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ABSTRACT

Spark plasma sintering (SPS) is a fairly novel powder metallurgy (PM)-based

process. Compared with more traditional PM processes, SPS technology pro-

vides greater sintering efficiency for the Ti-48Al alloy, due to its fast heating and

cooling rates, combined with an applied pressure and electric field during the

process. In this study, three fundamental processing parameters (i.e. sintering

temperature, time and particle size) are investigated, and their effects on den-

sification, hardness and phase transformations are studied. Three grain mor-

phologies were found in the microstructures, present in different ratios in the

samples, depending on the sintering parameters. A model is proposed to

explain the (a2) grain-phase growth and the transformation of two types (fine

and coarse) of lamellar structural development. The pore configurations (i.e. size

and quantity) are examined, and their interactions with the phases, which

suggest the phase-formation sequence and sintering state, are also discussed.

Introduction

Titanium aluminide (c-TiAl)-based alloys have

attracted considerable interest from the aerospace

and, more recently, automobile industries, due to

their low-density, and high retained strength and

oxidation-resistance properties at elevated tempera-

tures ([500 �C) [1]. These properties make TiAl an

excellent material to replace the much heavier Ni-

based superalloys for engine applications [2]. Several

TiAl alloys have been developed in the recent dec-

ades, such as the Ti-48Al-2Cr-2Nb (GE) alloys,

developed for low-pressure turbine applications [3, 4]

and the Ti-43Al-4Nb (TNM) alloys for sheet

components [5–8]. However, TiAl alloys generally

suffer from low ductility particularly at room tem-

perature, and thus they are difficult to manufacture

when using more conventional thermomechanical

processes. Consequently, the production cost is high,

and the applications of TiAl alloys are greatly

restricted. Many near-net shape approaches, which

can considerably minimise the need for post-ma-

chining, have been investigated to overcome the poor

workability of the material [9–11]. Among them,

powder metallurgy (PM)-based processes can pro-

vide a cost-effective route, and do not possess the

common concerns relating to compositional segre-

gation during the casting process [12].
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One PM approach that has shown great potential in

recent years is the spark plasma sintering (SPS) pro-

cess [13–16]. This novel technology utilises a pulsing

on–off DC current, and applies pressure to the

powder simultaneously. In the case of conductive

powders, the electrical current flows through the

material, and heat is generated due to the Joule effect

[17, 18]. The heating occurs between the particle

contact regions, where the electrical resistance is the

greatest. As a result, the SPS technique provides

considerably localised and thus very efficient heating

for metallic powders. Furthermore, because of the

nature of the applied current, the SPS process also

heats and cools very rapidly, and hence, grain growth

can be significantly reduced. Very fine-sintered

microstructures, with grain sizes from a few microns

down to hundreds of nanometres, can be retained

when using nano-scaled starting powders [19]. It is

consequently possible to achieve comparable sinter-

ing results to more conventional methods, while

using lower sintering temperatures and shorter

holding times. For TiAl-based alloys, the sintering

temperature is generally in the range of 1100–1300 �C
range, which is held for less than 10 min in a SPS

process. In comparison, the conventional hot-press-

ing method typically requires a hold time of 1–2 h at

temperatures of 1300 �C or even greater, [3, 20].

Besides the thermal effects, it has also been demon-

strated that the electrical field generated from the

current also imposes pronounced influences on mass

transportation during sintering. Munir and col-

leagues have published a detailed review discussing

the field effects in the SPS process, which are related

to these phenomena [21].

In early TiAl PM research, using the pressureless

press-and-sinter method, several works have

demonstrated significant swelling in the samples

when sintering elemental Ti and Al blends. Although

some SPS investigations were conducted using the

more economical blended elemental route success-

fully (with Ti and Al elemental mixtures), Kirkendall

porosity and compositional inhomogeneity were still

prevalent [22, 23]. Moreover, further studies using

SPS or hot-pressing approaches have reported that

the Al melt can be squeezed out of the powder mix-

ture when sintering elemental Ti and Al blends

[3, 24]. Therefore, in the present study, a pre-alloyed

TiAl powder was initially produced in-house for the

SPS assessment. The pre-alloyed TiAl powder was

produced by pressureless heat treatment of a blend of

elemental Ti and Al, and the partially sintered porous

products were crushed and milled to a refined par-

ticle size and then used as the precursor powder for

the SPS investigation.

