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Abstract

A micro-addition (0.025 at.%) of slow-diffusing V@ an Al-0.26Mn-0.11Mo0-0.11Si-
0.08Zr-0.02Sc-0.01Er (at.%) alloy accelerates-All;(Zr,Sc) precipitation but retards
Al(Mn,Mo)Si precipitation. The W micro-addition irgases the peak-microhardness of
the alloy during isothermal aging but does not iover the coarsening resistance and

creep resistance.

Keywords: aluminum alloys; precipitation kinetictom-probe tomography; elevated-

temperature.



Aluminum alloys strengthened by 3-Al;Sc nano-precipitates exhibit excellent creep-
and coarsening resistance at elevated temperafugesto 425 °C) compared to
conventional precipitation-strengthened Al allogagh as 2xxx series), particularly when
they are further modified with rare-earth and tiams metal elements [1-7]. Specifically,
previous studies focused on: (i) increasing themalrix(f.c.c.)/LL-precipitate lattice
parameter mismatch by introducing lanthanoids, sasckr and Y [8-11]; (ii) improving
L1,-precipitatecoarsening resistance by introducing slow-diffudiregsition metals, Zr,
Ti and V, which partition to the LAprecipitates [12-17]; (iii) stimulating LInucleation
kinetics by adding elements such as Si, Ge, SanthSb [18-20]; and (iv) reducing cost
by replacing Sc with other L¥orming elements, Zr and Ti [21-23]. De Luca et al
demonstrated that small additions of Er, Zr andoSan Al-Sc alloy at a very low Sc
concentration, 0.014 at.%, results in an optimizded.082r-0.014Sc-0.008Er-0.09Si
(at.%) alloy with excellent Lilprecipitate coarsening resistance at 400 °C, amatl g
creep resistance at 300 °C (threshold stress ~1&),MP a fraction of the cost of alloys
with a higher Sc concentration and comparable eoang/creep resistance [23].
Recently, the addition of Mn and Mo to this Sc-ledloy was demonstrated to introduce
a second population of precipitatesAl(Mn,Mo)Si, in addition to the LZprecipitates,
leading to further improvements of the microstrugtustability and mechanical
properties [24, 25]. Manganese provides solid-gmustrengthening and also serves as
the a-Al(Mn,Mo)Si former (with Si) [6]; slow-diffusing M [26] is also a solid-solution
strengthener and partitions to Jtland o-precipitates, significantly improving the
coarsening resistance of the tdrecipitates (by a factor four), and the therntabdity

of the a-precipitates [7, 27, 28]. Herein, we report on éfiects of a further addition of



W, which is an extremely slow diffuser in Al similéo Mo, Dy = 5 x 10°® m’s?,
compared tdDy, = 6 x 102 m’s* at 400 °C [26]. We added W to an Al-Mn-Mo-Si-Zr-
Sc-Er alloy, focusing on the change of kineticd d- anda-precipitates, the coarsening
resistance, and creep resistance of the alloy.

An Al-0.26Mn-0.11M0-0.11Si-0.082r-0.02Sc-0.01Er-25W (at.%) alloy was
prepared by melting 99.99 % pure Al and Al-X (X snMMo, Si, Zr, Sc, Er, W) master
alloys, and casting the melt in a graphite cyliodrimold (37 mm diameter): Ref. [23]
for more details. Table 1 provides the compositidrthe new W-modified alloy (W
solubility limit at 640 °C is ~ 0.025 at.% [29]) arits W-free counterpart, whose
composition was reported in Ref. [24]. Both alldwsse an optimal homogenization time
of 2 h at 640 °C, which results in the highest olhardness after the alloy is peak-aged at
400 °C for 24 h. Homogenization of the alloys ab 6€ would dissolve the Er-rich
primary precipitates (a beneficial effect, as guls in more Er in solid-solution for later
nano-precipitation on aging). The process, howealsg cause the precipitation of coarse
Al3(Zr,Sc) phases, which is detrimental because itetiep Zr and Sc from the matrix,
making them unavailable for nano-precipitation absequent aging. The chosen 2 h
homogenization time is a compromise between theseetfects. During processing, we
used a fast heating rate (preheated furnace) toceethe formation of coarse #Zr,Sc)
precipitates.

