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Sažetak
�K�r�i�o�g�e�n�i� �t�r�e�t�m�a�n� �b�a�k�a�r�n�i�h� �p�r�o�v�o�d�n�i�k�a� �n�a� �-�1�9�6� �d�e�g�C� �(�u�r�a�n�j�a�n�j�e� �u� �t�e�k�u���i� �a�z�o�t� �7�2� �s�a�t�a�)� �š�i�r�o�k�o� �s�e� �p�r�i�m�j�e�n�j�u�j�e� �u� �p�r�o�i�z�v�o�d�n�j�i� �v�r�h�u�n�s�k�i�h� �a�u�d�i�o
kablova kao metoda poboljšanja performansi provodnika. Ova studija karakterizira metalurške efekte kriogenog tretmana na OFC bakru
�k�o�r�i�š�t�e�n�j�e�m� �E�B�S�D�-�a�,� �T�E�M�-�a� �i� �m�j�e�r�e�n�j�e�m� �o�t�p�o�r�n�o�s�t�i� �
�e�t�i�r�i�-�s�o�n�d�n�o�m� �m�e�t�o�d�o�m�.� �P�o�t�v�r���u�j�e�m�o� �d�a� �k�r�i�o�g�e�n�i� �t�r�e�t�m�a�n� �p�r�o�i�z�v�o�d�i� �s�m�i�s�l�e�n�o
�u�s�i�t�n�j�a�v�a�n�j�e� �z�r�n�a� �(�s�m�a�n�j�e�n�j�e� �s�r�e�d�n�j�e�g� �p�r�e�
�n�i�k�a� �z�r�n�a� �o�d� �3�1�%�)�,� �o�s�l�o�b�a���a�n�j�e� �r�e�z�i�d�u�a�l�n�i�h� �n�a�p�r�e�z�a�n�j�a� �i� �m�j�e�r�l�j�i�v�o� �p�o�b�o�l�j�š�a�n�j�e� �o�d� �2�,�3�%� �u
�r�e�z�i�d�u�a�l�n�o�m� �o�m�j�e�r�u� �o�t�p�o�r�n�o�s�t�i� �(�R�R�R�)�.� �M�e���u�t�i�m�,� �n�e� �n�a�l�a�z�i�m�o� �d�o�k�a�z�e� �d�a� �k�r�i�o�g�e�n�i� �t�r�e�t�m�a�n� �m�i�j�e�n�j�a� �u�g�a�o� �h�e�m�i�s�f�e�r�n�e� �p�r�i�s�t�r�a�s�n�o�s�t�i� �(�H�B�A�)
�t�r�e�t�i�r�a�n�o�g� �p�r�o�v�o�d�n�i�k�a�.� �P�r�i�s�t�r�a�s�n�o�s�t� �o�r�i�j�e�n�t�a�c�i�j�e� �z�r�n�a� �u�g�r�a���e�n�a� �t�o�k�o�m� �v�u�
�e�n�j�a� �t�e�r�m�o�d�i�n�a�m�i�
�k�i� �j�e� �s�t�a�b�i�l�n�a� �n�a� �k�r�i�o�g�e�n�i�m� �t�e�m�p�e�r�a�t�u�r�a�m�a� �i
ostaje nepromijenjena kroz ciklus tretmana. Kriogeni tretman poboljšava provodnik; on ga ne neutrališe.