The present study reports on the fundamental

sintering responses of a c-TiAl/a2–Ti3Al alloy pow-

der using the SPS approach. The effects of processing

parameters (i.e. temperature, time, particle size) on

the sample densification were studied, and the sin-

tered microstructures were analysed, with an

emphasis placed on the phase formation and evolu-

tion, and the relationship of porosity with other

phases in the materials.

Materials and methodology

The pre-alloyed Ti-48Al (all compositions are given

as atomic percentage, unless stated otherwise) pow-

der was prepared in-house using elemental raw

powders, specifically a sponge titanium powder

(-100/?325 mesh; ADMA Products Group, Hudson,

OH, USA), and an aluminium powder (Grade DG20;

Ecka Granules, Fürth, Germany). The elemental

blend was initially pressed into discs, and subse-

quently heat treated at 1200 �C for 2 h in a tube fur-

nace (Model STT-1600C, SentroTech, Stronsville, OH,

USA) under constant argon flow. The heating and

cooling rate were controlled at 5 �C min-1. The

cooling rate decreased to a natural furnace cool when

the temperature dropped below *200 �C. The heat-

treated discs were then roughly crushed using a

manual press. Further grinding was conducted

within a 250-ml alumina bowl on a shatterbox mill

(Model TM/MAX2, TM Engineering Ltd., Burnaby,

BC, Canada) operating at 950 rpm, for a duration

ranging between 90 and 600 s. The particle size dis-

tributions were measured using a particle size anal-

yser (Model Master Particle Sizer 20600, Malvern

Instruments, Malvern, UK).

Once the powder was prepared, a *6-g batch was

loaded into a graphite die set, which consisted a

20-mm-diameter die with upper and lower punches.

Graphite foil was used to cover the die interior and

the punch surfaces prior to powder loading to min-

imise potential reaction with the die set itself. The die

set was subsequently loaded into the SPS system

(Model SPS Model 10 Series, Thermal Technology

LLC, Santa Rosa, CA, USA) to consolidate the pow-

ders. To ensure no residual air in the chamber, the
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SPS furnace was evacuated and back-filled with

argon twice. When the vacuum was found suit-

able (\2 9 10-2 torr), the sintering process was per-

formed at temperatures ranging from 800 to 1300 �C,
with an isothermal hold time ranging from 0 to

10 min. A pressure of 50 MPa was applied to the

sample during the heating process. The current and

voltage of the SPS process were automatically con-

trolled by the system computer to follow the heating

scheme. The heating and cooling rates were con-

trolled at *100 �C min-1. A pyrometer was used to

monitor the temperature (effective at above 600 �C).
After the samples had cooled, the graphite foil was

removed by light sanding to reveal the surface of the

SPS-processed samples.

The sintered density was subsequently determined

using the oil immersion method, in accordance with

ASTM Standard B328 (MPIF Standard 42). The

specimens were then polished for microstructural

analysis. Kroll’s solution (2 ml HF, 6 ml HNO3, 92 ml

H2O) was used to etch the selected samples. The

crystalline phases of the SPS-densified samples were

identified using X-ray diffraction (XRD; Model D8

Advance, Bruker Instruments, Madison, WI, USA).

The microstructures were examined using an optical

microscope (Model DP-71, Olympus Corp., Tokyo,

Japan), with differential interference contrast (DIC)

imaging, or a scanning electronic microscope (SEM;

Model S-4700, Hitachi High Technologies, Tokyo,

Japan). The SEM was operated in either combined

secondary electron (SE)/backscattered electron (BSE)

mode, or with a negative bias to limit the imaging

mode to BSE. Local compositions of phases were

determined using an energy-dispersive X-ray spec-

troscopy (EDS; Model Inca X-MaxN, Oxford

Instruments, Concord, MA, USA) in the SEM or a

wavelength-dispersive X-ray spectroscopy (WDS) in

an electron-probe micro-analysis system (EPMA;

Model JXA-8200 Superprobe, JEOL, Tokyo, Japan).

