VRk1 941 2H25H

FRALKRE:
AT DS - HAEEAR
ZER EF+ B

(BFZE - [EIFRASHLHE 4 P )












I. 13Uz
ALETEAC L0 2ER 72 FE A WV TR AR IESEIC D A FHEICOWCREBZ R L T D 0
THY, TORYFNIONTIE, PRkl 941 H 2 3 BT EBEMIGEES ICBW UK ST
AR FAEEF RS UMEEE M Z B AR ED WHEENCIIT 2 RIEATA~OXEHT A KT A ]
AT, [RFEHA RTA] Lnd,) IO LADLETGE, BEATHLZ LICIERE LT
ERTZHEFTARELDITIEEZY LV, ZOBRBWIE, ERICBN T, EE» SO H 54
ERREBEZITOT-OICHEAZSREE L TWAZ LIk D, —J7, KEOEZEHA KT 4 12BN T
I, WA EIZEET 2813, BELAICBWTOLZITMIT A2 E LT, ZDHAIZIE, &3 e
[FEEICZ OB TR « B L, MM RBHNAD D ERBOTHAH D VIR ONAEITIE U TER
FOHBCREZBAT S Z &8 HkKD L LTS,

AAEZON T, MHREPRLZOREETE TH D 2 &, BFRNEZ L LI SCENA < S T)iAm
ENTWNWD Z LR, ENRFEARIEREE L CRAEENH D S L, NAEZ AT D4
YRR SN TRV, RIRZOWTHRRICH S 3 SR S BRE O L v TR
ELTEAMT, BBIICKIET D2 & & Lic, RFETA RIA AKIUE, ARPHEA~OFWHIHENT
S>TC [PHFAEEES) ORENTDOLNTWVER, ZO7a AIBEAICLDERENRLE LT
WAHToD, AIED X 5 kR Z xR & LTSRN 2O THE S Tunvieny, 2072, 5% O
DFNETED DT D ORI E R 572010 [THFAEZESR] LIFBIOERERE L TxHET 5 2
LE L, T72bb, BEADHRIZEYT 2560 FHYOEE] HH0E RISV 5
OEMRA 7 FHEEUR | 2 PHOICRET 27012 IS EES (REE RS EF) | 25E L,
R RIEICEE T 2 G ERRILC D\ T, FBINESE, AFmSIL RSN T aREZ0 b0 &
IZEIR DM, FDOBOBZEIZ I T REEEZ L TERL S 7= BUB O EE R OVE OABINE  (BEhF2e
FHAOFEOIRME) | MBEENEOE TV U T RO~ A3 NS ORRTH LA 5 %5
FHORE L ZORIVEE S T2 & L,

(RIS EREL ] OFAZFHEICE D, FEfl SN TV B EERIZ OV CTREINIZRIRILASTR D H LD
MOHBHNH D LMW LEAITE, KEHA RIAZLn-» T [FHAZES) 2REL T,
AFEEITOZ L L Ui, —J7, AFEBEARIES RIS D8RI OV, Pkl 846 A3 0 H
(T OMFEA YL BRREEE TR AR IEDOBLIEITHR D ARHEFEfHIZ DV T 12BN T, e O RIERREE
X DA, PIRAE L SRENTV. EOHM AR T TSN, Yaxih/m &8tk - /1L T
FEBROFEEITI ) Z & & LTNWDEN, FEREL FRRREHT IS EES) ZkEL, T
i 21T 7,

IRHNZBEZ] 1, AR, BLL PR OERE T I OBEIC L 2 FNEE KUY ZIZ &
DAERR L, BB A EEOMRICE DT, ok, MRS AREFERICHT 2> 0L, #M
TRFRIZB W CEREIEZ LT 5700, MSEAERTFEMELZIN: TREZES L L, (&%
ToTElz, REEL, RERERMHEOHEICRED L RIEFEDORFZICONT, TORENE
(Zxf UAE 2 OFEFEBRICOWTHRAE L, 8 S O D EEENCIIT 2 R IEITAIC b 5 A HK
AL O S OB Fe 8 DR Ef SO FEOFIIZONTHIB 24T\, TORREEHREEL LT
EOHDOTH D,



. WEZDOEMH L5k
<Rk 1 94E5 H 2 5 BAHTIRE (E4)
¥ EEOsEd OGRS, @QHERGRE. O BMEITITRE
PRk 1 946 H 6 BT RE (B4)
¥ BEOzL  OFAERFERE (54 2 5 AT 0OQDEENE G [FE)
<Rk 1 94E8 H 1 7 BAHITHSE (E4)
¥ BEOzSg  OGTRTA. Q#nERERE
QHIALRFRE ik aZ B, BALKFHEN St E
(8 1 7 BT 0O EENE G [FE)
PR 1 99 H 7T BT RE (B4)
¥ FEOsM ORI FHEN SR STERE. OGRS (D05 L)
<R L 99 H T HAFITERE GEMANSEEA LA D D)
¥ EOzg ORI FHBERTSRST#HE (WL BEADO b0 L)
<A1 941 1 H 2 BfNTERE (B4)
¥ EOSL - ORI BN ESESEE
T 91 1 A1 2HKD 4 BTHEE (B THAEKRT: MEMFZEZ v—7") 44)
BeEogide  OSCHRFPE FHBIRE
CFRR 1 94F1 1 A 2 8 BT #E (B4« THUEKRY: MEHIEZ v—7) £4)
¥ EOZE - OnERERE
<R 91 2 H 1 7 BT ERE (E4)
¥ BEOsL - OFRIERFHETSESTER

M. #HEOHE )
1. BFRISEIEALR (FERENZAITRAIL T TR E 2B OERI~D R (55t (R) ) MbbE I X 5
FEME (R (F)) ) T —Z ORr LT L OMEEME (IKRE (B)) ) IS T 5 Z ERHERD DT,
B ORETZIIT DE0 FED DT= DI E LN DI FIUC DN TE DL TRT,)

X FEREEGE : 5 H 2 5 AfNITEGE. 8 H 1 7 AfRTEE. 9 H 7 AT EE,
11TA2AKO T 4fHT&E, 11H2 8 AFNRE 12417
H AT e

(D. Thermal and Mechanical Properties of Ti—-Ni—Cu—Sn Amorphous Alloys with

a Wide Supercooled Liquid Region before Crystallization
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Fabrication of Bulk Glassy ZrsAliNisCus Alloy of 30 mm in Diameter by a
Suction Casting Method
By Akihisa Inoue and Tao Zhang : Mater. Trans., Vol.37(1996), 185-187.
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Thermal and Mechanical Properties of Ti-Ni-Cu-Sn Amorphous Alloys
with a Wide Supercooled Liguid Region before Crystallization

Tao Zhang and Akihisa Inoue

Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

A wide supercooled liquid region exceeding 50K before crystallization was observed for melt-spun
TigNizs—CupsSn, {x=3 and 5 at%) amorphous alloys. The temperature interval of the supercooled liquid region de-
fined by the difference between crystallization temperature {7, )} and glass transition temperature (L), dN(=T,~T)is
40 K for the 0%Sn alloy and increases to 50K for the 3%5n afloy and 60 X for the 5%35n alloy. With increasing Sn con-
tent, the AT, value decreases significantly. A similar increase in thermal stability of the supercooled liquid was also recog-
nized for the 3 at%Sb-containing alloy in the Tis;Niys—,Cny, Sb, system. The replacetnent by 3 to § at%Sn for Ni also in-
duces an increase of mechanical strength, in addition to the increase in 4 7,. The tensile fracture strength (o), Young’s
modulus (£) and Vickers hardness (H,) increase from 1800 MPa, 93 GPa and 530, respectively, for the TigNigs Cu,, al-
loy to 2050 MPa, 102 GPa and 650, respectively, for the Tis,NieCu,sSn, alloy. The crystallization rakes place through a
single exothermic reaction, accompanying the simultaneous precipitation of multiple {CuTi+ Cu,Ti, + NiTi) phases, The
erystallization mode requires long-range atomic rearrangements for precipitation of the crystalline phases, leading to the
increase in the stability of supercooled liquid against crystallization. The high thermal stahility of the supercooled liguid
cnabled the production of bulk amorphous alloys in the diameter range up to about 6 mm by copper mold casting. There
is no appreciable difference in the stability of the supercooled liquid region between the melt-spun and cast bulk amor-
phous alloys. The first synthesis of the Ti-based amorphous alloys with high glass-forming ability and good mechanical
properties allows us to expect the future development of bulk amorphous alloys as 2 new type of high specific strength
materjal.

(Reczived March 10, 1998; In Finsl Form May 14, 1998)

Keywords: titanium base amorphous afloy, glass transition, wide supercooled liquid region, glass-forming abil-
ity, bulk amorphous alfoy, high mechanical strength, single-stage crystaflizotion

mere than 50 at%Ti is expected to achieve similar high
tensile strength exceeding 1500 MPa combined with low-
er specific weight.

The formation of Ti-based amorphous alloys have

1. Introduction

Recently, bulk amorphous alloys have gained sig-

nificant interest in basic science and engineering aspects.
One of the reasons is because the bulk alloys have been
synthesized in a number of alloy systems such as Ln-Al-
TM®, Mg-Ln-TM®, Zr-Al-TM®, Zr-Ti-TM-Be®, Zr-
(Ti, Nb, Pd)-Al-TM™, Pd-Cu-Ni-P*9, Fe-(Al, Ga)-(P,
C, B, 8i), Pd-Ni-Fe-P®, (Fe, Co, Ni)-(Zr, Nb, Ta)-
B®, Fe-(Zr, Nb, Ta)-(Me, W)-B® and Co-Fe-Zr-B%"
(Ln=lanthanide metal, TM=transition metal), Besides,
it has been reported that these bulk amorphous alloys
exhibit pgood engineering properties of high tensile
strength”®, high elastic energy™?, relatively high impact
fracture energy” and high corrosion resistance!? for Zr-
based amorphous alloys and good soft magnetic proper-
ties, particularly high frequency permeability for Fe-44
and Co-"""-pased amorphous alloys. The tensile frac-
ture strength and Vickers hardness of the Zr-based amor-
phous alloys reach 1600 to 1800 MPa and 480 to 52003,
respectively, at room temperature and their densities are
in the range from 3.9 to 6.7 Mg/m? “®_ If a bulk amor-
phous alloy with similar high tensile strength is formed in
a lower density range, the alloy with higher specific
strength is expected to cause a further extension of appli-
cation fields for bulk amorphous alloys. The success of
synthesizing Ti-based butk amorphous alloy containing

