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of an aged AlI-Mg-Si alloy
1,34,*

Mingjun Yang', Haonan Chen®, Andrey Orekhov? Qiang Lu®, Xinyue Lan®, Kai Li ,
Shuyan Zhang’, Min Song™®, Yi Kong', Dominique Schryvers’, Yong Du™**”

!State Key Laboratory of Powder Metallurgy, CenSalth University, Changsha 410083, China
“Electron Microscopy for Materials Science (EMAT)eartment of Physics, University of Antwerp,
Antwerp, B-2020, Belgium
3Institute for Materials Microstructure, Central $imWniversity, Changsha 410083, China

“Centre of Excellence for Advanced Materials, DormgguGuangdong 523808, P.R. China

Abstract

It is generally believed th@lt’ precipitates, rather thd¥ precipitates, are the major strengthening
precipitates in aged Al-Mg-Si alloys. The reasontfos difference is not well understood. To charif
this, two samples of the same AI-Mg-Si alloy buthwdifferent aging states were prepared. The
under-aged sample only contains nano-precipitateéheop” type, while the peak-aged one contains
nearly equal volumes @ andp’ precipitates. We have, for the first time, sepdahe strengthening
effect of the contribution fron” andp’ precipitates, respectively, by an indirect apphobased on
high-precision measurements of volume fractionsmimer densities, sizes, proportions of the
precipitates, their lattice strains, the componitimd grain size of the matrix. TReprecipitates, which
take 45.6% of the total precipitate volume in thealpaged sample, contribute to the entire
precipitation strengthening by only 31.6%. The maason why they are less useful comparefi’to

precipitates has been found to be associated wéhl smaller lattice strains relative to the matrix
1



which is 0.99% versus 2.10% ().
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1. Introduction

With high strength-to-weight ratio, good formabjland weldability, superior corrosion resistance,

high electrical and thermal conductivity and attirgec surface appearance, heat-treatable Al-Mg-$i}(C

alloys are widely used as body panels for the gulish of steel in the automotive industry to redu

the weight of vehicles and their energy consumpiie8]. Generally, precipitation strengthening,idol

solution strengthening and strain strengtheningtlipidetermine the strength of Al-Mg-Si-(Cu) allgys

in addition to grain boundary strengthening whigleiss pronounced in 6xxx Al alloys as the graie si

in this system is relatively stable during agingthtreatments [4-8]. The opinion that precipitation

strengthening is the most important strengthenieghanism in Al-Mg-Si-(Cu) alloys has been widely

accepted. The effect of precipitation strengthenimginly comes from the interaction between

nanoscale precipitates and dislocations. For AlSilglloys, the precipitation sequence is generally

considered to be [9-12]:

super-saturated solid solution (SSSSatomic clusters» GP zones- B"— B', U1, U2, B — B, Si

In general, the needle-lif&' precipitate is considered to be the most efficerengthening phase in

6xxx Al alloys.

Structures and compositions of the clusters andigitates have been investigated in detail

through several analytical methods including higbelution transmission electron microscopy

(HRTEM) [13, 14], electron diffraction [15], thredimensional atom probe (3DAP) [16], high - angle

annular dark field - scanning transmission electnmicroscopy (HAADF-STEM) [17], and

energy-dispersive X-ray spectroscopy (EDX) [18]arBhg from the experimentally determined

structures and compositions, the mechanical priggenf the precipitates in Al-Mg-Si alloys have bee

predicted by Zhang et al. through first principtedculations [19]. Tab. 1 lists the crystal struetu
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parameters and elastic properties of the most cammecipitates, i.e., needle-likp” and p’

precipitates, in Al-Mg-Si alloys [13, 15, 19-21h addition to those of the matrix phase Al [22-26].

Unfortunately, due to the size limitation of metdde 3” andp’ precipitates there is no experimental

data for their mechanical parameters, specificddly,the shear modulug, bulk modulusB, elastic

modulusk and Poisson’s ratio.

Table 1

Related microstructure and elastic properties (muklulusB, shear modulu&, Young'’s modulud=

and Poisson’s ratio} of p”, p’ phases and Al.

Space Lattice

Phase Shape Composition B G E v
group parameters/A
B” Needle MgSig Monoclinic, a=15.16b=4.05, 61.7 342 86.7 0.27
C2/m c=6.74=105.3° [19, [19, [19, [19,
[15] 21] 21] 21] 21]
B’ Needle MgSis Hexagonal, a=7.15c=12.15 56.9 374 920 0.23
P63/m y = 120° [20] [19] [19] [19] [19]
Al \ \ FCC, a=4.0494 [22] 75.2 265 70 0.345
Fm3m [26] [24] [25] [24]

Microstructural parameters of precipitates sucm@asber densityn), volume fraction ¥;), size