Table 1. Compositions in at.% (values in wt.% ingogheses) of the two W-free and W-
modified Al-alloys, measured by inductivity-coupleatgon plasma atomic-emission

spectrometry (ICAP-AES) at Genitest Inc (Montré@).

Alloys Mn Mo Si Zr Sc Er \W

Fe




Womodified alloy 0258 0114 0107 008l 0018 0005 0025  0.005
Y (0.520) (0.400) (0.110) (0.270) (0.030) (0.032) (0.170) (0.010)

0.250 0.108 0.107 0.080 0.024 0.009 <0.005

W-reealloy[24] 0505) (0.381) (0.111) (0.268) (0.397) (0055 (<0.010)

To study the precipitation kinetics of the homogendi W-modified alloy, isochronal
aging was performed from 100 to 575 °C, with stefp25 °C for 3 h (effective warming
rate ~ 8.3 °C/h). Each step was terminated by waguenching. Figure la displays the
evolution of the Vickers microhardnesses of the WHified and W-free alloys as a
function of aging temperature, measured on poliskaahples (1lum surface finish,
sample dimension ~ 1 cm x 1 cm x 3 mm) using ae®rduramin-5 microhardness
tester, with a load of 200 gf and a dwell time of.3Vhile the two curves generally have
the same shape and the same peak microhardnes826f MPa, the W-modified alloy
reaches its peak microhardness at 400 °C vs.@50r°the unmodified alloy; at 475 °C,
the W-free alloy maintains the peak microhardnesthin error), while the W-modified
alloy’s microhardness has significantly decreassd;- 63 MPa from its peak value. In
cast Al alloys, with the low dislocation densitydatarge grain sizes, the primary
contributing factor to the resistivity is the s@utontent in the matrix. During different
stages of isochronal aging, precipitates may ntelegrow, coarsen, or dissolve,
changing the solute content in the matrix, thuseraly the electrical resistivity.
Therefore, the change of electrical conductivity uldo provide information on the
precipitation process. Figure 1b (top half) dematets that the W micro-addition
significantly alters the evolution of the electticeonductivity (measured using a
Sigmatest 2.069 eddy current instrument on sangfl@émension ~1 cm x 1 cm x 3

mm). To illustrate this more clearly, the normatiazgegative derivative of the resistivity



as a function of temperature is presented in thimwhalf of Figure 1b, highlighting the
temperatures at which the resistivity changes 8ggmtly due to precipitation [30]. For
both alloys, two peaks are identified, associatéti Wls;Zr (as outer shells of the 1
precipitates) andi-Al(Mn,Mo)Si precipitates, respectively. The peakssociated with
precipitation of A(JEr and AkSc (as cores of the bk-precipitates) cannot be identified
clearly due to the small concentrations of Er andISis evident from Figure 1b, with a
W micro-addition, that the peak associated with-pfecipitation is shifted to a lower
temperature (from 375 °C, shown as a shoulder efldinger peak associated with
Al(Mn,Mo)Si precipitation, to 350 °C), while the @le associated with-precipitation is
shifted to a higher temperature (from 450 to 500. Figure 1c displays a scanning
electron microscopy (SEM) back-scattered electB®EH) micrograph of the W-modified
alloy over-aged isochronally to 475 °C. For thisl aither samples aged isochronally to
>475 °C,a-precipitates are observed using SEM (charactebyetieir elongated shape),

consistent with the electrical conductivity (ECpéutionary trend.
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Figure 1. Evolution of: (a) microhardness; (b) &feal conductivity (EC) and

corresponding negative temperature derivativeshef resistivity (normalized by the
initial resistivity) of the W-free [24] and W-modkd alloys, during isochronal aging
from 100 °C to 575 °C (3 h steps). Peaks relatedifferent precipitation processes are
indicated by vertical dashed lines (red and blaekyd (c) SEM back-scattered electron
micrograph showing the precipitate microstructuadter isochronally aging the W-
modified alloy to 475 °C. Micron-sized-Al(Mn,Mo0)Si precipitates (created during
aging) and sub-micron L4Al3(Zr,Sc) precipitates (created during homogenizateme

visible at this magnification, but not the nanodité,-Al3(Zr,Sc) formed on aging.

