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Abstract A microanalytical characterization of cast
magnesium alloys of eutectic origin based on the Mg—Al-Ca
ternary matrix system has been carried out in order
to investigate the influence of alloying elements on
their microstructure as well as microchemistry-processing-
microstructural relations using structure-sensitive tech-
niques of electron microscopy, mechanical spectroscopy
(internal friction), X-ray diffractometry, and advanced
microanalytical methods including electron probe compo-
sitional analysis. Following the data obtained here there is
direct correlation of microstructure with creep properties of
the new experimental magnesium alloys. The creep and
heat-induced properties of the multicomponent magnesium
alloys containing low range of inexpensive additions of
titanium (0.07-0.2%) or strontium (of about 1.8%) are
defined by resulting structure dynamically formed during
creep strain (up to 200 h). It is noteworthy that Ti as novel
alloying element competes for creep resistance and cost with
Sr and attracts as-cast desirable properties minimizing solute
effects at ambient temperatures because of the pinning of
slowly moving dislocations with the binding energy no more
then 0.3 eV as well as because of stress-induced strength-
ening. The Ti and Sr solute atmosphere dragging is believed
to be the rate-controlling mechanism responsible for radical
improvement of creep resistance and long-term strength
in the newly developed magnesium alloys at elevated
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temperatures. The new experimental alloys are superior to
commercial alloys AZ91D, AE42, and AS21 following their
creep resistance, long-term strength, heat resistance, and
castability because of their novel microstructure having
desirable engineering properties for structural applications
(creep strain &, less than 0.3-0.4% at 423 K and 70 MPa for
200 h; & ~ 1072 s7"). The newly developed magnesium
alloys with improved castability could be used in die-casting
technology and automobile (powertrain) industry for man-
ufacturing of components and parts which are difficult to
cast with more desirable microstructure.

Introduction

The material selection for automobile design and mass
production is one of the most critical problems connected
with competition for abundant inexpensive raw materials
supply. Research on die-casting technology has reached a
status where in design studies the basic requirements for
the highly loaded materials have been identified. The
requirements of the affordable cost and good die castability
of new experimental magnesium alloys reduce possible
options to alloying systems which are containing Al and Zn
as major elements and Mn, Si, Ca, Sr, RE as relatively
small additions [1]. Much progress has been made [1, 2]
but, nevertheless, any attempts to design magnesium alloy
systems consisting of inexpensive alloying elements (AE)
face some problems that concern definition of secondary
processing issues such as limited plasticity at r.t., decreased
corrosion resistance, soldering with a mold in a die-casting
technology, welding and joining (enhanced diffusion
bonding) of parts/products/panels constructed of them.
The new magnesium alloys in Mg—Al-Ca-X system
which have been developed in recent years for use as
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functional and structural materials in engineering applica-
tions could perform well in engine and transmission cases
[1-5]. They have been attracting attention because of their
desirable engineering properties such as creep resistance and
long-term strength at elevated temperatures during long-
term usage as well as because of their greater potential for
weight savings, for example, in automobile industry. No
insurmountable problems have arisen so far. Nevertheless,
more work with the Mg—Al—Ca system is needed to optimize
composition of the magnesium alloys containing Ca for
die-casting. Mg—Al-Ca system must be further investigated
for optimum castability. Furthermore, in the range of
investigated compositions and usual casting the addition of
Ca leads to an excessive hot-cracking and die-soldering
especially in Mg—Al—Ca alloys containing the small addition
of Aland above 1 wt% Ca [3]. Subsequent addition of 8 wt%
Zn causes improvement of the die castability but the creep
properties were founded to vary over a wide range [6].
Hence, additional fundamental and applicable research is
required in all areas of magnesium production in order to
substantially increase the use and applications of magnesium
alloys basing oneself on the synergetic effect of magnesium
processing and alloy development.

The work is a continuation of a cooperative effort of the
ICEMS, Ukraine and the KIMS, Republic of Korea for the
purpose of evaluating and comparing the creep properties of
newly developed magnesium alloys and of verificating their
processing-composition-microstructure-property relation-
ship. The main purpose of this article is to develop new
experimental die casting magnesium alloys Mg—Al-Ca-X
system with higher castability, more excellent creep resis-
tance and higher long-term creep strength at larger stress and
higher temperature (70 MPa and 423 K) by carrying out
their full-scale research, observation and testing standards
driven to low cost applications and mass productions. It is
likewise the intention of this study to subject the measure-
ments to a complete analysis regarding phase composition
and dislocation density changes during creep testing
(in stress field). For better understanding of solidification
structures and for attaining the stated final result both
research groups of Ukraine and Korea are going in future to
identify of rate-controlling creep mechanisms responsible
for power law and thermally activated (Arrhenius) behavior
of the alloys to be investigated in a wide temperature range of
293-523 K for automotive power train, oil pump, and other
advanced commercial applications.

Experimental procedure
Out previous investigations of phase equilibria in the

ternary Mg—Al-Ca system studied by the methods of dif-
ferential thermal (DTA), X-ray diffraction (XRD),

electron-probe and microscopic analysis have resulted in
constructing the isothermal section at 423 K and poly-
thermal sections at 4.5, 8.5, and 16 mass% Al [7]. Addi-
tions of Al and Ca were introduced to decrease the liquidus
temperature of the magnesium alloys from 923 to 711 K. It
was shown that the three-phase region < Mg > + < Al,.
Ca > 4 < Mg ;Al;, > exists at 423 K with corresponding
two-phase fields, temperature dependence of the homoge-
neity range of the «—Mg solid solution as well as temper-
atures of the phase transformations which occur in the
investigated system.

As reported in [8], creep rate decreases, and long-term
strength increases with increasing rate of crystallization
(RC) of the eutectics because of the dispersion hardening
mechanism. Therefore, magnesium alloys were synthesized
and produced under non-equilibrium conditions of crys-
tallization at cooling rate of about 333 K per sec. Used as
the additional alloys to cast different magnesium alloys
based on Mg—Al-Ca-X system of eutectic origin were the
Mg-30%Ca, Al-10%Ti, and Al-10%Sr master materials.
The new experimental alloys were prepared by melting
stoichiometric amounts of the constituent elements in an
induction melting furnace (additional alloys) and then in an
electrical resistance heating furnace under flux (ingot
casting) using argon as well as CO, with 0.5% SFg to
protect the melt from oxidation. They were melted in
graphite crucibles; the molten alloys were held at 1013 K
and then poured into the permanent copper mould ¢
6 x 60-70 (mm).

Measurements of castability for magnesium alloys were
carried out using an original installation (on the basis of
induction vacuum furnace), which is encapsulated, pumped
and filled with inert gas (99.998%Ar). During melting of an
alloy of 50 g in mass excess the pressure of argon makes
up about 0.2-0.4 atm gage. After melting the liquid alloy is
maintained during 10 min under the excess pressure, which
is controlled with accuracy of 0.01 atm by precision
manometer. Length of a sample is measured (in mm) after
its cooling up to r.t. When comparing data obtained the
vacuum suction casting temperatures should be in excess of
323 K (over liquidus curves) for all the magnesium alloys
under investigation [2, 9]. The results obtained are much
the same as compared with the result that is produced
by using complex U-shaped sample in well-known
Nekhendzi—Kuptsov method under the stabilized conditions
of the experiment: of about 63 mm for AZ91D industrial
alloy and 90 mm for Mg-12.5A1-1.3Ca-0.28Mn-0.2 Ti
alloy at pouring temperature of 873 K.

The dislocation structures in as-cast magnesium alloys
produced were characterized by TEM observations. Their
examination was carried out using a well-know technique
[10, 11]. Scanning electron microscopy was used to per-
form X-ray electron probe analysis of their surface [12].
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Torsional experiments were performed on samples having
a gauge length of 70 mm length and of 1 mm in diameter.

