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Abstract

Ambient- and high-temperature precipitation strengthening are investigated
in Al-0.06Sc, Al-0.06Zr, and Al-0.06Sc-0.06Zr (at.%) alloys. Following solidifi-
cation, Sc is concentrated at the dendrite peripheries while Zr is segregated at
the dendrite cores. During isochronal aging, precipitation of Al3Sc (L12) com-
mences between 250 and 300 ℃ in Al-0.06Sc, which reaches a 429 MPa peak
microhardness at 325 ℃. For Al-0.06Zr, precipitation of Al3Zr (L12) initiates
between 400 and 425 ℃, resulting in a 295 MPa peak microhardness at 475 ℃.
A pronounced synergistic effect is observed when both Sc and Zr are present.
Above 325 ℃, Zr additions provide a secondary strength increase which is at-
tributed to precipitation of Zr-enriched outer shells onto the Al3Sc precipitates,
leading to a peak microhardness of 618 MPa at 400 ℃ for Al-0.06Sc-0.06Zr.
Upon compressive creep deformation at 300–400 ℃, Al-0.06Sc-0.06Zr exhibits
threshold stresses of 7–12 MPa, which may be further improved by optimal
heat-treatments.
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1. Introduction1

The Al-Zr system shows particular promise for developing creep-resistant,2

thermally stable Al-based alloys at elevated temperatures [1, 2]. During post-3

solidification aging, decomposition of supersaturated Al-Zr solid-solutions oc-4

curs initially by the formation of nanometer-scale Al3Zr precipitates with a5

metastable cubic L12 structure, which transform to the equilibrium D023 phase6

after prolonged aging at elevated temperatures (>450 ℃) [3–11]. The stability7

of the L12 metastable phase at high homologous temperatures is attributed to8

slow diffusion kinetics of Zr in α-Al and a small lattice parameter mismatch of9

Al3Zr (L12) with α-Al [1].10

In previous studies by the authors, the microstructures and ambient-11

temperature mechanical properties of conventionally solidified Al-Zr alloys were12

studied during isothermal aging at 375, 400, 425 ℃ [12] and 500 ℃ [13] or during13

isochronal aging up to 600 ℃ [13]. Precipitation of spheroidal, nanometer-scale14

Al3Zr (L12) precipitates results in a pronounced hardening response at all aging15

temperatures investigated. There is no appreciable overaging effect despite ex-16

tended aging times (3,200 h) at 425 ℃ (0.75Tm, where Tm is the absolute melting17

temperature of Al) [12], and only at or above ∼475 ℃ do the metastable L1218

trialuminide precipitates transform to their equilibrium D023 structures [13].19

The Al3Zr precipitates are, however, heterogeneously distributed, Fig. 1,20

reflecting the dendritic microsegregation of Zr solute atoms during solidifica-21

tion [12]. Because Zr forms a terminal peritectic with Al, the liquidus and22

solidus boundaries of the α-Al solid-solution plus liquid two-phase region have23

positive slopes and k0, the equilibrium partition coefficient for solidification, is24

greater than unity. The first solid to form during solidification is therefore richer25

in Zr compared to the bulk alloy composition, resulting in solute-rich dendritic26

cells surrounded by solute-depleted interdendritic channels. Upon aging, only27

the enriched dendritic cells are supersaturated sufficiently to cause precipitation28

of Al3Zr. The precipitate-free interdendritic channels have a deleterious effect29

on the mechanical properties, both at ambient temperature [13] and during30

creep experiments performed at 300, 350 or 400 ℃ [14]. Precipitation strength-31

ening in these alloys occurs on multiple length scales: (i) on the nanometer-scale32

scale by a shearing or Orowan precipitation strengthening mechanism; and (ii)33

on the micrometer-scale related to the volume fraction of the precipitate-rich34

dendrites [13].35

[Figure 1 about here.]36

Dendritically distributed Al3Zr (L12) precipitates are also a significant prob-37

lem in commercial wrought alloys, where Zr is added as a recrystallization in-38

hibitor [1, 3, 15–19]. During solutionizing, which is typically performed at39

∼500 ℃, coherent Al3Zr (L12) precipitates are formed which inhibit subsequent40

recrystallization by pinning migrating grain boundaries, thus maintaining grain41

boundary strengthening. The alloys are prone to recrystallization, however,42

in the interdendritic regions where the number density of Al3Zr precipitates43

is small [20–23]. Several recent studies have aimed to minimize the extent of44
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the precipitate-free interdendritic regions through multi-step annealing proce-45

dures [20, 24, 25] and other alloying additions including Cu, Mg, Zn [21, 26],46

Si, Fe, Mn [23, 27], and Sc [22, 27–33] in 7xxx and other commercial wrought47

alloys.48

There is a particularly strong interest in adding Sc to improve the precip-49

itate distribution, thereby improving recrystallization resistance of Al-Zr al-50

loys [22, 27–34]. Robson [30] and Forbord et al. [27] have demonstrated that by51

combining Sc, a solute forming a terminal eutectic with Al (k0 < 1), with Zr, a52

peritectic solute (k0 > 1), the precipitate-free regions associated with a Sc-free53

alloy may be eliminated. Their argument, supported by experimentally mea-54

sured solute concentration profiles, is that during solidification, Zr and Sc solute55

atoms segregate at the dendrite interiors and exteriors, respectively, effectively56

“filling in” the interdendritic regions with Sc, which forms Al3Sc (L12) precip-57

itates upon subsequent thermal aging. A similar effect has also been observed58

by Lieblich and Torralba [35, 36] with Al-Li-Ti alloys, where Ti (a peritectic-59

forming solute) segregates to the dendrite interiors and Li (a eutectic-forming60

solute) segregates to the peripheries. A further advantage of combining Zr and61

Sc is the improved coarsening resistance of Al3(Sc1−xZrx) (L12) precipitates62

compared with Al3Sc (L12) [37–42]. Finally, first-principles calculations show63

that Sc should stabilize the L12 structure of Al3Zr [43], which may delay their64

transformation to the equilibrium D023 structures.65

We previously investigated precipitation strengthening in binary Al-0.1Sc,66

Al-0.1Zr, and ternary Al-0.1Sc-0.1Zr (at.%) alloys aged isochronally from 20067

to 600 ℃ [42]. Precipitate compositions, mean radii (〈R〉), and volume fractions68

