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Microstructural stability, microhardness
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Microstructural stability, microhardness and oxidation behaviour of an in situ reinforced
Ti—8.5Al—1B—1Si (wt %) alloy was examined in both air and argon environments. When exposed
for up to 5760 min at temperatures below the a/a]a2 transius, hardening occurred in both air
and argon environments. The increase in hardness in the air heat-treated samples is attributed
to a combination of solid-solution strengthening due to the oxygen and the precipitation of the
a2 phase, while the increase in hardness in the argon heat-treated samples is primarily due to the
precipitation of the a2 phase. On the other hand, when heat treated above the a/a]a2

transius, after an initial increase in hardness there is a drop in hardness which is attributed
due to elimination of the a2 phase and a decreased contribution of boron and silicon in the
matrix towards the solid-solution strengthening by virtue of coarsening of the TiSi2 and TiB
reinforcements. Oxidation of the alloys follows a parabolic oxidation law when oxidized both
in an environment of flowing air and static air with the primary oxidation product being TiO2.
The activation energy for oxidation is 200 kJ mol[1 in an environment of flowing air and
303 kJ mol[1 in static air. The difference in activation energy arises from the difference in the
availability of oxygen at the reaction front in the two cases.  1998 Chapman & Hall
1. Introduction
The application of conventional titanium alloys (e.g.
Ti—6Al—4V, wt %) at high temperature is limited by
their metastable microstructure, high oxidation rates
and loss of strength. Dispersion strengthening and
particle reinforcement of titanium alloys offers the
promise of substantial property improvement at
elevated temperature. Dispersoids act as barriers to
dislocation motion under conditions where thermally
activated barriers such as solute atoms, precipitates
and grain boundaries are less effective. The applica-
tion of dispersion strengthening to conventionally
processed titanium alloys has only been partially suc-
cessful, because, addition of large amounts of alloying
elements result in a small number of coarse, equilib-
rium, constituent particles [1—7].

The use of rapid solidification processing (RSP)
allows the incorporation of large amounts of additive
elements. These added elements can combine with
other elements present in the alloy and separate out as
dispersoids. Several investigations of particle coarse-
ning in RSP titanium alloys have been conducted [2,
8—11]. Some of the studies involved heat-treated foils
[3, 8, 9] and the other studies involved coarsening
during extrusion and/or hot isostatic pressing [10,
11]. Studies of coarsening of dispersoids in RSP foils
appear to be controlled by volume diffusion [2].
*Present address: University of Lima, Peru.
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The stability of the post consolidated alloy is of im-
portance for long-term application at elevated
temperature.

The reaction of titanium alloys with oxygen at tem-
peratures greater than 550 °C is significant [12]. The
resulting damage is not limited to the metal lost to the
oxide, but includes the loss of tensile ductility and
toughness through incorporation of oxygen into the
lattice. It is believed that titanium is embrittled by
the presence of as little as 1.2 at% dissolved oxygen.
The description of the oxidation process for pure
titanium is essentially valid for the alloys of titanium
as well; however, the growth rate of the oxide and the
oxygen diffusion coefficient in the substrate and in the
oxide may be appreciably altered depending on
the specific alloy content [12].

In situ reinforced Ti—8.5Al—1B—1Si alloys have ex-
hibited attractive fatigue and fracture behaviour both
at room and elevated temperature [13—15]. However,
before these materials find engineering application,
their stability on long-term exposure to elevated tem-
perature needs to be established. The intent of this
work was to evaluate the post-extruded microstruc-
tural stability of two kinds of dispersoids: spherical
titanium silicides and rod-shaped titanium borides
in a Ti—8.5Al—1B—1Si (wt%) alloy. Several heat
treatments were made in two different atmospheres,
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namely air and argon. In addition, a study was under-
taken to characterize the oxidation behaviour of the
Ti—8.5Al—1B—1Si (wt%) alloy at several different tem-
peratures and the oxidation behaviour was investi-
gated and reported in this work.

2. Experimental procedure
The material used in this investigation was a super
a-based alloy Ti—8.5Al—1B—1Si (wt%; Ti—13.7Al—
4B—1.5Si in at%). The actual composition of the alloy
is shown in Table I. The material was processed by
RSP using a plasma arc-melting/centrifugal atom-
ization (PAMCA) process. The details of the process
are provided elsewhere [16]. The powders produced
by this technique vary in size from 30—600 lm. The
powder was canned in a can made of Ti—6Al—4V and
hot pressed. This was then extruded at 955 °C with
a reduction ratio of 10 : 1. In all subsequent studies
care was taken to machine the outer can and the
diffusion interface.

