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Abstract: The dislocation creep of Al-Fe—Ni alloy at both 300 and 400 °C was described by a coupling modification
on analyzing the creep constitutive equation after introducing both threshold stress and load transfer coefficient. The
quantitative results and microstructure characterizations showed that the complex interaction between dislocation and
eutectic phase was the origin of threshold stress, and the modulus difference between matrix and eutectic phase induced
the load transfer effect. Furthermore, the temperature effects on the modulus of matrix and eutectic phase were different,
leading to the decline of threshold stress and increase of load transfer coefficient at higher temperatures. This was
further evidenced by the finite element modelling analysis. Finally, the controlling mechanisms during dislocation creep
of eutectic alloys were discussed in an increasingly quantitative manner.
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1 Introduction

With the development of industrial fields,
the metallic materials are increasingly demanded
for the improved high temperature (HT)
performance [1-3]. Specifically, the applied alloys
are expected to be lighter during 200—400 °C with
lower cost. The improvement of heat-resistant Al
alloys possesses the best potential to meet these
requirements [4,5]. In recent years, there are many
attempts to improve heat-resistant Al alloys, which
can be divided into following strategies.

(1) The lower diffusion elements (i.e. Sc, Mn
and Zr) are micro-alloyed into the traditional
heat-resistant Al—Si or Al-Cu alloys. Then, the
main strengthening phases (i.e. Si or Al,Cu) can be
stabilized at HTs by interfacial adsorption of

micro-alloyed elements. Indeed, several successful
examples are reported, including Al-Si—Sc—(Zr) [6],
Al—Cu—Sc [7,8], and AlI-Cu—Mn—Zr [9] alloys.

(2) The highly stable precipitates or secondary
phases from Al matrix can improve the thermal
stability of alloys. Generally, the introduction of HT
stable precipitates (i.e. Al3(Sc,Zr), Als(Mn,Si))
effectively impedes dislocation movement and
prevents deformation in Al-Sc—Zr [10,11] and
Al-Mn—Mg—Si [12] alloys. Furthermore, the
secondary phase stabilized at HTs can form eutectic
frame with the large volume fraction during
solidification, sharing the stress applied on the
matrix to improve HT performance, i.e. AI-Ni [13],
Al-Fe—Ni [14,15], and AI-RE [16] alloys.

(3) The introduction of ceramic particles is an
effective method to reinforce Al-based materials.
Owing to their higher melting points, both ex-situ
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added and in-situ formed particles can improve the
HT performance of Al matrix composite, i.e.
Al-TiB, [17,18], AI-SiC [19], and AI-AIN [20].

For heat-resistant Al alloys, the evaluating
indexes (i.e., the yield strength and elongation at
room temperature) are insufficient to link their HT
properties. Therefore, the creep performance is
required to reflect comprehensive HT performance
of materials [21-24]. Typically, the creep
controlling mechanism can be revealed by
analyzing the steady-state stage of creep. The stress
sensitivity coefficient (n) acquired from the slope of
steady-state creep rate vs stress curve (Brevity for
‘creep hereafter) reflects the creep
controlling mechanism [22]. Generally, the creep is
controlled by dislocation climb at n=~5 [25,26].

With the diversification of optimizing methods
applied on materials, the precipitation-strengthened
alloys and particles-reinforced composites show
significantly improved creep performances [11,27,28].
For example, LAGNEBORG and BERGMAN [29],
HAUSSELT and NIX [30] and MCLEAN [31]
proposed the threshold stress mechanism to provide
a reasonable explanation for the significant
dislocation creep improvement in precipitation-
strengthened alloys. They believed that the
existence of precipitates weakened the dislocation
movement in matrix, and thus caused the threshold
stress to reduce creep rate. Besides, NARDONE
and STRIFF [32], GONZALEZ-DONCEL and
SHERBY [33] and PARK and MOHAMED [34]
found the improved
particles-reinforced composites. They explained it
by the load transfer effect, in which ceramic
particles can effectively share external stress,
making actual stress acting on the matrix far less
than the applied stress.

In conclusion, the understanding of creep
process is not only the analysis on creep curve, but
also the establishment of appropriate mathematical
model or description according to creep behavior.
Therefore, a suitable method is required to describe
a general dislocation creep behavior. Generally, the
creep behavior and controlling mechanism can be
understood using the coupling modification in
combination with the threshold stress and load
transfer effect [35,36].