been actively tried by various rapid solidification tech-
niques for the last three decades, because of their en-
gineering importance. It has previously heen reported
that amorphous alloys containing Ti as 2 main con-
stituent element are formed in various alloy systems of
Ti-Be-Zr", Ti-Nit®, Ti-Si"® Ti-Ni-Si"®, Ti-Bel?,
Ti-Nb-8i®?, Ti-M-S8i (M=IV-VIIl group metals)*"
Ti-Nb-Si-B??, Ti-Ni-Cu®®, Ti-Ni-Cu-Al®Y, Ti-Zr-
Ni-Cu-Al®? and Cu-Ti-Zr-Ni® by melt spinning.
However, the alloy systems in which a glass transition
phenomenon is observed at Ti-rich compositions more
than 50 at%Ti have been limited to Ti-Be-Zr", Ti-Ni-
Cu®, Ti-Ni-Cu~Al*? and Ti-Zr-Ni-Cu-Ai®. The tem-
perature interval of the supercooled liquid region before
crystallization is about 25 K for the former system and
about 35 to 40 K for the latter two systems. There have
been no Ti-based amorphous alloys which exhibit a wide
supercooled liquid region exceeding 50 X as weli as a high
glass-forming ability of forming a bulk amorphous alloy
by casting process. Based on the previous information
that the Ti-Ni-Cu amorphous alloys exhibit the glass
transiticn and a supercooled liquid region below 40 K be-
fore crystallization, we have examined the possibility that
the stability of the supercooled liquid against crystalliza-
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tion is enhanced and a bulk amorphous alloy is formed in
Ti-Ni-Cu base atloys containing a special additional ele-
ment, Considering that a binary amorphous alloy has
been formed in the Ti-Si®® system by melt spinning, we
paid attention to Sn element because Sn belongs to the
same periodic group number (IVB) as that for Si and the
heats of mixing against the other constituent elements
have large negative values*”. Besides, the atomic size of
the Sn element is different from those of the other con-
stituent elements. In the subseguent research, we have
found that the supercooled liquid region before crystalli-
zation is significantly extended in Ti-Ni-Cu-Sn system
and bulk amerphous alloys are produced in the diameter
range up to about 6 mm by the conventional copper mold
casting process. After the effectiveness of Sn element was
recognized, we further examined the possibility of addi-
tional effect of other elements, which are located near Sn
in the periodic table, and noticed that Sb element has a
similar effectiveness on the extension of the supercooled
liquid region before crystallization. The primary aim of
this paper is to examine an optimum amount of addition-
al Sn or Sb element for extension of the supercooled lig-
uid region before crystallization for Ti-Ni-Cu-Sn and
Ti-Ni-Cu-Sb amorphous alloys and to present the com-
positional effect on the thermal stability and mechanical
propetties of the melt-spun Ti-based amorphous alloys.
The second is to form a bulk amorphous alloy in the Ti-
based alloy systems by the copper mold casting method
and to examine a maximum sample thickness and ther-
mal stability of the Ti-based bulk amorphous alloy.

II. Experimental Procedure

Multicompenent alloys with compositions TispNias-
Cay, TisoNizs-xCuzsSny, TisoNizs—xCUzs—ySle+y,
TiseNiss—Cuzs8b, and TiseNisCuzsSnsZrs (x=1 to 10
at%) were examined in the present study because the
TispNizsCuios amorphous alloy had been reported®? to ex-
hibit the distinct glass transition and a narrow super-
cooled liquid region before crystallization. The preal-
loyed ingots were prepared by arc melting pure Ti, Ni,
Cu, Sn and Sb metals in an argon atmosphere. Amor-
phous ribbons with a thickness of about 25 ym were pre-
pared by melt spinning. Besides, bulk amorphous alloys
were prepared by ejection casting into copper molds and
the resulting cylindrical samples have a length of about
30 mm and different diameters up to 10 mm. The amot-
phous structure was identified by X-ray diffractometry,
transmission electron microscopy (TEM) and optical
microscopy (OM). The thermal stability was examined by
differential scanning calorimetry (DSC) at a heating rate
of 0.67K/s. Melting temperature was measured by
differential thermal analysis (DTA). Tensile strength and
Young’s modulus were measured with an Instron testing
machine at 298 K and a strain rate of [.8x107%s"".
Vickers hardness was measured with a Vickers hardness
indenter with a load of 0.245 N,

T. Zhang and A. Inoue

III. Results and Discussion

Figure 1 shows X-ray diffraction patterns of the melt-
spun  TisoNizs-CuzsSn, (¥=0, 3 and 5at%) and
TisoNixCunSn, alloys. The diffraction patterns consist
only of broad peaks and the main broad peak lies in the
vicinity of a wave vector (K,=4n sin 6/2) of 29.2 nm™'
for the 0%5Sn alloy. The peak position of the main broad
peak tends to shift to the lower diffraction angle side with
increasing Sn content. The continuous change in the
peak position indicates the definite dissolution of Sn ele-
ment with the largest atomic size in the Ti-based amor-
phous alloys. We could not recognize any harmful
influences of the Sn addition on the formation of the
amorphous phase in the concentration range up to 7 at%
Sn.

Figure 2 shows DSC curves of the four Ti-based amor-
phous alloys. It is to be noticed that all the alloys exhibit
a distinct glass transition. The glass transition tempera-
ture (7,) decreases in the Sn content up to 5 at% and
then increases with further increasing Sn content, while
the onset temperature of crystallization (7)) remains
almost constant in the Sn content up to 3 at% and then in-
creases in the higher Sn content range. The resulting tem-
perature interval of the supercooled liquid region before
crystallization defined by the difference between 7, and
T, AT.(=T,— T;) is measured to be 40 K for the 0%4Sn al-
loy, 50K for the 3%3Sn alloy, 60K for the 5%Sn zalloy
and 49 K for the 7%8n alloy. Thus, the A7, shows 2 max-
imum at 5%8n and then decreases with a further increase

T T ! i ] 4 T
Cu K
o
T'aoNizscuzs
. TisoNiﬁcuzssna
b
8
£
W
S |+
£ TimNINCuszns
TisoNlmCu”Sn?
" | L 1 " 1 " 1 i i i
20 30 40 50° 60" 70 80

28

Fig. | X-ray diffraction patterns of melt-spun  TigNiz_,Cl,.8n,
(x=0, 3 and 5 at%) and TizNiyCugsSn, alloys,
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Fig. 2 Differential scanping calorimetric {DSC) curves of the meli-
spun TigpNiy_,CuySn, (x=0, 3 and 5at%} and TiNiyCupySn,
amorphous alloys.

in Sn content. The addition of a small amount of Sn ele-
ment is concluded to be very effective for the increase of
the stability of the supercooled liquid against crystalliza-
tion. This is believed to be the first evidence for the ap-
pearance of the wide supercooled liquid region of over
50 K for Ti-based alloys containing more than 50 at%Ti.
Furthermore, it is seen that the crystallization of the 3%
Sn and 5%S5n alloys takes place through a single exother-
mic reaction in spite of the multicomponent alloy compo-
sitions. The crystalline phase of the 5%Sn-containing al-
loy annealed for 600 s at 850 K was identified to consist
of CuTi, Cu,Ti; and NiTi phases. Based on the data for
the structural analyses®®-¢Y and density measurements®®,
it has been pointed out?¥204 that the supercooled liquid
in the multicomponent amorphous alloys has a higher
dense random packed structure and a new local atomic
configuration which is different from those for the corre-
sponding equilibrium compounds. Consequently, the
simultaneous precipitation of the multiple crystallized
phases imply that the crystallization requires long-range
atomic rearrangements for the precipitation of each crys-
talline phase with significantly different components.
The crystallization mode is consistent with that for other
amorphous alloys in Ln-®, Mg-®, Ln-®, Zr-* and
Fe-™® based systems having a wide supercooled liquid
region of over 50K before crystallization. The melting
temperature (T5) of the TiseNizxCussSns alloy was meas-
ured to be 1229 K. The reduced glass transition tempera-
ture (T,/ T) is evaluated to be 0.58, indicating that the
Ti~Ni~Cu-Sn alloy has a rather high glass-forming abil-
ity.

Subsequently, we measured the difference in the

specific heats between amorphous solid (C,,) and super-
cooled liquid (C},1), AC, ., for the Sn-containing alloys.
Figure 3 shows the temperature dependence of the appar-
ent specific heat of the TisNixCuzSns alloy, The C,,
and G, represent the C,(T) of the as-quenched sampie
and the sample heated for 60 s at 745 K between T, and
T, respectively. The difference between the C,, and Cp
values is due to the structural relaxation caused by con-
tinuous heating at 0.67 K/s. The heat of structural relaxa-
tion defined by AH,= [ AC,(=C,~C,}dT, AC, 20
is measured to be 870 J/mol. The temperature depend-
ence of the apparent specific heats of the amorphous
solid and supercooled liguid is expressed by the following
relations;

for the amorphous solid,

C(T)=243428x1073(T—-430) (430=sT=600K)
)

for the supercooled liquid
Co(T)=40.1+3.7x 1072(760~T). (730sT=760K)
@

The difference in specific heat between amorphous solid
and supercooled liquid, AC,_.,, is evaluated to be 15.8
J/mol-K. The AC,,.; value has been reported to be
14.0 J/mol-K for the LassAl;sNiz amorphous alloy®,
17.4 I/mol-K for the MggsNizxLa;s amorphous alloy®?,
14.5 J/mol-K for the ZrgAloNijeCuyp amorphous al-
loy®® and 17.2 J/mol-K for the PdiyCusNiwPs amor-
phous alloy®®. It is therefore said that the new Ti-based
amorphous alloy seems to have nearly the same magni-
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Fig. 3 Thermograms of the meit-spun Ti;,NizeCu,Sn, amorphous al-
loy. The €, and €, , represent the apparent specific heats of the as-
spun sample and the sample heated onee for 60 s at 745 K in the super-
cooled liquid region between T, and T, respectively.
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tude of AC; - as those for the typical amorphous alloys
with a wide supercooled liquid region before crystalliza-
tion.

With the aim of investigating the reason for the remark-
able effect of Sn on the appearance of the supercooled lig-
uid region, the crystallized structure of the Ti-based ailoy
was examined. Figure 4 shows X-ray diffraction patterns
of the fully crystallized TisoNiyCus and TisgNizCussSns
alloys by annealing for 600s at 990 K. The diffraction
peaks are identified to consist of Cu,Ti;+NiTi+ CuTi
for-the Ti-Ni-Cu alloy and CuTi+ Cu.Ti; + NiTi for the
Ti-Ni-Cu-8n alloy. Furthermore, the peak intensity sug-
gests that the main crystalline phases are composed of
Cu,Ti; and NiT for the ternary alloy and CuTi, Cu,Ti,
and NiTi phases for the quaternary alloys and their grain
sizes are considerably smaller for the Sn-containing
alloy. However, we could not observe any diffraction
peaks of Sn-containing compounds. Considering the simi-
larity in the atomic sizes between Ti and Sn elements, the
Sn element is thought to be dissolved by replacing the Ti
sites in their compounds. The change in the X-ray diffrac.
tion pattern also indicates that the simultaneous precipita-
tion of the three phases becomes significant for the Sno-
containing alloy. Consequently, the crystallization mode
for the Sn-containing alloy plays an important role in the
increase in stability of the supercooled liquid against crys-
tallization.

We have also searched for other useful additional ele-
ments to increase the thermal stability of the supercooled
liquid region and noticed that the addition of 3 at%Sb is
also effective for the increase in A7, for the Ti-based
amorphous alloys. Figure 5 shows a PSC curve of the
melt-spun TisoNiz; Cuys Sy amorphous alloy. The Sh-con-
taining amorphous alloy also exhibits the sequential

T. Zhang and A. Inoue
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Fig. 5 DSC curve of the melt-spun TigyNizy Cu,yy Sby amorphous alloy.

phase transition of amorphous solid, glass transition, su-
percooled liquid and crystallization, and the A T, is meas-
ured to be 45 K. However, with further increasing Sb con-
tent to 5 at%Sb, the AT, decreases significantly to 28 K.

Table 1 summarizes the Vickers hardness {H,), tensile
fracture strength (o) and Young’s modulus (&) of the
melt-spun TisgNizsCuzs, TisoNizs-xCzsSn, (x=3 and §
at%), TimNimCUz;Slh and TisoNi;s_xCllszbx (I=l and
3 at%) amorphous alloys, together with the data of ther-
mal stability. The best mechanical properties of 2050
MPa for oy, 102 GPa for £ and 650 for H, were obtained
for the TisNixCu,sSn; alloy with the largest A7T,. Here,
it is important to point out that the oy, E and /, valies
are considerably higher than those for Zr-Al-Ni-Cu4?
and Zr-Ti-Al-Ni-Cu®” amorphous alloys. The finding

Intensity(a. u.)

