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Abstract: This study investigates the effect of the a/C14 interface on the creep strength of x-Mg/C14-
Mg, Ca eutectic alloy at 473 K under a stress of 40 MPa. The «c/C14 interface is composed of terraces
and steps, with terraces parallel to the (1101), pyramidal plane of the «-Mg lamellae and to the
(1120)¢c14 columnar plane of the C14-Mg,Ca lamellae. The creep curves of the alloy exhibit three
stages: a normal transient creep stage, a minimum creep rate stage, and an accelerating stage. The
minimum creep rate is proportional to the lamellar spacing, indicating that the oc/C14 lamellar
interface plays a creep-strengthening role. In the high-resolution transmission electron microscopy
image captured of the specimen after the creep test, <a> dislocations can be mainly seen within the
soft x-Mg lamellae, and they are randomly distributed at the a/C14 interface. In contrast, dislocations
are rarely introduced in the hard C14-Mg,Ca lamellae. It is deduced that the «/C14 interface presents
a barrier to dislocation gliding within the x-Mg lamellae and does not help rearrange the dislocations.

Keywords: magnesium alloy; eutectic; microstructure; creep; dislocation

1. Introduction

Magnesium alloys are gaining interest as lightweight structural materials in the
aerospace and automotive industries to achieve high fuel efficiency and reduce the emis-
sion of carbon dioxide [1]. The development of heat-resistant magnesium alloys is a major
requirement for the widespread use of these alloys and achieving weight reduction in the
transport equipment [2,3]. Pure magnesium has low strength at elevated temperatures [4,5],
and the solubility of the secondary elements in magnesium is restricted [6]. The intermetal-
lic phases with high thermal stability, which are available as covering phases [7,8] and/or
precipitation phases [9,10], are essential for enhancing the high-temperature strength of
heat-resistant magnesium alloys [11,12].

Another approach for enhancing the high-temperature strength by utilizing inter-
metallic phases is to control the microstructure so that the intermetallic phase and ma-
trix are layered via eutectic/eutectoid reactions [13-16]. A Mg-Al-Ca ternary system,
which typically exhibits excellent non-flammability, is a promising alloy system for devel-
oping cost-effective heat-resistant magnesium alloys [17-22]. When Mg-Al-Ca ternary
alloys are melted and cast in the Mg-rich composition region, three kinds of eutectic re-
actions can take place during solidification: first, L — «-Mg + A12-Mg7Aly; second,
L — «-Mg + C36—(Mg,Al);Ca; and third, L — «-Mg + C14-Mg,Ca [23]. Only the third
reaction occurs in the compositions with [Ca]/[Al] > 1.5, and the resulting «/C14 lamel-
lar structure is extremely fine compared with the oc/A12 and «/C36 eutectic structures
obtained by the first and second reactions [24,25].

When a Mg—Ca hypoeutectic alloy is melted and then cast into a steel mold, the
o/C14 lamellar structure with a spacing of less than 1 pum is obtained, as shown in
Figure 1, where each bright x-Mg plate is surrounded by a continuous dark C14-Mg,Ca
phase. In a previous work, the temperature region where the «/C14 lamellar structure
is stable in morphology was investigated [26]. It was shown that the «/C14 lamellar
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structure has a stable morphology at temperatures less than 573 K, whereas it becomes
gradually coarse in the temperature range above 573 K. A quantitative relationship was
identified between the lamellar spacing (1) and aging time (t): A2 — Ag? = kr-t, where A is
the oc/C14 lamellar spacing for the as-cast specimen and kr is a constant depending on the
aging temperature.

Figure 1. SEM SEI of t/C14 lamellar structure for the as-cast x-Mg/C14-Mg,Ca eutectic alloy. In the
lamellar microstructure, each «-Mg plate (bright contrast) is surrounded by a continuous C14-Mg,Ca
phase (dark contrast).