Among optimization methods for the heat-
resistant Al alloys, the eutectic Al—1.75wt.%Fe—
1.25wt.%Ni (Brevity for “Al-Fe—Ni” hereafter)

curve’

creep performance in

alloy shows excellent thermal stability [37]. In our
former work [14], the AlgFeNi eutectic frame can
remain stable for a long time at 400 °C. Nevertheless,
the creep performance of this eutectic alloy is rarely
studied, and the controlling mechanism is lacking
of description to our knowledge. Therefore, this
work applies the coupling modification method for
analyzing the dislocation creep of the Al-Fe—Ni
alloy. In combination with microstructure
characterizations and analyses by finite element
method (FEM), the creep controlling mechanisms
are discussed in depth. Above all, this work reveals
the dislocation creep of eutectic Al-Fe—Ni alloy in
a more quantitative way. Such analysis on creep
behavior is helpful to understanding the controlling
creep mechanisms in other eutectic systems.

2 Experimental

2.1 Sample preparation

The sample for the creep test was Al-
1.75wt.%Fe—1.25wt.%Ni eutectic alloy. The alloy
was prepared by the conventional casting process.
The specific preparation process was proposed in
Refs. [14,15]. Afterwards, the as-cast sample was
machined into dog-bone specimen with 6 mm in
diameter and 24 mm in gauge length.

2.2 Creep test

Creep test was performed on an electronic
creep testing machine (RDL50) in the air. Before
creep test, the sample was held at the set
temperature for 0.5 h. To study the creep behavior
variation with the change of stress, the steady creep
rates at certain stress were the main data obtained
by creep test. Therefore, the total creep time was
controlled to acquire the steady-state creep rate, and
30 h was sufficient in most cases. To avoid the
influence of previous deformation on the creep rate,
the single stress condition was applied to acquiring
the creep rate.

2.3 Microstructure characterization

The eutectic structures before and after creep
were characterized by the scanning electron
microscopy (SEM, TESCAN MAIA3) and the
transmission electron microscopy (TEM, JEM-
2100F). The morphology variations of eutectic
phase during creep were presented by SEM images,
and the interaction between eutectic phase and
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dislocation was presented by TEM characterization.

2.4 Construction of model by finite element
method

The FEM analysis was applied to simulating
the structure of this eutectic alloy. In Al-AloFeNi
eutectic structure, the AlsFeNi phases present the
needle-like shape, and they penetrate the whole
grain to the length of tens of microns [14,15].
Therefore, the model assumes that the eutectic
phase is uniformly distributed in matrix at the
direction of cross section. Meanwhile, all the phases
in an elementary model are at the same height as the
matrix in the longitudinal section. This model can
only simulate a single grain, and our as-cast alloy
usually has a polycrystalline structure. Although the
actual situation is influenced by anisotropy, the
model is sufficient to explain the general
characteristics of eutectic structure.

The volume fraction of eutectic AloFeNi phase
in Al-Fe—Ni alloy is 8.4% [15]. Therefore, when
the eutectic phase is set as a cylinder with a
diameter of 300 nm in cross section, the matrix can
be set as a square with side length of 1835 nm.
Besides, the model height is set as the twice of the
side length. The coefficient of thermal expansion
(CTE) for Al matrix is 23.2x107°°C™! at room
temperature, and that for AlFeNi alloy is
23x107°°C™! acquired by test. Then, the CTE for
AloFeNi phase is estimated as 21.3x107¢°C™! by
rule of mixtures. Through our FEM analyses, it is
confirmed that CTE has little effect on the final
load distribution behavior between Al and AlsFeNi
phase. Thus, the CTE for each phase at HTs remains
unchanged for simplification. The eutectic phase is
assumed to experience the elastic deformation all
along, but the Al matrix undergoes an elastoplastic
deformation. The elastoplastic curves of Al matrix
follow the constitutive relationship given in the
literature [38]. The AlsFeNi phase has the elastic
modulus of 125 GPa for 300 °C and 113.9 GPa for
400 °C, respectively. These values are extrapolated
from the elastic modulus of eutectic phase at
different temperatures [39,40]. During the
simulation, the sample was heated to 300 or 400 °C,
and then uniaxial tensile stress was applied along
the longitudinal direction of eutectic phase. The
total applied stress was used to control the
deformation process, and the stress was controlled
as the same at different temperatures.

