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•Long	history	in	light	metal	alloy	research
•24	academic	staff,	very	global	reach
•Strong	track	record	of	industrial	delivery

•Local
• International
•Defense
•Spin	offs

Department of Materials Science and Engineering 
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Department of Materials Science and 
Engineering, Monash University

• FACILITIES: Massive investment in world-
class infrastructure unique to the region 
(including the Australian Synchrotron, and 
the Clayton Precinct…).

• BREADTH: Capabilities in many materials 
and advanced manufacturing areas 
(modelling, nanomaterials, alloys,  
biomaterials, automotive/aerospace Al, 3D 
printing…).

• DEPTH: Focused research with world-class 
expertise in key areas (e.g. light metals, 
additive manufacturing, aerospace 
materials, functional materials  materials 
durability).

• DELIVERY: Strong track record of delivering 
useful results to industry (internationally).

• COLLABORATION: Collaborations around 
the world.
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Light metals areas of research

• Physical metallurgy
• Al, Ti, Mg
• Glasses and High entropy alloys
• Modelling
• Characterisation (structure and 

properties)
• Corrosion and coatings
• Fatigue
• Alloy design
• Processing

• Induction melting, arc melting
• Extrusion, rolling, SPD (HPT, 

ECAP, etc)
• Spark plasma sintering
• Laser powder processing
• HIPing

Light metals capabilities
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Light metals alloys for dental application
Example of output

• Ti–15Zr alloy
• Institut Straumann AG, Basel, 

Switzerland 
www.elsevier.com/locate/jmbbm

Available online at www.sciencedirect.com

Research Paper

Microstructure and mechanical properties of Ti–15Zr
alloy used as dental implant material

Alexander E. Medvedeva,n, Andrey Molotnikova, Rimma Lapovokb,
Rolf Zellerc, Simon Bernerd, Philippe Habersetzerd, Florian Dalla Torred

aDepartment of Materials Science and Engineering, Monash University, Clayton, Victoria 3800, Australia
bInstitute for Frontier Materials, Deakin University, Geelong, Victoria 3216, Australia
cFraunhofer-Institut für Werkstoffmechanik IWM, 79108 Freiburg, Germany
dInstitut Straumann AG, Basel, Switzerland

a r t i c l e i n f o

Article history:
Received 20 November 2015
Received in revised form
2 May 2016
Accepted 4 May 2016
Available online 11 May 2016

Keywords:
Dental implants
Fatigue
Ti–Zr alloy
Microstructure
SLA (Sand blasting and acid etching)

a b s t r a c t

Ti–Zr alloys have recently started to receive a considerable amount of attention as
promising materials for dental applications. This work compares mechanical properties
of a new Ti–15Zr alloy to those of commercially pure titanium Grade4 in two surface
conditions – machined and modified by sand-blasting and etching (SLA). As a result of
significantly smaller grain size in the initial condition (1–2 mm), the strength of Ti–15Zr
alloy was found to be 10–15% higher than that of Grade4 titanium without reduction in the
tensile elongation or compromising the fracture toughness. The fatigue endurance limit of
the alloy was increased by around 30% (560 MPa vs. 435 MPa and 500 MPa vs. 380 MPa for
machined and SLA-treated surfaces, respectively). Additional implant fatigue tests showed
enhanced fatigue performance of Ti–15Zr over Ti–Grade4.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Ti-alloys used as implant materials

Dental implants made from commercially pure (cp) titanium
and Ti-alloys have been used for more than half a century
(Ödman et al., 1988). The inherent biocompatibility of tita-
nium is predominantly determined by its ability to sponta-
neously form a stable, nanometer-thick TiO2 layer on its
surface, which protects pure Ti from corrosion even during
wear (Milošev et al., 2000; Pouilleau et al., 1997). Apart from
cpTi (Grade 1–4), a variety of Ti-based alloys have also been
utilized as implant materials, of which the dual phased Ti–

6Al–4V (TAV) (also known as Ti-Grade5) is one of the most
widely used alloys for orthopedic implants (Geetha et al.,
2009; Long and Rack, 1998; Ye et al., 2015).

However, in the human body, corrosion-induced release of
TAV elemental products has been shown to cause toxic
reactions. In particular, vanadium ions have been associated
with neurotoxicity and inhibition of cellular proliferation and
differentiation in vitro as well as other negative health effects
(Sedarat et al., 2001; Afeseh Ngwa et al., 2009; Rodrıguez-
Mercado et al., 2003). There have been attempts to replace
vanadium with more biocompatible alloying elements which
resulted in the development of αþβ alloys Ti–6Al–7Nb (TAN)
and Ti–5Al–2.5Fe, both of which have become standardized

http://dx.doi.org/10.1016/j.jmbbm.2016.05.008
1751-6161/& 2016 Elsevier Ltd. All rights reserved.

nCorresponding author. Tel.: þ61 410167536.
E-mail address: alexander.medvedev@monash.edu (A.E. Medvedev).
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that the microstructure in the surface near layer is altered after
SLA treatment extending about 1–2 mm into the material. It is
highly deformed and is abruptly followed by bulk microstructure
with much coarser grains.

EBSD measurements of crystallographic texture and micro-
structural characteristics were performed on a transversal section
of Ti–15Zr (Fig. 6) representing the bulk of the material. The
inverse pole figure (IPF) map, shown on Fig. 6a, covers an area of
50!50 mm2 and illustrates shape, distribution and preferential
orientation of grains in the alloy. Black marks on the map
represent areas with very low confidence index. As a result, they
were excluded from the measurements (about 18% of the total
number of points). It is believed that such exclusion would not
result in a considerable modification of texture results since
unindexed areas only account for a small fraction of all observed
grains (Humphreys, 2004).

In line with the observations of TEM, the shape of grains is
non-equiaxed and provides a snap-shot of the material flow.
Pole figures calculated for four major crystallographic orien-
tations (Fig. 6b), along with the data from the IPF map, point
at a very strong texture in the material. Particularly, the basal
planes are primarily oriented parallel to the main axis of the
rod, while the prismatic planes are oriented perpendicular to
it. Such texture is characteristic for samples produced by
drawing or extrusion, which is consistent with the aforemen-
tioned information regarding processing of Ti–15Zr rods.
Fig. 6c shows a histogram of the grain size indicating an
average grain size of roughly 1 μm. This value corroborates
with the qualitative estimate of grain sizes seen in TEM.