(φ) were measured in the Al-Sc-Zr alloy using atom-probe tomography (APT),69

which were used to identify and quantify the observed strengthening increments70

due to the resistance to shear of the Al3(Sc1−xZrx) (L12) precipitates. The71

Al-Sc-Zr alloy, however, contained primary Al3(Sc1−xZrx) precipitates formed72

during solidification, resulting in a fine-grained microstructure (∼50 µm grain73

diameter), which is unsuitable for creep resistance. In this article, we investigate74

the as-cast solute microsegregation, ambient-temperature microhardness, and75

high-temperature creep resistance in more dilute Al-0.06Sc, Al-0.06Zr, and Al-76

0.06Sc-0.06Zr (at.%) alloys.77

2. Experimental procedures78

2.1. Alloy compositions and preparation79

Binary Al-0.06Sc and Al-0.06Zr alloys and a ternary Al-0.06Sc-0.06Zr alloy80

were investigated; alloy designations and exact compositions are summarized81

in Table 1 (all compositions are in at.% unless otherwise noted). Small (∼7 g)82

buttons were prepared by melting 99.95 at.% Al (Atlantic Equipment Engineers,83

Bergenfield, NJ) with a dilute Al-0.12Sc master alloy (Ashurst Technology, Ltd.,84

Baltimore, MD) and/or an Al-0.57Zr master alloy, employing non-consumable85

electrode arc-melting in a gettered purified-argon atmosphere. The pure Al86

contained 260 at. ppm Fe and 260 at. ppm Si as impurities, as determined by87
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glow-discharge mass spectrometry (Shiva Technologies/Evans Analytical Group,88

Syracuse, NY) The Al-0.57 Zr master alloy was dilution cast from a commercial89

10 wt.% Zr master alloy (KB Alloys, Reading, PA). The verified compositions90

in Table 1 were obtained by bulk chemical analysis performed by direct current91

plasma emission spectroscopy (ATI Wah Chang, Albany, OR).92

Except for the Al-Sc binary alloy, the alloys were not homogenized prior to93

isochronal aging. This is because Al-Zr alloys with sufficient Zr concentrations94

for appreciable precipitation strengthening form at the homogenization temper-95

ature coarse Al3Zr precipitates, resulting in minimal precipitation hardening96

during subsequent aging (as discussed in detail below). The Al-Sc-Zr castings97

were intentionally left in their as-cast state to take advantage of the expected98

segregation of Sc at the Zr-poor dendrite peripheries. The Al-Sc alloy was stud-99

ied in both the as-cast and homogenized states; homogenization was carried out100

at 640 ℃ for 28 h.101

Two button ingots of Al-0.06Sc-0.06Zr, labeled (a) and (b), were prepared102

in order to ensure that sufficient material was available for subsequent analyses.103

Most analyses were performed on Al-0.06Sc-0.06Zr(a), which was only aged to104

400 ℃ to preserve the bulk of the material in the peak-aged condition and to105

allow for subsequent isothermal aging. Likewise, the as-cast specimen of Al-106

0.06Sc was only aged to 400 ℃, while the homogenized specimen was aged to107

500 ℃.108

[Table 1 about here.]109

2.2. As-cast microstructural analysis110

The microstructures of the as-cast specimens were observed utilizing op-111

tical microscopy and scanning electron microscopy (SEM). The initial solute112

distribution was measured in as-cast specimens by quantitative electron-probe113

microanalysis (EPMA) using a Cameca SX50 EPMA operating at 15 kV and114

20 nA equipped with four wavelength dispersive spectrometers (WDSs). The115

reported uncertainty is one standard deviation of the analytical sensitivity.116

2.3. Aging treatments, Vickers microhardness, and electrical conductivity117

The alloys were aged isochronally in 25 ℃ increments lasting 3 h each, begin-118

ning at 200 ℃ and terminating at 600 ℃. After each aging step, the specimens119

were water-quenched and precipitation was monitored by Vickers microhardness120

and electrical conductivity measurements. The Vickers microhardness measure-121

ments were performed at ambient temperature on metallographically polished122

sections using a load of 200 g and a dwell time of 5 s. A minimum of 20123

microhardness measurements were recorded for each temperature. The electri-124

cal conductivity measurements were performed at ambient temperature using125

an eddy current apparatus (Sigmatest 2.069 from Foerster Instruments, Pitts-126

burgh, PA), placing the contact probe on a clean, planar surface. Five electrical127

conductivity measurements were recorded on each specimen, each reading cor-128

responding to a different frequency (60, 120, 240, 480, or 960 kHz) and the mean129

value is reported. For consistency, a single specimen of each alloy was used for130
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the electrical conductivity measurements, which was measured between each131

isochronal aging step. An increase of electrical conductivity corresponds to a132

decrease in the supersaturation of Sc and Zr in the matrix due to an increas-133

ing value of φ [44–48]. Uncertainty in both measurements is reported as one134

standard deviation from the mean.135

2.4. Creep experiments136

Specimens of Al-0.06Sc-0.06Zr(a), peak-aged isochronally to 400 ℃, were137

tested by creep. Creep specimens in the shape of parallelepipeds (∼4×4×8138

mm3) were electrode-discharge-machined with their axes perpendicular to the139

surface of the ingot that had been in contact with the water-cooled copper140

crucible during arc-melting. The length of the creep specimen spans almost the141

entire height of the button ingot. The specimens were aged prior to machining.142

A superalloy creep cage translated tensile loads in the pull-rods to compres-143

sive stresses on the specimen. Frictional effects on the end-loaded specimens144

were minimized using alumina platens coated with boron nitride. Specimen145

temperature was measured in the three-zone furnace with a temperature sta-146

bility of ± 1 ℃ after a 1 h soak at the test temperature. Specimen strain was147

calculated from extensometric displacements of cage platens measured using148

a linear variable differential transducer (LVDT) with a resolution of 2.5 µm.149

Once steady-state deformation was achieved, the load was increased, resulting150

in three to five data points suitable for determining a stress exponent from one151

specimen; total specimen strain did not exceed 10%.152

3. Results153

3.1. As-cast microstructure154

[Figure 2 about here.]155

The as-cast macrostructures of the alloys are typical of conventionally so-156

lidified alloys, exhibiting coarse (millimeter-scale) columnar grains. No primary157

precipitates were observed in any of the alloys. The as-cast solute microsegrega-158

tion was determined by measuring linear concentration profiles utilizing EPMA,159

Fig. 2, for the Al-0.06Sc (both as-cast and homogenized), Al-0.06Zr, and Al-160

0.06Sc-0.06Zr(a) alloys. Each 100-µm-long analyzed traverse spans multiple161

dendritic cells in each alloy, as evidenced by the periodic variations in solute162

concentration. The horizontal dashed lines indicate the mean measured solute163

concentrations for each set of data.164

In as-cast Al-0.06Sc, Fig. 2(a), the dendritic cells contain ∼0.05 at.% Sc165

(i.e. a depletion of ∼0.01 at.% Sc below the measured mean Sc concentration166

of 0.061±0.008 at.% Sc) whereas the interdendritic regions are enriched up to167

∼0.08 at.% Sc. The wavelength of the variations, which corresponds to the168

secondary dendrite arm spacing, is ∼30 µm. After homogenization, Fig. 2(b),169

there is no apparent variation in Sc concentration across the 100-µm-long scan,170

indicating that the homogenization treatment (640 ℃ for 28 h) has success-171

fully eliminated the as-cast microsegregation of Sc. In both the as-cast and172
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homogenized states, the measured mean Sc concentration (0.061±0.008 and173

