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2 	$+�!�$&-�./ ���&%(!'$�%&-���/ �!#���/ �!&��%0��"%���/ ���'%����%�
(634034, ������, �����, !". �%*�*#, 30)

3 	$+�!�$&-�./ ���&%(!'$�%&-���/ �!#���/ 4!��($���'%��./ ���'%����%�
(634034, ������, �����, !". �%*�*#, 36)

������	��. �+-&%*� 7;��*�% "%<���7 �*=%*��7*�' !;#�=�&%���' $%>�"�#?�� *# >�"��"�7#*�% -;@="#�%;��+%"*��=�A� ���=��*�� �!;#7# 
Zr – 1Nb, ��$%"<#B%A� 7C$%;%*�� 7=�"�&*CD >#+ 7 7�$% &#�=�? 7 �EF%�% � *# A"#*�?#D +%"%*. ��=#*�7;%*�, &=� !"%���7#*�% � !��=%!%**C� 
!�*�<%*�%� =%�!%"#=-"C 7 �*=%"7#;% 973  –  573  � !"�7�$�= � "#�=7�"%*�H 7C$%;%*�' 7=�"�&*CD >#+ � >�"��"�7#*�H 7 �!;#7% -;@="#-
�%;��+%"*��=�' +%"%**�-�-E+%"%**�' �="-�=-"C �� �"%$*�� "#+�%"�� J;%�%*=�7 0,25  ±  0,10  ���. � !"�?%��% !"%���7#*�� !"� ���*#=*�' 
=%�!%"#=-"% � !"��%<-=�&*C�� �=<�A#�� 7 =%&%*�% 1  & 7 �*=%"7#;% =%�!%"#=-" 873  –  803  � >�"��"-%=�� -;@="#�%;��+%"*��=#� +%"%**�-
�-E+%"%**#� �="-�=-"# �� �"%$*�� "#+�%"�� J;%�%*=�7 0,45  ±  0,18  ���, !"� J=�� 7 �="-�=-"% ��D"#*�H=�� &#�=�?C 7=�"�&*CD >#+. K�"-
��"�7#*�% -;@="#�%;��+%"*��=�' �="-�=-"C !"�7�$�= � -7%;�&%*�H !"%$%;�7 !"�&*��=� � =%�-&%�=� �!;#7# Zr  –  1Nb 7 1,5  –  2,0  "#+# !"� 
�$*�7"%�%**�� !�7CL%*�� ��;�**��=� � ;��#;�+#?�� !;#�=�&%���' $%>�"�#?�� � -�%*@L%*�� �$*�"�$*�' $%>�"�#?�� � $%>�"�#?�� 
$� "#+"-L%*��. M"��-=�=7�% &#�=�? 7=�"�&*CD >#+ 7 -;@="#�%;��+%"*��=�' �="-�=-"%, �#� � -7%;�&%*�% "#+�%"�7 %% J;%�%*=�7, !"%!�=�=-
7-%= "#+7�=�H ;��#;�+#?�� !;#�=�&%���' $%>�"�#?�� � !�7CL#%= J>>%�= $%>�"�#?��**�A� -!"�&*%*��. 

��!"���� #����: �!;#7 ?�"��*��, �*=%*��7*#� !;#�=�&%��#� $%>�"�#?��, -;@="#�%;��+%"*��=#� �="-�=-"#, $%>�"�#?��**�% -!"�&*%*�%, ;�-
�#;�+#?�� !;#�=�&%���' $%>�"�#?��.

�!;#7C =�=#*# � �=#;� �7;�H=�� L�"��� "#�!"��=-
"#*%**C�� �#=%"�#;#��, 7 =�� &��;% � $;� �+A�-
=�7;%*�� "#+;�&*CD �%$�?�*���D ��!;#*=#=�7 [1]. 
�  7��@��$%��=C% A�$C !"�L;�A� �=�;%=�� !��7�;#�@ 
7�+��<*��=@ ��!�;@+�7#=@ $;� J=�D ?%;%' *�7C% �#=%-
"�#;C – �!;#7C ?�"��*��, ��=�"C% ��%H= 7C����% E��-
��7�%�=����=@ � ��""�+��**-H �=�'���=@ [2], �$*#�� 
�D !"��%*%*�% �A"#*�&%*� �+-+# E�;%% *�+��' !"�&*��-
=� !� �"#7*%*�H �� �!;#7#�� =�=#*# � �=#;���.