The variation of internal friction, Q~'(T) in magnesium
alloys as a function of temperature was studied in the range
of 293-800 K by the free-decay method, as developed by
Ke [13]. Discrete temperature spectra of internal friction
for magnesium and its alloys were recorded by using the
relaxometer such as inverted-torsion pendulum operating
in the low frequency range (at 1 Hz) and constant strain
amplitude of 1 x 107> in the mode of free-damping
torsional vibrations.

As is known, Q'(T) background displaces exponent,
which is dependent on properties of mobile dislocations in
the bulk solid solution so that high temperature internal
friction is independent of strain amplitude and appears to
follow a low of the type [14]:

Q™!(T) = Aexp(~U/kT) (1)

The apparent activation energy (a.e.) of the internal
friction is obtained by plotting /n Q™' vs. 1/T which gives
a straight line, if Eq. 1 is obeyed because of some
thermally activated dislocation relaxation or diffusion—
controlled dislocation relaxation that are responsible for the
energy dissipation.

Amplitude dependent damping attributed to dislocations
[15] was measured with increasing strain amplitude y up to
5 x 107*. The binding energy E, for dislocation-solute
interaction was calculated from experimental data via the
conventional form of the linear equation which states that
{n tgor vs. 1/T plot should produce straight line with the
slope of Ey/k.

0'= Q' + g0y (2)

Dislocation damping measurements have been
performed on the as-cast magnesium alloys in order to
determine the values of the binding energy between solute
atoms and pre-existing dislocations at temperatures ranging
from 293 to 733 K.

The standard X-ray phase analysis of the new experi-
mental alloys was performed using diffractometer DRON-
UMI1 with monochromatic CuK,—radiation and monocrystal
of graphite as monochromator located in the place of
secondary beam. Stepwise X-ray registration with angle
step of 0.05° was employed for determination of lattice
parameters. Approximation of diffraction profiles was
carried out through psevdo-Foght function by means of
LS-variation of their K—component angle position, inte-
gral intensity, half-width, and asymmetry. CIB programs
package was employed for the more precise lattice
parameters calculation. The correction of X-ray penetra-
tion into a sample depth has been taken into account. A
peak-breadth analysis has allowed to estimate the volume-
weighted crystalline size and a microstrain averaged all
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over the coherence length to be perpendicular to the dif-
fracting planes [16].

The precise X-ray diffraction studies were carried out
using a continuous drive diffractometer to characterize the
dislocation densities of a magnesium alloy before and after
small creep strain (up to 0.5%) for better understanding the
rate-controlling creep mechanism. In a combination with
graphite monochromater as a filter providing a divergence
and width of beam to be up to standard of 50 angular
second and no more than 0.15 mm, respectively, XRD
measurement parameters (angle interval, step length, etc.)
as well as X-ray diffraction peak-boardening analysis were
employed to single out lattice distortions. This is well-
known advanced technique and its main features have been
reviewed in the textbooks [17, 18]. All data have been
collected by using CuK, radiation and by operating the
X-ray diffractometer equipment in a step scan mode with
0.01° in 20 per step. Under this provision, the peak width
could be measured with the accuracy of 4+ 0.01° in 20.

Short-range tensile tests were performed at a constant
cross-head speed giving an initial strain rate of 107> s™' at
temperature of interest. Creep tests were carried out in
tension using a constant lever arm tester and a temperature
averaging extensometer, which employs a super linear
variable capacitor to measure the strain. Cylindrical tensile
specimens 3 mm in diameter and 25.4 mm gage length
were machined from as-cast material. The apparent a.e.
for creep Q. was determined experimentally from an
Arrhenius relationship where the logarithm of the long-
term creep strain rate &.is plotted against the reciprocal of
temperature [19]:

& = Ad" exp(—Q./RT) (3)

The values of Q. and the stress exponent n are necessary to
identify thermally activated (rate-controlling) mechanism
in a particular temperature and stress rate ranges.

Experimental results

General microstructural characterization of new
experimental as-cast alloys

X-ray measurements of lattice parameters presented in
Table 1 indicate the presence of solid solutions in terms of
o—Mg and /—Mg;7Al,, structural components, as has been
claimed by Massalski [20]. The data obtained are in a good
agreement with the refined lattice parameters for HCP Mg
and its alloys in systems Mg—Al and Mg—Al-Zn [21]. It is
obvious that their lattice distortions are compositional-
dependent. It is very difficult to elucidate the physical
nature of the solid solutions because of complexity of
determining factors that contribute to mutual solubility of
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Table 1 Lattice parameters of «-Mg and -Mg;,Al,, phases in magnesium alloys of eutectic origin

Metal alloy system a-Mg solid solution p-Mg ;AL Standards for verification
a, nm c, nm a, nm volume fraction,
in vol.%
Mg-12.5Al a=0.31650 c=0.51454 a=1.05463 25.5 HCP Mg: sp.gr.P63/mm
a = 0.32093 nm
Mg-12.5A1-1.3Ca a=0.31730 ¢=0.51574 a=1.05883 11.2 ¢ = 0.52112 nm c/a = 1.62375
Mg-12.5A1-1.4Ca—0.3Mn-0.1Ti a = 0.31724 ¢ =0.51546 a = 1.05883 14.2 c/a = 1.633 (ideal value) [20, 21]
Mg-12.5A1-11.7Sr-0.3Mn-0.1Ti a = 0.31735 ¢ =0.51540 a = 1.05633 11 Mg;Al;, (sp.gr. I-43 m) with BCC lattice
of o—Mn type: a
Mg-12.5A1-1.3Ca—0.3Y-0.1Gd  a = 0.31715 ¢ =0.51528 a = 1.05892 18.75 =1.05438 nm [21, 22]

solute and solvent atoms without attracting of the concepts
concerning electron structure and relative valency rule.
Nevertheless, there is a tendency to contraction of the
distorted lattices for the both structural components
(Table 1) thereby testifying to some interaction between
solute and solvent atoms. In any case relative valency and
chemical affinity seem to be important factors upon
alloying magnesium with additions under investigation, as
previously indicated [20]. Standard X-ray analysis has
revealed only two-phase structure of eutectic origin
consisting of decaying o—Mg solid solution enriched by
soluble AE as well as much more refractory f-Mg;Al;,
strengthened by the same AE. Volume fraction of f—Mg;
Al}, in new experimental magnesium alloys based on
Mg-12.5A1-1.3Ca matrix ranges 11.2-18.8 vol. per cent, if
amount of the additional AE such as Ti, Gd, Y does not
exceed 0.1-0.3 wt% (Table 1).

The practical interest to microstructures of eutectic
origin arises from the chemical equilibrium of two phases,
e.g., a-Mg and f-Mg;;Al},, which are unaffected by
chemical decay [23, 24]. Moreover, they have phase
interfacial bonding capable of effectively transferring a
load from one phase to the other phase called natural
eutectic strengthening. The microstructure of eutectic
origin compares favorably with their thermal stability due
to formation during a solidification of low energy phase-
to-phase states, which makes them good for creep resis-
tance. Magnesium alloys of Mg-Al-Zn and Mg-Al-Mn
systems are characterized by divorced eutectics. Increase of
the strengthened f—Mg;;Al;, volume fraction in magne-
sium alloys of Mg—Al-Ca system (up to 18.8 vol%) seems
to cause an additional (natural) eutectic strengthening. It is
noteworthy that the experimental magnesium alloys espe-
cially those containing small additions of Y and Gd are
phase-stable at least up to 430 K (volume fraction of 18.8%
at 293 K against 18% at 430 K for Mg—12.5A1-1.3Ca—
0.3Y-0.1Gd alloy). It is not at all essential to examine in
detail the observed dislocation structure which is present in
as-cast magnesium alloys following TEM observations

(Fig. 1a, b). The main thing is to examine the dynamic
dislocation—alloying element interaction that is responsi-
ble for creep property. It therefore seems appropriate to
continue work along these lines basing oneself on advanced
structure-sensitive techniques. The dislocation microstruc-
ture will be sound by highly dynamic structure-sensitive

Fig. 1 Typical dislocation structures which are formed in the bulk
o—Mg grain (a) and near the interface of the Mg ;Al;, phase (b) of
as-cast alloy of Mg—Al-Ca system produced by rapid solidification
technique
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methods of internal friction with mechanical spectroscopy
and amplitude dependent damping involved.

