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Microstructure of dense thin sheets of γ-TiAl fabricated by hot isostatic pressing of 
tape-cast monotapes 

 
A.G. Adams1, M.N. Rahaman1,*, R. E. Dutton2 

 
1University of Missouri-Rolla, Department of Materials Science and Engineering, 223 McNutt 

Hall, Rolla, MO 65409 
2Air Force Research Laboratory, Materials and Manufacturing Directorate, Wright-Patterson 

AFB, OH 45433 
 

Abstract 

A powder metallurgy route based on hot isostatic pressing (HIPing) of tape-cast 

monotapes was used for the direct fabrication of dense thin sheets (250–300 μm thick) of gamma 

titanium aluminide (γ-TiAl). Polarized light microscopy revealed a fine-grained microstructure 

(average grain size ~ 3 μm) but a few isolated larger grains (~20 μm) were also present. The 

primarily metastable α2 microstructure of the rapidly solidified starting powder transformed to 

the equilibrium near-γ microstructure during HIPing. Chemical analysis revealed that the dense 

sheet had a carbon content of 0.13 wt.%, which was only 0.04 wt.% higher than that of the 

starting powder, but the oxygen content was significantly higher, presumably introduced during 

the decanning step.  The hardness measured using Vickers microindentation technique was 384 + 

9 HV. Manipulation of the as-HIPed microstructure was performed by heating for up to 1 hour in 

flowing argon at temperatures (1170-1385oC) below and above the alpha transus (1355°C). 

Below 1250°C, limited grain growth and no discernable change in the as-HIPed (near-γ) 

microstructure occurred.  Sheets heated to 1320°C and 1365°C had a duplex microstructure of γ 

and α2 grains, with some lamellar grains. Except for a thin surface layer (20–30 μm thick), the 

microstructure of the heat-treated sheet was uniform, but a fully lamellar microstructure was not 

achieved even after heating for 1 h at 1385°C. 

 

Keywords:  gamma titanium aluminide; thin sheet, tape casting, hot isostatic pressing. 
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1.  Introduction 

Intermetallic alloys based on gamma titanium aluminide (γ-TiAl) possess several 

attractive properties such as low density, strength retention to high temperatures, high strength-

to-weight ratio, high stiffness, and good oxidation resistance [1-3]. These properties make γ-TiAl 

a potentially attractive material for high-temperature space and aerospace applications.  For 

several applications, γ-TiAl sheets and foils are needed with thicknesses as low as 100 μm.  

These sheets are being considered for applications such as exhaust nozzle components, back 

structures of scramjets for space applications, heat shields for helicopters, and thermal protection 

systems for reusable launch vehicles [4]. 

Several methods have been developed for fabricating γ-TiAl sheets but only one, the 

Advanced Sheet Rolling Process (ASRP) developed by Plansee AG (Austria), reached 

production scale.  Because of the low ductility of γ-TiAl at ambient temperatures, conventional 

production methods are based on thermomechanical processing of ingot or powder metallurgy 

material at temperatures above 1100oC. The ASRP is a modified pack-rolling process pioneered 

at Battelle Memorial Institute and the Air Force Research Laboratory [5,6] which allows nearly 

isothermal processing on a conventional hot rolling mill at temperatures within the α + γ phase 

field and at low rolling speeds [7-9]. Microstructural inhomogeneity and low yield are key 

problems with sheets produces by the ingot-metallurgy rolling process [9-16]. The large amount 

of thermomechanical treatment required for microstructural homogeneity coupled with the low 

yield makes the sheets very expensive [10,11]. The use of powder-metallurgy plate as a starting 

material for the rolling process leads to a reduction of the aforementioned problems of low yield 

and microstructural inhomogeneity [4,16,17], but the production of γ-TiAl sheet by this method 

is  still uneconomical.   
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Recently, Rahaman et al. [18] investigated the feasibility of using a powder-metallurgy 

route based on hot isostatic pressing (HIPing) of tape-cast monotapes for the direct production of 

dense thin sheets of γ-TiAl without the need for hot working. A powder produced by the plasma 

rotating electrode process (PREPTM) was mixed with an organic binder and a solvent to form a 

slurry, which was tape cast to produce a green sheet. After insertion of the green sheet into a HIP 

can and binder burnout in situ, densification was achieved by HIPing at 1100oC and 130 MPa for 

15 minutes. Following a decanning step, a dense sheet (thickness = 250–300 μm) with a duplex 

microstructure was obtained. The areal dimensions of the sheet, 50 mm by 20 mm, were limited 

by the size of the HIP vessel.   

