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The phase equilibria between titanium, Ti-f(bec) and Ti-a(hep),
titanium aluminide, TigAl-a2(hcp), and titanium silicide, TisSiz(hcp), have
been investigated in the temperature range of 973 to 1473K. The ternary
titanium alloys containing 14 to 22at% aluminium and 1 to 3.5at% silicon,
and additional quaternary alloys containing lat% niobium or zirconium
were produced by arc melting. The as-cast samples were then homogenised at
1573K, quenched and isothermally heat treated at temperatures between 973
and 1373K. The as-cast, as-quenched and isothermally heat treated
microstructures have been characterised by light and analytical electron
microscopy, and X-ray diffractometry. The effect of alloying elements on the
morphology of allotropic transformation, Ti-f(bcc)->Ti-alhcp), was studied
using the quenched samples. The morphologies observed have been
correlated with the possible types of reaction for the allotropic decomposition
of Ti-f(bcc) phase. Quantitative chemical analyses of the phases identified in
the isothermally heat treated samples were carried out by analytical electron
microscopy equipped with X-ray energy dispersive analysis (EDX). The
experimental results for the ternary system were then used for the
thermodynamic modelling of the Ti-rich corner of the Ti-Al-Si phase
diagram. The sublattice model was used to describe mathematically the
phases under investigation. Finally, a calculated version of a portion of the

ternary phase diagram has been proposed.
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Ti-14Al-15i-1Zr alloy as-quenched from 1300°C+4 hours............. 101
grain boundary a sideplates; SEM-SEI; '
a plates presenting 3 variants of growth; SEM-SEL;
detail of the faceted boundary of a primary a plate; TEM-BFI;
high density of dislocations inside a primary a plate; TRM-BA
andSADP: B={1210)e
hexagonal-shaped silicdde; TEM-BFL
Ti-14Al-1S5i-1ND alloy as-quenched from 1300°C-4 hours:.......... . i -
primary a plates and colonies of parallel plates; SEM-SEL; (ammows
A and B pointatmassive grains cossing prior B grain boundaries);
faceted primary o plates and colony of secondary parallel o plates; TEM-BFI;
colony of parallel a plates showing retained j; TEM-BFI;
retained P along boundaries of parallel & plates; TEM-DFL: B=(001]g
and g=(010)g
Ti-16A1-3.55i alloy as-quenched from 1300°C-4 hours................ 1B
a sideplates and secondary silicides (precipitated along prior p
grain boundaries and a plate boundaries); SEM-BEI;
detail of a plates and secondary silicides; TEM-BFL;
TizAl APDs; TEM-DFI:B=[5416lq2 and g={1011)g2
TEM-BFI of prior micrograph.
Ti-22Al alloy as-quenched from 1300°C-4 hours. - 104
massive grains; LM;
detail of the boundary between massive grains; SEM-BEI;
(arrows A and B shows ledges)
presence of colonies of parallel a plates; SEM-BEIL;
detail of the colonies showing parallel  plates; SEM-SEI;
Ti-22Al alloy as-quenched from 1300°C-4 hours............cccomucnnnirens 105
presence of “acicular” massive grain (arrow A); TEM-BFI;
detail of iregular boundary between massive grains (ammow A} TEM-BFT;
stacking-faults present in massive grains; TEM-BFI;
Ti3Al APDs ; DFI of prior micrograph: B=[5416lq2 and
g={1011)a2
Ti-22A1-1.05i alloy as-quenched from 1300°C-4 hours...ooccoeoee. 106
massive grains precipitated along prior f grains boundary; LM;
transition from massive to colony of parallel a plates,SEM-SEL;
colonies of parallel a plates; SEM-SEL;
detail of a colony of parallel a plates; SEM-SEL
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4.2.10.

Bn oe

primary a plate (righty adjacent colony of peralld o plaes presenting sub-
units {(centre}; and faceted o "grain” (eftt TEM-BFT;

TEM-DFI of prior micrograph: g={0220)q; B={2113]q

interfacial structure of sub-units (arrows A and B point at
ledges of growth); TEM-DFI: g=(1011)g and B=[2113]q

Ti3Al APD's; TEM-DFE: g=(1011)g2.