3.4. Mechanical properties of materials

Mean tensile strength values are presented in Table 4. Ti–15Zr
exhibits a roughly 10% higher yield strength and a 10–15% higher
ultimate tensile strength (UTS) compared to Ti-Grade4. Engineer-
ing tensile curves shown in Fig. 7 indicate that the surface quality
(machined vs. SLA-treated) does not have a considerable effect on
the tensile behaviour of either of the materials (only around 1–2%
decrease in UTS for the SLA surface). The uniform tensile

elongation of both materials, irrespective of the surface finish, is
of the same order, also indicating no difference in regards to the
ability to accommodate uniform strain.

In Table 4mean values of impact fracture toughness energies
are presented. In line with previous findings of the ductility, the
comparison of fracture characteristics between Ti–15Zr and Ti-
Grade4 indicates no significant difference. In fact, a slightly
higher value of fracture toughness was observed for Ti–15Zr.

Fig. 8 shows fatigue test data under dynamic cyclic load-
ing. A significantly better fatigue performance in the lower
(o105) and the higher (4106) fatigue range is observed for Ti–
15Zr compared to Ti-Grade4. Rough SLA-treated surface
shows 12% and 15% reduction of fatigue endurance limit
compared to machined counterparts for Ti–15Zr and Ti-
Grade4, respectively. It can also be seen from Fig. 8 that Ti–
15Zr exhibits significantly higher fatigue properties compared
to Ti-Grade4 irrespective of the surface finish. The fatigue
endurance limit of Ti–15Zr increased compared to Ti-Grade4
by 28% (435 MPa vs. 560 MPa) and 31% (380 MPa vs. 500 MPa)
for machined and SLA-modified surfaces, respectively.

3.5. Mechanical properties of the implants

Fatigue tests were also carried out on dental implants according
the geometrical test set-up described in the ISO 14801 standard
(compare Fig. 2). Fig. 9 shows implant system (implant-abut-
ment-screw) fatigue test data for Ø 3.3 mm bone level implants
made of Ti–15Zr and Ti-Grade4. These test results indicate a
larger scattering than in the previous figure, which is a result of
testing not only one piece, but an assembled system composed
of an implant, a basal screw, an abutment, an occlusal screw, a
coping and embedding media. Nonetheless, the calculated test
results show superior fatigue endurance strength of Ti–15Zr
implants compared to those made of Ti-Grade4. The endurance
limit for Ti–15Zr implants has been calculated to be 196 N, while

Table 2 – Apparent normalized atomic concentration [at%] (sum equals 100%) of the elements detected by XPS on the
surfaces of Ti-Grade4 and Ti–15Zr after SLA treatment. The average values and standard deviations of three samples per
group are presented.

Implant O (at%) C (at%) N (at%) Si [at%] Ti (at%) Zr (at%)

TI–15Zr, SLA 58.371.6 20.271.6 1.3 – 18.370.6 2.870.2
Ti-Grade4, SLA 54.671.4 21.072.2 2.770.4 2.470.3 19.471.2 –

Table 3 – Mean values for yield (YS), ultimate tensile
strength (UTS) and uniform elongation (%) of Ti–15Zr and
Ti-Grade4, measured for machined and SLA-treated sur-
faces. Samples are randomly chosen out of one produc-
tion lot measuring 8 samples each. Bar diameter is 5 mm.

YS (MPa) UTS (MPa) Uniform elongation
(%)

Ti-Grade4, SLA 71279 85177 6.870.6
Ti-Grade4,
machined

72278 864711 6.170.3

Ti–15Zr, SLA 799726 968726 6.270.5
Ti–15Zr, machined 784734 987735 6.070.7

Table 1 – Surface roughness parameters of Ti–15Zr and
Ti-Grade4 implants after SLA treatment. The mean
values and standard deviations (SD) are presented. A
comparison with machined surface of Ti-Grade4 is given.

Sample Sa (mm) Ssk Sdr (%)

Ti–15Zr, SLA 1.65570.157 0.11170.128 19.973.5
Ti grade4, SLA 1.62470.251 "0.05970.135 21.476.1
Ti grade4, machined 0.09170.008 "0.24670.242 0.2270.04
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materials and alloys with enhanced mechanical performance.
In this respect, the binary Ti–Zr alloys stand out from the α-β
alloys in that they maintain the same α-phase structure as cpTi
and are compatible with the SLA treatments.

Although it is generally known that the surface modifica-
tion procedures directly affect mechanical properties of the
base material, only little information is available to date on
Ti–15Zr alloy. Therefore, this work focuses on the effect of
surface treatment (Section 3.2) and bulk microstructure
(Section 3.3) on the mechanical properties of the material
(Section 3.4) and implants (Section 3.5). Finally, the paper
discusses the interplay between microstructure and mechan-
ical performance for the new Ti–15Zr alloy compared to cpTi-
Grade4 (Section 4).

In this regard, the current paper complements our pre-
vious study on Ti–15Zr which concentrated on the surface
characterization and its effect on the biological response
measured by in vitro experiments (Bernhard et al., 2009) and
serves as a basic material information that supplements
various clinical studies performed on Ti–15Zr (Grandin
et al., 2012; Altuna et al., in press).

2. Experimental procedure

2.1. Materials and implant designs

Two titanium-based materials were used in the present work,
namely commercially pure Ti-Grade4 and Ti–15Zr
(Steinemann, 2012). Ti–15Zr alloy was supplied by Institut
Straumann AG (Switzerland) and is the raw material for the
commercially available Roxolids. The amount of impurities,
such as O, C, H and N was comparable to that of Ti-Grade4.
The current study compared both materials in which Ti-
Grade4 was used as a reference material.

Fig. 1 shows implant designs used in the present work.
Due to geometrical constraints, different types of implants
have various internal configurations, which have an impact
on mechanical stability. Implant were manufactured from
both Ti-Grade4 and Ti–15Zr.

2.2. Surface treatment and analysis

The implants as well as the samples for the mechanical testing
(tensile and fatigue specimens) were produced by conventional
turning process. The resulting surface was relatively smooth
and is further referred to as machined surface.

