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Abstract: In this study, the effect factors on the formation of lamellar structure for Ti-45Al-
5.4V-3.6Nb-Y alloy and Ti-44Al-4Nb-4V-0.3Mo-Y alloy is discussed in detail. During heat treatment
in different procedures, temperature was the common factor influencing the formation of lamellar
structures of Ti-45A1-5.4V-3.6Nb-Y and Ti-44Al-4Nb-4V-0.3Mo-Y alloys. In the range of 1230 °C and
1300 °C, the volume fraction of lamellar structure in Ti-45A1-5.4V-3.6Nb-Y alloy was proportional
to the annealing temperature. However, between 1210 °C and 1260 °C, the volume fraction of
lamellar structure in Ti-44Al-4Nb-4V-0.3Mo-Y alloy deceased when temperature was located in the
o + 7y + 3 triple phase field and then increased when temperature was in the « + 3 binary phase field.
Besides the influence of temperature, the lamellar structure formation of Ti-44Al-4Nb-4V-0.3Mo-Y
alloy was also affected by the 3-phase stabilizing element.

Keywords: TiAl alloys; lamellar structure; phase transformation; 3 phase stabilizing element

1. Introduction

TiAl based alloys are attractive for use in advanced propulsion systems for aircraft and
also in automobile engine parts, due to the combination of low density, high specific strength,
high specific stiffness, good creep strength up to 700 °C, and better high temperature oxidation
resistance than titanium alloys [1-4]. However, low room temperature ductility and poor formability
limit their extensive application [5,6]. During the last decades, considerable efforts have been
devoted to improving their room temperature ductility and formability and some typical TiAl
alloys and components have been developed by optimizing the composition and processing routes.
By means of reducing Al content and adding (3-phase stabilizing elements, 3-solidifying TiAl alloy
is designed to solidify via the solidification path as L——c ... . instead of the L + 3 — « peritectic
solidification path. This kind of alloy reportedly attains adequately balanced mechanical properties via
conventional manufacturing routes and heat treatments due to the enlarged processing window [7,8].
As a typical -solidifying TiAl alloy, TNM alloy has been isothermally forged into blades for the engine
PW1134G [9].
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Lamellar structure is a main and essential component for TiAl based alloys, regardless of whether
they are in as-cast or hot-working (hot forging, hot extrusion, or hot rolling) conditions [2,5,10,11].
Furthermore, lamellar structure with small grain size is currently regarded as the most
attractive microstructure for a TiAl alloy, due to the excellent combination of yield strength,
ductility, fracture toughness, and creep resistance [12,13]. It is commonly acknowledged that the
lamellar structure of traditional TiAl alloy is the product of the transformation of cx— oty +v, x— oy —0tp
+ vy or a—a +y—ap + v [14,15]. However, unlike the traditional TiAl alloy which only consists of
ap-phase and y-phase at room temperature, a 3-solidifying TiAl alloy is composed of o/ az-, 3/ Po-,
and y-phases at room temperature. The formation mechanism of lamellar structure is reasonably
influenced by f3/p-phase and (3-phase stabilizing elements. Therefore, the heat treatment to obtain
fully (xy +v) lamellar structure is different for the two kinds of TiAl alloy. As a 3-solidifying TiAl alloy,
Ti-44Al-6Nb-2Mo-Y alloy is reported to produce fully lamellar structure through short term annealing
at temperatures slightly above 3-transus, instead of annealing in the single « phase field (the typical
fully lamellar treatment for peritectic solidification TiAl alloy) [16]. Thus, the formation of lamellar
structure of 3-solidifying TiAl alloy is complicated and affected by multiple factors. Therefore, it is
essential to understand the lamellar structure formation of the (3-solidifying TiAl alloy and to study
the effect of 3/f39-phase on the formation of lamellar structure.

In this study, two B-solidifying TiAl alloys, Ti-45A1-5.4V-3.6Nb-Y and Ti-44Al-4Nb-4V-0.3Mo-Y
alloy, were adopted. The lamellar microstructure and formation characteristics of the two alloys were
studied carefully. Moreover, by comparing the formation of lamellar structure in Ti-45A1-5.4V-3.6Nb-Y
and Ti-44Al-4Nb-4V-0.3Mo-Y alloy, the influence factors were discussed and the dominant factor
was revealed.

