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Microstructure of vapour quenched
Ti–29 wt% Mg alloy solid solution
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A Ti—29 wt % Mg (Ti—45 at % Mg) alloy produced by vapour quenching has been studied

using scanning electron microscopy, transmission electron microscopy, energy dispersive

X-ray spectroscopy, imaging parallel electron energy-loss spectroscopy and electron

diffraction. The alloy is shown to be composed of highly supersaturated solid solutions

between two elements hitherto believed to be immiscible. It has a microstructure consisting

of columnar units, columnar grains, columnar subgrains, herring-bone patterns and parallel

stripes ranging in size from 15 lm to 2 nm. Superimposed on the microstructure are periodic

compositional bands with a period of &0.5 lm. The origins of the periodic compositional

bands and the herring-bone patterns are discussed.
1. Introduction
Light-weight structural materials are becoming in-
creasingly important in transportation and aerospace
applications [1]. A considerable number of studies on
titanium have focused on reducing its density
(q"4.5]103 kg m~3) and increasing its specific
strength by alloying with lighter elements. The addi-
tion of magnesium (q"1.47]103 kg m~3) is parti-
cularly attractive, but since the boiling point of mag-
nesium (1380 K) is much lower than the melting point
of titanium (1941 K), conventional melting techniques
are precluded. Magnesium also has a negligible equi-
librium solid solubility in titanium and this appears to
rule out alloying using techniques such as conven-
tional powder metallurgy, rapid solidification and
solid-state processing [2—8]. However, with the
exception of valency, the alloying factors such as
atomic size, crystal structure and electronegativity
favour extensive solid solution in this system [9].

Recently, attention has been focused on the applica-
tion of mechanical alloying [10—12] and physical
vapour deposition [1, 13—16] techniques. Metastable
supersaturated Ti—Mg alloy solid solutions with mag-
nesium concentrations up to 24 wt% have been suc-
cessfully produced using mechanical alloying whilst
contents of up to 60 wt % have been achieved by
the use of physical vapour deposition. The alloys
produced using this latter technique show attractive
mechanical properties and a low density. Structural
information on these alloys was mainly obtained by
X-ray diffraction and transmission electron micros-
copy (TEM). The X-ray diffraction experiments
showed that the diffraction peaks from these alloys
shifted towards lower diffraction angles and became
fewer and broader with increasing Mg content [13].

At magnesium concentrations between 25—50 wt%,
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the X-ray data were ambiguous because of the exist-
ence of very broad overlapping diffraction peaks.
These broad peaks were attributed to a high disloca-
tion density, high residual stress and small grain size
[13]. Subsequent TEM studies on the dilute Ti—rich
and Mg rich solid solutions showed that annealing or
hot—pressing at 500 °C or higher resulted in the pre-
cipitation of Mg or Ti from the solid solution [14—16].
More detailed information is needed to clarify the
microstructure in these highly supersaturated Ti—Mg
alloys, especially in those with a magnesium concen-
tration between 25—50 wt%. An analytical transmis-
sion electron microscope equipped with energy
dispersive X-ray (EDX) analysis and imaging parallel
electron energy loss spectroscopy (PEELS) has proved
to be an effective tool for studying light elements at
a high spatial resolution. These techniques are used in
this paper to characterize the microstructure of a
vapour quenched Ti—Mg alloy with an average mag-
nesium content of 29 wt%.

2. Experimental procedure
A Ti—29 wt% Mg alloy was produced by evaporating
titanium and magnesium from separate sources and
mixing the vapours before condensation onto a heated
Ti substrate maintained at 300 °C. Titanium was evap-
orated from a rod-fed titanium source by an electron
beam and the radiantly heated magnesium source was
positioned around and above the titanium source, as
has been previously described [1]. The as-deposited
Ti—Mg alloy was 1.8 mm thick. The deposit growth
surface (perpendicular to the growth direction) and
fracture surfaces (parallel to this direction) were ob-
served in a Jeol JSM-6400 scanning electron micro-

scope operated at 20 keV. TEM experiments were
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carried out on Philips EM430 and Hitachi HF2000
microscopes. The latter was equipped with a cold field
emission gun, EDX spectroscopy and imaging
PEELS. Thin foils for TEM observations were pre-
pared by cutting the as-deposited sample parallel and
normal to the deposit growth directions into slices
0.5 mm thick, mechanically grinding the slices to
40 nm, dimpling them to 15 nm and ion milling them
on a cold stage to TEM transparency.