Dog bone shaped samples and the enossal (dark colored
part in Fig. 1) part of the implants were then subjected to
surface treatment in order to produce SLA surface. The SLA
surface was achieved by blasting the surface with corundum
particles of 0.25–0.5 mm in size, subsequent acid etching in a
boiling mixture of HCl and H2SO4, followed by cleaning in
HNO3 and rinsing in deionized water, according to a proprie-
tary process of Institut Straumann AG.

The surface properties of specimens and implants were
characterized by means of scanning electron microscopy (SEM),
confocal microscopy and X-ray photoelectron spectroscopy
(XPS). Three implants were measured for each analysis method.

SEM analysis was performed with a FEG SEM Zeiss Supra
55 (Carl Zeiss AG, Germany) using 20 kV acceleration voltage.

The surface roughness at the micrometer scale was
measured with a confocal microscope (msurf explorer, Nano-
Focus AG, Germany). Three implants were used and two
measurements were performed on each implant. The mea-
surements were taken in the thread area towards the coronal
end. 3D images were obtained with the confocal microscope
equipped with a 20x lens over the area of 798!798 mm2 with
a lateral resolution of 1.56 mm (512!512 image points). The
3D roughness parameters were calculated with msoft Analysis

Fig. 1 – Different implant designs available with different implants diameters exist in order to suit the various clinical
situations in the patient's mouth. The dark colored area of the implants has the roughened (SLA-treated) surface and is in
contact with bone, whereas the grey area has a smooth surface and is in contact with soft tissue. Implant diameters Ø are
either 3.3 (not shown here) or 4.1 mm, implants with a grey neck are referred to as soft tissue level (sTL) implants, while the
others are bone level (BL) implants. Both types of implant families have different internal design configuration. S and SP
implants differ only in the height of implant shoulder, whereas the TE implant exhibits a more robust implant shoulder. BL
versus BLT implants differ only in the apical (bottom) part, where the latter has a tapered end. Dashed patterns indicate cross-
sectional views.

j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 6 2 ( 2 0 1 6 ) 3 8 4 – 3 9 8386



7

Corrosion of light metals
Example of outputs

Key	focus	areas	are	‘stainless	light	metals’
• Development	of	corrosion	 resistant	Mg-alloys	
• Development	of	corrosion	 resistant	Al-alloys
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Controlling the corrosion and 

cathodic activation of magnesium 

via microalloying additions of Ge

R. L. Liuͷ, M. F. Hurley͸, A. Kvryan͸, G. Williams͹, J. R. Scullyͺ & N. Birbilisͷ

The evolution of corrosion morphology and kinetics for magnesium (Mg) have been demonstrated 
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be moderated by the use of arsenic (As) alloying as a poison for the cathodic reaction, leading to 

�����Ƥ������������������������������������Ǥ�����������������������������������������������������������

�����������������������������������������������ơ���������������������������������������ȋ��������������ȌǤ�

������������ǡ������������������������������������ȋ
�Ȍǡ������������������������������������������������

��������������������������������Ǥ������������������������������������ǡ����������������
���������������

����������������������������������������������������ȋ������������������Ȍ��������ǡ���������������������

����������Ǥ����������������������
�ǡ�������������������������������������������������������������������

��������ǡ����������Ƥ������������������������������������������Ǥ

Magnesium (Mg) alloys are the lightest of the structural engineering metals and therefore offer several potential 

advantages with respect to specific strengths 1,2. In recent decades, Mg alloys have been increasingly sought for use 

as structural materials to improve energy efficiency and meet light weighting demands 1–5, whilst with the advent 

of portable electronics, and the prospect of Mg as use as an electrode material, even greater focus has turned to 

the durability of Mg, namely its corrosion and electrochemical properties 6–8.

The well documented and high rates of corrosion for Mg and its alloys remains a barrier to the wider applica-

tion of Mg-based systems1. In aqueous environments, Mg is thermodynamically unstable9,10 and highly electro-

active. As such, the corresponding corrosion potentials for Mg in aqueous environments are well below − 1 VSHE 11 

assuring that the reduction of water (2H2O +  2e− → H2 +  2OH−) is the principal cathodic reaction that accompa-

nies anodic dissolution (Mg → Mg2++  2e−)12.

Mg corrosion occurs readily in most aqueous and atmospheric environments, as Mg does not possess a passive 

surface film for pH <  11 10,13. Furthermore, during open circuit exposure in aqueous solution, copious amounts 

of hydrogen are generated as a result of the cathodic reaction balancing rapid anodic dissolution 14. Moreover, 

when Mg is anodically polarised, the rate of the partial cathodic reaction, namely the hydrogen evolution reac-

tion (HER), increases with applied anodic potential 15. This phenomenon, often termed the “negative difference 

effect”16, is indicative of (i) a persistent cathodic reaction 17 and (ii) a cathodic reaction that is catalysed by anodic 

dissolution15. As such, the corrosion and dissolution of Mg is notionally under ‘cathodic control’. Conversely, the 

anodic kinetics of Mg dissolution present a low Tafel slope 18, consistent with Mg being weakly polarisable. This 

means that the variations in the kinetics of the cathodic reaction upon Mg (where the cathodic reaction has a 

relatively high Tafel slope and is polarisable) have a significant influence on the corrosion and electrochemistry 

of Mg.
Based on the above introduction of Mg electrochemistry in aqueous solutions, the ability to retard the 

cathodic kinetics upon Mg, would offer a ‘kinetic’ form of corrosion control. Further, the ability to retard the 

cathodic activation of Mg (cathodic activation being the terminology used to describe the increase in cathodic 

kinetics as a result of anodic dissolution), is therefore one tenable approach for the kinetic restriction of Mg corro-

sion. To this end however, due to the fact that Mg is an intrinsically poor cathode owing to a low exchange current 

ͷDepartment of Materials Science and Engineering, Monash University, Clayton, VIC, Australia. ͸College of 

Engineering, Department of Materials Science and Engineering, Boise State University, Boise, Idaho, USA. ͹Materials 

Research Centre, College of Engineering, Swansea University, Singleton Park, Swansea, Wales, UK. ͺDepartment of 