2. Experimental Procedure

Ingots of Ti-44A1-4Nb-4V-0.3Mo-Y and Ti-45A1-5.4V-3.6Nb-Y alloy were fabricated by induction
skull melting (ISM) technique and subsequently followed by hot isostatic pressing (HIP) at 1200 °C
for 3 h under a pressure of 130 MPa in argon atmosphere. Cylindrical blanks with dimensions of
260 mm x 100 mm were cut from the Ti-45Al1-5.4V-3.6NDb-Y cast ingot by electric-discharge machining
and then canned in 304 stainless steel tubes with a thickness of 10 mm. The canned blank was forged
by two-step forging at 1250 °C with a strain rate of 0.05 s~!. The total reduction of the canned blank
was about 80%.

Heat treatment specimens with a dimension of 10 x 10 x 10 mm” were cut using an
electrical-discharge method from the ingots of Ti-44Al-4Nb-4V-0.3Mo-Y alloy and from the center
of the forging cake of Ti-45Al1-5.4V-3.6Nb-Y. A vacuum tube-type heat treatment furnace was used
to study the formation of lamellar structure for current (3-solidifying TiAl alloys. Water quenching
was adopted to investigate the high-temperature phase composition of Ti-44Al-4Nb-4V-0.3Mo-Y alloy.
The specimens were heat treated at different temperature for 2 h and then water quenched (WQ) or
furnace cooled (FC).

The microstructural characterization was performed by Quanta 200 FEG and Tescan MRIA3
field-emission scanning electron microscopy (SEM) using backscattered electrons mode (BSE).

3

The chemical composition of local area was detected by SEM equipped with an energy dispersive
X-Ray spectroscopy (EDS). Five images per condition were analyzed to obtain the mean value.
Microstructural specimens were mechanical grounded and electro-polished. Electro-polishing was
implemented at —19 V and —45 °C and the electrolyte was a solution of 6% perchloric acid +34%
butanol +60% methanol.
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3. Results and Discussion

3.1. Ti-45A1-5.4V-3.6Nb-Y Alloy

It is a common consensus that the lamellar structure is the result of the transformation «— xy—L
(x2/7v) in both conventional solidification and (3-solidifying TiAl alloys (L indicates lamellae),
regardless of their processing conditions [14,15]. The microstructure of as-forged Ti-45A1-5.4V-3.6Nb-Y
alloy is shown in Figure 1. As a typical -solidifying TiAl alloy, after hot forging in («x + v + f)
three-phase field at 1250 °C, its microstructure consisted of y-phase, 3/3¢-phase, and lamellar
structure. The microstructure with streamline can be clearly seen in Figure 1a, which is perpendicular
to the deformation orientation. The orientation of lamellar structure was rotated to vertical with the
deformation axis and {3/ p¢-phases were elongated along the streamline. Furthermore, some of the
elongated [3/{¢-phases were broken into small particles. It is noticeable that there was no single
ap-phase in this as-forged structure. This can be mainly attributed to the transformation into lamellar
structure (o, /) from a-phase during the subsequent cooling process. EDS analysis of the local area
as marked in Figure 1b is summarized in Table 1. As can be seen, Ti element and 3-phase stabilizing
elements V and Nb mainly segregated in 3/ 3o-phase and oy-phase, while Al element was enriched
in y-phase. As revealed in the literature [17], the segregation of 3-phase stabilizing elements in
3/ Bo-phase is more serious than o/ xp-phase. So positions A, B and C in Figure 1b can be clarified as
the single y-phase, single 3/ 39-phase and (x; + v) lamellar structure, respectively.

Figure 1. The microstructure of as-forged Ti-45A1-5.4V-3.6Nb-Y alloy in backscattered electrons (BSE)
mode: (a) low magnification; (b) high magnification.

Table 1. EDS analysis of Figure 1.