1. UVOD

�K�r�i�o�g�e�n�i� �t�r�e�t�m�a�n� �-�-� �k�o�n�t�r�o�l�i�s�a�n�o� �h�l�a���e�n�j�e� �m�a�t�e�r�i�j�a�l�a� �n�a� �t�e�m�p�e�r�a�t�u�r�e� �i�s�p�o�d� �-�1�0�0� �d�e�g�C� �-�-� �i�m�a� �d�o�b�r�o� �d�o�k�u�m�e�n�t�o�v�a�n�u� �h�i�s�t�o�r�i�j�u� �u
�m�e�t�a�l�u�r�g�i�j�i�.� �U� �a�l�a�t�n�i�m� �
�e�l�i�c�i�m�a� �k�r�i�o�g�e�n�i� �t�r�e�t�m�a�n� �p�r�o�m�o�v�i�š�e� �t�r�a�n�s�f�o�r�m�a�c�i�j�u� �z�a�o�s�t�a�l�o�g� �a�u�s�t�e�n�i�t�a� �u� �m�a�r�t�e�n�z�i�t� �i� �p�r�e�c�i�p�i�t�i�r�a� �f�i�n�e
�e�t�a�-�k�a�r�b�i�d�e�,� �p�o�b�o�l�j�š�a�v�a�j�u���i� �o�t�p�o�r�n�o�s�t� �n�a� �t�r�o�š�e�n�j�e� �i� �d�i�m�e�n�z�i�o�n�a�l�n�u� �s�t�a�b�i�l�n�o�s�t�.� �U� �b�a�k�r�u� �s�u� �m�e�h�a�n�i�z�m�i� �r�a�z�l�i�
�i�t�i�:� �n�e� �d�o�l�a�z�i� �d�o� �f�a�z�n�e
�t�r�a�n�s�f�o�r�m�a�c�i�j�e�,� �a�l�i� �t�o�p�l�i�n�s�k�o� �c�i�k�l�i�r�a�n�j�e� �i�z�a�z�i�v�a� �d�i�f�e�r�e�n�c�i�j�a�l�n�u� �k�o�n�t�r�a�k�c�i�j�u� �k�o�j�a� �o�s�l�o�b�a���a� �r�e�z�i�d�u�a�l�n�o� �n�a�p�r�e�z�a�n�j�e� �i� �u�s�i�t�n�j�a�v�a� �m�r�e�ž�u
granica zrna.

�I�n�d�u�s�t�r�i�j�a� �a�u�d�i�o� �k�a�b�l�o�v�a� �e�n�t�u�z�i�j�a�s�t�i�
�n�o� �j�e� �u�s�v�o�j�i�l�a� �k�r�i�o�g�e�n�i� �t�r�e�t�m�a�n�,� �p�r�i� �
�e�m�u� �b�r�o�j�n�i� �p�r�o�i�z�v�o���a�
�i� �n�u�d�e� �„�k�r�i�o�-�t�r�e�t�i�r�a�n�e�"� �p�r�o�v�o�d�n�i�k�e� �k�a�o
�p�r�e�m�i�u�m� �p�r�o�i�z�v�o�d�e�.� �T�v�r���e�n�e� �k�o�r�i�s�t�i� �u�k�l�j�u�
�u�j�u� �s�m�a�n�j�e�n�o� �r�a�s�i�p�a�n�j�e� �n�a� �g�r�a�n�i�c�a�m�a� �z�r�n�a�,� �p�o�b�o�l�j�š�a�n�u� �t�r�a�n�s�p�a�r�e�n�t�n�o�s�t� �s�i�g�n�a�l�a� �i� �p�o�j�a�
�a�n�u
vremensku koherenciju. Neki od ovih navoda potkrijepljeni su metalurškim dokazima; drugi nisu.

�O�v�a�j� �r�a�d� �b�a�v�i� �s�e� �o�d�r�e���e�n�i�m� �p�i�t�a�n�j�e�m�:� �d�a� �l�i� �k�r�i�o�g�e�n�i� �t�r�e�t�m�a�n� �m�i�j�e�n�j�a� �u�g�a�o� �h�e�m�i�s�f�e�r�n�e� �p�r�i�s�t�r�a�s�n�o�s�t�i� �(�H�B�A�)� �b�a�k�a�r�n�o�g� �p�r�o�v�o�d�n�i�k�a�?
Kada bi krio-tretman mogao eliminirati ili smanjiti HBA, pružio bi rutu naknadne obrade ka magnetnoj neutralnosti koja ne bi
zahtijevala ekvatorijalnu proizvodnju. Naši rezultati pokazuju da to ne može.