Cu-K,

VvV Cu AR
¥ CuTi

20°

80°

28

Fig. 4 X-ray diffraction patterns of the melt-spun Tig,Ni,;Cu,, and TigNize Cu,eSny amorphous alloys annealed for 600 5 at

950 K.



Thermal and Mechanical Properties of Ti-Ni~Cu-Sn Amorphous Alloys with a Wide Supercooled Liquid Region before Crystallization

Table t  Thermal stability and mechanical properties of the melt-spun
TigNix.,CusSn, (x=0, 3 and 5at%), TiuNiuCuy,Sn, and
TisyNizs_CutzsSby (x=1 and 3 at%) amorphous alloys. T}; glass tran-
sition temperature, T,; onset temperature of crystallization, A.; Vick-
ers hardness, o;; tensile fracture strength, £; Young’s modulus.

Composition T(K) TAK) T,—T,(K) H, o&MPa) E(GPa)
TigeCigs iy 713 753 40 620 {8300 93
TigNiuyCuySn, 715 765 50 640 2050 98
TigNi;pCuyeSn, 710 770 &0 650 2050 102
TisgNigpCuy8Sn, 710 759 49 670 2200 105
TiggNi;yCuysSb, 707 740 33 610 - -
TigNiy CuysShy, 763 718 45 615 — —_

of the Ti-based amorphous alloy having good mechani-
cal properties and high stability of the supercocled liquid
against crystallization is important for future develop-
ment of a new type of bulk amorphous ailoy with lower
specific weight.

The high thermal stability of the supercooled liquid evi-
denced by the large AT, values exceeding 50 K indicates
the possibility of forming a bulk amorphous alloy by vari-
ous solidification techniques. By using an amorphous
TisoNiisCus Sns Zrs alloy which has a lower melting tem-
perature as compared with TisoNiCussSns alloy, we
tried to produce bulk amorphous alloys by the copper
mold casting method. Figure 6 shows the outer shape
and surface appearance of the cast cylinders with di-
ameters of 3 and 5 mm and a length of about 50 to 55
mm. The cast cylinders have smooth outer surface and
metallic luster. No distinct contrast due to the precipita-
tion of a ¢rystalline phase is seen on the outer surface of
both samples. No appreciable erystalline peaks were seen
in the X-ray diffraction patterns of the cast cylinders with
diameters of 3 and 5 mm and the cast cylinders was iden-
tified to be composed of an amorphous phase. The DSC
curves of the cast cylinders with diameters of 3 and 5 mm
are shown in Fig. 7, where the data of the melt-spun
amorphous alloy ribbon are also shown for comparison.
There is no appreciable difference in T}, T;, 47, and crys-
tallization peak between the cast cylinders and the melt-

Fig. 6 Outer shape and surface morphalogy of the cast TigNiysCugy-
Sn,Zr, cylinders with ¢3 mm * 50 mm and $5 mm x 55 mm.,
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Fig. 7 DSC curves of the cast TigNiy;sCuySngZr, cylinders with di-

ameters of 3 and 5 mm. The data of the melt-spun amorphous alloy
ribbon are also shown-for comparison.

spun ribbon. The similarity suggests that the cast bulk
cylinders have nearly the same amorphous structure as
that for the meit-spun ribbon.

We further examined the critical sample thickness for
glass formation. The cast cylinder with a diameter of 7
mm consists of an amorphous phase containing a small
amount of crystalline phase and the further increase in di-
ameter to 1¢ mm induces the formation of a mostly crys-
talline phase. The change in the structure with sample di-
ameter allows us to conclude that the critical diameter for
glass formation is about 6 mm. Mechanical properties of
the cast bulk amorphous cylinders will be presented else-
where.

V. Summary

New Ti-based amorphous alloys in Ti-Ni-Cu-Sn sys-
tem were found to exhibit a wide supercooled liquid
region exceeding 50 K before crystallization. The largest
AT, reaches as large as 60 K for the TiseNiznCu;sSns al-
loy. The 4T, value is much larger than the largest value
(40 K) for the Ti-Ni-Cu ternary system and the addition
of a smail amount of Sn is effective for the increase of the
stability of the supercooled liquid against crystallization.
The 5 at%Sn-containing alloy also exhibits good mechan-
ical properties, i.e., high o; of 2050 MPa, high E of 102
GPa and high H, of 650 which are superior to those for
previously reported Zr-Al-Ni-Cu amorphous alloys. Be-
sides, the high stability of the supercooled liguid against
crystallization resulted in the formation of bulk amor-
phous alloys with diameters up to about 6 mm by the cop-
per mold casting method. The good combination of high
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glass-forming ability and high mechanical strength for
the Ti-based alloys is promising for future development
as a high specific strength bulk amorphous material.
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Fabrication of Bulk Glassy ZrssAlygNisCusy Alloy
of 30 mm in Diameter by a Suction Casting Method

Akihisa Inoue and Tao Zhang

Institute for Materials Research, Tohoku University, Sendai 980-77, Japan

A bulk glassy Zr, Al NisCus, 2lloy in a cylindrical form with a diameter of 30 mm and a length of 50 mm was
produced by sucking the molten atloy into a copper mold. The sucking force was generated from the rapid movemeant
(5.0 m/ s} of piston with a diameter of 30 mm which was set at the center of the copper hearth. The sucking velocity is eval-
uated to be as high as 22.1 kg/s. Neither cavity nor hole is secn in the transverse cross section of the bulk glassy alloy.
The glass transition temperature (7}), crystallization temperature (7} and supercooled liquid region defined by
AT (=T,—T,) ar¢ nearly the same as those for the melt-spun glassy ribbon with a thickness of 30 #m, in spite of the sig-
nificant difference in sample thickness by three orders. Furthermore, there is no appreciable difference in T, T.and AT,
over the whaole cast sample. The Vickers hardness number is 523, in agreement with that {5 510} for the corresponding
melt-spun glassy ribbon and cast bulk giassy cylinders with diameters below 15 nm., Thus, the direct production of the
bulk glassy alloy with a diameter of 30 mm by the suction casting method is important for the future developmens of

bulk glassy atloys.

(Received November 14, 1995}

Keywords: bulk glassy alloy, zirconium base alfoy system, suction casting, high speed casting, large glass-forming

ability, glass transition, supercooled liquid region

I. Introduction

Since the discoveries of a series of glassy alloys with
large glass-forming ability in Ln-Al-TM®®, Mg-Ln-~
TMO®, Zr-Al-TME, Ti-Zr-TMD, Hf-Al-TM®, Ti-
Zr-Al-Be-TM® and Ti-Zr-Be-TM"® (Ln=Ianthanide
metals, TM=transition metals) systems, bulk glassy
alloys have attracted rapidly increasing interest because
of the importance in both the scopes of materials science
and engineering application. Among the above-described
alloy systems, the Zr-based glassy afloys in Zr-Al-Ni-Cu
systemn seem to be particularly important for applications
because neither reactive elements such as Ln and Mg nor
toxic element of Be are not dissolved. Consequently, it is
important to examine the maximum sample thickness for
glass formation and the castability in the Zr-based alloy
system by various kinds of casting processes with slow
cooling rates. We have already reported”? that a glassy
alloy is formed in a cylindrical bulk form with a diameter
of 16 mm by water quenching the molten alloy in the
quartz tube and the precipitation amount of crystalline
phase is slight even for the water-quenched bulk alloy in-
got with a diameter of 20 mm. Simultaneously, the previ-
ous paper”? has pointed out the possibility that a further
improvement of the solidification method causes the
formation of a bulk glassy alloy with a larger diameter
above 20 mm. More recently, we have reported!? that
the use of the suction casting method enables the produc-
tion of a ¢ylindrical Zr-Al-Ni~Cu glassy alloy with a di-

ameter of 15 mm and no appreciable voids are seen over
the whole cross section. Thus, the suction method devel-
oped by the present authors is very attractive as a new
production technique of bulk glassy alloys without ap-
preciable voids. We have subsequently made the modifica-
tion of the suction casting equipment so as to enable the
production of a cylindrical bulk ingot with a diameter up
to 30 mm. By using the modified suction casting equip-
ment, we tried to produce bulk glassy Zr-based alloys in
a cylindrical form with a diameter of 30 mm. Little has
been reported about the production technigue and
production evidence of a bulk glassy alloy with a large di-
ameter of 30 mm. This paper is intended to present the
preparation of a bulk glassy Zr-Al-Ni-Cu alloy ingot
with a diameter of 30 mm by the suction casting method
and the thermal stability of the cast bulk glassy alloy.

I. Experimental Procedure

A Zry; Al1pNisCuy alloy was used in the present study
because the alloy has a wide supercooled liquid region
reaching 90 K. The prealloyed ingot was prepared by are.
melting a mixture of pure metals in a purified argon at-
mosphere. The composition is given in nominal atomic
percentage. From the prealloyed ingot, a cylindrical sam-
ple with a diameter of 30 mm and a length of 50 mm was
prepared by sucking the molten alloy into a copper mold
through suction force resulting from the difference in gas
pressure between melting chamber and casting chamber.
In the suction casting equipment, the prealloved ingot of
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200 g was remeited on a copper hearth by arc heating sys-
tem in an argon atmosphere of 5.3 kPa. Immediately be-
fore casting, the piston with a diameter of 30 mm which
was set at the center of the copper hearth for arc melting
was moved at a high speed of 5.0m/s and the moiten
alloy was simultaneously sucked into a copper mold by
utilizing the sucking force which was generated by the
rapid movement of the piston. The diameter of the
piston was 30 mm and the casting velocity was evaluated
to be approximately as high as 22.1 kg/s.

The structure of the as-cast cylindrical samples wag ex-
amined by X-ray diffractometry and optical microscopy
{OM) techniques. The OM observation was made on the
transverse cross section which was etched for 30s at
room temperature in a 10% fluoric acid and 90% distilled
water in volume. The thermal stability associated with
glass transition and crystallization was measured at a
heating rate of 0.67 K/s by differential scanning calori-
metry (DSC). Vickers hardness was measured at room
temperature with a Vickers microhardness tester with a
load of 1 kg.

IIT. Results and Discussion

Figure 1 shows the outer surface and transverse cross
section of the bulk Zrss Al;pNisCuy, alloy with a diameter
of 30 mm and a length of about 50 mm prepared by the
suction casting method. The cross sectional surface is in
the etched state where a crystalline phase is observed, if it
exists. Both the outer surface and the cross section have a
highly white luster and no contrast corresponding to the
precipitation of a crystalline phase is seen. The surface
and cross sectional appearance indicates clearly that the
surface and central regions consist only of a glassy phase
without crystalline phase. Figure 2 shows the X-ray
diffraction patterns taken from the central region in the
transverse ¢ross section. The diffraction patterns consist
only of halo rings with the highest intensity at the wave
vector (K,=2x sin 8/4) of 25.11 nm ™, indicating that a
glassy phase is formed for the bulk sample. In order to
confirm the absence of a crystalline phase over the whole
sample, an optical micrograph taken from the central
region in the transverse cross section is shown in Fig. 3.
The featureless contrast over the whole micrograph indi-

Fig. 1 OQuter surface appearance and cross sectional surface of a bulk
Zry; Al NisCuy, ingot with & diameter of 30 mim prepared by the suc-
tion casting method.

T T T T

Intensity {arbit. unit)

Fig. 2 X-ray diffraction pattern taken from the central region in the
transverse cross section of the cast bulk Zr, Al Ni,Cu,; ingot with a
diameter of 30 mm.

