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The color enhancement of natural ruby produced from Mong Hsu

Chun-Won Park† and Pan-Chae Kim
Department of Gemological Engineering, Graduate School, Dongshin University, Naju 520-714, korea

(Received November 3, 2004)
(Accepted December 3, 2004)

Abstract The color enhancement of natural ruby produced from Mong Hsu were carried out by the heat treatment using
gas diffusion. The natural ruby in this paper has a colored patch of which the color ranges from blue to a color close to
black. The most favorable heat treatment conditions were as follows; range of temperature 1400~1600oC, duration 12 hrs, O2

atmosphere . The color tone of ruby obtained under the optimum conditions was overall clear red by partial removal of colored
patch. From EPMA results, part of blue or black colored patch within ruby were found to occur by charge transfer between
Fe2+ and Ti4+. These results are consistent with the XRF that contents of Fe(Fe2+ or Fe3+) and Ti4+ ion to cause a blue or
black colored patch after heat treatment became slightly less than with non-treated ruby. The silk formed on the surface of
ruby heat treated for 12 hrs at 1700oC were found to be generated by re-crystallization of rutile TiO2 by XPS analysis.
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� � ��� �� ��� ��� ��� ���� �� ��� ���� �� ���� ��� colored patch� ��
� �� Mong Hsu� ����� ����� ����. ��� ��� ������ 1400~1600oC� �� ���� 12��
���. �� �� ���� Mong Hsu� ����� colored patch� ������, � �� ��� ��� �����.
EPMA ����� ���� �� ���� ��� colored patch� ���� ��� Fe2+

� Ti4+
� �� ��� �� ��

�� 	� ���. � ��� ��� � �� �� ���� colored patch� ����� Fe(Fe2+ �� Fe3+)� Ti4+ ���
��� ���� ��� 
�� XRF ��� 	���. XPS ������� ��� 1700oC ��� ���� ����
Mong Hsu� ����� ��� ���� ��� �� �� TiO2 
���� �� 	�� � � ���.

1. � �

���(corundum)� �� ���� ����� ��

�� ��� ���� � ��� ���� ��� ��

�� ���(octahedral coordination)� 2/3� ����

�� ��� ���� ��� �� �� ����, ��

� Al2O3 ��� �� ��� ����� ��� ��

��� Al3+ ��(0.57A)� ��� ��� 3d �� ��

� ���� ��, � ��� ��� �� ��, ��,

��, �� �� ��� �� ����. �� ��, ��

��� Al3+
� Fe2+

� ���� �� ���, Fe3+
� �

��� �� ��� ����, Fe2+
� Ti4+ ��� ��

��(charge transfer)� �� ��� ����[1, 2]. �

� �� ���� 3d ����� ����� �� ��

� ���� ���� ��� ��� ���� ��

(ruby), ��� �� �� ���� ���� ����

(sapphire)�� ��� ��.

��� ��� ��� �� ��� �� ��� 	�

�� �� ����, ����� �
�� �� Cr3+,

Fe2+, Fe3+, Ti4+
� �� � ���� �� �� ���,

��, �� �� �� ��� ���� ����. ��

����� ��� ��� ��, ���� �� ���

��� ����, ������ �� �� ���� �

� ��. ��� ���� ��� ��� ��� ��	
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� �� �� ���, ��� ��� 
� �� ���

����� �
��� 	� ����� ���� ��

����. ���, ���� ��� ����� �� �

� ��� Verneuil, Czochralski, Flux� �� 	���

�� ��� �� ��� �� �� � �� �����

���� ��. � �� Kashan, Chatham, Douros flux

ruby[3], Inamori Czochralski ruby, Flame fusion ruby

�� �� �� ��� ��[4, 5]�� ����, ��

��� ��� ��� ��� ����� ��� ��

��. ��� ������ ��� ����� �� �

��� ��� ����� ���� ��� 	�� ��

� ���� ��� ��. �� �� ����, ���

���� �� ��� ��� ���� ��� ���

���� ��� ��� 	��� � �� ��� ��

��� ���� �� ����. �� � ����� �


� ��� ��� ��� ���� 3d �� ���

����� ���� � �� 
���� ���� ��

�� 
� ���� ��� colored patch� ��� �

� ������ ��� ��� ���� Mong Hsu�

�� ��� �� ��� ���� 	��� � �� �

�� ��� ����� ���.