3 Methods for analyzing creep behavior

The evaluation of creep behavior is mainly
based on the analysis of the creep -curves
experimentally derived. For example, the creep
curve of pure metal can be described by the creep
constitutive equation, which is provided as [22,23]

é= Ac" exp[-O/(RT)] (1)

where & 1is creep rate at steady-state; 4 is a
constant; ¢ is the applied stress; n is the stress
sensitivity coefficient; O is the creep activation
energy; R is molar gas constant; 7 is the temperature.

Normally, creep is generally considered to be
controlled by different mechanisms depending on
the n value [22] at different creep processes. Herein,
the dislocation creep process attracts more attention,
and # is usually taken as 4.4 for dislocation creep of
pure Al [41].

For heat-resistant Al alloy, their creep
performances are greatly improved [29—32]. The
curve shows a feature that the steady-state creep
rate decreases significantly with the reduced stress,
making » much higher than 4.4. Correspondingly,
the creep theory and creep constitutive equation is
developed to describe this transformation [31]:

é=Ac" =B(o-a,)" )

where B is a constant.

Herein, the newly introduced parameter of
threshold stress (owm) is originated from the
interaction between dislocations and dispersed
particles, reflecting the ability of dispersed particles
reinforced alloys to resist creep deformation.

Normally, the specific value of threshold stress
is estimated by analytical calculation, rather than
direct experimental measurement. The calculation
of threshold stress is a refitting process, which
involves with the coordinate transformation of
creep curves (Fig.1). In this process, there are
several steps required.

(1) The initial strain rates are required to
change to e (The stress sensitivity coefficient
of pure Al is 4.4 [41]). Thus, the relationship
between strain rate and stress can be rewritten in the
o—*Jé coordinate system.

Specifically, we assume a creep curve of slope
n on a lgx—lgy coordinate system (Fig. 1(a)). The
curve can be described as & =4:0".
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Fig. 1 Creep curve with stress sensitivity coefficient n (a),
linear extrapolation method to obtain threshold stress (b)
and calculation for load transfer coefficient (c)

In this creep curve, an initial point is assumed
as Al (lgo1, lg & ). Then, an increment () is
introduced to the stress of A1, and thus the Point 42
at creep curve can be given as

{lga2 =lgo, +0

o 3)
g&, =n(lgo, +0)+B

Then, both points are transformed to the
x—4yy coordinate system (Fig. 1(b)). Therefore,

two points are written as (o, 4(‘/‘«5_1 ) and (10%,

o4

(2) The transformed points are refitted with the
straight line: y=ax+b.

In the refitting process (Fig. 1(b)), the refitted
line (y=ax+b) is intersected with x axis to obtain the
threshold stress.

(3) The threshold stress is the intercept of x
axis.

The threshold stress is marked as ow in
Fig. 1(b), and it can be calculated as

o =(1—ﬁ]al @)

n

When the threshold stress is introduced to
the creep constitutive equation, creep curve
can be described by the transformed equation
(Eq. (2)) [31]. Herein, (0—ow) is defined as the
effective stress. In this case, the & =B(c—0own)** can
be regarded as the creep rate of Al matrix generated
under effective stress. Because the creep process
occurs in Al matrix, this process described by the
transformed equation should be close to that of Al
matrix which is under an actual stress equal to the
effective stress. Since the aim of modifying the
creep curve and creep constitutive equation is to
describe creep behavior -effectively, the final
modified creep curve should be consistent with the
creep curve of Al matrix.

Sometimes, the application of threshold stress
cannot fully explain the feature of some creep
curves. For example, the creep curve refitted by
threshold stress in Fig. 1(c) may not fall on the
actual creep curve of Al matrix, which is presented
by the reference line. However, these curves should
parallel with each other, as they possess the same
stress sensitivity coefficient (n=4.4). Thus, their
relative positions are adjusted by introducing a
coefficient before the term with stress. This
coefficient is called as the load transfer coefficient,
which is calculated according to the relative
position relation between refitted creep curve and
creep curve of pure Al (reference line) [32—36].
This integrated method is called as the coupling
modification.