The isochronal aging results (Figure 1) indicata tingsten at a micro-addition level
of 0.025 at.% (0.17 wt.%) alters significantly theecipitation kinetics of both the k1
and o-precipitates. We now discuss how interactions ohdmns with the L anda-
forming elements, and/or with vacancies in the A&tmx, may be affecting the
precipitation kinetics, either directly or indirgct Figure 1 demonstrates that a W
addition affects mainly the Liprecipitates in the growth regime when idrecipitates
grow by imbibing Zr atoms, rather than in the sujosmt coarsening regime, because the
shift of the Zr precipitation peak occurs at thaga of temperatures (around 350 °C),
where the electrical conductivity increases cordgirgly, which is a characteristic of the
growth regime. Considering the small concentraéind the sluggish diffusion of W in Al
as well as the strong repulsive W-Al vacancy inteoa [31], it is unlikely that W assists
Zr diffusion in the Al-matrix by forming stable Zé-vacancy trimers and decreasing the
Zr migration energy, a mechanism akin to that of aSsisting Sc diffusion and

precipitation in an Al-matrix [32]. This is becauggs mechanism would require long-



range diffusion of Zr-W-vacancy trimers between opecipitates separated by tens of
nanometers (~23 nm for the peak-aged conditiomprdony to APT data), which is not
credible given a typical diffusion distanceyof (6Dt)2 < 2 nm for W in Al (at 400 °C
for t = 3 h) [33]. Therefore, the effects of W amnere likely to be localized in the vicinity
of L1,-precipitates, where W may be enriched.

To investigate this hypothesis, atom-probe tomdgydpPT) analyses were performed
on the W-modified alloy aged isothermally at 400 f@& 1, 11, and 21 days,
corresponding to a peak-aged condition (1 day)temedover-aged conditions (11 and 21
days), respectively. Standard electropolishingrépe [7] was used to prepare APT tips
with tip radius ~ 50 nm. Figure 2 displays the pnagy histograms, revealing the solute
concentrations across the matrixjLinterface (marked with a dashed line). The
concentration profiles exhibit a typical core-shsftucture, with Er, Si, Sc and Mn
enriched in the core, and Zr, Mo, and W enrichedhi@ shell. Molybdenum has the
highest concentration near the Al-matrix(f.c.c.)YLheterophase interface, but a
significant amount of Mo also partitions to the @p&ate core. Comparing with APT
investigations performed on the W-free alloy [F partitioning behaviors of Er, Sc, Zr,
Si, Mn, and Mo within the Liprecipitates are not affected significantly by W
microalloying. Tungsten enrichment at the Al-mdfirixc.)/L1, heterophase interface
implies that W is reducing the interfacial free gyeand perhaps strain energy to a
certain degree around the jJprecipitates, given that W is not ajtfbrming element
(such as Er, Sc and Zr).

As indicated by the isochronal aging results, tteekerated AJZr precipitation kinetics

