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Effect of cooling rate during oxidation treatment on the hardness change by post

firing heat treatment of a Pd—Cu—Ga—Zn

alloy after simulated porcelain firing
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Effect of cooling rate during oxidation treatment on the hardness change by post firing heat treatment of a Pd-Cu-Ga-Zn

alloy after simulated porcelain firing was investigated and the following results were obtained. In the firing simulated specimens

after quenching during the oxidation treatment, the hardness did

not increase by post-firing heat treatment, However, in the

firing simulated specimens after slow cooling during the oxidation treatment, post-firing heat treatment for 25 minutes was effective

in increasing the hardness (p<0.05). In the firing simulated specimens after quenching during the oxidation treatment, the significant
decrease in hardness during the post-firing heat treatment was attributed to the coarsening of fine precipitates formed in the

matrix and plate-like precipitates. In the firing simulated specimens after slow cooling during the oxidation treatment, the increase

in hardness during the post-firing heat treatment for 25 minutes was due to precipitation hardening. From these results, it was
found that the cooling rate during the oxidation treatment affected the change of hardness by the post-firing heat treatment

after the simulated firing, From these results, post-firing heat treatment increased the hardness of the Pd-Cu-Ga-Zn alloy only

when the cooling rate during the oxidation treatment was slow,
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Q9lo g delA ¢lal(Vermilyea %5, 1996; Li %, 2010),
2(Ag)e] FHrE A &2 Pd-Cu-ln-GaA FaolA=
Aol vhg Ado g AEr) e th(jeon 5,
2014a). w4-A2b-§ Pd-Au-Ag-sn7| Faei = RHEE
Lo AAde) o3 A=rt sdek o] HAlHITHKim 5,
2016). o]#fgt B= A Askd T4 s FEl AH
I GES shelal FAEE Afe] v AaE 2
S Guo &, 2003; Li 5, 2010), 53k =3] &4 $-9
T S T2EY AT ARt wolAA 7 YA
7F A E @t SR AR Eshe wAE oblgh
ok olelgt #AIE JHAE] Sl Ago R Qs wolxl

o FE o FEATE Weke BT e

Ao fasitfa B uE ) tHFischers} Fleetwood, 2000;
Wang@} Liu, 2006; Jeon 5, 2014b), $¢] 24 x|z
et Aol A T2k Pd-Au-Ag-SnA| oA F
dAg 2 g A= FsEI7F YEPEL(Kim F, 2010),
2(Ag)o] FH-Elo] JA| & Pd-Culn-GaAl E=AE $aol
M= Aol A 2] HhE Ado 2 QlF) okl Axrt $EA
& Ao 24 AL HiEt(jeon T,
2014a), AEAE] T 2ol AAH F5-Ae]§ Pd-Ag-
Au-SnA| 9} Pd-Au-Zn-In-SnA| FFo = FEA 2ol wpe
AL A28 BustYtiKim 5, 2015a; Shin 5, 2016).
gk olfre F4-AlE S e Bl AE X3 T2
FaolAlel 2ol A& Ashde] Slo] EXElE s Fa
ZAol wet PAp ke ofgk q7A3) B AlEo] dojut
RAE7} Z7Fsh7] wjio|thshiraishi®} Ohta, 2002). o3t
F7H SEA Y WE BE e Axe &4 A
W webs gebd o Qv o] a5-AlehE
Pd-Au-Ag-Sn7| a5 ©]8gh AT-olA EiLx I THKim

Table 1. Chemical composition of the specimen

1, A8gt2(Specimen alloy)