Subsequently, the calculation of coupling
modification is provided. Firstly, the threshold
stress (owm) can be calculated according to
Figs. 1(a, b). In Fig. 1(c), the creep curve refitted by
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the subtraction of threshold stress is shown as the
dotted red line. Meanwhile, the creep constitutive
equation can be written as Eq. (2), and the Point A1
should be altered to Point S1 (o1—ow, &) with
n=4.4. Corresponding to Point S1, there is the Point
S0 (o0, &) on the reference line.

Here, the load transfer coefficient is introduced
as

o,
a=1- 0

)

O =0y

Hence, the Point S1 can be changed to S2

{[ % J-(O-1 —oy)s él} , which is [(1—a)(g1—0ow),
0 =0y

£ ], and the creep constitutive equation can be
modified to

e=A[(I-a)o -0y )]4'4 =

@{{1—(1_ Oy ﬂ(a_am)} (6)
0, =0y,

4 Results

4.1 Microstructure evolution of Al-Fe—Ni alloy
during creep

The microstructure feature of Al-Fe—Ni alloy
has been illustrated in literature [14,15]. In detail,
the SEM images of eutectic Al-AlsFeNi structure
before (Fig.2(a)) and after (Fig.2(b)) creep are
both exhibited. Both images are taken from the
surface perpendicular to the direction of applied
force. Although some holes or damages may appear
at local areas (Fig. 2(b)), the overall morphology of
crept eutectic structure shows little change.
Therefore, the basically unchanged morphology
means the creep mainly within the steady-state
creep stage.

In the higher magnified micrographs, the
needle-like AlgFeNi phases are parallel to each
other in cast alloy (Fig. 2(c)), but show the broken
and distorted morphologies after creep (Fig. 2(d)).
The broken eutectic phase originates from being

Distorted B

Fig. 2 SEM images of Al-Fe—Ni alloy (a, ¢) and eutectic phases (b, d) before (a, b) and after (c, d) creep at 30 MPa and

300 °C
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subjected to the normal stress, suggesting that the
eutectic phase should share the load from Al matrix
during creep. The distorted AlyFeNi phase is caused
by the applied shear stress, which may be derived
from the interaction between AloFeNi phase and
dislocation.

The TEM image acquired from the sample
after 300 °C creep exhibits the interaction between
dislocations and eutectic AloFeNi phases. Figure 3(a)
shows that the dislocations are entangled around
AloFeNi phase. This interaction demonstrates that
the eutectic phase possesses the ability to impede
dislocation movement. Figure 3(b) presents that
dislocations shear into the eutectic phase
successively and form ordered arrangement,
implying that such phase can accommodate
dislocation cutting inside to some extent. Figure 3(c)
shows the detail of a dislocation shearing into the
eutectic phase by the weak-beam dark-field image.
Furthermore, the interaction between dislocations
and eutectic phases is taken under different imaging
conditions to further reveal the dislocation shearing
into eutectic phase (Figs.3(d—f)). Different
operation vectors g confirm the existence of

artangement =
e
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dislocations. The coincidence between dislocations
and eutectic phases confirms the possibility of
dislocation shearing into eutectic phase. These
results indicate the complex interaction between
dislocations and eutectic phases.

4.2 Application of coupling modification to
analyzing creep behavior of Al-Fe—Ni
eutectic alloy at 300 °C
Figure 4(a) presents the creep data of

Al—-Fe—Ni alloy at 300 °C with the applied stress

from 15 to 45 MPa. In detail, the n values are

changed with applied stress, reflecting the variation
of creep mechanisms. Furthermore, this variation
can be divided into three parts.

(1) When the applied stress is beyond
~40 MPa, n changes significantly with the stress. It
is often referred to the power law breakdown [22].
During this process, the material undergoes the
rapid plastic deformation, and the time effect on the
deformation is usually less significant.

