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ABSTRACT: The lineal thermal expansion coefficient of the 18R Long-Period Stacking Ordered (LPSO) 
structure was determined in the range between room temperature and 400 °C by dilatometry and synchrotron 
radiation diffraction. Results clearly show that the lineal thermal expansion coefficients for magnesium and the 
LPSO phase are similar and therefore no mismatch thermal stresses are generated at their interface in two-phase 
Mg-Y-Zn alloys containing this phase during thermomechanical processing.
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RESUMEN: Coeficiente de dilatación térmica de la fase LPSO. El coeficiente lineal de expansión térmica de la 
fase LPSO con estructura cristalográfica 18R se determinó en el intervalo entre temperatura ambiente y 400 °C 
mediante dilatometría y difracción de radiación sincrotrón. Los resultados muestran claramente que el coefici-
ente lineal de dilatación térmica de las fases magnesio y LPSO son similares y, por tanto, no se generan tensiones 
térmicas en su intercara durante el procesado termomecánico de aleaciones bifásicas Mg-Y-Zn.
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1. INTRODUCTION

The aerospace and automotive industry is par-
ticularly interested in magnesium alloys for applica-
tions which require low density and high strength 
materials. Long Period Stacking Ordered Structures 
(LPSO) have received significant research interest in 

recent years as strengthening phase for Mg alloys. 
The reinforcing effect of LPSO structures in extruded 
Mg-Y-Zn alloys is due to a load transfer mechanism 
from the magnesium matrix to the stiffer LPSO 
phase. The Young’s modulus of the LPSO phase is 
higher than that of the magnesium matrix (Oñorbe 
et al., 2011; Oñorbe et al., 2012; Tane et al., 2014) 
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and, therefore, these alloys behave mechanically as 
a metal matrix composite. The reinforcing effect of 
the LPSO phase in the extruded alloys is effective up 
to temperatures below 250 °C (Oñorbe et al., 2012).

In metal matrix composites reinforced with 
ceramic phases, mismatch stresses are generated 
during heating-cooling cycles and thermomechani-
cal process used in the industrial manufacturing, 
due to significant differences between the thermal 
expansion coefficients of the metal matrix and the 
ceramic reinforcement (normally around one order 
of magnitude) (Clyne and Whithers, 1993). These 
mismatch stresses are mainly localized in the vicini-
ties of matrix/reinforcement interfaces and their 
sign and magnitude depend on the shape and size 
of the reinforcement, the CTE-mismatch between 
the components and eventual relaxation mecha-
nisms acting in the matrix (Requena et  al., 2012). 
Ultimately, a large build-up of internal stress may 
lead to unexpected and dramatic failure. Since the 
presence of residual stresses may lead to fracture at 
lower loads than might be expected and originate 
difficulties during cold working or forming.

In aluminium matrix composite is has been 
reported that residual stress induces a tension- 
compression asymmetry where yield stress in 
compression is higher than in tension (Arsenault 
and Taya, 1987). This fact is caused by the devel-
opment of  compressive residual stress during 
the composite processing. In magnesium matrix 
composites, this effect is masked by the crystal-
lographic  texture. Although, compressive residual 
stresses have been also reported using synchro-
tron diffraction (Garcés et al., 2009; Garcés et al., 
2011). In magnesium alloys containing a high vol-
ume fraction of LPSO elongated fibers, Hagihara 
et  al. (2010a) showed that the Mg-7Y-2Zn (wt.%) 
alloy exhibited a higher yield stress in compres-
sion than in tension. The  existence of  residuals 
stress between LPSO and magnesium matrix could 
explain this rare behaviour in  magnesium alloys.

In the literature, however, almost no data are 
available on the thermal expansion coefficient of 
the LPSO phase in Mg-Zn-RE alloys. The alloy 
Mg-11Y-5Gd-2Zn-0.5Zr (wt.%) alloy  containing 
LPSO particles shows an average linear thermal 
expansion coefficient of  2.94×10−5 K−1 (Chen et al., 
2009). This paper evaluates the linear CTE of the 
LPSO phase using two different techniques, dila-
tometry and synchrotron diffraction from room 
temperature to 400 °C, to confirm the existence of 
compressive residual stresses.

