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Stress/strain aging mechanisms in Al alloys from first principles
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Abstract: First-principles based calculations were carried out to explore the possible mechanisms of stress/strain aging in Al alloys.
Potential effects of temperature and external stress/strain were evaluated on the solvus boundary of Al;Sc in Al-Sc alloy, and the
interface energy of Al/6" in Al—Cu alloys. Results show that applying tensile strain/stress during conventional aging can significantly
decrease the solubility entropy, by red-shifting the phonon DOS at high states. The resulted solvus boundary would shift up on the
phase diagram, suggesting a reduced solubility limit and an increased maximum possible precipitation volume of Al;Sc in Al-Sc
alloy. Moreover, the applied strain/stress has different impacts on the formation energies of different orientated Al/0" interfaces in
Al—Cu alloys, which can be further exaggerated by the Poisson effect, and eventually affect the preferential precipitation orientation

in Al-Cu alloy. Both mechanisms are expected to play important roles during stress/strain aging.
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1 Introduction

Precipitation hardening, also called age hardening,
is a most widely used heat treatment technique aimed to
increase the yield strength of malleable alloys. It relies
on changes in solid solubility with temperature to
produce fine size second-phase precipitates, to impede
the movement of dislocations or grain boundaries during
plastic deformation. The yield strength of the alloy is
thus largely dictated by the number density and spatial
distribution of the precipitates. It has been noticed [1-3]
that, applying stresses/strains during the aging process,
namely stress/strain aging, can impose a great effect on
the habit planes, density and size of second-phases in the
alloys, and hence the effectiveness of age hardening.
NAKADA and LESLIE [4] first proposed that the
commensuration strain due to the lattice misfit of
coherent precipitates might be largely compensated by
the applied stress/strain, and thus the nucleation and
perhaps the growth of the precipitates can be enhanced.
Based on an interface diffusion model, other researchers
[5,6] demonstrated that for Al-Cu alloys, stress/strain
aging may play a more effective role in the nucleation
than the growth stage. HOSFORD and AGRAWAL [7]

further improved the model by considering the
stress-biased diffusion of solute atoms. All these
mechanism models were focused on the nucleation and
growth of the precipitates. We still lack the knowledge of
whether and how an external stress/strain impacts the
solvus boundary, whether and how the
maximum possible volume fraction of the precipitate
phase vary differently with temperature when subjected
to stress/ strain. On the other hand, interface structure
and composition of a precipitate phase are critical in
determining its nucleation and growth behaviors, and as
well its interaction with dislocations. Thus, interface
energy under stress/strain also needs a thorough
investigation.

In this work, we plan to develop a density
functional theory (DFT) based strategy to investigate the
impact of temperature and external stress/strain on both
the solvus boundary (i.e., solubility limit) and the
interface energetics of the second phase precipitates in
alloys. This strategy will be demonstrated for L1,~Al;Sc
in an Al-Sc alloy and the 8" interface in an Al—Cu alloy.
Based on the obtained results, the possible mechanisms
of stress/strain aging in Al alloys are discussed. This
approach would enable us to eventually achieve the
energetics- and interface-level understanding of stress/

namely,
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strain aging effects.
2 Calculation methods

All calculations were performed using the
semi-commercial DFT code VASP [8]. The plane-wave
basis sets were generated with valence configurations of
Al 3s%3p', Cu 3d"%4s' and Sc 3p®4s?3d’. The electron—ion
interaction was described by the projector augmented
wave method within the frozen-core approximation [9].
The exchange-correlation functions used the generalized
gradient approximation [10]. For hcp-Sc calculations in a
2x2x2 16-atom orthorhombic superlattice, an adequately
high energy cutoff of 300 eV and a 15x15x9
Monkhorst-Pack (MP) k-mesh for Brillouin-zone
integrations were used. Calculations on the precipitate
phase Li,-Al;Sc used a 2x2x2 32-atom fcc superlattice
and a 9x9x9 MP k-mesh. The calculations for a dilute
Al-Sc solid solution (Al3;Sc) used a 2x2x2 fee Al
superlattice and a 9x9%9 MP k-mesh. The coherent Al/9"
interface was modeled using an Al/"/Al sandwich
configuration with an 18x18x1 MP k-mesh. All
structures were fully relaxed until the total force on each
ion converged to to within 0.01 eV/A. Phonon
calculations employed the direct supercell approach
within the quasiharmonic approximation [11]. Force
constants were calculated within the density-functional
perturbation theory [12], using a stringent ionic force
criterion of 107 eV/A. The phonon modes were
calculated from the force constant matrix using
PHONOPY [13].

