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Abstract In the framework of a systematic investigation
of intermetallic systems, constituted by aluminium and
silicon with a rare earth metal, the isothermal section at
500 °C of the Pr—Al-Si system has been experimentally
investigated. The experimental techniques used were
scanning electron microscopy, electron microprobe analy-
sis and X-ray powder diffraction, and some samples have
been analysed by differential thermal analysis. The exis-
tence of six ternary compounds has been confirmed, one of
them showing a composition homogeneity range: T,
PrA125i2 (hPS-CCzSOz type), To Pr3Al4Si(, (hP13-Ce3Al4516
type), 13 PrAlSi, (hP8-CeAlSi, type), 14 PryAlsSi
(hP3-A1B2 type), Ts PrAl(I,x)Si(lex) (tIlz-aThSlzsl type)
and 16 PrAlSi (0S8-CrB type). A few compounds per-
taining to the binary boundary systems Pr—Al and Pr-Si
dissolve the third element.

Keywords Phase diagrams - Intermetallic compounds -
Aluminium alloys - Rare earth alloys - Silicon alloys

Introduction

Multicomponent Al-Si-based alloys are important and
widely used in industries; the addition of a rare earth metal
to Al-Si alloys can result in an increase in their extremely
useful thermal, mechanical and corrosion resistance prop-
erties; this implies the need for the development in alloys’
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composition design. The addition of a rare earth element
(R) can improve the technological properties and the sta-
bility at high temperatures of these alloys, through the
formation of ternary phases [1-5]. Moreover, the addition
of rare earth metals to casting Al-Si alloys modifies their
microstructures [6] inducing a lowering of the eutectic
temperature; for this reason, a measure of the “depression”
in the eutectic temperature value has been proposed
as a method to control the modification level in the alloy
microstructure by means of thermal analysis measure-
ments [7, 8].

To improve the understanding of the rare earths’ influ-
ence on the Al-Si alloy properties, the knowledge of the
phase relationships and the constitutional properties of the
ternary R—Al-Si systems can constitute an important sup-
port. For this purpose, the investigation of the different R—
Al-Si systems (R = rare earth) is part of an ongoing
research project by our research group with the aim to
clarify the constitutional properties of these ternary sys-
tems ([9-11] and references therein). In this work, the Pr—
Al-Si isothermal section at 500 °C, in the full concentra-
tion range, has been experimentally investigated by using
scanning electron microscopy (SEM), electron microprobe
analysis (EDXS), X-ray powder diffraction (XRPD) and
differential thermal analysis (DTA). Some samples have
been analysed by DTA.

Literature data
Boundary binary systems
The Al-Si phase diagram, based mainly on the work by

Murray et al. [12], consists of a simple eutectic system with
the eutectic reaction at 12.2 at.% Si and 577 °C. The Pr-Si
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Table 1 SEM-EDX and XRPD data on the Pr-Al-Si samples annealed at 500 °C

N Nominal composition Phases crystal structure EDXS results Lattice parameters/nm
Pr, Al, Si/at.% Pr, Al, Si/at.%
a b c

1 8.5, 36.5, 55.0 Si ¢F8-Cgiam 0.0, 0.0, 100.0 0.5428 (1)

Al cF4-Cu 1.0, 97.0, 2.0 0.4044 (1)

T, hP5-CaAl,Si, 22.0, 38.0, 40.0 0.4208 (1) 0.6826 (7)
2 14.0, 20.0, 66.0 Si ¢F8-Cgiam 0.0, 0.0, 100.0 0.5422 (2)

Ty hP5-CaAl,Sis 20.5, 37.0, 42.0 0.4203 (3) 0.6813 (7)

T, hP13-Ce3Al4Sis 23.0, 30.5, 46.5 0.4189 (6) 1.7868 (6)
3 15.0, 14.5, 70.5 Si ¢F8-Cgiam 0.0, 0.0, 100.0 0.5427 (2)

T, hP13-Ce3Al4Sis 25.0, 30.0, 45.0 0.4172 (2) 1.7936 (9)

13 hP8-CeAlSi, 27.0, 25.5, 47.5 0.4161 (2) 1.1105 (8)
4 21.5, 53.5, 25.0 Al cF4-Cu 3.5, 94.0, 2.0 0.4045 (2)