2. MATERIALS Y METHODS

The Mg97Y7Zn5(at.%) alloy used for this study 
was prepared by melting high purity elements Mg, Y 
and Zn and Mg-22%Y(wt.%) master alloys in a 
graphite crucible coated with boron nitride under a 

protective atmosphere of argon. X ray fluorescence 
analysis revealed that the chemical composition of 
this alloy was almost the same as the nominal com-
position. The fully LPSO alloy was homogenized at 
350 °C for 24 hours.

Microstructural characterization of  the alloys 
was carried out by scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM). 
Metallographic preparation for optical and SEM 
observation consisted of mechanical polishing and 
etching in a solution of 0.5 g picric acid, 5 ml acetic 
acid, 20 ml ethanol, 1ml water and 25 ml methanol. 
Specimens for TEM observation were prepared by 
electrolytic polishing using a reactive mixture of 
25% nitric acid and 75% methanol at −30 °C and 
20 V. Then, ion milling at liquid nitrogen tempera-
ture was used to remove the fine oxide film formed 
on the surface during electrolytic polishing.

Dilatometry was carried out using a Bähr 
DIL805A dilatometer. Two samples with a diameter 
of 5 mm and a length of 10 mm were heated by an 
induction coil. Three heating-cooling cycles between 
room temperature and 500 °C were applied using a 
 heating/cooling rate of 5 K min−1. The temperature 
was monitored using a K thermocouple welded at the 
centre of the sample. The change in length was mea-
sured using an LVDT with an accuracy of 50 nm. The 
first heating/cooling cycle was disregarded for  the 
calculation of the linear CTE since it may exhibit 
the effect of relaxation of stresses introduced dur-
ing production of the  material. The measurements 
where calibrated using a Pt sample subjected to the 
same heating-cooling cycles as the alloy.

High energy synchrotron radiation  diffraction was 
performed at the P07-HEMS beamline of PETRA III, 
at the Deutsches Elektronen-Synchrotron (DESY). 
Cylinders of  10 mm of  length and 5 mm in diam-
eter were heated using the induction coil of a Bähr 
DIL805D dilatometer. The measurements were per-
formed under flowing argon. High energy synchro-
tron radiation diffraction was necessary to acquire 
simultaneously several reflections of the LSPO phase. 
The diffraction patterns were recorded using an expo-
sure time of 1 second by a Perkin-Elmer XRD 1622 
flatpanel detector with an array of 20482 pixels, with 
an effective pixel size of 200×200  μm2. The beam 
energy was 100 keV corresponding to a wavelength 
of 0.0124 nm. LaB6 was used as a reference to cali-
brate the acquired diffraction spectra. The detector-
to-sample distance was 1918.95  mm. Conventional 
line profiles were obtained by azimuthal integration 
of the Debye-Scherrer rings using the software Fit2D 
(Hammersley et al., 1996). Diffraction patterns were 
obtained at room temperature, 100 °C, 200 °C and 
300 °C. The samples were maintained at each temper-
ature 300 seconds before the acquisition of diffraction 
patterns to homogenize the temperature.

Integrated diffraction patterns were interpreted 
fitting the whole pattern with the version 4.2 of 
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the analysis program TOPAS (Bruker AXS) by 
using the LeBail’s method. In this approach, the 
superposition of  analytical line-profile functions 
describing each Bragg reflection, and a suitable 
background model, are fitted to the observed data 
by a non-linear squares algorithm for the calcula-
tion of  structural parameters of  crystalline phases. 
In practice, it is necessary to refine simultaneously 
background functions, peak shapes and lattice 
parameters. The background was approximated 
by means of  Chevyshev polynomial of  2nd order 
and some additional pseudo-Voigt functions to fit 
the background associated with the direct beam 
stop and air scattering, Compton scattering and 
 thermal diffuse scattering. The peak shape data 
were modeled with high accuracy by using the 
approximation provided by the Thompson-Cox-
Hastings pseudo-Voigt function (Thompson et al., 
1987). Finally, the structure used in the refinement 
was the 18R-type LSPO phase (P3212 space group) 
with the initial cell dimensions reported by Egusa 
and Abe (2012).

