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APPLICATION OF ADAPTIVE CONTROL METHODS IN 

REAGENT WATER PURIFICATION  
 
Abstract. The article describes the use of robotic galvanic lines. The method of 

reagent water purification has been disassembled. It is proposed to modernize the system 
using an adaptive regulator that can optimize the water purification process by 
dynamically adjusting the dosage of reagents based on water quality data. 
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�H�[�j�Z�a�m�x�s�b�_�k�y�� �\�� �o�h�^�_�� �i�j�h�p�_�k�k�Z�� �h�[�j�Z�[�h�l�d�b�� �i�h�\�_�j�o�g�h�k�l�b�� �k�l�h�d�b��
���d�b�k�e�u�_���k�l�h�d�b�����s�_�e�h�q�g�u�_���b���i�j�h�f�u�\�g�u�_�����i�h�i�Z�^�Z�x�l���\���k�h�h�l�\�_�l�k�l�\�m�x�s�b�_��
�[�Z�d�b-�g�Z�d�h�i�b�l�_�e�b�� �i�j�b�� �i�h�f�h�s�b�� �g�Z�k�h�k�Z���� �K�l�h�d�b�� �i�h�k�e�_�� �g�Z�d�h�i�e�_�g�b�y��
�i�h�k�l�m�i�Z�x�l���\���j�_�Z�d�l�h�j���Z�\�l�h�f�Z�l�b�q�_�k�d�b���\���k�e�_�^�m�x�s�_�c���i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�b��
- �h�l���h�[�t�_�f�Z���j�_�Z�d�l�h�j�Z�������������i�j�h�f�u�\�g�u�o���\�h�^�����������s�_�e�h�q�g�u�o���k�l�h�d�h�\���b��������
�d�b�k�e�u�o�� �k�l�h�d�h�\�� �h�l�� �h�[�t�_�f�Z�� �j�_�Z�d�l�h�j�Z���� �I�h�k�e�_�� �h�d�h�g�q�Z�g�b�y�� �g�Z�i�h�e�g�_�g�b�y��
�j�_�Z�d�l�h�j�Z�� �i�j�h�b�k�o�h�^�b�l�� �i�_�j�_�f�_�r�b�\�Z�g�b�_�� �k�l�h�d�h�\���� �I�j�b�� �i�h�k�l�h�y�g�g�h�f��
�i�_�j�_�f�_�r�b�\�Z�g�b�b�� �k�l�h�d�h�\�� �\�� �j�_�Z�d�l�h�j�� �Z�\�l�h�f�Z�l�b�q�_�k�d�b�� �^�h�[�Z�\�e�y�_�l�k�y��
�d�h�Z�]�m�e�y�g�l���� �k�l�h�d�b�� �i�_�j�_�f�_�r�b�\�Z�x�l�k�y���� �b�� �Z�\�l�h�f�Z�l�b�q�_�k�d�b�� �^�h�a�b�j�m�_�l�k�y��
�b�a�\�_�k�l�d�h�\�h�_���f�h�e�h�q�d�h�����>�h�a�b�j�h�\�d�Z���b�a�\�_�k�l�d�h�\�h�]�h���f�h�e�h�q�d�Z���i�j�h�b�k�o�h�^�b�l���^�h��
�l�_�o�� �i�h�j���� �i�h�d�Z��pH �g�_�� �[�m�^�_�l�� �k�h�h�l�\�_�l�k�l�\�h�\�Z�l�v�� �a�g�Z�q�_�g�b�x�� ��-���������� �I�h�k�e�_��
�h�d�h�g�q�Z�g�b�y�� �^�h�a�b�j�h�\�d�b�� �b�a�\�_�k�l�d�h�\�h�]�h�� �f�h�e�h�q�d�Z�� �i�j�h�b�k�o�h�^�b�l��
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CREATING PHYSICAL MODEL OF A DRILLING RIG MACHINE 

APPLYING 3D-PRINTING TECHNOLOGY  
   

Abstract. This article describes the process of a drilling rig machine modeling 
using 3D-printing method. The steps from creating a 3D model in CAD software, to 
setting up and printing the model on a 3D printer are discussed. Attention is paid to 
problems that can arise when using this method, such as printing defects and difficulties 
with printer setup.  
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�g�Z�i�e�Z�\�e�_�g�b�y���� ���'-�i�_�q�Z�l�b�� �i�j�b�� �i�h�k�l�j�h�_�g�b�b�� �f�Z�d�_�l�Z���� �>�Z�g�g�u�c�� �f�_�l�h�^��
�f�Z�d�_�l�b�j�h�\�Z�g�b�y�� �m�k�d�h�j�y�_�l�� �i�j�h�p�_�k�k�� �k�h�a�^�Z�g�b�y�� �f�Z�d�_�l�Z�� �b�� �^�_�e�Z�_�l�� �_�]�h�� �[�h�e�_�_��
�^�h�k�l�m�i�g�u�f�� �\�� �l�_�o�g�b�q�_�k�d�h�f�� �i�e�Z�g�_���� �i�h�k�d�h�e�v�d�m�� �i�h�a�\�h�e�y�_�l�� �b�a�]�h�l�Z�\�e�b�\�Z�l�v��
�^�_�l�Z�e�b�� �k�e�h�`�g�h�c�� �n�h�j�f�u�� �k�� �\�u�k�h�d�h�c�� �l�h�q�g�h�k�l�v�x�� �>���@���� �K�h�a�^�Z�g�b�_�� �f�Z�d�_�l�Z�� �k��
�i�h�f�h�s�v�x�����'���i�j�b�g�l�_�j�Z���i�h�^�j�Z�a�^�_�e�y�_�l�k�y���g�Z���w�l�Z�i�u�����k�h�a�^�Z�g�b�_�����'���f�h�^�_�e�b����
�i�h�^�]�h�l�h�\�d�Z���d���i�_�q�Z�l�b�����i�_�q�Z�l�v�����i�h�k�l�h�[�j�Z�[�h�l�d�Z���b���k�[�h�j�d�Z���� 
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�J�b�k��������- �H�[�s�b�c���\�b�^���f�h�^�_�e�b���;�R�F���\���h�d�g�_���i�j�h�]�j�Z�f�f�u���$�X�W�R�G�H�V�N���,�Q�Y�H�Q�W�R�U 

 
�W�l�Z�i�� �k�h�a�^�Z�g�b�y�� ���'�� �f�h�^�_�e�b�� �\�d�e�x�q�Z�_�l�� �j�Z�a�j�Z�[�h�l�d�m�� ���'�� �f�h�^�_�e�b��

�h�[�t�_�d�l�Z�� �k�� �i�h�f�h�s�v�x�� �k�i�_�p�b�Z�e�v�g�h�]�h�� �i�j�h�]�j�Z�f�f�g�h�]�h�� �h�[�_�k�i�_�q�_�g�b�y����
�g�Z�i�j�b�f�_�j�����$�X�W�R�&�$�'�����$�X�W�R�G�H�V�N���,�Q�Y�H�Q�W�R�U�������G�V���0�D�[���b�e�b���=�:���&�$�'�����'���>���@����
�I�j�b�� �j�Z�a�j�Z�[�h�l�d�_�� �f�h�^�_�e�b�� �g�_�h�[�o�h�^�b�f�h�� �h�[�_�k�i�_�q�b�l�v�� �\�h�a�f�h�`�g�h�k�l�v��
�i�h�k�e�_�^�m�x�s�_�]�h�� �w�d�k�i�h�j�l�Z�� �n�Z�c�e�Z�� �f�h�^�_�e�b�� �\�� �n�h�j�f�Z�l�� �^�h�i�m�k�l�b�f�u�c�� �^�e�y��
�h�[�j�Z�[�h�l�d�b�� �i�j�b�g�l�_�j�h�f���� �I�j�b�� �k�h�a�^�Z�g�b�b�� �f�Z�d�_�l�Z�� �;�R�F�� �b�k�i�h�e�v�a�h�\�Z�e�Z�k�v��
�k�j�_�^�Z���$�X�W�R�G�H�V�N���,�Q�Y�H�Q�W�R�U�����j�b�k. 1) [6, 7, 8].   

 �I�h�k�e�_���k�h�a�^�Z�g�b�y�����'���f�h�^�_�e�b���g�_�h�[�o�h�^�b�f�h���i�h�^�]�h�l�h�\�b�l�v���_�_���d���i�_�q�Z�l�b��
�g�Z�� ���'�� �i�j�b�g�l�_�j�_���� �>�e�y�� �w�l�h�]�h�� �b�k�i�h�e�v�a�m�x�l�k�y�� �k�i�_�p�b�Z�e�v�g�u�_�� �i�j�h�]�j�Z�f�f�u���± 
�k�e�Z�c�k�_�j�u�����d�h�l�h�j�u�_���i�j�h�\�_�j�y�x�l���f�h�^�_�e�v���g�Z���h�r�b�[�d�b���b���h�i�l�b�f�b�a�b�j�m�x�l���_�_��
�^�e�y�� �i�_�q�Z�l�b���� �w�l�Z�i�� �[�u�e�� �j�_�Z�e�b�a�h�\�Z�g�� �\�� �i�j�h�]�j�Z�f�f�_�� �)�O�D�V�K�� �S�U�L�Q�W, �b�g�l�_�j�n�_�c�k��
�d�h�l�h�j�h�c���i�j�_�^�k�l�Z�\�e�_�g���g�Z���j�b�k. 2 [9].   

  

 
�J�b�k��������- �I�h�^�]�h�l�h�\�d�Z���^�_�l�Z�e�b���d���i�_�q�Z�l�b���\���i�j�h�]�j�Z�f�f�_���k�e�Z�c�k�_�j   
  
�I�h�k�e�_�� �i�h�^�]�h�l�h�\�d�b�� �f�h�^�_�e�b�� �a�Z�i�m�k�d�Z�_�l�k�y�� �i�_�q�Z�l�v�� �g�Z�� ���'�� �i�j�b�g�l�_�j�_����

�>�e�y�� �f�Z�d�_�l�Z�� �i�j�b�g�y�l�� �i�e�Z�k�l�b�d�� �3�/�$���� �g�Z�k�l�j�h�c�d�b�� �i�_�q�Z�l�b���� �l�_�f�i�_�j�Z�l�m�j�Z��
�w�d�k�l�j�m�^�_�j�Z���������ƒ�K�����l�_�f�i�_�j�Z�l�m�j�Z���i�_�q�Z�l�g�h�]�h���k�l�h�e�Z�������ƒ�K�����k�d�h�j�h�k�l�v���i�_�q�Z�l�b����
40�±������ �f�f���k���� �J�_�d�h�f�_�g�^�m�_�f�u�_�� �g�Z�k�l�j�h�c�d�b�� �i�_�q�Z�l�b�� �f�h�`�g�h�� �g�Z�c�l�b�� �g�Z�� �k�Z�c�l�_��
�i�j�h�b�a�\�h�^�b�l�_�e�y���i�e�Z�k�l�b�d�Z�����G�Z���w�l�h�f���w�l�Z�i�_���i�j�b�r�e�h�k�v���k�l�h�e�d�g�m�l�v�k�y���k���j�y�^�h�f��
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�i�j�h�[�e�_�f���� �l�Z�d�b�o�� �d�Z�d�� �g�_�^�h�k�l�Z�l�h�q�g�Z�y�� �Z�^�]�_�a�b�y���� �i�j�b�� �d�h�l�h�j�h�c�� �\�h�� �\�j�_�f�y��
�j�Z�[�h�l�u�� �i�j�b�g�l�_�j�Z���� �f�h�^�_�e�v�� �h�l�e�b�i�Z�e�Z�� �h�l�� �i�_�q�Z�l�g�h�]�h�� �k�l�h�e�Z���� �i�h�k�e�_�� �q�_�]�h��
�^�Z�e�v�g�_�c�r�Z�y���i�_�q�Z�l�v���b�a�^�_�e�b�y���g�_���f�h�`�_�l���[�u�l�v���i�j�h�b�a�\�_�^�_�g�Z�����j�b�k. 3).  
  

 
�J�b�k��������- �J�_�a�m�e�v�l�Z�l���h�l�e�b�i�Z�g�b�y���f�h�^�_�e�b���h�l���i�_�q�Z�l�g�h�]�h���k�l�h�e�Z 

 �>�Z�g�g�Z�y���i�j�h�[�e�_�f�Z���j�_�r�Z�_�l�k�y���m�\�_�e�b�q�_�g�b�_�f���Z�^�]�_�a�b�b���g�Z�g�_�k�_�g�b�_�f���g�Z��
�i�_�q�Z�l�g�u�c�� �k�l�h�e�� �k�i�_�p�b�Z�e�v�g�h�]�h�� �d�e�_�y�� �^�e�y�� ���'�� �i�j�b�g�l�_�j�h�\���� �g�h�� �f�h�`�g�h��
�b�k�i�h�e�v�a�h�\�Z�l�v���b���h�[�u�q�g�u�c���d�e�_�c���d�Z�j�Z�g�^�Z�r������ 

�H�[�j�Z�l�g�Z�y�� �i�j�_�^�u�^�m�s�_�c�� �i�j�h�[�e�_�f�_���± �b�a�e�b�r�g�y�y�� �Z�^�]�_�a�b�y���� �d�h�]�^�Z��
�h�[�t�_�d�l���� �d�h�l�h�j�u�c�� �i�_�q�Z�l�Z�_�l�k�y�� �g�Z�� ���'-�i�j�b�g�l�_�j�_���� �k�e�b�r�d�h�f�� �k�b�e�v�g�h��
�i�j�b�e�b�i�Z�_�l�� �d�� �i�e�Z�l�n�h�j�f�_���� �q�l�h�� �a�Z�l�j�m�^�g�y�_�l�� �_�]�h�� �m�^�Z�e�_�g�b�_�� �i�h�k�e�_�� �i�_�q�Z�l�b����
�?�k�l�v�� �g�_�k�d�h�e�v�d�h�� �k�i�h�k�h�[�h�\�� �i�j�_�^�h�l�\�j�Z�s�_�g�b�y�� �b�a�e�b�r�g�_�c�� �Z�^�]�_�a�b�b�� �i�j�b��
�i�_�q�Z�l�b�� �g�Z�� ���'-�i�j�b�g�l�_�j�_���� �g�Z�g�_�k�_�g�b�_�� �l�h�g�d�h�]�h�� �k�e�h�y�� �e�Z�d�Z�� �^�e�y�� �\�h�e�h�k�� �b�e�b��
�d�e�_�c�� �k�i�j�_�y�� �g�Z�� �i�h�\�_�j�o�g�h�k�l�v�� �i�e�Z�l�n�h�j�f�u�� �b�e�b�� �b�k�i�h�e�v�a�h�\�Z�g�b�_��
�k�b�e�b�d�h�g�h�\�u�o���i�h�^�e�h�`�_�d�����k�i�_�p�b�Z�e�v�g�u�o���e�b�k�l�h�\���b�a���d�Z�i�j�h�g�Z���b�e�b���i�h�^�e�h�`�_�d��
�b�a�� �i�h�e�b�Z�f�b�^�g�h�c�� �i�e�_�g�d�b�� ���d�Z�i�l�h�g������ �L�Z�d�`�_�� �j�_�r�_�g�b�_�f�� �f�h�`�_�l�� �[�u�l�v��
�b�a�f�_�g�_�g�b�_�� �g�Z�k�l�j�h�_�d�� �i�_�q�Z�l�b���� �b�a�f�_�g�_�g�b�_�� �]�_�h�f�_�l�j�b�b�� �f�h�^�_�e�b�� �b�e�b�� �_�_��
�j�Z�k�i�h�e�h�`�_�g�b�y�� �g�Z�� �i�e�Z�l�n�h�j�f�_���� �G�Z�i�j�b�f�_�j���� �^�h�[�Z�\�e�_�g�b�_�� �h�i�h�j�g�u�o��
�k�l�j�m�d�l�m�j���� �i�h�e�h�k�l�v�� �\�� �f�h�^�_�e�b�� �^�e�y�� �k�h�a�^�Z�g�b�y�� �\�h�a�^�m�r�g�u�o�� �d�Z�j�f�Z�g�h�\�� �b�e�b��
�i�h�\�h�j�h�l�� �f�h�^�_�e�b�� �g�Z�� �����±������ �]�j�Z�^�m�k�h�\�� �g�Z�� �i�e�Z�l�n�h�j�f�_�� �^�e�y�� �i�_�q�Z�l�b���� �<��
�g�_�d�h�l�h�j�u�o�� �f�h�^�_�e�y�o�� ���'-�i�j�b�g�l�_�j�h�\�� �_�k�l�v�� �n�m�g�d�p�b�y�� �g�Z�]�j�_�\�Z�� �i�e�Z�l�n�h�j�f�u����
�W�l�h�� �i�h�f�h�]�Z�_�l�� �k�g�b�a�b�l�v�� �Z�^�]�_�a�b�x���� �l�Z�d�� �d�Z�d�� �\�h�� �\�j�_�f�y�� �i�_�q�Z�l�b�� �i�e�Z�k�l�b�d�� �g�_��
�h�k�l�u�\�Z�_�l���k�e�b�r�d�h�f���[�u�k�l�j�h���b���g�_���e�b�i�g�_�l���d���i�e�Z�l�n�h�j�f�_���>���@�����L�Z�d�`�_���f�h�`�g�h��
�i�h�d�j�u�l�v���i�_�q�Z�l�g�u�c���k�l�h�e���k�e�h�_�f���f�Z�e�y�j�g�h�]�h���k�d�h�l�q�Z�����w�l�h���^�Z�z�l���\�h�a�f�h�`�g�h�k�l�v��
�e�_�]�d�h���k�g�y�l�v���f�h�^�_�e�v���\�f�_�k�l�_���k���g�b�f���� 

 �I�h�k�e�_���l�h�]�h���d�Z�d���^�_�l�Z�e�v���[�u�e�Z���m�k�i�_�r�g�h���g�Z�i�_�q�Z�l�Z�g�Z�����_�z���g�_�h�[�o�h�^�b�f�h��
�k�g�y�l�v���k���i�_�q�Z�l�g�h�]�h���k�l�h�e�Z���b���i�_�j�_�o�h�^�b�l�v���g�Z���w�l�Z�i���i�h�k�l�h�[�j�Z�[�h�l�d�b�����m�^�Z�e�b�l�v��
�i�h�^�^�_�j�`�d�b�� �b�� �b�a�[�Z�\�b�l�v�k�y�� �h�l�� �^�_�n�_�d�l�h�\�� �g�Z�� �f�Z�d�_�l�_���� �d�h�l�h�j�u�_�� �f�h�]�m�l��
�i�h�y�\�b�l�v�k�y�� �\�� �i�j�h�p�_�k�k�_�� �i�_�q�Z�l�b���� �F�_�l�h�^�u�� �i�h�k�l�h�[�j�Z�[�h�l�d�b�� �a�Z�\�b�k�y�l�� �h�l��
�i�e�Z�k�l�b�d�Z���� �g�Z�i�j�b�f�_�j�� �g�Z�� �3�/�$���� �b�a�� �d�h�l�h�j�h�]�h�� �[�u�e�� �k�^�_�e�Z�g�� �f�Z�d�_�l�� �;�R�F����
�f�_�e�d�b�_�� �^�_�n�_�d�l�u�� �f�h�`�g�h�� �m�k�l�j�Z�g�b�l�v�� �i�j�b�� �i�h�f�h�s�b�� �i�j�h�l�b�j�Z�g�b�y�� �^�_�l�Z�e�_�c��
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�Z�p�_�l�h�g�h�f�� �>�����@���� �:�p�_�l�h�g�� �g�_�f�g�h�]�h�� �j�Z�a�`�b�`�Z�_�l�� �i�h�\�_�j�o�g�h�k�l�g�u�c�� �k�e�h�c�� �3�/�$��
�i�e�Z�k�l�b�d�Z���b���k�]�e�Z�`�b�\�Z�_�l���_�]�h�����I�j�b���[�h�e�_�_���]�j�m�[�u�o���^�_�n�_�d�l�Z�o���i�e�Z�k�l�b�d���f�h�`�g�h 
�h�l�r�e�b�n�h�\�Z�l�v���� �A�Z�l�_�f�� �^�_�l�Z�e�b�� �]�j�m�g�l�m�x�l�k�y�� �b�� �d�j�Z�k�y�l�k�y�� �>������ ������ �����@���� �I�j�b��
�k�h�a�^�Z�g�b�b���� �^�Z�g�g�h�]�h�� �f�Z�d�_�l�Z�� �i�h�d�j�Z�k�d�Z�� �i�j�h�b�k�o�h�^�b�e�Z�� �g�_�i�h�k�j�_�^�k�l�\�_�g�g�h��
�i�h�k�e�_���i�h�e�g�h�c���k�[�h�j�d�b���f�h�^�_�e�b���� 

�D�h�]�^�Z�� �\�k�_�� �^�_�l�Z�e�b�� �i�j�h�r�e�b�� �w�l�Z�i�� �i�h�k�l�h�[�j�Z�[�h�l�d�b���� �i�j�h�b�a�\�h�^�b�l�k�y��
�k�[�h�j�d�Z���f�Z�d�_�l�Z�����>�_�l�Z�e�b���k�d�e�_�b�\�Z�x�l�k�y���f�_�`�^�m���k�h�[�h�c�����j�b�k. 4)  

�<�� �k�e�_�^�m�x�s�b�o�� �f�Z�d�_�l�Z�o�� �i�e�Z�g�b�j�m�_�l�k�y�� �i�j�b�f�_�g�_�g�b�_�� �f�Z�]�g�b�l�g�h�]�h��
�k�h�_�^�b�g�_�g�b�y���^�_�l�Z�e�_�c�����l�Z�d���d�Z�d���w�l�h���m�i�j�h�s�Z�_�l���b�o���k�[�h�j�d�m�����b���i�h�a�\�h�e�y�_�l���i�j�b��
�g�_�h�[�o�h�^�b�f�h�k�l�b���j�Z�a�h�[�j�Z�l�v���f�Z�d�_�l������ 

 
�J�b�k��������- �K�[�h�j�d�Z���f�Z�d�_�l�Z 

  
�<�� �j�_�a�m�e�v�l�Z�l�_�� �j�Z�[�h�l�u�� �i�h�� �k�h�a�^�Z�g�b�x���f�Z�d�_�l�Z�� �;�R�F���� �k�� �i�h�f�h�s�v�x��

�l�_�o�g�h�e�h�]�b�b�� �)�0�'�� ���'�� �i�_�q�Z�l�b�� �m�^�Z�e�h�k�v�� �[�u�k�l�j�h�� �b�� �l�h�q�g�h�� �k�h�a�^�Z�l�v�� �d�h�i�b�x��
�[�m�^�m�s�_�c���f�Z�r�b�g�u�����j�b�k�������������q�l�h���a�g�Z�q�b�l�_�e�v�g�h���m�i�j�h�k�l�b�l���b���m�k�d�h�j�b�l���i�j�h�p�_�k�k��
�i�j�h�_�d�l�b�j�h�\�Z�g�b�y���� 

 
�J�b�k��������- �=�h�l�h�\�u�c���f�Z�d�_�l���;�R�F 

 �F�Z�d�_�l���i�h�a�\�h�e�b�e���m�\�b�^�_�l�v���k�e�Z�[�u�_���k�l�h�j�h�g�u���m�k�l�Z�g�h�\�d�b���b���g�Z���h�k�g�h�\�_��
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Abstract. The synthesis of a new hybrid nanostructured sorbent based on 
graphene oxide modified with chitosan and lignin was developed. The kinetics of liquid-
phase adsorption of lead ions and methylene blue molecules on the developed material 
was studied. It was found that the sorption capacity is 1849.8 mg/g for MB and 324.6 
mg/g for lead ions at a sorption time of 15 minutes. 
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�m�g�b�d�Z�e�v�g�u�f�b���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b�����\�d�e�x�q�Z�y���a�g�Z�q�b�l�_�e�v�g�m�x���j�_�Z�d�p�b�h�g�g�m�x��
�Z�d�l�b�\�g�h�k�l�v�����\�u�k�h�d�m�x���m�^�_�e�v�g�m�x���i�h�\�_�j�o�g�h�k�l�v�����h�l�e�b�q�g�u�_���f�_�o�Z�g�b�q�_�k�d�b�_����
�w�e�_�d�l�j�b�q�_�k�d�b�_���b���l�_�j�f�b�q�_�k�d�b�_���k�\�h�c�k�l�\�Z���>���@�� 

�L�_�f�� �g�_�� �f�_�g�_�_���� �i�j�h�f�u�r�e�_�g�g�h�_�� �i�j�b�f�_�g�_�g�b�_�� �j�Z�a�e�b�q�g�u�o�� �n�h�j�f��
�]�j�Z�n�_�g�Z���^�e�y���m�^�Z�e�_�g�b�y���l�h�d�k�b�q�g�u�o���a�Z�]�j�y�a�g�b�l�_�e�_�c���j�Z�a�e�b�q�g�h�c���o�b�f�b�q�_�k�d�h�c��
�i�j�b�j�h�^�u�� �h�]�j�Z�g�b�q�_�g�h�� �b�a-�a�Z�� �g�_�^�h�k�l�Z�l�h�q�g�h�c�� �Z�^�k�h�j�[�p�b�h�g�g�h�c 
�w�n�n�_�d�l�b�\�g�h�k�l�b���� �h�l�g�h�k�b�l�_�e�v�g�h�c�� �k�e�h�`�g�h�k�l�b�� �b�� �g�_�h�q�_�\�b�^�g�h�c��
�w�d�h�g�h�f�b�q�_�k�d�h�c�� �p�_�e�_�k�h�h�[�j�Z�a�g�h�k�l�b�� �i�j�h�f�u�r�e�_�g�g�h�]�h�� �i�j�h�b�a�\�h�^�k�l�\�Z��
�i�h�^�h�[�g�u�o�� �k�h�j�[�_�g�l�h�\���� �Q�l�h�[�u�� �i�j�_�h�^�h�e�_�l�v�� �w�l�h���� �g�_�h�[�o�h�^�b�f�h�� �i�h�\�u�k�b�l�v��
�Z�^�k�h�j�[�p�b�h�g�g�m�x�� �k�i�h�k�h�[�g�h�k�l�v�� �b�� �Z�d�l�b�\�g�h�k�l�v�� �i�h�^�h�[�g�u�o�� �g�Z�g�h�f�Z�l�_�j�b�Z�e�h�\��
�i�m�l�_�f�� �b�o�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�b�y�� �b�� �n�m�g�d�p�b�h�g�Z�e�b�a�Z�p�b�b�� �[�b�h�f�h�e�_�d�m�e�Z�f�b����
�i�h�e�b�f�_�j�Z�f�b���b���g�_�h�j�]�Z�g�b�q�_�k�d�b�f�b���k�h�_�^�b�g�_�g�b�y�f�b���>���@�� 

�A�Z�� �i�h�k�e�_�^�g�_�_�� �\�j�_�f�y�� �k�m�s�_�k�l�\�_�g�g�h�� �\�h�a�j�h�k�� �b�g�l�_�j�_�k�� �d��
�f�h�^�b�n�b�p�b�j�h�\�Z�g�b�x�� �]�j�Z�n�_�g�h�\�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �©�a�_�e�_�g�u�f�b�ª��
�[�b�h�i�h�e�b�f�_�j�Z�f�b�����\���q�Z�k�l�g�h�k�l�b�����o�b�l�h�a�Z�g�h�f�����e�b�]�g�b�g�h�f�� 

�E�b�]�g�b�g��- �h�^�g�Z�� �b�a�� �l�j�_�o�� �h�k�g�h�\�g�u�o�� �[�b�h�f�Z�d�j�h�f�h�e�_�d�m�e��
�e�b�]�g�h�p�_�e�e�x�e�h�a�g�h�c�� �[�b�h�f�Z�k�k�u���� �h�[�e�Z�^�Z�_�l�� �[�h�e�v�r�b�f�� �d�h�e�b�q�_�k�l�\�h�f��
�d�b�k�e�h�j�h�^�k�h�^�_�j�`�Z�s�b�o�� �n�m�g�d�p�b�h�g�Z�e�v�g�u�o�� �]�j�m�i�i���� �l�Z�d�b�o�� �d�Z�d�� �n�_�g�h�e�v�g�u�_��
�]�b�^�j�h�d�k�b�e�v�g�u�_�� �]�j�m�i�i�u���� �b�� �l�j�_�o�f�_�j�g�h�c�� �k�l�j�m�d�l�m�j�h�c���� �b�� �y�\�e�y�_�l�k�y��
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�e�h�]�b�q�g�u�f�� �d�Z�g�^�b�^�Z�l�h�f�� �^�e�y�� �k�b�g�l�_�a�Z�� �b�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�b�y�� �Z�^�k�h�j�[�_�g�l�h�\��
�>���@���� �O�b�l�h�a�Z�g�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �^�_�Z�p�_�l�b�e�b�j�h�\�Z�g�g�u�c�� �i�j�h�^�m�d�l�� �o�b�l�b�g�Z��
���\�l�h�j�h�]�h�� �i�h�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�g�h�k�l�b�� �i�h�e�b�k�Z�o�Z�j�b�^�Z�� �\�� �f�b�j�_�� �i�h�k�e�_��
�p�_�e�e�x�e�h�a�u�������w�l�h���h�[�s�_�^�h�k�l�m�i�g�u�c���[�x�^�`�_�l�g�u�c���i�j�b�j�h�^�g�u�c���i�j�h�^�m�d�l���>���@�� 

�P�_�e�v�x�� �j�Z�[�h�l�u�� �y�\�e�y�_�l�k�y�� �k�b�g�l�_�a�� �b�� �b�k�k�e�_�^�h�\�Z�g�b�_�� �n�b�a�b�d�h-
�o�b�f�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\�� �k�h�j�[�p�b�h�g�g�h�]�h�� �f�Z�l�_�j�b�Z�e�Z�� �g�Z�� �h�k�g�h�\�_�� �H�=����
�f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h�� �o�b�l�h�a�Z�g�h�f�� �b�� �e�b�]�g�b�g�h�f���� �Z�� �l�Z�d�`�_�� �h�p�_�g�d�Z��
�k�h�j�[�p�b�h�g�g�h�c���k�i�h�k�h�[�g�h�k�l�b���i�h�e�m�q�_�g�g�h�]�h���g�Z�g�h�d�h�f�i�h�a�b�l�Z���i�h���h�l�g�h�r�_�g�b�x��
�d���a�Z�]�j�y�a�g�b�l�_�e�y�f���j�Z�a�e�b�q�g�h�c���o�b�f�b�q�_�k�d�h�c���i�j�b�j�h�^�u�� 

�I�h�e�m�q�_�g�b�_�� �g�Z�g�h�d�h�f�i�h�a�b�l�Z�� �a�Z�d�e�x�q�Z�e�h�k�v�� �\�� �k�e�_�^�m�x�s�_�f���� �\��
�b�k�o�h�^�g�m�x���k�m�k�i�_�g�a�b�x���h�d�k�b�^�Z���]�j�Z�n�_�g�Z���������f�Z�k�������k�m�k�i�_�g�a�b�y���i�j�h�b�a�\�h�^�k�l�\�Z��
�H�H�H���©�G�Z�g�h�L�_�o�P�_�g�l�j�ª�����]�����L�Z�f�[�h�\�����J�h�k�k�b�y�����^�h�[�Z�\�b�e�b�������F���j�Z�k�l�\�h�j��NaOH 
�^�e�y�� �^�h�\�_�^�_�g�b�y�� �k�f�_�k�b�� �^�h��pH� �������� �>�Z�e�_�_�� �b�k�l�h�q�g�b�d�� �e�b�]�g�b�g�Z���± 
�e�b�]�g�h�k�m�e�v�n�h�g�Z�l�� ���E�K���� �i�h�j�h�r�d�h�h�[�j�Z�a�g�u�c�� ���H�H�H�� �©�:�D�<�:�O�B�F�ª���� �]����
�D�Z�a�Z�g�v�����J�h�k�k�b�y�� �j�Z�k�l�\�h�j�b�e�b���\���^�b�k�l�b�e�e�b�j�h�\�Z�g�g�h�c���\�h�^�_�����i�j�_�^�\�Z�j�b�l�_�e�v�g�h��
�g�Z�]�j�_�l�h�c�� �^�h�� ������ �h�K���� �\�� �l�_�q�_�g�b�_�� ������ �f�b�g���� �H�k�l�u�\�r�b�c�� �E�K�� �^�h�[�Z�\�b�e�b�� �\��
�k�m�k�i�_�g�a�b�x�� �H�=�� �b�� �i�j�h�^�h�e�`�b�e�b�� �i�_�j�_�f�_�r�b�\�Z�g�b�_�� �\�� �l�_�q�_�g�b�_�� ������ �f�b�g���� �<��
�i�h�e�m�q�_�g�g�m�x���k�f�_�k�v���H�=���E�K���^�h�[�Z�\�e�y�e�b���k�r�b�\�Z�x�s�b�c���Z�]�_�g�l���± �o�b�l�h�a�Z�g�����O����
C6H12NO4 (Fengchen Group Co., Ltd., China������ �i�j�_�^�\�Z�j�b�l�_�e�v�g�h��
�j�Z�k�l�\�h�j�_�g�g�u�c�� �\�� �j�Z�k�l�\�h�j�_�� �m�d�k�m�k�g�h�c�� �d�b�k�e�h�l�u������������ �F�� �&�+3COOH)���� �>�e�y��
�e�m�q�r�_�]�h�� �j�Z�k�i�j�_�^�_�e�_�g�b�y�� �o�b�l�h�a�Z�g�Z�� �\�� �k�f�_�k�b�� �H�=���E�K���� �i�j�h�\�h�^�b�e�b��
�i�_�j�_�f�_�r�b�\�Z�g�b�_�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �M�A�� �\�� �l�_�q�_�g�b�_�� ������ �f�b�g���� �>�e�y��
�h�[�j�Z�a�h�\�Z�g�b�y�� �]�b�^�j�h�]�_�e�y���� �i�h�e�m�q�_�g�g�m�x�� �k�f�_�k�v�� �H�=���E�K���O�� �i�h�^�\�_�j�]�Z�e�b��
�g�Z�]�j�_�\�m���\���l�_�q�_�g�b�_���������q���i�j�b���������h�K������ 

�A�Z�\�_�j�r�Z�x�s�b�f�� �w�l�Z�i�h�f�� �k�b�g�l�_�a�Z�� �y�\�e�y�e�Z�k�v�� �a�Z�]�j�m�a�d�Z�� �]�b�^�j�h�]�_�e�y��
�H�=���E�K���O�� �\�� �e�b�h�n�b�e�v�g�m�x�� �k�m�r�b�e�d�m�� ���6�F�L�H�Q�W�]-10n, China���� �^�e�y��
�a�Z�f�h�j�Z�`�b�\�Z�g�b�y�� �h�[�j�Z�a�p�Z�� �^�h��-������ �h�K�� �b�� �i�h�k�e�_�^�m�x�s�_�c�� �e�b�h�n�b�e�b�a�Z�p�b�b�� �\��
�l�_�q�_�g�b�_�� ������ �q���� �q�l�h�� �k�i�h�k�h�[�k�l�\�m�_�l�� �h�[�j�Z�a�h�\�Z�g�b�x�� �i�h�j�b�k�l�h�]�h�� �d�Z�j�d�Z�k�Z��
�\�k�e�_�^�k�l�\�b�_�� �k�m�[�e�b�f�Z�p�b�b�� �j�Z�k�l�\�h�j�b�l�_�e�y���� �>�e�y�� �\�u�y�\�e�_�g�b�y�� �e�m�q�r�_�]�h��
�k�h�h�l�g�h�r�_�g�b�y���H�=�����E�K���b���O���[�u�e�b���\�u�[�j�Z�g�u���k�e�_�^�m�x�s�b�_���i�j�h�i�h�j�p�b�b���k�f�_�k�b����
100:1:1, 20:1:1, 10:1:1, 5:1:1, 2:1:1, 1:1:1. 

�K�l�j�m�d�l�m�j�Z�� �b�� �f�h�j�n�h�e�h�]�b�y�� �i�h�e�m�q�_�g�g�h�]�h�� �f�Z�l�_�j�b�Z�e�Z�� �[�u�e�b��
�b�k�k�e�_�^�h�\�Z�g�u�� �k �i�h�f�h�s�v�x�� �k�d�Z�g�b�j�m�x�s�_�c�� ���K�W�F���� �b�� �i�j�h�k�\�_�q�b�\�Z�x�s�_�c��
���I�W�F�����w�e�_�d�l�j�h�g�g�h�c���f�b�d�j�h�k�d�h�i�b�b�����j�b�k���������� 
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�J�b�k��������- �K�W�F�����Z�����[�����b���I�W�F�����\�����]�����b�a�h�[�j�Z�`�_�g�b�y���g�Z�g�h�d�h�f�i�h�a�b�l�Z���H�=���E�K���O��
(20:1:1) 

 
�K�h�]�e�Z�k�g�h�� �i�h�e�m�q�_�g�g�u�f�� �K�W�F�� �b�� �I�W�F�� �b�a�h�[�j�Z�`�_�g�b�y�f�� ���j�b�k���� ��������

�f�b�d�j�h�k�l�j�m�d�l�m�j�Z�� �g�Z�g�h�d�h�f�i�h�a�b�l�h�\�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �i�e�h�l�g�u�_�� �k�e�h�b��
�f�Z�l�_�j�b�Z�e�Z�����j�Z�\�g�h�f�_�j�g�h���i�h�d�j�u�l�u�_���]�j�Z�n�_�g�h�\�u�f�b���e�b�k�l�Z�f�b�����H�l�f�_�q�Z�_�l�k�y����
�q�l�h���g�Z���f�b�d�j�h�m�j�h�\�g�_���g�_���\�u�y�\�e�_�g�h���^�_�n�_�d�l�h�\���]�j�Z�n�_�g�h�\�h�c���k�l�j�m�d�l�m�j�u�� 

�>�e�y�� �h�i�j�_�^�_�e�_�g�b�y �k�h�j�[�p�b�h�g�g�h�c�� �k�i�h�k�h�[�g�h�k�l�b�� �g�Z�g�h�d�h�f�i�h�a�b�l�h�\�� �i�h��
�h�l�g�h�r�_�g�b�x���d���b�h�g�Z�f���3�E2+ �b���f�h�e�_�d�m�e�Z�f���f�_�l�b�e�_�g�h�\�h�]�h���k�b�g�_�]�h�����F�K�����[�u�e�b��
�i�j�h�\�_�^�_�g�u�� �d�b�g�_�l�b�q�_�k�d�b�_�� �w�d�k�i�_�j�b�f�_�g�l�u�� �\�� �h�]�j�Z�g�b�q�_�g�g�h�f�� �h�[�t�_�f�_����
�M�k�e�h�\�b�y�� �i�j�h�\�_�^�_�g�b�y�� �w�d�k�i�_�j�b�f�_�g�l�Z���� ���������� �]�� �k�h�j�[�_�g�l�Z���� ������ �f�e�� �j�Z�k�l�\�h�j�Z�� �k��
�K0� ���������f�]���e���^�e�y���3�E2+ �b �K0� �����������f�]���e���^�e�y���F�K���i�j�b���j�G� �������\�j�_�f�y���k�h�j�[�p�b�b��
�± �������f�b�g�����H�i�l�b�q�_�k�d�m�x���i�e�h�l�g�h�k�l�v���j�Z�k�l�\�h�j�h�\���k�b�g�l�_�l�b�q�_�k�d�h�]�h���d�j�Z�k�b�l�_�e�y��
�h�i�j�_�^�_�e�y�e�b�� �g�Z�� �k�i�_�d�l�j�h�n�h�l�h�f�_�l�j�_�� �I�W-���������<�� ���H�H�H�� �©�W�d�j�h�k-
�B�g�`�b�g�b�j�b�g�]�ª���� �K�Z�g�d�l-�I�_�l�_�j�[�m�j�]���� �J�h�k�k�b�y���� �i�j�b�� �^�e�b�g�_�� �\�h�e�g�u�� ��� �������� �g�f����
�J�Z�\�g�h�\�_�k�g�m�x�� �d�h�g�p�_�g�l�j�Z�p�b�x�� �b�h�g�h�\�� �l�y�`�_�e�u�o�� �f�_�l�Z�e�e�h�\�� �\�� �\�h�^�g�u�o��
�j�Z�k�l�\�h�j�Z�o�� �b�a�f�_�j�y�e�b�� �k�� �i�h�f�h�s�v�x�� �w�g�_�j�]�h�^�b�k�i�_�j�k�b�h�g�g�h�c��
�j�_�g�l�]�_�g�h�n�e�m�h�j�_�k�p�_�g�l�g�h�c�� �k�i�_�d�l�j�h�f�_�l�j�b�b�� ���k�i�_�d�l�j�h�f�_�l�j�� �$�5�/�4�X�D�Q�W��
�7�K�H�U�P�R�6�F�L�H�Q�W�L�I�L�F�����7�K�H�U�P�R�6�F�L�H�Q�W�L�I�L�F�����K�R�:���� 

�<���j�_�a�m�e�v�l�Z�l�_���i�j�h�\�_�^�_�g�g�u�o���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o���b�k�k�e�_�^�h�\�Z�g�b�c���i�h��
�h�i�j�_�^�_�e�_�g�b�x�� �g�Z�b�e�m�q�r�_�]�h�� �k�h�h�l�g�h�r�_�g�b�y�� �b�k�o�h�^�g�u�o�� �d�h�f�i�h�g�_�g�l�h�\��
�H�=���E�K���O���i�h�e�m�q�_�g�u���^�Z�g�g�u�_�����i�j�b�\�_�^�_�g�g�u�_���g�Z���j�b�k�������� 
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SYNTHESIS OF CORUNDUM CERAMICS USING  
THERMOSETTING POLYMER COMPOUNDS  

 
Abstract. The possibility of producing technical ceramics of corundum 

composition using silicon-organic binders has been studied. The introduction of silicone 
promotes the formation of spinel and sillimanite at lower temperatures and sintering of 
ceramic samples at �����������ƒ�&�� 
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���������ƒ�K�� �k�� �p�_�e�v�x�� �h�[�_�a�\�h�`�b�\�Z�g�b�y�� �b�� �i�_�j�_�\�h�^�Z�� �\���m�k�l�h�c�q�b�\�m�x���� �[�h�e�_�_��
�i�e�h�l�g�m�x���.-�f�h�^�b�n�b�d�Z�p�b�x�� 

�>�e�y���h�d�k�b�^�Z���Z�e�x�f�b�g�b�y���i�j�b���h�l�k�m�l�k�l�\�b�b���f�h�^�b�n�b�p�b�j�m�x�s�b�o���^�h�[�Z�\�h�d��
�o�Z�j�Z�d�l�_�j�g�u�� �k�e�_�^�m�x�s�b�_�� �n�Z�a�h�\�u�_�� �i�j�_�\�j�Z�s�_�g�b�y���� ����������-Al 2O3�:�/ -
Al2O3�:�� -Al 2O3�:�. -Al2O3 �>���@���� �F�_�l�Z�k�l�Z�[�b�e�v�g�u�_�� �n�Z�a�u���h�d�k�b�^�Z�� �Z�e�x�f�b�g�b�y��
�i�j�b�� �\�u�k�h�d�b�o�� �l�_�f�i�_�j�Z�l�m�j�Z�o�� �i�j�_�\�j�Z�s�Z�x�l�k�y���\�� �k�l�Z�[�b�e�v�g�m�x�� �n�Z�a�m�� �.-
Al2O3 ���d�h�j�m�g�^�������N�h�j�f�b�j�h�\�Z�g�b�_���.-Al 2O3 �\���a�Z�\�b�k�b�f�h�k�l�b���h�l���k�h�\�h�d�m�i�g�h�k�l�b��
�n�Z�d�l�h�j�h�\�� �e�_�`�b�l�� �\�� �b�g�l�_�j�\�Z�e�_�� �l�_�f�i�_�j�Z�l�m�j�� �������±���������ƒ�&���� �i�h�k�e�_�� �q�_�]�h��
�k�e�_�^�m�_�l���[�u�k�l�j�u�c���j�h�k�l���i�h�j�b�k�l�u�o���a�_�j�_�g���.-Al2O3 �^�h���f�b�d�j�h�g�g�h�]�h���j�Z�a�f�_�j�Z��
�b���[�h�e�_�_���a�Z���k�q�_�l���i�j�h�p�_�k�k�Z���j�_�d�j�b�k�l�Z�e�e�b�a�Z�p�b�b��[2�@�����Q�_�f���\�u�r�_���l�_�f�i�_�j�Z�l�m�j�Z��
�b�� �i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v�� �k�i�_�d�Z�g�b�y���� �l�_�f�� �[�h�e�v�r�_�� �j�Z�a�f�_�j�� �d�j�b�k�l�Z�e�e�b�l�h�\�� �.-
Al2O3�����D�j�h�f�_���l�h�]�h�����i�j�b�k�m�l�k�l�\�b�_���g�_�d�h�l�h�j�u�o���k�h�_�^�b�g�_�g�b�c�����g�Z�i�j�b�f�_�j���<2O3 

[3�@���� �l�Z�d�`�_�� �k�i�h�k�h�[�k�l�\�m�_�l�� �m�d�j�m�i�g�_�g�b�x�� �a�_�j�_�g�� �d�h�j�m�g�^�Z. �>�e�y�� �i�h�e�m�q�_�g�b�y��
�f�Z�l�_�j�b�Z�e�h�\���k���\�u�k�h�d�h�c���i�j�h�q�g�h�k�l�v�x �l�j�_�[�m�_�l�k�y���h�]�j�Z�g�b�q�b�\�Z�l�v���j�h�k�l���a�_�j�_�g����
�k�g�b�`�Z�l�v���i�h�j�b�k�l�h�k�l�v���b���m�e�m�q�r�Z�l�v���k�i�_�d�Z�g�b�_�����W�l�h���^�h�k�l�b�]�Z�_�l�k�y���\�\�_�^�_�g�b�_�f��
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�k�i�_�p�b�Z�e�v�g�u�o�� �^�h�[�Z�\�h�d���� �i�j�Z�\�b�e�v�g�u�f�� �\�u�[�h�j�h�f�� �b�� �k�l�j�h�]�b�f�� �d�h�g�l�j�h�e�_�f��
�j�_�`�b�f�Z���l�_�j�f�h�h�[�j�Z�[�h�l�d�b�� 

�K�e�_�^�m�_�l�� �h�l�f�_�l�b�l�v���� �q�l�h�� �k�\�h�c�k�l�\�Z�� �l�_�o�g�b�q�_�k�d�b�o�� �d�_�j�Z�f�b�d���� �\��
�h�k�h�[�_�g�g�h�k�l�b���f�_�o�Z�g�b�q�_�k�d�b�_���\���j�_�r�Z�x�s�_�c���k�l�_�i�_�g�b���a�Z�\�b�k�y�l���h�l���l�_�o�g�h�e�h�]�b�b��
�i�h�e�m�q�_�g�b�y�� �b�k�o�h�^�g�h�]�h�� �k�u�j�v�y���� �d�h�f�i�Z�d�l�b�j�h�\�Z�g�b�y�� �b�� �k�i�_�d�Z�g�b�y�� �b�a�^�_�e�b�c����
�I�h�w�l�h�f�m�� �f�Z�l�_�j�b�Z�e�u�� �h�^�g�h�]�h�� �b�� �l�h�]�h�� �`�_�� �o�b�f�b�q�_�k�d�h�]�h�� �k�h�k�l�Z�\�Z���� �g�h��
�i�h�e�m�q�_�g�g�u�_���j�Z�a�e�b�q�g�u�f�b���k�i�h�k�h�[�Z�f�b�����f�h�]�m�l���b�f�_�l�v���d�Z�q�_�k�l�\�_�g�g�h���j�Z�a�g�u�_��
�m�j�h�\�g�b�� �n�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�o�� �b�� �f�_�o�Z�g�b�q�_�k�d�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �b�� �k�Z�f�u�_��
�j�Z�a�g�h�h�[�j�Z�a�g�u�_���h�[�e�Z�k�l�b���i�j�b�f�_�g�_�g�b�y�� 

�>�e�y���i�h�e�m�q�_�g�b�y���d�h�j�m�g�^�h�\�h�c���d�_�j�Z�f�b�d�b���k���l�j�_�[�m�_�f�h�c���i�e�h�l�g�h�k�l�v�x���b��
�i�j�h�q�g�h�k�l�v�x�� �\�h�a�f�h�`�g�h�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �j�Z�a�e�b�q�g�u�o�� �f�_�l�h�^�h�\���� �\�\�_�^�_�g�b�_��
�k�i�_�d�Z�x�s�b�o�� �^�h�[�Z�\�h�d���� �d�j�b�k�l�Z�e�e�b�a�Z�p�b�y�� �Z�f�h�j�n�g�h�]�h�� �h�[�j�Z�a�p�Z�� �i�j�b��
�l�_�j�f�h�h�[�j�Z�[�h�l�d�_�����d�h�g�^�_�g�k�Z�p�b�y���b�a���]�Z�a�h�\�h�c���n�Z�a�u���g�Z���o�h�e�h�^�g�m�x���i�h�^�e�h�`�d�m��
�b�e�b�� �[�u�k�l�j�Z�y�� �a�Z�d�Z�e�d�Z�� �j�Z�k�i�e�Z�\�Z���� �f�_�l�h�^�� �l�\�_�j�^�h�n�Z�a�g�h�c�� �Z�f�h�j�n�b�a�Z�p�b�b����
�H�k�h�[�u�c�� �b�g�l�_�j�_�k�� �i�j�_�^�k�l�Z�\�e�y�x�l�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�h�� �\�e�b�y�g�b�x�� �d�j�_�f�g�b�c-
�h�j�]�Z�g�b�q�_�k�d�b�o���k�h�_�^�b�g�_�g�b�c���g�Z���i�j�h�p�_�k�k�u���k�i�_�d�Z�g�b�y���d�h�j�m�g�^�h�\�h�c���d�_�j�Z�f�b�d�b�� 

�K�� �p�_�e�v�x�� �i�h�e�m�q�_�g�b�y�� �b�a�^�_�e�b�c�� �l�_�o�g�b�q�_�k�d�h�c�� �d�_�j�Z�f�b�d�b�� �[�u�e�b��
�j�Z�k�k�q�b�l�Z�g�u�� �k�h�k�l�Z�\�u���� �\�� �k�h�h�l�\�_�l�k�l�\�b�b�� �k�� �l�j�_�[�h�\�Z�g�b�y�f�b�� �d�� �f�Z�j�d�_�� �D�K-95 
���d�h�j�m�g�^�h�\�u�_���k�j�_�^�g�_-�i�e�h�l�g�u�_���k���k�h�^�_�j�`�Z�g�b�_�f���$�O2O3- �[�h�e�_�_ ���������k�h�]�e�Z�k�g�h��
�=�H�K�L�� ����������-94���� �d�h�j�m�g�^�h�\�u�_�� �b�� �d�h�j�m�g�^�h�\�u�_�� �k�� �^�h�[�Z�\�d�Z�f�b�� ���k��
�k�h�^�_�j�`�Z�g�b�_�f���$�O2O3- �[�h�e�_�_���������b�������������k�h�h�l�\�_�l�k�l�\�_�g�g�h����- �i�h���=�H�K�L������������-
2005 �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �w�e�_�d�l�j�h�d�h�j�m�g�^�Z�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �D�Z�a�h�]�g�_�m�i�h�j�� �<��
�d�Z�q�_�k�l�\�_�� �f�h�^�b�n�b�d�Z�l�h�j�h�\�� �i�j�h�p�_�k�k�Z�� �d�j�b�k�l�Z�e�e�b�a�Z�p�b�b�� �d�h�j�m�g�^�h�\�h�c��
�d�_�j�Z�f�b�d�b�� �[�u�e�b�� �\�u�[�j�Z�g�u�� �h�d�k�b�^�� �f�Z�]�g�b�y���� �^�b�h�d�k�b�^�� �p�b�j�d�h�g�b�y���� �h�d�k�b�^��
�d�j�_�f�g�b�y���� �<�\�_�^�_�g�b�_�� �m�d�Z�a�Z�g�g�u�o�� �h�d�k�b�^�h�\�� �\�� �d�h�j�m�g�^�h�\�m�x�� �r�b�o�l�m��
�k�i�h�k�h�[�k�l�\�m�_�l���k�g�b�`�_�g�b�x���l�_�f�i�_�j�Z�l�m�j�u���k�i�_�d�Z�g�b�y���b���b�a�f�_�g�_�g�b�x���o�Z�j�Z�d�l�_�j�Z��
�d�j�b�k�l�Z�e�e�b�a�Z�p�b�b���d�h�j�m�g�^�h�\�h�c���d�_�j�Z�f�b�d�b���i�j�b���k�i�_�d�Z�g�b�b�� 

�<���d�Z�q�_�k�l�\�_���l�_�j�f�h�j�_�Z�d�l�b�\�g�h�c���k�\�y�a�d�b���i�j�b���i�h�e�m�q�_�g�b�b���d�_�j�Z�f�b�q�_�k�d�b�o��
�f�Z�l�_�j�b�Z�e�h�\���[�u�e�b���b�k�i�h�e�v�a�h�\�Z�g�u���d�j�_�f�g�b�c - �h�j�]�Z�g�b�q�_�k�d�b�_���k�h�_�^�b�g�_�g�b�y�����\��
�q�Z�k�l�g�h�k�l�b���n�_�g�b�e�f�_�l�b�e���i�h�e�b�k�b�e�h�d�k�Z�g���+�������6�,�/�5�(�6�Š (SILRES�Š, Wacker 
Chemie GmbH, Munchen, Germany). �O�b�f�b�q�_�k�d�b�c �k�h�k�l�Z�\�� �h�[�h�`�`�_�g�g�u�o��
�d�_�j�Z�f�b�q�_�k�d�b�o �h�[�j�Z�a�p�h�\���i�j�b�\�_�^�_�g���\���l�Z�[�e�b�p�_������ 

 
�L�Z�[�e�b�p�Z���� - �O�b�f�b�q�_�k�d�b�c �k�h�k�l�Z�\���h�[�h�`�`�_�g�g�u�o���d�_�j�Z�f�b�q�_�k�d�b�o �h�[�j�Z�a�p�h�\���g�Z��

�h�k�g�h�\�_���w�e�_�d�l�j�h�d�h�j�m�g�^�Z 

�‹��
�k�h�k�l�� 

�K�h�^�_�j�`�Z�g�b�_���h�d�k�b�^�h�\�����f�Z�k������ 

�6�L�2�� �$�O���2�� �)�H���2�� �&�D�2 �0�J�2 �I�h���=�H�K�L������������-94 

1-1 1,92 95,66 0,44 0,18 1,80 
�$�O���2���!�����������)�H���2��������������

���D�K�������� 
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1-2 3,83 90,71 0,69 0,21 4,56 
�$�O���2���!�����������)�H���2��������������

���D�K�������� 

1-3 8,21 79,59 0,95 0,30 10,95 
�$�O���2���!�����������)�H���2��������������

���D�K�������� 
 
�I�j�b�� �h�[�`�b�]�_�� �d�_�j�Z�f�b�q�_�k�d�b�o�� �h�[�j�Z�a�p�h�\���� �i�h�e�m�q�_�g�g�u�o�� �g�Z�� �h�k�g�h�\�_��

�w�e�_�d�l�j�h�d�h�j�m�g�^�Z�� �i�j�b�� ����00oC �h�k�g�h�\�g�u�f�b�� �d�j�b�k�l�Z�e�e�b�q�_�k�d�b�f�b�� �n�Z�a�Z�f�b��
�y�\�e�y�x�l�k�y���.-�d�h�j�m�g�^�����]�_�d�k�Z�]�h�g�Z�e�v�g�Z�y���k�b�g�]�h�g�b�y�����j�h�f�[�h�w�^�j�b�q�_�k�d�Z�y���n�h�j�f�Z����
�b�� �r�i�b�g�_�e�v�� ���d�m�[�b�q�_�k�d�Z�y�� �k�b�g�]�h�g�b�y������ �k�� �g�_�[�h�e�v�r�b�f�� �k�h�^�_�j�`�Z�g�b�_�f��
�k�b�e�e�b�f�Z�g�b�l�Z��Al2SiO5 ���h�j�l�h�j�h�f�[�b�q�_�k�d�b�c��. �F�b�g�_�j�Z�e�h�]�b�q�_�k�d�b�c�� �k�h�k�l�Z�\��
�k�b�g�l�_�a�b�j�h�\�Z�g�g�u�o���f�Z�l�_�j�b�Z�e�h�\���i�j�b�\�_�^�_�g���\���l�Z�[�e�b�p�_��2. 

 
�L�Z�[�e�b�p�Z���� - �F�b�g�_�j�Z�e�h�]�b�q�_�k�d�b�c���k�h�k�l�Z�\���k�b�g�l�_�a�b�j�h�\�Z�g�g�u�o��

�d�_�j�Z�f�b�q�_�k�d�b�o �h�[�j�Z�a�p�h�\���g�Z���h�k�g�h�\�_���w�e�_�d�l�j�h�d�h�j�m�g�^�Z�����h�[�`�b�]���i�j�b�������������h�K 
�‹ ���k�h�k�l�Z�\�Z��
�d�h�j�m�g�^�h�\�h�c��
�d�_�j�Z�f�b�d�b 

�K�h�^�_�j�`�Z�g�b�_���d�h�f�i�h�g�_�g�l�h�\���\���f�Z�l�_�j�b�Z�e�_�����f�Z�k���� 
�D�h�j�m�g�^���:�� ���2��������������������������������������������������

������������������������������ 
�R�i�b�g�_�e�v���0�J�$�O���2�� 

���������������������������� 
�K�b�e�e�b�f�Z�g�b�l��

�$�O���6�L�2�� 

���������������������������� 
������ ���� �� �� 
������ ���� ���� �� 
������ ���� ���� �� 
 
�J�_�a�m�e�v�l�Z�l�u�� �j�_�g�l�]�_�g�h�]�j�Z�n�b�q�_�k�d�h�]�h�� �Z�g�Z�e�b�a�Z�� �^�e�y�� �h�[�j�Z�a�p�Z�� ��-3 

���d�h�j�m�g�^���$�O2O3 �± 61,5 %, MgAl2O4-33,2 %, Al 2SiO5 �± ���������������i�j�b�\�_�^�_�g�u���g�Z��
�j�b�k����1.  

 

 
�J�b�k������- �>�b�n�j�Z�d�l�h�]�j�Z�f�f�Z���h�[�j�Z�a�p�Z���d�_�j�Z�f�b�d�b���k�h�k�l�Z�\�Z����-3 

 
�J�_�a�m�e�v�l�Z�l�u�� �j�_�g�l�]�_�g�h�n�Z�a�h�\�h�]�h�� �Z�g�Z�e�b�a�Z�� �i�h�d�Z�a�u�\�Z�x�l���� �q�l�h�� �i�j�b��

�k�b�g�l�_�a�_�� �d�h�j�m�g�^�h�\�h�c�� �d�_�j�Z�f�b�d�b�� �g�Z�� �h�k�g�h�\�_�� �w�e�_�d�l�j�h�d�h�j�m�g�^�Z���h�k�g�h�\�g�Z�y��
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�d�j�b�k�l�Z�e�e�b�q�_�k�d�Z�y�� �n�Z�a�Z�� �i�j�_�^�k�l�Z�\�e�_�g�Z�� �.-�d�h�j�m�g�^�h�f���� �G�_�[�h�e�v�r�b�_��
�d�h�e�b�q�_�k�l�\�Z�� �h�d�k�b�^�Z�� �f�Z�]�g�b�y�� �h�[�j�Z�a�m�x�l�� �r�i�b�g�_�e�v�g�m�x�� �k�\�y�a�d�m����
�h�[�_�k�i�_�q�b�\�Z�x�s�m�x���m�i�e�h�l�g�_�g�b�_���d�_�j�Z�f�b�q�_�k�d�b�o���f�Z�l�_�j�b�Z�e�h�\���b���k�\�y�a�u�\�Z�g�b�_��
�h�l�^�_�e�v�g�u�o�� �d�j�b�k�l�Z�e�e�h�\�� �d�h�j�m�g�^�Z���� �D�j�_�f�g�b�c - �h�j�]�Z�g�b�q�_�k�d�h�_�� �k�h�_�^�b�g�_�g�b�_��
���k�b�e�b�d�h�g�����i�j�b���g�Z�]�j�_�\�Z�g�b�b���h�l�����������^�h�������������ƒ�&���g�Z���\�h�a�^�m�o�_���j�Z�a�e�Z�]�Z�_�l�k�y���k��
�\�u�^�_�e�_�g�b�_�f���m�]�e�_�d�b�k�e�h�]�h���]�Z�a�Z���b���h�d�k�b�^�Z���d�j�_�f�g�b�y���k���i�_�j�_�o�h�^�g�h�c���i�h�j�b�k�l�h�c��
�k�l�j�m�d�l�m�j�h�c�����H�[�j�Z�a�h�\�Z�\�r�b�c�k�y���i�j�b���w�l�h�f���\���g�_�[�h�e�v�r�h�f���d�h�e�b�q�_�k�l�\�_���h�d�k�b�^��
�d�j�_�f�g�b�y�� �\�a�Z�b�f�h�^�_�c�k�l�\�m�_�l�� �k�� �h�d�k�b�^�h�f�� �Z�e�x�f�b�g�b�y�� �b�� �f�Z�]�g�b�y�� �k��
�h�[�j�Z�a�h�\�Z�g�b�_�f���r�i�b�g�_�e�b���b���k�b�e�e�b�f�Z�g�b�l�Z���k�h�h�l�\�_�l�k�l�\�_�g�g�h���b���k�i�h�k�h�[�k�l�\�m�_�l��
�k�i�_�d�Z�g�b�x���d�_�j�Z�f�b�q�_�k�d�b�o���h�[�j�Z�a�p�h�\���� 

�H�[�j�Z�a�h�\�Z�g�b�_���\���d�Z�q�_�k�l�\�_���k�\�y�a�d�b���f�Z�]�g�_�a�b�Z�e�v�g�h�c���r�i�b�g�_�e�b���0�J�$�O2O3, 
�d�h�l�h�j�Z�y�� �b�k�i�h�e�v�a�m�_�l�k�y�� �d�Z�d�� �h�]�g�_�m�i�h�j�g�u�c���� �d�h�g�k�l�j�m�d�p�b�h�g�g�u�c�� �b��
�w�e�_�d�l�j�h�b�a�h�e�y�p�b�h�g�g�u�c�� �f�Z�l�_�j�b�Z�e�� �k�� �l�_�f�i�_�j�Z�l�m�j�h�c �i�e�Z�\�e�_�g�b�y�� ���������ƒ�K�� �b��
�\�u�k�h�d�h�c�� �o�b�f�b�q�_�k�d�h�c�� �k�l�h�c�d�h�k�l�v�x���� �k�i�h�k�h�[�k�l�\�m�_�l�� �i�h�\�u�r�_�g�b�x�� �k�\�h�c�k�l�\��
�d�h�j�m�g�^�h�\�h�c���d�_�j�Z�f�b�d�b���� 

�I�j�b�� �w�l�h�f�� �k�b�g�l�_�a�� �f�Z�l�_�j�b�Z�e�Z�� �g�Z�� �h�k�g�h�\�_�� �w�e�_�d�l�j�h�d�h�j�m�g�^�Z���\��
�i�j�b�k�m�l�k�l�\�b�b���k�b�e�b�d�h�g�h�\���i�j�h�b�k�o�h�^�b�l�� �i�j�b�� �]�h�j�Z�a�^�h�� �[�h�e�_�_�� �g�b�a�d�b�o��
�l�_�f�i�_�j�Z�l�m�j�Z�o�� ���g�Z�� ������-300 �h�K�� �g�b�`�_������ �q�_�f�� �l�j�Z�^�b�p�b�h�g�g�Z�y�� �l�_�f�i�_�j�Z�l�m�j�Z��
�k�i�_�d�Z�g�b�y�� �r�i�b�g�_�e�b�� �b�� �d�h�j�m�g�^�Z���� �W�l�h�� �k�i�h�k�h�[�k�l�\�m�_�l�� �a�g�Z�q�b�l�_�e�v�g�h�c��
�w�d�h�g�h�f�b�b�� �w�g�_�j�]�_�l�b�q�_�k�d�b�o�� �j�Z�k�o�h�^�h�\�� �i�j�b�� �k�b�g�l�_�a�_�� �\�u�k�h�d�h�i�j�h�q�g�u�o�� �b��
�h�]�g�_�m�i�h�j�g�u�o���f�Z�l�_�j�b�Z�e�h�\�� 

�H�i�j�_�^�_�e�_�g�b�_�� �n�b�a�b�d�h-�f�_�o�Z�g�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\�� �h�[�j�Z�a�p�h�\�� �i�h�d�Z�a�Z�e�h����
�q�l�h�� �[�h�e�_�_�� �\�u�k�h�d�h�c�� �i�e�h�l�g�h�k�l�v�x�� ��������-���������� �d�]���f3 �i�j�b�� �l�_�f�i�_�j�Z�l�m�j�_��
�k�b�g�l�_�a�Z�����������h�K���h�[�e�Z�^�Z�x�l���k�h�k�l�Z�\�u����-�����b����-�����k�h�h�l�\�_�l�k�l�\�_�g�g�h�����K�h�k�l�Z�\���‹��-
���� �b�a-�a�Z�� �\�u�k�h�d�h�]�h�� �k�h�^�_�j�`�Z�g�b�y��Al 2O3 �y�\�e�y�_�l�k�y�� �l�j�m�^�g�h�k�i�_�d�Z�_�f�u�f�� �b��
�l�j�_�[�m�_�l�� �[�h�e�_�_�� �\�u�k�h�d�h�c�� �l�_�f�i�_�j�Z�l�m�j�u�� �l�_�j�f�h�h�[�j�Z�[�h�l�d�b�����I�h�e�m�q�_�g�g�u�_��
�^�Z�g�g�u�_�� �k�\�b�^�_�l�_�e�v�k�l�\�m�x�l�� �h�� �\�h�a�f�h�`�g�h�k�l�b�� �i�h�e�m�q�_�g�b�y�� �d�Z�q�_�k�l�\�_�g�g�u�o��
�d�_�j�Z�f�b�q�_�k�d�b�o���b�a�^�_�e�b�c���d�h�j�m�g�^�h�\�h�]�h���k�h�k�l�Z�\�Z���‹����-�����b����-�����i�j�b����������-1500 
�h�K���� �d�h�l�h�j�u�_�� �[�u�e�b�� �\�u�[�j�Z�g�u�� �\�� �d�Z�q�_�k�l�\�_�� �h�i�l�b�f�Z�e�v�g�u�o�� �^�e�y�� �^�Z�e�v�g�_�c�r�b�o��
�b�k�k�e�_�^�h�\�Z�g�b�c.  

C�i�b�k�h�d���b�k�i�h�e�v�a�h�\�Z�g�g�u�o���b�k�l�h�q�g�b�d�h�\ 
 

���� �F�Z�l�j�_�g�b�g�� �K���<������ �H�\�_�q�d�b�g�� �;���;������ �F�y�q�b�g�� �X���<������ �B�g�^�x�d�h�\�� �>���K����
�B�k�k�e�_�^�h�\�Z�g�b�_�� �\�e�b�y�g�b�y�� �m�k�e�h�\�b�c�� �f�_�o�Z�g�b�q�_�k�d�h�c�� �Z�d�l�b�\�Z�p�b�b�� �i�h�j�h�r�d�Z��
�[�_�e�h�]�h�� �w�e�_�d�l�j�h�d�h�j�m�g�^�Z�� �b�� �\�e�b�y�g�b�y�� �^�h�[�Z�\�h�d�� �g�Z�g�h�j�Z�a�f�_�j�g�u�o��
�i�h�j�h�r�d�h�\���$�O���� �$�O���2������ �7�L�2���� �g�Z�� �n�b�a�b�d�h���f�_�o�Z�g�b�q�_�k�d�b�_�� �k�\�h�c�k�l�\�Z��
�k�i�_�q�_�g�g�h�c���d�_�j�Z�f�b�d�b���������B�a�\�_�k�l�b�y���\�m�a�h�\�����N�b�a�b�d�Z�����±�������������������L���������������‹�� ��
���������������&�������������������� 

���� �.�L�P���0���-�������.�L�P���6���0�������<�R�R�Q���'���<�����6�L�Q�J�X�O�D�U���*�U�D�L�Q���%�R�X�Q�G�D�U�L�H�V���L�Q���$�O�X�P�L�Q�D��
�'�R�S�H�G���Z�L�W�K���6�L�O�L�F�D�������-�����$�P�����&�H�U�D�P�����6�R�F�����������������9�������������J�����������±���������� 

���� �0�D�F�/�D�U�H�Q�� �5���0������ �&�D�Q�Q�R�Q�� �0���$������ �*�•�O�J�•�Q�� �5������ �9�R�\�W�R�Y�\�F�K�� �1������ �3�R�S�H�V�F�X��
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�3�R�U�L�R�Q�� �&������ �6�F�K�H�X�� �8������ �7�l�I�I�Q�H�U�� �0���� �5�•�K�O�H���� �$�E�Q�R�U�P�D�O�� �J�U�D�L�Q�� �J�U�R�Z�W�K�� �L�Q��
�D�O�X�P�L�Q�D���� �6�\�Q�H�U�J�H�W�L�F�� �H�I�I�H�F�W�V�� �R�I���<�W�W�U�L�D�� �D�Q�G�� �6�L�O�L�F�D�� �����-�R�X�U�Q�D�O�� �R�I���$�P�H�U�L�F�D�Q��
�&�H�U�D�P�L�F���6�R�F�L�H�W�\�����������������9�������������������3�����������±�������� 
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�H���:�����:�g�Z�g�v�_�\�Z�� �:���O�����D�Z�^�m�f�����:���G�����L�b�f�b�j�]�Z�e�b�_�\ 
�L�Z�f�[�h�\�k�d�b�c���]�h�k�m�^�Z�j�k�l�\�_�g�g�u�c���l�_�o�g�b�q�_�k�d�b�c���m�g�b�\�_�j�k�b�l�_�l 
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�=�B�>�J�H�L�?�J�F�:�E�V�G�U�C���K�B�G�L�?�A���:�D�L�B�<�B�J�H�<�:�G�G�U�O��
�;�B�H�M�=�E�?�C���G�:���H�K�G�H�<�?���<�H�A�H�;�G�H�<�E�Y�?�F�U�O��

�B�K�L�H�Q�G�B�D�H�<���K���O���K�U�J�V�Y 
 

�:�g�g�h�l�Z�p�b�y. �< �^�Z�g�g�h�c�� �j�Z�[�h�l�_�� �i�j�_�^�e�h�`�_�g�Z�� �f�_�l�h�^�b�d�Z�� �i�_�j�_�j�Z�[�h�l�d�b��
�k�_�e�v�k�d�h�o�h�a�y�c�k�l�\�_�g�g�u�o�� �d�m�e�v�l�m�j�� ���i�h�^�k�h�e�g�_�q�g�b�d���� �j�Z�i�k���� �k�h�y���� �l�j�Z�\�y�g�Z�y�� �f�m�d�Z���� �\��
�\�u�k�h�d�h�w�n�n�_�d�l�b�\�g�u�_�� �Z�d�l�b�\�g�u�_�� �m�]�e�b���� �h�[�e�Z�^�Z�x�s�b�_�� �n�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�f�b��
�k�\�h�c�k�l�\�Z�f�b���� �h�j�b�_�g�l�b�j�h�\�Z�g�g�u�f�b�� �g�Z�� �i�j�b�f�_�g�_�g�b�_�� �\���`�b�^�d�h�n�Z�a�g�u�o�� �k�h�j�[�p�b�h�g�g�u�o��
�i�j�h�p�_�k�k�Z�o���m�^�Z�e�_�g�b�y���\�j�_�^�g�u�o���i�j�b�f�_�k�_�c���j�Z�a�e�b�q�g�h�c���o�b�f�b�q�_�k�d�h�c���i�j�b�j�h�^�u�� 
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Abstract. This work proposes the processing of agricultural waste (sunflower, 
rapeseed, soybean, grass meal) into highly efficient activated carbons with physical and 
chemical properties aimed at use in liquid-phase sorption processes for removing 
harmful impurities of various chemical natures. 

 
�K�b�g�l�_�a�� �m�]�e�_�j�h�^�g�u�o�� �\�_�s�_�k�l�\�� �i�m�l�_�f�� �]�b�^�j�h�l�_�j�f�Z�e�v�g�h�c��

�d�Z�j�[�h�g�b�a�Z�p�b�b�� ���=�L�D���� �j�Z�k�l�b�l�_�e�v�g�h�]�h�� �k�u�j�v�y�� �j�Z�a�e�b�q�g�h�]�h�� �i�j�h�b�k�o�h�`�^�_�g�b�y��
�± �d�h�k�l�h�q�d�b�� �i�e�h�^�h�\�u�o�� �n�j�m�d�l�h�\�u�o�� �^�_�j�_�\�v�_�\���� �j�b�k�h�\�Z�y�� �r�_�e�m�o�Z���� �h�l�o�h�^�u��
�d�h�n�_���� �k�d�h�j�e�m�i�Z�� �h�j�_�o�h�\���� �b�g�u�_�� �h�l�o�h�^�u�� �k�_�e�v�k�d�h�o�h�a�y�c�k�l�\�_�g�g�h�]�h��
�i�j�h�b�a�\�h�^�k�l�\�Z�� �g�Z�� �h�k�g�h�\�_�� �p�_�e�e�x�e�h�a�u�� �b�� �j�Z�a�e�b�q�g�u�o�� �_�_���f�h�^�b�n�b�d�Z�p�b�c��
���d�Z�j�[�h�d�k�b�f�_�l�b�e�p�_�e�e�x�e�h�a�Z���� �f�b�d�j�h�d�j�b�k�l�Z�e�e�b�q�_�k�d�Z�y�� �p�_�e�e�x�e�h�a�Z�� �b�� �^�j���� 
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�y�\�e�y�_�l�k�y���h�^�g�b�f���k�i�h�k�h�[�h�\ �i�h�e�m�q�_�g�b�y���i�h�j�b�k�l�u�o���m�]�e�_�j�h�^�g�u�o���f�Z�l�_�j�b�Z�e�h�\��
�^�e�y���j�_�r�_�g�b�y���w�d�h�e�h�]�b�q�_�k�d�b�o���i�j�h�[�e�_�f.  

�P�_�e�v�x�� �g�Z�k�l�h�y�s�_�c�� �j�Z�[�h�l�u�� �i�h�e�m�q�_�g�b�_�� �[�x�^�`�_�l�g�u�o�� �k�h�j�[�p�b�h�g�g�u�o��
�f�Z�l�_�j�b�Z�e�h�\���^�e�y���w�n�n�_�d�l�b�\�g�h�]�h���m�^�Z�e�_�g�b�y���\�j�_�^�g�u�o���i�j�b�f�_�k�_�c���b�a���\�h�^�g�u�o��
�k�j�_�^�����<�u�[�h�j�� �m�]�e�_�j�h�^�k�h�^�_�j�`�Z�s�_�]�h�� �k�u�j�v�y �\�� �^�Z�g�g�h�c�� �j�Z�[�h�l�_ �h�[�m�k�e�h�\�e�_�g��
�l�j�Z�^�b�p�b�h�g�g�h�� �\�u�k�h�d�h�c�� �m�j�h�`�Z�c�g�h�k�l�v�x�� �k���o�� �d�m�e�v�l�m�j�� �g�Z�� �l�_�j�j�b�l�h�j�b�b��
�L�Z�f�[�h�\�k�d�h�c�� �h�[�e�Z�k�l�b���� �L�Z�d�`�_�� �Z�\�l�h�j�Z�f�b�� �b�k�k�e�_�^�m�_�l�k�y�� �\�h�a�f�h�`�g�h�k�l�v��
�\�\�_�^�_�g�b�y���g�Z���k�l�Z�^�b�b���=�L�D-�k�b�g�l�_�a�Z���]�j�Z�n�_�g�h�\�u�o���g�Z�g�h�k�l�j�m�d�l�m�j�����Z���b�f�_�g�g�h����
�h�d�k�b�^�Z���]�j�Z�n�_�g�Z�����H�=�������k���p�_�e�v�x���i�h�\�u�r�_�g�b�y �k�h�j�[�p�b�h�g�g�u�o���k�\�h�c�k�l�\�� 

�F�_�l�h�^�b�d�Z���i�h�e�m�q�_�g�b�y���h�[�j�Z�a�p�h�\���f�_�l�h�^�h�f �=�L�D���a�Z�d�e�x�q�Z�_�l�k�y �\��
�k�e�_�^�m�x�s�_�f���� �\�� �Z�\�l�h�d�e�Z�\�� �b�a�� �g�_�j�`�Z�\�_�x�s�_�c�� �k�l�Z�e�b�� �h�[�t�_�f�h�f�� �������� �f�e��
�a�Z�]�j�m�`�Z�e�b�� �b�a�f�_�e�v�q�_�g�g�u�c�� �i�h�j�h�r�d�h�h�[�j�Z�a�g�u�c�� �i�j�h�^�m�d�l�� �b��
�^�b�k�l�b�e�e�b�j�h�\�Z�g�g�m�x�� �\�h�^�m���� �i�h�f�_�s�Z�e�b�� �\�� �k�m�r�b�e�v�g�u�c�� �r�d�Z�n����
�i�j�_�^�\�Z�j�b�l�_�e�v�g�h���g�Z�]�j�_�l�u�c���^�h�����������ƒ�K�����b���\�u�^�_�j�`�b�\�Z�e�b���\���l�_�q�_�g�b�_���������q�Z�k�h�\����
�A�Z�l�_�f�� �k�h�^�_�j�`�b�f�h�_�� �n�b�e�v�l�j�h�\�Z�e�b�� �g�Z�� �\�h�^�h�k�l�j�m�c�g�h�f�� �g�Z�k�h�k�_�� �q�_�j�_�a��
�l�d�Z�g�_�\�u�c���n�b�e�v�l�j���^�e�y���m�^�Z�e�_�g�b�y���i�h�[�h�q�g�u�o���i�j�h�^�m�d�l�h�\���j�_�Z�d�p�b�b���b���k�m�r�b�e�b��
�i�j�b���������ƒ�K���^�h���i�h�k�l�h�y�g�g�h�c���f�Z�k�k�u�����>�Z�e�_�_ �i�h�^�\�_�j�]�Z�e�b���d�Z�j�[�h�g�b�a�Z�p�b�b���i�j�b��
�i�h�k�l�h�y�g�g�h�c�� �i�h�^�Z�q�_�� �Z�j�]�h�g�Z�� ���k�d�h�j�h�k�l�v�� �i�h�l�h�d�Z�� ���� �e���f�b�g���� �\�� ���� �w�l�Z�i�Z�� �i�m�l�_�f��
�g�Z�]�j�_�\�Z�g�b�y���b���\�u�^�_�j�`�b�\�Z�g�b�y���h�[�j�Z�a�p�Z���i�j�b���������������������b�����������ƒ�K���k�l�m�i�_�g�q�Z�l�h��
�\���l�_�q�_�g�b�_�������q�Z�k�Z���i�j�b���d�Z�`�^�h�c���b�a���l�_�f�i�_�j�Z�l�m�j�����>�e�y���k�b�g�l�_�a�Z���h�[�j�Z�a�p�Z���I���H�=��
�g�Z�� �k�l�Z�^�b�b�� �a�Z�]�j�m�a�d�b�� �j�Z�k�l�b�l�_�e�v�g�h�]�h�� �k�u�j�v�y�� �\�� �Z�\�l�h�d�e�Z�\�� �d�� �k�h�^�_�j�`�b�f�h�f�m��
�^�h�[�Z�\�e�y�e�b�� �h�i�j�_�^�_�e�_�g�g�h�_�� �d�h�e�b�q�_�k�l�\�h�� �k�m�k�i�_�g�a�b�b�� �h�d�k�b�^�Z�� �]�j�Z�n�_�g�Z���� �>�e�y��
�j�Z�a�\�b�l�b�y�� �i�h�j�b�k�l�h�c�� �k�l�j�m�d�l�m�j�u�� �[�b�h�m�]�e�_�c�� �i�j�b�f�_�g�y�e�Z�k�v�� �s�_�e�h�q�g�Z�y��
�Z�d�l�b�\�Z�p�b�y�� �d�Z�j�[�h�g�b�a�b�j�h�\�Z�g�g�u�o�� �h�[�j�Z�a�p�h�\���� �>�e�y�� �w�l�h�]�h�� �f�Z�l�_�j�b�Z�e��
�k�f�_�r�b�\�Z�e�b���k���]�b�^�j�h�d�k�b�^�h�f���d�Z�e�b�y �\���j�Z�a�e�b�q�g�h�f���k�h�h�l�g�h�r�_�g�b�b�������������b��������������
�i�h�k�e�_�� �q�_�]�h�� �a�Z�]�j�m�`�Z�e�b�� �\�� �j�_�Z�d�l�h�j�� �b�� �i�h�f�_�s�Z�e�b�� �\�� �f�m�n�_�e�v�g�m�x�� �i�_�q�v����
�:�d�l�b�\�Z�p�b�y�� �i�j�h�\�h�^�b�e�Z�k�v�� �i�j�b�� �i�h�k�l�h�y�g�g�h�c�� �i�h�^�Z�q�_�� �Z�j�]�h�g�Z�� ���k�d�h�j�h�k�l�v��
�i�h�l�h�d�Z�������e���f�b�g�����\�������w�l�Z�i�Z���i�m�l�_�f���g�Z�]�j�_�\�Z�g�b�y���b���\�u�^�_�j�`�b�\�Z�g�b�y���h�[�j�Z�a�p�h�\��
�i�j�b�����������b�����������ƒ�K���k�l�m�i�_�g�q�Z�l�h���\���l�_�q�_�g�b�_�������q�Z�k�Z���i�j�b���d�Z�`�^�h�c���b�a���l�_�f�i�_�j�Z�l�m�j����
�I�h�k�e�_���Z�d�l�b�\�Z�p�b�b���i�h�e�m�q�_�g�g�u�c���f�Z�l�_�j�b�Z�e���i�j�h�f�u�\�Z�e�b���^�b�k�l�b�e�e�b�j�h�\�Z�g�g�h�c��
�\�h�^�h�c���� �\�� �^�Z�e�v�g�_�c�r�_�f�� �h�k�l�Z�l�d�b�� �s�_�e�h�q�b�� �g�_�c�l�j�Z�e�b�a�h�\�Z�e�b�� �k�h�e�y�g�h�c��
�d�b�k�e�h�l�h�c���� �i�h�k�e�_�� �q�_�]�h�� �f�Z�l�_�j�b�Z�e�� �i�h�\�l�h�j�g�h�� �i�j�h�f�u�\�Z�e�b�� �^�b�k�l�b�e�e�y�l�h�f�� �b��
�k�m�r�b�e�b���i�j�b�����������ƒ�K���>1]. 

�<�� �l�Z�[�e�b�p�_�� ���� �i�j�b�\�_�^�_�g�u�� �i�Z�j�Z�f�_�l�j�u�� �i�h�j�b�k�l�h�]�h�� �i�j�h�k�l�j�Z�g�k�l�\�Z��
�i�h�e�m�q�_�g�g�u�o���k�h�j�[�_�g�l�h�\�� 

�L�Z�[�e�b�p�Z���� -�<�_�e�b�q�b�g�Z���m�^�_�e�v�g�h�c���i�h�\�_�j�o�g�h�k�l�b���b���h�[�t�_�f���i�h�j���Z�d�l�b�\�b�j�h�\�Z�g�g�u�o��
�m�]�e�_�c���b�a���j�Z�a�e�b�q�g�h�]�h���j�Z�k�l�b�l�_�e�v�g�h�]�h���k�u�j�v�y 

�H�[�j�Z�a�_�p �I�Z�j�Z�f�_�l�j�u���i�h�j�b�k�l�h�c���k�l�j�m�d�l�m�j�u*  

S�;�W�L�����f2���] SDFT�����f2���] VDFT, �k�f3���] 

�I���D�H�G���������� 2137,048 2037,930 1,003 
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�I���H�=���D�H�G���������� 1986,434 1594,801 1,052 

�I���D�H�G���������� 3244,298 2058,098 1,616 

�J�Z�i�k���D�H�G���������� 3193,770 1927,473 1,664 

�K�h�y/�D�H�G���������� 1297,465 1102,136 0,663 

�L�F���D�H�G���������� 3152,938 2017,343 1,653 

* S�;�W�L �± �m�^�_�e�v�g�Z�y���i�h�\�_�j�o�g�h�k�l�v���i�h���;�W�L�����f2���]����SDFT �± �m�^�_�e�v�g�Z�y���i�h�\�_�j�o�g�h�k�l�v���i�h���'�)�7�����f2���]����
VDFT �± �m�^�_�e�v�g�u�c���h�[�t�_�f���i�h�j���i�h���'�)�7�����k�f3���]�� 
 

�:�g�Z�e�b�a�b�j�m�y�� �l�Z�[�e�b�p�m ������ �k�e�_�^�m�_�l�� �h�l�f�_�l�b�l�v���� �q�l�h�� �^�h�[�Z�\�d�Z���h�d�k�b�^�Z��
�]�j�Z�n�_�g�Z �k�m�s�_�k�l�\�_�g�g�h���g�_���\�e�b�y�_�l���g�Z���m�^�_�e�v�g�m�x���i�h�\�_�j�o�g�h�k�l�v���b���h�[�t�_�f���i�h�j��
�i�j�b�� �j�Z�k�k�f�h�l�j�_�g�b�b�� �h�[�j�Z�a�p�h�\�� �I���D�H�G������������ �b�� �I���H�=���D�H�G�������������� �:�� �\�h�l��
�d�h�e�b�q�_�k�l�\�h�� �s�_�e�h�q�b�� �k�m�s�_�k�l�\�_�g�g�h�� �m�\�_�e�b�q�b�\�Z�_�l�� �i�Z�j�Z�f�_�l�j�u�� �i�h�j�b�k�l�h�c��
�k�l�j�m�d�l�m�j�u���� �^�_�e�Z�y�� �w�l�b�� �f�Z�l�_�j�b�Z�e�u�� �i�_�j�k�i�_�d�l�b�\�g�u�f�b�� �^�e�y�� �Z�^�k�h�j�[�p�b�b��
�l�h�d�k�b�q�g�u�o���i�j�b�f�_�k�_�c�����\���h�k�h�[�_�g�g�h�k�l�b�����h�j�]�Z�g�b�q�_�k�d�h�c���i�j�b�j�h�^�u 

�>�e�y���=�L�D-�f�Z�l�_�j�b�Z�e�h�\�� �h�i�j�_�^�_�e�_�g�Z�� �k�h�j�[�p�b�h�g�g�Z�y�� �k�i�h�k�h�[�g�h�k�l�v�� �i�h��
�h�l�g�h�r�_�g�b�x���d���b�h�g�Z�f���l�y�`�_�e�u�o���f�_�l�Z�e�e�h�\��Zn2+ �b��Pb2+�����Z���l�Z�d�`�_���f�h�e�_�d�m�e�Z�f��
�k�b�g�l�_�l�b�q�_�k�d�h�]�h���h�j�]�Z�g�b�q�_�k�d�h�]�h���d�j�Z�k�b�l�_�e�y���± �f�_�l�b�e�_�g�h�\�h�]�h���k�b�g�_�]�h�����F�K������
�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�j�h�\�h�^�b�e�b�k�v�� �\�� �h�]�j�Z�g�b�q�_�g�g�h�f��
�h�[�t�_�f�_�� �\�� �k�l�Z�l�b�q�_�k�d�h�f�� �j�_�`�b�f�_���� �G�Z�q�Z�e�v�g�Z�y�� �d�h�g�p�_�g�l�j�Z�p�b�y�� �f�h�^�_�e�v�g�h�]�h��
�j�Z�k�l�\�h�j�Z���b�h�g�h�\���f�_�l�Z�e�e�Z���h�[�t�_�f�h�f���������f�e���k�h�k�l�Z�\�e�y�e�Z�����������f�]���e�����F�K���± 1500 
�f�]���e���� �\�_�k�� �k�h�j�[�_�g�l�Z���± ���������� �]���� �<�j�_�f�y�� �k�h�j�[�p�b�b���± ������ �f�b�g���� �I�h�e�m�q�_�g�g�u�_��
�^�Z�g�g�u�_���i�j�b�\�_�^�_�g�u���l�Z�[�e�b�p�_����.  

 
�L�Z�[�e�b�p�Z������- �:�^�k�h�j�[�p�b�h�g�g�Z�y���_�f�d�h�k�l�v���Z�d�l�b�\�b�j�h�\�Z�g�g�u�o���m�]�e�_�c���b�a���j�Z�a�e�b�q�g�h�]�h��

�j�Z�k�l�b�l�_�e�v�g�h�]�h���k�u�j�v�y 

�H�[�j�Z�a�_�p �:�^�k�h�j�[�p�b�h�g�g�Z�y���_�f�d�h�k�l�v�����f�]���] 

Zn2+ Pb2+ �F�K 

�I���D�H�G���������� 28,6 92,04 1687,32 

�I���H�=���D�H�G���������� 44,61 132,1 2301,2 

�I���D�H�G���������� 40,38 112,31 2265,84 

�J�Z�i�k���D�H�G��1:6) 20,16 116,24 2873,29 

�K�h�y/�D�H�G���������� 19,21 64,29 1721,34 

�L�F���D�H�G���������� 30,27 74,73 2685,27 

 
�K�h�]�e�Z�k�g�h���l�Z�[�e�b�p�_���������k�l�_�i�_�g�v���Z�d�l�b�\�Z�p�b�b���h�d�Z�a�u�\�Z�_�l���k�m�s�_�k�l�\�_�g�g�h�_��

�\�e�b�y�g�b�_���g�Z���k�h�j�[�p�b�x���b�h�g�h�\���l�y�`�_�e�u�o���f�_�l�Z�e�e�h�\���± �k�h�j�[�p�b�h�g�g�Z�y���_�f�d�h�k�l�v��
�f�Z�l�_�j�b�Z�e�h�\�� �m�\�_�e�b�q�b�\�Z�_�l�k�y�� �\�� �������±�������� �j�Z�a�Z�����<�\�_�^�_�g�b�_���H�= �l�Z�d�`�_��
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�p�_�e�_�k�h�h�[�j�Z�a�g�h���± �k�h�j�[�p�b�h�g�g�Z�y �_�f�d�h�k�l�v���\���������±���������j�Z�a�Z���\�u�r�_���\���k�j�Z�\�g�_�g�b�b��
�k�� �Z�d�l�b�\�b�j�h�\�Z�g�g�u�f�� �h�[�j�Z�a�p�h�f�� �[�_�a�� �H�=�� �i�h�� �h�l�g�h�r�_�g�b�x�� �d�� �b�h�g�Z�f�� �l�y�`�_�e�u�o��
�f�_�l�Z�e�e�h�\���� �I�h�o�h�`�Z�y�� �l�_�g�^�_�g�p�b�y�� �g�Z�[�e�x�^�Z�_�l�k�y�� �b�� �i�j�b�� �b�a�\�e�_�q�_�g�b�b��
�d�j�Z�k�b�l�_�e�y�� �F�K���� �h�^�g�Z�d�h���� �h�l�f�_�q�Z�_�l�k�y���� �q�l�h�� �\�\�_�^�_�g�b�_�� �H�=�� �g�_�� �k�m�s�_�k�l�\�_�g�g�h��
�\�e�b�y�_�l���g�Z���k�h�j�[�p�b�h�g�g�m�x���_�f�d�h�k�l�v���:�M. 

