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Abstract

In this study multi-layered Ti/Al sheets prepared by accumulative roll bonding (ARB)
underwent a two-step heat treatment (HT) to form intermetallic compounds. The
microstructure and crystal structure of the samples were examined by scanning and
transmission electron microscopy as well as energy-dispersive X-ray spectroscopy and
synchrotron diffraction. In the first solid-state reaction annealing step, Ti-rich ARB samples
containing 60 at.% Ti and 40 at.% Al were held at 600°C for 12 h under a uniaxial pressure
between 0 MPa and 50 MPa applied along the normal direction of the sheets. At this stage,
Al is completely consumed by forming mainly Al-rich intermetallic phases and to a lower
extent other titanium aluminides such as TisAl and TiAl. In the second step, high-
temperature annealing produces TiAl and TisAl as major phases during both pressureless
annealing at 1100°C, 1200°C and 1300°C and annealing under an uniaxial pressure of
about 100 MPa at 1200°C. Pore formation during the reaction annealing can be significantly
reduced by the applied pressure. As a result, a TiAl-based semi-finished material was

fabricated.
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1. Introduction

Titanium aluminides have attracted much interest because of their potential as engineering
materials. High melting points, low density, excellent creep strength and good corrosion
resistance [1, 2, 3] make them beneficial for use in automobile (exhaust valves,
turbocharger wheels [4, 5]) and aerospace (compressor vanes, turbine blades, turbine
exhaust components [6, 7, 8]). Within the Ti-Al system, there are two titanium aluminides of
industrial importance. The compounds are TisAl and TiAl with hexagonal DOi9 and
tetragonal L1o structure, respectively. Due to planar slip, limited number of slip systems and
lack of twinning they exhibit low ductility in the binary state [9, 10]. Various alloys based on
TisAl and TiAl have been developed [11, 12]. Of special interest for commercial applications
are two-phase TiAl/TisAl alloys consisting of duplex or fully lamellar microstructure [13, 14],
which is controlled by both, the heat treatment process and the chemical composition.

The processing of Ti aluminides includes various methods, such as ingot metallurgy [15],
powder metallurgy [16, 17], selective laser melting [18], explosive welding [19] or electron
beam melting [20]. Solid-state reaction annealing of Ti and Al foils has been also used for
manufacturing of near-net-shaped sheets [21, 22, 23]. In general, high defect densities
imposed by large strain plastic deformation and fine layering can enhance the
transformation to desirable phases. Amongst different severe plastic deformation methods,
accumulative roll bonding (ARB) is an effective method to produce multilayered ultra-fine
grained Ti/Al layered composites [24, 25]. However, during subsequent reaction annealing
steps of Ti/Al diffusion couples, pore formation takes place. Hot-rolling or pressure-assisted
methods have been reported to reduce porosity [21, 26].

In this study, it was the aim to fabricate sheet profiles from ARB-processed Ti/Al sheets
which after reaction annealing only consist of TiAl and TisAl. To achieve this, a two-step
reaction annealing (heat treatment, HT) without and with uniaxial pressure was applied. HT
below the melting point of Al (HT1) prevents the Al from melting and squeezing out, thus the
whole Al can be consumed completely for the formation of intermetallic phases. Additional
HT at high temperatures (HT2) is necessary to transform the composite of Ti and titanium

aluminides to the desired final phase composition.

2. Experimental

Laminates of Al alloy AA5049 (in the following referred to as Al) and high purity Ti
(99.995 %) were produced by ARB at RT up to 8 cycles with intermediate annealing steps.
A sandwich of two Ti and one Al layer in between with a thickness of 1 mm each and two

additional Al layers with a thickness of 0.5 mm placed on top and bottom was stacked
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resulting in a 50 vol.% Ti and 50 vol.% Al initial composition. The stack was rolled to a
thickness reduction of 50% and halved in length. Both sheets were stacked and rolled again
to a thickness reduction of 50%. The cutting, stacking and rolling procedure was repeated to
accumulate the strain and reduce the layer thickness. Between each ARB cycle annealing
was performed at 450°C for 1 h. More details on the ARB process and sample design are
given in [24, 25].