The objective of the present work was to characterize the microstructure and properties of 

γ-TiAl sheet fabricated by the process developed by Rahaman et al. [18], using HIPing of tape-

cast sheets. A gas atomized powder was used in the present work because of its availability. 

Manipulation of the as-HIPed microstructure by thermal annealing at temperatures between 

1170°C and 1385°C was performed to determine the range of microstructures that can be 

developed from the HIPed sheets.  

 

2.  Experimental procedure 

2.1  Starting Powder 

The γ-TiAl powder used in the present experiments was kindly provided by Crucible 

Materials Corp., Pittsburgh, PA.  It was produced by a gas atomization process. The powder 

provided was the alloy designated 395MM.  It had a composition Ti-46.6Al-2.2Nb-1.3Cr-0.3Mo-

0.211B-0.305C (at.%).  Particle size analysis (Beckman-Coulter LS 230; Coulter Corp., Miami, 
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FL) and scanning electron microscopy, SEM (JEOL 330) were used to characterize the average 

size, size distribution, morphology and structure of the starting powder. 

 

2.2  Fabrication of Dense Sheets by HIPing 

The fabrication process consisted of the following steps: preparation of green sheets by 

tape casting, encapsulation of the sheet in a HIP can, in situ binder burnout, HIPing, and 

decanning. The tape-casting and HIPing procedures were generally similar to those described by 

Rahaman et al. [18], but the use of a different stating powder meant that some modification of 

the tape casting procedure was necessary. In addition, the binder burnout and decanning steps 

were modified to make them more compatible with production methods for potential industrial 

application. In the tape-casting step, a stock solution of the binder–plasticizer mixture was first 

prepared by dissolving 100 g of B-72 resin (Rohm & Haas Co., Philadelphia, PA) and 20 g of 

dibutyl phthalate (Fisher Scientific, Fairlawn, NJ) in 200 g of methyl ethyl ketone, MEK 

(Reagent grade; Sigma-Aldrich, St. Louis, MO).  Next, a slurry was prepared by mixing 50 g of 

γ-TiAl powder, 2.6 g of the binder–plasticizer mixture, and ~ 8 cm3 of MEK. The slurry was cast 

using a tape caster with a fixed carrier surface and a movable doctor blade, on a flat surface that 

was covered with Teflon sheet to facilitate removal of the tape after drying.  A doctor blade gap 

of 1.0 mm and a casting speed of 40 cm/min were used.  The tape was allowed to dry for 

approximately 30 min and then peeled off from the Teflon film. 

The size of the HIP vessel used in the experiments limited the dimensions of the HIPed 

sheet to ∼5 cm × 2 cm.  A green tape was inserted into a HIP can, consisting of a commercial-

purity Ti frame enclosed within a mild steel can.  The contact surfaces of the Ti frame with the 



  

 

 

5

tape cast sheet and with the mild steel can were separated with Ta foil to prevent reaction and 

eutectic melting.  Binder burnout was performed in situ by flowing Ar into one end of the can 

and pulling a small vacuum at the other end with a vacuum pump while the sample was heated at 

1oC/min to 450oC, with a holding time of 30 min at 250°C, 300°C, 350°C, and 400oC. It was 

held at 450oC for two hours and then cooled to room temperature at a rate of 5oC/min. Following 

the binder burnout step, the HIP can was heated to 300oC, evacuated, and sealed.  HIPing was 

performed for 15 min at 1100oC and 130 MPa. The heating and cooling rates were 20oC/min.   

To remove the dense sheet from the HIP can, the area containing the γ-TiAl was removed 

from the rest of the can by wire cutting, and placed in an acid bath to dissolve the mild steel. The 

Ta foil separators were then oxidized away by heating for 12–24 h in air at 700oC (heating and 

cooling rates = 5oC/min).  

