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Knowledge of the microscopic structure, including three-dimensional (3-D) size and orientation of the precipitates,

is essential to fully understand the mechanical properties of the magnesium alloys and designing the alloys with better

performance. Analytical TEM with high spatial resolution offers the simultaneous measurements of 3-D size, structure,

orientation, composition of the precipitates from one typical sample along an established crystallographic axis. Besides
popular Burgers orientation relationship (OR), other ORs such as Pitsch-Schrader OR, Crawley OR, Potter OR and a
new OR with the form of [0001] 1.0° from [311], and (1120)4 2.0° from (033)~ between the magnesium matrix and the
precipitate y-Mgi7Al12 are identified by TEM imaging and diffraction techniques. As a case study, the thicknesses of

the individual precipitates with Burgers OR are further measured to be 100-200 nm through both electron energy-loss

spectroscopy and x-ray energy dispersive spectroscopy combining differential x-ray absorption and extrapolation, which

are in agreement with the overall 3-D size statistic distribution results obtained through analysing various samples

along various directions. Furthermore, the fabricated wedge-shape structure provides a platform on which to study the

dependence of the interfacial strain on the variation of the thickness.
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1. Introduction

To fully understand the mechanical properties
and the age-hardening mechanism!*2! of the magne-
sium alloy, it is important to determine the mor-
phology (shape and three-dimensional size) and ori-
entation of the precipitates.®] In AZ91 (Mg-9wt.%Al-
1wt.%Zn-0.2wt.%Mn) alloy, the volume fraction of
secondary precipitates increases and the corrosion re-
sistance improves with the addition of a small amount
of Zn and Mn to the Mg-Al system.[) According
to the Mg—Al binary alloy phase diagram, the pre-
cipitated equilibrium phase in AZ91 is v-Mgi7Aljo
with a complex body centred cubic (BCC) struc-
ture, while the matrix a-Mg is a hexagonal close
packed (HCP) structure.)) The typical lattice pa-
rameter for v-Mg;7Al;o phase is 1.05438 nm (space

group 143m).1% In the ageing process of the Mg-
Al based alloys, the v-Mgi7Al1o phase precipitates
out in two ways, i.e. discontinuous and continu-
ous precipitations. Discontinuous precipitation takes
place on grain boundaries and reveals the lamel-
lar eutectic «/7 structure with Burgers orienta-
tion relationship (OR), i.e., (0001),//(110), and
[1210],//[111],, then ceases relatively early in precip-
itation process.[*78 Continuous precipitation takes
place in the remaining matrix. Several ORs between
the precipitate y7-Mgi7Aljs and the magnesium ma-
trix have been extensively determined by transmission
electron microscopy (TEM) including selected-area
electron diffraction (SAED) and/or high-resolution
TEM (HRTEM).[}:247=15] which have been widely
utilized for other systems.[16:17]

Besides the OR, the mechanical properties are
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also dependent on the morphology of the precipitates,
one factor of which is the three-dimensional (3D)
size. It is very easy to measure the first- and second-
dimensional (1%%-D and 2"4-D) sizes of the precipi-
tates perpendicular to the projection direction from
the recorded bright field (BF) images when we obtain
the SAED patterns in TEM. However, due to the tilt-
ing limitation in TEM, the third-dimensional (3"4-D)
size along the projection direction (i.e., the thickness)
is hard to determine if it is not impossible. This issue
is normally neglected and seldom addressed, though
one can obtain the information statistically by labori-
ously preparing different TEM samples in nearly per-
pendicular orientations.

The analytical TEM with high spatial resolution
can offer the simultaneous measurements of 3D size,
structure, orientation, composition of the individual
precipitates from one typical sample along an estab-
lished crystallographic axis. Moreover, the wedge
shape created by TEM sample preparation not only
provides an appropriate platform to deepen the under-
standing of the TEM theory, '8! but also offers the pos-
sibility to systematically study the dependence of the
interfacial strain on thickness by utilizing conventional
convergent beam electron diffraction (CBED) or the
parallel recording of dark-field image (PARODI)!]
techniques.