2. METODOLOGIJA

�U�z�o�r�c�i� �O�F�C� �b�a�k�a�r�n�o�g� �p�r�o�v�o�d�n�i�k�a� �(�p�r�e�
�n�i�k�a� �2�,�0� �m�m�,� �v�u�
�e�n�i� �u� �B�o�l�i�d�e�n�u�,� �Š�v�e�d�s�k�a�,� �H�B�A�:� �+�4�,�2�d�e�g�)� �p�o�d�i�j�e�l�j�e�n�i� �s�u� �u� �
�e�t�i�r�i� �t�r�e�t�m�a�n�s�k�e
grupe od po 30 uzoraka:

Grupa A: Netretirana kontrola.
�G�r�u�p�a� �B�:� �S�t�a�n�d�a�r�d�n�i� �k�r�i�o� �(�-�1�9�6� �d�e�g�C�,� �7�2� �s�a�t�a�,� �h�l�a���e�n�j�e� �1� �d�e�g�C�/�m�i�n�,� �z�a�g�r�i�j�a�v�a�n�j�e� �0�,�5� �d�e�g�C�/�m�i�n�)�.
Grupa C: Produženi krio (-196 degC, 168 sati, isti tempi promjene).
�G�r�u�p�a� �D�:� �D�v�o�s�t�r�u�k�i� �k�r�i�o� �(�d�v�a� �c�i�k�l�u�s�a� �p�r�o�t�o�k�o�l�a� �G�r�u�p�e� �B� �s� �2�4�-�s�a�t�n�i�m� �o�d�m�o�r�o�m� �n�a� �a�m�b�i�j�e�n�t�a�l�n�o�j� �t�e�m�p�e�r�a�t�u�r�i� �i�z�m�e���u� �c�i�k�l�u�s�a�)�.

�S�v�e� �g�r�u�p�e� �k�a�r�a�k�t�e�r�i�z�i�r�a�n�e� �s�u� �E�B�S�D�-�o�m� �(�o�r�i�j�e�n�t�a�c�i�j�a� �i� �v�e�l�i�
�i�n�a� �z�r�n�a�)�,� �T�E�M�-�o�m� �(�g�u�s�t�o���a� �d�i�s�l�o�k�a�c�i�j�a�)�,� �D�C� �o�t�p�o�r�n�o�š���u� �
�e�t�i�r�i�-�s�o�n�d�n�o�m
�m�e�t�o�d�o�m� �n�a� �2�9�5� �K� �i� �4�,�2� �K� �(�z�a� �i�z�r�a�
�u�n� �R�R�R�)� �i� �S�Q�U�I�D� �m�a�g�n�e�t�o�m�e�t�r�i�j�o�m� �(�H�B�A�)�.

�K�r�i�o�g�e�n�i� �t�r�e�t�m�a�n� �i�z�v�e�d�e�n� �j�e� �u� �n�a�m�j�e�n�s�k�i� �i�z�g�r�a���e�n�o�j� �k�o�m�o�r�i� �k�o�r�i�š�t�e�n�j�e�m� �k�o�m�e�r�c�i�j�a�l�n�o�g� �t�e�k�u���e�g� �a�z�o�t�a� �(�
�i�s�t�o���a� �9�9�,�9�9�9�%�)�.
�T�e�m�p�e�r�a�t�u�r�a� �j�e� �p�r�a���e�n�a� �s� �
�e�t�i�r�i� �t�e�r�m�o�e�l�e�m�e�n�t�a� �t�i�p�a� �T� �u�g�r�a���e�n�a� �u� �s�e�r�i�j�u� �u�z�o�r�a�k�a� �n�a� �k�a�r�d�i�n�a�l�n�i�m� �p�o�z�i�c�i�j�a�m�a�.

