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Abstract Precipitation hardening is the most effective strategy to enhance the
mechanical properties of metals. Dislocation mechanisms to control strengthening
during precipitation have been demonstrated extensively. However, owing to the
complexity of different precipitates in alloys, variations in ductility caused by
precipitation are complex and have not been clarified so far. In this study, the effects
of precipitation on ductility in precipitation hardening aluminium alloys are
investigated based on a modified dislocation-based approach and experimental
characterisation. The AIMgScZr alloy with spherical Alz(Sc, Zr) precipitates is used
as a model alloy system to understand the effects of precipitation on ductility. Via heat
treatment, shearable and nonshearable Al3(Sc, Zr) precipitates are introduced in the
AlMg matrix. The results show that the ductility of AIMgScZr alloy decreases when
shearable precipitates occur, while it increases with shearable precipitates being
replaced by nonshearable precipitates. The variation in ductility of AIMgScZr alloy is
mainly controlled by the dynamic recovery rate of the dislocations. Finally, by
analysing the different precipitate—dislocation interactions and evaluating the
dislocation density evolution during deformation, the dislocation mechanisms of
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ductility during precipitation for AIMgScZr alloy are demonstrated. This study reveals
the dislocation mechanism for controlling ductility during precipitation for AIMgScZr
alloy which can provide a theoretical foundation for the design of high-performance

structural materials.

Keywords: Ductility; precipitates; dislocations; a dislocation-based approach;

modelling

1. Introduction

Lightweight design strategies and advanced energy applications are the
requirement for next-generation high-performance structural materials. Improving the
strength of lightweight aluminium or other alloys via nanosized precipitates or
nanoparticles is an effective and low-cost method [Kim et al., 2015; Jiang et al., 2017;
Wu et al., 2017; Lei et al., 2018; Yang et al., 2018; Sun et al., 2019] which has
received extensive attention in recent decades [Ardell, 1985; Gladman, 1999; Kendig
and Miracle, 2002; Zhao et al., 2006; Fazeli et al., 2008; Hull and Bacon, 2011; Xu et
al., 2019; Zhang et al., 2020]. Over the past decades, extensive research has shown
that precipitates can clearly increase the strength of aluminium or other alloys [Ardell,
1985; Gladman, 1999; Kendig and Miracle, 2002; Zhao et al., 2006; Fazeli et al.,
2008; Teixeira et al., 2009; Knipling et al., 2010; Hull and Bacon, 2011; Ding et al.,
2018; Fan et al., 2018; Luca et al., 2019; Xu et al., 2019; Zhang et al., 2020]. The
above studies mainly focused on maximising strength to the extent possible by
optimising heat treatment parameters. Generally, precipitation strengthening is
attributed to the interaction of precipitates and dislocations [Ardell, 1985; Gladman,
1999; Kendig and Miracle, 2002; Zhao et al., 2006; Hull and Bacon, 2011]. The
well-known interaction mechanisms between precipitates and dislocations are
shearing and Orowan bypassing mechanisms [Ardell, 1985; Gladman, 1999; Knipling
et al., 2010; Hull and Bacon, 2011; Fan et al., 2018; Ming et al., 2018]. When the

average size of the precipitate is small (for shearable precipitates), the dominant
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interaction mechanism is dislocation shearing [Ardell, 1985; Gladman, 1999;
Knipling et al., 2010; Hull and Bacon, 2011; Fan et al., 2018; Ming et al., 2018]. With
increasing precipitate size (for nonshearable precipitates), the interaction mechanism
is primarily dominated by the Orowan bypassing mechanism [Ardell, 1985; Gladman,
1999; Knipling et al., 2010; Hull and Bacon, 2011; Fan et al., 2018; Ming et al., 2018].
Based on the different precipitate—dislocation interactions, several successful models
have been proposed to describe the variation in strength during precipitation in
precipitation hardening alloys [Ardell, 1985; Gladman, 1999; Knipling et al., 2010;
Hull and Bacon, 2011; Ma et al., 2014; Fan et al., 2018]. However, the physical
mechanisms of ductility during precipitation are complex and have not been
investigated sufficiently to date.

The ductility of materials is usually considered as tensile plasticity, which is
measured by tensile test only. Most current studies on ductility can be mainly divided
into two categories. One group of researchers have demonstrated that the ductility
includes uniform elongation (before necking point) and non-uniform elongation (after
necking point to failure) [Kim and Estrin, 2001; Liu et al., 2005; Huang et al., 2006;
Koch et al., 2013; Kim et al., 2015; Wu and Curtin, 2015; Li et al., 2016; Li et al.,
2017b; Ovid'ko et al., 2018; Wu et al., 2018]. The other group of researchers attribute
ductility to the uniform elongation [Zhao et al., 2006; Liu et al., 2013; Wu et al., 2015;
Li et al., 2017a; Huang et al., 2018; Lei et al., 2018; Ovid'ko et al., 2018; Shao et al.,
2018; Yang et al., 2018; Yang et al., 2019; Zhang et al., 2019]. It has been reported
that the uniform elongation is not affected much by the specimen size or geometry
[Zhao et al., 2008; Zhao et al., 2009; He et al., 2017; Ovid'ko et al., 2018], which is
more suitable for the determination of ductility of materials. Besides, the non-uniform
elongation falls under the scope of plastic instability which is a very complex process
(also associated with the nucleation and propagation of microvoids or microcracks [Li
et al., 2016; Ovid'ko et al., 2018]). In this study, we mainly reveal the dislocation
mechanisms of uniform elongation (before the necking point) that causes ductility.

The classic Considére and Hart criteria are mainly used to estimate the instability

caused by necking for strain rate insensitive and strain rate sensitive materials,
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respectively [Considere, 1885; Hart, 1967]. According to the Considére and Hart
criteria, a higher work hardening rate could suppress the necking point and promote a
higher ductility [Wang et al., 2002; Zhao et al., 2006; Lei et al., 2018; Yang et al.,
2018; Yang et al., 2019]. In addition, some studies have demonstrated that ductility is
controlled by the strain rate sensitivity for some alloys [Ghosh, 1977; Hutchinson,
1977; Wang and Ma, 2004]. However, all the aforementioned studies (based on
Considére and Hart criteria) follow mechanistic approaches and do not consider any
intrinsic microscopic features and variables associated with dislocation evolution.
Yasnikov et al. [Yasnikov et al., 2014, 2017; Vinogradov et al., 2016] proposed a
dislocation-based approach to predict the ductility variation in metals ranging from
coarse- to ultrafine-grained microstructures. They demonstrated the dependence of
ductility on the dislocation behaviours and history of metal pre-processing. Motivated
by these studies, we propose a modified dislocation-based approach to explain
ductility during precipitation via experimental characterisation.