Internal friction measurements

The internal friction of magnesium alloys under investi-
gation was measured as a function of their chemical
composition based on Mg—Al-Ca-basic matrix. The results
of the measurements are presented in Figs. 2, 3, 4.

Structural studies by mechanical spectroscopy (Fig. 2)
yield a discrete temperature spectrum of internal friction
with a broad inelastic maximum of relaxation origin which
may be decomposed into two main components produced
by grain boundary (GB) relaxation [25, 26]. The first
temperature peak at 460 K is associated with GB disloca-
tion-induced relaxation while second one at 480 K is
attributed to GB solute segregation-induced relaxation.
The experimental profile and experimental points (around
460 K) of the abroad maximum indicate that the same GB
peak with a.e. of about 1.3 eV has appeared as those
already found at 458 K and 483 K for doubly sublimated
HCP Mg of high purity and for conventional HCP Mg,
respectively [27, 28].

The width of the GB maximum Q™ '(T) in the as-cast
magnesium essentially exceeds its theoretical value by
reason of the existence of inevitable impurities in HCP Mg.
The authors have noticed that their segregation at the GBs
seems to cause additional GB segregation-induced relaxa-
tion at higher temperatures [29, 30]. Therefore, the higher
temperature 483 K-peak within the maximum of Q™'
(T) seems to be a consequence of the influence of inevi-
table impurities such as solute hydrogen and oxygen [25,
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Fig. 2 Discrete temperature damping spectra of as-cast magnesium
(99.96%) and its alloys investigated at low frequency vibrations of
about 1 Hz (1 cps):/ magnesium, 2 Mg-2Ca, 3 Mg-12.5Al, 4 Mg—
12.5A1-1.3Ca, 5 Mg-4.9A1-0.28Mn-1.8Sr, 6 Mg-12.5Al-1.4Ca-
0.28Mn-0.1Ti. Inset processing of the background-produced exper-
imental data to evaluate the apparent a.e. U, of the rate-controlling
mechanism at higher temperatures: / Mg—12.5A1-1.4Ca-0.28Mn—
0.1Ti testified by U, = 0.57 eV, 2 Mg-4.9A1-0.28Mn-1.8Sr testified
by U, = 0.54 eV
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Fig. 3 Variation of internal friction with strain amplitude at different
temperatures for Mg—12.5A1-1.4Ca-0.28Mn-0.1Ti alloy: / 293, 2
363, 3 403, 4 448, 5 503, 6 563, 7 633 K. Inset linear relationship
between slope of ¢n tg o and reciprocal temperature for determining
the dislocation-solute binding energy testified by E, = 0.27 eV
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Fig. 4 Variation of internal friction with strain amplitude at different
temperatures for Mg-4.9A1-0.28Mn-1.8Sr alloy: 7 293, 2 368, 3 403,
4438, 5473, 6 503, 7 533, 8 583, 9 628, 10 663, 11 703, 12 733 K.
Inset linear relationship between slope of ¢n tg « and reciprocal
temperature for determining the dislocation-solute binding energy
testified by E, = 0.21 eV

26]. The effect of the GB segregation-induced inelastic
relaxation to some extent masks the original GB disloca-
tion-induced relaxation peak itself. Moreover, the existence
of relaxation time spectrum and grain-size distribution,
which are typical for any as-cast metal alloy system also
changes intensity of the both original GB dislocation-
induced relaxation itself and GB solute segregation-
induced relaxation itself.

Detailed structure consisting of GBs dislocations is
vitally important in understanding GB sliding and creep
properties of the magnesium alloys studied. Some localized
strain is apparent near the interface between o—Mg and
f-Mg,,Al;, phases (Fig. 1b). The evidence for GB sliding
derives principally from damping measurements (Fig. 2)
according to a model of viscous sliding in analogy to the
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GB sliding suggested for polycrystalline FCC Al [31].
Intensity of GB dislocation-induced relaxation is deter-
mined by density of GB dislocations [29, 30]. Introduction
of calcium is succeeded by effective suppression of the
both types of GB relaxation in magnesium alloys of
Mg—Ca and Mg-Al-Ca systems (Fig. 2 curve 1, 2, 3 and
Table 2). The process is completed by blocking GB dis-
locations and GB strengthening because of thermal and
stress-induced segregation of calcium to the GBs.

Following the amplitude-dependent internal friction
(ADIF) data (Figs. 3 and 4) for magnesium alloys con-
taining 0.1% Ti and 1.8% Sr the procedure reveals tem-
perature of the Cottrell’s atmosphere condensation on
dislocations (T, ~ 453-473 K), which divides regions of
the thermally activated pinning (at lower temperatures) and
the thermally activated unpinning of dislocations from the
solute atmosphere (at higher temperatures). It is evident
that pre-existing dislocations typical for as-cast structure
have already been pinned upon rapid crystallization seeing
that tgoe ~ const at lower temperatures T < T, (Figs. 3,
curves 1-4 and 4, curves 1-6). In the lower temperature
range where dislocation relaxation is dominant rate-con-
trolling mechanism, and time-dependent microdeformation
is controlled by dislocation creep, microstructural changes
in as-cast microstructure are succeeded by thermal stabil-
ization of a—Mg solid solution upon additional alloying
with Ti and Sr. It follows that Ti and other similar atoms
(Table 3) interact preferentially with pre-existing disloca-
tions with binding energy E, which is large enough to
maintain the dislocation atmospheres at temperatures lower
than certain of the dense atmosphere condensation, 7} to be
different for various magnesium alloys. Microsegregation
of the AE such as Ti and Sr occurs during rapid solidifi-
cation and continues under coding and even subsequent
heat treatment by analogy with other non-equilibrium
metal alloy system with well-defined short-range order.

Thermally activated unpinning of the dislocation is
certain to occur with increasing temperature 7 > T,
(Figs. 3, curves 5-7 and 4, curves 7—12). The statement is
supported by the increase in tgo with increasing tempera-
ture. At higher temperatures 7' > T, the atmospheres begin
to decompose by the unpinning dislocation mechanism. In
any case for as-cast microstructure with decaying o—Mg
solid solution, the apparent a.e. calculated from high-tem-
perature Q' background data (Fig. 2, insert and Table 2)
are in a good agreement with the a.e. obtained for
p-Mg,,Al,, precipitation reaction at elevated temperatures
[32, 33].

It is significant that additions of Ti and Sr with negli-
gible and limited solubility in HCP Mg, respectively, shift
their transition points to the high-temperature background
of internal friction (Fig. 2, curves 5 and 6) demonstrat-
ing essential increase in heat-resistance (approximately
by 393-433 K). Thus, their segregation on dislocations
extend temperature ranges of existence of thermally stable
microstructure.