(average lengthand average area of the cross-seclighand types of the precipitates can drastically

influence the magnitude of precipitation strengthgnogy). The higherthe n value, the higher the

probability of gliding dislocations impeded by pigtates, which leads to higher strength. Indebd, t

length of precipitates will influence the interdens between precipitates and slip planes: thedong

the precipitates, the higher the density of préaips/slip-plan intersections, resulting in higher

strength [27]. The larger thé., the stronger the impediment to dislocation glididuring the

deformation of the alloy. However, one should kaemind the relationship; = nlA, [28] and the fact

that the solutes in an alloy that can be segregatddrm precipitates increasing is limited. The

parameter also determines whether a precipitate is shea@bi®n-shearable [29], i.e., whether a

gliding dislocation would shear or bypass a préatpi The interaction mechanisms between

4
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dislocations and precipitates in 6xxx Al alloyspesially for ” and p’ precipitates, have been

investigated by several authors [6, 30-34]. Didliores were always found to she#rprecipitates [30,

34] but bypass largep’ precipitates [31, 32] during gliding. Moreover,idf@mann et al. [33] have

reported thatp’ precipitates with cross-section radii larger than 7.5 nm were bypassed by

dislocations, while those with cross-section radialler than 7.5 nm were sheared by dislocationa. |

yield strength model proposed by Esmaeili et ab],[3he relationship between average obstacle

strength and average radius of precipitates apéak-aged condition of an Al-Mg-Si alloy has been

well analyzed, with consideration of the shearaolenon-shearable transition. And some similar

mechanical models proposed in recent years havealen into account the influence of precipitates’

microstructural parameters, (I, re, Vi, aspect ratio of precipitates and surface to sarfdistance

between precipitates) and dislocation charactereaipitation strengthening [35-45].

Furthermore, the mechanism of how precipitatesagtteen Al-Mg-Si alloys has been intensively

studied by experimental measurements and thedrsticalations [7, 29, 46-53]. It can be explained

mainly from the following aspects: (i) differenae shear modulus between precipitates and the matrix

leads to modulus strengthening.y), (ii) chemical strengtheningoden), which results from the

additional matrix-precipitate interface createdthg dislocation when it shears through precipitates

and (iii) the lattice misfit between precipitatesdathe matrix produces an strain field around the

coherent or semi-coherent precipitates, and resultsherency strengthening4,).

The cohereng” precipitate was generally considered to have higtrengthening effect compared

to the semi-cohereifit precipitate [15, 54, 55], but such a statemepissqualitatively understood and

remains veiled in the current stage.

The present work is aimed at quantifying the stiieeiging effect of both coherept precipitates
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and semi-cohererft precipitates by quantitative experimental char@aéon combined with strength
modeling in a peak-aged Al-Mg-Si alloy. And the @pitation strengthening, modulus strengthening,
chemical strengthening and coherency strengthesiferts from bothp” and B’ precipitates are

analyzed in detail.

2. Experimental and theoretical methods
2.1 Experimental

An Al-Mg-Si alloy was casted for this study and étsemical composition (wt.%) was determined
as Al-0.66Mg-0.41Si by a photoelectric direct-remdispectrometer (Thermo ARL4460) . Fe was
detected in the alloy at the impurity level of 0Mfl%. The as-cast alloy was homogenized at 500 °C
for 12 h, hot and cold rolled to 1 mm thick she@tsen the sheets were solution heat treated atG50
for 30 min, water-quenched to room temperature iamdediately aged at 180 °C for different times.

The Vickers microhardness of differently treatechpkes was tested on the mechanically polished
surfaces with a load of 100 g and a dwell time®&1Each of the presented values shown in Fign S1
the Supplementary Document averaged from ten meamunts (excluding the maximum and
minimum values). Tensile tests were conducted amréeemperature using an Instron 3369 testing
machine at a constant crosshead speed of 5 mmilinentensile samples with a gauge length of 25.0
mm and a width of 6.0 mm were cut from the 1.0 rhinkt rolled sheets according to Ref. [56], and
their long axes were parallel to the rolling difeot Each strength data point was the average value
from two parallel samples tested.

TEM specimens were cut from the sheets and medilnpwlished to the thickness of 50-8th,

and then punched into disks with a diameter of 3. e disks were thinned in an electrolyte with 33
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vol.% Nitric acid in methanol using a Struers Teod® twin-jet electro-polishing instrument. TEM
observations were performed using a FEI Tecnai 82 $Twin electron microscope operating at 200
kV. All images were taken along the <0Ql2zone axis in order to characterize the crosseestand
side views of the needle/rod/lath precipitates. i@eic phase analysis (GPA) using a plugin script
(written by Christoph T. Koch) installed in Gatafg@al-Micrograph Software was performed to map
the lattice strain and lattice misfit [52, 55, 57}16And the lattice strain can be determined diyeloy
measuring the lattice fringe shifts in HRTEM [62}64Generally, the level of lattice strains of
precipitates is very low, which leads to a quitev Isignal to noise ratio [61]. In order to obtain a
smooth lattice strain distribution in the matrixtive close vicinity of the precipitates, a digipabcess
with a spatial resolution of 1.0 nm was used toamout the fluctuations resulting from imperfecto

in the images. The electro-polished disk with avgiter of 3 mm was also used for scanning electron
microscope (SEM) observations in a FEI Helios Nahob50 instrument operating at 5 kV using
electron channeling contrast imaging (ECCI) [65].