Materials Science and Engineering, The University of Virginia, Charlottesville, VA, USA. Correspondence and requests 

for materials should be addressed to R.L.L. (email: ruiliang.liu@monash.edu)
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A high-specific-strength and corrosion-resistant
magnesium alloy
Wanqiang Xu1,2, Nick Birbilis2,3, Gang Sha4, YuWang5, John E. Daniels1, Yang Xiao6

and Michael Ferry1,2*

Ultra-lightweight alloys with high strength, ductility and corrosion resistance are desirable for applications in the automotive,
aerospace, defence, biomedical, sporting and electronic goods sectors. Ductility and corrosion resistance are generally
inversely correlated with strength, making it di�cult to optimize all three simultaneously. Here we design an ultralow density
(1.4 g cm�3) Mg–Li-based alloy that is strong, ductile, and more corrosion resistant than Mg-based alloys reported so far.
The alloy is Li-rich and a solute nanostructure within a body-centred cubic matrix is achieved by a series of extrusion, heat-
treatment and rolling processes. Corrosion resistance from the environment is believed to occur by a uniform lithium carbonate
film in which surface coverage is much greater than in traditional hexagonal close-packed Mg-based alloys, explaining the
superior corrosion resistance of the alloy.

Magnesium alloys are the lightest (⇢ ⇠ 1.74 g cm�3) of
all structural metals, significantly lighter than steel,
titanium and aluminium alloys1. Although Mg alloys

also possess good strength-to-weight ratio (specific strength) and
castability, there are two critical factors hindering their use as
potential structural materials: limited cold workability (near room
temperature) and a high susceptibility to corrosion. The first point
is very di�cult to overcome owing to the hexagonal closed-packed
(hcp) crystal structure of Mg (which possesses few slip systems
during deformation). The second point is particularly critical for
Mg alloys reported so far as they do not form a protective oxide film
on their surface (as opposed, for example, to aluminium, stainless
steel or titanium alloys). Moreover, Mg alloys have no e�ective
sacrificial coatings similar to those of zinc on steel surfaces1.

An ultra-lightweight class of Mg alloys containing lithium was
first developed by NASA in the 1960s as candidate wrought alloys
exhibiting some formability and low density (⇢ =1.33–1.65 g cm�3;
ref. 2). Indeed, they are the most lightweight engineering alloy
system in existence, for which the impact on specific properties
can be immense. Binary Mg–Li alloys have a Li-content-dependent
microstructure1: hcpMg structure (termed the ↵ phase) (0 to 5wt%
Li); mixed ↵+� structure, where the � phase is body-centred cubic
(bcc) (5 to 10.3 wt% Li); and bcc � phase structure (>10.3 wt% Li).
The deviation from the hcp structure results in improved room-
temperature ductility and cold formability, whilst the addition of
other key elements into Mg–Li alloys may manipulate the phase
boundaries3,4. However, their strength and corrosion resistance are
a complex function of lithium content and the alloys so far exhibit
low to moderate strengths5, as well as inferior corrosion resistance
compared with other types of Mg alloys, owing to the high chemical
reactivity and ionization tendency of lithium6. Hence, applications
of this class of Mg alloy are severely restricted. In such instances,
the concentration of lithium was not tailored to a specific phase

and, hence, the full e�ect of Li on the properties of Mg-based alloys
is unknown.

The aforementioned factors a�icting existing Mg alloys (that is,
low strength and high corrosion susceptibility) are addressed herein
through the development of a bcc Mg–Li alloy (⇢ =1.4 g cm�3)
that has a combination of high specific strength, appreciable
ductility, and a corrosion resistance better than pure Mg or
other hcp Mg alloys. Such a multifunctional property profile was
achieved by designing a Mg–Li-base alloy of specific composition,
followed by the process of hot extrusion, heating (solution
treatment) and water quenching (WQ), low-temperature ageing
(<100 �C; WQA) and cold rolling (WQAR; see Methods and
Supplementary Information).

Amultidimensional property profile
Figure 1 shows the combination of properties achievable in the
alloy after thermal and mechanical processing. The most optimized
route (WQAR) shows the improvement in yield strength, ductility
and corrosion resistance relative to major commercially available
Mg alloys and pure Mg. The corrosion current (icorr) obtained from
potentiodynamic polarization (PDP) scans (see Methods) was used
as an indicator of corrosion rate (and may be compared against a
comprehensive library of Mg alloys7). Supplementary Fig. 1 sup-
ports the corrosion data, showing minimal mass loss and associated
H2 evolution of the optimized alloy during extended immersion
in 0.1M NaCl. Supplementary Fig. 2 is included to illustrate the
improved combination of specific yield stress/strain to failure of the
optimized alloy compared with commercial Mg-, Al- and Ti-alloys
processed by conventional thermal and mechanical routes (Supple-
mentary Fig. 2a), and Mg alloys processed both conventionally and
bymore exotic routes8 (Supplementary Fig. 2b). Most notably, Fig. 1
shows that two of the most critical properties of magnesium that are
nominally inversely correlated9 are enhanced simultaneously.

1School of Materials Science and Engineering, The University of New South Wales, Sydney, New South Wales 2052, Australia. 2Australian Research
Council Centre of Excellence for Design in Light Metals, Australia. 3Department of Materials Science and Engineering, Monash University, Victoria 3800,
Australia. 4Herbert Gleiter Institute of Nanoscience, School of Materials Science and Engineering, Nanjing University of Science and Technology,
Jiangsu 210094, China. 5Mark Wainwright Analytical Centre, The University of New South Wales, Sydney, New South Wales 2052, Australia. 6Zhengzhou
Light Metals Research Institute of Aluminum Corporation of China Limited (CHALCO), Zhengzhou, Henan 450041, China. *e-mail: m.ferry@unsw.edu.au

NATUREMATERIALS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturematerials 1

Stifling magnesium corrosion via a novel anodic
coating

Y.-J. Wu,a X.-B. Chen,a G. Williams,b J. R. Scully,c T. Gengenbachd and N. Birbilis*a

The use of light-weight magnesium (Mg) alloys as engineering materials has been hampered in part due to

their poor corrosion performance. This work aims to address the corrosion issue of Mg by introducing

a functional protective coating system consisting of an intermediate active metallic film (anodic with

respect to Mg) and an outer passive coating to slow the rate of dissolution of the intermediate active

metallic film; which is akin to the protective surface coating system utilised for galvanised steel. If the

outer passive coating is damaged or loses its integrity, the active (i.e. anodic) coating is expected to

electrochemically sacrifice itself to impose protection upon the underlying Mg substrate. This work

represents a novel corrosion protection system for Mg, and is demonstrated herein for a lanthanum

based coating system upon commercial Mg-alloy AZ91D.

