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The microstructure of electrodeposited titanium-aluminide alloys containing 3.6 to 24.1 at. pct 
Ti was studied by transmission electron microscopy. The surface morphology of the deposits 
showed that they contained nodular and faceted grains which tended to be less faceted at higher 
Ti contents. Extensive {111} twinning was observed in all deposits, and growth striations parallel 
to {111} were observed in the low Ti deposits. The growth of nodules was linked to the presence 
of these twins; it was hypothesized that the twin boundaries act as easy atomic attachment points 
and, therefore, enhance the growth rate. The presence of twins and striations was used to pro- 
pose a growth mechanism. The 5.3, 15.8, and 24.1 at. pct Ti deposits were single-phase grains 
of the L12 crystal structure, as opposed to the expected equilibrium two-phase mixture of face- 
centered cubic (fcc) A1 (saturated with Ti) and D022 AI3Ti. Calculated electron diffraction in- 
tensity data were used to demonstrate that the decrease in intensity of the superlattice reflections 
in the substoichiometric deposits is due to a reduction in the difference in atomic scattering 
factors between the two lattice site types. 

I. INTRODUCTION 

MUCH of the research in the area of low-density 
intermetallic compounds has focused on A13Ti-based al- 
loys, with applications envisioned for monolithic and, 
more likely, composite materials. The materials of in- 
terest are ternary or higher order alloys with transition 
metals, for example, Cu, Ni, Pd, Zn, Mn, or Mo, being 
added to stabilize the L12 crystal structure (simple cubic 
Bravais lattice) rather than the equilibrium binary D0z2 
structure (body-centered tetragonal). This change in crystal 
structure is considered desirable, since the higher sym- 
metry of the L12 structure would be expected to increase 
the number of slip systems, therefore, enhancing tough- 
ness and/or ductility. Discussions of slip systems, al- 
loying effects, and mechanical properties have been 
published for various A1-Ti-X alloys fabricated by cast- 
ing or powder metallurgy methods, t~-81 

The present study examines the microstructure of A1-Ti 
alloys with 3.6 to 24.1 at. pct Ti* electrodeposited from 

*All compositions will be given in atomic percent. 

a molten chloroaluminate electrolyte. Although the tech- 
nique of electrodeposition is very different from tradi- 
tional approaches used to fabricate these alloys, a number 
of analogies exist between it and rapid solidification. For 
example, Grushko and Stafford have shown that by using 
electrodeposition, extended solid solutions, stable and 
metastable crystalline phases, quasicrystalline phases, and 
amorphous phases can all be formed in the A1-Mn sys- 
tem. tg-Z3J Electrodeposition is an attractive method for 
fabricating intermetallic compounds since (1) high- 
temperature consolidation is unnecessary, (2) it is a 
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near-net-shape process, (3) undesirable compositional 
inhomogeneities are very limited in scale, and (4) grain 
sizes are typically very small. The purpose of this article 
is to report the electrodeposition of titanium-aluminide 
intermetallic compounds. In addition, it is shown that 
these materials have unique microstructural characteris- 
tics, such as extended Ti solid solubility, extensive twin- 
ning, and a metastable, binary L12 phase, which are a 
result of this processing method. 

II. EXPERIMENTAL PROCEDURE 

A schematic of the electrodeposition process which was 
used to fabricate the materials of this study is shown in 
Figure 1. The electrochemical cell was made of jacketed 
PYREX* ** glass. Its temperature was maintained at 
150 ~ by a Cole-Panner Model 1268-44 Circulator which 
continually pumped silicone fluid through the cell jacket. 
All electrodes were placed through a TEFLON t cap, and 

*PYREX is a trademark of Coming Glass Works, Coming, NY. 
**Tradenames are mentioned only for purposes of completeness of 

the experimental procedure; in no case does their use imply a rec- 
ommendation or endorsement by the NIST. 