In the present paper, the 3D size and OR of the
precipitates are comprehensively determined by TEM
techniques. First, besides the popular Burgers orien-
tation relationship (OR), other ORs such as Pitsch-
Schrader OR, Crawley OR, Potter OR and a new OR
between the magnesium matrix and the precipitate
v-Mgi7Alyo are identified by SAED and/or HRTEM
technique. Secondly, the statistical survey of the 3D
size of the thin lath shape precipitates with Burgers
OR is performed in several TEM samples with dif-
ferent orientations. Thirdly, the 3'4-D size (or thick-
ness) of the individual precipitates with Burgers OR
are further measured, as case study, by both the elec-

tron energy-loss spectroscopy (EELS) (2"

and x-ray en-
ergy dispersive spectroscopy (EDS) combining the dif-
ferential x-ray absorption (DXA)[?"22] and extrapola-
tion (EXT).[?3=2] Both results are in accordance with
those of the former survey. Moreover, they indicate
the formation of the wedge shape TEM sample, which
lays a good foundation for the future investigation of
the interfacial strain dependence on the variation of
the thickness. These techniques are also applicable to
other types of precipitates.

2. Experiment

The ingot of AZ91 (Mg-9wt.%Al-1wt.%Zn—
0.2wt.%Mn) alloy was cut into bars and heat-treated
at 688 K for 24 h in order to dissolve the v-Mgi7Al1o
phase and achieve homogeneous aluminum distribu-
tion, then the bars were quenched in water at room
temperature. The above dissolved AZ91 bars were fur-
ther heat-treated at a temperature of 473 K for 8 h by
conventional aging method. Further, the bars were cut
into slices and mechanically thinned into foils. Disks
of 3 mm in diameter were punched from the foils and
were electrochemically polished. Then, the specimens
were ion-milled by the Gatan precision ion polishing
system PIPS691 under conditions of 3.0 kV and inci-
dent angle of 4° for about 10 minutes in order to clean
the surfaces of the specimens. The conventional TEM
observation of the continuous precipitates was con-
ducted by using a JEOL JEM-2010 (HT) (HT: high
angle tilt) TEM operated at an accelerating voltage of
200 kV.

HRTEM, EELS and EDS data were acquired in
a JEOL JEM-2010 FEF (F: Schottky Field Emis-
sion Gun, EF: Omega in-column Energy Filter) TEM
equipped with EDAX Si (Li) energy-dispersive x-ray
spectrometer. The EELS energy resolution is 0.7 eV.
The EDS detector elevation angle 0 (the angle be-
tween the detector axis and the z—y plane) is 20° and
the azimuthal angle 85 (the angle between the x axis
and the projection of the detector axis onto the z—y
plane) is 90°. The goniometer tilting ranges of side-
entry sample stage are —20° < ¢, < +20° around the
x axis and ~15° < ¢, < +15° around the y axis. The
accelerating voltage is 200 kV. All the EDS spectrums
including AlKa, MgKa x-rays were acquired for the
same 30 s live time with the same beam size at a con-

stant beam current.

3. Thickness measurement by an-
alytical TEM methods

3.1. EELS method

The thickness ¢, with respect to the mean free
path A, of inelastic electron scattering, can be esti-
mated through the following ‘log-ratio’ formula:[2°!

t/Ap = In(I1 /1), (1)

where [ is the integral intensity under the zero-loss
peak and I is the integral under the whole spectrum.
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The absolute thickness value can be obtained when
the mean free path of inelastic electron scattering is
available.

3.2. EDS EXT and DXA methods

The x-ray intensity of the characteristic i line from
element A, which has undergone absorption in the

A(D)
t
1—exp|— <N> 'D—e
p)gp Sin

i AG) ot
p)gp sinf
(2)

where, I5(j) is the characteristic intensity of the i line

specimen, is given by

(Iagy)m = (Iag))o

from element A; the subscripts m and 0 represent the
measured and the generated intensities, respectively;
(1) p)SAF(,i) is the mass absorption coefficient of the char-
acteristic A(i) line in a beam-illuminated region; p and
t are the density and the thickness of the correspond-
ing region, respectively; 6 is the take-off angle.

The second term within brackets on the right-
hand side in expression (2), i.e. the factor of absorp-
tion correction, may be simplified into the following
form CFp(j), in the rough assumption that all x-rays
are generated at half the depth of the foill?6l and ex-
pressed as

A(i)
1/ pt
OFA(]) ~ eXp [2 (p)sp Sing] . (3)

Therefore, the measured intensity ratio is repre-
sented as

<IA(i)>
Iy /

I 1 A() BOT

= (22), 12| (5),, - (5),, |
B(i) /o P/ sp P/sp | S

(4)

where, Ig(j) is the characteristic intensity of the j line
from element B; (u/ p)SBI()j) is the mass absorption coef-
ficient of the characteristic B(j) line in an illuminated
region.

