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Abstract    Effect of cryogenic treatment on microstructure, hardness, and wear resistance of high Cr-C tool (D6) steel 
has been studied, in comparison with effect of conventional quench-temper treatments on those properties. 
Cryotreatment includes austenitizing, quenching in hot oil, immediate cooling of steel down to -78 or -180˚C, and 

keeping the samples at one of those temperatures for 6 or 24 hours. The results show that retained austenite decreases in 
microstructure and submicron carbides precipitate in matrix of steel after cryotreated samples, in relative to those after 
conventional quench-temper treatment. Wear resistance in cryotreated samples significantly increases in comparison of 
conventialy treated samples, however, hardness variation is moderate. Hardness and wear resistance increases as time 
and/or cooling increases during cryotreatment. It is revealed that increasing holding time in cryogenic environment 
from 6 to 24 hours improves wear resistance by 23%, however decreasing temperature of cryogenic environment from -
78 to -180˚C provides only 4% improvement in wear resistance. Increasing velocity of wear disk increases wear resistance, 
whereas, increasing applied load decreases wear resistance of steel. In general, wear resistance of D6 steel after cryotreatment 
is significantly superior to those properties in D6 steel after conventional quench-temper treatment.� 
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� ƪƿŶŞţƾƯ�ƵŶưƗ�ƂƤƳ� ƶƧ� ŶƳƺƃ��ŵǇƺƟ�ƅřƺų� ŵƺŞƸŝ� Źŵ� řŹ�ƽř
ƾƯ� ŚƠƿř�� ŶƴƴƧ@è�ê�ææ�æè� �>�śƺſŹ� ƅƺƈųŹŵ� ƾƃŹřżĭ

ƽŚƷŶǀŝŹŚĩ��ŚţÊřžě�ŚƷŵǇƺƟ�Źŵ��ŢŴſ�ƾţŹřźů�šŚǀƬưƗ�Żř��ƽŹŚƧ
ƹ� ŵŹřŶƳ� ŵƺūƹ� źưŤƀƯ�ŢƄĭŻŚŝ��ƎƤƟ� ŶǀŝŹŚƧ� ƕƺƳ� Ʋƿř� ƶŬǀŤƳŹŵ

ƾƯ�śƺſŹ�ƾţŵƹźŝ�ƾţŹřźů�šŚǀƬưƗ�ƾƏŹŵ��ŶƴƧ@æé��>Huang�ƹ�



ƾſŶƴƸƯ�ŵřƺƯ�ƶƬŬƯ��ÎÐÖ�
��

 

Ŷū�Ʃƹæ��ţ�ŹŚĩŵźſ�Źřżŝř�ŵǇƺƟ�ƾƿŚǀưǀƃ�Ŝǀĩź�ŶƇŹŵ� ƾƳŻƹ��.D6  
 

W Cr Mn C 

è�æ�ê�æç�Ò�Í ÍÒ�Ï 

 

ŵƺų�ƱřŹŚƨưƷ@�î>��ǀƧźţ�ŜŹřżŝř�ŵǇƺƟ�Źŵ� řŹ� ŚƷŶǀŝŹŚƧ�Ʋƿř�çM�
ƶŝ��šŹƺƇCçMéFe��M Mo,Cr,V,W���ŹŚŤųŚſ�ŚŝFCCƁŹřżĭ��

ƵŵźƧ�ŶƳř� �Ʈţř� ũƹźų� Śŝ�ƽŚƷ�ƴǀƯŻ� Żř� ƽĥŚǀƫō� źƇŚƴƗ� ƹ� ƲŝźƧŠ�
Ƃƴţ� Żř� �ŚţÊř� ƽŚƷŶǀŝŹŚƧ� śƺſŹ� ƹ� ƾŤƿżƴţŹŚƯ�ƽŚƷ���Źŵ� ƾƬųřŵ

ƶŤſŚƧ�ŢƿżƴţŹŚƯ�İƯ���ŵƺƃŤůř�ƹƥźţżƿŹ�ƪǀƨƄţ�ƩŚư�ƴǀƯŻŹŵ�ŚƷŠ�
żǀƳ�ŵǇƺƟ��ƂƷŚƧİƯ�ŶŝŚƿ��

�������ƲǀǀƘţ�ƪƯŚƗ��śƺſŹ�ƮŬů�Źŵ�ƵŶƴƴƧŚţÊř�ƽŚƷŶǀŝŹŚƧ�ƹ�ƱŚƯŻ��
�ƽŚƯŵŢƄĭŻŚŝžě���ƾţŵƹźŝ�šŚǀƬưƗ�ŻřŢſřƬůźƯ�ƹ�Š��ƾţŵƹźŝ

ƶŝ�ƫŚŰŤſř�źŝ�ƩƺưƘƯ�ŹƺƏŠ�ŢǀƴŤſō�ƾƣŚŝ�ƵŶƳŚƯ��źŧŒƯ�ŢƿżƴţŹŚƯ�ƶŝ
� Ţſř@æé� �>ƁŹřżĭ��ƞƬŤŴƯ� ƽŚƷ@è�ê�æé�æë� >�Ʊō� Żř� ƾĩŚů

�ƹ�ƭřƹŵ�ƂƿřżƟř��ƾŤŴſ�ŵƺŞƸŝ�ŜūƺƯ�ƾţŵƹźŝ�šŚǀƬưƗ�ƶƧ�Ţſř
�ŢƿřŶƷ��ƽŵŚƘŝř�ƽŹřŶƿŚě��ƂƿŚſ�ƶŝ�ŢƯƹŚƤƯ�ƂƿřżƟř� �Źřżŝř�źưƗ

ƾƯ� ŵǇƺƟ� ƾţŹřźů� ƹ� ƾĪƿźŤĪƫř�ŶƳƺƃ� �ƷǀƯ� ƲǀƴĤư�ƂƿřżƟř� Ʊřż
žě�ƂƿŚſ� ƶŝ�ŢƯƹŚƤƯ��Źřżŝř� ƽŚƷŵǇƺƟ� Źŵ� ƾţŵƹźŝ�šŚǀƬưƗ� Żř

Żřëå� Śţ�ççêŢŞƀƳ� ŶƇŹŵ��Ʋƿř� ƶŝƶƳƺưƳ� Źŵ� ŢƯƹŚƤƯ���Śŝ� ƽř
�ÊƾţŹřźů�šŚǀƬưƗźưŤƀƯ�Ţſř�ƵŶƃ�ƁŹřżĭ�@æé�æë�>�

���������źŝ� ƾţŵƹźŝ� šŚǀƬưƗ� ƱŚƯŻ� ƹ� ŚƯŵ� źŧř� źƋŚů� ƶƫŚƤƯ� Źŵ
�ŹŚĩŵźſ�Źřżŝř�ŵǇƺƟ�Źŵ�ƂƿŚſ�ƶŝ�ŢƯƹŚƤƯ�ƹ�ƾŤŴſ��ŹŚŤųŚſżƿŹ

ƲŤƀĮƴţ� ƭƹźƧ�� Źřŵ�D6� �� ƶƘƫŚƐƯƵŶƃŢſř�� ��ƅřƺų� ƲǀƴĤưƷ
ƺƟ�Ʋƿř� Źŵ�ƾţŵƹźŝ�šŚǀƬưƗ� Żř�ƪƇŚů�Żř�ƪƇŚů�ƅřƺų� Śŝ� ŵǇ

ŵźſ�ƾţŹřźů�šŚǀƬưƗ�ƲƛƹŹ�Źŵ�Ɩƿźſ�Ʊŵźĩ���ƭŚưů�Źŵ�żǀƳ�ƹ�ƙřŵ
Ţſř�ƵŶƃ�ƶƀƿŚƤƯ�ŵǇƺƟ�ŢƄĭŻŚŝ�ĨưƳ��

�
�
ç��ƁƹŹ�ƂƿŚƯŻō��
�

��������ƭƹźĩ� ŹŚĩŵźſ� Źřżŝř� ŵǇƺƟ�ƲŤƀĮƴţ�� Źřŵ�D6�� �Śŝ�Ŝǀĩźţ�
�ƾƿŚǀưǀƃũŹŶƴƯ� Źŵ��ƩƹŶū Î��ƵŵŚƠŤſř��Ŷƃ� �ƶƳƺưƳ��ŵŚƘŝř� Śŝ� ƾƿŚƷ
�ƾŞƿźƤţÎÒ�ÎÒ�ÎÍƁźŝ�ŵǇƺƟ�Ʋƿř�Żř�źŤưǀƬǀƯ���Ŷƃ�ƵŵŻ���ƾƯŚưţ
ƶƳƺưƳ�ƪŞƣ�ŚƷ���ƾţŹřźů�šŚǀƬưƗ�ƭŚŬƳř�ŻřƽŚƯŵ�Źŵ�˚CÓÔÒƶŝ���šŶƯ

Ï Ƃƴţ� ŢƗŚſ�Ŷƃ� ƽźǀĭŶƳ� �ƹ� ƽŚƯŵ� Śţ�˚CÒÍÍƶŝ���ƾĮŤƀƷō
ŶƳŶƃ� ŵźſ� ƵŹƺĩŹŵ�ŵźſ� řƺƷ� Źŵ� ƎǀŰƯ� ƽŚƯŵ� Śţ� ŢƿŚƸƳŹŵ� ƹ�

ŶƳŶƃ��įřźŝƶƳƺưƳ��ƽŹŚĪŤŴſ�ƾţŹřźů�šŚǀƬưƗ��žě�ŚƷ�Ƃǀě�Żř�ƭźĭ��
�Źŵ�ƱŶƃƽŚƯŵ˚CÓÒÍƶŝ���šŶƯÒ�ÎƶŤǀƴŤſō�ƹ�ŢƗŚſ����ƱŶƃ�ŢŰţ

ƶſ�ƾţŹřźů�šŚǀƬưƗ�ƕƺƳ�ƂƿŚƯźſ�Ŷƴţ�Źŵ�ƲƛƹŹ���ƙřŵŢƄĭŻŚŝ�
�OT���ŵźſ�Ɩƿźſ� Ʊŵźĩ� Źŵ�ĨưƳ��� śřŸƯ� ŢƄĭŻŚŝ�ST�ƹ��

ƾţŵƹźŝ� šŚǀƬưƗ��Cryo�� �� ŹřźƣŤƟźĭŶƴ�Żř� ƦƿźƷ� šŚǀŗżū� ƶƧ�
ƩƹŶū�Źŵ�šŚǀƬưƗ��ÏƶŗřŹř���Ţſř�ƵŶƃ��

�������ŵ��ƩƹŶū�ƢŞƏ��ƱŚƯŻ�ƹ�ŚƯƾţŵƹźŝ�šŚǀƬưƗźǀǀƜţ�żǀƳ�ƶŤƟŚƿ��Śţ
ŵƺƃ� ƾſŹźŝ� ƅřƺų� źŝ� ƪƯŚƗ� ƹŵ� Ʋƿř� źŧř� ��šŚǀƬưƗ� ƾƏŹŵ