*TEFLON is a trademark of E.I. Du Pont de Nemours & Co., 
Inc., Wilmington, DE. 

an argon purge (99.999 pct, Air Products,Washington, 
DC) was maintained over the electrolyte at all times. The 
counter and reference electrodes were aluminum wire 
(99.998 pct, Morton Thiokol, Inc., Danvers, MA); each 
was separated from the working compartment by a glass 
frit. The working compartment contained the following 
components: (1) a 0.80-mm-diameter tungsten wire sealed 
in glass and polished (through 0.25 ~m diamond) for 
electroanalytical determination of the Ti § concentra- 
tion; (2) a 0.75-mm titanium wire (99.98 pct, 
Morton Thiokol, Inc.) to be electrochemically dissolved 
to produce Ti+2; and (3) a 0.80-mm copper wire to serve 
as the substrate during electrodeposition. The electrolyte 
was a 2:1 mole ratio of A1C13:NaCI. The A1CI3 (anhy- 
drous, 99.9 pct) was obtained from Armant Metal Chlo- 
ride (Vacherie, LA) and was sublimed at 195 ~ in the 
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presence of helium (99.999 pct, Air Products) prior to 
use. The NaC1 (analytical reagent, Mallinckrodt, Paris, 
KY) was dried for 4 hours at 500 ~ All chemicals were 
stored in a Vacuum Atmospheres brand dry box con- 
taining argon (99.999 pct, Air Products). The powders 
were thoroughly mixed before being transferred to the 
cell. Initially, the reference, counter, and working com- 
partments of the electrochemical cell contained electro- 
lyte of identical composition. The working compartment 
contained 26 ml of molten electrolyte. The volume of 
electrolyte in the working compartment was sufficiently 
large (relative to the amount of deposit) that its com- 
position was essentially unchanged during deposition. Ti +2 
was added to the working compartment by galvanostatic 
dissolution of titanium metal. In this study, the concen- 
tration of the Ti § ion was varied between 10 and 25 mM. 

The copper substrates used in the electrodeposition ex- 
periments were electropolished in a 50 pct phosphoric 
acid/water solution and dried thoroughly. After intro- 
duction into the melt, they were allowed to come to ther- 
mal equilibrium at a potential of +0.01 V vs A1 in order 
to cathodically protect the copper. The deposition pro- 
cess was controlled galvanostatically at 25 m A / c m  2 until 
a charge of 1 coulomb/cm 2 had passed in order to elim- 
inate problems associated with nucleation over- 
potentials. The current was then adjusted to the value 
chosen for that electrodeposit. The deposit thickness was 
controlled by the total charge which was passed through 
the cell and ranged from 2 to 50/~m. 

The surface morphology of the electrodeposits was 
studied by scanning electron microscopy (SEM). After 
a room-temperature zincate treatment and cyanide cop- 
per strike, the electrodeposits were overplated with bright 
copper to a total diameter of approximately 5 mm. These 
bars were sliced to produce cross-sectional specimens 
which were 0.80-mm-ID rings of titanium-aluminide de- 
posit surrounded by a copper matrix. 

The alloy compositions were determined by perform- 
ing energy dispersive X-ray spectroscopy ((EDS), quan- 
titative analysis) on polished cross sections; elemental 
aluminum and titanium were used as standards. The re- 
ported values are an average of at least four measure- 
ments. Based on these compositions, the binary samples 

were designated A through D in order of increasing ti- 
tanium content. The specimen designations, Ti § con- 
centrations, and current density data are contained in 
Table I. 

The crystal structure, grain morphology, and other 
microstructural features were examined using a 300 kV 
transmission electron microscope (TEM). The samples 
were prepared by cold-stage ion milling 50- to 
75-~m-thick cross sections which were partially masked 
and supported with oval-slotted copper disks. 

III.  RESULTS 

A. Chemical Composition 

Though the exact nature of the deposition process as 
it relates to alloy composition is not presently under- 
stood, it appears that a major factor contributing to alloy 
composition is whether or not the surface concentration 
of Ti +2 is sufficient to maintain the partial current re- 
quired for that particular alloy composition.t141 When the 

�9 +2 . . . . .  ~:, �9 T1 catton is dilute, there is a slgmficant dependency of 
alloy composition on current density. A decrease in the 
titanium content of the deposit is observed with increas- 
ing current density as a result of titanium cation deple- 
tion at the deposit/electrolyte interface. This dependency 
is reduced as the Ti § concentration increases and is vir- 
tually eliminated as it approaches 150 raM. At this Ti +2 
concentration, an alloy containing 25 at. pct Ti is de- 
posited at all current densities less than 40 m A / c m  2. The 
electroactive aluminum species, AI2C17- , is not diffusion- 
limited at these current densities. 