When the absorption of B(j) line is negligible in
the specimen, the measured intensity of B(j) line is
proportional to the thickness ¢:

(IB(j) )m = ¥, ()

where 1) is a constant coefficient. Inserting expression
(5) into expression (4) yields!?4

IA(i)) <1A(i)> D
lo =lo + —Ug())m, 6
& (IB(J-) . g Iy / sm0( BG)) (6)

where
A() B(j)
D =0.217 (”) - (“) iy (7)
P/ sp p)sp | ¥

Expression (6) shows that the
(Iag)/IB(G))o can be obtained by
log(Ia¢)/I8(j))m versus (Ip(j))m and further extrapo-

value of
plotting

lating to (/g(j))m = 0. This is the basic process of the
extrapolation method for correcting absorption. The
absorption correction can still be achieved with D in
This method re-
quires data from more than two regions with identical

expression (7) being unavailable.

composition but different thicknesses.

With the DXA method, the thickness ¢ can be
obtained by the following equation when the compo-
sition of sample is known:

A(D)
t
1 —exp —<ﬂ> *'pH
p)gp Sin
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where, (u/ p)?p(i), (n/ p)sBl()j) and p are estimated by the following equation
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1
1y (9)
P S ps

where C is the weight fraction of element J. The values of (p/ p)?ﬁ) are cited from Ref.[27]. The nominal
composition Mgy7Alj5 of precipitate is used for C;.
When the specimen is rotated through ¢, and ¢, degrees around the = and the y axes respectively, the

t/sin @ in expression (8) should be replaced by the following expression: (24l

t t
sinf  cos ¢y €os ¢y sin O + sin ¢, cos ¢y, sin 64 cos O + sin ¢, cos 4 cos g’

(10)

where 6 is the detector elevation angle and 0 4 is the detector azimuthal angle.

4. Results

4.1. Orientation relationship

By using the SAED method with the tilting technique, the reported ORs and morphologies of the precip-
itates have been reconfirmed as follows. The predominant fraction of continuous precipitates is thin lath with
the primary habit plane parallel to the basal plane of the matrix (0001), and possesses the Burgers OR with
the matrix,[1247=15] j.e. (0001),//(110),, [1210],//[111].,, where the subscripts a and v denote magnesium
matrix and precipitate respectively as shown in Fig.1. Because the predominant precipitates with Burgers OR
have a significant effect on the mechanical properties, their thicknesses are further measured by both EELS and
EDS methods for cross-checking as case study, which will be presented later. The minor fraction Crawley OR
((0001)4//(111)., [1120]4//[112], or [1100],//[110],),2*) with the primary growth direction perpendicular to
the basal plane (0001), has also been confirmed. The morphology of the Crawley OR precipitates is observed
to be in the form of a hexagonal prism-shape rod.[?:6:14]

p (b) (0001)a//(110), [1210]o //[ ﬁ}
° o o 44#4V
110028 s ® 100, >® 1510, >@
* ¢ ° ° ° o N )
0110, o o o 3307
[ ) o - @'l gy ¢
. . N o . .
o, @ ] ]
[0001]//[110] [ J0001]o//[110], “@° °© @ o . 4

Fig.1. (a) Experimental SAED pattern for the lath shape precipitate and the matrix along the direction
[0001]//[110]~, and (b) corresponding simulated SAED pattern showing Burgers OR.

Besides the popular Burgers OR and minor Crawley OR, we have observed several other ORs. The Pitsch—
Schrader OR ((0001),//(110)., (1010)//(110),, [1210],//[001],) between the thin lath-shape precipitates and
the matrix has been determined by SAED and HRTEM techniques as shown in Fig.2.'¥ The precipitates
possess the Potter OR ((0001), 2° from (110)., [1210],//[111],, (1011),//(101),),3 shown in Fig.3, are even
less observed. Furthermore, a new OR of the precipitates in the AZ91 alloy is observed in the form of [0001],
1.0° from [311], and (1120), 2.0° from (033), as shown in Fig.4 by using SEAD method and convergent beam
Kikuchi line diffraction method with tilting technique.
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Fig.2. (a) TEM BF image showing the thin slices of a precipitate of Burgers OR and a Pitsch-Schrader OR
precipitate in AZ91 alloy aged for 8 hours at 473 K, and (b) HRTEM image for a Pitsch—Schrader OR between the
precipitate and the matrix (marked by the white frame in 2(a)) along the [1210]//[001] direction. The inset is
the SAED pattern for precipitate and the matrix near the frame along the [1210]//[001], direction.

L. ~

Fig.3. (a) TEM BF image showing a Potter OR particle coexisting with the thin slices of the precipitates with
Burgers OR in the same matrix grain in AZ91 alloy aged for 8 hours at 473 K, and (b) HRTEM image for the area

marked by a white frame in 3(a) along the [1210]//[111], direction.