Shearable and nonshearable Al3(Sc, Zr) precipitates with excellent thermal
stability, spherical shape, and uniform spatial distribution can be obtained by
controlling the heat treatment parameters [Fuller et al., 2003; Voorhees, 2006;
Knipling et al., 2010]. In addition, owing to their excellent qualities, these precipitates
can be quantitatively characterised via transmission electron microscopy (TEM) and
small angle neutron scattering (SANS) [Perrard et al., 2006; Decreus et al., 2013].
Therefore, Al3(Sc, Zr) precipitate is used as a model precipitate to investigate the
variation in ductility of the metals during precipitation. In the present study, we use
AlMgScZr as the model alloy system. The advantage of AIMgScZr is that the solute
concentration (the solute concentration of Sc and Zr is very small, and its change
during precipitation can be omitted compared with Mg element) remains almost
unchanged during precipitation which can probably nullify the effects of solute
concentration variation on ductility during precipitation. Dislocation-based processes
govern the plastic deformation of metals. During these processes, the strength and
ductility of metals can be altered, as reported recently [Zhao et al., 2006; Kim et al.,

2015; Jiang et al., 2017; Yang et al., 2018; Zhang et al., 2019]. Introducing nanosized
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precipitates or nanoparticles can result in a better combination of strength and
ductility by mediating intrinsic dislocation behaviours [Zhao et al., 2006; Kim et al.,
2015; Jiang et al., 2017; Yang et al., 2018]. In this study, the dislocation mechanism
for controlling ductility during precipitation for AIMgScZr alloy can be understood on
the basis of dislocation—precipitate interactions. This provides important insight into

designing alloy systems with enhanced mechanical properties.

2. Experiments and methods

The matrix metal used is AIMg alloy; therefore, the designed alloy here is
AlMgScZr. The used materials were all produced by direct chill casting with pure Al
(99.999%), Al-2%Sc master alloy, Al-10%Zr master alloy, and pure Mg (99.99%).
The nominal chemical compositions of designed AlIMg and AlMgScZr alloys are
Al-6% Mg (wt.%) and Al-6% Mg-0.2% Sc-0.15% Zr (wt.%), respectively. The
chemical compositions of the cast AIMg and AlMgScZr alloys, determined by
inductively coupled plasma mass spectrometry (ICP-MS), were Al-5.7% Mg (wt.%)
and Al-5.4% Mg-0.2% Sc-0.15% Zr (wt.%), respectively. The cast AIMg alloy was
directly extruded at 623 K with an extrusion ratio of 10:1. The cast AIMgScZr alloys
were first aged at 623 K for 3 h (labelled with Alloy-S) and at 813 K for 24 h (labelled
with Alloy-NS), followed by water quenching. These aged alloys were extruded at
623 K with an extrusion ratio of 10:1. As the extrusion temperature is lower than the
ageing temperature, the Als(Sc, Zr) precipitate formed during ageing does not coarsen
during the extrusion process.

The quantitative characterisation of the precipitate was conducted by TEM and
SANS. The samples for TEM were first mechanically polished to 80 pm, followed by
electrochemical polishing using a twin-jet polishing unit with a mixed solution of
33.3% methanol and 66.6% nitric acid at 22 V and 233 K. TEM observations were
conducted using a JOEM-2100F operating at 200 kV and a high-resolution
Cs-corrected FEI Titan® Themis at 300 kV. SANS was performed on a small angle

neutron scattering instrument at the China Spallation Neutron Source [Ke et al.,
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2018].

The tensile tests were conducted at room temperature with a strain rate of 5 x 10
— 5 x 10 s!. The gage section of the tensile specimens with dog-bone shape was 15 x
3 x 2 mm’. The dislocation densities of the AIMg and AIMgScZr alloys were
determined by high-resolution X-ray diffraction line profile analysis, which were
measured by synchrotron radiation X-ray diffraction at beamline BL14B1 in the
Shanghai Synchrotron Radiation Facility [Yang et al., 2015]. A monochromatic X-ray
beam with an energy of 18 keV (with wavelength 0.06889 nm) and a beam size of
180 um (width) X200 pum (height) was used. The diffractometer was equipped with a
double crystal monochromator and had negligible instrumental broadening (less than
0.001°). The range of diffraction angle is about 7.5~19.0°, during which the (111),
(200), (220), (311) and (222) peaks of aluminum matrix were detected. The Mythen
IK linear detector was adapted for high resolution diffraction data acquisition in
Debye-Sherrer mode, and the exposure time was 5 s. The wavelength of the X-ray
was calibrated using LaBe standard from NIST(660b). The average dislocation density
is determined by analysing the asymptotic behaviour of the second-order and
fourth-order restricted moments using the restricted moment method [Borbély and
Groma, 2001]. We mention that the momentum method based on the asymptotic
behaviour of the intensity distribution is the most accurate among the available
approaches [Borbély and Ungar, 2012]. Since the full width at half maximum of the
peaks depends on the spatial distribution of dislocations [Kalacska et al., 2017]
simpler methods such as the modified Williamson-Hall [Ungar and Borbély, 1996] or

any of their variants are highly discouraged to use.

3. Results and analysis
3.1 Quantitative characterisation of precipitates

The characterisation of the precipitates is conducted using TEM and scanning
transmission electron microscopy (STEM). Fig. 1 shows the dark-field TEM images

of Al3(Sc, Zr) precipitates for the Alloy-S and Alloy-NS samples. As shown in the
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figure, the spherical-shaped Al3(Sc, Zr) precipitates are homogeneously distributed in
the AIMg matrix for both samples. Fig. 2 shows the STEM of small Al3(Sc, Zr)
precipitates obtained from the Alloy-S sample. The precipitate size is about several
nanometres in diameter (Fig. 2 (a)). The inverse fast Fourier transformation (IFFT)
images in Figs. 2 (g) and (h) show that the small precipitates are completely coherent
with the matrix. Fig. 3 shows the STEM of a large Als(Sc, Zr) precipitate obtained
from the Alloy-NS sample. Further, the size of the precipitate is approximately 20 nm
in diameter (Fig. 3 (a)). No misfit dislocations are observed at the interface of large
precipitates and matrix (Figs. 3 (d—e)), indicating a fully coherent interface. The
results in Figs. 1, 2, and 3 indicate that both the small and large precipitates have the

same morphology, distribution, and interface structure.
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Fig. 1 Quantitative characterisation of the precipitates: (a) and (b) dark-field TEM
images of the Alloy-S sample (made with the -100 diffraction spot) and the Alloy-NS
sample (made with the -100 diffraction spot), respectively. The inset figures

