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Abstract

TispAls intermetallics are successfully aluminized at 750°C by aluminum cladding. A multiple layer morphology of the aluminized coating
is formed and the reaction layers are identified to be TiAl; and TiAl,. During the aluminizing process, a preferred orientation along the ¢ axis
of DO,, lattice is found in the TiAl; layer and its intensity increases with increasing reaction time. A mechanism is proposed to explain this
phenomenon. The TiAl, layer is formed by the reaction of the TiIAI-TiAl; diffusion couple. High temperature oxidation tests reveal that the
aluminized specimen shows a markedly improved oxidation resistance because of the change in the oxidation kinetics from a linear relationship

to a parabolic one.
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1. Introduction

TiAl intermetallics are potential high temperature materi-
als because of their high modulus retention and good creep
resistance characteristics at elevated temperatures [1,2].
However, low ductility at room temperature and insufficient
oxidation resistance at high temperatures restrict their appli-
cations. Significant efforts have been made to improve the
high temperature oxidation resistance but with little success
[3-5]. It is well known that aluminizing is a good way to
improve the surface properties of alloys, especially their oxi-
dation and corrosion resistance [6]. For TiAl binary inter-
metallics, increasing the concentration of aluminum
improves the oxidation resistance at high temperatures by the
formation of a dense Al,O; protective layer on the alloy’s
surface [7]. Compared with other aluminizing methods, alu-
minum cladding followed by liquid aluminizing in 2 vacuum
induces higher bonding strength and produces less pollution.
The main purpose of this paper is to investigate the diffusion
kinetics and morphology of aluminum clad specimens of
TispAlsy intermetailics and their high temperature oxidation
resistance. The characteristics of the aluminized surface layer
are also investigated.
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2. Experimental procedures

A conventional tungsten vacuum arc melting technique
was employed to prepare the TispAls, alloy. Titanium (purity,
99.7%) and aluminum ( purity, 99.97%), totalling about 80 g
were melted and remelted six times in a low pressure argon
atmosphere. The as-melted bution was homogenized at
1050°C in a 7X 107> Torr vacuum furnace for 120 h and
followed by furnace cooling. The button was cut into
10 mm X 4 mm X 0.5 mm specimens and polished with #600
emery paper. In the liquid aluminizing procedure, TispAlsg
specimens were clad with pure aluminum foil, pressed
between a pair of carbon steel jaws and heated under vacuum
at 750°C for various periods for aluminizing. The aluminum
foil melted during heating at 750°C and reacted at the speci-
men’s surface to form an aluminized layer. Reactions
between aluminum and the carbon steel jaws were prevented
by a separation layer of fire-resistant fiber textiles. Optical
microscope (OM) examination, electron probe microanaly-
sis (EPMA), X-ray diffraction analysis (XRD) and high
temperature oxidation tests were conducted to investigate the
structure and properties of the coating layer. Etching was
conducted with Kroll’s reagent (2% HF, 2% HNO, and 96%
H,0). XRD was performed at room temperature with a Phil-
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ips diffractometer using Cu Ka radiation (A=1.540 A). A
JOEL JXA-8600SX EPMA apparatus was operated at 15 kV
and the probe spot size was | wm.

3. Results
3.1. Morphology of the aluminized layer

After vacuum aluminizing at 750°C for 1, 2 and 4 h, dif-
ferent reaction layer thicknesses are observed as shown in
Fig. 1(a), (b) and (c¢), respectively. The aluminized layer
can be divided into several layers, i.¢. the outer layer, reaction
layer I, and reaction layer II. Among them, the last two con-
stitute the primary reaction layers of aluminized TisqAlsg
intermetallics. The outer layer contains many voids and
cracks. XRD and EDAX results show that this outer layer is
composed of TiAl; and pure aluminum with silicon which
has diffused into the sample surface from fire-resistant textile
during the liquid aluminizing process. Because of the voids,
cracks, and impurities, the outer layer was ineffective in pro-
tecting the substrate; therefore, for the investigation in this
study, the outer layer was removed with emery paper.

Below the outer layer is reaction layer I, as shown in Fig. 1.
This layer has uniform thickness, fewer cracks and more

e

Fig. 1. Cross-sectional optical photographs of TispAls, specimens alumi-
nized at 750°C for (2) 1 h, (b) 2hand (¢) 4 h.
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Fig; 2, EPMA line scan of TisoAlse specimen aluminized at 750°C for 4 h.