Fig. 3 Optical micrograph revealing the transverse cross sectional
structure of the cast bulk Zr,;Al,,Ni;Cuy, ingat with a diameter of
30mm.

cates the formation of the glassy phase without apprecia-
ble crystalline phase. Besides, one can notice the absence
of distinct cavity and hole which are ordinarily observed
for cast samples. The absence seems o be an advantage
of the suction casting method. It is therefore said that the
present suction casting method is appropriate for the
elimination of cavity and holes because of the solidifica-
tion under a sucking force and the rapid solidification
resulting from the fast movement of the sucked melt. The
success of the bulk Zr-based glassy alloys without any
crystalline phase allows us to expect that a glassy phase in
the Zr-based system is produced even in a bulk form with
diameters much larger than 3¢ mm by the use of the same
suction casting method.

Figure 4 shows the DSC curve of the Zrgs AlioNisCu,,
sample taken from the central region of the cast ingot.
The sample shows a distinct endothermic reaction due to
the glass tramsition, followed by a supercooled liquid
region and then an exothermic reaction due to crystailiza-
tion. The glass transition temperature (7}) and crystalliza-
tion temperature (T}) are measured to be 683 and 757 K,
respectively, in agreement with those for the corre-
sponding melt-spun glassy ribbon with a thickness of 3¢
pm. The data on the thermal stability suggest that the
bulk glassy alloy does not have any appreciable difference
in both alloy composition and atomic configuration, in
comparison with the melt-spun glassy ribbon.

Figure 5 plots the T;, AT,(=T,—T,), heat of crystalli-
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Fig. 4 Differential scanning calorimetric (DSC) curves taken from
the central region of the cast glassy Zry, Al Ni, Cu,, ingot with a
diameter of 30 mm.
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Fig. 5 The glass transition temperature {7}, tempezature interval of
supercooled liquid region, AT,(= T~ T}, heat of crystallization
{Af,) and Vickers hardness (H,) as a function of sample diametar
for the cast glassy Zry;Al,,Ni; Cuy, specimens. The &, values for the
samples with diameters above 5 mm were measured in the centra]

regicn.

zation (AH,) and Vickers hardness number (H,) as a
function of sample diameter for the cast bulk
ZrssAlpNisCusg samples. The samples with diameters of
5 and 7 min were prepared by the copper mold casting
method and the sample with a diameter of 15 mm was
made by the same suction casting method as that for the
sample with a diameter of 30 mm. The T, AT,, AH, and
H, keep nearly constant values of about 690 K, 90K,
2.11kJ/mol and 515, respectively, even in the extremely

wide thickness range of 0.03 to 30 mm and no distinct
changes in the thermal stability and hardness with sample
thickness are recognized. The nearly constant values in
the thermal stability and mechanical strength suggest that
the glassy structure is analogous among the samples with
the widely different thicknesses,

IV, Summary

A suction casting method in which the instantaneous
casting was made by utilizing the sucking force was
found to enable the production of a bulk glassy alloy
with a diameter of 30 mm and a length of about 50 mm
for a Zrss AlioNisCuy, alloy with large glass-forming abil-
ity. The sucking force was generated by rapid movement
of the piston which was set at the center of the copper
hearth. The diameter of the piston was 30 mm and the
moving speed was fixed to be 5.0 m/s. The resulting cast-
ing velocity is evaluated to be as high as 22.1 kg/s. No ap-
preciable crystalline phase is observed on the outer sur-
face and in the inner.region. F urthermore, neither cavity
nor hole is detected for the cast sample. Thus, the suction
casting method is very useful for the suppression of a het-
erogeneous nucleation of a crystalline phase and casting
defects such as cavity and hole. The thermal stability and
Vickers hardness are nearly the same as those for the cor-
responding melt-spun glassy ribbon and cast bulk glassy
alloys with diameters below 15mm. The success of
producing the bulk glassy alloy without difference in the
thermal stability and mechanical strength in a bulk form
with a diameter of 30 mm by the use of the suction cast-
ing method is very encouraging for the future develop-
ment of bulk glassy alloys.
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Fabrication of Bulky Zr-Based Glassy Alloys
by Suction Casting into Copper Mold

Akihisa Inoue and Tao Zhang

Institute for Materials Research, Tohoku University, Sendai 980-77, Japan

Bulk glassy Zrg;AlyyNis Cuy, alloys in a cylindricel form with a diameter up 10 16 tnm and a length of 70 mm were
produced by sucking the molten alloy into a copper mold. The sucking force was generated from the rapid movement
(5.0 m/s} of pisten with a diameter of 16 mm which was set at the center of the copper mold. The sucking velocity was
evaluated to be as high as 6.3 kg/s. Neither cavity nor hole is seen on the outer surface of the bulk glassy alloy and the
glass ftramsition temperature (T,), crystallization temperature {7,) and supercooled Jiquid region defined by
AT (=T, T.}are the same as those for the melt-spun glassy ribbon with a thickness of about 30 gm, Forthermore, there
is no appreciable difference in 7,, 7, and A7, over the whole cast sample. The tensile fractuye strength is 1620 MPa which
is comparable to the compressive strength. The fracture takes place along the maximum shear plane and the size of the
veins is about ten times as large as that for the melt-spun glassy ribbon. The significant difference indicates that the defor-
mation for ihe cast butk alloy takes place over the thicker and wider region. Thus, the direct production of the bulk
glassy alloy with good deformability by the suction casting method is important for the future devetopment of bulk

glassy alloys.
(Received June 6, 1995)

Keywords: bulk glassy alloy, zirconium base alloy system, suction casting, glass-forming ability, glass

transition, supercooled liquid region, high ntechanical strength

1. Imtroduction

Since the discovery of a series of glassy alloys with
large glass-forming ability in the Ln-Al-TM™®, Mg-
Lo-TM®® Zr-AL-TM®™®, Ti-Zr-TM®, Hf-Al-TM®
and Ti-Zr-Be-TM® (Ln=lanthanide metals, TM=tran-
sition metals) systerus, glassy alloys have again attracted
increasing interest because bulk glassy alloys are expected
to be produced by direct solidification from the liquid
phase. Furthermore, the new glassy afloys with large
glass-forming ability have an extremely wide supercooled
liguid region defined by the temperature difference
between the glass transition temperature (T,) and the
onset temperature of crystallization (7)) and the
AT(=T>—T,) value reaches abowt 130 K" which is
about twice as large as the largest values?? for Pt- and
Pd-based amorphous alloys. The existence of the wide su-
percooled liquid region is expected to enable the deforma-
tion into various shapes by utilizing viscous flow. The
new fabrication processes of the formation of bulk glassy
alloys by casting and the subsequent plastic deformation
to the glassy ailoys through viscous flow are highly attrac-
tive for materials science and engineering and seem to be
promising for future development of the new glassy
alloys. As the methods to produce bulk glassy alloys with
a thickness above 10 mm, we have reported the following
three metheds: arc melting™, water quenching of the
melt in a quartz tube! and unidirectional zone melting

by the use of arc melting as a heat source™. In the subse-
guent study on the production of bulk glassy alloys with
a thickness above 10 mm, we have succeeded in pro-
ducing bulk glassy alloys in a cylindrical form with a
ditameter of 16 mm by sucking arc-melted liguid into a
copper mold. This paper is intended to present the new
production technique of producing the bulk glassy alloys
and their structure, thermal stability and mechanical
properties.

II. Experimental Procedure

A Zrss AljpNisCuge alloy was used in the present study
because the alloy has a wide supercooled liquid region ex-
ceeding 80 K for metallic glassy alloys. The preaitoyed in-
got was prepared by arc-melting a mixture of pure metals
in a purified argon atmosphere. The composition is given
in nominal atomic percent. From the prealloyed ingot, a
cylindrical sample with a diameter of 16 mm and a length
of 70 mm was prepared by sucking the molten alloy into
a copper mold through suction force resulting from the
difference in gas pressure between melting chamber and
casting chamber. In the suction casting equipment, the
prealloyed ingot of 70 g was remelted by arc heating sys-
fem in an argon atmosphere of 5.3 kPa. Immediately be-
fore casting, the piston with a diameter of 16 mm which
was set at the center of the copper mold for arc melting
was moved at a high speed of 5.0 m/s and the molten
alloy was simultaneousty sucked into a copper mold by
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utilizing the sucking force which was generated by the
rapid movement of the piston. The diameter of the
piston was 16 mm and the casting velocity was evaluated
to be approximately 6.3 kg/s.

The structure of the as-cast cylindrical samples was ex-
amined by X-ray diffractometry and optical microscopy
techniques. The thermal stability associated with glass
transition and crystallization was measured at a heating
rate of 0.67K/s by differential scanning calorimetry
(DSC). Tensile strength was measured at room tempera-
ture by an Instron-type tensile testing machine at a strain
rate of $x 107%s™', The tensile specimen was prepared
by mechanical cutting of the as-cast cylindrical ingot with
a diameter of 16 mm and a length of 70 mm and the
gauge dimension was 5 mm in diameter and 20 mm in
length. The fracture surface appearance was examined by
scanning electron microscopy (SEM).

III. Results and Discussion

Figure 1 shows the shape and outer surface appearance
of the bulk Zrss Al\NisCusg alloys with a diameter of 16
inm and a length of about 60 mm prepared by the suction
casting method. All the outer surface has a highly white
luster and no contrast corresponding te the precipitation
of a crystalline phase is seen. The surface appearance in-
dicates clearly that the surface region consists only of 2
glassy phase without any crystailine phase. Figure 2(a)
and (b} show the X-ray diffraction. patterns taken from
the transverse and longitudinal cross sections, respec-
tively. The diffraction patterns consist only of halo
rings with the highest 1ntensny at the wave vector (K,=
27 5in 6/A) of 25.11 nm ™, indicating that a glassy phase
Is formed for the bulk sample. In order to confirm the ab-
sence of a crystalline phase over the whole sample, an op-
tical micrograph taken from the middle region is shown
in Fig. 3. Although the micrograph was taken after the
deep etching in a 2% hydrofluoric acid and distilled
water solution for 30 s at 303 K, no contrast revealing the
precipitation of a crystalline phase is seen over the whole
micrographs. Furthermore, one can notice the absence of
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Fig. I Outer surface appearance of a Zr,; Al Ni;Cuy, alloy produced
by suction casting into a copper mold.
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Intensity (arbit. unit)

Fig. 2 X-ray diffraction patierns taken from the transverse (a} and
longitudinal {b) cross sections of the cast Zreg Al Niy Cuy, alioy
with a diameter of 16 mm and a length of about 70 mm.

. 1Gzm

Fig. 3 Optical micrograph taken from the middle region of the cast
Zrss Al NiyCuy, alloy.

T T T T ' T f I
0.87Ks
=
[=4
g
E
£
Q Tg
d 1 -
|
T«
1 | L | e 1 L |
400 500 600 700 800

Temperature, T/K

Fig. 4 Differentia) scanning calotimetric {DSC) curves taken from
the middle region of the cast glassy Zr;; Al Ni;Cuy, alloy.
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Fig. 5 Tensile stress-strain curves of the glassy Zr,, A,y NiCu,, speci-
mens with a gauge dimension of 5 mm in diameter and 20 mm in
length taken from the bottom (a) and top (b) regions in the cast ingot
with a diameter of 16 mm and a length of about 70 mm.
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Fig. 6 Scanning electron micrograph of the tensile fracture surface of
the cast glassy ZrAl,NisCu,y, alloy.

cavity and hole which are ordinarily observed for cast
samples. The absence seems to be an advantage of the suc-
tion casting method. It is therefore said that the present
suction casting method is appropriate for the elimination
of cavity and holes because of the solidification under a

Akihisa Inoue and Tao Zhang

sucking force and the rapid solidification resulting from
the fast movement of the sucked maelt.