correspond to selected area electron diffraction.
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Fig. 2 STEM images of the Al3(Sc, Zr) precipitate obtained from the Alloy-S sample.
(a) Low magnification STEM image, where 1-8 indicate the eight precipitates. (b)
and (c) FFT images of precipitate 4 (red box B) and aluminium matrix (red box A). (d)
Large magnification STEM image of precipitate 4 with interplanar spacing of
aluminium matrix and precipitate. (¢) Energy dispersive spectrometer mapping of Sc
element of (d); the Zr element is not shown here. (f~h) Precipitates and their
corresponding IFFT images. No dislocation is observed at the Al/Al3(Sc, Zr) interface,
indicating a fully coherent interface. The red circles in (f~h) refer to the Al/Als(Sc, Zr)
interface. The zone axis is [001] for aluminium matrix ([001]Al) and precipitates
([001]P). The (002)Al, (020)Al, (001)P, (010)P refer to the crystallographic planes
(200), (020) of aluminium matrix and (001), (010) of precipitates. The orientation
relation between precipitates and matrix is [001]Al // [001]P, (002)Al // (002)P,
(020)Al // (020)P.
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Fig. 3 STEM images of Al3(Sc, Zr) precipitate obtained from Alloy-NS sample: (a)
STEM image; (b) and (c) FFT images of precipitate (red box B) and aluminium

matrix (red box A); (d—e) the corresponding IFFT images. No dislocation is observed
at Al/Alx(Sc, Zr) interface, indicating a fully coherent interface. The red circles in
(d—e) refer to the Al/Al3(Sc, Zr) interface. The zone axis is [001] for aluminium
matrix ([001]Al) and precipitates ([001]P). The (002)Al, (020)Al, (001)P, (010)P refer
to the crystallographic planes (200), (020) of aluminium matrix and (001), (010) of
precipitates. The orientation relation between precipitates and matrix is [001]Al //
[001]P, (002)Al //(002)P, (020)Al //(020)P.

Although TEM is used to observe the distribution and morphology of precipitates
and analyse the interface structure of the precipitate and matrix, obtaining statistical
information on precipitates effectively (e.g., average radius size, volume fraction, and

inter-distance of precipitates) is difficult, particularly when the average radius size of
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precipitates is very small. In the present study, we use the SANS technique to
characterise Al3(Sc, Zr) precipitates to obtain more realistic statistical information on
the average radius size and volume fraction of Alloy-S and Alloy-NS samples, since
average radius size and volume fraction are the key parameters used for modelling.
Fig. 4 shows the experimental curves of scattering intensity / versus scattering vector
q (Fig. 4(a)) as well as the corresponding two-dimensional scattering image (Figs. 4(b)
and 4(c)). The I-g curves are obtained after the two-dimensional scattering image is
integrated azimuthally. The initial data processing on SANS experimental data
contains correction, normalisation, and calibration, which are conducted by using the

method proposed by Cotton [Lindner and Zemb, 1991]. According to previous studies
[Mathon et al; 1997, 2003, 2012; Zhong et al., 2014], SANS intensity /(g) can be
expressed as

(dZ/dQ)(q)=1(9) ~ f,Ap"F*(¢,R)S(¢, R) (1)

where dX is the number of neutrons scattered per second into d€) in each under a

certain volume fraction and dQ) is the differential solid angle, dX/dQ represents

the unit scattering density across the sample; f, refers to the precipitate atomic

volume; ¢ represents the scattering vector; S(g,R) refers to the interference term

associated with precipitates that can be neglected when the volume fraction of the
precipitate is less than a few percentage [Ashcroft and Lekner, 1966; Mathon et al.,
2012; Zhong et al., 2014]". Thus, it can be assumed that S(g,R)=1 in this study (as
previous studies show that the volume fraction of Al3(Sc, Zr) precipitates in
AlScZr-based alloy systems is usually less than one percentage) [Knipling et al., 2010;

Vo et al., 2014; Taendl et al., 2016; Luca et al., 2019]. In equation (1), F(g,R) 1is the

form factor of the precipitates. For a spherical precipitate, F(g,R) can be expressed

as follows [Glatter and kratky, 1982]:

1 If the volume fraction of the precipitate is less than a few percentage (or the volume fraction of precipitate is
very low), it indicates that this is a sparse system. In this sparse system, the interspacing between precipitates is
very large, so they don't interfere with each other.



F(q,R) = % [edr= [e=r? sin 0dod gar |

47R /3
=3 {[sin(qR) —gR COS(qR)] / (qR)3}

)

where V' is the volume of a precipitate; 0 and ¢ are the variables under the

spherical coordinates to simplify the double integrals. In equation (1), Ap is the
nuclear contrast, which can be written as

Ap=p’=p" =b"/vi-b"]Vv] 3)
where p" and p” are the scattering length density of the matrix and precipitates,

respectively; v,/

at

and v/ are the mean atomic volumes of the matrix and

precipitates, respectively; and ™ and b” are the mean scattering lengths of the
matrix and precipitates, respectively. As the matrix is mainly composed of the
chemical elements of aluminium and magnesium, b™ can be written as [Sears, 1992]
b" =3b,Ci=b,C,, +by,Cy, 4)
where b, and b, are the nuclear scattering lengths of Al and Mg elements and
C, and C,, are the mole fractions of Al and Mg elements, respectively. Based on

previous studies, one Gaussian distribution is usually used to model the size
distribution of precipitates, which agrees with experimental TEM observations

[Zhong et al., 2014]. The distribution function A(R) of one Gaussian distribution is
expressed by

h(R)=exp[ ~(R-R,)' /26" |/2no (5)
where R is the mean radius of the precipitates and O is the standard deviation.
The average inter-distance of precipitates L, can be expressed as [Knipling et al.,
2010]

L =R \Qr/3f)-m/2. (6)

In equation (1), the factor prp2 is independent of the precipitate radius, which can

be considered as a fitting constant parameter. By using the small angle scattering

fitting software VSAS developed by Zhong et al. of Shanghai Jiao Tong University
[Zhong et al., 2014],the R , O, fp and L, can be determined. Table 1 shows the



values of the parameters used in fitting R , O and f,.

Table 1 Values of parameters used in fitting R_, O and fp

Parameter Significance Value Origin
S(gq,R) Interference term associated with precipitates 1 [Zhong et al., 2014]
o Scattering length density of matrix 2.16X10' ¢m™ Equation (3)
o’ Scattering length density of precipitate 3.36 X10' ¢cm? Equation (3)
v Mean atomic volume of matrix 1.65%102% cm -
vh Mean atomic volume of precipitate 1.69x102% cm™ -
b" Mean scattering length of matrix 3.563 X103 cm Equation (4)
b? Mean scattering length of precipitate 22.637X 103 cm [Sears, 1992]
C, Mole fraction of Al 94.1% -
CMg Mole fraction of Mg 5.9% -
b, Nuclear scattering lengths of Al element 3.449X 103 cm [Sears, 1992]
by, Nuclear scattering lengths of Mg element 5.375X 103 cm [Sears, 1992]
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Fig. 4 Quantitative characterisation of Al3(Sc, Zr) precipitates by SANS. (a)
Scattering intensity / versus scattering vector ¢ for Alloy-S and Alloy-NS samples
obtained by SANS. The inserted table presents the mean radius, volume fraction, and
inter-distance of the precipitates for both samples obtained by SANS. (b) and (c) are

the two-dimensional scattering images of Alloy-S and Alloy-NS samples.