The Ti/Al composite sheet was cut by electrical discharge machining into small pieces
(typically about 0.5 cm?). For the first heat treatment (HT1: 600°C, 12 h) the furnace was
evacuated to about 102 mbar four times and backfilled with Ar in between. Moreover, to
avoid sample oxidation, the samples were enclosed in a 0.04 um thick stainless steel foil.
The steel foil package also included some pieces of Nb-foil used as an indicator of
oxidation. The HT temperatures were achieved with a heating rate of 300 K ht. After HT the
samples were furnace cooled to RT with a cooling rate of about (100 - 150) K h1. To reduce
porosity formation during HT1 uniaxial pressures up to 50 MPa have been applied. The
uniaxial pressure in the furnace was applied with a constant load. Due to geometric
changes the true pressure on the samples was noteworthy reduced in comparison with the
nominal pressure at the start of heat treatment.

For the second heat treatment, a series of experiments was carried out for 12 h with no
external load being applied at 1100°C, 1200°C and 1300°C in order to determine the
optimum temperature for this reaction stage. To protect against oxidation, the samples were
enclosed in quartz ampoules, which were then evacuated and filled with pure argon gas.

The second heat treatment under pressure was realized with a self-made pressure
assembly shown in Fig. 1. It consists of two screws and a nut fabricated with electrical
discharge machining from Ni-based superalloy PM 3030 [27]. The samples were placed
between two high-temperature ceramic spacers or hemispherical punches with pre-shaped
curvature. By tightening the screws at both ends of the nut, a uniaxial pressure is exerted.
This assembly ensures only a rough estimate of the pressure due to thermal expansion and
lack of exact friction coefficients. Nevertheless, this technique can show the effect of
pressure on the formation of porosity.
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Fig. 1: (a) Pressure assembly, (b) cross-section schematic of the pressure assembly.

Cross-sections of the samples were mechanically wet ground with SiC paper of grit size
1000 - 4000. For scanning electron microscopy (SEM), a 3 h vibration polishing was applied
using a polishing cloth (MicroCloth/Buehler) in combination with 0.05 um alumina
suspension (MasterPrep/Buehler). The final polishing step for 30 min took place with
MicroCloth and MasterMet (Buehler) 0.02 um SiO2 suspension. This preparation is sufficient
for SEM imaging of heat-treated samples. For EBSD and for SEM imaging of the initial
sheets, instead of vibration polishing the samples underwent electropolishing using 9 vol.%
perchloric acid in 91 vol.% ethanol at a voltage of 33 V. The polishing agent was externally
cooled to - 20°C. Additionally, the samples were cooled in liquid nitrogen just before
electropolishing.

Microstructural investigations were carried out in an ULTRA 55 (Zeiss) SEM equipped
with an electron backscatter diffraction (EBSD) system (HKL Technology) and an energy
dispersive X-ray spectroscopy (EDX) detector (Bruker). Secondary electron (SE) and
backscatter electron (BSE) imaging, as well as EBSD and standardless EDX
measurements, were done on the plane normal to the transverse direction (TD).

For one selected specimen standardless EDX was also performed in an FEI Tecnai T20
transmission electron microscope (TEM) equipped with a LaBs cathode operated at an
acceleration voltage of 200 kV. Specimen preparation for TEM was done by focused ion

beam (FIB) technique in a FEI Helios 600i FIB on the rolling direction (RD) plane.



The phase analysis was done using high-energy (A = 0.01423 nm) synchrotron radiation
X-ray diffraction (SR-XRD). The SR-XRD experiments were carried out in transmission
geometry at DESY, Hamburg, Germany. The samples were rotated around an axis (RD or
TD) perpendicular to the incident beam. The intensity was integrated over the whole Debye
rings and the resulting patterns of the Ti-aluminide phases were analyzed with the Rietveld
refinement method using HighScore Plus software and the so-called continuous mode for
synchrotron diffraction [28, 29]. Such a procedure practically reduces the effect of
crystallographic texture allowing very precise calculations of the volume fraction.

To estimate the pore volume fraction, the porosity was quantitatively analyzed from SEM
images. Several images were taken in the mid-section of the samples covering an area of
75%52 pm2 (HT1 at 600°C and HT2 at 1100°C) and 365%250 um2 (HT2 at 1200°C and

1300°C). The porosity was measured with the line intersection method.

3. Results

3.1 Characterization of the initial material

As shown in Fig. 2 (diffraction pattern at the bottom), only intensity peaks of Al and Ti were
measured by SR-XRD. Besides of Ti and Al phases, a few low intensity peaks were
observed most likely as a result of precipitation in Al. Thus, it can be concluded that within
the detection limit of less than 1 vol.% a reaction of Al and Ti to intermetallic phases did not
occur during the ARB process.