1. Introduction
The use of surface coatings for the protection of reactive (non-
passive) metals such as iron and steel, presents a practical
solution to corrosion control. The variety of possible coatings
applied to engineering alloys varies widely and may include
simple paint, barrier coatings (epoxy, urethanes, etc.), conver-
sion coatings, plating and metallic coatings, to sacricial coat-
ings.1–5 The latter, sacricial coatings, present the archetypical
functional coating. To that end, sacricial coatings perform
active ‘cathodic protection’ by serving as a sacricial anode, as
demonstrated by galvanizing of iron and steel.6 Steel possesses
a corrosion potential in most neutral aqueous media of !"0.7
to "0.5VSCE, and is readily protected by zinc (Zn), aluminium
(Al) or magnesium (Mg), which have or possess potentials of
!"1.2 to "1.0VSCE, "1.1 to "0.8VSCE, and !"1.6VSCE respec-
tively in similar electrolytes.2

With respect to corrosion of magnesium (Mg), the inherently
high rates of Mg and Mg-alloy corrosion in aqueous media
continue to presently pose a signicant issue to wider use of
Mg.7,8 Of the so-called engineering or structural metals, Mg has
the highest corrosion rates (by a large margin) and control of
Mg-alloy corrosion either requires appropriate alloying, or
surface coatings.9,10 Alloying for corrosion resistance is not
feasible in many cases, as this would restrict use to a nite
number of alloys that may not have the requisite mechanical

properties. As such, essentially all Mg-alloys are coated by some
means prior to service. The most common coatings principally
include: (i) chemical conversion coatings for the purposes of
transforming the alloy surface to a less soluble compound (such
as a metal phosphate),10 (ii) barrier coatings which provide
a physical barrier to the environment (such as polymeric
systems),11 or (iii) inert metals such as Ni-plating.12–14

However, the major issue with the coating technologies (i) to
(iii), is that they can only protect the underlying Mg when they
are pristine and in-tact. In other words, any coating defect
renders the localised portion of exposed Mg as an intense local
anode, allowing corrosion to proceed at what is oen alarmingly
high rates. As such, conversion and barrier lms perform
satisfactorily as long as their integrity can be maintained. This
feature is a limitation to the present corrosion protection
technology for Mg. Barrier coatings do not function to protect
defect sites where the underlying alloy is exposed. Hence
functional ability to protect scratches either via cathodic
protection/prevention or inhibitor release, is a highly desired
attribute in coatings.15 Following the principles of sacricial
coatings such as galvanising of steel, one solution to corrosion
protection of Mg is to employ a sacricial coating. The rationale
is that the even in the presence of a defect or damage, sacricial
(i.e. anodic) coatings are functional on the basis that they
protect any exposed underlying metal. To this end, the only
report to date for such sacricial protection of Mg-alloys was
reported by Yu and Uan,16 whereby pure Mg was deposited as
sacricial anode upon Mg alloy AZ91D. The potential difference
between Mg and AZ91D was !210 mV – however the protective
performance was not satisfactory, which is likely attributed to
the minimisation of potential difference with time owing to so-
called ‘cathodic activation’ of Mg which is accompanied by an
increase in potential with dissolution.17 The development of

aDepartment of Materials Science and Engineering, Monash University, Clayton, VIC
3800, Australia. E-mail: nick.birbilis@monash.edu
bMaterials Research Centre, College of Engineering, Swansea University, Singleton
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cDepartment of Materials Science and Engineering, University of Virginia,
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Corrosion of light metals

Credit:	Prof	Nick	Birbilis
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www.mcem.monash.edu

§ Provides advanced instrumentation, expertise and training to conduct specialist 
research in advanced electron microscopy and atom probe microscopy;

§ The suite of instrumentation can determine the composition, structure and 
bonding of materials down to the atomic scale;

§ Building designed to provide exceptional mechanical, thermal and electro-
magnetic stability to optimise instrument performance.

Monash Centre for Electron Microscopy
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An example of outputs

Microstructural examination of the deformed
samples of all alloys indicated the existence of
many twins—generally f1012g, but f1011g and
f1013g were also present in samples subjected
to larger compression strains. Inspection of
HAADF-STEM images in 〈1210〉 suggested
that the boundary terraces were free of appar-
ent solute segregation (fig. S2). However, twin
boundaries in samples that have been plastically
compressed and subsequently heat-treated were
quite different (fig. S3). Shown in Fig. 1 are the
atomic-resolution HAADF-STEM images of
retainedf1011g,f1012g, andf1013g twin bound-
aries in two binary Mg–Gd alloys that have
been plastically compressed at room temper-
ature and annealed for either 5 or 60 min at
275°C. We found that all twin boundary images
were decorated by a periodic distribution of
bright dots. Because the brightness of individual
columns of atoms in HAADF-STEM approxi-
mates the square of Z (23, 24)—the averaged
atomic number—each bright dot represents a
column rich in Gd atoms. The Gd-rich and Mg
columns were distributed alternately along the
boundaries, with a Mg column between the two
adjacent Gd-rich columns. Careful examination
of the HAADF-STEM images (Fig. 1, C, E, and
G) indicated that the Gd-rich columns were in-
variably located in the apparently dilated sites
of the twin boundaries, irrespective of the type
of twin—that is, whether the twin wasf1011g,
f1012g, or f1013g.

Shown in Fig. 2 are f1012g twin boundaries
in a Mg–Zn binary alloy and a Mg–Gd–Zn ter-
nary alloy. Again, a periodic segregation of solute
atoms was visible in the twin boundaries. How-
ever, in the Mg–Zn alloy, Zn atoms occupied the

compressed sites of the twin boundary (Fig. 2E),
whereas in the Mg–Gd–Zn alloy, the Gd and Zn
atoms took the extension sites (Fig. 2F). In the
Mg–Gd–Zn alloy, energy-dispersive x-ray spec-
tra such as the one in fig. S4 indicated an enrich-
ment of Gd and Zn within the f1012g boundary,
and the absence of bright dots at the compressed
sites of the boundary suggested that Zn atoms
had most likely joined the Gd atoms to occupy
the extended sites of the boundary, in contrast
with the Zn atoms’ occupancy of compressed
sites in the Mg–Zn alloy.

