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Abstract: Stress-relaxation tests were performed during plastic deformation at room temperature
of three magnesium Mg-Li alloys reinforced with 10 vol% of short Saffil fibers. For comparison,
the composite with the Mg matrix was studied. The time dependencies of the stress decrease were
analyzed with the aim to determine the activation volume and the main types of thermally activated
processes occurring during plastic flow. The Mg4Li matrix alloy exhibited the hcp structure, while
the composite with the Mg12Li matrix alloy had the bec structure. The third alloy, Mg8Li, combined
both phases, hcp and bee. The stress acting in the matrix was divided into two components: the
internal stress and the effective stress. Activation volume and stress-sensitivity parameters were
determined as a function of effective stress and strain. While the values of the activation volume
depending on the effective stress lay on one “master” curve, the strain dependence was different for
all materials. The main thermally activated process in the hcp structure was the dislocation motion
in the noncompact planes, while in the bcc structure, massive recovery processes connected with an
increase in dislocations were identified.

Keywords: magnesium alloy; short-fiber composite; internal stress; stress-relaxation test; thermally
activation processes

1. Introduction

In the stress-relaxation (SR) test, the samples are deformed up to a certain stress, ¢(0),
then the testing machine is abruptly stopped and the subsequent decrease in stress, o, is
recorded depending on time, t [1-4]. Successive SR tests may be used to study different
aspects of plastic deformation [5-8].

The strain rate of plastic flow, €, controlled by thermal fluctuations can be written as:

e=¢ exp( G*(U*))
=& _—
KT

where ¢ is the strain rate; ¢ is a model constant depending on the dislocation density,
vibration frequency, and the area swept by a dislocation segment after the successful
activation; and G* is the Gibbs free energy of activation, which depends on the effective
stress, 0¥, necessary to overcome local obstacles for dislocation motion:

)

o*=0, — 0j ()

and kT has its usual meaning. In Equation (2), 7, is applied stress and o; is a long-range
internal stress arising from the elastic stress field of other dislocations. The internal stress
aids the slip of dislocations. The Gibbs free energy G* is determined by the rate equation:

G*(e") = kT () ®)

€
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In general thermodynamics, the activation volume V is defined as the negative stress
derivative of the activation energy at a given temperature T:

v () - (L) “

do* do*

An alternative approach follows from the direct observation of dislocation. According
to the dislocation dynamics, the mean dislocation velocity, v:

0= m(jé)m 5)

where vy and ¢y are parameters. Considering the Taylor equation:
€ = pmbv (6)

it is possible to write:

¢=B(")" @)

The stress-sensitivity parameter, n*, may be calculated as:

«  Olne s
= Spor = ¢ (9Iné/907) ®)
and the activation volume, V as:
kTn*
V= 9
pr )

Magnesium-lithium alloys are attractive materials for applications in which weight must
be reduced. Magnesium-lithium alloys may have reduced density down to 1.35 x 10% kgm 3
and remain acceptable with a high specific strength and good formability. A solid solution
of Li in Mg retains a hexagonal close-packed structure (hcp) up to 5.6 wt% of Li. This «
hcp phase shows moderate strength and low ductility. The ductility increases with larger
addition of Li, achieving the Li content of 10.8 wt%, and the structure changes to body-
centered cubic (bcc) p phase. The strength of the 3 phase is lower compared to the hcp
o phase. Further disadvantages of alloys with higher Li content are significant chemical
activity and low corrosion resistance. Alloys containing between 5.6 and 10.8 wt% of Li
are a compromise with good ductility and acceptable strength. The mechanical properties
of Mg-Li alloys were studied in several papers [9-12]. Metal-matrix composites (MMC)
based on Mg-Li alloys possess many advanced properties: increased strength and creep
resistance, improved high temperature properties, increased wear resistance, and increased
dimension stability because of decreased thermal expansion [13-15].

High-temperature sensitivity of deformation stresses observed in Mg-Li MMCs [15]
indicates the presence of thermally activated processes. The stress-relaxation test is an
effective method with which to investigate the thermally activated processes during de-
formation, especially dislocation processes. In our study, the thermally activated flow of
dislocations was studied in three Mg—-Li MMCs with the aim to find the parameters of
the thermally activated processes and reveal their principles. These processes should be
different in hcp and bec phases. Four MMCs were examined: Mg, Mg4Li, Mg8Li, and
Mg12Lj, all reinforced with 10 vol% of short Saffil fibers.