Samples aged for 3 h and 6 h were cut into this b&f.5 x 0.5 x 20 minand further thinned by
standard two-step electro-polishing procedures ¢etnthe requirements of 3DAP analysis [66]. The
thin needle was tested in a LEAP 4000 HR instrunopetrating in voltage mode with a pulse fraction
of 15% of DC voltage, under an ultrahigh vacuumtdsethan 16 Pa, at a temperature of 50 K
(-223°C), a pulse repetition rate of 200 kHz andamyet evaporation rate of 0.5%. 3DAP data
reconstruction, visualization and analysis werdquered using the Imago Visualization and Analysis
Software package (IVAS 3.6.12). Analysis of thecgpiates present in each specimen was performed
using isoconcentration surfaces (using Mg and Sa ahinimum concentration of 5%) and the

maximum separation algorithm within the IVAS softeaMore details can be found in Ref. [67]. The
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separation distancéd,.) and minimum number of solutel,{,) selected for the maximum separation
algorithm were 0.7 nm and 10 solute atoms, respagtiThese parameters were determined based on
the methods described in Refs. [68, 69]. Mg, was set as 10, particles containing less than 10
detected solute atoms were not considered as fiegei In addition, the detection efficiency oéth
3DAP instrument is 36%.
2.2 Theoretical methods

According to the work of Esmaeili et al. [3%],; can be estimated by considering the cases of
both non-shearable strong obstacles and shearazlk @bstacles. It should be noted that the critical
resolved shear stress was determined from theattten of gliding dislocations with point obstagles
while the average obstacle spacing has been eetimay taking into account their shape and

orientation relationship with the matrix [7, 35prstrong obstacles, the equation is:

MF

whereM is the Taylor factorp is the magnitude of the Burgers vectdr,is the volume fraction of
obstaclesr e andFpe are the average radius of the equivalent ciraeiass-section and the average
obstacle strength of the needle-like precipitatgsaak-aged samples, respectively. For weak olestacl

the equation is:

MF3/2

— peak 1/ 1/2 (2)

O oo = b(2\/§]'[)1/2r1/2r 3/2 f

peak

wherel" = Gb%2 is the dislocation line tension,= (3/2)"*r. is the radius of an average equivalent
circular cross-section on slip plans {1 landr. is the average cross-section radius of precigitadte
should also be noted that the ratio betwEgh andry.. can be considered as a constant in Al-Mg-Si

alloys aged in the temperature range of 180 - Z2[B5]:
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peak

= 6Gb (3)

peak

whered is the specific strength of the obstacle. In tiofving calculations, for distinguishing clearly
oppe Under different condition®i,.an andopp.en represent the contribution of precipitation sttéeging
to the yield strength of the samples aged for 3nt & h, respectively. Andyp.ensr and opprens
represent the contribution of precipitation stréweging to the yield strength of the sample aged®fbr
due top” andp’ precipitates, respectively.

In alloys where several strengthening mechanism®perative at room temperature, resembling
the mixture of a few strong and many weak obstadteis reasonable to assume that the individual
strength contributions can be added linearly. Tthescontribution of precipitation strengtheninghe
yield strength can be calculated by the followiagation [7, 35-37, 70, 71]:

0,=0, 05t 0 (4)
where theo, is the overall strength of the artificially agedlop considering the precipitation
strengthening, solid solution strengtheniag)(@and the grain size strengthing effeg))(

Moreover, in age hardened Al alloys, solute elemenich as Mg, Si and Cu give rise to
considerable solid solution strengthening, and assumed that the contribution from each elensent i
additive. Thereforegg can be expressed as [37]:

0= Zk,CH® ®)
where C; is the concentration of a specific alloying elemén the solid solution and is the
corresponding scaling factor.

Furthermore, as the Al-Mg-Si alloys are generakgdiin polycrystalline states, the grain size

effect was also considered. The dependence ddliyiteld strength on grain size is often expredsed

the Hall-Petch relation [70, 71]:
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o,=0 +kd (6)
whereg; is the intrinsic strength of Al, arld is the Hall-Petch constant being about 0.326 MP4& at

d*? < 1500 Mt (i.e.,d > 0.44um, withd the diameter of the grain) for Al-Mg-Si alloys [71

3. Experimental Results
3.1 Mechanical properties

According to the hardness curve in Fig. S1, thepdesnaged for 3 h (under-aged) and 6 h
(peak-aged) were chosen for quantitative microttirat characterization. In addition, the enginegrin
stress — strain curves were shown in Fig. S2. Tiblel wtrength of the samples aged for 3 h and 6 h
were 258.6 £ 5.2 MPa and 273.3 + 1.3 MPa (in thenfof average value + standard deviation),

respectively.

