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Formation and Mechanical Properties of Zr-based Bulk Metallic Glass Composites
with In-situ Formed ZrN Particles
Prof. Eun Soo Park
Research Institute of Advanced Materials, Department of Materials Science and Engineering,
Seoul National University, Seoul 151-744, Republic of Korea

From 28t of June to 10t of August 2012, I was a visiting of novel Zr-based bulk
professor in the Advanced Research Center of Metallic metallic glass composites
Glass at the Institute of Materials Research, Tohoku with in-situ formed ZrN
University, working with Associate Professor Yoshihiko particles. The research was
Yokoyama. I had a prior experience of staying at the performed by wusing the
National Institute for Materials Science (NIMS) in Japan advanced apparatus of IMR
for three months during early 2003. However, this visit and WPI of Tohoku
was the first experience to stay at IMR and in University.

the Sendai area. Bulk metallic glasses

During this visit, I focused my research on development (BMGs) have begun to
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attract increasing attention because they have many
interesting characteristics such as high mechanical
strength and corrosion resistance that are different from
those of crystalline alloys due to the non-periodicity of
their atomic arrangement. However, since the initiation
and propagation of shear bands take place almost
simultaneously, monolithic BMGs exhibit only limited
plasticity due to the formation of highly localized shear
bands under loading. The extent of the plastic deformation
in the BMGs depends on the total amount of shear bands
generated during deformation. Therefore, plasticity of the
BMGs could be improved by generating a large number of
shear bands and impeding their sudden propagation. Thus,
the concept of constructing a  heterogeneous
microstructure by introducing secondary phases within a
glassy matrix was adopted to improve plasticity of the
BMGs. The in-situ formation of reinforcement during
preparation of the composite has been thought to be
effective for good wettability between dispersoids and
matrix as well as homogenous dispersion of
reinforcements. In this study, Zr-Al-Ni-Cu BMG matrix
composites containing nitride ceramic particles were
prepared by introducing particulate AI/AIN composites as
starting materials. The microstructure of the composite
reinforced with ZrN particles and their mechanical
properties were investigated.

A Zr-Ni-Cu pre-alloy ingot was prepared by arc-melting
pure metals in a Ti-gettered argon (99.999%) atmosphere.
Subsequently, a mixture of the pre-alloyed ingot and
AV/AIN composites (37 % volume fraction of AIN) was
re-melted in the arc-melting furnace. BMG matrix
composites with the matrix composition of ZrssAl10NisCuso,
which is a well-known high glass forming alloy, were
prepared. Rapidly solidified specimens were prepared by
re-melting the composite alloys in quartz tubes and
ejecting with an over-pressure of 50 KPa through a nozzle
onto a Cu wheel rotating with a surface velocity of 40 m/s.
Cylindrical samples of 1-3 mm in diameter and 50mm in
length were obtained by suction casting in a water cooled
copper mold. The morphology and microstructure of the
in-situ synthesized Zr BMG/ZrN composite were observed
by scanning microscopy (SEM; JSM6360, JEOL). Phase
composition of the composite was characterized by X-ray
diffraction analysis (XRD; New D8 advance, Bruker) using
monochromatic Cu Kq radiation for a 26 range of 20-80¢.
The elastic modulus was obtained from ultrasonic
measurement and the density of the composite was determined
using the Archimedes’ method.

Fig. 1 shows the XRD results of the as-spun ribbons and
the master alloy. The mass fraction of the starting AIN
particles in the composite was 1.7 wt. %. It was found that
the pattern of the composite ribbon samples was composed
of a halo pattern and diffraction peaks, indicating the
coexistence of glassy and crystalline phases. It should be
noted that the diffraction peaks are not assigned to the
AIN phase but to the ZrN phase in both of composite
ribbon and master alloy sample. These results indicate
that chemical reaction(Zr + AIN — Al + ZrN) occurred
during the arc melting.
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Fig. 1 XRD patterns for (a) ZrssAl10NisCuso ribbon; (b) Zr
BMG/ZrN composite ribbon; (c) Zr BMG/ZrN composite
master alloys