�+7%�=*�, &=� J>>%�=�7*C� �!���E�� !�7CL%*�� 
!"�&*��=*CD � J��!;-#=#?��**CD D#"#�=%"��=�� �%-
=#;;�&%���D !�;��"��=#;;�7 !"� *%7C����D A���;�-
A�&%���D =%�!%"#=-"#D �7;�%=�� >�"��"�7#*�% 7 *�D 
-;@="#�%;��+%"*��=�' (���) �="-�=-"C [3,  4]. ��*�-
7�' *#�E�;%% "#�!"��="#*%**CD �%=�$�7 !�;-&%*�� 
��� �="-�=-"C 7 �%=#;;�&%���D �#=%"�#;#D �7;�%=�� 
�*=%*��7*#� !;#�=�&%��#� $%>�"�#?�� (�M�), ��!�;@-

+�7#*�% ��=�"�' !�+7�;�%= -�%*@L�=@ "#+�%"C J;%�%*-
=�7 �="-�=-"C 7 �#=%"�#;% $� *#*�"#+�%"�7. �$*#�� 
!"�&*��=*C% D#"#�=%"��=��� ��� �!;#7�7 �-B%�=7%*-
*� +#7���= *% =�;@�� �= "#+�%"�7 J;%�%*=�7 �="-�=-"C, 
*� � �= >#+�7�A� ���=#7#. � *#�=��B%�- 7"%�%*� -�=#-
*�7;%*� [5,  6], &=� �M� ��<%= !"�7�$�=@ � "#+7�=�H 
7 �!;#7#D =#��D !"�?%���7, �#� >#+�7C% !"%7"#B%*��, 
"#�!#$ 7=�"CD >#+, �E"#+�7#*�% !%"%�CB%**CD =7%"-
$CD "#�=7�"�7. M"� J=�� "#+7�=�% -�#+#**CD !"�?%�-
��7 +#7���= �#� �= D#"#�=%"��=�� �!;#7# ("#�=7�"����-
=� ;%A�"-HB�D J;%�%*=�7, J*%"A�� $%>%�=# -!#��7��, 
7�+��<*��=� "#+7�=�� $7�'*���7#*�� �;� >#+�7CD 
!"%7"#B%*�', $".), =#� � �= �%=�$# � "%<���7 (=%�!%-
"#=-"C, �=%!%*� $%>�"�#?�� � $".) >�"��"�7#*�� ��� 
���=��*��. M�J=��- #�=-#;@*C�� �7;�H=�� ���;%$�7#-
*�� 7;��*�� �%=�$�7 � "%<���7 �M� *% =�;@�� *# $��-
!%"�*��=@, *� � *# >#+�7C' ���=#7 �, �#� �;%$�=7�%, *# 
!"�&*��=*C% D#"#�=%"��=��� � $%>�"�#?��**�% !�7%-
$%*�% ��� �="-�=-"C.

O%;@H *#�=��B%' "#E�=C �7;�%=�� ���;%$�7#*�% 
7;��*�� "%<���7 �*=%*��7*�' !;#�=�&%���' $%>�"�#-
?�� �%=�$�� !"%���7#*�� �� ��%*�' ��� $%>�"�#?�� *# 
�="-�=-"*�->#+�7�% ���=��*�%, �%D#*�&%���% �7�'�= 7# 
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* �#E�=# 7C!�;*%*# � ��!�;@+�7#*�%� �E�"-$�7#*�� ������A� 
�#=%"�#;�7%$&%���A� ?%*="# ��;;%�=�7*�A� !�;@+�7#*�� !"� &#�-
=�&*�' >�*#*��7�' !�$$%"<�% �KK� (!"�%�= � 13-02-98007).

�7=�"C !"�+*#=%;@*C �7��� ��;;%A#� �.�. �#=�&�� � �.�.  ��*�-
�-"�7-, !"�*��#7L�� -&#�=�% 7 �+A�=�7;%*�� �E"#+?�7 � -;@="#-
�%;��+%"*��=�' �="-�=-"�'.
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� $%>�"�#?��**�% !�7%$%*�% -;@="#�%;��+%"*��=�A� 
�!;#7# Zr – 1Nb. 

���;%$-%�C' �!;#7 (�#"�# Q110) 7 ��D�$*�� ���=��-
*�� ��%%= !�;��"��=#;;�&%��-H �="-�=-"- � "#+�%"�� 
+%"%* 3  –  5  ���. � �EF%�% � *# A"#*�?#D +%"%* *#E;H-
$#H= �� &#�=�?C 7=�"�&*CD >#+, "#+�%"C ��=�"CD �+�%-
*�H=�� 7 !"%$%;#D �= *%���;@��D $%��=��7 *#*��%="�7 
$� *%���;@��D ���"��%="�7.

