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ABSTRACT 

The morphologies and defect structures of TiCr2 in several Ti-Cr alloys have been 
examined by optical metallography, x-ray diffraction, and transmission electron microscopy 
(TEM), in order to explore the room-temperature deformability of the Laves phase TiCr 2. The 
morphology of the Laves phase was found to be dependent upon alloy composition and 
anneating temperature. Samples deformed by compression have also been studied using TEM. 
Comparisons of microstructures before and after deformation suggest an increase in twin, 
stacking fault, and dislocation density within the Laves phase, indicating some but not extensive 
room-temperature deformability. 

INTRODUCTION 

In prior studies, several alloys containing the TiCr2 Laves phase have shown promising 
mechanical properties and oxidation resistance at elevated temperatures [1,2]. Although Laves 
phases have the well-deserved reputation for low-temperature brittleness, recent studies have 
demonstrated room-temperature deformability of Laves phases in two-phase V-Hf-Nb [3] and 
Fe-Zr alloys [4]. HIV 2 deforms by twinning and through bands of concentrated shear, while 
ZrFe2 experiences a stress-induced phase transformation between the C36 and C15 crystal 
structures. The Laves phase will most likely have to be in a two-phase alloy to be used as high-
temperature structural material [5]. 

The current study considers Ti-Cr alloys strengthened by precipitation hardening of TiCr 2. 
The two-phase alloy consists of the hard and strong Laves phase TiCr 2 reinforcing the more 
ductile [3-Ti matrix. In addition to studying the microstrucnaal dependencies of the mechanical 
behavior of the two-phase alloys, the question of whether the Laves phase deforms was also 
addressed. Compressed samples are studied to identify deformation mechanisms, and to offer 
insight into improving Laves phase ductility. 
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ABSTRACf

The morphologies and defect structures of TiCr2 in several Ti-Cr alloys have been
examined by optical metallography, x-ray diffraction, and transmission electron microscopy
(TEM), in order to explore the room-temperature deformability of the Laves phase TiCr2. The
morphology of the Laves phase was found to be dependent upon alloy composition and
annealing temperature. Samples deformed by compression have also been studied using TEM.
Comparisons of microstructures before and after deformation suggest an increase in twin,
stacking faul4 and dislocation density within the Laves phase, indicating some but not extensive
room-temperature deformability.

INTRODUCTION

In prior studies, several alloys containing the TiCr2 Laves phase have shown promising
mechanical properties and oxidation resistance at elevated temperatures [1,2]. Although Laves
phases have the well-deserved reputation for low-temperature brittleness, recent studies have
demonstrated room-temperature deformability of Laves phases in two-phase V-Hf-Nb [3] and
Fe-Zr alloys [4]. HN2 deforms by twinning and through bands of concentrated shear, while
ZrFe2 experiences a stress-induced phase transformation between the C36 and C15 crystal
structures. The Laves phase will most likely have to be in a two-phase alloy to be used as high
temperature structural material [5].

The current study considers Ti-Cr alloys strengthened by precipitation hardening of TiCr2.
The two-phase alloy consists of the hard and strong Laves phase TiCr2 reinforcing the more
ductile ~-Ti mattix. In addition to studying the microstnlctural dependencies of the mechanical
behavior of the two-phase alloys, the question of whether the Laves phase deforms was also
addressed. Compressed samples are studied to identify deformation mechanisms, and to offer
insight into improving Laves phase ductility.
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,..Alloy compositions of Ti-40 at pet
Cr and Ti-30 at pet Cr were prepared by
arc-casting. For heat treatments,
samples were encapsulated in vacuum
with tantalum getter and back-filled
with argon. A range of times and
temperatures were employed in the
~-Ti(Cr) + et-TiCr2 phase field,
followed by air cooling. The Ti-Cr
binary phase diagram is shown in
Figure 1 [6].
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Cubes of 5 mm were spark-cut for compression tests. The compression was done at 
• room2tempemture on an Instron machine at a crosshead speed of 0.0025 cm/min. Loading was 

stopped before complete fracture of the test cubes. TEM samples were made by a combination 
of mechanically grinding, dimpling, jet polishing (using a Blackburn and Williams electrolyte 
[7] or Spurling etch [8]), and ion milling. A JEOL 200CX electron microscope operating at 
200kV was used for TEM. An etching solution of 25% HF, 25% I-t1',103and 50% glycerin 
was used for optical metallography. 