 

2.3  Characterization of Starting Powder and HIPed Sheets 

The carbon and oxygen content of the starting powder, the tape cast monotape after 

debinding, and the dense sheet produced by HIPing were analyzed by a commercial laboratory 

(LECO Corporation, St. Joseph, MI). The small size of the sheet and the amount of material 

needed for other experiments meant that the only measurement of mechanical properties that 

could be done was microindentation hardness. Vickers microindentation technique (LECO DM-

400 Hardness Tester) was used to measure the hardness of the dense sheet, with an applied load 

of 1 kgf.  Ten measurements were taken along the centerline of the sheet. 

Metallographic sections of the atomized powder were prepared by sprinkling a small 

quantity of powder into a mold filled with epoxy resin, and allowing the particles to fall to the 
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bottom of the mold before the epoxy hardened. The sample was then ground on 180, 240, 320, 

400, and 600 grit SiC papers. Polishing was performed with 15 μm diamond paste for 3 h, 1 μm 

diamond suspension on a Buehler Vibromet polisher for 4 h, and Buehler Mastermet colloidal 

silica suspension on a Buehler Vibromet polisher overnight (∼16 h). Metallographic sections of 

the HIPed γ-TiAl sheet were prepared by mounting samples in thermosetting resin, then using 

the same grinding and polishing procedure described for the atomized powder. 

The microstructures of the polished cross sections were observed in a polarized light 

optical microscope and in a scanning electron microscope, SEM (Hitachi S-570) with a 

backscattered electron detector. Grain size was measured from the optical micrographs using the 

linear intercept method [19].  The mean intercept length L was determined from the equation: 

T

T

NM
LL =           (1) 

where LT is the total length of the lines, M is the magnification of the micrographs, and NT is the 

sum of the grains counted from all lines. Measurements were made for NT > 200. A 95% 

confidence level for the mean intercept length was determined using the equation: 

 
TN

LL
2
2.1

=Δ           (2) 

The average grain size G and the 95% confidence level (ΔG) were determined from the 

equations: 

 LG 74.1=                 (3) 

 LG Δ=Δ 74.1           (4) 
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2.4  Heat Treatment of as-HIPed Sheet   

The effect of heat treatment on the microstructure of the as-HIPed sheet was studied by 

heating the sheet at temperatures in the α + γ and α phase fields [2]. The α transus temperature 

of the 395MM alloy used in this work was reported as 1355°C [20]. Heat treatments were 

performed in flowing Ar (60 cm3/min) for 12 min and 1 h at 1170°C, 1245°C, 1320°C, and 

1365oC. These were the actual temperatures near the sample, measured using a Type S 

thermocouple. The heat treatment temperatures are shown in Figure 1 on a Ti–Al phase diagram 

taken from Reference 2. Titanium sponge was used as an oxygen getter in the furnace. A heating 

rate of 5oC/min was used, and the samples were furnace cooled at ∼10oC/min.  Preparation of 

metallographic sections of the heat-treated samples and observations of the microstructure were 

performed using the procedures described earlier. 

 

3.  Results and Discussion 

3.1  Powder Characteristics 

The particle size distribution of the γ-TiAl powder is shown in Figure 2. The distribution 

had a mean size of 60 μm and a standard deviation of 20 μm. The distribution consisted 

primarily of one major peak centered at approximately the mean value, but there was a minor 

peak centered about ∼120 μm, approximately twice the mean size. SEM images revealed that the 

starting powder particles were primarily spherical with a few ligamental and irregular particles 

(Figure 3). Backscattered electron imaging of the particle cross-section (Figure 4) showed a 

cellular–dendritic structure of the rapidly-solidified, gas atomized powder. The cell size varied 

between 2 μm and 10μm. Typically, as the atomized powder solidifies, the α phase is the first 
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solid phase to form from the undercooled liquid. The interdendritic regions solidify by peritectic 

reaction to form the γ phase.   