Carbon content was measured using a carbon/sul-

phur analyser (Model Eltra CS-2000, Eltra GmbH,

Haan, Germany). The pore size (Feret diameter) and

the area fraction statistics were measured and com-

piled using optical images and the analysis software

ImagePro 6.3 Plus (MediaCybernetics, Rockville, MD,

USA). Each dataset was composed of more than 500

measurements. The hardness characteristics of the

sintered samples were measured using a Rockwell

hardness tester using the HRA scale (Model Wilson�

Rockwell 2000, Buehler Corporation, Lake Bluff, IL,

USA).

Results and discussion

Material characterisation

The basic morphology of the fabricated Ti-48Al

powder, after hand grinding, is shown in Fig. 1a.

Cross-sectional examination of the powder revealed

an internal ‘core–rim’ structure (Fig. 1b). EDS analy-

sis indicated that the core region contained a higher

Ti concentration (*61 %), while the surrounding rim

area has lower Ti (*51 %). The powder structure was

formed as a result of elemental Ti and Al sintering.

When the powder is milled using the shatterbox, this

complex internal structure was broken down through

attrition, and the two phases were then expected to

be well distributed in the resulting powder blend.

The particle size distribution achieved after various

Figure 1 Morphology of a the ‘in-house’ manufactured Ti-48Al pre-alloyed powder after hand grinding (combined SE/BSE image), and

b the polished and etched cross-section of the powder (low negative bias BSE image).
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milling times, in terms of the relative D50 value, is

shown in Fig. 2.

Densification, hardness and carbon
contamination

In this set of experiments, the SPS process was only

conducted using a 3-min isothermal hold, and con-

sequently the effects of temperature were specifically

explored. Figure 3 demonstrates that, as might be

anticipated, the powder densification response is

strongly temperature dependent. Despite the short

sintering time, almost fully dense material can be

achieved with a 3-min hold at 1300 �C (98.9 % of

theoretical density), showing excellent efficiency for

the SPS process. In contrast, from our earlier work,

samples conventionally vacuum sintered using a tube

furnace only attained *88 % of theoretical density

when using a 4-h hold at 1300 �C. In this respect, the

advantage of the SPS process is clear against more

conventional sintering. Nevertheless, in a SPS study

using a pre-alloyed (i.e. Ti-47Al) powder, full densi-

fication was achieved at noticeably lower tempera-

tures (at as low as 1000 �C) than the present work

[25]. The improved densification was potentially due

to higher kinetics during sintering when using the

mechanically alloyed powder [25]. The milled pow-

der had complicated shapes with more inner pores

and defects, and the differences in morphology may

contribute to different densification mechanisms.

Guyon et al. consolidated two TiAl-based powders

(an atomised powder versus one that was milled)

using SPS, and they observed that the milled powder

experienced a different deformation mode (grain

boundary sliding assisted by surface/grain boundary

diffusion) during densification, while for the ato-

mised powder, heterogeneous deformation modes

promoted by dislocation glide and twinning occurred

[15]. In another SPS work, comparing various types of

Ti powder (gas atomised, hydride/de-hydride and

sponge), the densification sequences were different

for the respective powders, and their sintered

microstructures were distinctly dissimilar, although

sintering of the individual powders all resulted in full

densification after the process [26]. However, it

Figure 2 The measured particle sizes (D50) of the Ti-48Al

powder after various grinding times.

Figure 3 a The effects of SPS temperature on the density of the

sintered samples, as a percentage of theoretical (standard deviation

error = 0.18 % at 1200 �C). b The hardness of the sintered

samples as a function of SPS-processing temperature. The

reference data are acquired from Refs. [25, 27]. Note that the

standard deviation errors for the Ti48Al samples were very small,

and are only apparent for the porous 900 �C-processed sample.
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should also be noted that the measured SPS-pro-

cessing temperature is actually directly on the die in

most SPS systems, and hence not the true reaction

temperature of the sample itself. This temperature

difference can vary substantially, depending on the

material [17]. The use of a pyrometer in the current

experiments might also cause some differences in

temperature measurement compared with other

experiments conducted when using a thermocouple.

As a consequence, direct comparison between SPS

experiments using different facilities can be difficult.

