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METASTABLE PHASE AND AGE HARDENING

IN RAPIDLY-SOLIDIFIED SILVER-RICH Ag Gd ALLOYS

®

Ning Yuantao
Institute of Precious Metals, Kunming 650221

ABSTRACT The splat foils and spun ribbons of Ag-Gd alloys with 0. 08 and 0. 03 mm in average thickness
were made by hammeranvil and spinning melt quenching technique, and the cooling rate was determined to be
10°and 107 K/s, respectively. The metastable solid solubility limit of Gd reached 5. 0% ~ 6. 0%, and a

metastable intermediate phase with hexagonal lattice structure, AgizGd, was found in RS AgGd alloys. A

strong solid solution strengthening and age hardening response were observed. The precipitate phase which was

responsible for the age hardening was identified to be Ags;Gdy4 equilibrium intermediate phase.
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1 INTRODUCTION

Since the rapid solidification( RS) technique
was developed' !, the metastable extension of
solid solubility and the formation of metastable
phase have heen the subject of much research. In
order to develop a new Ag alloy with high
strength through RS technology, the metastable
phase structure and age hardening in RS Ag-Gd
alloys were studied in present paper.

2 EXPERIMENTAL PROCEDURE

A series of binary Ag-Gd alloys were pre
pared in an arc furnace using pure Ag with
99. 999% purity and Gd with 99. 9% purity.
Two kinds of RS specimens, splat foils and spun
ribbons, were made. The splat foils with aver
age thickness 0. 08 mm (in range of 0. 07~ 0. 09
mm) were made by an arcmelt hammer and
anvil technique. The spun ribbons with average
thickness 0. 03 mm (in range of 0. 02~ 0. 04
mm) were made by a spinning technique. The
[CP-AES quantitative spectrum analysis was
used to measure the Gd concentration of the RS
specimens. The lattice parameters of RS Ag-Gd
alloys were determined by CuK4( A= 0. 154 06
nm) X-ray diffraction ( XRD) analysis on a D/
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max-3B(3 kW) diffractometer. The positions of
the diffraction peaks were corrected by an exter
nal reference standard. The lattice parameters
were calculated from the corrected peak positions
via least-squares refinement. No diffraction line
of Gd oxide was detected in the diffraction pat-
terns. The microstructure and morphology of RS
Ag-Gd alloys were observed in JEM-2000EX
TEM.

3 METASTABLE PHASE IN RS Ag Gd
ALLOYS

3.1 Cooling rate

According to the heat flow analysis theo-
ry! " 21 for effectively perfect contact conditions
betw een metallic melt and chill surface, the cool-
ing rate, & at the uncooled houndary equals to

e= B'/Z° (1)
where B’ is a function of relevant temperature
intervals and materials properties and B = 10°
mm?® K/s, Z is the thickness of sample section.
The formula can be used to evaluate the cooling
rate of RS Ag-Gd foil and ribbon samples, and €
= 1. 6 x 10° K/s for foil sample and 1. 0 x 10’
K/s for ribbon samples.

The cooling rate can be measured from the

secondary dendritic spacing. Fig. 1 shows the
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dendrite formation in RS Ag-Gds alloy ribbon.
The measured secondary dendrite spacing ( &)
is about 0. 25 mm. According to the power func
tion relationship between & and the cooling rate
€ we have

&= BE€"or €= (B/YV" (2)

Because the cooling characteristics of silver
alloy is similar to that of copper alloy. Taking n
= 0.4 and B = 160 for studied RS Ag-RE al
loy' ", then the cooling rate € was found to be
1.04 x 10" K/s from the Eqn. (2).
sured €value corresponded completely with that
determined by Eqn. (1).
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The dendrite formation of

Fig. 1
RS Ag Gd, alloy ribbon

3.2 Metastable solid solubility limit

The dependence of the lattice parameter of
RS AgGd alloys on Gd concentration is shown
in Fig. 2. The atomic radius of Gd (0. 179 nm)
is 24% larger than that of Ag (0. 144 nm), so
the lattice parameters of the solid solution in-
crease with the Gd concentration and then keep
constant in duplex phase region. The solute con-
centrations corresponding to the inflexion point

in Fig. 2 are the metastable solid solubility lim-
its, they are 5% Gd for splat foil with lower
cooling rate and 6% Gd for spun ribbon with
higher cooling rate. Campared with the equilib-
rium solid solubility (0. 95% Gd'*), the solid
solubility of RS Ag-Gd alloy has large extension.
The metastable solid solubility limit determined
by the lattice parameter method were tested and
verified through microstructure obhservation. For
RS Ag-Gd alloy foil specimen, Ag-Gdy and Ag
Gda alloys are single solid solutions ( Fig. 3(a),
(b)), whereas the particles of second phase have
occurred in a small amount in RS Ag-Gdg alloy
(Fig. 3(¢)) and increased obviously in Ag-Gds
alloy (Fig. 3(d)).

cord with lattic parameter change.