�%=�$#�� "%*=A%*��="-�=-"*�A� #*#;�+# -�=#-
*�7;%*�, &=� 7 �!;#7% �"��% ��*�7*�' >#+C ZrR �E-
*#"-<�7#%=�� >#+# Nb(Zr) (�O�) ("%>;%��C  1 � 2 
*# "��.  1,  �), # =#�<% *%��=�"�% ��;�&%�=7� >#+C ZrS 
(�O�) �/�;� =7%"$�A� "#�=7�"# *��E�� *# %% ��*�-
7% � !"��%�%', !"��-=�=7-HB�D 7 �!;#7% ("%>;%�� 3 
*# "��.  1,  �). ��+��<*� =#�<% !"��-=�=7�% 7 �!;#7% 
=7%"$�A� "#�=7�"# *# ��*�7% >#+C ZrR ("%>;%�� 4 *# 
"��.  1,  �). �  >#+% ZrR 7 *#!"#7;%*�� [110] ��%%=�� �"�-
�=#;;�A"#>�&%��#� =%�� =-"# � ��J>>�?�%*=�� March-
Dollase !"��%"*� 0,55. 

�;@="#�%;��+%"*��=#� +%"%**�-�-E+%"%**#� �="-�-
=-"# 7 �!;#7% EC;# !�;-&%*# �%=�$�� !"%���7#*�� �� 
��%*�' ��� $%>�"�#?��, !"%$;�<%**�� 7 "#E�=%  [7], 
!� $7-� "#+*C� "%<��#�: !"%���7#*�%� � !��=%!%*-
*C� !�*�<%*�%� =%�!%"#=-"C 7 �*=%"7#;% 973  –  573  � 
("%<��  1) � !"%���7#*�%� !"� ���*#=*�' =%�!%"#=-"% 
� !"��%<-=�&*C�� �=<�A#�� !"� 873  –  803  � 7 =%&%-
*�% 1  & ("%<��  2). � �E��D �;-&#�D !"%���7#*�% �!;#-
7# EC;� !"�7%$%*� +# &%=C"% ?��;#, �$�* ?��; ���=��; 
�+ ="%D !"%���7#*�'. �%>�"�#?�� +# �$*� !"%���7#-
*�% ��� =#7;�;# 40  –  50  %. �-��#"*-H $%>�"�#?�H eW 
�!;#7# �!"%$%;�;� !� +#7������=� eW  =  ln (li  –  1 / li ) (A$% 

l  –  $;�*# �=�"�*C ��#<�7#*��; i  – *��%" !"%���7#*��). 
�EB#� $%>�"�#?�� �E"#+?# !��;% &%=C"%D ?��;�7 
!"%���7#*�� ���=#7;�;# !"��%"*� 7.

�# "��.  2 !"%$�=#7;%*� =�!�&*�% J;%�="�**�-
���"����!�&%���% �+�E"#<%*�% �="-�=-"C �!;#7# 
Zr – 1Nb !��;% !"%���7#*�� !� "%<��- 1 (*# �+�E"#-
<%*�� "��.  2,  � �;�<*C' $%>�"�#?��**C' ��*="#�= 
*% !�+7�;�%= 7C� 7�=@ ���E%**��=� ���"��="-�=-"C). 
�# J;%�="�**�A"#��#D =#��' �="-�=-"C, �*�=CD � 
!;�B#$� 1,4  ���2, *#E;H$#%=�� +*#&�=%;@*�% ��;�-
&%�=7� "%>;%���7, "#7*��%"*� "#�!�;�<%**CD !� 
��"-<*��=� ("��.  2,  �). Q=� �7�$%=%;@�=7-%= � *#;�-
&�� 7 �="-�=-"% E�;@L�A� &��;# J;%�%*=�7 +%"%**�-
�-E+%"%**�' �="-�=-"C 7 %$�*�?% �EF%�# � �-B%�=-
7%**�' "#+�"�%*=#?�� �%<$- *���. �#  �+�E"#<%*�� 
7 =%�*�� !�;% ("��.  2,  �) 7�$*C J;%�%*=C +%"%**�-
�-E+%"%**�' �="-�=-"C, "#+�%" ��=�"CD �+�%*�%=�� 7 
�-E���"�**�� $�#!#+�*% – �= 0,1 $� 0,5  ���. �"%$*�' 
"#+�%" J;%�%*=�7 +%"%**�-�-E+%"%**�' �="-�=-"C, 
�!"%$%;%**C' !� �+�E"#<%*�H =%�*�A� !�;�, ���=#7-
;�%= 0,25  ±  0,10  ���. �%*=A%*��="-�=-"*C% ���;%$�-
7#*�� !��#+#;�, &=� !��;% !"%���7#*�� !� "%<��-  1 
�+�%*�%=�� >#+�7C' ���=#7 �!;#7# Zr – 1Nb ("��.  1,  �). 
�# $�>"#�=�A"#��% ��� �="-�=-"C *% *#E;H$#H=�� 
"%>;%��C, ���=7%=�=7-HB�% >#+#� Nb(Zr) (�O�) � ZrS 
(�O�) ("��.  1,  �). �%=#;;�A"#>�&%���% � J;%�="�*-

