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Abstract : A crystalline sapp hire ( Al2 O3 ) boule ( <110 ×80mm3 ) grow n by t he temp erature gradient technique

( TG T) is a bit colored due t o carbon volatilization f rom t he grap hite heater at high temp eratures and t he absorp2
tion of t ransitional metal inclusions in t he raw material . The sapp hire becomes colorless and t ransp arent af te r de2
colorization and decarbonization in successive annealings in air and hydrogen at high temp eratures . The quality ,

op tical t ransmissivity , and homogeneit y of t he sapp hire are remarkably imp roved.
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1 　Introduction

The te mp e ra t ure gra die nt tech nique ( TG T )

has bee n used t o grow a va riet y of crystals suc h as

YA G , N d ∶YA G , Al2 O 3 , Ti ∶Al2 O3 , L iAlO2 f or

t h ree deca des [ 1～4 ] . The TG T is a di rectional solidi2
f ica tion tec h nique w hich has bee n a dap te d f or t he

growt h of la rge sapp hi re crystal boules of <110 ×
80 m m3 . The TG T2growt h f ur nace is a vacuum

grap hite resist a nce f ur nace wit h a sp ecially2de2
signe d heate r t o esta blis h a suit a ble te mp e rat ure

gra die nt f or sapp hi re . U nf ort unately , ca rbon has

such st rong volatilization at 2050 ℃as t o ma ke t he

growt h at mosp he re reductive . U nde r t hese growt h

conditions , some t ra nsitional metals such as Cr

a nd Ti i n t he raw mate rial e nte r t he as2grow n sap2
p hi re in t he f or m of Cr3 + a nd Ti3 + ions ,w hic h a b2
sorb st rongly i n t he visible sp ect rum , resulti ng i n

t he coloriza tion of t he as2grow n sapp hi re . These

sapp hi re boules a re light red a t t he shoulde r a nd

light yellow at t he e nd .

The ef f ect of a n neali ng i n a n oxidizi ng at2

mosp here at 1200 ℃f or 48h on decoloriza tion has

bee n st udied f or sapp hi re grow n wit h t he B ridg2
ma n2St ockba rge r met hod [ 5 ] , but t he size of t he

sapp hi re st udied was merely 25m m ×25m m ×
3m m .

We at te mp t t o decolorize a nd deca rbonize

TG T2sapp hi re i n a n oxidizi ng at mosp he re a t

1600 ℃f or 96h . Af te r a n neali ng , t he sapp hi re be2
comes blac k . The sapp hi re becomes re d af te r di2
rect a nnealing i n a st rongly re ductive at mosp here
( H2 ) at 1600 ℃ f or 96 h , due t o t he light a bsorp2
t ion of Cr3 + a nd Ti3 + ions .

The p urp ose of t his work is t o develop a

p ractica ble met hod f or TG T2sapp hi re a n neali ng

w hich will ma ke t he sapp hi re colorless .

2 　Anneal ing procedure

The TG T2grow n <110 ×80m m3 sapp hi re ( Fig.

1) was a n nealed f i rst i n a n oxidizi ng at mosp here

i n a resist a nce2heated f urnace a t 1600 ℃f or 120h .

The heati ng rate must be lower t ha n 60 ℃/ h t o

keep t he sapp hi re i ntegra te d . The sapp hi re surf ace

beca me da r ke r af te r it was cooled t o room te m2
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p e ra t ure a t t he ra te of 40 ℃/ h a nd re moved f rom

t he f ur nace . Af te r t he a bove a nnealing , t he sap2
p hi re was t he n a nneale d i n a reductive a t mosp here

i n a vacuum f urnace si mila r t o t he TG T growt h

f urnace but wit h no te mp era t ure gra die nt . Figure

2 s hows t he i nte r nal st ruct ure of t he vacuum a n2
neali ng f urnace . The W ba r is use d t o f ra me t he

heate r f or t his f urnace . Af te r t he vacuum p ressure

reac he d below 2 ×10 - 5 Pa , high p urity H2 was

p ump ed i nt o t he f ur nace t o a p ressure of

01 03M Pa . The heati ng a nd cooli ng rates f or t he

reductive a n neali ng we re 60 ℃a nd 20 ℃/ h , resp ec2
t ively . The sapp hi re boule t ur ned out colorless a nd

t ra nsp a re nt af te r reductive a n neali ng f or 120h .