Figure 3a shows the SEM cross-section image of a Ti/Al composite sheet after eight ARB
cycles. The dark and bright layers in the image represent Al and Ti, respectively. They are
continuous and pore-free; the interfaces between Ti and Al are wavy. As the Ti layers
experience some minor necking their thickness varies typically between =1 pm and =10 pm.
The average layer thickness is roughly 5 um. The phase structure of the initial ARB material
as given by both the Rietveld and SEM image analysis stands at 62 vol.% for Ti and
38 vol.% for Al, corresponding to 60 at.% Ti and 40 at.% Al. Alloying elements in the Al alloy
are neglected. The ARB process results in a change of the initial Ti/Al composition. On the
one hand, this is because there is always an Al layer on the outside after each ARB cycle,
and wire brushing, therefore, causes some Al removal on these surfaces. On the other
hand, Al is squeezed out during ARB processing.

In the dark Al layers numerous evenly distributed bright grains of the size up to several
pum were observed (Fig. 3b). They represent Al containing precipitates with a higher atomic

number than the surrounding matrix. Analysis of the chemical composition carried out by



SEM EDX shows that the precipitates are rich in Mg, Mn, Fe Ti and Si (also detected in

precipitates not shown in Fig. 3b), which are the main alloying elements of AA5049.
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Fig. 2: SR-XRD patterns of Ti/Al ARB material before (lower pattern) and after 12 h HT at
600°C/0 MPa (upper pattern). Observed peaks are indexed to: Ti (hexagonal, P63/mmc); Al
(cubic, Fm-3m); TisAl (hexagonal, P63/mmc), TiAl (tetragonal, P4/mmm); TiAl2 body-
centered tetragonal 141/amd); TiAls (body-centered tetragonal, 14/mmm), Ti2Als (tetragonal,

P4/mmm). Only the intense peaks are labelled.



Fig. 3: a) SEM BSE image showing the transverse section of an as-ARB Ti/Al composite
sheet: Bright layers correspond to Ti dark layers to Al. Porosity is absent in this condition. b)
Magnified image of a) (blue square). The inset in b) shows a typical EDX spectrum obtained

from the precipitates in the Al layers (red arrow).

3.2 First heat treatment stage (HT1)

Samples heat-treated at 600°C changed their dimensions and often lost their original
rectangular shape. For example, the length of the sample heat-treated without pressure
increased by about 5% in TD and RD while the increase in the normal direction (ND)
amounted to 12%. This anisotropy may be qualitatively understood by the nearly parallel
alignment of the Ti layers providing some constraint to the layered composite to expand in
RD and TD during the reaction. This change is different for samples annealed with
pressure. For example, for the 600°C/30 MPa sample, the increase is about 8% and 9% in
RD and TD, respectively, while in the direction of pressure (ND) there is a thickness
decrease of about 10%.

Figure 2 exemplarily shows the SR-XRD pattern (upper pattern) for the 600°C/0 MPa
sample. The absence of Al peaks and the appearance of additional diffraction peaks
compared to the initial material prove the complete consumption of Al during the formation
of intermetallic layers. Basically, after the first reaction treatment, Ti and five intermetallic
compounds, TisAl, TiAl, TiAlz, TiAls and Ti2Als, are present with TiAls and residual Ti
dominating. Figure 4 shows volume fractions of the phases calculated using quantitative
phase analysis by Rietveld refinement. The refinement reveals that with increasing load
more Ti is consumed, i.e., from 36 vol.% at 0 MPa to 28 vol.% at 50 MPa, whereas the
major phase TiAls increased from 45 vol.% to 55 vol.%. The amounts of TisAl, TiAl, TiAlz

and Ti2Als are below 12 vol.%.
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Fig. 4: Volume fraction of Ti and Ti aluminides after HT1 as a function of uniaxial pressure

(as determined from Rietveld analysis).