0.060±0.004 at.% Sc, respectively) is very near the bulk alloy composition of174

0.062 at.% Sc (Table 1).175

In as-cast Al-0.06Zr, Fig. 2(c), the variations in Zr concentrations are much176

greater. Here, the Zr concentration varies by ∼0.03 at.% above and below177

the measured mean value of 0.076±0.022 at.%. This mean Zr concentration178

is also significantly greater than the bulk composition of 0.059 at.% Zr (Table179

1). The Zr-rich dendritic cells and the Zr-poor interdendritic regions are each180

∼10–15 µm across, which is comparable to the variation wavelength observed181

in the as-solidified Al-Sc alloy, Fig. 2(a).182

In as-cast Al-0.06Sc-0.06Zr, Fig. 2(d), the dendrites are enriched in Zr and183

concomitantly depleted in Sc. Scandium atoms are concentrated in the last solid184

to form, where the concentration is ∼0.075–0.080 at.% (i.e. 0.015–0.020 at.%185

greater than the measured mean concentration of 0.061±0.008 at.% Sc). Near186

the dendrite centers, the first solid to form, the Sc concentration is ∼0.05 at.%187

(i.e. ∼0.01 at.% below the mean value). This distribution of Sc is comparable188

to what is observed in the binary as-cast alloy, Fig. 2(a). Zirconium segregates189

more strongly, varying ∼0.04 at.% about the measured mean concentration of190

0.071±0.026 at.% Zr, which is comparable to what is observed in the binary191

Al-Zr alloy, Fig. 2(c). The wavelength of the solute concentration variations is192

the same as before, i.e., 20–30 µm.193

The measured mean Sc concentrations in Figs. 2(a), 2(b), and 2(d) agree194

very well with bulk alloy compositions in Table 1, while the measured con-195

centrations in the Zr-containing alloys, Figs. 2(c) and 2(d), both exhibit an196

apparent enrichment in Zr. It is possible that this enrichment could represent197

a macrosegregation of Zr between the 100-µm-long locally sampled regions of198

the alloys. The two castings exhibit a similar bias, however, suggesting that the199

apparent enrichment of Zr may also be an artifact of the EPMA technique.200

3.2. Vickers microhardness and electrical conductivity201

[Figure 3 about here.]202

Figure 3 displays the precipitation behavior of Al-0.06Sc, Al-0.06Zr, and Al-203

0.06Sc-0.06Zr during isochronal aging, as monitored by Vickers microhardness204

and electrical conductivity measurements. Precipitation of Al3Sc (L12) com-205

mences between 250 and 300 ℃ in the binary Al-Sc alloy, as evidenced by the206

increase in strength and the accompanying change in electrical conductivity,207

achieving a peak microhardness value of 429±25 MPa at 325 ℃. Peak electrical208

conductivity, which corresponds to a maximum φ value of Al3Sc precipitates,209

also occurs at 325 ℃. The change in electrical conductivity between the as-cast210

and maximum value is 2.2± 0.2 MS m-1. There is a continuous decrease in mi-211

crohardness above 325 ℃ while the electrical conductivity remains near its peak212

value up to 425 ℃. Homogenizing prior to aging has no effect on the observed213

microhardness or electrical conductivity, which is consistent with our previous214

observations on Al-0.1Sc alloys aged isochronally [42] and also concurs with the215
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findings of Drits et al. [49] on Al-0.12Sc and Al-0.30Sc alloys aged isothermally216

at 350 ℃.217

In the Al-0.06Zr alloy, precipitation of Al3Zr (L12) commences between 400218

and 425 ℃ and leads to a peak microhardness value of 295±10 MPa at 475 ℃,219

with a corresponding change in electrical conductivity of 2.4 ± 0.1 MS m-1.220

There is a continuous decrease in microhardness and electrical conductivity221

above 500 ℃.222

The as-cast electrical conductivity of Al-0.06Sc-0.06Zr (29.3 ± 0.1 MS m-1)223

is significantly less than that of Al-0.06Sc (33.9 ± 0.2 MS m-1) or Al-0.06Zr224

(31.9±0.1 MS m-1) because the ternary alloy contains twice the nominal amount225

of solute as the binary alloys. The as-cast microhardness of Al-0.06Sc-0.06Zr is226

also ∼20–30 MPa greater than that of the binary alloys, which is attributable227

to solid-solution strengthening from the larger solute concentration.228

Upon aging, precipitation strengthening of Al-0.06Sc-0.06Zr parallels that229

of Al-0.06Sc up to 325 ℃, with a comparable change in electrical conductiv-230

ity (1.8 ± 0.2 MS m-1), suggesting that a similar φ value of the precipitates is231

generated for both alloys. The nucleation kinetics of Al-0.06Sc-0.06Zr are accel-232

erated slightly compared with those of Al-0.06Sc; at 250 ℃ Al-0.06Sc-0.06Zr has233

a microhardness value ∼265 MPa, which is ∼60 MPa greater than that of Al-234

0.06Sc. Furthermore, the electrical conductivity of Al-0.06Sc has not changed235

significantly at 250 ℃, indicating the precipitation of Al3Sc has not commenced236

in the Al-Sc alloy.237

The Al-0.06Sc alloy achieves a peak microhardness at 325 ℃, while Al-238

0.06Sc-0.06Zr experiences additional precipitate nucleation and growth, as ev-239

idenced by the continued increases in microhardness and electrical conduc-240

tivity above 325 ℃. Peak microhardness and electrical conductivity values of241

618±24 MPa and 34.2± 0.1 MS m-1, respectively, are achieved at 425 ℃, corre-242

sponding to maximum φ value of Al3(Sc1−xZrx) precipitates. There is a rapid243

decrease in microhardness and electrical conductivity above 425 ℃, which indi-244

cates that significant Al3(Sc1−xZrx) precipitate dissolution is occurring. Addi-245

tions of Zr delay overaging by 100–125 ℃ as compared with the Al-Sc alloy.246

3.3. Isothermal Aging at 400 ℃247

Specimens of Al-0.06Sc-0.06Zr(a) aged isochronally to 400 ℃ (near peak mi-248

crohardness, Fig. 3) were subsequently annealed isothermally at 400 ℃ for 400 h249

to assess their stability for extended high-temperature usage. Figure 4 displays250