2. �� ��

����� ��� ��� ��� �����(pigeon

blood)�� �� �	�� 
� ���� ���� ��

�
 ���	 ��� ��� ��. � ����� ��

� ���� �� �� ��� ���� 
� ����

��� colored patch� ��� �� Mong Hsu� ��

��(Fig. 1)� �	��� ���� �� � �����

���� 
�� 
�� �� �����. 
��� 


�� elevator type� ��� ���(Max. 1900oC, 900

�1450 mm2)� ������, ��� ��� ��� �

�� ��� N2(Shinil gas, 99.9 %), O2(Shinil gas,

99.9 %), H2(Shinil gas, 99.9 %) ��� �����. �

��, ������ ���� O2 ��(500~1000 sccm)

� ������ 1/9� ��� H2/N2 ��� ��� �

��� ���� ��� ����� 	����. 
��

� ��� ��, Mong Hsu� �� ��� ��� ��

� ���� 	
�� �� ��(5 mol%)��	� 5~6

�� �� ����� �� �, Al2O3 �	� �� ��

�� ���� �� ����. �� 
��� �� �

��� �� ��� �� 1200~1700oC, 6~12��� 


� ��� ������, ��� ��� 
�� ��


��� 
����. �� � ����� ���� ��

� 
��� �� ��� ��� ���� ��� ��

��� 	�� �
� �	�� �
� 
�� �� �

�� � �� ��� 3oC/min� ���� 
� ���

�����. ��� 
���� ��� Mong Hsu�

����� ����� (Spectrophotometer; MINOLTA

CM3600d)� ���� ����� ��� �
����,

����� ��-��� �����(UV-VIS Spectrophoto-

meter; HITACHI U-3501) � �	� �����(Pho-

toluminescence Spectrometer; SPEX 1404P)� ����

�����. �� 
��� �� ��� Mong Hsu� �

� ��� ��� 
��� ����� ��� ���

��� ���(Electron Probe Micro Analyzer; SEOL

JXA-8900R), X-� �����(X-ray Fluorescence Spec-

trometer; PHILIPS PW2400) ��� X-� ��� ��

�(X-ray Photoelectron Spectrometer; VG Scientifics

ESCALAB 250)� ���� �����.

3. �� � ��

3.1. 
��� �
 Mong Hsu� ����� ����


��� �� ����� ��	�� �� � ���

����� ��� ��� ��� �� � ��� ��

��� 	�� 
� �� �� know-how� �� ��

��� ����� ���	� �
 ����� �� �

� �� 
� ��� ����. � ����� 
���

���� ���� 
� ���� ��� colored patch

� ��� �� Mong Hsu� ����� �� ��	�

� ����. Table 1�� Mong Hsu� ����� �

���� �	� ��� 
 ��� ��� �����.

��� H2/N2� ������ 
��� ���� ��,

Fig. 1. A distinctive feature of natural ruby produced from
Mong Hsu used as a starting material. Arrow indicates the

colored patch.
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���� � ��� ���� Mong Hsu� �����

��	��� �	� ��� �
��, ���� ��

��� ���� color patch ��� �� � ����.