Figure 5 compares the resulting microstructures of the heat-treated ARB samples under
different pressure conditions. The microstructures exhibit a small amount of porosity and at
least two distinct phases: the bright Ti-rich and the dark Al-rich layered phases. According to
SEM EDX, the dominating dark grey layers correspond to TiAlz (25.2 at.% Ti and 74.8 at.%
Al) and the bright grey layer to Ti. For different pressures, the most noticeable differences
are the flattening of the layers and the porosity. Longitudinally extended pores are located in
the former Al layers. In general, two types of porosity can be distinguished. The first
consists of coarse pores, typically located in the TiAls layer appearing very notable in
Figs. 5a, b. These pores are significantly reduced after the application of pressure and
disappear at pressures = 10 MPa. However, independent of pressure another type of fine
pores exists (Figs. 5c, d). The fine pores are mainly located to a narrow stripe in the centre
of the TiAls layers and often appear at triple junctions of the ultra-fine grains.

Figure 6 shows the effect of uniaxial pressure on the porosity during HT1. Without
application of pressure, the porosity is about 12 vol.%. At 5 MPa and above it decreases to

about 1 vol.%.



Fig. 5: SEM BSE images of heat-treated samples (600°C/ 12 h) for zero pressure (a and b)

and 50 MPa (c and d). Bright grey layers correspond to Ti, dark grey layers to Al, black
areas are pores.
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Fig. 6: Porosity given as volume fraction as a function of uniaxial pressure during HT1.



The interface between Ti and TiAls is too narrow to be reliably analyzed by SEM EDX.
Therefore, TEM EDX was used to determine the composition profile of the interfacial region
in the 600°C/5 MPa sample. Figure 7a shows a cross-sectional scanning transmission
electron microscopy (STEM) image with a pink line marking the trace of the EDX line scan.
The line scan starts in a Ti layer, crosses the three additional layers and ends in a TiAls
layer. The different layers are not easily distinguishable as the orientation contrast
sometimes outweighs the contrast from the different phases. The evaluation of the
measured spectra is presented in Fig. 7b. A gradual increase of the Al concentration can be
observed along the line scan. Clear plateaus with constant concentration are typically
missing. This may be explained by the uneven reaction interface between Ti and TiAls
leading to an EDX signal originating from volume overlap of different phases along the
beam direction. However, it appears that 5 regions can be distinguished: Ti, TisAl, TiAl, TiAl2
and TiAls.

The reaction between Ti and Al can also be observed in Fig. 7c. It shows gradually
increasing contrast from left to right across the layers corresponding to the phase sequence
Ti-TisAl-TiAI-TiAl2-TiAls. The SEM BSE images and EDX measurements do not reveal the
Ti2Als phase.

The microstructure evolution during HT1 was also studied by EBSD. As shown in Fig. 7d,
two of the layers could be indexed: TisAl was indexed using the same hexagonal EBSD
match unit as for Ti. In the EBSD mapping, the TisAl phase is manually colored blue,
assuming that the small grains at the border of Ti are belonging to TisAl, in agreement with
SEM and TEM investigations. The TiAl2 was indexed with a cubic match unit. Evidently,
initially after 8 ARB cycles, fine-grained Ti is recrystallized throughout most of the layer
during HT1. The grains in TiAls have an average grain size of about 1 pm, while in TisAl and
TiAl2 the grain size is typically below 1 um. The very thin layer between TisAl and TiAl2
(presumably TiAl) could not be indexed by EBSD. Additionally, the pores inside the TiAls

layer significantly increased their size after electropolishing, making indexation impossible.
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Fig. 7: a) Bright-field STEM image with pink line marking the EDX line scan. b) The

concentration of Al and Ti along the pink line. ¢) SEM BSE contrast image showing the
former interface between Ti and Al layers after 600°C/5 MPa HT1. ¢) EBSD phase mapping
with colors assigned as: Ti - yellow, TisAl - blue; TiAlz - pink, TiAls - green. High angle grain
boundaries (misorientation >15°) are drawn in red, low angle grain boundaries

(misorientations between 2° and 15°) in blue. White areas are not indexed.