in the W-modified alloy occurs at temperatures nagdgrom 300 to 350 °C. At these



temperatures, the equilibrium vacancy concentrati@am be estimated using a vacancy
formation enthalpy of 0.75 eV and formation entropfy 0.2X in pure Al K is
Boltzmann’s constant) [34]. At the temperaturesntérest (300 — 350 °C), the number
density of the vacancies is on the order 6f 16> Supplementary Information, SI. This
number density is of the same order of magnituditha@d .1, precipitate number density
at the early stage of precipitation; for examples peak-aged condition for a 400 °C
isothermal aging treatment the number density 9x713? m®, Even though the Al-
matrix(f.c.c.)/LL heterophase interface is coherent and unlikelypeogood sinks for
vacancies. The vacancies can, however, be trappeldeaical interfaces in this phase
separated alloy, decreasing the concentration exlyfrmigrating vacancies [35]. The
implication from the comparable number density atancies and LAprecipitates is
that, at 300 — 350 °C, only a few vacancies arpamrsible for the growth of each
precipitate. Because the vacancies spend timesdifjuaround the Al-matrix(f.c.c.)/la1
heterophase interfaces (chemically trapped), thesefewer freely migrating vacancies
available to transport solute atoms from matrixhe precipitate until the vacancies are
emitted back into the matrix. Modification of theterface chemistry by W local
enrichment, plus the repulsive W-vacancy interacfg1], may lead to less trapping and
alter the precipitation kinetics. Note that in test Al alloys, the dislocation density is
low, ~ 10¥m? [36], thus a subtle change in the precipitate/maganteraction would
have a meaningful effect on the overall vacancyceatration in the matrix. The
suggested mechanism is consistent with the isoahiging observation that, in the W-
modified alloy, Zr commences to precipitate atragerature lower by 25 °C than in the

W-free alloy.
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Figure 2. Concentration profiles obtained from pmagy histograms of the Lkt

Al3(Zr,Sc) nanoprecipitates observed in the W-modié#dy homogenized for 2 h, and
then aged at 400 °C for: (a) 1 day; (b) 11 days @) 21 days. Elemental partitioning
occurs in the precipitate, resulting in a coredsklicture. The grey areas visible in (a)
and (b) represent the detection limit, that is, ¢becentration for which the bin contains

only one solute atom.

Unlike the LL-precipitates, the-Al(Mn,Mo)Si precipitates exhibit, in the W-moditie
alloy, a delayed precipitation during isochronaihgg We have demonstrated previously,
using APT, that in an arc-melted W-modified Al-Mneh&i-Zr-Sc-Er alloy with a similar
composition (the same 0.025 at.% W addition), sirtyl aged isothermally at 400 °C,
that W partitions to the-precipitates at ~ 0.1 at.% level [37]. Whetherbspartitioning
alters significantly the thermal stability of theprecipitates and the driving force for
precipitation is, however, unclear. The previoudigcussed vacancy trapping effect at
the Al-matrix(f.c.c.)/L%: heterophase interfaces is not important in thepgrature range
450 — 500 °C, because at these temperatures, ¢énmahequilibrium vacancy number

density is at least two order of magnitude greitean number density of L¥recipitates.
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Another possible mechanism relies on W-solute aufons. Farkoosh et al. [38]
calculated W-Si interactions using first-principkzgculations, and calculated that W and
Si exhibit a small attractive interaction energy-00.041 eV/atom at 0 K. Given the
sluggish diffusivity of W and the repulsive intetiao energies between W and an Al-
vacancy dimer, Si atoms could be trapped by W atatog to thermodynamic (an
attractive W-Si binding free energy) and kinetienéler local vacancy concentration
near W atoms, due to a repulsive free binding gnecgmpared to that of a random
vacancy distribution). Therefore, theAl(Mn,Mo0)Si precipitation process could be
retarded due to both the limited availability of &@oms and the reduced mobility of Si
atoms in the Al-matrix (f.c.c.). This mechanism fdelaying the coarsening aif-
precipitates does not require long-range diffusibdVv atoms.