3 Results and discussion

3.1 Solvus boundary under stress/strain

The orientation relationship of LI1,-Al3Sc in
the matrix is {001}[001]Al;Sc//{001} [001]Al [14].
Following the experimental practices, we apply a series
of uniaxial tensile strains to the matrix (along Al[001]),
to assess the maximum possible stress/strain effect on the
solvus boundary of L1,~Al;Sc in Al-Sc alloys. In the
isotropic elastic regime, the tensile stress along [001]
inevitably leads to a compression in both the [010] and
[100] directions (Poisson effect). Consequently, the cubic
lattices may distort to an orthorhombic structure with
a>b=c. The solubility, x,, can be expressed as [15]

sol _ sol sol
xO(T) = exp(_ﬁ ] = exp( ﬁ ]x exp{%} (1)
B B B

where kg is the Boltzmann constant. The solubility
enthalpy, AH*' = AH Alyse ~AH ppsc is defined as the
difference between the formation enthalpies of Al;Sc
and L1,-Al;Sc, and

AH = EAlXSc —XEp — Eg, 2

where E, g, represents the total energy of Al Sc or
L1,—Al;Sc, and Ejy (or Es.) is the elemental energy at its
pure state. With Eq. (2), the solubility enthalpy, AH™,
can be rewritten as

AH* = AHA13ISC _AHAI3Sc

= (Ear,se —31Ex — Eg.) = (Earse —3Ea — Eg.)

= EA13ISC - EA13SC —28Ey (3)
and similarly,
AS™ = SAI_NSC - SA13Sc —285, 4)

The vibrational entropies can be further evaluated
from the obtained phonon DOS as

S =kyT| (;”m{z sinh(%ﬂ gv)dv (5)

where £ is Planck’s constant, v is the frequency, and g(v)
is the phonon DOS.

Table 1 compares the calculated elastic properties of
Al the dilute solid solution Als;Sc, and the compound
L1,—Al;Sc. Note that the elastic properties of Al and
Alj;Sc are quite close. L1,—Al;3Sc has much higher shear
and elastic modulus, and a very low Poisson ratio. Note,
the elastic modulus of L1,~Al;Sc is about three times
higher than that of Al or Al;;Sc, and thus, upon the same
tensile stress, the stretching of L1,-Al;Sc should be
about one third of the matrix.

Table 1 Calculated bulk elastic properties
C11/ C12/ C44/ B/ G/ E/
GPa GPa GPa GPa GPa GPa

Al 97 62 21 74 20 54 038

Item

Aly;Sc 103 58 23 73 21 62 036
Al;Sc 180 37 69 85 70 165 0.18

Vibration calculations are then performed on all the
distorted (orthorhombic) structures. Here, we only
consider the strains below 1%, to ensure the matrix to
maintmain elastity. For the reason mentioned above, only
one third of the applied strains will be imposed on
L1,—Al;Sc. Also, according to Eqgs. (3) and (4), Sc does
not really contribute to solubility enthalpy and entropy,
and hence will be ignored in such calculations. The
computed solubility enthalpies are listed in Table 2. Note
that AH**' does not change obviously with the strains, and
thus strain effect on phonon vibrations can be important.
Figure 1 compares the calculated phonon DOS under
strains for the three systems. A left-shift is evident in
both of the two high states, particularly for Al and Al;Sc.
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Table 2 AH*! of AL;Sc in Al under strains
Strain/% 0 0.1

AH*Y(eV-Scatom™) 0.762  0.762

0.5 1

0.760  0.760

Low frequency phonon modes give a large contribution
to vibrational entropy. Thus, the increase in vibrational
entropy of Al and Al;Sc due to the strain effect should be
more significant than that of Als;Sc. This is clearly seen
in Fig. 2.

Figure 2(a)—(c) plots the calculated vibrational
entropy changes with temperature for the three systems.
Note that the entropies increase rapidly with the

1.0

(a)

08r

0.6

Phonon DOS

0.4r

0.2F

Frequency/Hz

(b)

0.8r

0.6F —e=0

weee g =0.1%
- &=0.5%

— &=1.0%

Phonon DOS

0.4}

0.2r

0 2 4 6 8
Frequency/Hz

(c)