Vickers microhardness as a function of exposure time at 400 ℃. A small decrease251

in microhardness (from its peak value of 630±18 MPa) is first observed after252

100 h at 400 ℃, where the microhardness has decreased slightly to 605±24 MPa;253

after 400 h, the microhardness has decreased further to 545±13 MPa.254

Data from our previous study on more concentrated Al-0.1Sc and Al-0.1Sc-255

0.1Zr alloys [42] are also displayed in Fig. 4 for comparative purposes. Be-256

cause of the larger solute content, Al-0.1Sc-0.1Zr is initially much stronger (by257

∼110 MPa) than the Al-0.06Sc-0.06Zr alloy, but it also overages at a faster rate258

such that both alloys exhibit comparable microhardness values after 400 h at259
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400 ℃. During isochronal aging to 400 ℃ Al-0.1Sc is already overaged consider-260

ably from its peak microhardness value of 668±20 MPa (which occurs at 325 ℃)261

to 448±21 MPa at 400 ℃ [42]. This alloy continues to overage isothermally at262

400 ℃, achieving a microhardness of 295±9 MPa after 400 h. The present263

Al-0.06Sc-0.06Zr alloy is thus significantly stronger than Al-0.1Sc, despite its264

smaller Sc concentration.265

[Figure 4 about here.]266

3.4. Creep at 300–400 ℃267

During high-temperature loading, a primary creep regime, where the strain268

rate decreases continuously with time, always precedes steady-state creep. The269

minimum strain rate from the steady-state regime, ε̇, is plotted as a function270

of applied stress in Fig. 5 for tests performed at 300, 350, or 400 ℃. The Al-271

0.06Sc-0.06Zr alloy exhibits creep resistance in the low stress regime where the272

apparent stress exponent, n (given by the slope of the double logarithmic plot in273

Fig. 5), is much greater than that for pure Al. This is indicative of the existence274

of a threshold stress, σth, below which creep deformation is not measurable. The275

minimum strain rate can thus be described by a modified power-law equation:276

ε̇ = A (σ − σth)n exp
(
− Q

RgT

)
, (1)

where A is a constant, σ is the applied stress, Q is an activation energy, Rg is277

the ideal gas constant, and T is the absolute temperature. Values of σth were278

calculated from the data in Fig. 5 employing a linear weighted least-squares279

regression of ε̇1/n vs. σ [50] using n = 4.4 [51] for dislocation creep of Al. At 300,280

350, and 400 ℃ values of σth = 12, 9, and 7 MPa, respectively, are determined.281

[Figure 5 about here.]282

4. Discussion283

4.1. As-cast microstructure284

Scandium forms a terminal eutectic with Al while Zr forms a terminal peri-285

tectic [1]. The eutectic composition in the Al-Sc system, which corresponds to286

the minimum solubility of Al3Sc in liquid Al, is 0.28 at.% Sc [1, 52, 53]. The287

peritectic liquid composition [54] in the Al-Zr system, which corresponds to the288

minimum solubility of Al3Zr in liquid Al, is 0.033 at.% [1, 55]. Thus, for the289

present alloys containing ∼0.06 at.% Sc and/or Zr, primary Al3Zr precipitates290

are thermodynamically possible but primary Al3Sc precipitates are not. Even291

when exceeding their minimum solubility, however, primary precipitates can292

be suppressed kinetically during solidification. For a given solidification rate,293

there is a corresponding critical solute concentration below which primary pre-294

cipitation of Al3M (M = Sc and/or Zr) will not occur [1, 2, 54, 56, 57]. This295

phenomenon has been studied in detail for the Al-Zr system by Ohashi and296
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Ichikawa [58] and Hori et al. [59, 60] over a wide range of solidification rates297

(100–107 ℃ s-1) and Zr concentrations (0.01–1.0 at.%). Their findings indicate298

that primary Al3Zr precipitates are suppressed in alloys containing less than299

∼0.1–0.2 at.% Zr, even at the slowest solidification rates investigated. These re-300

sults are in agreement with our prior study on arc-melted Al-0.1Zr and Al-0.2Zr301

alloys solidified under identical conditions as the present alloys, where primary302

Al3Zr precipitates were observed in Al-0.2Zr but not in Al-0.1Zr [12].303

The situation is more complex for ternary alloys, however. We observed304

copious precipitation of primary Al3(Sc1−xZrx) precipitates in arc-melted Al-305

0.1Sc-0.1Zr, despite the ∼0.1 at.% Zr content in the alloy [42]. The primary306

precipitates have several undesirable consequences. The amount of solute re-307

tained in solid-solution is decreased, thus limiting the potential for precipitation308

strengthening during post-solidification aging. The maximum microhardness309

observed in Al-0.1Sc-0.1Zr was ∼780 MPa (∼150 MPa larger than that ob-310

served in the present Al-0.06Sc-0.06Zr alloy, Fig. 3), which would have been311

even greater had the formation of primary Al3(Sc1−xZrx) been suppressed. The312

primary precipitates also act as heterogeneous nuclei during solidification of the313

melt, resulting in a fine-grained microstructure that is unsuitable for creep re-314

sistance. The optimum composition for a creep-resistant Al-Sc-Zr alloy with315

Sc:Zr ratio of unity is thus between Al-0.06Sc-0.06Zr and Al-0.1Sc-0.1Zr.316

Solidification is a first-order phase transformation involving a discontinuous317

change in the equilibrium atomic fractions of solute in the liquid and solid318

phases, as conveyed quantitatively by the solidus and liquidus curves in the319

phase diagram. The equilibrium solid-liquid partition coefficient, k0 = CS/CL,320

quantifies the difference in the compositions of the solid (CS) and liquid (CL)321

phases in local equilibrium during solidification [61–63]. Assuming that the322

liquidus and solidus boundaries are linear, k0 is estimated from the equilibrium323

binary phase diagrams as 0.8 for Al-Sc and 2.5 for Al-Zr [1]1.324

Because the composition of the solid differs from that of the liquid in equi-325

librium with it, solute redistribution occurs on the scale of the dendrite arm326

spacing. Assuming complete mixing in the liquid and negligible diffusion in the327

solid, then CS is given by the Scheil equation:328

Cs = k0C0(1− fS)k0−1, (2)

where C0 is the bulk alloy composition and fS is the fraction solidified.329

Figure 6 displays the Sc or Zr concentration as a function of fS for the330

solidification of binary Al-0.06Sc and Al-0.06Zr alloys, as predicted by Eq.(2).331

For the Al-0.06Sc alloy, the first solid to form is depleted in Sc relative to bulk332

composition (k0C0 = 0.048 at.% Sc) and Sc is continually rejected until the last333

liquid to solidify has the eutectic composition of 0.28 at.% Sc. Because the alloy334