The in-plane atomic local strain hydrostatic
invariant (ALSHI) inf1011g,f1012g, andf1013g
twin boundaries of pure Mg are shown in Fig. 3,
A to C, and were obtained by means of density
functional theory (DFT) computations. We ob-
served periodic distribution of extension (posi-
tive) and compression (negative) strains in each
case. The strains in thef1012g boundary were
reduced (Fig. 3, D to F) after the periodic seg-
regation of Gd atoms into the extension sites
(Fig. 1J), of Zn atoms into the compression sites
(Fig. 2E), or of both Gd and Zn atoms into the

Fig. 1. Periodic segre-
gation ofGd in various
twin boundaries (TBs).
(A) Schematic illustration
and(B)[1210]-perspective
view of a-Mg lattice.
The {1011}, {1012}, and
{1013} planes are blue,
red, and purple, respec-
tively. (C,E, andG)HAADF-
STEM images showing
{1011}, {1012}, and
{1013} twin boundaries
(TBs) in Mg–0.2 atomic
% Gd [(C) and (G)] and
Mg–0.8 atomic % Gd
(E) solid solution alloys.
(D, F, and H) Close-ups
of (C), (E), and (G), sche-
matically illustrated in
(I to K). In (B) and (I) to
(K), atoms in the A layer
are blue (in the paper
plane) or purple (out of
the paper plane) and yel-
low (in) or orange (out) in
the B layer. Sample details
are available in table S1.

Fig. 2. Periodic segregation of solutes in TBs. HAADF-STEM images showing {1012} TBs in (A and B)
Mg–1.9 atomic % Zn and (C and D) Mg–1.0 atomic % Gd–0.4 atomic % Zn–0.2 atomic % Zr alloys. (E)
and (F) are schematic illustrations of (B) and (D). Sample details are available in table S1.
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also been investigated for other radii of curvature
(fig. S11). Because of the relatively large thick-
ness of the SGVPT device (mainly contributed
by the polyethylene terephthalate substrate, which
is 500 mm thick), the saturation of SGVPT re-
sponse under high pressure (as shown in Fig. 2C),
and the constraints of the measurement setup
(e.g., limited vertical movement of probes), the
SGVPT array is unable to sense the change in
device shape and further distinguish the applied
pressure when the radius of curvature is smaller
than 30 to 35 mm (Fig. 4C). The detectable range
of shape deformation (and of the corresponding
shape-adaptive sensing) can be improved by en-
gineering the device into more compliant form to
reduce the strain induced in the SGVPT as a
result of changes in device shape (fig. S12).

A SGVPTarray was repeatedly bent to a very
small radius of curvature (15 mm, as shown in
fig. S13) at a frequency of 2 Hz to simulate ac-
celerated aging. Metrology mapping was then
performed on the array and plotted for comparison
with that of the device before the cyclic bending.
No obvious degradation in SGVPT array opera-
tion could be observed even after 1000 cycles of

bending, suggesting good reliability and stability
in device operation.

The SGVPTdevices described above can func-
tion as active and self-powered tactile sensors by
directly converting applied mechanical actuations
into electrical control signals without applying
gate voltage (fig. S14). Hence, they can act as a
fundamental component for piezotronics (15, 25).
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Periodic Segregation of Solute Atoms
in Fully Coherent Twin Boundaries
J. F. Nie,1* Y. M. Zhu,1 J. Z. Liu,2 X. Y. Fang3

The formability and mechanical properties of many engineering alloys are intimately related
to the formation and growth of twins. Understanding the structure and chemistry of twin
boundaries at the atomic scale is crucial if we are to properly tailor twins to achieve a new range
of desired properties. We report an unusual phenomenon in magnesium alloys that until now
was thought unlikely: the equilibrium segregation of solute atoms into patterns within fully
coherent terraces of deformation twin boundaries. This ordered segregation provides a pinning
effect for twin boundaries, leading to a concomitant but unusual situation in which annealing
strengthens rather than weakens these alloys. The findings point to a platform for engineering
nano-twinned structures through solute atoms. This may lead to new alloy compositions and
thermomechanical processes.

Interfaces such as twin and grain boundaries
play a critical role in plastic deformation and
ultimately in controlling the formability and

mechanical properties of many engineering ma-
terials (1–5); notable examples are lightweight
magnesium (Mg) alloys, which have received
considerable attention for applications leading
to fuel efficiency and green environment (6).
Like other commonly used metals such as ti-
tanium (Ti), zirconium (Zr), and zinc (Zn), Mg
has a hexagonal structure with fewer slip sys-
tems than those of cubic materials. To readily
form Mg products requires the activation of

twinning modes for plastic deformation. As an
emerging class of engineering materials, Mg al-
loys are less strong than the counterpart alumi-
num alloys, implying the need for more efficient
barriers in order to impede the motion of dis-
locations and twin boundaries. The control of
deformation twinning during thermomechanical
processes and applications is a major technical
barrier to thewider application ofMg (7). Twinning
occurs predominantly in the 〈1011〉f1012g system
(where f1012g is the twinning plane and 〈1011〉
is the twinning direction in the twinning plane),
although 〈1012〉f1011g and 〈3032〉f1013g have
also been observed (8–13). The formability, yield
strength, and tension–compression yield-strength
asymmetry of wrought Mg products are all in-
timately related to twinning; hence, there have
been considerable efforts to gain a fundamental
understanding of the nucleation, growth, and ther-
mal stability of such deformation twins and of

the factors that dictate their development under
different loading conditions. However, gaining
fundamental insights from experimental observa-
tions of the effects of solute, second-phase par-
ticles, grain size, and sample size on deformation
twinning in Mg (14–16) has proved elusive. This
has also been the casemore broadly in engineering
materials (17–19). Specifically, we need atomic-
scale experimental evidence and an understanding
of the structure and chemistry of twin boundaries
in alloys.