 

3.2  Characteristics of Tape-Cast and HIPed Sheets 

Figure 5 shows the fractured cross-section of a γ-TiAl tape after binder burnout and pre-

sintering (1 h at 1000°C in vacuum) to provide adequate strength for handling. The thickness of 

the tape was 700 μm. The particle packing density appeared to be homogeneous across the 

length and thickness of the cross-section. A complete sheet after HIPing and decanning is shown 

in Figure 6(a). The dimensions were approximately 5 cm × 1.5 cm. An optical micrograph of the 

polished cross-section (Figure 6(b)) showed that the tape was fully dense, with a nearly uniform 

cross-section of ∼275 μm 

The carbon and oxygen contents at three stages of the sheet fabrication process are given 

in Table 1.  Compared to the starting powder, the C content of the tape-cast monotape after 

debinding increased by 0.02 wt.%, with a further increase of 0.02 wt.% after HIPing and 

decanning. The data indicated that the fabrication process did not lead to any significant C 

contamination of the material.  The O content of the tape after debinding was only 0.02 wt.% 

greater than that of the starting powder. However, the O content increased to 0.44 wt.% after 

HIPing and decanning.  This significant increase in the O content was due presumably to the 

oxidation stage of the decanning process, when the adherent Ta foil was removed by oxidation in 

air for 24 hr at 700oC.  Removing a thin surface layer by lightly grinding the sheet with SiC 

paper resulted in a reduction in the O content of the sheet to 0.33 wt.%, indicating that the 

oxygen was concentrated near the surface. Thermogravimetric analysis, performed subsequently, 
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indicated that the time for complete oxidation of the Ta foil separators used in the experiments 

(thickness = 0.005 inch) was less than 3 h at 700°C, compared to a time of 12–24 h used in the 

decanning experiments. Optimization of the oxidation step in decanning, coupled with surface 

finishing to better remove the surface oxide layer, might be expected to produce a significant 

reduction in the O content of the final sheet.   

The hardness of the dense HIPed sheet was 384 + 9 HV.  Two of the indents are shown in 

Figure 7.  Fan-shapes regions of deformation were observed around the indents, indicating that 

some plastic flow occurred. This suggests that the material produced by the present process may 

have the ability to develop a limited amount of ductility for subsequent forming into a complex 

shape. 

 

3.3  Microstructure of the Dense as-HIPed γ-TiAl Sheet  

Polarized light optical microscopy (Figure 8(a)) showed that the dense as-HIPed γ-TiAl 

sheet had a fine-grained microstructure with an average grain size of 3.4 + 0.2 μm.  This 

microstructure is very similar to the fine, equiaxed, near-γ microstructure reported recently 

[20,21] for large compacts of the same alloy produced by HIPing at temperatures between 

1000°C and 1300oC.  A fine-grained microstructure is very desirable for subsequent 

microstructural manipulation of γ-TiAl to optimize its properties for the desired application. Heat 

treatment would be required to produce a microstructure suitable for applications where high 

temperature properties and good toughness are needed. 

Detailed examination of the polished cross-section of the dense sheet indicated the 

presence of a few large grains (~20 μm) in the fine-grained microstructure (Figure 8(b)).  
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Approximately five regions of large grains were observed in a total cross-section of ~ 2 cm by 

250-300 μm.  These large grains re-entered the normal size distribution after subsequent heat 

treatment of the as-HIPed sheet at temperatures greater than 1250°C.  A few explanations may be 

suggested for the presence of these large grains in the as-HIPed microstructure.  It is possible 

that the large γ grains originated from the interdendritic regions of powder particles that were 

cooled at a slower rate and thus had a larger scale of segregation.  This segregation can lead to 

regions of γ grains without α2 grains to pin the grain boundaries [22].  Large particles cool 

slower, so removing the largest powder particles could reduce or eliminate this effect.  However, 

slow-cooled particles are not necessarily large.  Although the homogeneity of gas atomized 

powder is better than that produced by other methods, microsegregation during solidification can 

still occur.  Other possible causes include nonuniformities in chemical composition.  Aluminum 

segregation could place the local composition slightly to the right of the peritectic, which 

increases the likelihood of forming interdentritic γ phase.  The borides that are used to pin grain 

boundaries could also be nonuniformly distributed.  Lack of borides in these regions could 

explain the presence of the larger grains [22]. 