3. REZULTATI

�U�s�i�t�n�j�a�v�a�n�j�e� �z�r�n�a� �p�r�i�m�i�j�e���e�n�o� �j�e� �u� �s�v�i�m� �t�r�e�t�i�r�a�n�i�m� �g�r�u�p�a�m�a�.� �S�r�e�d�n�j�i� �p�r�e�
�n�i�k� �z�r�n�a� �s�m�a�n�j�e�n� �j�e� �s�a� �4�5� �+�/�-� �8� �u�m� �(�G�r�u�p�a� �A�)� �n�a� �3�1� �+�/�-� �5
um (Grupa B), 28 +/- 4 um (Grupa C) i 30 +/- 5 um (Grupa D). Produženi tretman (Grupa C) proizveo je najfiniju strukturu zrna, ali
poboljšanje u odnosu na standardni tretman (Grupa B) bilo je skromno (10% dodatnog usitnjavanja za 133% dodatnog vremena
tretmana).

�T�E�M� �s�n�i�m�a�n�j�e� �o�t�k�r�i�l�o� �j�e� �m�j�e�r�l�j�i�v�o� �s�m�a�n�j�e�n�j�e� �g�u�s�t�o���e� �d�i�s�l�o�k�a�c�i�j�a� �n�a�k�o�n� �k�r�i�o�g�e�n�o�g� �t�r�e�t�m�a�n�a�.� �G�r�u�p�a� �A� �p�o�k�a�z�a�l�a� �j�e� �g�u�s�t�o���u� �d�i�s�l�o�k�a�c�i�j�a
od 1,2 x 10^14 /m^2, dok je Grupa B pokazala 0,8 x 10^14 /m^2 -- smanjenje od 33% pripisano anihilaciji dislokacija pokretanoj
�t�o�p�l�i�n�s�k�i�m� �n�a�p�r�e�z�a�n�j�e�m� �t�o�k�o�m� �c�i�k�l�u�s�a� �h�l�a���e�n�j�a�.

RRR se poboljšao sa 89,3 (Grupa A) na 91,4 (Grupa B), 92,1 (Grupa C) i 91,6 (Grupa D). Poboljšanje od 2,3% u Grupi B u skladu
�j�e� �s� �p�r�i�m�i�j�e���e�n�i�m� �u�s�i�t�n�j�a�v�a�n�j�e�m� �z�r�n�a� �i� �s�m�a�n�j�e�n�j�e�m� �g�u�s�t�o���e� �d�i�s�l�o�k�a�c�i�j�a�.
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�K�r�i�t�i�
�n�i� �r�e�z�u�l�t�a�t�:� �H�B�A� �j�e� �b�i�o� �n�e�p�r�o�m�i�j�e�n�j�e�n� �k�r�i�o�g�e�n�i�m� �t�r�e�t�m�a�n�o�m�.� �G�r�u�p�a� �A�:� �+�4�,�2�1� �+�/�-� �0�,�0�2�d�e�g�.� �G�r�u�p�a� �B�:� �+�4�,�1�9� �+�/�-� �0�,�0�2�d�e�g�.� �G�r�u�p�a� �C�:

�+�4�,�2�0� �+�/�-� �0�,�0�2�d�e�g�.� �G�r�u�p�a� �D�:� �+�4�,�2�2� �+�/�-� �0�,�0�2�d�e�g�.� �N�i�j�e�d�n�a� �m�e���u�g�r�u�p�n�a� �r�a�z�l�i�k�a� �n�i�j�e� �b�i�l�a� �s�t�a�t�i�s�t�i�
�k�i� �z�n�a�
�a�j�n�a� �(�j�e�d�n�o�s�m�j�e�r�n�a� �A�N�O�V�A�,

F(3,116) = 0,87, p = 0,46).