T, hP5-CaAl,Si, 19.0, 44.5, 36.5 0.4211 (2) 0.6800 (2)

s t112-0ThSi, 36.0, 26.0, 38.0 0.4219 (1) 1.3748 (9)
5 23.0, 25.0, 52.0 Si cF8-Cgiam 0.0, 0.0, 100.0 0.5448 (6)

Ty hP13-Ce3Al4Sis 24.0, 31.0, 45.0 0.4172 (2) 1.7996 (9)

13 hP5-CaAl,Si, 26.0, 26.0, 48.0 0.4157 (1) 1.1101 (8)
6 245, 62.0, 13.5 Al cF4-Cu 0.0, 98.0, 2.0 0.4041 (1)

s t112-aThSi, 35.5, 36.5, 28.0 0.4225 (1) 1.4533 (7)

oPr; Aly; 0I28-LazAly; 24.0, 75.5,0.5 0.4372 (2) 1.0022 (5) 1.2948 (8)
7 24.5,73.0, 2.5 Pr Aly hP8-NisSn 27.0, 70.0, 3.0 0.6465 (5) 0.4588 (5)

oPr3 Aly 0128-LasAl, 23.0, 76.0, 0.0 0.4373 (3) 1.0018 (6)

Ts t112-0ThSi, 325, 36.5, 31.0 0.4210 (5) 1.3673 (9)
8 26.0, 12.5, 61.5 Si ¢F8-Cgiam 1.0, 1.0, 98.0 0.5475 (8)

13 hP8-CeAlSi, 25.5,25.0, 49.5 0.4158 (3) 1.1122 (3)

BPr(ALSi|_y), tI12-0ThSi, 33.5,15.0, 51.5 0.4218 (2) 1.3817 (2)
9 30.0, 11.0, 59.0 Si ¢F8-Cgiam 0.0, 0.0, 100.0 0.5430 (2)

BPr(AlSi;_x), t112-0ThSi, 35.0, 11.0, 54.0 0.4217 (2) 1.3798 (2)
10 26.5, 30.0, 43.5 T, hP13-Ce3Al4Sig 25.0, 31.0, 44.0 0.4176 (1) 1.7927 (1)

13 hP8-CeAlSi; 27.0, 27.0, 46.0 04161 (4) 1.1182 (4)

Ts t112-0ThSi, 35.0, 27.5, 37.5 0.4215 (2) 1.4447 (9)
11 28.0, 24.5, 475 T, hP13-Ce3Al4Si 26.0, 29.0, 45.0 0.4159 (3) 1.7999 (9)

13 hP8-CeAlSi, 27.0, 26.0, 47.0 0.4155 (2) 1.1113 (8)

s t112-aThSi, 36.5, 26.5, 37.0 0.4217 (3) 1.4421 (9)
12 28.0, 33.5, 38.5 Al cF4-Cu 89.0, 5.0, 6.0 0.4058 (9)

Ty hP5-CaAl,Si, 22.0, 37.0, 41.0 0.4200 (5) 0.6831 (5)

s t112-0ThSi, 36.0, 27.5, 36.5 04211 (1) 1.4424 (1)
13 32.5,59.0, 7.5 PrAl, cF24-MgCu, 375, 62.0, 1.0 0.8020 (1)

14 hP3-AlB, 37.0, 455, 17.5 0.4291 (2) 0.4248 (2)

Pr Al; hP8-NizSn 28.5, 67.5, 4.0 0.6486 (5) 0.4594 (5)
14 34.5, 19.0, 46.5 BPr(AlLSiy_,), t112-0ThSi, 35.0, 12.0, 53.0 0.4225 (2) 1.3851 (9)

s t112-0aThSi, 35.0, 26.0, 39.0 0.4215 (3) 1.3701 (9)
15 41.0, 3.5, 55.5 Pr(Al,Si;,_,) oPS-FeB 51.0, 0.0, 49.0 0.8822 (5) 0.3936 (2) 0.5914 (3)