1The partition coefficient, k0, is ordinarily defined where the compositions are in wt.%. To
maintain consistency and to simplify the discussion, however, we calculate and apply k0 using
compositions in at.%. Furthermore, the difference between k0 calculated with compositions
in wt.% or at.% are negligible for the dilute concentrations considered here.
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is so dilute, Eq.(2) predicts a negligible amount of eutectic constituent formed335

(fS < 0.0002), which is consistent with the absence of Al3Sc precipitates in the336

as-cast alloys. For Al-0.06Zr, the first solid to form is enriched in Zr (k0C0 =337

0.15 at.% Zr) and Al is rejected until the last solid to form is essentially Zr-free.338

[Figure 6 about here.]339

We now compare the relative fractions of the alloys that are enriched340

(CS > C0) or depleted (CS < C0) with respect to their overall bulk compo-341

sitions. For Al-0.06Sc, Fig. 6 predicts that CS < C0 for most of the solid342

(fS < 0.67). The degree of this depletion is modest, ∼0.01 at.% Sc. For the343

remaining solid (fS > 0.67) with CS > C0, the enrichment is not significant344

until fS → 1. This is in reasonable agreement with our observations of the345

as-cast alloy, Fig. 2(a), where the Sc-depleted dendritic regions are wider than346

the Sc-enriched interdendritic regions and the Sc concentration varies slightly347

(between ∼0.05 and ∼0.08 at.% Sc). The relatively uniform distribution of Sc348

atoms after solidification is expected to lead to a somewhat homogeneous dis-349

tribution of Al3Sc precipitates after aging, which explains why the precipitation350

strengthening behavior of both the as-cast and homogenized Al-Sc specimens351

are identical in Fig. 3 and in our previous study [42].352

For Al-Zr, Fig. 6 predicts that CS > C0 for almost half of the solid (fS <353

0.46). This agrees with the experimental data in Fig. 2(c), where approximately354

half of the alloy is enriched above the measured C0 value, while the other half is355

depleted. The measured Zr concentration variations are also much larger than356

those for Sc, Fig. 2, which is consistent with the predicted behavior, Fig. 6. The357

measured concentration profiles in Fig. 2 also concur with Sc and/or Zr solute358

microsegregation previously measured in commercial 7xxx alloys by EPMA [23,359

27, 30, 33].360

In the Zr-containing alloys, Figs. 2(c) and 2(d), the minimum measured Zr361

concentration is ∼0.04 at.% whereas, according to Fig. 6, the Zr concentration362

in the interdendritic solid should approach 0. We observed a systematic enrich-363

ment in the Zr concentration by ∼0.01 at.% Zr, Figs 2(c) and 2(d), which may364

explain why the concentration of Zr measured in the interdendritic regions is365

greater than expected. While this could be attributable to macrosegregation of366

Zr, the fact that both concentration profiles (taken from two separate ingots)367

exhibit a similar bias suggests that this may be an artifact of the EPMA tech-368

nique. We have previously measured as-cast concentration profiles in similar369

Al-0.1Zr and Al-0.2Zr alloys using energy-dispersive X-ray spectroscopy (EDS),370

and observed that the dendrite centers are enriched nearly twofold in Zr while371

the interdendritic regions are virtually Zr-free, in agreement with Fig 6 [12, 64].372

Homogenizing the Al-0.06Sc alloy at 640 ℃ for 28 h eliminates the as-cast373

microsegregation of Sc, Figs. 2(a) and 2(b). In dendritically solidified alloys,374

the homogenization time required to reduce the amplitude of the solute concen-375

tration variation to 5% of its initial value is [65]:376

t0.05
∼= 0.3

λ2

D
, (3)
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where λ is the secondary dendrite arm spacing and D is the solute diffusiv-377

ity. Figure 2(a) indicates that λ∼30 µm; D = D0 exp(−Q/RgT ), where Q =378

173 kJ mol-1 and D0 = 5.31× 10−4 m2 s-1 for diffusion of Sc in α-Al [1, 66]. At379

640 ℃ D = 6.7 × 10−14 m2 s-1 and Eq.(3) predicts t0.05 = 4.0 ks (1.1 h). The380

28 h homogenization treatment employed for Al-0.06Sc is sufficient for removing381

the as-cast Sc segregation, which is consistent with the measured concentration382

profiles, Fig. 2(b).383

The Al-Zr alloy was not homogenized because the attainable microhardness384

during subsequent aging was reduced significantly [67]. This can be under-385

stood by considering the solid-solubility of Zr in α-Al and the calculated as-cast386

Zr microsegregation profile, Fig. 6, and the measurement results, Fig. 2. The387

metastable (L12) and stable (D023) Al3Zr solvus curves have been determined388

by ab initio calculations [68]. At 640 ℃, the homogenization temperature em-389

ployed for the Al-Sc alloy, the calculated solubilities are 0.233 and 0.071 at.%390

Zr, respectively. Figure 6 demonstrates that a significant fraction of the al-391

loy (fS ≤ 0.39) is supersaturated above 0.071 at.% Zr, suggesting that Al3Zr392

(D023) precipitates would be nucleated in those regions during homogenization,393

thereby reducing the amount of Zr in solid-solution available for precipitation394

during subsequent aging. Jia et al. [23] observed similarly that homogenizing395

an Al-0.04Zr-0.50Mn alloy at 630 ℃ decreased the number density of Al3Zr396

precipitates during subsequent precipitation aging.397

The Al-Sc-Zr alloys were not homogenized to preserve the microsegregation398

of Sc at the Zr-poor dendrite peripheries. Based on the as-cast solute concen-399

tration profile, Fig. 2(d), it is expected that Al3Zr (D023) would also be nu-400

cleated during homogenization, thereby limiting the potential for precipitation401

strengthening during aging.402

4.2. Vickers microhardness and electrical conductivity403

The nucleation and growth of Al3Sc (L12) occurs at much lower temperatures404

than Al3Zr (L12), which is partially reflective of the disparity in diffusivities405

between Sc and Zr in α-Al. For diffusion of Zr in α-Al, Q = 242 kJ mol-1 and406

D0 = 7.28×10−2 m2 s-1 [1, 69]. Precipitation of Al3Sc is detected first between407

250 and 300 ℃ (Fig. 3), where the calculated diffusivity of Sc in α-Al is 0.3–408

9.0×10−20 m2 s-1. At 425 ℃, where precipitation of Al3Zr is first observed, the409

calculated diffusivity of Zr in α-Al is 5.6×10−20 m2 s-1. The peak-microhardness410

temperatures are similarly delayed: Al-0.06Sc reaches peak microhardness and411

conductivity at 325 ℃, whereas this occurs between 475 and 500 ℃ for Al-0.06Zr.412

At 325 ℃, the diffusivity of Sc in α-Al is 4.1×10−19 m2 s-1; a similar diffusivity413

for Zr occurs at 460 ℃. The change in electrical conductivity between the as-414

cast and peak-aged conditions is comparable for Al-0.06Sc (2.1±0.2 MS m-1) and415

