcement source as compared to more extensive re-
inforcements (e.g. nanotubes), and the valorization of a byproduct
which is otherwise a waste material. From a manufacturing point of
view, advantages include the ability to produce near-net-shape compo-
nents, reduced energy consumption and environmental impact, and
ability to tailor the mechanical response by easily changing the amount
of ash added.

Part I of this study comparatively and systematically analyzed the
physical, microstructural, and mechanical performance of in situ rein-
forced Ti composites manufactured via the conventional vacuum sin-
tering and the induction sintering methods. The main conclusion drawn
from the analysis of the Ti composites with up to 0.25 wt% of ash
addition is that reactive induction sintering is a viable method to
manufacture these materials. The properties are generally slightly lower
compared to those of vacuum sintered samples, but the gap closes,
especially in terms of mechanical behavior, with the amount of added
ash. In terms of properties, it is found that, regardless of the
manufacturing route used, the theoretical density slightly increases and
the compressibility decreases (i.e. lower green density values). Consid-
ering relative density, porosity and densification, vacuum sintering
leads to a fairly constant behavior independently of the amount of ash
(Fig. 1). Conversely, porosity increases and densification decreases with
the ash content in the induction sintered samples and, consequently, the
relative density values decrease as shown in Fig. 10a). As for the vacuum
sintered samples, induction sintering leads to the formation of a
microstructure composed of o-Ti phase grains and equiaxed interme-
tallic particles, and porosity is present. However, the morphology of the
a-Ti phase grains is acicular and the residual pores are more irregular
and interconnected (Fig. 2). Despite these differences, the resistance to
plastic deformation (i.e. strength and hardness) increases and, conse-
quently, the ability to withstand the applied load in a ductile manner
decreases with the amount of ash used (Fig. 3). However, ductility,
which is much more critical than strength to prevent catastrophic fail-
ure, decreases at a much faster pace in the vacuum sintered composites
in comparison to the induction sintered ones (Fig. 10c).

Once established that reaction induction sintering is a competitive
process to manufacture in situ reinforced Ti composites, part II investi-
gated the possibility to increase the amount of revalorized wood ash
added into the Ti composites. To compensate for the forecast loss of
compressibility and densification, the sintering temperature and time
were slightly increased to, respectively, 1300 °C and 5 min for
manufacturing Ti composites with ash contents up to 0.6 wt%. Such
increments do not significantly impact the sustainability of the process,
which remains still much more energy efficient and environmentally
friendly compared to vacuum sintering. It is found that Ti composites
with ash contents up to 0.6 wt% can successfully be manufactured and
are characterized by higher relative density values (Fig. 10a, diamonds
above the trendline) due to the higher degree of densification (Fig. 4).
The microstructure is still composed of acicular o-Ti phase grains and
intermetallic particles precipitated at the grain boundaries, but the o-Ti
phase grains are coarser and the residual pores more spherical and less
interconnected (Fig. 5). The Ti composites still undergo both elastic and
plastic behavior upon uniaxial loading (Fig. 6) and their trend in terms
of ultimate tensile strength (Fig. 10b), elongation (Fig. 10c), and hard-
ness (Fig. 10d) aligns with that of the Ti composites bearing a lower
amount of wood ash.

With the aim of increasing even further the amount of ash bore by the
Ti composites, and considering that the Ti-0.6% ash composite has
almost a brittle behavior, part III analyzed a slight modification of the
manufacturing process. On the one side, cold pressing was replaced by
warm pressing. This entails quickly preheating the Ti composites pow-
der blends to 200 °C through induction heating but permits to achieve
high relative sintered density values in the Ti composites with ash
contents up to 1.0 wt% (Fig. 10a). In the other side, thermomechanical
plastic deformation by means of hot forging was considered taking
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advantage of the fact that the induction heating cycle used to sinter the
samples can directly be employed as preheating step for forging. This
avoids the need of a secondary reheating stage, which is typical of
thermomechanical deformation processes carried out on wrought/
already sintered materials [45]. Forging further increases the relative
density values of the Ti composites (Fig. 10a) due to the applied load,
but the amount of residual porosity still increases with the amount of ash
added (Fig. 7). Warm pressing does not change the resulting micro-
structure of the Ti composites but forging does, resulting in significantly
smaller textured acicular o-Ti phase grains and lenticularly shaped re-
sidual pores (Fig. 8). The enhanced relative density and the micro-
structural changes associated with forging, generally, lead to better
mechanical performance with respect to the other Ti composites
analyzed in previous parts of the study (Fig. 10). However, in terms of
tensile behavior, it is also found that the Ti-1.0% ash composites are
brittle in nature (Fig. 9) regardless of the manufacturing process used.
This results in the strength decreasing with the content of wood ash
added and indicates that 1.0 wt% of ash is the maximum amount
useable. Nevertheless, it is worth mentioning that this is only true for the
manufacturing processes studied and when and if ductility is a
requirement of a specific application. The hardness of the Ti composites
is the only properties that is always higher for higher amounts of wood
ash added and for higher relative density values, which is expected to
result in enhanced wear resistance. Moreover, composites are highly
used in engineering applications where compression is the main loading
mode. In such instances, the amount of revalorized wood ash added to
manufacture in situ reinforced Ti composites could potentially be further
increased.