BPr(ALSi;_), t112-aThSi, 36.5, 4.5, 59.0 0.4221 (3) 1.3773 (9)
16 40.5, 19.0, 40.5 Pr(ALSi;_,) oP8-FeB 51.0, 2.0, 47.0 0.8228 (4) 0.3954 (2) 0.5914 (5)

15 t112-0aThSi, 36.5, 25.5, 38.0 04211 (1) 1.4447 (9)
17 37.0, 34.0, 29.0 15 t112-aThSi, 36.0,34.0, 30.0 0.4227 (1) 1.4450 (1)
19 40.0, 41.0, 19.0 16 0S8-CrB 53.0, 25.0, 22.0 0.4463 (5) 1.1236 (9) 0.4022 (9)

1, hP3-AlB, 36.5, 46.0, 17.5 0.4296 (3) 0.4256 (4)
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Table 1 continued
N Nominal composition Phases crystal structure EDXS results Lattice parameters/nm
Pr, Al, Si/at.% Pr, Al, Si/at.%
a b c
19 425,325, 26.5 Pr(Al,Si;_x) oP8-FeB 51.0, 10.0, 39.0 0.8197 (2) 0.3938 (8) 0.5945 (5)
1, hP3-AiB, 37.0, 41.0, 22.0 0.4301 (5) 0.4255 (7)
20 42.0, 24.0, 34.0 s t112-aThSi, 36.0, 35.0, 29.0 0.4229 (4) 1.4478 (3)
Pr(AlL,Si;_x) oP8-FeB 48.0, 10.5, 41.5 0.8222 (6) 0.3962 (2) 0.5929 (3)
21 44.5,19.5, 36.0 Pr(AlSi,_x) oP8-FeB 51.0, 0.0, 48.5 0.8238 (3) 0.3938 (1) 0.5925 (2)
15 t112-0ThSi, 36.0, 35.0, 29.0 0.4227 (3) 1.4407 (2)
22 47.0, 47.5,5.5 PrAl, cF24-MgCu 37.0, 63.0, 0.0 0.8020 (2)
Pr(AlSi;_x) oP8-FeB 54.5,43.0, 2.5 0.5955 (4) 1.1750 (9) 0.5729 (6)
16 0S8-CrB 60.0, 20.0, 20.0 0.4476 (5) 1.1273 (6) 0.4070 (3)
23 49.0, 19.0, 32.0 1, hP3-AiB, 37.5, 42.0, 20.5 0.4297 (9) 0.4254 (4)
16 0S8-CrB 49.5, 19.0, 31.5 0.4460 (5) 1.1238 (8) 0.4082 (3)
Pr(ALSi;_x) oP8-FeB 50.5, 8.5, 41.0 0.8227 (9) 0.3952 (9) 0.5923 (8)
24 52.5,9.5, 38.0 Pr(AlSi,_x) oP8-FeB 49.0, 8.0, 43.0 0.8250 (9) 0.3954 (6) 0.5923 (9)
Prs(ALSi|_y)4 tP36-ZrsSiy 58.0, 4.0, 38.0 0.7890 (8) 1.4948 (9)
25 54.0, 3.0, 43.0 Pr(AlSi;_x) oP8-FeB 51.0, 1.5, 47.5, 0.8229 (4) 0.3944 (2) 0.5912 (3)
Prs(AlSiy_x)4 tP36-ZrsSiy 58.5, 2.5, 38.0 0.7905 (4) 1.4925 (9)
26 53.0, 8.5, 38.5 Prs(ALSi;_x)3 t132-CrsB; 61.0, 4.5, 345 0.7803 (2) 1.3656 (6)
Prs(ALSi|_x)4 tP36-ZrsSiy 55.0, 3.0, 42.5 0.7919 (9) 1.4907 (9)
Pr(AlLSi;_x) oP8-FeB 50.0, 10.0, 40.0 0.8247 (6) 0.3949 (6) 0.5922 (5)
27 56.5, 13.0, 30.5 Pr(AlSi,_x) oP8-FeB 52.0, 11.5, 36.5 0.8252 (2) 0.3938 (4) 0.5929 (9)
16 0S8-CrB 52.5,17.5, 30.0 0.4467 (5) 1.1272 (2) 0.4073 (8)
Prs(AlSi;_x); t132-CrsB; 62.0, 6.5, 32.5 0.7817 (7) 1.3692 (2)
28 55.0, 27.0, 18.0 Prs(ALSi;_x)3 t132-CrsB; 61.5, 10.0, 28.5 0.7832 (3) 1.3707 (9)
16 0S8-CrB 53.0, 22.5, 24.5 0.4465 (3) 1.1257 (9) 0.4087 (5)
PrAl oP16-ErAl 53.0, 45.0, 2.0 0.5954 (4) 1.1775 (8) 0.5743 (3)
29 56.0, 40.0, 4.0 Pr,Al 0P16-Co,Si 69.5, 30.5, 0.0 0.6764 (9) 0.5266 (6) 0.9653 (9)
Prs(AlSi;_y)3 t132-CrsBs 62.0, 21.0, 17. 0 0.7820 (5) 1.3697 (9)
Pr(AlSi,_x) oP8-FeB 54.0, 46.0, 0.0 0.5967 (5) 1.1741 (9) 0.5743 (8)
30 62.5, 27.0, 10.5 PryAl 0P16-Co,Si 68.5, 31.0, 0.5 0.6768 (4) 0.5228 (3) 0.9839 (9)
Prs(ALSi;_,); tI32-CrsB3 61.5, 15.0, 22.0 0.7808 (6) 1.3633 (3)
Pr(AlL,Si,_,) oP8-FeB 53.5,46.5, 0.0 0.5959 (8) 1.1744 (8) 0.5740 (9)
31 73.5, 125, 145 (oPr) hP4-aLa 96.5, 3.0, 0.5 0.3658 (4) 0.3658 (4) 1.1831 (7)
BPr3Al cP4-AuCus 75.5,23.5, 1.0 0.4931 (2)
Prs(ALSi|_x)3 t132-CrsB; 62.5, 6.0, 31.5 0.7807 (1) 1.3740 (3)