£ AFA AHE e AR S5 AREE REE
A2 93 Pd-Cu-Ga-ZnA| T+ (silfree79, Research,
UsA)olth, AzAb] e 952 &8 Hl= 1,160-1,25
0tolH Fx &= 1375COIth Table 12 9w¢] 24&
uggk Aolr, A= Azt o) Aled 5w
(Wi.96) 23] ARFE T} 2] AR 10x10%0,5 mm’)
& FZx357] 93] S1ArEA vEA] (Galaxy, Talladium Inc,
USA)ZF ARSHIAL, T2 AFaTks EXR 88417 €
Al Z7](Centrifugal casting machine, Osung, South
Korea)& AHg-sto] 2313t F24 AlAL A27HA)
WY (bench cooling) A]7]aL 304 FoF 23 A2
(Bransonic, Branson, USA)Z A &3s}¢ch

2. gX2|(Heat treatment)

T2 AHL2 Table 298] TA|of] wha} o] A/d= QT

composition Pd Cu Ga Zn In Ru Ag
wt, % 79.0 8.0 49 45 30 04 02
at.% 714 121 6.8 6.6 25 04 02
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Table 2, Simulated porcelain-firing cycles

Firing Predrying Heat rate Start Final Hold Vacuum
. . 5 5 . . . . Vacuum level
cycles (min) (‘c/min) temp(c) temp.(c) time(min) time(min)
Oxidation 0 70 550 1,010 5 0 0
Wash 2 70 550 960 1 06:51 70
Opaque 2 70 550 930 1 06:26 70
Main bake 4 70 550 920 1 06:17 70
Correction 4 70 550 910 1 06:09 70
Glaze 0 70 550 900 0 0 0
Table 3, Cooling rate during simulated firing
Cooling rate Stage 0 Stage 1 Stage 2 Stage 3
} F‘mng chamber moves Firing chamber open Firing chamber open Firing chamber
Condition immediately to upper about about .
o remains closed
end position 70 mm 50 mm
WA, =2 AAZ(Multimat 2 touch, Dentsply, Germany) BAEE 53] SAS &, 1 FHis Ax o2 YeRIITh

A 550CE AFF =R Fte] 1,010C7HA] £ 70T H
FSAA S Fet AsHA S Mg & AlES T
W2k £ Y2r A o] Astel 7P a3l W
&5 YohHgt) Table 30 VR ule} o] Wzt
4| (Stage 0, Stage 1, Stage 2, Stage 3) 2 LFolTh AHskA
2] Al B sl 7P b oldld W S Wizt
AT} FEg Al FH S § Table 2] UHA] &4
W e AsiA e A AE

=R Sdskah 1 ¥

A E AldstaL,

1
Shes

o

A27HA] Akl

3. 4 A|&(Hardness test)

SAxg] © A)A sl v)A& A=A (MVK-H1, Akashi
Co., Japan)E AR&-3te] 3= 300 gof, H-3F AIRF 1032
20 2 HAXL BrE A Z47he] Aol tiste]
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4, HALE FAHXRE01A
(Field emission scanning electron microscopy,
FE—SEM)

FAA el mE Al vA = HskE FEsh] Sl
AAE FAPIARE R (JSM-6700F, Jeol, Japan)& A&
SkGiTh Al BHE rAdv]R A Avldk § AlEE
10% KCN (potassium cyanide)+10% (NH4)2S,Os (ammonium
persulfate) -§-H0 2 TS FAANZATE FHAY €AY
o Al EE JALE FARIAAR RG-S ARSske] 7hE At
15 kve] 2702 Al|S A3t

av)

5. X—-M 3|&™ EAM(X-ray diffraction, XRD)

FaAelo] we A 24 TE2E B A B4
o] AlH-E XA 3" AR (XPERT-PRO, Philps, Netherlands)
& Ahgst] x4l 31 A sisic) 2 SRy

zAL

e



30 kv, AR 40 mA, Ni FEIS B7e Cu Ke g AHg3}
Atk FAF 5= 1° (260 /min)o] T},

6. HAE HXIEE o0jA EA(Field emission
electron probe microanalysis, FE-EPMA)

T 2
(potassium cyanide)+10% (NH,),S,Og (ammonium persulfate)
SNl oIy 15kveld W WE WA} gl iz
A17)(XA-8530F, Jeol, Japan)& AME-3te] AlHe] Q4 #32