The chemical compositions of selected deposits, which 
were determined by EDS, are shown in Table I. The 
titanium content of the binary deposits ranged from 3.6 
to 24.1 at. pct with the balance being A1. Within the 
spatial resolution (~  1 /xm) and precision limitations of 
SEM/EDS,  the deposits were compositionally homo- 
geneous. A line trace of  specimen D, which contains 
24.1 at. pet Ti, is shown in Figure 2 and demonstrates 
that there is no systematic change in composition through 
the deposit thickness. Additional EDS experiments using 
a fine electron probe in the TEM, which has a much 
smaller excitation volume than SEM/EDS (~0.1 /xm), 
did not show any local changes in chemical composition. 
It can, therefore, be concluded that within the spatial 
resolution of these techniques, the A1-Ti electrodeposits 
characterized in this study are chemically homogeneous. 

B. Surface Morphology 

The surface morphologies of deposits A (3.6Ti) and 
D (24.1 Ti) are shown in Figure 3. These two specimens 

Fig. 1 - -Schemat ic  of the electrodeposition process. See text for de- 
scription. 

Table I. Deposition Characteristics and 
Compositions of Al3Ti-Based Specimens 

Sample 
Designation 

Concentration 
of Ti +2 Ions Current Deposit Ti 

in Electrolyte Density Composition 
(mM) (mA" cm -2) (At. Pct) 

A 10 6.8 3.6 
B 10 2.3 5.3 
C 25 30.2 15.8 
D 10 0.2 24.1 
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Fig. 2 - - P o l i s h e d  cross section and SEM/EDS line a-ace of  the 
24.1 at. pct Ti deposit which shows the capabilities for compositional 
uniformity inherent to the electrodeposition process. 

are typical of the low Ti and high Ti sample types, re- 
spectively. The low Ti specimens comprise nodules that 
often resemble dendrites; i.e., the deposit surface is not 
microscopically fiat and appears to have formed by crys- 
tallographically controlled growth. This surface mor- 
phology is similar to that of high-purity A1 deposited under 
similar conditions, t~5-181 An increase in the titanium con- 
tent results in a less dendritic nodular deposit. In all cases, 
the deposits were quite dense, showing little, if any, 
porosity. 

C. Crystal Structure Determination 

The electron diffraction patterns from the A1-Ti al- 
loys, 7 to 10 patterns per sample, were all indexed as 
either face-centered cubic (fcc) or the ordered L12 crystal 
structure with a0 ~ 0.404 nm. Examples of [001] zone 
axis diffraction patterns are shown in Figure 4, along 
with a labeled schematic. All of the deposits have in- 
tense 200 and 220 (and higher order) spots which form 
a square grid. The 100 reflections are not visible for 
alloy A (3.6Ti) but are observed in the other binary al- 
loys. These superlattice reflections grow progressively 
more intense relative to the 200 spots as the titanium 
concentration is increased. The presence of superlattice 
reflections indicates that the crystal structure of the higher 
titanium deposits is not disordered fcc, since the 100 and 
110 reflections are forbidden in fcc crystals due to the 
structure factor, as will be discussed subsequently. There 

was no evidence of the equilibrium D022 A13Ti phase 
(body-centered tetragonal, a0 = 0.384 nm and co = 
0.858 nm) in any of the diffraction patterns or the high- 
temperature variant TisA124 identified by van Loo and 
Rieck [191 (tetragonal, a0 = 0.388 nm and Co = 3.384 nm). 

The electrodeposits are all single phase based on the 
observation that all dark-field micrographs using either 
fundamental or superlattice reflections completely illu- 
minated the selected grain. This uniform illumination in- 
dicates that the superlattice reflections did not originate 
from coherent L12 precipitates. Lattice imaging of 
{100} planes was also used in the 24.1Ti specimen to 
determine if any disordered regions (where {100} planes 
would not be imaged) were present (Figure 5). The im- 
ages of the planes are continuous and show no evidence 
of curvature. Lattice images of {lll}-type planes in 
specimen B (5.3Ti) also indicated the absence of pre- 
cipitates, although ordered and disordered regions would 
appear the same using this reflection. 

