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Abstract

Mg alloys are being considered for wider application in
automotive industry. Designing new alloys with improved
mechanical properties is important to the development of new Mg
alloy parts. Mg-Ti is an interesting alloying system that may have
good corrosion resistance due to high passivity of Ti. However it
is difficult to form through a conventional metallurgical method
due to the mutual insolubility of Mg and Ti and the big difference
in their melting point. Nevertheless, if the alloy can be formed, it
may have other unexpected physical and chemical performance.
Therefore, it is of significance to understand the properties of Mg-
Ti alloy produced by non-conventional approach.

In this report, Mg Ti, thin film alloys containing 0, 21, 41, 51,
58, 81 and 100 at.% Ti were deposited by dc magnetron sputtering
on Si substrates. The mechanical properties of the thin film alloys
were obtained using nanoindentation. Electron probe
microanalysis (EPMA) was used to determine the film
compositions. X-ray diffraction (XRD) measurements showed that
single phase magnesium-titanium solid solutions were obtained
across the full range of magnesium and titanium mixtures. The
topography and the rms roughness of the different alloys were
studied using atomic force microscopy (AFM). The mechanical
properties of the Mg,.Ti, thin films were determined by
analyzing the nanoindentation load-displacement curves based on
the Oliver-Pharr method. The nanoindentation results show that
both the elastic modulus and hardness of the Mg, ,yTi, alloy thin
films are higher than those of conventional Mg alloys.

Introduction

Magnesium and magnesium alloys have attracted wide attention as
lightweight materials that can be used in automotive, acrospace,
and hydrogen storage applications. The alloying of magnesium
and titanium is of particular interest due to the improved
mechanical and corrosion resistant properties of Ti [1-5].
However, magnesium and titanium have very little mutual
solubility according to their equilibrium phase diagram, and thus
do not form any stable intermetallic compounds under standard
alloying conditions [6, 7]. But recently it was reported that by
using non-standard alloying techniques, such as electron-beam
deposition and magnetron sputtering, the solid solubility of Mg
and Ti can be extended significantly and solid solution Mg, Tix
thin film alloys can be formed [8-15]. These Mg Ti films are
expected to have the advantages of being lightweight alloys with
high specific strength and better corrosion performance.

In this work, the fabrication of Mg Ti thin film alloys with
different Ti content is presented. The topography and the crystal
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structure of these films are studied using AFM and XRD
measurements. Finally, the mechanical properties of these films
are measured using nanoindentation experiments and by analyzing
the load-displacement curves based on the Oliver-Pharr method
[16]. The effect of the composition and morphology on the
mechanical properties of these alloys is discussed.

Mg-Ti Thin Films Deposition

The Mg,.oTix (x = 0, 0.21, 0.41, 0.51, 0.58, 0.81, 1) thin films
were grown on 1" Si (100) substrates using dc magnetron
sputtering under argon atmosphere. The silicon substrates were
ultrasonically cleaned in acetone and methanol successively for 20
minutes. The cleaned substrates were loaded in the load lock
chamber where they were heated to 200°C for 30 minutes under
vacuum for outgasing., After cooling down, the substrates were
transferred to the growth chamber which has a base pressure of
about 5.0x10® Torr.

The deposition plasma for each constituent material was created
utilizing a dc power source and a flow of Ar (14 sccm). The
dynamic pressure during the growth of the films was 2 mTorr.
Deposition of the different alloys is carried out using a recipe
which depends on predetermined deposition rates. Growth rates of
the magnesium and titanium sources were measured, under the
above specified growth conditions, at different dc powers (50 —
600 W) using deposition monitor with the crystal sensor
positioned just above the center of the substrate holder. For each
composition, the ratio of Mg to Ti growth rate was calculated as a
function of the ratio of Mg to Ti atoms. Using the measured
growth rates and the calculated growth rate ratio, the film
composition was controlled by changing the power to the Mg and
Ti targets. The dc powers applied to each target during the
deposition of the different alloys together with EPMA determined
compositions are summarized in Table I. There is excellent
agreement between the measured and calculated compositions.
The substrates were rotated at 20 rpm in order to obtain uniform
composition across the substrates. The films are typically 1.2-1.5
pm thick as determined from SEM cross section measurements.