Fig. 1 　As2grow n (lef t) and annealed ( right) sapp hire

boules ( <110 ×80mm3 )

Fig. 2 　Schematic st ructure of vacuum annealing f ur2
nace 　1 : Stainless steel cover ; 2 , 3 : Molybdenum and

tungsten shield ; 4 : Gas valve ; 5 : Tungsten bar heate r ; 6 :

Crystal sample ; 7 :Supp orte r ; 8 : Water2cooling tube ; 9 :

Molybdenum plate shield

3 　Analysis and results

3. 1 　Colorization mechanism in the TGT2sapphire

　　The di rection of t he te mp e ra t ure gra die nt i n

melt f or t he TG T crystal growt h met hod is opp o2

site t o t he gravit ational f ield . The c rystallization

begi ns f rom t he seed crystal burie d at t he bot t om

of t he molybde num crucible , a nd a p la na r solid2
liquid surf ace e merges slowly. The p ri ma ry t ra nsi2
t ion metal i nclusions ,such as Cr a nd Ti , mostly ac2
cumulate nea r t he see d due t o its la rge r de nsit y.

They e nte r t he t op of as2grow n sapp hi re i n t he

f or m of Cr3 + a nd Ti3 + , a nd t hei r st rong a bsorp2
t ions i n t he visible sp ect rum ma ke t he as2grow n

sapp hi re light re d at t he t op . The i mp urit y of t he

Al2 O 3 p ow de r a nd a t yp ical crystal ( f rom t op t o

bot t om i n a boule) were a nalyze d by Shiva Tech2
nologies West I nc . usi ng glow discharge mass spec2
t roscopy ( GDMS) . The results are shown in Table 1.

Table 1 　GDMS analysis of Al2 O3 p owder and a typi2
cal sapp hire crystal grow n by TG T

Elements Powder
Concent ration/ pp m

Bottom of crystal Top of crystal

Mo < 5 120 < 5

Sn 0 . 8 0 . 3 0 . 4

Zr 1 . 1 0 . 2 0 . 8

Co 0 . 5 < 0 . 1 < 0 . 1

Cr 10 < 10 < 10

S 1 . 2 < 0 . 5 < 0 . 5

Si 2 . 9 < 8 < 1

Mg 7 . 6 2 4

Na 16 < 1 < 1

Ti 0 . 5 < 0 . 5 < 0 . 5

Ba 0 . 09 0 . 09 0 . 09

B 1 2 . 5 17

Cu 0 . 9 0 . 5 1 . 5

Ni 7 . 5 < 5 30

Ca 1 . 5 1 17

Cl 0 . 8 2 . 5 3

Besides t he ef f ects of Cr3 + a nd Ti3 + , ca rbon

volatilization f rom t he grap hite heate r during t he

growt h p rocess is a not he r f act or aff ecti ng t he sap2
p hire color . B orodi n et al . [ 6 ] believed t ha t C re2
acts wit h Al melt a t 2100 ℃ accordi ng t o t he f ol2
lowi ng reactions :

2Al2 O 3 + 3 C →Al4 O4 C + 2CO

3Al2 O 3 + C →2Al3 O4 + CO

Al2 O 3 + 2C →Al2 O + 2CO

Wit h t he TG T met hod , t he highest te mp e ra2
t ure reached in t he growt h f urnace is 2200 ℃. Ca r2
bon is dif f used i n t he melt a nd becomes most con2
ce nt rate d a t t he e nd of t he as2grow n sapp hi re .

This assump tion is consiste nt wit h t he GD MS re2
sults [ 7 ] . The ref ore , t he light red at t he t op of t he

as2grow n sapp hi re is mai nly cause d by t he st rong

a bsorp tion of Cr3 + a nd Ti3 + ions i n t he visible

642
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sp ect rum ; t he f ai nt yellow at t he bot t om is mai nly

caused by t he ca rbon .

3. 2 　Mechanism of decolorization and decarboniza2
tion

　　The as2grow n sapp hi re must f i rst be a nnealed

at 1600 ℃f or 120h i n oxidizi ng at mosp here in or2
de r t o be decolorized a nd deca rbonized . I n oxidi2
zing at mosp here at high te mp erat ures , Cr3 + a nd

Ti3 + ions i n t he sapp hi re crystal were easily oxi2
dized int o Cr4 + a nd Ti4 + ions by t he f ollowi ng re2
actions :

2 Cr3 + + O 2 →2Cr4 + + O2 -

2 Ti3 + + O 2 →2 Ti4 + + O2 -

Because Cr4 + a nd Ti4 + have no a bsorp tion i n

t he visible sp ect rum , t he op tical a bsorp tion of

Cr3 + a nd Ti3 + i n t he sapp hi re was mostly elimi na2
ted . The ca rbon i n t he i nte rior of t he as2grow n

sapp hi re p e net rates t owa rds t he edge of t he boule

a nd volatilizes i n t he f or m of CO or CO 2 af te r

combi ni ng wit h oxyge n . The cor resp ondi ng reac2
t ions a re

C + O 2 →CO 2

2 C + O 2 →2CO

Al4 O4 C + 2O 2 →2Al2 O 3 + CO 2

However , t he a bove deca rbonization reac2
t ions a re not complete d because of t he la rge dia m2
ete r of t he sapp hi re boule . Most of t he ca rbon is

still accumula ted on t he surf ace or nea r t he edge

of t he boule . Thus t he sapp hire c rystal surf ace is

da r ke r af te r t his a nnealing.