Fig. 2 shows a SEM image of cross-section of as-cast
composite containing 4 vol.% ZrN. The ZrN particles under
10 um sizes are homogeneously dispersed in BMG matrix.
EDS analysis revealed that the bright spherical particles
were ZrN and the grey massive domain surrounding the
ZrN particles were Zr-Al-Ni-Cu metallic glass.
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Fig. 2 SEM micrograph of in-situ formed ZrN reinforced
Zr-based BMG composite

Fig. 3 shows mechanical properties of as-cast monolithic
BMGs and composite with 1 mm diameter. The
compression fracture strength of the Zr BMG/ZrN
composite was about 2.1 GPa, being higher than that of
the Zr BMG (about 1.7 GPa). It is also worth noting that
the BMG composite showed improved plasticity before its
fracture. In addition, a slightly serrated plastic flow was
also observed in the plastic deformation region of the
stress—strain curve. These results suggest that multiple
shear bands were formed during plastic deformation.
These improved mechanical properties attributed to the
fine,homogeneously dispersed ZrN particles in the BGM
matrixeously dispersed ZrN particles in the BMG matrix.
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Fig.3 Compressive stress-strain curve at a strain rate 1.0 x
104 /s: (a) Zr BMG; (b) Zr BMG/ZrN composite (4 vol.%
ZrN)

The Zr-based BMG matrix composites reinforced by the in
situ produced ZrN particles were successfully fabricated
by arc melting Zr-Ni-Cu pre-alloy and AI/AIN composite as
starting materials. The ZrN particles of the order of
micrometers in size considerably improve both the
compressive strength and plasticity of the matrix. The
compressive fracture strength increases from 1750 MPa in
the ncluded that arc melting Zr-Ni-Cu pre-alloy and
particulate AI/AIN composite as the starting materials is
useful for preparing bulk, dispersed, crystalline nitride
reinforced BMG composites with good mechanical
properties.

During about 40 days of collaboration with Prof. Yoshihiko
Yokoyama and staff members, we have done some valuable

explorations to synthesize novel in-situ bulk metallic glass
express my composites by using the advanced apparatus
in IMR and WPI. These materials have a great potential
for advanced structural applications. I would like to
express my sincere gratitude to Prof. Yoshihiko Yokoyama
for the invitation to IMR of Tohoku University. I also
extend many thanks to Ms. Yuka Chiba for her many helps
with the administrative paper work and very useful daily
life advices.

Thank you all again and “Sayonara Kinken”
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Evaluation of biphasic calcium phosphate for application of biomaterials; physical, chemical
property and in vitro behavior
Prof. Seog-Young Yoon
School of Materials Science & Engineering, Pusan National University, South Korea

From 10th of July to 24th of August 2012, I worked
as a visiting professor in the Advanced Research
Center of Metallic Glass at the Institute of Materials
Research, Tohoku University
Associate Professor Hidemi Kato. I already had an

working with

experience to stay at IMR for one month and half
during early year of 2009.

During this visit, I have been focusing my research
on the evaluation of biphasic calcium phosphates
(consisted of hydroxyapatite and beta-tricalcium
phosphate) which are synthesized by aqueous
method. The evaluation was pointed out physical
and chemical properties such as the crystallinity,
chemical state, morphologies
before and after in vitro experiment by using the
advanced apparatus of IMR and WPI of Tohoku

University.
The most widely used calcium phosphate-based
materials are hydroxyapatite [HAp,

Ca10(PO4)s(OH)2] and B-tricalcium phosphate [B-TCP,
Cas(POys)2]. Despite their favorable biological
properties, both materials have a number of
drawbacks that reduce their clinical performance. /n
vivo and in vitro dissolution experiments have
indicated that the dissolution of HAp in the human
body after implantation is too low to achieve the
optimal formation of bone tissue. On the other hand,
B-TCP shows fast release of Ca2* and PO43 ions when
exposed to physiological fluids. The fast dissolution
profile drastically reduces the surface area available
for bone cell proliferation and therefore, its
application in the clinical setting is limited. An
optimum  bioresorbability was found when
appropriately mixing both phases to give biphasic
calcium phosphates (BCPs).