2. Materials and Methods

Mg and Mg-Li composites reinforced with short §-alumina fibers were manufactured
by the pressure-infiltration process. The preform consisting of short commercial Saffil fibers
(96%Al,03, 4%Si0;) was manufactured via water dispersion, sedimentation, and drying.
The preform was prepared without any binder. The preform was then put into a steel
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container and evacuated up to 10 Pa. The preform was infiltrated by the melt preheated
to 690 °C under a pressure of 6 MPa for 30 s. The process occurred under a protective Ar
atmosphere. The structure of the composite materials consisted of short 6-Al,Os fibers
(10 vol%) distributed planar-randomly within the Mg-Li matrix. No significant fiber
damage resulting from the Mg-Li melt attack was observed. Microstructure of the samples
was revealed after grinding, polishing, and etching for 30 s in a 1% solution of the NITAL
etching agent. Microphotos were taken with an Olympus light microscope. Cylindrical
samples with a diameter of 5 mm and height of 7 mm were deformed in compression at
room temperature in an INSTRON 1186 deformation machine with the initial strain rate
£=24x10"*s7L

In the SR test, ¢ = —0/ M, where M is a complex modulus of the sample and defor-
mation machine, which may be constant during the SR test. Thus, the SR experiments are

one of methods how to obtain the stress sensitivity parameter, (81 n (i) / 80*) 1, and the
activation volume, V.

The duration of each SR test was 300 s. Subsequently, 4-5 of the SR tests along the
stress—strain curve were performed. A schematic of the SR test is shown in Figure 1.
In MMCs, a significant portion of the applied stress is carried by the reinforcing phase
fibers [15-18]. The Young’'s modulus of Saffil fibers is about 300 GPa and the yield strength
is 1.5 GPa, i.e., during plastic deformation, the Saffil fibers are deformed elastically while
the matrix is plastically strained. The load transfer from the metallic matrix to fibers may
be calculated based on the shear lag model [16,18]:

Oe=0m (1+ (L +dA/AL)f +om (1 —f) (10)

where 0 is the stress necessary for composite deformation if only load transfer is taken
into account, oy, is stress in the matrix, f is volume fraction of the reinforcing phase, and L
and d are the fiber length and diameter, respectively. A is the fiber aspect ratio, A = L/d.
The stress in the matrix, o, was calculated using relationship (10). The stress contribution
due to the load transfer Aoyt = 0. — o'm Was calculated for the short fibers aligned with
the stress direction. Mg-Li composites exhibit only the fiber plane parallel to the stress
direction, i.e., only a part of the load transfer 5.Acy 1, where 8 = 0.6 is the mean value of the
direction cosines. Components of the stress in the matrix (0, om*) were estimated using
Li’s method [19,20]. The SR curves were fitted to the power law function in the form:

1

Om — Omi = [a(P_ 1)]11;7 (t+t0) o (11)

where g, f, and p are fitting parameters. The stress decrease with time during the SR test
can be described by Equation (12) [1,2]:

Aoy () = om(0) — om(t) = aln(Bt + 1) (12)
where 01,(0) = 0(0) is the stress at the beginning of the stress relaxation at time ¢ = 0, and

kT
x=—

v (13)

where V is the activation volume. Equations (12) and (13) were used for the calculation of
activation volume.
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Figure 1. A schematic of the stress relaxation test.

3. Results

The microstructure of the Mg4Li composite with « hcp phase is shown in Figure 2a.
The grain size estimated by the standard metallographic method was 80 um. The mi-
crostructure of the Mg12Li alloy exhibiting the bec 3 phase is reported in Figure 2c. The
grain size of 75 um in this phase is close to the grain size of the « phase. The grain bound-
aries in the Mg8Li MMC with (e« + ) phases (see Figure 2b) were not detected. They were
very probably identical with the phase boundaries of lighter « and darker 3 phase.

Mg4Li + 10AL:05 Mg8Li + 10ALOs Mg12Li + 10ALO:
(a) (b) (c)

Figure 2. Microstructure of composites: (a) Mg4Li + 10Al,03; (b) Mg8Li + 10A1,03; (c) Mg12Li + 10Al1,0s.