�B�k�k�e�_�^�h�\�Z�g�b�_�� �\�u�i�h�e�g�_�g�h�� �a�Z�� �k�q�_�l�� �]�j�Z�g�l�Z�� �J�h�k�k�b�c�k�d�h�]�h�� �g�Z�m�q�g�h�]�h��
�n�h�g�^�Z���‹������-13-20074, https://rscf.ru/project/22-13-20074. 

 
�K�i�b�k�h�d���b�k�i�h�e�v�a�h�\�Z�g�g�u�o���b�k�l�h�q�g�b�d�h�\ 

 
���� �6�R�U�S�W�L�R�Q�� �N�L�Q�H�W�L�F�V�� �R�I�� �R�U�J�D�Q�L�F�� �G�\�H�V�� �P�H�W�K�\�O�H�Q�H�� �E�O�X�H�� �D�Q�G�� �P�D�O�D�F�K�L�W�H��

�J�U�H�H�Q���R�Q���K�L�J�K�O�\���S�R�U�R�X�V���F�D�U�E�R�Q���P�D�W�H�U�L�D�O�������$�����+�����.�����.�D�G�X�P�����,�����9�����%�X�U�D�N�R�Y�D�����(����
�6�����0�N�U�W�F�K�\�D�Q���>�H�W���D�O���@���������-�R�X�U�Q�D�O���R�I���$�G�Y�D�Q�F�H�G���0�D�W�H�U�L�D�O�V���D�Q�G���7�H�F�K�Q�R�O�R�J�L�H�V�����±��
�������������±���9�R�O�����������1�R�����������±���3�����������������������±���'�2�,���������������������M�D�P�W�������������������S�S����������
�������� 

���� �;�m�j�Z�d�h�\���:�����?�������D�m�a�g�_�p�h�\�Z���L�����K�������;�m�j�Z�d�h�\�Z���B�����<�������:�g�Z�g�v�_�\�Z���H�����:������
�F�d�j�l�q�y�g�� �W���� �K������ �>�v�y�q�d�h�\�Z�� �L���� �I������ �L�d�Z�q�_�\�� �:���� �=���� �=�b�^�j�h�l�_�j�f�Z�e�v�g�u�c�� �k�b�g�l�_�a��
�\�u�k�h�d�h�w�n�n�_�d�l�b�\�g�h�]�h���m�]�e�_�j�h�^�g�h�]�h���k�h�j�[�_�g�l�Z���g�Z���h�k�g�h�\�_���\�h�a�h�[�g�h�\�e�y�_�f�u�o��
�j�_�k�m�j�k�h�\���������@�b�^�d�����d�j�b�k�l�����b���b�o���i�j�Z�d�l�b�q�����b�k�i�h�e�v�a�����±���������������±���L�������������‹���������±��
�K���������±������ 

 
 
 
 

�M�>�D����������������������2.398.193:633.11:631.84 
 

�F���X�����;�_�e�Z�r1�����?���<�����<�_�i�j�b�d�h�\�Z1�����:���:�����K�h�[�h�e�_�\1,  
�H���I���L�Z�j�Z�g1�����:���=�����E�b�i�r�b�g2  

1�B�g�k�l�b�l�m�l���o�b�f�b�b���b���o�b�f�b�q�_�k�d�h�c���l�_�o�g�h�e�h�]�b�b 
2�D�j�Z�k�g�h�y�j�k�d�b�c���g�Z�m�q�g�h-�b�k�k�e�_�^�h�\�Z�l�_�e�v�k�d�b�c���b�g�k�l�b�l�m�l���k�_�e�v�k�d�h�]�h���o�h�a�y�c�k�l�\�Z�� 

�D�j�Z�k�g�h�y�j�k�d�����J�h�k�k�b�y 
 

�J�:�A�J�:�;�H�L�D�:�����N�B�A�B�D�H-�O�B�F�B�Q�?�K�D�B�?���K�<�H�C�K�L�<�:���B��
�J�?�A�M�E�V�L�:�L�U���I�H�E�?�<�H�=�H���B�K�I�U�L�:�G�B�Y��

�;�B�H�D�H�F�I�H�A�B�L�G�H�=�H���M�>�H�;�J�?�G�B�Y���G�:���H�K�G�H�<�?���D�H�J�U��
�K�H�K�G�U�����K�H�>�?�J�@�:�S�?�=�H���:�F�F�B�:�Q�G�M�X���K�?�E�B�L�J�M 

 
�:�g�g�h�l�Z�p�b�y�� �L�j�Z�^�b�p�b�h�g�g�u�f�� �g�Z�i�j�Z�\�e�_�g�b�_�f�� �m�l�b�e�b�a�Z�p�b�b�� �h�l�o�h�^�h�\�� �^�j�_�\�_�k�g�h�c��

�d�h�j�u���y�\�e�y�_�l�k�y���i�h�e�m�q�_�g�b�_���h�j�]�Z�g�h�f�b�g�_�j�Z�e�v�g�u�o���m�^�h�[�j�_�g�b�c���^�e�y���k�_�e�v�k�d�h�]�h���o�h�a�y�c�k�l�\�Z����
�;�h�e�v�r�h�c�� �b�g�l�_�j�_�k�� �i�j�_�^�k�l�Z�\�e�y�_�l �i�h�e�m�q�_�g�b�_�� �m�^�h�[�j�_�g�b�c���� �k�i�h�k�h�[�g�u�o�� �d�� �f�_�^�e�_�g�g�h�f�m��
�\�u�^�_�e�_�g�b�x�� �i�b�l�Z�l�_�e�v�g�u�o�� �w�e�_�f�_�g�l�h�\�� �\�� �i�h�q�\�m���b�� �h�[�e�Z�^�Z�x�s�b�o�� �w�n�n�_�d�l�h�f��
�i�j�h�e�h�g�]�b�j�h�\�Z�g�g�h�]�h���^�_�c�k�l�\�b�y���>���@�� 
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DEVELOPMENT, PHYSICOCHEMICAL PROPERTIES AND 
BIOCOMPOSITE FERTILIZER FIELD TESTING RESULTS 

BASED ON PINE BARK CONTAINING AMMONIUM NITRATE  
 
Abstract. The traditional direction of recycling bark waste is to obtain 

organomineral fertilizers for agriculture. Of great interest is the production of fertilizers 
capable of slowly releasing nutrients into the soil and having a prolonged effect [1] . 

 
�F�_�^�e�_�g�g�h�_���\�u�^�_�e�_�g�b�_���i�b�l�Z�l�_�e�v�g�u�o���w�e�_�f�_�g�l�h�\���\���i�h�q�\�m���i�h�\�u�r�Z�_�l��

�b�o�� �[�b�h�^�h�k�l�m�i�g�h�k�l�v�� �^�e�y�� �j�Z�k�l�_�g�b�c���� �i�h�w�l�h�f�m�� �m�^�h�[�j�_�g�b�y��
�i�j�h�e�h�g�]�b�j�h�\�Z�g�g�h�]�h�� �^�_�c�k�l�\�b�y�� �[�h�e�_�_�� �w�n�n�_�d�l�b�\�g�u�� �i�h�� �k�j�Z�\�g�_�g�b�x�� �k��
�l�j�Z�^�b�p�b�h�g�g�u�f�b�� �\�h�^�h�j�Z�k�l�\�h�j�b�f�u�f�b�� �m�^�h�[�j�_�g�b�y�f�b���� �I�h�e�m�q�_�g�b�_��
�Z�a�h�l�k�h�^�_�j�`�Z�s�b�o�� �m�^�h�[�j�_�g�b�c�� �i�h�^�h�[�g�h�]�h�� �^�_�c�k�l�\�b�y�� �i�j�_�^�k�l�Z�\�e�y�_�l��
�i�j�Z�d�l�b�q�_�k�d�b�c�� �b�� �g�Z�m�q�g�u�c�� �b�g�l�_�j�_�k���� �l�Z�d�� �d�Z�d�� �Z�a�h�l�� �g�_�h�[�o�h�^�b�f�� �^�e�y��
�^�h�k�l�b�`�_�g�b�y�� �\�u�k�h�d�h�c�� �m�j�h�`�Z�c�g�h�k�l�b�� �b�� �d�Z�q�_�k�l�\�Z�� �k�_�e�v�k�d�h�o�h�a�y�c�k�l�\�_�g�g�u�o��
�d�m�e�v�l�m�j�� 

�H�l�o�h�^�u���d�h�j�u���k�h�k�g�u���i�h���k�\�h�_�f�m���f�Z�k�r�l�Z�[�m���b���j�Z�k�i�j�h�k�l�j�Z�g�_�g�g�h�k�l�b��
�g�Z�� �l�_�j�j�b�l�h�j�b�b�� �J�h�k�k�b�b�� �y�\�e�y�x�l�k�y�� �g�Z�b�[�h�e�_�_�� �^�h�k�l�m�i�g�u�f�� �k�u�j�v�_�f�� �^�e�y��
�i�h�e�m�q�_�g�b�y���g�h�\�u�o���\�b�^�h�\���m�^�h�[�j�_�g�b�c�����I�h�k�d�h�e�v�d�m���^�j�_�\�_�k�g�Z�y���d�h�j�Z���j�Z�a�g�h�c��
�i�j�b�j�h�^�u���j�Z�a�e�b�q�Z�_�l�k�y���i�h���n�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�f���k�\�h�c�k�l�\�Z�f���b���d�Z�i�b�e�e�y�j�g�h-
�i�h�j�b�k�l�h�c�� �k�l�j�m�d�l�m�j�_���� �b�a�m�q�_�g�b�_�� �\�h�a�f�h�`�g�h�k�l�b�� �k�h�a�^�Z�g�b�y�� �g�Z�� �b�o�� �h�k�g�h�\�_��
�g�h�\�u�o���Z�a�h�l�k�h�^�_�j�`�Z�s�b�o���m�^�h�[�j�_�g�b�c���y�\�e�y�_�l�k�y���Z�d�l�m�Z�e�v�g�h�c���a�Z�^�Z�q�_�c�� 

�P�_�e�v�� �j�Z�[�h�l�u�� �k�h�k�l�h�y�e�Z�� �\���j�Z�a�j�Z�[�h�l�d�_�� �k�i�h�k�h�[�Z�� �i�h�e�m�q�_�g�b�y��
�[�b�h�d�h�f�i�h�a�b�l�g�h�]�h�� �m�^�h�[�j�_�g�b�y�� �g�Z�� �h�k�g�h�\�_�� �d�h�j�u�� �k�h�k�g�u���� �k�h�^�_�j�`�Z�s�_�]�h��
�Z�f�f�b�Z�q�g�m�x�� �k�_�e�b�l�j�m���� �b�a�m�q�_�g�b�b�� �_�]�h�� �n�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\�� �b��
�i�j�h�\�_�^�_�g�b�_���i�h�e�_�\�u�o���b�k�i�u�l�Z�g�b�c���\���a�_�f�e�_�^�_�e�v�q�_�k�d�h�c���a�h�g�_���D�j�Z�k�g�h�y�j�k�d�h�]�h��
�d�j�Z�y�� 

�K�u�j�v�_�f���^�e�y���i�h�e�m�q�_�g�b�y���m�^�h�[�j�_�g�b�y���k�e�m�`�b�e�Z���\�h�a�^�m�r�g�h-�k�m�o�Z�y���d�h�j�Z��
�k�h�k�g�u�� �n�j�Z�d�p�b�b�� ��-���� �f�f���� �I�j�h�p�_�k�k�� �i�h�e�m�q�_�g�b�y�� �m�^�h�[�j�_�g�b�y�� �\�d�e�x�q�Z�e�� �^�\�_��
�h�k�g�h�\�g�u�_���k�l�Z�^�b�b�����������i�j�b�]�h�l�h�\�e�_�g�b�_���i�h�j�b�k�l�h�c���i�h�^�e�h�`�d�b���b�a���d�h�j�u���k�h�k�g�u����
�������g�Z�g�_�k�_�g�b�_���g�Z���i�h�^�e�h�`�d�m���Z�f�f�b�Z�q�g�h�c���k�_�e�b�l�j�u���� 

�>�e�y�� �i�h�e�m�q�_�g�b�y�� �i�h�^�e�h�`�d�b�� �d�h�j�m�� �k�h�k�g�u�� �h�[�j�Z�[�Z�l�u�\�Z�e�b�� �������� �f�Z�k������
�\�h�^�g�u�f���j�Z�k�l�\�h�j�h�f��NaOH �i�j�b���k�e�_�^�m�x�s�b�o���m�k�e�h�\�b�y�o�����l�_�f�i�_�j�Z�l�m�j�Z�������“����
�h�K���� �i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v�� ���� �q���� �a�g�Z�q�_�g�b�_�� �]�b�^�j�h�f�h�^�m�e�y�� �j�Z�\�g�h�� ��������
�i�_�j�_�f�_�r�b�\�Z�g�b�_���� �I�h�l�h�f�� �j�_�Z�d�p�b�h�g�g�u�c�� �j�Z�k�l�\�h�j�� �i�h�^�\�_�j�]�Z�e�b��
�n�b�e�v�l�j�h�\�Z�g�b�x���� �>�Z�e�_�_�� �i�j�h�\�h�^�b�e�b�� �i�j�h�f�u�\�d�m�� �i�h�^�e�h�`�d�b�� �\�h�^�h�c�� �b��
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�g�_�c�l�j�Z�e�b�a�Z�p�b�x�� �h�k�l�Z�l�d�h�\�� �s�_�e�h�q�b�� �j�Z�k�l�\�h�j�h�f�� ��������N HNO3 ���a�g�Z�q�_�g�b�y��
�]�b�^�j�h�f�h�^�m�e�_�c�� �j�Z�\�g�u�� ���� �b�� ������ �k�h�h�l�\�_�l�k�l�\�_�g�g�h������ �I�h�^�e�h�`�d�m�� �k�m�r�b�e�b�� �^�h��
�\�h�a�^�m�r�g�h-�k�m�o�h�]�h���k�h�k�l�h�y�g�b�y���i�j�b�������“�����h�K�� 

�G�Z�g�_�k�_�g�b�_���Z�f�f�b�Z�q�g�h�c���k�_�e�b�l�j�u�����f�Z�j�d�Z���©�q�ª�����i�j�h�\�h�^�b�e�b���i�j�h�i�b�l�d�h�c��
�i�h�^�e�h�`�d�b�� �_�_�� �\�h�^�g�u�f�� �j�Z�k�l�\�h�j�h�f���� �H�[�t�_�f�� �i�j�h�i�b�l�h�q�g�h�]�h�� �j�Z�k�l�\�h�j�Z��
�Z�f�f�b�Z�q�g�h�c�� �k�_�e�b�l�j�u�� ���������� �k�f3 �g�Z�� ���� �]�� �i�h�^�e�h�`�d�b���� �k�h�h�l�\�_�l�k�l�\�h�\�Z�e��
�\�e�Z�]�h�_�f�d�h�k�l�b���i�h�^�e�h�`�d�b�����d�h�l�h�j�m�x���h�i�j�_�^�_�e�y�e�b���i�h���=�H�K�L������������-���������G�Z������
�d�]���i�h�^�e�h�`�d�b���g�Z�g�h�k�b�e�b�������������������]���Z�f�f�b�Z�q�g�h�c���k�_�e�b�l�j�u�����W�l�h���d�h�e�b�q�_�k�l�\�h��
�j�Z�k�k�q�b�l�Z�g�h�� �l�Z�d���� �q�l�h�[�u�� �m�^�h�[�j�_�g�b�_�� �k�h�^�_�j�`�Z�e�h�� ���������� �f�Z�k������ �Z�a�h�l�Z����
�I�j�h�i�b�l�h�q�g�u�c�� �j�Z�k�l�\�h�j�� �^�h�[�Z�\�e�y�e�b�� �d�� �i�h�^�e�h�`�d�_�� �i�h�j�p�b�y�f�b�� �i�j�b��
�g�_�i�j�_�j�u�\�g�h�f�� �i�_�j�_�f�_�r�b�\�Z�g�b�b���� �I�j�h�i�b�l�Z�g�g�m�x�� �i�h�^�e�h�`�d�m�� �m�i�e�h�l�g�y�e�b�� �b��
�\�u�^�_�j�`�b�\�Z�e�b�� �\�� �a�Z�d�j�u�l�h�c�� �l�Z�j�_�� �\�� �l�_�q�_�g�b�_�� ������ �q�� �i�j�b�� �d�h�f�g�Z�l�g�h�c��
�l�_�f�i�_�j�Z�l�m�j�_���� �A�Z�l�_�f�� �k�m�r�b�e�b�� �^�h�� �\�h�a�^�m�r�g�h-�k�m�o�h�]�h�� �k�h�k�l�h�y�g�b�y�� �i�j�b�� ��������-
105 �h�K���>���@�� 

�B�k�k�e�_�^�h�\�Z�g�b�y�� �f�h�j�n�h�e�h�]�b�b�� �Z�a�h�l�k�h�^�_�j�`�Z�s�_�]�h�� �m�^�h�[�j�_�g�b�y�� �g�Z��
�h�k�g�h�\�_�� �i�h�^�e�h�`�d�b�� �b�a�� �d�h�j�u�� �k�h�k�g�u�� �\�u�y�\�b�e�h�� �\�u�k�h�d�m�x�� �j�Z�\�g�h�f�_�j�g�h�k�l�v��
�j�Z�k�i�j�_�^�_�e�_�g�b�y�� �q�Z�k�l�b�p�� �Z�f�f�b�Z�q�g�h�c�� �k�_�e�b�l�j�u�� �g�Z�� �_�]�h�� �i�h�\�_�j�o�g�h�k�l�b����
�Q�Z�k�l�b�p�u��NH4NO3 �e�h�d�Z�e�b�a�h�\�Z�g�u�� �i�h�� �d�j�Z�y�f�� �d�j�m�i�g�u�o�� �i�h�j�� �i�h�^�e�h�`�d�b�� �b��
�a�Z�i�h�e�g�y�x�l�� �[�h�e�_�_�� �f�_�e�d�b�_�� �i�h�j�u�� ���g�Z�i�j�b�f�_�j���� �i�h�j�u�� �r�b�j�b�g�h�c�� �h�l�� ���� �^�h�� ������
�f�d�f�� ���j�b�k���������Z�����[���� 

�G�Z�[�e�x�^�Z�_�f�u�c�� �o�Z�j�Z�d�l�_�j�� �j�Z�k�i�j�_�^�_�e�_�g�b�y��NH4NO3 �g�Z�� �i�h�\�_�j�o�g�h�k�l�b��
�i�h�^�e�h�`�d�b�� �[�m�^�_�l�� �\�e�b�y�l�v�� �b�� �g�Z�� �m�^�Z�e�_�g�b�_�� �Z�a�h�l�Z�� �i�j�b�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�b��
�m�^�h�[�j�_�g�b�y���k���\�h�^�h�c�����E�h�d�Z�e�b�a�Z�p�b�y���q�Z�k�l�b�p���Z�f�f�b�Z�q�g�h�c���k�_�e�b�l�j�u���\���f�_�e�d�b�o��
�i�h�j�Z�o�� �i�h�^�e�h�`�d�b���� �h�q�_�\�b�^�g�h���� �k�i�h�k�h�[�g�Z�� �a�Z�l�j�m�^�g�y�l�v�� �i�_�j�_�o�h�^�� �Z�a�h�l�Z�� �\��
�i�h�q�\�_�g�g�u�c���j�Z�k�l�\�h�j���\�k�e�_�^�k�l�\�b�_���\�g�m�l�j�b�^�b�n�n�m�a�b�h�g�g�u�o���i�j�h�p�_�k�k�h�\�� 

 

  
�J�b�k. 1 - �J�W�F���± �b�a�h�[�j�Z�`�_�g�b�y���m�^�h�[�j�_�g�b�y���g�Z���h�k�g�h�\�_���i�h�^�e�h�`�d�b���b�a���d�h�j�u���k�h�k�g�u���� 

�Z�����[��- �m�\�_�e�b�q�_�g�b�_���\�����������b�������������j�Z�a [2]. 
�A�Z�� �k�q�_�l�� �w�l�h�]�h�� �f�h�`�_�l�� �i�j�h�b�k�o�h�^�b�l�v�� �f�_�^�e�_�g�g�h�_�� �\�u�f�u�\�Z�g�b�_�� �Z�a�h�l�Z��

�\�h�^�h�c�� �\�� �l�_�q�_�g�b�_�� �^�e�b�l�_�e�v�g�h�]�h�� �\�j�_�f�_�g�b���� �q�l�h�� �h�i�j�_�^�_�e�y�_�l�� �w�n�n�_�d�l��
�i�j�h�e�h�g�]�b�j�h�\�Z�g�g�h�]�h�� �^�_�c�k�l�\�b�y�� �m�^�h�[�j�_�g�b�y���� �M�^�Z�e�_�g�b�_�� �\�h�^�h�c�� �Z�f�f�b�Z�q�g�h�c��
�k�_�e�b�l�j�u���� �g�Z�o�h�^�y�s�_�c�k�y�� �i�h�� �d�j�Z�y�f�� �d�j�m�i�g�u�o�� �i�h�j���� �k�i�h�k�h�[�g�h�� �^�h�k�l�Z�l�h�q�g�h��
�[�u�k�l�j�h�� �h�[�_�k�i�_�q�b�l�v�� �i�h�\�u�r�_�g�g�h�_�� �k�h�^�_�j�`�Z�g�b�_�� �Z�a�h�l�Z�� �\�� �i�h�q�\�_�g�g�h�f��

�Z �[ 
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�j�Z�k�l�\�h�j�_���� �q�l�h�� �g�_�h�[�o�h�^�b�f�h�� �^�e�y�� �m�k�l�j�Z�g�_�g�b�y�� �^�_�n�b�p�b�l�Z�� �w�l�h�]�h�� �w�e�_�f�_�g�l�Z��
�i�b�l�Z�g�b�y�� 

�K�e�_�^�m�_�l���h�l�f�_�l�b�l�v�����q�l�h���k�h�^�_�j�`�Z�g�b�_���Z�a�h�l�Z���\���m�^�h�[�j�_�g�b�b�����j�Z�\�g�h�_��������
�f�Z�k�������� �y�\�e�y�_�l�k�y�� �f�Z�d�k�b�f�Z�e�v�g�u�f�� �b�� �h�]�j�Z�g�b�q�_�g�h�� �h�k�h�[�_�g�g�h�k�l�v�x��
�d�Z�i�b�e�e�y�j�g�h-�i�h�j�b�k�l�h�c�� �k�l�j�m�d�l�m�j�u�� �i�h�^�e�h�`�d�b�� �b�a�� �d�h�j�u�� �k�h�k�g�u���� �<��
�i�j�_�^�\�Z�j�b�l�_�e�v�g�u�o�� �w�d�k�i�_�j�b�f�_�g�l�Z�o�� �[�u�e�h�� �m�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �i�j�b��
�i�h�\�u�r�_�g�b�b�� �k�h�^�_�j�`�Z�g�b�y�� �Z�a�h�l�Z�� �^�h�� ����-������ ���� �\�b�a�m�Z�e�v�g�h�� �g�Z�[�e�x�^�Z�_�l�k�y��
�i�h�[�_�e�_�g�b�_�� �q�Z�k�l�b�p�� �m�^�h�[�j�_�g�b�y�� �a�Z�� �k�q�_�l�� �\�u�g�h�k�Z�� �Z�f�f�b�Z�q�g�h�c�� �k�_�e�b�l�j�u��
�n�j�h�g�l�h�f�� �b�k�i�Z�j�_�g�b�y�� �g�Z�� �\�g�_�r�g�x�x�� �i�h�\�_�j�o�g�h�k�l�v�� �i�h�^�e�h�`�d�b���� �H�q�_�\�b�^�g�h����
�q�l�h���\���w�l�h�f���k�e�m�q�Z�_���m�k�l�h�c�q�b�\�h�k�l�v���m�^�h�[�j�_�g�b�y���d���\�u�f�u�\�Z�g�b�x���Z�a�h�l�Z���\�h�^�h�c��
�[�m�^�_�l���k�g�b�`�Z�l�v�k�y�� 

�O�Z�j�Z�d�l�_�j�� �j�Z�k�i�j�_�^�_�e�_�g�b�y�� �\�_�s�_�k�l�\�Z���� �g�Z�g�_�k�_�g�g�h�]�h�� �f�_�l�h�^�h�f��
�i�j�h�i�b�l�d�b�� �g�Z�� �i�h�j�b�k�l�m�x�� �i�h�^�e�h�`�d�m���� �a�Z�\�b�k�b�l�� �h�l�� �l�_�f�i�_�j�Z�l�m�j�u�� �k�m�r�d�b�� �>���@����
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�k�h�k�l�Z�\�e�y�e�Z�� �f�Z�d�k�b�f�m�f�� ������-105 �h�K���� �I�j�b�f�_�g�_�g�b�_�� �[�h�e�_�_�� �\�u�k�h�d�h�c��
�l�_�f�i�_�j�Z�l�m�j�u�� �g�_�p�_�e�_�k�h�h�[�j�Z�a�g�h���� �i�h�k�d�h�e�v�d�m�� �\�u�r�_�� ������ �h�K�� �Z�f�f�b�Z�q�g�Z�y��
�k�_�e�b�l�j�Z���^�b�k�k�h�p�b�b�j�m�_�l���k���h�[�j�Z�a�h�\�Z�g�b�_�f���Z�f�f�b�Z�d�Z���b���Z�a�h�l�g�h�c���d�b�k�e�h�l�u�� 
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�k�i�_�d�l�j�h�\���i�h�e�m�q�_�g�g�h�]�h���m�^�h�[�j�_�g�b�y���b��NH4NO3 ���j�b�k���������� 

                       
�J�b�k��������- �B�D-�k�i�_�d�l�j�u���i�h�^�e�h�`�d�b���b�a���d�h�j�u �k�h�k�g�u�������������Z�a�h�l�k�h�^�_�j�`�Z�s�_�]�h��
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�h�l�k�m�l�k�l�\�m�_�l�� �k�f�_�s�_�g�b�_�� �i�h�e�h�k��NH4NO3 �\�o�h�^�y�s�_�]�h�� �\�� �k�h�k�l�Z�\�� �m�^�h�[�j�_�g�b�y����
�i�h�� �k�j�Z�\�g�_�g�b�x�� �k�� �b�g�^�b�\�b�^�m�Z�e�v�g�u�f�� �\�_�s�_�k�l�\�h�f�� ���j�b�k���� ������ �d�j�b�\�u�_�� ���� �b�� ��������
�>�Z�g�g�u�c���n�Z�d�l���k�\�b�^�_�l�_�e�v�k�l�\�m�_�l���h�[���h�l�k�m�l�k�l�\�b�b���l�_�j�f�b�q�_�k�d�h�]�h���j�Z�a�e�h�`�_�g�b�y��
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�\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �i�h�^�e�h�`�d�b�� �k�� �g�Z�g�_�k�_�g�g�u�f�� �\�_�s�_�k�l�\�h�f�� �>���@���� �B�g�_�j�l�g�h�k�l�v��
�i�h�^�e�h�`�d�b�� �b�a�� �d�h�j�u�� �k�h�k�g�u�� �i�h�a�\�h�e�y�_�l�� �k�h�o�j�Z�g�b�l�v�� �n�h�j�f�m�� �g�Z�o�h�`�^�_�g�b�y�� �b��
�[�b�h�^�h�k�l�m�i�g�h�k�l�v���Z�a�h�l�Z���\���\�b�^�_���Z�f�f�b�Z�q�g�h�c���k�_�e�b�l�j�u�� 
�<�� �j�_�a�m�e�v�l�Z�l�_�� �[�u�e�h�� �i�j�b�]�h�l�h�\�e�_�g�h�� ������ �d�]�� �Z�a�h�l�k�h�^�_�j�`�Z�s�_�]�h�� �m�^�h�[�j�_�g�b�y��
�k�e�_�^�m�x�s�_�]�h�� �k�h�k�l�Z�\�Z�� ���f�Z�k���������� ������������ �i�h�^�e�h�`�d�Z�� �b�a�� �d�h�j�u�� �k�h�k�g�u���� ������������
�Z�f�f�b�Z�q�g�Z�y���k�_�e�b�l�j�Z���������������f�Z�k���������Z�a�h�l�Z�������G�Z�k�u�i�g�Z�y���i�e�h�l�g�h�k�l�v���m�^�h�[�j�_�g�b�y��
�k�h�k�l�Z�\�e�y�_�l�� ���������� �]���k�f3. �<�� �j�_�a�m�e�v�l�Z�l�_�� �i�j�h�\�_�^�_�g�b�y�� �i�h�e�_�\�h�]�h�� �h�i�u�l�Z�� �i�h��
�\�u�j�Z�s�b�\�Z�g�b�x�� �i�r�_�g�b�p�u�� �k�h�j�l�Z�� �©�D�j�Z�k�g�h�y�j�k�d�Z�y�� �����ª�� �\�u�y�\�e�_�g�h��
�j�h�k�l�h�k�l�b�f�m�e�b�j�m�x�s�_�_���^�_�c�k�l�\�b�_���Z�a�h�l�k�h�^�_�j�`�Z�s�_�]�h���m�^�h�[�j�_�g�b�y���g�Z���h�k�g�h�\�_��
�d�h�j�u�� �k�h�k�g�u���� �>�Z�g�g�h�_�� �m�^�h�[�j�_�g�b�_�� �i�h�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �g�_�� �m�k�l�m�i�Z�_�l��
�Z�f�f�b�Z�q�g�h�c�� �k�_�e�b�l�j�_��- �i�h�\�u�r�_�g�b�_���m�j�h�`�Z�c�g�h�k�l�b�� �k�h�k�l�Z�\�b�e�h���������� �p���]�Z�� �i�j�b��
�\�g�_�k�_�g�b�b���\���i�Z�j�h�\�h�_���i�h�e�_���Z�f�f�b�Z�q�g�h�c�� �k�_�e�b�l�j�u�� �b�� �������� �p���]�Z�� �i�j�b�� �\�g�_�k�_�g�b�b��
�Z�a�h�l�k�h�^�_�j�`�Z�s�_�]�h�� �m�^�h�[�j�_�g�b�y�� �g�Z�� �h�k�g�h�\�_�� �d�h�j�u�� �k�h�k�g�u���� �I�j�b�f�_�g�_�g�b�_��
�Z�a�h�l�k�h�^�_�j�`�Z�s�_�]�h�� �m�^�h�[�j�_�g�b�y�� �g�Z�� �h�k�g�h�\�_�� �d�h�j�u�� �k�h�k�g�u�� �i�j�b�\�h�^�b�l�� �d��
�m�\�_�e�b�q�_�g�b�x�� �g�Z�l�m�j�u�� �a�_�j�g�Z�� �\�� �k�j�Z�\�g�_�g�b�b�� �k�� �Z�f�f�b�Z�q�g�h�c�� �k�_�e�b�l�j�h�c�� �b��
�g�_�m�^�h�[�j�_�g�g�u�f�� �n�h�g�h�f���� �q�l�h�� �o�Z�j�Z�d�l�_�j�b�a�m�_�l�� �[�h�e�_�_�� �\�u�k�h�d�m�x�� �i�b�s�_�\�m�x��
�p�_�g�g�h�k�l�v���\�u�j�Z�s�_�g�g�h�]�h���a�_�j�g�Z�����l�Z�[�e�b�p�Z������ 
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�I�h�d�Z�a�Z�l�_�e�v 

�<�Z�j�b�Z�g�l���i�h�e�_�\�h�]�h���h�i�u�l�Z 

�d�h�g�l�j�h�e�v 
���[�_�a��

�m�^�h�[�j�_�g�b�c�� 

�Z�f�f�b�Z�q�g�Z�y��
�k�_�e�b�l�j�Z 

�m�^�h�[�j�_�g�b�_��
�g�Z���h�k�g�h�\�_��

�d�h�j�u��
�k�h�k�g�u�
 

�Q�b�k�e�h���\���d�h�e�h�k�_�����r�l�� �d�h�e�h�k�d�h�\ 10-16 12-16 12-18 
�a�_�j�_�g 35 36 37 

�F�Z�k�k�Z���a�_�j�g�Z�����] �h�^�g�h�]�h���a�_�j�g�Z 0,042 0,043 0,044 
�k���d�h�e�h�k�Z 1,4 1,5 1,5 
�����������r�l�� 41,8 42,8 43,7 

�F�Z�k�k�Z�����] �k�h�e�h�f�u 2,9 3,0 2,9 
�M�j�h�`�Z�c�g�h�k�l�v�����p���]�Z �a�_�j�g�Z 37,1 39,8 40,0 

�G�Z�l�m�j�Z���a�_�j�g�Z�����]���e 768 772 778 
�
���m�^�h�[�j�_�g�b�_���k�h�^�_�j�`�b�l�������������f�Z�k�������Z�a�h�l�Z���\���\�b�^�_���Z�f�f�b�Z�q�g�h�c���k�_�e�b�l�j�u�� 
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DENSE NONLINEAR CUTTING OF A FLAT SURFACE 

OF ARBITRARY SHAPE: FORMAL DESCRIPTION  
 
Abstract. The article formally describes an algorithm for dense cutting of a 

surface of arbitrary shape into fragments of a given shape, intended for use in mass 
production. Numerical characteristics of the algorithm are formulated to evaluate its 
effectiveness. 
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�<�\�_�^�_�g�b�_. �: �e�]�h�j�b�l�f �i�e�h�l�g�h�]�h�� �g�_�e�b�g�_�c�g�h�]�h�� �j�Z�k�d�j�h�y�� �i�e�h�k�d�h�c��
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���i�j�h�b�a�\�h�^�k�l�\�h�� �b�a�^�_�e�b�c�� �b�a�� �^�_�j�_�\�Z���� �b�� �j�Z�k�d�j�h�_�� �f�_�l�Z�e�e�Z��
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�?�k�e�b�� �g�Z�j�m�r�_�g�h�� �i�_�j�\�h�_�� �m�k�e�h�\�b�_���� �l�h�� �f�g�h�`�_�k�l�\�h���8�Ü �^�h�i�h�e�g�y�_�l�k�y��
�\�Z�j�b�Z�g�l�h�f���R�Ü

�ç�Ô, �w�n�n�_�d�l�b�\�g�h�k�l�v�� �d�h�l�h�j�h�]�h���ä�:�R�Ü
�ç�Ô�; 
R�ä�§ ���� �?�k�e�b�� �g�Z�j�m�r�_�g�h��
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�\�l�h�j�h�_�� �m�k�e�h�\�b�_���� �l�h���8�Ü �^�h�i�h�e�g�y�_�l�k�y�� �\�Z�j�b�Z�g�l�h�f���R�Ü
���ç�§���� �<�� �h�[�h�b�o�� �k�e�m�q�Z�y�o��

�]�_�g�_�j�Z�p�b�y���\�Z�j�b�Z�g�l�h�\���h�k�l�Z�g�Z�\�e�b�\�Z�_�l�k�y���� 
 �I�h�k�l�j�h�b�f���f�g�h�`�_�k�l�\�h���8
$
L �<�R�§�Ü�á�E
L �s�á�J�=�����k�h�^�_�j�`�Z�s�_�_���\�Z�j�b�Z�g�l�u�����R�§�Ü 

�\�u�[�j�Z�g�g�u�_�� �i�h�� �h�^�g�h�f�m�� �b�a�� �f�g�h�`�_�k�l�\���8�Ü �\�� �k�h�h�l�\�_�l�k�l�\�b�b�� �k�h�� �k�e�_�^�m�x�s�b�f 

�\�u�j�Z�`�_�g�b�_�f�����R�§�Ü
L �P
�R�Ü

�ç�Ô�á�P�Ü
O�P�§

�•�ƒ�š
�� 
k�é�Ô

�ß
o

[�R�Ü

�ç�á�P
L �s�á�P�Ü
_�á���P�Ü
L �P�§�� �]�^�_���R�Ü
�ç�Ô�Ð�8�Ü, �E
L �s�á�J. 

�>�j�m�]�b�f�b���k�e�h�\�Z�f�b�����w�e�_�f�_�g�l�u���R�§�Ü
L �Ã�L�Ü�á�.
$�Ü�Ä �± �w�l�h���g�Z�b�[�h�e�_�_���w�n�n�_�d�l�b�\�g�u�_��
�\�Z�j�b�Z�g�l�u�����i�h�i�u�l�d�b�����j�Z�k�d�j�h�y���i�h�\�_�j�o�g�h�k�l�_�c���2. 

�>�e�y�� �f�g�h�`�_�k�l�\���8
$ �b���2 �h�i�j�_�^�_�e�b�f�� �f�_�j�u���!�8
$�! 
L �Ã �!�.
$�Ü�!
�á
�Ü�@�Ü �� �b 

�!�2�! 
L �Ã �!�L�Ü�!
�á
�Ü�@�Ü , �Z���l�Z�d�`�_���w�n�n�_�d�l�b�\�g�h�k�l�v���ä�:�8
$�; 
L

�!�8
$�!

�!�2�!
. 

�K�n�h�j�f�m�e�b�j�m�_�f�� �^�\�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �Z�e�]�h�j�b�l�f�Z���i�e�h�l�g�h�]�h��
�g�_�e�b�g�_�c�g�h�]�h�� �j�Z�k�d�j�h�y���i�e�h�k�d�h�c�� �i�h�\�_�j�o�g�h�k�l�b�� �i�j�h�b�a�\�h�e�v�g�h�c�� �n�h�j�f�u�� 
�ä�•�ž�Ÿ
L ���ä�:�8
$�; �± �i�e�h�l�g�h�k�l�v�� �j�Z�k�d�j�h�y ���k�� �i�h�\�u�r�_�g�b�_�f�� �i�e�h�l�g�h�k�l�b�� �j�Z�k�d�j�h�y��
�k�g�b�`�Z�x�l�k�y�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�_�� �b�a�^�_�j�`�d�b�������6�•�ž�Ÿ
L

�5

�á
�Ã �P�Ü

�á
�Ü�@�Ü  �± �k�j�_�^�g�_�_��

�d�h�e�b�q�_�k�l�\�h���i�h�i�u�l�h�d���a�Z�l�j�Z�q�_�g�g�u�o���g�Z���j�Z�k�d�j�h�c���� �i�h�\�_�j�o�g�h�k�l�b�����q�_�f���\�u�r�_��
�k�j�_�^�g�_�_�� �d�h�e�b�q�_�k�l�\�h�� �i�h�i�u�l�h�d���� �l�_�f�� �f�_�^�e�_�g�g�_�_�� �j�Z�[�h�l�Z�_�l�� �i�j�h�]�j�Z�f�f�g�h�_��
�h�[�_�k�i�_�q�_�g�b�_�����j�_�Z�e�b�a�m�x�s�_�_���Z�e�]�h�j�b�l�f������ 

�A�Z�d�e�x�q�_�g�b�_ 
���� �:�I�J���h�j�b�_�g�l�b�j�h�\�Z�g���g�Z���f�Z�k�k�h�\�h�_���i�j�h�b�a�\�h�^�k�l�\�h�����o�Z�j�Z�d�l�_�j�b�k�l�b�d�b��

�Z�e�]�h�j�b�l�f�Z���i�h�a�\�h�e�y�x�l���Z�^�_�d�\�Z�l�g�h���h�p�_�g�b�l�v���_�]�h���w�n�n�_�d�l�b�\�g�h�k�l�v���l�h�e�v�d�h���i�j�b��
�f�g�h�]�h�d�j�Z�l�g�h�f���i�j�b�f�_�g�_�g�b�b�����O�Z�j�Z�d�l�_�j�b�k�l�b�d�b���f�h�]�m�l���[�u�l�v���b�k�i�h�e�v�a�h�\�Z�g�u��
�a�Z�d�Z�a�q�b�d�h�f���i�j�b���n�h�j�f�m�e�b�j�h�\�d�_���l�j�_�[�h�\�Z�g�b�c���d���Z�e�]�h�j�b�l�f�m�� 

���� �H�q�_�\�b�^�g�h���� �q�l�h�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���ä�•�ž�Ÿ�� �b�� �6�•�ž�Ÿ�� �y�\�e�y�x�l�k�y��
�\�a�Z�b�f�h�a�Z�\�b�k�b�f�u�f�b���� �i�h�\�u�r�_�g�b�_�� �a�g�Z�q�_�g�b�y�� �h�^�g�h�c�� �b�a�� �g�b�o�� �\�e�_�q�_�l��
�k�g�b�`�_�g�b�_���^�j�m�]�h�c�� 

���� �>�\�Z�� �i�Z�j�Z�f�_�l�j�Z�� �Z�e�]�h�j�b�l�f�Z���� �ä�§�� ���^�h�k�l�Z�l�h�q�g�Z�y�� �w�n�n�_�d�l�b�\�g�h�k�l�v��
�\�Z�j�b�Z�g�l�Z���� �b�� �P�§�� ���f�Z�d�k�b�f�Z�e�v�g�h�_�� �d�h�e�b�q�_�k�l�\�h�� �\�Z�j�b�Z�g�l�h�\���� �f�h�]�m�l�� �[�u�l�v��
�b�k�i�h�e�v�a�h�\�Z�g�u���^�e�y���g�Z�k�l�j�h�c�d�b���j�Z�[�h�l�u���Z�e�]�h�j�b�l�f�Z�� 

���� �<�u�i�h�e�g�_�g�b�_���i�j�h�p�_�^�m�j�����j�_�Z�e�b�a�m�x�s�b�o���h�i�_�j�Z�l�h�j���J�H�Q�����^�h�i�m�k�d�Z�_�l��
�b�o���h�^�g�h�\�j�_�f�_�g�g�h�_�����g�_�a�Z�\�b�k�b�f�h�_�����\�u�i�h�e�g�_�g�b�_�����q�l�h���f�h�`�_�l���k�m�s�_�k�l�\�_�g�g�h��
�m�e�m�q�r�b�l�v���a�g�Z�q�_�g�b�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���6�•�ž�Ÿ�� 
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���� �L�����D�h�j�f�_�g�����Q�����E�_�c�a�_�j�k�h�g�����J�����J�b�\�_�k�l�����:�e�]�h�j�b�l�f�u�����i�h�k�l�j�h�_�g�b�_���b��

�Z�g�Z�e�b�a�����F�������F�P�F�G�H�����;�B�G�H�F�����E�Z�[�h�j�Z�l�h�j�b�y���a�g�Z�g�b�c�����������������±�����������k�� 
���� �<���� �<���� �K�f�_�e�h�\���� �:�����B���� �;�j�Z�d�h�\�b�q���� �D�h�f�[�b�g�Z�l�h�j�g�u�_�� �Z�e�]�h�j�b�l�f�u��

�h�i�l�b�f�b�a�Z�p�b�b�����±���F�b�g�k�d�����;�=�L�M�����������������±�����������k�� 
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EXPERIMENTAL WOOD BARK SHREDDER  

 
Abstract. As a result of the analysis of methods and equipment for processing 

wood debarking waste, the design of an aggregate device for dewatering and crushing 
bark is proposed. The description and principle of operation of the device, the results of 
an experimental study of the process of crushing tree bark are given. 

 
�I�j�b�� �i�_�j�\�b�q�g�h�c�� �h�[�j�Z�[�h�l�d�_�� �d�j�m�]�e�u�o�� �e�_�k�h�f�Z�l�_�j�b�Z�e�h�\�� �h�[�t�_�f�u��

�h�l�^�_�e�y�_�f�h�c�� �d�h�j�u �^�h�k�l�b�]�Z�x�l�� �a�g�Z�q�b�l�_�e�v�g�u�o�� �h�[�t�_�f�h�\���� �L�Z�d���� �g�Z�i�j�b�f�_�j����
�i�j�b���i�_�j�_�j�Z�[�h�l�d�_���o�\�h�c�g�h�c���^�j�_�\�_�k�b�g�u���h�g�b���k�h�k�l�Z�\�e�y�x�l�������������± ���������������i�j�b��
�i�_�j�_�j�Z�[�h�l�d�_�� �e�b�k�l�\�_�g�g�h�c�� �^�j�_�\�_�k�b�g�u���± �^�h�� ���������� �Z�� �i�j�b�� �h�[�j�Z�[�h�l�d�_�� �\��
�i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�o�� �p�_�o�Z�o�� �e�_�k�h�i�j�h�f�u�r�e�_�g�g�u�o�� �k�d�e�Z�^�h�\�� �e�b�k�l�\�_�g�g�b�p�u���± 
���������� �q�l�h�� �\�� �k�h�\�h�d�m�i�g�h�k�l�b�� �k�h�k�l�Z�\�e�y�_�l�� �^�h�� ������ �f�e�g���� �i�e�h�l�g�u�o�� �f3 [1]. 
�F�g�h�]�h�q�b�k�e�_�g�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �h�� �k�i�h�k�h�[�Z�o�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �d�h�j�u��
�^�h�d�Z�a�u�\�Z�x�l�� �p�_�e�_�k�h�h�[�j�Z�a�g�h�k�l�v�� �_�_�� �f�Z�k�r�l�Z�[�g�h�c�� �i�_�j�_�j�Z�[�h�l�d�b�� �b��
�i�h�\�u�r�_�g�b�_�� �w�d�h�g�h�f�b�q�_�k�d�h�c�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �i�j�_�^�i�j�b�y�l�b�c�� �i�j�b��
�h�j�]�Z�g�b�a�Z�p�b�b���i�j�h�b�a�\�h�^�k�l�\�Z���l�h�\�Z�j�g�h�c���i�j�h�^�m�d�p�b�b���b�a���h�l�o�h�^�h�\���h�d�h�j�d�b�� 

�K�m�s�_�k�l�\�m�x�s�b�_�� �l�_�o�g�h�e�h�]�b�b�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �d�h�j�u��
�i�j�_�^�m�k�f�Z�l�j�b�\�Z�x�l�� �_�_�� �b�a�f�_�e�v�q�_�g�b�_���� �B�a�f�_�e�v�q�_�g�b�_���� �h�[�u�q�g�h�� �m�`�_��
�i�h�^�k�m�r�_�g�g�h�c�� �d�h�j�u���� �h�k�m�s�_�k�l�\�e�y�_�l�k�y�� �g�Z���j�Z�a�e�b�q�g�u�o���l�b�i�Z�o���d�h�j�h�j�m�[�h�d�� �b��
�f�h�e�h�l�d�h�\�u�o���f�_�e�v�g�b�p�����h�l�_�q�_�k�l�\�_�g�g�u�_���h�[�j�Z�a�p�u���d�h�l�h�j�u�o���h�[�e�Z�^�Z�x�l���j�y�^�h�f��
�k�m�s�_�k�l�\�_�g�g�u�o�� �g�_�^�h�k�l�Z�l�d�h�\���� �l�h�]�^�Z�� �d�Z�d�� �h�[�h�j�m�^�h�\�Z�g�b�_���� �i�h�k�l�Z�\�e�y�_�f�h�_��
�a�Z�j�m�[�_�`�g�u�f�b�� �i�j�_�^�k�l�Z�\�b�l�_�e�y�f�b���� �g�Z�i�j�b�f�_�j���� �d�h�f�i�Z�g�b�y�f�b��Erdwich 
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Erdwich, HBS, Morbark, Rudnick & Enners �b��Vecoplan���� �h�l�e�b�q�Z�x�l�k�y��
�[�h�e�v�r�h�c���g�Z�^�_�`�g�h�k�l�v�x���>���@�� 

�J�Z�a�f�_�j�u���b�a�f�_�e�v�q�_�g�g�u�o���q�Z�k�l�b�p���d�h�j�u���h�i�j�_�^�_�e�y�x�l���g�Z�i�j�Z�\�e�_�g�b�y���_�_��
�b�k�i�h�e�v�a�h�\�Z�g�b�y���� �Z�� �b�f�_�g�g�h���� �\�� �d�Z�q�_�k�l�\�_�� �l�h�i�e�b�\�Z���� �i�j�h�^�m�d�l�Z�� �o�b�f�b�q�_�k�d�h�c��
�i�_�j�_�j�Z�[�h�l�d�b���� �k�u�j�v�y�� �^�e�y�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �k�l�j�h�b�l�_�e�v�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\��
���d�h�j�h�e�b�l���� �Z�j�[�h�e�b�l������ �i�h�d�j�u�l�b�c�� �^�h�j�h�]�� �b�� �b�]�j�h�\�u�o�� �i�e�h�s�Z�^�h�d�� �k�Z�^�h�\�h-
�i�Z�j�d�h�\�u�o���d�h�f�i�e�_�d�k�h�\�� 

 �>�j�h�[�e�_�g�b�_�� �g�Z�� �f�h�e�h�l�d�h�\�u�o�� �f�_�e�v�g�b�p�Z�o�� �k�� �r�Z�j�g�b�j�g�h��
�a�Z�d�j�_�i�e�_�g�g�u�f�b�� �[�b�e�Z�f�b���� �b�e�b�� �j�_�a�Z�g�b�_�� �\�� �d�h�j�h�j�m�[�d�Z�o�� �j�h�l�h�j�g�h�]�h�� �l�b�i�Z����
�h�k�g�Z�s�_�g�g�u�o�� �g�h�`�_�\�u�f�� �b�g�k�l�j�m�f�_�g�l�h�f���� �i�h�a�\�h�e�y�_�l�� �i�h�e�m�q�b�l�v��
�b�a�f�_�e�v�q�_�g�g�m�x���d�h�j�m���k���j�Z�a�f�_�j�Z�f�b���q�Z�k�l�b�p���g�_���f�_�g�_�_�������k�Z�g�l�b�f�_�l�j�h�\�� 

 �H�l�^�_�e�v�g�u�f�� �g�Z�i�j�Z�\�e�_�g�b�_�f�� �i�j�b�f�_�g�_�g�b�y�� �h�l�o�h�^�h�\�� �h�d�h�j�d�b��
�y�\�e�y�_�l�k�y�� �_�_�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �\�� �k�_�e�v�k�d�h�f�� �o�h�a�y�c�k�l�\�_�� �^�e�y�� �i�j�b�]�h�l�h�\�e�_�g�b�y��
�m�^�h�[�j�_�g�b�c�� ���d�h�f�i�h�k�l�h�\������ �]�j�m�[�u�o�� �d�h�j�f�h�\�� �b�� �d�h�j�f�h�\�h�c�� �f�m�d�b�� �^�e�y�� �i�l�b�p�� �b��
�`�b�\�h�l�g�u�o���� �<�� �w�l�h�f�� �k�e�m�q�Z�_�� �`�_�e�Z�l�_�e�v�g�h���� �Z�� �b�g�h�]�^�Z�� �b�� �g�_�h�[�o�h�^�b�f�h��
�f�b�g�b�f�b�a�b�j�h�\�Z�l�v�� �j�Z�a�f�_�j�u�� �q�Z�k�l�b�p�� �d�h�j�u���� �q�l�h�� �f�h�`�_�l�� �[�u�l�v�� �^�h�k�l�b�]�g�m�l�h��
�i�j�b�f�_�g�_�g�b�_�f���k�i�_�p�b�Z�e�v�g�u�o���b�a�f�_�e�v�q�b�l�_�e�_�c�����d�h�l�h�j�u�_���h�[�u�q�g�h���b�f�_�x�l���^�\�_��
�k�l�m�i�_�g�b�� �b�a�f�_�e�v�q�_�g�b�y���� �� �G�Z�� �i�_�j�\�h�c�� �k�l�m�i�_�g�b�� �i�j�h�b�a�\�h�^�b�l�� �b�a�f�_�e�v�q�_�g�b�_��
�b�k�o�h�^�g�h�]�h���i�j�h�^�m�d�l�Z���g�Z���q�Z�k�l�b�p�u���h�l���������^�h���������f�f�����Z���g�Z���\�l�h�j�h�c���± �h�l�������f�f���b��
�f�_�g�_�_�����K�i�_�p�b�Z�e�v�g�u�f�b���b�a�f�_�e�v�q�b�l�_�e�y�f�b���f�h�]�m�l���[�u�l�v�����g�Z�i�j�b�f�_�j�����g�h�`�_�\�u�_��
�a�_�j�g�h�b�a�f�_�e�v�q�b�l�_�e�b�� �b�e�b�� �k�i�_�p�b�Z�e�v�g�u�_�� �d�h�j�h�j�m�[�d�b���� �I�j�b�� �w�l�h�f��
�g�_�^�h�k�l�Z�l�d�h�f�� �i�h�k�e�_�^�g�b�o�� �y�\�e�y�_�l�k�y�� �g�_�h�[�o�h�^�b�f�h�k�l�v�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h�c��
�k�m�r�d�b���d�h�j�u�� 

 �I�h�e�h�`�b�l�_�e�v�g�u�f�b�� �n�Z�d�l�h�j�Z�f�b�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �h�l�o�h�^�h�\��
�h�d�h�j�d�b�� �\�� �d�Z�q�_�k�l�\�_�� �m�^�h�[�j�_�g�b�y�� �b�e�b�� �k�l�b�f�m�e�y�l�h�j�h�\�� �i�h�q�\�u�� �y�\�e�y�_�l�k�y��
�k�i�h�k�h�[�g�h�k�l�v�� �f�_�e�d�h�� �b�a�f�_�e�v�q�_�g�g�h�c�� �d�h�j�u�� �n�b�e�v�l�j�h�\�Z�l�v�� �b�� �Z�^�k�h�j�[�b�j�h�\�Z�l�v��
�g�_�`�_�e�Z�l�_�e�v�g�u�_�� �^�e�y�� �k�_�e�v�k�d�h�]�h�� �o�h�a�y�c�k�l�\�Z�� �w�e�_�f�_�g�l�u���� �k�h�^�_�j�`�Z�s�b�_�k�y�� �\��
�i�h�q�\�_�g�g�u�o�� �\�h�^�Z�o���� �D�h�f�i�h�k�l�u�� �b�a�� �d�h�j�u�� �y�\�e�y�x�l�k�y�� �_�k�l�_�k�l�\�_�g�g�u�f�b��
�h�j�]�Z�g�b�q�_�k�d�b�f�b�� �m�^�h�[�j�_�g�b�y�f�b���� �l�Z�d�� �d�Z�d�� �d�h�j�Z�� �k�h�^�_�j�`�b�l�� �f�g�h�]�h�� �e�b�]�g�b�g�Z����
�E�m�[�y�g�Z�y�� �b�� �i�j�b�d�Z�f�[�b�Z�e�v�g�Z�y�� �q�Z�k�l�v�� �d�h�j�u�� �[�h�]�Z�l�Z�� �i�b�l�Z�l�_�e�v�g�u�f�b��
�w�e�_�f�_�g�l�Z�f�b�����g�_�h�[�o�h�^�b�f�u�f�b���^�e�y���j�Z�a�\�b�l�b�y���i�h�e�_�a�g�u�o���f�b�d�j�h�h�j�]�Z�g�b�a�f�h�\����
�k�h�^�_�j�`�b�l�� �h�j�]�Z�g�b�q�_�k�d�b�� �k�\�y�a�Z�g�g�u�c�� �Z�a�h�l���� �d�h�l�h�j�u�c���� �i�h�k�l�_�i�_�g�g�h��
�h�k�\�h�[�h�`�^�Z�y�k�v�����k�l�Z�g�h�\�b�l�k�y���^�h�k�l�m�i�g�u�f���^�e�y���i�b�l�Z�g�b�y���j�Z�k�l�_�g�b�c���>���@�� 

 �>�h�k�l�Z�l�h�q�g�h���f�_�^�e�_�g�g�h���j�Z�a�e�Z�]�Z�y�k�v���\���i�h�q�\�_�����g�Z���i�j�h�l�y�`�_�g�b�b����-
���� �e�_�l������ �d�h�j�v�_�\�h�c�� �d�h�f�i�h�k�l�� �h�[�e�Z�^�Z�_�l�� �\�u�k�h�d�h�c�� �k�i�h�k�h�[�g�h�k�l�v�x�� �Z�w�j�Z�p�b�b��
�i�h�q�\�u�� �b�� �k�l�b�f�m�e�b�j�m�_�l�� �^�_�y�l�_�e�v�g�h�k�l�v�� �i�h�q�\�_�g�g�u�o�� �[�Z�d�l�_�j�b�c���� �I�j�b�� �w�l�h�f��
�k�f�h�e�u���� �\�o�h�^�y�s�b�_�� �\�� �k�h�k�l�Z�\�� �d�h�j�u���� �i�h�i�Z�^�Z�y�� �\�� �i�Z�o�h�l�g�m�x�� �a�_�f�e�x���� �h�q�_�g�v��
�[�u�k�l�j�h�� �j�Z�a�j�m�r�Z�x�l�k�y�� �b�� �g�_�� �\�u�a�u�\�Z�x�l�� �l�h�d�k�b�q�g�u�o�� �y�\�e�_�g�b�c���� �D�h�j�v�_�\�u�_��
�d�h�f�i�h�k�l�u���� �q�l�h�� �h�k�h�[�_�g�g�h�� �i�j�b�\�e�_�d�Z�l�_�e�v�g�h���� �h�d�Z�a�u�\�Z�x�l�� �[�e�Z�]�h�i�j�b�y�l�g�h�_��
�\�h�a�^�_�c�k�l�\�b�_���g�Z���]�e�b�g�b�k�l�u�_���i�h�q�\�u�� 
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 �I�h�� �e�b�l�_�j�Z�l�m�j�g�u�f�� �^�Z�g�g�u�f�� �m�\�_�e�b�q�_�g�b�_�� �m�j�h�`�Z�y�� �i�j�b��
�\�g�_�k�_�g�b�b�� �d�h�f�i�h�k�l�h�\�� �b�a�� �d�h�j�u���� �i�h�� �k�j�Z�\�g�_�g�b�x�� �k�� �g�_�� �m�^�h�[�j�_�g�g�h�c�� �i�h�q�\�h�c����
�k�h�k�l�Z�\�e�y�_�l���i�h���d�Z�j�l�h�n�_�e�x������-�������������i�h���a�_�j�g�h�\�u�f���b���[�h�[�h�\�u�f���d�m�e�v�l�m�j�Z�f��
�± 50-�������������i�h �i�h�^�k�h�e�g�_�q�g�b�d�m���± 270% [3]. 

 �L�Z�d���`�_���b�a�\�_�k�l�g�h���b�k�i�h�e�v�a�h�\�Z�g�b�_���d�h�j�u �\���k�_�e�v�k�d�h�f���o�h�a�y�c�k�l�\�_��
�^�e�y�� �i�h�e�m�q�_�g�b�y�� �^�h�i�h�e�g�b�l�_�e�v�g�h�]�h�� �j�_�k�m�j�k�Z�� �d�h�j�f�h�\���� �q�l�h�� �g�Z�b�[�h�e�_�_��
�Z�d�l�m�Z�e�v�g�h�� �\�� �j�Z�c�h�g�Z�o�� �k�� �g�_�� �[�e�Z�]�h�i�j�b�y�l�g�u�f�b�� �^�e�y�� �i�h�e�_�\�h�]�h��
�d�h�j�f�h�i�j�h�b�a�\�h�^�k�l�\�Z���i�h�q�\�_�g�g�h-�d�e�b�f�Z�l�b�q�_�k�d�b�f�b���m�k�e�h�\�b�y�f�b�����Z���l�Z�d�`�_���\���g�_��
�m�j�h�`�Z�c�g�u�_���]�h�^�u�����D�h�j�Z�����h�k�b�g�u�����[�_�j�_�a�u�����_�e�b�����i�j�b�]�h�^�g�Z���^�e�y���i�j�h�b�a�\�h�^�k�l�\�Z��
�]�j�m�[�u�o�� �b�� �k�h�q�g�u�o�� �d�h�j�f�h�\���� �Z�� �l�Z�d�`�_�� �h�[�t�_�f�b�k�l�u�o�� �d�h�j�f�h�\���� �d�h�l�h�j�u�_��
�^�h�[�Z�\�e�y�x�l���\���j�Z�a�e�b�q�g�u�_���d�h�j�f�h�k�f�_�k�b���� 

�B�k�i�h�e�v�a�h�\�Z�g�b�_�� �d�h�j�u�� �\�� �d�Z�q�_�k�l�\�_�� �^�h�i�h�e�g�b�l�_�e�v�g�h�c�� �d�h�j�f�h�\�h�c��
�^�h�[�Z�\�d�b���^�e�y���k�_�e�v�k�d�h�o�h�a�y�c�k�l�\�_�g�g�u�o���`�b�\�h�l�g�u�o���b���i�l�b�p���h�[�m�k�e�Z�\�e�b�\�Z�_�l�k�y��
�g�_�� �l�h�e�v�d�h�� �g�Z�e�b�q�b�_�f�� �\�� �g�_�c�� �j�y�^�Z�� �p�_�g�g�u�o���� �[�b�h�e�h�]�b�q�_�k�d�b�� �Z�d�l�b�\�g�u�o��
�i�b�l�Z�l�_�e�v�g�u�o���\�_�s�_�k�l�\�����d�e�_�l�q�Z�l�d�b������-�����������i�j�h�l�_�b�g�Z����-���������`�b�j�Z����-11%, 
�k�Z�o�Z�j�Z����-�����������g�h���b���k�i�_�p�b�n�b�q�_�k�d�b�o�����Z�j�h�f�Z�l�b�q�_�k�d�b�o�����\�d�m�k�h�\�u�o�����\�_�s�_�k�l�\����
�i�h�l�j�_�[�g�h�k�l�v�� �\�� �d�h�l�h�j�u�o�� �g�_�� �i�h�e�g�h�k�l�v�x�� �m�^�h�\�e�_�l�\�h�j�y�_�l�k�y�� �i�j�b��
�k�d�Z�j�f�e�b�\�Z�g�b�b���`�b�\�h�l�g�u�f���h�[�u�q�g�u�o���d�h�j�f�h�\���>4]. 

�<�� �e�Z�[�h�j�Z�l�h�j�b�b�� �d�Z�n�_�^�j�u�� �l�_�o�g�h�e�h�]�b�b�� �e�_�k�h�a�Z�]�h�l�h�\�b�l�_�e�v�g�u�o��
�i�j�h�b�a�\�h�^�k�l�\�� �K�Z�g�d�l-�I�_�l�_�j�[�m�j�]�k�d�h�]�h�� �e�_�k�h�l�_�o�g�b�q�_�k�d�h�]�h�� �m�g�b�\�_�j�k�b�l�_�l�Z��
�b�f���� �K���F���D�b�j�h�\�Z�� �j�Z�a�j�Z�[�h�l�Z�g�Z���b�� �i�j�h�r�e�Z�� �b�k�i�u�l�Z�g�b�y�� �h�i�u�l�g�Z�y�� �m�k�l�Z�g�h�\�d�Z��
�^�e�y���]�e�m�[�h�d�h�]�h���b�a�f�_�e�v�q�_�g�b�y���d�h�j�u�����k�o�_�f�Z���d�h�l�h�j�h�c���i�j�b�\�_�^�_�g�Z���g�Z���j�b�k���������� 

�J�Z�[�h�q�b�f���f�Z�l�_�j�b�Z�e�h�f���y�\�e�y�e�Z�k�v���d�h�j�Z���j�Z�a�e�b�q�g�u�o���i�h�j�h�^���^�j�_�\�_�k�b�g�u��
�k�� �\�e�Z�`�g�h�k�l�v�x�� �����«���������� �J�Z�a�f�_�j�u�� �b�k�o�h�^�g�u�o�� �q�Z�k�l�b�p�� �d�h�j�u�� �k�h�k�l�Z�\�e�y�e�b����
�^�e�b�g�Z�������«���������r�b�j�b�g�Z�������«���������l�h�e�s�b�g�Z���^�h�������f�f�����I�h�k�e�_���h�[�j�Z�[�h�l�d�b���g�Z��
�h�i�u�l�g�h�c���m�k�l�Z�g�h�\�d�_���f�Z�d�k�b�f�Z�e�v�g�u�_���j�Z�a�f�_�j�u���q�Z�k�l�b�p���d�h�j�u���g�_���i�j�_�\�u�r�Z�e�b��
���«�������� �f�f�� �i�j�b �f�b�g�b�f�Z�e�v�g�h�f�� �q�b�k�e�_���h�[�h�j�h�l�h�\�� �g�h�`�_�c�� ���������h�[���f�b�g������ �b�� �g�_��
�i�j�_�\�u�r�Z�e�b���������«���������f�f���i�j�b���f�Z�d�k�b�f�Z�e�v�g�h�f���q�b�k�e�_���h�[�h�j�h�l�h�\���g�h�`�_�c������������
�h�[���f�b�g���� 

�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�c�� �b�a�f�_�e�v�q�b�l�_�e�v�� ���j�b�k�������� �k�h�^�_�j�`�b�l�� �i�h�e�u�c��
�d�h�j�i�m�k�������k���a�Z�]�j�m�a�h�q�g�h�c���\�h�j�h�g�d�h�c���������i�h�^�Z�x�s�b�c���r�g�_�d���������m�k�l�Z�g�h�\�e�_�g�g�u�c��
�\�� �i�h�e�h�k�l�b�� �d�h�j�i�m�k�Z�������� �\�u�]�j�m�a�g�h�_�� �h�d�g�h�� ������ �i�_�j�_�d�j�u�\�Z�_�f�h�_�� �g�_�i�h�^�\�b�`�g�h�c��
�h�l�g�h�k�b�l�_�e�v�g�h���d�h�j�i�m�k�Z�������k�_�i�Z�j�b�j�m�x�s�_�c���i�e�Z�k�l�b�g�h�c���������K�f�_�g�g�u�c���g�h�`�_�\�h�c��
�b�a�f�_�e�v�q�Z�x�s�b�c�� �h�j�]�Z�g�� �\�u�i�h�e�g�_�g�� �\�� �\�b�^�_�� �i�Z�j�u�� ��-�o�� �e�h�i�Z�k�l�g�u�o��
�f�_�l�Z�e�e�b�q�_�k�d�b�o�� �i�e�Z�k�l�b�g�� ������ �\�� �p�_�g�l�j�_�� �d�h�l�h�j�u�o�� �b�f�_�_�l�k�y�� �k�d�\�h�a�g�h�_��
�h�l�\�_�j�k�l�b�_���� �� �I�e�Z�k�l�b�g�u�� ���� �a�Z�d�j�_�i�e�_�g�u�� �g�Z�� �o�\�h�k�l�h�\�b�d�_�� �\�Z�e�Z�� ������
�m�k�l�Z�g�h�\�e�_�g�g�h�]�h�� �k�h�h�k�g�h�� �\�g�m�l�j�b�� �i�h�^�Z�x�s�_�]�h�� �r�g�_�d�Z�� ������ �k�� �\�h�a�f�h�`�g�h�k�l�v�x��
�k�h�\�f�_�k�l�g�h�]�h�����a�Z���k�q�_�l���^�\�m�o�k�l�m�i�_�g�q�Z�l�h�]�h���\�_�j�l�b�d�Z�e�v�g�h�]�h���j�_�^�m�d�l�h�j�Z���������b�e�b��
�g�_�a�Z�\�b�k�b�f�h�]�h�� �\�j�Z�s�_�g�b�y�� �h�l�g�h�k�b�l�_�e�v�g�h�� �i�h�^�Z�x�s�_�]�h�� �r�g�_�d�Z�� ������ �G�Z��
�i�_�j�_�^�g�_�c�� �q�Z�k�l�b�� �]�_�e�b�d�h�b�^�Z�� �i�h�^�Z�x�s�_�]�h���r�g�_�d�Z�� ���� �m�k�l�Z�g�h�\�e�_�g�u�� �\��
�r�Z�o�f�Z�l�g�h�f���i�h�j�y�^�d�_���g�h�`�b������ 
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                                 �Z�������������������������������������������������������������������������������������������������������������[ 
�J�b�k��������- �K�o�_�f�Z���b�a�f�_�e�v�q�b�l�_�e�y���d�h�j�u�� �Z���± �\�b�^���k�i�_�j�_�^�b�����[���± �\�b�^���k�e�_�\�Z 
 
�B�a�f�_�e�v�q�b�l�_�e�v�� �j�Z�[�h�l�Z�_�l�� �k�e�_�^�m�x�s�b�f�� �h�[�j�Z�a�h�f���� �I�j�b�� �b�a�f�_�e�v�q�_�g�b�b��

�d�h�j�u���g�Z���\�Z�e�������m�k�l�Z�g�Z�\�e�b�\�Z�_�l�k�y���k�f�_�g�g�u�c���g�h�`�_�\�h�c���b�a�f�_�e�v�q�Z�x�s�b�c���h�j�]�Z�g����
�\�u�i�h�e�g�_�g�g�u�c���\���\�b�^�_���i�Z�j�u����-�o������-�o���b�e�b����-�o�����\���a�Z�\�b�k�b�f�h�k�l�b���h�l���l�j�_�[�m�_�f�h�c��
�k�l�_�i�_�g�b�� �i�h�f�h�e�Z���� �e�h�i�Z�k�l�g�u�o�� �f�_�l�Z�e�e�b�q�_�k�d�b�o�� �i�e�Z�k�l�b�g�� ���� ���g�Z�� �j�b�k������
�b�a�h�[�j�Z�`�_�g�� �\�Z�j�b�Z�g�l�� �k�� �m�k�l�Z�g�h�\�d�h�c�� ��-�o�� �e�h�i�Z�k�l�g�u�o�� �f�_�l�Z�e�e�b�q�_�k�d�b�o��
�i�e�Z�k�l�b�g���� �b�� �k�_�i�Z�j�b�j�m�x�s�Z�y�� �i�e�Z�k�l�b�g�Z�� ���� �k�h�� �k�d�\�h�a�g�u�f�b�� �h�l�\�_�j�k�l�b�y�f�b����
�g�_�i�h�^�\�b�`�g�h�� �m�k�l�Z�g�h�\�e�_�g�g�Z�y�� �h�l�g�h�k�b�l�_�e�v�g�h�� �d�h�j�i�m�k�Z�� ������ �G�h�`�_�\�h�c��
�b�a�f�_�e�v�q�Z�x�s�b�c�� �h�j�]�Z�g�� �k�h�[�b�j�Z�x�l�� �l�Z�d�b�f�� �h�[�j�Z�a�h�f���� �q�l�h�[�u�� �\�� �j�_�`�m�s�_�f��
�f�_�o�Z�g�b�a�f�_���[�u�e�b���h�[�j�Z�a�h�\�Z�g�u���^�\�_���i�e�h�k�d�h�k�l�b���j�_�a�Z�g�b�y�����I�j�b���w�l�h�f���e�h�i�Z�k�l�b��
�f�_�l�Z�e�e�b�q�_�k�d�b�o���i�e�Z�k�l�b�g�������y�\�e�y�x�l�k�y���g�h�`�Z�f�b�����Z���k�_�i�Z�j�b�j�m�x�s�Z�y���i�e�Z�k�l�b�g�Z��
6 �±�d�h�g�l�j�g�h�`�h�f���� �E�h�i�Z�k�l�b�� �i�j�h�l�b�\�h�i�h�e�h�`�g�u�o�� �g�h�`�_�\�u�o�� �i�e�Z�k�l�b�g��
�m�k�l�Z�g�Z�\�e�b�\�Z�x�l�� �j�Z�a�\�_�j�g�m�l�u�f�b�� �h�l�g�h�k�b�l�_�e�v�g�h�� �^�j�m�]�� �^�j�m�]�Z�� �g�Z�� �i�h�e�h�\�b�g�m��
�m�]�e�Z���j�Z�k�l�\�h�j�Z���e�h�i�Z�k�l�_�c�� 

�A�Z�]�j�m�`�Z�_�f�u�c���\���\�h�j�h�g�d�m�������k�u�j�v�_�\�h�c���i�j�h�^�m�d�l���i�h�^�Z�_�l�k�y���r�g�_�d�h�f�������\��
�g�Z�i�j�Z�\�e�_�g�b�b�� �\�u�]�j�m�a�g�h�]�h�� �h�d�g�Z�� ������ �]�^�_���� �i�h�^�� �^�_�c�k�l�\�b�_�f�� �g�h�`�_�c�� ������
�i�j�h�b�k�o�h�^�b�l�� �]�j�m�[�h�_�� �j�Z�a�j�m�r�_�g�b�_�� �d�h�j�u���� �Z�� �a�Z�l�_�f���� �\�� �i�_�j�\�h�c�� �i�e�h�k�d�h�k�l�b��
�j�_�a�Z�g�b�y�� �a�Z�� �k�q�_�l�� �\�j�Z�s�Z�x�s�b�o�k�y�� �e�h�i�Z�k�l�g�u�o�� �f�_�l�Z�e�e�b�q�_�k�d�b�o�� �i�e�Z�k�l�b�g�� ����
�i�j�h�b�k�o�h�^�b�l���i�_�j�\�b�q�g�u�c���i�h�f�h�e���f�Z�l�_�j�b�Z�e�Z�����^�Z�e�v�g�_�c�r�b�c���i�j�h�o�h�^���_�]�h���q�_�j�_�a��
�k�d�\�h�a�g�u�_�� �h�l�\�_�j�k�l�b�y�� �k�_�i�Z�j�b�j�m�x�s�_�c�� �i�e�Z�k�l�b�g�u�� ���� �b�� �^�h�i�h�e�g�b�l�_�e�v�g�u�c��
�i�h�f�h�e���\�h���\�l�h�j�h�c���i�e�h�k�d�h�k�l�b���j�_�a�Z�g�b�y���k���i�h�k�e�_�^�m�x�s�b�f���\�u�o�h�^�h�f���]�h�l�h�\�h�c��
�i�j�h�^�m�d�p�b�b���b�a���b�a�f�_�e�v�q�b�l�_�e�y�� 

�A�m�[�q�Z�l�Z�y�� �i�Z�j�Z�� ������ �\�o�h�^�g�h�c�� �\�Z�e�� �d�h�l�h�j�h�c�� �\�j�Z�s�Z�_�l�k�y��
�w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�_�f�� ���g�Z�� �j�b�k���� ���m�k�e�h�\�g�h�� �g�_�� �i�h�d�Z�a�Z�g������ �h�[�_�k�i�_�q�b�\�Z�_�l��
�k�h�\�f�_�k�l�g�h�_���b�e�b���g�_�a�Z�\�b�k�b�f�h�_���\�j�Z�s�_�g�b�y���\�Z�e�Z�������h�l�g�h�k�b�l�_�e�v�g�h���r�g�_�d�Z������ 

�I�h�y�k�g�y�y�� �i�j�h�\�_�^�_�g�b�_�� �h�i�_�j�Z�p�b�b�� �b�a�f�_�e�v�q�_�g�b�y�� �d�h�j�u���� �k�e�_�^�m�_�l��
�h�l�f�_�l�b�l�v���� �q�l�h�� �b�k�i�h�e�v�a�m�y�� �^�h�i�h�e�g�b�l�_�e�v�g�u�c�� �i�j�b�\�h�^�� �^�e�y�� �\�j�Z�s�_�g�b�y��
�a�m�[�q�Z�l�h�c�� �i�_�j�_�^�Z�q�b�� ���g�h�`�_�\�h�]�h�� �\�Z�e�Z�� ���� �� �b�� �h�[�_�k�i�_�q�b�\�� �g�_�a�Z�\�b�k�b�f�h�_��
�\�j�Z�s�_�g�b�_���g�h�`�_�c���������f�h�`�g�h���\�j�Z�s�Z�l�v���b�o���k���q�Z�k�l�h�l�h�c���j�Z�\�g�h�c���b�e�b���[�h�e�v�r�_�c����
�q�_�f�� �q�Z�k�l�h�l�Z�� �\�j�Z�s�_�g�b�y�� �r�g�_�d�Z�� ������ �M�\�_�e�b�q�b�\�Z�y�� �q�b�k�e�h�� �h�[�h�j�h�l�h�\�� �g�h�`�_�c���� �Z��
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�a�g�Z�q�b�l���b���k�d�h�j�h�k�l�v���j�_�a�Z�g�b�y�����f�h�`�g�h���m�f�_�g�v�r�b�l�v���i�h�^�Z�q�m���g�Z���g�h�`�����q�l�h�����d�Z�d��
�k�e�_�^�k�l�\�b�_���� �i�j�h�i�h�j�p�b�h�g�Z�e�v�g�h�� �m�f�_�g�v�r�b�l�� �b�� �\�_�e�b�q�b�g�m�� �q�Z�k�l�b�p�� �d�h�j�u����
�\�u�j�Z�[�Z�l�u�\�Z�_�f�u�o���f�_�o�Z�g�b�a�f�h�f���j�_�a�Z�g�b�y�����J�Z�a�f�_�j���q�Z�k�l�b�p���d�h�j�u���f�h�`�_�l���[�u�l�v��
�h�i�j�_�^�_�e�_�g���m�j�Z�\�g�_�g�b�_�f���>���@�� 

                                         Uz  = U �Â��t / V,                                             (1) 
�]�^�_��Uz �± �i�h�^�Z�q�Z���g�Z���g�h�`�����f����U �± �k�d�h�j�h�k�l�v���i�h�^�Z�q�b���h�[�j�Z�[�Z�l�u�\�Z�_�f�h�]�h��

�f�Z�l�_�j�b�Z�e�Z���r�g�_�d�h�f�����f���k�_�d����t �± �r�Z�]���g�h�`�_�c���j�_�`�m�s�_�]�h���b�g�k�l�j�m�f�_�g�l�Z�����f����V �± 
�k�d�h�j�h�k�l�v���j�_�a�Z�g�b�y�����f���k�_�d�� 

�L�Z�d���d�Z�d���f�Z�d�k�b�f�Z�e�v�g�Z�y���k�d�h�j�h�k�l�v���j�_�a�Z�g�b�y��V �j�Z�\�g�Z���m�]�e�h�\�h�c���k�d�h�j�h�k�l�b��
�\�j�Z�s�_�g�b�y�� �\�Z�e�Z�� ������ �m�f�g�h�`�_�g�g�h�c�� �g�Z�� �j�Z�^�b�m�k�� �f�_�l�Z�e�e�b�q�_�k�d�b�o�� �i�e�Z�k�l�b�� ������
�\�h�a�f�h�`�g�h���j�_�]�m�e�b�j�h�\�Z�l�v���j�Z�a�f�_�j�� �q�Z�k�l�b�p���d�h�j�u�����f�_�g�y�y���m�]�e�h�\�m�x���k�d�h�j�h�k�l�v��
�\�Z�e�Z�������� 

�H�q�_�\�b�^�g�h�����q�l�h���i�j�b���m�\�_�e�b�q�_�g�b�b��V �����Z���l�Z�d���`�_���i�j�b���m�f�_�g�v�r�_�g�b�b���r�Z�]�Z��
�g�h�`�_�c��t���� �k�g�b�`�Z�_�l�k�y�� �\�_�e�b�q�b�g�Z��Uz���� �Z�� �a�g�Z�q�b�l�� �b�� �m�f�_�g�v�r�Z�_�l�k�y�� �\�_�e�b�q�b�g�Z��
�b�a�f�_�e�v�q�_�g�g�u�o�� �q�Z�k�l�b�p�� �d�h�j�u�� ���� �\�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�c�� �m�k�l�Z�g�h�\�d�_�� �^�h��
�������«���������f�f������ 

�<�g�_�^�j�_�g�b�_�� �b�� �i�j�h�f�u�r�e�_�g�g�h�_�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �i�j�_�^�e�Z�]�Z�_�f�h�]�h��
�m�g�b�\�_�j�k�Z�e�v�g�h�]�h�� �b�a�f�_�e�v�q�b�l�_�e�y�� �i�h�a�\�h�e�b�l�� �m�\�_�e�b�q�b�l�v�� �w�n�n�_�d�l�b�\�g�h�k�l�v��
�i�j�h�p�_�k�k�� �i�h�^�]�h�l�h�\�d�b�� �d�h�j�u�� �d�� �b�k�i�h�e�v�a�h�\�Z�g�b�x�� �b�� �j�Z�k�r�b�j�b�l�v�� �h�[�e�Z�k�l�b��
�i�j�b�f�_�g�_�g�b�y���d�Z�d���k�\�_�`�_�c�����l�Z�d���b���e�_�`�Z�e�h�c���d�h�j�u�� 

 
�K�i�b�k�h�d���b�k�i�h�e�v�a�h�\�Z�g�g�u�o���b�k�l�h�q�g�b�d�h�\ 

 
������ �;�b�j�f�Z�g�� �:���J������ �K�\�h�c�d�b�g�� �N���<������ �M�]�j�x�f�h�\�� �K���:������ �K�\�h�c�d�b�g�� �<���N����

�L�_�o�g�b�d�Z�� �b�� �l�_�o�g�h�e�h�]�b�y�� �m�l�b�e�b�a�Z�p�b�b�� �d�h�j�h�h�l�\�Z�e�h�\�� �e�_�k�h�i�j�h�f�u�r�e�_�g�g�u�o��
�i�j�_�^�i�j�b�y�l�b�c�� ������ �J�_�f�h�g�l���� �\�h�k�k�l�Z�g�h�\�e�_�g�b�_���� �f�h�^�_�j�g�b�a�Z�p�b�y���� �������������±�‹�������±
�K������-15.  

������ �=�h�f�h�g�Z�c �F���<���� �I�j�h�b�a�\�h�^�k�l�\�h�� �l�h�i�e�b�\�g�u�o���[�j�b�d�_�l�h�\���� �>�j�_�\�_�k�g�h�_��
�k�u�j�v�_�����h�[�h�j�m�^�h�\�Z�g�b�_���� �l�_�o�g�h�e�h�]�b�b�����j�_�`�b�f�u�� �j�Z�[�h�l�u�����± �F�h�k�d�\�Z���� �F�=�M�E����
2006. �±�������k�� 

�������D�h�i�u�l�d�h�\���<���<�������H�o�e�h�i�d�h�\�Z���G���I�������D�h�g�^�j�Z�l�_�g�d�h���H���<�������I�h�l�Z�i�_�g�d�h��
�F���<������ �G�Z�\�Z�j�b�q�� �?���� �I�h�e�m�q�_�g�b�_�� �d�h�f�i�h�k�l�h�\�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �h�l�o�h�^�h�\��
�i�j�h�b�a�\�h�^�k�l�\�� �b�� �b�o�� �i�j�b�f�_�g�_�g�b�_�� ������ �I�j�h�[�e�_�f�u�� �j�_�d�m�e�v�l�b�\�Z�p�b�b�� �h�l�o�h�^�h�\��
�[�u�l�Z�����i�j�h�f�u�r�e�_�g�g�h�]�h���b���k�_�e�v�k�d�h�o�h�a�y�c�k�l�\�_�g�g�h�]�h���i�j�h�b�a�\�h�^�k�l�\�Z�����k�[�h�j�g�b�d��
�g�Z�m�q�g�u�o�� �l�j�m�^�h�\��V �F�_�`�^�m�g�Z�j�h�^�g�h�c�� �g�Z�m�q�g�h�c�� �w�d�h�e�h�]�b�q�_�k�d�h�c��
�d�h�g�n�_�j�_�g�p�b�b�����± �D�j�Z�k�g�h�^�Z�j�����D�=�:�M�������������������±�K����������-179. 

������ �W�j�g�k�l�� �E���D������ �G�Z�m�f�_�g�d�h�� �A���� �F�� �E�Z�^�b�g�k�d�Z�y�� �K���B���� �D�h�j�f�h�\�u�_��
�i�j�h�^�m�d�l�u���b�a���h�l�o�h�^�h�\���e�_�k�Z�����± �F�h�k�d�\�Z�����E�_�k�g�Z�y���i�j�h�f�u�r�e�_�g�g�h�k�l�v�����������������± 
���������k�� 
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������ �L�_�o�g�h�e�h�]�b�y�� �b�� �h�[�h�j�m�^�h�\�Z�g�b�_�� �e�_�k�g�u�o�� �k�d�e�Z�^�h�\�� �b��
�e�_�k�h�h�[�j�Z�[�Z�l�u�\�Z�x�s�b�o�� �p�_�o�h�\�� ���� �i�h�^���� �j�_�^���� �<���B���� �I�Z�l�y�d�b�g�Z�����± �F�h�k�d�\�Z����
�F�=�M�E�������������������±���������k�� 
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�:�g�g�h�l�Z�p�b�y�� �K�b�g�l�_�a�b�j�h�\�Z�g�u�� �d�h�f�i�h�a�b�p�b�h�g�g�u�_�� �[�b�h�i�h�e�b�f�_�j�g�u�_�� �i�h�d�j�u�l�b�y��
�o�b�l�h�a�Z�g�±g-�K3N4 �g�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �k�i�e�Z�\�Z�� �f�Z�]�g�b�y��AZ�������� �F�_�l�h�^�h�f�� �d�h�g�n�h�d�Z�e�v�g�h�c��
�f�b�d�j�h�k�d�h�i�b�b���m�k�l�Z�g�h�\�e�_�g�Z���k�l�_�i�_�g�v���b�g�]�b�[�b�j�h�\�Z�g�b�y���[�b�h�i�e�_�g�d�h�h�[�j�Z�a�h�\�Z�g�b�y���(�� coli �g�Z��
�i�h�\�_�j�o�g�h�k�l�b�� �i�h�e�m�q�_�g�g�u�o�� �i�h�d�j�u�l�b�c���� �I�h�d�Z�a�Z�g�h���� �q�l�h�� �f�h�^�b�n�b�d�Z�p�b�y�� �o�b�l�h�a�Z�g�h�\�h�c��
�i�h�e�b�f�_�j�g�h�c�� �f�Z�l�j�b�p�u�� �q�Z�k�l�b�p�Z�f�b�� �J-C3N4 �i�j�b�\�h�^�b�l�� �d�� �m�\�_�e�b�q�_�g�b�x�� �a�Z�s�b�l�g�u�o��
�k�\�h�c�k�l�\���n�h�j�f�b�j�m�_�f�u�o���i�h�d�j�u�l�b�c���g�Z�������±35%.  
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PROTECTIVE AND ANTIBACTERIAL PROPERTIES OF BIO -

COATINGS ON MAGNESIUM ALLOY AZ91  
 
Abstract. Composite biopolymer coatings chitosan�±g-C3N4 have been synthesized 

on the surface of magnesium alloy AZ91. The degree of inhibition of E. coli biofilm 
formation on the surface of the resulting coatings was determined using confocal 
microscopy. It has been shown that modification of the chitosan polymer matrix with g-
C3N4 particles leads to an increase in the protective properties of the formed coatings by 
20�±35%. 
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�\�u�^�_�e�_�g�b�_�f�� �\�h�^�h�j�h�^�Z���� �q�l�h�� �f�h�`�_�l�� �k�g�b�`�Z�l�v���f�_�o�Z�g�b�q�_�k�d�b�_��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �b�f�i�e�Z�g�l�h�\�� �b�� �i�j�_�i�y�l�k�l�\�h�\�Z�l�v�� �n�h�j�f�b�j�h�\�Z�g�b�x�� �d�h�k�l�g�h�c��
�l�d�Z�g�b��[1�±2].  
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�K�d�Z�g�b�j�h�\�Z�g�b�_���i�j�h�b�a�\�h�^�b�e�b���i�h���\�k�_�c���l�h�e�s�b�g�_���i�j�_�i�Z�j�Z�l�Z���\���i�y�l�b���l�h�q�d�Z�o�� 

�G�Z�� �j�b�k���� ���� �i�j�_�^�k�l�Z�\�e�_�g�u�� �j�_�a�m�e�v�l�Z�l�u�� �b�k�k�e�_�^�h�\�Z�g�b�y��
�[�b�h�i�e�_�g�d�h�h�[�j�Z�a�h�\�Z�g�b�y�� �[�Z�d�l�_�j�b�c��E. coli �g�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �i�h�e�m�q�_�g�g�u�o��
�h�[�j�Z�a�p�h�\���� �M�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �g�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �k�i�e�Z�\�Z��AZ������ �h�[�j�Z�a�m�_�l�k�y��
�i�e�h�l�g�Z�y�� �b�� �h�^�g�h�j�h�^�g�Z�y�� �[�b�h�i�e�_�g�d�Z�� �l�h�e�s�b�g�h�c�� ������ �f�d�f���� �I�h�e�m�q�_�g�g�u�_�� �g�Z��
�h�k�g�h�\�_�� �o�b�l�h�a�Z�g�Z�� �i�h�d�j�u�l�b�y�� �h�[�e�Z�^�Z�x�l�� �y�j�d�h�� �\�u�j�Z�`�_�g�g�u�f�b��
�[�Z�d�l�_�j�b�h�k�l�Z�l�b�q�_�k�d�b�f���^�_�c�k�l�\�b�_�f�����j�b�k�����������H�[�j�Z�a�h�\�Z�g�g�u�_���g�Z���i�h�\�_�j�o�g�h�k�l�b��
�o�b�l�h�a�Z�g�k�h�^�_�j�`�Z�s�b�o�� �i�h�d�j�u�l�b�c�� �[�b�h�i�e�_�g�d�b�� �o�Z�j�Z�d�l�_�j�b�a�m�x�l�k�y�� �[�h�e�_�_��
�g�b�a�d�h�c�� �i�e�h�l�g�h�k�l�v�x�� ���j�b�k���� �����[������ �i�h�� �k�j�Z�\�g�_�g�b�x�� �k�� �[�b�h�i�e�_�g�d�Z�f�b����
�h�[�j�Z�a�m�x�s�b�f�b�k�y���g�Z���i�h�\�_�j�o�g�h�k�l�b���g�_�h�[�j�Z�[�h�l�Z�g�g�h�]�h���k�i�e�Z�\�Z���$�=���������j�b�k��������
�Z). 