Table |
EPMA quantitative analysis of the composition of layers I and II shown in
Fig.2

Composition (at.%) Standard deviation

(average by six points)

Layerl Ti Al Ti Al
25.53 74.46 0.1281 0.1288

Layer I Ti Al Ti Al
33.62 66.38 0.5832 0.5790

uniformly distributed pores. The thicknesses of layer I for
different aluminizing time periods is about 20-150 wm.
Fig. 2 shows the EPMA line scan of layer I after liquid alu-
minizing for 4 h. It also shows that the concentration of tita-
nium and aluminum in this layer is almost constant. From
quantitative EPMA, as indicated in Table 1, the aluminum-
to-titanium ratio in this layer is found to be 3:1, and therefore
the composition of reaction layer I is virtually TiAls. Evi-
dence from XRD results discussed in Section 3.2 also con-
firms this conclusion.

Betweenreaction layer I and the TispAlsy substrate, another
reaction layer, reaction layer II, can be observed in Fig. 1(¢)
and Fig. 2. This layer reaches 5 pm in thickness after 4 h of
liquid aluminizing. From the EPMA results of Table 1, the
concentration ratio of aluminum to titanium in layer II is about
2:1. Therefore, its composition is suggested to be TiAl,. The
overall mulitiple layer morphology of the aluminized coating,
as described above, is illustrated schematically in Fig. 3. The
formation of titanium aluminides TiAl; and TiAl, is consis-
tent with the Ti—Al equilibrium phase diagram [8].

Both titanium aluminide (TiAl; and TiAl,) layers grow
predominantly by the inward diffusion of aluminum into the
substrate. This conclusion is made on the basis that the ratio
D,,/Dy; in y-TiAl is approximately 3:1, and approaches
infinity in TiAl, and TiAl; [9-11]. Here, D4, and D+; rep-
resent the diffusion coefficients of aluminum atoms and
titanium atoms in the specified solid, respectively.

3.2. Structure identification of reaction layer I

~ Fig. 4 shows the XRD patterns of layer I after different
aluminizing periods. The structure of this layer is clearly
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Fig. 3. Schematic diagram of the multiple aluminized layers shown in Figs. 1
and 2.
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Fig. 4. XRD results of the reaction layer I aluminized at 750°C for (a) 1 h,
(b) 2hand (c) 4 h.

identified as TiAl;. However, significant differences exist
between the relative intensity of the diffraction patterns of
the TiAl; layer and standard TiAl; DO,, alloy. The compar-
ison is listed in Table 2. In Table 2, column 5 contains the
angle-relative intensity data for Fig. 4(c) and column 2 gives
data for standard TiAl; [ 12]. Here, the relative intensities of
the {112} and {10 3} diffraction peaks in standard TiAl;

Table 2
Comparison of TispAlsy alloy’s XRD intensities obtained from this study
and from the powder method

hkl Relative intensity 1/1,
Powder Ih 2h 4h
method
002 60 70 146 166
112, 103 100 100 100 100
004 100 260 580 1163
200 60 20 40 448
204, 005 40 40 20 30
116 60 75 80 148
Poos - 0.354 0.494 0.601

XRD paitern are the same and are referred to as 100. Com-
pared with the relative intensities of all other diffraction
peaks, the {002}, {004} and {30 1} diffraction peaks of
Fig. 4(¢) are greater than those of standard TiAls, especially
for the {0 0 4} peak. This result implies that the reaction layer
I has a TiAl; structure with the ¢= [0 0 1] direction prefer-
entially oriented normally to the subsirate. It should be
emphasized that, although the (0 0 4) and (0 0 2) planes are
regarded as the same set of planes, the intensity of the {0 0 4}
peak in Fig. 4 relative to that of the {0 0 4} peak in the powder
is much higher than for the {00 2} peaks. It is well known
that the relative intensity of powder pattern lines for an XRD
spectra can be calculated from a structure factor F, a multi-
plicity factor p, a Lorentz-polarization factor L, and a tem-
perature factor exp( —2M), where exp( —2M) is a constant
at room temperature. £ and p remain constant for a specified
plane in the same crystal. For a randomly oriented crystal, L,
is determined by the Bragg angle 6. However, for a crystal
of preferred orientation, L, is different from that calculated
for a randomly oriented crystal owing to the radical disagree-
ment [ 13]. Therefore, we suggest that the different L, and 6
used to calculate the {002} and {004} peak intensities
accounts for the markedly different relative peak intensities,
as shown in Table 2. The {0 0 2} and {0 0 4} are in the same
set of planes, but the different L, and 6 cause the markedly
different relative peak intensities. To confirm this phenome-
non caused by preferred orientation, X-ray pole figure tests
were conducted and the results are shown in Fig. 5. Fig. 5
indicates that the reaction layer I has a preferred orientation
along the {00 1) direction. It is consistent with the above
result that the TiAl, structure has the ¢=[00 1] direction
preferentially oriented normally to the substrate.