The extruded product contained spherical titanium
silicides and elongated titanium borides. Samples
10 mm]5 mm]2.5 mm were cut from the extruded
bars and polished with emery paper and weighed.
These specimens were annealed at 500, 600, 700, 750,
800, 850 and 900 °C for 120, 1200, 2880, 4320 and
5760 min at each temperature in either an air or argon
(99.9% pure) environment, and water quenched. After
the heat treatments, the specimens were weighed and
sectioned to obtain cross-sectional information of the
microstructure. The specimens were mounted in bake-
lite, polished and etched with Kroll’s reagent. Vickers
hardness tests (using a Leitz Miniload hardness tester)
were made on the mounted samples using a 300 gf test
load and the hardness calculated. The average of eight
impressions was used.

Particle size and distribution were studied in the
scanning electron microscope. The number of par-
ticles were determined using an image analyser with
Jandil Video Analysis (JAVATM ) software and the area
of the particles was measured manually using a projec-
tion of micrographs and an AUTOCADTM software.

Oxidation studies involved isothermal tests of speci-
mens with dimensions of 5 mm]5 mm]1 mm in the
temperature range 600—950 °C for up to 4800 min in
a Perkin—Elmer Series 7000 thermal analysis system.
An atmosphere of pure air at a flow rate of
50 cm3 min~1 was used. The oxide scale and the base

TABLE I Composition of the Ti—8.5Al—1B—1Si

Element Amount (wt%)

Al 8.64
B 1.02
Si 0.99
O 0.11
C 0.13
N 0.022
H 36 (p.p.m.)
Ti Balance
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metal were studied using a electron probe micro-
analyser. In addition, specimens were placed in
a closed quartz tube furnace and oxidized for up to
100 h. The oxidation of alloy proceeded by using only
the trapped oxygen in the furnace.

3. Results and discussion
Ingot metallurgy is not recommended for dispersion,
eutectoid or precipitation strengthened titanium
alloys because of the coarsening of the dispersoids or
precipitates. The problems encountered with in situ
dispersion strengthening of ingot metallurgy alloys are
avoided by RSP. The addition of dispersoid-forming
elements to the starting material prior to RSP leads to
microstructural refinement and a large number of
dispersoids and precipitates. Hence large improve-
ments in both room- and elevated-temperature
strength and creep properties can be obtained. Ele-
ments added to titanium alloys prior to RSP include,
rare-earth elements (e.g. erbium, yttrium, lanthanum)
[8, 17], metalloid elements (e.g. boron, carbon, germa-
nium, silicon) [6, 18], and eutectoid formers (e.g. co-
balt, nickel, copper) [3, 17]. The rare-earth and metal-
loids have the potential of forming thermally stable
compounds. The rare-earths typically form an immis-
cible phase, like an oxide, while metalloids prefer to
form compounds with titanium. In addition, the rare-
earth forming elements scavenge interstitial oxygen,
and sulphur, from the titanium matrix depending
on the type of rare-earth element. The microstructu-
ral stability of the dispersoids is good only as long as
the alloys remain in the a phase field, because coarsen-
ing is very significant in the b phase field. In addi-
tion, particles at grain boundaries tend to coarsen
faster [17].

Carbon, boron, silicon and germanium form chem-
ically stable titanium compounds. The addition of
silicon to Ti—Al based alloys produces additional
solid-solution strengthening in RSP alloys. Attempts
to produce titanium alloys with greater than 2.5% Si
leads to segregation at grain boundaries. Addition of
0.5—1.5wt% Si to RSP Ti—Al alloys produces an
eutectoid reaction in which TiSi

2
intermetallic par-

ticles are formed. These particles develop spherical or
polyhedral shapes rather than displaying typical eu-
tectoid microstructures. Larger additions of silicon, of
the order of 5wt%, lead to a eutectic decomposition
with a fine-scale eutectic microstructure [19]. Boron
additions leads to the formation of high aspect ratio
filamentary dispersion of TiB particles and a fine grain
size [20]. Annealing the RSP ribbons at temperatures
between 800 and 900 °C causes coarsening to needle-
shaped precipitants and a slight coarsening of the
grains. The interstitial elements such as oxygen, nitro-
gen, carbon and hydrogen have strong affinity to
titanium and titanium alloys. Interstitial oxygen occu-
pies the octahedral voids in the h c p lattice resulting in
a tetrahedral distortion. In dilute solutions, the oxy-
gen is distributed randomly as single atoms. Depend-
ing on the concentration and type of alloy, addition of
oxygen produces an increment in the Young’s
modulus, promotes the formation of a phase (Ti Al)



[21] and stabilizes a by raising the a/(a#b) and
a/(a#a

2
) phase boundaries. Oxygen embrittles a-Ti

alloys by reducing dislocation glide and changing the
slip mode. The majority of the work on the stability
and coarsening characteristic of the borides has con-
centrated on the as-received rapidly solidified ribbons
[20], and there is a need for a microstructural stability
study on long-term exposure at elevated temperature
on the post-consolidated product.