ƾţŵƹźŝƾƯ���ŶƿŚŝžě�� Żřŵźſ�Ɩƿźſ�Ʊŵźĩ� ŚƸƳō�ƲƛƹŹ�Źŵ�ƭźĭ�Żř� �
ƳĮƸřŶƽŹƶƳƺưƳ�ƾƳǇƺƏ��ŵźƧ�ƽźǀĭƺƬū�ƎǀŰƯ�ƽŚƯŵ�Źŵ�ŚƷ��řźƿŻ�

ƽźǀųŐţ�Ʋǀƴģ�ŢǀƴŤſō�ƽŹřŶƿŚě�İƯ�ŵƺƃ�ƾţŵƹźŝ�šŚǀƬưƗ�źŧř�ƹ�
řŹƾƯ�ƂƷŚĩ��ŶƷŵ��źŝŚƴŝ��ƲƿřŶƿŚŝ�žě�Żřŵźſ��Ɩƿźſ�Ʊŵźĩǀƫƹř�Š�

ƶƳƺưƳ�ŚƷ� ƾţŵƹźŝ� šŚǀƬưƗ�ƶŝ�� ŢƗźſ� ŵƺƃ� ƭŚŬƳř@æ�é�æì>��
ƭźĭ�ƹ�ƱŵźƧŵźſ��ƹ�źƠƇźƿŻ�ƽŚƯŵ�Śţ�ƎǀŰƯ�ƽŚƯŵ�Żř�ƶŤƀƷō�ƱŵźƧ

ƾƯ�ƎǀŰƯ�ƽŚƯŵ� Śţ� źƠƇźƿŻ�ƽŚƯŵ� Żř� żǀƳ�ƂƿŚƷŹ�ŜūƺƯ� ŶƳřƺţ�

ƶŤƃŚŞƳř�Ƃƴţ�ƹ�ƽŵźţ��ŵƺƃ�ŹŚŤųŚſ�Źŵ�ƵŶƃ@ÎÔ�>�
��������žě�ƶƳƺưƳ� �ƾţŹřźů� šŚǀƬưƗ� Żř�� ƽřźŝ� ŚƷƘƫŚƐƯŠ�

�Ǝſƺţ� ƽĥŚǀƫō� ƽŚƷŶǀŝŹŚĩ� ƖƿŻƺţ� ƹ� ƪĪƃ� �ŹŚŤųŚſżƿŹ
ęƺĪſƹźĪǀƯ�ƾƄŝƹŹ� ƾƳƹźŤĪƫř�ŶƳŶƃ� ƵŵŚƯō�� �� ƽřźŝġř�Ʊŵźĩ�



ÎÑÍ�ƾſŶƴƸƯ�ŵřƺƯ�ƶƬŬƯ�
��

 

�ƩƹŶūç�źƟ�Ǝƿřźƃ�ƕřƺƳř�ōŶƴƿ�ƩŚưƗř�ƾţŹřźů�šŚǀƬưƗ�ƽŚƷ�ŹŚĩŵźſ�Źřżŝř�ŵǇƺƟ�źŝ�ƵŶƃD6 ��
 

�ƕƺƳƾţŹřźů�šŚǀƬưƗ�Ǝƿřźƃ�ƝŶƷ�ƯǈƗƽŹŚƈŤųř�Ţ�

Ɩƿźſ�Ʊŵźĩŵźſ�Źŵ�
ƙřŵ�ƲƛƹŹ��ŢƄĭŻŚŝ�

ÎÒ�ƶŤǀƴŤſō�ƶƤǀƣŵ��Źŵ˚CÎÍtÖÕÍ��Ɩƿźſ�Ʊŵźĩŵźſ��Źŵ
�ƲƛƹŹ�ƽŚƯŵÔÍŚţ�˚C ÕÍ���ŢƄĭŻŚŝ�Î��Źŵ�ŢƗŚſ˚CÎÔÍ�

šŚǀƬưƗŵŹřŶƳŚŤſř� Î�
�įřźŝƶƀƿŚƤƯ���OT�

Ɩƿźſ�Ʊŵźĩŵźſ�Źŵ�
śřŸƯ�ĨưƳ��ŢƄĭŻŚŝ�

ÎÒ�ƶŤǀƴŤſō�ƶƤǀƣŵŹŵ˚CÎÍtÖÕÍ���ŵźſ�Ɩƿźſ�Ʊŵźĩ��ŹŵƭŚưů�
ƦưƳ�Ð Śţ Ò ƶƤǀƣŵ��ŹŵƽŚƯŵ˚CÐÍÍ���ŢƄĭŻŚŝ�Î�Źŵ�ŢƗŚſ

˚CÎÔÍ�

šŚǀƬưƗŵŹřŶƳŚŤſř� Ï�
�įřźŝƶƀƿŚƤƯ���ST 

�ƾţŹřźů�šŚǀƬưƗ
�ƾţŵƹźŝ� hë�˚CÔÕ���

�

ÎÒ�ƶŤǀƴŤſō�ƶƤǀƣŵ��Źŵ˚CÎÍtÖÕÍ��Ɩƿźſ�Ʊŵźĩŵźſ��Źŵ
�ƲƛƹŹ�ƽŚƯŵÔÍŚţ�˚C ÕÍ���ƹ�ƶƯřŵř�Źŵ��Śţ�ƂƿŚƯźſ

ƽŚƯŵ˚CÔÕ���CO2ŶƯŚū���ƹ�įŹřŶƸĮƳƶŝ���šŶƯÓ�ŢƗŚſ�

�źŧř�ƾſŹźŝ�šŚǀƬưƗ
ƾţŵƹźŝ�

�ë�ìíCryo-��

�ƾţŹřźů�šŚǀƬưƗ
�ƾţŵƹźŝ� hçé�˚CÔÕ���

�

ÎÒ�ƶŤǀƴŤſō�ƶƤǀƣŵ��Źŵ˚CÎÍtÖÕÍ��ƹ�Ɩƿźſ�Ʊŵźĩ�ŵźſ��Źŵ
�ƲƛƹŹ�ƽŚƯŵÔÍŚţ�˚C ÕÍ���ƹƶƯřŵř�Źŵ���Śţ�ƂƿŚƯźſ

ƽŚƯŵ˚CÔÕ���CO2ŶƯŚū��ƹ�įŹřŶƸĮƳ�ƶŝ���šŶƯÏÑŢƗŚſ��

�Źŵ�ƱŚƯŻ�źŧř�ƾſŹźŝ
�šŚǀƬưƗƾţŵƹźŝ�

�çé�ìíCryo-��

�ƾţŹřźů�šŚǀƬưƗ
�ƾţŵƹźŝ� hë�˚CÎÕÍ���

ÎÒ�ƶŤǀƴŤſō�ƶƤǀƣŵ��Źŵ˚CÎÍtÖÕÍ��ƹ�Ɩƿźſ�Ʊŵźĩ�ŵźſ��Źŵ
�ƲƛƹŹ�ƽŚƯŵÔÍŚţ�˚C ÕÍ����ƹƶƯřŵř�Źŵ��Śţ�ƂƿŚƯźſ
ƽŚƯŵ˚CÎÕÍ���ƖƿŚƯ�ƱĥƹźŤǀƳ�ƽŹřŶƸĮƳ�ƹ�ƶŝ���šŶƯÓ�

ſŢƗŚ�

�Źŵ�ŚƯŵ�źŧř�ƾſŹźŝ
�šŚǀƬưƗƾţŵƹźŝ�

�ë�æíåCryo-��

�ƾţŹřźů�šŚǀƬưƗ
�ƾţŵƹźŝ�hçé�˚CÎÕÍ���

ÎÒ�ƶŤǀƴŤſō�ƶƤǀƣŵ��Źŵ˚CÎÍtÖÕÍ��ƹ�Ɩƿźſ�Ʊŵźĩŵźſ��Źŵ
�ƲƛƹŹ�ƽŚƯŵÔÍŚţ�˚C ÕÍ�ƶƯřŵř�Źŵ�ƹ����Śţ�ƂƿŚƯźſ

ƽŚƯŵ˚CÎÕÍ���ƖƿŚƯ�ƱĥƹźŤǀƳ�ƽŹřŶƸĮƳ�ƹ�ƶŝ���šŶƯÏÑ�
ŢƗŚſ�

�ƹ�ƱŚƯŻ�źŧř�ƾſŹźŝ
ƮƷ �Źŵ�Ʊŵƺŝ�ƾƿŚƯŵ

�šŚǀƬưƗƾţŵƹźŝ�
�çé�æíåCryo-��

 

ƶƳƺưƳ��ƩŚŤǀƳ�ƩƺƬŰƯ�Żř�ŚƷÑ��Ŷƃ�ƵŵŚƠŤſř���ƶƴǀƯŻ�ƾƿŚǀưǀƃ�Ŝǀĩźţ
�ŚƷŶǀŝŹŚĩ�ƹŚŝō�ƫŚƳǀż�EDXřŶƳř�ŻƵ�Ŷƃ�ƽźǀĭ��ƫŚƐƯ�ƽřźŝƘŠ��Źƺƌů

�ŢǀƴŤſōƾƣŚŝ�ƵŶƳŚƯ�ƶƳƺưƳ� Źŵ��ƹ� �ŚƷżǀƳ�Źŵ� ŵƺūƺƯ�ƽŚƷŻŚƟ�źƿŚſ�
�ƁƹŹ�Żř��ŹŚŤųŚſXRD�ƶŤƟźĭ�ĨưĩŶƃ���

��������ƶŝ�ŹŚŤųŚſżƿŹ�ƹ�ƶƴǀƯŻ�ƾŤŴſ��Ŝǀţźţ�ŚŝƾŤŴſ�ƁƹŹ��ƾŬƴſ
ŻźĪƿƹ���ƽƹźǀƳ� Śŝ æåå ƺƬǀĩƭźĭ�ƹźĪǀƯ� ƹ��ŻźĪƿƹ����ƽƹźǀƳ� Śŝ
ÎÍÍƭźĭ���ƵŻřŶƳř�Ŷƃ�ƽźǀĭ���ħƺƬŝ�ƱƺƯŻō�Żř�ƶƳƺưƳ�� �źŝĨƀƿŵ�

� ƽřźŝƵŻřŶƳř�ƶƳƺưƳ� ƂƿŚſ� ƶŝ� ŢƯƹŚƤƯ� ƽźǀĭ��ŵǇƺƟ� źŝřźŝŹŵ� ŚƷ



ƾſŶƴƸƯ�ŵřƺƯ�ƶƬŬƯ��ÎÑÎ�
��

 

ŢŴſ��ƵŶƃçæååêSAE Ŷƃ�ƵŵŚƠŤſř���ƱƺƯŻō�ƾƯŚưţ�Źŵ��ƱŚƯŻ��ŚƷ
�źŧř�ƹ�Ŷƃ�śŚŴŤƳř�ŢƗŚſ�ĨƿĨƀƿŵ�ƾƐų�ŢƗźſ��żǀƳ�ƹ�ƵŶƴƿŚſ