In the present study, full densification might be

realised if the sintering temperature was raised above

1300 �C. However, sintering at 1300 �C unexpectedly

caused an issue where part of the sample was bonded

with the punch. It was speculated that some powder

likely passed the graphite foil and became bonded

with the contact surface of the punch. As a conse-

quence, in order to continue the study, sintering

temperatures higher than 1200 �C were not consid-

ered further, in order to avoid potential damage to

the equipment.

Although the present study did not fully investi-

gate the mechanical properties of the SPS-processed

samples due to size limitations (20 mm diameter),

their hardness properties were evaluated as a general

indication. As illustrated in Fig. 3b, the hardness

values of the sintered materials follow the general

density trend. The values for the samples that are

close to fully dense (i.e. those sintered at 1200 and

1300 �C) are comparable to the values reported for a

nominal TiAl cast material (despite the fact that the

two-phase Ti-48Al is harder, due to the presence of

Ti3Al phase) [27]. When compared with a broadly

similar composition (Ti-47Al) in another SPS study,

those hardness values are higher than the present

ones even at lower sintering temperatures, due to

their higher sintered densities (their materials were

nominally fully dense) [25].

Another important factor in a sintering process is

the isothermal heating time. In the present study, a

series of sintering experiments, using various hold

times, were conducted with the sintering temperature

maintained at 1200 �C. Figure 4 illustrates the effects

of sintering time on sample densification. It is clearly

seen that although the density initially improves with

time, there is no further improvement after 5-min

hold. In comparison, Fig. 4 demonstrates that the

hardness decreases with increased hold time. This

observation can be ascribed to grain growth after the

longer sintering times. Further details regarding the

grain growth response will be discussed in the sub-

sequent section. The current results suggest that a

3–5-min hold is adequate, while a longer sintering

time could be detrimental to the mechanical proper-

ties. As mentioned in the Introduction, the SPS pro-

cess is generally conducted with a hold period of less

than 10 min, and near fully dense TiAl-based alloys

can be produced in this manner. Any excessive sin-

tering time would promote unnecessary grain growth

and impair the mechanical properties.

As the sintering process is conducted in a graphite

die, carbon contamination was anticipated, even

though the sintering process was considerably

shorter in duration compared with other traditional,

slower heating techniques (e.g. electric heating fur-

nace). This is a common concern in any SPS process

using a graphite die and punches. Table 1 lists the

carbon concentration from the raw powders to the

final SPS-densified products. The carbon concentra-

tion was considerably increased when prolonging the

sintering residence time in the SPS die. Formation of

the titanium carbide (TiC) phase was identified by

XRD analysis, although no clear titanium carbide

phase was observed from SEM examination of the

microstructure and associated EDS analysis. As

shown in Fig. 5, the sintered materials generally

exhibit an XRD pattern showing a mixture of the c-
TiAl–a2-Ti3Al phases, while two TiC peaks are also

clearly distinguished. The formation and existence of

the TiC might influence the mechanical properties of

Figure 4 The effects of SPS hold time on the density, as a

percentage of theoretical (standard deviation = 0.18 % at

1200 �C), and the hardness of the sintered samples as a function

of SPS-processing hold time.
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the TiAl alloy, but its effect is beyond the scope of the

present study.

The present work also investigated the effects of Ti-

48Al particle size on the SPS process. In solid-state

sintering, a smaller particle size translates to shorter

distances for diffusion, and a greater number of

contacting points for bonding between particles. The

present synthesised Ti-48Al powder was ground

down to several different ultimate particle sizes in the

shatter box mill, as previously outlined in Fig. 2. As

expected, a decreasing initial particle size resulted in

better densification during sintering (Fig. 6). Fur-

thermore, use of the finer powder resulted in an

earlier shrinkage onset, and the difference continued

to increase until the peak temperature was reached,

as demonstrated by the SPS ram displacement curves

(Fig. 6b). The two shrinkage curves for the same

coarse powder closely overlap, indicating consistent

measurements. Improved densification using the fine

powder is likely to arise, at least in part, from a

higher concentration of particle–particle contact

points during the SPS process. The sample hardness

also increased accordingly, as the sintered density

was improved. However, longer grinding time

would give rise to higher contamination from the

grinding environment. There are significant mea-

sured increases in oxygen and nitrogen concentra-

tions from the atmosphere when conducting

extended grinding for 30 min (data not shown).