���. 1. �&#�=�� $�>"#�=�A"#�� �!;#7# Zr – 1Nb: 
� – �%;��+%"*��=�% ���=��*�%; � � � – -;@="#�%;��+%"*��=�% 

���=��*�%, "%<�� 1 � 2

Fig. 1. Parts of diffraction patterns of Zr – 1Nb alloy:
� – _ ne-grain state; � and � – ultra-_ ne grain state, mode 1 and 2

���. 2. ���"��="-�=-"# -;@="#�%;��+%"*��=�A� �!;#7# Zr – 1Nb, 
!�;-&%**�A� !� "%<��- 1: 

� – �7%=;�% !�;%; � – =%�*�% !�;%, � – ���"�$�>"#�?��**#� �#"=�*#

Fig. 2. Microstructure of Zr – 1Nb ultra-_ ne grained alloy, obtained at 
mode 1:

� – light _ eld; � – dark _ eld, � – micro-diffraction picture
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*�-���"����!�&%���% ���;%$�7#*�� =#�<% *% 7C�7�-
;� 7C$%;%*�' -�#+#**CD >#+. Q=� �7�$%=%;@�=7-%= � 
=��, &=� 7 !"�?%��% !"%���7#*�� �!;#7# !� "%<��- 1 
!"���D�$�= ;�E� "#�=7�"%*�% &#�=�? 7=�"�&*CD >#+, 
;�E� �D �+�%;@&%*�% $� *#*�"#+�%"�7. �"��% =�A�, 7 
"%+-;@=#=% -�#+#**�A� !"%���7#*�� �!;#7 Zr – 1Nb �=#-
*�7�=�� !"#�=�&%��� E%+=%��=-"*C�.

� "%+-;@=#=% �E"#E�=�� !� "%<��-  2 7 �!;#7% 
Zr – 1Nb >�"��"-%=�� *%�$*�"�$*#� ��� +%"%**�-
�-E+%"%**#� �="-�=-"#. �#"�$- � -&#�=�#��, ��$%"<#-
B��� 7 ��*�7*�� J;%�%*=C "#+�%"#�� 0,1  –  0,3  ���, 
7 �!;#7% ��%H=�� -&#�=��, 7 ��=�"CD "#+�%"C J;%�%*-
=�7 �+�%*�H=�� 7 �*=%"7#;% 0,3  –  0,9  ���. �"%$*�' 
"#+�%" J;%�%*=�7 ��� +%"%**�-�-E+%"%**�' �="-�-
=-"C !��;% �E"#E�=�� �!;#7# !� "%<��- 2 ���=#7;�%= 
0,45  ±  0,18  ���, &=� !�&=� 7 $7# "#+# E�;@L% !� �"#7-
*%*�H � "#+�%"#�� J;%�%*=�7 �="-�=-"C, !�;-&%**�' 
!� "%<��-  1. �#"#�=%"��=��� J;%�="�**�A"#��C � 
=%�*�A� !�;� ��� �="-�=-"C, !�;-&%**�' !� "%<�-
�-  2, �7�$%=%;@�=7-H= � =��, &=� �%<$- %% J;%�%*=#�� 
��%H= �%�=� E�;@L�% "#+�"�%*=�"�7�� ("��.  3,  �,  �). 
�%=�$#�� "%*=A%*��="-�=-"*�A� #*#;�+# -�=#*�7;%-
*�, &=� 7 "%+-;@=#=% !"%���7#*�� !� "%<��- 2 >#+�7C' 
���=#7 ���;%$-%��A� �!;#7# !"#�=�&%��� *% �+�%*�%=-
�� ("��.  1,  �). Q;%�="�**�-���"����!�&%���% ���;%-

$�7#*�� !�$=7%"<$#H= *#;�&�% 7 �EF%�% ��*�7*�' 
>#+C �!;#7# ZrR 7C$%;%*�' $"-A�D >#+ ("��.  3,  �). �# 
$�>"#�=�A"#��% �!;#7# !��;% !"%���7#*�� !� "%<�-
�-  2 ("��.  1,  �) *#E;H$#%=�� �+�%*%*�% ���=*�L%*�� 
�*=%*��7*��=%' "%>;%���7 >#+C  ZrR . � &#�=*��=�, 
-�%*@L#%=�� �*=%*��7*��=@ "%>;%��# (110) � -7%;�-
&�7#%=�� �*=%*��7*��=@ "%>;%��# (200) �=*���=%;@*� 
�*=%*��7*��=� ���=7%=�=7-H B�D "%>;%���7 �%;��-
+%"*��=�A� (��) ���=��*��, &=� �7�$%=%;@�=7-%= �E 
-�%*@L%*�� =%��=-"�"�7#**��=� �="-�=-"C 7 !"�?%�-
�% !"%���7#*�� !� "%<��- 2.