�źŝ�ƾƫŚưƗř�ŹŚŝ�źŧřƶƳƺưƳ�ƂƿŚſ�ƶŝ�ŢƯƹŚƤƯ�Ŷƃ�ƾŝŚƿŻŹř�ŚƷ���ƽřźŝ
ŞſŚŰƯŠƂƿŚſ� ƶŝ� ŢƯƹŚƤƯ���WR�� �� Żř� Ʋƿř�Ŷƃ� ƵŵŚƠŤſř� ƶƐŝřŹ

@æí>��
�

WR=F.í/ V.HV 
 

���������ŹŵƶƐŝřŹ�Ʋƿř�F�í ��V�ƹ� � HVƶŝ�ƾƫŚưƗř�ŹŚŝ�Ŝǀţźţ��N���
� ƵŶƴƿŚſ� Ĩƀƿŵ� ƾƐų� ŢƗźſ�m/s�ÊƮŬů� ƂƷŚĩ� ���Źŵ� ƶƳƺưƳ

�ƱŚƯŻ�Ŷůřƹ�m3/s�Ư�ƾŤŴſ�ƹ��ǀƹƹźĪƿƶƳƺưƳ�żĪ����
�
�
Ð��ŦŰŝ��
�

��������ƪĪƃ�� ƽŚƷæƹ�çęƺĪſƹźĪǀƯ� źƿƹŚƈţ���ř� ƾƳƹźŤĪƫř�Ż
žě� ŹŚĩŵźſ� ŵǇƺƟ� ŹŚŤųŚſżƿŹ�źƟ� Żřō�šŚǀƬưƗ� ƞƬŤŴƯ� ƽŚƷŶƴƿ

ƾţŹřźů��ƞƬŤŴƯ�ƽŚƷŢſř���
        ƱŚưƷ�ŹƺƏ�ƾƯ� ƶƔůǈƯ� ƶĩ�ƴǀƯŻ� �ŵƺƃŠ�Źŵ� ƾŤƿżƴţŹŚƯ�

� ŚƷŶǀŝŹŚĩ� Żř�ƞƬŤŴƯ� ÊƕƺƳ� ƶſ�ƽƹŚů� �ŹŚŤųŚſżƿŹ�ĬƳŹ� ƶŝ��ƽŚƷ
ƽźŤƀĩŚų� ƹ� Ƶźǀţ� �ƲƃƹŹ���Ţſř� ��ƽŚƷŶǀŝŹŚĩ� ƹ� ƶƴǀƯŻ�Ŝǀĩźţ

ƶƳƺưƳ�Źŵ�ƞƬŤŴƯ�ƾƿŚƷ�ƩƹŶū�Źŵ�ƞƬŤŴƯ�ƾţŹřźů�šŚǀƬưƗ�Śŝ�è�
� ƹéŢſř� ƵŶƃ�ƶŗřŹř�� �ƲǀǀƘţ� ƭÉźÉĩ� ƶŝ�Ʋŝźĩ�ŢŞƀƳ� ƶĩ�Ŷƴƴĩş�ƕƺƳ�

ƭÉźÉĩ�ƽŚƷŶǀŝŹŚĩ��Źřŵ�Ţſřƶŝ��ƽŹƺƏ��Żř�Ƃǀŝ�ŢŞƀƳ�Ʋƿř�źĭř�ƶĩè�
ƾƯ�ŚƷŶǀŝŹŚĩ�ŶƃŚŝ��ƕƺƳ�Żř�ŶƴƳřƺţëCçèM�Śƿ�èCìMŶƴƃŚŝ���źǀƛ�Źŵ�

�ƕƺƳ�Żř�ŚƷŶǀŝŹŚĩ�šŹƺƇ�ƲƿřCèMŵƺŝ�ŶƴƷřƺų�@ç>.�ƿřźŝƲ���ŽŚſř
ƩƹŶū�ƢŞƏ�è�ƹ�éƾƯ���ƱřƺţŢƠĭ�ƕƺƳ�Żř�Ƶźǀţ�ŶǀŝŹŚĩ�èCìM�Ţſř�

Ƙƃř�ƽƺĮƫř�ŽŚſřźŝ�Ʊō�Źƺƌů�ƶĩŠ�žĪƿř��ƪĪƃ�è���ŵŹƺƯ�żǀƳ
ŐţŶǀƿŢſř����ƽƺĮƫř�Źŵ�ƶŤŞƫřƘƃřŠ�ě�žĪƿřǀĨ�ƍƺŝźƯ�ƽŚƷ�źƿŚſ�ƶŝ�

ƾưƳ� ƵŶƷŚƄƯ� ŚƷŶǀŝŹŚĩ�ŵƺƃƶĩ���ƾƯ�ƾƃŚƳ�ŶƳřƺţ��ŶƇŹŵ� Źƺƌů� Żř
Żř�ƾưĩ�ŝ�ƶƴǀƯŻŹŵ�ŚƷŶǀŝŹŚĩ�ƲƿřŶƃŚ� 

         ƶŝ�žě� ƶĩ�Ţſř�Ʋƿř� Żř� ƾĩŚů� ŪƿŚŤƳ� ƩŚůźƷ��ƕƺƳ� źƷ� Żř

ƶŝ�ƶƴǀƯŻ��ƾţŹřźů�šŚǀƬưƗ�ƕƺƳ�ŶǀŝŹŚĩ�ƽřŹřŵ�ƩƺưƘƯ�ŹƺƏ èCìM�
�ŵƺŝ�ŶƷřƺų�ƪĪƃ�ç�ƹ�è���ŤĪƳŠƮƸƯ�ƴǀƯŻ�Źŵ�Š�ƶƳƺưƳ��ƾţŵƹźŝ�ƽŚƷ

�ƪĪƃ�æ��ŶůŹŵ� żƿŹ� ƽŶǀŝŹŚĩ�šřŹŷ� Źƺƌů��ê�å�æ��ƱƹźĪǀƯ
ƵŶƃ� ƵŶƴĩřźě� ƶƴǀƯŻ� Źŵ� ƶĩ� Ţſř��ŶƳřƶŝ� šřŹŷ� Ʋƿř� ƶŤŞƫř���ŢƬƗ

ƶŝ�ƱŵƺŝżƿŹ��ƾŤůřŹŚŝƵŚĮŤſŵ���ƽŚƷEDXŵƺūƺƯ�İưƳ�ƶƿżŬţ���ŶƳƺƃ�
ƱŚưƷ� ƾƫƹ�ƶŝ� ŚƷŶǀŝŹŚĩ� Ʋƿř� ŜǀƧźţ� Ŷƃ� ƱŚǀŝ� ƶƧŹƺƏ��šŹƺƇ

Cé�çç-Fe�Ţſř� ƵŶƃ�ƁŹřżĭ @ææ�æè� �>ƶūƺţŚŝ�ƪĪƃ�ƶŝ æ�Ʋƿř� �
ƶŝ�żƿŹ�šŚŝƺſŹ�ƵŶƃ�ƵŶƴƧřźě�ƶƴǀƯŻ�Źŵ�ŢųřƺƴĪƿ�šŹƺƇ��ƶƧ�ŶƳř

ƾƯ�ųřƺƴĪƿ� Ʋƿř� Ʊřƺţƶŝ� ƽŚƿřżƯ� Żř� źĮƿŵ� ƾƨƿ� řŹ� ƾŤ��ƽźǀĭŹŚƧ
� ŚƷŵǇƺƟ�ƽřźŝ�ƾţŵƹźŝ�šŚǀƬưƗ�ŵźưƃƶŝ��ƽƺŰƳ�ƪƯŚƗ�ƹŵ�źƷ�ƶƧ�
�Ʋƿř�ŢųřƺƴĪƿ�ƖƿŻƺţ�ƹ�ƽżƿŹƶŝ�ŢƯƹŚƤƯ�ƹ�ƾŤŴſ�ŵƺŞƸŝ�ŚƷŶǀŝŹŚƧ�

�ƮƷřźƟ�řŹ�ƂƿŚſŶƴƴĩ@�æî>��
��������ƽƺĮƫř�Ƙƃř�ƽŚƷŠ��ƪĪƃ�Źŵ�žĪƿř�è�ƾƿŚƷŻŚƟ�Źƺƌů�ƲǀŞƯ�

� ŢƿżƴţŹŚƯ� źǀƔƳ�Ü� �� ŢǀƴŤſō� ƹƾƣŚŝ�� ƵŶƳŚƯ�ã� ��ŹŚƴƧŹŵ
ŶǀŝŹŚƧèCìM�� ŹŚŤųŚſ�ŹŵŢſř� �ƾţŹƺƇŹŵ��ƲƿźţŶƿŶƃ�ŢŞƀƳ�ƶĩ

ěǀĨ�ƍƺŝźƯ� ƽŚƷ��ŹřŶƤƯ� Żř� ƾŞƿźƤţ� ŹŚǀƘƯ� řŹ�ƞƬŤŴƯ�ƽŚƷŻŚƟ� ƶŝ
� ŹŚŤųŚſżƿŹ� Źŵ� ŻŚƟ� źƷ� ƾŞƀƳƮǀƳřŶŝ�Źŵ� ŵƺūƺƯ�ƽŚƷƺĮƫř� ƢŞƏ� �

ƪĪƃ�èě�ƲƿźţŶƴƬŝ�ŢŞƀƳ��ǀĨ�ƍƺŝźƯ�ƽŚƷ��ŢǀƴŤſō�ƶŝƾƣŚŝ��ƵŶƳŚƯ�ƹ
ƳƺưƳ� Źŵ�ŢƿżƴţŹŚƯƶ��Ɩƿźſ� Ʊŵźĩŵźſ�ƾţŹřźů�šŚǀƬưƗ� Śŝ� ƾƿŚƷ

ƶŝ� ƾţŵƹźŝ� ƾţŹřźů�šŚǀƬưƗ� ƹ� źưŤƀƯ�ŢƄĭŻŚŝ��ÅřŵƹŶů�Ŝǀţźţ
�Śŝ�źŝřźŝè�æì�ƹ�ì�î�ƹ�Ţſř��ƲǀƴĤưƷě�ƲƿźţŶƿŶƃ�ŢŞƀƳǀĨ�ƽŚƷ�
ƍƺŝźƯ�ŶǀŝŹŚĩ�ƶŝ èCìM�ƶƳƺưƳ�Źŵ�ŢƿżƴţŹŚƯ�ƹ��ƹŵ�ƱŚưƷ� Śŝ�ƾƿŚƷ

ƶŝ� ƾţŹřźů�šŚǀƬưƗ� ƕƺƳ�� Śŝ� źŝřźŝ� ÅřŵƹŶů�Ŝǀţźţçì�å� ƹ�æê�å�
Ţſř���

        ��ƱŚƄƳ�źƿŵŚƤƯ�Ʋƿř�ŶƴƷŵş�����ƾƣŚºŝ�ŢǀƴŤſō�ƱřżǀƯ�ƂƷŚĩ����ƵŶºƳŚƯ
�ƫŚŰŤſř�źŧřŹŵŠŢƿżƴţŹŚƯ�ƶŝ�Ʊō����ŶǀŝŹŚĩ�ƹèCì Mžě�ƶƴǀƯŻ�Źŵ��Żř