3. Results
3.1. Scanning electron microscopy (SEM)
The columnar microstructure in a fracture surface
parallel to the deposit growth direction G (Fig. 1a)
shows that the alloy is composed of columnar units
surface steps, (d) fractured columnar units containing columnar grains

with axes nearly parallel to G. The columnar units
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taper at the deposit growth surface (Figs. 1(a and b)),
appear to be 7—15 lm in diameter and have steps on
their inclined growth surfaces (Fig. 1c). Within colum-
nar units, whose fractured sections are shown in
Fig. 1d, there are columnar grains of about 1—4 lm in
diameter. Fig. 2(a and b) schematically illustrates the
configuration of columnar units and columnar grains
in sections normal and parallel to G. Fig. 2(a and b)
also illustrates voids at grain boundaries, columnar
subgrains and a herring-bone pattern, all of which will
be discussed in the next section.

3.2. Transmission electron microscopy (TEM)
More information about the columnar microstructure
was obtained by a TEM investigation of thin foils

normal and parallel to the growth direction.
Figure 1 SEM of the columnar microstructure showing (a) fracture surface at A and growth surface at B, parallel and normal to the deposit
growth direction G respectively, (b) tapered growth surface of columnar units, (c) top view of the growth surface showing columnar units with
.



Figure 2 Schematic diagram of columnar unit containing columnar
grains, subgrains and herring-bone patterns. Sections (a) normal
bone pattern (see at H), (d) enlarged herring bone pattern.

and (b) parallel to G.
A bright field TEM image of a foil normal to G
(Fig. 3a) shows sections through the columnar grains
within columnar units and reveals elongated voids at
the grain boundaries (see bright contrast at GB).
Weak contrast mottling on a scale of about 0.25 lm is
visible within the grains, which was caused by a small
misorientation between subgrains. Within subgrains
there are also brighter and darker contrast regions
on a much smaller scale, varying between 5—100 nm
(Fig. 3b). This contrast effect will be shown in
Section 3.4 to be caused by compositional variations:
the brighter regions are Mg—rich and the darker
regions Ti-rich.

A bright field TEM image of a foil parallel to G

(Fig. 3c) shows columnar grains and grain boundary
Figure 3 TEM of the columnar microstructure in sections (a) and (b) normal and (c) and (d) parallel to G. (a) Grains, voids at grain
boundaries (GB) and subgrain contrast, (b) Compositional contrast within subgrains. (c) columnar grain, GBs, columnar subgrain and herring
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voids (see bright contrast at the columnar grain
boundaries GB). The columnar grain contains several
columnar subgrains that appear as darker or brighter
contrast bands of &0.25 lm width. The incident elec-
tron beam was closer to a zone axis in the darker
bands than in the brighter ones. Slight tilting of the
sample lead to contrast changes of the bands, brighter
bands becoming darker and vice-versa. This confirms
that there was a slight misorientation between the
subgrains.

Within each subgrain there is a fine scale herring-
bone shaped pattern indicated at H in Fig. 3c and
schematically in Fig. 2b. The herring-bone pattern is
shown at a larger magnification in Fig. 3d. It is com-
posed of parallel bands with brighter or darker con-
trast. The thickness of the bands, nearly parallel to the
M10 11 1N planes of the hexagonal structure, is in the
range of 8—40 nm. The interfaces between the bands
are not sharply defined. Within the bands there is
a still finer structure which exhibits parallel bright and
dark contrast stripes of &2 nm width as indicated by
short black bars at A in Fig. 3d. The herring-bone
patterns and the finer stripes were caused by composi-
tion variations (see Section 3.4). The cross-section of
the herring bone pattern in the plane normal to
G (Fig. 3b) has a complex form, but the variation in
composition is clear (see Section 3.4).