The mechanical strength of metallic materials with a lamellar microstructure increases
with decreasing A at ambient temperature [26-30]. In contrast, the effect of A on the creep
strength has not been clarified for magnesium alloys. The objectives of this study were to
elucidate the following three points by using a Mg—Ca alloy with a ««/C14 fine lamellar
microstructure: first, to clarify the orientation relationship between x-Mg and C14-Mg,Ca
lamellae through a detailed HRTEM observation; second, to quantitatively clarify the
interrelation between creep strength and A, where A was controlled by aging at 673 K;
and third, to clarify the role of the lamellar interface on dislocation gliding, through the
observation of dislocation substructure of the creep specimens.

2. Experimental Section

A binary alloy of composition Mg—13.8 mass% Ca was cast at Mitsui Mining & Smelting
Co. (Ageo, Japan), using easily available starting materials of the highest purity. The
calcium content was reduced by 2.4 mass% from the eutectic composition to avoid
precipitation of the brittle primary C14-Mg,Ca phase. A sample (block dimensions
100 mm x 160 mm x 20 mm) was gravity-cast by the permanent mold casting method
under an argon atmosphere at 1053 K. The casting was ejected from the mold and cooled in
ambient air until it could be handled. The as-cast specimen revealed that the microstructure
was sufficiently homogeneous, and characterized by a mixed microstructure of primary
«-Mg phase and x-Mg/C14-Mg,Ca eutectic lamellae. From the binary phase diagram of
the Mg—Ca system [6], the weight ratios of the primary «-Mg phase and oc/C14 lamellar
were estimated as 16% and 84%, according to the lever rule. As the alloy consisted mostly
of the oc/C14 lamellar structure, this alloy is hereafter referred to as the «-Mg/C14-Mg,Ca
eutectic alloy; the microstructure was observed exclusively in the oc/C14 lamellar region.

Flat specimens (with gage dimensions of 6 mm x 3 mm X 28 mm) for creep tests
were prepared from the casting [31,32]. The creep specimens were subjected to aging
treatment at 673 K for 1.1 x 10% to 3.6 x 10° s (i.e., 3-100 h) to control A [26]. Creep tests
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were performed in tension on a constant-load creep machine at 473 K, under a stress of
40 MPa. The applied stress of 40 MPa was below half of the 0.2% proof stress for the alloy
at 473 K. The tensile displacement was measured using extensometers attached to ridges
at both ends of the gauge portion, and the displacement of the extensometer heads was
continuously recorded as a function of time using linear variable differential transformers.

The microstructures of the as-cast and crept samples were studied using field-emission
scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM), and
high-resolution transmission electron microscopy (HRTEM). The specimens mounted in
the resin for the FE-SEM observation were polished mechanically with emery paper and
alumina slurry, and then etched in a solution of 2 vol% HNO3 and 98 vol% ethyl alcohol
for 2 s. For the TEM and HRTEM observations, thin foils were cut from the sample and
machined to discs 3 mm in diameter. After mechanical grinding down to approximately
90 pum, the discs were further thinned by dimple-grinding and ion-milling to perforate
the center portion of the discs. The perforated discs were examined using TEM (JEOL
JEM-2010) and HRTEM (FEI Titan® G2 60-300), operating at 200 kV and 300 kV, respectively.

3. Results and Discussion
3.1. Initial Microstructure

Figure 2 shows a STEM HAADF image of the o/C14 lamellar region in the as-cast
«-Mg/C14-Mg,Ca eutectic alloy, where the dark phase is x-Mg and the bright phase is
C14-Mg,Ca. The C14-Mg,Ca phase has a plate-like dendritic morphology, and the distance
between the centers of the C14 lamellae is approximately 250 nm. The magnified view of
the «/C14 interface, which was shown in the previous paper [26], is reproduced in Figure 3.
Figure 3a shows a magnified HRTEM image of the region, in which the «/C14 interface is
viewed edge-on, along with the selected-area diffraction pattern of the x-Mg lamellae. At
high magnification, terraces approximately 30 nm in length and steps approximately 3 nm
in height can be seen to alternate along the interface, even if the interface appears smooth
at low magnification. Figure 3b shows the STEM HAADF image of a terrace along the
«/C14 lamellar interface. The terrace is parallel to the (1101)« pyramidal plane of the a-Mg
lamellae and to the (1120)c14 columnar plane of the C14-Mg,Ca lamellae. In addition,
the interface appears to be coherent, and the (0001)  basal plane in the x-Mg lamellae is
oriented toward the oc/C14 interface.