 
  

 
�J�b�k��������- �B�a�h�[�j�Z�`�_�g�b�_���[�b�h�i�e�_�g�h�d���g�Z���i�h�\�_�j�o�g�h�k�l�b���h�[�j�Z�a�p�h�\��AZ91 (�Z�����b�������K3N4 

(�[) 

�Z �[ 
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�M�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �h�[�j�Z�a�_�p��chit �o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y�� �g�Z�b�f�_�g�v�r�_�c��
�l�h�e�s�b�g�h�c�� �������� �f�d�f���� �h�[�j�Z�a�m�x�s�_�c�k�y�� �[�b�h�i�e�_�g�d�b��E. coli���� �F�h�^�b�n�b�d�Z�p�b�y��
�o�b�l�h�a�Z�g�Z�� �q�Z�k�l�b�p�Z�f�b��g-C3N4 �i�j�b�\�h�^�b�l�� �d�� �m�f�_�g�v�r�_�g�b�x�� �k�l�_�i�_�g�b��
�b�g�]�b�[�b�j�h�\�Z�g�b�y���j�h�k�l�Z���[�b�h�i�e�_�g�d�b���\���������±�����������q�l�h���f�h�`�_�l���[�u�l�v���h�[�m�k�e�h�\�e�_�g�h��
�[�h�e�_�_���g�_�j�h�\�g�h�c �i�h�\�_�j�o�g�h�k�l�v�x���d�h�f�i�h�a�b�p�b�h�g�g�h�]�h���i�h�d�j�u�l�b�y���o�b�l�h�a�Z�g�±g-
C3N4���� �d�h�l�h�j�Z�y�� �a�Z�� �k�q�_�l�� �[�h�e�_�_�� �g�b�a�d�h�c�� �]�b�^�j�h�n�h�[�g�h�k�l�b�� �b�� �i�h�j�b�k�l�h�k�l�b��
�k�i�h�k�h�[�k�l�\�m�_�l�� �a�Z�d�j�_�i�e�_�g�b�x�� �[�Z�d�l�_�j�b�c�� �b�� �n�h�j�f�b�j�h�\�Z�g�b�x�� �f�Z�l�j�b�d�k�Z��
�[�b�h�i�e�_�g�d�b�� 

 
�J�b�k��������- �L�h�e�s�b�g�Z���[�b�h�i�e�z�g�h�d��E. coli �g�Z���i�h�\�_�j�o�g�h�k�l�b���b�k�k�e�_�^�m�_�f�u�o���h�[�j�Z�a�p�h�\��

�i�h�k�e�_���������q�Z�k�h�\���b�g�d�m�[�Z�p�b�b 
 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �i�j�h�\�_�^�_�g�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�h�a�\�h�e�b�e�b��
�m�k�l�Z�g�h�\�b�l�v���� �q�l�h�� �g�Z�g�_�k�_�g�b�_���o�b�l�h�a�Z�g�h�\�u�o�� �i�h�d�j�u�l�b�c�� �g�Z�� �i�h�\�_�j�o�g�h�k�l�v��
�f�Z�]�g�b�_�\�h�]�h���k�i�e�Z�\�Z��AZ91 �k�i�h�k�h�[�k�l�\�m�_�l���k�g�b�`�_�g�b�x���k�d�h�j�h�k�l�b���d�h�j�j�h�a�b�b���\��
�������� �j�Z�a�Z���� �F�h�^�b�n�b�d�Z�p�b�y�� �o�b�l�h�a�Z�g�Z�� �g�Z�g�h�q�Z�k�l�b�p�Z�f�b��g-C3N4 �i�j�b�\�h�^�b�l�� �d��
�m�\�_�e�b�q�_�g�b�x�� �a�Z�s�b�l�g�u�o�� �k�\�h�c�k�l�\�� �n�h�j�f�b�j�m�_�f�u�o�� �i�h�d�j�u�l�b�c�� �g�Z�� �����±35%. 
�I�j�b�q�_�f���m�\�_�e�b�q�_�g�b�_���d�h�g�p�_�g�l�j�Z�p�b�b���q�Z�k�l�b�p��g-C3N4 �\���k�m�k�i�_�g�a�b�b���o�b�l�h�a�Z�g�Z��
�[�h�e�_�_�� ������ �]���^�f3 �g�_�� �i�j�b�\�h�^�b�l�� �d�� �^�Z�e�v�g�_�c�r�_�f�m�� �m�\�_�e�b�q�_�g�b�x�� �a�Z�s�b�l�g�u�o��
�k�\�h�c�k�l�\���n�h�j�f�b�j�m�_�f�u�o���i�h�d�j�u�l�b�c�� 

�I�h�d�j�u�l�b�y�� �g�Z�� �h�k�g�h�\�_�� �o�b�l�h�a�Z�g�Z�� �h�[�e�Z�^�Z�x�l���\�u�j�Z�`�_�g�g�u�f��
�[�Z�d�l�_�j�b�h�k�l�Z�l�b�q�_�k�d�b�f�� �^�_�c�k�l�\�b�_�f�� �b�� �o�Z�j�Z�d�l�_�j�b�a�m�x�l�k�y�� �[�h�e�_�_�� �g�b�a�d�h�c��
�i�e�h�l�g�h�k�l�v�x���h�[�j�Z�a�h�\�Z�g�g�u�o���[�b�h�i�e�_�g�h�d���[�Z�d�l�_�j�b�y�f�b E. coli �i�h���k�j�Z�\�g�_�g�b�x��
�k���h�[�j�Z�a�p�h�f���k�i�e�Z�\�Z���$�=�������� 
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FEATURES OF AII BVI  SEMICONDUCTOR FILMS  

         OBTAINED BY CHEMICAL DEPOSITION OR  
LAYERING METHOD  

 
Abstract. Submicron films of AII-VI class semiconductors were studied using the 

example of CdS coatings obtained by hydrochemical deposition (CBD), as well as ZnO 
and ZnS obtained by chemical layering (SILD or SILAR). The highest deposition rate at 
a level of 13 nm/min was recorded during hydrochemical deposition of CdS. It is noted 
that the application of a ZnO film most significantly reduces the transparency of the 
glass substrate from 90 to 40%. 

�K�h�\�j�_�f�_�g�g�u�_�� �b�k�k�e�_�^�h�\�Z�l�_�e�b�� �i�j�h�^�h�e�`�Z�x�l�� �Z�d�l�b�\�g�u�_��
�f�Z�l�_�j�b�Z�e�h�\�_�^�q�_�k�d�b�_�� �b�k�k�e�_�^�h�\�Z�g�b�y���� �\�� �j�Z�f�d�Z�o�� �d�h�l�h�j�u�o�� �j�_�Z�e�b�a�m�x�l�k�y��
�Z�d�l�m�Z�e�v�g�u�_���l�_�g�^�_�g�p�b�b���j�Z�a�\�b�l�b�y���n�m�g�d�p�b�h�g�Z�e�v�g�u�o���i�e�_�g�h�q�g�u�o���k�l�j�m�d�l�m�j����
�K�j�_�^�b�� �g�b�o�� �i�_�j�_�o�h�^�� �h�l�� �f�b�d�j�h- �d���g�Z�g�h�k�l�j�m�d�l�m�j�b�j�h�\�Z�g�g�u�f�� �i�e�_�g�d�Z�f��
�b�g�^�b�\�b�^�m�Z�e�v�g�u�o�� �k�h�_�^�b�g�_�g�b�c�� �b�� �l�\�_�j�^�u�o�� �j�Z�k�l�\�h�j�h�\���� �a�Z�f�_�g�Z��
�n�m�g�d�p�b�h�g�Z�e�v�g�u�o���d�h�g�l�Z�d�l�h�\���\���\�b�^�_���j-n-�i�_�j�_�o�h�^�Z���b�e�b���d�h�g�l�Z�d�l�Z���R�h�l�l�d�b��
�g�Z���]�_�l�_�j�h�i�_�j�_�o�h�^�����q�l�h���i�h�a�\�h�e�y�_�l���k�m�s�_�k�l�\�_�g�g�h���i�h�\�u�k�b�l�v���w�n�n�_�d�l�b�\�g�h�k�l�v��
�f�b�d�j�h-���� �g�Z�g�h- �b�� �h�i�l�h�w�e�_�d�l�j�h�g�g�u�o�� �i�j�b�[�h�j�h�\ �[�e�Z�]�h�^�Z�j�y�� �w�n�n�_�d�l�Z�f��
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�k�\�_�j�o�b�g�`�_�d�p�b�b���� �r�b�j�h�d�h�a�h�g�g�h�]�h�� �h�d�g�Z���� �w�e�_�d�l�j�h�g�g�h�]�h�� �b�� �h�i�l�b�q�_�k�d�h�]�h��
�h�]�j�Z�g�b�q�_�g�b�y���� 

�F�h�`�g�h�� �h�l�f�_�l�b�l�v���� �q�l�h�� �\�� �]�_�l�_�j�h�i�_�j�_�o�h�^�u�� �m�`�_�� �^�Z�\�g�h�� �g�Z�o�h�^�y�l��
�r�b�j�h�d�h�_���i�j�Z�d�l�b�q�_�k�d�h�_���i�j�b�f�_�g�_�g�b�_�� �\�� �i�h�e�m�i�j�h�\�h�^�g�b�d�h�\�u�o���e�Z�a�_�j�g�u�o���b��
�k�\�_�l�h�^�b�h�^�g�u�o�� �n�m�g�d�p�b�h�g�Z�e�v�g�u�o�� �k�l�j�m�d�l�m�j�Z�o���� �I�j�b�� �w�l�h�f�� �\�� �h�[�e�Z�k�l�b��
�k�h�a�^�Z�g�b�y�� �n�h�l�h�\�h�e�v�l�Z�b�q�_�k�d�b�o�� �i�e�_�g�h�q�g�u�o�� �k�l�j�m�d�l�m�j�� �]�_�l�_�j�h�i�_�j�_�o�h�^�u��
�r�b�j�h�d�h���b�k�k�e�_�^�m�x�l�k�y�����g�h���b�f�_�x�l���h�]�j�Z�g�b�q�_�g�g�h�_���i�j�b�f�_�g�_�g�b�_���i�h���i�j�b�q�b�g�_��
�g�_�^�h�k�l�Z�l�h�q�g�h���\�u�k�h�d�h�c���b�g�l�_�g�k�b�\�g�h�k�l�b���l�Z�d�b�o���k�h�e�g�_�q�g�u�o���w�e�_�f�_�g�l�h�\���� 

�<�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y�� �^�e�y�� �n�h�l�h�\�h�e�v�l�Z�b�q�_�k�d�b�o�� �]�_�l�_�j�h�k�l�j�m�d�l�m�j�� �\��
�d�Z�q�_�k�l�\�_�� �g�Z�b�[�h�e�_�_�� �i�_�j�k�i�_�d�l�b�\�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �i�h�]�e�h�s�Z�x�s�_�]�h��
�m�a�d�h�a�h�g�g�h�]�h�� �k�e�h�y�� �j�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y��CdTe���� �k�e�h�`�g�u�_�� �k�_�e�_�g�b�^�u����SnS �b��
�^�j�m�]�b�_�� �i�h�e�m�i�j�h�\�h�^�g�b�d�b���� �< �d�Z�q�_�k�l�\�_�� �k�e�h�y���� �\�u�i�h�e�g�y�x�s�_�]�h�� �n�m�g�d�p�b�x��
�r�b�j�h�d�h�a�h�g�g�h�]�h�� �h�d�g�Z���� �Z�d�l�b�\�g�h�� �b�a�m�q�Z�x�l�k�y�� �l�Z�d�b�_�� �r�b�j�h�d�h�a�h�g�g�u�_��
�i�h�e�m�i�j�h�\�h�^�g�b�d�b�����d�Z�d���o�Z�e�v�d�h�]�_�g�b�^�u���&�G�6����ZnS�����Z���l�Z�d�`�_���h�d�k�b�^�u��ZnO [84], 
TiO2 [35], SnO2 �>���@�����K�j�_�^�b���m�d�Z�a�Z�g�g�u�o���f�Z�l�_�j�b�Z�e�h�\���k�\�_�l�h�i�j�h�i�m�k�d�Z�x�s�_�]�h��
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�l�h�e�s�b�g�u���^�h�����������g�f���i�j�h�a�j�Z�q�g�h�k�l�v���i�h�^�e�h�`�d�b���g�_���m�f�_�g�v�r�Z�e�Z�k�v���g�b�`�_��������
�������j�b�k���������� 

�H�l�g�h�k�b�l�_�e�v�g�h�� �h�i�j�_�^�_�e�_�g�b�y�� �h�i�l�b�q�_�k�d�h�c�� �r�b�j�b�g�u�� �a�Z�i�j�_�s�_�g�g�h�c��
�a�h�g�u���f�h�`�g�h���h�l�f�_�l�b�l�v�����q�l�h���^�e�y���g�Z�b�[�h�e�_�_���l�h�g�d�b�o���i�e�_�g�h�d���r�b�j�h�d�h�a�h�g�g�h�]�h��
ZnS ���?g � �� �������� �w�<���� �g�Z�� �i�h�e�m�q�_�g�g�u�o�� �k�i�_�d�l�j�Z�o�� �g�_�� �a�Z�n�b�d�k�b�j�h�\�Z�g�� �d�j�Z�c��
�k�h�[�k�l�\�_�g�g�h�]�h���i�h�]�e�h�s�_�g�b�y�����>�e�y���f�_�g�_�_���r�b�j�h�d�h�a�h�g�g�u�o���i�h�e�m�i�j�h�\�h�^�g�b�d�h�\��
Zn�H�� ���?g � �� �������� �w�<���� �b��CdS ���?g � �� �������� �w�<���� �g�Z���k�i�_�d�l�j�Z�o�� �a�Z�n�b�d�k�b�j�h�\�Z�g�u��
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�h�[�e�Z�k�l�b���k�h�[�k�l�\�_�g�g�h�]�h���i�h�]�e�h�s�_�g�b�y���\���^�b�Z�i�Z�a�h�g�_���^�e�b�g���\�h�e�g���h�d�h�e�h�����������b��
���������g�f���k�h�h�l�\�_�l�k�l�\�_�g�g�h�����W�l�b���a�g�Z�q�_�g�b�y���[�e�b�a�d�b���d���k�i�j�Z�\�h�q�g�u�f���\�_�e�b�q�b�g�Z�f��
�r�b�j�b�g�u�� �a�Z�i�j�_�s�_�g�g�h�c�� �a�h�g�u�� �>���@���� �q�l�h�� �m�d�Z�a�u�\�Z�_�l�� �g�Z�� �h�l�k�m�l�k�l�\�b�_��
�d�\�Z�g�l�h�\�h�j�Z�a�f�_�j�g�h�]�h�� �w�n�n�_�d�l�Z�� �m�r�b�j�_�g�b�y�� �a�Z�i�j�_�s�_�g�g�h�c�� �a�h�g�u����
�o�Z�j�Z�d�l�_�j�g�h�]�h���^�e�y���g�Z�g�h�j�Z�a�f�_�j�g�u�o���i�h�e�m�i�j�h�\�h�^�g�b�d�h�\�� 

 

 

1 �± �i�h�^�e�h�`�d�Z����2 �± �i�e�_�g�d�b��CdS 
�J�b�k������- �K�i�_�d�l�j�u���h�i�l�b�q�_�k�d�h�]�h���i�j�h�i�m�k�d�Z�g�b�y���k�l�_�d�e�y�g�g�u�o���i�h�^�e�h�`�_�d���k���i�e�_�g�d�Z�f�b��

CdS 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �b�k�k�e�_�^�h�\�Z�g�b�y�� �k�m�[�f�b�d�j�h�g�g�u�o�� �i�e�_�g�h�d��CdS, 
�i�h�e�m�q�_�g�g�u�o�� �f�_�l�h�^�h�f�� �]�b�^�j�h�o�b�f�b�q�_�k�d�h�]�h�� �h�k�Z�`�^�_�g�b�y���� �Z�� �l�Z�d�`�_�� �i�e�_�g�h�d��
ZnO �b��ZnS���� �i�h�e�m�q�_�g�g�u�o�� �o�b�f�b�q�_�k�d�h�]�h�� �g�Z�k�e�Z�b�\�Z�g�b�y���� �i�h�d�Z�a�Z�e�b���� �q�l�h�� �^�e�y��
�i�h�e�m�q�_�g�b�y�� �h�i�l�b�q�_�k�d�b�� �i�j�h�a�j�Z�q�g�u�o�� �h�^�g�h�j�h�^�g�u�o�� �i�h�e�m�i�j�h�\�h�^�g�b�d�h�\�u�o��
�i�e�_�g�h�d�� �i�j�_�^�i�h�q�l�b�l�_�e�_�g�� �f�_�l�h�^�� �o�b�f�b�q�_�k�d�h�]�h�� �h�k�Z�`�^�_�g�b�y���� �d�h�l�h�j�u�c��
�i�h�a�\�h�e�y�_�l�� �g�Z�g�h�k�b�l�v�� �i�e�_�g�d�b���� �g�Z�i�j�b�f�_�j����CdS �k�h�� �k�d�h�j�h�k�l�v�x�� �[�h�e�_�_�� ������
�g�f���f�b�g���� �K�i�_�d�l�j�h�n�h�l�h�f�_�l�j�b�q�_�k�d�b�_�� �b�a�f�_�j�_�g�b�y�� �m�d�Z�a�u�\�Z�x�l�� �g�Z�� �l�h���� �q�l�h��
�g�Z�g�_�k�_�g�b�_���i�e�_�g�d�b��ZnO �l�h�e�s�b�g�h�c���h�d�h�e�h�����������g�f���f�_�l�h�^�h�f���o�b�f�b�q�_�k�d�h�]�h��
�g�Z�k�e�Z�b�\�Z�g�b�y�� �g�Z�b�[�h�e�_�_�� �k�b�e�v�g�h�� �k�g�b�`�Z�_�l�� �i�j�h�a�j�Z�q�g�h�k�l�v�� �k�l�_�d�e�y�g�g�h�c��
�i�h�^�e�h�`�d�b���k���������^�h���������������<���l�h�`�_���\�j�_�f�y���g�Z�g�_�k�_�g�b�_���i�e�_�g�d�b��CdS �f�_�l�h�^�h�f��
�]�b�^�j�h�o�b�f�b�q�_�k�d�h�]�h�� �h�k�Z�`�^�_�g�b�y�� �l�h�e�s�b�g�h�c�� �^�Z�`�_�� �������� �g�f�� �i�j�b�\�h�^�b�l�� �d��
�m�f�_�g�v�r�_�g�b�x���h�i�l�b�q�_�k�d�h�]�h���i�j�h�i�m�k�d�Z�g�b�y���g�_���f�_�g�_�_�����q�_�f���^�h�������������� 

 

�K�i�b�k�h�d���b�k�i�h�e�v�a�h�\�Z�g�g�u�o���b�k�l�h�q�g�b�d�h�\ 

1. �:�g�����<���<�����A�Z�d�h�g�h�f�_�j�g�h�k�l�b���i�h�e�m�q�_�g�b�y���g�Z�g�h�k�l�j�m�d�l�m�j�g�u�o���h�d�k�b�^�h�\��
�b�� �o�Z�e�v�d�h�]�_�g�b�^�h�\�� �f�_�l�Z�e�e�h�\�� ��Cu, Zn, Sn, Mo, W���� �b�� �f�Z�l�_�j�b�Z�e�u�� �g�Z�� �b�o��
�h�k�g�h�\�_�� �^�e�y�� �l�j�b�[�h�l�_�o�g�b�d�b�� �b�� �n�h�l�h�\�h�e�v�l�Z�b�d�b���� �^�b�k���� �^-�j�Z�� �o�b�f���� �g�Z�m�d����
���������������������í���L�h�f�k�d�����������������í�����������k�� 

2. �L�h�e�k�l�h�c���� �<���I���� �J�_�Z�d�p�b�b�� �b�h�g�g�h�]�h�� �g�Z�k�e�Z�b�\�Z�g�b�y���� �I�j�b�f�_�g�_�g�b�_�� �\��
�g�Z�g�h�l�_�o�g�h�e�h�]�b�b�������<���I�����L�h�e�k�l�h�c���������M�k�i�_�o�b���o�b�f�b�b�����í �������������í���L�����������‹�������í��
�K. 183�±199. 
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3. Optical properties of chemical band deposition CdS thin films / V.F. 
�*�U�H�P�H�Q�R�N���>�H�W���D�O���@���������;���,�Q�W�H�U�����6�F�L�H�Q�F�H���F�R�Q�I�H�U�H�Q�F�H���©�$�F�W�X�D�O���S�U�R�E�O�H�P�V���R�I���V�R�O�L�G��
�V�W�D�W�H���S�K�\�V�L�F�V�ª�����0�L�Q�V�N�����������������± �3�����������í�������� 

������ �K�i�j�Z�\�h�q�g�b�d�� �i�h�� �w�e�_�d�l�j�h�l�_�o�g�b�q�_�k�d�b�f�� �f�Z�l�_�j�b�Z�e�Z�f�� ���� �I�h�^�� �j�_�^�� 
�X���<���� �D�h�j�b�p�d�h�]�h���� �<���<���� �I�Z�k�u�g�d�h�\�Z���� �;���F���� �L�Z�j�_�_�\�Z�� �\�� ��-�o�� �l�h�f�Z�o����
���F�����W�g�_�j�]�h�Z�l�h�f�b�a�^�Z�l�������������������L���������� 7�������k�� 
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Minsk, Belarus 
 

INFLUENCE OF DEPOSITION TEMPERATURE OF NI �±CO-FE 
ALLOY ON THE PERFORMANCE CHARACTERISTICS OF 

SULPHATE ELECTROLYTE COATING  
 
Abstract. The electrochemical nickel-cobalt-iron alloy has a number of properties 

due to which it is widely used in industry. To obtain a nickel-cobalt-iron alloy, the effect 
of temperature on the properties of the coating was studied. 

 
�<�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y�� �r�b�j�h�d�h�_�� �\�g�b�f�Z�g�b�_�� �m�^�_�e�y�_�l�k�y�� �j�Z�a�\�b�l�b�x��

�f�g�h�]�h�d�h�f�i�h�g�_�g�l�g�u�o�� �k�i�e�Z�\�h�\���� �H�k�g�h�\�h�c�� �l�Z�d�b�o�� �i�h�d�j�u�l�b�c�� �y�\�e�y�_�l�k�y��
�d�h�f�i�h�a�b�p�b�y�� �h�l�� �l�j�_�o�� �f�_�l�Z�e�e�h�\���� �k�h�^�_�j�`�Z�g�b�_�� �d�Z�`�^�h�]�h�� �b�a�� �d�h�l�h�j�u�o��
�\�Z�j�v�b�j�m�_�l���h�l�������^�h���������Z�l���������q�l�h���^�Z�_�l���\�h�a�f�h�`�g�h�k�l�v���i�h�e�m�q�Z�l�v���i�h�d�j�u�l�b�y���k��
�m�e�m�q�r�_�g�g�u�f�b�� �n�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�f�b�� �b�� �f�_�o�Z�g�b�q�_�k�d�b�f�b�� �k�\�h�c�k�l�\�Z�f�b����
�G�Z�b�[�h�e�v�r�_�_�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_�� �i�h�e�m�q�b�e�b�� �k�i�e�Z�\�u�� �g�Z�� �h�k�g�h�\�_�� �f�_�l�Z�e�e�h�\��
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�i�h�^�]�j�m�i�i�u�� �`�_�e�_�a�Z���� �K�j�_�^�b�� �k�i�e�Z�\�h�\�� �i�h�^�]�j�m�i�i�u�� �`�_�e�_�a�Z�� �g�Z�b�[�h�e�v�r�b�c��
�b�g�l�_�j�_�k�� �i�j�_�^�k�l�Z�\�e�y�x�l�� �i�h�d�j�u�l�b�y�� �g�Z�� �h�k�g�h�\�_�� �k�i�e�Z�\�Z�� �1�L-Co-Fe���� �d�h�l�h�j�u�_��
�o�Z�j�Z�d�l�_�j�b�a�m�x�l�k�y�� �m�e�m�q�r�_�g�g�u�f�b�� �f�_�o�Z�g�b�q�_�k�d�b�f�b�� �b�� �d�h�j�j�h�a�b�h�g�g�u�f�b��
�k�\�h�c�k�l�\�Z�f�b���� �W�e�_�d�l�j�h�o�b�f�b�q�_�k�d�b�c�� �k�i�e�Z�\��Ni-Co-Fe �g�_�� �m�k�l�m�i�Z�_�l�� �i�h��
�k�\�h�c�k�l�\�Z�f���o�j�h�f�h�\�u�f���i�h�d�j�u�l�b�y�f�����i�j�b���w�l�h�f���g�_���k�h�^�_�j�`�b�l���d�Z�g�p�_�j�h�]�_�g�g�u�o��
�w�e�_�f�_�g�l�h�\���� 

�K�i�e�Z�\�u�� �g�b�d�_�e�v-�d�h�[�Z�e�v�l-�`�_�e�_�a�h�� �n�h�j�f�b�j�m�x�l�k�y�� �\�� �\�b�^�_�� �l�\�_�j�^�u�o��
�j�Z�k�l�\�h�j�h�\�� �\�h�� �\�k�_�c�� �h�[�e�Z�k�l�b�� �d�h�g�p�_�g�l�j�Z�p�b�c�� �b�� �f�h�]�m�l�� �[�u�l�v�� �i�h�e�m�q�_�g�u��
�f�_�l�h�^�h�f���w�e�_�d�l�j�h�h�k�Z�`�^�_�g�b�y���b�a���l�Z�d�b�o���\�h�^�g�u�o���j�Z�k�l�\�h�j�h�\�����d�Z�d���o�e�h�j�b�^�g�u�c����
�k�m�e�v�n�Z�f�Z�l�g�u�c���b���k�m�e�v�n�Z�l�g�h-�o�e�h�j�b�^�g�u�c���� 

�<�� �j�Z�[�h�l�_�� �b�k�i�h�e�v�a�h�\�Z�e�b�� �k�m�e�v�n�Z�l�g�u�c�� �w�e�_�d�l�j�h�e�b�l�� �^�e�y�� �h�k�Z�`�^�_�g�b�y��
�l�j�h�c�g�h�]�h�� �k�i�e�Z�\�Z���� �<�� �j�h�e�b�� �[�m�n�_�j�Z�� �\�u�k�l�m�i�Z�e�Z�� �[�h�j�g�Z�y�� �d�b�k�e�h�l�Z���� �>�e�y��
�f�b�g�b�f�b�a�Z�p�b�b�� �i�_�j�_�o�h�^�Z�� �`�_�e�_�a�Z�� �\�� �l�j�_�o�\�Z�e�_�g�l�g�h�_�� �k�h�k�l�h�y�g�b�y�� �\�\�h�^�b�e�b��
�Z�k�d�h�j�[�b�g�h�\�m�x���d�b�k�e�h�l�m��L-�f�h�^�b�n�b�d�Z�p�b�b���� 

�I�j�b�� �m�\�_�e�b�q�_�g�b�b�� �l�_�f�i�_�j�Z�l�m�j�u�� �h�k�Z�`�^�_�g�b�y�� �l�j�h�c�g�h�]�h�� �k�i�e�Z�\�Z�� 
Ni-Co-Fe �h�l�� ������ �^�h�� �����ƒ�K�� �m�\�_�e�b�q�b�\�Z�e�Z�k�v�� �f�b�d�j�h�l�\�_�j�^�h�k�l�v�� �i�h�d�j�u�l�b�y�� �h�l��
������������ �^�h�� ���������� �+�9���� �I�j�b�� �w�l�h�f�� �k�j�_�^�g�_�_�� �Z�j�b�n�f�_�l�b�q�_�k�d�h�_�� �h�l�d�e�h�g�_�g�b�_��
�i�j�h�n�b�e�y��(Ra�����b���\�u�k�h�l�Z���g�_�j�h�\�g�h�k�l�_�c���i�j�h�n�b�e�y���i�h���^�_�k�y�l�b���l�h�q�d�Z�f�����5z�����i�j�b��
�m�\�_�e�b�q�_�g�b�b�� �l�_�f�i�_�j�Z�l�m�j�u�� �w�e�_�d�l�j�h�e�b�l�Z�� �^�h�� �����ƒ�K�� �m�f�_�g�v�r�Z�e�b�k�v�� �^�h�� ������������
�f�d�f�� ���5a���� �b�� ������������ �f�d�f�� ���5z). �F�b�d�j�h�n�h�l�h�]�j�Z�n�b�b�� �i�h�d�j�u�l�b�c�� �g�Z�� �h�k�g�h�\�_��
�l�j�h�c�g�h�]�h���k�i�e�Z�\�Z���i�j�b���j�Z�a�e�b�q�g�u�o���l�_�f�i�_�j�Z�l�m�j�Z�o���h�k�Z�`�^�_�g�b�y���i�j�_�^�k�l�Z�\�e�_�g�u��
�g�Z���j�b�k. 1. 

 
�J�b�k�����������F�b�d�j�h�n�h�l�h�]�j�Z�n�b�b���i�h�d�j�u�l�b�c���k�i�e�Z�\�Z��Ni-Co-Fe  

�i�j�b���j�Z�a�e�b�q�g�u�o���l�_�f�i�_�j�Z�l�m�j�Z�o���h�k�Z�`�^�_�g�b�y���i�h�d�j�u�l�b�c���������ƒ�K�����Z�����b�������ƒ�K�����[�� 

�B�a���j�b�k. �������i�j�b���l�_�f�i�_�j�Z�l�m�j�_�������ƒ�K���g�Z�[�e�x�^�Z�_�l�k�y���g�Z�\�h�^�h�j�Z�`�b�\�Z�g�b�_ 
�i�h�d�j�u�l�b�y�� �b�� �\�u�k�h�d�b�_�� �\�g�m�l�j�_�g�g�b�_�� �g�Z�i�j�y�`�_�g�b�y���� �d�h�l�h�j�u�_�� �i�j�b�\�h�^�y�l�� �d��
�j�Z�k�l�j�_�k�d�b�\�Z�g�b�x�� �i�h�d�j�u�l�b�y�� �b�� �h�l�r�_�e�m�r�b�\�Z�g�b�x���� �I�j�b�� �m�\�_�e�b�q�_�g�b�b��
�l�_�f�i�_�j�Z�l�m�j�u���w�e�_�d�l�j�h�e�b�l�Z���^�h�������ƒ�K���w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�b�c���k�i�e�Z�\���1�L-Co-Fe 
�h�k�Z�`�^�Z�_�l�k�y���\���\�b�^�_���k�l�j�m�d�l�m�j�b�j�h�\�Z�g�g�h�]�h���i�h�d�j�u�l�b�y���k���\�u�k�h�d�h�c���k�l�_�i�_�g�v�x��
�[�e�_�k�d�Z���b �o�h�j�h�r�_�c���Z�^�]�_�a�b�_�c�� 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �\�� �j�Z�[�h�l�_�� �b�k�k�e�_�^�h�\�Z�g�h�� �\�e�b�y�g�b�_�� �l�_�f�i�_�j�Z�l�m�j�u�� �g�Z��
�f�_�o�Z�g�b�q�_�k�d�b�_�� �k�\�h�c�k�l�\�Z�� �b�� �k�l�j�m�d�l�m�j�m�� �h�k�Z�`�^�Z�_�f�u�o�� �i�h�d�j�u�l�b�c�� �g�Z�� �h�k�g�h�\�_��
�l�j�h�c�g�h�]�h�� �k�i�e�Z�\�Z�� �b�a�� �k�m�e�v�n�Z�l�g�h�]�h�� �w�e�_�d�l�j�h�e�b�l�Z���� �M�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �i�j�b��

�Z �[ 



- 49 - 
 

�����ƒ�K�� �^�h�k�l�b�]�Z�_�l�k�y�� �f�Z�d�k�b�f�Z�e�v�g�h�_�� �a�g�Z�q�_�g�b�_�� �f�b�d�j�h�l�\�_�j�^�h�k�l�b�� �b��
�f�b�g�b�f�Z�e�v�g�h�_�� �a�g�Z�q�_�g�b�_�� �r�_�j�h�o�h�\�Z�l�h�k�l�b�� �i�h�d�j�u�l�b�c���� �L�Z�d�`�_�� �i�j�b�� �^�Z�g�g�h�c��
�l�_�f�i�_�j�Z�l�m�j�_�� �i�h�d�j�u�l�b�y�� �i�h�e�m�q�Z�x�l�k�y�� �j�Z�\�g�h�f�_�j�g�u�_�� �k�� �\�u�k�h�d�b�f�b��
�^�_�d�h�j�Z�l�b�\�g�u�f�b���k�\�h�c�k�l�\�Z�f�b�� 

 

�K�i�b�k�h�d���b�k�i�h�e�v�a�h�\�Z�g�g�u�o���b�k�l�h�q�g�b�d�h�\ 

 
1. Yufang, Y. Preparation of Fe-Co-Ni Ternary Alloys with 

Electrodeposition / Y. Yufang // Int. J. Electrochem. Sci. �± 2015. �± V. 10, no 
1. �± P. 5164 �± 5175. 

 
 
 
 

�M�>�D���������������� 
�G���G�����L�Z�j�Z�k�_�g�d�h1�����<���<�����D�h�j�g�_�\1�����G���<�����L�Z�j�Z�k�_�g�d�h1,  

�K���L�����I�Z�r�Z�y�g3�����:���<�����;�m�p�_�g�v2 

1�B�g�k�l�b�l�m�l���n�b�a�b�d�b���b�f�_�g�b���;���B�����K�l�_�i�Z�g�h�\a �G�:�G���;�_�e�Z�j�m�k�b 
2�;�_�e�h�j�m�k�k�d�b�c���]�h�k�m�^�Z�j�k�l�\�_�g�g�u�c���l�_�o�g�h�e�h�]�b�q�_�k�d�b�c���m�g�b�\�_�j�k�b�l�_�l 

 �F�b�g�k�d�����;�_�e�Z�j�m�k�v 
3�B�g�k�l�b�l�m�l���n�b�a�b�q�_�k�d�b�o���b�k�k�e�_�^�h�\�Z�g�b�c���G�:�G���:�j�f�_�g�b�b 

 �:�r�l�Z�j�Z�d-�������:�j�f�_�g�b�y 
 

�K�B�G�L�?�A���G�:�G�H�K�L�J�M�D�L�M�J���F�?�>�B���F�?�L�H�>�H�F���E�:�A�?�J�G�H�C��
�:�;�E�Y�P�B�B���<���@�B�>�D�B�O���K�J�?�>�:�O 

 
�:�g�g�h�l�Z�p�b�y�� �<�� �^�Z�g�g�h�c�� �j�Z�[�h�l�_�� �f�_�l�h�^�h�f�� �g�Z�g�h�k�_�d�m�g�^�g�h�c�� �e�Z�a�_�j�g�h�c�� �Z�[�e�y�p�b�b��

���E�:���� �f�b�r�_�g�_�c�� �b�a�� �f�_�^�b�� �b�� �h�d�k�b�^�Z�� �f�_�^�b�� ��II ���� �i�h�e�m�q�_�g�u�� �d�h�e�e�h�b�^�g�u�_�� �j�Z�k�l�\�h�j�u��
�g�Z�g�h�q�Z�k�l�b�p�� �\�� �j�Z�a�e�b�q�g�u�o�� �`�b�^�d�h�n�Z�a�g�u�o�� �k�j�_�^�Z�o���� �I�h�d�Z�a�Z�g�h���� �q�l�h�� �k�h�k�l�Z�\�h�f�� �b��
�f�h�j�n�h�e�h�]�b�_�c�� �g�Z�g�h�q�Z�k�l�b�p�� �f�h�`�g�h�� �m�i�j�Z�\�e�y�l�v�� �i�m�l�_�f���\�u�[�h�j�Z�� �`�b�^�d�h�c�� �k�j�_�^�u���� �\��
�d�h�l�h�j�h�c���h�k�m�s�_�k�l�\�e�y�e�k�y���k�b�g�l�_�a�� 

 
N.N. Tarasenka1, V.V. Kornev1, N.V. Tarasenko1, 

 S.T. Pashayan3 A.V. Butsen2 

1B.I. Stepanov Institute of Physics, NAS of Belarus 
2Belarusian State Technological University 

 Minsk, Belarus 
3Institute for Physical Research, NAS of Armenia, 

 Ashtarak-2, Armenia 
 

SYNTHESIS OF COPPER NANOSTRUCTURES 
BY LASER ABLATION IN LIQUIDS  

 



- 50 - 
 

Abstract. In this work, colloidal solutions of nanoparticles in various liquids were 
obtained using nanosecond laser ablation (LA) of copper and copper oxide (II) targets. 
It was shown that the composition and morphology of nanoparticles can be controlled by 
choosing the liquid medium in which the synthesis was carried out. 
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EVOLUTION OF COPPER WIRE MICROSTRUCTURE AFTER 
TWISTING IN AN EQUAL -CHANNEL STEPPED MATRIX AND 

DRAWING  
 
Abstract. The influence of a new technology of copper wire processing on the 

change of its microstructure has been investigated. As a result of deformation a copper 
wire with a gradient structure was obtained. The surface layer is crushed to 500 nm at a 
�G�H�S�W�K���R�I���§���� mm. Further the grain size increases to the central part of the wire and is 4 
��m. 
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- 56 - 
 

 
  

�J�b�k��������- �H�i�l�b�q�_�k�d�h�_���b�a�h�[�j�Z�`�_�g�b�_���f�b�d�j�h�k�l�j�m�d�l�m�j�u���^�_�n�h�j�f�b�j�h�\�Z�g�g�h�c���f�_�^�g�h�c��
�i�j�h�\�h�e�h�d�b�����i�h�i�_�j�_�q�g�h�_���k�_�q�_�g�b�_�� 
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�Z���± �i�h�\�_�j�o�g�h�k�l�g�u�c���k�e�h�c�����[���± �k�j�_�^�g�b�c���k�e�h�c�����\��- �p�_�g�l�j�Z�e�v�g�Z�y���q�Z�k�l�v 
�J�b�k��������- �F�b�d�j�h�k�l�j�m�d�l�m�j�Z���^�_�n�h�j�f�b�j�h�\�Z�g�g�h�c���f�_�^�g�h�c���i�j�h�\�h�e�h�d�b��

���i�h�i�_�j�_�q�g�h�_���k�_�q�_�g�b�_�� 
 
�A�^�_�k�v���k�n�h�j�f�b�j�h�\�Z�g�Z���[�b�f�h�^�Z�e�v�g�Z�y���k�l�j�m�d�l�m�j�Z�����d�h�l�h�j�Z�y���k�h�k�l�h�b�l���b�a��

�f�_�e�d�b�o���a�_�j�_�g���k���\�u�k�h�d�h�m�]�e�h�\�u�f�b���]�j�Z�g�b�p�Z�f�b���b���[�h�e�v�r�b�o���a�_�j�_�g���k���j�Z�a�\�b�l�h�c��
�k�m�[�k�l�j�m�d�l�m�j�h�c�����K�j�_�^�g�b�c���j�Z�a�f�_�j���a�_�j�_�g���k�h�k�l�Z�\�e�y�_�l�������f�d�f�����<�g�m�l�j�b���a�_�j�_�g��
�k�n�h�j�f�b�j�h�\�Z�g�Z���l�h�g�d�Z�y���k�l�j�m�d�l�m�j�Z���\���\�b�^�_���k�d�h�i�e�_�g�b�c���^�b�k�e�h�d�Z�p�b�c�����b���y�q�_�_�d����
�D�j�m�i�g�u�_�� �a�_�j�g�Z���� �k�d�h�j�_�_�� �\�k�_�]�h���� �h�[�j�Z�a�h�\�Z�e�b�k�v�� �i�h�� �f�_�o�Z�g�b�a�f�m��
�[�_�a�^�b�n�n�m�a�b�h�g�g�h�c�� �j�_�d�j�b�k�l�Z�e�e�b�a�Z�p�b�b���� �l�Z�d, �d�Z�d�� �_�k�e�b�� �[�u�� �i�j�h�b�a�h�r�e�Z��
�^�b�g�Z�f�b�q�_�k�d�Z�y�� �j�_�d�j�b�k�l�Z�e�e�b�a�Z�p�b�y���� �a�_�j�g�Z�� �g�_�� �b�f�_�e�b�� �[�u�� �b�k�d�Z�`�_�g�b�c��
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�d�j�b�k�l�Z�e�e�b�q�_�k�d�h�c�� �j�_�r�_�l�d�b�� �b�� �g�_�� �k�h�^�_�j�`�Z�e�b�� �[�u�� �^�_�n�_�d�l�h�\���� �B�� �i�h�k�e�_�^�g�_�_��
�b�a�h�[�j�Z�`�_�g�b�_���[�u�e�h���i�h�e�m�q�_�g�h���b�a���p�_�g�l�j�Z�e�v�g�h�c���q�Z�k�l�b���i�j�h�\�h�e�h�d�b�����j�b�k����2�\������
�K�l�j�m�d�l�m�j�Z�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �y�q�_�b�k�l�m�x�� �^�b�k�e�h�d�Z�p�b�h�g�g�m�x�� �k�l�j�m�d�l�m�j�m��
�^�_�n�h�j�f�Z�p�b�h�g�g�h�]�h�� �i�j�h�b�k�o�h�`�^�_�g�b�y�� �k�h�� �k�j�_�^�g�b�f�� �j�Z�a�f�_�j�h�f�� �a�_�j�g�Z�� ���� �f�d�f. 
�G�Z�[�e�x�^�Z�x�l�k�y���d�Z�d���d�j�m�i�g�u�_���a�_�j�g�Z���k���g�_�[�h�e�v�r�b�f���d�h�e�b�q�_�k�l�\�h�f���k�m�[�]�j�Z�g�b�p����
�Z���l�Z�d�`�_���a�_�j�g�Z�����k�h�^�_�j�`�Z�s�b�_���[�h�e�v�r�h�_���d�h�e�b�q�_�k�l�\�h���k�m�[�]�j�Z�g�b�p�� 

�<�u�\�h�^�u 
�<���j�Z�[�h�l�_���b�k�k�e�_�^�h�\�Z�g�Z���f�_�^�g�Z�y���i�j�h�\�h�e�h�d�Z���i�j�h�^�_�n�h�j�f�b�j�h�\�Z�g�g�Z�y���i�h��

�g�h�\�h�c�� �l�_�o�g�h�e�h�]�b�b���� �h�l�e�b�q�b�l�_�e�v�g�h�c�� �h�k�h�[�_�g�g�h�k�l�v�x�� �d�h�l�h�j�h�c�� �y�\�e�y�_�l�k�y��
�k�h�\�f�_�s�_�g�b�_�� �\�� �h�^�g�h�f�� �h�q�Z�]�_�� �^�_�n�h�j�f�Z�p�b�b�� �k�o�_�f�u�� �k�^�\�b�]�Z�� �b�� �k�o�_�f�u��
�j�Z�k�l�y�`�_�g�b�y�� �I�j�Z�d�l�b�q�_�k�d�Z�y�� �a�g�Z�q�b�f�h�k�l�v�� �^�Z�g�g�h�c�� �j�Z�[�h�l�u�� �a�Z�d�e�x�q�Z�_�l�k�y�� �\��
�\�h�a�f�h�`�g�h�k�l�b�� �\�g�_�^�j�_�g�b�y�� �m�k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�g�h�c�� �l�_�o�g�h�e�h�]�b�b�� �\��
�k�m�s�_�k�l�\�m�x�s�b�_�� �e�b�g�b�b�� �m�k�l�Z�g�h�\�h�d�� �i�m�l�_�f�� �^�h�[�Z�\�e�_�g�b�y�� �h�^�g�h�]�h���m�a�e�Z���� �[�_�a��
�k�m�s�_�k�l�\�_�g�g�u�o���b�a�f�_�g�_�g�b�c���\���d�h�g�k�l�j�m�d�p�b�b���k�l�Z�g�Z���b�e�b���j�_�`�b�f�Z �l�_�o�g�h�e�h�]�b�b����
�W�l�Z���l�_�o�g�h�e�h�]�b�y���i�h�a�\�h�e�y�_�l���i�j�h�b�a�\�h�^�b�l�v���i�j�m�l�d�b���b���i�j�h�\�h�e�h�d�m �b�a���p�\�_�l�g�u�o��
�f�_�l�Z�e�e�h�\���b���k�i�e�Z�\�h�\���b���b�f�_�_�l���g�Z�p�b�h�g�Z�e�v�g�h�_���b���f�_�`�^�m�g�Z�j�h�^�g�h�_���a�g�Z�q�_�g�b�_����
�l�Z�d�� �d�Z�d�� �m�e�m�q�r�Z�_�l�� �i�j�h�q�g�h�k�l�g�u�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �a�Z�� �k�q�_�l�� �g�Z�d�h�i�e�_�g�g�h�c��
�^�_�n�h�j�f�Z�p�b�b���b���n�h�j�f�b�j�h�\�Z�g�b�y���]�j�Z�^�b�_�g�l�g�h�c���f�b�d�j�h�k�l�j�m�d�l�m�j�u��  
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EVOLUTION OF MICROSTRUCTURE OF CARBON BARS 

AFTER RADIAL -SHIFT BROACHING AND DRAWING  
 
Abstract. This paper investigates the change in microstructure of carbon steel 

bars after radial shear broaching and drawing. As a result of the experiment, a gradient 
microstructure was obtained. Ultra-fine grains of 0.5 ��m size were obtained on the 
surface of the bar, while in the centre of the bar a microstructure with an average grain 
size of 7 ��m was obtained. 

 
�K�j�_�^�b�� �\�k�_�o�� �k�m�s�_�k�l�\�m�x�s�b�o�� �\�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y�� �g�_�i�j�_�j�u�\�g�u�o��

�f�_�l�h�^�h�\�� �g�Z�g�h�k�l�j�m�d�l�m�j�b�j�h�\�Z�g�b�y�� �^�e�b�g�g�h�f�_�j�g�u�o�� �a�Z�]�h�l�h�\�h�d�� �g�Z�b�[�h�e�_�_��
�[�e�b�a�d�b�f�b�� �d�� �i�j�Z�d�l�b�q�_�k�d�h�f�m�� �i�j�b�f�_�g�_�g�b�x�� �y�\�e�y�x�l�k�y�� �k�i�h�k�h�[�u��
�j�Z�\�g�h�d�Z�g�Z�e�v�g�h�c�� �m�]�e�h�\�h�c�� �i�j�h�l�y�`�d�b���� �J�D�M�I-�\�h�e�h�q�_�g�b�y�� �b�� �d�j�m�q�_�g�b�y�� �>1]. 
�I�_�j�\�h�g�Z�q�Z�e�v�g�h�� �g�Z�f�b�� �[�u�e�h�� �i�j�_�^�e�h�`�_�g�h�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h���h�[�j�Z�[�Z�l�u�\�Z�l�v��
�i�j�h�\�h�e�h�d�m���f�_�l�h�^�h�f���J�D�M�I�����Z���a�Z�l�_�f���l�j�Z�^�b�p�b�h�g�g�u�f���\�h�e�h�q�_�g�b�_�f���\���h�^�g�h�c��
�e�b�g�b�b�� �k�l�Z�g�Z���� �^�Z�g�g�u�c�� �k�h�\�f�_�s�_�g�g�u�c�� �f�_�l�h�^�� �h�[�h�a�g�Z�q�b�e�k�y�� �d�Z�d�� �J�D�M�I-
�\�h�e�h�q�_�g�b�_���>2]. 

�B�k�k�e�_�^�h�\�Z�l�_�e�y�f�b�� �>3�@�� �i�j�_�^�e�h�`�_�g�Z�� �J�D�M�I�j�h�l�y�`�d�Z���� �i�j�b�� �d�h�l�h�j�h�c��
�i�j�h�\�h�e�h�d�Z�� �f�g�h�]�h�d�j�Z�l�g�h�� �i�j�h�l�y�]�b�\�Z�_�l�k�y�� �q�_�j�_�a�� �k�i�_�p�b�Z�e�v�g�h��
�j�Z�a�j�Z�[�h�l�Z�g�g�u�c�� �b�g�k�l�j�m�f�_�g�l���� �k�� �^�\�m�f�y�� �i�_�j�_�k�_�d�Z�x�s�b�f�b�k�y�� �i�h�^�� �m�]�e�h�f��
�d�Z�g�Z�e�Z�f�b���� �G�_�i�j�_�j�u�\�g�h�k�l�v�� �^�_�n�h�j�f�b�j�h�\�Z�g�b�y�� �j�_�Z�e�b�a�m�_�l�k�y�� �a�Z�� �k�q�_�l��
�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�c�� �m�k�l�Z�g�h�\�d�b�� �g�Z�� �\�h�e�h�q�b�e�v�g�h�f�� �k�l�Z�g�_�� �g�_�h�[�o�h�^�b�f�h�]�h��
�b�g�k�l�j�m�f�_�g�l�Z�����H�[�j�Z�[�h�l�d�Z���a�Z�]�h�l�h�\�d�b���k�i�h�k�h�[�h�f���J�D�M�I�j�h�l�y�`�d�b���i�j�b�\�h�^�b�l��
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�d�� �\�u�k�h�d�b�f�� �a�g�Z�q�_�g�b�y�f�� �k�l�_�i�_�g�b�� �^�_�n�h�j�f�Z�p�b�b�� �k�^�\�b�]�Z���� �g�Z�d�Z�i�e�b�\�Z�_�f�h�c�� �\��
�f�_�l�Z�e�e�_�����Z���l�Z�d�`�_���d���a�Z�f�_�l�g�h�c���g�_�f�h�g�h�l�h�g�g�h�k�l�b�� 

�<�������������]�h�^�m���g�Z���n�Z�d�m�e�v�l�_�l�_���F�=�L�M���b�f�����=���B�����G�h�k�h�\�Z���[�u�e�b���g�Z�q�Z�l�u��
�i�j�b�d�e�Z�^�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�h�� �j�Z�^�b�Z�e�v�g�h-�k�^�\�b�]�h�\�h�c�� �i�j�h�l�y�`�d�_�� ���J�K�I�j����
[3�@���� �?�_�� �i�j�h�l�h�l�b�i�h�f�� �y�\�e�y�_�l�k�y�� �j�Z�^�b�Z�e�v�g�h-�k�^�\�b�]�h�\�Z�y�� �i�j�h�d�Z�l�d�Z����
�<�h�a�f�h�`�g�h�k�l�v�� �k�h�\�f�_�s�_�g�b�y�� �i�j�h�p�_�k�k�h�\�� �i�h�i�_�j�_�q�g�h-�\�b�g�l�h�\�h�c�� �i�j�h�d�Z�l�d�b��
(�I�<�I���� �b�� �\�h�e�h�q�_�g�b�y�� �j�Z�k�k�f�Z�l�j�b�\�Z�e�Z�k�v�� �\�� �j�Z�[�h�l�_�� �>4�@���� �B�k�i�h�e�v�a�h�\�Z�g�b�_��
�l�j�Z�^�b�p�b�h�g�g�h�]�h���\�h�e�h�q�_�g�b�y���\���d�Z�q�_�k�l�\�_���a�Z�d�e�x�q�b�l�_�e�v�g�h�]�h���i�j�h�p�_�k�k�Z���i�h�k�e�_��
�j�Z�a�e�b�q�g�u�o���i�j�h�p�_�k�k�h�\���B�I�>���y�\�e�y�_�l�k�y���o�h�j�h�r�b�f���\�Z�j�b�Z�g�l�h�f�����l�Z�d���d�Z�d���i�j�b��
�w�l�h�f�� �m�k�l�j�Z�g�y�x�l�k�y�� �\�k�_�� �g�_�^�h�k�l�Z�l�d�b�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h�c�� �^�_�n�h�j�f�Z�p�b�b��
���g�Z�i�j�b�f�_�j�����g�_�h�^�g�h�j�h�^�g�h�k�l�v���]�_�h�f�_�l�j�b�b�����i�h�j�b�k�l�h�k�l�v���b���l���^������ 
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������ �k���� �I�h�k�e�_�� �l�j�Z�\�e�_�g�b�y�� �f�b�d�j�h�r�e�b�n�� �i�j�h�f�u�\�Z�e�b�� �\�� �i�j�h�l�h�q�g�h�c�� �\�h�^�_�� �b��
�l�s�Z�l�_�e�v�g�h�� �\�u�k�m�r�b�\�Z�e�b�� �i�j�b�`�Z�l�b�_�f�� �d�� �q�b�k�l�h�c�� �n�b�e�v�l�j�h�\�Z�e�v�g�h�c�� �[�m�f�Z�]�_��
[1, 2]. 

�J�_�a�m�e�v�l�Z�l�u�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �f�b�d�j�h�k�l�j�m�d�l�m�j�u�� �k�i�e�Z�\�h�\�� �g�Z��
�h�i�l�b�q�_�k�d�h�f�� �f�b�d�j�h�k�d�h�i�_�� �f�Z�j�d�b�� �;�B�H�F�?�>-���� ���M�d�j�Z�b�g�Z���� �i�j�b�\�_�^�_�g�u�� �g�Z��
�j�b�k. ������ �>�h�[�Z�\�d�b�� �d�Z�e�b�y�� �d�� �k�\�b�g�p�h�\�h�f�m�� �[�Z�[�[�b�l�m�� �k�i�h�k�h�[�k�l�\�m�x�l��
�b�a�f�_�e�v�q�_�g�b�x�� �_�]�h�� �k�l�j�m�d�l�m�j�g�u�o�� �k�h�k�l�Z�\�e�y�x�s�b�o���� �K�h�]�e�Z�k�g�h�� �^�b�Z�]�j�Z�f�f�_��
�k�h�k�l�h�y�g�b�y���k�b�k�l�_�f�u���6�Q-Pb-�6�E�����k�l�j�m�d�l�m�j�Z���[�Z�[�[�b�l�Z���k�h�k�l�h�b�l���b�a���k�e�_�^�m�x�s�b�o��
�n�Z�a�h�\�u�o�� �k�h�k�l�Z�\�e�y�x�s�b�o���� �i�_�j�\�b�q�g�u�_�� �d�j�b�k�l�Z�e�e�u�� ���6�Q�6�E��-�n�Z�a�u����
�w�\�l�_�d�l�b�q�_�k�d�Z�y�����b�e�b���q�Z�k�l�b�q�g�h���i�_�j�b�l�_�d�l�b�q�_�k�d�h�]�h���i�j�h�b�k�o�h�`�^�_�g�b�y�����k�f�_�k�v��
�d�j�b�k�l�Z�e�e�h�\�� �3�E-�6�E�6�Q���� �<�b�^�g�h���� �q�l�h�� �^�h�[�Z�\�d�b�� �d�Z�e�b�y�� �^�h�� �������� �f�Z�k���� ����
�a�g�Z�q�b�l�_�e�v�g�h���b�a�f�_�e�v�q�Z�_�l���k�l�j�m�d�l�m�j�g�u�_���k�h�k�l�Z�\�e�y�x�s�b�_���b�k�o�h�^�g�h�]�h���k�i�e�Z�\�Z��
PbSb15Sn10.  

 
�J�b�k������- �F�b�d�j�h�k�l�j�m�d�l�m�j�u�����[�����������k�\�b�g�p�h�\�h�]�h���[�Z�[�[�b�l�Z���;�D�����3�E�6�E�����6�Q�����D������
�k�h�^�_�j�`�Z�s�_�]�h���d�Z�e�b�c�����f�Z�k�������������������Z�����������������[���������������\���������������]���������������^���� 

 
�>�e�y�� �h�i�j�_�^�_�e�_�g�b�y�� �\�b�^�Z�� �b�� �k�h�k�l�Z�\�Z�� �d�j�b�k�l�Z�e�e�b�q�_�k�d�b�o�� �n�Z�a����

�i�j�b�k�m�l�k�l�\�m�x�s�b�o�� �\�� �i�j�b�j�h�^�g�u�o�� �b�� �k�b�g�l�_�a�b�j�h�\�Z�g�g�u�o�� �f�Z�l�_�j�b�Z�e�Z�o����
�r�b�j�h�d�h�_�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_�� �g�Z�o�h�^�y�l�� �j�_�g�l�]�_�g�h�\�k�d�b�_�� �f�_�l�h�^�u��
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�b�k�k�e�_�^�h�\�Z�g�b�y�� �K�� �i�h�f�h�s�v�x�� �j�_�g�l�]�_�g�h�n�Z�a�h�\�h�]�h�� �Z�g�Z�e�b�a�Z�� ���J�N�:����
�b�k�k�e�_�^�m�_�l�k�y�� �d�Z�q�_�k�l�\�_�g�g�u�c�� �b�� �d�h�e�b�q�_�k�l�\�_�g�g�u�c�� �k�h�k�l�Z�\�� �f�Z�l�_�j�b�Z�e�h�\����
�h�i�j�_�^�_�e�y�x�l�k�y�� �i�Z�j�Z�f�_�l�j�u�� �w�e�_�f�_�g�l�Z�j�g�h�c�� �y�q�_�c�d�b�� �d�j�b�k�l�Z�e�e�b�q�_�k�d�b�o��
�\�_�s�_�k�l�\�����j�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y���l�\�_�j�^�u�_���j�Z�k�l�\�h�j�u���b���i�j�_�\�j�Z�s�_�g�b�y�����d�h�l�h�j�u�_��
�i�j�h�b�k�o�h�^�y�l�� �\�� �f�Z�l�_�j�b�Z�e�Z�o�� �i�h�^�� �\�e�b�y�g�b�_�f�� �l�_�f�i�_�j�Z�l�m�j�u�� �b�� �^�Z�\�e�_�g�b�y�� 
�J�_�g�l�]�_�g�h�n�Z�a�h�\�u�c�� �Z�g�Z�e�b�a�� �\�u�i�h�e�g�y�_�l�k�y�� �g�Z�� �^�b�n�j�Z�d�l�h�f�_�l�j�Z�o�� �h�[�s�_�]�h��
�g�Z�a�g�Z�q�_�g�b�y�� �l�b�i�Z�� �>�J�H�G-���� ���J�h�k�k�b�y�����k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �f�_�^�g�h�]�h��
�f�h�g�h�o�j�h�f�Z�l�b�q�_�k�d�h�]�h���b�a�e�m�q�_�g�b�y���&�X���D�.���\���m�]�e�h�\�h�f���^�b�Z�i�Z�a�h�g�_���������h�l���������^�h��
�����ƒ���>���������@���� 

�H�[�j�Z�a�p�u���b�a���k�\�b�g�p�h�\�h�]�h���[�Z�[�[�b�l�Z���;�D�����3�E�6�E�����6�Q�����D�������k�h�^�_�j�`�Z�s�_�]�h��
�d�Z�e�b�c���i�h�^�\�_�j�]�Z�e�b�k�v���h�d�b�k�e�_�g�b�x���i�j�b���l�_�f�i�_�j�Z�l�m�j�Z�o���������������������b���������D�� 

�I�h���j�_�a�m�e�v�l�Z�l�Z�f���j�_�g�l�]�_�g�h�n�Z�a�h�\�h�]�h���Z�g�Z�e�b�a�Z���i�j�h�^�m�d�l�h�\���h�d�b�k�e�_�g�b�y��
�[�Z�[�[�b�l�Z���k���d�Z�e�b�_�f���m�k�l�Z�g�h�\�e�_�g�h�����q�l�h���i�j�b���h�d�b�k�e�_�g�b�b���h�[�j�Z�a�m�x�l�k�y���h�d�k�b�^�u��
�k�e�_�^�m�x�s�b�o�� �k�h�k�l�Z�\�h�\�� PbO, Pb0.986O2, Pb2(SnSb)O6.5, Sb2O5, PbSb2O6, 
Pb2SnO4, K4(PbO3), K3Sb5O14 ���j�b�k���� ������ �W�l�b���s�i�_�g�_�e�h�h�[�j�Z�a�g�u�_�� �h�d�k�b�^�u��
�k�e�h�`�g�h�]�h�� �k�h�k�l�Z�\�Z�� �g�_�� �h�l�e�b�q�Z�x�l�k�y�� �\�u�k�h�d�b�f�b�� �a�Z�s�b�l�g�u�f�b�� �k�\�h�c�k�l�\�Z�f�b�� �b��
�y�\�e�y�x�l�k�y�� �i�j�b�q�b�g�h�c�� �j�h�k�l�Z�� �k�d�h�j�h�k�l�b�� �h�d�b�k�e�_�g�b�b�� �[�Z�[�[�b�l�Z�� �i�j�b��
�e�_�]�b�j�h�\�Z�g�b�b���_�z���d�Z�e�b�_�f�� 

 

 
�J�b�k��������- �>�b�n�j�Z�d�l�h�]�j�Z�f�f�u���i�j�h�^�m�d�l�h�\���h�d�b�k�e�_�g�b�y���b�k�o�h�^�g�h�]�h���k�\�b�g�p�h�\�h�]�h��

�[�Z�[�[�b�l�Z�����Z�����b���k�i�e�Z�\�Z���k�����������f�Z�k�������d�Z�e�b�_�f�����[). 
 
�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �f�_�l�h�^�h�f�� �f�b�d�j�h�k�l�j�m�d�l�m�j�g�h�]�h�� �Z�g�Z�e�b�a�Z���� �i�j�b��

�m�\�_�e�b�q�_�g�b�b�� �������� �d�j�Z�l�� �m�k�l�Z�g�h�\�e�_�g�h�� �\�e�b�y�g�b�_�� �^�h�[�Z�\�h�d�� �d�Z�e�b�y�� �g�Z��
�f�b�d�j�h�k�l�j�m�d�l�m�j�m���k�\�b�g�p�h�\�h�]�h���[�Z�[�[�b�l�Z���;�D�����3�E�6�E�����6�Q�����D�������M�k�l�Z�g�h�\�e�_�g�h����
�q�l�h�� �^�h�[�Z�\�d�b�� �d�Z�e�b�y�� �d�Z�d�� �f�h�^�b�n�b�d�Z�l�h�j�Z�� �k�l�j�m�d�l�m�j�u�� �a�g�Z�q�b�l�_�e�v�g�h��
�b�a�f�_�e�v�q�Z�_�l�� �f�b�d�j�h�k�l�j�m�d�l�m�j�m�� �b�k�o�h�^�g�h�]�h�� �k�i�e�Z�\�Z���� �F�_�l�h�^�h�f�� �J�N�:��
�m�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �h�k�g�h�\�g�u�f�b�� �n�Z�a�Z�f�b���� �h�[�j�Z�a�m�x�s�b�f�b�k�y�� �i�j�b�� �h�d�b�k�e�_�g�b�b��
�[�Z�[�[�b�l�Z���k���d�Z�e�b�_�f�����y�\�e�y�x�l�k�y�����3�E3Sb2O8,47)6,4; PbO; Pb3O4; Pb0,828O2; Sb2O4; 
Na3SbO3; NaSbO3; PbSb2O6. 
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�K�i�b�k�h�d �b�k�i�h�e�v�a�h�\�Z�g�g�u�o���b�k�l�h�q�g�b�d�h�\ 
 

1. �J�_�a�Z�c�� �;���� �<�e�b�y�g�b�_�� �l�_�f�i�_�j�Z�l�m�j�u�� �h�l�e�b�\�d�b�� �k�i�e�Z�\�Z�� �3�E-Sb-�6�Q�� �^�e�y��
�j�_�r�_�l�d�b�� �i�e�Z�k�l�b�g�u�� �Z�d�d�m�f�m�e�y�l�h�j�g�h�c�� �[�Z�l�Z�j�_�b�� �g�Z�� �i�h�e�y�j�b�a�Z�p�b�x�� �i�j�b��
�\�u�^�_�e�_�g�b�b�� �d�b�k�e�h�j�h�^�Z�� �\�� �k�\�b�g�p�h�\�u�o�� �d�b�k�e�h�l�g�u�o�� �Z�d�d�m�f�m�e�y�l�h�j�Z�o�� ������
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�B���G�����=�Z�g�b�_�\1�����J���>�`�����N�Z�c�a�m�e�e�h�_�\2�����N���R�����A�h�d�b�j�h�\3�����E�����O�h�e�b�d�h�\�Z4 

1�B�g�k�l�b�l�m�l���o�b�f�b�b���b�f�����<���B�����G�b�d�b�l�b�g�Z���G�:�G���L�Z�^�`�b�d�b�k�l�Z�g�Z 
2�B�g�k�l�b�l�m�l���w�g�_�j�]�_�l�b�d�b���L�Z�^�`�b�d�b�k�l�Z�g�Z 

3�L�Z�^�`�b�d�k�d�b�c���l�_�o�g�b�q�_�k�d�b�c���m�g�b�\�_�j�k�b�l�_�l���b�f�����F���K�����H�k�b�f�b 
 4�L�Z�^�`�b�d�k�d�b�c���g�Z�p�b�h�g�Z�e�v�g�u�c���m�g�b�\�_�j�k�b�l�_�l 

�>�m�r�Z�g�[�_�����L�Z�^�`�b�d�b�k�l�Z�g 
 

�I�H�L�?�G�P�B�H�>�B�G�:�F�B�Q�?�K�D�H�?���B�K�K�E�?�>�H�<�:�G�B�?��
�:�E�X�F�B�G�B�?�<�H�=�H���I�J�H�<�H�>�G�B�D�H�<�H�=�H���K�I�E�:�<�:��AlTi 0,1% �K��

�D�:�E�V�P�B�?�F�����<���K�J�?�>�? �W�E�?�D�L�J�H�E�B�L�:������������-�G�H�=�H��NaCl 
 

�:�g�g�h�l�Z�p�b�y�� �I�h�l�_�g�p�b�h�k�l�Z�l�b�q�_�k�d�b�f�� �f�_�l�h�^�h�f�� �\�� �i�h�l�_�g�p�b�h�^�b�g�Z�f�b�q�_�k�d�h�f��
�j�_�`�b�f�_�� �i�j�b�� �k�d�h�j�h�k�l�b�� �j�Z�a�\�z�j�l�d�b�� �i�h�l�_�g�p�b�Z�e�Z�� ���f�<���k�� �i�h�d�Z�a�Z�g�h���� �q�l�h��
�f�h�^�b�n�b�p�b�j�h�\�Z�g�b�_���d�Z�e�v�p�b�_�f�������������·���������f�Z�k���������Z�e�x�f�b�g�b�_�\�h�]�h���i�j�h�\�h�^�g�b�d�h�\�h�]�h���k�i�e�Z�\�Z��
AlTi0.1 �k�i�h�k�h�[�k�l�\�m�_�l�� �k�f�_�s�_�g�b�x�� �i�h�l�_�g�p�b�Z�e�h�\�� �k�\�h�[�h�^�g�h�c�� �d�h�j�j�h�a�b�b����
�i�b�l�l�b�g�]�h�h�[�j�Z�a�h�\�Z�g�b�y���b���j�_�i�Z�k�k�b�\�Z�p�b�b���\���i�h�e�h�`�b�l�_�e�v�g�m�x���h�[�e�Z�k�l�v���a�g�Z�q�_�g�b�c���\���k�j�_�^�_��
0,03%-�g�h�]�h��NaCl�����K�d�h�j�h�k�l�v���d�h�j�j�h�a�b�b���k�i�e�Z�\�h�\���i�j�b���w�l�h�f���k�g�b�`�Z�_�l�k�y���g�Z������-15%.   

�D�e�x�q�_�\�u�_�� �k�e�h�\�Z�����Z�e�x�f�b�g�b�_�\�u�c�� �k�i�e�Z�\��AlTi0.1���� �d�Z�e�v�p�b�c, �w�e�_�d�l�j�h�e�b�l��NaCl, 
�i�h�l�_�g�p�b�h�k�l�Z�l�b�q�_�k�d�b�c�� �f�_�l�h�^���� �k�l�Z�p�b�h�g�Z�j�g�u�c�� �i�h�l�_�g�p�b�Z�e���� �i�h�l�_�g�p�b�Z�e �d�h�j�j�h�a�b�b, 
�k�d�h�j�h�k�l�v���d�h�j�j�h�a�b�b�� 
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POTENTIODYNAMIC INVESTIGATION OF ALUMINUM 
CONDUCTOR ALLOY AlTi0.1%, WITH CALCIUM, IN AN 

ELECTROLYTE ENVIRONMENT OF 0.03% NaCl  
 

Abstract. Using the potentiostatic method in the potentiodynamic mode at a 
potential sweep rate of 2mV/s, it has been shown that the modification with calcium 
�����������·���������Z�W���������R�I���W�K�H���D�O�X�P�L�Q�X�P���F�R�Q�G�X�F�W�R�U���D�O�O�R�\���$�O�7�L���������F�R�Q�W�U�L�E�X�W�H�V���W�R���W�K�H���V�K�L�I�W���R�I���I�U�H�H��
corrosion potentials in the environment of 0.03% NaCl pitting and repassivation into the 
positive range. The corrosion rate of alloys is reduced by 10-15%. 

Key words: AlTi0.1 aluminum alloy, calcium, NaCl electrolyte, potentiostatic 
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�Z�e�x�f�b�g�b�_�\�h�]�h���i�j�h�\�h�^�g�b�d�h�\�h�]�h���k�i�e�Z�\�Z��AlTi ���������k���d�Z�e�v�p�b�_�f�����\���k�j�_�^�_�� 

�w�e�_�d�l�j�h�e�b�l�Z������������-�g�h�]�h���1�D�&�O 
�K�h�^�_�j�`�Z�g�b�_��

�d�Z�e�v�p�b�y���\��
�k�i�e�Z�\�_����
�f�Z�k���� 

�W�e�_�d�l�j�h�o�b�f�b�q�_�k�d�b�_���i�h�l�_�g�p�b�Z�e�u�����<�����o���k���w�� �K�d�h�j�h�k�l�v���d�h�j�j�h�a�b�b 

-�?�k�\���d�h�j�� -�?�d�h�j�� -�?�i���h�� -�?�j���i�� 
i �d�h�j��, 
�:���f2 

�D.103, 

�]���f2�Â�q�Z
�k 

0.0 0.685 1.120 0.610 0.660 0.048 16.0 
0.01 0.670 1.108 0.600 0.651 0.046 15.4 
0.05 0.659 1.098 0.590 0.642 0.044 14.7 
0.1 0.650 1.088 0.579 0.633 0.042 14.0 
0.5 0.640 1.080 0.568 0.622 0.040 13.4 
 
�D�h�j�j�h�a�b�h�g�g�Z�y�� �k�l�h�c�d�h�k�l�v�� �Z�e�x�f�b�g�b�y�� �b�� �_�]�h�� �k�i�e�Z�\�h�\�� �\�� �j�Z�a�e�b�q�g�u�o��

�Z�]�j�_�k�k�b�\�g�u�o�� �k�j�_�^�Z�o�� �\�h�� �f�g�h�]�h�f�� �a�Z�\�b�k�b�l�� �h�l�� �k�l�h�c�d�h�k�l�b�� �\�� �w�l�b�o�� �k�j�_�^�Z�o��
�h�d�k�b�^�g�h�c�� �i�e�_�g�d�b���� �Z�� �l�Z�d�`�_�� �h�l�� �o�b�f�b�q�_�k�d�h�]�h�� �k�h�k�l�Z�\�Z�� �k�i�e�Z�\�Z���� �\�b�^�Z��
�l�_�j�f�b�q�_�k�d�h�c�� �h�[�j�Z�[�h�l�d�b�� �i�h�\�_�j�o�g�h�k�l�b�� �^�_�l�Z�e�b���� �B�a�\�_�k�l�g�h���� �q�l�h�� �g�Z��
�d�h�j�j�h�a�b�h�g�g�m�x���k�l�h�c�d�h�k�l�v���Z�e�x�f�b�g�b�_�\�u�o���k�i�e�Z�\�h�\���h�l�j�b�p�Z�l�_�e�v�g�h���\�e�b�y�x�l��
�^�h�[�Z�\�d�b���`�_�e�_�a�Z�����g�b�d�_�e�y�����h�e�h�\�Z�����k�\�b�g�p�Z���b���^�j�m�]�b�o���i�j�b�f�_�k�_�c�����h�[�j�Z�a�m�x�s�b�o��
�j�Z�a�e�b�q�g�u�_���n�Z�a�u�� 

�D�h�j�j�h�a�b�h�g�g�Z�y�� �k�l�h�c�d�h�k�l�v�� �l�Z�d�b�o�� �k�i�e�Z�\�h�\�� �h�i�j�_�^�_�e�y�_�l�k�y���g�_�� �l�h�e�v�d�h��
�o�b�f�b�q�_�k�d�b�f�� �k�h�k�l�Z�\�h�f���� �g�h�� �b�� �o�Z�j�Z�d�l�_�j�h�f�� �d�j�b�k�l�Z�e�e�b�a�Z�p�b�b�� �b�a�[�u�l�h�q�g�u�o��
�n�Z�a���� �h�i�j�_�^�_�e�y�x�s�b�o�� �b�o�� �k�l�j�m�d�l�m�j�m���� �l�h�� �_�k�l�v�� �n�h�j�f�h�c�� �b�o�� �\�u�^�_�e�_�g�b�y���� �D�Z�d��
�b�a�\�_�k�l�g�h�����f�h�^�b�n�b�d�Z�p�b�_�c�����b�a�f�_�e�v�q�_�g�b�_�f�����^�\�h�c�g�u�o���b���l�j�h�c�g�u�o���w�\�l�_�d�l�b�d��
�\�� �k�l�j�m�d�l�m�j�_�� �k�i�e�Z�\�Z�� �f�h�`�g�h�� �a�g�Z�q�b�l�_�e�v�g�h�� �b�a�f�_�g�b�l�v�� �d�Z�d�� �f�_�o�Z�g�b�q�_�k�d�b�_��
�k�\�h�c�k�l�\�Z�����l�Z�d���b���d�h�j�j�h�a�b�h�g�g�m�x���k�l�h�c�d�h�k�l�v���� 

�I�h�e�h�`�b�l�_�e�v�g�h�_�� �^�_�c�k�l�\�b�_�� �d�Z�e�v�p�b�y�� �g�Z�� �Z�g�h�^�g�u�_�� �k�\�h�c�k�l�\�Z��
�Z�e�x�f�b�g�b�_�\�h�]�h �i�j�h�\�h�^�g�b�d�h�\�h�]�h �k�i�e�Z�\�Z��AlTi �������� �g�_�� �f�h�`�_�l�� �h�[�t�y�k�g�y�l�v�k�y��
�l�h�e�v�d�h�� �m�e�m�q�r�_�g�b�_�f�� �w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�b�o�� �i�h�d�Z�a�Z�l�_�e�_�c�� �Z�g�h�^�g�h�]�h��
�i�j�h�p�_�k�k�Z�� �b�e�b�� �m�i�e�h�l�g�_�g�b�_�f�� �a�Z�s�b�l�g�h�]�h�� �n�Z�a�h�\�h�]�h�� �k�e�h�y�� �h�d�k�b�^�h�\��
�f�Z�e�h�j�Z�k�l�\�h�j�b�f�u�f�b�� �i�j�h�^�m�d�l�Z�f�b�� �h�d�b�k�e�_�g�b�y���� �K�l�h�c�d�h�k�l�v�� �Z�e�x�f�b�g�b�y��
�a�Z�\�b�k�b�l�� �l�Z�d�`�_�� �h�l�� �b�a�f�_�g�_�g�b�y�� �k�l�j�m�d�l�m�j�u�� �i�j�b�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�b�b�� �_�]�h��
�l�b�l�Z�g�h�f���b���d�Z�e�v�p�b�_�f�����l�h���_�k�l�v���h�l���\�_�e�b�q�b�g�u���d�j�b�k�l�Z�e�e�h�\���n�Z�a���\���k�l�j�m�d�l�m�j�_��
�k�i�e�Z�\�h�\���� �D�Z�d�� �b�a�\�_�k�l�g�h���� �f�h�^�b�n�b�d�Z�l�h�j�Z�f�b�� �k�l�j�m�d�l�m�j�u�� �k�i�e�Z�\�Z�� �f�h�]�m�l��
�k�e�m�`�b�l�v�� �f�_�l�Z�e�e�u���� �b�f�_�x�s�b�_�� �f�Z�e�m�x�� �f�_�`�Z�l�h�f�g�m�x�� �k�\�y�a�v�� �b����
�k�e�_�^�h�\�Z�l�_�e�v�g�h���� �g�b�a�d�m�x�� �l�_�f�i�_�j�Z�l�m�j�m�� �i�e�Z�\�e�_�g�b�y���� �f�Z�e�m�x�� �i�j�h�q�g�h�k�l�v�� �b��
�l�\�_�j�^�h�k�l�v�����D���l�Z�d�b�f���f�_�l�Z�e�e�Z�f���h�l�g�h�k�y�l�k�y���b���s�_�e�h�q�g�h�a�_�f�_�e�v�g�u�_���f�_�l�Z�e�e�u���� 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �m�k�l�Z�g�h�\�e�_�g�h�� �i�h�e�h�`�b�l�_�e�v�g�h�_�� �\�e�b�y�g�b�_�� �^�h�[�Z�\�d�b��
�d�Z�e�v�p�b�y�� �g�Z�� �Z�g�h�^�g�u�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �b�� �k�d�h�j�h�k�l�b�� �d�h�j�j�h�a�b�b��
�Z�e�x�f�b�g�b�_�\�h�]�h���i�j�h�\�h�^�g�b�d�h�\�h�]�h �k�i�e�Z�\�Z��AlTi ���������� �\�� �k�j�_�^�_�� �w�e�_�d�l�j�h�e�b�l�Z��
0,03%-�g�h�]�h�� �1�D�&�O���� �M�k�l�Z�g�h�\�e�_�g�g�u�_�� �a�Z�d�h�g�h�f�_�j�g�h�k�l�b�� �f�h�]�m�l��
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FORMATION OF A MODIFIED COATINGS ON ALUMINUM 

ALLOYS  
 

Abstract. The paper provides data on the formation of modified coatings on some 
deformable aluminum alloys. It is shown that the thickness and quality of the coatings 
depend primarily on the composition of the electrolyte. The initial chemical composition 
of the aluminum alloy has little effect on the chemical composition of the coating. 

 
�I�h�\�u�r�_�g�b�_�� �w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�o�� �k�\�h�c�k�l�\�� �j�Z�[�h�q�_�c�� �i�h�\�_�j�o�g�h�k�l�b��

�^�_�l�Z�e�_�c���y�\�e�y�_�l�k�y���\�Z�`�g�h�c���a�Z�^�Z�q�_�c���f�Z�r�b�g�h�k�l�j�h�_�g�b�y���>��-���@�����H�k�h�[�_�g�g�h���w�l�h��
�d�Z�k�Z�_�l�k�y���^�_�l�Z�e�_�c�����b�a�]�h�l�h�\�e�_�g�g�u�o���b�a���p�\�_�l�g�u�o���k�i�e�Z�\�h�\�����d�h�l�h�j�u�_�����\���k�\�h�_�f��
�[�h�e�v�r�b�g�k�l�\�_���� �o�Z�j�Z�d�l�_�j�b�a�m�x�l�k�y�� �g�b�a�d�b�f�b�� �l�j�b�[�h�l�_�o�g�b�q�_�k�d�b�f�b��
�k�\�h�c�k�l�\�Z�f�b���� �K�j�_�^�b�� �f�g�h�]�h�h�[�j�Z�a�b�y�� �p�\�_�l�g�u�o�� �k�i�e�Z�\�h�\�� �\�Z�`�g�u�c��
�i�j�Z�d�l�b�q�_�k�d�b�c�� �b�g�l�_�j�_�k�� �i�j�_�^�k�l�Z�\�e�y�x�l�� �Z�e�x�f�b�g�b�_�\�u�_�� �k�i�e�Z�\�u���� �r�b�j�h�d�h��
�i�j�b�f�_�g�y�_�f�u�_���\���Z�\�l�h�f�h�[�b�e�v�g�h�c�����Z�\�b�Z�p�b�h�g�g�h�c���b���^�j�m�]�b�o���h�[�e�Z�k�l�y�o���� 

�K�m�s�_�k�l�\�m�_�l�� �a�g�Z�q�b�l�_�e�v�g�h�_�� �d�h�e�b�q�_�k�l�\�h�� �k�i�h�k�h�[�h�\�� �i�h�\�u�r�_�g�b�y��
�i�j�h�q�g�h�k�l�g�u�o���k�\�h�c�k�l�\�����\���q�Z�k�l�g�h�k�l�b�����Z�e�x�f�b�g�b�_�\�u�o���k�i�e�Z�\�h�\�����H�g�b���b�f�_�x�l��
�k�\�h�b�� �i�j�_�b�f�m�s�_�k�l�\�Z�� �b�� �h�]�j�Z�g�b�q�_�g�b�y���� �H�^�g�b�f�� �b�a�� �f�_�l�h�^�h�\�� �i�h�\�u�r�_�g�b�y��
�i�h�\�_�j�o�g�h�k�l�g�u�o���k�\�h�c�k�l�\���Z�e�x�f�b�g�b�_�\�u�o���k�i�e�Z�\�h�\���y�\�e�y�_�l�k�y���w�e�_�d�l�j�h�e�b�l�g�h-
�i�e�Z�a�f�_�g�g�Z�y�� �h�[�j�Z�[�h�l�d�Z���� �i�h�a�\�h�e�y�x�s�Z�y�� �k�h�a�^�Z�l�v���� �d�Z�d�� �b�� �f�b�d�j�h�^�m�]�h�\�h�_��
�h�d�k�b�^�b�j�h�\�Z�g�b�_�����i�j�h�q�g�h�_���i�h�d�j�u�l�b�_���k���\�u�k�h�d�h�c �l�\�_�j�^�h�k�l�v�x�����<���h�l�e�b�q�b�b���h�l��
�f�b�d�j�h�^�m�]�h�\�h�]�h�� �h�d�k�b�^�b�j�h�\�Z�g�b�y���� �d�h�]�^�Z�� �g�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �n�h�j�f�b�j�m�_�l�k�y��
�k�e�h�c�� �b�a�� �h�d�k�b�^�Z�� �Z�e�x�f�b�g�b�y���� �i�j�b�� �w�e�_�d�l�j�h�e�b�l�g�h-�i�e�Z�a�f�_�g�g�h�c�� �h�[�j�Z�[�h�l�d�_��
�f�h�`�g�h���n�h�j�f�b�j�h�\�Z�l�v���f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�_���i�h�d�j�u�l�b�_���� 

�<�� �j�Z�[�h�l�_�� �b�a�m�q�Z�e�b�k�v�� �h�[�j�Z�a�p�u�� �b�a�� �^�_�n�h�j�f�b�j�m�_�f�u�o�� �Z�e�x�f�b�g�b�_�\�u�o��
�k�i�e�Z�\�h�\�� �f�Z�j�h�d�� �>�����L���� �:�F�]���� �b�� �:�>������ �>�e�y�� �Z�g�Z�e�b�a�Z�� �\�e�b�y�g�b�y�� �k�h�k�l�Z�\�Z��
�w�e�_�d�l�j�h�e�b�l�Z�� �g�Z�� �o�Z�j�Z�d�l�_�j�� �b�� �k�h�k�l�Z�\�� �i�h�d�j�u�l�b�y�� �h�i�u�l�u�� �\�_�e�b�k�v�� �k��
�b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �j�Z�k�l�\�h�j�Z�� �n�_�j�j�h�p�b�Z�g�b�l�Z�� �d�Z�e�b�y�� ���w�e�_�d�l�j�h�e�b�l�� ������ �b��
�\�h�e�v�n�j�h�f�Z�l�Z���g�Z�l�j�b�y�����w�e�_�d�l�j�h�e�b�l���������� 

�G�Z�� �j�b�k���� ���� �i�j�b�\�_�^�_�g�u�� �l�h�i�h�]�j�Z�n�b�b�� �i�h�\�_�j�o�g�h�k�l�b�� �i�h�d�j�u�l�b�y�� �i�h�k�e�_��
�h�[�j�Z�[�h�l�d�b���\���w�e�_�d�l�j�h�e�b�l�_������ 
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�J�b�k��������- �N�h�l�h�]�j�Z�n�b�b���K�W�F���i�h�\�_�j�o�g�h�k�l�b���h�[�j�Z�a�p�h�\�����i�h�e�m�q�_�g�g�u�o���i�j�b��
�h�[�j�Z�[�h�l�d�_ 

�\���w�e�_�d�l�j�h�e�b�l�_���������Z���± �k�i�e�Z�\���>�����L�����[���± �k�i�e�Z�\���:�F�]�������\���± �k�i�e�Z�\���:�>���� 
 
 �:�g�Z�e�b�a�� �j�b�k�m�g�d�h�\�� �i�h�d�Z�a�u�\�Z�_�l���� �q�l�h�� �i�h�\�_�j�o�g�h�k�l�b�� �\�k�_�o�� �h�[�j�Z�a�p�h�\��

�o�Z�j�Z�d�l�_�j�b�a�m�x�l�k�y���g�Z�e�b�q�b�_�f���i�h�j�b�k�l�h�k�l�b�����I�j�b�q�_�f�����j�Z�a�f�_�j���i�h�j���a�Z�\�b�k�b�l���h�l��
�o�b�f�k�h�k�l�Z�\�Z�� �h�[�j�Z�a�p�h�\���� �L�Z�d���� �_�k�e�b�� �^�e�y�� �h�[�j�Z�a�p�h�\�� �b�a�� �k�i�e�Z�\�Z�� �:�>���� �k�j�_�^�g�b�c��
�j�Z�a�f�_�j���i�h�j���g�_���i�j�_�\�u�r�Z�e�������f�d�f�����^�e�y���k�i�e�Z�\�Z���>�����L���± �����f�d�f�����l�h���^�e�y���k�i�e�Z�\�Z��
�:�F�]���� �± ������ �f�d�f���� �I�h�k�e�_�^�g�_�_�� �a�g�Z�q�_�g�b�_�� �f�h�`�g�h�� �h�[�t�y�k�g�b�l�v�� �g�Z�e�b�q�b�_�f��
�f�Z�]�g�b�y�� �\�� �k�h�k�l�Z�\�_�� �k�i�e�Z�\�Z���� �D�j�h�f�_�� �l�h�]�h���� �i�h�d�j�u�l�b�_�� �g�Z�� �h�[�j�Z�a�p�_�� �b�a�� �k�i�e�Z�\�Z��
�>�����L���o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y���[�h�e�_�_���g�_�j�Z�\�g�h�f�_�j�g�h�c���l�h�e�s�b�g�h�c���i�h���k�j�Z�\�g�_�g�b�x���k��
�^�j�m�]�b�f�b���h�[�j�Z�a�p�Z�f�b�� 

�N�Z�a�h�\�u�c���k�h�k�l�Z�\���i�h�d�j�u�l�b�c���g�_�a�g�Z�q�b�l�_�e�v�g�h���a�Z�\�b�k�b�l���h�l���o�b�f�b�q�_�k�d�h�]�h��
�k�h�k�l�Z�\�Z�� �f�Z�l�_�j�b�Z�e�Z�� �h�[�j�Z�a�p�h�\�� ���j�b�k���� �������� �O�b�f�b�q�_�k�d�b�c�� �Z�g�Z�e�b�a�� �i�h�d�j�u�l�b�c��
�k�\�b�^�_�l�_�e�v�k�l�\�m�_�l�� �h�� �l�h�f���� �q�l�h�� �_�]�h�� �k�h�k�l�Z�\�� �h�i�j�_�^�_�e�y�_�l�k�y�� �Z�e�x�f�b�g�b�_�f����
�`�_�e�_�a�h�f���b���d�j�_�f�g�b�_�f�����d�Z�d���g�Z�b�[�h�e�_�_���Z�d�l�b�\�g�u�f�b���w�e�_�f�_�g�l�Z�f�b�� 
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�J�b�k��������- �K�i�_�d�l�j�u���h�[�j�Z�a�p�h�\���b�a���>�����L�����Z�����b���:�F�]�������[���� 
 
�W�l�h�� �`�_�� �i�h�^�l�\�_�j�`�^�Z�_�l�k�y�� �b�� �o�b�f�b�q�_�k�d�b�f�� �k�h�k�l�Z�\�h�f�� �i�h�d�j�u�l�b�c��

���l�Z�[�e�b�p�Z�� �������� �D�b�k�e�h�j�h�^�� �i�j�b�k�m�l�k�l�\�m�_�l�� �\�� �a�g�Z�q�b�l�_�e�v�g�h�f�� �d�h�e�b�q�_�k�l�\�_�� �\��
�i�h�d�j�u�l�b�b�����g�h���h�g���\�_�k�v���g�Z�o�h�^�b�l�k�y���\���k�\�y�a�Z�g�g�h�f���\�b�^�_�����h�d�b�k�e�u���Z�e�x�f�b�g�b�y����
�`�_�e�_�a�Z�����d�j�_�f�g�b�y���� 

 
�L�Z�[�e�b�p�Z������- �O�b�f�b�q�_�k�d�b�c���k�h�k�l�Z�\���i�h�d�j�u�l�b�y �g�Z���h�[�j�Z�a�p�_���b�a���k�i�e�Z�\�Z���:�F�]�� 

Element (keV) mass% Error% At% Compound mass%  
O   0.000 41.27 0.00 0.00   0.00  
Al K   1.486 21.26 0.30 30.16       Al 2O3 40.16  
Si K  1.739 13.63 0.39 37.16        SiO2 29.17  
Fe K  6.398 23.84 0.26 32.68        FeO 30.67  
Total   100.00  100.00    100.00 
 
�O�Z�j�Z�d�l�_�j�� �i�h�d�j�u�l�b�c�� �a�g�Z�q�b�l�_�e�v�g�h�� �f�_�g�y�_�l�k�y�� �i�j�b�� �h�[�j�Z�[�h�l�d�_�� �\��

�w�e�_�d�l�j�h�e�b�l�_���������I�h�d�j�u�l�b�_�����n�h�j�f�b�j�m�_�f�h�_���g�Z���h�[�j�Z�a�p�_�����[�h�e�_�_���j�Z�\�g�h�f�_�j�g�h�_��
�i�h���l�h�e�s�b�g�_���b���k�m�s�_�k�l�\�_�g�g�h���m�f�_�g�v�r�Z�_�l�k�y���k�j�_�^�g�b�c���j�Z�a�f�_�j���i�h�j�����j�b�k������������
�H�^�g�Z�d�h���� �h�l�^�_�e�v�g�u�_�� �i�h�j�u�� �j�Z�a�f�_�j�h�f�� ��-������ �f�d�f�� �\�k�_�� �_�s�_�� �i�j�b�k�m�l�k�l�\�m�x�l�� �\��
�i�h�d�j�u�l�b�b���� �;�h�e�_�_�� �\�u�k�h�d�Z�y�� �i�h�j�b�k�l�h�k�l�v�� �b�� �[�h�e�v�r�b�c�� �j�Z�a�f�_�j�� �i�h�j�� �i�h-
�i�j�_�`�g�_�f�m���o�Z�j�Z�d�l�_�j�g�u���^�e�y���h�[�j�Z�a�p�h�\���b�a���k�i�e�Z�\�Z���:�F�]������ 

�N�Z�a�h�\�u�c�� �k�h�k�l�Z�\�� �i�h�d�j�u�l�b�c���� �k�n�h�j�f�b�j�h�\�Z�g�g�u�o�� �i�j�b�� �h�[�j�Z�[�h�l�d�_�� �\��
�w�e�_�d�l�j�h�e�b�l�_�� ������ �f�_�g�y�_�l�k�y�� �h�q�_�g�v�� �k�m�s�_�k�l�\�_�g�g�h�� ���j�b�k���� ������ �i�h���k�j�Z�\�g�_�g�b�x�� �k��
�h�[�j�Z�[�h�l�d�h�c�� �\�� �w�e�_�d�l�j�h�e�b�l�_�� ������ �g�h�� �g�_�a�g�Z�q�b�l�_�e�v�g�h�� �b�a�f�_�g�y�_�l�k�y�� �h�l��
�o�b�f�b�q�_�k�d�h�]�h���k�h�k�l�Z�\�Z���h�[�j�Z�a�p�Z�����d�Z�d���b���^�e�y���w�e�_�d�l�j�h�e�b�l�Z������ 
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�J�b�k��������- �N�h�l�h�]�j�Z�n�b�b���K�W�F���i�h�\�_�j�o�g�h�k�l�b���h�[�j�Z�a�p�h�\�����i�h�e�m�q�_�g�g�u�o���i�j�b��

�h�[�j�Z�[�h�l�d�_ �\���w�e�_�d�l�j�h�e�b�l�_���������Z���± �k�i�e�Z�\���>�����L�� �[���± �k�i�e�Z�\���:�F�]�������\���± �k�i�e�Z�\���:�>���� 
 

    
   �Z      �[ 

�J�b�k����4- �K�i�_�d�l�j�u���i�h�\�_�j�o�g�h�k�l�b���h�[�j�Z�a�p�h�\���b�a���>�����L�����Z�����b���:�F�]�������[�����i�h�k�e�_��
�h�[�j�Z�[�h�l�d�b���\���w�e�_�d�l�j�h�e�b�l�_������ 

 
�L�Z�[�e�b�p�Z������- �O�b�f�b�q�_�k�d�b�c���k�h�k�l�Z�\���i�h�d�j�u�l�b�y���g�Z���h�[�j�Z�a�p�_���b�a���>�����L�����w�e�_�d�l�j�h�e�b�l������ 

Element (keV) mass% Error% At% Compound mass% 
O   0.000 42.47 0.00 0.00   0.00 
Na K *  1.041 1.06 0.43 2.44    Na2O  1.43 
Al K   1.486 42.21 0.24 82.72    Al 2O3  79.75 
Cr K  5.411 3.67 0.27 3.73    Cr2O3  5.36 
Fe K  6.398 3.80 0.28 7.19    FeO  4.89 
W  L  8.390 6.80 1.64 3.91    WO3  8.58 
Total   100.00  100.00    100.00 
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�:�g�Z�e�b�a�� �o�b�f�b�q�_�k�d�h�]�h�� �k�h�k�l�Z�\�Z�� �i�h�d�j�u�l�b�y���� �i�h�e�m�q�_�g�g�h�]�h�� �i�j�b��
�h�[�j�Z�[�h�l�d�_�� �\�� �w�e�_�d�l�j�h�e�b�l�_�� ���� ���l�Z�[�e�b�p�Z�� �������� �i�h�d�Z�a�u�\�Z�_�l�� �j�h�k�l�� �k�h�^�_�j�`�Z�g�b�y��
�h�d�b�k�b�� �Z�e�x�f�b�g�b�y�� �i�h�q�l�b�� �\�� ���� �j�Z�a�Z���� �H�l�k�m�l�k�l�\�m�_�l�� �\�� �i�h�d�j�u�l�b�b�� �h�d�b�k�v��
�d�j�_�f�g�b�y���� �g�h�� �a�Z�l�h�� �i�j�b�k�m�l�k�l�\�m�x�l�� �h�d�b�k�b�� �g�Z�l�j�b�y���� �o�j�h�f�Z�� �b�� �\�h�e�v�n�j�Z�f�Z����
�H�l�g�h�k�b�l�_�e�v�g�h�_���k�h�^�_�j�`�Z�g�b�_���h�d�b�k�b���`�_�e�_�a�Z���k�g�b�a�b�e�h�k�v���[�h�e�_�_�����q�_�f���\�������j�Z�a����
�K�h�^�_�j�`�Z�g�b�_���d�b�k�e�h�j�h�^�Z���\���i�h�d�j�u�l�b�y�o�����\���\�b�^�_���h�d�b�k�_�c�������k�n�h�j�f�b�j�h�\�Z�g�g�u�o��
�i�j�b���h�[�j�Z�[�h�l�d�_���\���j�Z�a�g�u�o���w�e�_�d�l�j�h�e�b�l�Z�o���i�j�Z�d�l�b�q�_�k�d�b���g�_���b�a�f�_�g�b�e�h�k�v�� 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �i�j�h�\�_�^�_�g�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�h�d�Z�a�Z�e�b��
�\�h�a�f�h�`�g�h�k�l�v�� �n�h�j�f�b�j�h�\�Z�g�b�y�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h�� �i�h�d�j�u�l�b�y�� �g�Z��
�^�_�n�h�j�f�b�j�m�_�f�u�o�� �Z�e�x�f�b�g�b�_�\�u�o�� �k�i�e�Z�\�Z�o���� �M�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �k�h�k�l�Z�\��
�w�e�_�d�l�j�h�e�b�l�Z�� �h�d�Z�a�u�\�Z�_�l�� �h�i�j�_�^�_�e�y�x�s�_�_�� �\�e�b�y�g�b�_�� �g�Z�� �o�b�f�b�q�_�k�d�b�c�� �b��
�n�Z�a�h�\�u�c���k�h�k�l�Z�\���i�h�d�j�u�l�b�y�����Z���l�Z�d�`�_���j�Z�\�g�h�f�_�j�g�h�k�l�v���b���d�Z�q�_�k�l�\�h���i�h�d�j�u�l�b�y����
�O�b�f�b�q�_�k�d�b�c���k�h�k�l�Z�\���b�k�k�e�_�^�h�\�Z�g�g�u�o���h�[�j�Z�a�p�h�\���g�_�a�g�Z�q�b�l�_�e�v�g�h���\�e�b�y�_�l���g�Z��
�n�Z�a�h�\�u�c���b���o�b�f�b�q�_�k�d�b�c���k�h�k�l�Z�\���i�h�d�j�u�l�b�y�����?�]�h���\�e�b�y�g�b�_���[�h�e�_�_���a�Z�f�_�l�g�h���g�Z��
�d�Z�q�_�k�l�\�h���i�h�d�j�u�l�b�y���b���_�]�h���j�Z�\�g�h�f�_�j�g�h�k�l�v���� 

 
�J�Z�[�h�l�Z���\�u�i�h�e�g�_�g�Z���i�j�b���n�b�g�Z�g�k�h�\�h�c���i�h�^�^�_�j�`�d�_���F�b�g�b�k�l�_�j�k�l�\�Z���h�[�j�Z�a�h�\�Z�g�b�y��

�J�_�k�i�m�[�e�b�d�b�� �;�_�e�Z�j�m�k�v�� �\�� �j�Z�f�d�Z�o�� �a�Z�^�Z�g�b�y�� ������������ �=�I�G�B�� �©�F�Z�l�_�j�b�Z�e�h�\�_�^�_�g�b�_���� �g�h�\�u�_��
�f�Z�l�_�j�b�Z�e�u�� �b�� �l�_�o�g�h�e�h�]�b�b�ª�� �i�h�^�i�j�h�]�j�Z�f�f�Z�� �©�W�e�_�d�l�j�h�f�Z�]�g�b�l�g�u�_���� �i�m�q�d�h�\�h-
�i�e�Z�a�f�_�g�g�u�_�� �b�� �e�b�l�_�c�g�h-�^�_�n�h�j�f�Z�p�b�h�g�g�u�_�� �l�_�o�g�h�e�h�]�b�b�� �h�[�j�Z�[�h�l�d�b�� �b�� �k�h�a�^�Z�g�b�y��
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  Abstract. The results of a study of changes in the thermodynamic functions of the 
zinc-aluminum alloy Zn55Al with iron are presented. The known specific heat capacity of 
a standard copper sample is applied using the cooling rate of the samples. 
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�]�^�_���L�h � ���������������D�� 
 
�<�� �l�Z�[�e�b�p�_�� �i�j�_�^�k�l�Z�\�e�_�g�u�� �j�_�a�m�e�v�l�Z�l�u�� �j�Z�k�q�_�l�Z�� �b�a�f�_�g�_�g�b�c��

�w�g�l�Z�e�v�i�b�b�����w�g�l�j�h�i�b�b���b���w�g�_�j�]�b�b���=�b�[�[�k�Z���^�e�y���p�b�g�d�h�\�h�]�h���k�i�e�Z�\�Z���=�Q�����$�O���k��
�`�_�e�_�a�h�f���q�_�j�_�a�����������D�� 

 
�L�Z�[�e�b�p�Z��- �L�_�f�i�_�j�Z�l�m�j�g�Z�y���a�Z�\�b�k�b�f�h�k�l�v���b�a�f�_�g�_�g�b�c���l�_�j�f�h�^�b�g�Z�f�b�q�_�k�d�b�o��

�n�m�g�d�p�b�c���p�b�g�d�h�\�h-�Z�e�x�f�b�g�b�_�\�h�]�h���k�i�e�Z�\�Z��Zn55Al �k���`�_�e�_�a�h�f���b���w�l�Z�e�h�g�Z�� 
(Cu �f�Z�j�d�b���F������ 

�L�����D 
�W�l�Z�e�h�g�� 

�K�i�e�Z�\��
Zn55Al (1)  (1)+0,01%  (1)+0,05%  (1)+0,1%  (1)+0,5%  

�>�* �4�:�6�; 
F�* �4�:�¡�4
�Û�;�?�á�Í�“�É���Í�Æ���Ç�Î�â���Ô�Ò�Î�Ã�Å�Ñ�Å 

300 0,7120 1,2411 1,26988 1,27595 1,28276 1,290312 
400 39,8686 69,6924 71,30713 71,6442 72,0274 72,45606 
500 80,1679 141,052 144,3264 145,001 145,777 146,6539 
600 121,4193 215,649 220,6639 221,683 222,872 224,2241 

�>�5�4�:�6�; 
F�5�4�:�¡�4
�Û�;�?�á�Í�“�É���:�Í�Æ
I�- �;���Ç�Î�â���Ô�Ò�Î�Ã�Å�Ñ�Å 

300 0,0024 0,004033 0,004246 0,00426 0,00428 0,00431 
400 0,1154 0,193365 0,205538 0,20651 0,20761 0,20884 
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500 0,2058 0,342954 0,368345 0,37007 0,37205 0,37428 
600 0,2816 0,467235 0,507428 0,50978 0,51251 0,51561 

�>�) �4�:�6�; 
F�) �4�:�¡�4
�Û�;�?�á�Í�“�É���Í�Æ���Ç�Î�â���Ô�Ò�Î�Ã�Å�Ñ�Å 

300 -0,0042 0,031264 -0,00393 -0,00395 -0,00397 -0,00399 
400 -6,27802 -7,65338 -10,9080 -10,95980 -11,0184 -11,0837 
500 -22,7266 -30,4249 -39,8460 -40,03390 -40,2482 -40,48810 
600 -47,5615 -64,6913 -83,7931 -84,18580 -84,6366 -85,14400 

�I�j�b�f�_�q�Z�g�b�_�� * �L�h � ���������������D�� 
 
�B�a�� �l�Z�[�e�b�p�u�� �k�e�_�^�m�_�l���� �q�l�h�� �k�� �j�h�k�l�h�f�� �l�_�f�i�_�j�Z�l�m�j�u�� �b�� �k�h�^�_�j�`�Z�g�b�y��

�`�_�e�_�a�Z���w�g�l�Z�e�v�i�b�y���b���w�g�l�j�h�i�b�y���p�b�g�d�h�\�h-�Z�e�x�f�b�g�b�_�\�h�]�h���k�i�e�Z�\�Z���=�Q�����$�O���k��
�`�_�e�_�a�h�f�� �m�\�_�e�b�q�b�\�Z�x�l�k�y���� �Z�� �a�g�Z�q�_�g�b�_�� �w�g�_�j�]�b�b�� �=�b�[�[�k�Z�� �m�f�_�g�v�r�Z�_�l�k�y����
�M�\�_�e�b�q�_�g�b�_�� �w�g�l�Z�e�v�i�b�b�� �b�� �w�g�l�j�h�i�b�b�� �k�i�e�Z�\�h�\�� �h�l�� �d�h�g�p�_�g�l�j�Z�p�b�b�� �`�_�e�_�a�Z��
�k�\�y�a�Z�g���k���_�]�h���f�h�^�b�n�b�p�b�j�m�x�s�b�f���^�_�c�k�l�\�b�_�f���g�Z���f�b�d�j�h�k�l�j�m�d�l�m�j�m���p�b�g�d�h�\�h-
�Z�e�x�f�b�g�b�_�\�h�]�h���l�\�_�j�^�h�]�h���j�Z�k�l�\�h�j�Z���\���k�i�e�Z�\�_���=�Q�����$�O�����b���m�\�_�e�b�q�_�g�b�_�f���i�j�b��
�w�l�h�f�� �k�l�_�i�_�g�b�� �]�_�l�_�j�h�]�_�g�g�h�k�l�b�� �k�l�j�m�d�l�m�j�g�u�o�� �k�h�k�l�Z�\�e�y�x�s�b�o�� �l�j�h�c�g�u�o��
�k�i�e�Z�\�h�\�� 

 
�K�i�b�k�h�d���b�k�i�h�e�v�a�h�\�Z�g�g�u�o���b�k�l�h�q�g�b�d�h�\ 

 
   ������ �:�e�b�_�\�� �>�`������ �H�[�b�^�h�\�� �A������ �=�Z�g�b�_�\�� �B���� �P�b�g�d-�Z�e�x�f�b�g�b�_�\�u�_��

�a�Z�s�b�l�g�u�_�����������i�h�d�j�u�l�b�y���g�h�\�h�]�h���i�h�d�h�e�_�g�b�y�����N�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�_���k�\�h�c�k�l�\�Z��
�p�b�g�d�� �� �� �� �� �� �Z�e�x�f�b�g�b�_�\�u�o�� �k�i�e�Z�\�h�\�� �k�� �s�_�e�h�q�g�h�a�_�f�_�e�v�g�u�f�b�� �f�_�l�Z�e�e�Z�f�b����
�=�_�j�f�Z�g�b�y���� �B�a�^�Z�l�_�e�v�k�d�b�c�� �^�h�f�� �/�$�3��LAMBERTAcademic Publishing. -
���������������������k�� 

   ������ �D�_�q�b�g�� �<���:������ �E�x�[�e�b�g�k�d�b�c�� �?���Y���� �P�b�g�d�h�\�u�_�� �k�i�e�Z�\�u����- �F������
�F�_�l�Z�e�e�m�j�]�b�y����-���������������������k���� 

   �������<�e�b�y�g�b�_���`�_�e�_�a�Z���g�Z���b�a�f�_�g�_�g�b�_���l�_�j�f�h�^�b�g�Z�f�b�q�_�k�d�b�o���n�m�g�d�p�b�c��
�p�b�g�d�h�\�h�]�h���k�i�e�Z�\�Z���=�Q���$�O�������B���G�����=�Z�g�b�_�\�����>���G�����:�e�b�_�\�����A���N�����G�Z�j�a�m�e�e�h�_�\��������
�O�b�f�b�y���� �W�d�h�e�h�]�b�y���� �M�j�[�Z�g�b�k�l�b�d�Z. �F�Z�l�_�j�b�Z�e�u�� �\�k�_�j�h�k�k�b�c�k�d�h�c�� �g�Z�m�q�g�h-
�i�j�Z�d�l�b�q�_�k�d�h�c�� �d�h�g�n�_�j�_�g�p�b�b�� ���k�� �f�_�`�^�m�g�Z�j�h�^�g�u�f�� �m�q�Z�k�l�b�_�f�����L�h�f�� �������± 
2021. �± �K�����������±343. 

   ������ �L�_�f�i�_�j�Z�l�m�j�g�Z�y�� �a�Z�\�b�k�b�f�h�k�l�v�� �l�_�i�e�h�_�f�d�h�k�l�b�� �b�� �b�a�f�_�g�_�g�b�c��
�l�_�j�f�h�^�b�g�Z�f�b�q�_�k�d�b�o���n�m�g�d�p�b�b���k�i�e�Z�\�Z���$�D�������e�_�]�b�j�h�\�Z�g�g�h�]�h���k�l�j�h�g�p�b�_�f������
�=�Z�g�b�_�\�� �B���G������ �H�l�Z�^�`�h�g�h�\�� �K���W������ �B�[�j�h�o�b�f�h�\�� �G���N������ �F�Z�o�f�m�^�h�\�� �F���� ������
�L�_�i�e�h�n�b�a�b�d�Z���\�u�k�h�d�b�o���l�_�f�i�_�j�Z�l�m�j����- 2019. -�L����������- �‹������- �K��������-31. 

   ������ �=�Z�g�b�_�\�� �B���G������ �K�Z�n�Z�j�h�\�� �:���=������ �H�^�b�g�Z�_�\�� �N���J������ �Y�d�m�[�h�\�� �M���R������
�D�Z�[�m�l�h�\�� �D���� �L�_�f�i�_�j�Z�l�m�j�g�Z�y�� �a�Z�\�b�k�b�f�h�k�l�v�� �l�_�i�e�h�_�f�d�h�k�l�b�� �b�� �b�a�f�_�g�_�g�b�c��
�l�_�j�f�h�^�b�g�Z�f�b�q�_�k�d�b�o�� �n�m�g�d�p�b�b�� �k�i�e�Z�\�Z�� �:�@�� �������� �k�� �h�e�h�\�h�f�� ������ �B�a�\���� �<�M�A�h�\����
�P�\�_�l�g�Z�y���f�_�l�Z�e�e�m�j�]�b�y����- �������������‹������-�K��������-28. 

   ������ �<�e�b�y�g�b�_�� �l�b�l�Z�g�Z���g�Z�� �m�^�_�e�v�g�m�x�� �l�_�i�e�h�_�f�d�h�k�l�v�� �b�� �b�a�f�_�g�_�g�b�c��
�L�_�j�f�h�^�b�g�Z�f�b�q�_�k�d�b�o�� �n�m�g�d�p�b�c�� �k�i�e�Z�\�Z�� �=�Q�����$�O�� ���� �N���F���� �:�f�b�g�h�\���� �B���G����
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�=�Z�g�b�_�\���� �>�`���G���� �:�e�b�_�\���� �:���=���� �K�Z�n�Z�j�h�\�� �����<�_�k�l�g�b�d�� �K�Z�g�d�l-�I�_�l�_�j�[�m�j�]�k�d�h�]�h��
�]�h�k�m�^�Z�j�k�l�\�_�g�g�h�]�h���m�g�b�\�_�j�k�b�l�_�l�Z���l�_�o�g�h�e�h�]�b�b���b���^�b�a�Z�c�g�Z�����������������‹��������- �K����
26-31. 
 
 
 

 

�M�>�D 674.023 

�;���<�����<�h�c�l�_�o�h�\�k�d�b�c�����K���:�����=�j�b�g�_�\�b�q�����:���N�����:�g�b�d�_�_�g�d�h�� 
�;�_�e�h�j�m�k�k�d�b�c���]�h�k�m�^�Z�j�k�l�\�_�g�g�u�c���l�_�o�g�h�e�h�]�b�q�_�k�d�b�c���m�g�b�\�_�j�k�b�l�_�l 

 �F�b�g�k�d�����;�_�e�Z�j�m�k�v 
 

�W�G�?�J�=�H�W�N�N�?�D�L�B�<�G�U�?���J�?�@�B�F�U���H�;�J�:�;�H�L�D�B��
�D�J�H�F�H�D���E�:�F�B�G�B�J�H�<�:�G�G�U�O���>�J�?�<�?�K�G�H�K�L�J�M�@�?�Q�G�U�O��

�I�E�B�L���F�?�L�H�>�H�F���N�J�?�A�?�J�H�<�:�G�B�Y 
 
�:�g�g�h�l�Z�p�b�y�� �<�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y�� �w�g�_�j�]�h- �b�� �j�_�k�m�j�k�h�k�[�_�j�_�`�_�g�b�_�� �y�\�e�y�_�l�k�y��

�h�^�g�h�c�� �b�a�� �g�Z�b�[�h�e�_�_�� �Z�d�l�m�Z�e�v�g�u�o�� �a�Z�^�Z�q�� �^�e�y�� �i�j�h�b�a�\�h�^�k�l�\�Z���� �H�^�g�b�f�� �b�a�� �g�Z�i�j�Z�\�e�_�g�b�c��
�j�_�r�_�g�b�y�� �^�Z�g�g�h�c�� �a�Z�^�Z�q�b�� �f�h�`�_�l�� �[�u�l�v�� �m�k�l�Z�g�h�\�e�_�g�b�_�� �j�Z�p�b�h�g�Z�e�v�g�u�o�� �j�_�`�b�f�h�\��
�f�_�o�Z�g�b�q�_�k�d�h�c�� �h�[�j�Z�[�h�l�d�b�� �^�j�_�\�_�k�b�g�u�� �b�� �^�j�_�\�_�k�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\���� �h�[�_�k�i�_�q�b�\�Z�x�s�b�o��
�l�j�_�[�m�_�f�h�_���d�Z�q�_�k�l�\�h���h�[�j�Z�[�h�l�d�b���i�j�b���f�b�g�b�f�Z�e�v�g�u�o���w�g�_�j�]�_�l�b�q�_�k�d�b�o���a�Z�l�j�Z�l�Z�o���� 

 
B.V. Voitechovsky, S.A. Grinevich, A.F. Anikeenko  

Belarusian State Technological University 
Minsk, Belarus 

 
ENERGY-EFFICIENT MODES OF PROCESSING THE 

EDGES OF LAMINATED CHIPBOARD BY MILLING  
 
Abstract. Currently, energy and resource conservation is one of the most urgent 

tasks for production. One of directions for solving this problem can be the setting of 
rational modes of mechanical processing of wood and wood materials that ensure the 
required quality of work with minimal energy costs. 

 
�<���f�_�[�_�e�v�g�h�c���i�j�h�f�u�r�e�_�g�g�h�k�l�b���r�b�j�h�d�h�_���j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_���g�Z�r�e�b��

�e�Z�f�b�g�b�j�h�\�Z�g�g�u�_�� �^�j�_�\�_�k�g�h�k�l�j�m�`�_�q�g�u�_�� �i�e�b�l�u�� ���E�>�K�l�I������ �H�[�j�Z�[�h�l�d�Z��
�d�j�h�f�h�d�� �a�Z�]�h�l�h�\�h�d�� �b�a�� �^�Z�g�g�h�]�h�� �\�b�^�Z�� �^�j�_�\�_�k�g�h�]�h�� �f�Z�l�_�j�b�Z�e�Z�� �f�_�l�h�^�h�f��
�n�j�_�a�_�j�h�\�Z�g�b�y�� �h�[�_�k�i�_�q�b�\�Z�_�l�� �\�u�k�h�d�h�_�� �d�Z�q�_�k�l�\�h�� �i�h�e�m�q�Z�_�f�h�c��
�i�h�\�_�j�o�g�h�k�l�b. �L�Z�d�� �d�Z�d�� �^�j�_�\�_�k�g�h�k�l�j�m�`�_�q�g�u�_�� �i�e�b�l�u�� �h�[�e�Z�^�Z�x�l��
�i�h�\�u�r�_�g�g�u�f�b�� �Z�[�j�Z�a�b�\�g�u�f�b�� �k�\�h�c�k�l�\�Z�f�b�����l�h �\�� �d�Z�q�_�k�l�\�_�� �j�_�`�m�s�_�]�h��
�b�g�k�l�j�m�f�_�g�l�Z�� �i�j�b�f�_�g�y�x�l���g�h�`�b���� �b�a�]�h�l�h�\�e�_�g�g�u�_�� �b�a�� �f�Z�l�_�j�b�Z�e�h�\����
�h�[�e�Z�^�Z�x�s�b�o���i�h�\�u�r�_�g�g�h�c���b�a�g�h�k�h�k�l�h�c�d�h�k�l�v�x�����l�\�_�j�^�u�_���k�i�e�Z�\�u�����Z�e�f�Z�a�u��
�b���^�j������ 
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�N�j�_�a�_�j�h�\�Z�g�b�_�� �d�j�h�f�h�d�� �E�>�K�l�I�� �y�\�e�y�_�l�k�y�� �^�h�\�h�e�v�g�h�� �w�g�_�j�]�h�_�f�d�b�f��
�i�j�h�p�_�k�k�h�f���� �H�^�g�b�f�� �b�a�� �k�i�h�k�h�[�h�\�� �k�g�b�`�_�g�b�y�� �i�h�l�j�_�[�e�y�_�f�h�c�� �f�h�s�g�h�k�l�b�� �b��
�i�h�\�u�r�_�g�b�y�� �d�Z�q�_�k�l�\�Z�� �h�[�j�Z�[�h�l�d�b�� �y�\�e�y�_�l�k�y�� �k�h�a�^�Z�g�b�_�� �m�]�e�Z�� �g�Z�d�e�h�g�Z��
�j�_�`�m�s�b�o�� �w�e�_�f�_�g�l�h�\���� �W�n�n�_�d�l�b�\�g�h�k�l�v�� �w�l�h�]�h�� �i�j�b�_�f�Z�� �^�e�y�� �g�Z�l�m�j�Z�e�v�g�h�c��
�^�j�_�\�_�k�b�g�u�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�� �^�h�d�Z�a�Z�g�Z�� �\�� �j�Z�[�h�l�Z�o�� �<���>���� �E�_�k�d�b�\�Z�� �>���@�� �b��
�:���F�����<�_�d�r�b�g�Z���>���@�����H�^�g�Z�d�h���w�l�b���j�_�a�m�e�v�l�Z�l�u���g�_���f�h�]�m�l���[�u�l�v���i�j�b�f�_�g�_�g�u���d��
�e�Z�f�b�g�b�j�h�\�Z�g�g�u�f���^�j�_�\�_�k�g�h�k�l�j�m�`�_�q�g�u�f���i�e�b�l�Z�f���\���k�b�e�m���k�i�_�p�b�n�b�q�_�k�d�b�o��
�n�b�a�b�d�h-�f�_�o�Z�g�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\�� �^�Z�g�g�h�]�h�� �^�j�_�\�_�k�g�h�]�h�� �f�Z�l�_�j�b�Z�e�Z���� �<�� �l�h�`�_��
�\�j�_�f�y�� �m�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �k�h�a�^�Z�g�b�_�� �m�]�e�Z�� �g�Z�d�e�h�g�Z�� �i�j�b�� �n�j�_�a�_�j�h�\�Z�g�b�b��
�e�Z�f�b�g�b�j�h�\�Z�g�g�u�o�� �^�j�_�\�_�k�g�h�k�l�j�m�`�_�q�g�u�o�� �i�e�b�l�� �i�h�a�\�h�e�y�_�l�� �i�h�\�u�k�b�l�v��
�k�l�h�c�d�h�k�l�v���j�_�`�m�s�_�]�h���b�g�k�l�j�m�f�_�g�l�Z���>��]. 

�P�_�e�v�x �g�Z�k�l�h�y�s�_�]�h���b�k�k�e�_�^�h�\�Z�g�b�y���y�\�e�y�_�l�k�y���h�i�j�_�^�_�e�_�g�b�_���\�e�b�y�g�b�y��
�h�k�g�h�\�g�u�o���l�_�o�g�h�e�h�]�b�q�_�k�d�b�o���n�Z�d�l�h�j�h�\�����m�]�h�e���g�Z�d�e�h�g�Z���j�_�`�m�s�_�c �d�j�h�f�d�b���&, 
�m�]�h�e�� �j�_�a�Z�g�b�y���/���� �k�d�h�j�h�k�l�v�� �j�_�a�Z�g�b�y��V���� �l�h�e�s�b�g�Z�� �k�g�b�f�Z�_�f�h�]�h�� �k�e�h�y��h, 
�l�h�e�s�b�g�Z���k�l�j�m�`�d�b��a�����g�Z���w�g�_�j�]�h�_�f�d�h�k�l�v���i�j�h�p�_�k�k�Z���n�j�_�a�_�j�h�\�Z�g�b�y���E�>�K�l�I�� 

�<�� �j�Z�[�h�l�Z�o�� �>������ ���@�� �i�j�b�\�_�^�_�g�u�� �j�_�a�m�e�v�l�Z�l�u�� �i�j�h�\�_�^�_�g�g�u�o��
�b�k�k�e�_�^�h�\�Z�g�b�c�� �i�h�� �h�i�j�_�^�_�e�_�g�b�x�� �\�e�b�y�g�b�y�� �h�k�g�h�\�g�u�o�� �i�_�j�_�f�_�g�g�u�o��
�l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �n�Z�d�l�h�j�h�\�� �g�Z�� �f�h�s�g�h�k�l�v���� �a�Z�l�j�Z�q�b�\�Z�_�f�m�x�� �i�j�b��
�p�b�e�b�g�^�j�b�q�_�k�d�h�f�� �n�j�_�a�_�j�h�\�Z�g�b�b �d�j�h�f�h�d�� �e�Z�f�b�g�b�j�h�\�Z�g�g�u�o��
�^�j�_�\�_�k�g�h�k�l�j�m�`�_�q�g�u�o�� �i�e�b�l���� �H�^�g�Z�d�h�� �f�h�s�g�h�k�l�v�� �i�j�h�p�_�k�k�Z�� �g�_�� �\�� �i�h�e�g�h�c��
�f�_�j�_���o�Z�j�Z�d�l�_�j�b�a�m�_�l���_�]�h���w�g�_�j�]�h�a�Z�l�j�Z�l�g�h�k�l�v�����F�h�s�g�h�k�l�v�����i�h���h�i�j�_�^�_�e�_�g�b�x��
�w�l�h���j�Z�[�h�l�Z�����h�l�g�_�k�_�g�g�Z�y���d���_�^�b�g�b�p�_���\�j�_�f�_�g�b�����>�j�m�]�h�c���\�Z�`�g�h�c���\�_�e�b�q�b�g�h�c��
�r�b�j�h�d�h�� �i�j�b�f�_�g�y�_�f�h�c�� �\�� �l�_�h�j�b�b�� �j�_�a�Z�g�b�y�� �^�j�_�\�_�k�b�g�u�� �b�� �^�j�_�\�_�k�g�u�o��
�f�Z�l�_�j�b�Z�e�h�\, �y�\�e�y�_�l�k�y���m�^�_�e�v�g�Z�y���j�Z�[�h�l�Z���j�_�a�Z�g�b�y��K. 
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�]�^�_�� �6z �± �i�h�^�Z�q�Z�� �g�Z�� �g�h�`���� �f�f����z �± �q�b�k�e�h���g�h�`�_�c���� �r�l����n �± �q�Z�k�l�h�l�Z��
�\�j�Z�s�_�g�b�y���j�_�`�m�s�_�]�h���b�g�k�l�j�m�f�_�g�l�Z�����f�b�g-1. 
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�]�^�_��V �± �k�d�h�j�h�k�l�v���j�_�a�Z�g�b�y�����f���k�� 
�I�h�^�k�l�Z�\�b�\�� �a�g�Z�q�_�g�b�y�� �b�a�� �n�h�j�f�m�e��(3-������ �\�� �n�h�j�f�m�e�m�� �������� �b��

�i�j�_�h�[�j�Z�a�h�\�Z�\���i�h�e�m�q�b�f 

0

,

D
N

hK
b a z V

�S� ˜ � ˜
� 

�˜ �˜ �˜
        (6) 

�<�u�j�Z�`�_�g�b�_ �������� �b�k�i�h�e�v�a�h�\�Z�g�h �^�e�y�� �j�Z�k�q�_�l�Z�� �m�^�_�e�v�g�h�c�� �j�Z�[�h�l�u��
�j�_�a�Z�g�b�y�� 

�I�j�b�� �i�j�h�\�_�^�_�g�b�b�� �h�i�u�l�h�\�� �i�j�b�f�_�g�_�g�� �f�_�l�h�^�� �i�e�Z�g�b�j�h�\�Z�g�b�y��
�w�d�k�i�_�j�b�f�_�g�l�Z�� �b�� �\�u�[�j�Z�g�� �i�e�Z�g�� �<5���� �>�e�y�� �i�j�h�\�_�^�_�g�b�y���w�d�k�i�_�j�b�f�_�g�l�Z�� �[�u�e�Z��
�k�i�_�p�b�Z�e�v�g�h���j�Z�a�j�Z�[�h�l�Z�g�Z���d�h�g�k�l�j�m�d�p�b�y���k�[�h�j�g�h�c���p�b�e�b�g�^�j�b�q�_�k�d�h�c���n�j�_�a�u��
�k�� �b�a�f�_�g�y�_�f�u�f�b�� �m�]�e�Z�f�b�� �g�Z�d�e�h�g�Z�� �j�_�`�m�s�_�c�� �d�j�h�f�d�b�� �b�� �m�]�e�Z�f�b�� �j�_�a�Z�g�b�y��
���j�b�k�� 1).  

 
�J�b�k���� - �W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y���n�j�_�a�Z 

 
�M�k�e�h�\�b�y���i�j�h�\�_�^�_�g�b�y���b�k�k�e�_�^�h�\�Z�g�b�c���Z�g�Z�e�h�]�b�q�g�u���k���i�j�b�\�_�^�_�g�g�u�f�b��

�\�� �j�Z�[�h�l�_�� �>4�@���� �H�k�g�h�\�g�u�f�b�� �i�_�j�_�f�_�g�g�u�f�b�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�f�b�� �n�Z�d�l�h�j�Z�f�b��
�i�j�b�g�y�l�u���� �m�]�h�e�� �g�Z�d�e�h�g�Z�� �j�_�a�p�Z�� �\�� �i�e�Z�g�_���&���� �m�]�h�e�� �j�_�a�Z�g�b�y�� �/���� �k�d�h�j�h�k�l�v��
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�j�_�a�Z�g�b�y��V���� �l�h�e�s�b�g�Z�� �k�j�_�a�Z�_�f�h�]�h�� �k�e�h�y�� ���i�j�b�i�m�k�d����h���� �k�j�_�^�g�y�y�� �l�h�e�s�b�g�Z��
�k�l�j�m�`�d�b���Z. 

�<�� �j�_�a�m�e�v�l�Z�l�_�� �k�l�Z�l�b�k�l�b�q�_�k�d�h�c�� �h�[�j�Z�[�h�l�d�b�� �^�Z�g�g�u�o�� �i�h�e�m�q�_�g�h��
�m�j�Z�\�g�_�g�b�y���j�_�]�j�_�k�k�b�b���^�e�y���g�Z�q�Z�e�v�g�h�c���f�h�s�g�h�k�l�b���� 

0

2 2

= 598,98 5,51 9,63 59,75 64,84 178,56

1,19 6682,75 0,42 41,73 41,6 .         (7)

N V h a

V a V a V a

�� �� �˜ �Z �� �˜ �G �� �˜ �� �˜ �� �˜ ��

�� �˜ �� �˜ �� �˜ �G �˜ �� �˜ �G �˜ �� �˜ �˜
 

�:�^�_�d�\�Z�l�g�h�k�l�v���i�h�e�m�q�_�g�g�h�c���f�Z�l�_�f�Z�l�b�q�_�k�d�h�c���f�h�^�_�e�b���i�h�^�l�\�_�j�`�^�_�g�Z��
�i�j�h�\�_�j�d�h�c���i�h���)-�d�j�b�l�_�j�b�x���N�b�r�_�j�Z. 

�G�Z���h�k�g�h�\�Z�g�b�b���i�h�e�m�q�_�g�g�h�c���a�Z�\�b�k�b�f�h�k�l�b���i�j�h�\�_�^�_�g���Z�g�Z�e�b�a���\�e�b�y�g�b�y��
�i�_�j�_�f�_�g�g�u�o�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �n�Z�d�l�h�j�h�\�� �g�Z�� �m�^�_�e�v�g�m�x�� �j�Z�[�h�l�m�� �j�_�a�Z�g�b�y��
�i�j�b�� �n�j�_�a�_�j�h�\�Z�g�b�b�� �d�j�h�f�h�d�� �e�Z�f�b�g�b�j�h�\�Z�g�g�h�c�� �^�j�_�\�_�k�g�h�k�l�j�m�`�_�q�g�h�c��
�i�e�b�l�u���b���k�^�_�e�Z�g�u���k�e�_�^�m�x�s�b�_���\�u�\�h�^�u�� 

������ �M�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �g�Z�d�e�h�g�� �j�_�`�m�s�b�o�� �w�e�_�f�_�g�l�h�\�� �n�j�_�a�u�� �i�j�b��
�h�[�j�Z�[�h�l�d�_�� �e�Z�f�b�g�b�j�h�\�Z�g�g�u�o���>�K�l�I�� �i�j�b�\�h�^�b�l�� �d�� �k�g�b�`�_�g�b�x��
�w�g�_�j�]�h�_�f�d�h�k�l�b���i�j�h�p�_�k�k�Z���g�Z���g�b�`�g�_�f���m�j�h�\�g�_���\�Z�j�v�b�j�h�\�Z�g�b�y���\�������������j�Z�a�Z�����g�Z��
�\�_�j�o�g�_�f���± �\�������������j�Z�a�Z�� 

������ �J�h�k�l�� �m�]�e�Z�� �j�_�a�Z�g�b�y�� �\�u�a�u�\�Z�_�l �m�\�_�e�b�q�_�g�b�_�� �m�^�_�e�v�g�h�c�� �j�Z�[�h�l�u��
�j�_�a�Z�g�b�y�� �\�� ���������� �j�Z�a�Z�� �g�Z�� �g�b�`�g�_�f�� �m�j�h�\�g�_�� �\�Z�j�v�b�j�h�\�Z�g�b�y���� �\�� ���������� �j�Z�a�Z���± �g�Z��
�\�_�j�o�g�_�f�� 

������ �K�d�h�j�h�k�l�v�� �j�_�a�Z�g�b�y�� �g�_�h�^�g�h�a�g�Z�q�g�h�� �\�e�b�y�_�l�� �g�Z�� �w�g�_�j�]�h�_�f�d�h�k�l�v��
�i�j�h�p�_�k�k�Z���� �H�k�h�[�_�g�g�h�� �w�l�h�� �i�j�h�y�\�e�y�_�l�k�y�� �g�Z�� �g�b�`�g�_�f�� �m�j�h�\�g�_�� �i�_�j�_�f�_�g�g�u�o��
�n�Z�d�l�h�j�h�\���� �]�^�_�� �h�l�� ������ �^�h�� ������ �f���k�� �g�Z�[�e�x�^�Z�_�l�k�y�� �j�h�k�l�� �m�^�_�e�v�g�h�c�� �j�Z�[�h�l�u��
�j�_�a�Z�g�b�y�� �\�� ���������� �j�Z�a�Z���� �Z�� �a�Z�l�_�f�� �i�j�b�� �^�Z�e�v�g�_�c�r�_�f�� �m�\�_�e�b�q�_�g�b�b�� �k�d�h�j�h�k�l�b���± 
�i�Z�^�_�g�b�_���\�������������j�Z�a�Z�� 

�������I�j�b���m�\�_�e�b�q�_�g�b�b���\�_�e�b�q�b�g�u���i�j�b�i�m�k�d�Z���k�����������^�h�����������f�f���g�Z���\�_�j�o�g�_�f��
�b�� �g�m�e�_�\�h�f�� �m�j�h�\�g�_ �\�Z�j�v�b�j�h�\�Z�g�b�y�� �i�_�j�_�f�_�g�g�u�o�� �n�Z�d�l�h�j�h�\�� �g�Z�[�e�x�^�Z�_�l�k�y��
�i�Z�^�_�g�b�_�� �m�^�_�e�v�g�h�c�� �j�Z�[�h�l�u�� �j�_�a�Z�g�b�y�� �\�� ��������-���������� �j�Z�a�� �k�h�h�l�\�_�l�k�l�\�_�g�g�h�� �b��
�l�h�e�v�d�h���g�Z���g�b�`�g�_�f���m�j�h�\�g�_���i�j�b���j�h�k�l�_���i�j�b�i�m�k�d�Z���h�l�����������^�h�����������g�Z�[�e�x�^�Z�_�l�k�y��
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Abstract. To reduce the influence of noise from the measuring channel on the 
control process, a controlled limiter was used as a filter. Various installation points and 
variants of the structure under consideration are proposed. Algorithms have been 
developed for tuning a system with a controlled limiter to obtain suboptimal noise 
suppression. 

 
�K�_�]�h�^�g�y�� �i�h�y�\�b�e�h�k�v�� �f�g�h�]�h�� �j�_�r�_�g�b�c�� �i�h�� �m�e�m�q�r�_�g�b�x�� �^�b�g�Z�f�b�d�b��

�j�_�]�m�e�b�j�h�\�Z�g�b�y�� �a�Z�� �k�q�_�l�� �\�\�_�^�_�g�b�y�� �\�� �k�l�j�m�d�l�m�j�m�� �j�_�]�m�e�b�j�h�\�Z�g�b�y�� �I�B�>-
�j�_�]�m�e�y�l�h�j�Z���w�e�_�f�_�g�l�h�\���m�k�d�h�j�_�g�g�h�]�h���j�_�Z�]�b�j�h�\�Z�g�b�y���g�Z���b�a�f�_�g�_�g�b�y���j�Z�a�g�h�k�l�b��
�f�_�`�^�m�� �\�u�o�h�^�g�u�f�� �k�b�]�g�Z�e�h�f�� �h�l�� �b�a�f�_�j�b�l�_�e�v�g�h�]�h�� �i�j�_�h�[�j�Z�a�h�\�Z�l�_�e�y�� �b��
�k�b�]�g�Z�e�h�f���a�Z�^�Z�g�b�y���>���@�����A�^�_�k�v���i�j�h�y�\�b�e�k�y���g�_�^�h�k�l�Z�l�h�d���d�e�Z�k�k�b�q�_�k�d�h�]�h���I�B�>-
�j�_�]�m�e�b�j�h�\�Z�g�b�y���� �k�e�h�`�g�h�k�l�v�� �h�[�_�k�i�_�q�_�g�b�y�� �[�u�k�l�j�h�^�_�c�k�l�\�b�y�� �i�j�b�� �g�Z�e�b�q�b�b��
�\�u�k�h�d�h�]�h�� �m�j�h�\�g�y�� �r�m�f�h�\�� �\�� �b�a�f�_�j�b�l�_�e�v�g�h�f�� �d�Z�g�Z�e�_���� �W�l�Z�� �i�j�h�[�e�_�f�Z�� �_�s�_��
�[�h�e�v�r�_���m�k�m�]�m�[�e�y�_�l�k�y���i�j�_�h�[�j�Z�a�h�\�Z�g�b�_�f���Z�g�Z�e�h�]�h�\�h�]�h���k�b�]�g�Z�e�Z���\���p�b�n�j�h�\�h�c��
�\�� �l�_�o�g�b�q�_�k�d�b�o�� �m�k�l�j�h�c�k�l�\�Z�o�� �j�_�]�m�e�b�j�h�\�Z�g�b�y���� �I�h�� �w�l�h�c�� �i�j�b�q�b�g�_��
�[�h�e�v�r�b�g�k�l�\�h�� �l�b�i�b�q�g�u�o�� �Z�e�]�h�j�b�l�f�h�\�� �I�B�>-�j�_�]�m�e�b�j�h�\�Z�g�b�y�� �b�f�_�x�l��
�j�Z�a�e�b�q�g�u�_�� �\�Z�j�b�Z�g�l�u�� �\�k�l�j�h�_�g�g�u�o�� �j�_�r�_�g�b�c�� �i�h�� �k�]�e�Z�`�b�\�Z�g�b�x�� �l�j�_�g�^�Z�� �h�l��
�b�a�f�_�j�b�l�_�e�v�g�h�]�h�� �m�k�l�j�h�c�k�l�\�Z���� �<�� �g�_�d�h�l�h�j�u�o���i�j�b�k�m�l�k�l�\�m�_�l�� �n�b�e�v�l�j�� �g�b�a�d�h�c��
�q�Z�k�l�h�l�u�� ���N�G�Q���� �i�_�j�\�h�]�h�� �i�h�j�y�^�d�Z���� �<�� �Z�g�Z�e�h�]�h�\�u�o�� �m�k�l�j�h�c�k�l�\�Z�o�� �w�l�h�� �[�u�e�h��
�j�_�Z�e�b�a�h�\�Z�g�h�� �g�Z�� �j�_�a�b�k�l�h�j�Z�o�� �b�� �d�h�g�^�_�g�k�Z�l�h�j�Z�o���� �<�� �p�b�n�j�h�\�u�o�� �m�k�l�j�h�c�k�l�\�Z�o��
�Z�\�l�h�f�Z�l�b�a�Z�p�b�b���f�h�`�g�h���\�k�l�j�_�l�b�l�v�� �b�e�b���p�b�n�j�h�\�m�x���j�_�Z�e�b�a�Z�p�b�x�� �N�G�Q���� �b�e�b��
�n�b�e�v�l�j���[�_�]�m�s�_�]�h���k�j�_�^�g�_�]�h�� 

�B�k�i�h�e�v�a�h�\�Z�g�b�_�� �g�_�e�b�g�_�c�g�u�o�� �n�b�e�v�l�j�h�\�� �^�e�y�� �j�_�r�_�g�b�y�� �i�j�h�[�e�_�f�u��
�r�m�f�h�\�� �g�_�� �y�\�e�y�_�l�k�y�� �j�_�^�d�b�f���� �D�Z�d�� �m�`�_�� �h�l�f�_�q�Z�e�h�k�v�� �\�u�r�_���� �g�_�d�h�l�h�j�u�_��
�l�_�o�g�b�q�_�k�d�b�_���m�k�l�j�h�c�k�l�\�Z���b�f�_�x�l���\�k�l�j�h�_�g�g�u�c���n�b�e�v�l�j���[�_�]�m�s�_�]�h���k�j�_�^�g�_�]�h����
�B�g�h�]�^�Z�� �l�Z�f�� �`�_�� �i�j�b�k�m�l�k�l�\�m�_�l�� �n�m�g�d�p�b�y�� �b�k�d�e�x�q�_�g�b�y�� �b�a�� �l�_�d�m�s�b�o��
�a�g�Z�q�_�g�b�c�����a�g�Z�q�_�g�b�y���k���g�Z�b�[�h�e�v�r�b�f���h�l�d�e�h�g�_�g�b�_�f�����N�b�e�v�l�j���D�Z�e�f�Z�g�Z���l�h�`�_��
�i�h�� �k�m�l�b�� �y�\�e�y�_�l�k�y�� �g�_�e�b�g�_�c�g�u�f�� �n�b�e�v�l�j�h�f���� �B�k�i�h�e�v�a�m�x�l�� �_�]�h�� �^�e�y��
�n�b�e�v�l�j�Z�p�b�b���k���i�j�b�f�_�g�_�g�b�_�f���f�_�l�h�^�Z���g�Z�b�f�_�g�v�r�b�o���d�\�Z�^�j�Z�l�h�\���N�F�G�D���>���@�� 

�N�b�e�v�l�j�� �[�_�]�m�s�_�]�h�� �k�j�_�^�g�_�]�h�� �b �N�F�G�D�� �^�_�f�h�g�k�l�j�b�j�m�x�l�� �e�m�q�r�m�x��
�^�b�g�Z�f�b�d�m���g�Z���i�_�j�_�o�h�^�g�u�o���i�j�h�p�_�k�k�Z�o�����H�^�g�Z�d�h���k�e�_�^�m�_�l���h�l�f�_�l�b�l�v�����q�l�h���^�e�y��
�g�b�o���o�Z�j�Z�d�l�_�j�_�g���i�j�h�b�]�j�u�r���N�G�Q���i�h���p�_�g�_���b���d�Z�q�_�k�l�\�m���i�j�b���k�l�Z�p�b�h�g�Z�j�g�u�o��
�j�_�`�b�f�Z�o���� �<�u�o�h�^�h�f�� �f�h�`�_�l�� �[�u�l�v�� �d�h�f�[�b�g�Z�p�b�y�� �j�Z�[�h�l�u�� �N�G�Q�� �b�� �N�F�G�D�� �\��
�a�Z�\�b�k�b�f�h�k�l�b���h�l���l�_�d�m�s�_�c���^�b�g�Z�f�b�d�b���>���@�� 

�M�i�j�Z�\�e�y�_�f�u�c�� �h�]�j�Z�g�b�q�b�l�_�e�v�� �y�\�e�y�_�l�k�y�� �g�_�e�b�g�_�c�g�u�f�� �i�j�b�[�h�j�h�f����
�i�h�w�l�h�f�m�� �w�n�n�_�d�l�b�\�g�h�k�l�v�� �f�_�k�l�Z�� �_�]�h�� �m�k�l�Z�g�h�\�d�b�� �\�h�� �f�g�h�]�h�f�� �a�Z�\�b�k�b�l�� �h�l��
�p�_�e�_�c���b���^�b�g�Z�f�b�d�b���h�[�t�_�d�l�Z���m�i�j�Z�\�e�_�g�b�y���� 

�H�^�g�b�f�� �b�a�� �\�Z�j�b�Z�g�l�h�\�� �i�h�^�Z�\�e�_�g�b�_�� �y�\�e�y�_�l�k�y�� �b�k�i�h�e�v�a�h�\�Z�g�b�_��
�m�i�j�Z�\�e�y�_�f�u�o�� �h�]�j�Z�g�b�q�b�l�_�e�_�c�� ���N�M�H������ �<�� �k�e�m�q�Z�_�� �g�_�h�[�o�h�^�b�f�h�k�l�b��
�h�[�_�k�i�_�q�b�l�v�� �k�g�b�`�_�g�b�_�� �r�m�f�h�\�� �g�_�� �l�h�e�v�d�h�� �^�e�y�� �i�h�\�u�r�_�g�b�y�� �g�Z�^�_�`�g�h�k�l�b��
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�b�a�f�_�j�b�l�_�e�v�g�h�]�h�� �i�j�_�h�[�j�Z�a�h�\�Z�l�_�e�y���� �I�j�b�� �g�_�h�[�o�h�^�b�f�h�k�l�b�� �h�[�_�k�i�_�q�b�l�v��
�e�_�]�d�b�c���j�_�`�b�f���j�Z�[�h�l�u���l�h�e�v�d�h���b�k�i�h�e�g�b�l�_�e�v�g�h�]�h���f�_�o�Z�g�b�a�f�Z���N�M�H���f�h�`�g�h��
�m�k�l�Z�g�h�\�b�l�v�� �m�`�_�� �i�h�k�e�_�� �\�u�q�b�k�e�_�g�b�y�� �h�r�b�[�d�b���� �Q�Z�k�l�g�u�f�� �k�e�m�q�Z�_�f�� �l�Z�d�h�]�h��
�\�Z�j�b�Z�g�l�Z���f�h�`�_�l���[�u�l�v���m�k�l�Z�g�h�\�d�Z���m�i�j�Z�\�e�y�_�f�h�]�h���h�]�j�Z�g�b�q�b�l�_�e�y���m�`�_���i�h�k�e�_��
�m�k�b�e�_�g�b�y�� �k�b�]�g�Z�e�Z�� �h�r�b�[�d�b���� �H�k�h�[�_�g�g�h���� �_�k�e�b�� �d�h�w�n�n�b�p�b�_�g�l�� �m�k�b�e�_�g�b�y��
�j�_�]�m�e�y�l�h�j�Z �a�g�Z�q�b�l�_�e�v�g�h���[�h�e�v�r�_���������W�l�h���m�e�m�q�r�b�l���_�]�h���j�Z�[�h�l�m�����i�h�k�d�h�e�v�d�m��
�\�k�_�]�^�Z�� �k�m�s�_�k�l�\�m�x�l�� �h�]�j�Z�g�b�q�_�g�b�y���� �k�\�y�a�Z�g�g�u�_�� �k�� �p�b�n�j�h�\�h�c�� �h�[�j�Z�[�h�l�d�h�c��
�b�g�n�h�j�f�Z�p�b�b���� �D�Z�d�� �\�Z�j�b�Z�g�l���� �f�h�`�g�h�� �b�k�i�h�e�v�a�h�\�Z�l�v�� �N�M�H�� �l�h�e�v�d�h�� �^�e�y��
�i�j�h�i�h�j�p�b�h�g�Z�e�v�g�h�c��kp �b�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�c��td �k�h�k�l�Z�\�e�y�x�s�b�o��
�j�_�]�m�e�y�l�h�j�Z���� �i�h�k�d�h�e�v�d�m���b�g�l�_�]�j�Z�e�v�g�Z�y�� �q�Z�k�l�v��ti �k�Z�f�Z�� �i�h�� �k�_�[�_�� �o�h�j�h�r�h��
�k�g�b�`�Z�_�l�� �\�e�b�y�g�b�_�� �r�m�f�Z���� �N�b�e�v�l�j�Z�p�b�x�� �k�� �i�h�f�h�s�v�x�� �m�i�j�Z�\�e�y�_�f�h�]�h��
�h�]�j�Z�g�b�q�b�l�_�e�y���e�m�q�r�_���i�j�h�b�a�\�h�^�b�l�v���l�h�e�v�d�h���^�e�y���d�h�g�l�m�j�Z���h�[�j�Z�l�g�h�c���k�\�y�a�b����
�l�Z�d�� �d�Z�d�� �h�g�� �f�h�`�_�l�� �\�g�h�k�b�l�v�� �k�m�s�_�k�l�\�_�g�g�u�_�� �g�_�e�b�g�_�c�g�u�_�� �b�k�d�Z�`�_�g�b�y�� �\��
�b�a�f�_�j�b�l�_�e�v�g�u�c���d�Z�g�Z�e�����>�e�y���d�h�g�l�j�h�e�y���a�Z���i�Z�j�Z�f�_�l�j�Z�f�b���e�m�q�r�_���i�j�b�f�_�g�y�l�v��
�d�e�Z�k�k�b�q�_�k�d�b�_���i�h�^�o�h�^�u���d���n�b�e�v�l�j�Z�p�b�b�� 

�F�h�`�_�l�� �[�u�l�v�� �i�j�_�^�e�h�`�_�g�h�� �g�_�k�d�h�e�v�d�h�� �\�Z�j�b�Z�g�l�h�\�� �k�l�j�m�d�l�m�j��
�m�i�j�Z�\�e�y�_�f�h�]�h�� �h�]�j�Z�g�b�q�b�l�_�e�y�� ���j�b�k���� �������� �\�� �d�h�l�h�j�u�o�� �d�h�w�n�n�b�p�b�_�g�l��a 
�n�h�j�f�b�j�m�_�l�� �g�_�d�h�l�h�j�h�_�� �d�h�f�i�j�h�f�b�k�k�g�h�_�� �a�g�Z�q�_�g�b�_�� �f�_�`�^�m�� �m�j�h�\�g�_�f��
�k�g�b�`�_�g�b�y���Z�f�i�e�b�l�m�^�u���i�h�f�_�o���b���\�j�_�f�_�g�g�u�f�b���a�Z�^�_�j�`�d�Z�f�b���� 

 

 
�J�b�k��������-�K�l�j�m�d�l�m�j�u���N�M�H����F �± �k�]�e�Z�`�b�\�Z�x�s�b�c���n�b�e�v�l�j����z �± �k�b�]�g�Z�e���i�h�k�e�_��

�n�b�e�v�l�j�Z 
 

�A�g�Z�q�_�g�b�_��z �\���k�Z�f�h�f���i�j�h�k�l�h�f���k�e�m�q�Z�_���f�h�`�_�l���i�j�_�^�k�l�Z�\�e�y�l�v���i�Z�j�Z�f�_�l�j��
�g�Z�� �\�u�o�h�^�_�� �n�b�e�v�l�j�Z�� �k�� �m�i�j�Z�\�e�_�g�b�_�f�� �m�j�h�\�g�_�f�� �h�]�j�Z�g�b�q�_�g�b�y�� �n�m�g�d�p�b�b��
�\�_�j�o�g�_�c���b���g�b�`�g�_�c���]�j�Z�g�b�p�u�� 
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�>�e�y�� �m�f�_�g�v�r�_�g�b�y�� �\�j�_�f�_�g�g�u�o�� �a�Z�^�_�j�`�_�d�� �i�j�b�� �^�b�g�Z�f�b�q�_�k�d�h�f��
�b�a�f�_�g�_�g�b�b�� �\�o�h�^�g�h�]�h�� �i�Z�j�Z�f�_�l�j�Z��x �j�Z�p�b�h�g�Z�e�v�g�u�f�� �[�m�^�_�l�� �m�q�b�l�u�\�Z�l�v�� �b��
�k�d�h�j�h�k�l�v�� �b�a�f�_�g�_�g�b�y�� �\�o�h�^�g�h�]�h�� �i�Z�j�Z�f�_�l�j�Z���� �G�Z�i�j�b�f�_�j���� �n�h�j�f�b�j�h�\�Z�l�v��
�m�j�h�\�_�g�v���h�]�j�Z�g�b�q�_�g�b�y���i�h���n�m�g�d�p�b�b 
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 (2)  

�?�s�_���h�^�g�b�f�� �\�Z�j�b�Z�g�l�h�f�� �f�h�`�_�l�� �[�u�l�v�� �d�Z�k�d�Z�^�g�h�_�� �i�h�k�l�j�h�_�g�b�_�� �N�M�H����
�i�j�b�� �d�h�l�h�j�h�f�� �i�h�k�e�_�^�m�x�s�b�c�� �d�Z�k�d�Z�^�� �[�m�^�_�l�� �b�f�_�l�v�� �f�_�g�v�r�_�_�� �a�g�Z�q�_�g�b�_��a, 
�q�_�f���i�j�_�^�u�^�m�s�b�c�� 

�>�e�y�� �h�p�_�g�d�b�� �i�j�_�^�e�h�`�_�g�Z�� �k�l�j�m�d�l�m�j�Z�� �a�Z�f�d�g�m�l�h�]�h�� �j�_�]�m�e�b�j�h�\�Z�g�b�y����
�i�j�_�^�k�l�Z�\�e�_�g�g�Z�y�� �g�Z�� �j�b�k����2���� �>�e�y�� �d�h�f�i�e�_�d�k�g�h�c�� �h�p�_�g�d�b�� �i�j�_�^�e�h�`�_�g�g�h�]�h��
�j�_�r�_�g�b�y�� �\�� �^�Z�g�g�h�c�� �k�l�j�m�d�l�m�j�_�� �\�_�e�b�q�b�g�Z�� �a�Z�i�Z�a�^�u�\�Z�g�b�y�� �i�j�b�g�b�f�Z�e�Z��
�a�g�Z�q�_�g�b�y���W = [0,1 1 5 15]. 

�>�b�k�i�_�j�k�b�y�� �k�h�a�^�Z�\�Z�e�Z�k�v�� �\�k�l�j�h�_�g�g�u�f�� �]�_�g�_�j�Z�l�h�j�h�f�� �\��Matlab �k�h��
�a�g�Z�q�_�g�b�y�f�b��R = [0 0,00003 0,0001 0,0003 0,001 0,003 0,01].  

�>�e�y�� �\�u�[�h�j�Z�� �d�j�b�l�_�j�b�y�� �g�Z�k�l�j�h�c�d�b�� �[�u�e�Z�� �i�j�h�b�a�\�_�^�_�g�Z�� �g�Z�k�l�j�h�c�d�Z��
�^�Z�g�g�h�c���k�l�j�m�d�l�m�j�u���i�h���j�Z�a�e�b�q�g�u�f���b�g�l�_�]�j�Z�e�v�g�u�f���d�j�b�l�_�j�b�y�f�� 

 

�J�b�k����2 - �K�l�j�m�d�l�m�j�Z���h�[�t�_�d�l�Z���b�k�k�e�_�^�h�\�Z�g�b�y�� y'  �± �k�b�]�g�Z�e���^�Z�l�q�b�d�Z�� s �± �h�i�_�j�Z�l�h�j��
�i�_�j�_�^�Z�l�h�q�g�h�c���n�m�g�d�p�b�b�� 

�\���i�j�_�h�[�j�Z�a�h�\�Z�g�b�b���E�Z�i�e�Z�k�Z 
 

 min;
0

1 �o� � �³
Mt

dtxIIAE   (3)  min;
0

2 �o� � �³
Mt

tdtxIITAE   (4)  

 min;
0

2
3 �o� �³

Mt

dttxI   (5)  �� �� ;min
0

4 �³ �o��� 
Mt

dtuxI   (6)  

 min;
0

2
5 �o� � �³

Mt

dtxIISE   (7)   min;
0

2
6 �o� �³

Mt

tdtxI   (8)  

 min;
0

22
7 �o� �³

Mt

dttxI   (9)  �� �� .min
0

22
8 �o��� �³

Mt

dtuxI   (10)  

�J�_�a�m�e�v�l�Z�l�� �g�Z�k�l�j�h�c�d�b�� �f�h�`�g�h�� �\�b�^�_�l�v�� �\�� �l�Z�[�e�b�p�_�� ������ �G�Z�e�b�q�b�_�� �r�m�f�Z��
�[�h�e�v�r�_�� �\�e�b�y�_�l�� �g�Z�� �d�j�b�l�_�j�b�b�� �k�� �\�j�_�f�_�g�g�u�f�� �r�l�j�Z�n�h�f I2�±I3���� �H�l�e�b�q�b�_�� �\��
�g�Z�k�l�j�h�c�d�Z�o���^�e�y���d�\�Z�^�j�Z�l�b�q�g�u�o���d�j�b�l�_�j�b�_�\��I5�±I8 �g�_�a�g�Z�q�b�l�_�e�v�g�u. 
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�L�Z�[�e�b�p�Z����- �G�Z�k�l�j�h�c�d�b���I�B�>-�j�_�]�m�e�y�l�h�j�Z���^�e�y���d�j�b�l�_�j�b�_�\��I1�±I8 
�I�B�> R I1 I2 I3 I4 I5 I6 I7 I8 

kp 
R1 3,98 3,27 2,82 1,05 3,84 3,96 3,57 0,995 
R6 3,92 2,95 2,35 1,04 3,88 3,93 3,47 0,852 

ti 
R1 13,7 16,5 18,8 51,5 9,29 12,5 14,7 49,5 
R6 14,1 18,1 22,2 51,6 9,39 12,7 15,4 50,0 

td 
R1 59,6 39,5 31,5 0,0091 94.1 63,8 48,0 9,20 
R6 58,7 34,4 24,6 0,0001 93,5 62,5 45,0 0,0003 

 
�<���j�_�a�m�e�v�l�Z�l�_���\�\�_�^�_�g�b�y���N�M�H���a�g�Z�q�_�g�b�y���b�g�l�_�]�j�Z�e�v�g�h�]�h���d�j�b�l�_�j�b�y�����i�h��

�d�h�l�h�j�h�f�m���[�u�e�b���g�Z�k�l�j�h�_�g�u���d�h�g�l�m�j�u���j�_�]�m�e�b�j�h�\�Z�g�b�y�����i�h�d�Z�a�Z�e�b���b�a�f�_�g�_�g�b�_��
�f�_�g�v�r�_���q�_�f���g�Z�����������;�h�e�_�_���l�h�]�h�����\�j�_�f�y���i�_�j�_�o�h�^�g�h�]�h���i�j�h�p�_�k�k�Z���a�Z���j�_�^�d�b�f��
�b�k�d�e�x�q�_�g�b�_�f�� �m�f�_�g�v�r�b�e�h�k�v�����?�k�e�b�� �\�j�_�f�y�� �i�_�j�_�o�h�^�g�h�]�h���i�j�h�p�_�k�k�Z��
�b�a�f�_�g�b�e�h�k�v�� �g�_�a�g�Z�q�b�l�_�e�v�g�h���� �l�h�� �^�b�k�i�_�j�k�b�y�� �m�f�_�g�v�r�b�e�Z�k�v�� �g�Z�� �g�_�k�d�h�e�v�d�h��
�i�h�j�y�^�d�h�\�����l�Z�[�e�b�p�Z�������� 

 
�L�Z�[�e�b�p�Z������- �H�l�g�h�r�_�g�b�_���^�b�k�i�_�j�k�b�b���[�_�a���N�H�M���b���k���N�H�M���i�j�b���f�b�g�b�f�b�a�Z�p�b�b��

�i�h���<�<�I 
�W R2 R3 R4 R5 R6 R7 

0,1 697,0 2162 7774 24545 58223 148320 
1 698,6 2159 7757 24525 53237 195344 
5 698,0 2155 7671 19904 35530 152292 
15 928,3 2636 8259 15825 16050 31093 

 
�B�a�� �j�Z�k�k�f�h�l�j�_�g�g�u�o�� �\�Z�j�b�Z�g�l�h�\�� �k�Z�f�u�_�� �e�m�q�r�b�_�� �j�_�a�m�e�v�l�Z�l�u��

�i�j�h�^�_�f�h�g�k�l�j�b�j�h�\�Z�e�� �>�N�H�M���� �I�j�b�f�_�g�_�g�b�_�� �^�e�y�� �h�i�j�_�^�_�e�_�g�b�y�� �N�<�Q��
�i�h�a�\�h�e�b�l�� �i�h�e�m�q�b�l�v�� �_�s�_�� �[�h�e�v�r�b�c�� �w�n�n�_�d�l���� �L�Z�d�b�_���j�_�a�m�e�v�l�Z�l�u�� �f�h�`�_�l��
�i�j�h�^�_�f�h�g�k�l�j�b�j�h�\�Z�l�v���b���Z�e�]�h�j�b�l�f���d�\�Z�^�j�Z�l�b�q�g�h�]�h���k�]�e�Z�`�b�\�Z�g�b�y�����q�l�h���[�m�^�_�l��
�i�j�h�\�_�j�_�g�h�� �\�� �k�e�_�^�m�x�s�b�o�� �j�Z�[�h�l�Z�o���� �;�h�e�_�_�� �i�h�^�j�h�[�g�h�� �f�Z�l�_�j�b�Z�e��
�i�j�_�^�k�l�Z�\�e�_�g���\���>���@ 

�>�e�y�� �i�j�b�d�e�Z�^�g�h�]�h�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �k�e�_�^�m�_�l�� �j�_�d�h�f�_�g�^�h�\�Z�l�v��
�k�e�_�^�m�x�s�b�c���i�h�k�e�_�^�h�\�Z�l�_�e�v�g�u�c���k�b�g�l�_�a�������� �G�Z�k�l�j�h�c�d�Z �I�B�>-�j�_�]�m�e�y�l�h�j�Z���k��
�m�q�_�l�h�f�� �i�Z�j�Z�f�_�l�j�h�\�� �r�m�f�Z�� �k�� �i�h�f�h�s�v�x�� �b�g�l�_�]�j�Z�e�v�g�h�]�h�� �d�j�b�l�_�j�b�y����
�<�Z�j�b�Z�p�b�y�� �l�h�e�v�d�h��sample time �f�h�`�g�h�� �h�[�_�k�i�_�q�b�l�v�� �f�b�g�b�f�m�f��
�b�g�l�_�]�j�Z�e�v�g�h�]�h�� �d�j�b�l�_�j�b�y���� �I�h�k�e�_�� �w�l�h�]�h�� �i�h�e�m�q�Z�_�f�� �i�h�� �n�h�j�f�m�e�Z�f�� �l�j�b��
�g�Z�k�l�j�h�c�d�b�� �j�_�]�m�e�y�l�h�j�Z���� ������ �G�Z�o�h�^�b�f�� �g�Z�k�l�j�h�c�d�b�� �^�e�y�� �k�l�Z�l�b�q�_�k�d�h�]�h�� �N�H�M����
�h�[�_�k�i�_�q�b�\�Z�y���\���i�_�j�\�m�x���h�q�_�j�_�^�v���i�h�^�Z�\�e�_�g�b�_���r�m�f�h�\�������� �G�Z�k�l�j�Z�b�\�Z�_�f���N�G�Q��
�b�e�b�� �^�j�m�]�h�_�� �j�_�r�_�g�b�_���� �^�e�y�� �m�\�_�e�b�q�_�g�b�y�� �h�]�j�Z�g�b�q�_�g�b�y�� �i�j�b�� �^�b�g�Z�f�b�q�_�k�d�b�o��
�i�j�h�p�_�k�k�Z�o���b���h�[�_�k�i�_�q�_�g�b�y���[�u�k�l�j�h�^�_�c�k�l�\�b�y�� 
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METHOD FOR PRODUCING MEDIUM DENSITY FIBER BOARD 
WITH DRY PRODUCTION METHOD FOR INCREASED WATER 
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Abstract. A method for preparing dry-process medium-density fiberboard with 
increased water resistance for use in wet areas is being considered. 
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1 10,3 0,1 1,0 0,1 33,32 0,72 15,6 0,17 6,91 �i�j�b�_�f�e�_�f�h 
2 10,3 0,1 1,0 0,2 38,23 0,88 13,8 0,21 6,84 �i�j�b�_�f�e�_�f�h 
3* 10,3 0,1 1,0 0,3 41,65 0,98 13,6 0,24 6,79 �i�j�b�_�f�e�_�f�h 
4 10,3 0,1 1,0 0,4 41,32 0,92 14,6 0,22 6,73 �i�j�b�_�f�e�_�f�h 
5 10,3 0,1 1,0 0,5 35,12 0,84 15,3 0,18 6,78 �g�_�i�j�b�_�f�e�_�f�h 
6 10,5 0,15 1,0 0,1 34,07 0,80 14,7 0,20 7,34 �i�j�b�_�f�e�_�f�h 
7 10,5 0,15 1,0 0,2 39,04 0,82 14,8 0,22 7,28 �i�j�b�_�f�e�_�f�h 
8 10,5 0,15 1,0 0,3 37,89 0,89 14,4 0,24 7,25 �i�j�b�_�f�e�_�f�h 
9 10,5 0,15 1,0 0,4 41,85 0,84 14,9 0,20 7,23 �i�j�b�_�f�e�_�f�h 
10 10,5 0,15 1,0 0,5 37,16 0,87 15,0 0,23 7,17 �i�j�b�_�f�e�_�f�h 

�I�j�h�l�h�l�b�i 10,3 0,10 1,0 0 40,20 0,75 27,0 0,06 7,80 - 

�I�j�b�f�_�q�Z�g�b�_�����h�i�p�b�y�������±���j�Z�a�[�m�o�Z�g�b�_���l�h�e�s�b�g�u���i�h�k�e�_���p�b�d�e�b�q�_�k�d�h�]�h���l�_�k�l�Z�����������h�i�p�b�y������
�±���i�j�h�q�g�h�k�l�v���g�Z���i�h�i�_�j�_�q�g�h�_���j�Z�k�l�y�`�_�g�b�_���i�h�k�e�_���p�b�d�e�b�q�_�k�d�h�]�h���l�_�k�l�Z�����G���f�f�����(�1�������������
��
�±���l�h�e�s�b�g�Z���i�e�b�l���0�'�)���������f�f  

 
�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �\�d�e�x�q�_�g�b�_�� �\�� �d�h�f�i�h�a�b�p�b�x�� �]�b�^�j�h�n�h�[�b�a�b�j�m�x�s�_�c��

�`�b�^�d�h�k�l�b�� �i�h�a�\�h�e�y�_�l�� �i�h�e�m�q�b�l�v�� �i�h�k�l�h�y�g�g�m�x�� �\�h�^�h�k�l�h�c�d�h�k�l�v���0�'�)���� �q�l�h��
�i�j�b�\�h�^�b�l���d���m�\�_�e�b�q�_�g�b�x���k�j�h�d�Z���w�d�k�i�e�m�Z�l�Z�p�b�b���i�e�b�l���b���j�Z�k�r�b�j�y�_�l���h�[�e�Z�k�l�v��
�b�o�� �i�j�b�f�_�g�_�g�b�y���� �I�j�_�^�e�Z�]�Z�_�f�Z�y�� �d�h�f�i�h�a�b�p�b�y�� �i�j�h�r�e�Z�� �i�j�h�f�u�r�e�_�g�g�m�x��
�i�j�h�\�_�j�d�m�� �\�� �p�_�o�_���0�'�)�� �H�:�H�� �©�<�b�l�_�[�k�d�^�j�_�\�ª���� �g�Z�q�Z�l�h�� �_�z�� �i�j�h�f�u�r�e�_�g�g�h�_��
�i�j�h�b�a�\�h�^�k�l�\�h�� �b�� �j�_�Z�e�b�a�Z�p�b�y�� �i�h�e�m�q�_�g�g�h�c�� �\�h�^�h�k�l�h�c�d�h�c�� �i�e�b�l�u���� �I�h�e�m�q�_�g��
�k�_�j�l�b�n�b�d�Z�l�� �k�h�h�l�\�_�l�k�l�\�b�y�� �g�Z�� �i�e�b�l�m���0�'�)���+�� �\�h�^�h�k�l�h�c�d�m�x�� �‹�%�<����������
�������������������� �?�\�j�Z�a�b�c�k�d�Z�y�� �i�Z�l�_�g�l�g�Z�y�� �h�j�]�Z�g�b�a�Z�p�b�y�� �a�Z�j�_�]�b�k�l�j�b�j�h�\�Z�e�Z��
�?�\�j�Z�a�b�c�k�d�m�x���a�Z�y�\�d�m�� �©�K�i�h�k�h�[�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �^�j�_�\�_�k�g�h���\�h�e�h�d�g�b�k�l�h�c��
�i�e�b�l�u���b���^�j�_�\�_�k�g�h���\�h�e�h�d�g�b�k�l�Z�y���i�e�b�l�Z�ª���i�h�^���g�h�f�_�j�h�f���?�:�������������������� 
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�K�i�b�k�h�d���b�k�i�h�e�v�a�h�\�Z�g�g�u�o���b�k�l�h�q�g�b�d�h�\ 
 

���� �D�Z�j�Z�k�_�\�� �?���B������ �D�b�k�_�e�_�\�� �B���X������ �F�_�j�k�h�\�� �?���>������ �D�b�k�_�e�_�\�Z�� �=���<����
�<�h�^�h�k�l�h�c�d�h�k�l�v�� �^�j�_�\�_�k�g�h�\�h�e�h�d�g�b�k�l�u�o�� �i�e�b�l���� �H�[�a�h�j�� �b�g�n�����±�� �F������
�<�G�B�I�B�W�B�e�_�k�i�j�h�f�����������������Å���������k�� 
���� �;�_�d�_�l�h�\�� �<���>������ �H�[�k�_�^�r�_�\�k�d�Z�y�� �=���G���� �J�Z�a�\�b�l�b�_�� �k�m�o�h�]�h�� �k�i�h�k�h�[�Z��
�i�j�h�b�a�\�h�^�k�l�\�Z���^�j�_�\�_�k�g�h�\�h�e�h�d�g�b�k�l�u�o���i�e�b�l���a�Z���j�m�[�_�`�h�f�����H�[�a�h�j���b�g�n�����±���F������
�<�G�B�I�B�W�B�e�_�k�i�j�h�f�����������������Å���K�������������� 
���� ���>�_�f�q�_�g�d�h�� �G���K���� �I�j�h�b�a�\�h�^�k�l�\�h�� �\�h�^�h�k�l�h�c�d�b�o�� �b�� �h�]�g�_�m�i�h�j�g�u�o��
�^�j�_�\�_�k�g�u�o���i�e�b�l�� �����>�j�_�\�_�k�g�h���\�h�e�h�d�g�b�k�l�u�_�� �i�e�b�l�u�� ���� �L�j�m�^�u�� �<�k�_�k�h�x�a�g�h�c��
�g�Z�m�q�����l�_�o�g���� �d�h�g�n���� �i�h�� �i�j�h�b�a�\�h�^�k�l�\�m�� �b�� �i�j�b�f�_�g�_�g�b�x�� �^�j�_�\�_�k�g�h��
�\�h�e�h�d�g�b�k�l�u�o���f�Z�l�_�j�b�Z�e�h�\�� �b���i�e�Z�k�l�b�d�h�\�����]���� �:�j�o�Z�g�]�_�e�v�k�d���� �I�h�^�� �j�_�^���� �d���l���g����
�;���>�����;�h�]�h�f�h�e�h�\�Z�����=�G�L�D���K�K�K�J�����Å���F�����Å���������������Å���K�������������������� 
���� �=�Z�f�h�\�Z���B���:�������P�Z�j�_�\���=���B�������I�j�h�k�\�b�j�b�g���B���:�����D�h�f�i�h�a�b�p�b�y���l�Z�e�e�h�\�h�]�h��
�f�Z�k�e�Z���b���i�h�e�b�b�a�h�p�b�h�g�Z�l�h�\���^�e�y���\�h�^�h�k�l�h�c�d�b�o���>�<�I���������>�j�_�\�_�k�g�u�_���i�e�b�l�u����
�l�_�h�j�b�y�� �b�� �i�j�Z�d�l�b�d�Z�� ���� �I�h�^���� �j�_�^���� �E�_�h�g�h�\�b�q�Z�� �:���:������ �����y�� �F�_�`�^�m�g�Z�j���� �g�Z�m�q����
�i�j�Z�d�����d�h�g�n�������������������f�Z�j�l�Z�������������]�����±���K�I�[�����������������±���K������������������ 
���� �=�Z�\�j�b�e�x�d�� �K���N������ �=�Z�e�d�b�g�� �I���<���� �=�b�^�j�h�n�h�[�b�a�Z�p�b�y�� �^�j�_�\�_�k�g�u�o�� �i�e�b�l��
�i�Z�j�Z�n�b�g�h�\�h�c���w�f�m�e�v�k�b�_�c���©�W�j�]�h�\�Z�d�k�������ª���������>�j�_�\�_�k�g�u�_���i�e�b�l�u�����l�_�h�j�b�y���b��
�i�j�Z�d�l�b�d�Z�� ���� �I�h�^���� �j�_�^���� �E�_�h�g�h�\�b�q�Z�� �:���:������ �������y�� �F�_�`�^�m�g�Z�j���� �g�Z�m�q�����i�j�Z�d����
�d�h�g�n�������������������f�Z�j�l�Z�������������]�����±���K�I�[�����������������±���K�������������������� 
���� �;�h�]�Z�q�_�\�� �>���:���� �I�_�j�k�i�_�d�l�b�\�u�� �i�j�b�f�_�g�_�g�b�y�� �\�h�k�d�h�\�u�o��
�g�Z�g�h�^�b�k�i�_�j�k�b�c�� �^�e�y�� �]�b�^�j�h�n�h�[�b�a�Z�p�b�b�� �^�j�_�\�_�k�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� ������
�K�h�k�l�h�y�g�b�_�� �b�� �i�_�j�k�i�_�d�l�b�\�u�� �j�Z�a�\�b�l�b�y�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �^�j�_�\�_�k�g�u�o�� �i�e�b�l�� ����
�I�h�^���j�_�^�����=�g�m�l�h�\�h�c���?���I�������k�[�h�j�g�b�d���^�h�d�e�Z�^�h�\���������c���f�_�`�^�m�g�Z�j�h�^�g�h�c���g�Z�m�q����
�i�j�Z�d�����d�h�g�n�����������������f�Z�j�l�Z�������������]�����±���;�Z�e�Z�[�Z�g�h�\�h�����������������±���K���������������������� 
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�:�g�g�h�l�Z�p�b�y�� �B�k�k�e�_�^�h�\�Z�g�u���l�j�b�[�h�e�h�]�b�q�_�k�d�b�_���k�\�h�c�k�l�\�Z���f�h�g�h�k�e�h�_�\���g�Z���h�k�g�h�\�_��
�h�e�_�b�g�h�\�h�c�� �b�� �w�j�m�d�h�\�h�c�� �d�b�k�e�h�l�� �i�h�e�m�q�_�g�g�u�o�� �g�Z�� �d�j�_�f�g�b�_�\�h�c�� �i�h�\�_�j�o�g�h�k�l�b�� �f�_�l�h�^�Z�f�b��
�h�d�m�g�Z�g�b�y���©dip-coating�ª���b���E�_�g�]�f�x�j�Z-�;�e�h�^�`�_�l�l�����E�;�������M�k�l�Z�g�h�\�e�_�g�h�����q�l�h���f�h�g�h�k�e�h�b��
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�E�;���k�l�Z�[�b�e�v�g�_�_���d���f�_�o�Z�g�b�q�_�k�d�h�f�m���\�h�a�^�_�c�k�l�\�b�x���k�l�Z�e�v�g�h�]�h���r�Z�j�b�d�Z���²  �b�g�^�_�g�l�h�j�Z�����q�_�f��
�i�h�d�j�u�l�b�y�����i�h�e�m�q�_�g�g�u�_���f�_�l�h�^�h�f���h�d�m�g�Z�g�b�y���� 

Z.S. Gurina 
Institute of Chemistry of New Materials of the National Academy  

of Sciences of Belarus 
 Minsk, Belarus 

 
TRIBOLOGICAL PROPERTIES OF MONOLAYERS BASED ON 

UNSATURATED FATTY ACIDS 
 

Abstract. The tribological properties of monolayers based on oleic and erucic 
acids obtained on a silicon surface by dip-coating and Langmuir-Blodgett (LB) methods 
have been studied. It was found that LB monolayers are more stable to the mechanical 
effects of a steel ball �²  indenter than coatings obtained by dip-coating.  

 
�<�\�_�^�_�g�b�_�����F�b�d�j�h�w�e�_�d�l�j�h�f�_�o�Z�g�b�q�_�k�d�b�_�� �k�b�k�l�_�f�u�� ���F�W�F�K����

�r�b�j�h�d�h�� �i�j�b�f�_�g�y�x�l�k�y�� �\�� �j�Z�a�e�b�q�g�h�f�� �h�[�h�j�m�^�h�\�Z�g�b�b���� �g�Z�q�b�g�Z�y�� �k��
�f�Z�e�h�]�Z�[�Z�j�b�l�g�u�o�� �m�k�l�j�h�c�k�l�\���� �l�Z�d�b�o�� �d�Z�d�� �l�_�e�_�n�h�g�u�� �b�� �g�h�m�l�[�m�d�b���� �b��
�a�Z�d�Z�g�q�b�\�Z�y�� �Z�w�j�h�d�h�k�f�b�q�_�k�d�h�c�� �b�� �\�h�_�g�g�h�c�� �l�_�o�g�b�d�h�c��[1]. �N�b�a�b�q�_�k�d�b�_��
�j�Z�a�f�_�j�u�� �F�W�F�K�� �f�h�]�m�l�� �\�Z�j�v�b�j�h�\�Z�l�v�k�y�� �h�l�� ������ �f�b�d�j�h�f�_�l�j�h�\�� �^�h�� �h�^�g�h�]�h��
�f�b�e�e�b�f�_�l�j�Z���� �H�g�b�� �b�a�]�h�l�h�\�e�_�g�u�� �b�a�� �d�h�f�i�h�g�_�g�l�h�\�� �j�Z�a�f�_�j�h�f�� �h�l�� ���� �^�h�� ��������
�f�b�d�j�h�f�_�l�j�h�\�� �<���k�e�m�q�Z�_���f�b�d�j�h�k�b�k�l�_�f���h�l�g�h�r�_�g�b�_���i�e�h�s�Z�^�b���i�h�\�_�j�o�g�h�k�l�b��
�d���h�[�t�_�f�m���\�_�e�b�d�h�����i�h�w�l�h�f�m���g�Z���j�Z�[�h�l�h�k�i�h�k�h�[�g�h�k�l�v���F�W�F�K���k�m�s�_�k�l�\�_�g�g�h��
�\�e�b�y�_�l�� �b�a�g�h�k���� �d�h�l�h�j�u�c�� �i�j�h�b�k�o�h�^�b�l�� �\�g�m�l�j�b�� �d�h�g�l�Z�d�l�b�j�m�x�s�b�o��
�f�Z�l�_�j�b�Z�e�h�\���� �q�l�h�� �i�j�b�\�h�^�b�l�� �d�� �k�g�b�`�_�g�b�x�� �i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�b�� �b�� �k�j�h�d�Z��
�k�e�m�`�[�u���^�Z�g�g�u�o���m�k�l�j�h�c�k�l�\���>1, 2].  

�D�j�_�f�g�b�c���� �d�h�l�h�j�u�c�� �y�\�e�y�_�l�k�y�� �g�Z�b�[�h�e�_�_�� �b�k�i�h�e�v�a�m�_�f�u�f��
�f�Z�l�_�j�b�Z�e�h�f���i�j�_�p�b�a�b�h�g�g�u�o���m�a�e�h�\���l�j�_�g�b�y���F�W�F�K�����i�h�^�\�_�j�`�_�g���[�u�k�l�j�h�f�m��
�b�k�l�b�j�Z�g�b�x�� �b�a-�a�Z�� �g�b�a�d�h�c�� �m�^�Z�j�g�h�c�� �\�y�a�d�h�k�l�b�� �b�� �h�l�k�m�l�k�l�\�b�y�� �_�k�l�_�k�l�\�_�g�g�h�c��
�k�f�Z�a�d�b [2]. �F�b�g�b�f�b�a�Z�p�b�b���l�j�_�g�b�y���b���b�a�g�h�k�Z���^�_�l�Z�e�_�c���f�Z�r�b�g���b���f�_�o�Z�g�b�a�f�h�\��
�f�h�`�g�h���^�h�[�b�l�v�k�y���a�Z���k�q�_�l���b�k�i�h�e�v�a�h�\�Z�g�b�y���a�Z�s�b�l�g�u�o���i�h�d�j�u�l�b�c���g�Z���h�k�g�h�\�_ 
�k�h�_�^�b�g�_�g�b�c�� �i�j�b�j�h�^�g�h�]�h�� �i�j�h�b�k�o�h�`�^�_�g�b�y��[1, 2]���� �<�� �d�Z�q�_�k�l�\�_�� �l�Z�d�b�o��
�\�_�s�_�k�l�\�� �f�h�]�m�l�� �[�u�l�v�� �b�k�i�h�e�v�a�h�\�Z�g�u�� �`�b�j�g�u�_�� �d�b�k�e�h�l�u���� �d�h�l�h�j�u�_��
�k�h�^�_�j�`�Z�l�k�y�� �\�� �j�u�[�v�_�f�� �`�b�j�_���� �d�m�g�`�m�l�_���� �d�Z�d�Z�h���� �j�Z�i�k�_���� �i�r�_�g�b�p�_�� �b�� �^�j����
�i�j�h�^�m�d�l�Z�o��[3, 4]. 

�>�e�y�� �n�h�j�f�b�j�h�\�Z�g�b�y�� �a�Z�s�b�l�g�u�o�� �i�h�d�j�u�l�b�c��
�f�b�d�j�h�w�e�_�d�l�j�h�f�_�o�Z�g�b�q�_�k�d�b�o���k�b�k�l�_�f�����F�W�F�K�����b�k�i�h�e�v�a�m�x�l�k�y���j�Z�a�e�b�q�g�u�_��
�f�_�l�h�^�u���� �l�Z�d�b�_�� �d�Z�d�� �p�_�g�l�j�b�n�m�]�b�j�h�\�Z�g�b�_�� �©spin-coating�ª���� �h�d�m�g�Z�g�b�_�� �©dip-
coating�ª���� �k�Z�f�h�h�j�]�Z�g�b�a�Z�p�b�y���� �E�_�g�]�f�x�j�Z-�;�e�h�^�`�_�l�l�� ���E�;���� �b�� �l���� �^���� �>������ ���@����
�A�Z�s�b�l�g�u�_���f�h�g�h- �b���f�m�e�v�l�b�k�e�h�b�����i�h�e�m�q�_�g�g�u�_���i�h���l�_�o�g�h�e�h�]�b�b���E�;�����g�Z�o�h�^�y�l��
�j�Z�a�g�h�h�[�j�Z�a�g�h�_�� �i�j�b�f�_�g�_�g�b�_�� �\�� �j�Z�a�e�b�q�g�u�o�� �h�[�e�Z�k�l�y�o�� �g�Z�m�d�b�� �b�� �l�_�o�g�b�d�b����
�I�j�_�b�f�m�s�_�k�l�\�h���^�Z�g�g�h�c�� �l�_�o�g�h�e�h�]�b�b���²  �g�_�a�g�Z�q�b�l�_�e�v�g�u�_�� �w�d�h�g�h�f�b�q�_�k�d�b�_��
�a�Z�l�j�Z�l�u�����g�_���l�j�_�[�m�_�l���\�Z�d�m�m�f�b�j�h�\�Z�g�b�y���b���\�u�k�h�d�b�o���l�_�f�i�_�j�Z�l�m�j�� 
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�P�_�e�v�� �^�Z�g�g�h�c�� �j�Z�[�h�l�u�� �k�n�h�j�f�b�j�h�\�Z�l�v�� �a�Z�s�b�l�g�u�_�� �i�h�d�j�u�l�b�y�� �^�e�y��
�F�W�F�K�� �g�Z�� �h�k�g�h�\�_�� �h�e�_�b�g�h�\�h�c�� ���H�D���� �b�� �w�j�m�d�h�\�h�c�� ���W�D���� �d�b�k�e�h�l�� �b��
�b�k�k�e�_�^�h�\�Z�l�v���b�o���l�j�b�[�h�e�h�]�b�q�_�k�d�b�_���k�\�h�c�k�l�\�Z�� 

�F�Z�l�_�j�b�Z�e�u���b���f�_�l�h�^�u�����<���d�Z�q�_�k�l�\�_���i�h�^�e�h�`�d�b���^�e�y���n�h�j�f�b�j�h�\�Z�g�b�y��
�i�h�d�j�u�l�b�c�� �H�D�� �b�� �W�D�� �b�k�i�h�e�v�a�h�\�Z�e�b�� �i�j�y�f�h�m�]�h�e�v�g�u�_��
�i�e�Z�k�l�b�g�u �f�h�g�h�d�j�b�k�l�Z�e�e�b�q�_�k�d�h�]�h�� �d�j�_�f�g�b�y���� �d�h�l�h�j�u�_�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h��
�i�h�^�\�_�j�]�Z�e�b�� �]�b�^�j�h�n�b�e�b�a�Z�p�b�b�� �\�� �j�Z�k�l�\�h�j�_�� �©�i�b�j�Z�g�v�b�ª�� ��H2O2 �b��H2SO4 �\��
�k�h�h�l�g�h�r�_�g�b�b�� ������������ �i�h�� �h�[�t�_�f�m���� �\�� �l�_�q�_�g�b�_�� �q�Z�k�Z�� �i�j�b�� �l�_�f�i�_�j�Z�l�m�j�_�� �����ž�K����
�F�h�g�h�k�e�h�b�� �E�; �g�Z�� �h�k�g�h�\�_���H�D�� �b���W�D�� �n�h�j�f�b�j�h�\�Z�e�b �f�_�l�h�^�h�f��
�]�h�j�b�a�h�g�l�Z�e�v�g�h�]�h���h�k�Z�`�^�_�g�b�y��[5], �i�j�b �i�h�\�_�j�o�g�h�k�l�g�h�f  �^�Z�\�e�_�g�b�b�����d�h�l�h�j�h�_��
�k�h�h�l�\�_�l�k�l�\�m�_�l�� �n�Z�a�h�\�h�f�m�� �k�h�k�l�h�y�g�b�x�� �e�_�g�]�f�x�j�h�\�k�d�h�]�h�� �k�e�h�y �©�l�\�_�j�^�Z�y��
�i�e�_�g�d�Z�ª�� ���� �f�G���f�� �g�Z�� �m�k�l�Z�g�h�\�d�_�� �/�7�±�������� ���H�>�H�� �©�F�b�d�j�h�l�_�k�l�f�Z�r�b�g�u�ª����
�J�_�k�i�m�[�e�b�d�Z�� �;�_�e�Z�j�m�k�v���� �b�k�i�h�e�v�a�m�y�� �j�Z�k�l�\�h�j�u �H�D�� �b���W�D�� �\�� �o�e�h�j�h�n�h�j�f�_�� �k��
�d�h�g�p�_�g�l�j�Z�p�b�_�c�� �������� �f�]���f�e���� �<�� �d�Z�q�_�k�l�\�_�� �k�m�[�n�Z�a�u�� �b�k�i�h�e�v�a�h�\�Z�e�b��
�^�b�k�l�b�e�e�b�j�h�\�Z�g�g�m�x���\�h�^�m���l�_�f�i�_�j�Z�l�m�j�h�c�������������h�K���k���j�G�������������F�h�g�h�k�e�h�c���W�D 
�n�h�j�f�b�j�h�\�Z�e�b�� �l�Z�d�`�_�� �f�_�l�h�^�h�f�� �h�d�m�g�Z�g�b�y�� �i�h�^�e�h�`�d�b�� �\ �_�z �j�Z�k�l�\�h�j �\��
�o�e�h�j�h�n�h�j�f�_�� �k�� �Z�g�Z�e�h�]�b�q�g�h�c�� �d�h�g�p�_�g�l�j�Z�p�b�_�c���� �k�d�h�j�h�k�l�v�� �i�_�j�_�f�_�s�_�g�b�y��
�i�h�e�h�`�d�b���������������f�f���k�� 

�L�j�b�[�h�l�_�o�g�b�q�_�k�d�b�_�� �b�k�i�u�l�Z�g�b�y�� �i�h�d�j�u�l�b�c�� �h�k�m�s�_�k�l�\�e�y�e�b�� �g�Z��
�f�b�d�j�h�l�j�b�[�h�f�_�l�j�_���\�h�a�\�j�Z�l�g�h-�i�h�k�l�m�i�Z�l�_�e�v�g�h�]�h���l�b�i�Z�����d�h�l�h�j�u�c���g�Z�b�[�h�e�_�_��
�l�h�q�g�h�� �\�h�k�i�j�h�b�a�\�h�^�b�l�� �f�Z�e�u�_�� �d�h�g�l�Z�d�l�g�u�_�� �g�Z�]�j�m�a�d�b�� �b�� �k�d�h�j�h�k�l�b��
�k�d�h�e�v�`�_�g�b�y�� �m�a�e�h�\�� �l�j�_�g�b�y�� �F�W�F�K���� �M�k�e�h�\�b�y�� �l�j�b�[�h�b�k�i�u�l�Z�g�b�c����
�i�j�b�e�h�`�_�g�g�Z�y���g�Z�]�j�m�a�d�Z���± ���������G�����b�g�^�_�g�l�h�j���± �k�l�Z�e�v�g�h�c���r�Z�j�b�d���^�b�Z�f�_�l�j�h�f��
�������� �f�f�� ���k�l�Z�e�v�� �����O���������� �^�e�b�g�Z�� �o�h�^�Z�� �b�g�^�_�g�l�h�j�Z���± 3,0 �f�f���� �_�]�h�� �e�b�g�_�c�g�Z�y��
�k�d�h�j�h�k�l�v���± �������� �f�f���k���� �L�_�k�l�b�j�h�\�Z�g�b�_�� �h�[�j�Z�a�p�h�\�� �i�j�_�d�j�Z�s�Z�e�b�� �i�j�b��
�^�h�k�l�b�`�_�g�b�b�� �a�g�Z�q�_�g�b�c�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �l�j�_�g�b�y�� ���Nf) ~0,4 [2]. �L�h�e�s�b�g�m��
�i�h�e�m�q�_�g�g�u�o�� �f�h�g�h�k�e�h�_�\�� �h�p�_�g�b�\�Z�e�b���� �Z�g�Z�e�b�a�b�j�m�y�� �i�j�h�n�b�e�v�� �k�_�q�_�g�b�y��
�i�h�\�_�j�o�g�h�k�l�b���q�_�j�_�a���b�k�d�m�k�k�l�\�_�g�g�h���k�h�a�^�Z�g�g�u�c���^�_�n�_�d�l���\���b�o���k�l�j�m�d�l�m�j�_�����I�h��
�^�Z�g�g�u�f�� �Z�l�h�f�g�h-�k�b�e�h�\�h�c�� �f�b�d�j�h�k�d�h�i�b�b �l�h�e�s�b�g�Z�� �f�h�g�h�f�h�e�_�d�m�e�y�j�g�u�o��
�k�e�h�_�\ �H�D���b���W�D���g�_���i�j�_�\�u�r�Z�_�l�������g�f. 