 

3.4  Microstructural Manipulation of as-HIPed γ-TiAl Sheet 

Figure 9(a) and Figure 9(b) show polarized light optical micrographs of the HIPed γ-TiAl 

sheet after heating for 12 min at 1320°C and 1365°C, respectively. The α transus temperature 

(1355°C) reported for the 395MM alloy used in this work [20] is between these two 

temperatures. The average grain sizes of the heat-treated samples, determined from polarized 
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light optical micrographs, are summarized in Table 2.  The grains grew from an as-HIPed 

average grain size of ∼3 μm to an average of ∼20 μm after the heat treatment for 1 h at 1375oC.   

Backscattered electron imaging was used to observe the phases present in the 

microstructures after heat treatment.  The as-HIPed sheet, as well as those heated at 1170°C and 

1245oC, had a near-γ structure.  They contained primarily γ grains with α2 at grain boundaries 

and triple points. Based on the results of previous work [1,2,20], near-γ was the expected 

microstructure after the 1170oC heat treatments, but a duplex microstructure was expected after 

the 1245oC treatments.  The samples heated at 1320°C and 1365oC had a duplex microstructure, 

with γ and α2 grains as well as grains with very coarse lamellae (Figure 10(a) and Figure 10(b)).  

In previous work, it was observed that heating at temperatures just below the α transus typically 

produced a nearly lamellar microstructure, whereas heating above the α transus produced a fully 

lamellar structure [1,2,20,21].  In the present work, neither the sheet heated for 1 h at 1320oC nor 

that heated for 1 h at 1365oC formed the amount of lamellar grains that was observed in previous 

work [20,21].  After heat treatment at 1320oC, only a few of these lamellar grains were seen, but 

many more were found after treatment for 1 h at 1365oC (Figure 11(a)).  Heating for 1 h at 

1385°C, well above the α transus, produced a large increase in the amount of lamellar grains 

(Figure 11(b)), but a fully lamellar microstructure was still not observed even after this heat 

treatment. In a HIPed compact of the same alloy, a fully lamellar microstructure was obtained 

after only 30 min at 1360oC [20,21].   

Surface effects were seen in the HIPed sheets that were heated at the highest 

temperatures.  Figure 12 shows the lamellar surface of a sheet heated for 12 min at 1365oC. The 

thickness of this lamellar surface region was 20-30 μm.  The formation of this lamellar surface 
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region was likely due to the oxygen contamination of the surface.  Oxygen is an α stabilizer.  By 

promoting the α phase, it therefore promoted the formation of lamellar grains when the sheet 

was cooled from high temperature.  The major source of such oxygen contamination was the air 

present during the oxidation of the Ta foil during the decanning step (12–24 h at 700°C). Except 

for the thin surface layer, the microstructure of the sheet was very uniform (Figure 9 to Figure 

11).  No significant gradient in phase composition or grain size was observed in the interior of 

the sheet between the thin surface layers.  If surface oxide contamination of the as-HIPed sheet 

cannot be eliminated prior to heat treatment, a quick grinding step afterward would be expected 

to produce a uniform product.  For this reason, the microstructure of the interior of the sheet is of 

far more importance than the surface effects. 

 

4.  Conclusions 

A powder-metallugy route involving tape-casting, in situ binder burnout, and hot isostatic 

pressing (HIPing) for 15 min at 1100°C and under 130 MPa pressure produced dense sheets of γ-

TiAl with a thickness of 250–300 μm.  Chemical analysis indicated that the dense HIPed sheet 

had a carbon content (0.13 wt.%) after decanning, which was only 0.04 wt.% higher than that of 

the starting powder.  The oxygen content of the HIPed sheet was much higher than the values for 

the powder and for the tape after binder burnout, presumably caused by oxidation during the 

decanning step. The hardness of the HIPed sheet measured using Vickers microindentation 

technique was 384 + 9 HV. Polarized light microscopy revealed that the as-HIPed sheet had a 

fine-grained, near-γ microstructure (average grain size ∼ 3 μm) but a few larger grains (∼20 μm) 

were also observed in isolated regions of the cross-section.  Heat treatment of the as-HIPed sheet 
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produced commonly-observed microstructures.  A sheet heated for up to 1 h at 1170°C and  