Figure 2. STEM HAADF image of «/C14 lamellar structure for the as-cast a-Mg/C14-Mg,Ca
eutectic alloy. The dark phase is x-Mg, while the bright phase is C14-Mg,Ca.
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Figure 3. HRTEM image of the o/ C14 interface, taken with B = [1120]«, for the as-cast «-Mg/C14—
Mg, Ca eutectic alloy (a), in which terraces and steps alternate along the interface. STEM HAADF
image of a terrace is shown in (b). Reproduced with permission from [26].

3.2. Creep Properties

Figure 4 shows the creep curve of the x-Mg/C14-Mg,Ca eutectic alloy aged at 673 K
for 100 h, along with the data for the as-cast specimen. Notably, the A value of the as-cast
specimen is 0.9 um, while that of the specimen aged at 673 K for 100 h is 5.3 um. After the
stress is applied, a normal transient creep is detected in both specimens. Subsequently, there
is a gradual increase in the creep rate in the accelerating region, leading to creep rupture.
The rupture elongation values of the as-cast specimen and aged specimen (673 K/100 h)
are 12.2% and 8.3%, respectively.

By differentiating the creep strain with respect to time, the creep rate is obtained.
Figure 5 shows the creep rate-time curves (Figure 5a) and creep rate—strain curves (Figure 5b)
in double logarithmic coordinates. In Figure 5a, the creep rate-time curve of each specimen
shows a downward curvature from stress application until creep rupture; a well-defined
steady state creep region is hardly evident. For the as-cast specimen, the creep rate de-
creases by more than two orders of magnitude in the transient region, and the minimum
creep rate is observed at a creep time of 8.0 x 10° s; subsequently, creep rupture occurs
at 3.6 x 10° s. The creep rate-time curve of the aged specimen (673 K/100 h) is similar
to that of the as-cast specimen; the minimum creep rate is higher, and the decrease in the
creep rate during the transient stage becomes less significant. Figure 5b shows that the
minimum creep rate is identified at a strain of approximately 1% in both specimens. The
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creep rate-time curves and creep rate—strain curves illustrate the validity of the ¢-model,
even for the x-Mg/C14-Mg,Ca eutectic alloy with a fairly complex microstructure [33].
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Figure 4. Strain vs. time at 473 K under a stress of 40 MPa for the «-Mg/C14-Mg,Ca eutectic alloy
aged at 673 K for 100 h, together with that for the as-cast specimen.
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Figure 5. Creep rate vs. time (a) and creep rate vs. strain (b) in a log-log diagram at 473 K under a

stress of 40 MPa for the x-Mg/C14-Mg,Ca eutectic alloy aged at 673 K for 100 h, together with that
for the as-cast specimen.
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Table 1 presents a summary of the minimum creep rate (émin), rupture life (trup),
rupture elongation (eryp), and A of the a-Mg/C14-Mg,Ca eutectic alloys. In Figure 6, the
€min Of the a-Mg/C14-Mg,Ca eutectic alloy, creep-tested at 473 K under a stress of 40 MPa,
is plotted as a function of A. In Figure 6, &y continuously increases with increasing A, and
all six data are located on the line with a slope of unity. Since &, decreases continuously
with decreasing A, it is deduced that the x-Mg/C14-Mg,Ca interface improves the creep
strength; that is to say, the x-Mg/C14-Mg,Ca interface acts as a creep strengthener. The
interface introduction into the microstructure, by employing the eutectic reaction, can be
an effective way of improving the creep strength of Mg alloys. It has been suggested that
the interface enhances the yield strength at room temperature for metallic multilayers [34].
In this paper, the effectiveness of interface to enhance high-temperature creep strength was
experimentally demonstrated for Mg alloys.