Position Ti (at.%) Al (at.%) V (at.%) Nb (at.%) Y (at.%)

A 42+063 50+£0.75 4+0.12 4+0.15 00.00
B 46+078 39£036 10£0.23 4+033 00.00
C 45+ 055 46 £0.69 5+0.18 41026 00.00

The as-forged specimen was annealed at 1230 °C for 2 h with FC and the annealed microstructure
is shown in Figure 2. The microstructure exhibited the typical near-gamma feature, mainly consisting
of equiaxed y-phase and 3/ 3p-phase. As illustrated in Figure 2b, there was a small amount of ap-phase
which always distributed around 3/ 39-phase (x;-phase is marked by small red arrows). It was revealed
that the annealed structure at 1230 °C was composed of v-, op-, and (3/B¢-phase, without lamellar
structure. This means that x-phase transformed into its ordered state of o-phase rather than the lamellar
structure, even though the cooling rate was slow. With the rise of anneal temperature, the furnace cooled
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microstructure changed dramatically. As shown in Figure 2c,d, after annealing at 1260 °C, the single
ap-phase is instead of (o + v) lamellar structure. When anneal temperature increased to 1300 °C,
the microstructure transformed to the duplex structure (illustrated in Figure 2e f. However, it should
be noted that the duplex structure at 1300 °C still contained 3/ f¢-phase, which mainly distributed
on the interface of lamellar colony and vy grain (3 /3o-phase is marked by blue arrows in Figure 2f)).
When anneal temperature increased from 1230 °C to 1300 °C, the fraction of 3/3¢-phase deceased and
a-phase fraction (x phase decomposed into lamellar structure at 1260 °C and 1300 °C) increased.
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Figure 2. The microstructure of as-forged Ti-45Al-5.4V-3.6Nb-Y alloy after heat treatment at:
(a,b) 1230 °C; (c,d) 1260 °C; (e,f) 1300 °C.

As reported, a-phase could decompose into lamellar structure during slow cooling process [18].
However, as shown in Figure 2a,b, the microstructure of the as-forged alloy annealed at 1230 °C,
followed by furnace cooling consisting of ay-phase, $/fBo-phase, and y-phase, without lamellar
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structure. As a disorder to order transition, the energy needed for the cc— «; phase transformation was
smaller than that of the ap— «, + v precipitation transition. Therefore, in view of the energy analysis,
heat treatment at 1230 °C did not meet the energy requirements of o, — x +v. In addition, the diffusion
and solution of alloying elements were additional influence factors. First, at 1230 °C, the solubility of
Al element in «-phase is lower, which did not satisfy the concentration for the precipitation of y-phase
during cooling. Furthermore, with the low temperature, the diffusion coefficient appeared to be smaller.
Then the heat treatment temperature at 1230 °C was too low to improve the diffusion of Al element.
In total, the lower energy, lower solution of Al in a-phase, and smaller diffusivity of Al are the main
reasons that c-phase ordered into xy-phase rather than transforming into lamellar structure at 1230 °C.
When temperature was elevated to 1260 °C or even higher, the higher diffusivity of Al promoted the
nucleation and growth of y-phase. Meanwhile, the higher temperature may have contributed to the
supersaturation of x-phase, then facilitated the precipitation of y-phase in ay-phase reasonably. So the
microstructure component of 1260 °C and 1300 °C contained a significant amount of lamellar structure
and the volume fraction of lamellar structure increased with the temperature elevation.

3.2. Ti-44Al-4Nb-4V-0.3Mo-Y Alloy

The as-cast microstructure of Ti-44A1-4Nb-4V-0.3Mo-Y alloy is shown in Figure 3, which consisted
of lamellar structure, 3/ + v block structure, and 3/3¢ + v pearlite-like structure. The as-cast
microstructure of Ti-44Al-4Nb-4V-0.3Mo-Y alloy with less lamellar structure and more mixture
structure of 3/3¢-phase and y-phase has been analyzed in previous research [14]. Due to the high
content of 3-stabilizer element, y-phase discontinuously precipitated from (3-phase, forming the
mixture structure of 3-phase and y-phase. The microstructure of Ti-44A1-4Nb-4V-0.3Mo-Y alloy after
annealing at 950 °C for 48 h is shown in Figure 3c,d. It is obvious that the as-annealed microstructure
was mainly composed of y-phase and 3/ f39-phase.