3.1. As-received microstructure
Fig. 1 is a scanning electron micrograph of a polished
and etched as-extruded sample. The super a-matrix of
this alloy shows small, equiaxed grains. This indicates
that dynamic recrystallization occurred during the hot
extrusion. During this process, a large number of
nuclei of grains form which grow rapidly; however, if
they encounter an obstacle, such as a precipitate or
a dispersoid, their further growth is impeded as evid-
enced in the micrograph which shows the presence of
spherical particles at the grain boundary. The Ti—Al
binary phase diagram, shown in Fig. 2 [22], indicates
that under equilibrium conditions, when 8.5 wt% Al
is present, small amounts of the ordered a

2
phase

should be seen. This is not evident in the micrograph
taken on the SEM. In addition, the X-ray diffraction

Figure 1 Secondary electron image of the as-received alloy.

Figure 2 The Ti—Al phase diagram [22].
Figure 3 X-ray diffraction peaks of the Ti—8.5Al—1B—1Si, (a) as-
extruded material, (b) heat treated in argon at 704 °C for 24 h
followed by an air cool, and (c) heat treated in argon at 815 °C for
24 h followed by an air cool. Peaks: A, a phase; B, a

2
phase, C, TiB

phase; D, TiSi
2

phase.

pattern shown in Fig. 3 also suggests only the pres-
ence of an a-phase. The extruded sample was air cooled
from 955 °C, which is in the single-phase a region,
hence, the a

2
phase may not have precipitated. Results

of Gray et al. [23] on binary Ti—8.6Al have indicated
the presence of small amounts of a

2
in the form of

nano-sized dispersoids only visible by transmission elec-
tron microscopy. As no transmission electron micros-
copy was performed, conclusive evidence about the pres-
ence or absence of the a

2
phase could not be obtained.

The long rods present in the microstructure are
borides of titanium. Observations of the Ti—B binary
phase diagram [24] and the X-ray diffraction results
in Fig. 3, indicate that these rods are TiB. During
conventional casting, the TiB particles typically form
as coarse particles from the liquid solution as a eutec-
tic product. Using the RSP route, as in this case,
extended solubility of boron is possible. Boron is
a strong solid-solution strengthener in alloys formed
by RSP. The tetrahedrally coordinated radius of
boron is 0.088 nm, lying between the radii of the
titanium atom (0.145 nm) and the largest available
interstitial position in a-Ti (0.043 nm). The degree of
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distortion of the lattice and solution of strengthening
per weight per cent are quite high [25]. In the current
investigation, RSP ribbons of Ti—8.5Al—1B—1Si were
extruded at 955 °C, leading to the formation of rod-
shaped TiB particles aligned in the extrusion direc-
tion. In addition, spherical-shaped particles identified
as compounds of titanium and silicon using electron
microprobe analysis were found distributed through-
out the matrix with a higher concentration of these
particles at the grain boundaries. The Ti—Si binary
phase diagram [26], indicates that the possible com-
pound is of the kind Ti

3
Si. However, it has been

shown by X-ray diffraction in Fig. 3 that due to the
sluggishness of the reaction to form Ti

3
Si, the product

formed is TiSi
2
. The matrix of this microstructure has

a Vickers microhardness of 400 DPH.

3.2. Effect of heat-treatment time on the
coarsening behaviour of the
dispersoids and microhardness of
the matrix

3.2.1. Annealing at temperatures below
the a/a#a2 transius temperature

Currently, a quaternary phase diagram that incorpor-
ates titanium, aluminium, silicon and boron is un-
available. Boron and silicon are compound formers
with titanium and stabilize neither the a phase nor the
b phase. It can be assumed, with some approximation,
that in small amounts the boron and silicon contents
do not have a strong effect on the titanium-rich end of
the Ti—Al phase diagram. The aluminum content of
8.5 wt % puts the alloy in the two-phase a#a

2
region

at ¹(750 °C. The a
2

phase is an ordered DO
19

superlattice with a composition Ti
3
Al. The presence of

the a
2

phase increases high-temperature strength, but
significantly reduces low-temperature ductility. The
as-extruded samples were annealed at 500, 600 and
700 °C to study the stability and changes in micro-
structure of the alloy.

At all three temperatures of heat treatments for up
to 5760 min in either air or argon, very little change in
morphology or grain size was seen. This is contrary to
studies of heat treatment of RSP ribbons [6], which
contained boron in the solid solution where it was
found that the TiB rods that nucleate take up random
orientations. In this study the TiSi

2
particles are pre-

dominantly present at the grain boundaries of the
a matrix and hence grain-boundary diffusion appears
to aid the coarsening process. Some authors [27, 28]
have indicated that a

2
exists as an ellipsoid-shaped

particle, changing morphology with the oxygen con-
tent. The size scale of the a

2
particles was reported to

be of the order of +0.5 nm [23, 27] which precludes
its observation by optical and scanning electron
microscopy; however, the X-ray diffraction pattern
shown in Fig. 3b indicates the formation of the a

2
-

phase when the Ti—8.5Al—1B—1Si alloy heat treated at
704 °C in argon for 1440 min followed by air cooling.