BCP  powders were by the
co-precipitation method using reagent-grade calcium

synthesized

nitrate tetrahydrate
[Ca(NOs)2 4H:0] and
di-ammonium hydrogen
orthophosphate

[((NH4)2HPO4] as the starting
materials. The various input
Ca/P molar ratios employed
to prepare the different
contents of HAp and B-TCP
phases. Hanks’ balanced salt
solution (HBSS), an

extracellular solution with an ionic composition

¥

similar to human blood plasma, was used as the
supporting solution for the BCP powders in an in
vitro test.

XRD patterns of as-synthesized powders are
presented in Fig. 1(a). The powders were
characteristic of crystalline HAp phase except for the
difference in peak width and absolute intensity of
the diffraction patterns. Fig. 1(b) shows details of the
XRD patterns recorded for the BCP powders calcined
at 9000C. Calcination of the powders at this
temperature indicates the improvement in
crystallinity by the increase in the resolution of
peaks when compared to the as-synthesized powders.
At this temperature, all the powders have the B-TCP
phase in addition to that of HAp phase thus
confirming the formation of biphasic mixtures.
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Fig.l. XRD patterns of BCP powders; (a)
as-synthesized, (b) as-calcined.

FTIR spectra for the as-synthesized powders
presented in Fig. 2(a) have indicated the vibrational
modes of PO4 groups at 574, 603, and 1020-1120 cm!
and OH groups (630 and 3570 cm™!) of apatite phase
for the powders. FTIR patterns also tend to coincide
with the results from XRD by the way that the
as-synthesized powders characteristic of
crystalline HAp phase. The presence of adsorbed
water could be detected from FTIR spectra in the
region around 3300-3600 cm'. Other information
from FTIR spectra of as-synthesized powders is
presence of carbonates groups at 870 cm™, which are
due to the adsorption of species remaining from the
aqueous precipitation. The presence of nitrates in
the as-synthesized powders is clearly witnessed in
the FTIR patterns in the region around at 825 and
1385 ecm'!. From the FTIR spectra presented in Fig.
2(b), the overall spectra are appeared at having
mainly two modes corresponding to characteristic
PO4* and OH" groups.

were

b}

Transmittance (a.u)

1o

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Fig.2. FT-IR spectra of BCP powders; (a) as-synthesized, (b)
as-calcined.

To determine the changes in the degradation behavior of the
prepared BCP powders as a function of soaking time in
HBSS. Fig. 3 shows the typical features of powders after
immersing in HBSS for 1, 2, and 3 weeks, respectively.
After immersion in HBSS for 1 week, the
precipitation starts to be formed with individual
small pieces on each BCP powders. With increase of
soaking time, the pieces gradually grow together to
form a dense layer on the overall BCP powders
surface. The EDS analysis showed the new formed
precipitates had the Ca and P, indicating calcium deficient
apatite phase.
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Fig.3. SEM morphologies of calcined BCP powders after
immersion in HBSS for (a) 1, (b) 2, and (¢) 3 weeks, (d) EDS
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Fig.4. Changes of Ca2* and PO43" ions concentrations in
HBSS immersed with calcined BCP powder with 3 weeks.

The ICP-AES analysis reveals the changes of Ca2*
and PO4* concentrations in HBSS after immersing
the BCP powder, as shown in Fig. 4. The
concentration of Ca?"* and PO4* ions and in HBSS
continually decreased with immersing time,
suggesting that the Ca?* and PO4* ions might be
consumed by formation of a new product. the Ca2*
and PO4? ions in HBSS were continuously consumed,
which indicated that the Ca%* and PO43 ions were
supersaturated around the magnesium substituted
BCP powder and a new calcium deficient apatite
phase continually grew on the sample surfaces with
increase of immersing time.

This study demonstrates that the co-precipitation
method is an effective technique for preparing BCPs
whose content in 8-TCP and HAp can be precisely
determined from the precursor solutions. After
immersion in HBSS for 1 week, precipitation started
at individual small particles on the BCP powders.
With increases in the soaking time, the particles
gradually grew together and formed a dense layer on
the specimen surface. Furthermore, BCP have been
shown to be effective for new bone generation
implant materials.