Ti-20Al-15i-1Zr alloy as-quenched from 1300°C4 howrse............
presence of massive grains (amows A and BY; pimary a plakes (upper lefil
and grain boundarya sideplates Jower entre); SEM-SEL

detadl of primary a plates and eolonies of ssoondary parallel a plates (arows
A and B pointatirregular interfaces} TEM-BF;

detail of a colony of sscondary parallel a plates (ammows A and B point at sub-
unitsy TEM-BF;

"adicular’ massive grain presenting Ti3Al APD's; TEM-DFE g=(12 102 and
B{1010k2

Ti-20Al-15i-1Nb alloy as-quenched from 1300°C-4 hours.............
grain boundarya sideplates; SEM-SEL

faceted prim arya plates and colonies of parallel secondary o plates; SEM-SE;
presence of massive grains; SEM-SH;

fceted (amow A) and aurved (arow B) boundary between o massive
gains TEM-BF,

Ti-20Al-1Si-1ND alloy as-quenched from 1300°C4 hourse............
Baceted boundary between a massive grmin and a mlony of peralld o plates;
TEMBFR,

primary @ plale presenting imegular boundary with alonies of paralld a
plates, the Latter featuuringpresence of subunits TEM-8H;

interfacial structure of the sub-units (arrows A and B); TEM-BFI;
presence of TizAl APD's; TEM-DFE: g=(1120)q2.

silicide precipitation; SEM-BEI;
@ plates, massive grains (amow A)and silidde predpitation; LM;
hexagonal-shaped silicide; TEM-BFT;

elongated sub-units inside an & plate (arrows A and B); TEM-BF: B={1 2 10}
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Ti-22Al-3.55i as-quenched from 1300°C-4 hours:
detail of a sub-unit; BFI-TEM;

TAl APD's (armows A and B point at elongated domainsnormal 1o the sub-
boundaryt TEM-DF of prior micrograph: g=(1010ly2 and B=001 b2
elongated Ti3Al domaing TEM-DFE g={1 2 10)g2 and B={1010}e2
Ti-22Al-3.55i as-quenched from 1300°C4 hours:
detail of interfacial structure of a plake; BELTEM;
eongied TizAl AFDs TEM-DFI of prior micogaph: g<0111)2 and
B=l1213 2

elongated Ti3Al domaing TEM-DFE g=0111)g2

Isothermally Heat Treated Samples................. -
Ti-16A1-355i - 1200° Clor 24 hours; transf P + silicide; SEM-BE;
TH2AIS - IXD" Clor 4 hours transf i + silicide SEM-BEF,
THEASS - 11007 Clor 48 hours transf B+ silicide. SEM-BE,

Ti-16Al-355i - TM00°C for 48 hours; detsil of transiormed  presenting
primarya plates with Gostedboundanies TEM-BF,

Isothermally Heat Treated Samples - S
Ti-Z2Al-1Si - 11007 C for 48 hours; transformed B + o2 SEM-BE;

Ti-Z2Al-15i - 1100°C for 48 hours; detail of transf P + o2 micostrudure,
showing small a2 APDs and a large o2 grain; TEM-DF, g-(1010)2;
Ti-Z2AJ-355] - 1100° Clor 48 hours; transform ed § + o2 SEM-BEL;
THR2AIASS] - 11007 C for 48 hours; detail of transformed P microstructure,
showingmloniesof parallel a plates TEM-BF,

THRAIASS - 1100"C for 48 hours; detail of transf } + o2 microstruchure,
showing small o2 APTS and alarge o2 grain; TEM-DFL g=(101 12
Isothermally Heat Treated Samples
THGAMS - 100" Clor 72 hours, equiaed o grains and slidde precipitaion
alonga grain boundaries SEM BH.