3.3 Second heat treatment stage (HT2)
All samples after the second heat-treatment at 1200°C and 1300°C without pressure (prior
HT1: 10 MPa and 30 MPa) are weakly convex and exhibit the formation of an oxide/reaction
scale of about (10 - 200) um thickness. The oxide/reaction scale formed on a sample after
1300°C HT2 appeared to be thicker than those on samples after HT2 at lower temperatures.
Figure 8 shows SR-XRD patterns obtained from samples after HT2. The pattern at the
bottom is from an 1100°C HT2 sample which contains mainly TiAl and TisAl, but also a
slight amount of TiAlz. At higher temperatures, all Al-rich phases have already transformed
into TiAl and TisAl. The main peaks in specimens reactively treated at 1200°C and 1300°C
are identified as TiAl and TisAl (upper pattern in Fig. 8, exemplarily shown only for
1200°C/0 MPa HT?2). In addition to peaks of intermetallic phases, peaks of oxide phases a-

Al2Oz and Ti2O3 can be observed.
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Figure 9a shows the cross-section image after HT2 (1100°C/0 MPa) of a sample that
underwent HT1 (600°C/30 MPa). The microstructure is characterized by a layered structure
of three intermetallic phases and pores (1.2 + 0.1 vol.%) distributed inside the dark and grey
layers. According to EDX, the bright phase appears to have the stoichiometry of TizAl
(76.5 at.% Ti, 23.5 at.% Al), the grey phase that of TiAl (48.4 at.% Ti, 51.6 at.% Al) and the
dark phase that of TiAl2 (33.9 at.% Ti, 66.1 at.% Al). Aside from slight coarsening of pores, it
seems that the porosity is kept to a similar extent from HT1.

HT2 at 1200°C was done on samples, which previously underwent HT1 at pressures of
10 MPa and 30 MPa. The effect of pressure on pore reduction in samples heat-treated at
1200°C is demonstrated in Figs. 9b, c. The porosity has decreased from about 4.3 vol.% (no
pressure applied, Fig. 9b) to less than 0.4 vol.% (= 100 MPa, Fig. 9¢). The microstructure of
both samples consists of a matrix of TiAl phase with TisAl islands (bright grains) and
lamellar grains composed of alternating plates of TiAl and TisAl. As proven by EDX analysis,
the bright grains consist of 63.6 at.% Ti and 36.5 at.% Al, the dark ones of 54.1 at.% Ti
and 45.9 at.% Al. Considering the accuracy of standardless EDX, these values correspond
to the stoichiometry of TisAl (range of homogeneity domain xa = 0.20 - 0.38) and TiAl (range
of homogeneity domain xa = 0.47 - 0.62 [30]), respectively.

Figure 9d shows the resulting microstructure after HT2 at 1300°C without pressure.
Compared to previous samples, the size of the lamellar TiAl/TisAl colonies is increased. The
microstructure also exhibits linearly distributed TisAl grains surrounded by TiAl phase.
Furthermore, a number of much smaller TisAl grains is located along the previous ARB
interfaces. EDX analysis yields 69.4 at.% Ti and 30.6 at.% Al, and 51.4 at.% Ti and
48.8 at.% Al for bright and dark grains, respectively. The porosity is about 3.8 vol.%.

12
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Fig. 8: SR-XRD patterns obtained from samples after HT2 at 1100°C (HT1: 600°C/30 MPa)
(lower pattern) and at 1200°C (HT1: 600°C/10 MPa) (upper pattern). Only the intense peaks

are labelled.
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Fig. 9: SEM BSE contrast images of samples after HT2 taken in the centre of cross section:
a) HT1: 600°C/30 MPa, HT2: 1100°C/0 MPa; b) HT1: 600°C/10 MPa, HT2: 1200°C/ 0 MPa;
c) HT1: 600°C/30 MPa, HT2: 1200°C/=100 MPa; d) HT1: 600°C/10 MPa, HT2:
1300°C/0 MPa. The insets show the microstructure at higher magnification.

3.4 Fabrication of an intermetallic sheet profile
In the case of ARB Ti/Al sheet profile, the compressive stress required for curved shape
formation was introduced by using a self-made jig containing a die into which the negative
shape anvil is pressed. The Ti/Al sheet deformation was performed at RT before HT1.
Figure 10a shows a pre-shaped Ti/Al sheet after bending to a radius of 8.8 cm. Such a
shape would be difficult to obtain at low temperatures from an intermetallic sheet due to its
high brittleness. Compared to the as-ARB sheet after bending the Al-layers on the cross-
section surface contain material outbreaks (Fig. 10b), the reason will be discussed below.
Nevertheless, the microstructure and porosity (2.2 £ 0.4 vol.%) after HT1 (Fig. 10c) and HT2
(Fig. 10d) are comparable to that of the flat sheets (Figs. 5¢, 9¢). The remaining porosity
after HT2 is 0.3 £ 0.1 vol.%.
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Fig. 10: a) Profile of an ARB sheet bent at RT. b) SEM SE contrast image showing
microstructure after RT deformation. Dark areas in the Al layers represent material
outbreaks. SEM BSE contrast images of microstructures after heat treatment: c¢) HT1
(600°C/30 MPa) and d) HT2 (1200°C/=100 MPa).