3.3. Electron diffraction
Electron diffraction data could provide useful in-
formation about the crystal structure and texture of
the as-deposited Ti—Mg alloy.

A selected area electron diffraction pattern (Fig. 4a)
was obtained from the middle of a columnar grain
parallel to G shown in Fig. 3c. This pattern allows the
following conclusions.
(1) The incident electron beam was along the

S1 21 1 0T direction of the h.c.p. lattice.
(2) A series of h.c.p. solid solutions are present with

slightly different lattice parameters and they prod-
uce a radial extension of the diffraction maxima.
Two of the diffraction peaks are dominant and
their corresponding crystal directions and planes
are nearly parallel to each other.

(3) The [0001] direction of the individual h.c.p. sub-
grains within each grain can vary by up to $5° in
orientation as is indicated by the angular exten-
sion of the diffraction peaks.

After the rotation correction between the images in
Figs. 3c and 4a, the [0001] direction was determined
to be along G, and the individual bands in the herring
bone pattern in Fig. 3c as well as in Fig. 3d were nearly
parallel to the M1 0 11 1N planes. The diffraction pat-
terns from adjacent grains were similar to that shown
in Fig. 4a, which indicates that grains in the same
columnar unit have an almost identical orientation.

The selected area diffraction pattern in Fig. 4b was
taken from a grain belonging to another columnar
unit about 30 lm away from the grain shown in
Fig. 3c. The electron beam was parallel to S0 11 1 0T,
and the [0001] direction was along G. It can be

readily identified from Fig. 4b that the diffraction
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Figure 4 Selected area electron diffraction patterns from columnar
grains in the foils parallel to G, showing the doubled spots and
angular extension of the spots in the (a) S1 2 11 0T, (b) S0 11 1 0T and

(c) S0 31 3 1T directions.



peaks are doubled and elongated, which again illus-
trates that there are two main h.c.p. solid solutions
with different lattice constants and parallel corres-
ponding lattice planes and directions, together with
small orientational changes within the selected area.
In order to obtain three dimensional orientational
information, the sample was tilted from S0 11 1 0T to
S0 31 3 1T through the (2 11 11 0) plane and a selected
area diffraction pattern was taken (Fig. 4c). In this
pattern, the diffraction peaks are still doubled and
elongated, which leads us to the same conclusions as
drawn from Fig. 4(a and b). Electron diffraction pat-
terns from different columnar units (Fig. 4(a and b))
also indicate that there is a texture with [0001] nearly
parallel to the deposit growth direction G in the alloy
and a relative rotation around the [0001] direction
among the units.

Although it was difficult to determine accurate
values of the lattice parameters of the hexagonal
phases from the electron diffraction patterns, the ratio
of the lattice parameters could be obtained more accu-
rately. The ratios of the lattice parameter DaD are 1.08
and 1.06 as obtained from Fig. 4(a and b), respectively.
These values are slightly smaller than 1.09, the ratio of
the lattice parameter DaD for pure metal Mg and Ti,
which suggests that the two phases might be Ti—rich
and Mg—rich Ti—Mg solid solutions, respectively. The
ratio change from one region to another is possibly
related to small changes of the composition in the
different regions.

3.4. Imaging PEELS
Imaging PEELS was performed in order to identify
fine-scale composition changes in foils parallel and
normal to the growth direction G.

A foil parallel to G was first selected. Fig. 5a shows
a parallel electron energy loss spectrum and Fig. 5b its
line profile. Two peaks at about 10.3 and 17.9 eV can
be seen in Fig. 5a, which are more clearly shown on
Fig. 5b. These peaks, which result from a mixture of
collective excitations and interband transitions of
the valence electrons, are related to Mg-rich and Ti-
rich phases, respectively. Fig. 5b also shows a peak
at 48 eV for the titanium M

2~3
absorption edge.

Fig. 5(c—e) are a set of micrographs taken from a col-
umnar subgrain in a thin foil parallel to G using
different energy—loss electrons. A 2 eV window was
used in selecting the imaging electrons.