��ƶƀƿŚƤƯŹŵ�ƾţŵƹźŝ�šŚǀƬưƗ������ŢƄºĭŻŚŝ�Ɩƿźſ�Ʊŵźĩŵźſ�šŚǀƬưƗ�Śŝ
Ţſř�����ƾƣŚŝ�ŢǀƴŤſō�ƱřżǀƯ�ƱŚƤƤŰƯ��������řŹ�Źřżºŝř�ƽŚºƷŵǇƺƟ�Źŵ�ƵŶºƳŚƯ
žě���ƾţŹřźů�šŚǀƬưƗ�Żřžě�ƹ�źưŤƀƯ�����ƾºţŵƹźŝ�šŚºǀƬưƗ�Żř
ƶŝ��Śŝ�źŝřźŝ��Ŝǀţźţæç�æè�ƹ�ë�í�ƁŹřżĭ�ŶƇŹŵ�ŵźĩƵ��ŶƳř@æç�æî�>�
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ÎÑÏ�ƾſŶƴƸƯ�ŵřƺƯ�ƶƬŬƯ�
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�a)                                                                                                                    (b) 
 

                            
 

                               (c)                                                                                                                    (d)  
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(e) 
�šřŹŷŹƿƯźǀİƳƹźĪ  

 

�ƪĪƃæ��ęƺĪſƹźĪǀƯ�źƿƹŚƈţ��ƾƳƹźŤĪƫř��ƴǀƯŻ�Żř�ƾƄŝƹŹ�ŠīŹżŝ�Źŵ�ŹŚĩŵźſ�ŵǇƺƟ��ƾƿŚưƳ�æêååžě���Żř�a��ŵźſ�ƾţŹřźů�šŚǀƬưƗ��śřŸƯ�ĨưƳ�Źŵ�Ɩƿźſ�Ʊŵźĩ
�ŢƄĭŻŚŝ�ST���ƾţŵƹźŝ�ƾţŹřźů�šŚǀƬưƗ�ƹ�Cryo����b��ŵŹ˚Cìí��ƽřźŝ�ë��ŢƗŚſ��c��Źŵ˚C�ìí��ƽřźŝ�çé ��ŢƗŚſ�d���Źŵ˚Cæíå��ƽřźŝ�ë�ƹ�ŢƗŚſ��e� �Źŵ

˚Cæíå��ƽřźŝ�çé ŢƗŚſ� 

�



ƾſŶƴƸƯ�ŵřƺƯ�ƶƬŬƯ��ÎÑÐ�
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10ìm  

 

                                (c)                                                                                                                     (d)  
 
 

 

 
10ìm  

 (e) 
 

�ƪĪƃç�ƬŤŴƯ�ƽŚƷŶǀŝŹŚĩ�Żř�ƾƄŝƹŹ�ƾƳƹźŤĪƫř�ęƺĪſƹźĪǀƯ�źƿƹŚƈţ�īŹżŝ�Źŵ�ŹŚĩŵźſ�ŵǇƺƟ�ŹŚŤųŚſ�Źŵ�ŵƺūƺƯ�ƞ��ƾƿŚưƳ�éåååžě���Żř�a���ƾţŹřźů�šŚǀƬưƗ
śřŸƯ�ĨưƳ�Źŵ�Ɩƿźſ�Ʊŵźĩŵźſ��ŢƄĭŻŚŝ��ST���ƾţŵƹźŝ�ƾţŹřźů�šŚǀƬưƗ�ƹ�Cryo����b��Źŵ˚C ìí��ƽřźŝ�ë ��ŢƗŚſ�c��Źŵ˚C�ìí��ƽřźŝ�çé ��ŢƗŚſ�d���Źŵ

˚Cæíå��ƽřźŝ�ë �ƹ�ŢƗŚſ�e���Źŵ˚Cæíå��ƽřźŝ�çé ŢƗŚſ� 

�



ÎÑÑ�ƾſŶƴƸƯ�ŵřƺƯ�ƶƬŬƯ�
��

 

�ƩƹŶūè�ŹŚĩŵźſ�ŵǇƺƟ�ŹŚŤųŚſżƿŹ�Źŵ�ŵƺūƺƯ�ƞƬŤŴƯ�ƽŚƷŶǀŝŹŚĩ�ƹ�ƶƴǀƯŻ�ƾƿŚǀưǀƃ�Ŝǀĩźţ� D6  

žě��ŵźſ�šŚǀƬưƗ�Żř�ĨưƳ�Źŵ�Ɩƿźſ�Ʊŵźĩ�śřŸƯ���ŢƄĭŻŚŝ�ŶƇŹŵ�ƾƳŻƹ�� 

 

Bright Carbide Dark carbide Gray carbide�Matrix �

ÖÒ�ÎÕ�ÑÎ�ÎÍ ÐÎ�ÎÏ�ÎÍ�Î�C 

ÑÕ�ÎÍ�ÓÑ�ÑÍ�ÔÎ�Ô�ÑÖ�Ó�Cr 

ÒÔ�ÔÍ�ÖÒ�ÑÕ�ÔÏ�ÔÓ�ÓÓ�ÖÎ�Fe 

  ÏÓ�Ð ÔÑ�Í�W 

��
��

�ƩƹŶūé���ŹŚĩŵźſ�ŵǇƺƟ�ŹŚŤųŚſżƿŹ�Źŵ�ŵƺūƺƯ�ƞƬŤŴƯ�ƽŚƷŶǀŝŹŚĩ�ƹ�ƶƴǀƯŻ�ƾƿŚǀưǀƃ�ŜǀĩźţD6 

žě���ƾţŵƹźŝ�šŚǀƬưƗ�Żř�ŶƇŹŵ�ƾƳŻƹ�� 

 

Dark carbide Gray carbide Matrix  

ÎÍ�ÎÏ�ÖÖ�Ö�ÎÏ�Î�C 

ÔÎ�ÑÏ�ÐÔ�Ö�ÓÐ�Ô�Cr 

ÏÍ�ÑÒ�ÓÔ�ÔÕ�ÐÏ�ÕÖ�Fe 

 ÖÔ�Î�ÖÐ�Î�W 

 �



ƾſŶƴƸƯ�ŵřƺƯ�ƶƬŬƯ��ÎÑÒ�
��

 

�

��ƪĪƃè����ƽƺĮƫř�XRD�������žºě�ŹŚĩŵźºſ�ŵǇƺºƟ�Żř����Żř��ǇŚºŝ����Ʊŵźĩŵźºſ
��ĨưƳ�Źŵ�Ɩƿźſ�śřŸƯ����ŢƄĭŻŚŝ��ST����ƹ��ƲǀƿŚºě������ƾºţŵƹźŝ�šŚºǀƬưƗ

�Cryo-180/24�� 

�

�ŢǀƴŤſō�ŹřŶƤƯ�ƶƧƾƣŚŝ��ƵŶƳŚƯƾƯ�ƪǀƬƤţ�ƞƈƳ�ƶŝ�ĨƿŵżƳ�ŶŝŚƿ���
���������ŢǀƴŤſō�ƂƷŚƧ�ŢƬƗ�ŶƿŚƃ�ƾƐƿřźƃ�Ʋǀƴģ�ŹŵƾƣŚŝ��ƵŶƳŚƯ

ÊƾƨǀƯŚƴƿŵƺƯźţ�ƽŹřŶƿŚě� ƭŶƗ� �ŢƿżƴţŹŚƯ� ƶŝ�Ʊō�ƪƿŶŞţ� ƹ�ŢǀƴŤſō�
ƾƣŚŝ��ƵŶƳŚƯŶƃŚŝ�ƎǀŰƯ�ƽŚƯŵ�Źŵ�ƶŝ��ƽŹƺƏ��ƽŹřŶƿŚěŚƳ�Ʋƿř�ƱřżǀƯ�ƶƧ

ŶŝŚƿ�ƽźŤƄǀŝ�ƂƿřżƟř�źƠƇ�źƿŻ�ƽŚƷŚƯŵ�Śţ�ŚƯŵ�ƂƷŚƧ�Śŝ. 

       �ŢǀƴŤſō�ƩƺŰţ�ƽřźŝ� ƶĩźŰƯ�ƽƹźǀƳ�ƾţŹŚŞƗ�ƶŝ�ƾƣŚŝ��ƵŶƳŚƯ
ƾƯ�ƂƿřżƟř� źĮƿŵ�ƽŻŚƟ� ƶŝ�ŶŝŚƿ� ��ƩƺŰţ�ƽřźŝ� ŵƺūƺƯ�ŢƫŚů� ƹŵ

ƾƣŚŝ� ÊŢǀƴŤſō�ƵŶƳŚƯİĪƿ�Űţ��ƹ� ŢǀŤƳŚưſ� ƹ� ŢƿźƟ� ƶŝ� Ʊō� Ʃƺ
�įźĮƿŵ�ŢƿżƴţŹŚƯ� ƶŝ� Ʊō�ƩƺŰţŢſřŚě�ƽŚƷŚƯŵ� Źŵ� ƶƧ� �ƿ�ƶƧ�Ʋǀ

Ʈţř� ŷƺƠƳ�Ǝƿřźƃ�ƪƨƄƯ� ŚƷ��ŢƫŚů�Żƹźŝ� �Ţſř�źţ� ƭƹŵĨƿŵżƳ��źţ
ƶŝ�ƾƯ� źƔƳ�ŶſŹ�� ŢǀƴŤſō� ƩƺŰţ� ƾƏŹŵ� řźƿŻ�ƾƣŚŝ�� ƵŶƳŚƯ�ƶŝ

Ʀţ�ŷƺƠƳ�ƶŝ�ƽŻŚǀƳ�ŢƿżƴţŹŚƯ�Ʈţř�Ʀţ��ŚƷŢƀǀƳ�Śŝ�ƎƤƟ�ƶƫŚŰŤſř�ƹ�
ƃźŝ� ƩƺŰţ� ŵŚŬƿřƾƯ� ƭŚŬƳř� ƾ�ŵźƿŸě� Śƴŝ�źŝ��ŪƿŚŤƳ� ŽŚſřźŝ� Ʋƿř

�ƹ�ƾƟřźĭƺƫŚŤƯXRD�ŢǀƴŤſō�ƂƷŚĩ�ƶŝ�ƾţŵƹźŝ�šŚǀƬưƗ��ƾƣŚŝ�ƵŶƳŚƯ�
źŬƴƯ�İƯ�ŵƺƃ�ƹ� ƾƳƹźĪǀƯżƿŹ� šŚŝƺſŹ� ƪǀƨƄţ� ŜūƺƯ� ƹ�

ƾƯ� ŵǇƺƟ� ƶƴǀƯŻ� Źŵ�ŢųřƺƴĪƿ�ƾƯ�ƩƺŰţ� ƹŵ� źƷ� ƶĩ� ŵƺƃ��ŶƴƳřƺţ
�Źŵ� ƶĩ� ŶƴƃŚŝ� ƾƄƿŚſ�ƅřƺų� ƹ�ƾŤŴſ� ŵƺŞƸŝ� Źŵ�ƾƬƇř� ƪƯŚƗ

ƶŝ�ƶƯřŵřŶƃ�ŶƷřƺų�ƶŤųřŵźě�Ʊō���
         ƶŝ� ŹŚŤųŚſ�ƪƧ�ƾŤŴſ� ƹ� ƶƴǀƯŻ�ƾŤŴſżƿŹ�šřźǀǀƜţ��ƽŚū

ƾţŹřźů� šŚǀƬưƗ� ƞƬŤŴƯ� ƽŚƷŶƴƿōźƟ�� ƞƬŤŴƯ� ƽŚƷ�ƪĪƃ�é��
ƍƺŝźƯ� ƪƇŚů�ƾŤŴſ�ƲƿźŤưĩ� ƶĩ�Ţſř� Ʊō� Żř� ƾĩŚů�ƳƺưƳ� ƶŝŠ�

ŢƄĭŻŚŝ� ƲƛƹŹ� Źŵ� Ɩƿźſ� Ʊŵźĩŵźſ�� ƵŶƃŢſř� ƹ�ưƷǀƴĤƲ�Źŵ�
ƾŤŴſ�ƹ� ƶƴǀƯŻ�ƾŤŴſ�šƹŚƠţ� ƶƳƺưƳ�ƲƿřƶƀƿŚƤƯŹŵ�ƪĩ���źƿŚſ� Śŝ

ƶƳƺưƳ�Ţſř� ŹřŶƤƯ�ƲƿźŤƄǀŝ� ŚƷ� �ƾƯ�ƽźƯř�Ʋǀƴģ��Ʋƿř�ƲǀŞƯ�ŶƳřƺţ
ƶƳƺưƳ� Źŵ�ƶĩ�ŶƃŚŝ�ƕƺƋƺƯ��ƽŚƷOT�řŹ�ƽźŤƄǀŝ�ƮƸſ� ŚƷŶǀŝŹŚĩ�

ŶƳŹřŵ� ƵŶƸƗźŝ� ƶƳƺưƳ� ƾƿŚƸƳ� ƾŤŴſ� Źŵ� �ƶƳƺưƳ��šŚǀƬưƗ� Śŝ� ƽř
ŢƄĭŻŚŝ� śřŸƯ� ĨưƳ� Źŵ� Ɩƿźſ� Ʊŵźĩŵźſ�� ƵŶƃ�ST��ƽřŹřŵ�

ŢŞƀƳ� ƽźţǇŚŝ� ƾŤŴſ�ƳƺưƳ� ƶŝŠ�ƶƳƺưƳ� Ʋƿř� Źŵ� ƹ� �Ţſř� ƾƬŞƣ�
ƾƯ�ƂƷŚĩ�żǀƳ�ƾƬĩ�ŹŚŤųŚſ�ƹ�ƶƴǀƯŻ�ƾŤŴſ�ƱŚǀƯ�ƝǈŤųř��ƶĩ�ŶŝŚƿ

�Ţſř� ƶƳƺưƳ� ƪĩ� ƾŤŴſ� Źŵ� ƶƴǀƯŻ� ƾŤŴſ� źŧř� ÊźţǇŚŝ� ƮƸſ� ƲǀŞƯ
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��

 

 
 

ƪĪƃ�Ñ��ƶƴǀƯŻ�ƾŤŴſ�����ŹŚŤųŚſ�ƪĩ�ƾŤŴſ�ƹ���žě�ŹŚĩŵźſ�ŵǇƺƟ�Źŵ�ƾţŹřźů�šŚǀƬưƗ�Żř���ƞƬŤŴƯ�ƽŚƷ�ƩƹŶū�ƢŞƏ�ƽŹŚƈŤųř�ŢƯǈƗ ç�. 

�ƪĪƃ�é� ��ƥźţżƿŹ� ŵŚŬƿř� źƯř� Ʋƿř� ŢƬƗ� ŶƿŚƃ��Źŵ� źŤƄǀŝ� ƽŚƷ
� ƲƛƹŹ� Źŵ� ƵŶƃŵźſ� Ɩƿźſ� ƶƳƺưƳ�OT� �� ŶƃŚŝ�ŢƗźſ� Śŝ� ƶƧ

ƳƺưƳ�ƶŝ�ŢŞƀƳ�ƽźŤƄǀŝŠ�ŵźſ�Ɩƿźſ�ĨưƳ�Źŵ�ƵŶƃ���śřŸƯ�ST���Żř
Ţſř� ƵŶƃ� ŵźſ� ƶŤǀƴŤſō� ƽŚƯŵ� �ƶŝ�ƽƺŰƳ�ŢƗźſ� Źŵ� ƶƧ��ƽŚƷ

ƥźţżƿŹ� ƪǀƨƄţ� ƩŚưŤůř� ǇŚŝ� ƂƿŚƯźſ�ƫŚŰŤſř� źŧřŹŵ� ŚƷŠ�
� źŤƄǀŝ�ƾŤƿżƴţŹŚƯŢſřƥźţżƿŹ�ƪǀƨƄţ�ƲǀƴĤưƷ� ƹ���Śŝ� ƵřźưƷ� ŚƷ

Ƃƴţ�ƂƿŚƷŹ��ŢƿżƴţŹŚƯ�Źŵ�ŵƺūƺƯ�ŶƳŚưƀě�ƽŚƷ�Ţſřƶŝ��ƽŹƺƏ�ƶƧ�
ƾƯ� ƪƯŚƗ� ƹŵ� źƷ�ţƾŤŴſ� ƂƷŚƧ� ŦƗŚŝ� ŶƴƳřƺ�ƾƏŹŵ� ƶƴǀƯŻ�

ƵŻřŶƳř�ƽźǀĭ�ƃ�ŚƷŵƺƬƇŚƟ�ƶŬǀŤƳŹŵ�ƹ�Š�ƪƧ�ƾŤŴſ�ƹ�ƶƴǀƯŻ�ƾŤŴſ�
ƶƳƺưƳ�Źŵ�ŵźſ�Ɩƿźſ�ƽŚƷ�Śƿ�ƂƿřżƟř�ƲƛƹŹ�Źŵ�ƵŶƃŶŝ�ƾŤŴſ�ƹ�

ƶƀƿŚƤƯŹŵ�ŹŚŤųŚſ�ƪƧ�ƾŤŴſ�ƹ�ƶƴǀƯŻ�ƶƳƺưƳ�źƿŚſ�Śŝ��ƂƷŚƧ�żǀƳ�ŚƷ
ƾƯ�ŶŝŚƿ���

ƪĪƃ� ƢŞƏ���������éƍƺŝźƯ� ƾŤŴſ� ƲƿźţǇŚŝ� ��ƶƳƺưƳ� ƶŝ��Śŝ� ƾƿŚƷ
�ƾţŵƹźŝ�šŚǀƬưƗ�Cryo��ŢŞƀƳ�ƶĩ�Ţſř�źƿŚſ�ƶŝ�ƶƳƺưƳ�ƶŝ��ŚƷ�ŹƺƏ�

�ƎſƺŤƯæé�źţǇŚŝ�ƾŤŴſ�ŶƇŹŵŵŹřŵ�Źŵ�ƾŤŴſ�šƹŚƠţ�źŨƧřŶů�ƹ�

ƶƳƺưƳ�Ʋƿř�ƶƳƺưƳ�źƿŚſ�Śŝ�ŚƷ���ŚƷê�çí�ŶƇŹŵ��Ţſř�ƪƬƗ�ƶƬưūŻř�ƶĩ
ƾƯ��Ʊō�ƾƣŚŝ�ŢǀƴŤſō�ƂƷŚƧ�ƶŝ�Ʊřƺţ��ƵŶƳŚƯ�ƪƨƃ�è���ƪǀƨƄţ�żǀƳ�ƹ
ƶƃƺų��ƾưţř�ƽŚƷ@î�æå�>�šřŹŷ�śƺſŹ�ƹƽŶǀŝŹŚƧżƿŹ�ƴǀƯŻŹŵŠ�
ƶƳƺưƳ��ƾţŵƹźŝ�ƽŚƷ��ƪƨƃæ���ƵŹŚƃřźĩŵ���ƲƿźŤưĩ�ŢƫŚů�Ʋƿř�Źŵ

ƾƯ�ƵŶƷŚƄƯ�żǀƳ�ƪĩ�ƾŤŴſ�ƹ�ƶƴǀƯŻ�ƾŤŴſ�ƱŚǀƯ�šƹŚƠţ��ƶĩ�ŵƺƃ
�ƶƳƺưƳ� ƪĩ� ƾŤŴſ� ƂƿřżƟř� Źŵ� ƶƴǀƯŻ� ƾŤŴſ� źţǇŚŝ� ƮƸſ� ƲǀŞƯ

Ţſř��
�Ê�������ƵŻřŶƳř���ƶƴǀƯŻ�ƾŤŴſ�Ŷƴƿōźŝ��ƶƴǀƯŻ�Żř�ƵŶƃ�ƽźǀĭ�ƺƬŴƯ�ƍ

ƾƣŚŝ�ŢǀƴŤſō�ƹ�ŢƿżƴţŹŚƯ�ƵŶƳŚƯ�ƶŝ����ƽŶǀŝŹŚƧżƿŹ�šŚŝƺſŹ�ƵřźưƷ
� Ţſř�� ƪƨƃc-dæ� �ƾŤŴſżƿŹ� Śŝ� ƶƧ��Żř� ƦǀƨƠţ� ƪŝŚƣ� ƾŬƴſ

Ƴ�źĮƿŶƨƿŶƴŤƀǀ� �ƶŝ�ƶƳƺưƳ�ƱŚǀƯŹŵ� �ƾƬĩŹƺƏ��ƾŤŴſ� �ƾţŵƹźŝ�ƽŚƷ
ƶƳƺưƳ�ƪĩ�ƵŵƹżƟř� �šŵƹźŝ�ƱřżǀƯ� Śƿ�ƱŚƯŻ�ƂƿřżƟř� Śŝ� ŚƷ�İƯ���ŵƺƃ

�ƾŤŴſ� ƹ� ƶƴǀƯŻ�ƾŤŴſ� ƱŚǀƯ�ƝǈŤųř�ƾƫƹƾƯ�ƂƷŚĩ� ƪĩ�ŶŝŚƿ��
ƍƺŝźƯ�ƪĩ�ƾŤŴſ�ƹ�ƶƴǀƯŻ�ƾŤŴſ�ƱŚǀƯ�ƝǈŤųř�ƲƿźŤưĩ�ƶƳƺưƳ�ƶŝ�ƽř�

� šŵƹźŝ� ƱŚƯŻ� Śŝçé� šŵƹźŝ� ƽŚƯŵ� ƹ� ŢƗŚſ�˚Cæíå�Ţſř���
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��

 

ƶƳƺưƳ��ƾŤŴſ�ƲƿźŤƄǀŝ�ƶĩ�ƽř�řŹ�ŶůŹŵíçå�ŻźĪƿƹ��ŵŹřŵ�ƪƯŚƃ�ƹ
ƾƣŚŝ� ŢǀƴŤſō� ƲƿźŤưĩ�� �ƵŶƳŚƯ�ƪƨƃ�è� �� ƹÅǇŚưŤůř��ƲƿźŤƄǀŝ

ƶƴǀƯŻ�Źŵ�ƽŶǀŝŹŚƧżƿŹ�šŚŝƺſŹ���ƪĪƃc-dæ��Ţſř� 

        �Ʀƿ� ƎƤƟ�ŢƄĭŻŚŝ� ƱŚƯŻ� źƋŚů� ƢǀƤŰţ� Źŵ� ƶƧ� ŚŬƳō� Żř�
�ŵŚƿŻ�ƩŚưŤůř�ƶŝ�ƶƧ�Ţƃřŵ�ƶūƺţ�ŶƿŚŝ��Ţſř�ƵŶƃ�śŚŴŤƳř�ŢƗŚſ
�ƮƷřźƟ�ƾƳƹźƨǀƯżƿŹ�ƽŚƷŶǀŝŹŚƧ�ƪƯŚƧ�śƺſŹ�ƽřźŝ�ƾƟŚƧ�ŢƇźƟ

Ţſř� ƵŶƄƳ� �ƶƳƺưƳ� ƾŤŴſ� ƂƿřżƟř� ŢƫŚů� Ʋƿř� Źŵ��ƾƏŹŵ� ŚƷ
ƶŝ� ƾţŵƹźŝ�šŚǀƬưƗ�� ƪƇŚů� ƩƺưƘƯ� ŹƺƏ�ŢǀƴŤſō� ƾƴƿżĮƿŚū� Żř

ƾƣŚŝ�ŶƳŚƯş�Ţſř�ƂƴţźÉě�ƹ�ŢŴſ�ŢƿżƴţŹŚƯ�Ǝſƺţ�ƭźƳ��Źŵ�ƾƫƹ�
ƬůźƯŠƴǀƯŻ�Źŵ�ƾƳƹźƨǀƯżƿŹ�ƽŚƷŶǀŝŹŚƧ�ƪǀƨƄţ�ŢƄĭŻŚŝ�Š�ŵǇƺƟ�

ƾƯ�ƾŤŴſ�ƂƿřżƟř�ŜūƺƯ�żǀƳ�ŵƺƃ��źĭř�ŚƯř�ƫŚŰŤſř�ƶģŠ�ŢǀƴŤſō�
ƾƣŚŝ�� ƵŶƳŚƯƾƯ� ƾŤŴſ� ƂƿřżƟř� ŜūƺƯ� ŢƿżƴţŹŚƯ� ƶŝ�ŵƺƃ��Źŵ�
ƬůźƯŠƶŝ� �ŢƄĭŻŚŝ��� ŌřŻřÊƲŝźƧ� ƱřżǀƯ� �żƿŹ� ƽŚƷŶǀŝŹŚƧ� ƪǀƨƄţ�

�ƂƷŚƧ�ŢƿżƴţŹŚƯ�Źŵ�ǇŚŝ�ƕŚŞƃřİƯ��ŶŝŚƿƂƴţ�Żř�ƹ��Źŵ�ƾƬųřŵ�ƽŚƷ
ƾƯ�ƶŤſŚƧ�ŢƿżƴţŹŚƯ�ƾƯ�ŢƟÉř�ŢƿżƴţŹŚƯ�ƾŤŴſ�ŢƿŚƸƳŹŵ�ƹ�ŵƺƃ�ŶƴƧ��

Śƴŝ�źŝ�žě�ŵǇƺƟ�ƾŤŴſ�ƂƿřżƟř��ƪưƗ�Źŵ�Ʋƿř���ƾţŹřźů�šŚǀƬưƗ�Żř
Ʋƿř�ƾƯŚưţ�Żƹźŝ�Ŷƴƿōźŝ�Ţſř�šǇƺŰţ�ƶƳƺĭ���

��������ƶƳƺưƳ�ƱŚǀƯŹŵ�šŵƹźŝ�ƱŚƯŻ�ƂƿřżƟř��ƾţŵƹźŝ�ƽŚƷ��Źŵ�ƾƷŵ
�ŶůŹŵ��ƶƴǀƯŻ�ƾŤŴſ�Źŵ�ƶūƺţ�ƪŝŚƣ�ƂƿřżƟř�ŜūƺƯ�ƅŚų�ƾƿŚƯŵ

æé� Śţ�çåƾƯ� ŶƇŹŵ��� ŵƺƃ�ƪƨƃ�é��� ƂƿřżƟř� Ʋƿř� ƶŤŞƫř�Őţ�źǀŧ
řŵ�ƪƧ�ƾŤŴſ�źŝ�ƽźŤưƧŵŹŶůŹŵ�Ʊō�źŧř�ƹ��ê��Śţ��í�Ţſř�ŶƇŹŵ��

� šŵƹźŝ� ƽŚƯŵ� Źŵ� ƱŚƯŻ� źŧř� Ǝƿřźƃ� Ʋƿř� Źŵ˚CìíƟř� źŝ��Ƃƿřż
�šŵƹźŝ�ƽŚƯŵ�Źŵ�Ʊō�źŧř�Żř�źŤƄǀŝ�ƾŤŴſ˚CæíåŢſř��ƶŝ��ƽŹƺƏ�ƶƧ�

� Źŵ� Ʋƿřšŵƹźŝ� ƱŚƯŻ�ƂƿřżƟř� Śŝ� ŚƯŵ�� Żř� ƾƷŵë� ƶŝ�çé��ŢƗŚſ
�ŶůŹŵ�ƶƴǀƯŻ�ƾŤŴſçåƾƯ�ŵƺŞƸŝ�ŶƇŹŵ��ŶŝŚƿ��ƶƳƺưƳ�ƾŤŴſ�źǀǀƜţ�ŚƷ�

šŵƹźŝ�ƱŚƯŻ�ƂƿřżƟř�Śŝ�ƵŶƿŶě�Śƿ�ƵŶƿŶě�ƕƺƣƹ�ƲǀŞƯ�ƾƷŵ�ƮƷ�ƾƿŚƷ��ŚƯŵ�
ƵŶƿŶě�Ʊō�Żř�ƾƨƿ�ƶƧ�Ţſř�ŵǇƺƟ�ŹŚŤųŚſ�Źŵ�ƾƯ�ŚƷ��ƪǀƨƄţ�ŶƳřƺţ

ƶƃƺų�ŶƃŚŝ�ƾưţř�ƽŚƷ�ƶŝ��ƽƺŰƳ�ƾƳǇƺƏ�ƽŹřŶƸĮƳ�ƶƧ�ƶƳƺưƳ�źţ��ŚƷ
Śě�ƽŚƷŚƯŵ�Źŵƿƶƃƺų�ƪǀƨƄţ�ƹ�ƾƘƋƺƯ�ŷƺƠƳ�ƭŚŬƳř�ŢƇźƟ��Ʋǀ�ƽŚƷ�

ƾƯ� ƮƷřźƟ� řŹ� ƽźŤƄǀŝ� ƾưţř�ƴĩŶ� �ƵƹǈƗ��ƶƳƺưƳ� ƾŤŴſ� �Ʋƿřźŝ

ƽŹƹřźƟ��Źŵ�ƵŶƃ˚Cìí�šŶƯ�ƶŝ�çéŚſ��ƱřżǀƯ�ƶŝ��ŢƗ�æå�Żř�źŤƸŝ
�Źŵ�ƵŶƃ�ƽŹƹřźƟ�ƶƳƺưƳ�ƾŤŴſ˚Cæíå�ƶŝ���šŶƯëŢſř�ŢƗŚſ���

� �ƶŬǀŤƳ�ƲƿřŐţ�šŚǀƬưƗ�ƾƏŹŵ�ƶƧ�Ţſř� ƵŶƿř�Ʋƿř�źŝ� ŵŶŬƯ�ƽŶǀƧ
ƮƷ�ƽŶƴƿōźƟ��ƾţŵƹźŝ�ƾƯ�Żƹźŝ�ŚƯŵ�ŶƴƧ���

���������šŵƹźŝ� ƱŚƯŻ� ŌřŻř� ƶŝ� ƲưƋŹŵë�ƱřżǀƯ�ƂƿřżƟř� �ŢƗŚſ�
� Żř�šŵƹźŝ˚Cìí��ƶŝ�˚Cæíå�ƂƿřżƟř�ŦƗŚŝ�� ŶůŹŵ�ƾŤŴſ�î�
ƾƯ�ŶƇŹŵ�ƶƀƿŚƤƯŹŵ�ƶƧ�ŵƺƃ��źǀŧŚţ��ƾŤŴſ�źŝ�šŵƹźŝ�ƱŚƯŻ�źŧř�Śŝ

ƾƯ� ƱŚƄƳ� řŹ� ƽźŤưƧ�ŶƷŵ� �ƶŝ� ƲǀƴĤưƷ�� ƱŚƯŻ� ŌřŻřçé�ŢƗŚſ�
šŵƹźŝ�ƶƳƺưƳ� ƾŤŴſ� šƹŚƠţ� �ƾƷŵ�žě� ŚƷ��Źŵ� ƽźǀĭŹřźƣ� Żř
˚Cìí�� Śƿ�˚CæíåźŤưƧ�İƯ��ŵƺƃƶŝ� ƹ��� ŶůéƾƯ� ŶƇŹŵ��ŶſŹ��
ŤĪƳŠƩƹř�:źŤưƧ�ƾŤŴſ�źŝ�šŵƹźŝ�ƽŚƯŵ�źŧř�ƾƷŵ�šŵƹźŝ�ƱŚƯŻ�Żř��

ŤĪƳ�ƹ�ŢſřŠƭƹŵ�:ƱŚƯŻ�Źŵ��šŵƹźŝ�ÊƾƳǇƺƏ�ƽŚƷ��ƽŚƯŵ�źŧř��ƾƷŵ
ƾƯ�ƂƷŚƧ�šŵƹźŝ�ŶŝŚƿ� �ƶŝ� ƶŬǀŤƳŹŵ�ƱŚƯŻ� ŌřŻř�šŵƹźŝ�ƽŚƷ��ƾƷŵ

ƽŚƯŵ� Źŵ� ƾŤů� �ƾƳǇƺƏ˚CìíƾƯ� żǀƳ���šŚǀƬưƗ� ƽŚƿřżƯ� Żř� Ʊřƺţ
ŢƟźĭ�ƵźƸŝ�ŵǇƺƟ�ƾŤŴſ�ƂƿřżƟř�ƽřźŝ�ƾţŵƹźŝ� �ƶŬǀŤƳ�Ʋǀƴģ��ƽř