Fig. 4 shows the hardness variation as a function of
time for samples heat treated in air and argon at
500 °C. The samples heat treated in air show a rapid
increase in microhardness to 465 DPH after 120 min
2206
Figure 4 Microhardness of the matrix of the Ti—8.5Al—1B—1Si as
a function of heat-treatment time in (j, d, m) air and (h, s, n)
argon at 500 °C: (j, h) mean, (d, s) maximum, (m, n) minimum.

which peaks at 4800 min at 482 DPH, followed by
a decline. Pure titanium exhibits good affinity to oxy-
gen and a-Ti can absorb as much as 10 wt% oxygen
in solid solution [29]. Oxygen stabilizes the a and
promotes the formation of the a

2
phase [21]. Because

oxygen is a solid solution strengthener, in the presence
of a

2
, it increases the hardness. In addition, it can be

postulated that the a
2

phase precipitates out. On pro-
longed heat treatment there is coarsening of the TiSi

2
and TiB particles. This leads to a depletion of boron
and silicon in the matrix leading to a drop in micro-
hardness of the matrix. The samples heat treated in
argon show a gradual increase in hardness with time,
without exhibiting a peak. The hardness after
5760 min is +450 DPH. During heat treatment in an
argon atmosphere (99.9% pure), the oxygen content is
very limited and hence there is a limited increase in
hardness due to solid-solution strengthening even
after 5760 min heat treatment at 500 °C.

Figs 5 and 6 show the hardness variation as a func-
tion of time for samples heat treated in air and argon
at 600 and 700 °C, respectively. The microstructure
and hardness response is similar to the 500 °C heat
treatment. When heat treated in air at 600 °C, the peak
hardness is about 465 DPH and occurs after approx-
imately 3000 min heat treatment, and when heat
treated at 700 °C the peak hardness is about 470 DPH
which was achieved at about 1000 min. At 500 °C, the
peak hardness is about 480 DPH and occurs after
approximately 4000 min heat treatment. The higher
temperature of heat treatment depletes the boron and
silicon in the matrix faster, and promotes softening of
the matrix. In addition, at higher temperatures, the
volume fraction of the a

2
precipitated also decreases.

When heat treated in argon (99.9% pure) at 600 °C
there is a gradual increase in hardness which is very
similar to the behaviour at 500 °C. At 700 °C, follow-
ing a gradual increase in hardness up to approxi-
mately 4000 min, there is a drop. As the oxygen content
in the argon is much smaller than in pure air it leads to
the slow increase in hardness. It must be noted that



Figure 5 Microhardness of the matrix of the Ti—8.5Al—1B—1Si as
a function of heat-treatment in (j, d, m) air and (h, s, n) argon at
600 °C: (j, h) mean, (d, s) maximum, (m, n) minimum.

Figure 6 Microhardness of the matrix of the Ti—8.5Al—1B—1Si as
a function of heat-treatment in (j, d, m) air and (h, s, n) argon at
700 °C: (j, h) mean, (d, s) maximum, (m, n) minimum.

the maximum hardness achieved in samples heat
treated in argon at 700 °C is lower than the minimum
hardness seen in the specimen heat treated in air at
700 °C.

3.2.2. Annealing at temperatures above
the a/a#a2 transius temperature

Based on the Ti—Al phase diagram, we are in the
single-phase a phase field at ¹Z750 °C. X-ray diffrac-
tion of the extruded Ti—8.5Al—1B—1Si heat treated for
1440 min at 815 °C, followed by an air cool, shown in
Fig. 3, indicates the absence of the a

2
phase. The

as-extruded samples were annealed at 750, 800, 850
and 900 °C to study the stability and changes in micro-
structure of the alloy.

3.2.2.1. Annealing at 750 °C in air and argon. The
microstructure after heat treatment for 5760 min at
750 °C in air or argon reveals limited changes in
morphology. The total number of dispersoids (TiB
and TiSi

2
) initially increases after 20 h annealing fol-

lowed by a steady decrease for longer times. A sum-
mary of the microstructural parameters as a function
of heat-treatment time at 750 °C is shown in Figs 7
and 8 for the air and argon heat-treated samples. The
significant results in these figures include the follow-
ing. (i) The number and area fraction of dispersoids
shows a maximum at 20 h followed by a steady de-
cline. (ii) In the air heat-treated sample, the number of
TiB particles decreased by 20% and area fraction also
by 20% on heat treatment for 5760 min, while the
number of TiSi