Materials Characterization

The composition of the different Mg-Ti thin film samples was
determined using Electron probe microanalysis (EPMA). EPMA
measurements were made with a Cameca Instruments, Inc.
(Nampa, ID) model SX-100 electron probe. Analysis voltage and
current were 15 keV and 10 nA. Analyses were done with a
focused beam < 1.0 pm in diameter. Each sample was analyzed at
8 random locations with results averaged. Mg and Ti compositions
were calculated from x-ray intensities (k-ratios) with the thin film



program GMRFILM [17]. Precision and accuracy are both
estimated as +/- 2% relative for all samples.

Ex-situ X-ray diffraction was used to study the structures of the
Mg-Ti films. Each sample was examined using Cu K, radiation in
a Bruker AXS General Area Detector Diffractometer System
(GADDS). The diffraction images are typically collected for a
period of 5 minutes using a 0.5 mm collimator and a sample to
detector distance of 60 mm. The primary beam incidence angle is
17 degrees. Each diffraction scan was examined for incomplete
Debye rings, which indicate preferred crystallite orientation,
crystallite size in the film, and single crystal substrate diffraction
peaks. Each diffraction image is then integrated to produce a
powder diffraction pattern. The diffraction patterns are then
compared to reference data for phase identification. Once phase
identification is complete lattice parameters can be calculated.

Topography measurements of the Mg-Ti alloy samples were
obtained using Dimension V Scanning Probe Microscope (Veeco).
The height measurements were obtained using tapping mode and
scanning area of 5.0 um x 5.0 um. The AFM measurements were
performed in air, at ambient temperature and humidity, using a
silicon probe with tip ROC (radius of curvature) < 10 nm. Four
topography maps at different positions were acquired for each
sample. The reported values of the rms roughness are the mean
values of the different measurements.

Nanoindentation experiments were carried out with a Hysitron
Triboscope (Hysitron Incorporated, Minneapolis, MN). The load
controlled indents were made with a Berkovich indenter. The load
function consists of three segments, a 5 seconds loading segment,
a 2 seconds holding segment at the maximum load, and a 5
seconds unloading segment. Indents were made to a depth of
about 10 percent of the film thickness to minimize substrate
effects (typically ~140 nm). Data values are averaged from a series
of 16 indents per sample. The hardness and modulus are calculated
based on the Oliver-Pharr method [16].

Table I. The dc power applied to the Mg and Ti sources during
deposition of Mgy, Ti thin films at room temperature along with
the corresponding Mg and Ti concentration calculated using
measured growth rates and the concentration determined from

EPMA measurements
Calculated Measured
Power Cox}centration Concentration
sapie | | e | o)
Mg | Ti Mg Ti Mg Ti
Mg 100 - 100 - >99 <1
MgosoTioz | 100 | 130 80 20 79 21
Mgy eoTioa | 50 | 200 60 40 59 41
Mgy soTioso | 50 | 300 50 50 49 51
Mgy 40Tioso | 40 | 310 40 60 42 58
Mgy 20Tiose | 20 | 450 20 80 19 81
Ti - 300 - 100 <1 >99
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Results and Discussion

Crystallographic Structure

The microstructure of the Mg,.4Tix thin film alloys was
determined by XRD measurements. The XRD patterns of the
different Mg-Ti films after normalization are shown in Figure 1.
The Mg film shows a very strong diffraction peak at 20 ~ 34.8°
which is due to the (0002) plane of hexagonal closed packed
(HCP) Mg. The Mg film exhibits a strong preferential
crystallographic orientation with the (0001) plane growing
parallel to the substrate surface. The weak diffraction peaks at
higher 29 correspond to the HCP Mg (1012) and (1013) peaks.
XRD pattern of the MgysTigy thin film shows a strong
diffraction peak at 20 ~ 35.8° that is due to the (0002) plane of
HCP solid solution unit cell. This peak is shifted to a higher angle
(lower d-spacing) with respect to pure Mg due to the partial
substitution of Mg atoms by Ti atoms. Because Ti has relatively
smaller molar volume than Mg, partial substitution of Mg by Ti
causes the Mg lattice to contract and thus d-spacing to decrease.
The peak at higher 20 is due to {(1013) HCP Mg-Ti solid solution.
Mg and Mg 7oTiy,, samples have a strong [001] fiber texture as
reflected by the strong (0002) diffraction peak of the HCP Mg-Ti

unit cell.
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Figure 1. XRD spectra of Mg, Ti, thin film alloys.