�J�_�a�m�e�v�l�Z�l�u�� �b�� �h�[�k�m�`�^�_�g�b�_�� �G�Z�� �]�j�Z�n�b�d�_�� �a�Z�\�b�k�b�f�h�k�l�b��
�d�h�w�n�n�b�p�b�_�g�l�Z�� �l�j�_�g�b�y�� �h�l�� �q�b�k�e�Z�� �p�b�d�e�h�\�� �k�d�h�e�v�`�_�g�b�y�� ���j�b�k���� ������
�i�j�_�^�k�l�Z�\�e�_�g�u�� �^�Z�g�g�u�_�� �i�h�� �l�j�b�[�h�e�h�]�b�q�_�k�d�b�f�� �k�\�h�c�k�l�\�Z�f�� �f�h�g�h�k�e�h�_�\�� �g�Z��
�h�k�g�h�\�_�� �h�e�_�b�g�h�\�h�c�� �b�� �w�j�m�d�h�\�h�c�� �d�b�k�e�h�l���� �i�h�e�m�q�_�g�g�u�o�� �f�_�l�h�^�h�f�� �E�;�� �b��
�h�d�m�g�Z�g�b�_�f�����D�j�_�f�g�b�_�\�Z�y���i�h�^�e�h�`�d�Z���[�_�a���i�h�d�j�u�l�b�y���j�Z�a�j�m�r�Z�_�l�k�y �\���l�_�q�_�g�b�_��
�h�^�g�h�]�h�� �p�b�d�e�Z�� �k�d�h�e�v�`�_�g�b�y. �F�h�g�h�k�e�h�b�� �g�_�g�Z�k�u�s�_�g�g�u�o�� �`�b�j�g�u�o�� �d�b�k�e�h�l��
�m�f�_�g�v�r�Z�x�l���d�h�w�n�n�b�p�b�_�g�l���l�j�_�g�b�y����kf) �d�j�_�f�g�b�_�\�h�c���i�h�\�_�j�o�g�h�k�l�b���\�����������j�Z�a��
�b �\�u�^�_�j�`�b�\�Z�x�l�� ���� �b ������ �p�b�d�e�h�\�� �k�d�h�e�v�`�_�g�b�y�� �k�l�Z�e�v�g�h�]�h�� �r�Z�j�b�d�Z��
�k�h�h�l�\�_�l�k�l�\�_�g�g�h���^�h���^�h�k�l�b�`�_�g�b�y���a�g�Z�q�_�g�b�y���Nf 0,4. �<���l�h���\�j�_�f�y���d�Z�d �f�h�g�h�k�e�h�c��
�W�D���� �i�h�e�m�q�_�g�g�u�c�� �f�_�l�h�^�h�f�� �h�d�m�g�Z�g�b�y���� �m�^�Z�e�y�_�l�k�y�� �b�a�� �a�h�g�u�� �d�h�g�l�Z�d�l�Z��
�i�h�\�_�j�o�g�h�k�l�_�c�� �i�h�k�e�_�� ���� �p�b�d�e�h�\���� �L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �l�j�b�[�h�e�h�]�b�q�_�k�d�b�_��



- 97 - 
 

�k�\�h�c�k�l�\�Z�� �f�h�g�h�k�e�h�_�\�� �E�;�� �f�h�g�h�g�_�g�Z�k�u�s�_�g�g�u�o�� �`�b�j�g�u�o�� �d�b�k�e�h�l��
�m�e�m�q�r�Z�x�l�k�y�� �i�j�b�� �m�\�_�e�b�q�_�g�b�b�� �^�e�b�g�u�� �Z�e�d�b�e�v�g�h�c�� �p�_�i�b�� �b�o�� �f�h�e�_�d�m�e����
�i�j�b�q�_�f�� �f�_�l�h�^�� �]�h�j�b�a�h�g�l�Z�e�v�g�h�]�h�� �h�k�Z�`�^�_�g�b�y�� �i�h�a�\�h�e�y�_�l�� �k�n�h�j�f�b�j�h�\�Z�l�v��
�[�h�e�_�_�� �m�i�h�j�y�^�h�q�_�g�g�u�_�� �b�� �h�^�g�h�j�h�^�g�u�_�� �f�h�g�h�k�e�h�b�� �i�h�� �k�j�Z�\�g�_�g�b�x�� �k��
�i�h�d�j�u�l�b�y�f�b���i�h�e�m�q�_�g�g�u�f�b���f�_�l�h�^�h�f���h�d�m�g�Z�g�b�y�� 

 

 
 

�J�b�k���������± �A�Z�\�b�k�b�f�h�k�l�v���d�h�w�n�n�b�p�b�_�g�l�Z���l�j�_�g�b�y���h�l���q�b�k�e�Z���p�b�d�e�h�\��
�k�d�h�e�v�`�_�g�b�y���������± �i�h�\�_�j�o�g�h�k�l�v���d�j�_�f�g�b�y���[�_�a���i�h�d�j�u�l�b�y�� 1 �± �f�h�g�h�k�e�h�c���H�D���������± 

�f�h�g�h�k�e�h�c���W�D�����i�h�e�m�q�_�g�g�u�_���f�_�l�h�^�h�f���E�;���������± �f�h�g�h�k�e�h�c���W�D�����i�h�e�m�q�_�g�g�u�c��
�f�_�l�h�^�h�f���h�d�m�g�Z�g�b�y 

�A�Z�d�e�x�q�_�g�b�_�� �B�k�k�e�_�^�h�\�Z�g�u�� �l�j�b�[�h�e�h�]�b�q�_�k�d�b�_�� �k�\�h�c�k�l�\�Z��
�i�h�d�j�u�l�b�c���g�Z���h�k�g�h�\�_���h�e�_�b�g�h�\�h�c���b���w�j�m�d�h�\�h�c���d�b�k�e�h�l�����k�n�h�j�f�b�j�h�\�Z�g�g�u�o���g�Z��
�d�j�_�f�g�b�_�\�h�c�� �i�h�\�_�j�o�g�h�k�l�b�� �f�_�l�h�^�h�f�� �h�d�m�g�Z�g�b�y�� �b�� �i�h�� �l�_�o�g�h�e�h�]�b�b��
�E�_�g�]�f�x�j�Z-�;�e�h�^�`�_�l�l���� �M�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �f�h�g�h�k�e�h�b�� �E�;�� �k�l�Z�[�b�e�v�g�_�_�� �d��
�f�_�o�Z�g�b�q�_�k�d�h�f�m�� �\�h�a�^�_�c�k�l�\�b�x�� �b�g�^�_�g�l�h�j�Z���� �q�_�f�� �i�h�d�j�u�l�b�y���� �i�h�e�m�q�_�g�g�u�_��
�f�_�l�h�^�h�f�� �h�d�m�g�Z�g�b�y�� �F�h�g�h�k�e�h�b�� �h�e�_�b�g�h�\�h�c�� �b�� �w�j�m�d�h�\�h�c�� �d�b�k�e�h�l����
�i�h�e�m�q�_�g�g�u�_���f�_�l�h�^�h�f���E�;�����\�u�^�_�j�`�b�\�Z�x�l���^�h���������p�b�d�e�h�\���k�d�h�e�v�`�_�g�b�y�� 

�L�h�g�d�h�i�e�_�g�h�q�g�u�_���f�Z�l�_�j�b�Z�e�u���g�Z���h�k�g�h�\�_���f�h�g�h�k�e�h�_�\���E�;���h�e�_�b�g�h�\�h�c��
�b�� �w�j�m�d�h�\�h�c�� �d�b�k�e�h�l �f�h�]�m�l�� �[�u�l�v�� �b�k�i�h�e�v�a�h�\�Z�g�u�� �\�� �d�Z�q�_�k�l�\�_�� �a�Z�s�b�l�g�u�o��
�i�h�d�j�u�l�b�c���\���m�a�e�Z�o���l�j�_�g�b�y���f�b�d�j�h�w�e�_�d�l�j�h�f�_�o�Z�g�b�q�_�k�d�b�o���m�k�l�j�h�c�k�l�\�� 
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�:�g�g�h�l�Z�p�b�y�� �H�^�g�b�f�� �b�a�� �i�_�j�k�i�_�d�l�b�\�g�u�o�� �g�Z�i�j�Z�\�e�_�g�b�c�� �i�h�\�u�r�_�g�b�y�� �n�b�a�b�d�h-
�f�_�o�Z�g�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\�� �f�_�l�Z�e�e�h�\�� �y�\�e�y�_�l�k�y�� �b�f�i�m�e�v�k�g�h�_�� �e�Z�a�_�j�g�h�_�� �b�a�e�m�q�_�g�b�_���� �<��
�k�l�Z�l�v�_�� �i�j�_�^�k�l�Z�\�e�_�g�u�� �j�_�a�m�e�v�l�Z�l�u�� �e�Z�a�_�j�g�h�]�h�� �m�i�j�h�q�g�_�g�b�y�� �\�Z�e�h�\���b�a��
�d�h�j�j�h�a�b�h�g�g�h�k�l�h�c�d�h�c���k�l�Z�e�b�������O�����G��. 
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RESEARCH OF THE INFLUENCE OF THE INTENSITY OF THE 
PULSE LASER PROCESSING PROCESS ON THE VALUATION 
OF THE DEPTH AND HARDNESS OF THE MODIFIED LAYER  

 
Abstract. One of the promising directions for improving the physical and 

mechanical properties of metals is pulsed laser radiation. The article presents the results 
of laser hardening of shafts made of corrosion-�U�H�V�L�V�W�D�Q�W���V�W�H�H�O�������O�����G���� 

 
�I�h�b�k�d�b�� �b�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �b�g�g�h�\�Z�p�b�h�g�g�u�o�� �f�_�l�h�^�h�\�� �h�[�j�Z�[�h�l�d�b�� �k��

�p�_�e�v�x���i�h�\�u�r�_�g�b�y���w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�o���k�\�h�c�k�l�\���[�m�^�m�s�_�]�h���b�a�^�_�e�b�y���\�k�_�]�^�Z��
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�[�u�e�b�� �Z�d�l�m�Z�e�v�g�h�c�� �a�Z�^�Z�q�_�c�� �\�� �f�Z�r�b�g�h�k�l�j�h�_�g�b�b���� �H�^�g�b�f�� �b�a�� �l�Z�d�b�o��
�i�_�j�k�i�_�d�l�b�\�g�u�o�� �f�_�l�h�^�h�\�� �y�\�e�y�_�l�k�y�� �i�h�\�_�j�o�g�h�k�l�g�h�_�� �l�_�j�f�b�q�_�k�d�h�_��
�m�i�j�h�q�g�_�g�b�_���i�j�b���i�h�f�h�s�b���b�f�i�m�e�v�k�g�h�]�h���e�Z�a�_�j�g�h�]�h���b�a�e�m�q�_�g�b�y��[1]. 

�=�e�Z�\�g�u�f���i�j�_�b�f�m�s�_�k�l�\�h�f���^�Z�g�g�h�]�h���f�_�l�h�^�Z���y�\�e�y�_�l�k�y���\�h�a�f�h�`�g�h�k�l�v��
�i�h�e�m�q�_�g�b�y���l�\�_�j�^�h�c���b�a�g�h�k�h�k�l�h�c�d�h�c���i�h�\�_�j�o�g�h�k�l�b���k���k�h�o�j�Z�g�_�g�b�_�f���\�y�a�d�h�c��
�k�_�j�^�p�_�\�b�g�u���� �q�l�h�� �i�h�e�h�`�b�l�_�e�v�g�h�� �k�d�Z�a�u�\�Z�_�l�k�y�� �g�Z�� �i�j�h�q�g�h�k�l�b�� �^�_�l�Z�e�b���� �:��
�l�Z�d�`�_�� �k�g�b�`�Z�_�l�k�y�� �\�_�j�h�y�l�g�h�k�l�v�� �\�h�a�g�b�d�g�h�\�_�g�b�y�� �d�h�j�h�[�e�_�g�b�y�� �^�_�l�Z�e�b��
�[�e�Z�]�h�^�Z�j�y �g�b�a�d�b�f�� �\�g�m�l�j�_�g�g�b�f�� �g�Z�i�j�y�`�_�g�b�y�f���� �\�h�a�g�b�d�Z�x�s�b�f�� �i�j�b��
�i�h�\�_�j�o�g�h�k�l�g�h�f�� �m�i�j�h�q�g�_�g�b�b�� �b�f�i�m�e�v�k�g�u�f�� �e�Z�a�_�j�g�u�f�� �b�a�e�m�q�_�g�b�_�f����
�H�i�_�j�Z�p�b�b�� �i�h�� �e�Z�a�_�j�g�h�f�m�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�b�x�� �l�Z�d�`�_�� �f�h�]�m�l��
�b�k�i�h�e�v�a�h�\�Z�l�v�k�y�� �\�� �d�Z�q�_�k�l�\�_�� �h�d�h�g�q�Z�l�_�e�v�g�h�c�� �h�[�j�Z�[�h�l�d�b���� �I�j�b�� �]�j�Z�f�h�l�g�h��
�i�h�^�h�[�j�Z�g�g�u�o�� �j�_�`�b�f�Z�o�� �m�e�m�q�r�Z�_�l�k�y�� �r�_�j�h�o�h�\�Z�l�h�k�l�v�� �i�h�\�_�j�o�g�h�k�l�b�� �[�_�a��
�b�a�f�_�g�_�g�b�y�� �]�_�h�f�_�l�j�b�b�� �i�h�\�_�j�o�g�h�k�l�g�h�]�h�� �k�e�h�y�� �h�[�j�Z�[�Z�l�u�\�Z�_�f�h�]�h��
�f�Z�l�_�j�b�Z�e�Z���>�������@���� 

�>�e�y���i�j�h�\�_�^�_�g�b�y���b�k�k�e�_�^�h�\�Z�g�b�y���\���d�Z�q�_�k�l�\�_���m�i�j�h�q�g�y�_�f�h�]�h���h�[�j�Z�a�p�Z��
�b�k�i�h�e�v�a�h�\�Z�e�k�y�� �r�_�k�l�b�]�j�Z�g�g�u�c�� �\�Z�e�� �b�a�� �d�h�j�j�h�a�b�h�g�g�h�k�l�h�c�d�h�c�� �k�l�Z�e�b��
�����O�����G���� �k�� �b�k�o�h�^�g�h�c�� �l�\�_�j�^�h�k�l�v�x�� ��������HV���� �>�Z�g�g�u�c�� �k�i�e�Z�\�� �h�[�e�Z�^�Z�_�l��
�\�u�k�h�d�h�c�� �i�j�h�q�g�h�k�l�v�x�� �b�� �k�l�h�c�d�h�k�l�v�x�� �d�� �d�h�j�j�h�a�b�h�g�g�u�f�� �\�h�a�^�_�c�k�l�\�b�y�f��
�k�i�e�Z�\�h�\�� �b�� �b�k�i�h�e�v�a�m�_�l�k�y�� �^�e�y�� �b�a�]�h�l�h�\�e�_�g�b�y�� �b�a�^�_�e�b�c���� �j�Z�[�h�l�Z�x�s�b�o�� �\��
�Z�]�j�_�k�k�b�\�g�u�o�� �k�j�_�^�Z�o���� �W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�j�h�\�h�^�b�e�b�k�v��
�g�Z���b�f�i�m�e�v�k�g�h�f���l�\�_�j�^�h�l�_�e�v�g�h�f���e�Z�a�_�j�_��c �Q�I�M��TST-W200. 

�>�e�y�� �h�p�_�g�d�b�� �i�j�h�p�_�k�k�Z�� �m�i�j�h�q�g�_�g�b�y�� �i�h�\�_�j�o�g�h�k�l�b�� �[�u�e�b�� �i�j�h�\�_�^�_�g�u��
�b�a�f�_�j�_�g�b�y�� �l�\�_�j�^�h�k�l�b�� �b�� �]�e�m�[�b�g�u�� �m�i�j�h�q�g�_�g�g�h�]�h�� �k�e�h�y�� �i�j�b�� �j�Z�a�e�b�q�g�u�o��
�j�_�`�b�f�Z�o�����B�a�f�_�j�_�g�b�_���l�\�_�j�^�h�k�l�b���i�h���f�_�l�h�^�m���<�b�d�d�_�j�k�Z���[�u�e�h���i�j�h�\�_�^�_�g�h���k��
�i�h�f�h�s�v�x���Z�\�l�h�f�Z�l�b�q�_�k�d�h�]�h���l�\�_�j�^�h�f�_�j�Z���L�<�F���������������<�_�e�b�q�b�g�Z���]�e�m�[�b�g�u��
�m�i�j�h�q�g�_�g�g�h�]�h�� �k�e�h�y�� �[�u�e�Z�� �i�h�e�m�q�_�g�Z�� �\�� �j�_�a�m�e�v�l�Z�l�_�� �b�a�f�_�j�_�g�b�c��
�f�b�d�j�h�l�\�_�j�^�h�k�l�b���g�Z���f�b�d�j�h�l�\�_�j�^�h�f�_�j�_���I�F�L-���F�� 

�I�h�k�e�_�� �i�j�h�\�_�^�_�g�b�y�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �[�u�e��
�i�j�h�b�a�\�_�^�_�g�� �j�Z�k�q�_�l�� �b�g�l�_�g�k�b�\�g�h�k�l�b�� �e�Z�a�_�j�g�h�]�h�� �b�a�e�m�q�_�g�b�y�� �^�e�y�� �d�Z�`�^�h�]�h��
�j�_�`�b�f�Z���� �<�� �[�h�e�v�r�b�g�k�l�\�_�� �k�e�m�q�Z�_�\�� �^�e�y�� �w�l�h�]�h�� �b�k�i�h�e�v�a�m�x�l���i�e�h�l�g�h�k�l�v��
�f�h�s�g�h�k�l�b��Wp���� �<�l���f2 �>���@���� �j�Z�k�k�q�b�l�u�\�Z�_�f�m�x�� �i�h�� �n�h�j�f�m�e�_�� ������ �g�h�� �^�Z�g�g�Z�y��
�\�_�e�b�q�b�g�Z���o�Z�j�Z�d�l�_�j�b�a�m�_�l���l�h�e�v�d�h���h�l�^�_�e�v�g�h���\�a�y�l�u�c���b�f�i�m�e�v�k�����>�e�y���j�Z�k�q�_�l�Z��
�b�g�l�_�g�k�b�\�g�h�k�l�b�� �b�f�i�m�e�v�k�g�h�]�h�� �e�Z�a�_�j�g�h�]�h�� �b�a�e�m�q�_�g�b�y��Ws �b�k�i�h�e�v�a�h�\�Z�e�Z�k�v��
�n�h�j�f�m�e�Z�� ���� �>���@���� �d�h�l�h�j�Z�y���� �m�q�b�l�u�\�Z�y�� �n�Z�d�l�h�j�� �\�j�_�f�_�g�b���� �o�Z�j�Z�d�l�_�j�b�a�m�_�l��
�i�j�h�p�_�k�k���b�f�i�m�e�v�k�g�h�c���e�Z�a�_�j�g�h�c���h�[�j�Z�[�h�l�d�b���p�_�e�b�d�h�f�� 

2/, �f�<�l
pS
�bE

pW
�W�˜

�      (1) 

�]�^�_�� �?�b �± �w�g�_�j�]�b�y���b�f�i�m�e�v�k�Z�����>�`���� 
sp �± �i�e�h�s�Z�^�v���i�y�l�g�Z���e�Z�a�_�j�Z�����f2;  
�2 �± �r�b�j�b�g�Z���b�f�i�m�e�v�k�Z�����k�� 
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�k�f�f�>�`
tlS
n�bE

sW �˜
�˜
�˜

� 2/,     (2) 

�]�^�_�� n �± �d�h�e�b�q�_�k�l�\�h���b�f�i�m�e�v�k�h�\���g�Z���m�q�Z�k�l�d�_���� 
t �± �^�e�b�l�_�e�v�g�h�k�l�v���h�[�j�Z�[�h�l�d�b���m�q�Z�k�l�d�Z�����k���� 
Sl �± �i�e�h�s�Z�^�v���m�q�Z�k�l�d�Z���_�^�b�g�b�q�g�h�c���^�e�b�g�g�u�����f�f2. 
 
�<���l�Z�[�e�b�p�_�������i�j�b�\�_�^�_�g�u���i�Z�j�Z�f�_�l�j�u���j�_�`�b�f�h�\���e�Z�a�_�j�g�h�c���h�[�j�Z�[�h�l�d�b����

�j�_�a�m�e�v�l�Z�l�u���a�Z�f�_�j�h�\���]�e�m�[�b�g�u���b���l�\�_�j�^�h�k�l�b���m�i�j�h�q�g�_�g�g�h�]�h���k�e�h�y�����Z���l�Z�d�`�_��
�a�g�Z�q�_�g�b�y �b�g�l�_�g�k�b�\�g�h�k�l�b���e�Z�a�_�j�g�h�]�h���\�h�a�^�_�c�k�l�\�b�y���� 

 
�L�Z�[�e�b�p�Z�������± �J�_�a�m�e�v�l�Z�l�u���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o���b�k�k�e�_�^�h�\�Z�g�b�c 

�‹  

�K�d�h�j�h�k�l�v��
�h�[�j�Z�[�h�l�d

�b����
�f�f���f�b�g 

�Q�Z�k�l�h�l
�Z��

�h�[�j�Z�[�h
�l�d�b�����=�p 

�K�b
�e�Z��
�l�h�d
�Z�����: 

�R�b�j�b�g
�Z��

�b�f�i�m�e�v
�k�Z�����f�k 

�J�Z�a�f�_�j��
�k�\�Z�j�g�h

�]�h��
�i�y�l�g�Z����

�f�f  

�L�\�_�j�^�h�k
�l�v�����+�9 

�=�e�m�[�b�g�Z
�����f�f 

Ws, 
�>�`���f�f2�Â

c 

1 90 3 50 5 1 374 0.107 6.5 
2 90 15 50 5 1 495 0.205 7.05 
3 90 3 50 8 1 386 0.185 10.34 
4 90 15 50 8 1 457 0.279 11.22 
5 90 3 130 5 1 376 0.187 16.9 
6 90 15 130 5 1 353 0.249 18.33 
7 90 3 130 8 1 377 0.141 26.9 
8 90 15 130 8 1 371 0.321 29.18 

 
�G�Z�� �h�k�g�h�\�_�� �Z�g�Z�e�b�a�Z�� �j�_�a�m�e�v�l�Z�l�h�\�� �h�i�u�l�h�\���� �i�j�_�^�k�l�Z�\�e�_�g�g�u�o�� �\��

�l�Z�[�e�b�p�_�� ������ �h�l�f�_�q�Z�_�f���� �q�l�h�� �i�j�b�� �j�_�`�b�f�_�� �‹���� �]�e�m�[�b�g�Z�� �a�Z�d�Z�e�_�g�g�h�]�h�� �k�e�h�y��
�g�Z�b�f�_�g�v�r�Z�y�����Z���i�j�b���j�_�`�b�f�_���‹�������± �g�Z�b�[�h�e�v�r�Z�y�����F�Z�d�k�b�f�Z�e�v�g�Z�y���l�\�_�j�^�h�k�l�v��
�a�Z�]�h�l�h�\�d�b�� �i�h�e�m�q�b�e�Z�k�v�� �i�j�b�� �j�_�`�b�f�_�� �‹�� ������ �i�h�� �k�j�Z�\�g�_�g�b�x�� �k�� �b�k�o�h�^�g�h�c��
�l�\�_�j�^�h�k�l�v�x�����i�h�\�u�k�b�e�Z�k�v���g�Z����������HV�����f�b�g�b�f�Z�e�v�g�h���l�\�_�j�^�h�k�l�v���i�h�e�m�q�b�e�Z�k�v��
�i�j�b���j�_�`�b�f�_���‹���������l�\�_�j�^�h�k�l�v���i�h�\�u�k�b�e�Z�k�v���\�k�_�]�h���g�Z����������HV.  

�G�Z�� �j�b�k���� ���� �b�� ���� �b�a�h�[�j�Z�`�_�g�u�� �]�j�Z�n�b�d�b�� �a�Z�\�b�k�b�f�h�k�l�b���� �i�h�e�m�q�_�g�g�u�_�� �\��
�j�_�a�m�e�v�l�Z�l�_���j�Z�k�q�_�l�h�\���b���Z�g�Z�e�b�a�Z���k�h�[�j�Z�g�g�u�o���^�Z�g�g�u�o�� 
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�J�b�k���������± �=�j�Z�n�b�d�b���a�Z�\�b�k�b�f�h�k�l�b���]�e�m�[�b�g�u���f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h���k�e�h�y���h�l��
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CAPABILITIES TO SUPPORT COMPLEX COMPUTING AT 

THE FIELD LEVEL OF CONTROL SYSTEMS  
 

Abstract. To improve the efficiency of process control systems, there are 
limitations from traditional technical solutions. An analysis of modern information 
technologies and computing resources of technical automation tools was carried out to 
expand the capabilities of analysis and management 

 
�I�j�h�]�j�Z�f�f�b�j�m�_�f�u�_�� �e�h�]�b�q�_�k�d�b�_�� �d�h�g�l�j�h�e�e�_�j�u�� ���I�E�D���� �y�\�e�y�x�l�k�y��

�d�e�x�q�_�\�u�f�� �w�e�_�f�_�g�l�h�f�� �\�� �i�j�h�f�u�r�e�_�g�g�h�c �Z�\�l�h�f�Z�l�b�a�Z�p�b�b���� �h�[�_�k�i�_�q�b�\�Z�y��
�m�i�j�Z�\�e�_�g�b�_�� �b�� �d�h�g�l�j�h�e�v�� �g�Z�^�� �j�Z�a�e�b�q�g�u�f�b�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�f�b��
�i�j�h�p�_�k�k�Z�f�b���� �I�E�D�� �i�j�_�^�k�l�Z�\�e�y�x�l�� �k�h�[�h�c�� �n�h�j�f�m�� �d�h�f�i�v�x�l�_�j�h�\����
�i�j�b�f�_�g�y�_�f�u�o���\���i�j�h�f�u�r�e�_�g�g�u�o���k�b�k�l�_�f�Z�o���m�i�j�Z�\�e�_�g�b�y���b���^�j�m�]�b�o���h�[�e�Z�k�l�y�o����
�]�^�_�� �g�_�h�[�o�h�^�b�f�h�� �h�k�m�s�_�k�l�\�e�y�l�v�� �p�b�n�j�h�\�h�_�� �m�i�j�Z�\�e�_�g�b�_��
�w�e�_�d�l�j�h�h�[�h�j�m�^�h�\�Z�g�b�_�f���� �H�g�b�� �k�h�a�^�Z�g�u�� �^�e�y�� �\�u�k�h�d�h�c�� �i�j�h�q�g�h�k�l�b�� �b��
�g�Z�^�_�`�g�h�k�l�b���� �Z�� �b�o�� �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�_�� �h�k�m�s�_�k�l�\�e�y�_�l�k�y�� �i�j�b�� �i�h�f�h�s�b��
�k�i�_�p�b�Z�e�b�a�b�j�h�\�Z�g�g�h�]�h�� �i�j�h�]�j�Z�f�f�g�h�]�h�� �h�[�_�k�i�_�q�_�g�b�y���� �i�h�a�\�h�e�y�x�s�_�]�h��
�\�u�i�h�e�g�y�l�v�� �j�Z�a�e�b�q�g�u�_�� �n�m�g�d�p�b�b�� �m�i�j�Z�\�e�_�g�b�y���� �<�� �l�j�Z�^�b�p�b�h�g�g�h�c��
�Z�\�l�h�f�Z�l�b�a�Z�p�b�b�� �q�Z�k�l�h�� �i�j�b�f�_�g�y�x�l�k�y�� �y�a�u�d�b�� �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y����
�h�i�j�_�^�_�e�_�g�g�u�_���k�l�Z�g�^�Z�j�l�h�f���F�W�D������������-3. 

�H�^�g�Z�d�h�� �i�j�b�g�p�b�i�u���� �a�Z�e�h�`�_�g�g�u�_�� �\�� �k�l�Z�g�^�Z�j�l�_�� �F�W�D�� ����������-3, 
�k�l�Z�g�h�\�y�l�k�y���g�_�^�h�k�l�Z�l�h�q�g�h���Z�^�Z�i�l�b�j�h�\�Z�g�g�u�f�b���^�e�y���w�n�n�_�d�l�b�\�g�h�]�h���j�_�r�_�g�b�y��
�a�Z�^�Z�q�� �m�i�j�Z�\�e�_�g�b�y�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�f�b�� �i�j�h�p�_�k�k�Z�f�b���� �D�h�g�p�_�i�p�b�y��
�j�Z�a�j�Z�[�h�l�d�b�� �k�h�\�j�_�f�_�g�g�u�o�� �I�E�D�� �b�� �b�o�� �d�e�x�q�_�\�h�c�� �k�l�j�Z�l�_�]�b�b�� �\�g�_�^�j�_�g�b�y��
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�Z�e�]�h�j�b�l�f�h�\�� �m�i�j�Z�\�e�_�g�b�y�� �l�Z�d�`�_�� �i�j�_�l�_�j�i�_�\�Z�x�l�� �b�a�f�_�g�_�g�b�y���� �<�f�_�k�l�h��
�i�j�_�`�g�b�o���a�Z�d�j�u�l�u�o���k�b�k�l�_�f�����g�Z���i�_�j�_�^�g�b�c���i�e�Z�g���\�u�o�h�^�b�l���/�L�Q�X�[�����k�l�Z�g�h�\�y�k�v��
�h�k�g�h�\�g�u�f���k�l�_�j�`�g�_�f���\���j�_�Z�e�b�a�Z�p�b�b���^�Z�g�g�u�o���Z�e�]�h�j�b�l�f�h�\�� 

�K�m�s�_�k�l�\�m�_�l�� �f�g�h�`�_�k�l�\�h�� �\�Z�j�b�Z�g�l�h�\�� �i�j�h�]�j�Z�f�f�g�u�o�� �b�� �Z�i�i�Z�j�Z�l�g�u�o��
�j�_�r�_�g�b�c�� �\�� �h�[�e�Z�k�l�b�� �i�j�h�f�u�r�e�_�g�g�h�c�� �Z�\�l�h�f�Z�l�b�a�Z�p�b�b���� �h�^�g�Z�d�h����
�b�k�i�h�e�v�a�h�\�Z�g�b�_�� �3�\�W�K�R�Q�� �i�j�_�^�h�k�l�Z�\�e�y�_�l�� �g�_�k�d�h�e�v�d�h�� �a�g�Z�q�b�l�_�e�v�g�u�o��
�i�j�_�b�f�m�s�_�k�l�\���� 

Python �²  �w�l�h�� �\�u�k�h�d�h�m�j�h�\�g�_�\�u�c�� �b�g�l�_�j�i�j�_�l�b�j�m�_�f�u�c�� �y�a�u�d��
�i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y�����d�h�l�h�j�u�c���[�u�e���k�h�a�^�Z�g���\���d�h�g�p�_����������-�o���]�h�^�h�\���=�\�b�^�h���\�Z�g��
�J�h�k�k�m�f�h�f�����H�g���b�a�\�_�k�l�_�g���k�\�h�_�c���i�j�h�k�l�h�l�h�c�����w�e�_�]�Z�g�l�g�h�k�l�v�x���b���q�b�l�Z�_�f�h�k�l�v�x����
�3�\�W�K�R�Q�� �y�\�e�y�_�l�k�y�� �b�g�l�_�j�i�j�_�l�b�j�m�_�f�u�f�� �y�a�u�d�h�f���� �q�l�h�� �h�a�g�Z�q�Z�_�l���� �q�l�h�� �h�g��
�\�u�i�h�e�g�y�_�l�k�y���i�h�k�l�j�h�q�g�h���k���i�h�f�h�s�v�x���b�g�l�_�j�i�j�_�l�Z�l�h�j�Z�����Z���g�_���d�h�f�i�b�e�b�j�m�_�l�k�y��
�\���f�Z�r�b�g�g�u�c���d�h�^�����W�l�h���m�i�j�h�s�Z�_�l���i�j�h�p�_�k�k���j�Z�a�j�Z�[�h�l�d�b���b���h�l�e�Z�^�d�b���i�j�h�]�j�Z�f�f����
�l�Z�d���d�Z�d���i�j�h�]�j�Z�f�f�b�k�l�u���f�h�]�m�l���g�_�f�_�^�e�_�g�g�h���\�b�^�_�l�v���j�_�a�m�e�v�l�Z�l�u���k�\�h�_�]�h���d�h�^�Z����
�3�\�W�K�R�Q�� �g�Z�r�_�e �r�b�j�h�d�h�_�� �i�j�b�f�_�g�_�g�b�_�� �\�� �j�Z�a�e�b�q�g�u�o�� �h�[�e�Z�k�l�y�o���� �\�d�e�x�q�Z�y��
�g�Z�m�q�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y���� �j�Z�a�j�Z�[�h�l�d�m�� �\�_�[-�i�j�b�e�h�`�_�g�b�c���� �Z�\�l�h�f�Z�l�b�a�Z�p�b�x����
�h�[�j�Z�[�h�l�d�m�� �^�Z�g�g�u�o���� �f�Z�r�b�g�g�h�_�� �h�[�m�q�_�g�b�_���� �b�k�d�m�k�k�l�\�_�g�g�u�c�� �b�g�l�_�e�e�_�d�l���� �Z��
�l�Z�d�`�_���\���k�_�l�_�\�h�f���b���k�b�k�l�_�f�g�h�f���i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�b���� 

�3�\�W�K�R�Q�� �i�h�^�^�_�j�`�b�\�Z�_�l�� �[�h�e�v�r�b�g�k�l�\�h�� �h�i�_�j�Z�p�b�h�g�g�u�o�� �k�b�k�l�_�f����
�\�d�e�x�q�Z�y�� �:�L�Q�G�R�Z�V���� �P�D�F�2�6���� �b�� �j�Z�a�e�b�q�g�u�_�� �^�b�k�l�j�b�[�m�l�b�\�u�� �/�L�Q�X�[���� �<��
�k�j�Z�\�g�_�g�b�b���k���^�j�m�]�b�f�b���y�a�u�d�Z�f�b�����l�Z�d�b�f�b���d�Z�d���&���������3�\�W�K�R�Q���k�q�b�l�Z�_�l�k�y���y�a�u�d�h�f��
�[�h�e�_�_�� �\�u�k�h�d�h�]�h�� �m�j�h�\�g�y�� �b�a-�a�Z�� �k�\�h�_�]�h�� �\�u�j�Z�a�b�l�_�e�v�g�h�]�h�� �k�b�g�l�Z�d�k�b�k�Z����
�d�h�l�h�j�u�c�� �\�h�� �f�g�h�]�b�o�� �k�e�m�q�Z�y�o�� �g�Z�i�h�f�b�g�Z�_�l�� �_�k�l�_�k�l�\�_�g�g�u�c�� �y�a�u�d���� �b��
�h�[�r�b�j�g�h�]�h�� �g�Z�[�h�j�Z�� �\�k�l�j�h�_�g�g�u�o�� �k�l�j�m�d�l�m�j�� �^�Z�g�g�u�o���� �l�Z�d�b�o�� �d�Z�d�� �k�i�b�k�d�b����
�d�h�j�l�_�`�b�����f�g�h�`�_�k�l�\�Z���b���k�e�h�\�Z�j�b�����3�\�W�K�R�Q���h�[�e�Z�^�Z�_�l���h�]�j�h�f�g�u�f���d�h�e�b�q�_�k�l�\�h�f��
�[�b�[�e�b�h�l�_�d�� �b�� �n�j�_�c�f�\�h�j�d�h�\���� �d�h�l�h�j�u�_�� �i�h�a�\�h�e�y�x�l�� �j�Z�a�j�Z�[�h�l�q�b�d�Z�f��
�w�n�n�_�d�l�b�\�g�h�� �j�_�r�Z�l�v�� �j�Z�a�g�h�h�[�j�Z�a�g�u�_�� �a�Z�^�Z�q�b���� �Q�l�h�� �^�_�e�Z�_�l�� �_�]�h��
�m�g�b�\�_�j�k�Z�e�v�g�u�f�� �y�a�u�d�h�f�� �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y���� �Z�� �l�Z�d�`�_�� �i�j�b�\�e�_�d�Z�l�_�e�v�g�u�f��
�\�u�[�h�j�h�f���^�e�y���j�Z�a�j�Z�[�h�l�q�b�d�h�\�����j�Z�[�h�l�Z�x�s�b�o���\���j�Z�a�g�u�o���k�n�_�j�Z�o�� 

�L�_�f�� �g�_�� �f�_�g�_�_���� �Z�d�l�b�\�g�u�c�� �l�_�f�i�� �j�Z�a�\�b�l�b�y�� �3�\�W�K�R�Q�� �l�Z�d�`�_�� �\�e�_�q�_�l�� �a�Z��
�k�h�[�h�c�� �k�\�h�b�� �l�j�m�^�g�h�k�l�b���� �I�h�k�l�h�y�g�g�u�_�� �h�[�g�h�\�e�_�g�b�y�� �k�h�a�^�Z�x�l�� �i�j�h�[�e�_�f�u��
�k�h�\�f�_�k�l�b�f�h�k�l�b�� �f�_�`�^�m�� �\�_�j�k�b�y�f�b���� �3�\�W�K�R�Q���� �d�Z�d�� �b�g�l�_�j�i�j�_�l�b�j�m�_�f�u�c�� �y�a�u�d��
�\�u�k�h�d�h�]�h �m�j�h�\�g�y���� �g�_�� �f�h�`�_�l�� �d�h�g�d�m�j�b�j�h�\�Z�l�v�� �k�� �&������ �i�h�� �k�d�h�j�h�k�l�b�� �b��
�w�n�n�_�d�l�b�\�g�h�k�l�b�����H�^�g�Z�d�h���w�l�h���i�j�_�h�^�h�e�_�\�Z�_�l�k�y���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���[�b�[�e�b�h�l�_�d����
�g�Z�i�b�k�Z�g�g�u�o�� �g�Z�� �&������ �b�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h�� �k�d�h�f�i�b�e�b�j�h�\�Z�g�g�u�o���� �<�� �l�Z�d�b�o��
�k�e�m�q�Z�y�o�� �3�\�W�K�R�Q�� �\�u�i�h�e�g�y�_�l�� �j�h�e�v�� �k�d�j�b�i�l�h�\�h�]�h�� �y�a�u�d�Z���� �h�[�_�k�i�_�q�b�\�Z�y��
�w�n�n�_�d�l�b�\�g�m�x���b�g�l�_�]�j�Z�p�b�x���k���d�h�^�h�f�����k�d�h�f�i�b�e�b�j�h�\�Z�g�g�u�f���g�Z���&������ 

�B�g�l�_�]�j�Z�p�b�y���i�j�h�]�j�Z�f�f�b�j�m�_�f�u�o���e�h�]�b�q�_�k�d�b�o���d�h�g�l�j�h�e�e�_�j�h�\���b���3�\�W�K�R�Q��
�i�j�_�^�h�k�l�Z�\�e�y�_�l�� �r�b�j�h�d�b�c�� �g�Z�[�h�j�� �i�j�_�b�f�m�s�_�k�l�\�� �^�e�y�� �Z�\�l�h�f�Z�l�b�a�Z�p�b�b���� �I�E�D��
�y�\�e�y�x�l�k�y���g�Z�^�_�`�g�u�f�b���b���i�j�b�k�i�h�k�h�[�e�_�g�g�u�f�b���d���l�j�m�^�g�u�f���i�j�h�f�u�r�e�_�g�g�u�f��
�m�k�e�h�\�b�y�f�� �m�k�l�j�h�c�k�l�\�Z�f�b���� �q�l�h�� �^�_�e�Z�_�l�� �b�o�� �b�^�_�Z�e�v�g�u�f�� �\�u�[�h�j�h�f�� �^�e�y��
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�m�i�j�Z�\�e�_�g�b�y�� �w�e�_�d�l�j�h�h�[�h�j�m�^�h�\�Z�g�b�_�f�� �\�� �j�Z�a�e�b�q�g�u�o�� �k�_�d�l�h�j�Z�o���� �W�l�Z��
�m�k�l�h�c�q�b�\�h�k�l�v�� �i�h�a�\�h�e�y�_�l�� �k�h�a�^�Z�\�Z�l�v�� �g�Z�^�_�`�g�u�_�� �k�b�k�l�_�f�u�� �m�i�j�Z�\�e�_�g�b�y����
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�_�]�h���i�h�^�^�_�j�`�d�_���� 

�H�k�h�[�h�_�� �\�e�b�y�g�b�_�� �h�g�� �h�d�Z�a�u�\�Z�_�l�� �\�� �h�[�e�Z�k�l�b�� �f�Z�r�b�g�g�h�]�h�� �h�[�m�q�_�g�b�y��
���0�/���� �b�� �b�k�d�m�k�k�l�\�_�g�g�h�]�h�� �b�g�l�_�e�e�_�d�l�Z�� ���B�B������ �]�^�_�� �Z�e�]�h�j�b�l�f�u�� �h�k�g�h�\�Z�g�u�� �g�Z��
�^�Z�g�g�u�o���� �Z�� �g�_�� �g�Z�� �y�\�g�h�� �a�Z�d�h�^�b�j�h�\�Z�g�g�u�o�� �i�j�Z�\�b�e�Z�o���� �I�j�b�f�_�g�_�g�b�_�� �3�\�W�K�R�Q��
�\�d�e�x�q�Z�_�l���\���k�_�[�y���l�Z�d�b�_���h�[�e�Z�k�l�b�����d�Z�d���i�j�h�n�b�e�Z�d�l�b�q�_�k�d�h�_���h�[�k�e�m�`�b�\�Z�g�b�_���b��
�Z�\�l�h�g�h�f�g�Z�y���j�h�[�h�l�h�l�_�o�g�b�d�Z�����<���^�Z�g�g�h�c���k�n�_�j�_���[�h�e�v�r�b�g�k�l�\�h���k�h�\�j�_�f�_�g�g�u�o��
�b�g�k�l�j�m�f�_�g�l�h�\���f�Z�r�b�g�g�h�]�h���h�[�m�q�_�g�b�y�����l�Z�d�b�o���d�Z�d���3�\�7�R�U�F�K���b���7�H�Q�V�R�U�)�O�R�Z�����Z��
�l�Z�d�`�_�� �h�[�e�Z�q�g�u�_�� �k�_�j�\�b�k�u���� �\�j�h�^�_�� �$�:�6�� �6�D�J�H�0�D�N�H�U�� �h�l�� �$�P�D�]�R�Q����
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�i�j�_�^�h�k�l�Z�\�e�y�x�l���\�k�l�j�h�_�g�g�m�x���i�h�^�^�_�j�`�d�m���^�e�y���3�\�W�K�R�Q�� 
�A�Z�i�m�k�d�Z�y�� �\�u�q�b�k�e�_�g�b�y�� �g�Z�� �i�_�j�b�n�_�j�b�c�g�u�o�� �m�k�l�j�h�c�k�l�\�Z�o�� �k��

�b�g�l�_�]�j�b�j�h�\�Z�g�g�u�f�b���]�j�Z�n�b�q�_�k�d�b�f�b���i�j�h�p�_�k�k�h�j�Z�f�b���b�e�b���b�k�i�h�e�v�a�m�y���j�_�k�m�j�k�u��
�e�h�d�Z�e�v�g�h�]�h�� �r�e�x�a�Z�� �,�,�R�7�� �^�e�y�� �l�m�f�Z�g�g�u�o�� �\�u�q�b�k�e�_�g�b�c���� �f�u�� �f�h�`�_�f��
�i�j�b�f�_�g�y�l�v�� �h�[�m�q�_�g�g�m�x�� �f�h�^�_�e�v�� �g�Z�� �f�_�k�l�_�� �>���@���� �<�� �h�[�e�Z�k�l�b�� �d�h�f�i�v�x�l�_�j�g�h�]�h��
�a�j�_�g�b�y���� �g�_�h�[�o�h�^�b�f�h�]�h�� �^�e�y�� �l�h�]�h���� �q�l�h�[�u�� �j�h�[�h�l�b�a�b�j�h�\�Z�g�g�Z�y�� �j�m�d�Z�� �f�h�]�e�Z��
�q�l�h-�l�h���\�a�y�l�v�����f�Z�r�b�g�u���b�k�i�h�e�v�a�m�x�l���k�\�h�b���d�Z�f�_�j�u���\���j�h�e�b���]�e�Z�a���b���k�i�h�k�h�[�g�u 
�j�Z�k�i�h�a�g�Z�\�Z�l�v���h�[�t�_�d�l�u���>���@�� 

�G�_�k�d�h�e�v�d�h���Z�\�l�h�j�h�\���j�Z�k�k�f�Z�l�j�b�\�Z�x�l���3�\�W�K�R�Q���d�Z�d���Z�e�v�l�_�j�g�Z�l�b�\�m���0�D�W�O�D�E��
[2-���@�� �b�� �\�u�k�h�d�h�� �p�_�g�y�l�� �_�]�h�� �i�j�_�b�f�m�s�_�k�l�\�Z���� �<�� �d�h�g�_�q�g�h�f�� �b�l�h�]�_���� �m�f�_�g�b�_��
�b�k�i�h�e�v�a�h�\�Z�l�v�� �3�\�W�K�R�Q�� �^�e�y�� �j�_�r�_�g�b�y�� �a�Z�^�Z�q�� �Z�\�l�h�f�Z�l�b�q�_�k�d�h�]�h�� �m�i�j�Z�\�e�_�g�b�y��
�k�l�Z�g�h�\�b�l�k�y�� �g�_�k�h�f�g�_�g�g�u�f�� �i�j�_�b�f�m�s�_�k�l�\�h�f���^�e�y�� �b�g�`�_�g�_�j�Z�� �i�h��
�Z�\�l�h�f�Z�l�b�a�Z�p�b�b�� 
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INTELLIGENT PACKAGING:  OVERVIEW, TRENDS, 

INNOVATIONS  
 

Abstract. Consumers are keen to purchase safe food products, prompting the 
creation of intelligent packaging that monitors product condition and prevents the 
acquisition of substandard goods. This article delves into the primary types of such 
packaging, its corresponding merits and demerits, its global applicability, as well as 
trends and future prospects of development. 

 
�D�Z�q�_�k�l�\�h���i�j�h�^�m�d�p�b�b���g�Z�i�j�y�f�m�x���a�Z�\�b�k�b�l���g�_���l�h�e�v�d�h���h�l���k�h�[�e�x�^�_�g�b�y��

�l�_�o�g�h�e�h�]�b�q�_�k�d�b�o���i�Z�j�Z�f�_�l�j�h�\���\���i�j�h�p�_�k�k�_���i�j�h�b�a�\�h�^�k�l�\�Z�����g�h���b���h�l���m�k�e�h�\�b�c��
�_�z�� �o�j�Z�g�_�g�b�y���� �<�� �k�h�h�l�\�_�l�k�l�\�b�b�� �k�� �b�k�k�e�_�^�h�\�Z�g�b�_�f�� �N�:�H���� �\�� �]�e�h�[�Z�e�v�g�h�f��
�f�Z�k�r�l�Z�[�_�� �l�_�j�y�_�l�k�y�� �b�e�b���\�u�[�j�Z�k�u�\�Z�_�l�k�y�� �i�j�b�f�_�j�g�h�� �l�j�_�l�v�� �i�j�h�^�m�d�l�h�\����
�i�j�_�^�g�Z�a�g�Z�q�_�g�g�u�o�� �^�e�y�� �i�h�l�j�_�[�e�_�g�b�y�� �q�_�e�h�\�_�d�h�f���� �q�l�h�� �w�d�\�b�\�Z�e�_�g�l�g�h��
�i�j�b�f�_�j�g�h�����������f�b�e�e�b�Z�j�^�Z���l�h�g�g���\���l�_�q�_�g�b�_���]�h�^�Z�� �H�d�h�e�h�������±���������n�j�m�d�l�h�\���b��
�h�\�h�s�_�c�� �]�h�^�h�\�h�]�h�� �m�j�h�`�Z�y�� �b�k�i�h�e�v�a�m�_�l�k�y�� �g�_�w�n�n�_�d�l�b�\�g�h�� �b�a-�a�Z��
�n�b�a�b�h�e�h�]�b�q�_�k�d�h�]�h�� �f�_�l�Z�[�h�e�b�a�f�Z�� �i�h�k�e�_ �k�[�h�j�Z���� �g�_�i�j�Z�\�b�e�v�g�u�o�� �m�k�e�h�\�b�c 
�o�j�Z�g�_�g�b�y���b�� �i�h�j�q�b���� �\�u�a�\�Z�g�g�h�c�� �j�Z�a�f�g�h�`�_�g�b�_�f�� �f�b�d�j�h�[�h�\���� �G�Z�j�m�r�_�g�b�_��
�l�_�f�i�_�j�Z�l�m�j�g�h�]�h���j�_�`�b�f�Z�����\�e�Z�`�g�h�k�l�b���b���]�Z�a�h�\�h�]�h���k�h�k�l�Z�\�Z���f�h�`�_�l���b�a�f�_�g�b�l�v��
�n�b�a�b�h�e�h�]�b�q�_�k�d�b�c���f�_�l�Z�[�h�e�b�a�f���h�\�h�s�_�c���b���n�j�m�d�l�h�\�����q�l�h�����\���k�\�h�x���h�q�_�j�_�^�v����
�m�k�d�h�j�y�_�l���b�o���i�h�j�q�m [1]�����G�Z�i�j�b�f�_�j�����f �y�k�h���y�\�e�y�_�l�k�y �[�e�Z�]�h�i�j�b�y�l�g�h�c �k�j�_�^�h�c 
�^�e�y���j�Z�a�\�b�l�b�y���b���j�Z�a�f�g�h�`�_�g�b�y���f�b�d�j�h�n�e�h�j�u�����l�Z�d���d�Z�d���h�g�h���k�h�^�_�j�`�b�l���\�h�^�m����
�Z�a�h�l�b�k�l�u�_�� �\�_�s�_�k�l�\�Z���� �`�b�j�u���� �I�h�w�l�h�f�m�� �k�h�a�^�Z�g�b�_�� �w�n�n�_�d�l�b�\�g�u�o��
�l�_�o�g�h�e�h�]�b�c���k�� �p�_�e�v�x�� �k�g�b�`�_�g�b�y�� �i�h�j�q�b���i�j�h�^�m�d�l�h�\�� �i�b�l�Z�g�b�y�� �i�m�l�_�f��
�\�h�a�^�_�c�k�l�\�b�y�� �g�Z�� �\�u�r�_�m�i�h�f�y�g�m�l�u�_ �n�Z�d�l�h�j�u�� �h�k�l�Z�_�l�k�y�� �Z�d�l�m�Z�e�v�g�u�f��
�g�Z�i�j�Z�\�e�_�g�b�_�f���b�k�k�e�_�^�h�\�Z�g�b�c�� 

�M�i�Z�d�h�\�d�Z���b�]�j�Z�_�l���d�e�x�q�_�\�m�x���j�h�e�v���\���i�j�_�^�h�l�\�j�Z�s�_�g�b�b���a�Z�]�j�y�a�g�_�g�b�y��
�i�b�s�_�\�u�o���i�j�h�^�m�d�l�h�\���\�h�a�^�_�c�k�l�\�b�_�f���o�b�f�b�q�_�k�d�b�o���\�_�s�_�k�l�\�����f�_�o�Z�g�b�q�_�k�d�b�f��
�i�h�\�j�_�`�^�_�g�b�_�f���� �i�u�e�v�x���� �l�_�f�i�_�j�Z�l�m�j�g�u�f�b�� �b�a�f�_�g�_�g�b�y�f�b���� �\�h�a�^�_�c�k�l�\�b�_�f��
�k�\�_�l�Z���� �\�e�Z�`�g�h�k�l�v�x�� �b�� �f�b�d�j�h�[�Z�f�b���� �W�l�h�� �w�n�n�_�d�l�b�\�g�h�_�� �k�j�_�^�k�l�\�h�� �^�e�y��
�m�\�_�e�b�q�_�g�b�y�� �k�j�h�d�Z�� �o�j�Z�g�_�g�b�y�� �b�� �k�h�d�j�Z�s�_�g�b�y�� �i�h�l�_�j�v�� �b�� �i�h�j�q�b�� �i�j�h�^�m�d�l�h�\�� 

�I�h�e�b�f�_�j�g�Z�y�� �m�i�Z�d�h�\�d�Z�� �^�h�� �k�b�o�� �i�h�j�� �g�_�� �i�j�h�y�\�b�e�Z�� �k�\�h�_�]�h�� �f�Z�d�k�b�f�Z�e�v�g�h�]�h��
�i�h�l�_�g�p�b�Z�e�Z�� �\�� �m�f�_�g�v�r�_�g�b�b�� �i�h�l�_�j�v�� �b�� �i�j�h�^�e�_�g�b�b�� �k�j�h�d�Z�� �]�h�^�g�h�k�l�b���� �W�l�b��
�\�h�a�f�h�`�g�h�k�l�b���f�h�]�m�l���[�u�l�v���j�_�Z�e�b�a�h�\�Z�g�u���i�j�b���b�k�i�h�e�v�a�h�\�Z�g�b�b���l�_�o�g�h�e�h�]�b�c����
�]�Z�j�Z�g�l�b�j�m�x�s�b�o���\�u�k�h�d�b�c���m�j�h�\�_�g�v���k�Z�g�b�l�Z�j�g�h-�]�b�]�b�_�g�b�q�_�k�d�h�c���h�[�j�Z�[�h�l�d�b��
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�b�� �h�[�j�Z�s�_�g�b�y�� �k�� �i�j�h�^�m�d�p�b�_�c �^�h���m�i�Z�d�h�\�u�\�Z�g�b�y���� �Z�� �l�Z�d�`�_�� �i�j�b�� �k�l�j�h�]�h�f��
�k�h�[�e�x�^�_�g�b�b���m�k�e�h�\�b�c�� �o�j�Z�g�_�g�b�y�� �\�� �o�h�e�h�^�b�e�v�g�u�o�� �m�k�e�h�\�b�y�o. �G�h��
�k�h�\�j�_�f�_�g�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �\�� �h�[�e�Z�k�l�b�� �m�i�Z�d�h�\�h�q�g�u�o�� �j�_�r�_�g�b�c�� �g�_�� �k�l�h�y�l��
�g�Z�� �f�_�k�l�_�� �G�Z�� �k�_�]�h�^�g�y�r�g�b�c�� �^�_�g�v�� �\�u�^�_�e�y�x�l�k�y�� �i�_�j�k�i�_�d�l�b�\�g�u�_��
�g�Z�i�j�Z�\�e�_�g�b�y�� �\�� �h�[�e�Z�k�l�b�� �m�i�Z�d�h�\�d�b���� �\�d�e�x�q�Z�y�� �\�g�_�^�j�_�g�b�_�� �g�h�\�u�o��
�d�h�f�i�h�g�_�g�l�h�\���� �h�[�_�k�i�_�q�b�\�Z�x�s�b�o�� �^�h�i�h�e�g�b�l�_�e�v�g�u�_�� �n�m�g�d�p�b�b�� �^�e�y��
�f�h�g�b�l�h�j�b�g�]�Z���j�Z�a�e�b�q�g�u�o���i�Z�j�Z�f�_�l�j�h�\�����k�\�y�a�Z�g�g�u�o���k���i�j�h�k�e�_�`�b�\�Z�_�f�h�k�l�v�x����
�[�_�a�h�i�Z�k�g�h�k�l�v�x�� �b�� �d�Z�q�_�k�l�\�h�f�� �m�i�Z�d�h�\�Z�g�g�u�o�� �i�j�h�^�m�d�l�h�\���� �W�l�h�� �Z�d�l�b�\�g�h��
�j�Z�a�\�b�\�Z�x�s�_�_�k�y�� �g�Z�i�j�Z�\�e�_�g�b�_ �i�h�e�m�q�b�e�h�� �g�Z�a�\�Z�g�b�_�� �©�b�g�l�_�e�e�_�d�l�m�Z�e�v�g�Z�y��
�m�i�Z�d�h�\�d�Z�ª [3]. 

�B�g�l�_�e�e�_�d�l�m�Z�e�v�g�Z�y�� �m�i�Z�d�h�\�d�Z�� �h�i�j�_�^�_�e�y�_�l�k�y�� �d�Z�d���k�b�k�l�_�f�Z���� �d�h�l�h�j�Z�y 
�k�i�h�k�h�[�g�Z���n�h�j�f�b�j�h�\�Z�l�v���� �i�j�b�g�b�f�Z�l�v���� �n�b�d�k�b�j�h�\�Z�l�v�� �b�� �h�[�f�_�g�b�\�Z�l�v�k�y��
�b�g�n�h�j�f�Z�p�b�_�c �f�_�`�^�m���i�j�h�^�m�d�l�h�f�� �b�� �i�h�l�j�_�[�b�l�_�e�_�f �\�� �j�_�`�b�f�_�� �j�_�Z�e�v�g�h�]�h��
�\�j�_�f�_�g�b�����<�g�_�^�j�_�g�b�_�� �\�� �m�i�Z�d�h�\�d�m�� �k�i�_�p�b�Z�e�b�a�b�j�h�\�Z�g�g�u�o�� �m�k�l�j�h�c�k�l�\����
�k�i�h�k�h�[�g�u�o���h�[�g�Z�j�m�`�b�\�Z�l�v���b���k�b�]�g�Z�e�b�a�b�j�h�\�Z�l�v���h�[ �b�a�f�_�g�_�g�b�y�o���\�g�_�r�g�b�o���b��
�\�g�m�l�j�_�g�g�b�o�� �i�Z�j�Z�f�_�l�j�h�\�� �\�� �i�j�h�p�_�k�k�_�� �o�j�Z�g�_�g�b�y���� �l�j�Z�g�k�i�h�j�l�b�j�h�\�d�b�� �b��
�j�_�Z�e�b�a�Z�p�b�b�� �i�j�h�^�m�d�p�b�b���� �j�Z�k�r�b�j�b�l�� �n�m�g�d�p�b�h�g�Z�e�v�g�u�_ �\�h�a�f�h�`�g�h�k�l�b��
�m�i�Z�d�h�\�d�b���� �Z�� �l�Z�d�`�_ �h�[�_�k�i�_�q�b�l�� �k�\�h�_�\�j�_�f�_�g�g�h�_�� �b�g�n�h�j�f�b�j�h�\�Z�g�b�_�� �\�k�_�o��
�m�q�Z�k�l�g�b�d�h�\�� �j�u�g�d�Z�� �h�� �g�Z�j�m�r�_�g�b�y�o���� �l�Z�d�b�o�� �d�Z�d�� �b�a�f�_�g�_�g�b�y�� �l�_�f�i�_�j�Z�l�m�j�u��
�o�j�Z�g�_�g�b�y�����\�e�Z�`�g�h�k�l�b�����i�h�\�j�_�`�^�_�g�b�_���m�i�Z�d�h�\�d�b �b�e�b���f�b�d�j�h�[�b�h�e�h�]�b�q�_�k�d�Z�y��
�i�h�j�q�Z. �G�Z�b�[�h�e�_�_�� �Z�d�l�m�Z�e�v�g�h�c�� �b�g�l�_�e�e�_�d�l�m�Z�e�v�g�Z�y�� �m�i�Z�d�h�\�d�Z�� �y�\�e�y�_�l�k�y�� �^�e�y��
�k�d�h�j�h�i�h�j�l�y�s�b�o�k�y�� �i�j�h�^�m�d�l�h�\���� �\�� �l�h�f�� �q�b�k�e�_�� �^�e�y�� �f�y�k�g�h�c�� �b�� �j�u�[�g�h�c��
�i�j�h�^�m�d�p�b�b�����n�j�m�d�l�h�\���b���h�\�h�s�_�c�� 
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�m�k�e�h�\�g�h���j�Z�a�^�_�e�b�l�v���g�Z���^�\�_���]�j�m�i�i�u�����b�g�^�b�d�Z�l�h�j�u���b���^�Z�l�q�b�d�b�����B�g�^�b�d�Z�l�h�j�u��
�\�d�e�x�q�Z�x�l�� �\�� �k�_�[�y�� �d�h�e�h�j�b�f�_�l�j�b�q�_�k�d�b�_ �b�g�^�b�d�Z�l�h�j�g�u�_�� �w�l�b�d�_�l�d�b�� �b�e�b��
�i�e�z�g�d�b�� �b�� �b�g�^�b�d�Z�l�h�j�� �l�_�f�i�_�j�Z�l�m�j�u�� �b�� �\�j�_�f�_�g�b�� ��TTI)���� �>�Z�l�q�b�d�b 
�i�h�^�j�Z�a�^�_�e�y�x�l�k�y���g�Z���[�b�h�k�_�g�k�h�j�u���b���o�b�f�b�q�_�k�d�b�_���k�_�g�k�h�j�u�� 

�W�l�b�d�_�l�d�b-�b�g�^�b�d�Z�l�h�j�u���� �k�h�a�^�Z�g�g�u�_�� �b�a�� �\�u�k�h�d�h�f�h�e�_�d�m�e�y�j�g�u�o��
�i�h�e�b�f�_�j�h�\�� ���q�Z�s�_�� �\�k�_�]�h���[�_�e�d�h�\ �b�e�b�� �i�h�e�b�k�Z�o�Z�j�b�^�h�\������ �\�� �k�h�q�_�l�Z�g�b�b�� �k��
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�g�Z�b�[�h�e�_�_�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�g�m�x�� �n�h�j�f�m�� �b�g�l�_�e�e�_�d�l�m�Z�e�v�g�h�c�� �m�i�Z�d�h�\�d�b�� �^�e�y��
�h�p�_�g�d�b �l�Z�d�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �i�j�h�^�m�d�p�b�b�� �b�a�� �n�j�m�d�l�h�\�� �b�� �h�\�h�s�_�c���� �d�Z�d��
�k�\�_�`�_�k�l�v�� �b�� �k�i�_�e�h�k�l�v���� �i�m�l�_�f�� �b�a�f�_�g�_�g�b�y�� �p�\�_�l�Z���� �I�j�b�g�p�b�i�� �j�Z�[�h�l�u��
�b�g�^�b�d�Z�l�h�j�h�\�� �k�e�_�^�m�x�s�b�c���� �p�\�_�l���f�_�l�h�d�� �b�a�f�_�g�y�_�l�k�y�� �\�� �j�_�a�m�e�v�l�Z�l�_��
�o�b�f�b�q�_�k�d�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �f�_�`�^�m�� �d�j�Z�k�b�l�_�e�_�f�� �b�� �p�_�e�_�\�u�f�b��
�f�_�l�Z�[�h�e�b�l�Z�f�b�����q�l�h���k�\�b�^�_�l�_�e�v�k�l�\�m�_�l���h�[ �b�a�f�_�g�_�g�b�b���d�Z�q�_�k�l�\�Z���i�j�h�^�m�d�l�Z���� 

�<�� �d�Z�q�_�k�l�\�_�� �o�b�f�b�q�_�k�d�b�o�� �o�j�h�f�h�]�_�g�g�u�o�� �d�j�Z�k�b�l�_�e�_�c�� �b�k�i�h�e�v�a�m�x�l��
�f�_�l�b�e�h�\�u�c�� �d�j�Z�k�g�u�c���� �n�_�g�h�e�h�\�u�c�� �d�j�Z�k�g�u�c���� �[�j�h�f�n�_�g�h�e�h�\�u�c�� �k�b�g�b�c�� �b��
�[�j�h�f�d�j�_�a�h�e�h�\�u�c�� �n�b�h�e�_�l�h�\�u�c���� �G�_�k�f�h�l�j�y�� �g�Z�� �w�n�n�_�d�l�b�\�g�h�k�l�v��
�b�g�^�b�d�Z�l�h�j�g�u�o�� �w�l�b�d�_�l�h�d�� �k�� �h�^�g�b�f�� �d�j�Z�k�b�l�_�e�_�f�� �^�e�y�� �h�p�_�g�d�b�� �d�Z�q�_�k�l�\�Z��
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�k�\�_�`�b�o�� �i�j�h�^�m�d�l�h�\���� �b�o�� �h�]�j�Z�g�b�q�_�g�g�u�c�� �^�b�Z�i�Z�a�h�g�� �p�\�_�l�h�\�u�o�� �i�_�j�_�o�h�^�h�\�� �b��
�g�_�q�_�l�d�h�k�l�v�� �\�� �j�Z�a�e�b�q�_�g�b�b�� �k�h�k�l�h�y�g�b�c�� �h�]�j�Z�g�b�q�b�\�Z�x�l�� �b�o�� �i�j�b�f�_�g�_�g�b�_����
�I �h�w�l�h�f�m�� �i�j�h�\�h�^�y�l�k�y�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�h�� �k�h�a�^�Z�g�b�x�� �w�l�b�d�_�l�h�d�� �k��
�g�_�k�d�h�e�v�d�b�f�b�� �d�j�Z�k�b�l�_�e�y�f�b�� �^�e�y�� �m�e�m�q�r�_�g�b�y�� �q�m�\�k�l�\�b�l�_�e�v�g�h�k�l�b�� �b�� �[�h�e�_�_��
�w�n�n�_�d�l�b�\�g�h�]�h�� �h�[�g�Z�j�m�`�_�g�b�y�� �m�o�m�^�r�_�g�b�y�� �d�Z�q�_�k�l�\�Z �i�j�h�^�m�d�p�b�b. �L�Z�d�`�_��
�g�_�h�[�o�h�^�b�f�h�� �m�q�b�l�u�\�Z�l�v�� �i�h�l�_�g�p�b�Z�e�v�g�m�x�� �l�h�d�k�b�q�g�h�k�l�v���f�b�]�j�Z�p�b�b 
�o�b�f�b�q�_�k�d�b�o�� �d�j�Z�k�b�l�_�e�_�c�� �\�� �i�b�s�_�\�u�_�� �i�j�h�^�m�d�l�u���� �<�� �k�\�y�a�b�� �k�� �w�l�b�f�� �l�Z�d�b�_��
�g�Z�l�m�j�Z�e�v�g�u�_���d�j�Z�k�b�l�_�e�b�����d�Z�d���d�m�j�d�m�f�b�g�����Z�g�l�h�p�b�Z�g�u���b���i�b�]�f�_�g�l�u���k�\�_�d�e�u�� 
�k�l�Z�g�h�\�y�l�k�y�� �i�j�b�h�j�b�l�_�l�g�u�f�b�� �^�e�y�� �b�k�k�e�_�^�h�\�Z�g�b�c���� �h�[�_�k�i�_�q�b�\�Z�y��
�^�h�k�l�m�i�g�h�k�l�v���b���[�_�a�h�i�Z�k�g�h�k�l�v���\���m�f�g�h�c���m�i�Z�d�h�\�d�_���n�j�m�d�l�h�\���b���h�\�h�s�_�c�� 

�B�g�^�b�d�Z�l�h�j�u�� �\�j�_�f�_�g�b�� �b�� �l�_�f�i�_�j�Z�l�m�j�u (TTI) �w�n�n�_�d�l�b�\�g�h��
�i�j�b�f�_�g�y�x�l�k�y�� �^�e�y�� �f�h�g�b�l�h�j�b�g�]�Z�� �l�_�f�i�_�j�Z�l�m�j�g�u�o�� �d�h�e�_�[�Z�g�b�c�� �\�� �p�_�i�h�q�d�_��
�i�h�k�l�Z�\�h�d�� �i�b�s�_�\�u�o�� �i�j�h�^�m�d�l�h�\ �\�� �j�_�`�b�f�_�� �j�_�Z�e�v�g�h�]�h�� �\�j�_�f�_�g�b���� �q�l�h��
�h�[�_�k�i�_�q�b�\�Z�_�l���d�h�g�l�j�h�e�v���d�Z�q�_�k�l�\�Z���b���[�_�a�h�i�Z�k�g�h�k�l�b���i�j�h�^�m�d�p�b�b�� 

�>�Z�l�q�b�d�b���� �h�[�t�_�^�b�g�y�y�� �d�h�f�i�h�g�_�g�l�u�� �b�^�_�g�l�b�n�b�d�Z�p�b�b����
�i�j�_�h�[�j�Z�a�h�\�Z�g�b�y���� �w�e�_�d�l�j�h�g�b�d�b�� �h�l�h�[�j�Z�`�_�g�b�y�� �k�b�]�g�Z�e�Z �b�� �h�[�j�Z�[�h�l�d�b��
�k�b�]�g�Z�e�h�\���� �]�_�g�_�j�b�j�m�x�l�� �k�b�]�g�Z�e�� �q�_�j�_�a�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�_�� �d�h�f�i�h�g�_�g�l�Z��
�b�^�_�g�l�b�n�b�d�Z�p�b�b�� �k�� �h�[�g�Z�j�m�`�b�\�Z�_�f�u�f�� �\�_�s�_�k�l�\�h�f���� �W�l�h�� �b�g�b�p�b�b�j�m�_�l��
�f�h�^�b�n�b�d�Z�p�b�x�� �j�_�p�_�i�l�h�j�Z�� �b�� �i�h�k�e�_�^�m�x�s�_�_�� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�_�� �\�� �i�h�e�_�a�g�u�c��
�w�e�_�d�l�j�h�g�g�u�c�� �k�b�]�g�Z�e�� �^�e�y�� �h�l�h�[�j�Z�`�_�g�b�y�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �d�h�f�i�h�g�_�g�l�Z��
�i�j�_�h�[�j�Z�a�h�\�Z�g�b�y�� �<�� �d�Z�q�_�k�l�\�_�� �d�h�f�i�h�g�_�g�l�Z�� �h�[�g�Z�j�m�`�_�g�b�y�� �m�� �n�j�m�d�l�h�\�� �b��
�h�\�h�s�_�c�� �f�h�]�m�l���\�u�k�l�m�i�Z�l�v�� �i�j�h�^�m�d�l�u�� �f�_�l�Z�[�h�e�b�a�f�Z�� �k�u�j�v�y�� ���d�b�k�e�h�j�h�^����
�w�l�b�e�_�g���b���Z�e�v�^�_�]�b�^�u�������Z���l�Z�d�`�_���w�g�^�h�]�_�g�g�u�_���\�_�s�_�k�l�\�Z�����l�h�d�k�b�g�u�����h�k�l�Z�l�d�b��
�i�_�k�l�b�p�b�^�h�\�����f�b�d�j�h�h�j�]�Z�g�b�a�f�u���� 

�<���a�Z�\�b�k�b�f�h�k�l�b���h�l���\�a�Z�b�f�h�^�_�c�k�l�\�b�y���d�h�f�i�h�g�_�g�l�Z���b�^�_�g�l�b�n�b�d�Z�p�b�b���k��
�Z�g�Z�e�b�a�b�j�m�_�f�u�f�� �\�_�s�_�k�l�\�h�f�� �j�Z�a�e�b�q�Z�x�l�� �[�b�h�k�_�g�k�h�j�u�� �b�� �o�b�f�b�q�_�k�d�b�_��
�k�_�g�k�h�j�u�����<���[�b�h�k�_�g�k�h�j�Z�o���\�_�s�_�k�l�\�Z�����b�k�i�h�e�v�a�m�_�f�u�_���^�e�y���Z�g�Z�e�b�a�Z�����k�h�k�l�h�y�l��
�b�a�� �n�_�j�f�_�g�l�h�\���� �Z�g�l�b�l�_�e���� �Z�g�l�b�]�_�g�h�\���� �g�m�d�e�_�b�g�h�\�u�o�� �d�b�k�e�h�l���� �n�Z�]�h�\����
�O�b�f�b�q�_�k�d�b�_���^�Z�l�q�b�d�b���j�Z�[�h�l�Z�x�l���g�Z���h�k�g�h�\�_���j�_�Z�d�p�b�c���f�_�`�^�m���j�_�p�_�i�l�h�j�Z�f�b��
�b�� �Z�g�Z�e�b�l�Z�f�b���� �d�h�l�h�j�u�_�� �]�_�g�_�j�b�j�m�x�l�� �k�b�]�g�Z�e�u���� �i�h�^�e�_�`�Z�s�b�_�� �a�Z�i�b�k�b���b��
�i�h�k�e�_�^�m�x�s�_�f�m���Z�g�Z�e�b�a�m [1]. 

�B�g�l�_�e�e�_�d�l�m�Z�e�v�g�u�_���m�i�Z�d�h�\�h�q�g�u�_���k�b�k�l�_�f�u���^�e�y���f�y�k�g�h�c���i�j�h�^�m�d�p�b�b��
�\�d�e�x�q�Z�x�l�� �\�� �k�_�[�y�� �b�g�^�b�d�Z�l�h�j�u�� �l�_�f�i�_�j�Z�l�m�j�u���� �l�_�f�i�_�j�Z�l�m�j�g�h-�\�j�_�f�_�g�g�u�_��
�b�g�^�b�d�Z�l�h�j�u���� �b�g�^�b�d�Z�l�h�j�u�� �p�_�e�h�k�l�g�h�k�l�b�� �m�i�Z�d�h�\�d�b���� �d�h�e�h�j�b�f�_�l�j�b�q�_�k�d�b�_��
�b�g�^�b�d�Z�l�h�j�u���f�b�d�j�h�[�b�h�e�h�]�b�q�_�k�d�h�c���i�h�j�q�b���b���[�b�h�k�_�g�k�h�j�u�� 

�B�g�^�b�d�Z�l�h�j���l�_�f�i�_�j�Z�l�m�j�u���n�m�g�d�p�b�h�g�b�j�m�_�l���g�Z���h�k�g�h�\�_���l�h�]�h�����q�l�h���i�j�b��
�i�h�\�u�r�_�g�b�b�� �l�_�f�i�_�j�Z�l�m�j�u�� �Z�d�l�b�\�g�h�_�� �\�_�s�_�k�l�\�h�� �i�_�j�_�o�h�^�b�l�� �b�a�� �l�\�_�j�^�h�]�h�� �\��
�`�b�^�d�h�_�� �k�h�k�l�h�y�g�b�_���� �\�� �j�_�a�m�e�v�l�Z�l�_�� �q�_�]�h�� �w�l�b�d�_�l�d�Z�� �i�h�]�e�h�s�Z�_�l��
�h�[�j�Z�a�h�\�Z�\�r�m�x�k�y���`�b�^�d�h�k�l�v���b���q�Z�k�l�b�q�g�h���l�_�j�y�_�l���p�\�_�l�����\�d�e�x�q�Z�y���i�_�q�Z�l�g�u�c��
�r�l�j�b�o-�d�h�^���� �b�a-�a�Z�� �q�_�]�h�� �\�i�h�k�e�_�^�k�l�\�b�b�� �i�h�l�j�_�[�b�l�_�e�v�� �g�_�� �f�h�`�_�l��
�h�l�k�d�Z�g�b�j�h�\�Z�l�v���b�k�i�h�j�q�_�g�g�u�c���l�h�\�Z�j���g�Z���d�Z�k�k�_ [2]. 
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�D�h�e�h�j�b�f�_�l�j�b�q�_�k�d�b�_�� �b�g�^�b�d�Z�l�h�j�u�� �f�b�d�j�h�[�b�h�e�h�]�b�q�_�k�d�h�c�� �i�h�j�q�b�� �b��
�b�g�^�b�d�Z�l�h�j�u���p�_�e�h�k�l�g�h�k�l�b���m�i�Z�d�h�\�d�b���b�a�f�_�g�y�x�l���p�\�_�l���i�j�b���\�a�Z�b�f�h�^�_�c�k�l�\�b�b��
�k���\�_�s�_�k�l�\�Z�f�b�����d�h�l�h�j�u�_���\�u�^�_�e�y�x�l�k�y���f�b�d�j�h�n�e�h�j�h�c�����\�u�a�u�\�Z�x�s�_�c���i�h�j�q�m����
�q�l�h�� �]�h�\�h�j�b�l�� �h�[�� �g�Z�j�m�r�_�g�b�b�� �i�h�l�j�_�[�b�l�_�e�v�k�d�b�o�� �k�\�h�c�k�l�\�� �i�j�h�^�m�d�l�Z�� �e�b�[�h�� �h��
�\�j�_�f�_�g�b�� �k�� �f�h�f�_�g�l�Z�� �\�k�d�j�u�l�b�y�� �m�i�Z�d�h�\�d�b�� �\�� �k�e�m�q�Z�_�� �b�g�^�b�d�Z�l�h�j�Z��
�p�_�e�h�k�l�g�h�k�l�b [3]. 

�<���b�g�l�_�e�e�_�d�l�m�Z�e�v�g�u�o���m�i�Z�d�h�\�h�q�g�u�o���k�b�k�l�_�f�Z�o���l�Z�d�`�_���b�k�i�h�e�v�a�m�_�l�k�y��
�l�Z�d�Z�y�� �l�_�o�g�h�e�h�]�b�y���� �d�Z�d�� �f�_�l�d�Z�� �j�Z�^�b�h�q�Z�k�l�h�l�g�h�c�� �b�^�_�g�l�b�n�b�d�Z�p�b�b�� ��RDIF). 
�>�Z�g�g�Z�y�� �f�_�l�d�Z�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �m�k�l�j�h�c�k�l�\�h�� �k�� �j�Z�^�b�h�q�Z�k�l�h�l�g�u�f��
�f�b�d�j�h�q�b�i�h�f�� �b�� �Z�g�l�_�g�g�h�c���� �i�j�_�^�g�Z�a�g�Z�q�_�g�g�u�f�b�� �^�e�y�� �[�_�k�i�j�h�\�h�^�g�h�c��
�i�_�j�_�^�Z�q�b�� �^�Z�g�g�u�o�� �I�j�h�]�j�_�k�k�u�� �\�� �l�_�o�g�h�e�h�]�b�b��RDIF �a�g�Z�q�b�l�_�e�v�g�h��
�m�e�m�q�r�b�e�b�� �b�g�l�_�e�e�_�d�l�m�Z�e�v�g�m�x�� �m�i�Z�d�h�\�d�m���� �i�h�a�\�h�e�y�y�� �[�h�e�_�_�� �w�n�n�_�d�l�b�\�g�h��
�h�i�j�_�^�_�e�y�l�v���d�Z�q�_�k�l�\�h���i�j�h�^�m�d�p�b�b���b���i�j�_�^�h�l�\�j�Z�s�Z�l�v���_�_���i�h�j�q�m�����B�g�l�_�]�j�Z�p�b�y��
�^�Z�l�q�b�d�h�\���d�h�g�l�j�h�e�y���b���f�_�l�h�d���5�)�,�'���j�Z�k�r�b�j�y�_�l���\�h�a�f�h�`�g�h�k�l�b���l�_�o�g�h�e�h�]�b�b��
�5�)�,�'�� �\�� �f�h�g�b�l�h�j�b�g�]�_�� �o�h�e�h�^�h�\�h�c�� �p�_�i�b���� �Z�� �l�Z�d�`�_�� �m�i�j�Z�\�e�_�g�b�b��
�l�_�f�i�_�j�Z�l�m�j�h�c�� �b�� �\�e�Z�`�g�h�k�l�v�x�� �i�j�b�� �m�i�Z�d�h�\�d�_���i�b�s�_�\�u�o �i�j�h�^�m�d�l�h�\. 
�I�j�_�b�f�m�s�_�k�l�\�Z���5�)�,�'-�f�_�l�h�d���i�h���k�j�Z�\�g�_�g�b�x���k�h���r�l�j�b�o-�d�h�^�Z�f�b���\�d�e�x�q�Z�x�l��
�^�b�k�l�Z�g�p�b�h�g�g�h�_�� �m�i�j�Z�\�e�_�g�b�_���� �k�i�h�k�h�[�g�h�k�l�v�� �h�^�g�h�\�j�_�f�_�g�g�h�]�h�� �d�h�g�l�j�h�e�y�� �\��
�j�Z�a�g�u�o�� �f�_�k�l�Z�o�� �b�� �\�h�a�f�h�`�g�h�k�l�v�� �o�j�Z�g�_�g�b�y�� �j�Z�a�g�h�h�[�j�Z�a�g�h�c�� �b�g�n�h�j�f�Z�p�b�b��
�^�e�y���b�^�_�g�l�b�n�b�d�Z�p�b�b���i�j�h�^�m�d�p�b�b [1, 2]. 

�G�_�k�f�h�l�j�y�� �g�Z�� �f�g�h�]�h�q�b�k�e�_�g�g�u�_�� �i�j�_�b�f�m�s�_�k�l�\�Z�� �b�g�g�h�\�Z�p�b�h�g�g�h�c��
�m�i�Z�d�h�\�d�b�� �^�e�y�� �i�j�h�^�m�d�l�h�\�� �i�b�l�Z�g�b�y���� �\�d�e�x�q�Z�y�� �[�h�e�_�_�� �w�n�n�_�d�l�b�\�g�h�_��
�b�k�i�h�e�v�a�h�\�Z�g�b�_�� �k�u�j�v�y���� �m�e�m�q�r�_�g�b�_�� �[�_�a�h�i�Z�k�g�h�k�l�b�� �i�j�h�^�m�d�l�h�\�� �b��
�k�h�d�j�Z�s�_�g�b�_���h�l�o�h�^�h�\�����k�m�s�_�k�l�\�m�_�l���j�y�^���i�j�_�i�y�l�k�l�\�b�c�����d�h�l�h�j�u�_���l�j�_�[�m�_�l�k�y��
�i�j�_�h�^�h�e�_�l�v�� �^�e�y�� �r�b�j�h�d�h�]�h�� �\�g�_�^�j�_�g�b�y�� �b�g�l�_�e�e�_�d�l�m�Z�e�v�g�h�c�� �m�i�Z�d�h�\�d�b�� �\��
�i�j�h�f�u�r�e�_�g�g�h�k�l�b�� �H�k�g�h�\�g�u�_�� �i�j�h�[�e�_�f�u�� �r�b�j�h�d�h�]�h�� �i�j�h�f�u�r�e�_�g�g�h�]�h��
�b�k�i�h�e�v�a�h�\�Z�g�b�y�� �b�g�l�_�e�e�_�d�l�m�Z�e�v�g�h�c�� �m�i�Z�d�h�\�d�b�� �\�d�e�x�q�Z�x�l�� �\�� �k�_�[�y��
�[�_�a�h�i�Z�k�g�h�k�l�v�� �d�h�f�i�h�g�_�g�l�h�\�� �b�g�l�_�e�e�_�d�l�m�Z�e�v�g�h�c�� �m�i�Z�d�h�\�d�b����
�q�m�\�k�l�\�b�l�_�e�v�g�h�k�l�v�� �h�l�d�e�b�d�Z�� �b�� �l�h�q�g�h�k�l�v�� �i�h�d�Z�a�Z�g�b�c���� �\�u�k�h�d�Z�y�� �k�l�h�b�f�h�k�l�v��
�i�j�h�b�a�\�h�^�k�l�\�Z���� �\�h�i�j�h�k�u�� �i�j�Z�\�h�\�h�]�h�� �j�_�]�m�e�b�j�h�\�Z�g�b�y�� �b�� �i�j�b�a�g�Z�g�b�_��
�i�h�l�j�_�[�b�l�_�e�y�f�b [1]. 

�G�_�k�f�h�l�j�y�� �g�Z���k�m�s�_�k�l�\�m�x�s�b�_ �i�j�_�i�y�l�k�l�\�b�y�� �\�g�_�^�j�_�g�b�y��
�b�g�l�_�e�e�_�d�l�m�Z�e�v�g�h�c�� �m�i�Z�d�h�\�d�b���� �m�`�_�� �_�k�l�v�� �i�j�b�f�_�j�u�� �_�_�� �i�j�h�f�u�r�e�_�g�g�h�]�h��
�i�j�h�b�a�\�h�^�k�l�\�Z: �j�Z�a�j�Z�[�h�l�Z�g�g�u�_���^�\�_�� �[�b�h�k�_�g�k�h�j�g�u�_�� �k�b�k�l�_�f�u���� �I�_�j�\�Z�y����
�j�Z�a�j�Z�[�h�l�Z�g�Z �d�h�f�i�Z�g�b�_�c�� �7�R�[�L�Q�*�X�D�U�G���� �\�k�l�j�Z�b�\�Z�_�l�k�y�� �g�_�i�h�k�j�_�^�k�l�\�_�g�g�h�� �\��
�m�i�Z�d�h�\�d�m���b���i�j�_�^�k�l�Z�\�e�y�_�l���b�a���k�_�[�y���i�e�_�g�d�m�����\���d�h�l�h�j�h�c���g�Z�o�h�^�y�l�k�y���Z�g�l�b�l�_�e�Z����
�d�h�l�h�j�u�_���h�[�g�Z�j�m�`�b�\�Z�x�l���[�h�e�_�a�g�_�l�\�h�j�g�u�_���[�Z�d�l�_�j�b�b�����/�L�V�W�H�U�L�D�����6�D�O�P�R�Q�H�O�O�D������
�<�l�h�j�Z�y�� �[�b�h�k�_�g�k�h�j�g�Z�y�� �k�b�k�l�_�f�Z���� �k�h�a�^�Z�g�g�Z�y�� �)�R�R�G�� �6�H�Q�W�L�Q�H�O�� �6�\�V�W�H�P���� �b�f�_�_�l��
�k�o�h�`�_�_���i�j�_�^�g�Z�a�g�Z�q�_�g�b�_�����h�^�g�Z�d�h���f�b�d�j�h�h�j�]�Z�g�b�a�f�u���h�[�g�Z�j�m�`�b�\�Z�x�l�k�y���i�j�b��
�i�h�f�h�s�b���b�f�f�m�g�h�e�h�]�b�q�_�k�d�b�o���j�_�Z�d�p�b�c�����W�l�b���j�_�Z�d�p�b�b���k�\�y�a�Z�g�u���k���h�[�e�Z�k�l�v�x��
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�r�l�j�b�o-�d�h�^�Z�� �b���� �_�k�e�b�� �\�g�m�l�j�b�� �m�i�Z�d�h�\�d�b�� �g�Z�q�Z�e�b�� �j�Z�a�f�g�h�`�Z�l�v�k�y���h�i�Z�k�g�u�_��
�f�b�d�j�h�h�j�]�Z�g�b�a�f�u�����k�q�b�l�Z�l�v���g�Z���d�Z�k�k�_���l�h�\�Z�j �g�_���i�h�e�m�q�b�l�k�y [2]. 