During the two months of collaboration with Prof.
H.Kato and staff members, we have done some
valuable explorations to synthesize some novel
biomaterials by using the advanced apparatus in
IMR and WPI. These materials have a great
potential for medical applications.

I would like to express my sincere gratitude to Prof.
H.Kato for the invitation to IMR of Tohoku
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University. I also extend many thanks to Ms.
K.Sekiguchi for her many helps with the
administrative paper work and very useful daily life

advices.

Thank you all again and “Sayonara Kinken”
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CoCrCuFeNi High Entropy Alloys Subjected to Cyclic Loads
Prof. Peter K Liaw
Department of Materials Science and Engineering,
University of Tennessee, USA

From 20th of July to 24th of
August 2012, I worked as a
visiting professor at the
Advanced Research Center
of Metallic Glasses at the
Institute of Materials
Research, Tohoku University
working  with  Professor
Yoshihiko Yokoyama.

During this visit, I have
been focusing my research
on an Alos5CoCrCuFeNi high
entropy alloy (HEA) to study its fatigue behavior
with Prof. Yoshihiko Yokoyama. Moreover, a Weibull
predictive model and a Weibull mixture predictive
model are conducted statistically to further
investigate the scatter fatigue characteristics with
Prof. T. Yuan of Ohio University, such as a noticeable
amount of scatter at various stress levels of HEAs.

Recentlyy, HEAs have attracted increasing
attentions because of their unique composition,
phase structures, and good mechanical properties.
They can be defined as solid-solution alloys that
contain more than five principal elements in equal or
near equal atomic ratios and can be extended to
those compositions in which each principal element
concentration is between 5 and 35 at.%. In the

as-rolled and as-anneal condition, the
Alo.sCoCrCuFeNi HEA has a better combination of
strength and ductility. The mechanical properties of
the as-cast AlxCoCrCuFeNi (x = 0 - 3) alloys provided
by Prof. Jien Wei Yeh of National Tsing Hua
University are readily available. However,
essentially no research has been performed on
studying the fatigue behavior of this and other
promising HEA systems.

The specimens of Al0.5CoCrCuFeNi (molar ratio)
are prepared by arc melting the constituent elements
at a current of 500 A in a water-cooled copper hearth.
The compositions are all at least 99 wt. % pure. The
cast samples are annealed at 1,000 °C for 6 h, water
quenched, and then cold rolled. The rolling reduction
is 84%, with a final thickness of 3 mm. Samples are
machined to four-point-bending fatigue samples of
25 X 3 X 3 mm parallel to the rolling direction. To
remove as many surface imperfections as possible,
the samples are polished.

Tension tests are initially performed on the samples
to characterize the mechanical property of the rolled
material. The results are shown in Figure 1. The
specimens exhibit a high yield stress of 1,284 MPa
and an ultimate tensile strength of 1,344 MPa with a
tensile elongation of 7.6%.
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Fig. 1 Tension test flow curve for the
Alo5CoCrCuTeNi HEA [1].

The synchrotron X-ray diffraction (XRD) pattern of
the Alo5CoCrCuFeNi HEA, seen in Figure 2,
indicates a face-centered-cubic (fcc) structure with
the presence of an ordered Llz phase. Only one set of
fcc peaks is seen in the XRD pattern. Using the
back-scattered electron microscopy (BSE) and
energy-dispersive ~ X-ray  spectroscopy (EDS)
techniques, the microstructure consists of two
phases: the a-fcc matrix phase and the B-fcc Cu-rich
phase.

Four-point-bending fatigue tests are performed and
the results are plotted as the stress range vs. the
number of cycles to failure or 107 cycles to give the
stress vs. cycles to failure curve seen in Figure 3.
There is a noticeable amount of scatter at various
stress levels. At a maximum stress of 1,250 MPa,
most failures are within a range of 35,000 — 450,000
cycles. As the stress level decreased, the spread in
the data become even more obvious. Based on the
stress ranges, estimations of the endurance limits
are within a lower bound of 540 MPa and an upper
bound of 945 MPa. Values were chosen since the
specimens reach 107 cycles without failure.
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Fig. 2 Diffraction pattern of the Alo.sCoCrCuFeNi

HEA using synchrotron high energy X-rays [1].
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Fig. 3 S-N curve for the Alo.sCoCrCuFeNi HEAs
showing scattering of the cycles to failure for the
parallel and vertical type morphologies, respectively,
in the sample [1].