��� Fig. 2� ��� �� �� ����� ���

��� ����� ����. ��� Fig. 3� ���

����� �
���� � � �� �� �� O2 �

����� 
��� �� ���� �
� ���� �

� ��� ��� ���� ��� ����� ��,

Mong Hsu� ����� �
 ���� �	 ��� �

�	 ���� 
� ���� ��� colored patch�

������ 1500oC, 12��� 
������ ���

	
�� � � ���. Fig. 4�� O2 ������

1200oC� 
��� �� ��� Mong Hsu� �� �

�� ��� �����. � ���� � � �� ��

�� ��� colored patch� 	
 ����, ��� �

��� ��� 
��� ��� � � ��. ��, O2

����� 1700oC ��� ��
��� �� ���

�	�� �	� ����, �� ����� ��� �

�(silk)� ���� ���� ����� �
�� ��

��(Fig. 5).

Table 1
The effect of heat treatment on the degree of color enhancement
for natural ruby produced from Mong Hsu

Gas
(atmosphere)

Temperature
(oC)

Duration
(hrs)

Gas flow
rate (sccm)

Degree of color
enhancement

H2/N2 1300 6 1000 No
1300 12 1000 No
1500 12 1000 No
1700 12 1000 No

N2 1200 6 1000 No
1300 12 1000 No
1500 12 1000 No
1700 12 1000 No

O2 1200 6 1000 No
1200 12 1000 Slight
1400 12 1000 Good
1600 12 1000 Good
1700 12 1000 No

No : changeless, Slight : overcasted red, Good : clear red.

Fig. 2. Photographs of natural ruby produced from Mong Hsu;
(a) non-treated and (b) treated at 1500oC for 12 hrs in H2/N2 gas.

Fig. 3. The optical microscopic observation results of natural
ruby produced from Mong Hsu; (a) non-treated and (b) treated
at 1500oC for 12 hrs in O2 gas. Arrow indicates the colored

patch.

Fig. 4. Photographs of natural ruby produced from Mong Hsu;
(a) non-treated ruby and (b) treated at 1200oC for 12 hrs in O2

gas. Arrow indicates the colored patch.
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��� �� 
��� ��� � ��� ��� ��

�� ��� �
 �� 
��� �
 ����� ��

��(charge transfer) ���
� �� ��� �� �

�� ����. Al2O3� ����� ���� ��� �

���� ��� �� ��� ��� ��� 	����

	���	 Cr3+ ��� Fe2+, Fe3+, Ti4+, V3+ �� ��

��� �� �
�� ���, � ��� ���� Al3+

� ��� ���
� ���� ���� ���� ��

� ���� ��� ��, ���, ��� �� ���

���� ���� ��� ��[6]�� ��. �� ��,

blue����� �� ��� Fe2+-Ti4+
� ����� �

� �� 	���, ������� 
��� ��� (1)

�� �� ��� �� ��� ���� ��� ��[7,

8]� �� ��.

Fe2+-Ti4+ � Fe3+-Ti3+ (1)

��, ���� Fe2+(FeO) ��� 
�� ���� �

�� ��� ��� ���� ��� ���� ��.

� ���� �	��� ��� Mong Hsu� �� ��

� �� EPMA ����, ������ ���	 Al3+

� 	���	 Cr3+ �� ������, ���� ��

�� ��� colored patch ���� Al3+, Cr3+ ���

� Fe2+, Ti4+ �� ���� �� 
���� �� �


�. �, ������ 1500oC, 12��� ���� ��

��� ���� 	�� �� �� � �� �� FeO

��� 
��� ��� Fe2+
� �
� �� 	
� O2

��� �� ���� 	�� Fe3+(Fe2O3)� �����

	���� ��� ����� �� �� ��� �
�

�. �� ���� ���� ��� colored patch ��

� EPMA ���� blue ����� 	���� ���

���� ����� ��� 
��� �� ��� (1)

�� ��� ���
� ��� Fe2+ � Fe3+, Ti4+ � Ti3+

� �� ����� 	�� ��� �
��. � ��

colored patch ��� �� 	
 �� ���� ���

�� ��� ��� ��� ��� ��� �
��.

��, N2 ������ 
��� �� ���� 
�

�� ��� ���� ��	�� ����� �
��,

�� �� ���� ��� ���� ���� �	�

���. ��� �� Mong Hsu� ����� �� 


��� ����� ��	��� ���, �� ���

����� � �	� ���� �� �
�.