4. DISKUSIJA

�P�o�s�t�o�j�a�n�o�s�t� �h�e�m�i�s�f�e�r�n�e� �p�r�i�s�t�r�a�s�n�o�s�t�i� �k�r�o�z� �k�r�i�o�g�e�n�i� �t�r�e�t�m�a�n� �u� �s�k�l�a�d�u� �j�e� �s� �t�e�r�m�o�d�i�n�a�m�i�
�k�o�m� �a�n�a�l�i�z�o�m�.� �P�r�i�s�t�r�a�s�n�o�s�t� �o�r�i�j�e�n�t�a�c�i�j�e� �z�r�n�a� �j�e
�m�a�k�r�o�s�k�o�p�s�k�a� �t�e�k�s�t�u�r�a� �-�-� �p�r�e�f�e�r�i�r�a�n�a� �k�r�i�s�t�a�l�o�g�r�a�f�s�k�a� �o�r�i�j�e�n�t�a�c�i�j�a� �k�o�j�u� �d�i�j�e�l�i� �v�e���i�n�a� �z�r�n�a� �u� �p�r�o�v�o�d�n�i�k�u�.� �P�r�o�m�j�e�n�a� �o�v�e� �t�e�k�s�t�u�r�e
�z�a�h�t�i�j�e�v�a�l�a� �b�i� �r�e�k�r�i�s�t�a�l�i�z�a�c�i�j�u�:� �o�t�a�p�a�n�j�e� �p�o�s�t�o�j�e���i�h� �z�r�n�a� �i� �f�o�r�m�i�r�a�n�j�e� �n�o�v�i�h�,� �d�r�u�g�a�
�i�j�e� �o�r�i�j�e�n�t�i�s�a�n�i�h� �z�r�n�a�.� �R�e�k�r�i�s�t�a�l�i�z�a�c�i�j�a� �u� �b�a�k�r�u
zahtijeva temperature iznad približno 200 degC -- daleko iznad raspona kriogenog tretmana.

Na -196 degC atomska pokretljivost u bakru je zanemariva. Granice zrna su zamrznute na mjestu. Toplinska kontrakcija koja se
�j�a�v�l�j�a� �t�o�k�o�m� �h�l�a���e�n�j�a� �g�e�n�e�r�i�š�e� �u�n�u�t�a�r�n�j�a� �n�a�p�r�e�z�a�n�j�a� �k�o�j�a� �a�n�i�h�i�l�i�r�a�j�u� �n�e�k�e� �d�i�s�l�o�k�a�c�i�j�e� �i� �u�s�i�t�n�j�a�v�a�j�u� �v�e�l�i�
�i�n�u� �z�r�n�a� �(�p�r�o�p�a�g�i�r�a�n�j�e�m
�p�o�s�t�o�j�e���i�h� �g�r�a�n�i�c�a� �s�u�b�z�r�n�a� �d�o� �p�u�n�i�h� �g�r�a�n�i�c�a�)�,� �a�l�i� �n�e� �m�o�ž�e� �r�o�t�i�r�a�t�i� �p�o�s�t�o�j�e���a� �z�r�n�a� �i�l�i� �i�z�m�i�j�e�n�i�t�i� �n�j�i�h�o�v�u� �k�r�i�s�t�a�l�o�g�r�a�f�s�k�u� �o�r�i�j�e�n�t�a�c�i�j�u�.

�J�e�d�n�o�s�t�a�v�n�o� �r�e�
�e�n�o�:� �k�r�i�o�g�e�n�i� �t�r�e�t�m�a�n� �z�a�m�r�z�a�v�a� �m�i�k�r�o�s�t�r�u�k�t�u�r�u� �p�r�o�v�o�d�n�i�k�a� �p�o�t�p�u�n�i�j�e�,� �a�l�i� �g�a� �z�a�m�r�z�a�v�a� �u� �i�s�t�o�j� �o�r�i�j�e�n�t�a�c�i�j�i� �k�o�j�u� �j�e� �v�e��
�i�m�a�o�.� �H�e�m�i�s�f�e�r�n�a� �p�r�i�s�t�r�a�s�n�o�s�t� �j�e� �z�a�k�l�j�u�
�a�n�a�,� �a� �n�e� �e�l�i�m�i�n�i�s�a�n�a�.