Fig. 11 shows the comparison of the tensile performance of the in situ
reinforced Ti composites with other Ti-based composites bearing
similar, but more costly, reinforcements found in literature [14,15,46,
47]. From the analysis of the variation of the yield stress versus the
amount of reinforcement it is, not surprisingly, found that it increases as
more reinforcement is added. Nonetheless, it can be seen that, in gen-
eral, the in situ reinforced Ti composites of this study have comparable
yield stress to that of other Ti-based composites bearing a significantly
higher amount of reinforcement (Fig. 11a). Specifically, the yield stress
achievable using revalorized wood ash as reinforcement is better than
that of cast Ti-1.5%B and similar to that of laser deposited Ti with 10 vol
% and 20 vol% of TiC reinforcing particles and hot pressed Ti+1.5 vol%
of TiB. Only the cast and forged Ti-2.0%B composite has slightly higher
yield stress.

With respect to UTS-elongation pairs (Fig. 11b), it can be seen that
the in situ reinforced Ti composites have comparable values to those of
laser deposited Ti+10-20 vol% of TiC and cast Ti-1.5%B composites
whereas the cast and forged Ti-2.0%B composite has higher strength.
Moreover, similar elongation values are achieved via revalorized wood
ash additions with respect to hot pressed Ti+1.5 vol% TiB and sintered
Ti+3-5 vol% TiB composites, although the corresponding ultimate
tensile strength is lower. However, it is worth mentioning that the best
UTS-elongation pairs amongst all the materials analyzed in Fig. 11b) can
be achieved in the wood ash in situ reinforced Ti composites if the
slightly less energy efficient vacuum sintering technique is used to
manufacture them. This analysis indicates that, from a mechanical point
of view, the recycling of wood ash leads to the production of cheaper
composites with comparable properties to those of others obtained using
more expensive reinforcement sources.

5. Conclusions

This work aimed at investigating the possibility of revalorizing
commonly disposed ash derived from wood burning as source to pro-
duce more sustainable in situ reinforced Ti composites. To maximize the
sustainability from a manufacturing point of view, the composites were
produced by means of the powder metallurgy green technology.
Furthermore, reactive induction sintering, which has different
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advantages including much higher energy efficiency, was proposed as
the main consolidation method. Therefore, form this study the following
conclusions can be drawn:

- The characterization of the physical, microstructural, and mechani-
cal performance of the in situ reinforced Ti composites proves the
feasibility of the proposed approach.

The addition of wood ash generally decreases the compressibility of
the composites’ powder blend resulting in the progressive increase of
the amount of residual porosity with the amount of ash added.
However, slight increments of the sintering parameters (i.e. tem-
perature and time) or minor modifications of the manufacturing
route (i.e. warm pressing and forging) are effective in allowing to
include a greater amount of wood ash. This is beneficial to maximize
the reduction of the cost of the composites without sacrificing the
sustainability of the manufacturing process.

Regardless of the actual wood ash content and the manufacturing
route used, the microstructure of the in situ reinforced Ti composites
is composed of a-Ti phase grains, porosity, and intermetallic parti-
cles. Minor differences in the morphology of the grains and of the
residual pores are found, but the proposed approach always leads to
the effective creation of the reinforcement in situ.

The in situ reinforced Ti composites are commonly characterized by
both elastic and plastic deformation and fail non-catastrophically
where the ductility decreases but the strength and hardness in-
crease with the amount of ash used. The in situ reinforced Ti com-
posites produced from revalorized wood ash have overall
comparable or better mechanical properties, especially tensile per-
formance, in comparison to other Ti-based composites bearing a
significantly higher amount of generally more expensive
reinforcements.
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