system was assessed by Okamoto [13], and in this system,
five intermetallic compounds have been recognized: PrsSis
(tI32-CrsBj type), PrsSiy (tP36-ZrsSi4 type), PrSi (oP8-FeB
type), PrSi; 33 (0C20-Ho5Si, type), PrSi, (t112-Th,Si type,
T > 653 K and ol12-GdSi, type T < 653 K). The Pr—Al
phase diagram has been recently assessed by Jin et al. [14]
confirming the following intermediate phases: Pr;Al (hP8-
Ni3Sn type T < 330°, cP4-AuCu; type T > 330 °C), Pr Al
(oP12-Co,Si type), PrAl (oP16-AlEr type T < 700 °C K,
0C16-AlCe type T > 700 °C), PrAl, (cF24-MgCu, type),

PrAl; (hP8-Ni3Sn type) and Pr3Aly; (oI28-LasAl;; type
T < 651 °C, tI10-Al;Ba type T > 651 °C).

Pr-Al-Si ternary system

Nakonechna et al. [15] investigated the Al richest corner of
the Pr—Al-Si system at 400 °C. In this system, the fol-
lowing phases are known: PrAl,Si, (hP5-CaAl,Si, type)
[15], Pr3AlSig (hP13-CesAl4Sis type) [15], PrAlSi,
(hP8-CeaAlSi, type) [16] Pr,Al3Si (hP3-AlB, type) [15],
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at.% Si

at.% Si

Fig. 1 Pr—Al-Si system. a The isothermal section at 500 °C of the Pr—Al-Si system. b Gross composition of the analysed alloys. The results of

the characterization of the coded samples are shown in Table 1

Fig. 2 Back-scattered electron
(BSE) images of selected
samples annealed at 500 °C (see
Table 1). a Sample n. 3: 1,
(white), 13 (light grey) and (Si)
(black). b Sample n. 15: two-
phase sample PrAlSi,_, (white
crystals) and BPr(AlSi;_y)»
(black). ¢ Sample n. 10: 1,
(white), 15 (grey) and 15 (black).
d Sample n. 27: 14 (white),
Prs(AlLSi;—y)3 (grey) and
Pr(ALSi;_y) (black)

EHT =20.00kV.
WD =120mm

Signal

PrAl_xSig4x) (t112-0ThSi, type) [17], PrAlSi (t112-
oThSi, type) [18].