& ARt

ABE 14 Snlr]z AW GnlskaL 10% KON

7. OUR] BAR X-M 2 24

T—o

(Energy dispersive spectrometry, EDS)

TdAE | AlHe] AAREE dotr 7] ] oA
Fab XA B3 E297] (INCA x-sight, Oxford Instruments
Id., UK)E AR3te] 7HE A 15 kve] 208 AJHS

Ak

8. E7|| EXM(Statistical analysis)

EAA]g)= SPSS 2 1(SPSS 23,0: SPSS IBM, Armonk,
USA)S ARE3HITE A% AEL two-way ANOVAE A1F
T 95%0lA] BAIBFAAL, AR A 22 Tukey HSD tests
AT,

2 I}

1. B2 A d2 ST Ho| A 2 =€
meE Zx Hato 0jxl= S

x2]of

F29 AH(as-cas)S AFsbAE] Al Table 39] W7t £
oA Bzhet A3t W7t 7 =i W2 S (Stage 3)olA]
71 =o AE 7H279.8611.59 HV)S JeERCH

**32}7431 Al W7F et el a4 & FEA e e

T Hste] mx|= GRS doti ] 93 AbskAE Al

WYzt o2 st § ne) Asla 39S At
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3hSltt. Figure 12 59| 2/dd AlAS 600C A 30
S-dAg] g WE B e WskE vepity Wzt
(Stage 3, Ice-quenching)®} ¥ 2] A] AlFAIZHO~30
min)of] w2} Ao zfo|7t Q=R AASH] sk
two-way ANOVAS A3t A= Table 4, 59} 2T}, Table
4ol WY& (Stage 3, Ice-quenching) @t F-Fx]2] A] A
FAIZH0~30 min)of] wh} Z42F Ao f-of gk Jaks v A
= A0 UL, W} AlRAIREY s Ahg wegk
freofsh = ° 2 YJERGTHpP(0.001). Table
SOlAl A& ghe] WistE AR o2 A EH Stage3olA]
S dAg] 158714 9] A X+ Ice quenching X} SA 2o
2 FroJapAl SRR, A e AIRF 2025 302749

Mo e &t E orfo @
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Figure 1. Hardness change of specimens during post-firing
heat-treatment at  600C  after simulated complete firing
(Ice-quenching: cooled by rapid quenching into ice brine, Slow
cooling (Stage 3): firing chamber remains closed during cooling).



Table 4, The statistics of the hardness as a function

of cooling rate and Holding time

Factor F (p)
Cooling rate 45025 (¢0.001)*
Holding time 6.377 (<0.001)*

Cooling rate xHolding time

31,220 ({0.001)"

*Statistically significant difference (p{0.05).

Statistical significance was analyzed by a two-way ANOVA at a=005,

Table 5. The statistics of the hardness as a function of cooling rate and holding time

Hardness (M+SD)
Cooling rate
0 min 5 min 10 min 15 min 20 min 25 min 30 min
Stage 3 272 10Aa 272 54Aa 273.74Aab 273.86Aab 279.62Bb 285.62Bc 276.08Bab
9 (£4.01) (+3.15) (+3.26) (£272) (£3.31) (£2.13) (+1.69)
lce-aenchin 287.74Bb 291.18Bb 288.30Bb 287.68Bb 274 .34Aa 273.40Aa 271.20Aa
a 9 (+3.48) (£6.77) (+4.80) (£3.04) (+2.87) (+2.65) (£3.44)

The values are expressed as mean+standard deviation,

followed by Tukey HSD,

Statistical significance was analyzed by a two-way ANOVA) at a=0.05,

Same uppercase letters indicate that there are no statistical differences between the cooling rate (Stage 3, Ice-quenching), and
same lowercase letters indicate that there are no statistical differences among holding times (0 min-30 min),

= alfe] AdE Hol: Ao 2 VERITHp(

0.05).