Microchemistry—microstructure-property relationship

Using the precise X-ray diffractometry the authors suc-
ceeded in obtaining the data of microstructure changes and
progressive phase transformations arising during small
creep strain at 423 K under tensile stress of 70 MPa for
magnesium alloys in Mg—Al-Ca-Y system. The idea of
stress-induced strengthening is supported by XRD analysis
of a microstructure after creep strain (Figs. 5, 6, 7). The
observed 0-20 XRD patterns of the Mg-12.5A1-1.4Ca
alloy with addition of 0.3Y taken in the angle range
18° < 20 < 80°from specimen in as-cast (unstrained)
condition (1), after creep strain of 0.3% (2), in the region
excluding necking as much as 0.5% (3), and in the neck
after creep strain of 0.5% (4) are illustrated in Fig. 5. As
seen from this figure (curves 1, 2, and 3), in case the creep
strain does not exceed 0.4% no change in its phase con-
stitution and lattice distortion (dislocation) density appears

25 30 35

20, deg

4

3

2

L 1 1 1 1 1 1 1

20 30 40 50 60 70 80
20, deg

Fig. 5 XRD patterns in the relative intensity, % —20, degree
coordinates for the Mg—12.5A1-1.4Ca -0.3Y alloy: (/) as-cast state
(deformation-free head) and 2, 3, 4 after total creep strain 0.3%
(2 generatrix) 0.5% (3 generatrix), and 0.5% (4 neck) under tensile
stress 70 MPa at 423 K

Table 2 Apparent background energy U, as a function of alloy composition

Alloy composition Mg (99.96%) Mg-1.5Ca

Mg-12.5A1-1.3Ca

Mg-12.5A1-1.4Ca—0.28Mn-0.1Ti Mg-4.9A1-0.28Mn-1.8Sr

U,, eV 0.30 0.47 0.66

0.57 0.54
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Fig. 6 XRD patterns of the Mg—12.5A1-1.4Ca—0.28Mn-0.1Ti alloy:
I as-cast state (deformation-free head), 2 after total creep strain
0.37% under tensile stress 70 MPa at 423 K
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Fig. 7 a, b XRD patterns of the Mg—12.5Al-1.4Ca—0.28Mn-0.1Ti
alloy: I as cast state (deformation-free head), 2, 3 after total creep
strain accumulated during long-term test for 200 h under tensile stress
70 MPa at 423 K (3 generatrix and 4 cross-section)
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to occur. As a matter of fact, the authors observe actual
coincidence of the diffraction angles for most reflections,
slight redistribution of their observed intensity and insig-
nificant change of their half- width as a measure of its
physical state upon deformation. Undoubtedly, the stable
behavior of the Mg—Al-Ca-Y alloy before its necking is
supported by strong resemblance of X-ray lines for speci-
mens in unstrained and creep strained conditions. By
contrast, in case the necking occurs the existent XRD peak
positions are displaced and broadened and the new XRD
pattern appears in the neck region (curve 4, see arrows).
Shifting of the diffraction lines (1 => 2 => 3) character-
izes continuity of the stress-induced solid solution disin-
tegration succeeded by phase transformation in critical
point (4). This implies that the constant stress-induced
creep at such a small isothermal strain (0.4% ¢ up to 200 h)
is controlled by saturation of dislocation density because of
the preferential contribution of lattice distortions (stored
energy). Its critical value is a criterion of plastic instability
at 0.5% e. According to the findings and notions the wid-
ening of existent reflections testifies to dislocation density
growth and stresses level increase while the displacement
and appearance of new reflections testify to phase trans-
formations [17, 18]. It is obvious that peak-broadening of
all the X-ray lines and their shifts in XRD pattern (4) rel-
ative to ones (1-3) seems to interconnect not only with
solid state phase transformation (essential change of phase
composition), but also with increase of dislocation density
during creep strain up to 0.5%. It can be seen that ever
increasing amount of stored energy because of lattice dis-
tortion broadening is accumulated upon deformation while
no essential change in crystalline size broadening appears
to occur at such a small creep strain. Hence, peak broad-
ening is entirely due to lattice distortions.

Development of creep strain at 423 K and 70 MPa is
succeeded by saturation of critical lattice distortion (dis-
location density) under tensile loading and, as conse-
quence, dynamically unstable decomposition of o—Mg
solid solution to initiate the tensile-stressed disperse phase
transformations. Especially it is very clearly seen in the
neck region that the plastic instability arises from creep
strain of 0.5% (Fig. 5, curve 4). Thus, useful long-term
strength is controlled by the critical time before building-
up the neck under combined (three-axial) tension, which is
responsible for starting of the accelerating stage of creep.
In such a case the stable microstructure of the magnesium
alloy based on Mg—Al-Ca-Y system is destroyed because
of creep strain which is localized due to the necking in
plastic instability condition. Reflections of unknown phase
under 20-36°20(curves 1, 2, 3 Fig. 5) and 26-38°20(curve
4 Fig. 6) angles corresponding lattice spacings 0.247 and
0.237 nm, respectively, are observed. They fit neither o—
Mg nor ;—Mg;7Al;, phase (Fig. 6).
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The Mg-Al-Ca-Y and Mg-Al-Ca-Ti alloys exhibit
significantly different behavior upon being creep strained.
It is appropriate to compare the plot in Fig. 5 with ones
shown in Figs. 6 and 7. XRD pattern of Mg—12.5Al-
1.4Ca-0.28Mn-0.1% Ti in as-cast state demonstrates
presence of many X-ray lines of small intensity, which may
be connected with some insoluble quantities of second
phase particles that are not observed after creep strain. It
follows that the over-alloyable titanium atoms seem to be
solved in o-Mg on the structural defects, namely disloca-
tions, which could be chemically bounded with solute
atmospheres by Cottrell hardening mechanism. In Fig. 6
XRD pattern shows additional X-ray lines (0002) and

( 10 171) near the reflection angles 20-38° and 40°, respec-

tively. They are likely to be caused by presence of an
additional phase as a result of over-alloying. It should be
underlined that after strain the X-ray lines (0002) and

(10 1_1) disappear by reason of the phase dissolution with

increasing the strain-induced dislocation density. The
results obtained are in a good agreement with the ampli-
tude-dependent internal friction date (Fig. 3), which is in
favor of pinning the dislocation structure with binding
energy of about 0.3 eV (Table 3). Low dislocation mobility
requires a higher driving stress for creep strain to occur
without any phase transformations. Promising alloying
elements such as titanium that possesses effective solubil-
ity on structural defects in a—Mg (Figs. 2 curve 6 and 3) are
capable of binding moving dislocations and thereby to play
the role of traps delaying the formation of critical dislo-
cation density during creep deformation as much as 200 h.
There is evidence that jerky flow (Fig. 8) and other yield
point phenomena trigger activation of the rate-controlling
mechanism [11, 34]. In the course of tensile tests, serra-
tions typical of the Portevin—Le Chatelier effect are
observed in magnesium alloys containing Ti, Sr, Gd
additions at stress rate of about 107> s~'. The a.e. of the
phenomenon which controls the appearance of the serra-
tions is comparable to vacancy migration energy
(~0.8 V), while the energy governs its disappearance is
similar to self-diffusion energy (~1.35 eV).

It is noteworthy that jerky flow (the Portevin-Le
Chatelier effect) occurs while introducing the AE such as
Ti and et sec. with large positive heat (enthalpy) of mixing,
AHm. For Mg-Ti system AHm makes up 16 kJ/mole [35].
The measurable effect of jerky flow is determined by the
serrations on the smooth curve ¢ — ¢ at ¢ = const (Fig. 8).

Table 3 Binding energy Ej, as function of alloy composition

This should be considered as indication of some limited
dislocation activity due to pinning the dislocations by
Cottrell mechanism with formation of dislocation atmo-
spheres. Jerky flow in Ti-containing magnesium is observed
during tensile tests. With this provision, regular serrations
are certain to occur in the temperatures range of 403-523 K.