Figure 4 shows the DSC curve of the Zrs Al NisCuyg
sample taken from the same middle repion as those
shown in Fig. 3. The sample shows a distinct endother-
mic reaction due to the glass transition, followed by a su-
percoeled liquid region and then an exothermic reaction
due to crystallization. The T, and T, are measured to be
683 and 767 K, respectively, in agreement with those for
the corresponding melt-spun glassy ribben with a thick-
ness of 30 zm. The data on the thermal stability suggest
that the bulk glassy alloy does not have any appreciable
difference in both alloy composition and atomic configu-
ration, in comparison with the melt-spun glassy ribbon.

Figure S5(a) and (b) show the tensile stress-strain
curves of the cast bulk Zrs;AlpNisCuy samples which
were obtained from the bottom and top regions, respec-
tively, The cast alloy exhibits the tensile strength of 1620
MPa for the sample taken from the bottom region and
1600 MPa for the sample taken from the top region.
These strength values are almost comparable to the com-
pressive strength of 1850 MPa. The fracture takes place
along the maximum shear plane which is declined by
about 45 degrees to the direction of tensile direction and
the fracture surface consists of well-developed veins as
shown in Fig. 6. The diameter of the veins is about ten
times as [arge as that for the corresponding melt-spun rib-
bons. The significant difference indicates that the defor-
mation of the cast alloy occurs over the much wider and
thicker region as compared with that for the ribbon sam-
pie because of the large deformability for the present
bulk altfoy.

IV. Summary

A suction casting method in which the instantaneous
casting was made by utilizing the sucking force was
found to produce a bulk glassy alloy with a diameter of
lémm and a length of about 70mm for a
Zrss AljoNisCuyp alloy with large glass-forming ability. The
sucking force was generated by rapid movement of the
piston which was set at the center of the copper mold.
The diameter of the piston was 16 mm and the moving
speed was fixed to be 5.0 m/s. The resulting casting veloc-
ity is evaluated to be 6.3 kg/s. No appreciable crystalline
phase is observed on the cuter surface and in the inner
region. Furthermore, neither cavity nor hole is detected
for the cast sample. Thus, the suction casting method is
very useful for the suppression of a heterogeneous nuclea-
tiont of a crystalline phase and casting defects such as cavi-
ty and hole. The thermal properties of 7,, T, and AT,
and mechanica) strength are nearly the same as those for
the corresponding meit-spun glassy ribbon. However,
the size of the veins on the fracture surface is about ten
times as large as that for the ribbon sample, indicating
the extension of the deformation region. The success of
producing the bulk glassy alloy with good ductility by the
use of the suction casting method is very encouraging for
the future development of bulk glassy alloys.
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Preparation of 16 mm Diameter Rod of Amorphous
Zl'65Al7.5 Niwcun_s Alloy

A. Inoue, T. Zhang, N. Nishivama!,
K. Ohba't and T. Masumoto

Institute for Materials Research, Tohoku University, Sendai 980, Japan

Bulky amorphous alloys in a cylindrical shape with diameters up to 16 mm were found to form by water quenching
& Zrgs Als sNijpCuyp o melt in a quartz tube. The amorphous phase of this alloy has the widest temperature interval of
supercoeled liquid region before crystallization. The glass transition temperature, crystallization temperature and
Vickers hardness for the bulky amorphous alloy with a diameter of 15 mm are 625 K, 750 K and 463, respectively, being
nearly the same as those for the corresponding melt-spun ribbon with a thickness of 30 #m. The extremely large glass-
forming ability is presumably due 10 a combination of significantly different atomic size ratios among the constiment
elements and the necessity of redistribution of A! for the progress of crystallization. The finding of the extremely large
glass-forming ability has a very important implication because it demonstrates the possibility of bulk amorphous alloy

production by conventional casting processes.

{Received Avgust 20, 1997}

Keywords: glass-forming ability, zirconium base alloy, bulky amorphous alloy, water quenching, low critical

cooling rate

I. TIntroduction

The search for new amorphous alloys with large glass-
forming ability which enables the production of a bulky
amorphous sample is quite important from materials
science and engineering points of view. The glass-form-
ing ability has a strong correlation with the stability of
supercooled liquid against nucleation and growth reac-
tions of a crystalline phase. There is a clear tendency for
the glass-forming ability to increase with an increase in
the temperature interval of the supercooled liquid region
before crystallization for metallic amorphous alloys™,
This tendency implies the importance of the search of an
amorphous alloy with a wide supercooled liquid region
before crystallization in the search of new amorphous
alloys with larger glass-forming ability. Recently, we
have reported that a supercooled liquid region above 90
K, which is wider than that for any other metallic amor-
phous alloys reported up to date, is obtained for amor-
phous alioys in the La-Al-Co-Ni-Cu® and Zr-Al-Ni-
Cu® gystems. The widést temperature interval of the
supercoocled liquid region defined by the difference be-
tween glass transition temperature (T,) and crystalliza-
tion temperature (7;) has been reported to be 127 K for
Zrss Aly sNiyCuyr 5%, It is reasonable to expect for the La-
and Zr-based amorphous alloys to have an extremely

' On leave from Teikoku Piston Ring Co., Ltd., Okaya 394, Japan.
" Graduate Student, Tohoku University.

large glass-forming ability which is superior to that of
Pd- and Pt-based amorphous alloys which are previously
known® to have a large glass-forming ability. More
recently, we have performed a series of studies on the
formation of bulky amorphous alloys by using various
casting techniques such as water quenching of a melt in
a quartz tube®™, metallic mold casting™®” and high-
pressure die casting®®. The application of the water
quenching technique to the Zr-Al-Ni-Cu alloy with the
widest supercooled liquid region was found to cause the
formation of bulky amorphous alloys in a cylindrical
shape with a diameter of 16 mm. This paper is intended
to examine the critical cooling rate for formation of an
amorphous phase as well as the structure, thermal stabil-
ity and hardness for the cylindrical Zr-Al-Ni-Cu amor-
phous alloys with diameters of 10 and 16 mm and to in-
vestigate the possibility of producing a buiky amorphous
alloy with a much larger cross-section.

1I. Experimental Procedure

A quaternary alloy with composition
Zrgs Al s NiyCu,z.s was used in the present study because
the amorphous alloy with this composition had the
widest supercooled liquid region before crystallization.
The ingot was prepared by arc-melting a mixture of pure
metals in a purified argon atmosphere. The composition
is nominally expressed in atomic percent. From the
master alloy ingot, cylindrical samples with a length of
150 mm and different diameters ranging from 5 to 16 mm
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were prepared by quenching the molten alloy in a quartz
tube into flowing water. The amorphicity of the quench-
ed cylindrical bulks was examined by X-ray diffrac-
tometry and optical microscopy. Thermal stability associ-
ated with the sequential structural change in amorphous
solid, glass transitjon, supercooled liguid and crystalliza-
tion was measured at a heating rate of 0.67 K/s with a
differential scanning calorimeter (DSC). The microstruc-
ture in the transverse cross section of the quenched cylin-
drical samples was also examined in an etched state by
optical and scanning electron microscopy (OM, SEM).
The eiching was made for 30 s at 300 K in a hydrofluoric
acid solution which was diluted with distilled water.
II. Results and Discussion

It has been reported"® that the critical cooling rate for
formation of an amorphous phase, R., can be evaluated
by measuring the change in the onset temperature of
solidification, T,. with cooling rate. Figure 1 shows the
DTA curve of the Zr-Al-Ni-Cu amorphous alloy in a rib-
bon form of a thickness of 30 um produced by melt spin-
ning. The offset temperature for fusion, 7}, upon heating
at a constant rate of 0.33 K/s as well as 7 upon cooling
at different rates, R, can be accurately determined by
differential thermal analysis. It is seen that 7, decreases
from 1135 to 1111 X with increasing cooling rate from
0.17 to 0.67 K/s. Based on the DTA data, R, has been
reported”” to be evaluated from the following equation:

InR=InR.—-b/ (11— T

Here, b is a constant. R., thus determined, is 1.5 K/s for
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Fig. 1 Differential thermal analytical {DTA} curves of a

Zres Ay (NijpCuys ¢ alloy.
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the Zr-Al-Ni-Cu alloy. This R. value is much lower thar
that (87 K/s)" for Lass Alys Nig, with the wide supercool-
ed liquid region of 69 K. The extremely low R, value in.
dicates the possibility of producing a bulky amorphous
alloy with a thickness above 10 mm by casting, when the
inhomogeneous nucleation of a crystalline phase is sup-
pressed.

Figure 2 shows the external appearance of the cylin-
drical Zrgs Aly s NigCuyr s alloy samples with diameters of
10 and 16 mm and a length of 150 mm which were
prepared by water quenching. These bulk alloys have
a good luster typical for metallic amorphous alloys and
no distinct contrast revealing the precipitation of a
crystalline phase is seen for any of the samples, in-
dicating the formation of an amorphous structure even
for the cylindrical sample with the large diameter of 16
mm. Figure 3 shows the X-ray diffraction patterns of the
cylindrical alloys with diameters of 10 and 16 mm. The
patterns consist only of broad peaks for both the samples
and no diffraction peaks corresponding to crystalline

50mm
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Fig. 2 External surface appearance of an amorphous
Zr Aly s NijgCu,q g alloy in a eylindrical form with diameters
of 1t and 16 mm and a length of 150 mm.
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Fig. 3 X-ray diffraction patterns of the cylindrical Zrgs Al g Ni g Curyg
amorphous alloys with diameters of 10 and {6 mm.
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phases are seen.
In order to confirm whether or not the bulky amor-

phous alloys consist only of an amorphous single phase,
etched transverse cross sections were examined by OM,
As shown in Fig. 4, most part of the cross-sectional areas
are occupied by featureless contrast, indicating that the
bulk alloys consist of an almost completely amorphous
phase. This is consistent with the results obtained by X-
ray diffractometry. However, a number of dark spots
with a size below 10 gm and several bright regions with a
size of about 20 to 50 um are seen in the cross section,
iridii:ating that a small amount of crystaliine phases may
have precipitated rather homogeneously.

Figure 5 shows the DSC curves of the cylindrical
Zrgs Alr s NijgCuyg.5 amorphous samples with diameters of
10 and 16 mm, along with the data of the melt-spun amor-
phous ribbon. T, and T, are 627 and 751 K, respectively,
for the 10 mm cylinder and 625 and 750 K, respectively,
for the 16 mm cylinder, being nearly the same as those
(622 and 749 K} for the melt-spun ribbon, These results
indicate that there is no distinct difference in the amor-
phous structure between the cylindrical amorphous
alloys and the mel-spun ribbon, in spite of the signifi-
cant difference in the sample thickness. Furthermore, the
rather good agreement of the thermal properiies also
implies that the small precipitates do not have any ap-
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Fig. 4 Optical micrographs revealing the etched cross-sectional
structure of the cylindrical Zry; Aly sNi),Cuyg  amorphous ailoys
with diameters of 10 mm (a) and 16 mm (b}.
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Fig. 5 DSC curves of the cylindrical Zrgs Aly ¢ NijyCu,yy s amorphous
alloys with diameters of 10 and 16 mm. The data of the melt-spun
ribbon are also shown for comparison. 7, values determined from
the thermograms shown in Fig. 6 are marked with arrows.

preciable harmful influence on the acceleration of the
nucleation and growth reactions of a crystalline phase
from the supercooled liquid state.