Zh) WE Axe] WalE AuHEd Stag€3°ﬂ"1

AFn 7 BES AldYsETE Figure 25 AFsEAE] A 3
ste] 20|12 SARA] HE 2] &A% AJHIQ-G), Ak}

TAA e AIRF 1SEAAE BErE gwbe] e Ag Al FEske] B A4 F 3087 $EAE o AH
258N Ay} FA3] A5, FTEAY AME 5B (1IQ-P30), AskAE] A AWste] Fol= SAZIA] HE
o F7iske] wet BARC R fofsill Amrh thA] 2kt Ro] A3 AJHE(S3-G), AkskAE] Al Awste] Ref 47
ATHP0.05). AlAE c0CAA FAAE g Aot 4kshx] & 1583 A S AJASP15), AR Al Aate]
2] Al FE3 B TdAE] A7 1SEA B2 AR RO 24 F 258 FEAE 3 AJHE(S3-p25), AHakA 2
FAEAA T L 5 FASH s T dASF A=E A Ak B &4 F 3083 $IA e o AE(S3-P30)
F A8 A THP(0.05). ] 4,00081 (1), 30,0008)(2E%) 9] AAE FARIAL

An)7g ARzlo|tk, AkskAE] Al FEste] o= BAA]
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Figure 2, FE-SEM micrographs of x4,000 (left), X30,000 (right)
for the post-firing heat treated specimens: firing simulated after
ice-quenching during the oxidation treatment (IQ-G), post-firing
heat treated at 600°C for 30 min of IQ-G (IQ-P30), firing simulated
after cooling at stage 3 during the oxidation treatment (S3-G),
post-firing heat treated at 600C for 15 min of S3-G (S3-P15),
post-firing heat treated at 600C for 25 min of S3-G (S3-P25),
post-firing heat treated at 600C for 30 min of S3-G (S3-P30).
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Figure 3, Changes of XRD patterns for the post firing heat treated
specimens: (a) firing simulated and post-firing heat treated at 60
0 for 30 min after ice-quenching during oxidation, (b) firing
simulated and post-firing heat treated at 600C for 30 min after
cooling at stage 3 during oxidation,
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(Guo 5, 2003; Li &, 2010). X3k, &x] &4 $2
SR FEC] HF BTt sopdA 4 Yol 71siA]
gl SRS A Rehk= ZAE o3t o]
EAS 8] S8 e Qs Yol §e Ax
] 3EA7)E Weke RASIITE ez vl 3
o] ALE ] B die B4 A A e
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o}l B 1 ¥ I tHFischer?} Fleetwood, 2000; Wang$} Liu,
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Figure 4. Element distribution by FE-EPMA: firing simulated and post-firing heat treated at 600C for
30 min after ice-quenching during oxidation (upper, 1Q-P30), firing simulated and post-firing heat
treated at 600C for 30 min after cooling at stage 3 during oxidation (lower, S3-P30), M: matrix, P:
particle-like structure, Ppt: plate-like precipitate,
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20um

Figure 5, Element distribution by EDS analysis in the specimen
firing simulated and post-firing heat treated at 600C for 25 min
after cooling at stage 3 during oxidation (S3-P25), M: matrix, P:
particle-like structure, Ppt: plate-like precipitate,
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Table 6. EDS analysis of the regions marked in Figure 5