RESULTS AND DISCUSSION 

Microstructure 

The as-cast alloys were single phase bcc [3-Ti, with no evidence of any TiCr2 from x-ray 
or electron diffraction. Optical microscopy revealed significant subgrain structure. The Ti-40Cr 
alloy contained etch pits that outlined the subgrains. These etch pits may represent dislocations 
that later serve as potent nucleation sites for precipitation, as the Ti-30Cr alloy showed very fine 
precipitates located along the subgrain boundaries. 

The [3-Ti phase itself is metastable and forms an hcp omega phase (co)during the quench 
from anneals [9,10]. TEM revealed a high density of the omega phase particles aligned along 
<111> directions (Figure 2). Electron diffraction produced the characteristic diffuse streaking 
from the linear displacement defects. The omega phase hardens and embrittles the [3-Ti phase, 
but is also unavoidable during the quench. 

,.,_!, Fig.2 The omega phase (co) 
, .v,._ , ;' in the metastable _-titanium. 
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Various heat treatments were performed on the Ti-Cr alloys in order to precipitate the 
TiCr 2 intermetallic and to establish microstructural control of the alloys. The strengthening 
effects of a second phase are related to the size, shape, number and distribution of the particles, 
and the orientation relation and interfacial coherency between the phases. The two alloy 
compositions produced strikingly different microstructures. 

Figure 3(a) shows an optical micrograph of the Ti-40Cr alloy annealed at 1000°C for 24 
hours. The Laves phase TiCr 2 forms a bimodal distribution of equ.iaxed precipitates averaging 
in sizes of 1 I.tm and 10 l.tm and constitutes about 38% of the specimen volume. This bimodal 
distribution persisted despite other heat treatments that involved solutionizing and water-
quenching steps. The bimodal distribution also coarsened during a long anneal (168 hours), 
and thus it is not likely that the very small precipitates were formed during the cooling period. 
Several of the larger, blocky precipitates were comprised of mid-sized precipitates grown 
together into a massive aggregate. The large precipitates also contain twins, clearly seen in 
Figure 3(a). 
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Cubes of 5 mm were spark-cut for compression tests. The compression was done at
. room~temperature on an Instton machine at a crosshead speed of 0.0025 em/min. Loading was

stopped before complete fracture of the test cubes. TEM samples were made by a combination
of mechanically grinding, dimpling, jet polishing (using a Blackburn and Williams electrolyte
[7] or Spurling etch [8]), and ion milling. A JEOL 200CX electron microscope operating at
200kV was used for lEM. An etching solution of 25% HF, 25% HN03 and 50% glycerin
was used for optical metallography.

RESULTS AND DISCUSSION

Microstrucrnre

The as-cast alloys were single phase bec ~-Ti, with no evidence of any TiCr2 from x-ray
or electron diffraction. Optical microscopy revealed significant subgrain structure. The Ti-4OCr
alloy contained etch pits that outlined the subgrains. These etch pits may represent dislocations
that later serve as potent nucleation sites for precipitation, as the Ti-30Cr alloy showed very fine
precipitates located along the subgrain boundaries.

The ~-Ti phase itself is metastable and forms an hcp omega phase «(I)) during the quench
from anneals [9,10]. TEM revealed a high density of the omega phase particles aligned along
<111> directions (Figure 2). Electron diffraction produced the characteristic diffuse streaking
from the linear displacement defects. The omega phase hardens and embrittles the ~-Ti phase,
but is also unavoidable during the quench.