Fig. 4 shows the quantitative information of Al3(Sc, Zr) precipitates of the Alloy-S
and Alloy-NS samples. The average sizes of precipitates formed are approximately
2.5 and 10.2 nm in the Alloy-S and Alloy-NS samples. The volume fractions of the
precipitates in these alloys are determined to be approximately 0.46% and 0.42%,
respectively. These results are very similar to those reported for Al-Sc-Zr alloys
[Iwamura and Miura, 2004; Robson, 2004; Marquis and Seidman, 2005; Clouet et al.,
2005; Fuller and Seidman, 2005; Knipling et al., 2010].

In summary, the quantitative information of precipitates containing the average
size, volume fraction and inter-distance is obtained by TEM and SANS. This
information is necessary for clarifying the influence of different
dislocation—precipitate interactions on the dislocation behaviour during deformation
(such as the distribution of dislocations and magnitude of dislocation density). It can
also further provide the key parameters for our modified dislocation-based approach.
These results support the explanation regarding the underlying dislocation mechanism

of ductility during precipitation which will be discussed in the following sections.



3.2 Analysis of variation of ductility during precipitation

Figs. 5 (a—g) show the engineering stress—strain curves of AlMg, Alloy-S, and
Alloy-NS alloys at different strain rates 0.05-0.00005 s™. The Portevin-Le Chatelier
phenomenon (PLC) is observed from engineering stress—strain curves that results
from the interaction between solute atoms and mobile dislocations [Cottrell and Bilby,
1949; McCormick, 1972; Van den Beukel, 1975; Estrin and Kubin, 1990; Kubin and
Estrin, 1985, 1990, 1991; Antolovich and Armstrong, 2014; Zhang et al., 2017]>. We
do not intend to focus on the PLC phenomenon; therefore, it is not described in detail
in this paper. Fig. 5 (h) shows the strain rate sensitivity (m) of the AIMg, Alloy-S, and
Alloy-NS alloys. The strain rate sensitivity is controlled by the thermally activated

interactions of dislocations with obstacles that can be computed using the equation

m=log(o,/0,)/log(¢,/€,), where 0, and o, refer to the flow stress at a constant

strain rate of &, and &, respectively [Wang et al., 2006; Zhao et al., 2018]. As can

be observed in the figure, the m values of AIMg, Alloy-S, and Alloy-NS alloys are
-0.0091, -0.0073, and -0.0130, respectively. The three values are very close, indicating
that the precipitation does not lead to a significant change on m value.

The AlMg alloy with conspicuous necking growth strain (the strain from
appearance of necking to final fracture) is presented in Figs. 5 (a—g). For Alloy-S
alloy (with shearable precipitates), the plastic instability point is advanced; this
indicates that the ductility decreases with the formation of shearable precipitates.
When the shearable precipitates become nonshearable precipitates, the ductility is

increased again. The variations in ductility during precipitation are shown in Fig. 8.

2 For AlMg alloy, the mobile dislocations can be impeded and arrested by forest dislocations during deformation.
The solute Mg atoms will diffuse to the arrested mobile dislocations and pin these arrested mobile dislocations
during this waiting time. The additional pinning caused by solute atoms will lead to a stress rise in the stress-strain
curve. With the increase of applied stress, the arrested mobile dislocations will escape from the additional pinning
of solute atoms, leading to a stress drop or stress plateau.
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Fig. 5 (a—g) Engineering stress strain curves of AIMg, Alloy-S, and Alloy-NS samples
at different strain rates: (a) 0.05 s, (b) 0.01 s!, (c) 0.005 s!, (d) 0.001 s, (e) 0.0005
sh, () 0.0001 s, and (f) 0.00005 s'. (h) Variations of flow stress versus strain rate at
constant strain (2%) for AlIMg, Alloy-S, and Alloy-NS samples; the strain rate
sensitivity (m) is determined. (i) Work hardening rate versus the flow stress with the

yield stress subtracted at 0.001 s! for AIMg, Alloy-S, and Alloy-NS samples.

The dislocation—precipitate interactions include dislocation shearing precipitates
(hereinafter referred to as shearable precipitates) and dislocation bypassing
precipitates (hereinafter referred to as nonshearable precipitates) [Ardell, 1985;
Gladman, 1999; Hull and Bacon, 2011; Ma et al., 2014; Fan et al., 2018; Xu et al.,
2019; Li et al., 2020]. For many alloy systems, the shearing mechanism changes into
bypassing mechanism with an increase in the precipitate size. For the AlScZr alloy
system, it has been reported that the critical size between shearable precipitates and
nonshearable precipitates is previously found to be approximately 3~4 nm [van Dalen
et al., 2006; Fazeli et al., 2008; Knipling et al., 2010, 2011; Lai et al., 2013; Luca et
al., 2018; Okle et al., 2019]. Therefore, the precipitates in Alloy-S (with an average



precipitate size of approximately 2.5 nm) and Alloy-NS (with an average precipitate
size of approximately 10.2 nm) samples are understood to be shearable and
nonshearable precipitates, respectively. Fig. 6 shows the dark-field TEM images of
Al3(Sc, Zr) precipitates taken from Alloy-S and Alloy-NS samples after 5% tensile
strains. It can be seen that the precipitates are sheared by dislocations for Alloy-S
samples, while no evident dislocation shearing precipitates is observed for Alloy-NS
sample. Our results are similar to the previous studies of Xiao et al. and Jaladurgam et
al. who also reported the dislocations shearing precipitates from TEM observation
[Xiao et al., 2005; Jaladurgam et al., 2020]. From Fig. 6, it also can be seen that the
precipitates in Alloy-S and Alloy-NS samples are shearable and nonshearable

precipitates.
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Fig. 6 Dark-field TEM images of Al3(Sc, Zr) precipitates taken from extruded Alloy-S
and Alloy-NS samples after 5% tensile strains: (a) Alloy-S (made with the 100
diffraction spot), (b) Alloy-NS (made with the 100 diffraction spot). The dashed red
circles in (a) show that the precipitates are sheared by dislocations. The inset figures

correspond to selected area electron diffraction.

To further verify that the precipitates in Alloy-S and Alloy-NS are shearable and
nonshearable precipitates, we compare the precipitation strengthening increment
caused by theoretical model prediction and experimental data (Fig. 7).