The results of Fig. 4 further indicate that the degree of
preferred orientation in layer I increases for specimens with
longer reaction times. We use the method of Harris [14] to
calculate the extent of {0 0 4} preferred orientation, Py, and
the result is shown in Table 3:

T 11
Piy= = /_Zﬂ (1)

L/ WLy
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(b) R.D.

Fig. 5. (a) (1 11) and (b) (20 0) XRD pole figures of the reaction layer
1 aluminized at 750°C for 4 h. The numbers shown in the figures indicate
pole densities in arbitary units.

Table 3
Calculation of the preferred orientation factor using the Harris method. The
relative intensities of clad layer are measured from Fig, 4

hkl Powder 1h 2h 4h
method

002 60 70 146 166
112,103 100 100 100 100
004 100 260 580 1163
200 60 20 40 44.8
204,005 40 40 20 30
116 60 75 80 148
Poos - 0.354 0.494 . 0.601

30

———— uncoated TisAls

20 —l—  Tis Al with aluminum cladding
_

TiAlingot [13]

=1.901% 01

Weight Gain (mg/cn®)

-
o

W=0.678 *05%

T T T T T
s} 10 20 30 40 50
Time (hours)

Fig. 6. Weight gain curves of 1000°C oxidation in air for specimens of

TisoAlso ingot, TispAlsg alloy with aluminized and TiAl; ingot.

where P, is the fraction of the crystals that have an {h k [}
plane, / is the relative intensity, » is the number of diffraction
peaks (in Table 3, nis the peaksof {002}, {1 12}({103})
etc.) and r indicates reference diffraction patterns obtained
by the powder method.

From Table 3, one can calculate that Pqq, is 0.354, 0.494
and 0.601 for 1, 2 and 4 h of aluminizing, respectively.
Thus, the longer the reaction time, the higher will the relative
intensity of {0 04} be.

3.3. High temperature oxidation test for the aluminized
TispAlso alloy

In order to study the oxidation resistance of the aluminized
specimens used in this study, high temperature oxidation tests
were conducted. Fig. 6 is the plot of weight gain versus time
fora 1000°C oxidation test in ambient air. As shown in Fig. 6,
the aluminized specimen has a much better oxidation resis-

“tarice than the untreated one. After exposure in air at 1000°C
for 48 h, the weight gain of the aluminized specimen is below
6 mg cm ™~ 2 However, the specimens that did not undergo
liquid aluminizing show severe oxidation after & h. This fact
indicates that TiseAls, intermetallics are effectively protected
by the aluminizing. On the other hand, from Fig. 6, the oxi-
dation resistance of aluminum clad Tis,Als, is still inferior to
that of TiAl; ingot [15]. Nevertheless, the improvement of
high temperature oxidation resistance of the TisoAlsy alloy
after liquid aluminizing is still quite remarkable.