4. Discussion

4.1 Phase formation

From a manufacturing perspective, the chosen heating duration and temperature can be
further optimized. There have been numerous studies on the formation of Ti aluminides by
solid-state reaction [21, 22, 26, 31]. Based on these studies, the first heat treatment
temperature was chosen to be 600°C. Heat treatment at higher temperatures increases the
diffusivity. However, temperatures closer to the melting point of Al during HT1 under uniaxial
pressure are not expedient since the flow stress of Al strongly decreases and Al layers may
squeeze out more. Fine lamellar layers, a refined microstructure and increased dislocation

density in ARB samples provide additional diffusion paths decreasing the reaction time.
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Additional research proved that the annealing time can be further reduced. The HT duration
for full Al consumption is between 1 h and 4 h

The binary Ti-Al phase diagram (Fig. 11) shows that compounds such as ordered
intermetallic phases TisAl, TiAl, TiAlz, TizAls and TiAls with a certain homogeneity range can
be formed. The mechanisms of formation of intermetallic phases in the Ti/Al diffusion couple
is still under discussion. Generally, it involves several steps: Diffusion, formation of
saturated primary solid solutions, nucleation, growth of the nuclei and finally phase growth
by consumption of adjacent phases. According to the phase diagram, the saturation state
can be achieved very easily because the solubility of Al in Ti at 600°C is about 12 at.% [32],
while Ti in Al is only about 0.55 at.% (confirmed by resistivity measurements [33] and

electron probe microanalysis [34]).
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Fig. 11: Equilibrium phase diagram of the Ti-Al system according to Schuster [32]. The
composition of the Ti-39.57 at.% Al and HT temperatures of 600°C, 1100°C, 1200°C and

1300°C are indicated with red lines.

In many previous publications involving solid-state Ti/Al reaction at temperatures below
the melting point of aluminium it was observed that only TiAls was formed [31, 35, 36, 37] or
it was the dominant phase in the diffusion zone formed prior to the formation of any other Ti
aluminides [38, 39]. In terms of thermodynamics, the possible reason for phase growth
selection is the preference of Al-rich phases due to a low Gibbs free energy of formation. At

600°C TiAls has the third lowest energy amongst the corresponding intermetallic phases.
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However, TiAl2 and Ti2Als, which have the lowest free energy state, undergo a solid-state
reaction with TiAl as one of the starting phases [40]. According to the effective heat of
formation model proposed by Pretorius et al. [41, 42], standard heat of formation and
effective concentration of Ti and Al at the reaction interface are considered for the
estimation of free energy change during HT. TiAls has the highest effective heat of formation
and hence this compound is expected to form first at the interface. In addition to reasons for
phase formation related to thermodynamics and diffusion dynamics, the ease of nucleation
of TiAlz was explained by Tardy and Tu [43] in terms of similarities in the crystallographic
structures of Al and TiAls.

Similarly, sintering of Ti/Al powder shows that only Ti2Als is formed after annealing at
450°C/24 h and is still present after 600°C/48 h HT. Therefore, it is assumed that the
formation of TiAls results from the reaction between solid Al and Ti2Als [44].

In the subsequent reaction process during HT2 at 1100°C the remaining titanium reacts
to TisAl, TiAl and TiAlz. Because annealing at 1100°C does not lead to the complete
disappearance of Al-rich phases, the annealing temperature was increased. Alternatively, a
longer period of time would be needed for formation of a microstructure only consisting of
TiAl and TisAl. At 1200°C and 1300°C Al-rich phases disappear due to enhanced

interdiffusion between Ti and Al, and only TiAl and TisAl form.