The structure change is in ac

3.3 Metastable intermediate phase

The secondary phase in RS Ag-Gd alloy
foils was identified by XRD analysis. The XRD
spectrum of Ag-Gd, and Ag-Gdy alloys was one
of single solid solution. When Gd concentration
is above 5%,
occurred. The lattice plane spacing ( dep) and

the spectrum of secondary phase

the relative intensity of the diffraction lines for
splat Ag - Gdg foil are listed in Table 1. These
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Fig. 2 The lattice parameters, «, vs
Gd concentrations for RS Ag Gd

alloy foil and ribbon
1 —Foil; 2 —Ribbon
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Fig. 3 Microstructure of RS Ag Gd alloy foils
(a, b) —Ag Gd, alloy, single solid solution ( SS);
(¢, d) —AgGdg and Ag-Gdg, SS+ Agi;Gd

Table 1 A comparison of diffraction data of RS Ag Gds alloy
with those of Ag and Ag;Gd
RS Ag Gdg foil Agld! Ag;Gdl©
20/(°) dey/nm  1/1, d/nm /1, hki d/ nm /1, hkl
33.08 0.2705 1 0.2739 40 040
35.74 0.251 2 0.251 30 230
36. 24 0.2475 0.247 100 123
38.02 0.2364 100 0.236 100 111
40. 64 0.2218 4 0.2212 50 223
42.92 0.2105 2 0.2118 60 412
44.29 0.204 4 22 0.2045 40 200
64. 28 0.1477 12 0.1445 25 220
77.26 0.1233 11 0.1232 26 311
81.38 0.1181 5 0.1181 12 222
97. 56 0.1024 1 0.1022 4 400
110.74  0.0936 2 0.0938 15 331
114.64  0.0915 3 0.0914 12 420
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values coincide completely with that of Ag and
Ag3Gd. Tt indicated that the splat RS Ag-Gdg al-
loy consists of Ag( Gd) and AgzGd. The propor-
tion of Ag3Gd increases with Gd concentration in
RS Ag-Gd alloy. The Ag3zGd is an AgzPutype
hexagonal structure with lattice parameters a =

1.258 7mm, ¢ = 0. 920 7nm and melting point
975 CP°!. In equilibrium state, the first silver
rich intermediate phase is Ags; Gdus [31 , the
Ag3Gd is only the metastable intermediate phase
occurred in RS Ag-Gd alloy system. Similarly,
the AgsRE phase is also found in other RS Ag-

RE systems[ 4

4 PHASE STRUCTURE OF AgGd ALLOY
RAPIDLY- SOLIDIFIED AND FOL-
LOWED BY AGEING

4.1 Age hardening of RS Ag Gd alloys

The maximum solid solubility of Gd in Ag
can be extended to 5% ~ 6% from 0.95% equi-
librium value throungh RS technology with cool
ing rate of 10°~ 10" K/s. So, the RS Ag-Gd al-
loys are the metastable supersaturated solid solu-
tion (MSSS) or MSSS+ AgsGd, and have obvr
ous solid solution strengthening and age harden-
ing. Fig.4 shows the age hardening responses of
RS Ag-Gds and Ag-Gdg alloy foils. The hardness
values at ageing peaks of about 200~ 250 C are
as high as 2. 35 and 2. 75 GPa for Ag-Gds and
Ag-Gd alloys and increased by about 25% and
18% as compared with that of their correspond-
ing RS states. The hardening response of RS
Ag-Gdg alloy is over that of RS Ag-Gdy alloy due
to the higher solid solubility of Gd and the exis
tence of AgzGd metastable phase in RS Ag-Gdg
alloy, whereas RS Ag-Gdy alloy is a single solid
solution. In addition, the hardness of the RS al-
loys is obviously higher than that of the alloys
annealed at above 400 C, because the former is a
supersaturated solid solution with finer crystal
grains and lattice distortion.

In the age hardneing process of RS Ag-Gd
alloy, Gd solute was separated from the super-
saturated solid solution. So, the lattice parame
ter of the alloy decreased gradually, as shown in

Fig. 5, and reached a= 0. 408 7 nm at 600 C

which corresponds to that of Ag-Gdy s alloy. Tt
indicated that the solid solubility of Gd had
reached the corresponding equilibrium value.
Fig. 6 shows the microstructure change of
RS Ag-Gd4 alloy in ageing process. In RS Ag
Gds supersaturated solid solution, the fine parti-
cles of second phase precipitated out inside the
grains of the alloy aged at 150 C for 30 min
which made the hardness increase. At 200 C
aging, a large amount of the second phase parti-
cles formed dispersal distribution, and the hard-

ness reached the peak value. At the temperatures
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Fig.4 Age response of RS Ag-Gd alloy foils
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Fig. 5 Dependence of lattice parameters
of RS Ag Gd; alloy foil

on aging temperature
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above 250 C, the precipitated particles grew up The diffraction data of Ag-Gd, alloy rapidly-
and the hardness decreased quickly. solidified and followed by aging at 400 C are

listed in Table 2. It indicated that the precipitate
4.2 Phase transformation in aging process phase which was responsible for age hardening