Although the grinding time was much shorter for the

samples presented in the present work, contamina-

tion should always be minimised as much as possi-

ble. The outlined contaminating elements can be

expected to be interstitially located in the alloy, and

will most likely alter the mechanical properties.

Microstructural analysis

Phase identification

Detailed microstructural analysis of the samples sin-

tered at temperatures below 1300 �C generally iden-

tified four phase categories following etching, as

presented in Fig. 7. The samples sintered specifically

at 1300 �C will be discussed in the next section as the

microstructures are greatly dissimilar, due to a rapid

diffusion mechanism. In Fig. 7, the rounded grain

includes a smooth surfaced core (region A), and a

surrounding region (B) which exhibits a light

impression of parallel lamellar lines. Some grains can

contain the lamellar lines internally (Fig. 7a), while

other grains may only possess entirely A- or B-type

features. Further away from this grain in Fig. 7a is a

‘roughened’ area with several morphologies (identi-

fied as regions C1–3 and D). While the regions C1, C2

and C3 appeared to exhibit very dissimilar appear-

ances, they exhibited very similar compositions. The

morphological differences were therefore likely due

to different crystalline orientations and the way these

differing orientations responded to the etchant. On

the other hand, area D appeared less rough in terms

of the surface texture. The four categories were not

only determined by the appearance, but also grouped

based on their compositions. Figure 8 schematically

illustrates the composition range for each of the

groups on the Ti-Al phase diagram, based on both the

EDS and WDS results. The four features were dis-

tinguished as follows: (1) A—a2 grain, (2) B and C—

a2/c two-phase area and (3) D—c-phase. It was clear

that the Ti concentration decreased moving away

Table 1 Carbon concentrations at different processing stages

ppm

Elemental Ti/Al blend (raw) 53a

Pre-alloyed TiAl 65a

Shatterbox milled (90 s) 74a

Spark plasma sintered (1200 �C/3 min) 183

Spark plasma sintered (1200 �C/10 min) 675

a Measurement is close to the detection limit

Figure 5 XRD patterns obtained for the Ti-48Al powders after

different SPS hold times, showing increasing TiC formation with

longer sintering time (1200 �C sintered samples).
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from the core to area B, and then region C, and it is

the lowest in area D.

Although both regions B and C were in the two-

phase range, they exhibit different morphologies due

to differing c:a2 ratios. Area B contained more a2-
phase and had fine lamellar lines, whereas area C had

more c-phase and showed a rougher surface. It was

difficult to characterise the rough surface from the

etched micrographs. However, from the lightly

etched SEM micrographs (Fig. 7b), a coarser lamellar

structure is suggested within region C before it was

severely etched. When comparing the lightly and

regularly etched micrographs, the Ti-rich regions

were more resistant to the etchant; those regions (i.e.

A and B) appeared smooth in the SEM, or bright

under the optical microscope. Those findings suggest

the c-phase exhibited a coarser lamellar structure and

Figure 6 a The effects of Ti-48Al particle size on the sintered

density (1200 �C/3 min) and HRA hardness. b SPS densification

curves (i.e. ram displacement) for the fine (D50 = 28.5 lm) and

coarse (D50 = 56.7 lm) Ti-48Al powders through the sintering

process; the reproducibility of the process is highlighted from the

duplicate curves obtained with two coarse powder samples.

Figure 7 a SEM image highlighting typical phase features in a sample sintered at 1200 �C/5 min (combined SE/BSE image). b SEM

image showing typical microstructural features for a lightly etched sample sintered at 1200 �C/3 min (combined SE/BSE image).

Figure 8 Schematic representation of the composition range for

each identified microstructural feature; the section of the Ti-Al

phase diagram is adapted from [28].
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was more prone to etching (lower Ti content). The

development and structure of the grains and the two-

phase regions will be discussed in the following

section.

a2- and lamellae-phase development

As discussed previously, after processing at 1200 �C
the SPS-processed material consisted of a

combination of a2 grains, the composite a2/c area,

and the separate c-phase. The two basic phases con-

stitute the microstructures with different ratios and

forms, depending on the processing parameters:

sintering temperature, time, and initial particle size.