First of all, when the resistance force caused by hard particles is higher than the

double line tension, and the dislocation will bypass the hard particles in the form of



Orowan loop. The Orowan strengthening o, 1is given by [Knipling et al., 2010; Ma
et al., 2014; Luca et al., 2019]:

Oy =0AMGbIn (2R /b)/ 7L 1-v . (7)
Secondly, the order strengthening, owing to the formation of antiphase boundaries

(APBs), can lead to the increase of strength when the mobile dislocations shear the

ordered precipitates [Ardell et al., 1985; Knipling et al., 2010; Ma et al., 2014; Luca et

al., 2019]. The order strengthening o, is expressed as:

O

oa =M (08177, /21))-(37r¢/8)”2 . (8)
Thirdly, the coherent strengthening, which is due to the elastic strain field interactions
between coherent precipitates and dislocations. The coherent strength o, is given
by [Ardell et al., 1985; Knipling et al., 2010; Ma et al., 2014; Luca et al., 2019]:

O =M - 2(EG)"* -(Rgb/ T)" . (9)
Fourthly, the modulus strengthening, owing to the modulus misfit, results from the
shear modulus difference between matrix and precipitate. The modulus strengthening
0,.4 15 shown as [Ardell et al., 1985; Knipling et al., 2010; Ma et al., 2014; Luca et
al., 2019]:

0,0 =M -0.0055(AG)*(#/T)"* -b(R/b)""*". (10)
The former studies in [van Dalen et al., 2006; Knipling et al., 2010; Vo et al., 2012;
Lefebvre et al., 2014] indicate that the combined modulus-coherent strengthening

dominates when R<R,. When R <R<R,, the order strengthening dominates.
When R > R,, the Orowan strengthening dominates. Therefore, one obtains:
V Griod + Gczoh > R< Rl
o= Gord’ RISRSRZ * (11)
0., R>R,
For Al3(Sc, Zr) precipitate, R ~1.2nm and R, ~3—4nm [van Dalen et al., 2006;

Fazeli et al., 2008; Knipling et al., 2010, 2011; Lai et al., 2013; Luca et al., 2019;
Okle et al., 2019].



Table 2 The parameters in equations (7-10)

Parameter Significance Value Origin
R Average size of precipitates 2.5/10.2 nm This study
¢ Volume fractions of precipitates 0.46%/0.42% This study
M Taylor mean orientation factor 3.06 [Knipling et al., 2010]
G Shear modulus of aluminum 26.2 GPa [Knipling et al., 2010]
b Burgers vector 0.286 nm [Knipling et al., 2010]
L » Average inter-distance of precipitates 49.4/211.7 nm This study
R Average planar radius R=025R [Knipling et al., 2010]
v Poisson's ratio of aluminum 0.345 [Knipling et al., 2010]
Average value of the APBs energy for
17 4pas 0.5 m? [Knipling et al., 2010]
(111) plane

X A constant 2.6 [Knipling et al., 2010]
T Line tension of the dislocation 1.072x10° N [Knipling et al., 2010]

A misfit parameter describing the misfit
s 0.0179 [Knipling et al., 2010]
degree between precipitate and dislocation
Absolute value of shear modulus
AG 41.8 GPa

[Knipling et al., 2010]
difference between matrix and precipitate

m A constant 0.85 [Knipling et al., 2010]

For the Alloy-S sample, the predicted values by combined modulus-coherent
strengthening, order strengthening and Orowan strengthening are about 210, 160, 190
MPa when average size of precipitate is about 2.5 nm. The experimental value is
about 140 MPa, which is close to the predicted value by order strengthening (the
experimental result is lower than that of the predicted strengthening increment,
possibly owing to some variation in the reported values of APBs energy of the Als3(Sc,
Zr) precipitate [Knipling et al., 2010; Lefebvre et al., 2014]). Thus, it is inferred that
the order strengthening is the dominant strengthening for Alloy-S sample. For the
Alloy-NS sample, the predicted values by combined modulus-coherent strengthening,
order strengthening and Orowan strengthening are about 350, 152, 69 MPa when
average size of precipitate is about 10.2 nm. The experimental value is about 70 MPa,

which is very close to the predicted value by Orowan strengthening. Thus, it is
¥


javascript:;

inferred that the Orowan strengthening is the dominant strengthening for Alloy-NS
sample. Through comparison between experimental measurements and strengthening
model predictions, the precipitates in the Alloy-S and Alloy-NS samples can be

verified to be shearable and nonshearable, respectively.
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Fig. 7 Yield stress increment versus mean precipitate radius for (a) Alloy-S and (b)

Alloy-NS. The full curves represent calculated predictions of minimum of

2 2 : s 2 2
i+ » Ouq» and o, . That is, the minimum value of /o, ,+0.,, O.q>

and o, is the true strengthening increment. R; (inflection point) is the critical

radius between combined modulus-coherent strengthening and order strengthening. R>
(inflection point) is the critical radius between order strengthening and Orowan
strengthening. The black, red and blue triangles refer to the predicted values by
combined modulus-coherent strengthening, order strengthening and Orowan
strengthening when the average size of precipitate is about 2.5 nm (a) and 10.2 nm (b).

The grey triangles in (a) and (b) refer to the experimental results.

4. Theoretical modelling
4.1. Modified dislocation-based approach

Up to now, many theoretical models have been developed to describe the
strengthening during precipitation, such as the models in equations (7-10). However,

the existing theoretical models are difficult to describe the variation of ductility during

precipitation. Although the Considére criterion (€(¢)/o(g)=1) and Hart criterion

X



(0(¢)/ o(e)+m=1, where m is the strain rate sensitivity) can be used to predict the

necking instability points [Considére, 1885; Hart, 1967], both two criteria do not

follow any specific strain-hardening law. The necking instability point is difficult to
estimate accurately unless the function o(€) in the entire strain range can be
determined. However, the most used constitutive equations, such as Hollomon
(o(e)=Kg"), Ludwik—Hollomon (o(&)=K&"e"), and Swift (o(e)=K(g,+¢)"),

are empirical. These constitutive equations sometimes make it difficult to describe the
actual strain-hardening behaviour of materials. Therefore, the estimated necking strain
by the Considére (or Hart) criterion is different from the actual value. For example,

the Considére criterion indicates that the necking strain and strain exponent are
identical in the Hollomon relation for strain rate insensitive materials: &, =7 .
However, for strain rate sensitivity materials, the necking strain is determined as

Eyy =n/(1=m) in Ludwik—Hollomon expression using the Hart criterion. Table 3
lists the necking strains obtained using the Considére criterion (é&,.) and Hart
criterion (&, ). It can be seen that &,. is almost equal to &,,, which is much

higher than that of the real necking strain determined experimentally &, . Therefore,

predicting the necking instability points and discussing the dislocation mechanism of
ductility variation in metals during precipitation are difficult using these empirical

constitutive equations and the Considere (or Hart) criterion.

Table 3 Necking strains (uniform elongation) determined by Consideére and Hart criteria-based

prediction and experimental characterisation

Samples AlMg Alloy-S Alloy-NS
n 0.252 0.167 0.220
Enc 0.252 0.167 0.220
Enn 0.249 0.166 0.218
e 15.833 11.148 14.867

The tensile tests are conducted in 0.05-0.00005 s range. The values in this table refer to the

p.{



average value from all tensile tests.