P e

Fig. 6 Aging microstructure of RS Ag Gd, alloy
(a) —150 'C; (b) —200 C; (c) —250 C; (d) —350 C

Table 2 A comparison of diffraction data of Ag Gd, alloy aged at 400 C

Ag Gd, alloy aged at 400 C Aghd] AgsiGdy 17

20/(°) doy/nm  1/1, d/nm 1/1, hkl d/nm 1/1, hkl
28.3 0.3151 2 0.3100 4 212
36. 12 0.248 4 4 0.2487 100 213
37.58 0.2391 4 0.2392 82 410
38. 1 0.2360 100 0.2358 100 111

38. 82 0.2317 2 0.2319 30 411
44.26 0.204 4 33 0.2045 40 200

63. 16 0.1470 1 0.1472 8 415
64.4 0.1445 19 0.1445 25 220

77. 34 0.1232 16 0.1232 26 311

81.48 0.1180 6 0.1180 12 222

97. 88 0.1021 2 0.1022 4 400

110.44  0.0937 6 0.093 8 12 331

114. 8 0.091 4 5 0.091 4 12 420
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was the Ags;Gdys phase, and that the aged Ag
Gds alloy consisted of Ag ( Gd) + Ags; Gdia,

whereas the Ag3zGd phase disappearred. The lat-
tice parameters of the Ag( Gd) solid solution de
creased to be 0. 408 86 nm at 400 C and 0. 4087
nm at 600 C, which corresponded with values in
equilibrium state at 400 and 600 C, respective
ly. The results indicated that the metastable ex-
tended solid solubility restored to the equilibruim
solid solubility and that supersaturated solid solu-
tion turned into equilibrium one in ageing pro-
cess. Ags;Gdigis a hexagonal structure with a=

1.276 7Tnm, ¢= 0.931 1l nm and T, = 975 C
and is an equilibrium intermediate phase with a
homogeneous region'”'. It indicated that the
Ag3;RE metastable phase turned into the equilib-

rium phase Ags;Gdya.
5 DISCUSSION

Steeb et al’® ' found at first the AgsRE
congruent compound in Ag-Sm, Ag-Gd , Ag
Th, Ag-Dy and AgEr systems. According to

31 the equilibrium

the recent phase diagrams
phase was the Ags; RE 4 formed from melt and
did not need large undercooling, and their lattice
parameters were approximate to those of Ags;RE
compound. Obviously, the lattice and compo-
nent of Ags;REs phase were related to cooling
rate. In the condition of RS, the large super
cooling was favourable to the formation of
AgiRE compound as a metastable phase. Al
though Ag3;RE is similar to Ags;RE in structure,
the former is a congruent compound with stor
chiometry and the latter is a compound with
variable concentration of RE solute. Perhaps,
the atomic clusters or crystal embryos of Ags;RE
existed in the alloy melt. The AgzRE embryos
had not been restrained but formed AgzRE phase
under RS condition. In the followed annealing
process, the AgizRE phase transformed into
Agsi-RE 4 phase by means of the composition
regulation. If the cooling rate is very low or the
undercooling is very small, there is enough time
for the composition regulation in solidification

process, and the Ags;RE4 equilibrium phase can
be formed. So, the AgzRE is a metastable phase

as far as Ags;RE 4 phase is concerned.
6 CONCLUSIONS

Two kinds of RS Ag-Gd alloy specimens,
splat foils with average thickness 0. 08 mm and
spun ribbons with average thickness 0. 03 mm
were prepared by hammeranvil and spinning
techniques. The cooling rate reached 10° and 10
K/s, respectively. The solid solubility of Gd had
extended to 5% and 6% from 0. 95% equilibrr-
um value. A metastable hexagonal intermediate
phase, AgzGd, occurred in RS Ag-Gd alloy con-
taining Gd concentration above the metastable
solid solubility limit. In following ageing process
of the RS Ag-Gd alloys, the metastable supersat-
urated solid solubility turned to equilibrium one;
the metastable phase AgzGd turned to equibibri-
um intermediate phase Ags;Gds. A strong solid
solution and ageing strengthening response has
been observed in RS Ag-Gd alloys and enhanced
with increase of Gd concentration. The RS tech-
nique can be used to develop new Ag-RE alloys.
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