Al-0.06Zr (2.4±0.1 MS m-1), suggesting that a similar φ value of precipitates is416

formed in both alloys during aging; this assumes that the specific resistivities417

of Sc and Zr are similar. The peak microhardness, however, is much greater for418

Al-0.06Sc (429±25 MPa) than it is for Al-0.06Zr (295±10 MPa), as discussed419

further with Fig. 7 below.420
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There is a continuous decrease in microhardness of Al-0.06Sc above 325 ℃,421

while the electrical conductivity remains near its peak value up to 425 ℃, sug-422

gesting that the Al3Sc precipitates are coarsening at a constant (maximum) φ423

value from 325 to 425 ℃. Above 425 ℃, the continuous decrease in electrical424

conductivity indicates that Al3Sc precipitates are dissolving. The overaging of425

Al-0.06Sc for T > 325 ℃ is consistent with studies on similar conventionally426

solidified Al-Sc alloys, which are coarsening-resistant up to ∼300 ℃ [37, 49, 70–427

74].428

The overaging of Al-0.06Zr occurs at much higher temperatures, which is429

explained by the much smaller diffusivity of Zr in α-Al. Above 475 ℃, there430

is a continuous decrease in microhardness with a concomitant decline in elec-431

trical conductivity, which is due to coarsening and dissolution of the spheroidal432

Al3Zr (L12) precipitates and their transformation to their equilibrium D023433

structure [13].434

The electrical conductivity of as-cast Al-0.06Sc-0.06Zr is much smaller than435

those of the binary Al-0.06Sc or Al-0.06Zr alloys, due to the larger solute con-436

centrations in the ternary alloy. The change in electrical conductivity between437

the as-cast specimens and those aged to 325 ℃ is 1.6±0.1 MS m-1 for Al-438

0.06Sc-0.06Zr(a) and 1.9±0.2 MS m-1 for Al-0.06Sc-0.06Zr(b), which is slightly439

smaller than that of the binary Al-0.06Sc alloy over the same temperature range440

(2.1±0.2 MS m-1). This suggests that the precipitates formed up to 325 ℃ in441

the Al-Sc-Zr alloy contain little Zr, since there is no additional change in elec-442

trical conductivity as compared with the binary Al-Sc alloy. At 325 ℃, Sc443

atoms (D = 4.1 × 10−19 m2 s-1) are significantly more mobile than Zr atoms444

(D = 5.3× 10−23 m2 s-1), explaining why Zr atoms have not yet diffused to the445

precipitates.446

Between 325 and 425 ℃ there is an additional increase in microhardness and447

electrical conductivity for Al-0.06Sc-0.06Zr, which is attributable to the diffusion448

of Zr to the already-nucleated Al3Sc precipitates. The resulting Al3(Sc1−xZrx)449

(L12) precipitates are thus enveloped in a Zr-enriched outer shell, which in-450

creases the φ value of the precipitates without diminishing their number density,451

thereby increasing the microhardness to its maximum value of 618±24 MPa452

at 425 ℃. We have quantified this strengthening effect using APT in a sim-453

ilar isochronal aging study of Al-0.1Sc-0.1Zr alloys [42]. Similar core-shell454

structure precipitates are well documented for Al-Sc-Zr alloys, as observed by455

APT [40, 42, 75–77], analytical high resolution electron microscopy [76, 78, 79],456

small-angle X-ray scattering [76, 80], and atomic-scale simulations [76, 81]. The457

change in electrical conductivity from 325 to 425 ℃ (3.0±0.1 MS m-1) is greater458

than the change between the as-cast and peak-aged conditions in Al-0.06Zr459

(2.4±0.1 MS m-1), which suggests that some Sc, in addition to Zr, continues to460

precipitate out of solid-solution over this temperature range. The total change461

in conductivity from the as-cast to peak-aged condition is 4.9 ± 0.1 MS m-1,462

which is close to the sum of the differences for the binary alloys.463

The microhardness and electrical conductivity evolution during isochronal464

aging corroborates our previous observations on more concentrated Al-0.1Sc,465

Al-0.1Zr, and Al-0.1Sc-0.1Zr alloys [42]. In that study, there was a systematic466
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increase in peak microhardness compared with the present alloys, Fig. 7, which is467

expected based on the larger solute concentrations and the corresponding larger468

φ values. The nucleation kinetics were also accelerated in the more concentrated469

alloys because the larger supersaturation increases the thermodynamic chemical470

driving force. For example, nucleation of Al3Sc is observed between 250 and471

300 ℃ in Al-0.06Sc (Fig. 3), whereas in Al-0.1Sc it occurs between 200 and472

250 ℃. Similarly, the precipitation of Al3Zr is first observed between 400 and473

425 ℃ in Al-0.06Zr, while it occurs between 350 and 375 ℃ in Al-0.1Zr.474

[Figure 7 about here.]475

The maximum microhardness increase, Fig. 3, as compared with the value of476

the as-cast specimens is 236±16 MPa for Al-0.06Sc (homogenized), 91±11 MPa477

for Al-0.06Zr, and 382±25 MPa for Al-0.06Sc-0.06Zr(b). These data are dis-478

played in Fig. 7 with results from our prior study of Al-0.1Sc, Al-0.1Zr, and479

Al-0.1Sc-0.1Zr alloys [42]. A quadratic response surface, indicated by the con-480

tour lines in Fig. 7, has also been fit to these data and has the form:481

∆σ = 4, 380 · CSc + 1, 880 · CSc − 10, 370 · CScCZr, (4)

where CSc and CZr are the Sc and Zr solute concentrations (in at.%) and ∆σ482

is the maximum increase in Vickers microhardness (in MPa). On a per atom483

basis, the maximum precipitation strengthening achieved by Sc additions alone484

(4,380 MPa per at.%) is more than twice as large as that of Zr (1,880 MPa per485

at.%).486

In cast Al-Zr alloys the initial distribution of Zr solute atoms is highly seg-487

regated, Fig. 2 and Ref. [12], leading to precipitate-free interdendritic channels488

that have a deleterious effect on ambient-temperature strength [13]. This ex-489

plains why the strengthening effect of Zr is comparatively weak. Furthermore,490

Sc provides one of the highest strengthening increments per atomic percent of491

any alloying element to Al [70, 82], and has been estimated to increase the yield492

stress by 1,000 MPa per at.% Sc, as measured in uniaxial tension tests by Drits et493

al. [49, 70]. Using a conversion factor of 1
3 between Vickers microhardness and494

strength [83], Eq.(4) predicts a strengthening increase of 1,460 MPa per at.% Sc,495

which exceeds the previously reported value by ∼50%. Drits et al. [70], however,496

determined their strengthening increment from an alloy that was aged isother-497

mally at 250 ℃ for 200 h. Their data suggest that a larger yield stress increment498

might have been achieved by aging at a lower temperature, 200 ℃, for longer pe-499

riods of time (their specimen aged at 200 ℃ had not yet achieved peak strength500

after 200 h). Lower aging temperatures should increase φ, thereby producing501

a larger strength increase. Whereas Drits et al. determined their strengthening502

increment from a single alloy that was aged isothermally, ours was calculated503

from multiple specimens (two Al-Sc, two Al-Zr, and two Al-Sc-Zr specimens)504

that were aged isochronally. Isochronal aging promotes greater strengthening505

since precipitates are nucleated at the lowest possible aging temperature, where506

the solute supersaturation and chemical driving force are greatest, resulting in507