In this study, we propose a dislocation-based approach to quantitatively
demonstrate and predict the ductility variation during precipitation for precipitation
hardening AIMgScZr alloys. This dislocation-based approach was first proposed by
Yasnikov et al. who used to predict the variation of plastic instability in metals
without precipitates [Yasnikov et al., 2014, 2017; Vinogradov et al., 2016]. In the
present study, we propose a modified dislocation-based approach to study the
variation in ductility during precipitation for AIMgScZr alloy. Moreover, we clarify
the physical mechanisms behind this modified dislocation-based approach combined
with experimental verification. This modified dislocation-based approach couples the
Taylor constitutive equation, which describes the relationship between flow stress and
total dislocation density, and a kinetic equation describing the relationship between
the dislocation density and plastic strain or deformation time.

For the AIMg alloy, the equation suggested by Kocks, Mecking, and Estrin that
govern the evolution of the total density is expressed as follows [Kocks, 1976; Estrin

and Mecking, 1984; Estrin, 1996]:

dp/dt=(kJp-kp)y”, (12)
where K, is a constant representing the dislocation storage due to trapping of the
dislocations by other dislocations; k&, depends on the strain rate and temperature that
represents a reduction in dislocation caused by dynamic recovery, and 7’ is the
shear strain rate. Variational methods (assuming J0p and 0y” are small fluctuations

of p and ¥”)and linear stability analysis are used to define the plastic instability

criterion. Finally, we obtain the instability criterion for single-phase coarse-grained
material based on the dislocation evolution, as shown in [Vinogradov et al., 2016;

Yasnikov et al., 2017]

0" Io)Y1-m)y+(m/e")(1-(o,/0)) =1, (13)



where 0, represents the stress for resisting dislocation slip that usually originates
from solutes, Peierls stress, and initial dislocation density, prior to plastic deformation;

0" =(ol /&")-exp(—&/&") and the characteristic strain &" =2/ Mk, (where M is

Taylor factor); and the saturated stress o) =aGbMk, /k, (where « is a constant,

G is the shear modulus, and b is the Burgers vector). Therefore, the critical strain

obtained from the instability criterion is expressed as follows

eV =g 1n[(1+(1—2m)/gN)/(1+(ao/a;V)—(m/gN))]. (14)
For the Alloy-S with shearable precipitates, considering the effect of shearable

precipitates, the evolution of the total dislocation density with increasing strain or

time becomes
dp/dt=(knJp - fh,p)7", (15)
where f, is a term representing the effect of shearable precipitates on dynamic

N

recovery [Cheng et al., 2003]. Thus, the instability criterion and critical strain for

necking can be expressed by equations (16) and (17) as follows

©° /o) 1=m)+(m/&%)(1-(o,/ 0)) <1, (16)
e =g 1n[(1+(1—2m)/8s)/(1+(0'0 /ag)—(m/gs))], (17)
where 6° = (o} /&°)-exp(—¢/ "), characteristic strain &° =2/ f.Mk,, and saturated
stress oy = aGbMk, | fik, .

Comparatively, for the Alloy-NS containing nonshearable precipitates, we

consider a case where the density of the precipitates is larger than that of the obstacles
caused by dislocations for simplicity (the inter-distance between the precipitates L,
L,<10/ \/; [Estrin, 1996], which is confirmed by our SANS results). In this case,

the evolution of total dislocation density with the increase in strain can be expressed

as follows

dp/dt=(k,=f,kP)7", (18)



where k, is a constant representing the intrinsic length scale of the material which
accounts for dislocation storage. If the material contains precipitates, k, will depend

on the spacing of the precipitates [Cheng et al., 2003]. Further, f represents the

influence of nonshearable precipitates on the dynamic recovery. Therefore, the

instability criterion can be expressed as follows

0" lo)+(m/ ™) (1-(o,/0)) =1, (19)
where 0" =(ol® /&™) -exp(-¢/&") ; the characteristic strain & =1/f k,M

and the saturated stress o.° =aGbM \Jk,/ f, k, . The critical necking strain can be

expressed as follows

2
1 o,e™ o,e™
el =—&™ Inil1- + 2 - 0 : (20)
¢ 14+26™ | o (1+26™) | oy (1+26")
Equations (14), (17), and (20) are the modified dislocation-based models that can be
used to predict the ductility during precipitation for precipitation hardening alloys.
These modified dislocation-based models consider intrinsic microscopic variables

associated with dislocation evolution.

4.2 Model verification
A more general equation of the flow stress addition law can be represented as
follows, considering solution strengthening, dislocation strengthening, and

precipitation strengthening [Cheng et al., 2003; Fazeli et al., 2008]:

Gtotal

=0,+t0,+0,+ (o"+ Uppt” )”" . (21)

Here, 1<n<2; o, is the initial yield stress of pure aluminium; o refers to the

S

solute strengthening; o

s 18 the grain boundary strengthening. The average grain

sizes of extruded AIMg, Alloy-S and Alloy-NS samples are about 16.0, 8.2 and 8.5

um. o is the dislocation strengthening, and o, represents the precipitation

pt

strengthening. The well-known Voce equation can be written as follows:
2



o =0,—0y exp[—(@0 /o) g”] ) (22)

After substituting equation (22) into equation (21) and then differentiating with strain,

we obtain
I—J
6, {(apm" +o") 0"1]90(1—0/05). (23)

For AlMg, o

oat =0y TO,+0+0, . and equation (23)  becomes,

0,. =06, [1—(6/6?)] , where 6,=aGbkM*/2 and o) =aGbMk, /k, . After
differentiating with o, ,,, we obtain
detatal /do-total = _90 /O-.év = _Mk2 /2 . (24)

Thus, k;, and k, can be obtained based on equations (23) and (24). This is because

k, denotes the slope of the work-hardening rate versus the flow stress and £,

reflects the initial work-hardening rate.

For Alloy-S, n=1 [Cheng et al, 2003; Fazeli et al, 2008],

and equation (23) becomes, 6, =0, (I—O'/O'SS),

o total

total — GAI +Gss +Ggs +o0+0

ppt °
where 6, =aGbkM?/2 and o) =aGbMk, / fk,. After differentiating with o,,,,
we obtain

do

total

/do,,, =-0,/05 =—f.Mk, /2. (25)

total —

Thus, k, and f, parameters (we assume that k, is a constant, and the effect of

shearable precipitates on dynamic recovery is reflected by f,) can be obtained based

on equations (23) and (25).
For Alloy-NS, n=2 [Cheng et al, 2003; Fazeli et al, 2008],

1/2 .
=0, +0,+0,+ (0-2 +to’ ) , and the Voce equation becomes

g, ppt

o =aGbM {(k, ! £, k)[1-exp(-Mf, ke ]} (26)

and the work-hardening rate can be obtained as follows:



o («GbM )’ Mk,  f. k,Mo

Ororat = : 27).
total (O_!z}pt n 0_2 )1/2 20 2 ( )
After differentiating with o, we obtain
detotal _ (aOGbM)Z MkOU f;1sMk2 20 0-3 (2 8)
- 32 2 32
do 2(0;3t +O'2) 2 (ajpt +02) (aspt +0'2)
Thus, we obtain
de,, (aGbMY Mk, [ k,M ) 52 .
do 2(0‘2 +02) 2 _(62 +02) ' @)
total ppt ppt

When the stress reaches saturation (ultimate tensile strength), o>>o,, . Thus,

equation (29) can be simplified as

detotal _
do

total

~ ((){GbM)2 Mk, f. kM Mk, f, M
267 2 20" 2

(30)

where p° is the saturated dislocation density, which can be determined from

synchrotron radiation X-ray diffraction. According to equation (30), f,  can be

obtained. All the model parameters and predicted critical necking strain for AIMgScZr

alloy are listed in Table 4. Although the slope curve of the Alloy-NS sample is
influenced by k, and p°, the dominant parameters are f,, and k,.