To analyse the evolution of a2 grains, polished and

unetched optical micrographs were assessed.

Although the grain size was not measured statisti-

cally, the growth and nucleation of grains were

Figure 9 Representative optical micrographs of sintered samples processed using different sintering hold times, ranging from 0 to 10 min

(a–c); and particle sizes ranging from 56.7 to 28.5 lm (d–f).
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observed. In Fig. 9a–c, the grain size increases nota-

bly with the increasing sintering time. Such grain

growth was also confirmed by the a2 peak growth in

the XRD analysis (Fig. 5). Furthermore, as discussed

in ‘‘Densification, hardness and carbon contamina-

tion’’, the apparent stagnation of densification with

longer sintering time also suggested the conditions

for grain growth had been reached.

With reduced initial starting powder size, the

resultant a2 grains were smaller (but present in a

comparable concentration) in the sintered

microstructure (Fig. 9d–f). As noted earlier, the

grain structure was, at some level, inherited from

the powder. Consequently, when the particles were

broken down further with longer milling time, more

core (Ti-concentrated) fragments were exposed,

which consequently developed into a2 grains, dis-

persed uniformly in the sintered microstructure.

When the starting powder was smaller, there was a

higher concentration of particle–particle contact

points, which could promote nucleation of the a2
grains. If sufficient sintering time was provided,

these newly nucleated grains might still grow.

Nevertheless, the amount of a2 grains was ulti-

mately governed by the overall composition of the

material. From the Ti-Al phase diagram, the a2-
phase is less than 7 vol.% of the Ti-48Al material

(the remainder being the c-phase) at room temper-

ature. Besides the a2-phase growth, more apparent

grain growth was contributed from the a2/c (i.e.

area B mentioned previously in ‘‘Phase identifica-

tion’’) lamellae formation.

Assessing sintering temperature, the grains did not

develop in size notably at the lower sintering tem-

peratures, as there were still significant amounts of

pores and densification was still predominant. Using

optical DIC imaging, the internal structure within the

grains was revealed more clearly. For samples pro-

cessed at 1200 �C, evidence for lamellar domains

within the a2-phase were clearly seen (Fig. 10a).

However, when the sintering temperature was

increased to 1300 �C, an apparent hexagonal struc-

ture developed inside the grains (Fig. 10b), confirm-

ing the hexagonal DO19 structure of the a2-Ti3Al

phase [29]; this also indicated that the sintering pro-

cess entered the final stage, while the grains trans-

formed to their equilibrium shape (i.e. minimising

interfacial free energy) [30].

Figure 11 Typical SEM image showing initiation of the lamellar-

structural formation after SPS processing at 1200 �C/5 min

(combined SE/BSE image).

Figure 10 Representative DIC optical microscopy images of: a the internal microstructure in the a2-Ti3Al grains (SPS processed at

1200 �C/3 min), and b hexagonal core-structural formation when the sintering temperature was increased to 1300 �C (held for 3 min).

J Mater Sci (2017) 52:613–627 621



These transformations occurred not only within the

a2 grains but also in the lamellar structure. In contrast

to the small lamellar domains presented in Fig. 7 (i.e.

area C), an apparent coarse lamellar structure had

developed along the Ti diffusion direction, away

from the cores. Figure 11 illustrates the early progress

(i.e. 1200 �C) of this transformation; the lamellar

expansion can be clearly seen. When the sintering

temperature was increased to 1300 �C, diffusion is

expected to be much faster, and consequently the

coarse lamellar structure was more significantly

evolved. Furthermore, under these processing con-

ditions, the material was relatively dense, such that

the aforementioned lamellar expansion area and the

‘roughened’ two-phase area, discussed earlier,

underwent a rapid transformation due to the general

absence of hindering obstacles (i.e. pores).