The compressive stress—strain curves with cut SR curves are shown in Figure 3 for
pure Mg and three Mg-Li alloys reinforced with Saffil fibers. It can be seen that in the case
of the Mg, Mg8Li, and Mg12Li MMCs, each subsequent active deformation after the SR
test started at the same stress. The upper yield stress after the stress relaxation observed in
the Mg4Li composite was caused by dynamic strain ageing during the SR test.
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Figure 3. Stress—strain curves where stress-relaxation curves were cut: (a) Mg, (b) Mg4Li, (c) Mg8Li, and (d) Mg12Li.

The series of SR curves normalized to the starting stress o(0) are shown in Figure 4a—d.
While the minimum stress decrease observed in the Mg4Li composite was only several
percent, in the Mg12Li composite, the stress decrease achieved was ~50%.
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Figure 4. The sequences of stress-relaxation curves obtained for (a) Mg, (b) Mg4Li, (c) Mg8Li, and (d) Mg12Li alloys with
10 vol% Saffil fibers.

Parts of the stress—strain curves together with the calculated strain dependencies of
the stress in the matrix, o, are shown in Figure 5a—d, with the indicated points in which
the SR tests were performed. This matrix stress was divided into two components: the
internal stress in the matrix, o, and thermal stress component, o *. MMCs with Mg,
Mg4Li, and Mg8Li exhibited a high level of internal stress in the matrix. The internal stress
in the Mg12Li matrix was very low—lower than the effective stress in the matrix, om*.
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Figure 5. Strain dependences of the applied stress, Tap; Matrix stress, 0'm; internal stress in the matrix, 0;; and the effective
stress in the matrix, om*. The indicated points depict the SR tests. (a) Mg + 10%Al,03, (b) Mg4Li + 10%Al,03, (c) Mg8Li +
10°/OA1203, (d) Mg].ZLl + 100/0A1203
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4. Discussion

The activation volumes, V, estimated for all materials were plotted against the effective
stress in the matrix, o, *, in the linear and bilogarithmic scale (Figure 6a,b). As shown in
Figure 6a,b, the experimental values of V followed a dependence that can be expressed
as V ~ (om*) ™" where the stress exponent n = 1.2. The strain rate sensitivity n* = 1/m*
(where m* is the stress rate sensitivity) parameters calculated from Equation (9), for all
composites depending on the effective stress, are reported in Figure 6¢. Values of the strain
rate sensitivity parameters can be aligned into three linear dependencies for composites
based on Mg4Li, Mg and Mg8Li, and Mg12Li. Kocks et al. [21] have published the stress
dependence of the Gibbs enthalpy:

o<\ P11

26 =861~ (%) | (14)
%

where p and q are phenomenological parameters limited by the conditions, 0 <p <1 and

1 < g < 2. Specific values of p and g depend on the obstacle shape and resistance profile.

The strain rate can be expressed as:
AGO o P\
(- () &

and therefore, the activation volume, V, by the following relationship:

€ = goexp

. ) ~ 1 )
dlne/¢y  AGopg o\ P11 o*\ P
V =kT Jo* = * 1- py T (16)
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Figure 6. Activation volume depending on the effective stress in the matrix (a) in linear scale, (b) in bilogarithmic scale, (c)
strain rate sensitivity depending on the effective stress in the matrix. Values estimated for all materials.

Equation (16) describes the experimental curve shown in Figure 6a,b. Using the
binominal expansion in Equation (16), the activation volume, V, should depend on the
effective stress as V « (0*)~". As it follows from Figure 6b, this dependence was fulfilled
very well. While values of the activation volume, dependent on the effective stress, lay
on one “master curve”, different dependences of the strain rate sensitivity on the effective
stress in the matrix were estimated for various materials (see Figure 6¢). This finding
indicates different mechanisms operating in the individual composites.