After determining all the parameters in the modified dislocation-based models
(equations (14), (17), and (20)), the values predicted by these models can be evaluated.
The model prediction also shows that the ductility decreases with the formation of
shearable precipitates and increases again with the shearable precipitates becoming
nonshearable precipitates for AIMgScZr alloy (Fig. 8). Moreover, the values predicted
using equations (14), (17), and (20) agree well with the experimental results, as shown
in Fig. 8. The underlying dislocation mechanisms behind the variation in ductility

during precipitation for AIMgScZr alloy are discussed in the following section.



Table 4 Parameters of the developed dislocation-based models and predicted critical necking strain

for AIMgScZr alloy.
do
Samples 6, (MPa) o kym? kmYy k,  f.  f, &,
total
AlMg 2228 -8.70 - 2.2x10%  5.69 - - 0.158
Alloy-S 3660 -22.09 - 3.7x108  5.69 2.54 - 0.099
Alloy-NS - -13.56  4.9*%10% - 5.69 - 1.13  0.144
22
Experimental results 0.001 s
204 —W—0.055" @ 0.0005 s
9 bl @ 00ls'  —4—0.0001s"
[=]
‘; 18 —A—0005s"  —P—0.00005s"
o
= Nonshearable
?D 16 -
a
'2 L
L4
:
=S
D Model prediction
]O“ - -
§

0 ' 25 ' 10.2
R (nm)

Fig. 8 Variations in ductility at different strain rates during the precipitation of
shearable and nonshearable precipitates for AlMgScZr alloy as well as the

corresponding model prediction.

5. Discussion

Our results show that, when shearable precipitates occur, the ductility significantly
decreases for AIMgScZr alloy. However, when the shearable precipitates become
nonshearable precipitates, the ductility notably increases (Fig. 8). The modified
dislocation-based model prediction agrees well with the experimental results of

AlMgScZr alloy (Fig. 8). Therefore, we conclude that the kinetics of dislocation



density evolution revealed by k,, f.k,, and f k, parameters govern the strain

hardening stage up to the point of macroscopic instability for AIMg, Alloy-S, and

Alloy-NS samples. Although the predicted critical strain by equations (14), (17), and

(20) contains k, or k,only k,, f.,and f, appear in the pre-logarithmic factor

and the other parameters fit logarithmically, indicating that the k,, f., and f,
parameters govern the overall dependence of the necking strain on the model
parameters. The k,, fk,, and f, k, parameters reflect the curve slope of AlMg,
Alloy-S, and Alloy-NS samples, respectively (Fig. 5 (i)). The slope of the curve (Fig.

5 (i)) rapidly increases when shearable precipitates appear (k, becomes f.k,, with

/. >1), indicating the enhancement of dynamic recovery rate of the Alloy-S sample.
However, the slope decreases when the shearable precipitates become nonshearable
precipitates ( f.k, becomes f k,, with f < f, ), indicating a decrease in the

dynamic recovery rate. Therefore, the enhancement of strain hardening that results
from reducing the slope of the curve (Fig. 5 (i)) inhibits the onset of necking for
AlMgScZr alloy.

The work-hardening rate of the Alloy-S sample is much higher than that of the
AlMg alloy, during the initial stage of plastic deformation (Fig. 5 (i)). However, the
work-hardening rate significantly decreases with an increase in the deformation which
is less than that in the AIMg sample after a certain extent of deformation. This is
because the dislocation density of the Alloy-S sample increases dramatically at the
initial stage of deformation and saturates faster than the AIMg sample (Fig. 11). A
rapid increase in the dislocation density at the early stage of deformation of the
Alloy-S sample results in a very high work-hardening rate. As the deformation of the
Alloy-S sample increases, the rate of increase of the dislocation density decreases
rapidly. Consequently, the work-hardening rate of the Alloy-S sample decreases
significantly, and it is smaller than that of the AIMg alloy after a certain deformation.

The variation in the dislocation density is due to the special precipitate—dislocation

Z



interaction. For the Alloy-S sample, the subsequent gliding dislocations are prone to
move along the special plane when the dislocations present ahead shear the
precipitates to form a special plane on precipitates, resulting in a localised
deformation band along a single slip plane owing to its low motion resistance (Figs. 9
(d—g) and (d-g')). While for AlIMg alloy, the dislocations are distributed
homogeneously (Figs. 9 (a-c)). The shearable precipitates cannot trap the dislocations
similar to the nonshearable precipitates through Orowan loops. Recent studies have
shown that the planar slip caused by shearable precipitates can lead to dislocation
pile-ups in these deformation bands, resulting in a significant increase in the local
storage dislocation density [Poole et al., 2005; Xiao et al., 2005; Lefebvre et al., 2014;

Tayon et al., 2019]. The dislocation pile-ups inside these slip bands will cause a
higher local strain concentration. It can be seen that the k, of Alloy-S sample is
higher than that of AIMg sample, indicating that a higher density of dislocations is

stored (Table 4). The increase of k&, is mainly attributed to the formation of slip

bands with dislocation pile-ups. That is, the increase of &, can reflect the influence

of local strain concentration caused by slip bands on dislocation storage. As more
deformation bands with higher dislocation density are rapidly formed, a high driving
force supplied by these dense dislocations can promote a higher dynamic recovery
rate (Fig. 12) [Brown and Stobbs, 1971]. Thus, the slope of the work-hardening curve
of the Alloy-S sample (Fig. 5 (1)) is much steeper than that of the AIMg alloy. In Table

4, it can be seen k,f, >k, when shearable precipitates occur. Since the increase of

dynamic recovery rate from AlMg to Alloy-S can be attributed to the formation of slip

bands with dislocation pile-ups, the increase of k, to k,f, can reflect the influence

of local strain concentration caused by slip bands on dynamic recovery rate of

dislocation.

In general, the &, and %, increases when shearable precipitates occur, which is

due to the local strain concentration caused by slip bands. Since the ductility is mainly



controlled by £,, thus the ductility decreases via equations (14) and (17) when

shearable precipitates occur.