(2) When the applied stress is from 25 to
40 MPa, little change of n appears (Fig. 4(a)). In
general, the creep here is controlled by dislocation

Dislocations’ %
foﬁmlllrllg’/ or'dére(j ﬁ -

_ Shearinto
lCutecticphase

Fig. 3 Interaction between dislocation and eutectic phase: (a) Dislocation tangle and pile-up around eutectic phase;

(b) Dislocations shearing into eutectic phase and forming ordered arrangement; (c) Weak-beam dark-field of dislocation

shearing into eutectic phase (Interaction of dislocation shearing into eutectic phase under different shooting conditions);

(d) Bright field image; (e) g=<022>; (f) g=<200>
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Fig. 4 Creep data of Al-Fe—Ni alloy at 300 °C (a), creep rate vs reciprocal of temperature under 30 MPa at 548—598 K
(b), dislocation creep curve of Al-Fe—Ni alloy at applied stress of 27—40 MPa (c), and dislocation creep behavior of

Al—-Fe—Ni alloy by coupling modification at 300 °C (d)

movement, which is deemed as dislocation creep.
For pure Al, n is ~4.4 during this stage [41]. If n is
much larger than 4.4, the threshold stress is
introduced to explain this phenomenon.

(3) When the applied stress is lower than
~25 MPa, n becomes further smaller. During this
stage, the diffusion becomes the controlling
mechanism, which is often referred to diffusion
creep. Since the change of creep rate with the stress
variation is no longer significant, it is in a sense that
the creep rate almost reaches the slowest limitation.
There is a transition stage between different creep
stages, and the transition is accomplished gradually.

Herein, the threshold stress is applied to
explaining the abnormal large n (8.7) of dislocation
creep (Part II) in Al-Fe—Ni alloy. However, its
value cannot be obtained by experiment directly
and it must be acquired by calculation at present.
Apart from the calculation method itself, the
incorporation of data from neighboring stages

should also result in calculation inaccuracy of
threshold stress. To avoid the influence of different
creep stages on the analysis of dislocation creep, the
selection of stress range should avoid the transition
stage. Namely, the transition stress should be
carefully identified to conform to the dislocation
creep stage.

Figure 4(b) shows the creep rate versus
temperature under a same stress. The temperature
interval is 25 °C, and the stress is 30 MPa. The
activation energy is calculated as 124.4 kJ/mol at
300 °C, suggesting that the creep is controlled by
the self-diffusion based dislocation movement.

Figure 4(c) shows the creep curve of the
dislocation creep with the applied stress from 27 to
40 MPa, and the intervals of the applied stress are
shortened to further reveal creep behavior. Herein,
threshold stress is calculated as ~20.5 MPa, and #» is
4.4 for Al referred to literature [41]. Overall, the
creep curve of the dislocation creep is refitted
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(Fig. 5(d)), and the creep constitutive equation is
shown as

&= A4,(c-20.5)* (7)

Actually, the refitted creep curve (Fig. 4(d))
cannot meet with the creep curve of Al matrix.
Furthermore, a load transfer coefficient (a) is
introduced to explain this phenomenon, which is
calculated as a=0.68. Thus, the creep constitutive
equation can be written as

&= 4,((1-0.68)(c —20.5))** ®)
4.3 Application of coupling modification to

analyzing creep behavior of Al-Fe—Ni

eutectic alloy at 400 °C

Figure 5(a) presents the creep data of
Al-Fe—Ni alloy at 400 °C with the applied stress
from 5 to 30 MPa. According to the » variation with
the changed applied stress, the creep curve can be
divided into three parts: (1) The larger applied
stress (>25 MPa) is related to the power law break-

(a) 400 °C
1075} .
'1,, .
% 1076 E Dislocation creep
& \ 134
& Transition stage W
> 107F
s V
(}3) Diffusion creep A 75
R
ol . . 20 |
10 20 30
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[(c)
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- 107
ﬁ :
& | Threshold stress=12.6 MPa
= I
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> s
=
S
7]
1078 .
10 15 20 25 30

Applied stress/MPa
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down stage. The increased n suggests that the creep
is approaching the power law breakdown stage yet
not fully entered; (2) For the smaller applied stress
(15 MPa), the atom diffusion gradually becomes
the controlling mechanism for creep; (3) For the
applied stress from 15 to 25 MPa, the dislocation
creep (n=7.5) is identified, and more test results are
given in Fig. 5(c).