Power creep law relation and thermally activated
behavior

As is well-known, temperature-dependent (Arrhenius
behavior) and stress-dependent (power low) steady state
creep rate, & are described by the following relationship:

és = Ad"exp(—Q¢/RT) (4)

where Q. is the a.e. for creep; n is the stress exponent; A is
a constant. The parameters, n and Q., are related to the
dominant (rate-controlling) mechanism of creep deforma-
tion, which depends on applied stress and temperature.
Therefore, abrupt changes in Q. and n may be found when
the dominant creep mechanism changes. The experimental
results from tests at 423 K for all stresses (up to 90 MPa)
show a reasonable fit to a straight line with different stress
exponents in the appropriate stress ranges (Fig.9).
According to [36] n is equal to 1...2 if diffusion creep is
rate-controlling mechanism, n ~ 3 for some solid solu-
tions and n ~ 4...5 for many other alloys and pure metals.
Here it is thought that microdeformation mode below

200 H

150 H

116
114
112
110
108

0.04 0.08 0.12

523K

50 K

0 " 1 " 1 N 1
0.00 0.04 0.08 0.12
€

Fig. 8 Repeated (serrated) yielding in Mg—12,5A1-1.3Ca-0.4Mn-
0.2Ti alloy during short-range tensile test

Alloy designation Mg (99.96%) Mg-12.5Al-1.2Ca

Mg-12.5A1-1.3Ca

Mg-12.5A1-1.4Ca—0.28Mn-0.1Ti Mg—4.9A1-0.28Mn-1.8Sr

Eb, eV 0.21 0.32 0.50

0.27 0.21
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Fig. 9 Dependence of measured steady state creep strain rate on
applied stresses at 423 K (power law) for different magnesium-base
alloys: I AZ91D (Dow Chemical Corp., USA) (n ~ 3), 2 Mg-
12.5A1-1.4Ca (n ~ 2), 3 Mg-12.5A1-1.4Ca-0.3Y (n ~ 6). Inset
Arrhenius plots in the power low creep regime for Mg—12.5A1-1.4Ca
alloy with a.e. of 0.8 eV

macroscopic yield is controlled by dislocation creep [37].
Alloys of Mg-Al-Zn, Mg-Al-Ca, and Mg-Al-Ca-Y
exhibits a pronoun power law creep regime with no stress
threshold to demonstrate solid solution strengthening for
AZ91D (o =~ 20-60 MPa) and Mg-12.5A1-1.4Ca alloy
(6 =~ 30-60 MPa) (Fig. 9, curves 1 and 2). For Mg—
12.5A1-1.5Ca-0.3Y alloy &, obeys a power low &, co ¢",
where n =~ 6 (Fig. 9, curve 3). Such values of the stress
exponent, n are typical for high temperature dislocation
creep mechanism accommodated most likely by solute
diffusion of the Y to the dislocations. Indeed, dislocations
initiated at the interface (Fig. 1b) control creep resistance
followed by power law at higher temperatures [36].
Temperature dependence of the creep rate ¢ is shown in
the Arrhenius plots of Fig. 9, curve 4. The slope of the
straight line relationship multiplied by K (gas constant)
gives the apparent activation energy for creep, a.e. Q. to be
equal of about 0.8 eV for the magnesium-base alloy of
Mg-Al-Ca system at 64 MPa. Unlike Al, Mn, and Zn the
alloying by Ca as slower-diffusing substitution element
enhances contribution of the accommodated mechanism of
GB-diffusion in segregated alloy (Fig. 2, curve 2), thus
increasing a.e. of diffusion from 0.3 to 0.4 eV (GB-self
diffusion in HCP Mg) to 0.7-0.9 eV upon additional
alloying by Ca. It is important that the value coincides with
a.e. required for migration of vacancies. At larger stresses
(60-90 MPa) (Fig. 9, curve 3) creep strain rate for mag-
nesium alloy of Mg—Al-Ca-Y system is the most likely to
be controlled by bulk (lattice) dislocation climb (n = 3-6).
For reasons given, corrections to the chemical composition
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in Mg—Al-Ca system was carried out to improve the solid
solution strengthening and creep resistance of the magne-
sium alloys in terms of new ratio of Al to Ca [38, 39] and
additional alloying with promising elements such as Ti, Sr,
and Gd.

Creep resistance and long-term strength

The greatest advantages of new experimental alloys were
revealed during creep tests. As can be seen from Table 4
and Fig. 10, at 423 K under stress of 70 MPa they exhibit
creep strain which grows significantly less than that of
AZ91D and AE 42 magnesium alloys. Furthermore, their
creep rate (4 ~ 107" s~") makes up value which is on two
order of magnitude less than that of AZ91D alloy
(¢ ~ 1077 s_l) at a much less value of creep stress,
35 MPa. It is considered that in order to design for good
creep resistance the recovery and softening effects should
be minimized [40]. Shape of curves after tensile tests at r.t.
and 423 K is found to be comparable with shape of creep
curve at 423 K (Fig. 10). This implies indicates that creep
strain in the newly developed magnesium alloys based on
the ternary Mg—Al-Ca system is accumulated exhibiting
deformation strengthening without recovery.

The significantly higher creep properties of magnesium
alloy containing inexpensive addition of Sr (1.8%), Gd
(0.2%) and very small addition of Ti (0.1-0.2%) (Fig. 11;
Tables 4 and 5) differ favourably from AE42 alloy con-
taining expensive additions of 2-3% RE that provides
es ~ 0.84% for 200 h at 423 K/70 MPa. Stress-induced
effective solubility of «—Ti atoms on dislocations causes
effect of self-strengthening for the inexpensive Mg—
12.5A1-1.4Ca-0.3Mn-0.1Ti alloy thereby improving its
useful long-term strength during creep strain at 423 K.
Under such conditions creep limit amounts to 70 MPa at
creep strain &, no more than 0.5% and &, of about 10™° s~
during up to 200 h.

It is important to emphasize that long-term features
exhibit some correlation between creep strain rate &. and
time to a given creep strain (Table 4, Figs. 9 and 10) for all
alloys under investigation. Somehow or other &, level
indicates their survival probability. The authors abandon
themselves to the idea that one should not carry out all the
cycle of creep testing (up to 200 h) to save time and
resources provided single rate-controlling mechanism will
be operate. The proximate analysis unambiguously dis-
plays source data as creep strain rate rather that time
interval. It might therefore be expected that solute-induced
dragging is the most probable rate-controlling mechanism
responsible for delaying the dislocation activity on the
107 57! level. This assumption is supported by appear-
ance of regular serrations on the smooth curve during
tensile test of magnesium alloy containing T; addition
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Table 4 Creep strain rate & at 423 K as function of chemical composition

Alloy composition (destination) Creep strain rate &, s~ Creep strength, MPa t,h Creep strain, &, %
AZ91D (Dow Chemical Corp., USA) 1077 35 200 2.50
64 100*
Mg-12.5A1-1.3Ca 1078 64 200 0.35
Mg-12.5A1-1.3Ca-0.3Y 1078 70 48 0.40
Mg-12.5A1-1.3Ca-0.3Y-0.2Gd 1 x107° 70 200 0.40
Mg-12.5A1-1.3Ca—0.3Mn-0.1Ti 1 x107° 70 200 0.55
Mg-12.5A1-1.3Ca—0.3Mn-0.2Ti 1 x107° 70 200 0.28
* Fracture
081 300 (Fig. 8 and Table 5) as well as by dislocation damping

f 0.7 g 200 2 investigations (Figs. 3 and 4).
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Fig. 10 Short-range and long-term properties of the newly developed
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Fig. 11 Creep curves for magnesium alloys containing titanium (in
%):  Mg-12.5A1-1.4Ca-0.3Y-0.07Ti (1), Mg-12.5Al-1.4Ca—
0.28Mn-0.1Ti (2), and Mg-12.5A1-1.3Ca-0.4Mn-0.2Ti (3)

Table 5 EDXS analysis of elementary composition of the fracture
surface at 293 K for the tensile stressed Mg—12.5A1-1.3Ca—0.3Mn—
0.1Ti alloy

Element wt, % at, %

Mg 18.68 25.69
Al 39.36 48.76
Ti 0.28 0.19
Cr 0.36 0.23
Mn 40.02 24.35
Fe 1.30 0.80
Total 100.00 100.00

alloys with improved elevated-temperature properties and
with acceptable cost to the automobile industry [41-45].
The main reason of slow inculcation of magnesium alloys
on the automobile market is insufficient castability, high
cost and insufficient reproducibility of their properties.
From the point of view of the Dead See Magnesium Ltd;
and Volkswagen A.G. joint research group, requirement of
low cost along with castability problems reduces possible
options to alloy systems containing Al or Zn as principal
alloying elements, with using Mn, Si, Ca, and Sr as rela-
tively small additions as well as Ce or La-based mish-metal
[1, 2].