��!�&*C% �"�7C% $%>�"�#?�� !"� "#�=�<%*�� 
�!;#7# Zr – 1Nb 7 �� � ��� ���=��*��D !"� =%�!%-
"#=-"% 293  � !"%$�=#7;%*C *# "��.  4 7 ���"$�*#=#D 
��=�**�% *#!"�<%*�% – ��=�**#� $%>�"�#?��. � �E-
B%� �;- &#% *# -�#+#**CD �"�7CD *#E;H$#H=�� ="� 
�=#$��: �=#$�� -!"�&*%*��, �=#$�� -�=#*�7�7L%'�� 
$%>�"�#?�� � !#$#HB%A� *#!"�<%*��. �;�=%;@*��=@ 
-�#+#**CD �=#$�' !� $%>�"�#?�� +#7���= �= �="-�=--
"C �!;#7#. �;� �"�7CD $%>�"�#?�� �!;#7# Zr – 1Nb 7 
�� ���=��*�� D#"#�=%"*C $;�=%;@*#� �=#$�� � 7C��-
��' J>>%�= $%>�"�#?��**�A� -!"�&*%*�� ("��.  4,  �, 
�"�7#�  1). �# �=#$�%' -!"�&*%*�� �;%$-H= �=#$�� 
-�=#*�7�7L%'�� $%>�"�#?�� � !#$#HB%A� *#!"�<%-
*��. �%;�&�*# �$*�"�$*�' $%>�"�#?�� (`7 ) �!;#7# 
Zr – 1Nb 7 �� ���=��*�� ���=#7;�%= !"��%"*� 17  % 

���. 4. �"�7C% $%>�"�#?�� !"� "#�=�<%*�� (�) � +#7������=@ 
j  –  ̀ ��= (�) �!;#7# Zr – 1Nb 7 �%;��+%"*��=�� (1) � 7 -;@="#�%;��+%"-

*��=�� (2, 3) ���=��*��D !"� ��!�;@+�7#*�� "%<��# 1 (2) � 2 (3)

Fig. 4. Tension deformation curves (a) and j  –  ̀ ��= dependence (�) 
of Zr – 1Nb alloy in _ ne-grain (1) and ultra-_ ne grain states at 1 (2) 

and 2 (3) modes

���. 3. ���"��="-�=-"# -;@="#�%;��+%"*��=�A� �!;#7# Zr – 1Nb, 
!�;-&%**�A� !� "%<��- 2 (�="%;�#�� -�#+#*C 7C$%;%*�� 

7=�"�&*CD >#+):
� – �7%=;�% !�;%; � – =%�*�% !�;%; � – ���"�$�>"#�?��**#� �#"=�*#

Fig. 3. Microstructure of Zr – 1Nb ultra-_ ne grained alloy, obtained at 
mode 2 (second-phase precipitation):

� – light _ eld; � – dark _ eld, � – micro-diffraction picture
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��� � � � � � � � � � � � � � � � � � � � � � � �� � � � �

!"� �EB%' $%>�"�#?�� $� "#+"-L%*�� w !"��%"*� 
34  %. �#7������=@ ��J>>�?�%*=# $%>�"�#?��**�A� 
-!"�&*%*�� (j) �= ��=�**�' $%>�"�#?�� (`��= ) $;� 
�!;#7# 7 �� ���=��*�� �7;�%=�� &%=C"%D�=#$�'*�' 
("��.  4,  �,  �"�7#�  1), &=� D#"#�=%"*� $;� �#=%"�#;�7, 
$%>�"�#?�� ��=�"CD ��-B%�=7;�%=�� !-=%� $7�<%*�� 
$��;��#?�' [8]. 