Ti-6AI-ASS - 1000°C for 72 hours remvered/recnystallised a grains and
Ti-16A1-3551 - 1000"C for 72 hours; detafl of the recovered frecrystallised o
grains showin grearran gement of dislocations TEM-BH

Ti-2Al-15i - 1000° C for 72 hours, o2 grain Aubgrains micostruchure; SEM-
BEL

THRAMSI - 1W00°C for 72 howss detail of o2 gain/Aubgnins
microstructure; TEM-DFL g=<(101 1oz
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4.2 As-quenched samples

The samples were held at 1300°C for four hours and then water
quenched following the procedure described in chapter 3. Light and electron
microscopy examinations showed at least four microstructural features of
transformed B which were morphologically "distinct”. These include:
®* massive o: Featureless grains presenting irregular interfaces under
light microscopy. TEM observation of some of these areas showed absence
of sub-boundaries and presence of dislocations and stacking faults. SEM-
microanalysis established that there was no detectable difference in
chemical composition between massive grains and colonies of parallel
plates, usually the morphology adjacent to massive grains.

* colonies of parallel a plates: Presence of colonies observed under
light microscopy, TEM observation of these areas showed that one
singular plate may be composed of many aligned sub-units (sheaves);

e primary o plates: Larger isolated plates, usually presenting two
variants of growth. Between adjacent primary plates there were usually
found colonies of parallel secondary a plates. Another possibility is the
presence of a zig-zag microstructure (3 variants of growth). Primary plates
showed internal presence of dislocations and a faceted boundary.

» secondary o plates: They were usually found either as colonies of
parallel « plates or as a zig-zag microstructure (3 variants of growth),

The microstructure of sample 1A (Til6Al) (figure 4.2.1.a) shows
large grains (~600um) of transformed J. The grains have a rather irregular

shape with boundaries presenting various forms such as irregular curves or
numerous facets (figures 4.2.1.a and 4.2.1.c), resembling strongly a
decomposition via massive type transformation [PLI 77][PLI 78][PLI 79][PLI
80][MAS 84][RUC 90][WAN 92]. The massive grains when examined under
TEM, presented a low density of dislocations (figure 4.2.1.e). In some areas of
the sample the presence of 2 variants of colonies of parallel plates is observed
(see figure 4.2.1.b), suggesting the existence of at least two competing
mechanisms for the formation of a phase. Figure 4.2.1.d. shows that the
parallel plates are composed internally of parallel subunits, and the arrows
point at the possible presence of ledges, suggesting that the growth of
colonies of parallel plates occurs by ledge mechanism. Observation of the
areas near the surface of the samples, exposed to higher cooling rates, showed
predominant presence of colonies of parallel a plates, which indicates that
this morphology is formed under higher undercoolings. It is suggested that
























Figure4.22. Ti-16Al-1Sialloy as-quenched from 1300TC-4 hours,

a) massive grains; LM;

b) detail of interface between massive grains; LM;
(arrows A and B point at preferentially oriented adcular-like facets);

c) colonies of parallel a plates; SEM-SEI;

d) small colonies of secondary « plates; SEM-SEI;
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Figure4.2.3. Ti-14Al-15i-17r alloy as-quenched
from1300°C-4 hours.

a) grain boundary « sideplates; SEM-SEI;
b) @ plates presenting 3 variants of growth; SEM-SEI;
c) detail of the faceted boundary of a primary a plate; TEM-BFI;

d) high density of dislocations inside a primary a plate;
TEM-BFI and SADP: B=[1210) -

e) hexagonal-shaped silicide; TEM-BFL
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Figure42.4. Ti- 14A- 15i- INb alloy as-quenched
from 1300 C-4 hours:

a) primary a plates and colonies of parallel plates; SEM-SEL;
(arrows A and B pointatmassive grains qossing prior B grain boundaries);

b) faceted primary a plates and colony of secondary parallel a
plates; TEM-BFI;

c) colony of parallel a plates showing retained ; TEM-BFI;

d) retained P along boundaries of parallel a plates;
TEM-DFIL: B=[001]g and g=(010)§ (SADP given below)
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Figure4.2.5. Ti-16Al-3.55i alloy as-quenched
from 1300°C- 4hours.