Figure 3. The microstructure of Ti-44Al-4Nb-4V-0.3Mo-Y alloy: (a,b) are the as-cast condition; (c,d) are
the microstructure after annealing at 950 °C for 48 h.
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According to the Ti-Al binary phase diagram [19], this Ti-44 Al-4Nb-4V-0.3Mo-Y alloy solidified
through the solidification path of L—L + f—f—f + a— + &« + Y= + v + ap /v, without the single
a-phase field. As shown in Figure 4, after heat treatment at 1210 °C, the volume fraction of lamellar
structure was 67%, while the volume fraction of lamellar structure decreased to 26% with temperature
elevation to 1240 °C (the phase volume fraction was analyzed by Image ] software, and 20 images
per condition were used to obtain the mean value). The clear difference after heat treating at 1260 °C
was that the volume fraction of lamellar structure increased to 87%. This indicated that the lamellar
structure fraction of this beta-gamma TiAl alloy decreased as the temperature increased from 1210 °C
to 1240 °C at first and then increased dramatically from 1240 °C to 1260 °C. This tendency differed
from the f-solidifying TiAl alloy, whose lamellar structure fraction monotonically increased with
elevated temperatures (as discussed in the prior section).

Figure 4. The microstructure of Ti-44Al-4Nb-4V-0.3Mo-Y alloy after heat treatment at: (a) 1210 °C,
(b) 1240 °C, (c) 1260 °C for about 2 h and then furnace cooled.

Due to the high content of (3-stabilizing elements, such as Nb, Mo, and V, which are high melting
point elements with high diffusion activation energy, the formation of lamellar structure in beta-gamma
TiAl alloy was always influenced by -stabilizing elements [20]. The slow diffusion of (3-stabilizing
elements and the difference of element distribution in 3-, -, and y-phase were the main influence
factors. The microstructure after heat treatment and water cooling is shown in Figure 5 and the
volume fraction of y-phase, a-phase, and (3-phase is shown in Figure 6. When quenched from
1210 °C, which is located in the lower temperature region of « + 3 + v triple phase field (as shown
in Figure 7 [21]), the mean volume fraction of y-phase, a-phase, and p3-phase were 27.8%, 30.26%,
and 41.2%, respectively. At this temperature, the transformation of «; + y— & was the main phase
transition. However, the transformed o-phase contained less (3-stabilizing elements due to the high
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barrier of diffusing from (-phase to « phase at 1210 °C. Then the «— &, + y transformation proceeded
during cooling from 1210 °C, according to the solidification path.

Figure 5. The microstructure of Ti-44Al-4Nb-4V-0.3Mo-Y alloy after heat treatment at different
temperature following water quenching: (a) 1210 °C; (b) 1240 °C; (c) 1260 °C.

70 [
60 |EHe. |
50
é ] p H
-E 40 Pl ...................................................... i
2] B : i s : s
g z z
£ 30 o S e e ommsisisinsisinis T e e
E 20 BT .......................... ............................................................
10 [t .t T S, -
H 1 i 1 i 1 1 i i
1210 1220 1230 1240 1250 1260

Temperature(C)

Figure 6. Volume fraction of y-phase, x-phase, and -phase at different temperatures.
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Figure 7. Phase diagram for -solidifying TiAl alloy (Ti-43.5A1-4Nb-1Mo-0.1B-(0-1)C), reproduced
from [20], with permission of Elsevier.