2
particles decreased by 50% and the

area fraction decreased by 25%. In addition, the mean
diameter of the TiSi

2
particle increased by 30%. (iii)

Heat treatments in air and argon show similar trends.
A plot of F"dM 4!dM 4

0
versus time (where dM is the mean

diameter of a TiSi
2

particle at time t"t and dM
0

is the
mean diameter of a TiSi

2
particle at time t"0 when

the sample is heat treated at 750 °C) yields a straight line
for both the air and argon heat-treated samples. The

Figure 7 Area fraction of dispersoids as a function of heat-treat-
ment time in (a) air and (b) argon at 750 °C. (j) Total dispersoids,
(d) TiB particles, (m) silicide particles.
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Figure 8 Number of particles per square micrometre as a function
of heat-treatment time in (a) air and (b) argon at 750 °C. (j)
Dispersoids, (d) TiB rods, (m) silicide particles.

coarsening behaviour exhibits a relationship of the
kind F"dM 4!dM 4

0
. Fig. 9 shows a plot of F versus time

for air and argon, respectively. The slope of the plots
yields k, the rate constant for coarsening (F"kt). The
TiSi

2
particles are predominantly present at the grain

boundaries while the TiB particles are scattered
throughout the matrix. Coarsening of TiSi

2
particles is

promoted by grain-boundary diffusion. Bhattacharya
and Russell [30] have shown that k can be expressed
in the form

k "

(D
"
C

"
)dc»2

.
R¹

(1)

where »
.

is the molar volume of a particle, c the
particle/matrix interfacial energy, d the grain-bound-
ary thickness, D

"
the grain-boundary diffusion co-

efficient of the active species, and C
"

the component
solubility in the grain boundary.

There is little difference in the k values for air and
argon heat-treated samples (k"2.38]10~30 m4 s~1

in air and in argon at 750 °C) and hence it can be
2208
Figure 9 Plot of F of the TiSi
2

particles as a function heat-treat-
ment time at 750 °C in air and argon, where F"d4!dM 4

0
, and

d
0
"TiSi

2
particle size at t"0 and d"TiSi

2
particle size at time

t"t. (j) Air and (d) argan.

Figure 10 Microhardness of the matrix of the Ti—8.5Al—1B—1Si as
a function of heat-treatment in (j, d, m) air and (h, s, n) argon at
800 °C: (j, h) mean, (d, s) maximum, (m, n) minimum.

inferred that oxygen does not play a significant role in
the coarsening behaviour of the TiSi

2
particles. In

addition, it should be noted that the coarsening rate of
these particles is very slow at 750 °C. It is known that
silicon diffuses faster in b-Ti (b c c) compared to a-Ti
(h c p) [31]. In this study it was found that the coarse-
ning rate increased rapidly as the temperature was
raised into the two-phase a#b region.

3.2.2.2. Annealing at 800, 850 and 900 °C. Figs 10, 11
and 12 show the hardness variation as a function of
time for samples heat-treated in air and argon at 800,
850 and 900 °C. The microstructure after 5760 min
heat treatment is very similar to that formed after
the treatment at 500 °C for 5760 min. However, the
microhardness of the matrix shows some distinct



Figure 11 Microhardness of the matrix of the Ti—8.5Al—1B—1Si as
a function of heat-treatment in (j, d, m) air and (h, s, n) argon at
850 °C: (j, h) mean, (d, s) maximum, (m, n) minimum.

Figure 12 Microhardness of the matrix of the Ti—8.5Al—1B—1Si as
a function of heat-treatment time in (j, d, m) air and (h, s, n)
argon at 900 °C: (j, h) mean, (d, s) maximum, (m, n) minimum.

dissimilarities. At 800 °C, the samples heat treated in
air show an initial increase to 450 DPH after 100 min,
after which there is a monotonic decrease. When heat
treated in argon, the peak in hardness occurs at
4000 min after which there is a drop. The hardness
after 5760 min is identical in both air and argon envi-
ronments. At 850 and 900 °C, the samples heat treated
in air show a rapid decrease in hardness to a value that
is below the hardness of the non-heat-treated alloy.
However, the samples that were heat treated in argon
did not show much of a variation in hardness even
after 5760 min heat treatment.

3.3. Effect of temperature on the
microhardness of the matrix

Figs 13, 14 and 15 represents the variation of micro-
hardness with temperature of heat treatment for
Figure 13 Microhardness of the matrix of the Ti—8.5Al—1B—1Si as
a function of heat-treatment temperature for samples heat treated in
(j, d, m) air and (h, s, n) argon for 120 min: (j, h) mean, (d, s)
maximum, (m, n) minimum.