3. RESULTS AND DISCUSSION

Figure 1 shows the microstructure of the as-cast 
Mg89Y7Zn5 alloy. It consists mainly of long LPSO 
laths, which are randomly oriented, with a small 
 volume fraction of the magnesium phase with a dark 
contrast. This microstructure is in agreement with 
previous studies of the same alloy (Hagihara et al., 
2010b; Garcés et  al., 2014a; Garcés et  al., 2014b). 
As the volume fraction of LPSO phase, estimated 
from 10 images similar to Fig. 1 is 96.8±0.2 vol%, 
our polycrystal alloy was quite suitable for the anal-
ysis of the thermal expansion coefficient in the 18R 
LPSO phase. The microstructure of this alloy was 
analyzed by TEM to confirm that the LPSO phase 
consisted of a 18R structure, which it has been 
indexed by the hexagonal notation by considering 

a unit cell with a volume three times larger than 
that of the rhombohedral cell. Figure 2a shows a 
TEM image of the LPSO phase in the Mg97Y7Zn5 
alloy at the 〈1120〉α zone axis when the (0002) g is 
excited. The LPSO crystal structure can be identi-
fied through the Selected Area Electron Diffraction 
pattern (SAED) at the 〈1120〉α zone axis or by mea-
suring the fringe spacing in the [0002] direction 
formed when the g (0002) is excited. The SAED 
pattern (Fig. 2b) and the fringe spacing of 1.6 nm 
 confirms the 18R structure.

Figure 3a shows the Debye-Scherrer rings obtained 
at room temperature. The integration of the Debye-
Scherrer rings to obtain the diffraction patterns as a 
function of 2θ has been carried out using the soft-
ware Fit2D (Hammersley et  al., 1996). Figure  3b 
shows the indexed 2θ diffraction patterns for the 
Mg89Y7Zn5 alloy. The crystal structure of the LPSO 
phase in the cast Mg89Y7Zn5 alloy corresponds to 
the 18R structure, in agreement with TEM obser-
vation, which can be clearly distinguished by the 
0003 diffraction peak located at 2θ=0.44°. Other 
diffraction peaks overlap 18R and 14H structures. 
As stated in the introduction section, the LeBail 
method was used to analyze the XRD pattern of 
as cast samples considering a 18R trigonal lattice 
(space group P3212) as initial structural model. The 
complexity of this refinement arises from the large 
primitive unit cell of the material, which results in 
near 1000 Bragg reflections possible between 0 and 
5.6° when using synchrotron radiation with a wave-
length of 0.124 Å. A visual examination of Le Bail 
refinement of a pattern obtained at room tempera-
ture indicates a good fit, as shown in Fig. 3c.

Figure 4 shows the relative change in length 
 during the second heating cycle of  one of  the 
samples measured by dilatometry. The third 
cycle shows the same behaviour and it has been 
omitted to improve legibility. The same is valid 
for the second and the third cycle of  a second 
 sample. The slope of this curve between RT (Room 
Temperature) and 400  °C gives the linear  CTE 

Mg

100 µm

FIGURE 1. Microstructure of the cast MgY7Zn5 (at.%) alloy. 
(White arrows indicate the magnesium islands).