In contrast with partially coherent interfaces
such as high-angle grain boundaries and sym-
metrical tilt boundaries with arrays of misfit dis-
locations, for which segregation of alloying elements
is well established (20–22), fully coherent twin
boundaries have low interfacial energies, and solute
segregation in such boundaries is therefore not
expected. We studied this issue using high-angle
annular dark-field scanning transmission electron
microscopy (HAADF-STEM) to observe the mi-
gration and segregation of randomly distributed
solute atoms to fully coherent terraces of defor-
mation twin boundaries in Mg alloys. Solutes
consisted of gadolinium (Gd) (which is larger
than Mg and represents rare-earth elements that
are major alloying additions in many commercial
Mg alloys), Zn (which is smaller than Mg and a
major alloying element in some commonly used
Mg alloys), and mixtures of Gd and Zn (table
S1). We also analyzed the experimental observa-
tions using first-principles calculations (fig. S1)
and continuum estimates and the impact of the
solute segregation on mechanical properties using
compression tests. Alloy compositions, the prep-
aration and testing conditions and characteri-
zations, and the details of the computations are
available in the supplementary materials.

1Department of Materials Engineering, Monash University,
Victoria 3800, Australia. 2Department of Mechanical and Aero-
space Engineering, Monash University, Victoria 3800, Australia.
3Monash Centre for Electron Microscopy, Monash University,
Victoria 3800, Australia.
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Materials Modelling
Development of physically based constitutive models

• Phenomenological	Models
– Large	number	of	fit	
parameters

– Limited	predictive	
capability

• Physically	based	Models
Ø Small	number	of	
adjustable	parameters

Ø Excellent	predictive	
capabilities
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Materials Modelling
Process optimisation

Extrusion ForgingQform 8	Extrusion,	
www.qform3d.com



13

Materials modeling
Extrusion

• Optimisation of extrusion process
– Increase productivity
– Improve die life
– Quality of the product surface
– Different materials (Al, Mg)
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Definition of Additive Manufacturing 

• A process of joining materials to make objects from 3D model data, 
usually layer upon layer, as opposed to subtractive manufacturing 
methodologies. 

• Synonyms: additive fabrication, additive processes, additive 
techniques, additive layer manufacturing, layer manufacturing, and 
freeform fabrication

Designation: F2792 − 12a

Standard Terminology for
Additive Manufacturing Technologies1,2

This standard is issued under the fixed designation F2792; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

1. Scope

1.1 This terminology includes terms, definitions of terms,
descriptions of terms, nomenclature, and acronyms associated
with additive-manufacturing (AM) technologies in an effort to
standardize terminology used by AM users, producers, re-
searchers, educators, press/media and others.

NOTE 1—The subcommittee responsible for this standard will review
definitions on a three-year basis to determine if the definition is still
accurate as stated. Revisions will be made when determined to be
necessary.

2. Referenced Documents

2.1 ISO Standard:3

ISO 10303 -1:1994 Industrial automation systems and inte-
gration -- Product data representation and exchange -- Part
1: Overview and fundamental principles

3. Significance and Use

3.1 The definitions of the terms presented in this standard
were created by this subcommittee. This standard does not
purport to address safety concerns associated with the use of
AM technologies. It is the responsibility of the user of this
standard to establish appropriate safety and health practices
and determine the applicability of regulatory limitations prior
to use of additive manufacturing.

4. Additive Manufacturing Process Categories

4.1 The following terms provide a structure for grouping
current and future AM machine technologies. These terms are
useful for educational and standards-development purposes
and are intended to clarify which machine types share process-

ing similarities. For many years, the additive manufacturing
industry lacked categories for grouping AM technologies,
which made it challenging educationally and when communi-
cating information in both technical and non-technical settings.
These process categories enable one to discuss a category of
machines, rather than needing to explain an extensive list of
commercial variations of a process methodology.

binder jetting, n—an additive manufacturing process in which
a liquid bonding agent is selectively deposited to join
powder materials.

directed energy deposition, n—an additive manufacturing
process in which focused thermal energy is used to fuse
materials by melting as they are being deposited.

DISCUSSION—9Focused thermal energy9 means that an energy source
(e.g., laser, electron beam, or plasma arc) is focused to melt the
materials being deposited.

material extrusion, n—an additive manufacturing process in
which material is selectively dispensed through a nozzle or
orifice.

material jetting, n—an additive manufacturing process in
which droplets of build material are selectively deposited.

DISCUSSION—Example materials include photopolymer and wax.

powder bed fusion, n—an additive manufacturing process in
which thermal energy selectively fuses regions of a powder
bed.

sheet lamination, n—an additive manufacturing process in
which sheets of material are bonded to form an object.

vat photopolymerization, n—an additive manufacturing pro-
cess in which liquid photopolymer in a vat is selectively
cured by light-activated polymerization.

5. Terminology

5.1 Definitions:
3D printer, n—a machine used for 3D printing.

3D printing, n—the fabrication of objects through the deposi-
tion of a material using a print head, nozzle, or another
printer technology.

DISCUSSION—Term often used synonymously with additive manufac-
turing; in particular associated with machines that are low end in price
and/or overall capability.

1 This terminology is under the jurisdiction of Committee F42 on Additive
Manufacturing Technologies and is the direct responsibility of Subcommittee
F42.91 on Terminology.

Current edition approved March 1, 2012. Published March 2012. Originally
approved in 2009. Last previous edition approved in 2012 as F2792–12. DOI:
10.1520/F2792-12A.

2 Through a mutual agreement with ASTM International (ASTM), the Society of
Manufacturing Engineers (SME) contributed the technical expertise of its RTAM
Community members to ASTM to be used as the technical foundation for this
ASTM standard. SME and its membership continue to play an active role in
providing technical guidance to the ASTM standards development process.