3.2 Quantification of precipitates in the sample aget8&t°C for 3 h
The length, cross-sectional area, number densdyalume fraction of precipitates in the sample
aged for 3 h have been measured with high pre@siBased on our previous work [28], the number

density of precipitates is calculated by the follegvformula:

n=_ Nv (7)
(1 +0.8 )Aroy

whereN, is the measured number of precipitates in a fiéldiew (FOV) of the TEM sampld,is the
thickness of the observed region &gy, is the area of the field of view.

The bright field image is shown in Fig. 1a, andnfr this image all the end-on needle-like
precipitates (some examples are marked by redesiy@long [001] with different cross-sectional
geometries were counted. The valueNpfis 1463 + 146 (measurement uncertainties in thm fof

standard deviation according to the evaluatiorBi,[in this paper all digits after the symbol +ane
10
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measurement uncertainties unless specified), antheastotal number of the end-on needle-like
precipitates in five bright field images, the otliear images were obtained from the area adjacent t
the area in Fig. la. The lendtifas marked by red rectangles) has also been neshsuthese same
five images: 500 precipitates growing along [19@nd [010}, in total were measured and yield an
average length of 26.4 + 1.2 nm. The corresponding is 2428034.5 + 97121.38 Arfuncertainties
evaluated according to scale bar calibration of HRTimages) [28]. In addition, the average area of
cross-section of the precipitates has been measu@HRTEM images like Fig. 1b, and the obtained
value ofAg is 28.7 + 1.7 nf On the other hand, it is found that all of théSerandomly selected
precipitates in the 60 HRTEM images are charaadras3” precipitates through indexing of their Fast
Fourier transform (FFT) patterns. Therefore, ittiasonable to speculate that there are no othes typ
precipitates in the samples aged for 3 h. The tidsk of the field of view was measured by convdrgen
beam electron diffraction (CBED) according to thethod established previously [28], and more detalil
about this method can be found elsewhere [28, Th#. thicknesst] of the specimen is calculated as
154.16 + 4.62 nm according to the CBED pattern ism@nalysis as shown in Fig. S3 [28, 73]. Then
the number density can be calculated as= (1.21 + 0.13) x 18§ m* according to Eq. (7). And
furthermore, the volume fractiovk = nlA, can be calculated as (0.92 + 0.10) %. All thesampaters

have been listed in Tab. 2.

Fig. 1. TEM study of the sample aged at 180 °C for 3 hb(ight field image, (b) HRTEM image

11
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of ap” precipitate with FFT pattern inserted. Z = [0Q1]

Table 2

Summary of the parameters related to quantitathagacterization of the precipitates in the Al-Mg-Si
samples aged at 180 °C for 3 h and 6 h, respegtivVhe digits after the symbol £+ mean measurement

uncertainties in the form of standard deviation.

Parameters 3h 6 h N Ny =103 : 76)
t (nm) 154.16 + 4.62 129.73 + 3.89
Acov (NNP)  2428034.45 2428034.45 + 9712.38
9712.38
Ny 1463 + 146 b i il
15709 £157  1159.1+116 2730 %273
| (nm) 26.4+1.2 26.2+1.3 222+35 245+1.3
n (107%2m?3) 1.21 +0.13 1.51+0.17 1.12+0.12 2.63+0.29
Acs (nn) 28.7+1.7 185+ 1.1 207+1.2 19.4+1.2
Facs (NM) 3.02+0.09 2.43+0.07 257+0.08  2.49+0.08
r 3.34+0.10 2.69 +0.08 2.84+0.09  2.76+0.09
V; (%) 0.92+0.10 0.68 + 0.08 0.57 +0.06 1.25+0.14

Nomenclaturet - the thickness of the observed regifrey - the area of the field of viewy - the measured number of
precipitates in a field of view,- the average length of precipitatas, the number density of precipitatégs — the average area
of the end-on cross-section of precipitates, — the average cross-section radius of precipitateghe radius of an average

equivalent circular cross-section on slip plansl§hl, Vs - the volume fraction of precipitates.

3.3 Quantification of precipitates in the sample agedfh

For the peak-aged samples, i.e., samples aged Fprabquantitative characterization was also

performed and all the relative parameters havelasn listed in Tab. 2. A typical bright field imeag

shown in Fig. 2a, and Figs. 2b-2d are HRTEM imagkthree kinds of classic precipitates in this

sample. Through indexing the corresponding FFTepadt of 187 precipitates, it was concluded that

103 of these arp” precipitates and 76 af precipitates, the others being disordered prexdtgst The

percentage of disordered phases is thus so snadltity can be ignored for the purpose of reducing

the complexity and difficulty of quantitative mi@tuctural analysis and modeling of the yield siten

It is necessary to mention that the lengthpdfprecipitates o3’ precipitates cannot be measured

individually since these precipitates can only deognized from their end-on cross-section. However,

12
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the averagé value of bothp” andp’ precipitates can be measured from a total of 5@@ipitates
growing along [100Q§ and [010}, in the bright field images (as marked by somerestangles in Fig.
2a). As a result, the value b is 2730 + 273 and the average length of precgstiat 24.5 £ 1.3 nm.
The thickness of the field of view in this samplasicalculated as 129.73 + 3.89 nm from the CBED
pattern as shown in Fig. S4. Finally, the numbersitg and volume fraction of precipitates in the
sample aged at 180 °C for 6 h were measured a8 2.6.29) x 1& m?® and (1.25 + 0.14) %,
respectively.