Fig.2 The omega phase «(I))
in the metastable ~-titanium.

I

Various heat treatments were performed on the Ti-Cr alloys in order to precipitate the
TiCr2 intermetallic and to establish microstructural control of the alloys. The strengthening
effects of a second phase are related to the size, shape, nwnber and distribution of the panicles,
and the orientation relation and interfacial coherency between the phases. The two alloy
compositions produced strikingly different microsOllCtureS.

Figure 3(a) shows an optical micrograph of the Ti-40Cr alloy annealed at lOOO°C for 24
hours. The Laves phase TiCr2 fonns a bimodal distribution of equiaxed precipitates averaging
in sizes of 1 Jlm and 10 Jlm and constitutes about 38% of the specimen volume. This bimodal
distribution persisted despite other heat treatments that involved solutionizing and water
quenching steps. The bim.adal distribution also coarsened during a long anneal (168 hours),
and thus it is not likely that the very small precipitates were formed during the cooling period.
Several of the larger, blocky precipitates were comprised of mid-sized precipitates grown
together into a massive aggregate. The large precipitates also contain twins, clearly seen in
Figure 3(a).
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Fig.3 Optical microstructure of (a) Ti-40Cr alloy annealed at 1000°(2 and Co)Ti-30Cr 
alloy annealed at 950°C. Notice the twinning found in the equiaxed precipitates in the 
Ti-40Cr alloy and in the lath-shaped precipitates in the Ti-30Cr alloy. 

Figure 3(b) is the Ti-30Cr alloy annealed at 950°C for 24 hours and shows a markedly 
different morphology. Here, the Laves phase has a lath-like shape with an aspect ratio of about 
10 to 1 and has a 17% volume fraction. Some lath particles also appear to be twinned 
lengthwise and to have a preferred orientation within each grain of the alloy. The long straight 
edges and the orientation of the laths suggest greater coherency between the matrix and 
intermetallic than the equiaxed precipitates. There is also significant precipitation along the grain 
boundaries. 

Although the two different compositions have distinctively different microstructures, the 
morphology of the Laves phase did have some similarities among the various anneals at 
different times and temperatures. For instance, towards the edges of the annealed Ti-30Cr 
sample (which was exposed to possible impurities and a faster quench), the precipitates were 
more equiaxed. And, in the Ti-40Cr alloy, some of the small precipitates in the lower 
temperature anneals had large aspect ratios. 

TEM revealed dense dislocation e_./--.' .-_._.,_
tangles in the matrix adjacent to the Laves
 
phases, as seen in Figure 4. These ..-
dislocations are thought to form during the
 
quench after the heat treatments since most
 
dislocations should be annealed out during
 
the high temperature anneals. Dislocations
 
may be generated upon cooling due to the
 
mismatch of thermal expansion coefficients
 
of the matrix and the precipitate. Another
 
possibility may be a temperature-dependent
 
phase transition. The high temperature
 
phase of TiCr 2 is hexagonal (C14) and the
 
low temperature phase is cubic (C15). "-'_
 
Allen [11] has proposed dislocation models
 
for the shear transformation of the crystal
 
structures. Many investigators have
 
identified this hexagonal phase although the
 
exact temperature and composition
 
boundaries are not clearly established [6]. ¢ 0.30_tm 
The dislocations may have been produced 
by a martensitic transformation of the Fig.4 Dislocations in the 13-Ti matrix 
hexagonal to cubic phase during the adjacent to the TiCr2 Laves phase in the 
quench, annealed Ti-30Cr alloy. 
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Fig.3 Optical microstructure of (a) Ti-4OCr alloy annealed at l000°C and (b) Ti-30Cr
alloy annealed at 950°C. Notice the twinning found in the equiaxed precipitates in the
Ti-40Cr alloy and in the lath-shaped precipitates in the Ti-30Cr alloy.
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Fig.4 Dislocations in the f3-Ti matrix
adjacent to the TiCr2 Laves phase in the
annealed Ti-3OCr alloy.