Experimental

Ingots of high-purity metal Pr (99.9 mass% nominal pur-

ity), Si (99.999 mass% nominal purity) and Al (99.99
mass% nominal purity) were used to synthesize the alloys

@ Springer

EHT =2000kV.
WD=120mm

Signal A = 08D
Zone Mag= 125K X

Date: 4 Dec 2012
Time: 11:0628

(1-2 g each). All the metals were provided by Newmet
Koch, Waltham Abbey, England. The samples were pre-
pared by arc melting, under argon atmosphere, stoichio-
metric amounts of the elements. The mass losses of the
alloys during melting were less than 0.2 mass%. The
samples, placed in alumina crucibles sealed under vacuum
in quartz tubes, were then annealed at 500 °C for 3 weeks
and subsequently quenched in cold water. A number of
alloys were subjected to DTA by using the Netzsch model
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Fig. 3 Unit cell volume of the 15 intermediate phase versus the Al
content (at.%)

404S apparatus (Selb, Germany), and the measurements
were taken, both on heating and on cooling, at different
rates (5-10 K min_l). The thermocouples were calibrated
by using high-purity elements such as Al, Ag, Au. More
details on the operating conditions are reported in [9].
Light optical microscopy (LOM), scanning electron
microscopy and electron probe microanalysis based on
energy-dispersive X-ray spectroscopy (EDXS) were used
to characterize the samples, investigating the microstruc-
ture and determining the phase composition. For micro-
scopic observation and metallographic analysis, the
specimens were prepared by using SiC papers and diamond
pastes down to 3 um grain size. For the quantitative
analysis, an acceleration voltage of 20 kV was applied for
50 s, and a cobalt standard was used for calibration. The
software packaging Inca Energy (Oxford Instruments,
Analytical Ltd, Bucks, UK) was employed to process X-ray
spectra. In order to determine crystal structures and cal-
culate lattice parameters, X-ray diffraction (XRPD)

Fig. 4 DTA cooling curve of

analysis was performed on pulverized samples by using a
vertical diffractometer X’Pert MPD (Philips, Amelo, the
Netherlands). The indexing of the obtained diffraction data
was performed by comparison with the literature or cal-
culated data (the program Powder Cell [19]), and the lattice
parameters of the phases were calculated using the program
LATCON [20].

Results and discussion

The data obtained in the investigation by SEM/EDXS and
X-ray powder diffraction of the different alloys are repor-
ted in Table 1. Basing on the experimental results
achieved, the Pr—Al-Si isothermal section at 500 °C is
drawn and reported in Fig. 1a. Figure 1b shows the com-
positions of the alloys investigated. Photomicrographs of
selected samples are shown in Fig. 2a—d.

Isothermal section

The following binary intermetallic compounds pertaining
to the Pr—Al-Si system were confirmed at 500 °C: PrsSis
(tI32-CrsB3), PrsSiy (tP36-ZrsSiy), PrSi (oP8-FeB), PrSi,
(tI12-Th,Si), Pr3Al (cP4-AuCuj), Pr,Al (oP12-Co,Si),
PrAl (oP16-AlEr), PrAl, (cF24), PrAl; (hP8-NisSn) and
Pr;Al;; (oI28-LazAl;,). Five ternary intermetallic com-
pounds, already reported in literature, were identified at
500 °C: Tl-PrAlzsiz (hPS-CaA12512 type), Tz-Pr3Al4Si6
(hP13-Ce;AlLSig type), t3-PrAlSi2 (hP8-CeaAlSi, type),
T4-P['2A13Si (hP 3-A1B2 type), T5-PI'A1(1,X)Si(1+x) (tIlZ-otTh512
type) and 14-Pr,AlSi (0S8-CrB).