When temperature was elevated to 1240 °C, which was still located in the o + 3 + v triple phase
field (as shown in Figure 7), the mean volume fraction of a-phase increased to 69.7% and the mean
volume fraction of y-phase and 3-phase decreased to 2.5% and 24.7%, respectively. When temperature
increased to 1240 °C, apart from the transformation of «; + y—«, the formation of x-phase on the
3 /v-phase interface via the transition of 3 + y— o appeared to be the major procedure. This phase
transformation was strongly affected by the diffusibility of 3-stabilizing elements. The high diffusion
activation energy of these elements gave rise to the composition inhomogeneity of x-phase transformed
through the reaction of 3 + y—«. In other words, the part of x-phase close to 3-phase contained
more [3-phase stabilizing elements, while more Al segregated in the opposite side of x-phase, which is
adjacent to y-phase. Such inhomogeneity of the 3-phase stabilizing element and Al in «-phase resulted
in the formation of 3/¢ + v structure again, rather than lamellar structure, during the subsequent
cooling process. This phenomenon appeared to be similar to the “wetting” of grain boundary by the
second solid phase [22-24]. In Ti-Fe polycrystals, the «(Ti, Fe)-phase formed either continuous or
discontinuous layers in the 3(Ti, Fe)/3(Ti, Fe) grain boundaries (GBs), corresponding to complete
or incomplete (or partial) GB wetting [21]. With the increasing anneal temperature, the thickness of
continuous GB layer of o(Ti, Fe)-phase increased monotonously. So too does the portion of completely
wetted B(Ti, Fe)/B(Ti, Fe) GBs. According to the literature, the increase of GB layer thickness is
mainly attributed to the increasing bulk diffusion coefficient of iron in titanium, corresponding to the
present work. Meanwhile, the transformation temperature of x— 3 + v was higher than that of the
transition of x—«; + y. Then, with the temperature cooling down from 1240 °C to room temperature,
the transformation of «— 3 +y was prior to the transition of x— x; + y. This resulted in a phenomenon
in which a certain amount of x-phase, which was formed through y— « transition, would decompose
into 3/p¢ + v. This is why the volume fraction of the lamellar structure at 1240 °C was lower than that
of 1210 °C (shown in Figure 4).

With temperature increasing to 1260 °C (« + 3 two phase field), as shown in Figures 5c and 6,
v-phase was almost consumed. The mean volume fraction of x-phase decreased to 65.5%, while the
B-phase volume fraction increased to 33.9%. Then, a-phase decomposed into (x; + vy) lamellar
structure during the cooling process and most of the 3-stabilization elements were ejected to the
interface of lamellar colonies and 3-phase. Afterward, the 3-phase transformed to {3 + y structure with
temperature cooling down to « +y + 3 triple-phase field. In a word, it was critical that temperature
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should be elevated into « + (3 binary-phase field or even higher to form the («; + v) lamellar structure.
Due to the influence of 3-stabilizing elements, heat treatment in « + y + {3 triple-phase field for
obtaining lamellar structure was hard to accomplish. This corresponds to the literature [16] published
by Niu, who reported that the full lamellar structure of beta-gamma TiAl alloy without single x-phase
can be gained through heat treatment in single 3-phase field.

4. Conclusions

In this study, the formation of lamellar structure in as-forged Ti-45A1-5.4V-3.6Nb-Y and as-cast
Ti-44Al-4Nb-4V-0.3Mo-Y alloy was investigated. From the obtained results, the following conclusions
could be drawn:

1. Asatypical B-solidifying TiAl alloy, the as-forged microstructure of Ti-45A1-5.4V-3.6Nb-Y alloy
is composed of y-phase, 3/ ¢-phase, and lamellar structure. The lamellar structure formation
is influenced monotonically by temperature, when heat treated at different temperatures with
the same holding time. At 1230 °C, the annealed structure consists of ay-phase, $/f3¢-phase,
and y phase, without lamellar structure. When the anneal temperature is elevated to 1260 °C,
lamellar structure becomes one of components of the furnace cooled microstructure, instead of
the single op-phase. When the temperature is increased to 1300 °C, the microstructure changes to
duplex structure, with more lamellar structure visible. The amount of lamellar structure increases
with the increase of anneal temperature from 1260 °C to 1300 °C.

2. Ti-44Al-4Nb-4V-0.3Mo-Y alloy has no « single-phase field in its solidification path. Different to the
Ti-45A1-5.4V-3.6Nb-Y alloy, the formation of lamellar structure of Ti-44Al-4Nb-4V-0.3Mo-Y alloy
is not only affected by the heat treatment temperature but also affected by 3-phase stabilizing
elements. When heat treatment temperature is elevated from 1210 °C to 1240 °C, the lamellar
structure fraction decreases dramatically. However, a totally different tendency can be observed
when temperature increases from 1240 °C to 1260 °C, which is that the volume fraction of
lamellar structure clearly increases. Therefore, the heat treatment temperature, the segregation,
and diffusivity of 3-phase stabilizing elements are the main factors on the lamellar structure
formation of Ti-44Al-4Nb-4V-0.3Mo-Y alloy.
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