The APT results, together with the Vickers micralmass evolution (Figure 3), also
provide insights on the effects of W micro-addisoon the coarsening resistance of the
alloy. Table 2 lists the precipitate number dengiygan radius, and volume fraction of
both the W-modified and W-free alloys after varidwsat-treatments. Upon isothermal
aging at 400 °C, the W-modified alloy exhibits gtmer precipitate number density and
slightly smaller precipitate radii (the differends within one standard deviation)
compared to the W-free alloy with the same heattnent. Due to the small APT
nanotip volume and the non-uniform spatial distiitou of the L. precipitates within
and in between the dendrites, the APT results @pplemented with TEM observations:
see Sl. The precipitate radii measured by bothnigcies are consistent with one another.
At the early stage of isothermal aging (aging tkné h), the microhardness of the two

alloys are almost identical, Figure 3. For an agimg longer than 1 h, the microhardness
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of the W-modified alloy starts to deviate from tlwditthe W-free alloy, reaching a peak-
microhardness (at 1 day) of ~ 634 MPa, higher th@npeak-microhardness of the W-
free alloy (604 MPa). The higher peak-microhardnessthe W-modified alloy is
consistent with the higher Lrecipitate number density and smaller precipitatBi, as
measured by APT. When over-aged the microhardne$s®edVN-modified alloy appears
to decrease, however, at a slightly higher ratentally reaching the same value of the
W-free alloy at an aging time of 3 months.

Table 2. Precipitate humber density, mean radind, vlume fraction of both the W-

modified and W-free alloys after various heat-tneats.

Aging treatment

Alloy at 400 °C in days WV (<107 (R() (nm) v (%)
400°C/1 79+05 2.6 +05 0.48 +£0.03
W-modified Alloy 400°C/11 24+0.2 3.2+0.8 0.42 £0.04
400°C /21 0.9+0.1 3.8+0.9 0.28 £0.04
400°C/1 27+04 2.9+0.6 0.34 +£0.05

W-free Alloy [7]
400°C /11 09+0.2 39+15 0.40 £ 0.07

12
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Figure 3. Evolution of Vickers microhardness of themodified alloy and the W-free
alloy at 400 °C as a function of aging time. Dadathe W-free alloy is from Ref. [24].

The heat-treatment procedure in Ref. [24] is thmesas in this work.

Compressive creep experiments were performed at 3D0on samples aged
isothermally at 400 °C for 1 day (peak-aging) and I1 and 21 days (over-aging).
Figure 4 displays the creep behavior of the W-meditlloy and the W-free alloy [24].
As summarized in Table 3, creep threshold strekgesa;,, were determined by fitting

creep data to a modified power-law (details omniiin SI and Ref. [7]).
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variable non-linear regression analysis, the dalioa creep portion of the curves is
fitted using n = 3 (black and green curves) anddifi@sional creep using n=1 (blue).
Prior to the creep experiments, the samples wesd egpthermally at 400 °C for 1 day
(filled symbols, solid lines), 11 days (open synshalashed lines) and 21 days (half-filled

symbols, green dash-dot lines).

Table 3. Threshold stresses for compressive cre@p0a°C for both W-modified and W-

free alloys after various pre-creep heat treatments
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Pre-creep heat  Pre-creep, aged Threshold stress,,

Alloy treatment microhardness (MPa)for creep at 300 °C
(MPa)
400 °C / 1 day 634 £ 25 35.6+0.1
W-modified alloy 400 °C /11 days 599 + 24 31.0+£0.1
400 °C / 21 days 556 * 25 28.0+£0.3
400 °C / 1 day 602 +9 37.0+0.1
W-free alloy [7]
400 °C / 11 days 542 + 15 33.9+0.1

Several observations are evident from Figure 4Batdle 3. First, for both alloys, the
peak-aged sample (400 °C for 1 day) exhibits thhdst creep resistance, while the over-
aged samples exhibit a decreased creep resistdige. is consistent with prior
experiments of Mn/Si-bearing bkbtrengthened alloys, and can be explained by a
reduced Mn/Si solid-solution strengthening mechanias a-precipitates undergo
coarsening, which more than counterbalances tightstioarsening of Lilprecipitates
(anticipated to improve creep resistance due toease=d coherency strains around
precipitates) [7]. Additionally, for the same pneeep heat-treatment, the W-modified
alloy exhibits a slightly smaller threshold stressnpared to the W-free alloy, which
manifests itself as a shift of the curves by a fé®a toward lower values. Micro-
additions of W affect the precipitate volume-fracti mean precipitate radii and number
density (Table 2), and ultimately edge-to-edgeriptecipitate distances, which all affect
the creep resistance of alloys. As the volume ifvacof L1,-nanoprecipitates appears
higher in the W-modified alloy, it is expected tlia¢ alloy would exhibit improved creep
resistance, which, however, is not the case. Allilexplanation would be that the