4.1. Mg and Mg4Li Composites (a Phase)

Both composites exhibited hcp structure with the main slip system of <a> = %1150
dislocations in basal (0001) plane. The <a> dislocations were movable also in the {1010}
prismatic and {1121} pyramidal planes. The activity of <c + a> 1123 dislocations in the
{1122} pyramidal planes of the second order was necessary for deformation compatibility
in polycrystals. Because the pyramidal and prismatic planes were not closely packed, they
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were called noncompact planes, as in the literature. However, the critical resolved shear
stress (CRSS) in the nonbasal slip systems was much higher at room temperature compared
to the CRSS in the basal system, as mechanical twinning accommodates deformation at
lower temperatures. The commonly observed twinning modes are {1012} 1011 extension
twins and {1011} 1012 contraction twins [22,23].

The internal stress in the matrix o resulting from long-range internal stresses im-
peding the plastic flow is done by the known Taylor relationship [24]:

Oim = 01 MGbgy/? (17)

where G is the shear modulus, a1 is a constant describing the interaction between disloca-
tions, M is the Taylor factor, b is the magnitude of the Burgers vector of dislocations, and ¢¢
is the total dislocation density.

Dislocation densities calculated according to Equation (17) taking for & = 0.35 [25],
M = 4.5 [26], shear modulus G = 17 GPaand b = 3.2 x 10719 m were plotted against strain
in Figure 7a. When density, ¢;, increases with increasing strain in the region of higher
strain, a saturation may be observed.

200
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Figure 7. Calculated dislocation density, p (a); activation volume, V/ b® (b); and Vo, product (c) vs. strain ¢ estimated for
the Mg and Mg4Li composites.

The total dislocation density ¢; in MMCs is higher compared to metallic materials due
to two reasons: (a) generation of thermal dislocations, and (b) the presence of dislocations
that are geometrically necessary. Typically, the coefficient of thermal expansion (CTE) of the
matrix is higher than the CTE of a ceramic reinforcement. When the MMC is cooled from a
higher temperature to room temperature, misfit strains occur because of different thermal
contractions at the matrix-reinforcement interface. These strains induce thermal stresses
that may be higher than the yield stress of the matrix. The thermal stresses may be sufficient
to generate new dislocations at the interfaces between the matrix and the reinforcements.
Therefore, after cooling a composite, the dislocation density in the matrix increases. The
density of newly created dislocation near reinforcement fibers can be calculated according
to Arsenault and Shi [27]:

BfAaAT 1
T= T A
b (1 - f ) tm

where t;;, is a minimum size of the reinforcing phase fibers, B is a geometrical constant
(B =10 for fibers), and AxAT is the thermal strain (A« is the difference in the CTE and AT is
the temperature change). When the thermal stresses achieve the yield stress, plastic zones
can be formed in the matrix near the interfaces, especially near the fiber ends.

In addition, in the reinforcing phase, the geometrically necessary dislocations are
generated to accommodate the mismatch of plastic deformation in the matrix. The density
of the geometrically necessary dislocations may be expressed as [28]:

(18)
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(19)
where ¢, is the plastic strain. From relationship (19), it follows that the density of geometri-
cally necessary dislocations increases with increasing strain. Introducing the reinforcing
phases into the metal matrix influences not only the densities of the thermally formed and
geometrically necessary dislocations, but also the dislocations stored at the reinforcements
during deformation. Considering these effects, the total dislocation density in MMCs can
be expressed as:

Qtotal = 0T +0G + (Qs + Qf) (20)

where ¢g is the statistically stored dislocation density on impenetrable obstacles in the
unreinforced matrix, and ¢y is the density of dislocations that are caught on the fibers. The
effective spacing between impenetrable obstacles decreases. The mean spacing between
the impenetrable obstacles, s, may be expressed as:

1/s=1/d + 1/Lyy + 1/Lf+ I/Ldp + . 1)

where d is the grain size, Ly is the distance between twins, and Ldp is the mean spacing
between dislocation pile-ups. The mean free path of dislocations, A, is proportional to the
spacing between dislocations Ly = 0~1/2:

A=gL;=qo /2 (22)

where parameter, ¢, was found in [29] for a Zr-Sn alloy to be ¢ = 25. Besides being
impenetrable, the dislocation obstacles may be situated in the slip plane. These dislocation
obstacles may arise in dislocation reactions [30].