Although no distinct difference in 7, and 7, is seen be-
tween the bulky amorphous alioys and the melt-spun
amorphous ribbon, it is expected that the heat of struc-
tural relaxation (A H,) which is more sensitive to cooling
rate changes significantly for both the samples. Figure 6
shows the thermograms of the cylindrical Zr-Al-Ni-Cu
amorphous alloys with diameter of 10 and 16 mm, along
with the data on the melt-spun ribbon. AH, defined by
[AG, (=C,s—C,,) AT where C,; and C,, are the heat
capacities of the relaxed and as-quenched amorphous
phases, respectively, is measured to be 89 J/mol for the
10 mm cylinder, 56 J/mol for the 16 mm cylinder and
1340 J/mol for the ribbon and decreases in the order of
ribbon>» 10 mm cylinder>16 mm cylinder. It can
therefore be said that the cooling rate in the temperature
range below 7} is much lower for the cylindrical samples.
The Vickers hardness (H,) is 465 for the 16 mm cylinder
and 435 for the melt-spun ribbon. The slightly higher H,
value for the cylinder is mainly due to the formation of a
more relaxed amorphous structure resulting from the
lower cooling rate,

The maximum diameter (16 mm) for formation of the
amorphous cylinder is about three times as large as the
maximum thickness (5.3 mm)“" for PdgNinPsx which
has previously been reported to be the largest value for
metallic amorphous alloys. The extremely large glass-
forming ability which enables the formation of an amor-
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Fig. 6 The thermograms of the eylindrical ZrgAly sNij,Cu,y g
amerphous alloys with diameters of [0 and 16 mm. The data
of the melt-spun ribbon are also shown for comparison.

phous phase even at very low cooling rates for the Zr-Al-
Ni-Cu alloy has been interpreted® to be due to the com-
bination of the three factors of significantly different
atomic size ratios among the constituent elements, large
negative heat of mixing and the necessity of distinct
redistribution of Al for the progress of crystallization.

IV. Summary

The ZrgsAlrsNiwCuyrs alloy had the extremely low

1237

critical coaling rate (R) of 1.5K/s and bulky amor-
phous Zr base alloys in a cylindrical shape with diameters
up to 16 mm and a length of 150 mm were formed by
water quenching. It is therefore concluded that the Zr-
Al-Ni-Cu amorphous atloy with the widest supercooled
liquid region reported previously by the present authors
has an extremely large glass-forming ability. Finally, it is
important to report that a cylindrical Zr-Al-Ni-Cu sam-
ple with a diameter of 30 mm and a length of 150 mm
also contains an amorphous phase in the as-quenched
state, in addition to a crystalline phase. Accordingly, the
suppression of inhomogeneous nucleation of the
crystalline phase is expected to cause the formation of a
mostly single amorphous phase even for the bulk sample
with a much larger thickness than 16 mm,
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- In order to produce bulk giassy alloys with diameters above I cm, various cast technigues have been developed. The maximuam diameter of
ZrssCusNis Aljp alloy achieved was 16 mm by the copper metallic mold cast technigue and 20 mm by the tilt cast technique. In order to produce
a much larger sized bulk glassy alloy, a cap-cast technique, leading to the achievement of a higher cooling rate even in an upper region, was
developed through the modification of the tilt casting technique. This paper presents the production of a glassy ZrssCuzNisAlig alloy rod witha

diameter of 30mm.  |doi: H. 2320/ malerirans MRP2OOT 184
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1. Intreduction

Since the first synthesis of Zr-based bulk glassy alloy
(BGA)" in 1990, a variety of Zr-based BGAs have been
reported'~® by modification of alloy composition. Especialty,
Zr-TM-Al (TM: Ni, Cu, Pd, Nb, Ti) bulk glassy alloys have
an outstanding advantage to realize high strength of over
2GPa, high fracture toughness of over 100 MPa-m'/? and
high fatigue limit over 1 GPa.”® Thus, the Zr-based bulk
glassy alloys have been characterized to be new typical as
cast state alloys with high performance for “industrial
application, Furthermore, since neither grain boundary nor
crystalline anisotropy is recognized in the glassy alloy, the
alloys have very smooth surface on nano-meter scale.!® In
addition, the Newtonian flow of super cooled liquid has
enabled to high level of nano-meter scale imprintability.'"
The most appropriate application field of bulk glassy alloys
seems to be small size of parts in high-performance
machines.'?

Inoue et ai. have succeeded in the industrial applications of
Zr-based BGAs for micro geared motor!® and pressure
sensor.'® It is confirmed that the performances of these
industrial parts are much higher in comparison with those of
crystalline alloys, The ZrssCuspNisAly BGA,' which has
been named as Inoue alloy in the world, exhibits high glass-
forming ability, high toughness, high strength, high resil-
iency and high reliability. It is known that industrial
applications of the Zr-based BGA have been extended to
golf clubs,' optical parts,'® pressure sensors'® and so on.
Based on high glass-forming ability of this alloy, the critical
diameter size is estimated to be 16 mm by the conventional
metallic meld cast technique. This study aims to investigate
an improved cast process for the production of large scale
Zr55Cu30Ni5A110 BGA.

2. Experimental Procedure

A quaternary ZrssCuzgNisAl ) alloy ingot was prepared by
arc melting the mixture of pure Zr, Cu, Ni and Al elements in
an argon atmosphere. To minimize the oxygen effect, pure Zr
metal with low oxygen content (less than 45 mass ppm) was

used for the preparation of the master alioy. The purity of
these metals; Zr{+Hf), Cu, Ni and Al were 99.99 mass%,
99.999 mass%, 99.99 mass% and 99.999 mass%, respective-
ly. The alloy ingots were completely remelted, and cast into
cylindrical rod samples with diameters from ¢lémm to
@30 mm by a modified cap-casting method, as shown in
Fig. 1. The cap-cast technique was designed to obtain high
cooling rate even at the upper part of cast specimen. The cast
structure was examined by scanning electron microscopy
(SEM), and the compositions of the quenched samples were
determined with an electron probe microanalyzer (EPMA).
The phase identification of the cast samples was performed
by X-ray diffractometry. Oxygen concentration of the bulk
glassy alloys was measured by a helium carrier fusion-
infrared absorption. Microscopic cast structures were exam-
ined by transmission electron microscopy (TEM} and high
resolution transmission electron microscopy (HRTEM) using
a JEOL 4000 FX. TEM samples were prepared by an
electrolytic polishing machine wusing nitric methanol
(30 vol% HINO,) at about 250 K.

Fig. 1 Schematic illustration of a newly designed cap-cast technique.
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Fig. 2 Outer appearance of (a, d} arc-melted ingots, (b, e} cross sectional
images, (c, f) magnified SEM images of glassy region of ZrssCuspNisAljg
23g ingots. (g) Magnified SEM image of rs-crystailine inclusion in
ZrssCusNisAlyg ingot. {a, b, ¢k high purity type ingot including about
150 massppm oxygen, (d-g): low purity type ingot including about
1500 mass ppm oxygen.'”

3. Results and Discussion

As the first step for fabrication of large-sized
ZrssCuagNisAljg BGAs, the purty and homogeneity of the
master alloys were investigated. We observed the surface
morphology of the as-solidified master alloys becavse the
master alloy is frequently observed vitrification and then
metallic luster of the surface is associated with the degree of
vitrification of master alloy. If the quality of master alloy is
not sufficient a well shining vitrified surface cannot be
recognized.'” In this study, raw materials were carefully
purified to achieve a large-sized ZrssCuypNisAl,q BGA.
Figure 2(a) shows an outer view of the ZrssCusNisAlg
master alloy with mirror like surface, and ¢b) and (c) shows
the cross sectional optical micrograph (OM) and SEM
images, respectively, indicating the formation of a single
glassy phase in the half topside of master alloy. Here, it is
important to point the difficulty of producing the master alloy
with good luster in the case of the increased oxygen
concentration of about 1500 mass ppm, as shown in Fig. 2(d}.
Figure 2(e) and (f) show OM and SEM images for a master
alloy with more than 1500 mass ppm oxygen concentration.
Vitrification of the master alloy was started during unidirec-
tional solidification of colurmnar structure with B2 structure,
which was transformed to martensitic B19” and other phases
after solidification.'” Although the cross sectional OM image
shows the distinct interface between the columnar and the
glassy phase regions, the glassy phase region includes fine 13-
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Fig. 3 Quter appearance of (a) cast rod, (b} cross sectional image along
dotted line and (c) X-ray diffraction pattern of ZrgsCusgNisAljg tilt-cast
glassy rod with a diameter of 20 mm.

crystalline phase, which cannot be observed in the high-
purity master alloy. The precipitation of crystalline -
phase'® is strongly dependent on oxygen content in master
alloy. Therefore, we used only the high-purity type master
alloy in the subsequent study.

Figure 3(a) shows an outer surface of the cast
ZrssCuyNisAlyg bulk glassy alloy of 20mm in diameter.
Besides, Fig. 3(b) shows an OM image of the cross section,
which is located al 10mm from the bottom side of the cast
rod. Neither, crystalline inclusion nor void is seen in the cross
section. The X-ray diffraction pattern shown in Fig, 3(c)
consists only of distinct halo peaks indicating the formation
of a high quality of glassy phase in the cast alloy, We further
examined the possibility of producing the larger sized glassy
alloy. As shown in Fig. 4(a), we succeeded in producing a
larger sized glassy alloy rod of 30 mm in diameter by the cap
cast technique. Figure 4(h) shows the absence of crystalline
inclusion over the cross sectional area at the site of 10 mm
from the bottom side. The X-ray diffraction pattern of the
cross section shown i Fig. 4(c) is also composed of no
Bragg peaks implying the formation of the single glassy
phase. Figure 5 shows a HRTEM image of the ¢30rmm cast
rod sample. The HRTEM was cut from the center area at the
site of 10mm from the bottom side corresponding to the site
of Fig. 4(b). The HRTEM image shows typical mazelike
contrast of 2 glassy single structure and no appreciable fringe
marks is seen even on nanometer scale. The X-ray diffraction
pattern as well as the HRTEM image reveals that the cast
ZrssCussNisAlyg BGA of 30mm in diameter consists only a
single glassy phase. However, there is a possibility of the
structural deviation in such a large sized cast glassy alloy, We
are trying to clarify the nanoscale structural deviation over
the whole cast sample even at present.
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Fig. 4 Quter appearance of {a} cast rod, (b) cross sectional image along dot
line and {c) X-ray diffraction pattern of the ZrssCusNis Al glassy rod
{30 mm) prepared by the cap-cast method.

4, Sumumary

In order to produce a large sized cast Zr-based glassy alloy,
we designed a cap cast technique. The results ¢btained are
summarized as follows.

{1) The purity of alloy component was an important factor
to preduce the large sized cast alloy and the decline in
the purity caused the precipitation of 73 intermetallic
compound.

(2) We produced a ZrssCussNisAlyy glassy alloy rod of
30mm in diameter by the cap-cast technique, though
the critical size of ZrssCuasNisAljg glassy alloy rod was
20 mm by the conventional cast technique.

Acknowledgement

This rescarch was funded in part by Grant-in-Aid for
Scientific Research on Priority Area (Materials Science of
Bulk Metallic Glasses) and Grant-in-Aid for Exploratory
Research from the ministry of Education, Culture, Sports,
Science and Technology, and NEDO (the New Energy and
Industrial Technology Development Organization).

REFERENCES

13 A Inoue, T. Zhang and T. Masumgto: Maier. Trans. 31 {1950) 177-
183,

2} A.Inoue, T, Zhang and T. Masumoto: Mater. Trans. 32 (1991) 1005-
1010.

Y Yokowama, E. Mond, A. [noue and L. Schultz

Fig. 5 HRTEM image and selected area diffraction pattern of the cap-cast
ZrssCuspNisAlyg alloy glassy rod {¢30mm).