4. Discussion

4.1. A proposed mechanism to explain the formation of
preferred orientation in the TiAl; aluminized layer

The Ti-Al binary phase diagram [8] suggests that, at
750°C, a solid-liquid reaction occurs at the interface of
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TispAlse substrate and molten aluminum. Because the melting
point of TiAl; is higher than the aluminizing temperature,
TiAl; was formed at the interface of TisyAlsy substrate and
liguid aluminum through liquid diffusion. The reaction can
be written as the following equation:

TiAl,, + Al = TiAly,, (2)

From the Ti—Al binary phase diagram, the solubility of tita-
nium atorns in liquid aluminum at 750°C is about 1.5 at.%.
If the titanium content exceeds 1.5 at.%, TiAl; crystals begin
to nucleate at the liquid-solid interface. Once nucleation
starts, crystals grow simultaneously and then touch each other
to form a TiAl, layer, so an interface separates the liquid
aluminum and TispAlse substrate. At the same time, the
growth of TiAl, grains of different crystailographic planes
takes place characterized by different growing rates, Planes
with the lowest surface energy grow preferentiaily at the
highest rate, because the diffusivity either for titanium or for
aluminum is a strong function of surface energy on different
planes.

The long-range ordered structure of TiAl; intermetallics
affects the grain growing process. As shown in Fig. 7, TiAl;
has a DO,,-type structure, in which each unit cell contains
two titanium atoms occupying the corner/center sites and six
aluminum atoms occupying the face-center/edge sites. In this
configuration, every aluminum atom is surrounded by four
titanium atoms and eight aluminum atoms, whereas every
titanium atom is surrounded by twelve aluminum atoms in
the nearest neighbor sites. It is noted that aluminum diffusion
in TiAl; crystal could occur without creating disorder when
an aluminum atom moves to the nearest neighboring vacancy,
but the movement of titanium atom to the nearest neighboring
site will create an unstable Ti-Ti bond and cause disorder.
At the same time, as mentioned in Section 3.1, the diffusivity
of aluminum is three times faster than that of titaniom in -
TiAl It is believed that the ratio of diffusivity of Al to Ti in
TiAl, should be more than 3, because TiAl; has amuch higher
Al/Ti atoms ratio. The thickness increment of the TiAl, layer
during the aluminizing process is virtually controlled by the
diffusion of aluminum atoms. Based on this postulation, a
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~—(002)

—(004)

«~——(001)

b, @ : Al atoms
a O . Ti atoms
Fig. 7. Unit cell of TiAl; DOy, structure.
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Fig. 8. Some planes of the DO,, structare in which only aluminum atomic
sites are considered.

possible mechanism for the preferred orientation is schemat-
ically described in the following paragraph.

Fig. 8 shows some examples of atomic packing planes with
the major X-ray diffraction intensities of the DO,, lattice,
where only the atomic sites of aluminum in the DO,, structure
are considered without the presence of titanium atoms. In
Fig. 8, it can be seen that the (00 4) plane is the closest
packed plane of the DO, lattice. Therefore, aluminum atoms
tend to diffuse along the (0 0 4) plane more easily than along
any other plane. That is, packing of the (0 0 4) plane has a
lower surface energy than any other plane. This may be the
reason why TiAl; grains grow with [0 0 1] preferred orien-
tations, as shown in Fig. 4.

This mechanism can also explain the fact that, in Fig. 4,
the intensity of the (00 4) peak increases with increasing
aluminizing time. During a longer reacticn time, grains with
the preferred orientation grow, while grains with other ori-
entations gradually vanish. Oriented growth and an epitaxial
relationship between liquid phase metal and metaliic
substrates seem quite common in intermetallics [ 16].

4.2. Formation of TiAl, layer

As described earlier in Section 3.1 and shown in Fig. 1,
after 4 h of aluminizing at 750°C, reaction layer Il is observed
between reaction layer I and TisoAlsy substrate. This layeris
identified to be TiAl,, which is consistent with the Ti-Al
binary phase diagram {8]. Fig. 1 also shows that this layer is
not thick enough to be observed in specimens aluminized for
1 or 2 h at 7530°C. This means that TiAl, can be formed at the
TiAl:~TissAls, interface only after a long reaction time. It is
believed that the TiAl, layer is formed by interdiffusion
between the TispAls, substrate and the TiAl; reaction layer
above 750°C.