Figure 3(b) is the Ti-30Cr alloy annealed at 950°C for 24 hours and shows a markedly
different morphology. Here, the Laves phase has a lath-like shape with an aspect ratio of about
10 to 1 and has a 17% volume fraction. Some lath panicles also appear to be twinned
lengthwise and to have a preferred orientation within each grain of the alloy. The long straight
edges and the orientation of the laths suggest greater coherency between the matrix and
intermetallic than the equiaxed precipitates. There is also significant precipitation along the grain
boundaries.

Although the two different compositions have distinctively different microstructures, the
morphology of the Laves phase did have some similarities among the various anneals at
different times and temperatures. For instance, towards the edges of the annealed Ti-30Cr
sample (which was exposed to possible impurities and a faster quench), the precipitates were
more equiaxed. And, in the Ti-40Cr alloy, some of the small precipitates in the lower
temperature anneals had large aspect ratios.

TEM revealed dense dislocation
tangles in the matrix adjacent to the Laves
phases, as seen in Figure 4. These
dislocations are thought to fonn during the
quench after the heat treatments since most
dislocations should be annealed out during
the high temperature anneals. Dislocations
may be generated upon cooling due to the
mismatch of thermal expansion coefficients
of the matrix and the precipitate. Another
possibility may be a temperature-dependent
phase transition. The high temperature
phase of TiCr2 is hexagonal (C14) and the
low temperature phase is cubic (CI5).
Allen [11] has proposed dislocation models
for the shear transfonnation of the crystal
structures. Many investigators have
identified this hexagonal phase although the
exact temperature and composition
boundaries are not clearly established [6].
The dislocations may have been produced
by a martensitic transfonnation of the
hexagonal to cubic phase during the
quench.



The Laves phase particles in both alloys were determined to have the cubic structure C15 
(oc-T_Crz) by x-ray and electron diffraction, in agreement with the equilibrium phase diagram in 

'	 Figure 1. The large precipitates of the Ti-40Cr alloy were chosen to examine the deformability 
of the Laves phase by TEM comparisons of the deformed and undeformed samples since the 
small precipitates were very heavily faulted. The annealing twins seen optically in the large 
equiaxed particles appear as wide twin bands in TEM. The twins conform to the {111 } < 112> 
twinning system found in fcc. Twins and faults on different variants of the {111 } planes could 
be seen simultaneously. The comparison will be discussed in the following section. 

DeformitlSon 

Results of the compression tests are shown in the plots of nominal stress vs. crosshead 
displacement (Figure 5). Strengthening of the titanium alloy due to precipitation of the Laves 
phase is evident. The Ti-40Cr alloy could be compressed to a strain of only about 6% before a 
load drop, indicating severe cracking through the sample. On the other hand, the Ti-30Cr alloy 
could be compressed to much larger strains, and loading was stopped at 26% swain. 
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Fig 5 Yielding behavior of Ti-Cr alloys compressed at room temperature for (a) Ti-40Cr 
and (b) Ti-30Cr alloys. Precipitation of the TiCr 2 Laves phase strengthens the alloys. 

Optical examination revealed that the Laves phase had cracked many times in both alloys 
with the cracks roughly parallel to the direction of compression. The lath shaped particles 
oriented with their length normal to the compression axis were cracked several times 
(reminiscent of fiber-reinforced composites behavior), while those parallel to the compression 
axis were not as likely to be cracked. The titanium matrix apparently serves to dull the crack as 
no further crack propagation in the matrix was found by TEM. Debonding of the precipitate and 
the matrix was sometimes seen, and may have been another mechanism to relieve some of the 
stress concentration at the interface and the swain energy caused by the deformation. No change 
in the crystal structure was found, in contrast to the behavior of ZrFe 2. 