Figure 14 Microhardness of the matrix of the Ti—8.5Al—1B—1Si as
a function of heat-treatment temperature for samples heat treated in
(j, d, m) air and (h, s, n) argon for 2880 min: (j, h) mean, (d, s)
maximum, (m, n) minimum.

samples heat treated for 120, 2880 and 5760 min, re-
spectively. In samples heat treated in air for 120 min,
the microhardness is insensitive to annealing temper-
ature up to 700 °C, after which there is a rapid de-
crease in hardness. The argon heat-treated samples
shows an increase in hardness which levels off at
temperatures above 700 °C. Samples heat treated for
2880 min in air exhibit a gradual decrease in hardness
with an increase in temperature in the range
500—700 °C. At ¹'700 °C there is a rapid decrease in
hardness. In the samples heat treated in argon, the
hardness is almost steady in the 500—800 °C range at
+430 DPH followed by a small drop at ¹'800 °C.
In samples heat treated for 5760 min in air the micro-
hardness drops from a peak value of +475 DPH at
500 °C to +390 DPH at 900 °C while the argon heat-
treated sample experiences a constant hardness of
+450 DPH in the temperature range 500—600 °C
2209



Figure 15 Microhardness of the matrix of the Ti—8.5Al—1B—1Si as
a function of heat-treatment temperature for samples heat treated in
(j, d, m) air and (h, s, n) argon for 5760 min: (j, h) mean, (d, s)
maximum, (m, n) minimum.

followed by a gradual decrease to +420 DPH after
5760 min.

When considering the effect of time and temper-
ature on the microhardness of the matrix there are
three issues to be considered:

1. the increase in matrix microhardness due to
solid-solution strengthening effect of oxygen in the
a matrix;

2. the formation and dissolution of the a
2

phase;
3. the coarsening of the TiSi

2
and TiB particles with

the consequential decrease in the supersaturation of
the a matrix.

The three issues will now be discussed with respect
to the observed results.

3.3.1. Oxygen as a solid-solution
strengthener

Oxygen is an a stabilizer and also aids in the precipita-
tion of the a

2
phase. The Ti—O phase diagram [29]

indicates that the maximum solubility of oxygen in the
lattice of pure titanium is +14 wt% and remains
unchanged in the 550—1700 °C range. Oxygen, by vir-
tue of its small size, can provide interstitial solid-solu-
tion strengthening. This effect is apparent even at
short heat-treatment times for samples treated in air.
The effect is less pronounced and slower in argon-
treated samples as the oxygen content in the argon is
less than 0.1% by volume. The peak hardness in the
argon heat-treated samples is always lower than the
air heat-treated samples.

3.3.2. The formation and dissolution
of the a2 phase

The as-received sample was extruded at 955 °C, which
is in the single-phase a region, and cooled rapidly,
hence the a

2
phase probably was not precipitated out.

The Ti—Al phase diagram indicates that the ordered
a phase forms at ¹(750 °C in this alloy. Heat

2

2210
treatments at ¹(750 °C indicate that high strengths
are developed and the a

2
phase is formed. At

¹'750 °C it can be seen that the a
2

phase does not
contribute to strengthening and there is a rapid drop
in microhardness for the 2880 and 5760 min heat
treatments. In the argon heat-treated samples, the
drop in hardness is not as precipitous at ¹'750 °C
compared to the air heat-treated samples, because the
kinetics of oxygen solubility is much slower due to the
low oxygen content in the argon gas. It should,
however, be noted that the hardness of the argon
heat-treated samples never reaches that of the peak
hardness of the air heat-treated sample.

3.3.3. The coarsening of the TiSi2 and TiB
particles

The coarsening of the TiSi
2

leads to a decrease in
supersaturation of silicon in the a matrix. Silicon
behaves as a substitutional solid-solution strengthener
and as the TiSi

2
particles coarsen, the contribution of

silicon as a solid-solution strengthener decreases. This
coarsening behaviour of the TiSi

2
particles shows

a similar trend in both air and argon and hence the
contribution is similar in both cases. Boron is also
a solid-solution strengthener and as the TiB particles
coarsen, the contribution of boron as a solute to the
matrix hardness, decreases.

3.4. Oxidation of titanium alloys
One of the principle limitations of the use of titanium
alloys and titanium intermetallics is their poor oxi-
dation resistance and embrittlement at elevated
temperatures. The principal problems are (a) loss of
structural material by oxide scale growth, and (b) embrit-
tlement of the alloy surface layer by dissolved oxygen.

The oxidation of pure titanium has been extensively
studied, and a good review can be found elsewhere
[32]. In the 750—950 °C temperature range, the oxida-
tion of pure titanium obeys a parabolic rate law fol-
lowed by a linear region. During the parabolic period
the reaction is controlled by diffusion of the reacting
species through a compact TiO

2
layer which adheres

with the base metal and generally conforms to Wag-
ner’s theory of oxidation. It has been found that once
the oxide layer is about 15—20 lm thick, continuous
cracks appear between the oxide layer and the metal
base. Further oxidation leads to the formation of
stratified scales. The oxidation following the cracking
and stratification of oxide scales follows a pseudo
linear law [33]. This description of oxidation largely
applies to titanium alloys as well. However, the
growth rate of the oxide and the oxygen diffusion
coefficient in the substrate and the oxide may be
appreciably altered depending on the specific alloy’s
content [32].

