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Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû ñðàâíèòåëüíîãî èññëåäîâàíèÿ ôóíêöèé ðàñïðåäåëåíèÿ

îðèåíòèðîâîê (ÔÐÎ), ðàññ÷èòàííûõ èç ïðÿìûõ ïîëþñíûõ ôèãóð (ÏÏÔ) ñ ïîìîùüþ ñóïåð-

ïîçèöèè áîëüøîãî ÷èñëà ïîëîæèòåëüíûõ ñòàíäàðòíûõ ãàóññîâñêèõ íîðìàëüíûõ ðàñïðåäå-

ëåíèé ñ îäèíàêîâûì ðàññåÿíèåì (ïðîãðàììà Texxor) è ìåòîäà ïðîèçâîëüíî îïðåäåëåííûõ

ÿ÷ååê (ADC-ìåòîäà) (ïðîãðàììà LaboTex). Ñðàâíåíèå îñóùåñòâëÿëè äëÿ ýòàëîííîé îðèåí-

òèðîâêè Santa Fee (â êà÷åñòâå ýêñïåðèìåíòàëüíûõ ÏÏÔ ïðèìåíÿëè ðàññ÷èòàííûå ðàíåå

ïîëíûå ÏÏÔ) è èçìåðåííûõ íåïîëíûõ ÏÏÔ, õàðàêòåðèçóþùèõ òåêñòóðû ðåêðèñòàëëèçà-

öèè àëþìèíèåâîãî ñïëàâà 6016 ñ âûñîêîé ñòåïåíüþ îñòðîòû. Â êà÷åñòâå êðèòåðèÿ îöåíêè

ïîãðåøíîñòåé âû÷èñëåíèé ïî îáåèì ïðîãðàììàì èñïîëüçîâàëè RP-ôàêòîð — óñðåäíåííûå

ïî êàæäîé è âñåì èçìåðÿåìûì ÏÏÔ ðàçíîñòè èíòåíñèâíîñòåé ýêñïåðèìåíòàëüíîé è ðàñ-

÷åòíîé ÏÏÔ, îòíåñåííûå ê ñîîòâåòñòâóþùèì ýêñïåðèìåíòàëüíûì çíà÷åíèÿì íà ïîëþñ-

íîé ôèãóðå. Óñòàíîâèëè, ÷òî RP(0,5)-ôàêòîð (íîðìèðîâàííûå èíòåíñèâíîñòè, èñïîëüçóå-

ìûå ïðè ðàñ÷åòå, �0,5) äëÿ Santa Fee ñîñòàâëÿåò 0,3 (Texxor) è 2,6 % (LaboTex). Ïðè ýòîì

ìàêñèìàëüíûå çíà÷åíèÿ îðèåíòàöèîííîé ïëîòíîñòè ÔÐÎ îòëè÷àþòñÿ íåçíà÷èòåëüíî (5,1

è 4,5). Îäíàêî äëÿ èçìåðåííûõ íåïîëíûõ ÏÏÔ òåêñòóðû ðåêðèñòàëëèçàöèè àëþìèíèåâî-

ãî ñïëàâà îíè ðàçëè÷àþòñÿ ñóùåñòâåííî (61,8 è 95,9), à RP(0,5)-ôàêòîð âîçðàñòàåò äî 12,6 è

30,5 % ñîîòâåòñòâåííî. Ïîñêîëüêó â ñëó÷àå ìåòîäà ñóïåðïîçèöèè íîðìàëüíûõ ðàñïðåäåëå-

íèé RP(0,5)-ôàêòîð ìåíüøå, ÷åì ïðè ADC-ìåòîäå, âîññòàíîâëåíèå ÔÐÎ ñ èñïîëüçîâàíèåì

ïðîãðàììû Texxor ïðåäïî÷òèòåëüíåå ïî ñðàâíåíèþ ñ LaboTex.

Êëþ÷åâûå ñëîâà: òåêñòóðà; ïðÿìàÿ ïîëþñíàÿ ôèãóðà; ôóíêöèÿ ðàñïðåäåëåíèÿ îðèåíòè-

ðîâîê; ìåòîä ñóïåðïîçèöèè íîðìàëüíûõ ðàñïðåäåëåíèé; ïðîãðàììû Texxor è LaboTex;

ADC-ìåòîä.
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A comparative study of orientation distribution functions (ODF) calculated from direct pole figures (DPF)

is carried out using a superposition of a large number of positive standard Gaussian normal distributions

with the same scattering (Texxor program) and the method of arbitrary defined cells (ADC) (LaboTex pro-

gram) to identify the advantages and shortcomings of each method. The comparison was carried out for

the Santa Fee reference orientation (the previously calculated total PPF were used as the experimental