�# �"�7CD $%>�"�#?�� �!;#7# Zr – 1Nb 7 ��� ���-
=��*�� *#E;H$#%=�� ��"�=�#� �=#$�� � *�+��' J>>%�= 
$%>�"�#?��**�A� -!"�&*%*�� ("��.  4,  �, �"�7C%  2 � 3). 
�=#$�� -�=#*�7�7L%'�� $%>�"�#?�� *# J=�D �"�7CD 
�=�-=�=7-%=. �%!��"%$�=7%**� +# �=#$�%' -!"�&*%*�� 
�;%$-%= !"�$�;<�=%;@*#� �=#$�� !#$#HB%A� *#!"�<%-
*��, *# ��=�"�' 7C$%;�H=�� $7# -&#�=�# � "#+;�&*�' 
���"��=@H !#$%*�� *#!"�<%*��. �%;�&�*# �$*�"�$-
*�' $%>�"�#?�� ��� �!;#7# Zr – 1Nb -�%*@L#%=�� 
$� 2  –  4  %, &=� 7 8  –  4  "#+# �%*@L% !� �"#7*%*�H � �� 
�!;#7��. Q=� �7�$%=%;@�=7-%= � !�7CL%*�� ��;�**��-
=� ���;%$-%��A� �!;#7# � ;��#;�+#?�� !;#�=�&%���' 
$%>�"�#?�� *# �#�"�-"�7*% !"� >�"��"�7#*�� 7 *%� 
��� ���=��*��. 

���;%$�7#*�% "#E�&%' &#�=� �E"#+?�7 !��#+#;�, &=� 
-<% *# �=#$�� $%>�"�#?��**�A� -!"�&*%*�� *# !"%$7#-
"�=%;@*� !�;�"�7#**�' !�7%"D*��=� �E"#+?�7 7 �E��D 
��� ���=��*��D !��7;�H=�� !�;��C ;��#;�+�7#**�' 
$%>�"�#?�� L�"�*�' *%���;@�� ���"��%="�7 (�%+�-
!�;��C). �%+�!�;��C ;��#;�+�7#**�' $%>�"�#?�� 
��%H= !"%"C7��=C' D#"#�=%" � "#�!�;#A#H=�� !�$ *%-
E�;@L�� (0  –  15°) -A;�� � *#!"#7;%*�H !"�;�<%**�' 
*#A"-+��. �# !�7%"D*��=� �� �!;#7# �%+�!�;��C ;��#-
;�+�7#**�' $%>�"�#?�� �=�-=�=7-H=. �%+�!�;��C ;�-
�#;�+�7#**�' $%>�"�#?�� 7 ��� �="-�=-"%, !�;-&%*-
*�' !� "%<��-  1, >�"��"-H=�� !"� �%*@L%' �=%!%*� 
!;#�=�&%���' $%>�"�#?�� !� �"#7*%*�H �� �="-�=--
"�', !�;-&%**�' !� "%<��-  2. 

���#;�+#?�� $%>�"�#?�� *# �#�"�-"�7*% 7 �� 
�!;#7% !"���D�$�= !-=%� �E"#+�7#*�� �;#E� 7C"#<%*-
*�' L%'��. � �E��D ��� ���=��*��D ;��#;�+#?�� $%-
>�"�#?�� *# �#�"�-"�7*% "#+7�7#%=�� 7 $7% �=#$��. 
M%"7�*#&#;@*� >�"��"-%=�� D�"�L� 7C"#<%**#� 
L%'�#, �E"#+�7#*�% ��=�"�' ��7!#$#%= � *#&#;�� �=#-
$�� !#$#HB%A� *#!"�<%*�� *# �"�7�' $%>�"�#?��. 
�#=%�, !� �%"% "#+7�=�� $%>�"�#?�� 7 �E;#�=� L%'-
��, �$*# +# $"-A�' !��7;�H=�� !�;��C ;��#;�+�7#*-
*�' !;#�=�&%���' $%>�"�#?�� L�"�*�' 0,2  –  0,3  �� 
!�$ -A;�� !"��%"*� 120° $"-A � $"-A- (!�$"�E*� "#+-
7�=�% =#��D !�;�� 7 ��� �#=%"�#;#D "#����="%*� 7 
"#E�=#D [9,  10]). K�"��"�7#*�% �#�"�!�;�� ;��#;�+�-
7#**�' $%>�"�#?�� 7 ��� �="-�=-"%, !�;-&%**�' !� 
"%<��-  1, (�#� � �%+�!�;��) !"���D�$�= !"� �%*@L%' 
�=%!%*� $%>�"�#?�� !� �"#7*%*�H �� �="-�=-"�', !�-
;-&%**�' !� "%<��-  2. �# �"�7�' $%>�"�#?�� !"� 
"#�=�<%*�� !��7;%*�% �#�"�!�;�� ;��#;�+�7#**�' 
$%>�"�#?�� ���=7%=�=7-%= -7%;�&%*�H ���"��=� !#-
$%*�� *#!"�<%*�� *# �=#$�� !#$#HB%A� *#!"�<%*�� 
("��.  4,  �, �"�7C%  2 � 3).