Mg-Al-Ca system: general characterization

A sufficient amount of Al in the magnesium alloy melt is
considered to provide its good die-castability properties. At
the same time formation of eutectic corrosion-resistant
Mg,Al;, intermetallic results in decreasing the creep
resistance. As is well-known, replacing RE with Ca for
magnesium alloys in Mg—Al system could lower their cost
without impairing the mechanical properties. The same
level of creep resistance for AX 51 alloy in Mg—Al-Ca
system containing the strengthening phase Al,Ca is pro-
duced at much lower cost than for AE 42 alloy containing
RE element (Ce) [3]. Nevertheless, the current commercial
magnesium alloys of the Mg—Al and Mg—Al-Zn systems
making up the bulk of those used in automotive industry do
not exhibit creep resistance while maintaining die cast-
ability and room temperature strength. The second group of
these alloys in Mg—AI-RE and Mg—AI-Si systems offers
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borderline improvement in creep resistance but cost and
poor die castability are their main disadvantages. Except
for the Mg—Al-Ca and Mg—Zn—Al-Ca systems other patent
experimental alloys also contain the expensive rare earth
additions [46, 47]. The less expensive Mg-2...6%Al-
0.25...5.5%Ca with composition to give Al,Ca precipita-
tion [46] has had die castability problems including hot
tearing when prototyping an automatic transmission case.
A subsequent version of the alloy, Mg—Zn—Al—-Ca has had
promise in eliminating die cast problems but the alloy
seems to work only in an extremely narrow composition
range and also to exhibit variation in properties. Thus,
more data have to be generated on present and newly
developed types of alloys to confirm that magnesium
product is a serious candidate for the desired applications
(running gear, engine blocks, etc.).

Comparable data analysis

Before proceeding to a presentation of the approach it
should be pointed out that X-ray data considered here are
limited to the analytic potentiality of the X-ray diffraction
method, as is clearly shown in Figs. 5, 6, 7. In particular,
some X-ray lines (for example, line of Ti at 38°, etc.) on
the XRD patterns have disappeared (Figs. 6 and 7). In
addition to this, the traces of other phase are observed as
four lines with reflecting angles 30.6°; 34.8°; 37.7°; 38.3°.
In some samples the 34.8°—peak is imposed on the (002)
peak of HCP Mg lattice. These additional lines may be
identified within the framework of hexagonal cell with
a = 0.2770 nm and ¢ = 1.6454 nm or of ortorombic cell
with a = 0.2770 nm; b = 0.2921 nm; c¢ = 1.4100 nm.
Such being the case it is very difficult to carry out the
thorough X-ray diffraction analysis and to obtain exact
structural determinations regarding the behavior of almost
insoluble T; in HCP Mg by analyzing X-ray evidence only.
In a word, the authors are not able to defect decomposition
of o—Mg solid solution in its early stages and to analyse
behavior of small additions by reason of limiting accuracy
of X-ray diffraction analysis. At the same time Q'
experimental technique is capable of improvement in
accuracy. In fact the damping measurement (Figs. 2, 3 and
4; Tables 2 and 3) is a true reflection of the observed
behavior of magnesium alloys in Mg—Al-Ca system con-
taining small additions of Ti and Sr.

The principal part of the discussion is therefore con-
cerned with the Qfl(T) changes which occur during suc-
cessive alloying with the additions under investigation.
Detailed structure consisting of GB dislocations is vitally
important in understanding GB sliding and creep properties
of the magnesium alloys studied. Some localized strain is
apparent at the interface (Fig. 1b). The evidence for GB
sliding derives principally from damping measurements
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(Fig. 2). The experimental profile and experimental points
(around 458 K) of the maximum in HCP Mg (Fig. 2, curve
1) seem to follow GB inelastic relaxation, which is very
similar to that already found for the GB peak in doubly
sublimated HCP Mg of high purity at 1 Hz [27]. The height
of the GB Q™' maximum is approximately proportional to
the GB dislocation density. This maximum is thermally
activated and characterized by a.e. of 1.3 eV. GB contri-
bution of the dislocations to GB sliding has totally sup-
pressed in Mg—Ca alloy.

In the periodic literature [27, 28, 48-51] discussion is
essentially based on correlation between the GB relaxation
and the intrinsic GB sliding. It has been previously shown
[49] that GB internal friction in HCP Zn to be resolved in
two components is associated with diffusive motion of GB
dislocations. A similar interpretation was used to explain
the features of GB dislocation-induced relaxation and GB
solute segregation-induced relaxation in HCP Mg (Fig. 2).
Detailed considerations of the two mechanism of damping
are discussed in another paper [48, 50, 51]. The mechanism
of extrinsic GB sliding discussed so far is consistent with
an analysis of the GB relaxation phenomenon occurring
along GBs and with a real origin of the new kind of GB
relaxation observed (Fig. 2). It should be pointed out that
the first broad Q™ '(T) maximum is overlapped by some
small peaks of the dislocation origin, answering the
description of Fig.2 (curve 1) in Internal friction
measurements.

Following the data of mechanical spectroscopy [48] two
GB peaks are found to be present in the temperature-
dependent damping spectrum of the Mg—3%Ni alloy. First
of them is ascribed to thermally activated dislocation
relaxation, while second Q™ (T) peak seems to be attrib-
uted to the GB solute relaxation.

Softening effect of grain boundary sliding in HCP Mg
polycrystals arises in the stress-temperature ranges of
interest for automotive applications. Furthermore, precipi-
tation from the saturated «—Mg solid solution is succeeded
by deterioration of their properties during creep. These two
main effects are the most likely to decrease creep resis-
tance and long-term strength of magnesium alloys in Mg—
Al-Mn and Mg—Al-Zn systems. It is considered that in
order to design for good creep resistance the recovery and
softening effects should be minimized. Poor creep resis-
tance of HCP Mg is enhanced by increase in macroscopic
sliding due to existence of the relaxing GB dislocations in
its polycrystal. The apparent complexity of the grain
boundary internal frictional maximum for HCP Mg (Fig. 2)
seems to preclude a detailed description of the dissipation
mechanism.

Nonequilibrium grain boundaries provide a large num-
ber of excess dislocations for slip [52, 53]. GB disloca-
tions and back stress were used to account for large
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stress-exponent n = 2...5 [54]. Following the calculated
data the solutes in the GBs effectively retard the GB dis-
location-induced relaxation (Fig. 2) thus significantly
decreasing both the minimum creep rate and creep strain,
as one should be expected.

According to [55, 56] Ti possesses the largest positive
enthalpy of mixing (making up 16....30 kJ/mole for
bimetallic system Mg-Ti) and therefore is considered as
insoluble alloying element relative to HCP Mg. Never-
theless, the authors have revealed 0.28 wt, % (0.19 at, %)
Ti in magnesium alloy using rapid solidification method
(Table 5).

One of the reason for structure instability in the course
of dynamic strain ageing (DSA) is the stress-induced and
structure-sensitive interaction between mobile dislocations
and diffusants (solute atoms). Under these conditions the
corresponding Portevin—-Le Chatelier effect is succeeded
by the sharp decrease in the creep strain, with negative
strain rate and positive temperature dependence of the flow
stress [57]. Observed post relaxation effect because of DSA
is caused by the change in the concentration of solute
atoms on dislocations with the temperature and strain rate.
Unlike slow kinetics of solid solution disintegration
kinetics of segregation of solute elements or their deseg-
regation are extremely rapid, suggesting short-range dif-
fusion of segregant [58]. Thus, the only causes for the huge
decrease in creep rate could be: (a) a decrease in the bulk
(lattice) diffusion coefficient due to introducing more
refractory additions, and/or (b) a slowdown in dislocation
activity due to solute-induced dragging.

It is reasonable to expect that the excellent increase in
creep resistance and long-term strength should be attrib-
uted to dynamic (stress-induced) dragging the dislocations
by non-equilibrium Cottrell’s dislocation atmospheres in
full-accordance with physico-chemical Le Chatelier-Broun
principle of mobile equilibrium [59].