a) a sideplates and secondary silicides (precipitated along prior
grain boundaries and « plate boundaries); SEM-BEL

b) detail of a plates and secondary silicides; TEM-BFI;

¢) TisAl APDs; TEM-DFI: B=[5416]¢2 and g=(1011)¢2 (SADP
given below)
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d) TEM-BFI of prior micrograph.
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Figure4.2.6. Ti-22Al alloy as-quenched from 1300°C-4 hours.
a) massive grains; LM;

b) detail of the boundary between massive grains; SEM-BEL
{(arrows A and B shows ledges)

c) presence of colonies of parallel a plates; SEM-BEL

d) detail of the colonies showing parallel a plates; SEM-5EL;
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Figure4.2.6. Ti-22Al alloy as-quenched from1300°C-4 hours.

e) presence of "acicular" massive grain (arrow A); TEM-BFI;

f) detail of irregular boundary between massive grains (arrow A);
TEM-BFI;

) stacking-faults present in massive grains; TEM-BFI;
& 8 P E

h) Ti3Al APDs ; DFI of prior micrograph: B=[5416]g2 and
g=(10ii)a2
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Figure4.2.7. T+-2Al- 1.051alloyas-quenched from 1300'C-4 hours:

a) massive grains precipitated along prior p grains boundary; LM;

b) transition from massive to colony of parallel a plates;
SEM-SEL;

c) colonies of parallel a plates; SEM-SEL; b

d) detail of a colony of parallel o plates; SEM-SEL






Figure4.2.7. Ti-22A1-1.05i alloy as-quenched from 1300 C- 4 hours:

e) primary a plate (right); adjacent colony of parallel a plates
presenting sub-units (centre); and faceted « "grain” (left); TEM-BFI;

f) TEM-DFI of prior micrograph: g=(0220)¢; B=[2113]¢ (SADP given
below);
r’O;::go)
(0124)(1121)
‘ i
'O'J.C'c') ?f i)

“’1);)

g) interfacial structure of sub-units (arrows A and B point at ledges of
growth); TEM-DFI: g=(1011)¢ and B=[2113)e;

h) Ti3Al APD's; TEM-DFL: g=(1011)g2.
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Figure4.28 Ti-20Al- 151 17r alloy as-quenched
from1300°C-4 hours:

a) presence of massive grains (amows A and B); primary a plates
(upperleft); and grain boundary « sideplates (lower centre); SEM-SEI;

b) detail of primary a plates and colonies of secondary parallel a
plates; SEM-SEI;

¢) detail of primary o plates and colonies of secondary parallel «
plates (arrows A and B point atirregular interfaces); TEM-BFL;

d) detail of a colony of secondary parallel « plates (arrows A and B
pointatsubunits); TEM-BFI;

e) "acicular” massive grain presenting Ti3Al APD's;
TEM-DFI: g=(1210)¢2 and B=[1010]¢2 (SADP given below)
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Figure4.29. Ti-20Al-1Si-1INballoyas-quenched
from 1300°C -4 hours:

a) grain boundary a sideplates; SEM-SEL;

b) faceted primary « plates and colonies of parallel secondary «
plates; SEM-SEL

c) presence of massive grains; SEM-SEI;

d) faceted (arrow A) and curved (arrow B) boundary between two
massive grains; TEM-BFI;
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Figure 4.2.9. Ti-20Al-1Si 1Nballoyas-quenched
from 1300'C-4 hours:

e) faceted boundary between a massive grain and a colony of
parallel a plates; TEM-BFI;

f) primary a plate presenting irregular boundary with colonies
of parallel @ plates, the latter featuring presence of sub-units;
TEM-BFI;

g) interfacial structure of the sub-units (amows A and B); TEM-BFI;

h) presence of retained B along a/a plate boundaries;
TEM-DFIL: g=(110)g;

i) presence of TisAl APD's; TEM-DFI: g=(11 20)q2.
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Figure4.2.10. Ti-22A-3.55i alloyas-quenched
from 1300°C-4 hours:

a) silicide precipitation; SEM-BEL;

b) a plates, massive grains (amow A) and silicide precipitation;
LM;