�+7%�=*� [11], &=� "#+7�=�% ;��#;�+#?�� !;#�=�-
&%���' $%>�"�#?�� 7 *%"#7*�7%�*CD �%=#;;�&%���D 
�#=%"�#;#D, �#���� �7;�H=�� ��� �%=#;;C � �!;#7C, 
!�;-&%**C% �%=�$#�� �M�, �7�+#*� � +#="-$*%*�%� 
$7�<%*�� $��;��#?�' �+-+# 7C����D 7*-="%**�D *#-
!"�<%*�'. � $"-A�' �=�"�*C, ��%H=�� $#**C% [10,  12], 
��A;#�*� ��=�"C� !"��-=�=7�% 7 ��� �#=%"�#;#D 
-!"�&*�HB�D &#�=�? 7=�"�' >#+C =�"��+�= ���!%"#-
=�7*�% +%"*�A"#*�&*�% !"���#;@+C7#*�% !� A"#*�?#� 
!�;�� ;��#;�+�7#**�' $%>�"�#?��, &=� !"%!�=�=7-%= 
;��#;�+#?�� !;#�=�&%���' $%>�"�#?�� $#<% 7 *%�$-
*�"�$*CD �="-�=-"#D. M�J=��- ��<*� !"%$!�;#A#=@, 
&=� E�;@L#� -�=�'&�7��=@ ��� �="-�=-"C �!;#7# 
Zr – 1Nb, !�;-&%**�' !� "%<��-  2, � ;��#;�+#?�� !;#-
�=�&%���' $%>�"�#?�� �E-�;�7;%*# $7-�� >#�=�"#��: 
*#;�&�%� 7 *%' &#�=�? 7=�"�&*CD >#+ � �"-!*CD +%-
"%*, +#"�<$%*�% � $7�<%*�% $��;��#?�' 7 ��=�"CD, 
�#� !��#+#*� 7 "#E�=% [13], �E;%A&%*� !� �"#7*%*�H � 
�%;���� +%"*#��. Q=� !"%$!�;�<%*�% !�$=7%"<$#%= 
"#+*C' D#"#�=%" +#7������=� j  –  ̀ ��= $;� ��� �="-�-
=-" �!;#7# Zr – 1Nb, !�;-&%**CD !� "%<��#�  1 � 2. �#-
7������=@ j  –  ̀ ��= $;� ��� �="-�=-"C �!;#7# Zr – 1Nb, 
!�;-&%**�' !� "%<��-  1, �7;�%=�� $7-D�=#$�'*�' 
("��.  4,  �, �"�7#�  2), # $;� ��� �="-�=-"C, !�;-&%*-
*�' !� "%<��-  2, – ="%D�=#$�'*�' ("��.  4,  �, �"�7#�  3), 
=� %�=@ E�;%% E;�+��' � +#7������=�, D#"#�=%"*�' 
$;� �#=%"�#;�7, $%>�"�#?�� ��=�"CD ��-B%�=7;�%=-
�� !-=%� $7�<%*�� $��;��#?�'. � =� <% 7"%�� ��J>-
>�?�%*= $%>�"�#?��**�A� -!"�&*%*�� *# *#&#;@*�' 
�=#$�� �"�7�' =%&%*�� ��� �="-�=-"C, !�;-&%**�' 
!� "%<��-  2, �-B%�=7%**� 7CL%, &%� $;� �="-�=-"C, 
!�;-&%**�' !� "%<��-  1, &=� ��<%= EC=@ �7�+#*� � 
*#;�&�%� 7 �="-�=-"% &#�=�? 7=�"�&*CD >#+. �#;�&�% 
&#�=�? 7=�"�&*CD >#+ 7 �EF%�% �E-�;#7;�7#%=, !�-7�-
$����-, � 7C����% +*#&%*�� �%D#*�&%� ��D �7�'�=7 
�!;#7# � ��� �="-�=-"�', !�;-&%**�' !� "%<��-  2, 
�"#7*��C% � ���=7%=�=7-HB��� +*#&%*���� �7�'�=7 
�!;#7# � E�;%% $��!%"�*�' �="-�=-"�', !�;-&%**�' !� 
"%<��-  1 (��.  =#E;�?-). �+ ��!��=#7;%*�� �%D#*�&%-
���D �7�'�=7 �!;#7# Zr – 1Nb 7 �� � ��� ���=��*��D 
7�$*�, &=� >�"��"�7#*�% ��� �="-�=-"C !"�7�$�= � 
!�7CL%*�H 7 1,5  –  2,0  "#+# =#��D !"�&*��=*CD D#"#�-
=%"��=��, �#� ���"�=7%"$��=@ (!x ), !"%$%;C =%�-&%-
�=� (z0,2 ) � !"�&*��=� (z7 ). M"� J=�� $%>�"�#?�� $� 
"#+"-L%*�� �!;#7# �*�<#%=�� 7 $7# "#+#, *� ��=#%=�� 
=%D*�;�A�&*�'.