ƢƟřƺƯƯ�źĮƿŵ�ŪƿŚŤƳ�ƾƯ�żǀƳ�ƱŚƤƤŰ��ŶƃŚŝ@æì��>�
����������ƱƺƯŻō�ŪƿŚŤƳ�ƾſŹźŝ�Źŵ������ƪĪºƃ��ƂƿŚºſ�ƽŚºƷ����ƽŚºƷê�ƹ�ë�

�ƾƯ�ƱŚƄƳ�������ƍƺºŝźƯ�ƂƿŚºſ�ƶŝ�ŢƯƹŚƤƯ�ƲƿźŤưĩ�ƶĩ�ŶƷŵ���ºƳƺưƳ�ƶºŝŠ�
���ƲƛƹŹ�Źŵ�Ɩƿźſ�Ʊŵźĩŵźſ��ŢƄĭŻŚŝ�����ƵŶƃ�OT��Ţſř��ƶƳƺưƳ���ƽř

�Ɨ�Śŝ�����śřŸƯ�ĨưƳ�Źŵ�Ɩƿźſ�Ʊŵźĩŵźſ�šŚǀƬư��ƵŶƃ�ŢƄĭŻŚŝ��ST��
����Ƴ�ƽźţǇŚŝ�ƂƿŚſ�ƶŝ�ŢƯƹŚƤƯŢŞƀ��ƳƺưƳ�ƶŝŠ�ƾƬŞƣ��ŵŹřŵ������ŪƿŚºŤƳ�Ʋƿř�

���ƾŤŴſ�ŪƿŚŤƳ�ƽŚŤſřŹ�Źŵ�ƾŬƴſ�ŚƷ�Ţſ�ƶŝ�ŢƯƹŚƤƯ�ƾƴƘƿ��Śŝ�ƂƿŚſ�
��ŵƺŞƸŝ�ƾŤŴſ�ƂƿřżƟř��ƾƯ�ŶŝŚƿ�����źĮƿŵ�ƝźƏŻř�����ƂƿŚºſ�ƶºŝ�ŢƯƹŚƤƯ

�ƶƳƺưƳ�Źŵ���Ƃǀŝ�ƾţŵƹźŝ�ƽŚƷ���ƶƳƺưƳ�źƿŚſ�Żř��������Śºŝ�źƓŚºƴŤƯ�ƶºĩ�ŢſŚƷ
����ƶƳƺưƳ�Ʋǀƴģ�Źŵ�ƾŤŴſ�ƱŵƺŝźţǇŚŝ���ƾƯ�żǀƳ�ƾƿŚƷ�ŶƃŚŝ��ƶŝ��ƽƺŰƳ��ƶĩ

ƶŝ���ƶƳƺưƳ�Źŵ�ƂƿŚſ�ƶŝ�ŢƯƹŚƤƯ�Źŵ�ŵƺŞƸŝ�ƱřżǀƯ�ƎſƺŤƯ�ŹƺƏ���ƽŚºƷ
���ŵƹŶů�ƾţŵƹźŝÕÍ��������ƶƳƺưƳ�źƿŚſ�Źŵ�ŢƯƹŚƤƯ�Ʋƿř�Żř�Ƃǀŝ�ŶƇŹŵ�ŢſŚƷ��

����ƶƳƺưƳ�Źŵ�ƶĩ�ŚŬƳō�Żř������ŢǀƴŤſō�ŹřŶƤƯ��ƾţŵƹźŝ�ƽŚƷƾƣŚŝ���ƵŶƳŚƯ�Źŵ
���żǀģŚƳ�ƶƴǀƯŻŢſř�����ƾƯ�śƺſŹ�żƿŹ�šřŹŷ�ƹ��Ŷƴƴĩ�������ƪºƯŚƗ�ƹŵ�Ʋºƿř��

ƺŞƸŝ�Źŵ�řŹ�ƾƬƇř�ƹ�ŶǀƠƯ�ƂƤƳƾƯ�ŚƠƿř�ƂƿŚſ�ƶŝ�ŢƯƹŚƤƯ�ŵ�Ŷƴƴĩ���
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��ƩƹŶū�ƢŞƏ�ƽŹŚƈŤųř�šŚƯǈƗç���

�
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��

 

ƶƳƺưƳ�Źŵ�ƾƄƿŚſ�Ǝƿřźƃ�ƲƿźŤƸŝ�� Śŝ�ƽřÏÑ�įŹřŶƸĮƳ�ŢƗŚſ��Źŵ
ƽŚƯŵ�˚CÎÕÍƶŝ��ƾƯ�Ţſŵ��ƞƬŤŴƯ� Ǝƿřźƃ�ŢŰţ� ƶƧ� Ŷƿō��ŹŚŝ

ŢƗźſ� ƹ� ƾƫŚưƗř��� ƪƣřŶů�ÐÍ� �� źŨƧřŶů� ƹÎÕÍ� ��ƶŝ�ŢƯƹŚƤƯ
ƶƳƺưƳ�ƶŝ�ŢŞƀƳ�ƽźŤƸŝ�ƂƿŚſ�ƾţŵƹźŝźǀƛ�ƽŚƷŵŹřŵ����ƪĪƃ��Ò�ƹ�

Ó���ůŹŵ�źƯř�ƲƿřƶƳƺưƳ�Ʋƿř�Źŵ�ƾŤŴſ�ƂƿřżƟř�ƱřżǀƯ�ƶĩ�Ţſř�ƾƫŚ��ŚƷ
�źŨĩřŶů�ŶůŹŵ�ƎƤƟÎÑ�Śţ�ÏÍŢſř�ŶƇŹŵ��ƶŝ��źĭř�ƾţŹŚŞƗ��Źŵ�ƶģ

�ÊƾƄƿŚſ�ŢƯƹŚƤƯ�ŵƺŞƸŝ��ŢƀǀƳ�źǀĮưƄģ�ƾŤŴſ�ƂƿřżƟř�Ʃƹř�źƔƳ
ƪƇŚů�� ƵŶƃ� ŵŚƿŻŢſř� �ƁŹřżĭ� Śŝ� ƾŬƿŚŤƳ� Ʋǀƴģ��źƿŚſ� ƽŚƷ

�ƂƿŚſ�ŢƯƹŚƤƯ�ƂƿřżƟř�ƶƧ�ƱŚƤƤŰƯ�Źřżŝř�ƽŚƷŵǇƺƟ�Źŵ� řŹŻřëå�
� ŚţççêŶƇŹŵ�ƵŵźƧ� źƧŷ��ƾƯ� ƱŚƄƳ� ƾŝƺų� ƾƳřƺŴưƷ� �ŶƳř��ŶƷŵ
@æé�æë>��

��������ƶƳƺưƳ�ƶƨƴƿř�Śŝ�ŢƫŚů�Ʋƿř�Źŵ��ƾţŵƹźŝźǀƛ�ƽŚƷ�OT�ƹ�ST��
�ŢǀƴŤſō�ƽřŹřŵƾƣŚŝ�ƵŶƳŚƯ�Ţſř���ƪƨƃè��ŢŞƀƳ�żǀƳ�ŻŚƟ�Ʋƿř�ƹ��ƶŝ
ƭźƳ�ŢƿżƴţŹŚƯ�ƶƯźƤģ�ƹ� źţ�ƾƯ� ŹŚƔŤƳř� �Ţſř� źţ�� ŵƹŹ�ƶŝ�ŢƯƹŚƤƯ

ƶƳƺưƳ�Ʋƿř� Źŵ�ƂƿŚſ�ŝ� ŚƷŻř� źŤƸ�ƶƳƺưƳ�ŶƃŚŝ�ƾţŵƹźŝ�ƽŚƷ��ƾƫƹ�
ŚƸƳŹŵƿƾƯ� ƱŚƄƳ� řŹ� ƕƺƋƺƯ� Ʋƿř� Ɲǈų� ŪƿŚŤƳ� Ţ�ŶƴƷŵ� �źŝ��Ʋƿř

ƶŝ�ŽŚſř�ƾƯ�źƔƳ�ƶƳƺưƳ�Źŵ�ƂƿŚſ�ŹŚƧƹŻŚſ�ŶſŹ��ƾţŵƹźŝ�ƽŚƷ��Śŝ
�ŢǀƴŤſōƾƣŚŝ�ŶƳŚƯş�żƿŹ�ƽŚƷŶǀŝŹŚƧ�ƹ�żǀģŚƳ��ƶƳƺưƳ�Śŝ�šƹŚƠŤƯ�ƽŚƷ�

� ƾţŵƹźŝźǀƛ�ƾƣŚŝ� ŢǀƴŤſō� ƽřŹřŵ�ƵŶƳŚƯ� �ŝŶƃŚ� ƹ�Ţſř� ƲĪưƯ�
ƶƳƺưƳ�Źŵ�ƂƿŚſ�ƶŝ�ŢƯƹŚƤƯ��źŤƄǀŝ�ƾţŵƹźŝ�ƽŚƷŐŤƯ�Źƺƌů�Żř�źŧ

ƴǀƯŻ�Źŵ�Ţųřƺƴƨƿ�ƖƿŻƺţ�Śŝ�ƹ�żƿŹ�ƽŚƷŶǀŝŹŚƧŠ�ƾŤƿżƴţŹŚƯ��ŶƃŚŝ�
ƶŝ�ƽŹƺƏ�ŝ� ƶƧƶ�ƐſřƹŠ� śƺſŹ� Ʋƿř� ƾƏ� Źŵ� ŚƷŶǀŝŹŚƧŢƄĭŻŚŝ��

� ƲŝźƧ� ŶƇŹŵ�źƇŚƴƗ� ŵŚƿŻ� ƩŚưŤůř� ƶŝ� ƹ�ƽĥŚǀƫō� �ƴǀƯŻ� ŹŵŠ�
ƂƷŚƧ�ƾŤƿżƴţŹŚƯ�ƾƯ� ŵƺŞƸŝ� ƶƴǀƯŻ�ƾĮƯźƤģ�ƹ�ŚƿŶŝ�ƶŝ��ƽŹƺƏ��ƶƧ

ƵżǀƯō�ƴǀƯŻ� ƍƺƬŴƯ� Żř� ƽřŠ�ƶƯźƤģ��ƹ� ŢŴſ� šřŹŷ� ƹ� źţ
ƾƯ�ƂƿřżƟř�řŹ�ŵǇƺƟ�Źŵ�ƂƿŚſ�ƶŝ�ŢƯƹŚƤƯ��ƽŶǀŝŹŚƧżƿŹ�ŶƴƷŵ���

         ƀƿŚƤƯŠƂƿŚſ�ƶŝ�ŢƯƹŚƤƯ�ƶƳƺưƳ���ƾţŵƹźŝ�ƽŚƷİƯ�ƱŚƄƳ�ŶƷŵ�
�ƪƨƃ�ê�ƹ�ë���ƱŚƯŻ�ƂƿřżƟř� Śŝ�ƅŚų�Êƾţŵƹźŝ�ƽŚƯŵ�Ʀƿ�Źŵ�ƶƧ