¢) hexagonal-shaped silicide; TEM-BFI;

d) elongated sub-units inside an a plate (arrows A andB);
TEM-BFI: B=[1210]a2
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Figure 4.2.10. Ti-22A-3.551 alloyas-quenched
from1300°C-4 hours:

e) detail of a sub-unit; BFI-TEM;

f) TiaAl APD's (arrows A andB point at elongated domains normal to the
subtoundary); TEM-DFI of prior micrograph: g=(1010)a2 and
B=[0001]cr2
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g) elongated TizAl domains; TEM-DFI: g-(lilD)aZ and
B=[1010)¢2
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Figure 4.3.16. Isothermally Heat Treated Samples.

a) alloy Ti-16Al-15i reacted at 800°C for 14 days; displacement
fringe contrast showing homogeneous o2 particles; TEM-BFI:
=[1546]2; (SADP given below)

b) alloy Ti-16Al-15i reacted at 800°C for 14 days; homogeneous
and heterogeneous al precipitation; TEM-BFI: B=[0001]g2;
(SADP given below) _ .

c) alloy Ti-16Al-15i reacted at 800°C for 14 days; homogeneous
and heterogeneous a2 precipitation; TEM-DFI: B=[0001]g2 and
g’(ZiiU)M;
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Figure 4.3.1.7. Isothermally Heat Treated Samples.
a) alloy Ti-16Al-1Si reacted at 800°C for 14 days; detail of
homogeneous a2 precipitation; TEM-DFI: B=[1100]g2 and

g=(1120)¢2; (SADP given below)

b) alloy Ti-16Al-15i reacted at B00°C for 14 days; detail of
homogeneous a2 precipitation; TEM-DFL: B=[0001]g2 and
g=(1120)q2:

c) alloy Ti-16Al1-3.55i reacted at 800°C for 14 days; heterogeneous
and homogeneous a2 precipitation; TEM-DFI: B=[0001]g2 and
g=(1120)a2;

d) alloy Ti-16Al-3.55i reacted at 800°C for 14 days; TisSi3
precipitate; TEM-DFI: g=(1121)TisSi3







Figure 4.3.1.8. Isothermally Heat Treated Samples.

a) alloy Ti-16Al reacted at 700°C for 36 days; detail of
homogeneous a2 precipitation; TEM-DFI: B=[0001]g2 and
g=(2110)g2:

b) alloy Ti-16Al-15i reacted at 700°C for 36 days; detail of
homogeneous «2 precipitation; TEM-DFI: B=[0001]¢2 and
g=(2110)¢2;

c) alloy Ti-16Al reacted at 700°C for 36 days; detail of
homogeneous a2 precipitation; TEM-DFI: B=[1010]g2 and
g=(1210)a2;

d) alloy Ti-16Al-1Si reacted at 700°C for 36 days; detail of
homogeneous a2 precipitation; TEM-DFI: B=[1210]g2 and
g=(1011)a2;

e) alloy Ti-16Al-15i reacted at 700°C for 36 days; TisSi3
precipitate; TEM-DFI: g=(11 20)TisSis
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Figure 4.3.19. Isothermally Heat Treated Samples.
a) alloy Ti-16Al-3.55i reacted at 700°C for 36 days; detail of

homogeneous a2 precipitation; TEM-DFL: B=[1210]g2 and
g=(1012)g2;

b) alloy Ti-16A1-3.55i reacted at 700°C for 36 days; heterogeneous
and homogeneous a2 precipitation; TEM-DFI: B=[0001]g2 and
g=(2110)ge2;

¢) alloy Ti-16Al1-3.55i reacted at 700°C for 36 days; TisSi3
precipitate; TEM-DFL: g=[20 21]TisSia
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Figure4.3.1.10. IsothermallyHeat Treated Sarmples.

a) alloy Ti-22Al reacted at 700°C for 36 days; a2 domains; TEM-
DFL g=(1210)ac2;

b) alloy Ti-22Al-1Si reacted at 700°C for 36 days; sub-grain
structure; TEM-BFI;

c) alloy Ti-22A1-15i reacted at 700°C for 36 days; sub-grain
structure; TEM-DFI: g-(lﬂimu_g
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Figure4.3.1.11. Isothermally Heat Treated Samples.
a) alloy Ti-22A1-3.55i reacted at 700°C for 36 days; a2 sub-grain;