The activation volumes, given as usual in units of b*> and calculated according to
Equation (13), are plotted in Figure 7b depending on strain, ¢. The activation volume values
exhibited tens of b3 for MMC with the Mg matrix, and for the Mg4Li composite, decreased
with increasing strain from hundreds to tens of b°. The main thermally activated process,
active at room temperature and at higher temperatures, was found in previous papers
to be the motion of dislocation by the Friedel-Escaig mechanism [31-34]. Dislocations
are dissociated in basal (0001) planes. The partial dislocations are joined together along a
critical length L, and with the help of two kinks, transferred into nonbasal planes that may
be prismatic or pyramidal planes of the first order. The activation volume is proportional
to the critical length between two kinks. Amadieh et al. [35] analyzed this mechanism and
found that the activation volume V ~ 70 b3. Mathis et al. [36] studied the evolution of the
dislocation density in deformed magnesium polycrystals by X-ray diffraction. The authors
of [36] found a majority of <a> dislocations at the beginning of tensile deformation. During
plastic deformation, the <a> dislocations remained dominant; however, the fraction of
<c + a> dislocations increased at the cost of <a> dislocations. Geometrical interpretation
gives for the activation volume V = bd/, where d is the local obstacle width and ¢ is the
length of dislocation segments between obstacles. The critical length, L,, between two
kinks may be considered as the length of the dislocation segments between local obstacles
and the obstacle width, the dislocation dissociation connected with the stacking fault. With
the increasing strain, the density, the length of dislocation segments between obstacles
decreases, and then the activation volume.

The product ¢*V = n*kT depending on strain is shown in Figure 7c for both com-
posites in units of eV. The product c*V is the work of the stress in the matrix for the
overcoming of local obstacles and represents a certain energetic measure of the thermally
activated process during plastic deformation. The movement of dislocations with the solute
atoms in their core was more energetically exacting compared to the Mg matrix. The stress
sensitivity parameter n* may be written as:

n* = q.AGy/kT (23)
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It is impossible to estimate the g parameter from our experiments. This approach
represents the energetic interpretation of the stress-sensitivity parameter, contrary to the
geometrical interpretation of the activation volume.

In the Mg4Li MMC, the starting stress after the SR test was slightly higher compared
with op at which the machine was stopped (see Figure 3b). A postrelaxation effect was
observed in several magnesium alloys [37,38]. Such a phenomenon indicates the dynamic
strain ageing during the SR test. The strain rate decreases during the SR test and the
movable solute atoms may migrate to the moving dislocations and segregate in the elastic
stress field of dislocation lines. The stress increment Ac after SR due to solute-atom
segregation may be also expressed for a longer time, t, by the following equation [39,40]:

Ao(te,T) = Aom(e,T) {1 — exp[—(t/to) ]} (24)

where Aoy, (e, T) is the stress increment for time t—co, and depends on the binding energy
between solute atoms and dislocation; and r is a time exponent. It increases with increas-
ing solute-atom concentration and with decreasing temperature. Characteristic time, £,
depends on the strain as . ~ ¢k where k is a strain exponent [39]. Dlouhy et al. described
the postrelaxation effect, Ao, by a complex partial differential equation [41]. Solute atoms
locking dislocations cause the stress increase after stress relaxation. An increase in the flow
stress is needed to move the dislocations after stress relaxation. It is reasonable to assume
that Ao is proportional to the concentration of solute atoms on the dislocation lines.

4.2. Mg12Li (B Phase), Mg8Li («x + ) Phase

Taylor and coworkers deformed single crystals of Li-Mg alloys (33-70% at% Mg) in
tension and compression [42,43]. They measured the temperature dependence of the flow
stresses and found that slip occurred at low temperatures in <111> directions on {211}
planes. Saka and Taylor [44] interpreted these results in terms of the Peierls barrier. This
mechanism is active up to approximately 200 K. At higher temperatures, the thermally
activated mechanism seems different. Exceptionally low values of the matrix internal stress
in the bee  phase indicate a low dislocation density. Likewise, the values of the activation
volume are very low, ~10 b® and practically independent on strain (see Figure 8a). The
Burgers vector in the bec phase was taken as b(Mg12Li) = 2.98 x 10719 m [45]. The V-¢*
product was almost constantly independent of strain, involving about 0.2 eV (Figure 8b).
These experimental results indicated that the deformation mechanism in the bec phase
was different from that operating in the hcp phase. The stress—strain curve exhibited a
short region at the beginning of deformation (up to ~2%), and no work hardening. The
deformation process had a steady-state character with a moderate stress decrease. Such
behavior indicates that the work hardening and recovery processes were approximately
in equilibrium. This situation is analogous to steady-state creep, where the strain rate is
constant and further deformation occurs under a constant stress. Various models of the
steady-state creep deformation may be found in the literature [46].