To determine whether mircrostructrual morphology
has an effect on the fatigue life, the microstructure of
fatigue specimens are indentified by scanning
electron microscopy (SEM). Figure 3 shows the
fatigue behavior of the parallel and vertical types of
samples. It appears that there is no correlation
between the scatter in the fatigue life and the
orientation of the loading direction resulted from the
different morphologies. The compositions of defects
in the sample are performed by EDS analyses, seen
in Figure 4. This feature shows the presence of about
50% oxygen, together with aluminum oxide particles,
which provide nucleation sites for microcracks due to
stress concentration at particles. The number of
cycles to failure vs. the number of defects is
presented in Figure 5. It can be found that a decrease
in the number of defects generally correlates with an
increase in the fatigue life at various stress levels.
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Fig. 4 SEM micrograph with EDS analyses of the
aluminum-oxide particles. The compositions of the
regions labeled A and B are given in the
corresponding tables, indicating the presence of
aluminum oxide particles [1].
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Figure 5 The cycles to failure compared with the
number of surface defects at various stress levels [1].

Statistical fatigue-lifespan models are also
developed to predict the fatigue life of HEAs. The
first model assumes a Weibull distribution to explain
the fatigue-life span distribution in each fixed stress
range. The probability density function (PDF) is
shown by Eq. (1),

o

where ﬂ is the Weibull shape parameter, and the
Weibull scale parameter, a(S) , depends on the
stress S according to,

log(a(S)) = 7, + 7, log(s) @

The modeling values of the three parameters are

ﬂ = 0.492, yo = 70.869, andyi= -8.327. Figure 6
indicates the predicted median, 0.025 quantile, and
0.975 quantile fatigue lives.
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Fig. 6 Predicted quantile lives using the Weibull
predictive model [1].

To characterize the excessive variability in the
observed fatigue data, the Weibull
predictive model, which assumes a mixture of two
Weibull distributions for the fatigue lives at each
stress range value is used. The PDF is given in Eq.
(3),

F(N(S)[p, 2, (S). By s (S), B)s = (3)

A N(S), ot N(S) | 4

Pm(ﬁ)ﬁ” EXP(—(m)‘ﬁ)
N(S)

- s
)7 exp( (axs(S)) )

mixture

N(ES)

g B
P75 )

Again, the Weibull scale parameters, ¢, (S) , and,
a, (S) , are assumed to be dependent on the stress S
according to Egs. (4) and (5)

log(@,,(S)) = 7u0 + 7w, 109(S) @)

log(a;(S)) = 75 + 71 109(S) )



Then, the seven model parameters are obtained.
They are as follows, p = 0.369, Bw = 3.773, ywo =
15.238, yw,1=-0.555, Bs=0.612, ys0= 126.454,andys1
= -16.245. Figure 7 shows the quantile lives

predicted.
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Fig. 7 Predicted quantile lives using the Weibull mixture
predictive model [1].

Both the experimental and computational results
confirm that the fatigue-life cycle relations of the
HEA are controlled by defects to a great extent. In
total, four specimens reached the endurance limit.
HEAs have favorable and/or greater endurance
limits and fatigue ratios comparable with steels,
aluminum alloys, nickel alloys, titanium alloys and
BMGs, as shown in Figure 8.
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Fig. 8 S-N curves comparing the endurance
limits of the AlosCoCrCuFeNi HEA, other
conventional alloys, and BMGs[1].

Through the above experiments [, we have
learned that defects play an important role in the
fatigue behavior of Alo.sCoCrCuFeNi HEAs, which
show promising fatigue resistance characteristics
and may be useful in future applications where
fatigue is a factor. Therefore, our future work will
focus on fabricating AlosCoCrCuFeNi HEAs with
fewer defects.

During the one month of collaboration with Prof.
Yokoyama and staff members, we have done some
valuable explorations to fabricate pure HEAs to
improve fatigue behavior, discuss how to model its
fatigue behavior and fabricate better alloys with
less defects. Prof. Yokoyama has fabricated the HEA
material with fewer amounts of oxide inclusions.
These materials are currently under processing by
Prof. Yeh. Then our member, Ms. Haoyan Diao, will
study the fatigue behavior of the samples and
compare the results with the previous data
mentioned above.