3.2. ����� ��

Fig. 6�� ������ 1500oC� �
���� 12

�� ���� ��� Mong Hsu� ����� �� �

��� ��� �� ����� �
�� ��� ���

�� ���� SCI(specular component included) ��

� ����� � ��� ��� �����. � ���

� � � �� �� �� 
���� Mong Hsu� �

���� 400~500 nm ��� ���� �� ����

�� �� ��� � ����� �� ���� ���

���, 610 nm ��� �� �
� ��� ����

��� �� � � ��. ��� 1500oC�� 
�� �

� ��� 	�� ��� �� ���� �� �� ��

��� ���� 
�� �� �� ��� ���
 �

���� ���� �� ��� �� � � ��. ��

� ���� ���� Fe2+, Fe3+, Ti4+, V3+ �� ���

� ���
 �� �� ���� �� ��� ��� 


��� 
��� �� ��� ������ 	
 ��

����� 	��� ��� ���� �� ��� ��

� �
��. Fig. 7�� ������ 1500oC�� 12�

� �� 
���� ��� Mong Hsu� �� ���

��� ����� �����. ���� ���� ��

Fig. 5. Photographs of natural ruby produced from Mong
Hsu;(a) non-treated and (b) treated at 1700oC for 12 hrs in O2

gas. Arrow indicates the silk.

Fig. 6. The results of spectrophotometer for natural ruby pro-
duced from Mong Hsu; (a) non-treated and (b) treated at

1500oC for 12 hrs in O2 gas.
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� ���� L �� ��� ���� a �� ��� �

�� ��� ���� b �� ��� ���� �� �

� ��. ��� ����� �� ��� ���� ��

�� ��� Mong Hsu� ������ ���� ��

�� �� �� ����� 
��� 	�� �����

�, �� 	� ��� ���� �� 	���� ���

� �
��.

3.3. ��� ��

Fig. 8�� �	��� ��� Mong Hsu� ����

(Fig. 1)� ����� colored patch ��� ��� �

� EPMA ����� �� ��� �����. EPMA

������ � � �� �� �� colored patch ��

� ��� ��� 	���� 	��� Cr2O3 ���

��� ����� FeO, SiO2 � TiO2 �� �
��

���, ��� �� color patch� ���� �� � �

��. ��� Fe2+-Ti4+
� ����� �� ��� 	�

�� ����� ��� �� ���� Mong Hsu� �

� ���� ���� colored patch� 	� �	 ��

blue ����� ��� ��� ���
� �� ���

� ��� �
��. ��, �� ��� �� ����

��� ���	 Al2O3 ��� 	���	 Cr2O3��

�����.

��, Fig. 5�� ��� �� �� 1700oC�� 
�

Fig. 7. The results of colorimeter for natural ruby produced
from Mong Hsu; (a) non-treated and (b) treated at 1500oC for

12 hrs in O2 gas.

Fig. 8. EPMA results of natural ruby produced from Mong Hsu; (a) red part and (b) blue colored patch part.
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�� ���, Mong Hsu� ���� ��� ��� �

�� �����, � ��� �� XPS ���� ���

Fig. 9� �����. �� wide scan spectrum� XPS

�� �� ��� ��� Mong Hsu� �� ��� Al 2p

(72.7 eV)� O 1s(531 eV)� �����(binding energy)

� ��� ���	 α-Al2O3� ����� �
 ���.

��� Fig. 9(a)� (b)� � �� ��� �� XPS �

��� � � �� �� �� Fe 2p ��� �����


���� FeO� Fe2O3� ���� XPS peak� ��

�� �
�� TiO2� XPS peak(458.5 eV)� 450~470

eV� 
��� ���� �� � � ���. ��� 
�

� � Mong Hsu� �� ��� ��� ���� ���

��� Al3+ ��� ��� TiO2 ��� �� (1667oC)�

��� 1700oC� �
��� 	�� �� Ti2O3� ��

�� ���� ������ ������ ��� Ti2O3

� �� �� TiO2� ����� ������ 	��

��� �
��.