Similarly, Fig. 5(b) shows the creep rate versus
temperature under a same stress. The stress
condition i1s 20MPa for 400°C, and the
temperature interval is 25 °C. The activation energy
is calculated as 374.8 kJ/mol. Though the activation
energy at 400 °C is much higher, the creep is still
considered to be controlled by the self-diffusion
based dislocation movement. This phenomenon is
very common in particles reinforced composites, in
which the mechanism like load transfer plays the
main role in strengthening the matrix [32—34].

According to the provided creep -curve
(Fig. 5(c)), the threshold stress is calculated as
12.6 MPa for dislocation creep. Therefore, the creep

1073 E(b
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Fig. 5 Creep data of eutectic Al-Fe—Ni at 400 °C (a), creep rate vs reciprocal of temperature under 20 MPa at
648—698 K (b), dislocation creep curve of Al-Fe—Ni at applied stress of 15-25 MPa (c), and dislocation creep behavior

of eutectic alloy by coupling modification at 400 °C (d)
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constitutive equation can be provided as
&= A,(c—12.6)** 9)

The threshold stress of Al-Fe—Ni alloy at
400 °C is lower than that at 300 °C. This is an
accepted situation that threshold stress decreases
with the increasing temperature, which is caused by
the reduced shear modulus at HTs [22,42].

Subsequently, the refitted creep curve is
obtained after the introduction of threshold stress
(Fig. 5(d)). This refitted creep curve still cannot
meet with the creep curve of Al matrix. Therefore,
the load transfer coefficient () is calculated as 0.75,
and the creep constitutive equation is written as

é=4,((1-0.75)(c —12.6))** (10)

Herein, the load transfer coefficient (o) at
400 °C is a bit larger than that at 300 °C, suggesting
that the load transfer effect should be accounted
more at HTs.

5 Discussion

5.1 Origin of threshold stress and load transfer
effect in eutectic alloy

From the mathematical analysis of the creep
curve, the coupling modification is necessary for an
adequate description of a general creep behavior.
Either the introduction of threshold stress or the
load transfer effect is intended to describe a
particular kind of creep behavior. In some complex
strengthening alloy or composite systems, the creep
behavior should be understood in a comprehensive
way.

Specifically, the necessity of the coupling
modification for analyzing the creep behavior of
eutectic alloy is affirmed, according to the creep
curves and related analyzing process. However, the
coupling modification only explains the effect of
multiple mechanisms on creep behavior. It does not
explain the origin of the improved creep behavior.

Since the eutectic phase is the only
strengthening phase in the eutectic alloy, it should
have multiple roles to enhance creep resistance of
matrix. Furthermore, the microstructure evolution
after creep can be referenced for investigating the
origin of controlling creep mechanisms (Figs. 2—3).
These results indicate the complex interaction
between dislocations and eutectic phases. Therefore,
the improvement induced by eutectic phase on

creep is investigated from both threshold stress

mechanism and load transfer mechanism.

5.1.1 Origin of threshold stress from eutectic phase
in eutectic alloy

Normally, the threshold stress provided by
reinforcing phases can be divided into several
types.

(1) The threshold stress originates from the
change in the state of the dislocation itself. These
additional stresses are caused by the enhancement
in the length of dislocation line, when the
dislocation climbs over the precipitate [29,31].
According to the length increment of dislocation
line, the interaction mechanisms between
dislocations and precipitates are divided into local
climb and global climb.

(2) The second type of threshold stress derives
from either energy or strain fields acting on the
dislocation produced by the particle. The effect of
energy field on the dislocation movement can be
traced back to the detachment mechanism proposed
in creep process of incoherent phase strengthened
alloys [43,44]. Since the energy of incoherent phase
interface is lower than that of matrix, dislocations
can easily reach the interface and travel along the
interface to the departure direction. However, there
is more energy required to overcome the increasing
energy field when the dislocation leaves the
interface. Thus, the threshold stress is caused by the
energy barrier.

Furthermore, the effect of strain field on the
dislocation movement can be recognized from the
creep process of the coherent phase strengthened
alloys [45]. The threshold stress results from the
interaction between the dislocation and coherent
interface. However, there are inevitable Ilattice
mismatches and distortions at the interface, due to
the existing difference from lattice constants
between matrix and coherent phase. Therefore, a
coherency strain field can be generated nearby the
interface [46]. This strain field should exert extra
stress on the surrounding dislocation, and thereby
induce threshold stress.