There is an evidence that jerky flow (effect of the
Portevin—Le Chatelier) is occur while introducing the
alloying elements with large positive heat (enthalpy) of
mixing. The measurable effect of jerky flow is determined
by the serrations on the smooth curve ¢ — ¢ at stress rate
& = const (Fig. 8). This should be considered as indication
of some limited dislocation activity due to pinning the
dislocations by Cottrell mechanism with formation of dis-
location atmospheres. Jerky flow in Ti-containing magne-
sium is observed during tensile tests (¢ = 1073 s71). With
this provision, regular serrations are certain to occur in the
temperatures range of 403-523 K.

The activation energy (a.e.) of the phenomenon which
controls the appearance of the serrations is comparable to
vacancy migration energy (~0.8 eV), while the energy
governs its disappearance is similar to self-diffusion energy
(~1.35eV) [60]. The point defects are generated during

straining by the non-conservative motion of jogs on mobile
dislocations. Following the modified versions of Cottrell
model for the Portevin—Le Chatelier effect [61] it is
deduced that repeated (serrated) yielding is caused by
short-range diffusion of clusters “excess vacancy-solute”
which insure the dislocation locking with the participation
of the strained-produced vacancies. Annealing of the
excess vacancies at appropriate sinks or their annihilation
give rise to deviations of experimental data from Cottrell
model by primary cluster-induced mechanism [29].

It is important to emphasize that long-term features
exhibit some correlation between creep strain rate &. and
time to a given creep strain (Table 4, Figs. 9, 11) for all
alloys under investigation. Somehow or other £, level
indicates their survival probability. The authors abandon
themselves to the idea that one should not carry out all the
cycle of creep testing (up to 200 h) to save time and
resources provided single rate-controlling mechanism
could be operate. The proximate analysis unambiguously
displays source data as creep strain rate rather than time
interval. It might therefore be expected that solute-induced
dragging is the most probable rate-controlling mechanism
responsible for delaying the dislocation activity on the
107 57! level. This assumption is supported by appear-
ance of regular serrations on the smooth curve during
tensile test of magnesium alloy containing Ti addition
(Fig. 8) as well as by dislocation damping investigations
(Figs. 3 and 4).

New outlook for magnesium alloy development

Thermal analysis indicates that temperatures of phase
transformations depend on the chemical composition of
new experimental magnesium alloys consisting of low-cost
AE. Kinetics of their decomposition and bulk cooling rate
under their solidification by crystallization is accessed
through 333 K/s [26, 34, 39, 47]. By reason of the rapid
solidification rates experienced during pressure die casting
the magnesium alloys of Mg—Al system such AM50, AM60
as well as AZ91D are affected by supersaturation of «—Mg
solid solution in as-cast condition. Moreover, due to the
divorced nature of their eutectic they are laminated to form
regions of highly supersaturated «-Mg adjacent to the GBs.
This leads to an unstable microstructure and extensive
precipitation that continues for many hundreds of hours.
The slow kinetics of the thermal decomposition gives
rise to keeping metastable «—Mg matrix solid solution and
to decreasing creep resistance of commercially available
alloys based on the Mg-Al system [62]. Addition of Ca
under know-how ratio of Al to Ca [39] results in stabil-
ization of o—Mg solid solution in the Mg-Al-Ca alloy
system. At the same time, fast kinetics of segregation/
desegregation restricts long-term strength at 423 K for
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200 h to the creep strength of 64 MPa (Table 4). Never-
theless, alloying of magnesium with the greater quantity of
aluminum (up to 12.5 wt%) leads to an increase in its
castability (up to 30%). This allows to use the family of
magnesium alloys for manufacturing the parts which are
very difficult to cast. Besides, increasing the Al con-
tent (nearer to eutectic point) leads to a doubling in the
volume fraction of dispersed eutectic structural component
p-Mg;Al;, to be strengthened by solute third AE
(Tables 1 and 4).

There are two bimetallic magnesium-base systems of
different kind with negative and positive enthalpy of
mixing. The vast majority of them are formed in the
systems with negative heat and enthalpy of mixing (e.g.,
Mg—Zn, —4 kJ/mole; Mg—Si, —26 kJ/mole; etc.) due to the
reduction of Gibbs free energy upon intermixing to form
solid solution or intermetallic compound [55]. A large
negative heat of mixing in the liquid characterizes a high
glass-forming ability for metallic alloys. At the same time
Mg-Ti system relates to positive heat-of-mixing metallic
systems which have not a thermodynamic driving force
[56] and is characterized by a large positive heat of mixing
(16 kJ/mole) in both the liquid and solid states according
the Miedema model [63].

As is known, systems with a positive heat of formation
(enthalpy of transformations to standard elements) tend to
favour “de-mixing” [64] as well as to local ordering. For
reasons given their formation requires very high cooling
rates: local structure evolves rapidly requiring mostly
short-range diffusion and arrangements. However, rapid
kinetics of Ti (Gd, Sr) microsegregation under a high-speed
treatment is at variance with the slow kinetics of the
thermal and stress-induced decomposition. By doing so the
mobile fluctuations of chemical composition promote to
the dislocation pinning. Unfortunately, in the study of the
systems to date, convincing evidence is generally lacking
in establishing the exact extent of alloying of the atomic-
level homogeneity [65, 66]. Multi-component additions
may have changed the magnitude or even sign of the heat
of mixing so that their incorporation should be carried out
on segregation-level scale due to the rapid solidification-
induced dislocation structure. In order to alloy a pair of
constituent (“immiscible”) elements revealing little or no
mutual solubility even in liquid state up to very high
temperatures it is necessary to employ highly non-equi-
librium processing that overcomes a solubility barrier, for
example, through the rapid quenching route. In order to
solve the problem in the multicomponent Mg—12.5Al-
1.3Ca containing 0.1-0.2 wt% Ti the authors have used for
the first time a processing technique of rapid quench from
solid phase rather than mechanical alloying [67] that is
unsuitable for die-casting technology. Rapid solidification
rate in the experiments closely resembles that to be
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expected from die-casting procedure (up to 373 K/s).
Moreover, the approach provides the extent of atomic-level
alloying with Ti, Sr, Gd, etc., due to as-cast dislocation
structure having binder and accommodation capacity on
the atomic segregation-level.

The Mg—X systems (where X—Gd, Sr) should be likened
to those bimetallic systems with particular thermodynamic
properties seeing that the same causes produce the same
effects. As one should expect, this approach is in agree-
ment with the well-known Le Chatelier-Broun principle of
mobile equilibrium which is useful in the linear thermo-
dynamics of non-equilibrium processes [68].

Principles of alloying of the newly developed
magnesium alloys

A physically based constitutive model of dislocation creep
retardation is suggested, based on the structural-energy
efficiency concept of useful long-term strength valid for
metal alloy systems. It takes account of physical defect
kinetics, i.e., speed change and dislocation dragging by
Cottrell solute atmospheres consisting of slower diffusing
refractory AE with special thermo-dynamic properties.
Upon small-scale alloying they exhibit large positive val-
ues of enthalpy of mixing (16....30 kJ/mole for Mg-Ti
system [55, 56]), a tendency to clustering a structure of
o—Mg solid solution and effective solubility on dislocations
in the non-equilibrium conditions crystallization thereby
overcoming a barrier of their solubility. The approach gives
rise to elucidate the physical nature of titanium beneficial
effect, which is attributed to an occurrence of limited-
mobility dislocations in the high-stress regime. These
notions are supported by experimental observations
including the ADIF measurements (Figs. 3 and 4), discrete
temperature spectra change (Fig.2), X-ray diffraction
analysis (Figs. 5, 6, 7) and repeated (serrated) yielding
(Fig. 8).