The film with 41 at.% Ti shows a single phase corresponding to
HCP Mg-Ti solid solution. XRD pattern of this film shows three
diffraction peaks at lower 20 (~ 34.0°, 36.6°, and 38.7°) which are
due to the (1010), (0002), and (1011) peaks of a contracted HCP
Mg lattice with Mg atoms substituted by Ti. The Mg Tiy
samples with x ~ 0.51, 0.58 and 0.81 show also a single phase with
two diffraction peaks that can be attributed to the (1010), and
(1011) diffraction peaks in HCP Mg-Ti lattice. In all these films,
the higher 20 diffraction peaks correspond to the Mg-Ti HCP
phase. The pure Ti film, unlike the Mg film, does not show one
highly preferred orientation. The XRD spectra of Ti film show
the (1010),(0002), and (1011) diffraction peaks of Ti HCP
lattice at lower 26 (35.5°, 38.6°, and 40.4°).



The above XRD results suggest that all the Mg-Ti thin film alloys
are a single hexagonal Mg matrix phase with various contents of
Ti in the solid solution. The lattice of the Mg-Ti solid solution
contracts with the addition of Ti. In Figure 2, the lattice constants
of the Mg.Ti, films calculated from XRD spectra are presented
as a function of Ti content, x. Also shown in Figure 2 are the
lattice constants at different composition calculated using
Vegard’s Law [18]. Accordingly, the lattice constants of the alloys
are linearly interpolated from the values of the pure compounds
using the following relation:

Qps B, = (1 —x)a, + xag )

The calculated lattice constants from XRD spectra agree with
those predicted using Vegard’s law confirming that a solid
solution of Mg-Ti was obtained.
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Figure 2. Dependence of lattice constants on the composition of

the Mg-Ti samples. Also shown the linear dependence of lattice
constants on the alloy composition predicted by Vegard’s Law.
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Topographic morphology

AFM height images of the Mg-Ti alloys are given in Figure 3. The
pure Mg sample shows large hexagonal particles protruding from
the film surface at different angles, and making the sample surface
very rough. Figure 4 displays the root-mean-square (rms)
roughness of the Mg-Ti thin films obtained from AFM height
images as a function of Ti concentration. These results show that
Mg thin film has a very high rms roughness of ~ 30nm. The AFM
image of sample Mg, ;9Tip,; shows that the large hexagonal
particles disappeared and are replaced by small irregularly shaped
particles that stretch along the sample surface. The refined almost-
flat particles in sample Mgy 79Tiy 5 leave the surface of this sample
significantly smoother with a much smaller rms roughness
compared to Mg sample (Figure 4).

As the Ti concentration increases to 41, 51, and 58 at.%, (1010)
and (1011) oriented Mg-Ti grains start to emerge in these films.
AFM height images of these samples show also angular particles
that stick out of the film surface. The appearance of these new
(1010) and (1011) oriented Mg-Ti grains in these films affects
the surface roughness of these films, which increases to a
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maximum value for the sample with 58 at.% Ti (Figure 4). The
topography of the Ti-rich sample Mgy ;4Tips, shows long narrow
rectangular stick-like particles. These particles grow evenly along
the surface of the film and do not protrude out of the surface
making the surface of this film smooth with small surface
roughness compared to the films with 51 and 58 at.% Ti.

a) Mg

150 nm  b) MgossTiogy

60 nm

0.0 5.0 pm 0.0 5.0 pm

c) Mugﬂh.u 100 nm d) Mgg 45Tig 51

0.0 50pm

Figure 3. AFM topography images of the different Mg-Ti alloy
thin films: a) Mg, b) M'go.wTioAzu c) Mgo.59Tio.41, d) Mg 49Tig 51, €)
Mgo.42Tio s, £) Mgo 15Tio 51, and g) Ti.



Finally, the pure Ti topography shows the fine rectangular stick-
like shape as in Mgy ,4Tigg, but in smaller size in addition to some
coarse larger particles making the surface roughness of this film
slightly higher than that of the Mg, 14Tip 3, sample

The in-plane particle sizes of the different Mg-Ti samples were
calculated using cross section analysis of the AFM height
measurements and are presented in Figure 4. For each sample the
measured lengths of 15 different particles along the short and long
axes were averaged to give a mean value of the particle size of that
sample. Mg sample shows large particle size of about ~ (750 +
120) nm. The particle size value decreases to ~ 200 nm for the
samples with Ti content of 21, 41 and 51 at.%, and then slightly
increases to ~ (250 + 80) nm for the Mg 4,Tig 55 sSample. For the
Ti-rich sample (x = 0.81) the particle size decreases again to ~
(175 + 90) nm reaching a minimum value of ~ (140 + 40) nm for
the pure Ti sample.
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Figure 4. Root-mean-square (rms) roughness and particle size of
Mg-Ti alloy thin films, obtained from AFM height images and
displayed as a function of Ti concentration.