presence of W in the LInanoprecipitates affects negatively the overall
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matrix/precipitate lattice-parameter mismatch. Eogplig the APT experiments, we are
able to measure the nanoprecipitates compositiableT 4, and calculated lattice
parameters assuming Vegard’s rule, using the éaptazameters of LdAlsEr (4.232 A), -
Al;Sc (4.125 A) and -APr (4.105 A). Using this approach, we are not abteyever, to
find evidence for a significant difference betweba W-free and W-containing alloys.
Accurate estimations of W-induced lattice paramelanges would require casting bulk
L1,-Al3M alloys, which is beyond the scope of this pragjdmit would provide useful
knowledge. Given these uncertainties, we cannoibaté the small difference in the
threshold stress (~ 2 MPa, a relative change of )<ig8tween the W-modified and W-
free alloys to a particular mechanism, but we rnindess conclude that W micro-
additions do not alter significantly the dislocatioreep resistance of the Al-Mn-Mo-Si-
Zr-Sc-Er alloy, at least at the investigated comeions. It is noteworthy mentioning
that at low strain rates (<2x20s), all three creep curves of the W-modified alloy
deviate significantly from the fit of a dislocatiocreep model, which suggests that
diffusional creep is active. As all the data poiappear to fall in line, it indicates that the
pre-heat treatment does not influence significatitey diffusional creep rate. Employing
Eq.S1 (see Sl) and n = 1, a good fit can be oldaimeall the low-strain-rate data points,
estimating a diffusional creep threshold stres8®5 + 0.8 MPa. It is interesting that the
low strain rate data points of the W-free alloyl fahto the diffusional creep fit line,
indicating that W does not induce any particulaardie (positive or negative) to the

diffusion creep resistance in the W-containingallo
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Table 4. Average precipitate compositions of themétified alloy measured by atom-

probe tomography,

compositional data.

with the lattice parameter misheg calculated using the

Aging Precipitate composition (at.%) Lllzégsgix
time at .
Alloy mismatch
700°C Al E S Z Si Mn M at 300 °C
r c r i n 0
(days) %)
W 1 7155 098 7.62 17.071.81 0.24 0.67 0.05 1.67
modified 11 72.88 095 6.25 17.711.41 0.17 0.56 0.06 1.65
Alloy
21 73.22 052 593 18.710.88 0.16 0.54 0.05 1.59
W-free 1 72.3 0.4 6.2 18.9 1.3 0.2 0.8 - 1.65
Alloy [7] 11 722 13 89 145 22 04 05 - 1.63

In summary, we examined the effects of a W micrdigmh on the precipitation

kinetics and coarsening resistance of an Al-Er-&8#A-Mo alloy. Isochronal aging

results indicate that W accelerates the precipitabf L1-Als(Zr,Sc)-precipitates, but

retards the precipitation o#-Al(Mn,Mo)Si-precipitates. The former effect may be

attributed to the observed local enrichment of Wne at the Al-matrix(f.c.c.)/Lil

heterophase interfaces, which is hypothesizeddoce vacancy trapping at the interface

and thus increase the matrix vacancy concentratahconcomitantly Zr diffusion in the

matrix. The latter effect is consistent with arradtive W-Si interaction, which reduces

Si's availability and mobility and concomitantly ehprecipitation kinetics ofa-

Al(Mn,Mo)Si precipitates. Tungsten micro-additiomnsrease the peak-microhardness of

the alloy during isothermal aging but does not iower the coarsening resistance and

creep resistance.
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