�G�Z�� �l�_�d�m�s�b�c�� �f�h�f�_�g�l�� �b�a�� �i�_�j�k�i�_�d�l�b�\�g�u�o�� �g�Z�i�j�Z�\�e�_�g�b�c�� �y�\�e�y�_�l�k�y��
�d�h�g�p�_�i�p�b�y�� �b�g�l�_�]�j�Z�p�b�b�� �[�b�h�k�_�g�k�h�j�h�\�� �k�� �k�b�k�l�_�f�h�c�� �5�)�,D-�f�_�l�h�d����
�h�[�_�k�i�_�q�b�\�Z�y���\�h�a�f�h�`�g�h�k�l�v���f�h�g�b�l�h�j�b�g�]�Z���k�h�k�l�h�y�g�b�y���i�j�h�^�m�d�l�Z���\���j�_�Z�e�v�g�h�f��
�\�j�_�f�_�g�b�� �L�Z�d�`�_�� �g�Z�i�j�Z�\�e�_�g�b�y�f�b�� �^�e�y�� �[�m�^�m�s�b�o�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �y�\�e�y�x�l�k�y��
�d�h�e�h�j�b�f�_�l�j�b�q�_�k�d�b�_�� �b�g�^�b�d�Z�l�h�j�u�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �i�j�b�j�h�^�g�u�o��
�d�j�Z�k�b�l�_�e�_�c�� �b�� �i�h�\�u�r�_�g�b�_�� �k�l�Z�[�b�e�v�g�h�k�l�b�� �b�o�� �p�\�_�l�Z���� �>�G�D-�[�b�h�q�b�i�u����
�k�i�h�k�h�[�g�u�_�� �j�Z�k�i�h�a�g�Z�\�Z�l�v�� �a�Z�i�Z�o�� �b�� �\�d�m�k���� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �j�Z�k�l�b�l�_�e�v�g�u�o��
�h�l�o�h�^�h�\���^�e�y���k�h�a�^�Z�g�b�y���d�h�f�i�h�g�_�g�l�h�\���b�g�l�_�e�e�_�d�l�m�Z�e�v�g�h�c���m�i�Z�d�h�\�d�b�� 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �b�g�l�_�e�e�_�d�l�m�Z�e�v�g�Z�y�� �m�i�Z�d�h�\�d�Z�����i�j�_�^�g�Z�a�g�Z�q�_�g�g�Z�y��
�^�e�y�� �f�h�g�b�l�h�j�b�g�]�Z�� �i�j�h�^�m�d�l�h�\���� �\�� �h�k�h�[�_�g�g�h�k�l�b �^�e�y�� �k�d�h�j�h�i�h�j�l�y�s�b�o�k�y����
�i�j�_�^�h�k�l�Z�\�e�y�_�l�� �\�h�a�f�h�`�g�h�k�l�v�� �i�h�l�j�_�[�b�l�_�e�y�f�� �b�a�[�_�`�Z�l�v�� �i�h�d�m�i�d�b��
�g�_�d�Z�q�_�k�l�\�_�g�g�u�o���� �g�_�[�_�a�h�i�Z�k�g�u�o �l�h�\�Z�j�h�\�� �b�� �f�b�g�b�f�b�a�b�j�h�\�Z�l�v�� �j�b�k�d�b�� �^�e�y��
�a�^�h�j�h�\�v�y���� �G�_�k�f�h�l�j�y�� �g�Z�� �Z�d�l�b�\�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �\�� �w�l�h�c�� �h�[�e�Z�k�l�b����
�k�m�s�_�k�l�\�m�x�s�b�_�� �g�_�^�h�k�l�Z�l�d�b�� �i�h�d�Z�� �h�]�j�Z�g�b�q�b�\�Z�x�l�� �f�Z�k�k�h�\�h�_�� �\�g�_�^�j�_�g�b�_��
�b�g�l�_�e�e�_�d�l�m�Z�e�v�g�u�o���m�i�Z�d�h�\�h�d�� 

 
�K�i�b�k�h�d���b�k�i�h�e�v�a�h�\�Z�g�g�u�o���b�k�l�h�q�g�b�d�h�\ 
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Abstract. The thesis presents a comparative effect of tellurium and vanadium 

oxides on the technological characteristics (crystallization ability and viscosity) of 
alkaline aluminosilicate glasses designed to decrease electromagnetic radiation of the 
ultrahigh frequency range. 
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�L�h���_�k�l�v�����i�j�b���^�Z�g�g�h�f���a�g�Z�q�_�g�b�b���\�y�a�d�h�k�l�b���i�j�_�^�i�h�e�h�`�b�l�_�e�v�g�h���i�j�h�b�k�o�h�^�b�l��
�b�a�f�_�g�_�g�b�_���k�l�j�m�d�l�m�j�g�h�]�h���\�e�b�y�g�b�y���h�d�k�b�^�h�\��SiO2, Al2O3, TeO2.  

�G�Z�i�j�h�l�b�\�����\�\�_�^�_�g�b�_���h�d�k�b�^�Z���\�Z�g�Z�^�b�y���\���k�h�k�l�Z�\���b�k�k�e�_�^�m�_�f�u�o���k�l�_�d�h�e��
�\�a�Z�f�_�g��SiO2 �\�� �d�h�e�b�q�_�k�l�\�_�� ���±������ �f�h�e���� ���� �\�u�a�u�\�Z�_�l�� �k�f�_�s�_�g�b�_��
�l�_�f�i�_�j�Z�l�m�j�g�h�c���a�Z�\�b�k�b�f�h�k�l�b���\�y�a�d�h�k�l�b���\���\�u�k�h�d�h�l�_�f�i�_�j�Z�l�m�j�g�m�x���h�[�e�Z�k�l�v����
�=�j�Z�^�b�_�g�l�� �\�y�a�d�h�k�l�b�� �i�j�b�� �w�l�h�f�� �h�k�l�Z�_�l�k�y�� �i�j�Z�d�l�b�q�_�k�d�b�� �i�h�k�l�h�y�g�g�u�f�� �b��
�k�h�k�l�Z�\�e�y�_�l���������“�����h�K���� 

�I�h�k�d�h�e�v�d�m���k�l�_�d�e�Z�����\�d�e�x�q�Z�x�s�b�_���h�d�k�b�^���\�Z�g�Z�^�b�y���\���d�h�e�b�q�_�k�l�\�_�������±
������ �f�h�e���� ������ �k�d�e�h�g�g�u�� �d���d�j�b�k�l�Z�e�e�b�a�Z�p�b�b���� �d�j�b�\�u�_�� �l�_�f�i�_�j�Z�l�m�j�g�h�c��
�a�Z�\�b�k�b�f�h�k�l�b�� �\�y�a�d�h�k�l�b�� �^�e�y�� �g�b�o�� �i�j�_�^�k�l�Z�\�e�_�g�u�� �^�h�� �a�g�Z�q�_�g�b�y�� ����6,5 �I�Z���k����
�G�b�`�_�� �w�l�h�c�� �\�_�e�b�q�b�g�u�� �Z�d�l�b�\�g�h�� �j�Z�a�\�b�\�Z�x�l�k�y�� �i�j�h�p�_�k�k�u�� �n�Z�a�h�\�h�]�h��
�j�Z�a�^�_�e�_�g�b�y���� �h�l�j�Z�`�Z�x�s�b�_�k�y�� �g�Z�� �d�j�b�\�h�c�� �l�_�f�i�_�j�Z�l�m�j�g�h�c�� �a�Z�\�b�k�b�f�h�k�l�b��
�\�y�a�d�h�k�l�b���� 

�G�Z�� �j�b�k���� ���� �i�j�b�\�_�^�_�g�h�� �k�j�Z�\�g�b�l�_�e�v�g�h�_�� �\�e�b�y�g�b�_�� �h�d�k�b�^�h�\�� �l�_�e�e�m�j�Z�� �b��
�\�Z�g�Z�^�b�y�����\�\�h�^�b�f�u�o���\�a�Z�f�_�g��SiO2 �\���d�h�e�b�q�_�k�l�\�_��5,0 �f�h�e�������� 

 

 
�L�_�f�i�_�j�Z�l�m�j�Z�����h�K 

�J�b�k���������± �K�j�Z�\�g�b�l�_�e�v�g�h�_���\�e�b�y�g�b�_��TeO2 �b��V2O5 �g�Z���\�y�a�d�h�k�l�v���Z�e�x�f�h�k�b�e�b�d�Z�l�g�u�o��
�k�l�_�d�h�e 

 
�D�Z�d�� �k�e�_�^�m�_�l�� �b�a�� �j�b�k���� ������ �\�\�_�^�_�g�b�_�� �������� �f�h�e���� ����V2O5 �\�a�Z�f�_�g��SiO2 �\��

�[�h�e�v�r�_�c�� �k�l�_�i�_�g�b�� �i�h�\�u�r�Z�_�l�� ���\�� �k�j�_�^�g�_�f�� �g�Z�� �����“�����h�K���� �\�y�a�d�h�k�l�v��
�b�k�k�e�_�^�m�_�f�u�o���s�_�e�h�q�g�u�o���Z�e�x�f�h�k�b�e�b�d�Z�l�g�u�o���k�l�_�d�h�e�����q�_�f���w�d�\�b�\�Z�e�_�g�l�g�h�_��
�d�h�e�b�q�_�k�l�\�h��TeO2�����I�j�b�q�_�f���\���b�g�l�_�j�\�Z�e�_���a�g�Z�q�_�g�b�c���\�y�a�d�h�k�l�b������9�±108,5 �I�Z�Ü�k��
�j�Z�a�e�b�q�b�_���\�h���\�e�b�y�g�b�b���f�b�g�b�f�Z�e�v�g�h���b���k�h�k�l�Z�\�e�y�_�l���i�h�j�y�^�d�Z���������h�K�� 

�<�u�k�h�d�Z�y���i�j�h�q�g�h�k�l�v���_�^�b�g�b�q�g�h�c���k�\�y�a�b��Si�±O �����������d�>�`���f�h�e�v�������^�h�e�y��
�d�h�l�h�j�h�c�� �k�g�b�`�Z�_�l�k�y�� �\�� �j�Z�f�d�Z�o���m�d�Z�a�Z�g�g�u�o�� �w�d�\�b�f�h�e�y�j�g�u�o�� �a�Z�f�_�g���� �^�h�e�`�g�Z��
�k�i�h�k�h�[�k�l�\�h�\�Z�l�v���m�f�_�g�v�r�_�g�b�x���\�y�a�d�h�k�l�b���b�k�k�e�_�^�m�_�f�u�o���k�l�_�d�h�e�����h�^�g�Z�d�h���g�Z��
�i�j�Z�d�l�b�d�_���g�Z�[�e�x�^�Z�_�l�k�y���i�j�h�l�b�\�h�i�h�e�h�`�g�u�c���w�n�n�_�d�l�� 
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�G�Z���g�Z�r���\�a�]�e�y�^�����m�\�_�e�b�q�_�g�b�_���\�y�a�d�h�k�l�b���h�i�u�l�g�u�o���k�l�_�d�h�e���i�j�b���a�Z�f�_�g�_��
�h�d�k�b�^�Z�� �d�j�_�f�g�b�y�� �g�Z��TeO2 �b�e�b��V2O5 �k�\�y�a�Z�g�h�� �k�� �k�b�e�h�c�� �i�h�e�y�� �d�Z�l�b�h�g�Z�� �i�h��
�>�b�l�p�_�e�x�� �b�� �w�e�_�d�l�j�h�h�l�j�b�p�Z�l�_�e�v�g�h�k�l�v�x���� �>�e�y�� �h�d�k�b�^�g�u�o�� �k�l�_�d�h�e��
�w�e�_�d�l�j�h�h�l�j�b�p�Z�l�_�e�v�g�h�k�l�v�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �w�g�_�j�]�b�x�� �i�j�b�l�y�`�_�g�b�y��
�d�Z�l�b�h�g�h�f�� �\�Z�e�_�g�l�g�u�o�� �w�e�_�d�l�j�h�g�h�\�� �i�j�b�� �k�h�_�^�b�g�_�g�b�b�� �_�]�h�� �k�� �d�b�k�e�h�j�h�^�h�f����
�o�Z�j�Z�d�l�_�j�b�a�m�_�l�� �k�b�e�h�\�h�_�� �i�h�e�_�� �Z�l�h�f�g�h�]�h�� �y�^�j�Z�� �b�� �a�Z�\�b�k�b�l�� �h�l�� �_�]�h�� �a�Z�j�y�^�Z�� �b��
�k�l�_�i�_�g�b���w�d�j�Z�g�b�j�h�\�Z�g�b�y���y�^�j�Z���d�Z�d���a�Z�d�h�g�q�_�g�g�u�f�b���w�e�_�d�l�j�h�g�g�u�f�b���k�e�h�y�f�b��
�l�Z�d���b���h�l�^�_�e�v�g�u�f�b���w�e�_�d�l�j�h�g�Z�f�b�����I�h���\�_�e�b�q�b�g�_���w�e�_�d�l�j�h�h�l�j�b�p�Z�l�_�e�v�g�h�k�l�b��
�b�� �k�b�e�u�� �i�h�e�y�� �i�h�� �>�b�l�p�_�e�x�� �d�Z�l�b�h�g�u�� �l�_�e�e�m�j�Z���� �\�Z�g�Z�^�b�y�� �b�� �d�j�_�f�g�b�y��
�\�h�a�j�Z�k�l�Z�x�l���\���k�e�_�^�m�x�s�_�f���i�h�j�y�^�d�_�� 

�^�e�y���w�e�_�d�l�j�h�h�l�j�b�p�Z�l�_�e�v�g�h�k�l�b��V5+�������������:��Si4+�������������:��Te4+(2,1) [2]; 
�^�e�y���k�b�e�u���i�h�e�y���d�Z�l�b�h�g�Z��Si4+���������������:��V5+���������������:��Te4+(1,92) [2]. 
�D�Z�d�� �k�e�_�^�m�_�l�� �b�a�� �i�j�b�\�_�^�_�g�g�u�o�� �^�Z�g�g�u�o�� �f�b�g�b�f�Z�e�v�g�Z�y�� �k�b�e�Z�� �i�h�e�y��

�o�Z�j�Z�d�l�_�j�g�Z�� �^�e�y�� �b�h�g�Z�� �d�j�_�f�g�b�y���� �J�Z�a�e�b�q�b�y�� �\�� �^�Z�g�g�h�f�� �i�Z�j�Z�f�_�l�j�_�� �^�e�y��
�d�Z�l�b�h�g�h�\���d�j�_�f�g�b�y�����\�Z�g�Z�^�b�y�� �b�� �l�_�e�e�m�j�Z���k�\�b�^�_�l�_�e�v�k�l�\�m�x�l���h���l�h�f�����q�l�h���h�g�b��
�h�d�Z�a�u�\�Z�x�l�� �j�Z�a�e�b�q�g�h�_�� �i�h�e�y�j�b�a�m�x�s�_�_�� �^�_�c�k�l�\�b�_�� �g�Z�� �d�b�k�e�h�j�h�^���� �d�h�l�h�j�u�c��
�h�l�e�b�q�Z�_�l�k�y�� �i�j�h�q�g�h�k�l�v�x�� �_�^�b�g�b�q�g�h�c�� �k�\�y�a�b���k�� �m�d�Z�a�Z�g�g�u�f�b�� �\�u�r�_��
�d�Z�l�b�h�g�Z�f�b�����Q�_�f���\�u�r�_���k�b�e�Z���i�h�e�y���\�\�h�^�b�f�h�]�h���d�Z�l�b�h�g�Z����V5+ �b��Te4+�������l�_�f���\��
�[�h�e�v�r�_�c�� �k�l�_�i�_�g�b�� �h�g�� �i�h�e�y�j�b�a�m�_�l�� �d�b�k�e�h�j�h�^�� �b�� �h�k�e�Z�[�e�y�_�l�� �k�\�y�a�v�� �6�L-�2���� �<��
�k�\�y�a�b�� �k�� �w�l�b�f���� �i�h-�\�b�^�b�f�h�f�m���� �n�h�j�f�b�j�m�x�l�k�y���\�Z�g�Z�^�b�c- �b��
�l�_�e�e�m�j�k�h�^�_�j�`�Z�s�b�_�� �k�l�j�m�d�l�m�j�g�u�_�� �h�[�e�Z�k�l�b���� �h�[�e�Z�^�Z�x�s�b�_�� �^�h�k�l�Z�l�h�q�g�h��
�\�u�k�h�d�h�c�� �i�j�h�q�g�h�k�l�v�x�� �k�\�y�a�_�c���� �>�e�y�� �b�o�� �j�Z�a�j�u�\�Z�� �g�_�h�[�o�h�^�b�f�u�� �[�h�e�_�_��
�\�u�k�h�d�b�_�� �a�Z�l�j�Z�l�u�� �w�g�_�j�]�b�b���� �q�l�h�� �\�u�j�Z�`�Z�_�l�k�y�� �\�� �i�h�\�u�r�_�g�b�b�� �a�g�Z�q�_�g�b�c��
�\�y�a�d�h�k�l�b���k�l�_�d�h�e�� 

�J�Z�a�e�b�q�b�_�� �\�h�� �\�e�b�y�g�b�b�� �h�d�k�b�^�h�\�� �l�_�e�e�m�j�Z�� �b�� �\�Z�g�Z�^�b�y�� �g�Z �\�y�a�d�h�k�l�v��
�Z�e�x�f�h�k�b�e�b�d�Z�l�g�u�o���k�l�_�d�h�e���h�[�m�k�e�h�\�e�_�g�h���[�h�e�_�_���\�u�k�h�d�h�c���w�g�l�Z�e�v�i�b�_�c���k�\�y�a�b��
V�±O �����������d�>�`���f�h�e�v�����\���k�j�Z�\�g�_�g�b�b���k�h���k�\�y�a�v�x��Te�±O �����������d�>�`���f�h�e�v�����>���������@�� 

�L�Z�d�b�f���h�[�j�Z�a�h�f�����b�a�m�q�_�g�h���\�e�b�y�g�b�_���h�d�k�b�^�h�\��TeO2 �b��V2O5�����\�\�h�^�b�f�u�o��
�\�a�Z�f�_�g��SiO2�����g�Z���d�j�b�k�l�Z�e�e�b�a�Z�p�b�h�g�g�m�x���k�i�h�k�h�[�g�h�k�l�v���b���\�y�a�d�h�k�l�v���s�_�e�h�q�g�u�o��
�Z�e�x�f�h�k�b�e�b�d�Z�l�g�u�o���k�l�_�d�h�e�����H�i�j�_�^�_�e�_�g�u���d�h�g�p�_�g�l�j�Z�p�b�h�g�g�u�_���i�j�_�^�_�e�u���b�o��
�k�h�^�_�j�`�Z�g�b�y�����h�[�_�k�i�_�q�b�\�Z�x�s�b�_���m�k�\�Z�b�\�Z�_�f�h�k�l�v���s�_�e�h�q�g�u�f��
�Z�e�x�f�h�k�b�e�b�d�Z�l�g�u�f���k�l�_�d�e�h�f�� 
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�:�g�g�h�l�Z�p�b�y�� �<���k�l�Z�l�v�_���Z�g�Z�e�b�a�b�j�m�x�l�k�y���i�j�b�q�b�g�u���b���n�Z�d�l�h�j�u���\�h�a�g�b�d�g�h�\�_�g�b�y��
�i�h�`�Z�j�h�\�� �\�� �e�_�k�g�h�f�� �f�Z�k�k�b�\�_���� �I�j�b�\�h�^�b�l�k�y�� �h�i�b�k�Z�g�b�_�� �b�� �i�j�h�]�j�Z�f�f�Z�� �h�k�g�h�\�g�u�o�� �w�l�Z�i�h�\��
�i�j�h�]�g�h�a�b�j�h�\�Z�g�b�y���e�_�k�g�h�]�h���i�h�`�Z�j�Z���g�Z���h�k�g�h�\�_���k�l�Z�l�b�k�l�b�q�_�k�d�b�o���^�Z�g�g�u�o�����i�h�e�m�q�Z�_�f�u�o��
�i�j�b�� �\�h�a�^�m�r�g�h�f�� �f�h�g�b�l�h�j�b�g�]�_�� �e�_�k�g�h�]�h�� �n�h�g�^�Z���� �<�� �i�j�h�]�j�Z�f�f�_�� �i�j�b�f�_�g�_�g�� �i�h�^�o�h�^�� �d��
�i�j�h�]�g�h�a�b�j�h�\�Z�g�b�x���� �^�Z�x�s�b�c�� �\�h�a�f�h�`�g�h�k�l�v�� �m�q�b�l�u�\�Z�l�v�� �\�_�j�h�y�l�g�h�k�l�v��
�j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�y���h�]�g�y���\���j�Z�a�e�b�q�g�u�o���g�Z�i�j�Z�\�e�_�g�b�y�o�� 
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MODERN METHODS FOR FOREST FIRES FORECASTING  
 
Abstract. The article analyzes the causes and factors of fires in forests. A 

description and program of the main stages of forest fire forecasting are provided based 
on statistical data obtained from aerial monitoring of the forest fund. The program uses 
a forecasting approach that makes it possible to take into account the likelihood of fire 
spreading in various directions. 

 
�I�j�h�[�e�_�f�Z�� �e�_�k�g�u�o�� �i�h�`�Z�j�h�\�� ���E�I���� �h�q�_�g�v�� �Z�d�l�m�Z�e�v�g�Z�� �^�e�y�� �;�_�e�Z�j�m�k�b����
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�g�_�[�j�_�`�g�h�k�l�v���i�j�b���i�h�e�v�a�h�\�Z�g�b�b���\���e�_�k�m���h�]�g�_�f���\�h���\�j�_�f�y���j�Z�[�h�l�u���b���h�l�^�u�o�Z����
�A�Z�� �i�j�h�r�_�^�r�b�c�� ���������� �]�h�^�� �g�Z�� �l�_�j�j�b�l�h�j�b�b�� �J�_�k�i�m�[�e�b�d�b�� �;�_�e�Z�j�m�k�v��
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�k�g�b�a�b�e�h�k�v���g�Z���������i�h�`�Z�j�h�\���b�e�b���g�Z���������������� �<�������������]�h�^�m���\���a�_�e�_�g�u�o���m�]�h�^�v�y�o��
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�i�h�`�Z�j�h�\���k���g�Z�q�Z�e�Z���]�h�^�Z���[�u�e�h���\���;�j�_�k�l�k�d�h�c���h�[�e�Z�k�l�b���± �����������\���=�h�f�_�e�v�k�d�h�c��
�h�[�e�Z�k�l�b���± ������ �\�h�a�]�h�j�Z�g�b�y���� �\�� �=�j�h�^�g�_�g�k�d�h�c���± �������� �\�� �F�b�g�k�d�h�c���± 41, 
�F�h�]�b�e�_�\�k�d�h�c���± ���������b���\���<�b�l�_�[�k�d�h�c���± 7 [2].  
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�������J�Z�k�q�_�l���k�\�h�c�k�l�\���k�j�_�^�u�����d�h�w�n�n�b�p�b�_�g�l�h�\���i�_�j�_�g�h�k�Z���b���i�Z�j�Z�f�_�l�j�h�\��
�k�l�j�m�d�l�m�j�u���k�j�_�^�u������ 

�������<�u�[�h�j���f�_�l�h�^�Z���q�b�k�e�_�g�g�h�]�h���j�_�r�_�g�b�y���a�Z�^�Z�q�b���� 
�������Q�b�k�e�_�g�g�h�_���j�_�r�_�g�b�_���a�Z�^�Z�q�b���\���i�j�h�]�j�Z�f�f�_��MathLAB.  
�������I�j�h�\�_�j�d�Z���i�h�e�m�q�_�g�g�u�o���j�_�a�m�e�v�l�Z�l�h�\���f�h�^�_�e�b���� 
�F�Z�l�_�f�Z�l�b�q�_�k�d�h�_�� �f�h�^�_�e�b�j�h�\�Z�g�b�_�� �\�� �i�j�h�]�j�Z�f�f�_��MathLAB �l�Z�d�b�o��

�h�[�t�_�d�l�h�\�� �i�j�b�j�h�^�u�� �d�Z�d�� �e�_�k�g�h�c�� �i�h�`�Z�j���� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �_�^�b�g�u�c��
�g�_�j�Z�a�j�u�\�g�u�c���p�b�d�e���h�l���b�k�k�e�_�^�h�\�Z�g�b�y���i�j�h�[�e�_�f�u���^�h���^�_�l�Z�e�v�g�u�o���q�b�k�e�_�g�g�u�o��
�j�Z�k�q�_�l�h�\�� �i�h�d�Z�a�Z�l�_�e�_�c�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �h�[�t�_�d�l�Z���� �M�`�_�� �g�Z�� �h�k�g�h�\�_��
�k�h�a�^�Z�g�g�u�o�� �f�Z�l�_�f�Z�l�b�q�_�k�d�b�o�� �f�h�^�_�e�_�c�� �h�k�m�s�_�k�l�\�e�y�_�l�k�y�� �\�u�q�b�k�e�b�l�_�e�v�g�u�c��
�w�d�k�i�_�j�b�f�_�g�l���\���i�j�h�]�j�Z�f�f�_��MathLAB.  

�I�j�b�� �b�a�m�q�_�g�b�b�� �l�Z�d�b�o�� �k�e�h�`�g�u�o�� �f�g�h�]�h�d�h�f�i�h�g�_�g�l�g�u�o�� �a�Z�^�Z�q����
�k�\�y�a�Z�g�g�u�o�� �k�� �\�h�a�g�b�d�g�h�\�_�g�b�_�f�� �b�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_�f�� �e�_�k�g�u�o�� �i�h�`�Z�j�h�\���� �Z��
�l�Z�d�`�_�� �b�a�m�q�_�g�b�_�f�� �b�o�� �\�h�a�^�_�c�k�l�\�b�y�� �g�Z�� �h�d�j�m�`�Z�x�s�m�x�� �k�j�_�^�m���� �f�_�l�h�^�u��
�f�Z�l�_�f�Z�l�b�q�_�k�d�h�]�h���f�h�^�_�e�b�j�h�\�Z�g�b�y���y�\�e�y�x�l�k�y���g�Z�b�[�h�e�_�_���w�n�n�_�d�l�b�\�g�u�f�b���b��
�m�^�h�\�e�_�l�\�h�j�y�x�l�� �k�h�\�j�_�f�_�g�g�u�f�� �l�j�_�[�h�\�Z�g�b�y�f���� �J�Z�a�j�Z�[�h�l�d�Z��
�f�Z�l�_�f�Z�l�b�q�_�k�d�b�o�� �f�h�^�_�e�_�c�� �\�h�a�g�b�d�g�h�\�_�g�b�y�� �b�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�y�� �e�_�k�g�u�o��
�i�h�`�Z�j�h�\���i�h�a�\�h�e�y�_�l���i�j�_�^�k�d�Z�a�Z�l�v���b�o���i�h�\�_�^�_�g�b�_�����q�l�h���k�i�h�k�h�[�k�l�\�m�_�l���[�h�e�_�_��
�w�n�n�_�d�l�b�\�g�h�c���[�h�j�v�[�_���k�h���k�l�b�o�b�_�c���h�]�g�y�� 

 
�K�i�b�k�h�d���b�k�i�h�e�v�a�h�\�Z�g�g�u�o���b�k�l�h�q�g�b�d�h�\ 

 
������ �I�j�h�[�e�_�f�Z���[�h�j�v�[�u�� �k�� �e�_�k�g�u�f�b�� �i�h�`�Z�j�Z�f�b���� �W�e�_�d�l�j�h�g�g�u�c���j�_�k�m�j�k��

[https://cyberleninka.ru/article/n/problemy-borby-s-lesnymi-pozharami]. 
�>�Z�l�Z���h�[�j�Z�s�_�g�b�y�������������������������]�� 

2. �E�_�k�g�u�_���i�h�`�Z�j�u���\���;�_�e�Z�j�m�k�b���\�������������]�h�^�m�����k�l�Z�l�b�k�l�b�d�Z���b���i�j�b�q�b�g�u�� 
�W�e�_�d�l�j�h�g�g�u�c�� �j�_�k�m�j�k [https://sputnik.by/20220705/lesnye-pozhary-v-
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belarusi-v-2022-godu-statistika-i-prichiny-1064422919.html�@���� �>�Z�l�Z��
�h�[�j�Z�s�_�g�b�y�������������������������]�� 
          ������ �F�b�g�b�k�l�_�j�k�l�\�h�� �e�_�k�g�h�]�h�� �o�h�a�y�c�k�l�\�Z�� �J�_�k�i�m�[�e�b�d�b�� �;�_�e�Z�j�m�k�v����
�W�e�_�d�l�j�h�g�g�u�c���j�_�k�m�j�k- �>�K�W�W�S�������P�O�K���E�\���@�����>�Z�l�Z �h�[�j�Z�s�_�g�b�y 07.11.2023 �]. 

 
 
 
 

�M�>�D 621.9.048.7 

�?���I�����?�e�b�k�_�_�\�Z�����:���I�����K�e�b�\�Z�����?���<�����L�_�j�_�g�l�v�_�\ 

�G�Z�p�b�h�g�Z�e�v�g�u�c���b�k�k�e�_�^�h�\�Z�l�_�e�v�k�d�b�c���m�g�b�\�_�j�k�b�l�_�l���©�F�W�B�ª 
 �F�h�k�d�\�Z�����J�h�k�k�b�y 

 
�W�E�?�D�L�J�H�G�G�H-�E�M�Q�?�<�:�Y���F�H�>�B�N�B�D�:�P�B�Y���I�H�<�?�J�O�G�H�K�L�B��

�:�E�X�F�H�F�:�L�J�B�Q�G�H�=�H���D�H�F�I�H�A�B�P�B�H�G�G�H�=�H���F�:�L�?�J�B�:�E�: 
 

�:�g�g�h�l�Z�p�b�y�� �<���j�Z�[�h�l�_���j�Z�k�k�f�h�l�j�_�g�Z���l�_�o�g�h�e�h�]�b�y���f�h�^�b�n�b�d�Z�p�b�b���i�h�\�_�j�o�g�h�k�l�b��
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�e�m�q�h�f���� �H�i�j�_�^�_�e�_�g�h �\�e�b�y�g�b�_�� �i�Z�j�Z�f�_�l�j�h�\�� �h�[�j�Z�[�h�l�d�b���� �Z�� �b�f�_�g�g�h���� �k�d�h�j�h�k�l�b��
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�k�\�h�c�k�l�\�Z�� �i�h�\�_�j�o�g�h�k�l�b���� �M�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �w�e�_�d�l�j�h�g�g�h-�e�m�q�_�\�Z�y�� �f�h�^�b�n�b�d�Z�p�b�y��
�i�h�a�\�h�e�y�_�l���i�h�\�u�k�b�l�v���l�\�_�j�^�h�k�l�v���i�h�\�_�j�o�g�h�k�l�b���� 
 

E.P. Eliseeva, A.P. Sliva, E.V. Terentyev 
"National Research University "MPEI" 

 Moscow, Russia 
 

ELECTRON BEAM MODIFICATION OF THE SURFACE OF AN 
ALUMINUM MATRIX COMPOSITE MATERIAL  

 
Abstract. The paper considers the technology of surface modification of an 

aluminum matrix composite material (AMg3 + 5%SiC) by an electron beam. The 
influence of processing parameters, namely, processing speed, beam current and scan 
type, on the microstructure and mechanical properties of the surface is determined. It is 
established that the electron beam modification allows to increase the hardness of the 
surface. 
 

�<�\�_�^�_�g�b�_. �D�h�f�i�h�a�b�p�b�h�g�g�u�_ �f�Z�l�_�j�b�Z�e�u�� �y�\�e�y�x�l�k�y�� �d�e�Z�k�k�h�f��
�]�_�l�_�j�h�n�Z�a�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\���� �k�h�k�l�h�y�s�b�o�� �b�a�� �g�Z�i�h�e�g�b�l�_�e�y�� �b�� �f�Z�l�j�b�p�u���� �<��
�d�h�f�[�b�g�Z�p�b�b�� �k�� �Z�e�x�f�b�g�b�_�\�h�c�� �f�Z�l�j�b�p�_�c���� �h�[�e�Z�^�Z�x�s�_�c�� �\�u�k�h�d�h�c��
�i�e�Z�k�l�b�q�g�h�k�l�v�x���� �\�� �j�h�e�b���g�Z�i�h�e�g�b�l�_�e�y�� �f�h�]�m�l�� �\�u�k�l�m�i�Z�l�v�� �\�u�k�h�d�h�i�j�h�q�g�u�_��
�d�Z�j�[�b�^�u��(�g�Z�i�j�b�f�_�j�����6�L�&������ �D�h�f�i�h�a�b�p�b�h�g�g�u�_ �f�Z�l�_�j�b�Z�e�u�� �g�Z�� �h�k�g�h�\�_��
�Z�e�x�f�b�g�b�y���k�h�q�_�l�Z�x�l���\���k�_�[�_���o�h�j�h�r�b�_���f�_�o�Z�g�b�q�_�k�d�b�_���b���l�j�b�[�h�l�_�o�g�b�q�_�k�d�b�_��
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�k�\�h�c�k�l�\�Z���� �q�l�h �h�[�m�k�e�Z�\�e�b�\�Z�_�l�� �b�o�� �i�j�b�f�_�g�_�g�b�_�� �\�� �i�j�h�f�u�r�e�_�g�g�h�k�l�b �\��
�d�Z�q�_�k�l�\�_���Z�g�l�b�n�j�b�d�p�b�h�g�g�u�o���k�i�e�Z�\�h�\ [1].  

�F�h�^�b�n�b�d�Z�p�b�y���i�h�\�_�j�o�g�h�k�l�b �Z�e�x�f�h�f�Z�l�j�b�q�g�u�o�� �d�h�f�i�h�a�b�p�b�h�g�g�u�o 
�f�Z�l�_�j�b�Z�e�h�\�� �f�h�`�_�l�� �[�u�l�v�� �h�k�m�s�_�k�l�\�e�_�g�Z�� �k�� �i�h�f�h�s�v�x�� �^�_�n�h�j�f�Z�p�b�h�g�g�h�c��
�h�[�j�Z�[�h�l�d�b�� �g�Z�d�Z�l�u�\�Z�g�b�_�f���� �\�b�[�j�h�m�^�Z�j�h�f���� �\�a�j�u�\�h�f����
�w�e�_�d�l�j�h�f�_�o�Z�g�b�q�_�k�d�h�c�� �h�[�j�Z�[�h�l�d�h�c�� �H�^�g�b�f�� �b�a�� �i�_�j�k�i�_�d�l�b�\�g�u�o �f�_�l�h�^�h�\ 
�y�\�e�y�_�l�k�y�� �h�[�j�Z�[�h�l�d�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �d�h�g�p�_�g�l�j�b�j�h�\�Z�g�g�u�f�b�� �i�h�l�h�d�Z�f�b��
�w�g�_�j�]�b�b�����l�Z�d�b�f�b���d�Z�d���e�Z�a�_�j�g�u�c���e�m�q�����k�\�Z�j�h�q�g�Z�y���^�m�]�Z���b���w�e�_�d�l�j�h�g�g�u�c���e�m�q 
[2�±4].  

�I�j�b �i�j�b�f�_�g�_�g�b�b�� �f�_�l�h�^�h�\�� �i�h�\�_�j�o�g�h�k�l�g�h�c�� �f�h�^�b�n�b�d�Z�p�b�b����
�i�h�a�\�h�e�y�x�s�b�o�� �b�a�f�_�g�y�l�v���j�_�`�b�f�u �h�[�j�Z�[�h�l�d�b�� �\�� �r�b�j�h�d�h�f�� �^�b�Z�i�Z�a�h�g�_����
�i�h�y�\�e�y�_�l�k�y���\�h�a�f�h�`�g�h�k�l�v���j�_�]�m�e�b�j�h�\�Z�l�v �k�d�h�j�h�k�l�v �g�Z�]�j�_�\�Z���b���h�o�e�Z�`�^�_�g�b�y����
�\�j�_�f�y �i�j�_�[�u�\�Z�g�b�y�� �f�Z�l�_�j�b�Z�e�Z�� �i�j�b�� �\�u�k�h�d�b�o�� �l�_�f�i�_�j�Z�l�m�j�Z�o �b���i�h�e�m�q�Z�l�v��
�l�j�_�[�m�_�f�m�x���]�e�m�[�b�g�m���h�i�e�Z�\�e�_�g�b�y, �k�l�j�m�d�l�m�j�m �b���k�\�h�c�k�l�\�Z �i�h�\�_�j�o�g�h�k�l�g�h�]�h��
�k�e�h�y. �L�Z�d���`�_���h�[�j�Z�[�h�l�d�Z���Z�e�x�f�h�f�Z�l�j�b�q�g�u�o���d�h�f�i�h�a�b�p�b�h�g�g�u�o���f�Z�l�_�j�b�Z�e�h�\��
�d�h�g�p�_�g�l�j�b�j�h�\�Z�g�g�u�f�b�� �i�h�l�h�d�Z�f�b�� �w�g�_�j�]�b�b�� �k�g�b�`�Z�_�l�� �d�h�w�n�n�b�p�b�_�g�l��
�i�h�\�_�j�o�g�h�k�l�g�h�]�h���l�j�_�g�b�y���b���i�h�\�u�r�Z�_�l���b�a�g�h�k�h�k�l�h�c�d�h�k�l�v [2]. 

�I�j�b�f�_�g�_�g�b�_�� �j�Z�a�\�_�j�l�d�b�� �w�e�_�d�l�j�h�g�g�h�]�h�� �i�m�q�d�Z�� �i�j�b�� �i�h�\�_�j�o�g�h�k�l�g�h�c��
�f�h�^�b�n�b�d�Z�p�b�b���i�h�a�\�h�e�y�_�l�� �i�_�j�_�j�Z�k�i�j�_�^�_�e�y�l�v�� �i�e�h�l�g�h�k�l�v�� �f�h�s�g�h�k�l�b�� �>5�@�����b��
�m�\�_�e�b�q�b�\�Z�l�v�� �k�d�h�j�h�k�l�v�� �h�o�e�Z�`�^�_�g�b�y�� �i�h�\�_�j�o�g�h�k�l�b���� �q�l�h�� �[�e�Z�]�h�i�j�b�y�l�g�h��
�\�e�b�y�_�l���g�Z���k�l�j�m�d�l�m�j�m���h�[�j�Z�[�h�l�Z�g�g�h�]�h���k�e�h�y�� 

�I�h�k�d�h�e�v�d�m�� �Z�e�x�f�b�g�b�_�\�u�_�� �f�Z�l�_�j�b�Z�e�u�� �k�d�e�h�g�g�u�� �d�� �\�u�k�h�d�h�f�m��
�i�h�j�h�h�[�j�Z�a�h�\�Z�g�b�x�����]�Z�a�h�\�Z�y�� �a�Z�s�b�l�Z���� �b�k�i�h�e�v�a�m�_�f�Z�y�� �i�j�b�� �^�m�]�h�\�u�o�� �b��
�e�Z�a�_�j�g�u�o�� �k�i�h�k�h�[�Z�o�� �f�h�^�b�n�b�d�Z�p�b�b���� �g�_�� �k�i�h�k�h�[�k�l�\�m�_�l�� �m�f�_�g�v�r�_�g�b�x��
�d�h�e�b�q�_�k�l�\�Z�� �^�_�n�_�d�l�h�\�� �W�e�_�d�l�j�h�g�g�h-�e�m�q�_�\�Z�y�� �h�[�j�Z�[�h�l�d�Z�� �i�j�h�b�a�\�h�^�b�l�k�y�� �\��
�\�Z�d�m�m�f�_�� �g�_�� �o�m�`�_�� ����-2 �I�Z���� �q�l�h�� �h�[�_�k�i�_�q�b�\�Z�_�l�� �Z�d�l�b�\�g�m�x�� �^�_�]�Z�a�Z�p�b�x��
�`�b�^�d�h�]�h���f�_�l�Z�e�e�Z���b���m�f�_�g�v�r�_�g�b�_���d�h�e�b�q�_�k�l�\�Z���j�Z�k�l�\�h�j�_�g�g�u�o���]�Z�a�h�\�� 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �p�_�e�v�x�� �^�Z�g�g�h�c�� �j�Z�[�h�l�u�� �y�\�e�y�_�l�k�y���b�k�k�e�_�^�h�\�Z�g�b�_��
�\�e�b�y�g�b�y�� �i�Z�j�Z�f�_�l�j�h�\�� �j�_�`�b�f�h�\���w�e�_�d�l�j�h�g�g�h-�e�m�q�_�\�h�c �f�h�^�b�n�b�d�Z�p�b�b 
�Z�e�x�f�h�f�Z�l�j�b�q�g�h�]�h�� �d�h�f�i�h�a�b�p�b�h�g�g�h�]�h �f�Z�l�_�j�b�Z�e�Z���g�Z�� �f�b�d�j�h�k�l�j�m�d�l�m�j�m�� �b��
�f�b�d�j�h�l�\�_�j�^�h�k�l�v���i�h�\�_�j�o�g�h�k�l�b�� 

�F�_�l�h�^�b�d�Z. �F�h�^�b�n�b�d�Z�p�b�x�� �i�h�\�_�j�o�g�h�k�l�b�� �h�k�m�s�_�k�l�\�e�y�e�b�� �g�Z��
�Z�e�x�f�h�f�Z�l�j�b�q�g�h�f���d�h�f�i�h�a�b�p�b�h�g�g�h�f���f�Z�l�_�j�b�Z�e�_���:�F�]����+ �����f�Z�k���������6�L�& �g�Z��
�m�k�l�Z�g�h�\�d�_�� �:�W�E�L�D-344-12���� �k�� �m�k�d�h�j�y�x�s�_�f�� �g�Z�i�j�y�`�_�g�b�_�f�� �����d�<�� �b��
�^�Z�\�e�_�g�b�_���\���\�Z�d�m�m�f�g�h�c���d�Z�f�_�j�_ 10-3 �I�Z.  

�<�� �d�Z�q�_�k�l�\�_���i�_�j�\�h�]�h�� �l�b�i�Z�� �j�Z�a�\�_�j�l�d�b �[�u�e�Z�� �b�k�i�h�e�v�a�h�\�Z�g�Z��
�i�h�i�_�j�_�q�g�Z�y�� �j�Z�a�\�_�j�l�d�b�� �l�b�i�Z�� �©�i�j�y�f�Z�y�ª���� �I�j�b�� �^�Z�g�g�h�f�� �l�b�i�_�� �j�Z�a�\�_�j�l�d�b��
�i�m�q�h�d�� �k�d�Z�g�b�j�m�_�l�� �i�h�\�_�j�o�g�h�k�l�v�� �h�l�� �h�^�g�h�]�h�� �d�j�Z�y�� �^�h�� �^�j�m�]�h�]�h�� �b�� �h�[�j�Z�l�g�h����
�i�h�k�e�_���q�_�]�h���i�_�j�_�[�j�Z�k�u�\�Z�_�l�k�y���\���g�Z�q�Z�e�v�g�h�_���i�h�e�h�`�_�g�b�_���b���p�b�d�e���h�l�d�e�h�g�_�g�b�y��
�i�h�\�l�h�j�y�_�l�k�y�����I�j�b�� �w�l�h�f�� �w�e�_�d�l�j�h�g�g�Z�y�� �i�m�r�d�Z�� �^�\�b�`�_�l�k�y�� �i�h�k�l�m�i�Z�l�_�e�v�g�h��



- 127 - 
 

�\�^�h�e�v�� �h�[�j�Z�a�p�Z���� �Z�� �w�e�_�d�l�j�h�g�g�u�c�� �i�m�q�h�d�� �k�d�Z�g�b�j�m�_�l�� �i�h�\�_�j�o�g�h�k�l�v�� �\��
�i�h�i�_�j�q�_�g�g�h�f���g�Z�i�j�Z�\�e�_�g�b�_���k���q�Z�k�l�h�l�h�c�����±�������=�p�����j�b�k. 1 �Z���� 

�<�l�h�j�h�c�� �i�j�b�f�_�g�y�_�f�u�c�� �l�b�i �j�Z�a�\�z�j�l�d�b�� �©�b�f�i�m�e�v�k�g�Z�y�ª��
�i�h�^�j�Z�a�m�f�_�\�Z�_�l�� �^�\�b�`�_�g�b�_�� �w�e�_�d�l�j�h�g�g�h�]�h�� �e�m�q�Z �k�� �h�i�j�_�^�_�e�_�g�g�u�f�� �r�Z�]�h�f��
�f�_�`�^�m�� �l�h�q�d�Z�f�b �^�e�y���m�\�_�e�b�q�_�g�b�y �k�d�h�j�h�k�l�b�� �h�o�e�Z�`�^�_�g�b�y���� �>�e�y��
�f�b�g�b�f�b�a�Z�p�b�b�� �l�_�j�f�b�q�_�k�d�h�]�h�� �\�e�b�y�g�b�y�� �k�h�k�_�^�g�_�c�� �l�h�q�d�b�� �a�Z�i�h�e�g�_�g�b�_��
�i�h�\�_�j�o�g�h�k�l�b���h�k�m�s�_�k�l�\�e�y�e�b���k���i�j�h�i�m�k�d�Z�f�b���b���i�h�k�e�_�^�m�x�s�b�f���\�h�a�\�j�Z�l�h�f���d��
�k�h�k�_�^�g�_�c�� �l�h�q�d�_, ���j�b�k���� ���� �[��. �>�e�y�� �h�k�m�s�_�k�l�\�e�_�g�b�y�� �l�Z�d�h�]�h�� �k�i�h�k�h�[�Z��
�w�e�_�d�l�j�h�g�g�m�x���i�m�r�d�m���i�_�j�_�f�_�s�Z�e�b���\���g�_�i�j�_�j�u�\�g�h�f���j�_�`�b�f�_���k���i�h�k�l�h�y�g�g�h�c��
�k�d�h�j�h�k�l�v�x���� �Z�� �w�e�_�d�l�j�h�g�g�u�c�� �i�m�q�h�d�� �h�l�d�e�h�g�y�e�b�� �\�� �b�f�i�m�e�v�k�g�h�f�� �j�_�`�b�f�_�� 
�R�b�j�b�g�Z���a�h�g�u���h�[�j�Z�[�h�l�d�b���\�h���\�k�_�o���k�e�m�q�Z�y�o���k�h�k�l�Z�\�b�e�Z���������f�f���� 

 

 
�Z �[ 

�J�b�k���������±���K�o�_�f�u���h�[�j�Z�[�h�l�d�b���i�j�b���j�Z�a�\�_�j�l�d�Z�o���l�b�i�Z���©�i�j�y�f�Z�y�ª�����Z�����b���b�f�i�m�e�v�k�g�h�c��
���[�����������������������������������±���b�k�l�h�q�g�b�d���l�_�i�e�h�l�u�������������������������±�����`�b�^�d�Z�y���\�Z�g�g�Z�� 

�±���a�Z�d�j�b�k�l�Z�e�e�b�a�h�\�Z�\�r�b�c�k�y���f�_�l�Z�e�e 
 
�H�[�j�Z�[�h�l�d�Z�� ���� �h�[�j�Z�a�p�h�\�� �b�a�� �Z�e�x�f�h�f�Z�l�j�b�q�g�h�]�h�� �d�h�f�i�h�a�b�p�b�h�g�g�h�]�h��

�f�Z�l�_�j�b�Z�e�Z���:�F�]���� ���� ���� �f�Z�k���� ���� �6�L�&���i�j�h�\�h�^�b�e�Z�k�v�� �i�h�� �j�_�`�b�f�Z�f����
�i�j�_�^�k�l�Z�\�e�_�g�g�u�f�� �\�� �l�Z�[�e�b�p�_�� ������ �Q�Z�k�l�h�l�m�� �j�Z�a�\�_�j�l�d�b�� �i�h�^�[�b�j�Z�e�b�� �l�Z�d�b�f��
�h�[�j�Z�a�h�f���� �q�l�h�[�u�� �h�[�_�k�i�_�q�b�\�Z�l�v�� �i�_�j�_�d�j�u�l�b�_�� �\�Z�e�b�d�h�\�� �i�j�b�� �a�Z�^�Z�g�g�h�c��
�k�d�h�j�h�k�l�b���h�[�j�Z�[�h�l�d�b���� 

�F�_�l�Z�e�e�h�]�j�Z�n�b�q�_�k�d�b�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�j�h�\�h�^�b�e�b�� �g�Z���h�[�j�Z�a�p�Z�o����
�\�u�j�_�a�Z�g�g�u�o���i�h�i�_�j�_�d�� �g�Z�i�j�Z�\�e�_�g�b�x �h�[�j�Z�[�h�l�d�b���� �H�[�j�Z�a�p�u��
�a�Z�i�j�_�k�k�h�\�u�\�Z�e�b�� �\�� �l�_�j�f�h�i�e�Z�k�l�b�q�_�k�d�b�c�� �n�_�g�h�e�v�g�u�c�� �d�h�f�i�Z�m�g�^���� �a�Z�l�_�f��
�i�h�\�_�j�o�g�h�k�l�v�� �f�_�o�Z�g�b�q�_�k�d�b�� �r�e�b�n�h�\�Z�e�b, �i�h�e�b�j�h�\�Z�e�b �b�� �l�j�Z�\�b�e�b �^�e�y��
�\�u�y�\�e�_�g�b�y���f�b�d�j�h�k�l�j�m�d�l�m�j�u�� 

�B�k�k�e�_�^�h�\�Z�g�b�_�� �f�b�d�j�h�k�l�j�m�d�l�m�j�u�� �i�j�h�\�h�^�b�e�b�� �g�Z�� �h�i�l�b�q�_�k�d�h�f��
�f�b�d�j�h�k�d�h�i�_���=�H�L�V�V���2�E�V�H�U�Y�H�U���=�,�P���i�j�b���m�\�_�e�b�q�_�g�b�y�o���^�h��10�����o�����B�a�f�_�j�_�g�b�y��
�i�j�h�\�h�^�b�e�b�k�v�� �g�Z�� �l�\�_�j�^�h�f�_�j�_�� �:�R�O�S�H�U�W�� �:�L�O�V�R�Q�� �,�Q�V�W�U�X�P�H�Q�W�V�� �9�L�F�N�H�U�V��
�+�D�U�G�Q�H�V�V�� �7�H�V�W�H�U�� �������6�9�'�� �i�h�� �f�_�l�h�^�m�� �<�b�d�d�_�j�k�Z�� �k�� �g�Z�]�j�m�a�d�h�c�� �������� �d�]�k�� �b��
�\�u�^�_�j�`�d�h�c���i�h�^���g�Z�]�j�m�a�d�h�c���������k�_�d�m�g�^�� �G�Z���d�Z�`�^�h�f���m�q�Z�k�l�d�_���i�j�h�\�h�^�b�e�h�k�v��
�i�h�������b�a�f�_�j�_�g�b�y�����a�Z�l�_�f���^�Z�g�g�u�_���m�k�j�_�^�g�y�e�b�k�v���b���a�Z�g�h�k�b�e�b�k�v���\���l�Z�[�e�b�p�m�� 
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�L�Z�[�e�b�p�Z�������± �J�_�`�b�f�u���w�e�_�d�l�j�h�g�g�h-�e�m�q�_�\�h�c���f�h�^�b�n�b�d�Z�p�b�b���i�h�\�_�j�o�g�h�k�l�b�� 
�:�F�]�������������f�Z�k���������6�L�& 

�‹ ��
�j�_�`�b�f�Z 

�K�d�h�j�h�k�l�v��
�i�m�r�d�b���Y����
�f�f���f�b�g 

�L�h�d��
�i�m�q�d�Z��
�,�����f�: 

�Q�Z�k�l�h�l�Z��
�j�Z�a�\�_�j�l�d�b���I����

�=�p 
�L�b�i���j�Z�a�\�_�j�l�d�b 

�I�h�]�h�g�g�Z�y��
�w�g�_�j�]�b�y���T����

�>�`���f�f 
�� ������ �� �� �I�j�y�f�Z�y ������ 
�� ������ ���� �� �I�j�y�f�Z�y ���� 
�� ������ ���� �� �B�f�i�m�e�v�k�g�Z�y ������ 
�� ������ ���� ���� �B�f�i�m�e�v�k�g�Z�y ������ 

�� ������ ���� ���� �B�f�i�m�e�v�k�g�Z�y��������
�i�j�h�o�h�^�Z�� 

���������������j�Z�a�Z�� 

�� �������� ���� ���� �B�f�i�m�e�v�k�g�Z�y ������ 
 
�J�_�a�m�e�v�l�Z�l�u�����I�h�k�e�_���h�[�j�Z�[�h�l�d�b���i�h���a�Z�^�Z�g�g�u�f���j�_�`�b�f�Z�f���h�p�_�g�b�\�Z�e�b��

�d�Z�q�_�k�l�\�h���n�h�j�f�b�j�h�\�Z�g�b�y���i�h�\�_�j�o�g�h�k�l�b���b���]�e�m�[�b�g�m���h�i�e�Z�\�e�_�g�g�h�]�h���k�e�h�y���� 
�H�[�j�Z�a�p�u�� �b�a�� �Z�e�x�f�h�f�Z�l�j�b�q�g�h�]�h �d�h�f�i�h�a�b�p�b�h�g�g�h�]�h�� �f�Z�l�_�j�b�Z�e�Z��

���:�F�]������������ �6�L�&�����[�u�e�b���h�[�j�Z�[�h�l�Z�g�u���i�h���j�_�`�b�f�Z�f���‹���±�������j�b�k�������������������I�h�k�e�_��
�h�[�j�Z�[�h�l�d�b�� �m�� �\�k�_�o�� �h�[�j�Z�a�p�h�\���g�Z�[�e�x�^�Z�_�l�k�y�� �k�l�Z�[�b�e�v�g�h�_�� �n�h�j�f�b�j�h�\�Z�g�b�_��
�i�h�\�_�j�o�g�h�k�l�b���� 

�>�e�y�� �h�p�_�g�d�b�� �k�\�h�c�k�l�\�� �h�[�j�Z�[�h�l�Z�g�g�h�]�h�� �k�e�h�y�� �[�u�e�b�� �h�i�j�_�^�_�e�_�g�u��
�b�a�f�_�g�_�g�b�_�� �]�e�m�[�b�g�u�� �i�j�h�i�e�Z�\�e�_�g�b�y�� �b�� �l�\�_�j�^�h�k�l�b���\�� �g�Z�q�Z�e�_�� �b�� �\�� �d�h�g�p�_��
�h�[�j�Z�a�p�h�\ ���l�Z�[�e�b�p�Z�����������B�a���l�Z�[�e�b�p�u���\�b�^�g�h�����q�l�h���g�Z���\�k�_�o���h�[�j�Z�a�p�Z�o���]�e�m�[�b�g�Z��
�i�j�h�i�e�Z�\�e�_�g�b�y�� �m�\�_�e�b�q�b�\�Z�_�l�k�y�� �i�h�� �f�_�j�_�� �h�[�j�Z�[�h�l�d�b���� �q�l�h�� �\�i�h�e�g�_��
�a�Z�d�h�g�h�f�_�j�g�h���k�\�y�a�Z�g�h���k �i�h�k�l�_�i�_�g�g�u�f���g�Z�]�j�_�\�h�f.  

 
�L�Z�[�e�b�p�Z�������± �J�_�a�m�e�v�l�Z�l�u���b�a�f�_�j�_�g�b�y���]�e�m�[�b�g�u���b���f�b�d�j�h�l�\�_�j�^�h�k�l�b���d�h�f�i�h�a�b�l�g�h�]�h��

�f�Z�l�_�j�b�Z�e�Z���i�h�k�e�_���i�h�\�_�j�o�g�h�k�l�g�h�c���h�[�j�Z�[�h�l�d�b���w�e�_�d�l�j�h�g�g�u�f���i�m�q�d�h�f 

�‹  
�=�e�m�[�b�g�Z���h�[�j�����k�e�h�y����

�f�d�f 
�F�b�d�j�h�l�\�_�j�^�h�k�l�v����

�+�9 
�L�b�i��

�f�b�d�j�h�k�l�j�m�d�l�m�j�u �>�e�b�l�_�e�v�g�h�k�l�v��
�b�f�i�m�e�v�k�Z���f�k 

�g�Z�q�Z�e�h �d�h�g�_�p �g�Z�q�Z�e�h �d�h�g�_�p �g�Z�q�Z�e�h �d�h�g�_�p 
�� ������ ������ �������� �������� �� ������ �� 
�� ������ ������ �������� �������� �� ������ ������ 
�� ������ �������� �������� �������� �� �� �������� 
�� ���� ������ �������� �������� �� �� �������� 
�� ������ ������ �������� �������� �� �� �������� 
�� ������ ������ �������� �������� �� �� �������� 

�I�h�k�e�_�� �h�[�j�Z�[�h�l�d�b�� �d�h�f�i�h�a�b�l�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �[�u�e�Z�� �b�k�k�e�_�^�h�\�Z�g�Z��
�f�b�d�j�h�k�l�j�m�d�l�m�j�Z�� �h�[�j�Z�a�p�h�\�����<�h�� �\�k�_�o�� �h�[�j�Z�a�p�Z�o�� �h�k�g�h�\�g�h�c�� �f�_�l�Z�e�e��
�i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �k�\�_�l�e�u�_�� �a�_�j�g�Z�� �l�\�_�j�^�h�]�h�� �j�Z�k�l�\�h�j�Z�� �g�Z�� �h�k�g�h�\�_��
�Z�e�x�f�b�g�b�y�� �k�� �\�u�^�_�e�b�\�r�_�c�k�y�� �i�h�� �]�j�Z�g�b�p�Z�f�� �\�l�h�j�b�q�g�h�� �b�a�[�u�l�h�q�g�h�c�� �n�Z�a�h�c��
���j�b�k���� ���Z������ �< �g�_�d�h�l�h�j�u�o�� �f�_�k�l�Z�o�� �f�_�`�^�m�� �a�_�j�g�Z�f�b�� �\�k�l�j�_�q�Z�_�l�k�y�� �]�j�m�[�Z�y��
�w�\�l�_�d�l�b�d�Z���^�\�m�o���n�Z�a���\���\�b�^�_���q�_�j�_�^�m�x�s�b�o�k�y���i�h�e�h�k���l�\�_�j�^�h�]�h���j�Z�k�l�\�h�j�Z���g�Z��
�h�k�g�h�\�_���Z�e�x�f�b�g�b�y���b���d�j�_�f�g�b�_�\�h�c���n�Z�a�u�����K�j�_�^�g�b�c���j�Z�a�f�_�j���a�_�j�_�g���k�h�k�l�Z�\�e�y�_�l��
�i�h�j�y�^�d�Z���������f�d�f.  
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�< �h�i�e�Z�\�e�_�g�g�u�o���k�e�h�y�o���i�h�e�m�q�b�e�b���f�b�d�j�h�k�l�j�m�d�l�m�j�u�������l�b�i�h�\�� �I�_�j�\�u�c��
�l�b�i���f�b�d�j�h�k�l�j�m�d�l�m�j�u �i�j�_�^�k�l�Z�\�e�y�_�l���k�h�[�h�c���l�\�_�j�^�u�c���j�Z�k�l�\�h�j���Z�e�x�f�b�g�b�y���k��
�^�b�k�i�_�j�k�g�u�f�b�� �\�d�e�x�q�_�g�b�y�f�b�� �i�h�� �\�k�_�f�m�� �h�[�t�_�f�m�� �a�_�j�_�g�� ���j�b�k���� ���[). �L�Z�d�Z�y��
�k�l�j�m�d�l�m�j�Z �h�[�j�Z�a�p�h�\ �o�Z�j�Z�d�l�_�j�g�Z���^�e�y���j�_�`�b�f�h�\ �‹������2, 4, 6.  

�<�l�h�j�h�c�� �l�b�i�� �i�h�� �f�b�d�j�h�k�l�j�m�d�l�m�j�u�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h�� �k�e�h�y��
�g�Z�[�e�x�^�Z�_�l�k�y���\���h�[�j�Z�a�p�_���i�h���j�_�`�b�f�Z�f���‹�����g�Z���d�h�g�_�q�g�h�f���m�q�Z�k�l�d�_���h�[�j�Z�[�h�l�d�b��
���j�b�k���� ���\������ �F�b�d�j�h�k�l�j�m�d�l�m�j�Z�� �i�j�_�^�k�l�Z�\�e�_�g�Z�� �f�_�e�d�b�f�b�� �a�_�j�g�Z�f�b�� �l�\�_�j�^�h�]�h��
�j�Z�k�l�\�h�j�Z���� �k�� �\�d�e�x�q�_�g�b�y�f�b�� �\�l�h�j�b�q�g�h-�b�a�[�u�l�h�q�g�h�c�� �n�Z�a�u��
�i�j�_�b�f�m�s�_�k�l�\�_�g�g�h�� �i�h�� �]�j�Z�g�b�p�Z�f�� �a�_�j�_�g���� �O�Z�j�Z�d�l�_�j�g�u�c�� �j�Z�a�f�_�j�� �a�_�j�_�g��
�l�\�_�j�^�h�]�h���j�Z�k�l�\�h�j�Z���k�h�k�l�Z�\�e�y�_�l���i�h�j�y�^�d�Z������ �f�d�f.  

�D���l�j�_�l�v�_�f�m���l�b�i�m���h�l�g�h�k�b�l�k�y���h�[�j�Z�a�_�p���i�h���j�_�`�b�f�m���‹�����g�Z���d�h�g�_�q�g�h�f��
�m�q�Z�k�l�d�_�� �h�[�j�Z�[�h�l�d�b�� ���j�b�k���� ���]������ �F�b�d�j�h�k�l�j�m�d�l�m�j�Z�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h��
�f�_�l�Z�e�e�Z���i�j�_�^�k�l�Z�\�e�_�g�Z���d�j�m�i�g�u�f�b���a�_�j�g�Z�f�b���b���\�u�^�_�e�_�g�b�_�f���n�Z�a�u���g�Z���h�k�g�h�\�_��
�d�j�_�f�g�b�y���i�h���]�j�Z�g�b�p�Z�f���a�_�j�_�g. 
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�J�b�k����2 �± �K�l�j�m�d�l�m�j�Z���h�k�g�h�\�g�h�]�h�����Z�����f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�]�h���f�_�l�Z�e�e�Z�����[�����\�����]�� 
 ���:�F�]�������������6�L�&���������������o 

�H�[�k�m�`�^�_�g�b�_�����G�Z�� �f�b�d�j�h�k�l�j�m�d�l�m�j�m�� �b�� �k�\�h�c�k�l�\�Z�� �i�h�\�_�j�o�g�h�k�l�b��
�h�[�j�Z�a�p�h�\�� �h�d�Z�a�u�\�Z�x�l�� �\�e�b�y�g�b�_�� �i�Z�j�Z�f�_�l�j�u�� �j�_�`�b�f�Z�� �h�[�j�Z�[�h�l�d�b�� �b�� �l�b�i��
�j�Z�a�\�z�j�l�d�b���� �I�j�b�� �m�\�_�e�b�q�_�g�b�b�� �l�_�i�e�h�\�e�h�`�_�g�b�y�� �i�j�h�b�k�o�h�^�b�l�� �m�d�j�m�i�g�_�g�b�_��
�a�_�j�g�Z���� �i�h�� �]�j�Z�g�b�p�Z�f�� �a�_�j�_�g�� �n�h�j�f�b�j�m�x�l�k�y�� �\�l�h�j�b�q�g�u�_�� �n�Z�a�u���� �Z��
�k�e�_�^�h�\�Z�l�_�e�v�g�h���� �m�f�_�g�v�r�Z�_�l�k�y�� �f�b�d�j�h�l�\�_�j�^�h�k�l�v�� �i�h�\�_�j�o�g�h�k�l�b����
�G�Z�b�[�h�e�v�r�_�_�� �m�\�_�e�b�q�_�g�b�_�� �l�\�_�j�^�h�k�l�b�� �i�j�h�b�a�h�r�e�h�� �g�Z�� �j�_�`�b�f�_�� �k�� �[�h�e�v�r�h�c��

�=�j�m�[�Z�y���w�\�l�_�d�l�b�d�Z��
�f�_�`�^�m���a�_�j�g�Z�f�b 

�B�a�[�u�l�h�q�g�Z�y���n�Z�a�Z��
�g�Z���h�k�g�h�\�_���d�j�_�f�g�b�y 
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�k�d�h�j�h�k�l�v�x�� �h�[�j�Z�[�h�l�d�b�� �b�� �i�j�b�f�_�g�_�g�b�_�f�� �b�f�i�m�e�v�k�g�h�c�� �j�Z�a�\�_�j�l�d�b���� �d�h�l�h�j�Z�y��
�i�h�a�\�h�e�y�_�l���m�\�_�e�b�q�b�l�v�� �k�d�h�j�h�k�l�v���h�o�e�Z�`�^�_�g�b�y�����I�j�b���m�\�_�e�b�q�_�g�b�b���k�d�h�j�h�k�l�b��
�h�o�e�Z�`�^�_�g�b�y�� �i�j�h�b�k�o�h�^�b�l�� �b�a�f�_�e�v�q�_�g�b�_�� �a�_�j�g�Z���� �d�Z�j�[�b�^�u �d�j�_�f�g�b�y��
�^�b�k�i�_�j�k�g�h���j�Z�k�i�j�_�^�_�e�y�x�l�k�y���i�h���\�k�_�f�m���h�[�t�_�f�m���a�_�j�_�g�����j�b�k. 2 �[).  

�K�g�b�`�_�g�b�_�� �l�\�_�j�^�h�k�l�b�� �g�Z�� �g�_�d�h�l�h�j�u�o�� �h�[�j�Z�a�p�Z�o�� �i�j�h�b�a�h�r�e�h��
�\�k�e�_�^�k�l�\�b�_�� �m�f�_�g�v�r�_�g�b�y�� �k�h�^�_�j�`�Z�g�b�y�� �f�Z�]�g�b�y�� �\ �i�h�\�_�j�o�g�h�k�l�g�h�f�� �k�e�h�_����
�\�k�e�_�^�k�l�\�b�_�� �\�u�k�h�d�h�c�� �m�i�j�m�]�h�k�l�b�� �i�Z�j�Z�� �f�Z�]�g�b�y�� �B�g�l�_�g�k�b�\�g�h�k�l�v�� �i�b�d�Z��
�f�Z�]�g�b�y���g�Z���h�[�j�Z�a�p�_�����h�[�j�Z�[�h�l�Z�g�g�h�f���g�Z���j�_�`�b�f�_���‹�����\���^�\�Z���j�Z�a�Z���\�u�r�_�����q�_�f��
�g�Z�� �h�[�j�Z�a�p�Z�o���� �h�[�j�Z�[�h�l�Z�g�g�h�f�� �i�h�� �j�_�`�b�f�Z�f�� �‹������ ������ ������ �d�Z�d�� �k�e�_�^�k�l�\�b�_����
�i�j�h�b�a�h�r�e�h���k�g�b�`�_�g�b�_���f�b�d�j�h�l�\�_�j�^�h�k�l�b���i�h�\�_�j�o�g�h�k�l�b���� 

�B�k�o�h�^�y�� �b�a�� �i�h�e�m�q�_�g�g�u�o�� �j�_�a�m�e�v�l�Z�l�h�\�� �b�a�f�_�j�_�g�b�c���� �k�Z�f�h�_�� �[�h�e�v�r�h�_��
�m�\�_�e�b�q�_�g�b�_���f�b�d�j�h�l�\�_�j�^�h�k�l�b���i�h�\�_�j�o�g�h�k�l�b���i�j�h�b�a�h�r�e�h���i�j�b���h�[�j�Z�[�h�l�d�_���g�Z��
�j�_�`�b�f�_�� ���� ���l�Z�[�e�b�p�Z��1). �I�j�b�� �h�[�j�Z�[�h�l�d�_�� �[�u�e�Z�� �b�k�i�h�e�v�a�h�\�Z�g�Z�� �[�h�e�v�r�Z�y��
�k�d�h�j�h�k�l�v���i�_�j�_�f�_�s�_�g�b�y���i�m�r�d�b���b���b�f�i�m�e�v�k�g�Z�y���j�Z�a�\�_�j�l�d�Z�����q�l�h���h�[�_�k�i�_�q�b�e�h��
�[�h�e�v�r�m�x�� �k�d�h�j�h�k�l�v�� �h�o�e�Z�`�^�_�g�b�y���� �H�[�j�Z�a�_�p�� �h�[�e�Z�^�Z�_�l �f�_�e�d�h�a�_�j�g�b�k�l�h�c��
�^�b�k�i�_�j�k�g�h�c���k�l�j�m�d�l�m�j�h�c�� 

�A�Z�d�e�x�q�_�g�b�_���� �W�e�_�d�l�j�h�g�g�h-�e�m�q�_�\�Z�y�� �f�h�^�b�n�b�d�Z�p�b�y��
�d�h�f�i�h�a�b�p�b�h�g�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �i�h�a�\�h�e�y�_�l�� �m�\�_�e�b�q�b�l�v�� �l�\�_�j�^�h�k�l�v��
�i�h�\�_�j�o�g�h�k�l�b���g�Z���h�i�j�_�^�_�e�_�g�g�u�o���j�_�`�b�f�Z�o�����L�_�j�f�b�q�_�k�d�b�c���p�b�d�e���h�i�j�_�^�_�e�y�_�l��
�f�b�d�j�h�k�l�j�m�d�l�m�j�m���i�h�e�m�q�b�\�r�_�]�h�k�y���k�e�h�y�����I�j�b���m�\�_�e�b�q�_�g�b�b���l�_�i�e�h �\�e�h�`�_�g�b�y��
�i�j�h�b�k�o�h�^�b�l�� �b�k�i�Z�j�_�g�b�_�� �f�Z�]�g�b�y���� �b�� �d�Z�d�� �k�e�_�^�k�l�\�b�_���� �k�g�b�`�Z�_�l�k�y��
�f�b�d�j�h�l�\�_�j�^�h�k�l�v�� �i�h�\�_�j�o�g�h�k�l�b���� �I�h�w�l�h�f�m���� �p�_�e�_�k�h�h�[�j�Z�a�g�_�_�� �i�j�b�f�_�g�_�g�b�_��
�b�f�i�m�e�v�k�g�h�c���j�Z�a�\�_�j�l�d�b��  

�L�b�i�� �j�Z�a�\�_�j�l�d�b�� �h�d�Z�a�u�\�Z�_�l���\�e�b�y�g�b�_�� �g�_�� �l�h�e�v�d�h�� �g�Z�� �k�d�h�j�h�k�l�v��
�h�o�e�Z�`�^�_�g�b�y���h�[�j�Z�[�h�l�Z�g�g�h�]�h�� �k�e�h�y���� �g�h���b���g�Z���n�h�j�f�b�j�h�\�Z�g�b�_���i�h�\�_�j�o�g�h�k�l�b�� 
�I �j�b�f�_�g�_�g�b�_�� �j�Z�a�\�_�j�l�d�b�� �l�b�i�Z���©�b�f�i�m�e�v�k�g�Z�y�ª �i�h�a�\�h�e�y�_�l�� �i�h�e�m�q�b�l�v��
�k�l�Z�[�b�e�v�g�h�_�� �n�h�j�f�b�j�h�\�Z�g�b�_�� �i�h�� �\�k�_�c�� �i�h�\�_�j�o�g�h�k�l�b�� �k�� �g�_�a�g�Z�q�b�l�_�e�v�g�u�f��
�j�_�e�v�_�n�h�f���� �I�j�b�� �w�l�h�f�� �m�f�_�g�v�r�Z�_�l�k�y�� �^�e�b�l�_�e�v�g�h�k�l�v�� �b�f�i�m�e�v�k�Z�� �b��
�m�\�_�e�b�q�b�\�Z�_�l�k�y���k�d�h�j�h�k�l�v���h�o�e�Z�`�^�_�g�b�y�� 

�K�j�_�^�b�� �j�Z�k�k�f�h�l�j�_�g�g�u�o�� �j�_�`�b�f�h�\ �h�[�j�Z�[�h�l�d�b�� �d�h�f�i�h�a�b�p�b�h�g�g�u�o��
�f�Z�l�_�j�b�Z�e�h�\���b�f�i�m�e�v�k�g�u�c���f�_�l�h�^���k���i�Z�j�Z�f�_�l�j�Z�f�b�����k�d�h�j�h�k�l�v���h�[�j�Z�[�h�l�d�b��v�h�[�j 

� �� ���������� �f�f���f�b�g���� �l�h�d�� �e�m�q�Z��I �e � �� �����f�:���� �h�[�_�k�i�_�q�b�\�Z�_�l �g�Z�b�f�_�g�v�r�m�x��
�b�g�l�_�g�k�b�\�g�h�k�l�v�� �b�k�i�Z�j�_�g�b�y�� �f�Z�]�g�b�y�����b�a�f�_�e�v�q�_�g�b�_�� �a�_�j�g�Z�����Z�� �l�Z�d�`�_��
�g�Z�b�[�h�e�v�r�_�_���m�\�_�e�b�q�_�g�b�_���l�\�z�j�^�h�k�l�b���i�h�\�_�j�o�g�h�k�l�b�� 

 
�K�i�b�k�h�d���b�k�i�h�e�v�a�h�\�Z�g�g�u�o���b�k�l�h�q�g�b�d�h�\ 

 
1. �F�b�o�_�_�\�� �J���K���� �:�e�x�f�h�f�Z�l�j�b�q�g�u�_ �d�h�f�i�h�a�b�p�b�h�g�g�u�_��

�f�Z�l�_�j�b�Z�e�u���d�Z�j�[�b�^�g�u�f���m�i�j�h�q�g�_�g�b�_�f���^�e�y���j�_�r�_�g�b�y���a�Z�^�Z�q���g�h�\�h�c���l�_�o�g�b�d�b��
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- 131 - 
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�:�g�g�h�l�Z�p�b�y�����K�l�Z�l�v�y�� �i�h�k�\�y�s�_�g�Z�� �h�i�j�_�^�_�e�_�g�b�x�� �n�b�a�b�d�h-�f�_�o�Z�g�b�q�_�k�d�b�o��
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Abstact. The article is devoted to the determination of the physico-mechanical 
properties of the Aerotex composite (SAN+CF) by stretching and instrumental 
indentation methods, the optimal temperature of 3D printing using FDM technology was 
revealed, and a comparison with the manufacturer's data was carried out. The possibility 
of an ugly determination of physical and mechanical properties has been established. 

Keywords: polymers, composites, carbon fiber, instrumental indentation, tensile 
testing. 

 
�<�\�_�^�_�g�b�_ 
�<�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y�� �g�Z�[�e�x�^�Z�_�l�k�y�� �k�l�j�_�f�b�l�_�e�v�g�u�c�� �j�h�k�l��

�i�j�h�b�a�\�h�^�k�l�\�Z���i�h�e�b�f�_�j�h�\���b���d�h�f�i�h�a�b�l�h�\���g�Z���b�o���h�k�g�h�\�_�����b�o���b�k�i�h�e�v�a�h�\�Z�g�b�_��
�\���k�Z�f�u�o���j�Z�a�g�u�o���h�[�e�Z�k�l�y�o�����j�u�g�h�d���)�'�0�����)�X�V�H�G���'�H�S�R�V�L�W�L�R�Q���0�R�G�H�O�L�Qg) 3D-
�i�_�q�Z�l�b���q�m�\�k�l�\�m�_�l���i�h�l�j�_�[�g�h�k�l�v�� �\�� �g�h�\�u�o���d�h�g�k�l�j�m�d�p�b�h�g�g�u�o���f�Z�l�_�j�b�Z�e�Z�o����
�d�h�l�h�j�u�_�� �j�Z�k�r�b�j�y�x�l�� �\�h�a�f�h�`�g�h�k�l�b�� �Z�^�^�b�l�b�\�g�u�o�� �l�_�o�g�h�e�h�]�b�c���� �I�h�w�l�h�f�m��
�d�h�f�i�Z�g�b�_�c�� �³�)�L�O�D�P�H�Q�W�D�U�Q�R�´�� �[�u�e�� �k�h�a�^�Z�g�� �g�h�\�u�c�� �\�k�i�_�g�b�\�Z�x�s�b�c�k�y�� �i�j�b��
�i�_�q�Z�l�b�� �d�h�f�i�h�a�b�l�� �g�Z�� �h�k�g�h�\�_�� �i�h�e�b�f�_�j�Z�� �6�$�1�� ���k�l�b�j�h�e�Z�d�j�b�e�h�g�b�l�j�b�e������
�g�Z�i�h�e�g�_�g�g�u�c�� �m�]�e�_�\�h�e�h�d�g�h�f�� ��CF �± Carbon Fiber���� �i�h�^�� �g�Z�a�\�Z�g�b�_�f��
�©�$�H�U�R�W�H�[�ª���>���@�� 

�>�e�y�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �l�_�j�f�h�i�e�Z�k�l�b�q�g�u�o�� �i�h�e�b�f�_�j�h�\�� �b�k�i�h�e�v�a�m�x�l�k�y��
�Z�^�^�b�l�b�\�g�u�_�� �l�_�o�g�h�e�h�]�b�b�� ��AF �± Additive Fabrication, AM �± Additive 
�0�D�Q�X�I�D�F�W�X�U�L�Q�J�������H�^�g�b�f���b�a���l�Z�d�b�o���f�_�l�h�^�h�\���y�\�e�y�_�l�k�y���i�j�h�p�_�k�k���i�h�k�e�h�c�g�h�]�h��
�g�Z�e�h�`�_�g�b�y���j�Z�k�i�e�Z�\�e�_�g�g�h�c���i�h�e�b�f�_�j�g�h�c���g�b�l�b���± FDM. FDM-�l�_�o�g�h�e�h�]�b�y��
�i�h�a�\�h�e�y�_�l���i�j�_�h�[�j�Z�a�h�\�Z�l�v���\�b�j�l�m�Z�e�v�g�m�x����D �± �f�h�^�_�e�v���\���j�_�Z�e�v�g�m�x���>���@�� 
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�f�_�l�h�^�h�f�� �j�Z�k�l�y�`�_�g�b�y�� �b�� �d�b�g�_�l�b�q�_�k�d�b�f�� �b�g�^�_�g�l�b�j�h�\�Z�g�b�_�f�� �^�e�y��
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�H�[�j�Z�a�p�u���^�e�y�� �b�k�i�u�l�Z�g�b�c�� �i�h�e�m�q�Z�e�b���i�j�b���i�h�f�h�s�b����D-�i�j�b�g�l�_�j�Z�� �i�h��
FDM-�l�_�o�g�h�e�h�]�b�b���� �d�h�f�i�h�a�b�l�Z���©�$�H�U�R�W�H�[�ª���� �H�[�j�Z�a�p�u�� �^�e�y�� �b�k�i�u�l�Z�g�b�c��
�i�_�q�Z�l�Z�x�l�k�y�� �i�h�� �l�j�_�f�� �]�j�m�i�i�Z�f���� �i�h�� �i�y�l�v�� �h�[�j�Z�a�p�h�\�� �\�� �d�Z�`�^�h�c���� �i�j�b��
�l�_�f�i�_�j�Z�l�m�j�Z�o�����������h�K�����������h�K���b���������h�K�����I�Z�j�Z�f�_�l�j�u���g�Z�k�l�j�h�c�d�b���i�_�q�Z�l�b�����'-
�i�j�b�g�l�_�j�Z���i�j�b�\�_�^�_�g�u���\���l�Z�[�e�b�p�_������ 

�L�Z�[�e�b�p�Z�������± �I�Z�j�Z�f�_�l�j�u���g�Z�k�l�j�h�c�d�b���i�_�q�Z�l�b 
�L�_�f�i�_�j�Z�l�m�j�Z���k�l�h�e�Z, �ƒ�K 105 �± �i�_�j�\�u�c���k�e�h�c�����������± �k�e�_�^�m�x�s�b�_���k�e�h�b 
�A�Z�i�h�e�g�_�g�b�_, % 100 
�<�u�k�h�l�Z���k�e�h�y�����f�f 0,2 
�R�b�j�b�g�Z���e�b�g�b�b�����f�f 0,6 
�K�d�h�j�h�k�l�v���i�_�q�Z�l�b�����f�f/�k 60 
�J�Z�k�i�h�e�h�`�_�g�b�_���h�[�j�Z�a�p�Z���i�j�b���i�_�q�Z�l�b �=�h�j�b�a�h�g�l�Z�e�v�g�h�_ 
�D�h�e�b�q�_�k�l�\�h���e�b�g�b�c���\���d�h�g�l�m�j�_ 3 
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�r�b�j�b�g�m�� ��b���� �b�� �l�h�e�s�b�g�m�� ��h������ �i�h�e�m�q�_�g�g�u�_�� �m�k�j�_�^�g�_�g�g�u�_�� �^�Z�g�g�u�_�� �^�e�y��
�d�Z�`�^�h�c�� �]�j�m�i�i�u�� �i�j�b�\�_�^�_�g�u�� �\�� �l�Z�[�e�b�p�_�� ������ �i�h�� �i�h�e�m�q�_�g�g�u�f�� �^�Z�g�g�u�f��
�j�Z�k�k�q�b�l�u�\�Z�_�l�k�y���i�e�h�s�Z�^�v���i�h�i�_�j�_�q�g�h�]�h���k�_�q�_�g�b�y����F0). 

�L�Z�[�e�b�p�Z�������± �=�_�h�f�_�l�j�b�q�_�k�d�b�_���j�Z�a�f�_�j�u���h�[�j�Z�a�p�h�\ 
�‹���]�j�m�i�i�u���h�[�j�Z�a�p�h�\ h, �f�f  b, �f�f  l1, �f�f  F0, �f�f 2 

I (230�h�K) 2,1 5,1 30 10,7 
II (240�h�K) 2,3 5,2 30 11,9 
III ( 250�h�K) 2,5 5,1 30 12,7 
 
�I�j�h�\�_�^�_�g�b�_���b�k�i�u�l�Z�g�b�c 
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�d�h�f�i�h�a�b�l�Z�� �i�j�h�\�h�^�b�e�b�k�v�� �g�Z�� �m�g�b�\�_�j�k�Z�e�v�g�h�c�� �j�Z�a�j�u�\�g�h�c�� �f�Z�r�b�g�_�� �,�Q�V�W�U�R�Q��
5982 �± �j�b�k�������� 
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�J�b�k���������± �H�[�s�b�c���\�b�^���w�e�_�d�l�j�h�f�_�o�Z�g�b�q�_�k�d�h�c���b�k�i�u�l�Z�l�_�e�v�g�h�c���f�Z�r�b�g�u��
I �Q�V�W�U�R�Q���������������Z�������d�j�_�i�e�_�g�b�_���h�[�j�Z�a�p�Z���\���a�Z�`�b�f�Z�o���i�j�b���b�k�i�u�l�Z�g�b�y�o���g�Z��

�j�Z�k�l�y�`�_�g�b�_�����[�������i�j�b�k�i�h�k�h�[�e�_�g�b�_���^�e�y���b�k�i�u�l�Z�g�b�c���b�g�k�l�j�m�f�_�g�l�Z�e�v�g�u�f��
�b�g�^�_�g�l�b�j�h�\�Z�g�b�_�f�����\�� 
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�<���i�j�h�p�_�k�k�_���b�k�i�u�l�Z�g�b�c���h�[�j�Z�a�p�h�\���j�Z�k�l�y�`�_�g�b�_�f���j�_�]�b�k�l�j�b�j�h�\�Z�e�b�k�v��
�^�b�Z�]�j�Z�f�f�u�� �\�� �d�h�h�j�^�b�g�Z�l�Z�o�� �g�Z�i�j�y�`�_�g�b�_���± �^�_�n�h�j�f�Z�p�b�y�� ���1���± �/���� �b��
�^�b�Z�]�j�Z�f�f�u�� �b�g�k�l�j�m�f�_�g�l�Z�e�v�g�h�]�h�� �b�g�^�_�g�l�b�j�h�\�Z�g�b�y�� �\�� �d�h�h�j�^�b�g�Z�l�Z�o��
�g�Z�]�j�m�a�d�Z���± �i�_�j�_�f�_�s�_�g�b�_�� ��F �± h) �± �j�b�k�������� �\�^�Z�\�e�b�\�Z�g�b�_�� �\�u�i�h�e�g�y�e�h�k�v��
�k�n�_�j�b�q�_�k�d�b�f���b�g�^�_�g�l�h�j�h�f���^�b�Z�f�_�l�j�h�f��D � �����������f�f�� 
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�J�b�k���������± �>�b�Z�]�j�Z�f�f�u�����i�h�e�m�q�_�g�g�u�_���i�h�k�e�_���b�k�i�u�l�Z�g�b�c�����Z���± �^�b�Z�]�j�Z�f�f�u��
�j�Z�k�l�y�`�_�g�b�y���h�[�j�Z�a�p�h�\�����[���± � �̂b�Z�]�j�Z�f�f�u���b�g�k�l�j�m�f�_�g�l�Z�e�v�g�h�]�h���b�g�^�_�g�l�b�j�h�\�Z�g�b�y��

�h�[�j�Z�a�p�h�\����D� ���������f�f�� 
 1 �± 230�h�K���������±�l�������h�K���������± 250�h�K 

�:�g�Z�e�b�a���j�_�a�m�e�v�l�Z�l�h�\���n�b�a�b�d�h-�f�_�o�Z�g�b�q�_�k�d�b�o���b�k�i�u�l�Z�g�b�c 
�;�u�e�b�� �h�i�j�_�^�_�e�_�g�u�� �f�_�o�Z�g�b�q�_�k�d�b�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �i�y�l�g�Z�^�p�Z�l�b��

�h�[�j�Z�a�p�h�\�� �i�j�b�� �j�Z�a�g�u�o�� �l�_�f�i�_�j�Z�l�m�j�Z�o�� �i�_�q�Z�l�b�� �f�Z�l�_�j�b�Z�e�Z�� �©�$�H�U�R�W�H�[�ª����
�i�h�e�m�q�_�g�g�u�o���f�_�l�h�^�h�f����D �± �i�_�q�Z�l�b���i�h��FDM �± �l�_�o�g�h�e�h�]�b�b���� 

�I�h�� �^�b�Z�]�j�Z�f�f�Z�f�� �j�Z�k�l�y�`�_�g�b�_�� �h�i�j�_�^�_�e�y�e�b���� �m�k�e�h�\�g�u�c�� �i�j�_�^�_�e��
�l�_�d�m�q�_�k�l�b�� ���ê�4�ä�6������ �\�j�_�f�_�g�g�h�_�� �k�h�i�j�h�l�b�\�e�_�g�b�_�� ���ê�Å������ �f�h�^�m�e�v�� �m�i�j�m�]�h�k�l�b�� ���' ), 
�h�l�g�h�k�b�l�_�e�v�g�h�_���d�h�g�_�q�g�h�_���m�^�e�b�g�_�g�b�_�����Ü�Í). 