Based on the soft-impingement theory [74, 75], ldrgth of needle-shaped precipitates can be

calculated by Eq. (8)

| = Vf“3—8\/_2£ ®)

Vv

Where4G, is the free energy difference between matrix amgtipitates per unit volume, ands the
interface energy between precipitates and the xnatit first, the average lengthlg(s) of B”
precipitates in the sample aged for 6 h can beutztd as 26.2 + 1.3 nm based on the Eq. (8) and
volume fraction of3” precipitates in both samples aged for 3 h andBhbn the average length @f
precipitates can be calculated as 22.2 + 3.5 nredbas thelghg value and the number percentage

betweer” andp’ precipitates in the sample aged for 6 h.

13
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Fig. 2. TEM study of the sample aged at 180 °C for 6 hb(aht field image, (b) and (c) HRTEM
images ofp” and B’ precipitates with FFT patterns inserted, respebtiv(d) HRTEM image of a
disordered phase. Z = [0Q1]

3.4 Determination of lattice strains of precipitatektige to the reference Al matrix

GPA has already been successfully applied to théysis of strain distribution and lattice misfit of

coherent or semi-coherent precipitates with a measent standard deviation of about 0.1% - 0.2%

[52, 53, 61, 63, 64, 76, 77]. This method is algpli@d here to deduce the lattice strains of gtand

B’ precipitates relative to the reference Al matrax &way from the precipitate. For instaneg.s-

(shown in Fig. 3a) and,.; (shown in Fig. 3b) represent the lattice strainhef” precipitate relative

to reference Al matrix (in Fig. 2b) along [2Q0hnd [020},, respectively. The average valuesgfs-

andey. 4 is taken as the net lattice strain of a gigérprecipitate. The average valeg from 123"

precipitates (excluding the maximum and minimunasg to 2.10% + 0.34% (in the form of average

value * standard deviation). It should be noted the area marked within the yellow curve (the eurv

represent the manually distinguished interface betwthe precipitate and the matrix) is the targed a

for the GPA analysis. For instance, the averaggdne strairn,,.s.; and out-of-plane,,.;.., determined

14
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from the regions in the yellow curves in Figs. 3a&8e 2.35% * 0.07% and 1.71% * 0.09% (average
value * standard deviation), respectively. Thusephe= (ex.s-1] + lyy-5-1])/2 = 2.03%. The value af;-

is consistent with the results of 2% for GPA meament and 3.5% for DFT & real-space analysis,
more details can be seen in Ref. [52]. Similartyshown in the example of Figs. 3c-3d (GPA analysis
of the B’ precipitate in Fig. 2c), 1@’ precipitates were analyzed by GPA yielding agedf 0.99% *
0.08% (average value * standard deviation). Intamgithe relationship between the lattice straifis
these 2 x 12 individug” andp’ precipitates and their cross-sectional areas laoeis in Fig. 4 in

black solid squares and red solid circles, respelgti

10%

0%

-10%

Fig. 3. GPA analysis for the lattice strains of ffieandp’ precipitates relative to the Al matrix. Plot of
the e (@) andey,.s» (b) component of” precipitate from Fig. 2bg..s (C) andey., (d) are the
components of thf’ precipitate from Fig. 2c¢//[200], y//[020]s, 2//[002]5. The areas marked in
yellow curves correspond to the yellow curves mdirikeFigs. 2b-2c and which are used to analyze the
lattice strains of th@” andp’ precipitates, respectively.

Furthermore, the lattice strains of neitf#érprecipitates nop’ precipitates has shown any kind of
numerical relationship with the precipitates’ sizes. shown in Fig. 4, it is easy to conclude tha th
lattice strains of” precipitates is concentrated in a range from 8% 3%, while the range of lattice
strains off’ precipitates is from 0.8% to 1.2%.

15
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Fig. 4. Relationship between the lattice straigisaf thep” andp’ precipitates and their cross-sectional
area p) in the sample aged at 180 °C for 6 h.

3.5 Determination of grain size and matrix composition

It is well known that grain refinement can synetigally improve strength and toughness of

metals and alloys, including Al alloys [78-80]. Rbe Al-Mg-Si sheet samples that were cold-rolled i

this work, the applied solution heat treatment %@ 3C for 30 min would lead to static recovery and

recrystallization [81, 82]. In addition, Sepehrbagtdal. reported that the recrystallization woutd be

activated and the average grain diameter wouldaathanged in 6xxx alloys during artificial agirtg a

temperatures below 235 °C [83]. Fig. 5 showselettron channeling contraistage of the sample

aged at 180 °C for 6 h, which is used to calculaegrain size. The area of each of the 60 gr&hs (

Y2 ynder the

was measured to obtain the equivalent grain dianiBdethrough the formul® = 2(Sr)
assumption that the grains are spherical, and\ubeage grain diametetis calculated as 82.1 + 13.6

um (average value + standard deviation).
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Fig. 5. Electron channeling contrast image of the sampéelag 180 °C for 6 h and which was used to
measure the grain size.