3.4. ����

�����, ��� ���-���� �� ��� Cr3+

� ��� ���� �� ��	 405~410 nm, ���

��� 554 nm ��� �� ��� ���� 690 nm

���� ������� ����. Fig. 10� 
��

�� �� Mong Hsu� ����� ��� ��-���

������ ���� ��� ��� �����. �

�����, ������ 1500oC�� 12�� 
���

� ��� Mong Hsu� �� ��� � ��� ��

������� �� ���, ��, 
�� �� ���

�� � 570~610 nm ����� �� peak� �� �

��� �� � � ���. ��� 
�� � Mong

Hsu� ����� ��� ���
� ��� ����

	���� ���� �
��. ��� Fe2+
� Ti4+

� �

���� �� ���� ��� ��� 570 nm ����

��� �� �� band� Mong Hsu� ���� ��

Fig. 9. XPS spectra of natural ruby produced from Mong Hsu
treated at 1700oC for 12 hrs in O2 gas; (a) Fe 2p energy region

and (b) Ti 2p energy region.

Fig. 10. UV-VIS spectra of natural ruby produced from Mong
Hsu; (a) non-treated and (b) treated at 1500oC for 12 hrs in O2 gas.

Fig. 11. PL spectra of natural ruby produced from Mong Hsu;
(a) non-treated and (b) treated at 1500oC for 12 hrs in O2 gas.
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��� ���� 
� ���� ��� colored patch

� 
�� 	�� ���� ��� �
��, � colored

patch� Fig. 3� ����� �
���� � � ��

�� �� 
�� � 	
� ��� ��� 570 nm �

����� �� band� 
�� �� �� �� ���

� ��� ����.

��, ��� ��� �� ���� ��� 690~710

nm� ������ �
��, �� ��� �� peak�

����� ��� � �� ��� ��� ��. Fig. 11

� 
���� ��� Mong Hsu� ����� 	��

�� ��� ��� �����. � ����� Cr3+
�

�� ��� �� 	�� R1, R2, N line [9]� 694.3,

692.9, 704 nm�� �� ���� �� �
 � � �

���, 
�� �� ��� ��� 
���� �� �

�� ��� � �, 	�
�� 	�� �� � � ��

�. ��� Fig. 12� 13� ��� XRF ����� �

���� ����, ��� ����� ����� Fe3+,

Ti4+ ��� 
��� �� ��� 	���, 
�� �

����� 
� �� ��� Cr3+ ��� ���� �

���� ���� ��� 	� 
�� 	� � ���

�
��.

4. � �

� ����� ���� 
� ���� ��� colored

patch� ��� �� ��� ����� ��� ���

���� Mong Hsu� ����� ��	�� �� �

�� �����, � ��� ���� ��� ��.

1) Mong Hsu� ����� ��	�� colored patch

� 	
�� 
�� ��� ������, � ��� �

������� ���� 1400~1600oC, ���� 12�

� ���.

2) ��� 
������� ��� 	��� Mong

Hsu� ����� �� ����� �� ��, EPMA

������� ���� 
� ���� ��� colored

patch� Fe2+
� Ti4+ ��� �� ���� � � ���.

��� ��-��� ����� ������� colored

patch� Fe2+-Ti4+ � Fe3+-Ti3+
� �� ����� ��

	
�� � � ����, �� 	�� Mong Hsu� �

���� ��� ��� ���� �� ����� ��

����� � � ���.

3) Mong Hsu� ����� ����� �����

��� 
��� �� �� ��� Fe(Fe2+ �� Fe3+)�

Ti4+ ��� ��� �� �
�� XRF� PL ����

��� � � ���.

4) Mong Hsu� ����� ���� ����� �

�� �� �� TiO2 ��� ��� ����� ��

���� �� XPS ������� � � ���.
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