(3) The threshold stress can also stem from the
particles that can be shared by the dislocation. The
shear modulus of the particle is usually larger than
the matrix, and the larger stress is required when the
dislocation shears into the particle. Hence, the
threshold stress is produced. In addition, the energy
required to form the new interface or antiphase
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boundary after the particles sheared by dislocation
can also be the source of threshold stress. In the
available reports, the particle shear is an important
strengthening mechanism for reinforcing the metal
matrix at room temperature [46]. Therefore, this
mechanism should also be used as the cause for
threshold stress to reveal the improvement of creep
properties.

For the AloFeNi eutectic phase in Al-Fe—Ni
alloy, it has a needle-like morphology. Its diameter
on the cross section is ~300 nm and the length on
the longitudinal direction is tens of microns [14].
Normally, it is quite difficult for dislocation to
climb over the eutectic phase. However, it still
happens at the edge of eutectic phase. Due to the
nano-scale for cross section, it is possible for the
interface to impede the dislocation movement by
dislocation climb mechanism or detachment
mechanism. Nevertheless, this may be the origin of
threshold stress, and it may contribute only a little
to the total threshold stress.

On the other hand, the TEM image
(Figs. 3(b—f)) demonstrates that the dislocation
shears into the eutectic phase when the dislocation
interacts with these phases. With the dislocation
further shearing into the phase and piling up along
the interface, the eutectic phase finally becomes
broken and distorted (Fig. 2(d)). Because the
AlFeNi phase has the micron-scale in the
longitudinal section, there is a high probability for
dislocation to cut into the phase. In general, the
third type of threshold stress may also be one of the
origins of threshold stress in eutectic alloys.

5.1.2 Origin of load transfer effect from eutectic
phase in eutectic alloy

According to the coupling modification, the
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load transfer effect can be produced by eutectic
phase in eutectic alloys apart from the threshold
stress. Unlike the threshold stress relies on the
dislocation movement, the load transfer effect
works as soon as the stress is applied on the
materials. Normally, the eutectic alloy has a large
volume fraction of eutectic phase, which can be
regarded as the composite material. In this
composite, the strengthening mechanism strongly
depends on the morphology of reinforcing phase,
because the morphological feature can influence the
competition between Orowan strengthening
mechanism and the load transfer effect of the
reinforcing phase. When the aspect ratio of the
reinforcing phase is relatively large (This accords to
the morphological feature of AlsFeNi phase), the
load transfer plays a vital role in strengthening the
matrix [47].

In this work, a brief analysis is made from the
view of coordinated deformation to explain the
origin of load transfer effect. Based on the eutectic
structure and physical properties of each phase, the
model of the Al—AlsFeNi eutectic structure is
established by FEM, and relevant parameters of the
model are provided before. The stress distribution
among the eutectic structure under a stress of
32 MPa at 300 °C is shown in Fig. 6(a), and the
stress on eutectic phase is much greater than that on
Al matrix.

When the stress applies on the -eutectic
structure, such structure shows elastic deformation
firstly. Influenced by coordinated deformation, the
deformation of the eutectic AloFeNi phase is the
same as the eutectic Al matrix. Thus, per unit
volume eutectic AlyFeNi phase should be subjected
to greater stress due to its larger elastic modulus [39].
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The stress on each phase multiplied by the volume
fraction of each part is the total stress applied on the
eutectic structure. Therefore, the actual stress acting
on the low modulus part (eutectic Al matrix) should
be lower than the applied stress on eutectic
structure. It appears that the high modulus part
(eutectic AlgFeNi phase) shares the stress acting on
the matrix. The stress distribution in eutectic
structure is deemed as the load transfer effect, and
the eutectic AlyFeNi phase plays an effective role in
sharing the load of eutectic Al matrix. Within the
creep process, the load transfer effect of eutectic
phase still exists despite eutectic Al matrix
undergoes plastic deformation.