Table 1. Summary of minimum creep rate (¢min), rupture life (trup), and rupture strain (eryp) for
the a-Mg/C14-Mg,Ca eutectic alloys, together with the lamellar spacing (A). The creep tests were
conducted at 473 K under a stress of 40 MPa.

Specimen A (um) Emin (s71) trup (s) erup (%)
As-cast 0.9 6.6 x 107 3.6 x 10° (1006 h) 12.2
673 K/3 h aged 1.3 6.6 x 107 4.6 x 10° (1283 h) 18.0
673 K/10 h aged 1.9 1.1 x 1078 3.4 x 10° (947 h) 20.6
673 K/30 h aged 3.0 1.1 x 1078 3.8 x 10° (1042 h) 17.3
673 K/50 h aged 3.4 13 x 1078 2.5 x 10° (692 h) 8.5
673 K/100 h aged 5.3 3.0 x 1078 7.6 x 10° (212 h) 8.3
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Figure 6. Plots of minimum creep rate vs. lamellar spacing for the x-Mg/C14-Mg,Ca eutectic alloy,
where the creep tests were carried out at 473 K under a stress of 40 MPa.

The microstructure parameters, such as the colony size (d) and A, in addition to the
creep testing temperature (T) and applied stress (0), should be included in the phenomeno-
logical creep equation for the x-Mg/C14-Mg,Ca eutectic alloy [35,36]. The &y, of this
alloy is expressed as a function of 7, T, d, and A, as shown in Equation (1):

émin = A (0/G)" (b/d)" (A/b)¥ exp (—Q¢/RT). 1)

where A is the material constant; G is the shear modulus; b is the length of the Burgers
vector in the x-Mg lamellae; R is the gas constant; Q. is the activation energy for creep;
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and n, m, and p are constants. The slope of the &nin—A curve in Figure 6 corresponds to p in
Equation (1), and the results in Figure 6 suggest p = 1 for the x-Mg/C14-Mg,Ca eutectic
alloy. Rupture life (frup) and rupture strain (eryp) are plotted against A in Figure 7a,b,
respectively. Figure 7a shows that fp remains unchanged at approximately 4.0 x 10° s
when A < 3.0 um, while ¢, abruptly decreases with increasing A when A > 3.0 pum, and
the tyyp value becomes 7.6 x 10°sat A =5.3 um. In Figure 7b, &ryp is maximum at 20.6%
when A =1.9 um, and decreases when A is changed from the value of 1.9 um. A plastic
deformation occurs even in the «-Mg/C14-Mg,Ca eutectic alloy, with a fine lamellar
microstructure at 473 K.
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Figure 7. Plots of rupture life vs. lamellar spacing (a) and rupture elongation vs. lamellar spacing
(b) for the «-Mg/C14-Mg,Ca eutectic alloy, where the creep tests were carried out at 473 K under a

stress of 40 MPa.
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3.3. Dislocation Analysis

The dislocation substructure of the as-cast «-Mg/C14-Mg,Ca eutectic alloy that
underwent creep at 473 K under a stress of 40 MPa was investigated to clarify the role
of the «/C14 interface in dislocation-gliding during creep. Figure 8 shows the SEM BEI
of the creep-ruptured specimen, where the dark phase is x-Mg and the bright phase is
C14-Mg,Ca. The fine lamellar structure is maintained, and the «/C14 interface remains
smooth even after the high-temperature creep exposure at 473 K for 1006 h. Figure 9a shows
the HRTEM image of the creep-ruptured specimen taken with B = [0111]« for the a-Mg
lamellae. Many dislocations are distributed within the «-Mg lamellae, while dislocations
are hardly detected within the C14-Mg,Ca lamellae.