D. Growth Morphology 

1. Low titanium deposits 
The growth morphology of the 3.6 and 5.4 at. pct Ti 

deposits is shown in Figure 6. The grains of these de- 
posits are elongated in the growth direction which is nor- 
mal to the substrate; this growth morphology is analogous 
to a columnar zone in a casting. Two twin variants are 
clearly visible in the micrograph of the 3.6Ti specimen. 
Growth striations, which are parallel to {111} planes, are 
more readily visible at higher magnifications (Figure 7). 
The striations cannot be due to fine, regular twins, since 
electron diffraction patterns from multiple striations are 
indexed as single crystals rather than twin-related single 
crystals. Another possible cause of the striation contrast, 
thickness fringes, can be dismissed, since the thickness 
of the specimens was extremely uniform, based on the 
observed electron transparencies. Further evidence against 
thickness fringes is the sharp change in striation orien- 
tation across grain boundaries, as was shown in 
Figure 6(b). Compositional differences were not ob- 
served between the striations and the striation boundaries 
by TEM/EDS. However, the data gathered do not pro- 
vide conclusive evidence that compositional differences 
do not exist and, in fact, the striation contrast is most 
likely caused by compositional variations which are below 
the spatial resolution and counting statistics limitations 
of TEM/EDS. 

The grains of the low titanium deposits are heavily 
twinned, particularly during the initial stages of growth 
from the copper substrate. An example where two {111} 
twin variants are visible at the deposit/substrate interface 
is shown in Figure 6(a). A [011] zone axis diffraction 
pattern from both sides of a twin boundary is shown in 
Figure 8(a). The growth of the nodules is also related to 
the presence of the {111} twins. A low magnification 
view of a nodule is shown in Figure 8(b). The twin plane 
runs through the center of the nodule and is parallel to 
the apparent growth direction. Figure 8(c) shows a high 
magnification view of a typical nodule bisected by a twin 
boundary. The sides of the nodule are parallel to the 
growth striations and are sharply faceted. The angles be- 
tween the striations and the twin boundary (which is 
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Fig. 3- -Scanning electron micrographs showing the surface mor- 
phology of specimens (a) A (3.6Ti) and (b) D (24.1Ti). 

(e) 

Fig. 4- -Selec ted  area diffraction patterns taken on the [001l zone 
axis which shows the increasing relative intensity of the superlattice 
reflections with increasing Ti content: (a) 3.6Ti; (b) 5.3Ti; (c) 15.8Ti; 
and (d) 24.1Ti. A labeled schematic of the diffraction pattern is shown 
in (e). 

slightly inclined to the electron beam in this micrograph) 
are between 65 and 75 deg. These angles were measured 
from six different nodules and are consistent with the 
angle between any two nonparallel {111} planes. The 
measurements are within measurement error of a cubic 
crystal, for which the theoretical value is 70.5 deg. The 
angular data indicate that the growth of the nodules oc- 
curs by the addition of successive {111} planes which 
meet at a {111} twin plane. However, the twin planes 
are not microscopically planar but have numerous steps, 
which can be seen in Figure 7. 

2. High titanium deposits 
The grain structure of the deposits with high titanium 

contents (designated C and D) is also columnar; some 
{111} twins are also present. The columnar grains can 
be seen in the (200) dark-field micrograph of Figure 9(a) 
(alloy C). Note that nearby grains are partially illumi- 
nated, which indicates that the grains have nearly the 

Fig. 5- -Lat t ice  images of a set of {100} planes in the 24.1Ti spec- 
imen. 
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Fig. 7--Transmission electron micrograph of growth striations in a 
nodule. In this example from the 5.3Ti deposit, the twin boundary 
which bisects the nodule is marked with arrows. 

Fig. 6--Transmission electron micrographs of the (a) 3.6 and 
(b) 5.3 Ti specimens. The copper substrate and overplating are la- 
beled when shown. Two {111} twin variants are visible in (a), and 
columnar grains and growth striations are evident in (b). These fea- 
tures are typical of both low Ti deposits. 

same orientation. In contrast to the low titanium depos- 
its, growth striations are not evident in alloys C and D. 
The grains in the 15.8 and 24.1Ti specimens have a great 
deal of internal structure, as can be seen in Figures 9(b) 
and (c). Due to the extremely fine grain size of  these 
specimens, it was not possible to do the systematic tilt- 
ing experiments necessary to identify the internal struc- 
ture which led to this contrast. The identification of the 
internal grain structure will likely be an area of study in 
the future. 