3) A Inoue,T. Shibata and T. Zhang: Mater. Trans. 36 (1995) 14201426,
4) A, Peckef and W, L. Johnson: Appl. Phys. Lett. 63 (1993) 23422344,
5) A lInoue, Y. Yokoyams, Y. Shinohara and T. Masumoto: Mater, Trans.
35 (1994) 12341237,
6) A. Inoue, T. Zhang, N. Nishiyvama, K. Ohba and T. Masumoto: Mater,
Trans. 34 (1994) 523-926,
7y Y. Yokoyama and A. [noue: Mater. Trans. 48 (2007) 1282-1287.
8} Y. Yokoyama, P. K. Liaw, R. A Buchanan and A. Inoue: Mater. Trans.
47 (20063 1286-1293.
9 K. Fujita, A. Okamoto, N. Nishivama, Y. Yokoyama, H. Kimura and
A, Inoue: 1. Alloys and Compounds 434-435 (2007 22-27.
10y M. Ishida, H. Takeda, D. Watanabe, K. Amiya, N. Nishiyvama, K. Kita,
Y. Saotome and A, bnoue: Mater. Trans, 45 (2004) 12391244,
11} Y Saotome, K. Imai, 5. Shicda, 8. Shimizu, T. Zhang and A. Inoue:
Intermetallics 10 (2002} 1241-1247.
12} Y. Sactome, 5. Miwa, T. Zhang and A. Inoue: ). Mater. Proc. Tec. 113
(2001) 6469,
13) N. Nishiyama, K. Amiya and A. Inone: Mater. Sci. & Eng. A 449
(2007) 79-83.
14} A, Inoue: Acta Mater 48 {2000} 279-306.
15} H. Kakiuchi, A. Inoue, M. Onuki, Y. Takano and T. Yamaguchi: Mater,
Trans. 42 (2001) 678-681.
16y M. Ishida, T. Uehara, T. Arai, H. Takeda, T. Yamaguchi, T. Taniguchi,
T. Katsumi, M. Kobayashi and H. Ofune: Intenmetallics 10 (2002}
12591263,
17y Y. Yokoyama, H. Fredrikssen, H. Yasuda, T. Yamasaki and A. Incue:
Mater. Trans. 48 (2007 1363-1372,
18} Y. Yokoyama, T. Shinchara, K. Fukaora and A. Inoue: Mater, Trans. 45
{2004) 1819-1823.



‘4
1. FERNED HFEREIREMR] (TR DmABER OREER

MThermal and Mechanical Properties of Ti-Ni—Cu-Sn Amorphous Alloys with a Wide
Supercooled Liquid Region before Crystallization
By Tao Zhang and Akihisa Inoue : Mater. Trans., Vol.39(1998), 1001-1006.

@Fabrication of Bulk Glassy ZrssAliwNisCux Alloy of 30 mm in Diameter by a Suction
Casting Method
By Akihisa Inoue and Tao Zhang : Mater. Trans., Vol.37(1996), 185-187.

@Fabrication of Bulky Zr-Based Glassy Alloys by Suction Casting into Copper Mold
By Akihisa Inoue and Tao Zhang : Mater. Trans., Vol.36(1995), 1184-1187.

@Preparation of 16mm Diameter Rod of Amorphous ZrsAlzsNiwCuirs Alloy
By A. Inoue, T. Zhang, N. Nishiyama, K. Ohba and T.Masumoto : Mater. Trans. JIM, Vol.
34(1993), 1234-1237.

(1) FHEit

O-@ ERL7-EERoOMIEEM OF RO N—T"%5ETe) Tk, BERESFHH TE 20 E LTHE
BRI b 72T D,

@-© AFHLOFHEIL, Title X2 Abstract TIXERR 16 D/ V7 (4)@) 7 ARHSK Lt LT
WAM, AL TIE the bulk alloys consist of an almost completely amorphous phase & U
IRBAES TN D, (QRUVODFRLIL., Z D@D SLOBEDMRR LTz LR TE %)

® RO NDOIFIE T N—T N LMNLZ T SN b LT AR by 712 0 1 0 4R 4
<HHILTOZRW, IFREEENFE LI RIMLTWD,

« [ B3 U7 ZrsALeaNTCun s 8I2 DWW GF B S & RIBRZ2 T8 . AR 4nm LUF
TOHRTENT 7 ANFERTE T2 — B 16mm VA XOKRERTENLT 7 ALTER
v, | (199 64FERLYYLY T L—)

s [ ELBNREDOH T ARREEE T LG LTZ ZrsAlNiCur sS4, [Rl—@mESE TR L
7-HEHZBWT, REE Im U T COLTELT 7 ATHAZ LRBOLNE — B
16mm YA ADORKE 72T E/NLT 7 AT TR, | (1996FT7T7 AT N—)

XOEE, MEME IR, T LWOMEIS AT E A ZOMEBHZ W TS, EBER
PEE e EOfix OFREAZRIE L THRET 5,

@93 FEDHEL 16mm DT, BBIEIC X VA EITIR oo W 7 2T D O PSS
HELTHR)FEEZRL TS HDOTHY , BRITFHHETHY | TOBREIAFTIEL TND Z & 2
U7z, YERHIERA DT D X 0 e EHC W CIR E R L A oo 2728, 20, FsEHZ S
W2 DL TIET 5 2 LR o T2 L OSEEN S OFITAHETH 5 L HWr Lz,

@1 LU TELT 7 ABLOIRITIE, SHERETFHSEE LTS & & bIc HEH SO0
ISR LT ) T ERLETH Y | RO N AERHRC 35 B/ 70 OB SR

1




RELMEEZ LTZOT Z EIIESH B TE, ZOZ LD 7 N —7DBEEHR 2N K X e BRJ T
BB EHIET LT,

@7 /LT 7 AL TENT 7 A+HFEIRFAM & OARRZR X BIARK D b XL 51T/ - 7=di%, 2001
FELIFETH Y | 1980—1990 L LEE TOT EN T 7 ASEORFFHREHICBWLCL, 7TEL 77 A
HESEAM CTHoTHL T BT 7 AR L EFT D Z LIXRE W S H LT,

@ XIC, WHE - MERIRS BRSOV TELT LS RF OF2EREPMIEE HHIC L > Th s
NTHWRNWZ EHE < TR FERTE bR - T, WHEERH CORBRMICA T EMHENED
TRLIGED DD, FTMFEEICBN TS, EHEHERAFOERNA H0 725 a8id, T OHBMENR
MR O E D202V EELH 5, KRIEMOWE « MERBIRICEWTE, Tz dEiT 57200
BRI DFE R AL D DM EHERES T Ol « Bdfr o BE stk - Seimth & 2 <D/ vy D
ERELTESAHSNTETWDbDTH D, ZOK D RIFFEHEOE RO S & TE, FfER O
WALAEAT 5 2 & MBI KD RO F WD IMNILSNTEOER AR 5 Z LIT#Et) Tldun & &
2%,

(2) PR S DTFE

©@-@ B L7TEEOMZEE R TIE Ml 2258 C Z O RITFEL CE o E ORI 72T
W5,

@-b Aiwizix, 7 ABKO AIEHERIHE DD X BREHT/ % — 2 (XRD) AR STV D28, #E
\ZHD WA S DT EZ R T D IRENGRD HiDd (Y DT — X ORI K),

@@ KWL TRINTWD, AT AED FEHERIE DD X #REHT/ % —2 (XRD) 1X, @D
DA EIRERIZ, FEIICA D RS R OFEEZR R T 2 IMENRED Hid, & <IZESL 16 mn
DOY T IDFER,

@i CONEIT, MREEZ LD L TR ROGFELZRDI-H#H > TWnD Z AR L, HEEIC
K VRSN FHIIRBRIC OO0 S L,

(3) X#REH 2 —

O-© AT ARD AIEHEERZIE, @ X BREHT/ 2 —2 (XRD) 23RS ND, Aaw L TIEEE U AR
YO XRD TR ENTNE A, 22DV T T AD XRD 1R SH TV,

@-@ AFWSLTIE, H T AR TGRS X BREIHT/ <2 — 2 (XRD) A3, A1) & & S Wi
FHiEp (10 DD EZ) 1 e Bbid) IZOWTRENTWS, 72712 L, A4k
T DN, ROV R T TH, U T IVOEFNC L DiE N T EE S T O
WASRBD BND WD BB T ADFEAD RS 10 mO & S 5 RETH OBELDOGITIZ OV T,
W T ZTERRD AR AT 5 Z L BMFFEE O Rk & b 5723, ZAUIFATI N TURYY,

@-0 AFWICTIE 150 mm (156 cm) DR S HFWIHEO X BREW X — L A RENTELT, bHAAR
S AT OB OGENZ DN T, T T ATRRO AR ZAT > THRuY,

@ NTNDFH LB N TE LA A MR- T2 ERBNCOW TSR T —Z 2w L TR, 2Ly
2




HT AD XRD DR S TUNVR L & ARG SCONBIZITE L 700 E W L7,

@77 7 AR DOWTORETH B OT — X ORBFEIEIIREN T 525, 2N Zr R OTi RO
XOFFUIKE IRERO IV T BRI T A AFRATEEZR 6 L H BB DT AL & E DR S B
X Ti RICOWTIEZE OENTZBYLENE & AR 2 7R3 2 ICEIRBE N TV D LTSN
Do ZDOX I RBLED LRI E LTHEmA2Z T ZE I N b O &M SHHCFEARIEICE S5
DO TIEZ2W &35,

(4) DS CH®

DO-© #H4ESITUVADSC HIFRZIBWT 3mm e 5mmdH > 7L OFERMFE LR U CTh 5 A6 RalfE s o
b ShTna,

@ 7 AFHEARGEIR ) & DY > TV THIUL., EEHEICERZ LIC, 1XIXFR UERIC R 2 5 DSC #ifgs
HBoNDDIF NI EJEHT T ATIIRAETH 5 & OFEROBIUZ AR H7au,

@i LI HB#E ST A 3mm & bmm @ DSC #hfRIL, 1FIEFE UARIC R 2 2 N2 —8T 5 H O Tldze

ZEEMER L, HEOERICH D EHEE SN DIEED D WINIW S ATEE S T DIFFEAREDFIT /20
o | e

(5) HIRAF ¥V AE—F

@-© WS DOIFEE RO R T D IKMEZIE T 72012, GRSUHoRT D XRD /R4 — 22N T,
HEDAF ¥ VA — ROFHHEED 5 WIIM TENRA SLNIZOTIE EOERMS S Tnd,

G-b QDX DEE LRI, WHIFE SR OFEEEZ RIS 2 IMEZIENTT2DIl, BIEDAF v
AE— ROFHED 2 VITINTERRALNIZOTIE E DR ShTnd,

@i LT STV D XRD /X Z — DWW T, JTED A K ¥ o A — ROFHE D 2\ ININTLED I
HALZ & T DG ERYRARILE RN 2 LI TE T, Mo b OEERITIGE T T o Lo
HEITOTETCVDLEENLZO L S 72 « kS AOEWEN LM L 2720, L3> TR & T
WD XD 7PN IEIZ AR S 3 2 S5 L &l LT,

Q@2 BE L THHFEE LV iImH PITIFEED R — L _—IZEE1 6 — 3 0mmD V7 &)@ i
T AV T (7 AMHDRERER BN ZC) O %2 ZivE COMFGEIFH 2R L, —fXDFE =F D
MEEICOMETHIEEARTHZEIZELET, ] LOoWRELZITTEY T2 L2ERLT 5,