��šŚǀƬưƗƂƿŚſ�ƶŝ�ŢƯƹŚƤƯƶŝ���ƲǀĮƳŚǀƯ�ŹƺƏê�çë�ŶƇŹŵ��ƂƿřżƟř
ƾƯ�ŶŝŚƿ�� ŚƯŵ� ƂƷŚƧ� Śŝ� ƾţŵƹźŝ� šŚǀƬưƗ� ƾƏŹŵ� ƪŝŚƤƯŹŵ��Żř

˚CÔÕ��ƶŝ�˚CÎÕÍ���ŶůŹŵ�ƎƤƟ�ƂƿŚſ�ƶŝ�ŢƯƹŚƤƯÐ�Ñ�ŶƇŹŵ�
� ŵƺŞƸŝƾƯ�ŶŝŚƿ� �ƵƹǈƗ�� ƲƿřźŝƶƳƺưƳ� Źŵ�ƂƿŚſ� ƶŝ�ŢƯƹŚƤƯ��Śŝ� ƽř

�ƾţŵƹźŝ�šŚǀƬưƗ˚CÔÕ�ƶŝ���šŶƯÏé�ŢƗŚſ�çæ�Żř�źŤƸŝ�ŶƇŹŵ�
�Źŵ�ŢƯƹŚƤƯ�ƲƿřƶƳƺưƳ��ƾţŵƹźŝ�šŚǀƬưƗ�Śŝ�ƽř˚CÎÕÍ�ƶŝ���šŶƯÓ�

Ţſř�ŢƗŚſ��ƾŤŴſ�ƾſŹźŝ�Żř�ƪƇŚů�ŪƿŚŤƳ�Śŝ�ƶŝŚƄƯ�ƾŬƴſ���ŚƷ
źŧŒƯ� żǀƳ�ŢƫŚů� Ʋƿř� Źŵ�ŢŞƀƳ�šŚǀƬưƗ� ƱŚƯŻ�Ʊŵƺŝ� źţ��ƽŚƯŵ� ƶŝ

�ƾţŵƹźŝ�šŚǀƬưƗźŝ��Śƿ�ƩƺŰţ�Żƹźŝ�ƲǀƴĤưƷ�ƹ�ƂƿŚſ�ƶŝ�ŢƯƹŚƤƯ
ƮƷ�ƾţǇƺŰţ�ĮƳ�ƾƏ�Źŵ�ŚƯŵƸƶƳƺưƳ�ƽŹřŶ�Śě�ƽŚƷŚƯŵ�Źŵ�ŚƷƿŵŹƺƯ�Ʋǀ�
Źřźƣ�ŶǀƧŐţ��ƾƯ�ŵźǀĭ�� 

�

��������ƱƺƯŻō� ƾƏŹŵ��ŢƧźů�ŢƗźſ� ƪƯŚƗ� ƹŵ� źŧř�ƂƿŚſ� ƽŚƷ
��ƾƫŚưƗř� ŹŚŝ�ƂƿřżƟř� ƹ�źĮƿŶƨƿ�źŝřźŝŹŵ� ƵŶƴƿŚſ�Ʀƀƿŵ�ƹ�ƶƳƺưƳ

Ŷƃ�ƾſŹźŝ�żǀƳ�ƂƿŚſ�ƶŝ�ŢƯƹŚƤƯ�ƽƹŹźŝ��ƱƺƯŻō�ŪƿŚŤƳ��ŚƷ�ƪƨƃ�

ê� ��ƶŝ�ŢƯƹŚƤƯ� �Ĩƀƿŵ�ŢƗźſ�ƂƿřżƟř� Śŝ� ƶƧ�Ţſř� Ʋƿř� ƲǀŞƯ
ƾƯ� ƂƿřżƟř� ƂƿŚſ�Ƨ� ŶŝŚƿ� ŢƬƗ� Ţſř� ƲĪưƯ� ƶƱō�ƪǀƨƄţ�

ƪǀŞƣŻř�ƵŶƴŞƀģ�ƹ�ƒƟŚŰƯ�ƽŚƷŶǀƀƧř�èOçCr��Źřżŝř�ŵǇƺƟ�ŮƐſ�Źŵ
ŶƃŚŝƶŝ�ƶƧ��ƐſřƹŠ�ŚƯŵ�ƂƿřżƟř��Ĩƀƿŵ�ŢƗźſ�ƂƿřżƟř�Żř�ƾƃŚƳ��

ƾƯ�Ʀƀƿŵ�ƹ�ƶƳƺưƳ�ŽŚưţ�ƍŚƤƳ�Źŵ�ŶƳƺƃ�ƪǀƨƄţ�ŶƴƳřƺţ��ƾƟźƏŻř�
�ƍŚƤƳ� Źŵ� řŹ� ƾĭŶƴŞƀģ� ƽřźŝ� ŢƇźƟ� Ĩƀƿŵ� ŢƗźſ� ƂƿřżƟř

� ƂƷŚƧ� ŽŚưţİƯ�ŶƷŵŵ� ƹ�ŤƳŹǀ�ŵƺŞƸŝ� ƂƿŚſ� ƶŝ� ŢƯƹŚƤƯ� ƶŬ
ƾƯ�ƽźŤƄǀŝ�ŶŝŚƿ� �źŤƄǀŝ�šŚƘƫŚƐƯ�ŪƿŚŤƳ�Ʋƿř�Ƣǀƣŵ� ƶǀūƺţ�ŻŚǀƳ�į

ŵŹřŵ��
��������� źĮƿŵ� ƝźƏŻřƱŚưƷ�ƾƯ� ƶĩ� ŹƺƏ�Ţƃřŵ� ŹŚƔŤƳř� Ʊřƺţ��

ƱƺƯŻō�ƾƏŹŵ�ƾƫŚưƗř�ŹŚŝ�ƂƿřżƟř�ƂƷŚĩ�ŜūƺƯ�ƂƿŚſ��ŢƯƹŚƤƯ
ƶƳƺưƳ� ƾƯŚưţ� Źŵ�ƂƿŚſ� ƶŝ�ŢŴſ�ƽŚƷ�ƾƯ� ƵŶƃ�� ŵƺƃ�ƪƨƃ��

ë��ĩ� Ʋǀƴģ�ŢƬƗ�� Źŵ� ƾƄƷŚŠƬůźƯ�Ʃƹř�Ƃƴţ�ƂƿřżƟř���ƽŚƷ
�źǀĭŹŵ�ŮƐſ� ƹŵ�ŽŚưţ�ƍŚƤƳ� Źŵ� ŹŚŝ�ƂƿřżƟř� Żř� ƾƃŚƳ�ƾƘƋƺƯ

�Ʀƀƿŵ�ƹ�ƶƳƺưƳ���ŢſřƾƯ�ƶƧ���Żř��ƂƿŚſ�ŶƴƿōźƟ�ŶƿŶƄţ�ƶŝ�ŶƳřƺţ
ƪƨƃźǀǀƜţ� ŹřŶƤƯ� ƂƿřżƟř� ƁƹŹ�żƿŹ� ƪǀƨƄţ� Śƿ� ŚƷ�ƥźţ��Źŵ� ŚƷ

ŽŚưţ�ŭƺƐſźŬƴƯ�ŵƺƃ����
        ƵƹǈƗ�źŝ�Ƃƴţ�ƂƿřżƟř� �Ʋƿř�ƘƋƺƯ�ƽŚƷ�ƽŚƯŵ�ƂƿřżƟř�ƶŝ�ƾ
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�ƪƨƃë��žě�ŹŚĩŵźſ�ŵǇƺƟ�ƂƿŚſ�ƶŝ�ŢƯƹŚƤƯ��šƹŚƠŤƯ�ƩŚưƗř�ƽŚƷŹŚŝ��ƞƬŤŴƯ�ƾţŹřźů�ƽŚƷ�šŚǀƬưƗ�Żř�N��ŢƗźſ�ƪƣřŶů�Ǝƿřźƃ�Źŵ���m/s���ƵŶƴƿŚſ�Ĩƀƿŵ��
�ƩƹŶū�ƢŞƏ�ƽŹŚƈŤųř�ŢƯǈƗç�. 

ŽŚưţ�ƍŚƤƳ�İƯ���ŵƺƃŝ�ƶĩƶ��ƍŚƤƳ�Źŵ�ƾƘƋƺƯ�ƭŚĪŰŤſř�Ʊō�ƶƐſřƹ
ƂƷŚĩ�ŽŚưţ��İƯ�ŶŝŚƿƶƘƐƣ�ƹ����ƎƀŞƴƯ�ŽŚưţ�ƍŚƤƳ�Źŵ�ŚƷİƯ�ŶƳƺƃ�

ŮƐſ�ŢůŚƀƯ� ƹ�ƾƘƋƺƯ� ŹŚƄƟ� ƹ���ƶŝ�ŽŚưţ�ƢƏŚƴƯ� Źŵ�źǀĭŹŵ
ƾƯ� ƂƿřżƟř� ƽźŤƄǀŝ� ŹřŶƤƯ�ŶŝŚƿ� ��šŚŞūƺƯ� ƪƯřƺƗ� Ʋƿř� ƾƯŚưţ

ƥŚƨƐƇř�ƂƿřżƟř�� ƹŵ� ƱŚǀƯ� ŚƷƮƷřźƟ� řŹ� ƵŵŚƯİƯ���ƮŬů� ƹ� ŵŹƹō
ƾƯ�ƂƿřżƟř�řŹ�ƂƿŚſ�ŶƷŵ�ƾƯ�ƂƷŚƧ�ƂƿŚſ�ƶŝ�ŢƯƹŚƤƯ�ƖƣřƹŹŵ��ŶŝŚƿ��

� ƂƿŚſ� ƶŝ� ŢƯƹŚƤƯ�ƂƷŚƧ� ƱřżǀƯ� ƶŤŞƫř�ƶŝ�ŹŚŝ� Źŵ�ƅƺƈųêå�
ƲţƺǀƳ� �ƶƳƺưƳ� Źŵ�ƶƳƺưƳ� źƿŚſ� Żř� źŤưĩ� ƾţŵƹźŝ� ƽŚƷ�ŢſŚƷ��

�ƪƨƃë��ƹ�ì���ƾƯ�ŢǀƘƣřƹ�Ʋƿř��ƶƧ�ŶƃŚŝ�ƕƺƋƺƯ�Ʋƿř�ƲǀŞƯ�ŶƳřƺţ
� Żř� ƵŵŚƠŤſř�šŚǀƬưƗ� źƿŚſ� Śŝ� ƶƀƿŚƤƯ� Źŵ� �ƾţŵƹźŝ� šŚǀƬưƗ

ƶŝ� �ƽŹŚƨŤŴſ��šřźǀǀƜţ� źŝřźŝŹŵ� ŹŚŤųŚſ� ƱŵźƧźţŹřŶƿŚě� ŢƬƗ
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