�%0$��"%���% �'!/��'$ #%&�!�%�����!4! 
� �&-��$#%&�!�%�����!4! ��&$'$ Zr – 1Nb 

��� �!#�$��!/ �%#�%�$���%

���=��*�% !x , �M# z0,2 , �M# z7 , �M# `7 , % w, %

�� (��D�$*C') 1,35 298 450 17 34

��� ("%<�� 1) 2,05 658 704 2,4 17

��� ("%<�� 2) 2,30 565 670 3,8 18
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 � � � 
 � � � 	 � � � � � � � � � �.  
� � � � � � � �� � � � � � � �.  2015. �� � 58.  � 2

$���%�. K�"��"�7#*�% -;@="#�%;��+%"*��=�' 
�="-�=-"C 7 �!;#7% Zr – 1Nb !"�7�$�= � �-B%�=7%**��- 
(7 1,5  –  2,0  "#+#) -7%;�&%*�H !"%$%;�7 !"�&*��=� � =%-
�-&%�=� !"� �$*�7"%�%**�� !�7CL%*�� ��;�**��=� � 
;��#;�+#?�� !;#�=�&%���' $%>�"�#?�� � -�%*@L%*�� 
�$*�"�$*�' $%>�"�#?�� � $%>�"�#?�� $� "#+"-L%*��. 
�  +#7������=� �= "%<��# !"%���7#*�� �� ��%*�' ��� 
$%>�"�#?�� 7 ���;%$-%��� �!;#7% 7�+��<*� >�"��"�-
7#*�% �$*�>#+*�' �;� A%=%"�>#+*�' -;@="#�%;��+%"-
*��=�' �="-�=-"C. M"��-=�=7�% &#�=�? 7=�"�&*CD >#+ 
7 -;@="#�%;��+%"*��=�' �="-�=-"%, �#� � -7%;�&%*�% 
"#+�%"�7 %% J;%�%*=�7, !"%!�=�=7-%= "#+7�=�H ;��#;�-
+#?�� !;#�=�&%���' $%>�"�#?�� � �+�%*�%= $7-D�=#-
$�'*C' D#"#�=%" +#7������=� ��J>>�?�%*=# $%>�"-
�#?��**�A� -!"�&*%*�� �= ��=�**�' $%>�"�#?�� *# 
="%D�=#$�'*C'. M"� J=�� *#E;H$#%=�� "��= J>>%�=# 
$%>�"�#?��**�A� -!"�&*%*�� � -7%;�&%*�% "#7*��%"-
*�' $%>�"�#?�� !� �"#7*%*�H � �$*�>#+*�' -;@="#-
�%;��+%"*��=�' �="-�=-"�'.
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FORMING AND DEFORMATION BEHAVIOR OF THE ULTRAFINE-GRAINED Zr – 1Nb ALLOY
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Abstract. The effect of the severe plastic deformation modes on the ul-
tra_ ne-grained state forming in zirconium Zr – 1Nb alloy comprising 
precipitations of secondary phases in the form of particles in the vol-
ume and at the grain boundaries was studied. Pressing with a gradual 
temperature decrease in the range of (973  –  573)  K was established 
to dissolution of the secondary phase precipitates and forming the 
ultra_ ne-grained grain-subgrain structure in the alloy with an average 
elements size (0.25  ±  0.10)  mm. In the pressing process at room tem-
perature with an intermediate hour annealing in the temperature range 
of (873  –  803)  K forming of ultra_ ne-grained structure with an aver-
age size of elements (0.45  ±  0.18)  mm was observed. At the same time 
the secondary phase particles were retained in structure. The ultra _ ne-
grained structure forming leads to the increase in the values   of tensile 

and yield strengths of Zr – 1Nb alloy in 1.5  –  2.0 times and the simul-
taneous increase in the propensity to the localization of plastic defor-
mation and decrease of the values of uniform strain and deformation 
to failure. Presence of secondary phase’s particles in ultra_ ne-grained 
structure as an increase in the size of its elements prevents the develop-
ment of the plastic deformation localization and increases the effect of 
strain hardening. 

Keywords: zirconium alloy, severe plastic deformation, ultra_ ne-grained 
structure, strain hardening, localization of plastic deformation.
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