0.8F

0.4+

Phonon DOS

A\

0 2 4 6 8
Frequency/Hz

Difference of phonon DOS Difference of phonon DOS

Difference of phonon DOS

Kang LUO, et al/Trans. Nonferrous Met. Soc. China 24(2014) 2130-2137

increasing strain, before reaching a plateau at ~600 K.
The entropy changes of Al and Al;Sc are more sensitive
to strain than Al;,Sc, especially at low strains. According
to Egs. (1)—(4), the different responses of vibrational
entropies of Al;Sc, Al, and Al;;Sc to strain will govern
the accurate position of the solvus boundary of Al3;Sc in
Al. The resulted solubility entropies and solubility free
energies (AF*') are plotted in Figs. 2(d) and (e),
respectively. Note that the applied strains increase the
solubility entropy at all the temperatures of interest. AF*'
always decreases with temperature, while at a fixed
temperature, the increasing trend of AF*® with strain
is pronounced. Recall that —AF*"' measures the driving
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Fig. 1 Calculated phonon DOS (a, b, ¢) and differential phonon DOS (a’, b’, ¢’) under applied strains: (a, a’) Al; (b, b") Al;;Sc;

(c, c) Al3Sc
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Fig. 2 Entropy difference (a, b, ¢) due to uniaxial external strains and AS *' (d), AF **!(¢), and solvus boundaries (f) of Al;Sc in Al

under applied strains

force of nucleation. Through Eq. (1), AF*' further
dictates the maximum possible solubility of Al;Sc in Al.
Thus, the increase of AF*' with strain indicates that
applying strain/stress would not only promote the
nucleation, but also reduce the solubility of Al;Sc in Al.
Eventually, the solvus boundaries of Al;Sc can be plotted
as shown in Fig. 2(f). The solvus boundary curve shifts
up on the phase diagram under strains, resulting in a
decrease in solubility limits and hence an increase of the
maximum possible precipitation amount of Al;Sc in Al.

This is expected to provide a larger strengthening effect
than conventional aging, which we believe, is one major
mechanism of stress/strain aging.

3.2 Interface energy and precipitation orientation
under stress/strain
It is known that 0" phase and Al matrix have a
completely coherent relationship of (001)[001]y//
{001}[001]4,[16]. Figure 3 shows the recently obtained
high-angle annular dark-field (HAADF) scanning
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Fig. 3 HAADF-STEM images of coherent, metastable precipitates (6" and 8') (a, b) in an Al—1.7%Cu alloy [23] and sandwich model
of Al/0" interface (c) (Note that the 6" phase is only one unit cell thick)

transmission electron microscopy (STEM) images of
metastable precipitates (6" and ') in an a-phase Al—Cu
alloy [17]. It is noticed that 0" forms as ultra-thin
platelets on the three equivalent {001}, planes of the
aluminium matrix. The thickness of the 8" precipitate is
no more than a few atomic layers, namely, it is only one
unit cell thick (¢c=7.68 A).

We extend the defect model in Refs. [18,19] to
express the interface energy under strain (¢) as

1 1
71(5): E{EO(‘C")_NAI:UXI(E)_ENAline" ﬂg"(g)_

[NCuinH"_%NAlinG" j[ﬂguma"(g)JrKTln“gu]} (6)
where A is the interface area, E is the total energy of the
interface, u; and N; are the chemical potential and the
atom number of each species, i, respectively. The
superscript “0” refers to the pure bulk state. ac,, the
activity of Cu in Al, is related to the activity coefficient,

Ycu, aS
Acy (T’xCu’g): Xcu?cu (T, xCuﬂg) (7)

At dilute concentrations (xc, <10%), ycy can be
approximated as [16]

7Cu(T7xCu9‘9) ~ yCu(Tag) =
exp{[AH(T, &) —TAS, _.(T,&)//(KT)} (8)

where AH and AS,-. are, respectively, the enthalpy and
the non-configurational entropy differences due to the
formation of the dilute solid solution. A detailed
description of DFT computation of AH and AS,—. can be
found in Ref. [20].

To calculate the strained interface energies, we
considered two different directions of loads, i.e., either
vertical (along [001]) or parallel (along [100]) to an
A1{001}[001]// 8"(001)[001] interface. It is believed that

nano-sized 0" deforms well compatibly with the matrix
in its early elastic regime. We hence applied a series of
strains, ranging from 0 up to 2%, uniformly to the
supercell. Following one our previous practice [21], the
upper and lower Al blocks in the supercell were
displaced rigidly, leaving the two interfacial rows of Al
atoms permitted to relax, as well as all atoms in 8", until
the net force on each diminishes below the threshold.
The resulted interface energies under strains were then
calculated, and are plotted in Fig. 4. It is noted that,
different strain signs and directions have small but
different impacts on interface energy.