For the purpose of quantifying the contributionsofutes to the alloy strength, one can use the

mass balance to back calculate the solute contetiheo matrix based on the quantified volume

fractions of precipitates in the samples aged & B for 3 h and 6 h, respectively. As a result, th

matrix composition (wt.%) is determined as Al-0.39¥.12Si and Al-0.22Mg-0.02Si for samples aged

at 180 °C for 3 h and 6 h, respectively. Furtheenmdir the volume fraction of 0.29% @-AlFeSi

constituent should be considered in the back catlicud, the matrix compositions were determined as

Al-0.39Mg-0.08Si and Al-0.22Mg-(-0.02)Si (wt.%) ftine samples aged for 3 h and 6h, respectively. It

should be noticed that the volume fraction peAIFeSi was calculated byhermo-Calc, as the

non-uniform distribution op-AlFeSi in the rolled and solid-solutionized sampiakes measurement

of its volume fraction difficult. The SEM and EDXsults shown in Fig. S5 confirms the existence of

B-AlFeSi in the solid-solutionized (as well as thged) structure. Meanwhile, 3DAP analysis were

conducted and the resultant elemental maps of MgSkim the samples aged at 180 °C for 3h and 6 h

were shown in Figs. S6a and S6b, respectively. Aling to the results of 3DAP, the matrix

composition (wt.%) is determined as Al-0.25Mg-0.1.88d Al-0.26Mg-0.08Si for samples aged at 180
17
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°C for 3 h and 6 h, respectively. Although the dipancy between the matrix compositions determined
by the mass balance method and by 3DAP is withid Gt.% (and in this sense they mutually
authenticate), such a discrepancy cannot be ignditad may be caused by the many quantities needed
to calculate matrix composition in the mass balamethod, e.g. the alloy composition, the volume
fractions and compositions of constituents, dispidssand nanoprecipitates. For instance, the clemic
composition off’ precipitates has not yet been very accuratelyietuaithough a MgBis model was
suggested according to electron diffraction and BMT20], whether Si atom ifi’ precipitates will be
replaced by Al is still not clear. On the contrattye fact that some Si atoms (in the Sies) are
replaced by Al in the previously acceptpttMgsSis model has been unambiguously confirmed by
Wenner et al. [18] using aberration-corrected STEDX mapping at the low damage voltage of 80 kV.
Therefore, the matrix composition determined by BDiA believed more precise in this case, and has

been used in the following calculations.

4. Discussion
4.1 Separation of the contribution from differeypies of precipitates to the alloy strength

Due to that the volume fraction @f precipitates is about half of the total volumecfian of all
precipitates in the sample aged for 6 h, it is asagy to analyze the contribution @fprecipitates to
the yield strengthof,,..4). According to Egs. (1-6) and with input data shaw Tab. 3 [24, 37, 46, 48],

the calculation process goes as follows:

Table3
Summary of input data used in the present calanaif yield strength. The digits after the symbol £
denotes standard deviation from mean.

Parameters Value Comments
M 3.1 Magnitude of the Taylor factor [37]
b (m) 2.84 x 10° Magnitude of the Burgers vector in
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Al [37]
Magnitude of the shear modulus of Al

G (N/m?) 2.65 x 1¢°
(24]
o (MPa) 10 Typical value for Pure Al [37]
kg (MPa/wt.%") 66.3 Scaling factor [37]
kg (MPa/wt.96"%) 29.0 Scaling factor [37]
K, 0.326 Hall-Petch coefficient [71]
v (IINT) 0.084 Interfacial energy @"/Al [46]
7 (/) 0.18 Interfacial energy ¢¥/Al [46]
gpn 2.10% * 0.34% Strain ¢ relative to Al matrix
ey 0.99% * 0.08% Strain d¢f relative to Al matrix

Note: y5- and y; were determined from an extended formulation of tmearest-neighbor broken-bond’ model [46].

Therefore ;- andy, used in this work have no anisotropy.

a) For the sample aged at 180 °C for 3 h

The tensile experiments yietg.s,= 258.6 MPa. Combining the results of 3DAP and G}
= 32.6 MPa is found. By substitutimg= 82.1um ands; = 10 MPa into the Eq. (6), the grain size effect
k,d”? = 36.0 = 1.3 MPa is found, and thei$.an= 0y.an- ossan- 0i - k,d”? = 180.0 + 6.5 MPa. Then the
ratio of Fpea/rpeak CaN be calculated as 4.85 %16 0.18 x 10" N/m by combining Egs. (2) and (3). It
should be noted that bofff andp’ precipitates (with radius much smaller than 7.5 ane considered
as shearable in this work according to Refs. [30,33].

b) For the sample aged at 180 °C for 6 h

Similarly, one can separatg.s,= 273.3 MPa int@se,= 24.1 MPag;= 10 MPa,kydl’2 = 36.0 MPa
andopyen = 203.2 £ 2.6 MPa. As described above, the pretipit strengthening effect of the sample
aged for 6 h comes from bofif and’ precipitates. According to Eq. (2), the contribuatiof "
precipitates to the strengthening effect can beutatied asrp.ensr = 138.9 + 11.2 MPa. Thus fd
precipitateSryp.ens = Oppt-6h - Tppr-eh-pr = 64.3 £ 11.5 MPa.