4.2 Porosity

In the Ti/Al layered composites during pressureless HT a high level of porosity formation
takes place. It can be caused by volume change due to the difference in molar volume
between initial composition and product phases. When considering the amount of
substance of the composition after pressureless HT of 36.3 vol.% Ti, 44.8 vol.% TiAls,
11.1vol.% TisAl, 6.2vol.% TiAl, 0.8vol.% TiAlz and 0.8 vol.% Ti2Als, (state after
pressureless HT1, see Fig. 4), the volume of the equivalent amount of pure Ti and Al is
about 5% higher. Additionally, Kirkendall porosity forms during interdiffusion in the Ti/Al
diffusion couple. To describe this in terms of experimental diffusion data, the impurity
diffusion coefficient of Ti in Al is higher than Al in Ti at 600°C by three orders of magnitude
(D1i=3x 101" m?/s [45] and Da =4 x 102°m?/s [46]). Diffusivity depends on many
parameters such as solute concentration, purity of solvent, grain size and crystal anisotropy
[47, 48]. Nevertheless, the given values are consistent with the general correlation between
solubility and diffusivity; atoms with lower solubility diffuse faster [49]. Consequently, during
the initial interdiffusional mixing, the net flux of atomic diffusion of Ti into Al is higher. As

mentioned above, the solubility of Ti in Al is about 22 times lower than that of Al in Ti. After
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short initial interdiffusional mixing stage the saturation level of the solubility is reached and
nucleation of TiAlz sets in. According to results on diffusion experiments in the Ti-Al system
done by van Loo and Rieck [50], below 640°C Al is the dominant diffusing component in
TiAlz causing a net flow of vacancies towards Al which then condense and form pores in the
former elemental Al layers. As shown by theoretical calculations, the diffusion rate of Al (at
575°C) in the TiAlz phase exceeds about 20 times that of Ti (Dmi = 1.2 x 10*®* m?/s and
Dai = 27.1 x 1015 m?/s [51]).

The results show that applying pressure during HT1 has a significant influence on
reducing large pores. By further increasing the pressure, the porosity remains relatively
constant around 1 vol.% while the sample is flattened. As shown for sintered TiAl-based
intermetallics, the use of a constraining die during HT prevents the change of sample
dimensions and further reduction of the porosity [52].

Vacancy migration and dislocation climb play an important role in the reduction of
porosity. Both effects are enhanced with increasing temperature and can be accelerated by
applying an external pressure [53, 54]. Examination of the SEM images of samples heat-
treated at 1100°C shows that probably due to Ostwald ripening the pores aggregate and
coarsen but the layered structure of pores is preserved. At elevated temperatures (1200°C
and 1300°C) increased diffusivity causes interconnected pores to further grow and become

mostly elongated or spherical.

4.3 Sheet profiling

It has been demonstrated that sheet profiles of intermetallics consisting of TiAl and TizAl
can be fabricated by profiling the sheet in the as-ARB condition and applying the reaction
annealings 1 and 2 with a certain pressure. The material outbreaks in the Al layers of the
as-ARB sheet after bending may be explained as follows. The Al alloy used contains
intermetallic precipitates which during bending lead to cracks at the interfaces with the Al
solid solution matrix. These cracks easily lead to mechanical dislodging of the precipitates
at the surface when preparing SEM cross sections. However, as the precipitate containing
Al alloy is totally dissolved during reaction annealing the bending-induced cracks are of no

relevance.

5. Conclusions
Accumulative roll bonded Ti/Al sheets were subjected to a two-step annealing treatment.
Based on microstructural analysis by SEM, TEM and SR-XRD the following conclusions are

drawn:
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1)

2)

3)

4)

During annealing at 600°C for 12 h Al is completely consumed and TiAls is the dominant
intermetallic phase at the former Ti/Al interface. Additionally, pore formation inside the
TiAls layers occurs. The porosity of the ARB sheets is controlled by the Kirkendall effect
and differences in molar volume of initial and product phases. The porosity is
significantly reduced from 12 vol.% to about 1vol.% by HT under a superimposed
uniaxial pressure greater than 5 MPa.

A pressureless annealing at temperatures of 1100°C, 1200°C and 1300°C causes
coarsening of the pores and an increase of the porosity up to about 3.8 vol.%. The
temperature of 1100°C is not high enough for complete consumption of residual TiAl2
and microstructural homogenization. During annealing at 1200°C and 1300°C sheets
with duplex TiAl/TisAl microstructure and slightly increased porosity are obtained. The
porosity of final samples as a flat sheet and sheet profile can be substantially reduced
down to 0.4 vol.% by applying an uniaxial pressure of about 100 MPa.

Oxidation occurs at elevated temperatures which entails the need of good oxidation
protection.

It has been proven that the applied process is suitable for fabricating TiAl-based semi-
finished material and therefore may be of technical relevance.
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