1245oC had a near-γ microstructure similar to the as-HIPed sheet, whereas a sheet heated for 1 h 

at 1320°C and 1365oC had a duplex microstructure of γ and α2 grains, with several coarse 

lamellar grains. Heating for 1 h at 1385°C produced a predominantly lamellar structure. Whereas 

oxygen contamination influenced the microstructure of a thin surface region (20-30 μm) of the 

sheet, particularly after the higher temperature heat treatments, no microstructural gradients were 

seen in the interior of the sheets, indicating that a uniform sheet could be produced after 

reduction of the oxygen contamination or removal of the thin surface layer. 
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Table 1 

Impurity content at three stages of the γ-TiAl sheet fabrication process 

Stage of process C (wt.%) O (wt.%) 

γ-TiAl powder 0.09 0.08 

Tape after debinding 0.11 0.11 

HIPed sheet after decanning 0.13 0.44 
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Table 2 

Average grain size and 95% confidence level of HIPed γ-TiAl sheet after annealing for times t = 

12 min and t = 1 h at various isothermal temperatures. (As-HIPed grain size = 3.4 + 0.2 μm)  

Annealing temperature (°C) Grain size (μm) 

 t = 12 min t = 1 h 

1170 4.9 + 0.3 5.7 + 0.3 

1245 5.1 + 0.3 5.7 + 0.4 

1320 7.8 + 0.5 7.8 + 0.5 

1365 13.9 + 0.8 20.2 + 1.2 
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Figure captions 

Figure 1.  Part of the Ti–Al phase diagram, taken from Reference 2, showing the composition of 

the starting powder, the HIPing temperature (1100°C), and the heat treatment temperatures of the 

as-HIPed sheet: A = 1170°C; B = 1245°C; C = 1320°C; D = 1365°C. 

Figure 2.  Particle size distribution of the gas atomized γ-TiAl starting powder (alloy 395MM). 

Figure 3.  SEM image of γ-TiAl starting powder consisting of primarily spherical particles, with 

a few ligamental and irregular particles. 

Figure 4. Backscattered electron image of the cross-section of the γ-TiAl starting powder, 

showing cellular α2 phase (lighter phase) with γ phase (darker phase) in the interdendritic 

regions. 

Figure 5.  Fractured cross-section of tape-cast γ-TiAl sheet after binder burnout and pre-sintering 

(1 h at 1000°C in vacuum). 

Figure 6.  (a) Complete dense γ-TiAl sheet, after HIPing and decanning; (b) optical micrograph 

of the cross-section of the dense γ-TiAl sheet, with a thickness of ∼275 μm. 

Figure 7.  Optical micrograph showing Vickers microindents along the cross-section of a dense 

γ-TiAl sheet. Regions of deformation (arrowed) were observed around the indents. 

Figure 8.  Polarized light optical micrograph of as-HIPed γ-TiAl sheet: (a) with an average grain 

size of ∼3 μm, and (b) showing the presence of a few large grains with a size of ∼20 μm 

(arrowed) in a predominantly fine-grained matrix. 

Figure 9.  Polarized light optical micrographs of HIPed γ-TiAl sheet after heating for 12 min at 

(a) 1320°C, and (b) 1365°C. 
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Figure 10.  Backscattered electron image of HIPed γ-TiAl sheet heated for (a) 1 h at 1320oC, and 

(b) 12 min at 1365°C, showing a duplex microstructure of γ grains (dark phase) and α2 grains 

(light phase), with some lamellar grains (arrowed).  

Figure 11.  Polarized light optical micrographs of HIPed γ-TiAl sheet heated for 1 h at (a) 

1365°C, and (b) at 1385°C. A fully lamellar microstructure was not achieved even at 1385°C. 

Figure 12.  Backscattered electron image of the near surface region of HIPed γ-TiAl sheet heated 

for 12 min at 1365oC. 
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Figure 8(a), 8(b) 
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