3 Available from International Organization for Standardization (ISO), 1, ch. de
la Voie-Creuse, Case postale 56, CH-1211, Geneva 20, Switzerland, http://
www.iso.org/iso/iso_catalogue/catalogue_tc/catalogue_
detail.htm?csnumber=20579

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959. United States
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Monash Centre for Additive Manufacturing
Prof Xinhua Wu

EOS	M280	(x2)
• 400	W	fibre laser
• Max	build:	~	250	x	
250	x	300	mm3

• Ni,	Ti,	Al	alloy	and	
steel	powders

Concept	Laser	X1000R	
LaserCUSING®
• 1000	W	fibre laser
• Largest	in	world:	400	
x	600	x	500	mm3

• Ni,	Ti,	Al	alloy	and	
steel	powders

Trumpf TLC	7040	DLD
• 4	kW	Disk	Laser
• 5	axis	+	rotation
• 4000	mm	x	1500	mm	chamber
• Programmable	spot	size	(0.2-6	mm)
• Blown	powder	mixing	capabilities
• Local	shielding	to	10	ppm	O2
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Design for Additive Manufacturing

Increased'part'complexity

Reduced'part'mass

Credit:	Chris	Davies,Xinhua Wu,		Lee	Djumas and	Marten	Jurg
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The promise of design



21

Design for Additive Manufacturing

Department of Mechanical and Aerospace Engineering

Compressor production

Compressor'case'study
Department of Mechanical and Aerospace Engineering

Redesign'#1

Credit:	Chris	Davies	
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Design for Additive Manufacturing

• A357 aluminium cast alloy 
– Al, Si (6.5% - 7.5%), Mg 

(0.4% - 0.7%) 
• structural durability, corrosion 

resistance 
• T6 heat treatment (Cast alloy)

Department of Mechanical and Aerospace Engineering

Printed compressor redesign

Credit:	Chris	Davies	and	Heng Rao
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Selective Laser Melting of Aluminium Alloy A357
Density measurement 

Rao,	S	Giet,	K	Yang,	X	Wu,	CHJ	Davies,	Materials	&	Design	109,	334-346,	(2016)
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The microstructure & molten pool morphology 
of as-SLMed specimen built at 200°C

Rao,	S	Giet,	K	Yang,	X	Wu,	CHJ	Davies,	Materials	&	Design	109,	334-346,	(2016)



25

Tensile testing
Influence of SLM process and post heat treatment

As-SLMed

SR	&	SHTed &	Ageing
DA

SHTed&	Ageing

SR

SR	&	Ageing

As-SLMed

SR	&	SHTed &	Ageing
DA

SHTed&	Ageing

SR
SR	&	Ageing

Rao,	S	Giet,	K	Yang,	X	Wu,	CHJ	Davies,	Materials	&	Design	109,	334-346,	(2016)

Horizontal	direction Vertical	direction
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Selective Laser Melting of Aluminium Alloy A357
Summary

• Optimised SLM process parameters based on density measurement;
• Influence of SLM process and post heat treatment on the 

microstructure and mechanical properties;
• Mechanical property difference in relation to the directionality.

Rao,	S	Giet,	K	Yang,	X	Wu,	CHJ	Davies,	Materials	&	Design	109,	334-346,	(2016)
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Selective Laser Melting
SLM Surface Finish

• Highly complex geometries 
possible

• Near fully dense components 
(>99.9%)

• High value proposition 

Credit:	Marten	Jurg
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Selective Laser Melting
SLM Surface Finish

• SLM surface a limiting factor
• Some improvement possible 

through parameter development 
• Adhered powder and melt pool 

fluctuation remain an issue
• Surface roughness ∝ angle

• Typical Ra 10-60µm 

As	built	surface	(vertical)	

Credit:	Marten	Jurg
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Non-Contact Polishing
Chemical Polishing

• Roughness results in poor 
fatigue performance & reduces 
effective specific strength

• Fatigue crack initiation result of 
surface roughness

• In simple cases machining 
applicable à Complex 
geometry prohibitive 

• Only non-contact methods 
applicable

• Titanium alloys corrosion 
resistant – limited chemical 
treatment options

• Hydrofluoric acid solutions 
proven & effective

Marten	Jurg,	W.	Yan,	A.	Molotnikov,	 unpublished
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Non-Contact Polishing
HF-HNO3 Polishing

Solution	Trials:
(a)	As-built
(b)	10%	HF	
(c)	5%	HF	+	5%	HNO3
(d)	5%	HF	+	10%	HNO3

10	minute	immersion	

Marten	Jurg,	W.	Yan,	A.	Molotnikov,	 unpublished
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Non-Contact Polishing
Initial Roughness Reduction

• 5% HF and 10% near 
stoichiometric optimum –
greatest roughness reduction

• Very aggressive, greatest 
material reduction

Marten	Jurg,	W.	Yan,	A.	Molotnikov,	 unpublished
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Non-Contact Polishing
Design Methodology

1. Initial designed geometry
2. As-built geometry
3. Chemically polished result

Credit:	Marten	Jurg
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Design for Surface Quality
Design Example

• Desired final Ra <6µm
• Desired thickness 1mm
• Solution: 5% HF & 10% 

HNO3

• 3.5 minutes @ 63µm/min = 
220µm

• Design thickness 1440µm

Marten	Jurg,	W.	Yan,	A.	Molotnikov,	 unpublished
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Biomedical applications

Custom Triflange Shell
HA Coating with Silver Ions

Acusure Ag® Technology Clinical Case10th July 2015

141-02-0061 Rev A

4 Weeks

STERILE TRIAL
USED FOR SIZING & FIT
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Ti6Al4V WITH HA COATING
+ SILVER IONS FOR ANTI-INFECTION

POST OP
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CUSTOM DRILL GUIDE
FOR ACCURATE DRILLINGPLANNING

CEMENTED XLPE LINER CUSTOMISED SCREW TRAJECTORY
FOR OPTIMAL BONE PURCHASE
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Biomedical applications
EXAMPLE Case study: Thumb Phalange

octahedral

Credit:	Ezgi Onal
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Biomedical applications

• New generation of metallic 
orthopaedic implants with 
tailored mechanical and 
biological properties 

• Design of functionally graded 
structures

• Cell behaviour with Cell line 
MG-63 cell line (human 
osteoblast cells)

• Mechanical Characterization,
• Simulation..

Credit:	Ezgi Onal,	Marten	Jurg
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• Five symposia focusing on 
Material Science and 
Engineering
– Additive manufacturing
– Corrosion
– Light metals design
– Composite materials
– Fatigue and Fracture

• Abstract submission: open



Thank you for your attention! 

Questions?
Andrey Molotnikov
Department of Materials Science and Engineering, Monash University

Contact: andrey.molotnikov@monash.edu