We would like to thank Prof. Yokoyama, Prof. Yuan,
Ms. Yuka Chiba, Prof. J. W. Yeh, Mr. Michael
Hemphill, and Ms. Haoyan Diao for all their help in
our joint research.
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Acta Materialia, 2012, 60, pp: 5723 - 5734.
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Development of shaped crystal growth method and automatic diameter
control program for alloy and ionic crystals
Prof. Vladimir KOCHURIKHIN
Laboratory of Materials for Electronics and Optics, Coherent and Non-linear Optics Dept.,
General Physics Institute, Vavilova Str. 38, 119991, Moscow, Russian Federation

I was invited to work as a visiting professor at Advanced
Research Center of Metallic Glasses in the Institute for Materials
Research of Tohoku University from August 1 till September 30,
2012. During my stay | worked together with Professor Akira
Yoshikawa and members of his laboratory. General Physics
Institute in Russia and Institute for Materials Research of Tohoku
University in Japan have agreement of scientific cooperation signed
already over than 20 years ago. At last years the scientific exchange
between our institutes was not very intensive. And | am very glad to
establish a fact that in this year such scientific exchange started
again. So, at the first half of 2012 year the engineer from my
laboratory visited IMR, later Professor Yoshikawa and two

researchers of his team visited my
laboratory in GPI in Moscow. As
the continuation of this good
tendency | also was very glad to
accept the invitation from IMR to
visit Japan and to work 2 months

there. .
My  laboratory in  GPI
specializes on the development of

new materials for different optical
and laser applications.
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Mainly we develop the technology of production of different
synthetic single crystals by different crystal growth techniques:
Czochralski, Kyropoulos, shaped methods etc. Also, we investigate
the problems of automatic computer control of crystal growth
processes. The laboratory of Professor Yoshikawa in IMR caring
out many kinds of similar investigations. | hope that during my stay
in Sendai we succeeded to combine our efforts to develop new
single crystal materials and develop some elements of crystal
growth technology for these materials. During my stay in Sendai
mainly I focused on the Czochralski technique as one of the most
perspective methods of production of new single crystal materials
with good structural quality. Laboratory of Prof. Yoshikawa is
equipped by good set of crystal growth machines for different
techniques — mPD, Floating zone, EFG, Czochralski etc.
Unfortunately the Czochralski equipment at Yoshikawa laboratory
was injured strongly during earthquake at the March 2011. For this
reason jointly with the engineers of laboratory we tried to repair at
first the broken parts and make the tuning of the computer software
for automatic production of crystals. As a main material for tuning
and future production using the Czochralski equipment the
Gd-Al-Ga garnet (GAGG) was selected. Few years ago it was found
that this material with Ce ions doping has a wonderful set of the
scintillation properties. Such material, especially with some
improvement of crystal structural quality by means of some
additional dopants or careful selection of the growth conditions, in
future can be the main candidate as X-ray sensor for different
medical or security systems with the necessity of determination of
very low levels of x-ray radiation. At first, we grew two undoped
crystals for checking of equipment, tuning of the crystal growth
software and selection of optimal growth conditions. On the Fig. 1
second undoped grown GAGG crystal is shown. By the selection of
growth conditions as 0.8 mm/h (pulling rate), 12 rpm (rotation rate),

Ar+2 %02 (growth atmosphere) we succeeded to grow good crystal
without cracks and visible inclusiions inside. Third GAGG crystal
was grown under the same conditions but with Ce*" doping (1
atomic %). Such crystal is shown of Fig. 2. It also was rather good
in quality. Measurements of optical and scintillation properties of
this crystal shown that this material can be the good competitor for
widely used scintillator crystals such as BGO, LYSO etc. Finally,
we grew one else Ce-doped GAGG crystal by the Czochralski
technique but with partial substitution of Gd ions in the
dodecahedral site by Dy ions. We expected that some scintillator
properties of such crystal can be better due to possibility of energy
transfer from Dy to Ce ions. After finish of my stay in IMR
researchers of Yoshikawa laboratory will continue the detailed
investigation of crystals grown together and introduce results of this
research work in scientific journals.