IV. DISCUSSION 

The AI-Ti phase diagram information presented in 
References 20 and 21 indicates that (1) Ti has a low 
solubility in aluminum (~0.7  to 0.8 at. pct at 660 ~ 
which rapidly decreases at lower temperatures (~0 .4  at. 
pct at 550 ~ and (2) the line compound A13Ti (D022) 

is the next phase in order of increasing Ti content. Thus, 
the equilibrium structure of the deposits of this study (3.6 
to 24.1Ti) is two phase: fcc A1 (saturated with Ti) and 
D022 A13Ti. Therefore, the structures observed in this study 
are nonequilibrium in two senses: (1) they are single phase 
and (2) the crystalline phase is L12 (rather than D022). 
The latter result is not surprising, because small amounts 
of transition elements have been found to change the 
equilibrium structure of A13Ti-based alloys from D022 to 
L12, which suggests that there is a very small difference 
in free energy between the two phases. Fu t22j showed 
that the energy difference between binary A13Ti in the 
two crystal structures L12 and D022 is quite small, about 
0.025 eV/atom. For comparison, the energy for the 
a --~ /3 phase transition in pure Ti is about 0.04 eV. ~23J 
The magnitude of the energy difference between A13Ti 
in the Ll2 and D022 structures suggests that it should be 
possible to form L12 A13Ti in a binary alloy, as was done 
in this study. 

Metastable or unstable structures are formed by rais- 
ing the free energy of the starting materials and then re- 
moving that energy rapidly enough to ensure that the 
atomic mobility is sufficiently low to prevent or limit 
subsequent transformations, t241 The many fabrication 
processes which allow one to maintain these structures 
can generally be divided into three categories: quench- 
ing, molecular deposition, and external action (defor- 
mation, irradiation, or chemical attack). 1~51 In rapid 
solidification, the cooling rate is primarily a function of 
the smallest dimension of the sample and the medium 
used to remove the heat. Unless an amorphous phase is 
retained, nucleation seems to limit the degree of super- 
cooling to about 30 pct of the melting temperature; i .e. ,  
A T / T I n  ~ 0.3.126] Based on this limitation, it is generally 
impossible to produce a metastable crystalline phase from 
the melt having an excess free energy relative to the 
equilibrium form larger than - 0 . 3  A H  m ( ~ 0 . 0 3  eW), 
where AHm is the enthalpy of melting, t27'281 The fact that 
the L12 phase has not been observed in rapidly solidified 
binary alloys ~29,3~ is most probably due to the fact that 
the energy difference between the LI2 and D022 crystal 
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Fig, 8--Selected area diffraction pattern and electron micrographs of twinned regions in low Ti specimens. From the 3.6Ti deposit, a [011] 
zone axis diffraction pattern with the twin plane marked is shown in (a) Low and high magnification views of twinned nodules in the 5.3Ti 
deposit are shown in (b) and (c), respectively. 

structures (0.025 eV) approaches the excess free energy 
limit of this technique (0.03 eV). 

In condensation, vapor deposition, or sputtering, the 
extent of supercooling possible is much greater than that 
from the melt. In addition, the enthalpy of vaporization 
is generally an order of magnitude larger than that of 

melting. Consequently, one can produce metastable 
crystalline phases having an excess free energy on the 
order of -0 .5  eV, making vapor condensation a poten- 
tially much more powerful method for crystalline phase 
retention than melt solidification, I27.28j While exact cor- 
relations between electrodeposition and vapor deposition 
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Fig. 9 - - E l e c t r o n  micrographs of the high Ti deposits. A dark-field micrograph of  alloy C(15.8 Ti) using a (200) reflection which demonstrates 
the columnar nature of  these deposits is shown in (a). The internal grain structure of  the high titanium deposits is illustrated in (b) 15.8Ti and 
(c) 24.1Ti. 

have not been developed, the excess free energy possible 
in alloys produced by these two techniques is s i m i l a r ,  t27,311 

The presence of coherent twin boundaries throughout 
the deposits, and particularly at the corners of nodules, 
suggests that the twins play a significant role in deposit 
growth. This hypothesis is consistent with the solidifi- 
cation behavior of materials with high entropies of melt- 
ing, where liquid/solid interfaces are atomically flat and 
require ledge motion to grow. t321 Potential sources of 
ledges include surface nucleation sites (above the critical 
size), screw dislocations, and twin intersections; ml the 
latter two sites are permanent sources, since they are not 
consumed by the ledge growth. Since twins were not 
observed in pure electrodeposited A1, their occurrence 

may be the result of a reduction in the stacking fault 
energies due to the presence of titanium or a change in 
crystal structure, i .e. ,  ordering. 