Figure 5 replots the calculated Al/8"” interface
energies under strains for 7=298, 398, and 498 K.
Obviously, temperature and strain have opposite effects
on interface energy. The interface energy always
increases with temperature. Thus, the stability of the
interface would decline with temperature. In contrast, the
external strain always increases the interface stability, no
matter whether the load is compressive or tensile, along
the vertical or parallel direction, so as to promote the 8"
precipitation. More interestingly, we note that, under a
same degree of compressive strain, the formation energy
of a parallel oriented interface is slightly higher that of a
vertical interface, while under a same degree of tensile
strain, the formation energy of a vertically oriented
interface would become slightly higher. These results can
be further correlated to the “stress/strain-orienting effect”
[3] that is often observed in stress/strain aging
experiments.

Figure 6 shows schematically the stress-orienting
effect. During normal aging (i.e., under zero stress/strain,
Fig. 6(b)), 8" forms in three equivalent crystallographic
orientations, the [010], [001], and [100], as manifested in
Fig. 3. A compressive stress/stain (e.g., along [001] in
Fig. 6(a)) would reduce the interface energy of
the vertically-oriented 6" slightly more than its parallel
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Fig. 4 Calculated interface energies of A1(001)/6"(001) under compressive (a, ¢) and tensile (b, d) strains over temperature range of

interest (from 7=298 to 498 K)
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counterpart, so that the [010] oriented 8" would be more
favored. If a tensile stress/stain is applied along the same
direction (Fig. 6(c)), it would reduce the interface energy
of the parallelly-oriented 6" slightly more, so as to favor
the [001] oriented #". The [100] orientation is completely
equivalent to the [010], and shall respond in exactly
the same way as the [010]. Undoubtedly, such orientation

selectivity would be further exaggerated by the Poisson
effect. As the matrix is compressed along the [001] in
Fig. 6(a), the preferable [010] orientation would be
further favored by the induced stretching in the
transverse direction of [010]. The induced amount of
stretching can be estimated by the Poisson ratio of the
matrix.  Consequently, the  stress/strain-induced
orientation effect observed in stress/strain aging [3] can
be well reproduced by our theoretical calculations. The
different influence of applied strain/stress on the
formation energies of the different orientated Al/6"
interfaces shall thus be regarded as one major
mechanism for the stress/strain-orienting effect.

To validate our proposed mechanisms, we further
performed TEM analyses on stress-aged Al-5%Cu alloys
(under 7=453 K for 6 h) under different load conditions,
zero and 50 MPa (¢=~0.1%). Figure 7 shows the
obtained bright-field TEM images and diffraction
patterns using FEI Tecnai G* 20 transmission electron
microscope (operated at 200 kV). It is clearly revealed
that only a ~0.1% tensile strain could increase
significantly the volume fraction of ALCu (8")
precipitates in Al, consistent well with our predictions in
Fig. 2(f). Meanwhile, the parallelly-oriented 8" was also
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Fig. 6 Schematic diagrams for describing theoretically predicted “stress/strain-orienting effect” — preferential precipitation

orientation of §" changes with different load conditions: (a) Compressive; (b) No load; (c¢) Tensile

Fig. 7 Bright-field TEM images and diffraction patterns of A1-5%Cu alloys under load conditions: (a) 0; (b) 50 MPa

strongly favored when the matrix was under such a small
stretching (¢=~0.1%), as seen in Fig. 7(b). Our
calculations in Fig. 5 can predict well qualitatively this
stress-orienting trend, but seriously overestimate the
magnitude of the required stress/strain.

4 Conclusions

1) The solubility free energies would decrease with
strains, and the solvus boundary curve shifts up on the
phase diagram. This indicates that applying strain/stress
during aging not only promotes the nucleation, but also
reduces the solubility of Al;Sc in Al (in the way of
decreasing solubility entropy). As a result, an increasing
precipitation amount of Al;Sc in Al could be expected.
This shall be regarded as one major mechanism of
stress/strain aging that accounts for its enhanced
precipitation strengthening effect.

2) The interface energy always increases with
temperature, but decreases with strain at a given

temperature. The strain effect is slightly larger under a
parallel tensile or a vertical compressive strain, than
under a parallel compressive or a vertical tensile strain of
same magnitude. This can be regarded as one major
mechanism for the stain/stress-orienting effect observed
in stress/strain aging.

3) Compared with experimental observations, our
interface  energy calculations can predict well
qualitatively the stress-orienting trend in Al-5%Cu, but
might seriously overestimate the magnitude of the
required stress/strain.
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