The progression of such massive lamellar forma-

tion, during transitioning from 1200 to 1300 �C, is

highlighted in Fig. 12. As presented in Fig. 12b, after

cooling the ‘roughened’ regions are transformed to

an obviously lamellar structure, and both the grains

and lamellar structures are coarsened. Larger c-TiAl-

phase regions also develop at this stage. The samples

sintered at 1300 �C also presented a more homoge-

neous chemical composition between the grain and

the lamellar structure, and both responded to the

etchant with a relatively similar resistance. The grains

were consequently not as noticeable as they were

before the rapid transformation (i.e. when using a

sintering temperature below 1300 �C). In addition,

the phase evolution in the ‘rough’ two-phase area

was more difficult to examine, because there were

several morphological features presented within

these regions, as highlighted in Fig. 13. The various

morphologies were due to both differences in crys-

talline orientations and the a2:c ratios within the

grains, each of which leads to particular responses to

the etchant. The resultant microstructure resembles a

more apparent ‘duplex’ structure, which is composed

of the rounded c grains and the a2/c lamellar struc-

ture (Fig. 13b).

The effects of sintering temperature, time and ini-

tial particle size are discussed in this section. Fig-

ure 14 summarises the lamellar transformation using

a single a2-Ti3Al grain model. Such a simple config-

uration is adopted from the initial powder structure

that contains a Ti-concentrated core. At the lower

processing temperatures (i.e.\1300 �C), grain growth

was contributed directly from the a2-phase nucle-

ation or, in most cases, from the a2/c-lamellar-

structural formation when Ti diffuses out of the core.

This newly grown area consisted of very fine lamellar

structures, and could potentially be easily overlooked

in the absence of suitably controlled etching. Many a2
grains were composed of multiple subgrains, and a

fine lamellar structure was also growing within some

of the subgrains (Fig. 10a). At lower sintering tem-

peratures, the lamellar structure was restricted to the

fine laths, even with a longer sintering time, owing to

the relatively slow diffusion kinetics. However, when

the sintering temperature was increased to 1300 �C, a
coarse lamellar structure emerged out of the grains,

and the laths were wider and more pronounced, due

to the increased thermal energy.

The phase-transformation behaviour of the com-

posite a2/c regions was more complicated. The two-

phase area exhibited several morphological features

within the grains, as individual grains composed of

various a2:c ratios, as well as different crystalline

Figure 12 Representative SEM microstructural changes observed during the transitioning of SPS-processing temperatures from

a 1200 �C/3 min to b 1300 �C/3 min. Both examples show combined SE/BSE images.
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orientations. It is proposed that the Ti atoms segre-

gate to the a2-Ti3Al phase in order to form alternating

a2- and c-phases. Some grains which contain lower Ti

initially would generally transform to a rounded c-
phase morphology, if no a2-phase nucleates (Fig. 15).

In addition, the microstructural evolution of Ti-48Al

also involves the interaction of residual pores with

each phase. The role of these remaining pores will be

discussed in the following section.

Pore evolution and agglomeration

Pore configurations in a material can be used as an

indicator in terms of the sintering stages. As densi-

fication progresses, pores shrink and their concen-

tration invariably decreases simultaneously.

However, when the densification rates gradually

decrease in the final sintering stage, the pores

coalesce to reduce the system (surface) energy in the

material. The pores therefore undergo an Ostwald

ripening stage, which describes how the larger pores

grow in size at the expense of the smaller ones. In the

present study, the pore size (Feret length) and asso-

ciated area fraction (used as the ‘pore quantity’) were

measured from the unetched optical micrographs,

and then plotted to illustrate the pore evolution for

the sintering temperature (Fig. 16a) and time

(Fig. 16b), as well as the initial powder particle size

(Fig. 17).

From the pore configurations evolving with tem-

perature or time, shown in Fig. 16, both variables

revealed the general trends of the Ostwald ripening

stage. This phenomenon was especially obvious

when examining the time effects (Fig. 16b). Initially

the pore size and the area percentage both decreased

Figure 13 a Typical SEM image highlighting identification of the

various morphological features in the two-phase area after

sintering at 1200 �C/10 min (combined SE/BSE image). b Optical

micrograph of an etched sample (SPS processed at 1300 �C/
3 min), showing a ‘duplex’-type structure.

Figure 14 Proposed microstructural transformation mechanism

within an a2-Ti3Al grain after being cooled to room temperature. Figure 15 Schematic representation of Ti diffusion and segrega-

tion in the two-phase (a2/c) regions.
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with time, indicating densification in the material.