The morphology of the nodules suggests the manner 
by which the twins affect deposit growth. A schematic 
of a growth process which is consistent with the obser- 
vations of this study is shown in Figure 10. The twin 
acts as a source of ledges, t32j and the striations, which 
are parallel to the {1 1 1} planes, emanate from the twin 
plane. Growth by {1 1 1} planes is consistent with the so- 
lidification of materials with high entropies of melting, 
where the growth plane is a close-packed plane. 

The electron diffraction intensity data can be inter- 
preted by considering the structure factors (also known 
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[111] Growth Direction 

Growth 
Ledges ~ 

[ill] Twin "(t ~ . . . . . . .  "~'-~ 

DGrr~ twit~ " ~ " ~ /  ~ . . . . . . . . .  ~ Growth 

) ,/" , ' ~ '  "" . . . . . . . . . . . . .  7 Striations 

Fig. lO--Schematic of the proposed growth mechanism for twinned 
nodules. 

as the form factors) of the fcc and L12 crystal structures. 
The structure factors for AI3Ti with the L1: and fcc crys- 
tal structures are 

I oc F 2 = (3fA I + fTi) 2 for fundamental reflections 

(fcc and L12) 

I oc F 2 = (fAl --fxi) 2 for superlattice reflections (L12) 

I ~ F 2 = 0 for superlattice reflections (fcc) 

where I is the intensity of a given reflection, F 2 is the 
structure factor, fAl is the scattering factor for the A1 lat- 
tice sites, andfTi is the scattering factor for the Ti lattice 
sites. The scattering factor for a lattice site is the weighted 
average of the atomic scattering factors of the atoms that 
occupy it. Since some of the titanium lattice sites must 
be occupied by aluminum atoms in the substoichiometric 
alloys (assuming all lattice sites are occupied), the dif- 
ference in the scattering factors for the two sites and, 
therefore, the superlattice reflection intensities must de- 
crease. A plot of the relative intensities of the 100 and 
200 reflections and their ratios as a function of Ti con- 
tent is shown in Figure 11. The scattering factor data 

15- 

O 
".~ 12 
t~ 

o 
O 

~ 3 

F 2 (200)/10 

F 2 (100) 

- i01 
5 10 15 20 25 

At.% Ti in L12 Alloy 

Fig. l 1--Structure factor and structure factor ratios for (100) and 
(200) reflections from an A13Ti-based L12 crystal as a function of ti- 
tanium content. 

were taken from Reference 33. As was expected, the 
intensity of the superlattice reflections decreases signif- 
icantly as the Ti content is reduced. This prediction is 
in qualitative agreement with the experimental obser- 
vations. It is not possible to ascertain if the apparent ab- 
sence of superlattice reflections in the 3.6Ti specimen is 
due to low intensity or to a disordered crystal structure 
because of the loss of superlattice reflection intensity at 
low Ti concentrations. However, the maximum equilib- 
rium solubility of Ti in A1 has been exceeded by a factor 
of 4 in the 3.6Ti specimen. Thus, it is in a nonequilib- 
rium state whether its structure is nonstoichiometric L12 
or supersaturated fcc. 

V. S U M M A R Y / C O N C L U S I O N S  

1. A13Ti-based alloys with between 3.6 and 24.1 at. pct 
Ti can be fabricated by electrodeposition from 
chloroaluminate electrolytes containing Ti § 

2. The presence of growth striations (with (111) nor- 
mals) and {111} twins suggests a growth mechanism 
where the twins act as ledge sources. 

3. The electron diffraction patterns indicate that the crystal 
structure of the deposits is fcc for 3.6Ti and L12 for 
5.3, 15.8, and 24.1 Ti. All deposits are single phase. 
It is possible that the 3.6Ti deposit also has the L12 
crystal structure but that the superlattice reflection in- 
tensity is too low due to the small differences in the 
composition of the two lattice sites. 
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