TEM analysis of the compressed sample showed heavy deformation in the matrix and 
some signs of deformation in the Laves phase. Although some faulting was present in the 
undeformed condition, the deformed samples appear to have more complex faulting and 
twinning. Figure 6 depicts the interaction of different defects. The change in direction or 
orientation of faults across twin boundaries suggest some type of interaction or sequence of 
defect formation. Possibly the faults were reoriented with the deformation that produced the 
twins, or the fault had to change directions when traversing through the twin. 
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The Laves phase particles in both alloys were detennined to have the cubic structure C15
(a-TiCr~ by x-ray and electron diffraction, in agreement with the equilibrium phase diagram in
Figure 1. The large precipitates of the Ti-40Cr alloy were chosen to examine the deformability
of the Laves phase by TEM comparisons of the deformed and undeformed samples since the
small precipitates were very heavily faulted. The annealing twins seen optically in the large
equiaxed particles appear as wide twin bands in TEM. The twins conform to the (Ill) <112>
twinning system found in fcc. Twins and faults on different variants of the {Ill} planes could
be seen simultaneously. The comparison will be discussed in the following section.

DefonnatiQn

Results Qf the cQmpressiQn tests are shQwn in the plQts Qf nQminal stress vs. crosshead
displacement (Figure 5). Strengthening of the titanium alloy due to precipitation of the Laves
phase is evident. The Ti-40Cr allQy could be compressed to a strain of only about 6% before a
IQad drop, indicating severe cracking through the sample. On the other hand, the Ti-30Cr alloy
could be compressed to much larger strains, and loading was stopped at 26% strain.
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Fig 5 Yielding behaviQr of Ti-Cr alloys compressed at room temperature fQr (a) Ti-40Cr
and (b) Ti-30Cr allQYs. PrecipitatiQn of the TiCrz Laves phase strengthens the allQYs.

Optical examinatiQn revealed that the Laves phase had cracked many times in both alloys
with the cracks rQughly parallel tQ the direction of compression. The lath shaped particles
oriented with their length nQrmal to the conlpressiQn axis were cracked several times
(reminiscent Qf fiber-reinfQrced compQsites behavior), while those parallel to the compression
axis were nQt as likely tQ be cracked. The titanium matrix apparently serves tQ dull the crack as
no further crack propagatiQn in the matrix was found by TEM. Debonding of the precipitate and
the matrix was sQmetimes seen, and may have been another mechanism to relieve some of the
stress concentratiQn at the interface and the strain energy caused by the defQrmation. No change
in the crystal structure was fQund, in contrast tQ the behavior of ZrF~.

TEM analysis of the compressed sample showed heavy defonnation in the matrix and
SQme signs of defonnation in the Laves phase. Although SQme faulting was present in the
undefQrmed condition, the defonned samples appear to have more complex faulting and
twinning. Figure 6 depicts the interaction of different defects. The change in direction or
orientatiQn Qf faults acrQSS twin bQundaries suggest SQme type Qf interaction or sequence of
defect fQrmatiQn. Possibly the faults were reoriented with the deformation that produced the
twins, or the fault had to change directiQns when traversing through the twin.
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Fig.6 TEM images of compressed Laves phases found in the annealed (a) Ti-40Cr alloy 
and (b) Ti-30Cr alloy. Twins conform to the {111 }<112> system found in fcc material. 

The abundance of twins indicates that twinning may be an important deformation 
mechanism, as has been found in other studies [3]. The interface of the precipitate is often 
jagged or protruding where there is a twin band. Dislocation pile-ups in the matrix near a twin 
boundary, suggest that these twins come from the defommtion rather than from annealing 
(Figure 7). 

Occasionally one could find areas of concentrated dislocation structure in the Laves phase 
(Figure 8). Livingston [3] has termed these planar defects as "shear bands", which form 
sub_ain boundaries and mark areas of intense shear. Faults can be seen to have been sheared 
or displaced across the shear bands. 