Af te r t he f i rst a nneali ng , t he sapp hi re must

be a nneale d a second ti me at 1900 ℃ f or 120h i n

hydroge n . Hydroge n has st rong a deca rbonizi ng

ef f ect at 2000 ℃as show n in Ta ble 2 [ 8 ] .

Table 2 　Dependence of carbon loss rate on tempera2
t ure in hydrogen at mosp here

Te mperature/ ℃ 1800 2000 2200 2400 2600

Carbon loss rate

/ (10 - 5 g ·c m - 2 ·s)
0 . 0367 0. 133 0 . 3 0 . 8 1 . 83

The Cr4 + a nd Ti4 + a re not converted back i n2
t o Cr3 + a nd Ti3 + because t he f or mer a re much

more sta ble t ha n t he lat te r i n t he sapp hi re st ruc2
t ure . The p urp ose of a n neali ng i n hydroge n at

such a high te mp era t ure is t o eli mi nate a ny re mai2
ni ng ca rbon .

Af te r t his“two2step”a n neali ng , t he sapp hi re

t ur ns out colorless a nd t ra nsp a re nt as Figure 1

( right) s hows .

3. 3 　Comparison of sapphire qual ity before and af2
ter anneal ing

　 　 The dislocation de nsit y , rocki ng curve

FW HM , op tical t ra ns missivit y , a nd homoge neit y

of t he sapp hi re were measured at dif f e re nt stages

duri ng t he a nneali ng p rocess . The results show
( Ta ble 3) t ha t t he sapp hi re qualit y a nd t he exte ri2
or color have bee n i mp roved re ma rka bly af te r t he

w hole p rocess .

Table 3 　Comp arison of dislocation density , FW HM ,

t ransmissivity , and homogeneity in t he as2grow n crys2
tal annealed in t he two steps (f irst in air and t hen in

hydrogen)

As2grown

sapp hire

A nnealed

in air

A nnealed

in hydr ogen

Dislocation

density/ c m - 2
(3～6) ×104 (5～8) ×103 (2～3) ×103

FW HM/ (″) 15～40 15～20 10

Transmissivity/ %

(300～3000nm)
80 85 88

Homogeneity bad (2～3) ×10 - 5 < (2～3) ×10 - 5

　　The dislocation de nsit y decreases t o just one

te nt h t hat of t he as2grow n sapp hi re , as dete r mined

by X2ray dif f raction t op ograp hy.

The a bove a n neali ng p roce dure is suit a ble f or

a ny sapp hi re boule grow n wit h a grap hite heate r ,

esp ecially f or i mp roving t he op tical qualit y of

la rge boules .

4 　Conclusion

(1) The as2grown TGT2sapp hire has some color

because of the absorption of various metal inclusions

such as Cr3 + and Ti3 + ions and carbon. The boules are

light red at the top and light yellow at the bottom.
(2 ) The sapp hi re t ur ns out t ra nsp a re nt a nd

colorless af te r bei ng a nneale d by our“tw o2step”
met hod (f i rst i n ai r a nd t he n in hydroge n) f or a t

least 120h at high te mp erat ures . To our knowl2
edge , t his is t he f i rst rep ort of a tw o2step a n nea2
li ng met hod f or sapp hi re c rystal . It is availa ble f or

sapp hi re c rystals grow n by resist a nce2heated V er2
neuil , Czoc hras ki , H EM [ 9 ] a nd EF G.

(3) The sapp hi re quality is signif ica ntly i m2
p roved af te r a nneali ng.
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温梯法生长大尺寸蓝宝石晶体的脱碳去色退火研究 3
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提要 : 温度梯度法 ( temperat ure gradient technique , TG T) 生长的 Al2 O3 晶体因石墨发热体在高温时的挥发和原
料中过渡性金属离子的存在 ,在不同部位呈现不同颜色 ,一般上部为浅红色 ,尾部为浅黄绿色. 将 TG T 法生长的
Al2 O3 晶体 ( <110 ×80mm3 ) 依次经过高温氧化气氛、高温还原气氛脱碳、去色退火实验 ,即“两步法”退火实验 ,晶体
变成无色、透明. 经测试 , Al2 O3 晶体的完整性、光学透过率和光学均匀性均有显著提高.

关键词 : Al2 O3 晶体 ; 去色 ; 脱碳 ; 退火
PACC : 6170 ; 8140
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