It is obvious thap” precipitates have a higher strengthening effentpared tf}’ precipitates, and
this statement agrees well with the widely recogadizonclusion tha” precipitates are the main

strengthening precipitates in Al-Mg-Si alloys [B4, 84, 85].
19
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4.2 Reasons whfy” precipitates have higher strengthening effect amexb withp’ precipitates

As mentioned in théntroduction section, modulus strengthening.{;), chemical strengthening

(ochem), COherency strengthenings.{,) jointly determine the strengthening effect of atable

precipitates [7, 51], and these three strengthemaghanisms can also be described by mathematical

equations as follows:

Ot = Ot = Opog ¥ Ogg + Oy )
N 1/2 r -1+3m/2
o = 0.0058M (AG)"?| —- (—j 10
mod ( ) (G b ( )
1/2
6y°bv
T gpem = (—yg } r (11)
yzil

(12)

1/2
0= 200 ()6

whereG is the difference of shear modulus between pritgs and the matrixy is a constant which
roughly equals 0.85 [7], lattice strain= 2/30 and ¢ is the fractional misfit between the lattice
parameters of precipitates and the matrix [7]. didigon, the interaction between precipitates and
dislocations was simplified as the interaction kesw point obstacles and gliding dislocations a$ wel
[7]. And the aspect ratio of the precipitates (Haf-length of the peripheral plane/the radius o t
habit plane) was considered as a constant whidhhaile an influence on the volume fraction of the
precipitates. However, these assumptions will filgicathis work as the radius of the habit pland an
volume fraction were measured experimentally.

However, equation = 2/3 cannot be used directly in Eq. (12) as which wap@sed based on a
spherical particle assumption. The lattice misfitreases during the transformation from cohepént
precipitates to semi-coherent or incoherent Bégtrecipitates [86-88], and according to equatien

2/35 and Eqg. (12), the incoherent precipitate has ahdnigstrengthening effect than that of
20
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semi-coherent and coherent precipitates. This doesatch with the actual fact that coherent

precipitates have higher strengthening effect.ritento evaluate the strengthening effecp’oandf

precipitates in Al-Mg-Si alloys, Lang et al. [48samed that these precipitates nucleate on digdosat

and the misfit between these precipitates and thigixnvere taken as 0% in their work. Although this

assumption does not agree well with our situatibae,models based on this assumption provide a firm

basis for modeling of the vyield strength evolutioh aged Al-Mg-Si alloys. However, such an

assumption will lead to the lack of detailed ingigtio the strengthening effect pfor B precipitates.

In order to further confirm the fact thpt precipitates have higher lattice strains than ehaf$’

precipitates, lattice fringes of Figs. 2b and 2gehheen Fourier-filtered as shown in Figs. 6a-6th an

Figs. 6¢-6d, respectively. The misfit dislocatigh8] at the precipitates/matrix interface have been

marked in Fig. 6. And it's obviously that more dishtions can be found around fifeprecipitate than

around thep’ precipitate as shown in Fig. 6. In order to mamthe coherency of precipitates with the

matrix despite of the different lattice parametelefects like misfit dislocations and vacancied bd

produced [89-91]. And according kytch et al. [64], lattice strain will be produced duediefects like

misfit dislocations. Therefore there is no doubbwththe phenomena th@at precipitates have higher

lattice strains thafi’ precipitates.

According to Vaithyanathan et al. [89], misfit straas one type of lattice strain, is irrelevant of

the size of precipitates. At any rate, it is readd@ to take the lattice strains of bdih and p’

precipitates as a constant (i.e., the average \@&llggttice strains of these precipitates) in theuwng

calculation. In a word, the present lattice stre@mnot be estimated directly using equation 2/36

which maybe more suitable to estimate strains béspal particles.

21
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Fig. 6. Misfit dislocations at the precipitates/matrix iritece. (a) and (b) are (20Qknd (020y, lattice
fringes obtained by filtering of Fig. 2b (f@'), respectively. (c) and (d) are (2@0xnd (020), lattice
fringes obtained by filtering of Fig. 2c (f@f), respectively. The edge dislocations were maiketie

figures.