FIGURE 2. a) Bright field TEM image of  the LPSO phase 
in the cast MgY7Zn5 (at.%) alloy [B=〈1120〉 and 
g=(0002)]. b) Selected area diffraction pattern 

of  the LPSO phase at the 〈1120〉 zone axis.
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value of  the Mg89Y7Zn5 alloy in this temperature 
range. The linear CTE between RT and 400 °C 
obtained as the mean value from the second and 
third cycle of  both samples is 2.7×10−5 K−1. This 
is the linear CTE of  the alloy, i.e. it reflects the 
combined effect of  ~97 vol% of  the 18R LPSO 

phase and ~3 vol% of  α-Mg. In order to separate 
the CTE value of  the LPSO phase, it is necessary 
to use an alternative method which can evaluate 
this phase individually. Therefore, the linear CTE 
of  the 18R LPSO phase was estimated consid-
ering the evolution of  its lattice parameter with 

FIGURE 3. Synchrotron diffraction patterns at room temperature of the cast MgY7Zn5 (at.%) alloy: a) obtained from 
the 2D detector, b) as a function of 2θ and c) Le Bail refinement of the 2θ diffraction pattern.

a)

b)

c)

42
22

42
25

42
25

30
31

2
00

01
8

42
21

0

42
21

3

42
21

8

60
60

1000

800

900

600

300

0
100

0

–100

0.2 0.4 0.6 2.4 2.6 2.8 3.0 3.2

00
03

In
te

ns
ity

 (
A

.U
.)

In
te

ns
ity

 (
A

.U
.)

600

400

200

0
0.0 0.5 1.0 1.5 2.0

2θ

2θ

2.5 3.0 3.5 4.0 4.5



Thermal expansion behaviour of Long-Period Stacking Ordered (LPSO) phase • 5

Revista de Metalurgia 51(2), April–June 2015, e043. ISSN-L: 0034-8570 doi: http://dx.doi.org/10.3989/revmetalm.043

temperature from the diffraction patterns. The 
evolution of  a and c values with temperature have 
been calculated fitting the diffraction pattern from 

RT to 300  °C (Fig.  5a). Lattice parameters of 
the 18R LPSO phase at room temperature are in 
agreement with previous references (Garcés et al., 
2014a; Garcés et al., 2014b) and increase with tem-
perature as expected. The   linear CTE for the lat-
tice parameters, a and c, α, can be calculated from 
(Eq. 1):

d
d1 Δ

ΔT
lattice

0
α = ⎛

⎝⎜
⎞
⎠⎟

 (1)

where d0 is the lattice parameter at room temper-
ature. Figure 5b shows the thermal elastic expansion 

d
d
Δ

0

, as a function of the temperature increment. 

The slope of this curve gives directly the linear CTE 
for each lattice parameter. CTE values are 2.42×10−5 
and 2.40×10−5 K−1 for a and c lattice parameters, 
respectively. Values are slightly smaller than that 
obtained by dilatometry as well as the linear CTE of 
pure magnesium (2.7×10−5 K−1 (Smithells, 1992)). 
Nevertheless, only small thermal mismatch stresses 
due to differences in CTE will be generated at the 
Mg/LPSO interface. This fact together with the per-
fect epitaxy between the  magnesium  and  LPSO 
phases ((0001)18R // (0001)α and  [1010]18R // [1010]α 
(Yamasaki et al., 2011)) explain the good quality of 
the interface observed during tensile deformation 
of  extruded MgY2xZnx (Yamasaki et  al., 2010; 
Yamasaki et  al., 2013) alloys which combine high 
tensile strength with higher elongation compared 
with ceramic reinforced composites (Clyne and 
Withers, 1993) and other magnesium alloys.

4. CONCLUSIONS

The linear coefficient of thermal expansion of 
the 18R LPSO phase has been determined by dila-
tometry and high energy synchrotron diffraction. It 
has been demonstrated that the linear CTE of 18R 
LPSO is very similar to that of magnesium and, 
therefore, no thermal mismatch stresses are gen-
erated at the LPSO-Mg interface during thermal 
 transients.
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FIGURE 5. a) Evolution of  lattice parameters, a and c, of  the 
LPSO phase as a function of  temperature. b) Changes 

of  lattice parameters, a and c, of  the LPSO 
phase as function of  temperature.

FIGURE 4. Relative change in length of the cast 
MgY7Zn5 (at.%) alloy during heating to 400 °C.
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