The stress decrease rate, —¢, during the SR test was proportional to the strain rate

—0 ~ ¢ie., so Equation (7) is valid. In Figure 8¢, the stress decrease rate 1g(—c) was
plotted against 1g(c/0(0)) for the SR of the Mgl2Li composite with a starting matrix
stress of 0(0) = 153.5 MPa. The dependence was linear with the slope of 6.88, and with
the correlation ¢ = 0.998. Similar slopes of —¢ ~ ¢ dependencies were found for other
SR tests in Mgl2Li composites, having values of 7.6-5.9, with a decreasing tendency
for each subsequent SR test. Landau and Dotsenko [47] showed that the slope of the
In(—0) vs. Inco dependence can be found analytically for dislocations moving in the two-
dimensional obstacle field. If the stationary creep is controlled by the dislocation glide,
the activation enthalpy is close to the activation enthalpy of lattice diffusion and the creep
rateis ¢ ~ o*> [46]. The high values of the stress-sensitivity parameter estimated in the
particular SR tests indicated that the process was controlled by the dislocation glide. The
dislocation configurations were very probably not stable, and the dislocations annihilated



Metals 2021, 11, 473

11 0of 13

in the recovery process. The decreasing SR starting stress indicated significant activity of
the recovery process(es). The stress increase, observed when the deformation machine
was stopped, was very probably due to low values of the internal stress in the matrix.
Accumulated dislocations on alumina fibers move back from the fibers and cause the stress
increase for a short time.

0.28 T T T r r 10 T T
40 ’\ —@— Mgl2Li+10%A1,0, | 0.26 - —@— Mgl12Li+10%Al,0, Mg12Li+10%Al,0,
\ — @~ MgBLi +10%Al,0, & Mg8Li +10%A1,0, &
\ S 0.24 N g 11
"2\: 30 1 s 2 N g
> \ ¥, 0.22 4 o <
. L . e 5
207 » > 020 %o 6 o | T o1
10 o o - —0-———————— ———e 0.18 1
T T T 0.16 T T T r v 0.01 T T r v v
00 01 02 03 04 05 00 01 02 03 04 05 0.5 06 07 08 09 1
€ € o/o(0)

(b) (c)

Figure 8. Activation volume V/ b (a), product V ¢y, (b) depending on strain. Stress decrease rate —c vs. ¢/c(0) is in the

bilogarithmic scale (c).

Values of the activation volume found for the Mg8Li composite are shown in Figure 8a
in the dimensionless b? representation. The activation volume decreased with increasing
strain approximately twice. The values were lower than the values found in the Mg4Li
matrix, but higher compared to the Mgl12Li MMC. The V.0, energy decreased with strain,
as shown in Figure 8b. A combination of both thermally activated processes may be found
in the Mg8Li alloy. The deformation (and deformation during the SR test) were different in
the « and {3 phases. While in the « phase, significant hardening was observed, and massive
recovery processes contributed to the higher ductility in the 3 phase.

5. Conclusions

Magnesium and MgxLi alloys (x = 4, 8, 12) reinforced with Saffil short fibers were
prepared by the pressure-infiltration method. Stress-relaxation tests performed at room
temperature helped us to identify thermally activated processes that occurred in the
deformed matrix. The following conclusions from this study can be drawn:

Components of the matrix stress were estimated.
While the dislocation density in the Mg and Mg4Li composites increased with strain,
in the Mg12Li composite, the dislocation density decreased due to recovery.

e All values of the activation volume vs. effective stress dependence followed one
“master curve” independent of the matrix alloy.

e  The main thermally activated process in the hcp (Mg, Mg4Li) composites was very
probably the dislocation motion in noncompact planes.

e  The significant stress decrease during stress-relaxation tests in the Mg12Li composite
was observed as a consequence of the massive recovery process. It was a very probable
reason for the low value of the internal stress in the bcc matrix.

e  The higher stress in the o phase and better ductility of the 3 phase represent very
good issues for many structural applications of the («x + {3) alloys.
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