TEM-DFL: g=(1010)¢2;
b) alloy Ti-22A1-3.55i reacted at 700°C for 36 days; silicide
particle; TEM-DFI; g=(1010)TisSi3;
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Figure4.3.3.2 Isothermally Heat Treated Quaternary Alloys
(Ti-14A1-15+ 17r- T=800C for 14days)

a) heterogeneous silicide precipitation (bright phase) at prior a/ax
boundaries; SEM /SEI;

b) heterogeneous o2 precipitation at prior e/a boundaries;
TEM-BFI;

c) heterogeneous a2 precipitation at prior a/a boundaries TEM-
DFL; g=(1120);

d) Ti3Si particle; TEM-DFI; SADP: g=(101)Ti3si and BTizsi=[121];
(SADP given below)
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Figure 4.3.3.3. Isothermally Heat Treated Quaternary Alloys
(Ti-14A1-1Si- INb-T=700C for36 days)

a) heterogeneous silicide precipitation (dark phase) at prior o/c
boundaries; SEM/BEI,;

b) homogeneous and heterogeneous al precipitation, the latter
at prior a/a boundaries; TEM-DFI, g=(1210)q2;

c) detail of homogeneous a2 precipitation;

TEM-DFI; B=[1210]¢2 and g=(1011)2

d) TisSi particle; TEM-DFI; SADP: g=(331)Ti3Si and BTissi=[213];
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Figure4 334 Iscthermally Heat Treated Quaternary Alloys
(Ti-14A-15i-14 - T=00°C for 36 days)

a) heterogeneous silicide precipitation (bright) at prior a/a
boundaries; -SEM/SEI;

b) silicide precipitation; TEM-BF,

c) detail of a2 precipilation: homogeneous and heterogeneous,
the latter at the right ; TEM-DFI; B={1010}:2 and g=(1210)kx2

d) TisSi particle; TEM-DFI; SADP: g=(210)Tiasi and BTasi=[121];
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Figure 4.3.3.5. Isothermally Heat Treated Quaternary Alloys
a) sample SNE (Ti-20Al-1Si-1Nb - T=%00"C for 8 days) shows a2

microstructure developed from prior colony of parallel a plates;
TEM-BFIL;

b) sample 5NE (Ti-20Al-15i-1Nb - T=900"C for 8 days) - presence
of a2 subgrains suggest that the previous microstructure controls
the morphology of the a2; TEM-DFL; g=(1120)q2;

c) sample 5ZE (Ti-20Al-15i-1Zr - T=%00"C for 8 days) shows a2
subgrains; TEM-BFI;

d) sample 5ZE (Ti-20Al-1Si-1Zr - T=900"C for 8 days) shows
additional presence of APD's, indicating a duplex a+a2
microstructure; TEM-DFI, g=(1011)q2.
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Figure 4.3.3.6. Isothermally Heat Treated Quaternary Alloys
a) sample 5ZF (Ti-20Al-15i-1Zr - T=800"C for 14 days, ) shows a2

domains, developed from a previous massive a grain; TEM-DFI,
g=(1120)q2;

b) sample SNG (Ti-20Al-15i-1Nb - T=700°C for 36 days) shows
small a2 subgrains developed inside a prior @ plate; TEM=BFI;

¢) sample 5NG (Ti-20Al-1Si-INb - T=700"C for 36 days) shows
small a2 subgrains developed inside a prior a plate; TEM-DFI,
g=(1011)q2;

d) sample 5ZG (Ti-20Al-1Si-1Zr - T=700°C for 36 days) shows a2
domains developed from previous a plates: TEM-DFI,
g=(101Dp2;

e) sample 5ZG (Ti-20Al-15i-1Zr - T=700°C for 36 days) shows
heterogeneous silicide precipitation (dark phase) along previous
ew/a boundaries.
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