Figure 8. SEM BEI of the as-cast x-Mg/C14-Mg,Ca eutectic alloy creep-ruptured at 473 K under a
stress of 40 MPa. The dark phase is «-Mg, while the bright phase is C14-Mg,Ca.

Figure 9. HRTEM images, taken with B = [0111], of the as-cast «-Mg/C14-Mg,Ca eutectic alloy
creep-ruptured at 473 K under a stress of 40 MPa, under multiple (a) and two-beam diffraction
conditions (b—d). Reproduced with permission from [37].
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The g-b values with an incident beam direction B = [0111] 4 are calculated for reciprocal
lattice vectors g = 10114, 21104 and 0112, as listed in Table 2, to identify whether perfect
<a>, <a+c>, and <c> dislocations are visible in the hcp structure with the Burgers vector
(b). Under the two-beam condition ¢ = 10114, <a> dislocations with b = 1/3[1120] and
b = 1/3[2110], 4/6 of <a+c> dislocations, and <c> dislocations are visible, while <a>
dislocations with b = 1/3[1210] and 2/6 of <a+c> dislocations are invisible. In the case of
¢ =21104, <a> dislocations and <a+c> dislocations are visible, while <c> dislocations are
invisible. Further, <a> dislocations with b =1/3[1120] and b = 1/3[1210], <a+c> dislocations,
and <c> dislocations are visible, whereas <a> dislocations with b = 1/3[2110] are invisible
when g = 0112,.

Table 2. The g-b invisibility criterion for perfect dislocations in the hexagonal close-packed crystals
close to the [0111] zone axis.

Mode b g=1011 2110 0112
<a> 1/3 [1120] 1 1 1
1/3 [1210] 0 1 1
1/3[2110] 1 2 0
<a+c> 1/3[1123] 0 1 1
1/3 [1213] 1 1 3
1/3[2113] 2 )
1/3 [1123] 2 1 -3
1/3 [1213] 1 1 1
1/3 2113] 0 2 2
<c> [0001] 1 0 2

Figure 9b—d shows the HRTEM images of the same field as shown in Figure 9a,
captured under the two-beam diffraction condition with ¢ = 1011 (Figure 9b), ¢ = 2110«
(Figure 9¢c), and ¢ = 0112 (Figure 9d), respectively. It is noted that Figure 9a,d, which is
shown in the previous paper [37], is reproduced. The visible dislocations within the o-Mg
lamellae under the multiple-beam diffraction condition shown in Figure 9a are almost
detected in Figure 9b,c, while they are scarcely observed under the two-beam diffraction
condition g = 01124 (Figure 9d). This result indicates that most dislocations in the «-Mg
lamellae during creep for the x-Mg/C14-Mg,Ca eutectic alloy are <a> dislocations with
an identical Burgers vector of b = 1/3[2110].

Figure 10 shows the TEM BFI of the creep-ruptured specimen, in which the region
with a low density of dislocations is chosen for the observation. Dislocations are detected
at the oc/C14 interface, as indicated by red arrowheads, and they are not arranged in any
specific manner but isolated or randomly distributed. In addition, dislocations are emitted
from the end of the C14 lamellae into x-Mg lamellae, as indicated by yellow arrowheads.
From the results, it is inferred that the t/C14 interface is a barrier to the gliding of <a>
dislocations during creep, and limits the dislocations within the x-Mg lamellae. It is noted
that the transfer of plasticity across the Mg/Mg,Ca interface has been explored in detail
at room temperature for a dual-phase magnesium alloy [38]. The dislocation movements
during creep deformation for the x-Mg/C14-Mg,Ca eutectic alloy are summarized as
follows: (i) dislocations, most of which are <a> type, are introduced within the x-Mg
lamellae; (ii) the <a> dislocations glide on the (0001) basal plane in the «-Mg lamellae and
meet the «/C14 interface; (iii) the dislocations move on the «/C14 interface by climbing to
the end of the C14-Mg,Ca lamellae; (iv) the dislocations are emitted into the «-Mg lamellae
due to the stress concentration driven by the following dislocations at the «/C14 interface.
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Figure 10. TEM BF], taken with B = [1213] and g = 1101, of the as-cast a-Mg/C14-Mg,Ca eutectic
alloy creep-ruptured at 473 K under a stress of 40 MPa. The dislocations placed on the «/C14
interface are indicated by red arrowheads, while those positioned within the x-Mg lamellae are
indicated by yellow arrowheads.