Micro-Mechanical Properties

The commonly used Oliver-Pharr method was used to analyze the
indentation data and to calculate the Young’s modulus and
hardness of the Mg-Ti samples. According to this method, the
hardness is defined as:
H = Prax/Ac @
where P, is the maximum indentation load and A, is the
projected contact area of the indenter tip at that load. The contact
area of the indenter is calculated as a function of contact depth, h,
using a series of indents at various loads (various h.) performed on
a sample with a known elastic modulus. Although this method
does not account for the resulting indentation shape (e.g., pile-up)
or the elastic mismatch between the film and the substrate it serves
as a tool for estimating mechanical properties. The Young’s
modulus is obtained from:

E = 1/y(Vr/2)(s//A;)

where vy is a correction factor that depends on the indenter

3
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geometry and S is the stiffness of the unloading curve given by the
slope of the initial portion of the unloading curve.

A total of 16 indents are performed on each sample and the load
was chosen so that the contact depth was ~ 140 nm to minimize
substrate and roughness effects. The calculated mechanical
properties of each sample are then averaged and the mean values
of modulus and hardness are plotted in Figure 5 along with the
standard deviations. The measured Young’s modulus and hardness
of pure Mg and Ti thin film samples clearly show, as expected,
higher Young’s modulus and hardness values of Ti sample over
Mg sample. It is reasonable to expect the Young’s modulus and
hardness of the Mg-Ti alloys to increase monotonically with the
addition of Ti. However, the results show that Mg, Tix samples
with x = 0.21, and 0.81 have both similar Young’s modulus and
hardness. Actually, sample Mgy7Tig,; shows very large
improvement in mechanical properties compared to pure Mg
sample. But, as Ti content increases to 41, 51, and 58 at.% the
measured Young’s modulus and hardness of the corresponding
samples are lower than those of the Mg-Ti sample with 21 at.% Ti
but higher than those of pure Mg sample.
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Figure 5. Calculated Young’s modulus and hardness of the Mg-Ti
alloy samples plotted as a function of Ti content.

These results can be understood once the effect of roughness on
the measured modulus and hardness values is taken into account
[19, 20]. This effect originates from the initial contact between the
indenter tip and the rough surface when some flattening can occur
causing the measured h, and thus A, to be less accurate. As a result
the measured modulus and hardness of the Mg-Ti samples are
affected by both the addition of Ti content which should result in
improving mechanical properties and the increased surface
roughness of the samples which would reduce the values of the
modulus and hardness. The Mg 0Ty 2; shows a very small surface
roughness compared to Mg sample, and as a result its mechanical
properties are strongly improved due to both Ti addition and lower
surface roughness. The surface roughness of Mg-Ti samples with
41, 51, and 58 at.% Ti increases and reaches a maximum value for
the sample with 58 at.% Ti. As a result, the modulus and hardness
of these samples are lower than the sample with 21 at.% Ti even
though they are more Ti-rich. As Ti content increases to 81 at.%,
the surface roughness of the Mg, ;9Tiys, decreases. The effect of
increased Ti content on the mechanical properties of this film is



apparent by the increased modulus and hardness values.
Conclusion

Thin films of Mg, ,Ti, alloys with different Ti content were
deposited by magnetron co-sputtering techniques on St substrates.
XRD measurements showed that these alloys have a HCP
structure. Moreover, the calculated lattice parameters of the
Mg Tiy alloys follow Vegard’s rule, indicating that single phase
compounds were formed. AFM surface measurements showed that
pure Mg thin film has the highest rms roughness while the alloy
with ~ 20 at.% Ti has the smoothest surface. The in-plane particle
size calculated from AFM height images was the largest (~ 750
nm) for the pure Mg film and fluctuates about a value of ~ 200 nm
for the other films. Nanoindentation measurements showed that
the alloy thin films have higher Young’s modulus and hardness
compared to pure Mg. In particular, the relatively smooth
Mg Tix alloy thin film with x ~ 0.20 displays the same improved
mechanical properties as the alloy with x~ 0.80 and thus has the
potential of being used as a strong and hard protective coating.
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