However, when the sintering time exceeded 5 min,

the pores grew noticeably, while the area percentage

continued to decrease, suggesting the process had

reached the final sintering stage. Further sintering

would not significantly improve densification but

may cause adverse pore swelling (i.e. over-sintering).

Conversely, in terms of ‘‘non-thermal’’ parameters,

specifically the starting particle size (Fig. 17), for a

lower powder size the pore length decreased

accordingly due to smaller voids between particles in

the green compacts. The pore area fraction did not

show a definite trend, in spite of the density

increasing (shown in Fig. 6). It should be noted that

as the porosity area fraction decreases to less than a

half percent, and imaging artefacts may affect the

software in determining the actual porosity content.

Furthermore, the pore locations and their associ-

ated migration were also noted under various sin-

tering conditions. For example, in the sample sintered

at 1200 �C for 5 min, larger pores were generally

situated within the a2-Ti3Al grains (shown in lighter

contrast in Fig. 18a), whereas the small pores were

primarily dispersed in the two-phase region (shown

in darker contrast in Fig. 18a). With a longer sintering

times, the smaller pores gradually disappeared

through densification, but they also coalesced to form

larger pores. This observation not only confirmed the

previously mentioned Ostwald ripening phe-

nomenon, but also highlighted how the two-phase

region might ‘grow’ (i.e. diffuse) more to eliminate

the pores, while the a2 grains grew more slowly or

later in the process. As a consequence, comparatively

larger pores remained in the a2 grains. This is further
supported by the previous discussions, as it is

apparent that the grain (a2) phase was developed

later, after processing at a higher sintering tempera-

ture (or longer time), as evidenced by the XRD. Fur-

thermore, the grains gradually grew around or

potentially even encompassed the pores, as demon-

strated in Fig. 18b. Once the pores were included

within the grains, they began to aggregate. Figure 18c

illustrates that the smaller pores diffused along the

grain boundaries and eventually merged with the

larger one in the polycrystalline particle core. Such

behaviour might also occur in the lamellar phases, as

Figure 16 The pore lengths and area fractions of SPS-processed samples, showing the effects of a sintering temperature (held for 3 min),

and b holding time (at a temperature of 1200 �C). Both experiments used a starting powder with D50 = 56.7 lm.

Figure 17 Starting particle size’s effects on the final SPS-

processing pore configuration (samples sintered at 1200 �C for

3 min).
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there was also pore growth, although it was difficult

to observe the phenomenon from the micrographs.

Conclusions

In the present study, the SPS process had shown

significantly greater sintering efficiency, in terms of

densification, than conventional vacuum sintering.

Nearly fully dense (*98 %) Ti-48Al samples were

achieved when sintering at 1200 �C with a hold time

of merely 3 min. It was found that sintering longer

than 3 min did not improve the densification signif-

icantly, but reduced the hardness due to grain

growth. The use of a smaller starting particle size

generally contributed to a finer microstructure (i.e.

residual pores and grains) and slightly improved the

sintered density.

During sintering, the Ti-concentrated a2 grains

could grow directly following a2-phase nucleation, or

more likely from the fine lamellar structures, which

developed at lower sintering temperatures

(\1200 �C). However, with the increased diffusion

kinetics at higher temperatures ([1200 �C), a clear

hexagonal structure developed within the grains,

while the ‘roughened’ (i.e. a2/c lamellar composite

structure, after etching) phase underwent a massive

transformation. Coarse and long lamellar structures

initiated from the edges of the grains and developed

over the whole material.

As the densification progressed, the pores gener-

ally evolved following the Ostwald ripening mecha-

nism, exhibiting a decrease in pore quantity, but an

increase in mean size. The relationships between the

pores and aluminide phases suggested that the

‘roughened’ composite areas grew faster, or earlier,

as the pores were smaller and present in larger

numbers in those regions. In comparison, it was

shown that the a2-Ti3Al grains developed more

slowly, or later in the process, because the pores were

Figure 18 a Contrast-enhanced optical micrograph of pore loca-

tions within the sintered microstructure (1200 �C/5 min). b SEM

micrograph showing pore entrapment after sintering at 1200 �C/

3 min (combined SE/BSE image). c Optical micrograph of pore

agglomeration (1200 �C/5 min).
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larger in size and difficult to collapse, leading to the

fact that the grains gradually grew around the pores.
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