Figure 11 shows the TEM BFI of the creep-interrupted specimen, taken with B = [1216]c14
and g = 0221¢14. Some dislocations are observed at the junction of the C14-Mg,Ca lamellae,
though this is a rare event. Notably, the dissociation of the dislocations can be clearly
seen, as indicated by red arrowheads, and the width between the divorced dislocations
ranges from 10 to 20 nm. The dissociation reaction from a perfect dislocation to two partial
dislocations in the C14-Mg,Ca lamellae is considered as scheme (2) [39].

1/3[1120] = 1/3[1010] + SF(ggqy) + 1/3[0110] @)

Evidently, plastic deformation occurs even in the hard C14-Mg,Ca lamellar during creep
for the x-Mg/C14-Mg,Ca eutectic alloy.

A

' fg=052 1cis

Figure 11. TEM BFI, taken with B = [1216]c14 and g = 022114, of the as-cast a-Mg/C14-Mg,Ca
eutectic alloy creep-ruptured at 473 K under a stress of 40 MPa. Partial dislocations with a width of
10-20 nm indicated by red arrowheads are detected in the C14-Mg,Ca phase.
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In conclusion, the «/C14 interface enhances the creep strength for the a-Mg/C14—
Mg, Ca eutectic alloy. The interface introduction into the microstructure by employing
the eutectic reaction can be an effective way of improving the high-temperature creep
strength. The interface strengthening is applicable to eutectic alloys based on refractory
metals to develop advanced high-temperature materials beyond superalloys. In the future,
the applicability of interface strengthening to intermetallic-intermetallic eutectic alloys,
not only to metallic-intermetallic eutectic alloys, should be clarified.

4. Conclusions

A o-Mg/C14-Mg,Ca eutectic alloy with a nearly full lamellar structure, whose lamel-
lar spacing was controlled by aging treatment at 673 K, was subjected to creep-testing
at 473 K under a stress of 40 MPa to evaluate the effect of the oc/C14 interface on creep
strength. In addition, the dislocation substructure of the crept specimen was investigated
using TEM and HRTEM. The following results were obtained:

1.  The «/C14 interface is composed of terraces and steps, with terraces parallel to the
(1101)« pyramidal plane of the a-Mg lamellae and to the (1120)c14 columnar plane of
the C14-Mg,Ca lamellae.

2. The alloy shows three stages of creep: a normal transient creep stage, a minimum
creep rate stage, and an accelerating stage. A well-defined steady state is barely
evident. Since the minimum creep rate decreases continuously with decreasing
lamellar spacing, the a-Mg/C14-Mg,Ca interface is considered to enhance the creep
strength; that is to say, the x-Mg/C14-Mg,Ca interface acts as a creep-strengthener.

3. Dislocations are mainly introduced within the soft x-Mg lamellae during creep, and
most of them are <a> dislocations with identical Burgers vectors. The dislocations are
not arranged, but randomly distributed at the «/C14 interface. Dislocations are rarely
introduced in the hard C14-Mg,Ca lamellae, and the dissociation reaction from a
perfect dislocation to two partial dislocations is detected in the C14-Mg,Ca lamellae.
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