(i) smaller precipitates, since the critical radius for nucleation is reduced; and508
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(ii) a larger φ value of precipitates because of the lever rule. This further ex-509

plains why our estimated strengthening increment for Sc additions is greater510

than the Drits et al. value.511

4.3. Isothermal Aging at 400 ℃512

The Al-Sc-Zr alloy achieves peak microhardness at 400 ℃ during isochronal513

aging, Fig. 3, but the Al3(Sc1−xZrx) precipitates coarsen after extended expo-514

sure at this temperature (detectable at 100 h and pronounced at 400 h), Fig. 4.515

The overaging observed at 400 ℃ is consistent with prior studies on Al-Sc-Zr516

alloys aged isothermally between 300 and 500 ℃ [37, 38, 42], indicating that517

the threshold for long-term stability of Al3(Sc1−xZrx) precipitates is ∼400 ℃.518

While detrimental to ambient-temperature strength, the coarsening observed519

at 400 ℃ could, however, be employed to improve the high-temperature creep520

resistance, as discussed below.521

4.4. Ambient and high-temperature strengthening mechanisms522

The peak microhardness of Al-0.06Sc-0.06Zr(a) is 630±18 MPa after523

isochronal aging to 400 ℃, Fig. 3, which corresponds to a strength increase524

of ∆σ = 138±7 MPa (employing the 1
3 factor between microhardness and525

strength [83]). When crept at 300, 350, or 400 ℃, this alloy exhibits creep526

threshold stresses of σth = 12, 9, or 7 MPa, respectively (Fig. 5). Thus σth is a527

small fraction (5–10%) of the ambient-temperature strength increment ∆σ.528

At ambient temperature, precipitate shearing or precipitate bypass by dislo-529

cation looping can generally explain strength in precipitate-strengthened alloys530

in the absence of other strengthening mechanisms (e.g., Hall-Petch strengthen-531

ing, solid-solution strengthening, or strain hardening) [84–89]. For small mean532

precipitate radii, 〈R〉, the strength is controlled by dislocation shearing of pre-533

cipitates, whereas the Orowan looping mechanism controls strength for larger534

〈R〉. While 〈R〉 values were not measured in this study, we have measured535

Al3(Sc1−xZrx) precipitates with 〈R〉 of 1.7± 0.7 nm in an Al-0.1Sc-0.1Zr alloy536

isochronally aged in an identical manner, and have confirmed that precipitate537

shearing is the operating strengthening mechanism for 〈R〉 < 3 nm [42]. In538

the present Al-0.06Sc-0.06Zr alloys we expect Al3(Sc1−xZrx) precipitates with539

similar 〈R〉 values, leading to similar shearing strengthening mechanisms.540

At elevated temperatures, there is sufficient thermal energy to allow dislo-541

cations to circumvent the precipitates by climbing out of their glide plane. The542

increase in dislocation length during this process results in a threshold stress,543

∆σth (which is linearly proportional to the Orowan stress, ∆σor [90–92]), be-544

low which creep deformation is not measurable. Elastic interactions due to545

elastic modulus and lattice parameter mismatches between the precipitates and546

matrix can further increase the creep ∆σth value for coherent precipitates, re-547

sulting in a rapid increase in σth with increasing 〈R〉 up to values as large as548

∼0.5∆σor, as modeled in Refs. [93, 94] and observed in numerous Al-Sc based549

alloys [39, 73, 74, 95–98]. The threshold stress is thus a trade-off between the550

Orowan stress (which decreases with 〈R〉) and repulsive interactions from mod-551

ulus and lattice parameter mismatches (which increase with 〈R〉), resulting in552
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an optimum precipitate size for creep, which for these alloys is 〈R〉∼10 nm.553

Thus, while the Al3(Sc1−xZrx) precipitates are of optimum size for ambient-554

temperature strength, they are too small for maximum creep resistance, ∆σth.555

We now compare our results to similar creep studies on dilute Al-Sc [71,556

73, 74], Al-Sc-Zr [39], and Al-Sc-Ti [96, 98] alloys. A meaningful comparison557

requires knowledge of the precipitates’ 〈R〉 and φ values. As discussed, we as-558

sume that 〈R〉∼2 nm based on our previous study [42]. For a homogeneous alloy559

containing 0.12 at.% total solute (Sc+Zr), the equilibrium value of φ is 0.48%,560

using the lever rule and assuming negligible solubility at the aging temperature;561

this is a reasonable assumption since precipitates are nucleated at the lowest562

possible aging temperature during isochronal aging.563

Marquis et al. [73, 74] measured a threshold stress σth = 8 MPa in an Al-564

0.06Sc alloy (strengthened with Al3Sc precipitates where 〈R〉= 4.1 nm and φ =565

0.24%) crept at 300 ℃. Coarsening the precipitates to 〈R〉 = 8.5 nm increased566

σth to 19 MPa. In our Al-0.06Sc-0.06Zr alloy the value of σth (12 MPa) is567

comparable or smaller at 300 ℃ despite having twice the total solute content568

and hence twice the nominal φ of precipitates, which is probably due to the569

smaller Al3(Sc1−xZrx) precipitates in the present alloys (〈R〉∼2 nm). In a more570

concentrated Al-0.12Sc alloy Marquis et al. measured σth = 14 MPa (for 〈R〉=571

3.0 nm and φ = 0.49%), which is slightly larger than the one observed here572

(σth = 12 MPa) and is consistent with their larger 〈R〉 value.573

Fuller et al. [39] studied several Al-Sc-Zr alloys during creep at 300 ℃. In574

the alloy most similar to ours, Al-0.07Sc-0.02Zr, they measured σth = 14 MPa575

(for Al3(Sc1−xZrx) precipitates with 〈R〉= 2.3 nm and φ = 0.38%) which is576

comparable to the performance of the present alloy at 300 ℃. When coarsened577

to 〈R〉= 8.7 nm, σth increased to 20 MPa. A similar improvement would be578

expected for the present alloys after isothermal overaging to a larger precipitate579

radius optimal for creep resistance (e.g., isothermally at 400 ℃ as in Fig. 4).580