g Ao g yzhEnk

Ak Al ek AlEH sage 39] W SRR AW
Al Bo] A4 F 600T o4 3027t FEAeE AT
o w2 A 2o WskE Gopy] S8 AAME FARK
AAnd s A3l tHFigure 2). AFskAe] A Fegst
of Sgo)= AR HF Bl 2Ag ARIQ-G)E 714
o} QA 2R o FoA] UL, 7IA vl HEEE
ol gl B9k ofyet gAY Fxde A& Wt
MEEo] el AdEo] AT WFE HEE] iR
o= 7129} AR mlAgE AEEe] Bk 2kshA
gl Al gaste] B A F 3083 $EAY & AHA
(IQ-P30)oll A= 7]A]e] A= mAIgE AEEo] s Z4
3} Ho] ATk olHS mAgt MEE] sk #3E
MEE] WA E AT nA) 72 Zdishe=
71 9ke] AE Fo] Ax; HAEH 93 R-gES i
sle] AEE 7HAaA7]E Yelo] ItHOhta %, 1975; Jeon
=, 2008; Yu 5, 2008; Cho 5, 2011), wlgbr] Ak3}a]g]
Al FE@gh Aol FHA e A w3t =T FA shdgt
A2 719} W HEE Uil AFE vAIs A=
o] zdiste] 7]QUsSATE,

st e Al Awste] mel A T 1583 FEA e
Sk AJH(S3-P15)0M = AkstAE] Al AWste] Sdlo]= &
A7 HFE Bl 2/dsH AJHE(S3-G)9 HI3l 7R A YA
| zoist | AEE0] 712 W= o] a2gHo] ATk
o] 2 QlF Axv B2 HAHE FASh AtstAE Al

APste] B A4 F 2587 TGx)e] 3 AJH(S3-P25)9)

W

Specimen Region (at.%) Pd Cu Ga Zn In Ru,Ag
1 73.05 1185 6.62 520 327 0
Particle-like structure (P)
2 74.06 10,77 6.70 573 273 0
1 62,63 18.30 897 8.52 1567 0
S3-P25 Matrix (M)
2 6132 18,90 9.41 8.34 203 0
1 5959 19.49 9.19 9.60 213 0
Plate-like precipitate (Ppt)
2 6067 1898 8.32 10,17 185 0
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X
AT 2Pl AESE Y MEEe] ] A 729
Wil ol AAH ATk ole} SAl A Aree
A PAIRE HE=e] S AR
T % IR 428N APH 24 Aold A
wolA] SEo] Uol} up Selo] A
o] AxE AsAl7|= A2 484 9 tKHirabayashig}
Weissmann, 1962; Tanaka %, 1988; Hisatsune &, 1990;
Seol 5, 2002, Kim &, 2015b). whhA] 2kshA{e] Al Aste]
5o) A F 2583 AT g AH(S3-P25)9 A s
7a3tel] 71918kt AFstAe] Al Aste] mo
3023t FHA 2] g AJA(S3-P30)llAE AbskA 2
Al Aol Bof 24 3 2587 FAAE] g AJHE(S3-P25)
A Bk 712 yelA Bz wAgk HEEe] st
Ho] ATk o= QI v BTt HolRl= AiE R
ATHP(0.05). whebr] AbstAlg] A Afete] Be) 24 5
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Original Article

T2-MEHE Po-Cu-Ga-Zn7| B3| MatRa| Al W2t A7}
Zo| AM £ S0 ME ZE W Ojxl= B

e 2] es) Le WIS Qck, WA A T 29l 24 A
AEEN} LRI Siskorh AsiAe) A Austel me] 2vga Aol 25u7ke) SR A A4l BHA

Ao 2 Yestth (p€0.05). AFsbAe] A Fedste] Bo] 243 Ao FdAe] 3 et BErh A Rt
AL 7IA ok R MEE WFo BEE vAg 4EEe zdist] 7]skSith AskAE] Al Ayske] mef Aget
AN 2583t FHA e 3 S ATt e AL HEAst 7]t o) o RE AbskA e Al W
Ee7b Bol 24 § $dAd we Ar Wzt JFS vAe As & F d%en, o Aie ishA e
A @7 s g3 F AR Y S FEaoy W o wet AEE9] st vt Aol v
Aol 7108k e}. olH g AHERE Pd-Cu-Ga-ZnAl a2 AsHA e A W2t £28& =27 she Zlo] e 24
T TdAgd E P9 A= Ao FEFS & 5 UM
Mol £to] : Pd-Cu-Ga-znAl T, 29 24, ¥4 &5, TIA
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