(6) BRy 7

® HERD 7 N—T"TlL, MOFZEENBRETE 20 L D R RE YA RO VT EJ@ T A
DY INEBEL BRLELELTWS, L L, 2 bDERY 7 AREEN L L
VBT TALHETEALDTHD I L EEHT 5 L5 RS — % O RIZ S
TUVRYY,




OV BIRH T ADERORRE b THITEH DERIMATT 5 2 L B2 DAL, BFRIHT—
DRFBBYER Tl > 7= & LCHERY 7 L OBE b BT L CIERIE LAEUD1 5 2 & 1 T& 7
VLIS,

@ U LU TR OMEAEEE 2 T, LHFITHRED AR —LN—VICEAE 1 6 — 3 0mmdDA
IV ERHT T AT (T ZAFDEERER bR 2 0 Offa 4 2 E TOMGGHIPHAZ LR L, —i D
BB OMEEICOHRT 2BEAERT DI LIHLET, | LoRELZIT TR Y LRiEEHR~O Y%t
FeFOxE L Citle b o LW 5,

(7) #m3C5IH

® [FRFIC, 2B 4 20mXTH, BEICEHWVACIHRBEL IHELTE 5,
©) L TILH DR & 70> TO DB THIH LW AR RGO b D,

@i UL L TO D NEIEA OSEmAI e Th ) TH Y, ACSIHRBm<RD ZEiEHY o
5O LMWL, WIERIEISEY T2 b O TIHRn Ll Lz,

@I EHNTWARWIESRDHANT S 5 VIIFFEBIFEFE TOT — X IZoW T, BIA LAV Lidvd L
REIRTIT A& LT,

(8) FHHIFRR

@ (SN EERERE U THBZROTD) BIREINREIRN L2, RIS L THEK
DWFFEE BN OV T Z RO FFE, RANERONIEE DERFL LS LS%T 5
o CHEER L9592 & T ORRFENEECH D,

@SN TN D & 9 RFELOEBIRZRILA A3 Z L3 TR0 LI Lz,

(9) KRB

@  1995—96 FI &R EMITFERT THTFEFEE 2 52 1T TOTE RFEBEAIC K o THRf Sh o s (5
DERFITENE, TONAN BRSNS EE R LT,

@SN TN D &) MFELOEERZRIE RS Z LT TSR el Lz, £RRICTHONT
IR TS 2P FEMEIZET 2 2 & ThiuT EshiSicisn Tl L T b,

(10) 2007. 12HDAEKRL

@ 200712 HOFCTIT TRERE TR AREED 16 mm72\ ) Ui 20 72 - 7=, BHrfERLEEIC X v B
30 D/ V7 B @A T ANHIETZ | & EDI TN DD 96 AEDFH SO TEAE 30 M ERIC& 7= )
EDONEEBE LR,

2007. 12 H D@32l 96 O L35 STV,

4



@96 F-DFH T HONTIE, WEIFFEEC L VIERLIZERTHDH Z & 2R LT,

OEHAFHEIEZ L DN T &J@ T T ADR KRBT 20mm THDH Z & AR LT,

@5 | BHEEI IBAE ATV RWITED =6, kAL U CEMAFREEZ SR 5 Z &1L E s
N ECHIEr L7,



10

10




14

NEDO

18










rLEE D Bt AR 5

ALK 2EAE R

HELS

(=410 2PN ik
KERKRF Pd-Zr BiLt. 7/ PARIT | ZrO2 PIZ 50~100
DA AR nm O Pd ¥ 8
# Ni-Nb-Ti WE I BEZ#9 50 um. 18 20
mm, &R
" Ni-Nb-Ti-ZrCo-Cu (I e X #) 60 um, 1§ 20,
50 mm, ER
" Ni-Pd-Nb-Ti-Zr WE T JE 549 50 um. 1§ 20
mm. R
" Zr-Cu-Ni-Al VRILEE ., WM ME  BXH 50 um.,
& 20. 50 mm. £R
| E S 2 mm.
50X 50 mm?
Wi Sy NeS Zr-Cu-Ni-Al S EB&F1. Smm. B
50mm
" P4-Cu-Ni-P ALFE B 3mm. £ 50
mm
PEREIT Pd-Si il H [EX5 35 um. 98 20
mm. &R
” Ni-Zr o J# X% 35 um. #E 20
mm. &R
" Pd-Zy B B X% 35 um, 18 20
mm. =/
BIBEAE CuZrPt HH JEE# 40 um. 1B
2mm. &R
" Pd-Zr A B X 40 pm. 185
2mm. &R
HHERE Zr-Cu-Ni-Al B B &840 uym, B
2mm. ER
" Zr-Cu-Al i B ZH) 40 pm, BH
2mm. &R
AN T EKREE Fe-Nb-B HE B &% 35 um. EH

[ 2mm. ER




’ Fe-C1-B s BE 4935 um. 1B |
2mm. &R
" Fe-Zr-B B EEH 35 pm. 1B
2mm. ER
U Fe-Nb-Zr Y FEFRITER 35 pm.
" Zr'Ni-Al-Cu-Co LB FHB T 35 um
AR R Ni-Mn-Fe-Ga HH B EH# 35 um. 1B
2mm., R
TR Zr-Pd A EE#) 36 um. 18K
2mm. ER
BEAR R Zr-Cu-Ni-Al A JEE#) 2 mm. 50X
50 mm?2
FHEF Zr-Cu-Ni-Al wAs BE42mm, 50X
50 mm?
RRAFIRE Zr-Cu-Ni-Al At EE2 mm. 50X
50 mm?
TR RE Zr-Cu-Ni-Al R B 2 mm. 50X
30 mm?
HERKF Ni-Zr HE E 3% 35 um. 8L
2mm. R
n Cu-Zr i EZH 35 um. B
2 mm. ER
R ¥R Pd-Cu-Si A, R B EZ 1. 3mm.
Zr-Cu-Ni-Al & 40, 100 mm
B EEH 2 mm.
50 X 50 mm?
R Al'Mn-Ce (F / B & &, B EZ%) 30 um. $BK
B FH0D 2mm, ER
” Al‘Cr-Ce-Co (F ./ # A [EZ#) 30 um. HEBH
ek T ED 2mm, ER
" AlNi-St (fec-Al 1882 i B EH) 30 pm. BH
A K) 2mm. &R
Royal Institute of Fe-Co-5i-B MH BZEH35 um. BH
Technology, 2mm. ER
Stockholm, S8weden
» Fe-Si-B-Nb BE JEE %935 um. HBHY
2mm, &R




National Tatwan Ti-Ni-Cu (F ./ &5 ‘ HH EZH 35 um. B
University 2mm. &R
Taipei, TATWAN
Dept. of Metallurgy Culr (F/ 771N HRAS BE%E 160 um. £R
and Materials Science —RERE)
School of Nano and
Advanced Materials
Changwon National
University
1 > FREER La-Al-Ni AH JEEH9 35 um. BK)
2mm, ER
” Zr-Al'Ni-Cu M JEEH 35 um. 1BK
2mm. RR
% Hf-CuM (M: Pd, Pt e BESH 35 um. EHE
or Ag) 2mm. BRR
” Zr-Ti-Ni HH JEEH9 35 um. 1BK
2mm. &R
" Zr-Hf Ni s ¥ B EH35 um. BH
2mm. ER
Lboratorie de Zr-AI'Ni-Cu 72 & . mM #HHEEXH 35 um,

Thermodynamique et
Physice-Chemie
Metalliguque CNRS,
Instit National

Polytechnique de

Grenoble

% 2 mm., ER.
W BEH 2 mm.
50 X 50 mm?




WaTl g [uu (Wi €6~ /¢ F-E Tk 4] fpww
001:R%F ‘w0 HH] WYL YBE Xy < BTN YNy 0S5 x 0§ “Ww ZEER & WY W HE
Ca TN DI VR ML B U 2N HNBHLEY S 2L g TR OINTVINOFIZYNB YO FRE R

[ow opes [0S EH Wi 09: QEl i
[ww 0016y 2 ww e BBlgy  2F WU L BRINENKYLYEE YCHEEZ NG
YEHEBINVOCIZNFY2 ReEmas S OV PIR UL RS R VB2 FU—Ow

T o LM e

YEOXH- A% W3y - Sy (YT



P1

P2

NIOERATADHIE R B K&
PRt SEak 4k YA X (mm)

TN Zr55Cu30Ni5AH O A& [ P 8X60
LN K2 Zr50Cu30Ni10AI10 15 | P 8X60
1% [ P 10X60
F IR [20x50x3
FEIE Zr50Cud0AI10 F3E | P 8X60
T4k [20x10x3
Zr55Cu35AI10 .48 | $ 8X60
i [20x10x3
Zr60Cu30AI10 L8 | @ 8X60
4R {20x10x3
Zr50Cu37AH0Pd3 A& | P 8X60
E 20x10x3
EERIT K Zr50Cu40AIT0 #LEE | P 10X60
L1 [20x50x3
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iy |20x50x3
Zr50Cu40AI10 46 | ¢ 10X80
R BT PR XF |7r50Cu30Ni10AIT0 F1.5% [ f 8X60
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BRI F BT A |Zr50Cu30Ni10AIT0 ALHE | P 10X60
BRERAYE Zr50Cu30NiT0AIT0 FLAE | ¢ 8X30
Zr50Cu40Al10 4% | P 8X30
Zr55Cu35AI110 AL4E [ P 8X30
Zr60Cu30AI10 $,88 | § 8X30
Zr50Cu37A110Pd3 AHE | P 8X30
Zr52.5Cul7.5A112.5 .48 | ) 8X30
Zr50Cud2 5A17.5 AL | D 8X30
Zr4?.5Cud2 5AI10 $.4E [ p 8X30
Zr60Ni25A115 AHE | P 8X30
Zr65Ni20Al15 A8 | ) 8X30
Zr55Co30A115 L% [ P 8X30
R KXY Zr55Cu30Ni5AI10 1% | 9 8X60
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BEXE Zr50Cu30Ni10AI10 F1%E | & 10X60
S F 45 120x50x3
FEEREXZE Zr50Cud0AI10 FL1& [ 3X30
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A€ | B 8X60
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#,45 [ $8X60
KL X®E ZEF [Z2r50Cud0AI10 FL1E | P 8X30
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Zr50Cud2 5AI7.5 A4 [ §8X30
Zrd7.5Cud2 5A110 A8 | P 8X30
Zr60Ni25A115 A8 | @ 8X30
ZrB65NIi20AI15 A | ¢ 8X30
Zr55C030Al15 FL#E | b 8X30
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TSR Zr535Cu35NiSAITO h#& [ 8X60
LYRKE 7 4% |10x5x60
4 |20x50x3
TR Zr50Cu40AI10 A4 | P 8X60
YA TEKE Z2r50Cu30Ni10AI10 FLEE | b 8X60
ATIT—F Zr50Cu30Ni10AI10 A48 [  10X60
TR T3 |20x50x3
PN Zr50Cu30Ni10AI10 A1 | P 10X60
A R E PR EHx [20x50x3
FAAH Zr50Cu30Ni10A110 L% | B 10X60
TR —KE ik [20x50x3
Zr50Cud0A[10 48 [ 10X60
A #R [20x50x3
Zr50Cu37AI10Pd3 FL3% | ¢ 8X60
Zr50Cu35A110Pd5 A48 | $8X60
Zr50Cu33AI10Pd7 A1 | o 8X60
Zr50Cu30AI10Pd10 AL#E | d 8X60
Z2r50Cu25A110Pd15 A4 [ ¢ 8X60
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ZrS0Cu30Nil0All0 BEFE 10 mm FLiE

Zr50Cu30Nil0A110 FH 20x50x 3 mm
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