The matrix contained significant
 
amounts of dislocations concentrated in slip
 
bands, tangles, and networks. Because the
 
Laves precipitates are dispersed throughout
 
the alloy, distribution of the compressive
 
stresses becomes quite complex and
 
nonuniform. This may explain the lack of
 
correlation between the dislocation slip
 
bands in the matrix and the faults in the 
Laves phase. Also, no apparent correlation
 
of the direction of faults and twins among
 
the Laves phase particles could be found.
 

Although some deformation of the
 
Laves phase has appeared to have occurred,
 
there was no extensive deformation at room 
temperature in TiCr 2. Greater deformation "-_ 
may be imparted to the Laves phase by 
deforming at higher temperatures, which 0.20i.tm 
may allow thermally activated deformation 
mechanisms, or by alloying. These further 
steps will be pursued to better understand Fig.7 Dislocation pile-ups in the matrix, near 
the deformability of Laves phases, a twin boundary in the TiCr 2 Laves phase. 

Fig.7 Dislocation pile-ups in the matrix, near
a twin boundary in the TiCr2 Laves phase.
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Fig.6 TEM images of compressed Laves phases found in the annealed (a) Ti-40Cr alloy
and (b) Ti-30Cr alloy. Twins conform to the {Ill} <112> system found in fcc material.

The abundance of twins indicates that twinning rnay be an important deformation
mechanism, as has been found in other studies [3]. The interface of the precipitate is often
jagged or proouding where there is a twin band. Dislocation pile-ups in the matrix near a twin
boundary suggest that these twins come from the defomlation rather than from annealing
(Figure 7).

Occasionally one could find areas of concentrated dislocation structure in the Laves phase
(Figure 8). Livingston [3] has tenned these planar defects as "shear bands", which form
subgrain boundaries and mark areas of intense shear. Faults can be seen to have been sheared
or displaced across the shear bands.

The matrix contained significant
amounts of dislocations concentrated in slip
bands, tangles, and networks. Because the
Laves precipitates are dispersed throughout
the allov, distribution of the comoressive
stresses becomes quite complex and
nonuniform. This may explain the lack of
correlation between the dislocation slip
bands in the matrix and the faults in the
Laves phase. Also, no apparent correlation
of the direction of faults and twins among
the Laves phase particles could be found.

Although some deformation of the
Laves phase has appeared to have occurred,
there was no extensive deformation at room
temperature in TiCr2. Greater deformation
may be imparted to the Laves phase by
deforming at higher temperatures, which
may allow thermally activated deformation
mechanisms, or by alloying. These further
steps will be pursued to better understand
the deformability of Laves phases.
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Ti-Cr alloys can be strengthened by |
 
the precipitation of TiCr 2 Laves phases.
 
The Ti-40Cr alloy typically contained a
 
bimodal distribution of equiaxed
 
precipitates and could only be
 
compressed to small strains. In contrast,
 
the Ti-30Cr alloy had lath-like precipitates _
 
and could be deformed to relatively much
 
larger strains. The TiCr 2 Laves phases
 
were seen to have deformed by forming
 
twins, faults, and shear bands. Higher
 I 
temperature deformation or alloying may .._...__	 -,..._
be needed to realize more Laves phase 0.201am	 ,, 
ductility.
 

Fig.8 Faults displaced about 20 nm across
 
the shear band found in the deformed TiCr 2.
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SU1vIN1ARY

Ti-Cr alloys can be strengthened by
the precipitation of TiCr2 Laves phases.
The Ti-40Cr alloy typically contained a
bimodal distribution of equiaxed
precipitates and could only be
compressed to small strains. In contrast,
the Ti-3OCr alloy had lath-like precipitates
and could be deformed to relatively much
larger strains. The TiCr2 Laves phases
were seen to have defonned by forming
twins, faults, and shear bands. Higher
temperature deformation or alloying may
be needed to realize more Laves phase
riuctility.
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