�I�h�� �^�b�Z�]�j�Z�f�f�Z�f�� �b�g�k�l�j�m�f�_�g�l�Z�e�v�g�h�]�h�� �b�g�^�_�g�l�b�j�h�\�Z�g�b�y��
�h�i�j�_�^�_�e�y�e�b�k�v�� �k�e�_�^�m�x�s�b�_�� �k�\�h�c�k�l�\�Z���� �i�h�d�Z�a�Z�l�_�e�v�� �m�i�j�h�q�g�_�g�b�y�� ���M), 
�l�\�_�j�^�h�k�l�v�� �g�Z�� �i�j�_�^�_�e�_�� �l�_�d�m�q�_�k�l�b�� ���*�$�Í ������ �l�\�_�j�^�h�k�l�v�� �i�j�b�� �f�Z�d�k�b�f�m�f�_��
�g�Z�]�j�m�a�d�b�����*�$�Â�Í�����b���f�h�^�m�e�v���m�i�j�m�]�h�k�l�b�����' �Â�Í�������J�Z�k�q�_�l���i�j�h�\�h�^�b�e�k�y�����m�q�b�l�u�\�Z�y�� 
�q�l�h���f�h�^�m�e�v���m�i�j�m�]�h�k�l�b���f�Z�l�_�j�b�Z�e�Z���' �æ �k�b�e�v�g�h���f�_�g�v�r�_�����f�h�^�m�e�y���m�i�j�m�]�h�k�l�b��
�b�g�^�_�g�l�h�j�Z���' �Ü (�' �Ü
L �t�s�r�{�s�w���›�ž�Ã������ �Z�� �a�g�Z�q�b�l���' �æ �f�h�`�g�h�� �i�j�_�g�_�[�j�_�q�v�����<�h��
�\�j�_�f�y�� �j�Z�k�q�_�l�Z�� �l�\�_�j�^�h�k�l�b���*�$�Â�Í �m�q�b�l�u�\�Z�e�Z�k�v�� �m�i�j�m�]�Z�y�� �i�h�^�Z�l�e�b�\�h�k�l�v��
�b�k�i�u�l�Z�l�_�e�v�g�h�c���f�Z�r�b�g�u���>���@�� 

�L�Z�[�e�b�p�Z�������Å���F�_�o�Z�g�b�q�_�k�d�b�_���k�\�h�c�k�l�\�Z���h�[�j�Z�a�p�h�\ 
�J�Z�k�l�y�`�_�g�b�_ �B�g�k�l�j�m�f�_�g�l�Z�e�v�g�h�_���b�g�^�_�g�l�b�j�h�\�Z�g�b�_ 

�ê�4�ä�6, 
�F�I�Z 

�ê�Å�����F�I�Z �' �����F�I�Z �Ü�Í, % �M�����F�I�Z ���� �X, 
�F�I�Z 

���� �M�X, 
�F�I�Z 

�' �Â�Í, 
�F�I�Z 

T=230oC 
56 71 4000 3,5 1223 - 97 3712 

T=240oC 
52 58 3849 2,1 687 54 77 3154 

T=250oC 
42 48 3779 1,7 632 50 70 2970 
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�>�e�y�� �h�p�_�g�d�b�� �\�j�_�f�_�g�g�h�]�h�� �k�h�i�j�h�l�b�\�e�_�g�b�y���P�Å �i�h���*�$ �k�m�s�_�k�l�\�m�_�l��
�k�l�Z�l�b�k�l�b�q�_�k�d�Z�y���h�[�j�Z�[�h�l�d�Z���[�h�e�v�r�h�]�h���q�b�k�e�Z���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o���^�Z�g�g�u�o��
�^�e�y�� �f�_�l�Z�e�e�b�q�_�k�d�b�o�� �f�Z�l�_�j�b�Z�e�h�\�� �>���@���� �Q�l�h�� �d�Z�k�Z�_�l�k�y�� �g�_�f�_�l�Z�e�e�b�q�_�k�d�b�o��
�f�Z�l�_�j�b�Z�e�h�\���� �i�h�e�b�f�_�j�h�\�� �b�� �d�h�f�i�h�a�b�l�h�\�� �g�Z�� �b�o�� �h�k�g�h�\�_���� �l�h�� �l�Z�d�Z�y��
�d�h�j�j�_�e�y�p�b�h�g�g�Z�y�� �k�\�y�a�v�� �g�Z�� �^�Z�g�g�u�c�� �f�h�f�_�g�l�� �g�_�� �b�a�\�_�k�l�g�Z���� �i�h�w�l�h�f�m���� �[�u�e�b��
�h�i�j�_�^�_�e�_�g�u�� �k�h�h�l�g�h�r�_�g�b�y���P�Å���*�$�Â�Í �^�e�y�� �d�Z�`�^�h�c�� �]�j�m�i�i�u�� �h�[�j�Z�a�p�h�\���± 
�l�Z�[�e�b�p�Z������ 

�L�Z�[�e�b�p�Z�������± �A�g�Z�q�_�g�b�y���d�h�w�n�n�b�p�b�_�g�l�h�\��
Ë�Å���t�n �u�€ 
�D�h�w�n�n�b�p�b�_�g�l�u �� 
L �t�u�r�h�K �� 
L �t�v�r�h�K �� 
L �t�w�r�h�K �K�j�_�^�g�_�_���a�g�Z�q�_�g�b�_ 

�P�Å���*�$�Â�Í 0,720 0,755 0,686 0,721 
 
�A�Z�d�e�x�q�_�g�b�_ 
�;�u�e�b���i�j�h�\�_�^�_�g�u�� �n�b�a�b�d�h-�f�_�o�Z�g�b�q�_�k�d�b�_�� �b�k�i�u�l�Z�g�b�y�� �l�j�_�o�� �]�j�m�i�i��

�h�[�j�Z�a�p�h�\���� �g�Z�i�_�q�Z�l�Z�g�g�u�o�� �i�j�b�� �i�h�f�h�s�b�� ��D-�i�j�b�g�l�_�j�Z�� �i�j�b�� �j�Z�a�g�u�o��
�l�_�f�i�_�j�Z�l�m�j�Z�o���i�_�q�Z�l�b���i�h���)�'�0-�l�_�o�g�h�e�h�]�b�b�����H�[�j�Z�a�p�u���[�u�e�b���i�h�^�\�_�j�]�g�m�l�u��
�b�k�i�u�l�Z�g�b�x�� �g�Z�� �j�Z�k�l�y�`�_�g�b�_�� �b�� �b�g�k�l�j�m�f�_�g�l�Z�e�v�g�h�_�� �b�g�^�_�g�l�b�j�h�\�Z�g�b�_�� �k��
�j�_�]�b�k�l�j�Z�p�b�_�c�� �^�b�Z�]�j�Z�f�f�� �\�^�Z�\�e�b�\�Z�g�b�y�� �b�� �j�Z�k�l�y�`�_�g�b�y���� �G�Z�c�^�_�g�Z��
�\�h�a�f�h�`�g�h�k�l�v�� �h�i�j�_�^�_�e�_�g�b�y�� �\�j�_�f�_�g�g�h�]�h�� �k�h�i�j�h�l�b�\�e�_�g�b�y��
�b�g�k�l�j�m�f�_�g�l�Z�e�v�g�u�f�� �b�g�^�_�g�l�b�j�h�\�Z�g�b�_�f���� �h�l�g�h�r�_�g�b�_�� �\�j�_�f�_�g�g�h�]�h��
�k�h�i�j�h�l�b�\�e�_�g�b�y���ê�Å �d���l�\�_�j�^�h�k�l�b���*�$�Â�Í �h�d�Z�a�Z�e�b�k�v���i�j�b�f�_�j�g�h���h�^�b�g�Z�d�h�\�u�f�b��
�^�e�y�� �\�k�_�o�� �]�j�m�i�i���� �q�l�h�� �^�Z�_�l�� �\�h�a�f�h�`�g�h�k�l�v�� �j�Z�a�j�Z�[�h�l�Z�l�v�� �f�_�l�h�^�b�d�m��
�h�i�j�_�^�_�e�_�g�b�y���\�j�_�f�_�g�g�h�]�h���k�h�i�j�h�l�b�\�e�_�g�b�y���i�h���i�h�d�Z�a�Z�l�_�e�y�f���l�\�_�j�^�h�k�l�b���^�e�y��
�i�h�e�b�f�_�j�h�\���b���Z�j�f�b�j�h�\�Z�g�g�u�o���d�h�f�i�h�a�b�l�h�\���g�Z���b�o���h�k�g�h�\�_���� 

 
�K�i�b�k�h�d���b�k�i�h�e�v�a�h�\�Z�g�g�u�o���b�k�l�h�q�g�b�d�h�\ 
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�M�>�D��������������������  
 �I���K�����A�Z�o�Z�j�h�\, �:���?�����R�d�m�j�h�����<���=�����=�e�m�o�b�o 

�M�j�Z�e�v�k�d�b�c���]�h�k�m�^�Z�j�k�l�\�_�g�g�u�c���e�_�k�h�l�_�o�g�b�q�_�k�d�b�c���m�g�b�\�_�j�k�b�l�_�l 
 �?�d�Z�l�_�j�b�g�[�m�j�]�����J�h�k�k�b�y 

 
�B�K�K�E�?�>�H�<�:�G�B�?���N�B�A�B�D�H-�F�?�O�:�G�B�Q�?�K�D�B�O 

�K�<�H�C�K�L�<���D�H�F�I�H�A�B�L�H�<���K���I�H�E�B�F�?�J�G�H�C���N�:�A�H�C��
�:�P�?�L�:�L�:���P�?�E�E�X�E�H�A�U���B��NPK-�M�>�H�;�J�?�G�B�Y�F�B�� 

 
�:�g�g�h�l�Z�p�b�y�����<�� �j�Z�[�h�l�_�� �b�k�k�e�_�^�h�\�Z�g�Z�� �\�h�a�f�h�`�g�h�k�l�v�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �Z�a�h�l����

�n�h�k�n�h�j�����d�Z�e�b�c�g�h�]�h���m�^�h�[�j�_�g�b�y���\���d�Z�q�_�k�l�\�_���g�Z�i�h�e�g�b�l�_�e�y���^�e�y���i�h�e�b�f�_�j�g�u�o���d�h�f�i�h�a�b�p�b�c��
�k���Z�p�_�l�b�e�p�_�e�e�x�e�h�a�g�h�c���f�Z�l�j�b�p�_�c�� 

 
PHYSICAL AND MECHANICAL PROPERTIES OF 

COMPOSITES BASED ON CELLULOSE ACETATE AND NPK 
FERTILIZERS  

 
Abstract. The work investigated the possibility of using nitrogen, phosphorus, and 

potassium fertilizers as a filler for polymer compositions with a cellulose acetate matrix. 
 
�M�^�h�[�j�_�g�b�y�� �y�\�e�y�x�l�k�y�� �h�^�g�b�f�� �b�a�� �\�Z�`�g�u�o���m�k�e�h�\�b�c, 

�h�[�_�k�i�_�q�b�\�Z�x�s�b�o�� �\�u�k�h�d�m�x�� �i�j�h�^�m�d�l�b�\�g�h�k�l�v �k�_�e�v�k�d�h�o�h�a�y�c�k�l�\�_�g�g�h�]�h��
�i�j�h�b�a�\�h�^�k�l�\�Z���� �<�� �k�\�y�a�b�� �k�� �w�l�b�f�� �g�_�i�j�_�j�u�\�g�h�� �\�_�^�m�l�k�y�� �b�k�k�e�_�^�h�\�Z�g�b�y����
�g�Z�i�j�Z�\�e�_�g�g�u�_�� �g�Z �i�h�\�u�r�_�g�b�_ �w�n�n�_�d�l�b�\�g�h�k�l�b�� �b�k�i�h�e�v�a�h�\�Z�g�b�y��
�m�^�h�[�j�_�g�b�c���� �Z�� �l�Z�d�`�_ �f�b�g�b�f�b�a�Z�p�b�b���b�o�� �\�h�a�^�_�c�k�l�\�b�c�� �g�Z�� �h�d�j�m�`�Z�x�s�m�x��
�k�j�_�^�m�� 

�I�h�k�l�Z�\�e�_�g�g�u�o�� �p�_�e�_�c �f�h�`�g�h�� �^�h�[�b�l�v�k�y�� �i�m�l�_�f�� �j�Z�a�j�Z�[�h�l�d�b��
�m�^�h�[�j�_�g�b�c�� �k�� �f�_�^�e�_�g�g�u�f�� �b�e�b�� �d�h�g�l�j�h�e�b�j�m�_�f�u�f�� �\�u�k�\�h�[�h�`�^�_�g�b�_�f 
�^�_�c�k�l�\�m�x�s�_�]�h�� �\�_�s�_�k�l�\�Z�� �D�� �w�l�h�f�m�� �d�e�Z�k�k�m�� �m�^�h�[�j�_�g�b�c�� �h�l�g�h�k�y�l�k�y 
�f�Z�l�j�b�q�g�u�_���k�h�k�l�Z�\�u�����f�Z�e�h�j�Z�k�l�\�h�j�b�f�u�_���h�j�]�Z�g�b�q�_�k�d�b�_���k�h�_�^�b�g�_�g�b�y���Z�a�h�l�Z��
�b�� �m�^�h�[�j�_�g�b�y�� �k�� �i�h�d�j�u�l�b�_�f. �I�_�j�\�u�c�� �l�b�i�� �b�f�_�_�l�� �k�l�j�m�d�l�m�j�m�� �d�h�f�i�h�a�b�l�Z: 
�m�^�h�[�j�_�g�b�_���b�k�i�h�e�v�a�m�_�l�k�y���\���d�Z�q�_�k�l�\�_���g�Z�i�h�e�g�b�l�_�e�y�����Z���f�Z�l�j�b�p�Z���d�h�f�i�h�a�b�l�Z 
�b�]�j�Z�_�l�� �j�h�e�v�� �[�Z�j�v�_�j�Z���� �d�h�g�l�j�h�e�b�j�m�x�s�_�]�h �^�b�n�n�m�a�b�x�� �b�� �\�u�k�\�h�[�h�`�^�_�g�b�_��
�\�h�^�h�j�Z�k�l�\�h�j�b�f�h�c �^�b�k�i�_�j�k�g�h�c�� �n�Z�a�u�� ���m�^�h�[�j�_�g�b�y�� [1]. �>�e�y�� �i�h�e�m�q�_�g�b�y��
�d�h�f�i�h�a�b�l�g�u�o�� �m�^�h�[�j�_�g�b�c�� �\�� �d�Z�q�_�k�l�\�_�� �i�h�e�b�f�_�j�g�h�c�� �f�Z�l�j�b�p�u��
�j�_�d�h�f�_�g�^�m�_�l�k�y�� �b�k�i�h�e�v�a�h�\�Z�l�v �f�Z�l�_�j�b�Z�e�u �k�� �h�l�g�h�k�b�l�_�e�v�g�h�� �g�b�a�d�h�c��
�]�b�^�j�h�n�b�e�v�g�h�k�l�v�x�����\�u�k�h�d�h�c �]�b�^�j�h�e�b�l�b�q�_�k�d�h�c�� �k�l�Z�[�b�e�v�g�h�k�l�v�x�� �b��
�o�h�j�h�r�b�f�b�� �f�_�o�Z�g�b�q�_�k�d�b�f�b�� �k�\�h�c�k�l�\�Z�f�b���� �d�h�l�h�j�u�_�� �[�u�e�b�� �[�u�� �k�i�h�k�h�[�g�u��
�i�j�h�l�b�\�h�k�l�h�y�l�v���[�u�k�l�j�h�f�m���\�u�k�\�h�[�h�`�^�_�g�b�x���\�h�^�h�j�Z�k�l�\�h�j�b�f�u�o���m�^�h�[�j�_�g�b�c 
[2]. �<�� �l�h�`�_�� �\�j�_�f�y�� �\�� �d�Z�q�_�k�l�\�_�� �f�Z�l�j�b�p�u�� �g�_�e�v�a�y�� �b�k�i�h�e�v�a�h�\�Z�l�v��
�d�j�m�i�g�h�l�h�g�g�Z�`�g�u�_�� �k�b�g�l�_�l�b�q�_�k�d�b�_�� �l�_�j�f�h�i�e�Z�k�l�u���� �l�Z�d�� �d�Z�d�� �h�g�b��
�i�j�Z�d�l�b�q�_�k�d�b�� �g�_�� �i�h�^�\�_�j�`�_�g�u�� �[�b�h�^�_�]�j�Z�^�Z�p�b�b�� �b�� �[�m�^�m�l�� �h�d�Z�a�u�\�Z�l�v��
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�^�h�e�]�h�k�j�h�q�g�h�_�� �g�_�]�Z�l�b�\�g�h�_�� �\�h�a�^�_�c�k�l�\�b�_�� �g�Z�� �h�d�j�m�`�Z�x�s�m�x�� �k�j�_�^�m�����D�j�h�f�_��
�l�h�]�h���� �k�l�h�b�f�h�k�l�v�� �b�� �w�d�h�e�h�]�b�q�g�h�k�l�v�� �i�j�b�f�_�g�y�_�f�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �l�Z�d�`�_��
�y�\�e�y�x�l�k�y�� �\�Z�`�g�u�f�b �n�Z�d�l�h�j�Z�f�b���� �d�h�l�h�j�u�_�� �m�q�b�l�u�\�Z�x�l�k�y��
�b�k�k�e�_�^�h�\�Z�l�_�e�y�f�b���� �G�_�^�Z�\�g�b�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�h�d�Z�a�u�\�Z�x�l�� �\�h�a�f�h�`�g�h�k�l�v��
�b�k�i�h�e�v�a�h�\�Z�g�b�y�� �i�e�Z�k�l�b�n�b�p�b�j�h�\�Z�g�g�h�]�h�� �Z�p�_�l�Z�l�Z�� �p�_�e�e�x�e�h�a�u�� �\�� �d�Z�q�_�k�l�\�_��
�i�h�e�b�f�_�j�g�h�c�� �f�Z�l�j�b�p�u�� �^�e�y�� �i�h�e�m�q�_�g�b�y�� �d�h�f�i�h�a�b�l�h�\�� �k��
�e�b�]�g�h�p�_�e�e�x�e�h�a�g�u�f�b�� �g�Z�i�h�e�g�b�l�_�e�y�f�b��[3-4]���� �B�a�f�_�g�y�y�� �k�l�_�i�_�g�v��
�Z�p�_�l�b�e�b�j�h�\�Z�g�b�y���Z�p�_�l�Z�l�Z���p�_�e�e�x�e�h�a�u�����k�h�^�_�j�`�Z�g�b�_���b���l�b�i���g�Z�i�h�e�g�b�l�_�e�_�c���b��
�i�e�Z�k�l�b�n�b�d�Z�l�h�j�h�\�� �f�h�`�g�h�� �\�� �r�b�j�h�d�b�o�� �i�j�_�^�_�e�Z�o�� �\�Z�j�v�b�j�h�\�Z�l�v�� �g�_�� �l�h�e�v�d�h��
�n�b�a�b�d�h-�f�_�o�Z�g�b�q�_�k�d�b�_�� �k�\�h�c�k�l�\�Z�� �f�Z�l�_�j�b�Z�e�Z���� �g�h�� �b�� �_�]�h�� �k�i�h�k�h�[�g�h�k�l�v�� �d��
�j�Z�a�e�h�`�_�g�b�x���\���]�j�m�g�l�_�����P�_�e�v�x���g�Z�k�l�h�y�s�_�c���j�Z�[�h�l�u���y�\�e�y�e�h�k�v���b�k�k�e�_�^�h�\�Z�g�b�_��
�n�b�a�b�d�h-�f�_�o�Z�g�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\�� �d�h�f�i�h�a�b�l�h�\���� �g�Z�i�h�e�g�_�g�g�u�o��NPK-
�m�^�h�[�j�_�g�b�_�f���b���i�h�e�b�Z�d�j�b�e�Z�l�h�f���g�Z�l�j�b�y�� 

�>�e�y�� �i�h�e�m�q�_�g�b�y���d�h�f�i�h�a�b�l�g�u�o���m�^�h�[�j�_�g�b�c���\ �d�Z�q�_�k�l�\�_ �i�h�e�b�f�_�j�g�h�c��
�f�Z�l�j�b�p�u�� �i�j�b�f�_�g�y�e�k�y �Z�p�_�l�Z�l�� �p�_�e�e�x�e�h�a�u�� �i�e�Z�k�l�b�n�b�p�b�j�h�\�Z�g�g�u�c 
�l�j�b�Z�p�_�l�b�g�h�f���b�� �l�j�b�[�m�l�b�e�n�h�k�n�Z�l�h�f. �F�Z�k�k�h�\�h�_�� �k�h�h�l�g�h�r�_�g�b�_�� �f�_�`�^�m��
�i�h�e�b�f�_�j�h�f�� �b�� �i�e�Z�k�l�b�n�b�d�Z�l�h�j�Z�f�b�� �^�e�y�� �\�k�_�o�� �h�[�j�Z�a�p�h�\�� �k�h�k�l�Z�\�e�y�e�h��
�k�h�h�l�\�_�l�k�l�\�_�g�g�h�� ���������� ���������� �������f�Z�k�� �q�����<�� �d�Z�q�_�k�l�\�_�� �n�m�g�d�p�b�h�g�Z�e�v�g�u�o��
�^�h�[�Z�\�h�d �b�k�i�h�e�v�a�h�\�Z�e�b��NPK-�m�^�h�[�j�_�g�b�_�����k�h�^�_�j�`�Z�s�_�_���������f�Z�k���������Z�a�h�l�Z����������
�f�Z�k���������h�d�k�b�^�Z���n�h�k�n�h�j�Z���b���������f�Z�k���������h�d�k�b�^�Z���d�Z�e�b�y (�i�j�h�b�a�\�h�^�k�l�\�Z���H�H�H��
�©�N�h�k�Z�]�j�h�ª)���� �i�h�e�b�Z�d�j�b�e�Z�l�� �g�Z�l�j�b�y ���L�M��2219-501-00208947-2008) �b��
�^�j�_�\�_�k�g�m�x���f�m�d�m���f�Z�j�d�b�����������i�j�h�b�a�\�h�^�k�l�\�Z���H�H�H���©�X�g�Z�c�l�ª���� 

�K�f�_�r�_�g�b�_�� �d�h�f�i�h�g�_�g�l�h�\�� �d�h�f�i�h�a�b�p�b�h�g�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\��
�i�j�h�b�a�\�h�^�b�e�b �g�Z�� �\�Z�e�v�p�Z�o�� �f�Z�j�d�b�� �I�>-320-���������������� �i�j�b�� ������-170 �h�K����
�K�l�Z�g�^�Z�j�l�g�u�_�� �h�[�j�Z�a�p�u�� �b�a�]�h�l�h�\�b�e�b�� �f�_�l�h�^�h�f�� �]�h�j�y�q�_�]�h�� �i�j�_�k�k�h�\�Z�g�b�y�� 
�J�_�p�_�i�l�m�j�u���d�h�f�i�h�a�b�l�h�\���i�j�b�\�_�^�_�g�u���\���l�Z�[�e�b�p�_���������>�e�y���d�Z�`�^�h�c���j�_�p�_�i�l�m�j�u��
�h�i�j�_�^�_�e�y�e�b���l�\�_�j�^�h�k�l�v���i�h���;�j�b�g�_�e�e�x���i�h���=�H�K�L����������-�������������i�j�h�q�g�h�k�l�v���i�j�b��
�b�a�]�b�[�_���i�h���=�H�K�L��4648-�����������b���m�^�Z�j�g�Z�y���\�y�a�d�h�k�l�v���i�h���R�Z�j�i�b���=�H�K�L����������-
2015. 

�J�_�a�m�e�v�l�Z�l�u�� �b�k�i�u�l�Z�g�b�c�� �n�b�a�b�d�h-�f�_�o�Z�g�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\ 
�d�h�f�i�h�a�b�l�h�\���i�j�b�\�_�^�_�g�u���\���l�Z�[�e�b�p�_���������W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h-�k�l�Z�l�b�k�l�b�q�_�k�d�b�_��
�a�Z�\�b�k�b�f�h�k�l�b���k�\�h�c�k�l�\���d�h�f�i�h�a�b�l�h�\���h�l���k�h�^�_�j�`�Z�g�b�y���\���g�b�o��NPK-�m�^�h�[�j�_�g�b�y����
�i�h�e�b�Z�d�j�b�e�Z�l�Z���g�Z�l�j�b�y���b �^�j�_�\�_�k�g�h�c���f�m�d�b���i�j�_�^�k�l�Z�\�e�_�g�u���\���l�Z�[�e�b�p�_���������Z���b�o��
�]�j�Z�n�b�q�_�k�d�b�_���b�g�l�_�j�i�j�_�l�Z�p�b�b���g�Z���j�b�k������-3.  

�M�\�_�e�b�q�_�g�b�_���k�h�^�_�j�`�Z�g�b�y��NPK-�m�^�h�[�j�_�g�b�y���\���i�h�e�b�f�_�j�g�h�c���f�Z�l�j�b�p�_��
�\�� �p�_�e�h�f�� �g�_�]�Z�l�b�\�g�h�� �k�d�Z�a�u�\�Z�_�l�k�y�� �g�Z���l�\�_�j�^�h�k�l�b�� ���j�b�k���� ������ �b�� �`�_�k�l�d�h�k�l�b��
�f�Z�l�_�j�b�Z�e�Z���� �q�l�h�� �k�\�y�a�Z�g�h�� �k�� �i�e�h�o�h�c�� �k�h�\�f�_�k�l�b�f�h�k�l�v�x�� �n�Z�a�� �Z�p�_�l�Z�l�Z��
�p�_�e�e�x�e�h�a�u�� �k�� �i�h�e�y�j�g�u�f�b�� �f�h�e�_�d�m�e�Z�f�b���� �\�o�h�^�y�s�b�f�b�� �\�� �k�h�k�l�Z�\��NPK. 
�A�Z�\�b�k�b�f�h�k�l�v���l�\�_�j�^�h�k�l�b���f�Z�l�_�j�b�Z�e�Z���h�l���k�h�^�_�j�`�Z�g�b�y���i�h�e�b�Z�d�j�b�e�Z�l�Z���g�Z�l�j�b�y��
�b�f�_�_�l�� �w�d�k�l�j�_�f�Z�e�v�g�u�c�� �o�Z�j�Z�d�l�_�j���� �F�b�g�b�f�Z�e�v�g�u�o�� �a�g�Z�q�_�g�b�c�� �i�h�d�Z�a�Z�l�_�e�v 
�^�h�k�l�b�]�Z�_�l���i�j�b���k�h�^�_�j�`�Z�g�b�b �i�h�e�b�Z�d�j�b�e�Z�l�Z���i�h�j�y�^�d�Z����-�������f�Z�k������. 
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�I�j�b�� �m�\�_�e�b�q�_�g�b�b�� �k�h�^�_�j�`�Z�g�b�y���m�^�h�[�j�_�g�b�y���\�� �d�h�f�i�h�a�b�l�_ 
�g�Z�[�e�x�^�Z�e�h�k�v�� �i�Z�^�_�g�b�_�� �i�j�h�q�g�h�k�l�b�� �i�j�b�� �b�a�]�b�[�_��(�j�b�k. 2). �<�e�b�y�g�b�_��
�k�h�^�_�j�`�Z�g�b�y�� �i�h�e�b�Z�d�j�b�e�Z�l�Z�� �g�Z�� �i�j�h�q�g�h�k�l�v�� �i�j�b�� �b�a�]�b�[�_�� �b�f�_�_�l��
�w�d�k�l�j�_�f�Z�e�v�g�m�x�� �o�Z�j�Z�d�l�_�j�� �b�� �l�Z�d�� �`�_�� �w�d�k�l�j�_�f�m�f�� �n�m�g�d�p�b�b�� ���f�b�g�b�f�m�f����
�g�Z�[�e�x�^�Z�_�l�k�y���\���h�[�e�Z�k�l�b������-�������f�Z�k�������� 

 
�L�Z�[�e�b�p�Z���� - �K�h�k�l�Z�\���h�[�j�Z�a�p�h�\���i�h�e�m�q�_�g�g�u�o���d�h�f�i�h�a�b�l�h�\ 

�¶  
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�6���#�#�@�#�(���< 

�í �ï�ò�U�ì �ð�U�ñ �í�ð�U�ð �ð�ñ�U�í 
�î �ï�ñ�U�í �í�ó�U�ñ �ï�U�ñ �ð�ï�U�õ 
�ï �í�î�U�ì �î�ï�U�ô �ð�U�ô �ñ�õ�U�ñ 
�ð �ð�ì�U�ô �í�ì�U�î �ô�U�î �ð�ì�U�ô 
�ñ �í�ì�U�ñ �î�ì�U�ô �í�ò�U�ò �ñ�î�U�í 
�ò �î�ñ�U�ò �í�î�U�ô �í�ì�U�ï �ñ�í�U�ï 
�ó �î�ï�U�ï �í�í�U�ò �í�ô�U�ò �ð�ò�U�ñ 
�ô �î�õ�U�ð �ì�U�ì �í�í�U�ô �ñ�ô�U�ô 
�õ �î�î�U�ó �î�î�U�ó �õ�U�í �ð�ñ�U�ñ 
�í

�ì 
�î�ñ�U�ò �í�î�U�ô �í�ì�U�ï �ñ�í�U�ï 

�í
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�ï�í�U�ó �í�ñ�U�õ �í�î�U�ó �ï�õ�U�ó 

�í
�î 

�î�ñ�U�ò �í�î�U�ô �í�ì�U�ï �ñ�í�U�ï 

�í
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�ð 
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�í
�ñ 

�î�ô�U�ò �í�ð�U�ï �ì�U�ì �ñ�ó�U�í 
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�í�ð�U�ò �ó�U�ï �ñ�U�ô �ó�î�U�ï 

�í
�ó 

�ì�U�ì �í�ó�U�î �í�ï�U�ô �ò�õ�U�ì 

 

�L�Z�[�e�b�p�Z��2- �J�_�a�m�e�v�l�Z�l�u���b�k�i�u�l�Z�g�b�c���n�b�a�b�d�h-�f�_�o�Z�g�b�q�_�k�d�b�o���k�\�h�c�k�l�\��
�h�[�j�Z�a�p�h�\���d�h�f�i�h�a�b�l�h�\ 

�G�h�f�_�j��
�h�[�j�Z�a�p�Z 

�I�h�d�Z�a�Z�l�_�e�b���k�\�h�c�k�l�\���d�h�f�i�h�a�b�l�h�\ 
�L�\�_�j�^�h�k�l�v���i�h��

�;�j�b�g�_�e�e�x�����F�I�Z 
�I�j�h�q�g�h�k�l�v���i�j�b��
�b�a�]�b�[�_�����F�I�Z 

�M�^�Z�j�g�Z�y���\�y�a�d�h�k�l�v���i�h��
�R�Z�j�i�b�����d�>�`���f�ð.  

1 186 46 4,0 
2 114 27 3,1 
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3 76 29 7,7 
4 131 23 2,9 
5 66 23 7,3 
6 126 36 5,2 
7 135 40 4,2 
8 148 39 5,1 
9 81 20 4,8 
10 93 34 4,9 
11 114 34 4,6 
12 90 31 5,6 
13 150 35 3,9 
14 110 39 5,5 
15 158 47 4,4 
16 102 43 6,0 
17 75 34 6,0 

 

�I�h�d�Z�a�Z�l�_�e�v���m�^�Z�j�g�h�c���\�y�a�d�h�k�l�b���j�Z�k�l�_�l���i�j�b���m�\�_�e�b�q�_�g�b�b���k�h�^�_�j�`�Z�g�b�y��
NPK-�m�^�h�[�j�_�g�b�y�� �b�� �k�g�b�`�Z�_�l�k�y�� �i�j�b�� �m�\�_�e�b�q�_�g�b�b�� �k�h�^�_�j�`�Z�g�b�y��
�i�h�e�b�Z�d�j�b�e�Z�l�Z���g�Z�l�j�b�y�����j�b�k���������� 

 

�L�Z�[�e�b�p�Z���� - �W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h-�k�l�Z�l�b�k�l�b�q�_�k�d�b�_���a�Z�\�b�k�b�f�h�k�l�b��
�i�h�d�Z�a�Z�l�_�e�_�c���k�\�h�c�k�l�\���d�h�f�i�h�a�b�l�h�\���h�l���k�h�^�_�j�`�Z�g�b�y���^�j�_�\�_�k�g�h�c���f�m�d�b����Z1) NPK 

�m�^�h�[�j�_�g�b�y����Z2�����b���i�h�e�b�Z�d�j�b�e�Z�l�Z���g�Z�l�j�b�y����Z3) 
 

�I�h�d�Z�a�Z�l�_�e�b���k�\�h�c�k�l�\ �J�_�]�j�_�k�k�b�h�g�g�Z�y���a�Z�\�b�k�b�f�h�k�l�v���<�L 

�K�l�Z�l�b�k�l�b�q�_�k�d�b�_��
�i�Z�j�Z�f�_�l�j�u�� 

F 
R

2 �K�l. �h�r�b�[�d�Z 

�L�\�_�j�^�h�k�l�v���i�h��
�;�j�b�g�_�e�e�x�����F�I�Z����Y1) 

Y1 = 162,378 - ��������������Z3 - ������������Z2
2 

����������������Z3
2 ����������������Z1�Â�=3 + 

������������Z2�Â�=3 - ������������Z1�Â�=2�Â�=3 

1
��10-4 

0
,91 

12�������F�I�Z 

�I�j�h�q�g�h�k�l�v���i�j�b��
�b�a�]�b�[�_�����F�I�Z����Y2) 

Y2 = 78,83 - 0,99��Z1 - 4,51��Z3 - 
0,04��Z2

2 + 0,12��Z3
2 + 0,07��Z1�ÂZ3 

7
��10-4 

0
,83 ���������F�I�Z 

�M�^�Z�j�g�Z�y���\�y�a�d�h�k�l�v��
�i�h���R�Z�j�i�b�����d�>�`���f�ð��

(Y3) 

Y3 = 3,44 + 0,19��Z1 + 0,196��Z2 - 
0,004��Z1

2 - 0,002��Z3
2 - 0,01��Z1�ÂZ2 

8
��10-5 

0
,88 

���������d�>�`���f2 
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�J�b�k������- �A�Z�\�b�k�b�f�h�k�l�v���l�\�_�j�^�h�k�l�b���i�h���;�j�b�g�_�e�e�x���h�l���k�h�^�_�j�`�Z�g�b�y��NPK-

�m�^�h�[�j�_�g�b�y���b���i�h�e�b�Z�d�j�b�e�Z�l�Z���g�Z�l�j�b�y���i�j�b���k�h�^�_�j�`�Z�g�b�b���^�j�_�\�_�k�g�h�c���f�m�d�b �������f�Z�k������ 
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�i�Z�^�_�g�b�y�� �w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�o�� �k�\�h�c�k�l�\�� �b�a�^�_�e�b�y���� �I�h�� �i�h�d�Z�a�Z�l�_�e�y�f��
�i�j�h�q�g�h�k�l�b�� �b�� �`�_�k�l�d�h�k�l�b�� �l�Z�d�h�c�� �f�Z�l�_�j�b�Z�e�� �[�m�^�_�l�� �i�j�_�\�h�k�o�h�^�b�l�v��
�g�_�g�Z�i�h�e�g�_�g�g�u�c���i�h�e�b�w�l�b�e�_�g���\�u�k�h�d�h�c���i�e�h�l�g�h�k�l�b���\����-�����j�Z�a�Z�����\���l�h�`�_���\�j�_�f�y��
�k�h�o�j�Z�g�y�y���k�i�h�k�h�[�g�h�k�l�v���m���[�b�h�j�Z�a�e�h�`�_�g�b�x���b���h�d�Z�a�u�\�Z�y���w�n�n�_�d�l���i�h�^�d�h�j�f�d�b����
�I�_�j�k�i�_�d�l�b�\�g�u�f�� �g�Z�i�j�Z�\�e�_�g�b�_�f�� �^�Z�e�v�g�_�c�r�b�o�� �b�k�k�e�_�^�h�\�Z�g�b�c��
�i�j�_�^�k�l�Z�\�e�y�_�l�k�y���b�a�m�q�_�g�b�_���k�d�h�j�h�k�l�b���\�u�^�_�e�_�g�b�y���b�a���d�h�f�i�h�a�b�l�Z���^�b�k�i�_�j�k�g�h�c��
�m�^�h�[�j�y�x�s�_�c���n�Z�a�u�����b���i�h�b�k�d���k�i�h�k�h�[�h�\���_�_���j�_�]�m�e�b�j�h�\�Z�g�b�y�� 
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�������B�k�k�e�_�^�h�\�Z�g�b�_�� �n�b�a�b�d�h���f�_�o�Z�g�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\�� �d�h�f�i�h�a�b�p�b�h�g�g�u�o��
�f�Z�l�_�j�b�Z�e�h�\���k���i�h�e�b�f�_�j�g�h�c���n�Z�a�h�c���^�b�Z�p�_�l�Z�l�Z���p�_�e�e�x�e�h�a�u���b���^�j�_�\�_�k�g�h�c���f�m�d�h�c��
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Abstract. The article examines the current state and areas of application of digital 
materials science, formulated the challenges that hinder the development of this direction 
and identified the prospects of digital materials science in Russia. 
 

�I�h�\�k�_�f�_�k�l�g�Z�y���p�b�n�j�h�\�b�a�Z�p�b�y���a�Z�l�j�Z�]�b�\�Z�_�l���\�k�_���g�h�\�u�_���k�n�_�j�u���`�b�a�g�b��
�b�� �^�b�d�l�m�_�l�� �g�h�\�u�c�� �i�h�^�o�h�^�� �d�� �j�_�a�m�e�v�l�Z�l�Z�f�� �g�Z�m�q�g�h-�b�k�k�e�_�^�h�\�Z�l�_�e�v�k�d�b�o��
�j�Z�a�j�Z�[�h�l�h�d���� �<�� �k�e�h�`�b�\�r�b�o�k�y�� �h�[�k�l�h�y�l�_�e�v�k�l�\�Z�o�� �g�_�h�[�o�h�^�b�f�h�� �j�Z�k�r�b�j�y�l�v��
�]�h�j�b�a�h�g�l�� �n�h�j�f�b�j�h�\�Z�g�b�y�� �b�� �j�Z�a�\�b�l�b�y�� �p�b�n�j�h�\�u�o�� �l�_�o�g�h�e�h�]�b�c���� �\�u�y�\�e�y�l�v��
�m�k�i�_�r�g�h���\�g�_�^�j�_�g�g�u�_�� �i�j�Z�d�l�b�d�b���� �l�b�j�Z�`�b�j�h�\�Z�l�v�� �b�o���� �N�m�g�^�Z�f�_�g�l�Z�e�v�g�u�_��
�g�Z�m�q�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �b�� �d�h�g�p�_�i�l�m�Z�e�v�g�u�_�� �j�Z�a�j�Z�[�h�l�d�b�� �a�Z�l�j�h�g�m�e�b��
�h�[�e�Z�k�l�v�� �f�h�^�_�e�b�j�h�\�Z�g�b�y�� �g�h�\�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �k�� �i�_�j�k�i�_�d�l�b�\�g�u�f�b��
�k�\�h�c�k�l�\�Z�f�b���b���b�g�k�l�j�m�f�_�g�l�u���p�b�n�j�h�\�h�]�h���f�Z�l�_�j�b�Z�e�h�\�_�^�_�g�b�y�� 

�P�b�n�j�h�\�h�_���f�Z�l�_�j�b�Z�e�h�\�_�^�_�g�b�_���k�_�]�h�^�g�y���± �w�l�h���g�Z�m�d�Z�����h�[�t�_�^�b�g�y�x�s�Z�y��
�f�Z�l�_�j�b�Z�e�h�\�_�^�_�g�b�_�� �b�� �\�u�q�b�k�e�b�l�_�e�v�g�u�_�� �f�_�l�h�^�u�� �^�e�y�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �b��
�i�j�h�_�d�l�b�j�h�\�Z�g�b�y�� �g�h�\�u�o�� �f�Z�l�_�j�b�Z�e�h�\���� �B�k�k�e�_�^�h�\�Z�g�b�y�� �i�j�h�\�h�^�y�l�k�y�� �i�h��
�g�Z�i�j�Z�\�e�_�g�b�y�f�� �j�Z�a�j�Z�[�h�l�d�b�� �g�h�\�u�o�� �f�Z�l�_�j�b�Z�e�h�\���� �m�e�m�q�r�_�g�b�y�� �k�\�h�c�k�l�\��
�f�Z�l�_�j�b�Z�e�h�\���� �b�a�m�q�_�g�b�y�� �k�l�j�m�d�l�m�j�u�� �f�Z�l�_�j�b�Z�e�h�\�� �g�Z�� �Z�l�h�f�g�h�f�� �m�j�h�\�g�_�� �b��
�i�j�h�]�g�h�a�b�j�h�\�Z�g�b�_�� �i�h�\�_�^�_�g�b�y�� �f�Z�l�_�j�b�Z�e�h�\�� �\�� �w�d�k�l�j�_�f�Z�e�v�g�u�o�� �m�k�e�h�\�b�y�o����
�B�a�m�q�_�g�b�_�� �k�l�j�m�d�l�m�j�u���� �k�\�h�c�k�l�\�� �b�� �i�h�\�_�^�_�g�b�y�� �f�Z�l�_�j�b�Z�e�h�\�� �g�Z��
�f�h�e�_�d�m�e�y�j�g�h�f�� �b�� �Z�l�h�f�g�h�f�� �m�j�h�\�g�_�� �i�j�h�b�k�o�h�^�b�l�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f��
�d�h�f�i�v�x�l�_�j�g�h�]�h�� �f�h�^�_�e�b�j�h�\�Z�g�b�y���� �k�b�f�m�e�y�p�b�b�� �b�� �Z�g�Z�e�b�a�Z�� �^�Z�g�g�u�o����
�D�h�f�i�v�x�l�_�j�g�h�_ �f�h�^�_�e�b�j�h�\�Z�g�b�_�� �b�� �k�b�f�m�e�y�p�b�b�� �i�h�f�h�]�Z�x�l�� �i�j�_�^�k�d�Z�a�u�\�Z�l�v��
�k�\�h�c�k�l�\�Z�� �b�� �i�h�\�_�^�_�g�b�_�� �f�Z�l�_�j�b�Z�e�h�\�� �^�h�� �b�o�� �n�b�a�b�q�_�k�d�h�]�h�� �k�h�a�^�Z�g�b�y���� �q�l�h��
�i�h�a�\�h�e�y�_�l���m�k�d�h�j�b�l�v���i�j�h�p�_�k�k���j�Z�a�j�Z�[�h�l�d�b���g�h�\�u�o���f�Z�l�_�j�b�Z�e�h�\���b���k�h�d�j�Z�l�b�l�v��
�a�Z�l�j�Z�l�u�� �g�Z�� �b�o�� �l�_�k�l�b�j�h�\�Z�g�b�_���� �<�h�a�f�h�`�g�h�k�l�v�� �f�h�^�_�e�b�j�h�\�Z�g�b�y�� �b�a�f�_�g�_�g�b�c��
�l�Z�d�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �f�Z�l�_�j�b�Z�e�h�\���� �d�Z�d�� �i�j�h�q�g�h�k�l�v���� �w�e�Z�k�l�b�q�g�h�k�l�v����
�l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�v�� �b�� �i�j������ �k�i�h�k�h�[�k�l�\�m�_�l�� �k�h�a�^�Z�g�b�x�� �[�h�e�_�_�� �i�j�h�q�g�u�o�� �b��
�e�_�]�d�b�o�� �f�Z�l�_�j�b�Z�e�h�\�� �^�e�y�� �Z�\�b�Z�p�b�h�g�g�h�c�� �b�� �Z�\�l�h�f�h�[�b�e�v�g�h�c��
�i�j�h�f�u�r�e�_�g�g�h�k�l�b���� �i�h�\�u�r�_�g�b�x�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �k�h�e�g�_�q�g�u�o�� �[�Z�l�Z�j�_�c����
�K�b�f�m�e�y�l�h�j�u�� �i�h�a�\�h�e�y�x�l�� �b�k�k�e�_�^�h�\�Z�l�_�e�y�f �b�a�m�q�Z�l�v�� �b�� �h�p�_�g�b�\�Z�l�v��
�\�h�a�^�_�c�k�l�\�b�_���g�Z���f�Z�l�_�j�b�Z�e�u���\�u�k�h�d�b�o���l�_�f�i�_�j�Z�l�m�j�����\�u�k�h�d�h�]�h���^�Z�\�e�_�g�b�y���b�e�b��
�o�b�f�b�q�_�k�d�b�o�� �\�_�s�_�k�l�\���� �i�h�f�h�]�Z�y�� �\�� �j�Z�a�j�Z�[�h�l�d�_�� �g�h�\�u�o�� �f�Z�l�_�j�b�Z�e�h�\����
�\�u�^�_�j�`�b�\�Z�x�s�b�o���w�d�k�l�j�_�f�Z�e�v�g�u�_���m�k�e�h�\�b�y���^�e�y���i�j�b�f�_�g�_�g�b�y�����g�Z�i�j�b�f�_�j���\��
�Z�w�j�h�d�h�k�f�b�q�_�k�d�h�c���� �w�g�_�j�]�_�l�b�q�_�k�d�h�c�� �h�l�j�Z�k�e�y�o�����L�_�o�g�h�e�h�]�b�y�� �j�Z�[�h�l�u�� �i�h��
�k�h�a�^�Z�g�b�x���g�h�\�u�o���f�Z�l�_�j�b�Z�e�h�\���\�d�e�x�q�Z�_�l���g�_�k�d�h�e�v�d�h���w�l�Z�i�h�\�����l�Z�[�e�b�p�Z�������� 
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�L�Z�[�e�b�p�Z������-�W�l�Z�i�u���k�h�a�^�Z�g�b�y���g�h�\�u�o���f�Z�l�_�j�b�Z�e�h�\ 

�W�l�Z�i �G�Z�b�f�_�g�h�\�Z�g�b�_��
�w�l�Z�i�Z 

�H�k�g�h�\�g�u�_���^�_�c�k�l�\�b�y 

1 �K�[�h�j���^�Z�g�g�u�o���h��
�f�Z�l�_�j�b�Z�e�Z�o 

�W�l�Z�i�� �i�j�_�^�i�h�e�Z�]�Z�_�l�� �b�k�i�h�e�v�a�h�\�Z�g�b�_��
�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �^�Z�g�g�u�o���� �i�h�e�m�q�_�g�g�u�o�� �\��
�j�_�a�m�e�v�l�Z�l�_���e�Z�[�h�j�Z�l�h�j�g�u�o���b�k�i�u�l�Z�g�b�c�����Z���l�Z�d�`�_���^�Z�g�g�u�o��
�i�j�_�^�u�^�m�s�b�o�� �b�k�k�e�_�^�h�\�Z�g�b�c���� �k�b�f�m�e�y�p�b�c�� �b��
�f�h�^�_�e�b�j�h�\�Z�g�b�y 

2 
�K�h�a�^�Z�g�b�_��

�d�h�f�i�v�x�l�_�j�g�u�o��
�f�h�^�_�e�_�c 

�>�e�y�� �Z�g�Z�e�b�a�Z�� �b�� �b�a�m�q�_�g�b�y�� �f�Z�l�_�j�b�Z�e�h�\�� �k�h�a�^�Z�x�l�k�y��
�d�h�f�i�v�x�l�_�j�g�u�_�� �f�h�^�_�e�b�� �k�l�j�m�d�l�m�j�u���f�Z�l�_�j�b�Z�e�Z����
�\�d�e�x�q�Z�y���Z�l�h�f�u�����f�h�e�_�d�m�e�u���b���b�o���\�a�Z�b�f�h�^�_�c�k�l�\�b�_ 

3 
�D�h�f�i�v�x�l�_�j�g�h�_��

�f�h�^�_�e�b�j�h�\�Z�g�b�_���b��
�k�b�f�m�e�y�p�b�b 

�I�h�y�\�e�y�_�l�k�y�� �\�h�a�f�h�`�g�h�k�l�v�� �i�j�h�\�h�^�b�l�v�� �w�d�k�i�_�j�b�f�_�g�l�u�� �b��
�Z�g�Z�e�b�a�b�j�h�\�Z�l�v���i�h�\�_�^�_�g�b�_���f�Z�l�_�j�b�Z�e�h�\���i�j�b���j�Z�a�e�b�q�g�u�o��
�m�k�e�h�\�b�y�o���� �g�Z�i�j�b�f�_�j�� �b�a�f�_�g�_�g�b�_�� �l�_�f�i�_�j�Z�l�m�j�u����
�^�Z�\�e�_�g�b�y���b���^�j�m�]�b�o���\�g�_�r�g�b�o���b���\�g�m�l�j�_�g�g�b�o���n�Z�d�l�h�j�h�\ 

4 �:�g�Z�e�b�a���^�Z�g�g�u�o 

�G�Z���w�l�Z�i�_���i�j�h�\�h�^�y�l�k�y���\�u�q�b�k�e�_�g�b�y���n�b�a�b�q�_�k�d�b�o���k�\�h�c�k�l�\��
�f�Z�l�_�j�b�Z�e�h�\���� �Z�g�Z�e�b�a�� �k�l�j�m�d�l�m�j�u���� �b�a�m�q�_�g�b�_��
�\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �f�_�`�^�m�� �Z�l�h�f�Z�f�b�� �b�� �f�h�e�_�d�m�e�Z�f�b���� �Z��
�l�Z�d�`�_���\�u�y�\�e�_�g�b�_���a�Z�d�h�g�h�f�_�j�g�h�k�l�_�c���b���l�_�g�^�_�g�p�b�c 

5 
�<�Z�e�b�^�Z�p�b�y���b��

�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�_��
�i�h�^�l�\�_�j�`�^�_�g�b�_ 

�J�_�a�m�e�v�l�Z�l�u���� �i�h�e�m�q�_�g�g�u�_�� �\�� �o�h�^�_�� �i�j�_�^�u�^�m�s�b�o�� �w�l�Z�i�h�\����
�^�h�e�`�g�u�� �[�u�l�v�� �i�j�h�\�_�j�_�g�u�� �b�� �i�h�^�l�\�_�j�`�^�_�g�u��
�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h���� �q�l�h�� �i�j�_�^�i�h�e�Z�]�Z�_�l�� �i�j�h�\�_�^�_�g�b�_��
�n�b�a�b�q�_�k�d�b�o���b�k�i�u�l�Z�g�b�c���b���l�_�k�l�b�j�h�\�Z�g�b�_���f�Z�l�_�j�b�Z�e�h�\���\��
�j�_�Z�e�v�g�u�o���m�k�e�h�\�b�y�o 

6 
�H�i�l�b�f�b�a�Z�p�b�y���b��

�^�Z�e�v�g�_�c�r�_�_��
�b�k�k�e�_�^�h�\�Z�g�b�_ 

�I�h�k�e�_�� �\�Z�e�b�^�Z�p�b�b�� �j�_�a�m�e�v�l�Z�l�h�\�� �b�k�k�e�_�^�h�\�Z�g�b�y����
�i�h�e�m�q�_�g�g�u�_�� �a�g�Z�g�b�y�� �b�� �^�Z�g�g�u�_�� �f�h�]�m�l�� �[�u�l�v��
�b�k�i�h�e�v�a�h�\�Z�g�u�� �^�e�y�� �h�i�l�b�f�b�a�Z�p�b�b�� �k�\�h�c�k�l�\�� �f�Z�l�_�j�b�Z�e�h�\����
�j�Z�a�j�Z�[�h�l�d�b�� �g�h�\�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �b�e�b�� �^�e�y�� �^�Z�e�v�g�_�c�r�_�]�h��
�b�k�k�e�_�^�h�\�Z�g�b�y 

 
�=�e�Z�\�g�h�_���\�g�b�f�Z�g�b�_���b�k�k�e�_�^�h�\�Z�l�_�e�_�c���g�Z�i�j�Z�\�e�_�g�h���g�Z���l�Z�d�b�_���l�j�_�g�^�u���\��

�h�l�j�Z�k�e�b�� �g�h�\�u�o�� �f�Z�l�_�j�b�Z�e�h�\���� �d�Z�d�� �k�Z�f�h�\�h�k�k�l�Z�g�Z�\�e�b�\�Z�x�s�b�_�k�y����
�k�m�i�_�j�d�h�g�k�l�j�m�d�p�b�h�g�g�u�_�� �f�Z�l�_�j�b�Z�e�u���� �p�b�n�j�h�\�u�_�� �i�Z�k�i�h�j�l�Z�� �f�Z�l�_�j�b�Z�e�h�\�� �b��
�k�h�a�^�Z�g�b�_�� �b�g�n�j�Z�k�l�j�m�d�l�m�j�u�� �m�k�d�h�j�_�g�g�h�c�� �j�Z�a�j�Z�[�h�l�d�b�� �f�Z�l�_�j�b�Z�e�h�\����
�K�h�a�^�Z�x�l�k�y���f�Z�l�_�j�b�Z�e�u�����d�h�l�h�j�u�_���k�i�h�k�h�[�g�u���k�Z�f�h�\�h�k�k�l�Z�g�Z�\�e�b�\�Z�l�v�k�y�����Z���w�l�h��
�a�g�Z�q�b�l���� �q�l�h�� �w�d�j�Z�g�� �f�h�[�b�e�v�g�h�]�h�� �l�_�e�_�n�h�g�Z�� �g�_�� �[�m�^�_�l�� �l�j�_�k�d�Z�l�v�k�y�� �i�j�b��
�i�Z�^�_�g�b�b���� �Z�� �g�_�m�^�Z�q�g�Z�y�� �i�Z�j�d�h�\�d�Z�� �Z�\�l�h�f�h�[�b�e�y�� �g�_�� �i�j�b�\�_�^�_�l�� �d�� �i�h�_�a�^�d�_�� �\��
�Z�\�l�h�k�_�j�\�b�k���� �J�Z�a�j�Z�[�Z�l�u�\�Z�x�l�k�y�� �h�[�e�_�]�q�_�g�g�u�_�� �f�Z�l�_�j�b�Z�e�u���± 
�m�]�e�_�j�h�^�h�g�Z�i�h�e�g�_�g�g�u�_���f�Z�l�_�j�b�Z�e�u���g�Z���h�k�g�h�\�_���g�h�\�u�o���k�\�y�a�m�x�s�b�o���I�W�W�D����
�I�W�D�D�� �b�� �i�j������ �l�Z�d�� �g�Z�a�u�\�Z�_�f�u�_�� �k�m�i�_�j�d�h�g�k�l�j�m�d�p�b�h�g�g�u�_�� �l�_�j�f�h�i�e�Z�k�l�u����
�d�h�l�h�j�u�_ �a�g�Z�q�b�l�_�e�v�g�h�� �e�_�]�q�_���� �q�_�f�� �l�j�Z�^�b�p�b�h�g�g�u�_�� �d�h�g�k�l�j�m�d�p�b�h�g�g�u�_��
�f�Z�l�_�j�b�Z�e�u�� �k�l�Z�e�v���� �l�b�l�Z�g�� �b�e�b�� �Z�e�x�f�b�g�b�c���� �>�e�y�� �Z�\�b�Z�p�b�h�g�g�h�c��
�i�j�h�f�u�r�e�_�g�g�h�k�l�b�� �\�g�_�^�j�_�g�b�_�� �l�Z�d�b�o�� �f�Z�l�_�j�b�Z�e�h�\�� �i�h�a�\�h�e�b�l�� �k�g�b�a�b�l�v��
�k�l�h�b�f�h�k�l�v�� �]�h�l�h�\�u�o�� �b�a�^�_�e�b�c�� �a�Z�� �k�q�_�l�� �k�h�d�j�Z�s�_�g�b�y�� �d�h�e�b�q�_�k�l�\�Z��
�d�h�f�i�h�g�_�g�l�h�\���� �m�\�_�e�b�q�b�l�v�� �f�_�`�k�_�j�\�b�k�g�u�c�� �b�g�l�_�j�\�Z�e�� �h�[�k�e�m�`�b�\�Z�g�b�y����
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�k�g�b�a�b�l�v�� �\�u�[�j�h�k�u�� �m�]�e�_�d�b�k�e�h�]�h�� �]�Z�a�Z���� �K�h�a�^�Z�g�b�_�� �b�� �b�k�i�h�e�v�a�h�\�Z�g�b�_��
�p�b�n�j�h�\�h�]�h�� �i�Z�k�i�h�j�l�Z�� �f�Z�l�_�j�b�Z�e�h�\���± �w�e�_�d�l�j�h�g�g�h�]�h�� �^�h�d�m�f�_�g�l�Z����
�k�h�^�_�j�`�Z�s�_�]�h���b�g�n�h�j�f�Z�p�b�x���h���k�\�h�c�k�l�\�Z�o���b���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�o���d�h�g�d�j�_�l�g�h�]�h��
�f�Z�l�_�j�b�Z�e�Z���� �i�h�f�h�]�Z�_�l�� �m�e�m�q�r�b�l�v�� �d�Z�q�_�k�l�\�h�� �b�� �g�Z�^�_�`�g�h�k�l�v�� �f�Z�l�_�j�b�Z�e�h�\����
�m�i�j�h�k�l�b�l�v�� �i�j�h�p�_�k�k�u�� �d�h�g�l�j�h�e�y�� �d�Z�q�_�k�l�\�Z�� �b�� �i�h�\�u�k�b�l�v�� �w�n�n�_�d�l�b�\�g�h�k�l�v��
�i�j�h�b�a�\�h�^�k�l�\�Z���� �<�� �J�h�k�k�b�b�� �p�b�n�j�h�\�u�_�� �i�Z�k�i�h�j�l�Z�� �f�Z�l�_�j�b�Z�e�h�\�� �Z�d�l�b�\�g�h��
�j�Z�a�j�Z�[�Z�l�u�\�Z�x�l�k�y�� �b�� �\�g�_�^�j�y�x�l�k�y�� �\�� �l�Z�d�b�o�� �h�l�j�Z�k�e�y�o���� �d�Z�d�� �f�_�l�Z�e�e�m�j�]�b�y����
�o�b�f�b�q�_�k�d�Z�y���i�j�h�f�u�r�e�_�g�g�h�k�l�v�����k�l�j�h�b�l�_�e�v�k�l�\�h���b���^�j�m�]�b�_���� 

�H�q�_�\�b�^�g�h���� �q�l�h�� �\�� �J�h�k�k�b�b�� �p�b�n�j�h�\�h�_�� �f�Z�l�_�j�b�Z�e�h�\�_�^�_�g�b�_�� �b�f�_�_�l��
�h�]�j�h�f�g�u�c���i�h�l�_�g�p�b�Z�e�����h�^�g�Z�d�h���h�k�l�Z�g�h�\�b�f�k�y���g�Z���k�m�s�_�k�l�\�m�x�s�b�o���[�Z�j�v�_�j�Z�o��
�b�� �h�]�j�Z�g�b�q�_�g�b�y�o���� �D�� �g�b�f�� �f�h�`�g�h�� �h�l�g�_�k�l�b�� �g�_�^�h�k�l�Z�l�h�q�g�u�c�� �b�e�b�� �g�b�a�d�b�c��
�m�j�h�\�_�g�v���p�b�n�j�h�\�h�]�h���f�h�^�_�e�b�j�h�\�Z�g�b�y���k���i�j�b�f�_�g�_�g�b�_�f �k�m�i�_�j�d�h�f�i�v�x�l�_�j�h�\��
�g�Z�� �[�Z�a�_�� �b�k�d�m�k�k�l�\�_�g�g�h�]�h�� �b�g�l�_�e�e�_�d�l�Z���� �h�o�\�Z�l�� �n�m�g�^�Z�f�_�g�l�Z�e�v�g�u�o��
�b�k�k�e�_�^�h�\�Z�g�b�c�� �b�e�b�� �m�j�h�\�_�g�v�� �Z�\�l�h�f�Z�l�b�a�Z�p�b�b�� �b�� �j�h�[�h�l�b�a�Z�p�b�b��
�i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�o�� �l�_�o�g�h�e�h�]�b�c���� �d�j�h�f�_�� �l�h�]�h���� �g�_�o�\�Z�l�d�m�� �b�e�b�� �h�l�k�m�l�k�l�\�b�_��
�m�g�b�d�Z�e�v�g�h�]�h�� �g�Z�m�q�g�h-�l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h�� �h�[�h�j�m�^�h�\�Z�g�b�y�� �b�� �i�e�h�s�Z�^�_�c����
�d�h�f�i�_�l�_�g�p�b�c���f�b�j�h�\�h�]�h���m�j�h�\�g�y���\���h�[�e�Z�k�l�b���o�b�f�b�b�����f�_�o�Z�g�b�d�b���\�_�s�_�k�l�\���g�Z��
�g�Z�g�h-�f�_�a�h�m�j�h�\�g�_���� �i�h�g�b�f�Z�g�b�y�� �g�m�`�^�� �i�j�h�f�u�r�e�_�g�g�h�k�l�b�� �g�Z�� �]�h�j�b�a�h�g�l�_��
�k�l�j�Z�l�_�]�b�q�_�k�d�h�]�h���i�e�Z�g�b�j�h�\�Z�g�b�y�� 

�P�b�n�j�h�\�h�_���f�Z�l�_�j�b�Z�e�h�\�_�^�_�g�b�_���\���J�h�k�k�b�b���± �w�l�h���h�l�g�h�k�b�l�_�e�v�g�h���g�h�\�Z�y��
�b�k�k�e�_�^�h�\�Z�l�_�e�v�k�d�Z�y���h�[�e�Z�k�l�v�����d�h�l�h�j�Z�y���h�[�t�_�^�b�g�y�_�l���\���k�_�[�_���a�g�Z�g�b�y���b���f�_�l�h�^�u��
�f�Z�l�_�j�b�Z�e�h�\�_�^�_�g�b�y�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �k�h�\�j�_�f�_�g�g�u�o�� �p�b�n�j�h�\�u�o��
�l�_�o�g�h�e�h�]�b�c���� �H�k�g�h�\�g�u�_�� �g�Z�i�j�Z�\�e�_�g�b�y�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �\�� �w�l�h�c�� �h�[�e�Z�k�l�b��
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TEMPERATURE DEPENDENCE OF THE HEAT TRANSFER 
COEFFICIENT OF AK12M2 ALUMINUM ALLOY WITH BARIUM  

 
Abstract. The article presents the results of a study of the temperature dependence 

of the heat transfer coefficient of the aluminum alloy AK12M2 with barium in the 
temperature range of 300�±800K. It has been established that the modifying component in 
�W�K�H���V�W�X�G�L�H�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���U�D�Q�J�H�������������·���������Z�W��������reduces the heat transfer coefficient of 
the initial alloy. 

Key words: AK12M2 aluminum alloy, barium, heat capacity, heat transfer 
coefficient, standard. 
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1 �W�W�W�W ���� ��������� e�L�Le�L�L�LT .                   (2) 

�H�[�j�Z�[�h�l�d�Z�� �j�_�a�m�e�v�l�Z�l�h�\�� �b�a�f�_�j�_�g�b�c�� �b�� �i�h�k�l�j�h�_�g�b�_�� �]�j�Z�n�b�d�h�\��
�i�j�h�b�a�\�h�^�b�e�b�k�v�� �k�� �i�h�f�h�s�v�x�� �i�j�h�]�j�Z�f�f�� �0�6�� �(�[�F�H�O�� �b�� �6�L�J�P�D�� �3�O�R�W����
�D�h�w�n�n�b�p�b�_�g�l�� �d�h�j�j�_�e�y�p�b�b�� �k�h�k�l�Z�\�b�e�� �5�d�h�j�j�� �!�� �������������� �q�l�h�� �i�h�^�l�\�_�j�`�^�Z�_�l��
�i�j�Z�\�b�e�v�g�h�k�l�v�� �\�u�[�h�j�Z�� �Z�i�i�j�h�d�k�b�f�b�j�m�x�s�_�c�� �n�m�g�d�p�b�b���� �<�j�_�f�_�g�g�h�c��
�b�g�l�_�j�\�Z�e�� �n�b�d�k�Z�p�b�b�� �l�_�f�i�_�j�Z�l�m�j�u�� �k�h�k�l�Z�\�e�y�e�� ������ �k���� �H�l�g�h�k�b�l�_�e�v�g�Z�y��
�h�r�b�[�d�Z�� �b�a�f�_�j�_�g�b�y�� �l�_�i�e�h�z�f�d�h�k�l�b�� �\�� �b�g�l�_�j�\�Z�e�_�� �h�l�� �����ƒ�K�� �^�h�� �������ƒ�K��
�k�h�k�l�Z�\�e�y�e�Z���“���������Z���\�u�r�_���������ƒ�K���± �“�����������>���@�� 

�J�_�a�m�e�v�l�Z�l�u�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �l�_�f�i�_�j�Z�l�m�j�u�� �h�o�e�Z�`�^�_�g�b�y�� �b�a�m�q�Z�_�f�u�o��
�k�i�e�Z�\�h�\���i�j�_�^�k�l�Z�\�e�_�g�u���g�Z���j�b�k�������Z�����<���h�[�s�_�f���k�e�m�q�Z�_���i�h�e�m�q�_�g�g�u�_���]�j�Z�n�b�d�b��
�l�_�f�i�_�j�Z�l�m�j�u�� ���L���� �h�l�� �\�j�_�f�_�g�b�� �h�o�e�Z�`�^�_�g�b�y�� ���2���� �^�e�y�� �h�[�j�Z�a�p�h�\�� �b�a��
�Z�e�x�f�b�g�b�_�\�h�]�h�� �k�i�e�Z�\�Z�� �:�D�����F���� �k�� �[�Z�j�b�_�f�� �i�h�d�Z�a�u�\�Z�x�l�� �g�_�i�j�_�j�u�\�g�h�_��
�m�f�_�g�v�r�_�g�b�_���l�_�f�i�_�j�Z�l�m�j�u���h�[�j�Z�a�p�h�\���b���w�l�Z�e�h�g�Z���i�h���f�_�j�_���b�o���h�o�e�Z�`�^�_�g�b�y����
�G�Z�� �d�j�b�\�u�o�� �h�o�e�Z�`�^�_�g�b�y�� �l�_�j�f�b�q�_�k�d�b�o�� �w�n�n�_�d�l�h�\���� �k�\�y�a�Z�g�g�u�o�� �k�� �n�Z�a�h�\�u�f��
�i�j�_�\�j�Z�s�_�g�b�_�f�����g�_���h�[�g�Z�j�m�`�_�g�h�� 

�>�b�n�n�_�j�_�g�p�b�j�m�y�� �m�j�Z�\�g�_�g�b�_�� �������� �i�h�� �2���� �i�h�e�m�q�Z�_�f�� �m�j�Z�\�g�_�g�b�_�� �^�e�y��
�k�d�h�j�h�k�l�b���h�o�e�Z�`�^�_�g�b�y���h�[�j�Z�a�p�h�\ 
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�A�g�Z�q�_�g�b�y�� �d�h�w�n�n�b�p�b�_�g�l�h�\�� �\�� �m�j�Z�\�g�_�g�b�b�� �������� �^�e�y�� �b�k�k�e�_�^�h�\�Z�g�g�u�o��
�k�i�e�Z�\�h�\�� �i�j�b�\�_�^�_�g�u�� �\�� �l�Z�[�e�b�p�_���� �I�h�� �w�l�h�f�m�� �m�j�Z�\�g�_�g�b�x�� �[�u�e�b�� �\�u�q�b�k�e�_�g�u��
�k�d�h�j�h�k�l�b���h�o�e�Z�`�^�_�g�b�y���h�[�j�Z�a�p�h�\�����k�i�e�Z�\�Z���:�D�����F�����k���[�Z�j�b�_�f�����]�j�Z�n�b�q�_�k�d�b�c��
�\�b�^���d�h�l�h�j�u�o���i�j�_�^�k�l�Z�\�e�_�g���g�Z���j�b�k�������[�� 
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�J�b�k��������- �=�j�Z�n�b�d���b�a�f�_�g�_�g�b�y���l�_�f�i�_�j�Z�l�m�j�u���h�l���\�j�_�f�_�g�b���h�o�e�Z�`�^�_�g�b�y�����Z�����b��

�k�d�h�j�h�k�l�v���h�o�e�Z�`�^�_�g�b�y���h�[�j�Z�a�p�h�\���h�l���l�_�f�i�_�j�Z�l�m�j�u�����[�����^�e�y���h�[�j�Z�a�p�h�\���b�a��
�Z�e�x�f�b�g�b�_�\�h�]�h���k�i�e�Z�\�Z���:�D�����F�����k���d�Z�e�v�p�b�_�f�����f�Z�k����������������������������������������������������������

�����������������������������b���w�l�Z�e�h�g�Z�����&�X���f�Z�j�d�b���F������ 
 

�L�Z�[�e�b�p�Z��- �A�g�Z�q�_�g�b�y���d�h�w�n�n�b�p�b�_�g�l�h�\ �¨�L1 ���21�����¨�L2 ���22 �\���m�j�Z�\�g�_�g�b�b�����������^�e�y��
�Z�e�x�f�b�g�b�_�\�h�]�h���k�i�e�Z�\�Z���:�D�����F�����k���[�Z�j�b�_�f���b���w�l�Z�e�h�g�Z�����&�X���f�Z�j�d�b���F������ 

�K�h�^�_�j�`�Z�g�b�_��
�[�Z�j�b�y���\���k�i�e�Z�\�_����

�f�Z�k���� 

�L1-�L0, 
K 

�21, 

�k 

�L2- 
�L0, 
K 

�22, 

�k 

���L1-
�L0)/�21,  

K/c 

���L2-
�L0)/�22,  
K/c 

�L0, 
K 

0.0  174.73 76.92 424.43 394.99 2.27 1.07 293.76 
0.1 220.22 133.70 369.66 388.85 1.65 0.95 292.71 
0.3 271.41 164.44 320.55 460.98 1.65 0.70 291.57 
0.5 163.22 89.29 419.59 395.05 1.83 1.06 296.85 
1.0 166.21 84.75 407.43 389.67 1.96 1.05 297.74 

�W�l�Z�e�h�g�� 277.41 109.73 390.83 543.51 2.53 0.72 308.35 
 
�I�h�k�e�_�� �i�j�h�\�_�^�_�g�b�y�� �i�h�e�b�g�h�f�g�h�c �j�_�]�j�_�k�k�b�b�� �i�h�e�m�q�_�g�h�� �k�e�_�^�m�x�s�_�_��

�h�[�s�_�_�� �m�j�Z�\�g�_�g�b�_�� �^�e�y�� �h�i�b�k�Z�g�b�y�� �l�_�f�i�_�j�Z�l�m�j�g�h�c�� �a�Z�\�b�k�b�f�h�k�l�b�� �m�^�_�e�v�g�h�c��
�l�_�i�e�h�_�f�d�h�k�l�b���Z�e�x�f�b�g�b�_�\�h�]�h���k�i�e�Z�\�Z���:�D�����F�����k���[�Z�j�b�_�f 

.320 dTcTbTaCp �������                                           (4) 

�B�k�i�h�e�v�a�m�y�� ���������� �i�h�e�m�q�_�g�u�� �k�e�_�^�m�x�s�b�_�� �m�j�Z�\�g�_�g�b�y�� �l�_�f�i�_�j�Z�l�m�j�g�h�c��
�a�Z�\�b�k�b�f�h�k�l�b���m�^�_�e�v�g�h�c���l�_�i�e�h�_�f�d�h�k�l�b���^�e�y���k�i�e�Z�\�Z���:�D�����F������ 

0.9997);=(R1099,61007.13792,173.722 372-32120 TTTC
�F�:�D

P
���˜���˜�����  

�b���k�i�e�Z�\�h�\���k���[�Z�j�b�_�f�����f�Z�k������ 
;1099,61007.138.104.722  :0.1% 372-30 TTTCP

���˜���˜����� 

;1041.51023.823.167.775  :0.3% 372-40 TTTCP
���˜���˜����� 

;1067.41006.715.171.757  :0.5% 372-40 TTTCP
���˜���˜�����           (5)                          

(5) .1006.11015.179.082.815  :1.0% 372-40 TTTCP
���˜���˜�����  
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�K���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���a�g�Z�q�_�g�b�c���m�^�_�e�v�g�h�c���l�_�i�e�h�_�f�d�h�k�l�b���b���k�d�h�j�h�k�l�_�c��
�h�o�e�Z�`�^�_�g�b�y�� �h�[�j�Z�a�p�h�\�� �\�u�q�b�k�e�_�g�� �d�h�w�n�n�b�p�b�_�g�l�� �l�_�i�e�h�h�l�^�Z�q�b��
�Z�e�x�f�b�g�b�_�\�h�]�h���k�i�e�Z�\�Z���:�D�����F�����k���[�Z�j�b�_�f �i�h���m�j�Z�\�g�_�g�b�x 

,
)( 0

0

STT
d
dT

mCp

T ��
� �W�D                                                      (6) 

�]�^�_���L���b���L0 �± �l�_�f�i�_�j�Z�l�m�j�u���h�[�j�Z�a�p�Z���b���h�d�j�m�`�Z�x�s�_�c���k�j�_�^�u�����6�����P���± 
�i�e�h�s�Z�^�v���i�h�\�_�j�o�g�h�k�l�b���b���f�Z�k�k�Z���h�[�j�Z�a�p�Z�����k�h�h�l�\�_�l�k�l�\�_�g�g�h�� 

�G�Z�� �j�b�k���� ���� �i�j�b�\�_�^�_�g�u�� �j�_�a�m�e�v�l�Z�l�Z�� �j�Z�k�q�_�l�Z�� �d�h�w�n�n�b�p�b�_�g�l�Z��
�l�_�i�e�h�h�l�^�Z�q�b���Z�e�x�f�b�g�b�_�\�h�]�h���k�i�e�Z�\�Z���:�D�����F�����k���[�Z�j�b�_�f�����\���a�Z�\�b�k�b�f�h�k�l�b���h�l��
�l�_�f�i�_�j�Z�l�m�j�u�����<�b�^�g�h�����q�l�h���^�h�[�Z�\�d�b���[�Z�j�b�y���b���l�_�f�i�_�j�Z�l�m�j�Z���m�\�_�e�b�q�b�\�Z�_�l�k�y��
�d�h�w�n�n�b�p�b�_�g�l���l�_�i�e�h�h�l�^�Z�q�b���Z�e�x�f�b�g�b�_�\�h�]�h���k�i�e�Z�\�Z���:�D�����F��. 

 

 
�J�b�k��������- �L�_�f�i�_�j�Z�l�m�j�g�Z�y���a�Z�\�b�k�b�f�h�k�l�v���d�h�w�n�n�b�p�b�_�g�l�Z���l�_�i�e�h�h�l�^�Z�q�b 

�Z�e�x�f�b�g�b�_�\�h�]�h���k�i�e�Z�\�Z���:�D�����F�� �k���[�Z�j�b�_�f 
 
�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �\�� �j�_�`�b�f�_�� �©�h�o�e�Z�`�^�_�g�b�y�ª�� �m�k�l�Z�g�h�\�e�_�g��

�d�h�w�n�n�b�p�b�_�g�l�� �l�_�i�e�h�h�l�^�Z�q�b���Z�e�x�f�b�g�b�_�\�h�]�h���k�i�e�Z�\�Z���:�D�����F���� �k�� �[�Z�j�b�_�f. 
�I�h�d�Z�a�Z�g�h�����q�l�h���k���i�h�\�u�r�_�g�b�_�f���l�_�f�i�_�j�Z�l�m�j�u���b���k�h�^�_�j�`�Z�g�b�y���[�Z�j�b�y���\���k�i�e�Z�\�_��
�d�h�w�n�n�b�p�b�_�g�l���l�_�i�e�h�h�l�^�Z�q�b���m�\�_�e�b�q�b�\�Z�_�l�k�y�� 

 
�K�i�b�k�h�d �b�k�i�h�e�v�a�h�\�Z�g�g�u�o���b�k�l�h�q�g�b�d�h�\ 

 
1. �D�b�j�h�\�� �K���:������ �D�h�a�e�h�\�� �:���<���� �K�Z�e�_�p�d�b�c�� �:���F������ �O�Z�j�Z�[�Z�^�a�_�� �>���W����

�B�a�f�_�j�_�g�b�_���l�_�i�e�h�_�f�d�h�k�l�b���b���l�_�i�e�h�l�u���i�e�Z�\�e�_�g�b�y���f�_�l�h�^�h�f���h�o�e�Z�`�^�_�g�b�y������
�F�����H�H�I���N�b�a�����N�Z�d-�l���F�=�M�����������������������k�� 

2. �A�h�d�b�j�h�\�� �N���R������ �=�Z�g�b�_�\�� �B���G������ �K�Z�g�]�h�\�� �F���F������ �B�[�j�h�o�b�f�h�\�� �G���N����
�<�e�b�y�g�b�_�� �d�Z�e�v�p�b�y�� �g�Z�� �l�_�f�i�_�j�Z�l�m�j�g�m�x�� �a�Z�\�b�k�b�f�h�k�l�v�� �l�_�i�e�h�_�f�d�h�k�l�b�� �b��
�b�a�f�_�g�q�b�\�h�k�l�v�� �l�_�j�f�h�^�b�g�Z�f�b�q�_�k�d�h�c�� �n�m�g�d�p�b�b�� �k�i�e�Z�\�Z�� �:�D�����F���� ������
�L�_�i�e�h�n�b�a�b�d�Z���\�u�k�h�d�b�o���l�_�f�i�_�j�Z�l�m�j�� �������������L�������������‹���������K����������-872.  
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PROBLEMS AT THE NEUTRALIZATION STAGE IN THE 

PRODUCTION OF NPK FERTILIZERS AND WAYS FOR THEIR 
SOLUTION  

 
Abstract. The paper discusses the problems that arise at the neutralization stage 

during the production of NPK fertilizers. It is shown that many problems can be 
eliminated with the use of two-stage ammonification. 
 

�Q�b�k�e�_�g�g�h�k�l�v�� �f�b�j�h�\�h�]�h�� �g�Z�k�_�e�_�g�b�y�� �g�_�m�d�e�h�g�g�h�� �j�Z�k�l�_�l���� �H�H�G��
�i�j�h�]�g�h�a�b�j�m�_�l�����q�l�h���d�������������]�h�^�m���g�Z���i�e�Z�g�_�l�_���A�_�f�e�y���[�m�^�_�l���[�h�e�_�_�����������f�e�j�^��
�q�_�e�h�\�_�d�����k�_�c�q�Z�k���h�d�h�e�h�����������f�e�j�^���������Q�l�h�[�u���h�[�_�k�i�_�q�b�l�v���l�Z�d�h�_���d�h�e�b�q�_�k�l�\�h��
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CABLE -BLOCK SYSTEMS FOR OVERCOMING WATER 
OBSTACLES - AN ALTERNATIVE TO BRIDGE CONSTRUCTION 

ON THE TERRITORY OF THE REPUBLIC OF BELARUS  
 
Abstract: The article notes the complexity and cost of bridge construction, which 

requires more efficient and economical methods. Rope-block systems represent modern 
structures based on steel cables, blocks and fasteners. The article highlights their 
flexibility and cost-effectiveness. In general, the article emphasizes the attractiveness of 
using rope-block systems to overcome water obstacles. 
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PHYSICAL AND CHEMICAL PROPERTIES OF PURIFYING 

SULFUR-CONTAINING GAS EMISSIONS FROM PRODUCTION  
 

Abstract. To further purify sulfur-containing flue gas emissions, we have 
proposed a method for utilizing these gases using an aqueous solution of ammonium 
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carbonate in the presence of a 2% limestone solution Ca(OH)2. The developed procedure 
for this method describes the sequence of activities that must be performed to successfully 
test a sulfur production plant to ensure the required standards for the degree of utilization 
of harmful sulfur emissions into the atmosphere. The renewability of adsorbents gives 
them a technological advantage, with repeated cycles of use for the purification of similar 
colloidal disperse systems. 

Key words: adsorption, absorption, regeneration, recycling, composite 
absorbents, scrubber, sulfur, waste sulfur-containing process gases. 
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An analysis of foreign and domestic production practices accumulated 

in the field of natural gas purification shows that for the purification of 
sulfurous natural secondary gases, alkanol amines such as 
monoethanolamine (MEA), diethanolamine (DEA), triethanolamine (TEA), 
methyldiethanolamine (MDEA) are most often used), diisopropanolamine 
(DIPA), diglycolamine (DGA), composite absorbent �± MDEA+DEA and 
others [1-4]. When replacing DEA with MDEA, it becomes possible to 
selectively extract H2S and its mixtures with CO2 in cases where complete 
gas purification from CO2 is not required or the H2S concentration in the 
extracted acid gases (H2S+CO2) must be no higher than 40%, which allows 
process them in Claus plants. 

In recent years, large natural gas fields have been discovered in 
Uzbekistan (Ustyurt, Kandym, etc.), containing significant amounts of H2S 
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and CO2. In the gas processing industry of our republic, an alkaline cleaning 
process is used to utilize flue gases.  We have proposed a new option for 
conducting the technological process and recycling flue gases using an 
aqueous solution of NaOH alkali in the presence of a 2% solution of 
limestone Ca(OH)2. The use of limestone (2-5% aqueous solution) in the 
presence of ammonium carbonate and the resulting interaction of these 
reagents, such as ammonium hydroxide NH4OH, makes it possible to replace 
the currently used NaOH to purify gases from SO2 using calcium and 
ammonium containing reagents on an industrial scale, for example in 
ShGChC. 

When wet scrubbing sulfur dioxide waste gases using limestone in the 
presence of ammonium carbonate, the resulting ammonium sulfide 
(NH4)2SO3 can be remixed with Ca(OH)2 according to the equation  

�:�� �� �8�;�6���� �7 
E���ƒ�:���� �;�6 
L
���ƒ���� �7

�Ñ�Ô�Ã�Ç�Ñ�Í

E�t�� �� �8���� ���:�v�; 

and calcium sulfide can be treated with oxygen to produce gypsum 
CaSO4�����+2O. The NH4OH obtained according to this scheme can be 
additionally sent to a scrubber for wet cleaning of sulfurous waste gases. 
However, for this, the concentration of the aqueous solution of NH4OH will 
need to be brought to the required value, i.e. up to a concentration of 5-10%. 
To save financial costs on the purchase of new process equipment, it is 
recommended to use a 5-10% aqueous solution of NH4OH for post-
purification of waste tail sulfur dioxide gases for a sulfur production plant, 
instead of the 10% aqueous solution of NaOH alkali proposed in the project 
for a sulfur production plant.  

Based on the research carried out on the proposed scheme for post-
purification of waste gases from sulfur production, the main changes were 
made: replacement of process water with mineralized water; preparing a 5-
10% aqueous solution of NH4OH and feeding it into a wet scrubber; 
regulation of the temperature of the exhaust gases after the scrubber after 
complete evaporation by supplying demineralized water through the control 
valve to the upper part of the scrubber; supply of NH4OH solution to the 
pump discharge line, i.e. directly, for irrigation, and not into the bottom part 
of the scrubber, as is currently carried out under the project; into a container 
intended to supply demineralized water for the preparation of a 5-10% 
NH4OH solution, as well as circulating the ammonium hydroxide solution 
with a pump and pumping the prepared NH4OH solution into the supply 
container; replacement of pumping equipment with more efficient ones; 
recommend installing additional equipment with a larger capacity for 
preparing NH4OH solution; selection and installation of a flow meter on the 
supply line of a 5-10% NH4OH solution in a wet scrubber.  
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A method for purifying sulfur-containing exhaust gases using an 
ammonium hydroxide solution is carried out by the interaction of NH4OH 
reagents and sulfur dioxide, i.e. by the following chemical reaction.  

���6�2�����2��� ���6�2�����:
Þ�; 
�6�2�����+���2� �+���6�2�����:
ß�; 

���1�+���2�+���+���6�2��� ���1�+�������6�2�������+���2���:
à�; 
or  ���1�+���2�+���6�2��� ���1�+�������6�2������ �+���2���:
á�; 

Based on this interaction process, we can say that with increasing 
concentration of sulfur dioxide, the degree of its purification should increase 
to a certain value. Experiments were carried out to study the effect of SO2 
content in the gas phase on the degree of purification using a 5-10% NH4OH 
solution. At the same time, the SO2 content in the model solution varied from 
0.85% to 0.26% volume. The research results are shown in Fig. 3. With a 
SO2 concentration in the gas mixture of 0.85%, the degree of purification 
(depth) is 85-78% volume. A decrease in the SO2 content in the exhaust tail 
gas leads to an increase in the degree of purification, for example, at CSO2 = 
0.33% and CSO2 = 0.26%, the degree of purification is, respectively, 95-96% 
and 97-99% of the volume. The reaction temperature of sulfur dioxide flue 
tail gases using NH4OH solutions has a significant impact on the chemical 
capture process. Thus, the efficiency of binding sulfur dioxide with NH4OH 
increases in the temperature range of 200-���������ƒ�&. 

Fig.1 - The influence of the 
content in the gas mixture 
on the degree of purification 
using ammonium hydroxide: 
�� �R�L�0�S�L 
L �w
J �s�r�¨, 
�� �W�S�. 
L �t�x
J �z�w. �s
F
�� �W�S�. 
F �r�á�z�w�;̈ �t 
F
�� �W�S�. 
F �r�á�x�w�;̈�u
F
�� �W�S�. 
F �r�á�u�u� ;̈�v
F
�� �W�S�. 
F �r�á�t�x�¨ . 

 
In the low-

temperature zone (200-�������� �ƒ�&���� �W�K�H�� �P�D�L�Q��product is (NH4)2SO3. In this 
regard, the use of the NH4OH reagent makes it possible to purify gases from 
sulfur dioxide SO2 calcium, and ammonium-containing reagents on an 
industrial scale. 

Calcium carbonate CaCO3 obtained by the interaction of Ca(OH)2 and 
(NH4)2CO3 can be recommended as a secondary raw material for the 
production of technical soda (Na2CO3). Solid waste ammonium sulfide can 
be partially oxidized with atmospheric oxygen to produce ammonium sulfate 
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(NH4)2SO4, which can be recommended as an ingredient in ammonium-
containing mineral fertilizer. The reaction of tail flue gas sulfur dioxide with 
Ca(OH)2 has a significant impact on the chemical capture process.  

Based on the multi-component nature of exhaust gas emissions from 
gas processing plants, to increase the selectivity and efficiency of post-
treatment and utilization of sulfur-containing substances, we have proposed 
a dry SO3 separation method in combination with wet purification of such 
tail gases using Ca(OH)2, (NH4)2CO3 and NH4OH at the sulfur recovery 
plant. For this purpose, a new adsorbent has been proposed, synthesized 
based on waste from the chemical industry of the republic. Adsorbents 
conventionally designated AK-1 and AK-2 are in solid form with a grain size 
of 0.3 mm. Testing of new adsorbents was carried out at the Central Factory 
Laboratory of ShGChC. The initial H2S content in the natural gases tested 
was 0.0654 mol%. The weight of the AK-1 adsorbent was 106.41, and the 
AK-2 was 105.05 g. The SO3 adsorption isotherm using AK-1 and AK-2 is 
shown in Fig. 2. 

 
Fig.2 - Dependence of the 
degree of purification SO3 
(adsorption isotherm) on 
its concentration: 1-AK -1; 
2-AK -�������D�W�������ƒ�&�� 
 

When using 
adsorbent AK-1, the 
degree of purification of 
natural gas H2S was 
93.0% and with AK-2 - 
91.0%, and in addition, 

the adsorption of SO3 from AK-1 goes up to 98.9% (0.3% Cso3) and with 
AK-2 to 88-89% (0.25-3.0% Cso3). The dependence between the 
concentrations of the adsorbed substance (mol/mol of adsorbent) on 
temperature is shown in Fig. 3. 
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Fig.3 - The 
influence of 
temperature on 
the degree of 
purification �6�2��: 
�� �W�S�/

= 0,025 
mol; 1-�:�D-1; 2-
�:�D-2. 
 

 
 
 
 

With increasing adsorption temperature, the equilibrium concentration 
of the adsorbed substance decreases; it has also been revealed that the 
activity of adsorbents AK-1 and AK-2 depends on the temperature of the gas 
mixture being purified and the concentration of the component absorbed in 
it.  

To effectively purify a composite absorbent solution by filtration 
through a sorbent, some characteristics of activated carbon, ��-alumina, silica 
gel, and zeolite are considered (table 1 and table 2). 

 
Table 1 - Physical and colloidal characteristics of sorbents 
Name of sorbents ������kg/m3 S,cm2 V, cm3 

Activated carbon 765 560 760 
Alumina, Al 2O3  1205 480 680 
Silica gel Al 2O3+SiO2  1800 540 700 
Zeolite NaO+Al2O3+SiO3+CaO 1456 600 750 

       
The given adsorbents in all respects are acceptable for clarification and 

filtration of a composite absorbent solution from mechanical impurities. 
As can be seen from the data presented, the sorbents used (activated 

carbon, aluminum oxide, and silica gel) showed various positive results in 
their absorption properties, but in terms of service life, solid sorbents will 
exceed the properties of activated carbon. The renewable nature of 
adsorbents (regeneration with hot water steam) gives them a technology 
advantage, with repeated cycles of use for the purification of similar colloidal 
disperse systems. 

Table 2 -Comparative characteristics of cleaning the working solution using 
various adsorbents 

Indicators of working 
solution 

Saturated 
solution for 
regeneration 

Regenerated 20% solution of 
MDEA+DEA+ additive after purification 

on sorbents 
Activated 
carbon 

Sorbent 
(Al 2O3) 

Silica gel 
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Solution color Gray  
green 

Light  
yellow 

Light 
yellow 

Light  
yellow 

Density �:�é), gr/m3 1,092 1,045 0,040 0,034 
Composition: H2S, mg/l 863 38,5 21,8 16,8 
�K�H2, % mol 2,19 0,24 0,02 0,02 
Hydrocarbons 
���KnH2n+2),% 26,8 30,0 30,8 30,7 

�j�G 8,1 10,8 10,9 11,0 
Solution viscosity, 
mm2/sec. 

5,1 4,4 4,1 4,0 

Based on the testing of adsorbents synthesized using waste from the 
chemical industry of the republic, new adsorbents AK-1 and AK-2, it was 
established that the adsorbent, conventionally designated AK-1, can be 
recommended for the dry method of purification of sulfur-containing gas tail 
emissions.  
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CHEMICAL OXIDATION OF CARBON NANOTUBES FOR 

SUPERCAPACITORS AND CURRENT SOURCES 
 

Abstract. The method of purification and oxidation of carbon nanotubes for 
supercapacitors and current sources using a mixture of sulfuric and nitric acids is 
considered in the paper. It was found that oxidation in a mixture of acids increases the 
reversibility when cycling in 20% H2SO4 carbon nanotubes to 0.99. 

 
�M�]�e�_�j�h�^�g�u�_�� �g�Z�g�h�l�j�m�[�d�b�� ���M�G�L���� �r�b�j�h�d�h�� �b�k�i�h�e�v�a�m�x�l�k�y�� �\��

�w�e�_�d�l�j�h�g�b�d�_���� �k�h�j�[�p�b�b�� �\�h�^�h�j�h�^�Z���� �p�_�g�a�h�j�Z�o�� �b�� �d�Z�l�Z�e�b�a�Z�l�h�j�Z�o���� �G�h��
�k�m�i�_�j�d�h�g�^�_�g�k�Z�l�h�j�u �^�h�e�`�g�u�� �h�[�e�Z�^�Z�l�v�� �\�u�k�h�d�h�c�� �h�[�t�_�f�g�h�c�� �i�e�h�l�g�h�k�l�v�x��
�w�g�_�j�]�b�b���� �Z�� �f�Z�l�_�j�b�Z�e�u�� �w�e�_�d�l�j�h�^�h�\�� �^�h�e�`�g�u�� �[�u�l�v�� �m�i�e�h�l�g�_�g�u���� �M�G�L��
�h�[�e�Z�^�Z�x�l�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b�� �i�j�_�\�h�k�o�h�^�g�h�c�� �w�e�_�d�l�j�h�i�j�h�\�h�^�g�h�k�l�b�� �b��
�l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�b���� �\�u�k�h�d�h�c�� �o�b�f�b�q�_�k�d�h�c�� �k�l�Z�[�b�e�v�g�h�k�l�v�x�� �b�� �[�h�e�v�r�h�c��
�m�^�_�e�v�g�h�c�� �i�h�\�_�j�o�g�h�k�l�v�x���� �q�l�h�� �y�\�e�y�_�l�k�y�� �h�q�_�g�v�� �\�Z�`�g�u�f�� �g�Z�i�j�Z�\�e�_�g�b�_�f��
�b�k�k�e�_�^�h�\�Z�g�b�c�� �\�� �h�[�e�Z�k�l�b�� �w�e�_�d�l�j�h�^�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �^�e�y��
�k�m�i�_�j�d�h�g�^�_�g�k�Z�l�h�j�h�\���� �H�`�b�^�Z�_�l�k�y���� �q�l�h�� �w�l�h�� �i�h�k�e�m�`�b�l�� �h�k�g�h�\�h�c�� �^�e�y��
�j�Z�a�j�Z�[�h�l�d�b���\�u�k�h�d�h�w�n�n�_�d�l�b�\�g�u�o���m�]�e�_�j�h�^�g�u�o���k�m�i�_�j�d�h�g�^�_�g�k�Z�l�h�j�h�\ [1].  

�H�^�g�Z�d�h�� �M�G�L�� �b�� �]�j�Z�n�_�g�� �y�\�e�y�x�l�k�y�� �e�_�]�d�h�� �Z�]�e�h�f�_�j�b�j�m�_�f�u�f�b 
�f�Z�l�_�j�b�Z�e�Z�f�b�� �b�a-�a�Z���b�o�� �[�h�e�v�r�h�c�� �m�^�_�e�v�g�h�c�� �i�h�\�_�j�o�g�h�k�l�b���� �b �i�h�l�_�j�y��
�e�_�]�d�h�^�h�k�l�m�i�g�h�c�� �m�^�_�e�v�g�h�c���i�h�\�_�j�o�g�h�k�l�b�� �i�j�b�\�h�^�b�l�� �d�� �k�g�b�`�_�g�b�x��
�_�f�d�h�k�l�g�u�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���>���@�����D�j�h�f�_���l�h�]�h�����i�j�Z�d�l�b�q�_�k�d�h�_���b�k�i�h�e�v�a�h�\�Z�g�b�_��
�M�G�L�� �h�]�j�Z�g�b�q�_�g�h�� �h�l�k�m�l�k�l�\�b�_�f�� �d�h�g�l�j�h�e�b�j�m�_�f�u�o�� �f�_�l�h�^�h�\�� �h�q�b�k�l�d�b����
�Z�d�l�b�\�Z�p�b�b���b���f�h�^�b�n�b�d�Z�p�b�b���M�G�L [3].  
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�I�j�h�[�e�_�f�Z�� �a�Z�d�e�x�q�Z�_�l�k�y�� �\�� �h�j�]�Z�g�b�a�Z�p�b�b�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�� �b��
�l�_�o�g�b�q�_�k�d�b�� �\�h�a�f�h�`�g�u�o�� �f�_�l�h�^�h�\�� �Z�d�l�b�\�Z�p�b�b�� �M�G�L�� �b�� �h�p�_�g�d�_�� �b�o��
�w�n�n�_�d�l�b�\�g�h�k�l�b���>��]. 