: 1210 o JIRS
300 nm = X [0001]&//[311]~

Fig.4. (a) TEM BF image showing a precipitate of a new observed OR in AZ91 alloy aged for 8 hours at 473 K, and
(b) SAED pattern for precipitate (marked by dashed frame) and the matrix along the [0001]n//[311], direction.
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4.2. Statistical survey of 3D size

Prior to the EELS and EDS measurements, we surveyed the 3D size as overall information by utilizing
various samples along various directions. The projection conditions have been illustrated in Fig.5(a), which can
be simply sorted into 15°-D size along [1010], (or length), 284D size along [0001], (or width) and 3'4-D size
along [1210], (or thickness), separately. The statistical results shown in Figs.5(b)-5(d) demonstrate that the
15t 20d. and 39D sizes are concentrated on 750£300 nm, 45435 nm and 2004100 nm, respectively.

[0001] 401
ondp size‘ [1510}(1&)-—» B IS 321
Y [1010] 8
St o 2 244
<¢—— 1°'-D size ———» g
a
5 161
2
3rd.D size 5 89
[1010] S
[0001] (?-* 0-
0 40 80 120 160 200
(a) v[1?10}[1 (b) 274D size along [0001]o/nm
20 1 40+
¢ 161 g 324
L L
= =
S 121 £ 244
2 2
a a,
S 87 B 181
g g
= 4 = Y
] ]
04 04
0 500 1000 1500 2000 0 100 200 300 400 500 600
(c) 15t-D size along [1010]o/nm (d) 3D size along [1210]¢/nm

Fig.5. (a) Schematic illustrations of the precipitate projections along different orientations, (b) statistical survey of
the 15t-D size along [1010] under [0001], projection, (c) statistical survey of the 2"4-D size along [0001] under
[1210] projection, and (d) statistical survey of the 3'4-D size along [1210], under [0001], projection.

However, several factors affect the statistical accuracy and efficiency. First, we need various TEM samples
along different directions. Secondly, the overlapping of various precipitates further reduces the statistic accuracy.
Thirdly, due to the presence of six equivalent (1210), axes in HCP structure, the 15°-D size under [1210],
projection inevitably contains the data from other equivalent axes but with seriously tilted morphology, which
results in a shift to an incorrect, smaller value. Here the 15°-D size in Fig.5(b) is obtained only from the BF
images along [0001], rather than [1210],.

To solve this problem, two aforementioned analytical TEM methods will be utilized in the following Sub-
sections 4.3 and 4.4, separately, in which the possibility to simultaneously obtain the 3-D size of the individual
precipitates with arbitrary shapes and types is presented.

4.3. Thickness measurement by EELS method

Thicknesses of two different lath shape precipitates with Burgers OR, denoted as lath 1 and lath 2, are
further measured through EELS method as case study shown in Fig.6. Figure 6(a) shows the TEM bright-field
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Fig.6. Thickness measurement for lath shaped precipitates and matrix with Burgers OR by EELS method. (a)
TEM BF image without energy filtering; (b) zero-loss BF image; (c) mapping of relative thickness values of lath
1 and matrix (Grayscale value corresponds to relative thickness); (d) mapping of relative thickness of lath 2 and
matrix; (e) and (f) profiles of relative thickness along A1B1 and C1D; in Fig.6(c); (g) and (h) profiles of relative

Distance/nm

thickness along A2B2 and C2Ds in Fig.6(d).
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image without energy filtering for the lath 1 and matrix, which is formed by all transmitted electrons It
including elastic and inelastic scattering electrons. Corresponding bright-field image formed only by energy
zero-loss electrons Iy is shown in Fig.6(b). The relative thickness mapping ¢/\, of sample in this area is
shown in Fig.6(c) obtained through digital image processing In(a/b), where a and b denote the intensities of
corresponding pixels in Figs.6(a) and 6(b) respectively. Figures 6(e) and 6(f) present the relative thickness
profiles along A1B; and C1D; in Fig.6(c) respectively, showing the variation of thickness of the lath shape
precipitate. Obviously, the thickness decreases along the A1B; direction but shows no significant variation
along the C;D; direction. The thickness is estimated at 0.7-0.9A;,. The mean free path A, of the precipitate
Mgi7Al;2 is calculated to be about 143 nm with the values of A, for magnesium and aluminum being 150 nm
and 134 nm respectively under an accelerating voltage of 200 kV.[28] Consequently, the measured thickness of
the precipitate is about 103-128 nm, which lies between its length and width and shows a similar tendency to
that in Fig.5.