3.4.1. Kinetics of oxidation
The rate of oxidation is measured by weight
gain which may be caused by oxide-scale growth as
well as oxygen dissolution in the alloy. Hence two



Figure 16 Weight gain per unit area as a function of time due to
oxidation in flowing air at 50 cm3min~1 in the temperature range
750—950 °C: () ) ) ) 750 °C, (- - -) 800 °C, (— — — ) (850 °C), (— — —)
900 °C, (——) 950 °C.

weight-gain laws have to be employed, each with its
specific rate constant and rate exponent. However, it is
difficult to separate the contribution from each of the
two processes. Hence, the weight gain in titanium-
based alloys is usually described by a rate equation of
the form [34—36]

¼"k
1
tn (2)

where ¼ is the weight gain per unit area, k
1

the
oxidation rate constant, n the rate exponent, and t the
time. In certain cases the value of n is a constant at
different temperatures of testing, and under those con-
ditions, k

1
follows an Arrhenius relation of the form

k
1

" k
0
expA

!Q
%&&

R¹ B (3)

where Q
%&&
"effective activation energy for oxidation

and k"constant for a given material.

3.4.1.1. Oxidation in flowing air. Fig. 16 shows a plot
of the weight gain per unit initial surface area versus
the annealing time for oxidation in temperature range
750—950 °C in an environment of 50 cm3 min~1 flow-
ing air. At temperatures below 750 °C, the amount of
weight gain was below the resolution limit of the
balance in use. However, the surface of the specimen
did show discolouration, indicating that a limited
amount of oxidation did occur. The weight gain data
in Fig. 16 appear to fit a parabolic behaviour. Subtle
variations of the oxidation behaviour are better re-
vealed by plotting the oxidation rate constant as
a function of time. Fig. 17 is a plot of k

1
as a function

of time at various temperatures. It can be clearly seen
that in the temperature range 750—900 °C a clear para-
bolic oxidation behaviour is observed. This indicates
the formation of protective oxide scale and oxidation
kinetics are controlled by the diffusion of the active
species through the oxide scale. However, at 950 °C it
is clear that a pseudo parabolic behaviour is seen with
Figure 17 Parabolic oxidation rate constant as a function of time
during oxidation in flowing air at 50 cm3min~1 in the temperature
range 750—950 °C: () ) )) 750 °C, (- - -) 800 °C, (— — —) (850 °C),
(— — —) 900 °C, (——) 950 °C.

Figure 18 Weight gain per unit area as a function of time due to
oxidation in static air in the temperature range 750—900 °C: (j)
750 °C, (d) 800 °C, (m) 850 °C, (r) 900 °C.

the oxidation rate constant which increases with time.
This indicates that there is a breakdown of the protec-
tive oxide scale at 950 °C. Beyond this temperature
there is a rapid increase in the oxidation kinetics and
no attempt was made to quantify this behaviour.

3.4.1.2. Oxidation in static air. Oxidation tests were
conducted in a sealed quartz tube where the total
content of air was 200cm3. Fig. 18 is a plot of weight
gain as a function of time at various oxidation temper-
atures. The total weight gain at comparable temper-
atures is significantly lower in static air in comparison
to an environment of flowing air. The difference in
kinetics arises from a difference in the arrival rate of
oxygen atoms at the surface of the sample. When
flowing air is used there is a constant supply of oxygen
atoms at the oxidation front, whereas in a sealed tube,
2211



Figure 19 (a) Secondary electron image of the oxide scale and base
material of the Ti—8.5Al—1B—1Si alloy exposed for 4320 min in an
environment of flowing air at 950 °C. (b) Titanium X-ray dot map,
(c) aluminium X-ray dot map (d) silicon X-ray dot map, (e) oxygen
X-ray dot map.

on the oxidation temperature and times. Oxidation at
temperatures below 700 °C for 120 min resulted in
specimen surface discolouration which is blue in col-
our. Above 700 °C (including oxidation at 700 °C for
more than 48 h) the surface was covered by a blue and
grey scale. This blue/grey colouration became lighter
as the temperature and/or oxidation time was in-
creased. At temperatures above 1075 °C the specimen
was covered by a thick yellow layer. Oxide scales
obtained after annealing in the temperatures range
800—900 °C are very brittle and spall very easily.
there is a continuous drop in oxygen partial pressure
as it is consumed, and the arrival rate of oxygen atoms
at the oxidation surface is controlled by the convective
currents in the tube.