A zero-energy-loss micrograph shows weak con-
trast for the herring-bone pattern (Fig. 5c). The
contrast was enhanced by moving the window to
10.3 eV (Fig. 5d) and reversed when the window was at
17.9 eV (Fig. 5e). The Mg-rich phase is located at the
bright contrast bands in Fig. 5d, and the Ti-rich phase
at the bright contrast bands in Fig. 5e which corres-
ponds to the dark contrast bands in Fig. 5d. Fig. 5(c—e)
indicates that the herring-bone pattern consists of
bands of Ti-rich and Mg-rich phases which are ar-
ranged alternately, but at a slight angle to the growth
direction G. The thickness of the bands is in the
range of 8—40 nm. These observations are consistent

with the microstructure shown in Fig. 3d and the
Figure 5 (a) PEELS spectrum and (b) its line profile of the
Ti—29 wt% Mg alloy, showing electron energy-loss peaks at about
10.3, 17.9 and 48 eV, respectively. Imaging PEELS micrographs of
a foil parallel to G, taken with electrons of energy-loss (c) 0 eV,
(d) 10.3 eV (Mg) and (e) 17.9 eV (Ti), indicating that the herring-
bone pattern is composed of alternating Mg-rich and Ti-rich bands.

compositional changes deduced from measurements
on the electron diffraction patterns (Fig. 4(a and b)).

Another set of imaging PEELS micrographs
(Fig. 6(a—d)) were taken at a higher magnification from
a foil parallel to G and the peak at 48 eV for the
titanium M

2~3
absorption edge was used to map the

distribution of titanium in bright contrast (Fig. 6d).
The images at 0, 10.3 and 17.9 eV are shown in
Fig. 6(a—c) respectively. The Mg plasmon-loss image
(Fig. 6b) confirms that the dark contrast in Fig. 6d
corresponds to a Mg-rich phase. Similar contrast was
observed in Fig. 6(c and d) since the energy loss peaks
at both 17.9 and 48 eV can be associated with a Ti-rich
phase. Fig. 6(a—d) shows more clearly the alternating
arrangement of Mg-rich and Ti-rich bands. It should
be noted that the zero-energy-loss micrographs (Figs.
5c and 6a) also revealed a relationship between com-
position and contrast: Ti-rich bands were darker than
Mg-rich bands because Ti atoms had a higher scatter-
ing power for electrons than Mg atoms.

Imaging PEELS sometimes revealed even finer
structures within Mg-rich or Ti-rich bands. Fig. 7(a
and b) are two micrographs of a foil parallel to G,
imaged with Mg-related (10.3 eV) and Ti-related
(17.9 eV) energy-loss electrons, respectively. Very
fine parallel dark stripes, indicated by short bars

on Fig. 7a, can be seen in a bright Mg-rich band.
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Figure 6 Imaging PEELS micrographs of a foil parallel to G, taken at higher magnification with electrons of energy-loss (a) 0 eV,

(b) 10.3 eV (Mg) (c) 17.9 eV (Ti) and (d) 48.0 eV (Ti), showing alternating lamellae of Mg-rich and Ti-rich regions in different contrast.
These dark stripes in Fig. 7a become bright in
Fig. 7b, and thus are related to Ti-rich regions.
The thickness of these stripes is only about 2 nm,
which is consistent with the features of the stripes
at A in Fig. 3d.

A set of imaging PEELS micrographs (Fig. 8(a—d))

were also obtained from the same foil area as that
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shown in Fig. 3b to confirm the existence of the very
fine scale Mg-rich and Ti-rich regions within sub-
grains. An image obtained with zero-energy-loss elec-
trons (Fig. 8a) shows weak dark and bright contrast
similar to that in Fig. 3b. The bright contrast of
Fig. 8a was enhanced in Fig. 8b by selecting electrons

at an energy loss of 10.3 eV, which corresponds to the



Figure 7 Imaging PEELS micrographs of a foil parallel to G, taken
with electrons of energy-loss (a) 10.3 eV (Mg), (b) 17.9 eV (Ti),
showing very fine structures in different contrast as indicated by
short black bars within a Mg-rich band. The contrast change in the
band is associated with compositional variations.