The relative thickness mapping for lath 2 is shown in Fig.6(d), and corresponding thickness profiles along
AsBy and CaDs are shown in Figs.6(g) and 6(h) respectively, confirming the similar variation. The absolute
thicknesses in Figs.6(g) and 6(h) are estimated to be 103-228 nm, which is also between its length and width.
In addition, the relative thickness of matrix is larger than that of precipitate as shown in Fig.6(h), while it is

reversed in Fig.6(f).

4.4. Thickness measurement by EDS EXT and DXA methods

The thicknesses of the above two laths are further measured through the EDS EXT and DXA methods as
shown in Fig.7. Firstly, in order to confirm the validity of EXT method, the (I;)m/(Is)o (J = MgKa, AlKa)
is calculated as a function of thickness t at 8 = 20° and 64 = 90° for precipitate v-Mgi7Al 2 phase as shown
in Fig.7(c). Expression (2) is used here and the mass absorption coefficients are cited from Ref.[27]. It is shown
that the absorption of AlK« line is significant, reaching ~20% at a thickness of 300 nm, whereas the absorption
of MgKa line is neglectable, being ~4% at a thickness of 300 nm. All the thickness values for the above lath
shape precipitates are less than 300 nm as measured by the EELS method. Thus, the MgKa line intensity can
be adopted as Ix in expression (5) in the EXT method.

Secondly, the log((Ing/Ia1)m) values are plotted against (Ing)m as shown in Fig.7(d), according to EDS
data obtained from the positions labeled in Figs.7(a) (lath 1) and 7(b) (lath 2). The ratios of (Ing/Ia1)m are
measured at different positions when the specimen is rotated through ¢, = 4.6° and ¢, = 12.1° around the x
and the y axes respectively. The absorption-free intensity ratio log((Ing/Ia1)0) at (Img)m = 0 can be read out
directly through the EXT method in Fig.7(d).

Thirdly, the thickness values can be obtained from expressions (8) and (10) by substituting the ratio
(Intg/Ia1)o into expressions (8), which are plotted against (Ing)m in Figs.7(e) and 7(f) respectively. It is clearly
observed that the proportionality holds between the thickness and (/amg)m. Most absolute thickness values
are in a range of 110-190 nm in Fig.7(e) and 120-220 nm in Fig.7(f), a little higher than those obtained by
EELS method. The maximum thickness values, which can be regarded as the 3'4-D size of the precipitates,
are in accordance with the aforesaid statistical results shown in Fig.5(d). Moreover, in despite of the small
surface roughness, the results clearly show the nearly linear decrease of thickness along the long axis of the lath
precipitate, similar to that obtained by EELS method.

In a word, the thickness of precipitates determined through the above two methods are consistent with each
other within an error range and both results further indicate the formation of the wedge shape TEM sample

structure, which provides the possibility to further study the dependence of the interfacial strain on thickness.
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Fig.7. Thickness measurements for lath shaped precipitates with Burgers OR by EDS EXT and DXA methods.
Panel (a) is for TEM BF image for lath 1 and matrix, where the positions marked by numbers are used to obtain
EDS data and the framed area corresponds to Fig.6(c); Panel (b) is for TEM BF image for lath 2 and matrix
corresponding to Fig.6(d), where the positions marked by numbers are used to measure the EDS data; Panel (c) is
for the calculated (I7)m/(Ls)o (J = MgKea, AlKa) values as a function of ¢ from expression (2) at 0 = 20° and
04 = 90° for precipitate y-Mg17Al12 phase; Panel (d) is for the log(Ing/Ia1) values plotted against Invig; Panels (e)
and (f) are for thickness values ¢ plotted against Inig corresponding to Figs.7(a) and 7(b) respectively.

5. Conclusions

Analytical TEM with high spatial resolution offers the simultaneous measurements of 3D size, structure,
orientation and composition of the precipitates. Besides the reported popular Burgers OR and minor Crawley
OR, three more ORs, i.e. Pitsch-Schrader OR, Potter OR, and a new OR in the form of [0001], 1.0° from [311],
and (1120), 2.0° from (033), between the precipitate -Mgi7Al;> and the matrix are identified in the AZ91

magnesium alloys by TEM imaging and diffraction techniques. Moreover, the thickness values of the individual
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precipitates with Burgers OR are determined through both the EELS method and the EDS combining DXA and
EXT as case study. The results show that the thickness values are larger than the width but smaller than the

length of precipitates, which is in accordance with that obtained by the statistical 3D size survey, and indicate

the formation of the wedge-shape TEM smaple, which provides an appropriate platform to further study the

dependence of the interfacial strain on thickness. All these techniques can be utilized to study the precipitates
with other ORs.
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