�P�_�e�v�x�� �^�Z�g�g�h�c�� �j�Z�[�h�l�u�� �y�\�e�y�_�l�k�y�� �b�a�m�q�_�g�b�_�� �w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�b�o����
�d�h�g�^�_�g�k�Z�l�h�j�g�u�o���k�\�h�c�k�l�\���b���f�h�j�n�h�e�h�]�b�q�_�k�d�h�c���k�l�j�m�d�l�m�j�u���M�G�L���i�h�k�e�_���b�o��
�o�b�f�b�q�_�k�d�h�c�� �h�[�j�Z�[�h�l�d�b�� �\�� �d�h�g�p�_�g�l�j�b�j�h�\�Z�g�g�u�o�� �k�_�j�g�h�c�� �Z�a�h�l�g�h�c�� �b��
�n�h�k�n�h�j�g�h�c���d�b�k�e�h�l���b���i�_�j�_�d�b�k�b���\�h�^�h�j�h�^�Z. 

�<���d�Z�q�_�k�l�\�_���b�k�o�h�^�g�u�o���M�G�L���b�k�i�h�e�v�a�h�\�Z�e�b�k�v���f�Z�l�_�j�b�Z�e�u���g�Z�k�u�i�g�h�c��
�i�e�h�l�g�h�k�l�v�x���^�h�������� �]���k�f3���� �k�h�k�l�h�y�s�b�_�� �b�a���Z�f�h�j�n�g�h�]�h���m�]�e�_�j�h�^�Z�����g�_�� �f�_�g�_�_��
������ �\�_�k���� �������� �m�]�e�_�j�h�^�g�u�o�� �g�Z�g�h�\�h�e�h�d�h�g�� �^�b�Z�f�_�l�j�h�f�� �����±40 �g�f���� �^�e�b�g�h�c�� ���±
15 �f�d�f���b���f�g�h�]�h�k�l�_�g�g�u�o���m�]�e�_�j�h�^�g�u�o���g�Z�g�h�l�j�m�[�h�d���^�b�Z�f�_�l�j�h�f�������±80 �g�f���b��
�^�e�b�g�h�c�� ���±10 �f�d�f���� �i�h�e�m�q�_�g�g�u�_�� �b�a�� �f�_�l�Z�g�h-�\�h�a�^�m�r�g�h�c�� �k�f�_�k�b�� �\��
�g�_�j�Z�\�g�h�\�_�k�g�h�c�� �i�e�Z�a�f�_�� �\�u�k�h�d�h�\�h�e�v�l�g�h�]�h�� �j�Z�a�j�y�^�Z�� �i�j�b�� �Z�l�f�h�k�n�_�j�g�h�f��
�^�Z�\�e�_�g�b�b���>5].  

�>�e�y���Z�d�l�b�\�Z�p�b�b���M�G�L�����m�^�Z�e�_�g�b�y���Z�f�h�j�n�g�h�]�h���m�]�e�_�j�h�^�Z���b���n�j�Z�]�f�_�g�l�h�\��
�d�Z�l�Z�e�b�a�Z�l�h�j�Z�� �b�k�i�h�e�v�a�h�\�Z�g�Z�� �k�f�_�k�v�� �k�_�j�g�h�c���b�� �Z�a�h�l�g�h�c�� �d�b�k�e�h�l��
�d�\�Z�e�b�n�b�d�Z�p�b�b�� �©�o���q���ª�� �\�� �h�[�t�_�f�g�h�f�� �k�h�h�l�g�h�r�_�g�b�b�� ���������� �H�[�j�Z�[�h�l�d�m��
�i�j�h�\�h�^�b�e�b���i�j�b���l�_�f�i�_�j�Z�l�m�j�_���������ƒ�&�����i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v�x���^�h����-�o���q�Z�k�h�\�� 

�G�Z���j�b�k. �����i�j�_�^�k�l�Z�\�e�_�g�u���b�a�h�[�j�Z�`�_�g�b�y���k�d�Z�g�b�j�m�x�s�_�c���w�e�_�d�l�j�h�g�g�h�c��
�f�b�d�j�h�k�d�h�i�b�b�����K�W�F�����b�k�o�h�^�g�u�o���b���Z�d�l�b�\�b�j�h�\�Z�g�g�u�o �M�G�L�� 

 

  
�Z�� �[�� 

�J�b�k������ - �K�W�F-�b�a�h�[�j�Z�`�_�g�b�_���b�k�o�h�^�g�u�o�����Z�����b���Z�d�l�b�\�b�j�h�\�Z�g�g�u�o�����[�����m�]�e�_�j�h�^�g�u�o��
�g�Z�g�h�l�j�m�[�h�d 

 
�:�d�l�b�\�Z�p�b�y�� �\�� �k�f�_�k�b�� �d�b�k�e�h�l�� �i�j�b�\�h�^�b�l�� �d�� �m�^�Z�e�_�g�b�x�� �Z�]�e�h�f�_�j�Z�l�h�\��

�g�_�k�l�j�m�d�l�m�j�b�j�h�\�Z�g�g�h�]�h���m�]�e�_�j�h�^�Z�� 
�A�Z�j�y�^�g�h-�j�Z�a�j�y�^�g�u�_�� �b�� �\�h�e�v�l�Z�f�i�_�j�h�f�_�l�j�b�q�_�k�d�b�_�� �b�k�k�e�_�^�h�\�Z�g�b�y��

�i�j�h�\�h�^�b�e�b �\�� �l�j�_�o�w�e�_�d�l�j�h�^�g�h�c�� �y�q�_�c�d�_ �i�j�b�� �i�h�f�h�s�b�� �i�h�l�_�p�b�h�k�l�Z�l�Z��
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AUTOLAB�����B�a�f�_�j�_�g�b�y���i�j�h�\�h�^�b�e�b���\���k�j�_�^�_������ % H2SO4 �b�������F���D�H�G���i�j�b��
�l�_�f�i�_�j�Z�l�m�j�_������ �ž�K�� 

�I�h�� �^�Z�g�g�u�f�� �d�j�b�\�u�o�� �p�b�d�e�b�q�_�k�d�h�c�� �\�h�e�v�l�Z�f�i�_�j�h�f�_�l�j�b�b �[�u�e�b��
�j�Z�k�k�q�b�l�Z�g�u�� �a�Z�j�y�^�g�h-�j�Z�a�j�y�^�g�u�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���� �Z�� �l�Z�d�`�_�� �h�[�j�Z�l�b�f�h�k�l�v��
�i�j�h�p�_�k�k�Z���a�Z�j�y�^�Z-�j�Z�a�j�y�^�Z���i�m�l�_�f���k�h�h�l�g�h�r�_�g�b�y���m�^�_�e�v�g�h�c �_�f�d�h�k�l�b���j�Z�a�j�y�^�Z��
�d���m�^�_�e�v�g�h�c�� �_�f�d�h�k�l�b�� �a�Z�j�y�^�Z���� �A�Z�j�y�^�g�h-�j�Z�a�j�y�^�g�u�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b��
�b�k�o�h�^�g�u�o���M�G�L �i�j�_�^�k�l�Z�\�e�_�g�u���\���l�Z�[�e�b�p�_����.  

 
�L�Z�[�e�b�p�Z�������± �A�Z�j�y�^�g�h-�j�Z�a�j�y�^�g�u�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���b�k�o�h�^�g�u�o���M�G�L���i�j�b��

�j�Z�a�e�b�q�g�u�o���k�d�h�j�h�k�l�y�o���j�Z�a�\�_�j�l�d�b���i�h�l�_�g�p�b�Z�e�Z���\������������H2SO4 �b�������F���D�H�G 
�K�d�h�j�h�k�l�v��
�j�Z�a�\�_�j�l�d�b��

�i�h�l�_�g�p�b�Z�e�Z���]����
�f�<���k 

�?�f�d�h�k�l�v���a�Z�j�y�^�Z���K�a, 
�D�e 

�?�f�d�h�k�l�v���j�Z�a�j�y�^�Z���K�j�����D�e �H�[�j�Z�l�b�f�h�k�l�v���� 

20 % 
H2SO4 

�����F��
�D�H�G 

20 % H2SO4 �����F���D�H�G 20 % 
H2SO4 

�����F��
�D�H�G 

5 249,6 �± 14,4 �± 0,058 �± 
10 1053,0 3840,0 �± 2000,0 �± 0,52 
28 58,0 360,0 �± 168,0 �± 0,46 
46 96,0 125,0 �± 65,0 �± 0,52 
64 49,3 59,5 �± 24,5 �± 0,41 
82 30,4 42,0 �± 12,0 �± 0,29 
100 22,4 27,8 �± 8,6 �± 0,31 

 
�H�[�j�Z�l�b�f�h�k�l�v���i�j�h�p�_�k�k�Z���a�Z�j�y�^�Z-�j�Z�a�j�y�^�Z���^�e�y���b�k�o�h�^�g�u�o���M�G�L���i�Z�^�Z�_�l��

�k�� �m�\�_�e�b�q�_�g�b�_�f�� �k�d�h�j�h�k�l�b�� �j�Z�a�\�_�j�l�d�b���� �q�l�h�� �k�\�y�a�Z�g�h�� �k�� �n�Z�j�Z�^�_�_�\�k�d�b�f��
�i�j�h�p�_�k�k�h�f�� �g�Z�d�h�i�e�_�g�b�y�� �a�Z�j�y�^�Z���� �l���_���� �h�d�b�k�e�_�g�b�_�f�� �b�� �\�h�k�k�l�Z�g�h�\�e�_�g�b�_�f��
�f�_�l�Z�k�l�Z�[�b�e�v�g�u�o�� �f�h�e�_�d�m�e�� �\�h�^�h�j�h�^�Z���� �d�h�l�h�j�u�c�� �h�[�j�Z�a�h�\�Z�e�k�y�� �\�� �o�h�^�_��
�p�b�d�e�b�j�h�\�Z�g�b�y���� �<�� �m�k�e�h�\�b�y�o�� �[�u�k�l�j�h�c�� �k�f�_�g�u�� �i�h�e�y�j�g�h�k�l�b�� �w�e�_�d�l�j�h�^�Z��
�h�[�j�Z�a�h�\�Z�g�b�_�� �\�h�^�h�j�h�^�Z�� �\�� �]�Z�a�h�\�h�c�� �n�Z�a�_�� �f�Z�e�h�\�_�j�h�y�l�g�h���� �Z�� �i�j�h�p�_�k�k��
�p�b�d�e�b�j�h�\�Z�g�b�y�� �i�j�h�l�_�d�Z�_�l�� �k�� �h�[�j�Z�l�b�f�h�k�l�v�x�� ���������� �i�j�b�� �������� �f�<���k���� �q�l�h��
�m�d�Z�a�u�\�Z�_�l���g�Z���h�d�b�k�e�_�g�b�_���i�h�\�_�j�o�g�h�k�l�b���b�k�o�h�^�g�u�o���M�G�L�� 

�A�Z�j�y�^�g�h-�j�Z�a�j�y�^�g�u�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �Z�d�l�b�\�b�j�h�\�Z�g�g�u�o�� �M�G�L��
�i�j�_�^�k�l�Z�\�e�_�g�u���\���l�Z�[�e�b�p�_����.  

 
�L�Z�[�e�b�p�Z�������± �A�Z�j�y�^�g�h-�j�Z�a�j�y�^�g�u�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���Z�d�l�b�\�b�j�h�\�Z�g�g�u�o���M�G�L���i�j�b��

�j�Z�a�e�b�q�g�u�o���k�d�h�j�h�k�l�y�o���j�Z�a�\�_�j�l�d�b���i�h�l�_�g�p�b�Z�e�Z���\������������H2SO4 

�K�d�h�j�h�k�l�v���j�Z�a�\�_�j�l�d�b��
�i�h�l�_�g�p�b�Z�e�Z���]�����f�<���k 

�?�f�d�h�k�l�v���a�Z�j�y�^�Z���K�a, 
�D�e 

�?�f�d�h�k�l�v��
�j�Z�a�j�y�^�Z���K�j�����D�e 

�H�[�j�Z�l�b�f�h�k�l�v��
�� 

10 802,7 720,0 0,99 
28 142,5 114,0 0,80 
46 135,0 105 0,70 
64 47,3 31,5 0,60 
82 28,5 23,8 0,83 
100 18,8 15,0 0,80 
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�d�h�l�h�j�h�]�h�� �\�� �f�Z�l�_�j�b�Z�e�_�� �m�^�Z�e�y�x�l�k�y�� �g�Z�g�h�q�Z�k�l�b�p�u�� �g�b�d�_�e�y���� �i�j�b�\�h�^�b�l�� �d��
�k�^�\�b�]�m�� �[�Z�e�Z�g�k�Z�� �n�Z�j�Z�^�_�_�\�k�d�h�c�� �b�� �g�_�n�Z�j�Z�^�_�_�\�k�d�h�c�� �k�h�k�l�Z�\�e�y�x�s�b�o����
�^�Z�x�s�_�]�h�� �\�h�a�f�h�`�g�h�k�l�v�� �k�l�Z�[�b�e�v�g�h�c�� �h�[�j�Z�l�b�f�h�c�� �j�Z�[�h�l�u�� �f�Z�l�_�j�b�Z�e�Z�� �i�j�b��
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�l�_�o�g�h�e�h�]�b�y�� �i�h�a�\�h�e�y�_�l�� �a�g�Z�q�b�l�_�e�v�g�h�� �m�e�m�q�r�b�l�v�� �b�o�� �d�Z�q�_�k�l�\�_�g�g�u�_�� �b��
�d�h�e�b�q�_�k�l�\�_�g�g�u�_���i�h�d�Z�a�Z�l�_�e�b�����q�l�h���k�^�_�e�Z�e�h���\�h�a�f�h�`�g�u�f���b�k�i�h�e�v�a�h�\�Z�g�b�_���b�o��
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1. �H�j�e�h�\�� �<���X������ �D�h�f�Z�j�h�\�� �:���F������ �E�y�i�b�g�Z�� �E���:���� �I�j�h�b�a�\�h�^�k�l�\�h�� �b��

�b�k�i�h�e�v�a�h�\�Z�g�b�_�� �l�_�o�g�b�q�_�k�d�h�]�h�� �m�]�e�_�j�h�^�Z�� �^�e�y�� �j�_�a�b�g���� �Y�j�h�k�e�Z�\�e�v���� �B�a�^-�\�h��
�©�:�e�_�d�k�Z�g�^�j���J�m�l�f�Z�g�ª���������������������� �k���� 

2. �J�Z�d�h�\���W���=�����G�Z�g�h�l�j�m�[�d�b���b���n�m�e�e�_�j�_�g�u�����F�������E�h�]�h�k�������������������������k 
3. �F�b�s�_�g�d�h�� �K���<���� �L�d�Z�q�_�\�� �:���=���� �M�]�e�_�j�h�^�g�u�_�� �g�Z�g�h�f�Z�l�_�j�b�Z�e�u����

�I�j�h�b�a�\�h�^�k�l�\�h�����k�\�h�c�k�l�\�Z�����i�j�b�f�_�g�_�g�b�_�����F�������F�Z�r�b�g�h�k�l�j�h�_�g�b�_������������������������
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218. 
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INNOVATIVE SOFTWARE FOR FORECASTING SOCIO-
ECONOMIC DEVELOPMENT OF REGIONS  

 
Abstract. The developed software for forecasting the socio-economic development 

of regions ensures the prompt acquisition of information for making effective decisions. 
Utilizing modern methods and technologies, this high-quality solution is ready for real-
world application. Its potential lies in optimizing regional management and enhancing 
the efficiency of organizational activities. 

 
�B�g�n�h�j�f�Z�p�b�h�g�g�u�_�� �l�_�o�g�h�e�h�]�b�b�� ���B�L���� �i�j�_�^�k�l�Z�\�e�y�x�l�� �k�h�[�h�c��

�k�h�\�h�d�m�i�g�h�k�l�v���b�g�k�l�j�m�f�_�g�l�h�\�����f�_�l�h�^�h�\���b���l�_�o�g�h�e�h�]�b�c�����d�h�l�h�j�u�_���k�h�a�^�Z�x�l����
�o�j�Z�g�y�l���� �h�[�j�Z�[�Z�l�u�\�Z�x�l�� �b�� �i�_�j�_�^�Z�x�l�� �b�g�n�h�j�f�Z�p�b�x���� �<�� �k�h�\�j�_�f�_�g�g�h�f��
�h�[�s�_�k�l�\�_�� �B�L�� �k�l�Z�g�h�\�y�l�k�y�� �g�_�h�l�t�_�f�e�_�f�h�c�� �q�Z�k�l�v�x�� �[�b�a�g�_�k�Z���� �h�[�j�Z�a�h�\�Z�g�b�y����
�g�Z�m�d�b���b���i�h�\�k�_�^�g�_�\�g�h�c���`�b�a�g�b���>���@�� 

�I�j�b�f�_�g�_�g�b�_���g�_�c�j�h�k�_�l�_�c���\���i�j�h�]�g�h�a�b�j�h�\�Z�g�b�b���b�]�j�Z�_�l���\�Z�`�g�m�x���j�h�e�v��
�\�� �j�Z�a�e�b�q�g�u�o�� �h�[�e�Z�k�l�y�o���� �l�Z�d�b�o�� �d�Z�d�� �n�b�g�Z�g�k�u���� �w�d�h�g�h�f�b�d�Z����
�a�^�j�Z�\�h�h�o�j�Z�g�_�g�b�_���� �l�j�Z�g�k�i�h�j�l���� �f�Z�j�d�_�l�b�g�]���� �g�Z�m�d�Z�� �b�� �l�_�o�g�h�e�h�]�b�b���� �W�l�b��
�k�b�k�l�_�f�u���i�j�_�^�h�k�l�Z�\�e�y�x�l���\�h�a�f�h�`�g�h�k�l�v���i�j�_�^�k�d�Z�a�u�\�Z�l�v���[�m�^�m�s�b�_���k�h�[�u�l�b�y����
�b�k�o�h�^�u���i�j�h�p�_�k�k�h�\���b���b�a�f�_�g�_�g�b�y���\���j�Z�a�e�b�q�g�u�o���k�b�k�l�_�f�Z�o���>���@�� 

�<�� �n�b�g�Z�g�k�h�\�h�c�� �k�n�_�j�_���g�_�c�j�h�k�_�l�b�� �b�k�i�h�e�v�a�m�x�l�k�y�� �^�e�y��
�i�j�h�]�g�h�a�b�j�h�\�Z�g�b�y���p�_�g���g�Z���Z�d�p�b�b�����d�m�j�k�h�\���\�Z�e�x�l���b���k�l�Z�\�h�d���i�h���d�j�_�^�b�l�Z�f�����<��
�a�^�j�Z�\�h�h�o�j�Z�g�_�g�b�b�� �h�g�b�� �i�h�f�h�]�Z�x�l�� �i�j�_�^�k�d�Z�a�u�\�Z�l�v�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_��
�w�i�b�^�_�f�b�c�� �b�� �\�_�j�h�y�l�g�h�k�l�v�� �a�Z�[�h�e�_�\�Z�g�b�y�� �i�Z�p�b�_�g�l�h�\�� �h�i�j�_�^�_�e�_�g�g�u�f�b��
�a�Z�[�h�e�_�\�Z�g�b�y�f�b���� �<�� �l�j�Z�g�k�i�h�j�l�g�h�c�� �k�n�_�j�_�� �g�_�c�j�h�k�_�l�b�� �i�j�b�f�_�g�y�x�l�k�y�� �^�e�y��
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�I�j�h�]�g�h�a�b�j�h�\�Z�g�b�_���l�Z�d�`�_���b�f�_�_�l���\�Z�`�g�h�_���a�g�Z�q�_�g�b�_���\���f�Z�j�d�_�l�b�g�]�_�����]�^�_��
�h�g�h���i�h�f�h�]�Z�_�l���i�j�_�^�k�d�Z�a�u�\�Z�l�v���i�h�\�_�^�_�g�b�_���i�h�l�j�_�[�b�l�_�e�_�c���b���j�Z�a�j�Z�[�Z�l�u�\�Z�l�v��
�w�n�n�_�d�l�b�\�g�u�_�� �f�Z�j�d�_�l�b�g�]�h�\�u�_�� �k�l�j�Z�l�_�]�b�b���� �<�� �g�Z�m�d�_�� �b�� �l�_�o�g�h�e�h�]�b�y�o��
�i�j�h�]�g�h�a�b�j�h�\�Z�g�b�_�� �g�_�c�j�h�k�_�l�_�c�� �i�j�b�f�_�g�y�_�l�k�y�� �^�e�y�� �j�Z�a�j�Z�[�h�l�d�b�� �g�h�\�u�o��
�f�Z�l�_�j�b�Z�e�h�\���� �e�_�d�Z�j�k�l�\�_�g�g�u�o�� �i�j�_�i�Z�j�Z�l�h�\���� �w�e�_�d�l�j�h�g�g�u�o�� �m�k�l�j�h�c�k�l�\�� �b��
�^�j�m�]�b�o�� �i�j�h�^�m�d�l�h�\���� �l�j�_�[�m�x�s�b�o�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h�� �Z�g�Z�e�b�a�Z�� �b��
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�j�h�e�v�� �\�� �i�h�\�u�r�_�g�b�b�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �[�b�a�g�_�k-�i�j�h�p�_�k�k�h�\���� �m�i�j�Z�\�e�_�g�b�b��
�j�Z�a�e�b�q�g�u�f�b���k�b�k�l�_�f�Z�f�b���b���k�h�a�^�Z�g�b�b���g�h�\�u�o���i�j�h�^�m�d�l�h�\���b���l�_�o�g�h�e�h�]�b�c���>���@�� 
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STUDY OF THE INFLUENCE OF THE DENSITY OF CERAMIC 

TARGETS ON THE SUPERCONDUCTING PROPERTIES OF THE 
YBA 2CU3O7 HTSC CONDUCTOR 

 

Abstract. We study of the influence of the properties and characteristics of the 
ceramic target on the structure and properties of the resulting superconductor films. We 
produce YBa2Cu3O7 ceramic targets of different density for deposition of HTSC layer. It 
was shown that the thickness increase of the HTSC film leads to an increase in the critical 
current, while the phase composition of the target and film remains unchanged 
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�h�[�`�b�]�Z�e�b�k�v���i�j�b���l�_�f�i�_�j�Z�l�m�j�_���������ƒ�K�����������ƒ�K���b���������ƒ�����M�k�e�h�\�b�y���h�k�Z�`�^�_�g�b�y��
�l�h�g�d�b�o�� �i�e�_�g�h�d�� �[�u�e�b�� �k�e�_�^�m�x�s�b�f�b���� �B�k�i�h�e�v�a�h�\�Z�e�b�k�v�� �e�Z�a�_�j��Leap 300 
Coherent �^�e�b�g�Z���\�h�e�g�u�����������g�f �b���i�h�^�e�h�`�d�b���b�a���O�Z�k�l�_�e�e�h�y���K-�����������<�h���\�j�_�f�y��
�h�k�Z�`�^�_�g�b�y�� �l�_�f�i�_�j�Z�l�m�j�Z�� �i�h�^�e�h�`�d�b�� �i�h�^�^�_�j�`�b�\�Z�e�Z�k�v�� �g�Z�� �m�j�h�\�g�_�� ������-
�������ƒ�K���� �Z�� �^�Z�\�e�_�g�b�_�� �k�h�k�l�Z�\�e�y�e�h�� �a�� ������ �I�Z���� �F�b�r�_�g�b���� �b�a�]�h�l�h�\�e�_�g�g�u�_�� �\��
�j�Z�a�e�b�q�g�u�o�� �m�k�e�h�\�b�y�o���� �b�f�_�x�l�� �j�Z�a�g�m�x�� �f�b�d�j�h�k�l�j�m�d�l�m�j�m�� �b���� �[�m�^�m�l�� �i�h-
�j�Z�a�g�h�f�m�� �\�a�Z�b�f�h�^�_�c�k�l�\�h�\�Z�l�v�� �k�� �i�Z�^�Z�x�s�b�f�� �e�Z�a�_�j�g�u�f�� �e�m�q�h�f���� �I�h�k�e�_��
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�h�k�Z�`�^�_�g�b�y�� �i�e�_�g�d�b�� �i�h�d�j�u�\�Z�e�b�� �k�_�j�_�[�j�h�f���� �i�h�k�e�_�� �q�_�]�h�� �h�l�`�b�]�Z�e�b�� �\��
�Z�l�f�h�k�n�_�j�_���d�b�k�e�h�j�h�^�Z���������q�Z�k�h�\���i�j�b�����������K�����h�k�l�u�\�Z�g�b�_���k���i�_�q�v�x�����L�h�e�s�b�g�Z��
�f�b�r�_�g�_�c�� �h�i�j�_�^�_�e�y�e�Z�k�v�� �k�� �i�h�f�h�s�v�x�� �f�b�d�j�h�f�_�l�j�Z���� �B�k�k�e�_�^�h�\�Z�g�b�_�� �n�Z�a��
�f�b�r�_�g�_�c�� �k�h�\�_�j�r�Z�e�h�k�v�� �k�� �i�h�f�h�s�v�x�� �j�_�g�l�]�_�g�h�\�k�d�h�]�h���^�b�n�j�Z�d�l�h�f�_�l�j�Z��
�5�L�*�D�N�8���6�P�D�U�W���/�D�E�����\�� �^�b�Z�i�Z�a�h�g�_�� ��������-������ �]�j�Z�^�m�k�h�\���� �N�Z�a�u���b���h�j�b�_�g�l�Z�p�b�b��
�i�e�_�g�h�d�� �l�Z�d�`�_�� �[�u�e�b�� �i�j�h�Z�g�Z�e�b�a�b�j�h�\�Z�g�u�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �;�5�'�� �b��
�Z�g�Z�e�b�a�Z�� �d�j�b�\�h�c�� �d�Z�q�Z�g�b�y�� �i�b�d�h�\�� ������������ �F�h�j�n�h�e�h�]�b�x�� �i�h�\�_�j�o�g�h�k�l�b��
�f�b�r�_�g�_�c�� �b�� �i�e�_�g�h�d�� �b�k�k�e�_�^�h�\�Z�e�b�� �k�� �i�h�f�h�s�v�x�� �k�d�Z�g�b�j�m�x�s�_�]�h��
�w�e�_�d�l�j�h�g�g�h�]�h���f�b�d�j�h�k�d�h�i�Z���K�D�U�O���=�H�L�V�V���(�Y�R���������� 

�>�e�y�� �b�a�f�_�j�_�g�b�y�� �l�h�d�h�g�_�k�m�s�_�c�� �k�i�h�k�h�[�g�h�k�l�b�� �\�u�j�Z�s�_�g�g�u�o�� �i�e�_�g�h�d����
�i�j�_�^�\�Z�j�b�l�_�e�v�g�h�� �i�h�d�j�u�l�u�o�� �l�h�g�d�b�f�� �k�e�h�_�f�� �k�_�j�_�[�j�Z�� �i�j�b�� �i�h�f�h�s�b��
�f�Z�]�g�_�l�j�h�g�g�h�]�h���j�Z�k�i�u�e�_�g�b�y�����b�k�i�h�e�v�a�h�\�Z�e�Z�k�v���m�k�l�Z�g�h�\�d�Z���[�_�k�d�h�g�l�Z�d�l�g�h�]�h��
�b�a�f�_�j�_�g�b�y�� �d�j�b�l�b�q�_�k�d�h�]�h�� �l�h�d�Z�� �i�h�� �^�e�b�g�_���� �I�e�_�g�d�b���� �g�Z�f�h�l�Z�g�g�u�_�� �g�Z��
�d�Z�l�m�r�d�m���� �m�k�l�Z�g�Z�\�e�b�\�Z�e�b�k�v�� �\�� �m�k�l�Z�g�h�\�d�m���� �i�h�a�\�h�e�y�x�s�m�x�� �b�a�f�_�j�y�l�v��
�d�j�b�l�b�q�_�k�d�b�c���l�h�d���i�h���^�e�b�g�_�����7�K�H�Y�D���7�V�������I�_�j�_�f�h�l�d�Z���e�_�g�l�u �h�k�m�s�_�k�l�\�e�y�_�l�k�y��
�q�_�j�_�a�� �_�f�d�h�k�l�v�� �k�� �`�b�^�d�b�f�� �Z�a�h�l�h�f���� �\�� �d�h�l�h�j�h�c�� �m�k�l�Z�g�h�\�e�_�g�� �f�Z�]�g�b�l���� �E�_�g�l�Z��
�g�Z�f�Z�]�g�b�q�b�\�Z�_�l�k�y�� �i�h�e�_�f�� �i�h�j�y�^�d�Z�� ������ �f�L�e���� �H�l�d�e�b�d �i�e�_�g�h�d�� �g�Z�� �\�g�_�r�g�_�_��
�f�Z�]�g�b�l�g�h�_�� �i�h�e�_�� �j�_�]�b�k�l�j�b�j�m�_�l�k�y�� �i�j�b�� �i�h�f�h�s�b�� �^�Z�l�q�b�d�h�\�� �O�h�e�e�Z���� �<��
�j�_�a�m�e�v�l�Z�l�_���i�h�e�m�q�Z�e�b���j�Z�k�i�j�_�^�_�e�_�g�b�_���d�j�b�l�b�q�_�k�d�h�]�h���l�h�d�Z���i�h���^�e�b�g�_�����>�Z�e�_�_��
�d�Z�`�^�Z�y�� �b�a�� �i�e�_�g�h�d�� �d�Z�e�b�[�j�h�\�Z�e�Z�k�v���� �b�k�i�h�e�v�a�m�y�� �q�_�l�u�j�_�� �d�h�g�l�Z�d�l�g�m�x��
�f�_�l�h�^�b�d�m���� �>�e�y�� �w�l�h�]�h�� �b�k�i�h�e�v�a�m�x�l�k�y�� �m�q�Z�k�l�d�b�� �^�e�b�g�h�c�� �^�h ���f�� �\�g�Z�q�Z�e�_�� �b��
�d�h�g�p�_���e�_�g�l�u�����E�_�g�l�Z���a�Z�d�j�_�i�e�y�_�l�k�y���f�_�`�^�m���^�\�m�f�y���l�h�d�h�\�u�f�b���d�h�g�l�Z�d�l�Z�f�b���b��
�h�i�m�k�d�Z�_�l�k�y�� �\�� �`�b�^�d�b�c�� �Z�a�h�l���� �A�Z�l�_�f�� �i�j�h�\�h�^�b�l�k�y�� �j�Z�a�\�_�j�l�d�Z�� �l�h�d�Z�� �i�j�b��
�i�h�f�h�s�b�� �b�k�l�h�q�g�b�d�Z�� �6�R�U�H�Q�V�H�Q�� ���������������� �b�� �i�j�b�� �i�h�f�h�s�b�� �i�h�l�_�g�p�b�Z�e�v�g�u�o��
�d�h�g�l�Z�d�l�h�\���� �i�h�^�d�e�x�q�_�g�g�u�o�� �d�� �g�Z�g�h�\�h�e�v�f�_�l�j�m�� �.�H�\�W�K�O�H�\�� �k�g�b�f�Z�_�l�k�y��
�g�Z�i�j�y�`�_�g�b�_�� �k�� �e�_�g�l�u���� �<�� �j�_�a�m�e�v�l�Z�l�_�� �i�h�e�m�q�Z�_�l�k�y�� �\�h�e�v�l-�Z�f�i�_�j�g�Z�y��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�����B�k�i�h�e�v�a�m�y���d�j�b�l�_�j�b�c�������f�d�<���k�f���h�i�j�_�^�_�e�y�_�l�k�y���a�g�Z�q�_�g�b�_��
�d�j�b�l�b�q�_�k�d�h�]�h�� �l�h�d�Z���� �I�h�� �i�h�e�m�q�_�g�g�u�f�� �a�g�Z�q�_�g�b�y�� �d�j�b�l�b�q�_�k�d�h�]�h �l�h�d�Z��
�i�j�h�\�h�^�b�l�k�y���i�_�j�_�d�Z�e�b�[�j�h�\�d�Z���b�a�g�Z�q�Z�e�v�g�u�o���d�j�b�\�u�o�� 

�J�_�a�m�e�v�l�Z�l�u���b���b�o���h�[�k�m�`�^�_�g�b�_. 
�G�Z�� �j�b�k���� ���� �i�j�_�^�k�l�Z�\�e�_�g�Z�� �f�b�d�j�h�k�l�j�m�d�l�m�j�Z�� �i�h�j�h�r�d�Z�� �<�%�D���&�X���2����

�i�h�k�e�_�� �^�j�h�[�e�_�g�b�y�� �b�� �i�h�f�h�e�Z���� �>�Z�g�g�u�c�� �i�h�j�h�r�h�d �o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y��
�g�_�b�a�h�f�_�l�j�b�q�_�k�d�h�c���n�h�j�f�h�c���q�Z�k�l�b�p���k���j�Z�a�f�_�j�Z�f�b���h�l�������^�h���������f�d�f�� 
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�J�b�k��������- �F�b�d�j�h�k�l�j�m�d�l�m�j�Z���i�h�j�h�r�d�Z���<�%�D���&�X���2�����i�h�e�m�q�_�g�g�h�]�h���i�h�k�e�_��
�i�h�f�h�e�Z���i�j�b���m�\�_�e�b�q�_�g�b�b���o�������� 

�N�Z�a�h�\�u�c���k�h�k�l�Z�\���i�h���J�b�l�\�_�e�v�^�m���i�h�e�m�q�_�g�g�u�o���f�b�r�_�g�_�c���i�j�_�^�k�l�Z�\�e�_�g��
�\�� �l�Z�[�e�b�p�_�� ������ �I�h�e�m�q�_�g�g�u�_�� �^�Z�g�g�u�_�� �k�\�b�^�_�l�_�e�v�k�l�\�m�x�l�� �h�[�� �h�l�k�m�l�k�l�\�b�b��
�\�e�b�y�g�b�y�� �l�_�f�i�_�j�Z�l�m�j�u�� �h�[�`�b�]�Z�� �g�Z�� �n�Z�a�h�\�u�c�� �k�h�k�l�Z�\�� �f�b�r�_�g�_�c���� �N�Z�a�h�\�u�c��
�k�h�k�l�Z�\�� �f�b�r�_�g�_�c�� �f�b�r�_�g�_�c�� �i�j�_�^�k�l�Z�\�e�_�g�� �n�Z�a�Z�f�b��Y-123, Y-211, C�X�2�� �b��
�h�k�l�Z�l�d�Z�f�b���d�Z�j�[�h�g�Z�l�Z���[�Z�j�b�y�� 

�L�Z�[�e�b�p�Z������- �N�Z�a�h�\�u�c���k�h�k�l�Z�\���i�h�e�m�q�_�g�g�u�o���f�b�r�_�g�_�c 

 wt.% 

 
Y-

123 
Y-

211 CuO BaCO3 
YBCO900 86,6 7,7 4,9 0,8 
�“ 1,5 0,3 0,3 0,4 
YBCO905 87,1 7,9 4,8 0,2 
�“ 1,3 0,3 0,3 0,2 
YBCO910 86,5 9,7 3,9 0,0 
�“ 1,1 0,3 0,3 0,0 

�<�� �l�Z�[�e�b�p�_�� ���� �m�d�Z�a�Z�g�Z�� �i�e�h�l�g�h�k�l�v�� �i�h�e�m�q�_�g�g�u�o�� �f�b�r�_�g�_�c����
�M�\�_�e�b�q�_�g�b�_�� �l�_�f�i�_�j�Z�l�m�j�u�� �h�[�`�b�]�Z�� �h�l�� �������� �^�h�� �������� �ƒ�K�� �i�j�b�\�h�^�b�l�� �d��
�m�\�_�e�b�q�_�g�b�x���i�e�h�l�g�h�k�l�b���h�[�j�Z�a�p�h�\���a�Z���k�q�z�l���m�k�d�h�j�_�g�b�y���i�j�h�p�_�k�k�h�\���k�i�_�d�Z�g�b�y��
�i�j�b���i�h�\�u�r�_�g�b�b���l�_�f�i�_�j�Z�l�m�j�u�� 

�L�Z�[�e�b�p�Z���������I�e�h�l�g�h�k�l�v���i�h�e�m�q�_�g�g�u�o���f�b�r�_�g�_�c 
 
 
 
 
 
 
�<���l�Z�[�e�b�p�_�������m�d�Z�a�Z�g�u���l�h�e�s�b�g�u���i�h�e�m�q�_�g�g�u�c���e�_�g�l�����B�a���i�h�e�m�q�_�g�g�u�o��

�^�Z�g�g�u�o�� �k�e�_�^�m�_�l���� �q�l�h�� �m�\�_�e�b�q�_�g�b�_�� �i�e�h�l�g�h�k�l�b�� �f�b�r�_�g�b�� �i�h�a�\�h�e�y�_�l��
�i�h�e�m�q�Z�l�v�� �e�_�g�l�u�� �[�h�e�v�r�_�c�� �l�h�e�s�b�g�u�� �\���b�k�k�e�_�^�m�_�f�h�f�� �b�g�l�_�j�\�Z�e�_��
�i�e�h�l�g�h�k�l�_�c�� �f�b�r�_�g�_�c�� �<�%�D2Cu3O7���� �M�\�_�e�b�q�_�g�b�_�� �l�h�e�s�b�g�u�� �<�L�K�I�� �k�e�h�y��
�f�h�`�_�l�� �[�u�l�v�� �k�\�y�a�Z�g�h�� �k�� �m�\�_�e�b�q�_�g�b�_�f�� �d�h�e�b�q�_�k�l�\�Z�� �b�k�i�Z�j�y�_�f�u�o�� �q�Z�k�l�b�p�� �\��
�©�i�y�l�g�_�ª�� �e�Z�a�_�j�Z���� �i�j�b�� �l�h�f���� �q�l�h�� �m�\�_�e�b�q�_�g�b�_�� �i�e�h�l�g�h�k�l�b�� �g�_�� �i�j�b�\�h�^�b�l�� �d��

�H�[�j�Z�a�_�p �é�Í�Ã�É, �Æ���Ô�Ï�7 
�L�h�e�s�b�g�Z�� �i�e�z�g�d�b����
�g�f 

YBCO900 2,95 2033 

YBCO905 3,07 2149 

YBCO910 3,27 2375 
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�d�Z�q�_�k�l�\�_�g�g�u�f�� �b�a�f�_�g�_�g�b�y�f�� �k�l�j�m�d�l�m�j�u�� ���b�a�f�_�g�_�g�b�x�� �j�Z�a�f�_�j�Z�� �a�_�j�g�Z����
�n�h�j�f�b�j�h�\�Z�g�b�_���f�h�g�h�e�b�l�g�u�o���k�l�j�m�d�l�m�j���b���i�j�������� 

�G�Z���j�b�k���������i�j�_�^�k�l�Z�\�e�_�g�Z���f�b�d�j�h�k�l�j�m�d�l�m�j�Z���i�h�e�m�q�_�g�g�u�o���f�b�r�_�g�_�c�����<��
�b�k�k�e�_�^�m�_�f�h�f���b�g�l�_�j�\�Z�e�_���l�_�f�i�_�j�Z�l�m�j�u���h�[�`�b�]�Z���j�Z�a�e�b�q�b�y���\���b�k�k�e�_�^�m�_�f�u�o��
�h�[�j�Z�a�p�Z�o�� �g�_�� �b�^�_�g�l�b�n�b�p�b�j�m�x�l�k�y���� �>�e�y�� �\�k�_�o�� �b�k�k�e�_�^�m�_�f�u�o�� �h�[�j�Z�a�p�h�\��
�g�Z�[�e�x�^�Z�_�l�k�y�� �i�j�b�i�_�d�Z�g�b�_�� �q�Z�k�l�b�p���� �>�e�y�� �\�k�_�o�� �h�[�j�Z�a�p�h�\�� �g�Z�[�e�x�^�Z�_�l�k�y��
�f�b�d�j�h�k�l�j�m�d�l�m�j�Z�����k�e�Z�]�Z�x�s�Z�y�k�y���b�a���d�j�b�k�l�Z�e�e�h�\���[�e�b�a�d�h�c���g�_�b�a�h�f�_�l�j�b�q�g�h�c��
�n�h�j�f�u���� �I�h�j�b�k�l�h�k�l�v�� �i�j�_�^�k�l�Z�\�e�_�g�Z�� �f�_�`�d�j�b�k�l�Z�e�e�b�q�_�k�d�b�f�b�� �i�h�j�Z�f�b��
�j�Z�a�f�_�j�h�f���^�h���������f�d�f. 

 
�J�b�k��������- �F�b�d�j�h�k�l�j�m�d�l�m�j�Z���f�b�r�_�g�_�c��YBCO �i�j�b���m�\�_�e�b�q�_�g�b�b���o������ 

 
�G�Z�� �j�b�k���� ���� �i�j�b�\�_�^�_�g�u�� �a�g�Z�q�_�g�b�y�� �d�j�b�l�b�q�_�k�d�h�]�h�� �l�h�d�Z�� �i�h�e�m�q�_�g�g�u�o��

�e�_�g�l�� �<�L�K�I���� �>�e�y�� �f�b�r�_�g�b���<�%�&�2�������� �a�g�Z�q�_�g�b�y�� �d�j�b�l�b�q�_�k�d�h�]�h�� �l�h�d�Z��
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HIGH VALUES OF CRITICAL CURRENT DENSITY AND 
STRONG PINNING IN LONG -LENGTH HIGH -TEMPERATURE 2 -

G SUPERCUNDUCTORS TAPES 
 

Abstract. The work is devoted to the production of 2-G superconducting tape. The 
technological capabilities of the company for the production of superconductors are 
described. 

 
�<�� �i�h�k�e�_�^�g�b�_�� �]�h�^�u�� �k�i�j�h�k�� �k�h���k�l�h�j�h�g�u�� �q�Z�k�l�g�u�o�� �d�h�f�i�Z�g�b�c����

�j�Z�a�j�Z�[�Z�l�u�\�Z�x�s�b�o���k�\�_�j�o�i�j�h�\�h�^�y�s�b�_���f�Z�]�g�b�l�g�u�_���k�b�k�l�_�f�u���^�e�y���m�k�l�Z�g�h�\�h�d��
�l�_�j�f�h�y�^�_�j�g�h�]�h�� �k�b�g�l�_�a�Z���� �i�j�b�\�_�e�� �d�� �g�_�h�[�o�h�^�b�f�h�k�l�b�� �m�\�_�e�b�q�_�g�b�y��
�i�j�h�b�a�\�h�^�k�l�\�Z���\�u�k�h�d�h�l�_�f�i�_�j�Z�l�m�j�g�u�o���k�\�_�j�o�i�j�h�\�h�^�y�s�b�o�����<�L�K�I�����e�_�g�l����-
�]�h�� �i�h�d�h�e�_�g�b�y�� �[�h�e�_�_�� �q�_�f�� �\�� �^�_�k�y�l�v�� �j�Z�a�� �>���@���� �D�h�f�i�Z�g�b�y�� �©�K-�b�g�g�h�\�Z�p�b�b�ª��
�k�l�Z�e�Z�� �e�b�^�_�j�h�f�� �\�� �i�j�h�b�a�\�h�^�k�l�\�_�� �<�L�K�I�� �e�_�g�l�� �\�l�h�j�h�]�h�� �i�h�d�h�e�_�g�b�y����
�i�j�_�^�e�Z�]�Z�y�� �\�u�k�h�d�h�i�j�h�b�a�\�h�^�b�l�_�e�v�g�u�c�� �b�� �g�Z�^�_�`�g�u�c�� �i�j�h�^�m�d�l�� �g�Z�� �h�k�g�h�\�_��
�<�%�&�2�����j�b�k���������� 

�I�b�g�g�b�g�]�� �\�b�o�j�_�\�h�c�� �k�l�j�m�d�l�m�j�u�� �i�j�b�� �g�b�a�d�b�o�� �l�_�f�i�_�j�Z�l�m�j�Z�o�� �\��
�k�b�e�v�g�h�f�� �f�Z�]�g�b�l�g�h�f�� �i�h�e�_�� �\�� �<�L�K�I�� �e�_�g�l�Z�o�� �h�[�m�k�e�h�\�e�_�g�� �i�j�b�k�m�l�k�l�\�b�_�f�� �\��
�f�Z�l�j�b�p�_�� �<�%�&�2�� �k�e�m�q�Z�c�g�h�� �j�Z�k�i�j�_�^�_�e�_�g�g�u�o�� �g�Z�g�h�q�Z�k�l�b�p�� �<2O3. 
�W�i�b�l�Z�d�k�b�Z�e�v�g�u�_�� �g�Z�g�h�q�Z�k�l�b�p�u�� �<���2���� �y�\�e�y�x�l�k�y�� �i�h�e�m�d�h�]�_�j�_�g�l�g�u�f�b�� �i�h��
�h�l�g�h�r�_�g�b�x�� �d�� �f�Z�l�j�b�p�_�� �<�%�&�2�� �b�� �i�h�j�h�`�^�Z�x�l�� �f�g�h�`�_�k�l�\�h�� �l�h�q�_�q�g�u�o��
�^�_�n�_�d�l�h�\���� �l�Z�d�b�o�� �d�Z�d�� �^�b�k�e�h�d�Z�p�b�b�� �g�_�k�h�h�l�\�_�l�k�l�\�b�y���� �g�Z�g�h�^�_�n�h�j�f�Z�p�b�y�� �b����
�\�h�a�f�h�`�g�h���� �e�h�d�Z�e�v�g�Z�y�� �d�b�k�e�h�j�h�^�g�Z�y�� �g�_�k�l�_�o�b�h�f�_�l�j�b�y���� �d�h�l�h�j�u�_���� �d�Z�d��
�i�h�e�Z�]�Z�x�l���� �y�\�e�y�x�l�k�y�� �w�n�n�_�d�l�b�\�g�u�f�b�� �p�_�g�l�j�Z�f�b�� �i�b�g�g�b�g�]�Z�� �^�e�y�� �\�b�o�j�_�c��
�:�[�j�b�d�h�k�h�\�Z�� 

�B�k�i�h�e�v�a�h�\�Z�g�b�_�� �<2O3 �^�e�y�� �m�e�m�q�r�_�g�b�y�� �i�b�g�g�b�g�]�Z�� �h�l�e�b�q�Z�_�l�k�y�� �h�l��
�k�m�s�_�k�l�\�m�x�s�b�o�� �i�h�^�o�h�^�h�\�� �\�� �k�h�a�^�Z�g�b�b�� �e�_�g�l���� �\�� �d�h�l�h�j�h�f�� �l�j�Z�^�b�p�b�h�g�g�h��
�b�k�i�h�e�v�a�m�x�l���k�i�h�k�h�[���k�h�a�^�Z�g�b�y���b�k�d�m�k�k�l�\�_�g�g�u�o���p�_�g�l�j�h�\���i�b�g�g�b�g�]�Z�����B�P�I����
�\�� �5�(�%�&�2�� �g�Z�� �h�k�g�h�\�_�� �%�D�=�U�2���� ���%�=�2���� �>���@���� �<�� �^�h�i�h�e�g�_�g�b�_�� �d�� �h�[�s�_�c��
�k�e�h�`�g�h�k�l�b���i�h�^�o�h�^�Z�����B�P�I���l�Z�d�`�_���y�\�e�y�x�l�k�y���k�e�h�`�g�u�f�b���g�Z�g�h�k�l�j�m�d�l�m�j�Z�f�b����
�l�Z�d�� �d�Z�d�� �b�f�_�x�l�� �l�_�g�^�_�g�p�b�x�� �d�� �k�Z�f�h�h�j�]�Z�g�b�a�Z�p�b�b�� �\�� �g�Z�g�h�d�h�e�h�g�g�u����
�i�j�_�^�i�h�q�l�b�l�_�e�v�g�h�� �h�j�b�_�g�l�b�j�h�\�Z�g�g�u�_�� �\�^�h�e�v�� �g�Z�i�j�Z�\�e�_�g�b�y��c-�h�k�b�� �<�%�&�2����
�q�l�h���i�j�b�\�h�^�b�l���b���d���b�a�f�_�g�_�g�b�x���Z�g�b�a�h�l�j�h�i�b�b�����<���j�_�a�m�e�v�l�Z�l�_�����e�_�g�l�Z���k���B�P�I��
�i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �k�_�j�v�_�a�g�m�x�� �i�j�h�[�e�_�f�m�� �\�� �i�j�h�b�a�\�h�^�k�l�\�_���� �l�j�_�[�m�x�s�_�f��
�q�j�_�a�\�u�q�Z�c�g�h�� �k�l�j�h�]�h�]�h�� �d�h�g�l�j�h�e�y�� �i�j�h�p�_�k�k�Z�� �b�� �k�m�`�_�g�b�y�� �^�b�Z�i�Z�a�h�g�Z��
�h�i�l�b�f�Z�e�v�g�u�o���i�Z�j�Z�f�_�l�j�h�\�� �h�[�j�Z�[�h�l�d�b���� �i�h�k�d�h�e�v�d�m���^�Z�`�_�� �g�_�a�g�Z�q�b�l�_�e�v�g�u�_��
�h�l�d�e�h�g�_�g�b�y�� �k�h�k�l�Z�\�Z�� �b���b�e�b�� �m�k�e�h�\�b�c�� �j�h�k�l�Z�� �f�h�]�m�l�� �i�j�b�\�_�k�l�b�� �d�� �j�_�a�d�b�f��
�b�a�f�_�g�_�g�b�y�f���g�Z�g�h�q�Z�k�l�b�p���\���<�L�K�I���i�e�_�g�d�_. 

 



- 178 - 
 

 
�J�b�k��������-�I�h�e�_�\�Z�y���a�Z�\�b�k�b�f�h�k�l�v���d�j�b�l�b�q�_�k�d�h�c���i�e�h�l�g�h�k�l�b���l�h�d�Z���i�j�b��

�l�_�f�i�_�j�Z�l�m�j�Z�o���������b���������D���i�j�h�f�u�r�e�_�g�g�u�o���<�L�K�I���e�_�g�l����-�]�h���i�h�d�h�e�_�g�b�y���j�Z�a�g�u�o��
�i�j�h�b�a�\�h�^�b�l�_�e�_�c���>���@�� 

 
�H�l�k�m�l�k�l�\�b�_�� �^�h�i�h�e�g�b�l�_�e�v�g�u�o�� �m�k�e�h�`�g�_�g�b�c�� �\�� �k�e�h�_�� �<�L�K�I�� �\�� �\�b�^�_��

�^�h�i�h�e�g�b�l�_�e�v�g�u�o�� �o�b�f�b�q�_�k�d�b�o�� �k�h�_�^�b�g�_�g�b�c�� �b�� �h�j�]�Z�g�b�a�Z�p�b�b�� �p�_�g�l�j�h�\��
�i�b�g�g�b�g�]�Z�� �g�Z�� �g�Z�g�h�k�l�j�m�d�l�m�j�g�h�f�� �m�j�h�\�g�_�� �i�h�a�\�h�e�b�e�h�� �h�j�]�Z�g�b�a�h�\�Z�l�v��
�g�Z�^�_�`�g�h�_���d�j�m�i�g�h�k�_�j�b�c�g�h�_���i�j�h�b�a�\�h�^�k�l�\�h���<�L�K�I-�e�_�g�l���g�Z���h�k�g�h�\�_���<�%�&�2��
�k�h�� �k�e�m�q�Z�c�g�h�� �j�Z�k�i�j�_�^�_�e�z�g�g�u�f�b�� �g�Z�g�h�q�Z�k�l�b�p�Z�f�b�� �<2O3���� �q�l�h�� �h�[�_�k�i�_�q�b�e�h��
�e�b�^�_�j�k�l�\�h�� �d�h�f�i�Z�g�b�b�� �©�K-�b�g�g�h�\�Z�p�b�b�ª�� �>���@���� �<�� �^�h�d�e�Z�^�_�� �i�j�_�^�k�l�Z�\�e�_�g�u��
�i�j�b�f�_�j�u�� �j�_�Z�e�v�g�u�o�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �e�_�g�l���� �k�� �h�q�_�g�v��
�\�u�k�h�d�b�f�b�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b�� �b�g�`�_�g�_�j�g�h�c���i�e�h�l�g�h�k�l�b�� �l�h�d�Z���± �[�h�e�_�_�� ��������
�:���f�f 2 �i�j�b�� ������ �D�� �\�� �f�Z�]�g�b�l�g�h�f�� �i�h�e�_�� ������ �L�e�� �i�h�� �k�j�Z�\�g�_�g�b�x�� �k�� �^�j�m�]�b�f�b��
�i�j�h�b�a�\�h�^�b�l�_�e�y�f�b���� �I�h�k�e�_�� �m�k�i�_�r�g�h�]�h�� �a�Z�\�_�j�r�_�g�b�y�� �g�_�^�Z�\�g�_�]�h��
�j�Z�k�r�b�j�_�g�b�y�� �i�j�h�b�a�\�h�^�k�l�\�Z���� �g�u�g�_�r�g�y�y�� �f�h�s�g�h�k�l�v�� �d�h�f�i�Z�g�b�b�� �k�h�k�l�Z�\�e�y�_�l 
�[�h�e�_�_�����������d�f���<�L�K�I���e�_�g�l����-�]�h���i�h�d�h�e�_�g�b�y���r�b�j�b�g�h�c���������f�f �\���]�h�^. 
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INCREASING WEAR RESISTANCE OF COMPOSITE COATINGS 
ON AZ31 MAGNESIUM ALLOY WITH h -BN PARTICLES  

 
Abstract. In this work, to obtain coatings with greater wear resistance under 

plasma electrolytic oxidation conditions on the surface of the AZ31 magnesium alloy, an 
aqueous-alkaline phosphate electrolyte with the addition of hexagonal boron nitride (h-
BN) particle powder was used. 
 

�B�g�l�_�j�_�k�� �d�� �f�Z�]�g�b�_�\�u�f�� �k�i�e�Z�\�Z�f, �[�e�Z�]�h�^�Z�j�y�� �b�o���g�b�a�d�h�c�� �i�e�h�l�g�h�k�l�b����
�\�u�k�h�d�h�c�� �w�e�_�d�l�j�h�i�j�h�\�h�^�g�h�k�l�b���� �g�_�l�h�d�k�b�q�g�h�k�l�b���� �m�^�_�e�v�g�h�c�� �`�_�k�l�d�h�k�l�b�� �b 
�o�h�j�h�r�b�f���e�b�l�_�c�g�u�f���k�\�h�c�k�l�\�Z�f �h�i�j�_�^�_�e�y�_�l���b�o���b�k�i�h�e�v�a�h�\�Z�g�b�_���\���d�Z�q�_�k�l�\�_��
�i�_�j�k�i�_�d�l�b�\�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �\�� �f�_�^�b�p�b�g�_���� �Z�\�l�h�f�h�[�b�e�_�k�l�j�h�_�g�b�b����
�Z�w�j�h�d�h�k�f�b�q�_�k�d�b�o���b�� �^�j�m�]�b�o���i�j�b�e�h�`�_�g�b�y�o�� �>���@���� �<�� �i�j�h�f�u�r�e�_�g�g�h�k�l�b��
�o�h�j�h�r�h���a�Z�j�_�d�h�f�_�g�^�h�\�Z�e�b���k�_�[�y���k�i�e�Z�\�u���f�Z�]�g�b�y���k���p�b�g�d�h�f����AZ�������d�h�l�h�j�u�_��
�h�[�e�Z�^�Z�x�l�� �\�u�k�h�d�h�c�� �i�e�Z�k�l�b�q�g�h�k�l�v�x�� �b�� �o�h�j�h�r�_�c�� �i�j�h�q�g�h�k�l�v�x���� �g�h��
�h�k�g�h�\�g�u�f���b�o�� �g�_�^�h�k�l�Z�l�d�h�f �y�\�e�y�_�l�k�y �g�b�a�d�Z�y�� �b�a�g�h�k�h�k�l�h�c�d�h�k�l�v�� �b��
�i�h�^�\�_�j�`�_�g�g�h�k�l�v�� �d�h�j�j�h�a�b�h�g�g�h�f�m�� �j�Z�a�j�m�r�_�g�b�x�� �>���@���� �F�_�l�h�^�� �i�e�Z�a�f�_�g�g�h-
�w�e�_�d�l�j�h�e�b�l�b�q�_�k�d�h�]�h�� �h�d�k�b�^�b�j�h�\�Z�g�b�y�� ���I�W�H������ �i�j�b�f�_�g�y�_�f�u�c�� �^�e�y��
�n�h�j�f�b�j�h�\�Z�g�b�y���h�d�k�b�^�g�h-�d�h�f�i�h�a�b�l�g�u�o���i�h�d�j�u�l�b�c �g�Z���i�h�\�_�j�o�g�h�k�l�b���e�_�]�d�b�o��
�f�_�l�Z�e�e�h�\���b���b�o���k�i�e�Z�\�h�\��(Al , Mg �b���^�j�������y�\�e�y�_�l�k�y���h�l�g�h�k�b�l�_�e�v�g�h���g�h�\�u�f���b��
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�h�q�_�g�v���i�_�j�k�i�_�d�l�b�\�g�u�f�����l�Z�d���d�Z�d���i�j�h�p�_�k�k���h�d�k�b�^�b�j�h�\�Z�g�b�y���h�k�m�s�_�k�l�\�e�y�_�l�k�y��
�\���\�h�^�g�u�o���w�d�h�e�h�]�b�q�_�k�d�b���[�_�a�h�i�Z�k�g�u�o���j�Z�k�l�\�h�j�Z�o���w�e�_�d�l�j�h�e�b�l�h�\���g�Z���h�k�g�h�\�_��
�n�h�k�n�Z�l�h�\���� �k�b�e�b�d�Z�l�h�\�� �b�� �Z�e�x�f�b�g�Z�l�h�\�� �>3]. �<�h�� �\�j�_�f�y�� �i�j�h�\�_�^�_�g�b�y �I�W�H��
�i�j�h�p�_�k�k�Z���i�j�b�� �\�u�k�h�d�b�o�� �g�Z�i�j�y�`�_�g�b�y�o�� �h�d�k�b�^�b�j�h�\�Z�g�b�y�� ��������-�������� �<����
�k�h�a�^�Z�x�l�k�y�� �m�k�e�h�\�b�y�� �\�h�a�g�b�d�g�h�\�_�g�b�y�� �d�j�Z�l�d�h�\�j�_�f�_�g�g�u�o�� �b�k�d�j�h�\�u�o��
�f�b�d�j�h�j�Z�a�j�y�^�h�\���k���\�u�k�h�d�h�c���l�_�f�i�_�j�Z�l�m�j�h�c���\�g�m�l�j�b�����I�h�k�e�_�^�g�_�_ �i�j�b�\�h�^�b�l���d��
�n�h�j�f�b�j�h�\�Z�g�b�x�� �g�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �h�[�j�Z�[�Z�l�u�\�Z�_�f�h�]�h�� �k�i�e�Z�\�Z�� �i�h�j�b�k�l�u�o��
�d�h�f�i�h�a�b�l�g�u�o���i�h�d�j�u�l�b�c�����k�h�^�_�j�`�Z�s�b�o���\�u�k�h�d�h�l�_�f�i�_�j�Z�l�m�j�g�u�_���h�d�k�b�^�g�u�_��
�n�Z�a�u���b�a���w�e�_�f�_�g�l�h�\���h�d�k�b�^�b�j�m�_�f�h�]�h���k�i�e�Z�\�Z���b���d�h�f�i�h�g�_�g�l�h�\���w�e�_�d�l�j�h�e�b�l�Z����
�^�Z�`�_�� �_�k�e�b�� �h�g�b�� �g�Z�o�h�^�y�l�k�y�� �\�� �j�Z�k�l�\�h�j�_�� �\�� �\�b�^�_�� �l�\�_�j�^�u�o�� �q�Z�k�l�b�p�� �>����2]. 
�B�k�i�h�e�v�a�h�\�Z�g�b�_���L�Q���V�L�W�X���\���w�e�_�d�l�j�h�e�b�l�Z�o���l�\�_�j�^�u�o���g�Z�g�h- �b�e�b���f�b�d�j�h-�q�Z�k�l�b�p��
�j�Z�a�g�h�]�h���l�b�i�Z�����l�Z�d�b�o���d�Z�d���i�h�j�h�r�d�b���7�L�1�����6�L3N4, Al2O3 �b���^�j�� �i�j�b�\�h�^�b�l���d���b�o��
�\�g�_�^�j�_�g�b�x���\���k�l�j�m�d�l�m�j�m���i�h�d�j�u�l�b�y���\�h���\�j�_�f�y���I�W�H���h�[�j�Z�[�h�l�d�b�����q�l�h���\�e�b�y�_�l��
�g�Z�� �f�h�j�n�h�e�h�]�b�x���� �i�h�j�b�k�l�h�k�l�v�� �b�� �b�a�g�h�k�h�k�l�h�c�d�h�k�l�v���n�h�j�f�b�j�m�_�f�h�]�h 
�d�h�f�i�h�a�b�l�g�h�]�h���i�h�d�j�u�l�b�y���>2,3�@�����H�^�g�h�c���b�a���l�Z�d�b�o���i�_�j�k�i�_�d�l�b�\�g�u�o���^�h�[�Z�\�h�d��
�y�\�e�y�_�l�k�y���i�h�j�h�r�h�d���]�_�d�k�Z�]�h�g�Z�e�v�g�h�]�h���g�b�l�j�b�^�Z���[�h�j�Z����h-BN) [4].  

�P�_�e�v�x�� �^�Z�g�g�h�c�� �j�Z�[�h�l�u�� �y�\�e�y�e�h�k�v �b�k�k�e�_�^�h�\�Z�g�b�_�� �\�e�b�y�g�b�y�� �^�h�[�Z�\�d�b��
�q�Z�k�l�b�p �]�_�d�k�Z�]�h�g�Z�e�v�g�h�]�h���g�b�l�j�b�^�Z���[�h�j�Z�����K-�%�1�����g�Z���f�h�j�n�h�e�h�]�b�x�����k�h�k�l�Z�\���b��
�b�a�g�h�k�h�k�l�h�c�d�h�k�l�v�� �d�h�f�i�h�a�b�l�g�u�o�� �i�h�d�j�u�l�b�c���� �i�h�e�m�q�_�g�g�u�o�� �\�� �\�h�^�g�h-
�s�_�e�h�q�g�h�f�� �n�h�k�n�Z�l�g�h�f �w�e�_�d�l�j�h�e�b�l�_�� �\�� �m�k�e�h�\�b�y�o�� �i�e�Z�a�f�_�g�g�h-
�w�e�_�d�l�j�h�e�b�l�b�q�_�k�d�h�c���h�[�j�Z�[�h�l�d�b���f�Z�]�g�b�_�\�h�]�h���k�i�e�Z�\�Z���$�=������ 

�H�[�j�Z�a�p�u���f�Z�]�g�b�_�\�h�]�h���k�i�e�Z�\�Z��AZ�������j�Z�a�f�_�j�h�f�������o�����o���������f�f���i�_�j�_�^��
�h�d�k�b�^�b�j�h�\�Z�g�b�_�f���f�_�o�Z�g�b�q�_�k�d�b���a�Z�q�b�s�Z�e�b���h�l���a�Z�]�j�y�a�g�_�g�b�c���b���_�k�l�_�k�l�\�_�g�g�h�c��
�h�d�k�b�^�g�h�c�� �i�e�_�g�d�b���r�e�b�n�h�\�Z�e�v�g�h�c�� �[�m�f�Z�]�h�c�� ���a�_�j�g�b�k�l�h�k�l�v�x�� �h�l�� �������� �^�h 
���������������i�j�h�l�b�j�Z�e�b���w�l�b�e�h�\�u�f���k�i�b�j�l�h�f���b���k�m�r�b�e�b���g�Z���\�h�a�^�m�o�_�� �<���d�Z�q�_�k�l�\�_��
�d�Z�l�h�^�Z���b�k�i�h�e�v�a�h�\�Z�e�b���k�l�Z�e�v�g�m�x���i�e�Z�k�l�b�g�m�����I�W�H���h�[�j�Z�[�h�l�d�m���i�j�h�\�h�^�b�e�b���k��
�b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �b�k�l�h�q�g�b�d�Z�� �i�h�k�l�h�y�g�g�h�]�h�� �l�h�d�Z���\�� �k�l�_�d�e�y�g�g�h�c�� �y�q�_�c�d�_��
�h�[�t�_�f�h�f�������e���\���\�h�^�g�h�f���w�e�_�d�l�j�h�e�b�l�_ (�j�b�k�������Z�������k�h�^�_�j�`�Z�s�_�f���� �]���e���D�H�G���b��
�������]���e���1�D3PO4 �k���^�h�[�Z�\�e�_�g�b�_�f������ �]���e���g�Z�g�h�d�j�b�k�l�Z�e�e�b�q�_�k�d�h�]�h���i�h�j�h�r�d�Z��h-
BN. �<�j�_�f�y�� �h�d�k�b�^�b�j�h�\�Z�g�b�y�� �\�Z�j�v�b�j�h�\�Z�e�b�� �h�l�� ���� �^�h�� ������ �f�b�g�� �i�j�b��
�m�k�l�Z�g�h�\�e�_�g�g�h�f�� �f�Z�d�k�b�f�Z�e�v�g�h�f�� �g�Z�i�j�y�`�_�g�b�b�� �h�d�k�b�^�b�j�h�\�Z�g�b�y�� �������� �<�� �b��
�i�e�h�l�g�h�k�l�b�� �l�h�d�Z�� ���� �f�:���k�f2���� �K�h�h�l�g�h�r�_�g�b�_�� �\�j�_�f�_�g�b�� �b�f�i�m�e�v�k�h�\��
�i�j�h�l�_�d�Z�x�s�_�]�h���l�h�d�Z�����\�d�e�x�q�_�g�h���\�u�d�e�x�q�_�g�h�����f�k�����k�h�k�l�Z�\�e�y�e�h���Won:toff = 1:9.  

�B�a���j�b�k�������[ �\�b�^�g�h�����q�l�h���i�h�k�e�_����-�o���f�b�g�m�l���I�W�H���h�[�j�Z�[�h�l�d�b�����d�h�]�^�Z���g�Z��
�i�h�\�_�j�o�g�h�k�l�b �h�[�j�Z�[�Z�l�u�\�Z�_�f�h�]�h�� �k�i�e�Z�\�Z�� �g�Z�[�e�x�^�Z�x�l�k�y�� �f�b�d�j�h�j�Z�a�j�y�^�u��
�f�Z�e�h�]�h�� �b�� �[�h�e�v�r�h�]�h�� �j�Z�a�f�_�j�Z���� �g�h�� �f�b�d�j�h�^�m�]�b�� �_�s�_�� �g�_�� �i�h�y�\�e�y�x�l�k�y��[3] �\��
�k�e�m�q�Z�_�� �w�e�_�d�l�j�h�e�b�l�Z�� �k�� �^�h�[�Z�\�d�h�c�� �q�Z�k�l�b�p��h-BN �i�j�h�b�k�o�h�^�b�l�� �a�Z�f�_�^�e�_�g�b�_��
�j�h�k�l�Z�� �l�h�e�s�b�g�u�� �i�h�d�j�u�l�b�y���� �I�h�k�e�_�^�g�_�_�� �h�[�m�k�e�h�\�e�_�g�h�� �g�Z�e�b�q�b�_�f��
�b�g�d�h�j�i�h�j�b�j�h�\�Z�g�g�u�o���\���n�h�j�f�b�j�m�_�f�h�f���d�h�f�i�h�a�b�l�g�h�f���i�h�d�j�u�l�b�b���q�Z�k�l�b�p��h-
BN�����d�h�l�h�j�u�_���i�j�h�y�\�e�y�x�l���^�b�w�e�_�d�l�j�b�q�_�k�d�b�_���k�\�h�c�k�l�\�Z���b���a�Z�i�h�e�g�y�x�l���i�h�j�u��
�n�h�j�f�b�j�m�_�f�h�]�h���h�d�k�b�^�g�h�]�h���i�h�d�j�u�l�b�y�����j�b�k�������\���]���� 
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�K�h�]�e�Z�k�g�h���e�b�l�_�j�Z�l�m�j�g�u�f���^�Z�g�g�u�f���>���@�����b�g�d�h�j�i�h�j�b�j�h�\�Z�g�b�_���q�Z�k�l�b�p���K-

�%�1�� �\�� �k�l�j�m�d�l�m�j�m�� �d�h�f�i�h�a�b�l�g�h�]�h�� �i�h�d�j�u�l�b�y�� �i�j�h�b�k�o�h�^�b�l�� �i�h�� �b�g�_�j�l�g�h�f�m��
�f�_�o�Z�g�b�a�f�m���� �d�h�]�^�Z�� �q�Z�k�l�b�p�u h-BN���� �i�j�b�e�b�i�r�b�_�� �d�� �i�h�\�_�j�o�g�h�k�l�b�� 
�i�h�k�l�_�i�_�g�g�h�� �h�[�\�h�e�Z�d�b�\�Z�x�l�k�y�� �n�h�j�f�b�j�m�_�f�u�f�� �h�d�k�b�^�g�h-�n�h�k�n�Z�l�g�u�f��
�k�e�h�_�f�����J�_�g�l�]�_�g�h�n�Z�a�h�\�u�c���Z�g�Z�e�b�a���i�h�d�j�u�l�b�c���k�n�h�j�f�b�j�h�\�Z�g�g�u�o���\���[�Z�a�h�\�h�f��
�w�e�_�d�l�j�h�e�b�l�_�� �b�� �w�e�_�d�l�j�h�e�b�l�_�� �k�� �^�h�[�Z�\�d�h�c��h-BN �\�� �h�[�h�b�o���k�e�m�q�Z�y�o�� �i�h�d�Z�a�Z�e��
�l�b�i�b�q�g�u�c�� �n�Z�a�h�\�u�c�� �k�h�k�l�Z�\�� �b�a�� �d�j�b�k�l�Z�e�e�b�q�_�k�d�b�o�� �k�l�j�m�d�l�m�j�� �0�J�2�� �b��
Mg3(PO4)2���� �B�a-�a�Z�� �f�Z�e�h�]�h�� �j�Z�a�f�_�j�Z�� �q�Z�k�l�b�p�� �K-�%�1�� �b�� �b�o�� �b�g�_�j�l�g�h�]�h��
�\�g�_�^�j�_�g�b�y���\���i�h�j�b�k�l�m�x���k�l�j�m�d�l�m�j�m���I�W�H �k�e�h�y���h�g�b���g�_���h�[�g�Z�j�m�`�b�\�Z�x�l�k�y���\��
�\�b�^�_���d�j�b�k�l�Z�e�e�b�q�_�k�d�b�o���n�Z�a���b���y�\�e�y�x�l�k�y���j�_�g�l�]�_�g�h�Z�f�h�j�n�g�u�f�b�� 

�G�Z���j�b�k���� �� �i�j�b�\�_�^�_�g�u�� �i�h�i�_�j�_�q�g�u�_�� �k�_�q�_�g�b�y�� �d�h�f�i�h�a�b�l�g�u�o��
�i�h�d�j�u�l�b�c���� �i�h�e�m�q�_�g�g�u�o�� �i�h�k�e�_�� ������ �f�b�g�� �I�W�H-�h�[�j�Z�[�h�l�d�b�� �\�� �k�l�Z�g�^�Z�j�l�g�h�f��
�w�e�_�d�l�j�h�e�b�l�_�� �b�� �k�� �^�h�[�Z�\�e�_�g�b�_�f�� �q�Z�k�l�b�p�� �K-�%�1���� �F�b�d�j�h�n�h�l�h�]�j�Z�n�b�b���^�e�y��
�h�[�h�b�o���m�k�e�h�\�b�c���k�b�g�l�_�a�Z �i�h�d�Z�a�u�\�Z�x�l�����q�l�h���i�h�d�j�u�l�b�y���i�h���l�h�e�s�b�g�_���f�h�`�g�h��
�j�Z�a�^�_�e�b�l�v�� �g�Z�� �^�\�_�� �h�[�e�Z�k�l�b���� �k�h�k�l�h�y�s�b�_�� �b�a�� �h�k�g�h�\�g�h�]�h�� �i�h�d�j�u�l�b�y�� �b��
�]�j�Z�g�b�q�Z�s�_�]�h�� �k�� �f�_�l�Z�e�e�b�q�_�k�d�h�c�� �i�h�^�e�h�`�d�h�c�� �i�e�h�l�g�h�]�h���[�Z�j�v�_�j�g�h�]�h �k�e�h�y��
�l�h�e�s�b�g�h�c�� �h�d�h�e�h�� ���±���� �f�d�f���� �<�� �k�l�j�m�d�l�m�j�_�� �h�k�g�h�\�g�h�]�h�� �i�h�d�j�u�l�b�y�� �\�� �h�[�h�b�o��
�k�e�m�q�Z�y�o�� �g�Z�[�e�x�^�Z�x�l�k�y�� �o�Z�j�Z�d�l�_�j�g�u�_�� �]�h�j�b�a�h�g�l�Z�e�v�g�u�_�� �b�� �k�n�_�j�b�q�_�k�d�b�_��
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�i�h�j�u�� �b�� �d�Z�g�Z�e�u���� �h�k�l�Z�\�r�b�_�k�y�� �\�� �f�_�k�l�Z�o�� �i�h�k�e�_�^�g�b�o�� �i�j�h�[�h�_�\�� �b�k�d�j�h�\�u�o��
�j�Z�a�j�y�^�h�\���� �L�h�e�s�b�g�Z�� �i�h�d�j�u�l�b�c�� �g�_�j�Z�\�g�h�f�_�j�g�Z���� �q�l�h�� �h�[�m�k�e�h�\�e�_�g�h��
�f�_�o�Z�g�b�a�f�h�f���i�j�h�\�_�^�_�g�b�y�� �I�W�H�� �i�j�h�p�_�k�k�Z �i�m�l�_�f�� �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�]�h��
�\�h�a�g�b�d�g�h�\�_�g�b�y���f�b�d�j�h�j�Z�a�j�y�^�h�\���k���i�h�k�e�_�^�m�x�s�b�f���h�i�e�Z�\�e�_�g�b�_�f���i�j�h�^�m�d�l�h�\��
�i�h�k�e�_���b�o���a�Z�l�m�o�Z�g�b�y�� 

 
�J�b�k��������- �F�b�d�j�h�n�h�l�h�]�j�Z�n�b�b���i�h�i�_�j�_�q�g�u�o���k�_�q�_�g�b�c���I�W�H���i�h�d�j�u�l�b�c�����i�h�e�m�q�_�g�g�u�o��
�\���[�Z�a�h�\�h�f���w�e�_�d�l�j�h�e�b�l�_�����Z�����b���\���w�e�_�d�l�j�h�e�b�l�_���k���^�h�[�Z�\�d�h�c���������]���e���K-�%�1���\���l�_�q�_�g�b�_��

�������f�b�g�� 
 

�K�h�]�e�Z�k�g�h�� �^�Z�g�g�u�f�� �w�g�_�j�]�h�^�b�k�i�_�j�k�b�h�g�g�h�]�h�� �Z�g�Z�e�b�a�Z���� �\�k�_��
�i�h�e�m�q�_�g�g�u�_�� �i�h�d�j�u�l�b�y�� �k�h�^�_�j�`�Z�l�� �w�e�_�f�_�g�l�u�� �k�i�e�Z�\�Z�� �b �d�h�f�i�h�g�_�g�l�h�\��
�w�e�_�d�l�j�h�e�b�l�Z����Mg, Al , O, P, Si, K �b��Na�����H���k�h�^�_�j�`�Z�g�b�b���\���i�h�d�j�u�l�b�y�o���q�Z�k�l�b�p��
h-�%�1���f�h�`�g�h���k�m�^�b�l�v���i�h���g�Z�e�b�q�b�x���Z�a�h�l�Z�����L�Z�d�����\���i�h�d�j�u�l�b�y�o�����i�h�e�m�q�_�g�g�u�o���\��
�w�e�_�d�l�j�h�e�b�l�_�� �[�_�a�� �^�h�[�Z�\�d�b�� �q�Z�k�l�b�p���� �n�h�g�h�\�h�_�� �k�h�^�_�j�`�Z�g�b�_�� �Z�a�h�l�Z�� �g�_��
�i�j�_�\�u�r�Z�_�l�� ���� �f�Z�k�k���� ������ �Z�� �\�� �i�h�d�j�u�l�b�y�o���� �i�h�e�m�q�_�g�g�u�o�� �\�� �w�e�_�d�l�j�h�e�b�l�_�� �k��
�^�h�[�Z�\�d�h�c�� �q�Z�k�l�b�p�� �K-�%�1���� �k�h�^�_�j�`�Z�g�b�_�� �Z�a�h�l�Z�� �k�h�k�l�Z�\�e�y�e�h�� �h�l�� ���� ������ �f�b�g��
�h�d�k�b�^�b�j�h�\�Z�g�b�y�����^�h���������f�Z�k�k�����������������f�b�g���h�d�k�b�^�b�j�h�\�Z�g�b�y�������I�j�b���w�l�h�f���^�e�y��
�i�h�d�j�u�l�b�c���� �k�n�h�j�f�b�j�h�\�Z�g�g�u�o�� �\�� �l�_�q�_�g�b�_�� ���� �f�b�g�� �I�W�H�� �h�[�j�Z�[�h�l�d�b����
�k�h�^�_�j�`�Z�g�b�_�� �Z�a�h�l�Z�� �\�� �i�h�d�j�u�l�b�y�o���� �d�Z�d�� �\�� �[�Z�a�h�\�h�f�� �w�e�_�d�l�j�h�e�b�l�_���� �l�Z�d�� �b��
�w�e�_�d�l�j�h�e�b�l�_�� �[�_�a�� �^�h�[�Z�\�d�b���� �i�j�Z�d�l�b�q�_�k�d�b�� �g�_�� �h�l�e�b�q�Z�e�h�k�v���� �l�Z�d�� �d�Z�d�� �f�_�e�d�b�_��
�f�b�d�j�h�j�Z�a�j�y�^�u���g�_���k�i�h�k�h�[�k�l�\�m�x�l���\�g�_�^�j�_�g�b�x���q�Z�k�l�b�p��h-BN. 

�<�� �^�Z�g�g�h�c�� �j�Z�[�h�l�_�� �i�j�h�\�_�^�_�g�h�� �k�j�Z�\�g�b�l�_�e�v�g�h�_�� �b�k�k�e�_�^�h�\�Z�g�b�_��
�b�a�g�h�k�h�k�l�h�c�d�h�k�l�b�� �i�h�e�m�q�_�g�g�u�o�� �i�h�d�j�u�l�b�c�� �i�j�b�� �b�k�l�b�j�Z�g�b�b�� �k�l�Z�e�v�g�u�f��
�r�Z�j�b�d�h�f�� �k�� �p�_�e�v�x�� �h�i�j�_�^�_�e�_�g�b�y�� �f�Z�d�k�b�f�Z�e�v�g�h�c�� �g�Z�]�j�m�a�d�b�����g�_�h�[�o�h�^�b�f�h�c��
�^�e�y�� �b�o�� �b�k�l�b�j�Z�g�b�y�� �^�h�� �i�h�\�_�j�o�g�h�k�l�b�� �f�Z�]�g�b�_�\�h�]�h�� �k�i�e�Z�\�Z ���l�Z�[�e�b�p�Z��. 
�B�k�i�u�l�Z�g�b�_�� �f�Z�]�g�b�_�\�h�]�h�� �k�i�e�Z�\�Z�� �[�_�a�� �I�W�H�� �i�h�d�j�u�l�b�y�� �i�h�d�Z�a�Z�e�h���� �q�l�h��
�k�l�Z�e�v�g�h�c���r�Z�j�b�d���g�Z�q�b�g�Z�_�l���b�g�l�_�g�k�b�\�g�h���b�k�l�b�j�Z�l�v���i�h�\�_�j�o�g�h�k�l�v���^�Z�`�_���i�j�b��
�f�b�g�b�f�Z�e�v�g�h�c���g�Z�]�j�m�a�d�_���\�������G���b �h�[�j�Z�a�m�_�l�k�y���]�e�m�[�h�d�Z�y���d�h�e�_�y �l�j�_�d�Z�� 

�<�� �l�Z�[�e�b�p�_ �i�j�b�\�_�^�_�g�u�� �^�Z�g�g�u�_���b�a�g�h�k�h�k�l�h�c�d�h�k�l�b���I�W�H�� �i�h�d�j�u�l�b�c����
�i�h�e�m�q�_�g�g�u�o���\���[�Z�a�h�\�h�f���w�e�_�d�l�j�h�e�b�l�_���[�_�a���b���k���^�h�[�Z�\�d�h�c���q�Z�k�l�b�p���K-BN. �I�j�b��
�\�k�_�o�� �\�j�_�f�_�g�Z�o�� �h�d�k�b�^�b�j�h�\�Z�g�b�y �j�Z�k�q�_�l�g�u�_�� �a�g�Z�q�_�g�b�y�� �k�d�h�j�h�k�l�b�� �b�a�g�h�k�Z��
�i�Z�j�l�g�_�j�Z���k�l�Z�l�b�q�_�k�d�h�]�h���l�j�_�g�b�y���:k �^�e�y���I�W�H���i�h�d�j�u�l�b�c���k���^�h�[�Z�\�d�h�c���K-BN 
�f�_�g�v�r�_���� �q�_�f�� �^�e�y�� �i�h�d�j�u�l�b�c �[�_�a�� �q�Z�k�l�b�p��h-BN���� �L�Z�d�`�_�� �g�Z�� �e�m�q�r�m�x��
�b�a�g�h�k�h�k�l�h�c�d�h�k�l�v���m�d�Z�a�u�\�Z�x�l���b���a�g�Z�q�_�g�b�y���d�h�w�n�n�b�p�b�_�g�l�Z���l�j�_�g�b�y�����d�h�l�h�j�u�_��
�a�g�Z�q�b�l�_�e�v�g�h���[�h�e�v�r�_���^�e�y���I�W�H���i�h�d�j�u�l�b�c���k���^�h�[�Z�\�d�h�c���K-BN. 
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�I�W�H���i�h�d�j�u�l�b�c���g�Z���f�Z�]�g�b�_�\�h�f���k�i�e�Z�\�_��AZ���������i�h�e�m�q�_�g�g�u�o���k���^�h�[�Z�\�d�h�c��h-BN �b���\��

�[�Z�a�h�\�h�f���w�e�_�d�l�j�h�e�b�l�_���\���l�_�q�_�g�b�_���������������b���������f�b�g���I�W�H���h�[�j�Z�[�h�l�d�b 
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�I�W�H �� �� ������������ ������������ ���������� ���������� ���������� �������������H������ 
�I�W�H���K�%�1 �� �� ���������� ���������� ���������� ���������� ���������� �������������H������ 

�I�W�H ���� �� ������������ ������������ ���������� ���������� ���������� �������������H������ 
�I�W�H���K�%�1 ���� �� ���������� ���������� ���������� ���������� ���������� �������������H������ 

�I�W�H ���� �� ������������ ������������ ���������� ���������� ���������� �������������H������ 
�I�W�H���K�%�1 ���� �� ���������� ���������� ���������� ���������� ���������� �������������H������ 

 
�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �f�h�`�g�h�� �m�l�\�_�j�`�^�Z�l�v���� �q�l�h�� �k�� �m�\�_�e�b�q�_�g�b�_�f�� �\�j�_�f�_�g�b��

�I�W�H�� �h�[�j�Z�[�h�l�d�b�� �b�a�g�h�k�h�k�l�h�c�d�h�k�l�v�� �i�h�d�j�u�l�b�c�� �m�\�_�e�b�q�b�\�Z�_�l�k�y���� �q�l�h��
�i�h�^�l�\�_�j�`�^�Z�_�l�k�y���g�_�h�[�o�h�^�b�f�h�k�l�v�x���i�j�b�e�h�`�_�g�b�y���[�h�e�_�_���\�u�k�h�d�h�c���g�Z�]�j�m�a�d�b��
�������G���^�e�y�������f�b�g���������G���^�e�y���������f�b�g���b�������G���^�e�y���������f�b�g���I�W�H���h�[�j�Z�[�h�l�d�b�����^�e�y��
�b�k�l�b�j�Z�g�b�y�� �i�h�d�j�u�l�b�y�� �k�� �q�Z�k�l�b�p�Z�f�b�� �K-BN. �B�a�f�_�g�_�g�b�y�� �d�h�w�n�n�b�p�b�_�g�l�Z��
�l�j�_�g�b�y�� �i�h�d�Z�a�u�\�Z�x�l���� �q�l�h�� �I�W�H�� �i�h�d�j�u�l�b�y���� �i�h�e�m�q�_�g�g�u�_�� �\�� �[�Z�a�h�\�h�f��
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10�±2 �]���^�f3 �i�h�k�e�_�� ���������� �q�� �w�d�k�i�h�a�b�p�b�b�� �\�_�k�h�\�h�c�� �i�h�d�Z�a�Z�l�_�e�v�� �d�h�j�j�h�a�b�b��
�b�k�i�h�e�v�a�m�_�f�h�c���k�l�Z�e�b���m�f�_�g�v�r�Z�_�l�k�y���i�j�Z�d�l�b�q�_�k�d�b���\�������j�Z�a���� 

�K�j�_�^�g�_�_�� �a�g�Z�q�_�g�b�_�� �i�h�d�Z�a�Z�l�_�e�y�� �a�Z�s�b�l�g�h�]�h�� �w�n�n�_�d�l�Z���Z�^�b�i�b�g�h�\�h�c��
�d�b�k�e�h�l�u �k�h�k�l�Z�\�e�y�_�l 88,83 %���� �;�Z�e�e�� �d�h�j�j�h�a�b�h�g�g�h�c�� �k�l�h�c�d�h�k�l�b���k�l�Z�e�b �\��
�i�j�b�k�m�l�k�l�\�b�b���^�h�[�Z�\�d�b���Z�^�b�i�b�g�h�\�h�c���d�b�k�e�h�l�u���\���d�Z�j�[�b�^�h-�Z�f�f�b�Z�q�g�h�c���k�f�_�k�b��
�j�Z�\�_�g�� ������ �W�l�h�� �h�a�g�Z�q�Z�_�l���� �q�l�h�� �m�]�e�_�j�h�^�b�k�l�Z�y�� �k�l�Z�e�v�� �\�� �i�j�b�k�m�l�k�l�\�b�b��
�m�d�Z�a�Z�g�g�h�]�h���\�u�r�_���b�g�]�b�[�b�l�h�j�Z���h�l�g�h�k�b�l�k�y���d���]�j�m�i�i�_���\�_�k�v�f�Z���k�l�h�c�d�b�o�� 

�M�k�l�Z�g�h�\�e�_�g�� �a�Z�s�b�l�g�u�c�� �w�n�n�_�d�l�� �f�h�e�b�[�^�Z�l�Z�� �g�Z�l�j�b�y�� �\�� �j�Z�k�l�\�h�j�_��
�d�Z�j�[�b�^�h-�Z�f�f�b�Z�q�g�h�c�� �k�f�_�k�b���� �G�Z�� �j�b�k���� ���� �i�j�_�^�k�l�Z�\�e�_�g�Z�� �^�b�g�Z�f�b�d�Z��
�b�a�f�_�g�_�g�b�y�� �\�_�k�h�\�h�]�h�� �i�h�d�Z�a�Z�l�_�e�y�� �d�h�j�j�h�a�b�b�� �k�l�Z�e�b�� �k�l���� �\���d�Z�j�[�b�^�h-
�Z�f�f�b�Z�q�g�h�c���k�f�_�k�b�����k�h�^�_�j�`�Z�s�_�c���f�h�e�b�[�^�Z�l���g�Z�l�j�b�y���\���d�h�e�b�q�_�k�l�\�_���h�l������������
�^�h�� ���� �]���^�f3���� �B�a�� �i�h�e�m�q�_�g�g�u�o�� �a�Z�\�b�k�b�f�h�k�l�_�c�� �k�e�_�^�m�_�l���� �q�l�h�� �^�h�[�Z�\�d�Z��
�f�h�e�b�[�^�Z�l�Z�� �g�Z�l�j�b�y�� �\�� �a�Z�^�Z�g�g�u�o�� �d�h�e�b�q�_�k�l�\�Z�o�� �h�d�Z�a�u�\�Z�_�l�� �k�m�s�_�k�l�\�_�g�g�h�_��
�b�g�]�b�[�b�j�m�x�s�_�_�� �^�_�c�k�l�\�b�_���� �<�� �i�j�b�k�m�l�k�l�\�b�b�� �f�h�e�b�[�^�Z�l�Z�� �g�Z�l�j�b�y�� �\�_�k�h�\�h�c��
�i�h�d�Z�a�Z�l�_�e�v���d�h�j�j�h�a�b�b���k�l�Z�e�b���k�l�����i�j�Z�d�l�b�q�_�k�d�b���g�_���b�a�f�_�g�y�_�l�k�y���\�h���\�j�_�f�_�g�b����
�W�l�h�� �m�d�Z�a�u�\�Z�_�l�� �h�� �k�l�Z�[�b�e�v�g�h�k�l�b�� �k�n�h�j�f�b�j�h�\�Z�g�g�h�c�� �a�Z�s�b�l�g�h�c�� �i�e�_�g�d�b��
�b�g�]�b�[�b�l�h�j�Z���� 
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�I�j�h�\�_�^�_�g�g�u�_���b�k�k�e�_�^�h�\�Z�g�b�y���i�h�a�\�h�e�b�e�b���m�k�l�Z�g�h�\�b�l�v�����q�l�h���g�Z�b�[�h�e�_�_��

�\�u�k�h�d�b�f�b�� �a�g�Z�q�_�g�b�y�f�b�� �a�Z�s�b�l�g�h�]�h�� �w�n�n�_�d�l�Z�� �b�� �k�l�Z�[�b�e�v�g�u�f�b��
�b�g�]�b�[�b�j�m�x�s�b�f�b�� �k�\�h�c�k�l�\�Z�f�b���\�� �j�Z�k�l�\�h�j�Z�o�� �d�Z�j�[�b�^�h-�Z�f�f�b�Z�q�g�h�c�� �k�f�_�k�b��
�h�[�e�Z�^�Z�x�l���^�h�[�Z�\�d�b���Z�^�b�i�b�g�h�\�h�c �d�b�k�e�h�l�u ���i�j�b���d�h�g�p�_�g�l�j�Z�p�b�b�������������]���^�f3) 
�b���f�h�e�b�[�^�Z�l�Z���g�Z�l�j�b�y ���i�j�b���d�h�g�p�_�g�l�j�Z�p�b�b�����������]���^�f3). 

 
 
 
 






































































































































































































































































































































































































































































































































































