Table 4 . N
Formation energies of TiAl, TiAl, and Tial; intermetallics [ 14]

Formation energy (kJ mol™") Formation energy at

750°C (kJ mol™")

TiAl AGf= —37445.1+16.79376T —20265
TiAl AG'= —43858.4+11.02077T —32584
TiAl; AG'= —40349.6 + 10.36525T —29745

Thermodynamic data indicate that a TiAl, layer should be
formed because of its lower formation energy. As calculated
theoretically in Table 4 [17], among the formation energies
of TiAl, TiAl, and TiAls, TiAl, has the largest negative value
of AG' at 750°C. This means that TiAl, is more stable than
TiAl; and the TiAl, layer at 750°C, and it should be formed
when the aluminized specimen is annealed isothermally. The
difference in formation energy between the product (TiAl,)
and the reactant (TiAl or TiAly) provides the driving force
for TiAl, formation. However, TiAl,; layer cannot grow con-
tinuously because the driving force is not great enough to
overcome the interfacial energy increment of the new layer.
In other words, the interfacial energies of TiAl,/TiAl and
TiAl,/TiAl; act as barriers to the formation of TiAl,. Arecent
report also indicated that a stable phase would be absent in
the diffusion zone if the driving force is not sufficient to
overcome the interfacial energy increase {16]. Under this
circumstance, it is suggested that TiAl, nuclei cannot grow
to a distinct layer unless the aluminizing time of the specimen
is extended, such as to 4 h in this study. A similar feature was
reported for TiAl, growth during anneals of a TiAl-TiAl;
diffusion couple at 800°C, but not at 625°C [10].

4.3. Oxidation behavior of aluminized TisyAls, alloy

The 1000°C oxidation test results shown in Fig. 6 indicate
that specimens with and without aluminum cladding oxidize
according to a kinetic power law. To investigate the oxidation
protection of aluminized specimens, a kinetic power law is
applied in terms of weight gain Aw and time  as:

Aw=kt" (3)

where Aw is the weight gain (mg cm~?), k a rate constant, ¢
the oxidation time (hours) and n the index of the oxidation
rate. k and n can be obtained from Eq. (3) by plotting data
on a log-log scale. Here, n is calculated as 1.01 (near linear)
for the un-aluminized TispAlso and 0.556 (near parabolic)
for the aluminized specimens, as shown in Fig. 6. Linear
oxidation kinetics have been observed in some other inter-
metallics [18]. In agreement with other authors, it can be
concluded that the linear kinetics of the oxidation scale
growth on the un-aluminized TisoAls, are controlled by grain
boundary diffusion. However, the parabolic oxidation rela-
tionship has been well defined in Wagner’s model [19],
which shows that the oxidation scale formed on the alloy’s
surface acts as a protection layer to prevent further oxidation
[20]. It is significant that the aluminized specimens reduced

the oxidation rate at 1000°C from a linear oxidation (n=1)
to a parabolic relationship (#=0.5), which shows that the
aluminum-clad specimens exhibit a marked improvement in
oxidation resistance. Using Eq. (3), setting n=0.5 and
replotting Fig. 6 as the weight gain versus 2, we can cal-
culate the curve’s slope of the reaction rate constant as
0.55mgcm~2h~"? for the aluminized specimens and
0.36 mgcm~2>h™'/2 for the TiAl; ingot. The aluminized
TiseAlsg still shows slightly less oxidation protection than the
TiAl, ingot. Cracks/pores existing inherently in the alumi-
nized layer, as shown in Fig. 1, possibly account for this
feature.

5. Conclusions

The study of TispAls, intermetallics modified by aluminum
cladding leads to the following conclusions.

1. The surface of TispAls, intermetallics can be modified by
aluminum cladding under a process of vacuum aluminiz-
ing. An aluminized coating of multiple layer morphology
is formed. The primary reaction layers are identified to be
TiAl; and TiAL.

2. The orientation of the TiAl; reaction layer grows prefer-
entially along the ¢ axis of DO, lattice perpendicular to
the surface of the specimen. This preferred orientation
increases with increasing reaction time. A possible mech-
anism is proposed to explain this phenomenon.

3. A TiAl, layer can be formed at the interface of a TisoAlse
substrate and a TisAl reaction layer after a substantial
aluminizing period. The formation of this TiAl, layer is
explained in terms of a TiAl-TiAl; diffusion couple at
750°C.

4. High temperature oxidation tests indicate that the alumi-
nized layer exhibits marked improvement in oxidation
resistance. The oxidation kinetic power law of specimens
subjected to liquid aluminizing is a parabolic relationship,
instead of a linear oxidation as seen in specimens not
subjected to liquid aluminizing.
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