According to Eqgs. (9-12) with related input dataTiabs. 1-3, the contribution of these three
strengthening mechanisms to the yield strengttbearalculated as follows:
a) For the sample aged for 3 h:

O pt-an-1 — Tmod-an T Ochem-an T Tcon-m (13)
=18.9+ 0.5 + 164.6 MPa 8410 MP¢

b) For the contribution d§” andp’ precipitates to the strength of the sample age@ fo

O pi-sh-p"1 = Trmod-sh-p T Ochem-en-5* T Tcon-en-p*

(14)
=15.3+0.5+127.0 BIB 142.8 MP:
O pi-6h-p-1 = Imod-er-5' T Ocrem-n-5 T Tcon- - * (15)
=240+ 1.4+ 38.7 MB®4.1 MP¢
O pn-6r-1 = Oppr-tn-p1 T Tppr-en-p -1 = 206.9 MP: (16)

From above calculation results, it is interestingfind that in the sample aged for 3 h the various

strengthening effects, from strong to weak, arehecency strengthening (164.6 MPa), modulus
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strengthening (18.9 MPa) and chemical strengthefiirig MPa). This sequence is also apparent when
one divides the contribution ¢f’ precipitates to the yield strength in the sammedafor 6 h. In
addition, oppan1 = 184.0,0ppt.6n5-1 = 142.8 MPa andy.en-1 = 206.9 MPa are very close to the above
calculated resultgyp.an1 = 180.0 MPagyy.ens = 138.9 MPa andy,.6n = 203.2 MPa, respectively. The
yield strengths calculated by mechanical modelscarsistent with experiments values. Fig. 7 shows

the main calculation processes and results, anklethequations were also shown in it.

|Quantiﬁed mircrostructurel a4 |Mechanical modell

\ J

Y

6,=10MPa| |6, =46.0 MPa||o_,,=32.6 MPa || 6,,,=24.1 MPa |

ot

G,5n = 180.0 MPa v,=0.084 J/m’|| €,.=2.03% | |6,,.., = 203.2 MPa

l 1,=0.18 J/m’ || €, =0.99% I
(T
[ \
MF ‘ GPPL - Glﬂﬂd-‘r Gchcm+ Gcoh

_ peak V 1/2
ppt v vy
br,..(27) 6. ...=184.0 MPa 6,y o= 206.9 MPa

ppt-3h-1—

Outputl G\ in s = 142.8 MPa G, ponp = 64.1 MPa

Gpoaan=18.9 MPa Seem 3= 0.5 MPa Ceonan=164.6 MPa
Coeanpr — 138.9 MPa Ouoaonp-=15.3MPa o, ., =0.5MPa ¢, ,=127.0 MPa
Ty = 64.3 MPa =24.0MPa o, ,,=1.4MPa o, ,~38.7MPa

[

maod-6h-p’

Fig. 7. Main calculation processes and results, and key eqation

4 Conclusions

By combining quantitative microstructural charaiziations using SEM, TEM and 3DAP together

with yield strength modeling, the strengthening hatdsms of bottg” andp’ precipitates have been

studied in detail, and their contributions to thresgthening effect of an Al-Mg-Si alloy aged ad1&

for 3 h and 6 h were quantitatively analyzed. Thdifigs are summarized as follows:

(1) After coarsening to a certain sif¥, precipitates start to dissolve and transforrf’tprecipitates.
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(@)

3)

(4)

(%)

Therefore, in the peak-aged microstruct@‘egrecipitates take a volume fraction of 0.57% 600

compared to that of 0.68% + 0.08% f§rprecipitates.

Lattice strain is one of the key factors which uieihces the coherency strengthening effect. The

values of lattice strain di” andp’ precipitates relative to the matrix are determiasd2.10% =+

0.34% and 0.99% + 0.08%, respectively, by GPA aislyFurthermore, the precipitates’ size does

not appear to affect the lattice stains of btlandp’ precipitates relative to the matrix.

The fractional lattice misfit was substituted bttite stain of the precipitate relative to the ratr

in the coherency strengthening model. The updatedeinhas a higher adaptability and can be

used to calculate the coherency strengthening teffecoherent and semi-coherent/incoherent

precipitates. From this model, the coherency streming effect of3” andp’ precipitates in the

samples aged for 6 h can be determined as 127.0 aMBa38.7 MPa, respectively. F@F

precipitates in the sample aged for 3 h this vaéazhes 164.6 MPa due to their higher volume

fraction.

The concept thap” is the most efficient type of strengthening préaie has been verified

guantitatively for the first time. Under the pealked conditionf” precipitates contribute 142.8

MPa to the yield strength of the alloy, while treue is 64.1 MPa fop’ precipitates. Obviously,

the contribution of’ precipitates to the yield strength is less, hilltsdtould not be ignored.

At last, it is found that coherency strengthenirggher than modulus strengthening, is the main

strengthening mechanism among the three strengthemnéchanisms in the strengthening effect of

coherentB” precipitates, and the chemical strengthening effan even be ignored. In contrast,

both modulus strengthening and coherency strengtecontribute at similar levels to the
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strengthening effect of semi-coherghtprecipitates. In both cases, the contribution ledrical

strengthening can be ignored.
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