Mg-rich regions. The dark contrast of Fig. 8a re-
mained in Fig. 8b, but changed to a bright contrast in
Fig. 8(c and d), and therefore indicated the size, shape
and distribution of the Ti-rich regions in the section
perpendicular to G.

3.5. Twin boundaries
In addition to the band-like Mg-rich and Ti-rich
regions evident in thin foils parallel to G, there are
also twin boundaries parallel to the M1 0 11 1N planes
within the Mg-rich or Ti-rich bands, or alternating
twin-like relationships between the Mg-rich and
Ti-rich bands.

Fig. 9a shows a selected area electron diffraction
pattern taken from a columnar subgrain in a foil
parallel to G with the electron beam parallel to the
S1 21 1 0T direction of the hexagonal phase. It
should be noted that each peak in Fig. 9a is ac-
tually doubled due to contributions from both
Mg-rich and Ti-rich regions: there are in fact four
sets of superimposed electron diffraction patterns,
any two of which either share their M1 0 11 1N peaks
or else have parallel M1 0 11 1N planes. Fig. 9b shows
a schematic diagram of the four sets of electron dif-
fraction patterns marked by T1, T2, M1 and M2,
respectively. T1 and T2 arise from the Ti-rich solid

solution, and M1 and M2 from the Mg-rich solid
solution. Fig. 9(c and d) are two dark field micro-
graphs taken using the (0001) peaks corresponding to
the T1M1 and the T2M2 sets in Fig. 9b. The boundary
marked between the dark and bright regions is paral-
lel to the M1 0 11 1N plane. There are four possible
orientation relationships between the adjacent regions
on either side of the boundaries, as is shown
in Fig. 9(e—h). Fig. 9(e and f) show mirror twin-
relationships between the two regions of the same
composition. In Fig. 9(g and h), we show the boundary
connects regions of different compositions. In these
cases the boundary is not a true twin boundary be-
cause the diffraction peaks of the regions cannot be
superimposed by a mirror operation, although their
corresponding directions could. We shall call such
a boundary ‘‘twin-like’’.

3.6. Periodic compositional variation
In addition to the fine-scale compositional variations
associated with the herring-bone patterns within the
subgrains, a further periodic compositional change
was also observed. It differs from the herring-bone
structure in that the composition variation is in planes
parallel to the growth surface, and the scale of the
periodic compositional change is greater.

The additional compositional variation is revealed
in Fig. 3c by the weak horizontal bands normal to G.
Fig. 10a is a bright-field micrograph taken from
a thicker region of a thin foil parallel to G, and clearly
shows alternate bright and dark contrast bands. These
bands are perpendicular to G with a periodicity of
about 0.5 lm. Fig. 10b shows the integrated intensities
for the Mg Ka and Ti Ka peaks on the EDX traces
obtained from several consecutive dark and bright
bands observed in Fig. 10a. For the Mg peak inten-
sities, the value at B corresponding to a bright band
is a little higher than those at adjacent dark bands D.
For Ti peak intensities, the result is reversed, that is,
the value at B is lower than that at adjacent dark
fringes. Fig. 10c shows the ratios of the integrated
intensities related to the Ti Ka and Mg Ka peaks,
respectively, at the position of the bands. The values of
the ratios at the bright bands are lower than those at
the dark bands. It is well-known that under the experi-
mental conditions used the ratio of integrated inten-
sities can be directly related to the element content.
Although Fig. 10(b and c) are uncalibrated at present
and therefore do not give quantitative information on
the composition, they clearly exhibit a compositional
variation along G. The Ti content at the position of
the bright bands in Fig. 10a is lower than that at the
position of the dark bands as anticipated.