3.4.2. Oxide-scale morphology
In both static and flowing air tests the specimen’s
surface exhibited various different colours depending
2212
Samples exposed for 96 h at 950 °C in flowing air
have a well-defined oxide scale; cross-sections were
made and back-scattered micrographs showing the
base metal and the oxide scale, together with titanium,
aluminum, silicon and oxygen X-ray dot maps are
shown in Fig. 19a—e, respectively. Several distinctive
regions are visible. These include region 1 in contact
with air, which is pure TiO

2
and is between 20 and

80 lm thick. This is followed by a thin region, 2, of
pure Al

2
O

3
which is approximately 10—15 lm thick.

This is followed by region 3, which is primarily TiO
2

with small particles of SiO
2

scattered in it. Region 4 is



the base material which has TiB rods and spherical
TiSi

2
particles. It is important to note that the TiB

rods are completely dissolved in the oxide without any
trace. As the atomic number of boron is smaller than
the resolution limit of the microprobe, it was not
analysed. It is important to note that regions 1 and
2 also do not contain any silicon. This indicates clearly
that the formation of regions 1 and 2 involves the
outward growth of the oxides of titanium and alumi-
nium, while region 3 is due to the growth of the oxide
into the base material.

3.4.3. Activation energy for oxidation
Fig. 20 is a plot of K

1
versus 1/¹; the slope of the plot

yields the activation energy of oxidation. Table II also
lists the activation energies for oxidation in the cur-
rent tests as well as for various other systems. When
oxidized in an environment of flowing air, the
activation energy was found to be 200 kJmol~1.

Figure 20 K
1

versus 1/¹ for the Ti—8.5Al—1B—1Si. Superimposed
are data for several other systems: (j) Ti—8.5Al—1B—1Si (static air),
(d) Ti—8.5Al—1B—1Si (50 cm3min~1 air), (m) Ti—48Al, (e) TiO

2
, (h)

Al
2
O

3
.

TABLE II Activation energy for oxidation and diffusion in vari-
ous titanium alloys

Alloy stoichiometry (wt%) Activation
energy (kJ mol~1)

Pure Ti [37] 239
Ti—1.5 wt% Al 183
Ti—9.7 wt% Al 209
Ti—15.81 wt% Al 269
Ti—16.52 wt% Al 255
Ti—22.5 wt% Al 299
Ti—35Al (400 p.p.m. oxygen) [38] 324
Ti—8.5Al—1B—1Si (in closed furnace)

(present work)
303

Ti—8.5Al—1B—1Si (50 cm3min~1 air flow)
(present work)

200

O diffusion in TiO
2

[39] 234
Ti diffusion in TiO

2
[41] 257

O diffusion in Al
2
O

3
above 1400 °C [42] 460

O diffusion in Al
2
O

3
above 1400 °C [43] 587

O fast diffusion paths in Al
2
O

3
[44] 241

Al diffusion in polycrystalline Al
2
O

3
[42] 477
When oxidized in a static air environment, the activa-
tion energy is 303 kJ mol~1. The activation energy in
flowing air is equal to the activation energy in
a Ti—9.7Al alloy shown in Table II. This low value of
activation energy is due to the formation of cracks in
the oxide which lead to short cuts in the oxidation
pathways. This behaviour is seen in Fig. 19 where
a crack is evident in the TiO

2
oxide scale. When

oxidized in an environment of static air, the oxidation
is controlled by the arrival of oxygen atoms to the
oxidation front and the rate of growth of the oxide is
slower than in flowing air. In addition, the formation
of a compact oxide scale of TiO

2
yields a higher

activation energy.

4. Conclusions
The microstructural stability of Ti—8.5Al—1B—1Si
(wt%) in the temperature range 500—900 °C was
studied. The variation of microhardness of the matrix
was studied as a function of time and temperature in
air and argon atmospheres. The following results can
be inferred from the experiments.

1. The coarsening behaviour of the TiSi
2
particles is

primarily by grain-boundary diffusion at 750 °C and
follows a rate equation of the form dM 4!dM 4

0
"kt with

k"2.38]10~30 m4 s~1 in air and in argon at 750 °C.
2. Oxygen behaves as a solid-solution strengthener

and its effect is more pronounced in the air heat-
treated samples compared to the argon heat-treated
samples.

3. When heat treated in air, there is a sharp drop in
matrix hardness at ¹'750 °C for all times. This
could be attributed to two reasons; (a) the a

2
phase

present in the matrix dissolves on moving into the
single-phase a-phase field, and (b) the coarsening of
the silicides and borides depletes the matrix of silicon
and boron decreasing the solid-solution strengthen-
ing.

4. This alloy has an activation energy for oxidation
of 303 kJmol~1 when oxidized in a closed chamber
and an activation energy of 200 kJmol~1 when oxi-
dized in flowing air with a flow rate of 50 cm3min~1.
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