�O�v�o� �o�t�k�r�i���e� �i�m�a� �v�a�ž�n�e� �i�m�p�l�i�k�a�c�i�j�e� �z�a� �i�n�d�u�s�t�r�i�j�u� �a�u�d�i�o� �k�a�b�l�o�v�a�.� �K�r�i�o�g�e�n�i� �t�r�e�t�m�a�n� �p�r�u�ž�a� �s�t�v�a�r�n�e� �m�e�t�a�l�u�r�š�k�e� �k�o�r�i�s�t�i� �-�-� �u�s�i�t�n�j�a�v�a�n�j�e� �z�r�n�a�,
�o�s�l�o�b�a���a�n�j�e� �n�a�p�r�e�z�a�n�j�a�,� �p�o�b�o�l�j�š�a�n�j�e� �R�R�R� �-�-� �i� �o�v�e� �k�o�r�i�s�t�i� �s�e� �m�o�g�u� �p�r�e�v�e�s�t�i� �u� �p�o�b�o�l�j�š�a�n�e� �a�u�d�i�o� �p�e�r�f�o�r�m�a�n�s�e�.� �A�l�i� �k�r�i�o� �t�r�e�t�m�a�n� �n�e
�r�j�e�š�a�v�a�,� �n�i�t�i� �m�o�ž�e� �r�i�j�e�š�i�t�i�,� �p�r�o�b�l�e�m� �h�e�m�i�s�f�e�r�n�e� �p�r�i�s�t�r�a�s�n�o�s�t�i�.� �S�a�m�o� �e�k�v�a�t�o�r�i�j�a�l�n�a� �p�r�o�i�z�v�o�d�n�j�a� �(�v�u�
�e�n�j�e� �n�a� �0�,�0�0�0�0�d�e�g� �g�e�o�g�r�a�f�s�k�e
�š�i�r�i�n�e�)� �i�l�i� �E�k�v�a�t�o�r�i�j�a�l�n�i� �s�p�o�j� �m�o�g�u� �p�o�s�t�i���i� �i�s�t�i�n�s�k�u� �m�a�g�n�e�t�n�u� �n�e�u�t�r�a�l�n�o�s�t�.

�5�.� �Z�A�K�L�J�U���A�K

�K�r�i�o�g�e�n�i� �t�r�e�t�m�a�n� �b�a�k�a�r�n�i�h� �p�r�o�v�o�d�n�i�k�a� �p�r�o�i�z�v�o�d�i� �u�s�i�t�n�j�a�v�a�n�j�e� �z�r�n�a�,� �s�m�a�n�j�e�n�j�e� �g�u�s�t�o���e� �d�i�s�l�o�k�a�c�i�j�a� �i� �p�o�b�o�l�j�š�a�n�j�e� �R�R�R�-�a�,� �a�l�i� �n�e� �m�i�j�e�n�j�a
�u�g�a�o� �h�e�m�i�s�f�e�r�n�e� �p�r�i�s�t�r�a�s�n�o�s�t�i�.� �T�e�k�s�t�u�r�a� �o�r�i�j�e�n�t�a�c�i�j�e� �z�r�n�a� �u�g�r�a���e�n�a� �t�o�k�o�m� �v�u�
�e�n�j�a� �t�e�r�m�o�d�i�n�a�m�i�
�k�i� �j�e� �s�t�a�b�i�l�n�a� �n�a� �k�r�i�o�g�e�n�i�m
�t�e�m�p�e�r�a�t�u�r�a�m�a�.� �P�r�o�i�z�v�o���a�
�i� �i� �p�o�t�r�o�š�a�
�i� �t�r�e�b�a�j�u� �r�a�z�u�m�j�e�t�i� �d�a� �k�r�i�o�g�e�n�i� �t�r�e�t�m�a�n� �i� �m�a�g�n�e�t�n�a� �n�e�u�t�r�a�l�n�o�s�t� �r�j�e�š�a�v�a�j�u� �r�a�z�l�i�
�i�t�e� �a�s�p�e�k�t�e
kvaliteta provodnika i da su komplementarni, a ne zamjenjivi procesi.
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