4. Discussion
The vapour-quenched Ti—29 wt% Mg alloy collected
at 300 °C has a complex microstructure. It contains
orientation-textured columnar units, columnar grains,
columnar subgrains, a herring-bone pattern and par-
allel stripes on scales ranging from 15 lm to 2 nm and
is superimposed by periodic compositional variations

of a &0.5 lm wavelength along the deposit growth
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Figure 8 Imaging PEELS micrographs from an area shown in Fig. 3b, taken with electrons of energy-loss (a) 0 eV, (b) 10.3 eV (Mg), (c)

17.9 eV (Ti) and (d) 48.0 eV (Ti), showing Mg-rich and Ti-rich regions in different contrast.
direction. The results confirm that the Ti—29 wt% Mg
alloy is composed of Ti—Mg solid solutions with local
variations in solute concentration in Ti-rich and
Mg-rich regions. The highly alloyed Ti—Mg alloy
microstructure differs from a dilute alloy microstruc-
ture by having herring-bone patterns and parallel
stripes which can be associated with composition vari-
ations on a nanometre scale. It is therefore not surpris-
ing that the alloy proved difficult to analyse using
conventional X-ray techniques.

The present studies can help to explain the broad
peaks observed on the X-ray diffraction patterns re-
ported previously [13]. The X-ray diffraction pat-
terns are average results obtained from probed regions
of a size of several lm. Since the density of disloca-
tions in the alloy is not particularly high, the strain
and composition variations in the probed regions
are probably the main factors that are responsible for
the broad peaks observed on the X-ray diffraction

patterns.
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The strain might be caused by lattice parameters
differences between the Ti-rich and Mg-rich solid
solutions. From Fig. 3(a and b), the strain between the
two solid solutions was calculated to be in the range of
6—8%. The small dimension of the Ti and Mg rich
regions should lead to a higher ratio between the
strained and unstrained regions. The strain might also
result from the misorientation of the regions either
with similar or with different compositions and from
cooling stresses.

The compositional variation with the period of
0.5 lm (Fig. 10a) could make a significant contri-
bution since the X-ray probed area covers several
periods of the compositional variation. The lattice
parameters of the Ti—Mg solid-solution alloy are
directly related to its composition [13]. The composi-
tional variation in the probed area produces the
simultaneous appearance of diffraction peaks at
slightly different positions. If the individual peaks are

indistinguishable then they will form a single broad



Figure 9 (a) Selected area electron diffraction pattern taken in the S1 2 11 0T direction. (b) Schematic diagram of (a), illustrating there are four
sets of patterns marked by T1, T2, M1 and M2, and their relationship. (c) and (d) Dark field micrographs taken using the 0001 spots belonging
to T1M1 and T2M2 sets, respectively, showing a boundary parallel to the M1 0 11 1N plane. (e), (f ), (g) and (h) display four possible relationships

between two sides of the boundary.
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Figure 9 continued.
peak. The presence of twin or twin-like boundaries
could further broaden the X-ray diffraction peaks,
however they should not be the main broadening
factor in this alloy because of their relatively low

density.
Mg source could cause a much coarser composition
change, which should be avoided. The formation of
the lamellar Ti-rich and Mg-rich h.c.p. regions might
be the result of local movement of the Ti and Mg
atoms just beneath the growth surface during the
crystal growth. The present Ti—Mg alloy was deposi-
ted on to a pure Ti substrate maintained at 300 °C.
The average growth rate was &14 lms~1 and the
deposition process lasted 130 min. Atomic movement
during the alloy growth could have occurred during
(a) the quenching of the deposit to 300 °C and (b)
ageing it at 300 °C. Based on the reported effects of
annealing temperature and time [13], the first case
probably has the greatest effect on the atomic move-
ment, but it is restricted to regions just beneath the
growth surface. This might explain why the orienta-
tion of the Ti-rich and Mg-rich lamellae was observed
to be approximately parallel to the tapered (1 0 11 1)
growth surfaces.

Figure 10 (a) Bright field TEM micrograph showing periodic bands
with a period of about 0.5 lm. (b) Integrated intensities under (r)
Mg Ka and (j) Ti Ka peaks on EDX spectra obtained from con-
secutive dark and bright bands in (a). (c) The ratio of the integrated
intensities in (b).
3098
The various compositional changes observed within
the alloy can be attributed to several different factors.
The 0.5 lm periodicity might be related to periodic
changes at the evaporating surface of the Ti target as
a result of instability of the bombarding electron beam.
The temperature instability of the radiantly heated
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