The creep performance at higher temperatures can be compared with recent581

studies by van Dalen et al. [98] on Al-0.06Sc-0.06Ti (containing Al3(Sc1−xTix)582

precipitates with 〈R〉 = 8.3 nm and φ = 0.27%) where σth = 15 and 10 MPa583

at 350 and 400 ℃, respectively. These threshold stresses are ∼50% larger than584

what we observe at there temperatures.585

5. Conclusions586

We investigated the microstructure and mechanical properties of conven-587

tionally solidified Al-0.06Sc, Al-0.06Zr, and Al-0.06Sc-0.06Zr (at.%) alloys,588

isochronally aged from 200 to 600 ℃. The following results are obtained:589

• The as-cast macrostructures of the Al-0.06Sc, Al-0.06Zr, and Al-0.06Sc-590

0.06Zr alloys are typical of conventionally solidified alloys, with millimeter-591

scale columnar grains without primary Al3Sc, Al3Zr, or Al3(Sc1−xZrx)592

precipitates. In the as-cast alloys, Sc is concentrated at the dendrite pe-593

ripheries while Zr is segregated at the dendrite cores. The degree of Zr594

segregation is significantly more pronounced than that of Sc, consistent595
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with the larger partition coefficient for Al-Zr. Homogenizing for 28 h at596

640 ℃ eliminates completely the Sc microsegregation in Al-0.06Sc. Alloys597

containing Zr cannot be homogenized without first precipitating Al3Zr.598

• Precipitation of Al3Sc (L12) commences between 200 and 250 ℃ in the599

Al-0.06Sc alloy, achieving a peak microhardness of 429±25 MPa at 325 ℃.600

In the Al-0.06Zr alloy, precipitation of Al3Zr (L12) commences between601

400 and 425 ℃, achieving a peak microhardness of 295 MPa at 475–500 ℃.602

The diffusivity of Sc in α-Al is significantly greater than that of Zr, which603

explains the faster precipitation kinetics for the Al-Sc alloy. On a per604

atom basis, Sc is a significantly more potent strengthener than Zr, prob-605

ably because of the more pronounced segregation of Zr (Fig. 2) and the606

associated nonuniform precipitate distributions in the Al-Zr alloys (Fig. 1)607

which are known to be deleterious to strength [13].608

• In the ternary Al-0.06Sc-0.06Zr alloy, the precipitation strengthening be-609

havior parallels that of Al-0.06Sc up to 325 ℃. At higher temperatures,610

Zr additions result in a secondary strength increase, attaining a peak611

Vickers microhardness of 630±18 MPa at 400 ℃. Overaging is delayed612

in Al-0.06Sc-0.06Zr by more than 100 ℃ as compared with the Zr-free613

Al-0.06Sc alloy. The Al-0.06Sc-0.06Zr alloy achieves peak microhardness614

after isochronal aging to 400 ℃, but overages after extended annealing at615

this temperature (Fig. 4).616

• The Al-Sc-Zr alloy exhibits creep threshold stresses of 12, 9, and 7 MPa at617

300, 350, and 400 ℃, respectively. This represents a small fraction of the618

ambient-temperature strength increment ∆σ = 138 MPa, which is prob-619

ably due to the small Al3(Sc1−xZrx) precipitate radii, ∼2 nm. Improved620

creep properties are anticipated for alloys with coarsened precipitates.621
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Figure 1: Centered dark-field transmission electron micrograph of an Al-0.1Zr-0.1Ti (at.%)
alloy aged at 375 ℃ for 1600 h, exhibiting an inhomogeneous dendritic distribution of 3–5-
nm-radius Al3(Zr1−xTix) (L12) precipitates [12].
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Figure 2: Concentration profiles of Sc and Zr, measured by EPMA, across multiple dendritic
cells in: (a) as-cast Al-0.06Sc; (b) homogenized Al-0.06Sc; (c) as-cast Al-0.06Zr; and (d)
as-cast Al-0.0Sc-0.066Zr(a).
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Figure 3: Vickers microhardness and electrical conductivity evolution during isochronal aging
(3 h at each temperature) of Al-0.06Zr, Al-0.06Sc and Al-0.06Sc-0.06Zr alloys.
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Figure 4: Vickers microhardness versus time at 400 ℃ for Al-0.06Sc-0.06Zr(a), after aging
isochronally to 400 ℃ to achieve peak microhardness, Fig. 3. The closed symbols represent
data for Al-0.1Sc and Al-0.1Sc-0.1Zr alloys from Ref. [42].
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Figure 5: Double logarithmic plot of minimum creep rate at 300, 350, or 400 ℃ versus applied
compressive stress for Al-0.06Sc-0.06Zr(a) aged isochronally to 400 ℃ (peak microhardness).
The arrows indicate calculated values of the threshold stress.
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Figure 6: Calculated as-cast solute distributions using the Scheil model, Eq.(2), for Al-0.06Sc
and Al-0.06Zr.

28

Clic
k t

o b
uy N

OW
!PD

F-XChange Viewer

w
w

w.docu-track.c
om Clic

k t
o b

uy N
OW

!PD

F-XChange Viewer

w
w

w.docu-track.c

om

http://www.pdfxviewer.com/
http://www.pdfxviewer.com/


0 0 . 0 2 0 . 0 4 0 . 0 6 0 . 0 8 0 . 1 0 0 . 1 20

0 . 0 2

0 . 0 4

0 . 0 6

0 . 0 8

0 . 1 0

0 . 1 2

	��� �������

��� ��
����

	�	� ��	����

����������
����������������������

5 0 0  M P a4 0 0  M P a3 0 0  M P a2 0 0  M P a1 0 0  M P a

 

�

Zr
 co

nc
en

tra
tio

n  
(at

.%
)

S c  c o n c e n t r a t i o n   ( a t . % )

���� �������

��� �������

��
� �������

Figure 7: Maximum microhardness increase achieved during isochronal aging of Al-Sc, Al-Zr,
and Al-Sc-Zr alloys. The data points are from this study and a prior one on more concentrated
alloys [42]. The contour lines represent a quadratic response surface, Eq.(4), fitted to the data.
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Table 1: Compositions of the Al-Sc, Al-Zr, and Al-Sc-Zr alloys investigated (at.%).

Alloy Nominal comp. Verified comp.†

Sc Zr Sc Zr
Al-0.06Sc 0.06 — 0.062 —
Al-0.06Zr — 0.06 — 0.059
Al-0.06Sc-0.06Zr(a) 0.06 0.06 0.057 0.059
Al-0.06Sc-0.06Zr(b) 0.06 0.06 0.074 0.077
†As measured by direct-current plasma emission spectroscopy
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