During my stay in IMR within 2 months we have a lot of very
interesting and fruitful scientific discussions with Professor
Yoshikawa, researchers of his laboratory and many other scientists
in IMR. The vision of the same problems and possible ways to solve
them by scientists of different countries often is noticeably differ.
Such mutual discussions and carrying of experiments together can
help a lot for the getting of the most interesting and perspective
scientific results. Finally I would like to say my great thanks to all
colleagues in IMR for the invitation to work there during 2 months
as a visiting professor and for their great help during my stay in
Sendai.

GG
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When Nature plays Lego: seeking common structural principles in crystalline solids
Prof. Massimo Nespolo

CRM2 UMR CNRS 7036 Institut Jean Barriol, Université de Lorraine, France

From 1% of June to 31% of August 2012, | worked as a visiting
professor in the Inorganic Materials with Complex Structures
Group at the Institute of Materials Research, Tohoku University,
working with Professor Kazumasa Sugiyama. The goal of this
short-term cooperation research project was to find a common
structure principle in elusive structures with close chemical
composition and often occurring together in the same environment.
As a matter of fact, the structural variability showed by natural
crystalline solids built on a limited number of building blocks is
astonishing and can inspire new principles of materials design.
During my stay | worked on a series of sulphide minerals which

present this feature to an
impressive  extent:  the
andorite homologous series.
The series is based on a
block derived from the
galena (PbS) structure,
which is shown is the
figure; the cation sites,
occupied only by Pb in the
galena, host also Sh, Mn, Ag in the various members of the series.
The building block, having approximate size of 9.5 A (horizontal),
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13 A (vertical) and 4.3 A (projection) is periodically cell-twinned
and as a result a period of approximately 19 A is obtained
(horizontal on the figure). The members of the homologous series
are obtained by stacking this module along the direction of
projection, with widths corresponding to n times the 4.3 A thickness
of the building block. Three members of the series are known,
having n = 2, 4 (reported by us for the first time) and 6; the
distribution of cations in the structure can give rise to different
minerals for the same value of n. This is indeed realized for the n = 2
member, whose structure occurs with slight adjustments in three
minerals differing in their chemical composition.

All the members of this series show a high degree of
pseudo-symmetry, which explains the high frequency of twinning.
This observation led us to seek an aristotype - a common structural
denominator from which the structure of the minerals can be
obtained — by a sequence of group-supergroup relations. The degree
of pseudosymmetry is evaluated by the maximal atomic
displacement needed to adjust the structure in the supergroup.

Members corresponding to n = 4 and 6 are highly
pseudo-symmetric to a common aristotype corresponding to n =4
in a space group of type Cmem. This aristotype is not however
shared by the » = 2 member, for which another aristotype, with
Space group of type Cmime and again »n = 2 can be found: the degree
of pseudosymmetry is however lower. From this second aristotype
the structure of the other two members can also be obtained, but
again the degree of pseudo-symmetry is lower. This result agrees
very well with the experimental observation that the two members
with » = 2 and n = 4 can coexist as intergrowth, while an
intergrowth with the member n = 2 has not been found to date. It
looks like Nature exploits a common set of Lego bricks to build the
members with # =2 and n = 4, while for the member with n =2 a
slightly different set is used. Whether this difference comes from
the chemical composition or the crystallization conditions is still to
be elucidated.

I would like to express my sincere gratitude to Prof. Sugiyama for
the invitation to IMR and to Dr. Shimura and Dr. Harima for helpful
discussions and support, as well as to the staff and students of the
group for their kindness. | also extend many thanks to Ms Chiba for
her constant help with the administrative paper work and to Ms
Kikuchi and Ms Takahashi for sharing Sendai walks and
omochi&wagashi-ryori.

Thank you and “Au revoir and Sayonara Kinken”

Reference: Nespolo M., Ozawa T., Kawasaki T., Sugiyama K.:
Structural relations and pseudosymmetries in the andorite
homologous series. J. Min. Petr. Sci., in press.
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