Since the eutectic phase has nano-scale cross
section and micron-scale longitudinal section at the
same time, these phases can not only effectively
impede the dislocation movement and cause the
threshold stress effect, but also cause the load
transfer effect. This discussion reveals the origin of
threshold stress and load transfer effect from the
view of physical nature, and reveals the necessity of
coupling modification to describe the creep
behavior of eutectic alloy.

5.2 Effects of temperature on threshold stress
and load transfer effect in eutectic alloy
Overall, the intensified atomic vibration

caused by temperature enhancement should

inevitably lead to the reduced shear modulus of
materials [41]. Due to the differences in either
crystalline structures or atomic properties, the
temperature effect on shear modulus should be
different between the reinforcing phase and matrix.

Therefore, the temperature effects on threshold

stress and load transfer effect are different.

For the threshold stress arising from the
dislocation itself or the related energy or strain field
variations, the corresponding temperature influence
is usually consistent with the related effect on shear
modulus of the matrix. The dislocation movement
becomes easier with the reduced shear modulus of
the Al matrix, thus the threshold stress should
inevitably decrease. Furthermore, the threshold
stress derived from particles sheared by the
dislocation is also affected by the reinforcing phase,
and its variation may be more significant than the
change of the matrix shear modulus.

In the Al-Fe—Ni eutectic alloy (Fig. 4(c) at
300 °C) and 5(c) (at 400 °C)), the threshold stress is

decreased with the increasing temperature. The
reduced shear modulus of Al matrix with elevated
temperatures may be the first reason [42]. Besides,
the decreased shear modulus of the reinforcing
phase is the second reason for the reduced threshold
stress. Experimentally, the eutectic AloFeNi sheared
by the dislocation is observed in this eutectic alloy.
Therefore, the decreased shear modulus of eutectic
phase may also be the reason for reduced threshold
stress. However, the specific explanation for the
evolution of threshold stress with temperature needs
further experiments to be studied separately.

For the load transfer effect, the elastic modulus
between the reinforcing phase and matrix is the
main origin. Due to the linear relationship between
elastic modulus and shear modulus in metals, the
load transfer effect is obviously affected by the
difference in shear modulus between the reinforcing
phase and matrix. As the temperature increases, the
shear modulus of the reinforcing phase (i.e.,
ceramics or intermetallics) with higher melting
point should have a smaller reduced tendency than
the metal matrix with lower melting point [40]. The
differentiated decreased tendencies on both phases
can decide the temperature effect on load transfer
effect.

Experimentally, the load transfer coefficient
increases with elevated temperature (Figs. 4(d) and
5(d)). Theoretically, Fig. 6(b) shows the model of
eutectic Al-AlsFeNi structure under a stress of
32 MPa at 400 °C. The AloFeNi phase at 400 °C is
subjected to greater stress compared to that at
300 °C. This indicates a stronger load transfer effect
at 400 °C, which shows a similar tendency with
experimental results. Although the shear modulus
of either AloFeNi phase or a(Al) matrix decreases
with elevated temperature, the diminished shear
modulus of AlgFeNi phase is less severe than a(Al)
matrix [40]. Comparatively, the AlyFeNi phase can
share more stress at HTs, and the load transfer
coefficient becomes larger at HTs. To a large extent,
the load transfer effect should be a more reliable
strengthening mechanism at HTs.

6 Conclusions

(1) The coupling modification demonstrates
that dislocation creeps of Al-Fe—Ni eutectic alloy at
300 or 400 °C are both controlled by threshold
stress and load transfer effect. The improved creep
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performance of eutectic alloy can be explained from
different aspects by threshold stress mechanism or
load transfer mechanism.

(2) Microstructure characteristics show that
threshold stress should originate from the
interaction between AloFeNi phase and dislocations,
and the eutectic phase sheared by the dislocation
may be the main reason. However, the threshold
stress decreases with the increasing temperature,
and the dislocation movement becomes more
difficult to be impeded by eutectic phase. The
reduced shear modulus of matrix and eutectic phase
is the main reason for the decrease of threshold
stress.

(3) The AlgFeNi phase can also play an
effective role in transferring load, due to its larger
volume fraction and higher modulus. Since the
diminished shear modulus of AlyFeNi phase is less
severe than that of Al matrix, the load transfer
coefficient becomes larger at HTs. This ensures the
eutectic phase to effectively improve the creep
resistance of matrix even at HTs.
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