Novelty of the approach consists in development of
physical principles of precision (on atomic-energy level)
alloying of Mg-Al-Ca matrix with promising additions
having a large positive enthalpy of mixing using processing
technique of rapid solidification. They are based on high
sensitivity of the selected alloying elements such as Ti, Gd
and Sr to the solidification/cooling rates. This makes it
possible to overcome a potential barrier of solubility in the
non-equilibrium conditions and facilitates introducing in a
melt of the additions insoluble in equilibrium conditions.

Any die-casting process is succeeded by rapid solidifi-
cation of a magnesium melt the rate of which hesitates
within the limit of 313...333...373 K per second. The
relevant dislocation structure to be formed in as-cast con-
dition can be expected to interact only with the fast-acting
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alloying elements which are able to trap the dislocations in
the non-equilibrium conditions of crystallization. Original
idea is to select those of them which will be able to inhibit
the initiation of critical dislocation density responsible for
deterioration of creep properties at higher temperatures and
thereby to enhance contribution of the refractory metal
diffusion responsible for increase in heat resistance. It is
these alloying elements such as Ti, Gd, and Sr that can do it
having negligible or low lattice solubility in HCP magne-
sium («—Mg) at elevated temperatures. Being that the AE
exhibit high sensitivity to the high-speed treatment they
can be expected to increase effective solubility (on struc-
tural defects) thereby extending limit of their solubility.
This effect is succeeded by essential pinning of moving
dislocations with solute atmospheres by Cottrell hardening
mechanism [11]. Its activation in the stress field should
minimize solute effects to increase creep resistance and
long-term strength up to 70 MPa at 423 K for 200 h with
slow creep rate at 1077 s™'.

It is considered [39, 40] that magnesium alloys of
Mg-Al-Ca system suffer from creep caused by both dis-
solution-diffusion change and thermal decomposition.
However, new information provided for multicomponent
(quaternary) Mg—Al-Ca-Ti and Mg-Al-Ca-Sr systems
forms a strong basis for magnesium alloy design con-
cept based on preferential contribution of stress-induced
decomposition and stress-induced diffusion-controlled
reactions to occur during long-term creep testing (Figs. 2,
5,6,7, 10, 11). In this case dissolution of the AE occurs on
the structural defects such as dislocations. As such, solute
atmosphere dragging becomes rate-controlling mechanism
responsible for improvement of creep properties and heat
resistance (Figs. 2, 9, 10, 11) based on Cottrell hardening
(Figs. 3, 4, and 8). The idea of self-strengthening is sup-
ported by XRD analysis of the microstructure after creep
strain at 423 K/70 MPa (Figs. 5, 6, 7).

To summarize in a few words, the main advantages of
the newly developed experimental magnesium alloys are
reduced to the following:

1. castability is considered to be the main critical
property of any die-casting alloy. Higher castability
(up to 30%) and good melt handling of the newly
developed Al-rich magnesium alloys compared to the
commercial alloys AZ91D, AE42, and AS21 is insured
by new ratio of Al/Ca which has been patented. Due to
Al-rich compositions the magnesium alloys under
investigation are intended to parts which are very
difficult to cast;

2. higher creep resistance and long-term strength the
newly developed magnesium alloys of Mg —Al-Ca-Ti
and Mg—Al-Sr—Ca-Ti and Mg—Al-Ca-Y-Gd systems
are found to have the best combination of room and

creep temperature properties revealed by successful
short-range and long-term range tensile testing at
64.....70 MPa and 423-448 K. Their appropriate com-
positions covered by patent pending due to basic
matrix Mg—Al-Ca patented in Ukraine. Their creep
properties at 403—423 K under stress of 50-70 MPa
are significantly better than that of the commercial
alloys AZ91D, AE42, and AS21. Unlike a AZ series of
magnesium alloys with divorced cutectics (AZ91D,
etc.) the new experimental magnesium-base alloys
containing cheaper additions compare favourably with
higher creep and heat resistance as well as long-term
strength compared to magnesium alloys AS21 (Mg—
2%Al-1.5%Si), and AE42 (Mg—4%Al1-2.5%RE) con-
taining expensive additions, in the temperature and
stress ranges of interest for automobile applications.
3. longer life creep strength of Mg—12.5A1-1.3Ca basic
matrix is found to be 64 MPa. The creep strength is
increased up to 70 MPa upon its alloying with small
additions of Ti and etc. A new family of creep-resistant
and long-term strength presents a cost-efficient system
capable to operate at 70 MPa/423 K for 150-200 h
with allowance of total creep strain 0.2....0.4....0.6%.

Conclusions

The basic conclusions to be drawn from the results
obtained may be stated as follows:

e following the data of internal friction measurements the
introduction of Ca is found to suppress grain boundary
relaxation to promote the grain boundary strengthening
of magnesium alloys in the ternary Mg—Al-Ca sys-
tem. Increasing the Al content to 12.5% wt% and to
fractional increase of Ca content leads to a doubling in
the volume fraction of the second eutectic component
f-Mg;Al;, to be strengthened. Lattice distortions in
the both o—Mg solid solution and f-Mg;7Al;, are
compositional-dependent. Such a structure enhances
contribution of natural eutectic strengthening;

e X-ray studies reveal the structural and phase transfor-
mations that arise during long-term creep testing in the
neck of a specimen; the critical residual stored micro-
strain is found to be responsible for the localized
necking which should be regarded as physical limita-
tion of useful long-term strength of magnesium alloys
in system Mg—Al-Ca-Y;

e introduction of small additions of Ti (about 0.1-0.2%)
and large amount of Sr (up to 1.8%) within the basic
melt causes significant solid solution strengthening due
to pinning of slowly moving dislocations by the Cottrell
atmosphere mechanism with binding energy of about
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0.2-0.3 eV. Titanium having a large positive enthalpy
of mixing is introduced in matrix for the first time using
processing technique of rapid quench (up to 373 K/s)
from high-temperature solid phase;

e following the internal friction measurements the alloying
of the Mg—Al-Ca basic matrix with more refractory
additions such as Ti and Sr extends the temperature range
of their interaction with pre-existing dislocations increas-
ing high-temperature strength of the Mg—12.5A1-1.3Ca—
0.3Mn-0.1Ti and Mg-4.9A1-0.3Mn-1.8Sr alloys by
393-533 K due to the formation of phase and thermally
stable structure;

e it is deduced that resulting dynamic structure to be
formed during creep straining appears to be responsible
for improvement of the observed creep resistance and
long-term strength due to thermally activated disloca-
tion relaxation accommodated by diffusion of alloying
elements (Al, Ca, Ti, Gd, Sr in their best combination);

e an excellent increase in creep resistance and long-term
strength at higher temperatures and larger stresses
(70 MPa at 423 K) is provided by solute-induced
dynamic dragging (retardation) of dislocations moving
at &, ~ 107° s™'. The finding is in agreement with the
Le Chatelier-Broun principle of mobile equilibrium;

e the physico-chemical principles of precision (on
segregation-energy level) alloying are suggested for
so-called immiscible systems with a large positive heat
of mixing and high sensitivity of the selected refractory
alloying elements (Ti, Gd, Sr) to high-speed treatment
to get their effective solubility on structural defects
such as dislocations. From this point of view, three of
the most promising alloys designated as UKOR-Cl1
(Mg-12.5A1-1.3Ca-0.3Mn-0.1Ti), UKOR-C2 (Mg-
12.5A1-1.7Sr-0.3Mn-0.1Ti) and Mg-12.5A1-1.4Ca—
0.3Y-0.2Gd (UKOR-C3) having excellent short-range
mechanical properties (157-174 TYS, MPa; 239-268
UTS, MPa at r.t. and 153-206 MPa at 423 K; true
fracture stress 240-265...292 MPa at r.t. and 229 at
423 K; 4.8 Elong., % and 6.7 Red.A. at F., %) can be
selected for upscale production and further investiga-
tion to subject them to detail examination as to the
die-castability, fluidity (die filling), sticking in die,
susceptibility to hot cracking and porosity formation.
Titanium as know-how alloying element is competi-
tively able to strontium and attracts desirable properties
changing solid-solution effects at ambient temperatures
and increasing heat resistance.
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