Fig. 9 Bright field TEM images of AIMg and Alloy-S samples after 5% tensile strains:
(a—c) uniform distributed dislocation of three different areas in AlIMg alloy (the
incident electron beam is parallel to [110]). (d—g) Banded dislocation structure (slip
bands) intersecting the grain boundaries in Alloy-S (the incident electron beam is
parallel to [110]). (d'-g') Corresponding dislocation structures of (d—g) without special

Zone axis.



Fig. 10 Bright field TEM images of Alloy-NS samples after 5% tensile strains. The

dislocations distribute relative uniformly (the incident electron beam is parallel to

[110]).

When the shearable precipitates become nonshearable precipitates, the rate at
which the dislocation density of Alloy-NS increases is lower than that of Alloy-S (Fig.
11) at the early deformation stage; thus, the work-hardening rate of Alloy-NS is lower
than that of Alloy-S (Fig. 5 (i)). As the deformation increases, the dislocation density
of Alloy-NS increases faster than that of Alloy-S (Fig. 11), and the work-hardening
rate of Alloy-NS exceeds that of Alloy-S after a certain extent of deformation (Fig. 5
(1)). For the Alloy-NS sample, the dislocation density increases and a number of
Orowan loops gather around the nonshearable precipitates. The plastic relaxation
mechanism may be activated in the form of primary Orowan dislocation loops
decomposed into prismatic Orowan dislocation loops or cross-slip at the early stage of
deformation (Fig. 12) [Brown and Stobbs, 1971]. These plastic relaxation mechanisms
always accompany dislocation multiplication during the entire deformation process;
thus, the dislocations are distributed uniformly (Fig. 10). The driving force supplied
by the dislocations for recovery is smaller than that of the Alloy-S sample. Therefore,

3



the dynamic recovery rate of the Alloy-NS sample is lower than that of the Alloy-S

sample; thus, the slope of the work-hardening rate versus flow stress is flatter. Thus,

the f k, of Alloy-NS sample is smaller than f k, of Alloy-S, and the ductility of

Alloy-NS sample is higher than that of Alloy-S via equation (20). However, since
many Orowan loops can be accumulated around the nonshearable precipitates, a

relative higher local strain concentration will appear around the nonshearable

precipitates compared with the AIMg alloy without precipitates. Thus the f, &, in

KM model of Alloy-NS is slightly higher than that k&, of AlIMg alloy, and the

ductility of Alloy-NS sample is lower than that of AIMg alloy via equation (20).
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Fig. 11 (200) peaks at different strains for (a) AIMg, (b) Alloy-S, and (c) Alloy-NS. (d)
Variations in dislocation density versus strain for AlMg, Alloy-S, and Alloy-NS.

Unlike the Alloy-NS sample with nonshearable precipitates, the dislocation
density of the Alloy-S sample with shearable precipitates significantly increases and

saturates rapidly in the same strain range. The interaction of the shearable precipitates
3



and dislocations results in the formation of dislocation bands with higher dislocation
density for the Alloy-S sample, while the dislocations are uniformly distributed during
the deformation of the Alloy-NS sample (Figs. 9, 10 and 12). Moreover, the
dislocations easily interact with the precipitates during their movement for Alloy-S
sample due to the shearable precipitates having a smaller interspacing. The drag effect
would be higher in Alloy-S specimen, which can promote the higher accumulation
rate of dislocation locally and lead to a higher density of dislocation accumulation.
Thus, the shearable precipitates with smaller precipitate interspacing could aggravate
the dislocation pile-ups inside the slip bands. The higher dislocation density
accumulation and inhomogeneous distribution in the deformation bands easily result
in a higher dynamic recovery rate that results in decreased ductility for Alloy-S
sample. This dynamic recovery rate decreases when shearable precipitates become
nonshearable precipitates, leading to an increase in ductility. The proposed
dislocation-based approach is based on the evolution of the dislocation structure and
clearly demonstrates and predicts the ductility variation in precipitation hardening
AlMgScZr alloy. By revealing the fundamental nature of the different
dislocation—precipitate interactions, the physical mechanisms for controlling ductility
during precipitation for AIMgScZr alloy can be understood. This provides an

important guidance for designing alloy systems with enhanced mechanical properties.



With the increase of strain accumulation
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Fig. 12 Schematic illustration of the dislocation structure evolution of (a—d) the
Alloy-S and (e-h) Alloy-NS samples during deformation. With the increase of
deformation, multiple slip bands are formed, and the dislocation is mainly distributed
inside these slip bands for the Alloy-S sample. These pile-up dislocations easily
promote secondary or cross slips, leading to a relative higher dynamic recovery rate.
In contrast, the dislocation distributes uniformly, and local softening phenomenon due
to decomposition of Orowan loops is observed during the strain accumulation for the
Alloy-NS sample. Although the dislocation density is always in the increasing trend,
the increase rate is much lower than that of the Alloy-S sample. Therefore, the degree
of dislocation pile-up is weaker than that of the Alloy-S alloy, resulting in a lower

dynamic recovery rate.

6. Conclusions

In this study, the influence of shearable and nonshearable precipitates on ductility
is investigated for AlMgScZr alloy. A modified dislocation-based approach
considering shearable and nonshearable precipitates is proposed. Compared with the

classical Consideére or Hart criteria, this modified dislocation-based approach can



predict the variation of ductility during precipitation for AlMgScZr alloy by
considering the intrinsic variables directly connected to the dislocation structure.
Experimentally, by revealing the influence of shearable and nonshearable precipitates
on dislocation motion and multiplication, the dislocation mechanisms for dominating
the ductility during precipitation are demonstrated for AlIMgScZr alloy. The

qualitative and quantitative analyses are provided and can be summarised as follows:

(1) The ductility decreases during the formation of shearable precipitates and
increases again when shearable precipitates become nonshearable precipitates for
AlMgScZr alloy. A modified dislocation-based approach considering precipitates is
proposed to model the variation in ductility during precipitation. This modified
dislocation-based approach can model the variation of ductility during precipitation,

as well as predict the plastic instability point for AIMgScZr alloy.

(2) The modified dislocation-based model demonstrates that it is the kinetics of
dislocation density evolution revealed by dynamic recovery rate of dislocations
governs the strain hardening stage up to the point of macroscopic instability for
AlMgScZr alloy, which is reflected by the slope of the curve representing the
work-hardening rate versus flow stress. The influence of precipitates on ductility is
mainly achieved by changing the dynamic recovery rate of dislocations for this alloy.
The dynamic recovery rate of dislocations increases with the formation of shearable
precipitates for AIMgScZr alloy, while it decreases with the shearable precipitates

being replaced by nonshearable precipitates.

(3) The interaction of shearable precipitates and dislocations leads to the formation of
dislocation bands with higher dislocation density for AIMgScZr alloy with shearable
precipitates, while the dislocations are distributed uniformly during deformation in the
AlMgScZr alloy with nonshearable precipitates. The higher dislocation density
accumulation and inhomogeneous distribution in the deformation bands promote the

highest dynamic recovery rate of dislocations for AIMgScZr alloys with shearable
3



precipitates, eventually leading to the lowest ductility.
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