The 15 compound shows an homogeneity range, at a
constant Pr content (33.3 at.%), extending towards both the

DTA/uV mg-!
the alloy at Pr 1 at.%, Al 91 A
at.%, Si 8 at.% composition
0.30 Exo
0.20 ‘ 612.5°C
577 °C
0.10 S
0 R~ L
/ 603.5 °C
~0.10 566 °C
500 550 600 650 700
Temperature/°C
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Al richest and Si richest compositions with respect to the
stoichiometric formula PrAlSi. The substitution with alu-
minium for silicon in the 15 compound was suggested by
Bobev et al. [17], but at 500 °C also the substitution with
silicon for aluminium occurs. The compound exists in a
range from 28 to 38 at.% aluminium. Figure 3 shows the
trend of the t5 phase cell volume versus the Al content.

On the basis of the similar atomic radii of the two Al and
Si atoms, some solid solutions extend from the binary
edges into the ternary field. From the binary Pr—Al system,
only one intermetallic compound originates a ternary solid
solution: Pr(Al;_,Siy); (0 < x < 0.05, hP16-Ni;Ti). From
the Pr—Si system, five ternary solid solutions form:
Pr(Aleil,x)z (0 <x =< 035, tIz-ThSlz), Pr3(AlXSi1,X)5
(0 <x <0.15, hP3-AIB;), Pr(ALSi;—x) (0 <x <02,
oP8-FeB), Pr5(AlSiy_y) (0 < x < 0.07, oP36-PrsGe,) and
Prs(AlLSi;_x) (0 <x < 0.1, hP16-MnsSi3). The homo-
geneity ranges were determined by SEM/EDXS analysis,
and the Al/Si mutual substitutions were confirmed by the
variation of the lattice parameters of the phases, by moving
from the binary into the ternary system. Solid solutions
based on binary phases extending less that 2 % in the
ternary field were not taken into account.

By comparing the four isothermal sections of the sys-
tems Nd—Al-Si [9], Pr-Al-Si, Dy—AI-Si [10] and Sm-Al-
Si [11] at 500 °C, moving from the lighter to the heavier
lanthanide, it can be observed that there is a regular trend
of the number and stoichiometry of the phases. A few Pr—
Al-Si samples were subjected to DTA. Figure 4 reveals the
heating and cooling curves of a sample at composition Pr 1
at.%, Al 91 at.%; the thermal effect at 566 °C corresponds
to the ternary eutectic L 2 (aAl) + (BSi) + t;. The low-
ering of the eutectic temperature, due to the addition of the
rare earth, has been confirmed.

Conclusions

The phase relationships in the Pr—Al-Si system at 500 °C has
been drawn, by comparing and analysing the experimental
results obtained for 31 samples; 23 three-phase fields and 9
two-phase fields have been determined. The regular trend in
the chemical and physical properties through the lanthanides
series leads the interaction of Pr with Al and Si at 500 °C to
be similar with the other R—Al-Si (R = light rare earth)
systems, especially in the Al-Si-rich side of the system. The
stoichiometric ternary intermetallic compounds PrAl,Si,
(1) hP5-CaAl,Si,, Pr;Al,Sig(t) hP13-Ce;Al,Sis, PrAlSi,
(t3) hP8-CeAlSi2, Pr,Al;Si (14) hP3-AlB;, PrAl ) Si(4x)
(15) tI12-0Th,Si and Pr,AlSi (t4) 0S8-CrB have been con-
firmed, and the ternary compound PrAl;_Si4x) (Ts)
extends in a composition range from 28 to 38 at.% alu-
minium, at a constant praseodymium content. The phase cell

@ Springer

volume increases regularly with the increase in aluminium
content. The isothermal sections studied can be fruitfully
compared, concerning the alloying behaviour of the rare
earths with Al and Si: the elements Nd, Pr and Sm as
examples of the behaviour of the light rare earths, while Dy
as the heavy lanthanides. All the systems are characterized
by intermediate phases with an R content up to 60 at.% rare
earth. The number of phases decreases on going from the
light to the heavy rare earths. Only the RAI,Si, compound
forms along the whole lanthanide series. With respect to the
other R—Al-Si ternary systems, although the literature data
are generally lacking, information is available concerning
the Al-Si-rich portion of the different systems, likely due to
the technological relevance of the alloys lying near the Al-Si
eutectic composition. All the known systems show the tie
triangle (Al), (Si) and RALSi, (hP5-CaAl,Si, type),
in which is located the ternary eutectic equilibrium
L =2 (aAl) + (BSi) + RAILLSi, (t1).
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