PPF) and the measured incomplete PPF characterizing the recrystallization textures of 6016 aluminum

alloy with a high degree of sharpness. The RP-factor was used as a criterion for evaluating the calculation

errors for both programs: the difference between the intensities of the experimental and calculated PPFs

averaged over each and all measured PPFs and referred to the corresponding experimental values on the

pole figure. The values of the RP-factors depend on the method of the ODF reconstructing and the experi-

mental errors of the measured pole figures of the materials under study. It is shown that the values of

RP(0.5)-factor (normalized intensities used in the calculation, �0.5) for Santa Fee are 0.3 (Texxor) and
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2.6 % (LaboTex) and the corresponding maximum values of the orientational density of ODF differ insig-

nificantly (5.1 and 4.5, respectively). However, for measured incomplete PPF of the recrystallization tex-

ture of the aluminum alloy, they differ significantly (61.8 and 95.9), and the RP(0.5)-factor increases to

12.6 and 30.5%, respectively. Since the method of superposition of normal distributions provides a lower

value of the RP(0.5)-factor compared to the ADC method, the ODF reconstruction using the Texxor pro-

gram is preferable compared to LaboTex.

Keywords: texture; direct pole figure; orientation distribution function; superposition of normal distribu-

tions; Texxor and LaboTex software; ADC method.

Ââåäåíèå

Ôóíêöèÿ ðàñïðåäåëåíèÿ îðèåíòèðîâîê

(ÔÐÎ) f(g) — òðåõìåðíàÿ ôóíêöèÿ â îðèåíòàöè-

îííîì ïðîñòðàíñòâå îðèåíòèðîâîê {g}, êîòîðóþ

÷àùå âñåãî îïèñûâàþò ÷åðåç óãëû Ýéëåðà g =

= g(ö1, Ö, ö2). ÔÐÎ êîëè÷åñòâåííî õàðàêòåðèçó-

åò òåêñòóðó èññëåäóåìîãî ïîëèêðèñòàëëè÷åñêîãî

ìàòåðèàëà è ïðåäñòàâëÿåò ñîáîé ïëîòíîñòü ðàñ-

ïðåäåëåíèÿ îðèåíòèðîâîê êðèñòàëëèòîâ (çåðåí)

[11]:

d
d

V

V
f g g� ( ) , (1)

ãäå dV — îáúåì êðèñòàëëèòà, ñîäåðæàùèé îðèåí-

òèðîâêè â äèàïàçîíå dg; V — ïîëíûé îáúåì ïî-

ëèêðèñòàëëè÷åñêîãî îáðàçöà, âêëþ÷àþùåãî âñå

êðèñòàëëèòû.

ÔÐÎ, õàðàêòåðèçóþùóþ ïîëèêðèñòàëëè÷å-

ñêîå ñîñòîÿíèå ìàòåðèàëà ñ òî÷êè çðåíèÿ ðàñïðå-

äåëåíèÿ êðèñòàëëîãðàôè÷åñêèõ îðèåíòèðîâîê

êðèñòàëëèòîâ, ìîæíî ïîëó÷èòü äâóìÿ ñïîñîáàìè:

ñ ïîìîùüþ èçìåðåíèÿ ñòàòèñòè÷åñêè áîëüøîãî

÷èñëà òàê íàçûâàåìûõ èíäèâèäóàëüíûõ îðèåí-

òèðîâîê êðèñòàëëèòîâ (èñïîëüçóÿ ýëåêòðîííî-

ìèêðîñêîïè÷åñêóþ äèôðàêöèþ) è ïîëþñíûõ ôè-

ãóð (èñïîëüçóÿ ðåíòãåíîâñêóþ èëè íåéòðîííóþ

äèôðàêöèþ). Â ïåðâîì ñëó÷àå ÔÐÎ ðàññ÷èòûâà-

þò èç ìàññèâà îðèåíòèðîâîê êðèñòàëëèòîâ, âî

âòîðîì — ïóòåì ðåøåíèÿ ñèñòåìû èíòåãðàëüíûõ

óðàâíåíèé âèäà

PF y f g g
h

( ) ( ) .�
�

1

2�
d (2)

Ôîðìóëà (2) — ìàòåìàòè÷åñêîå ïðåäñòàâëå-

íèå ðàñïðåäåëåíèÿ êðèñòàëëè÷åñêèõ íàïðàâëå-

íèé h (âåêòîðà â êðèñòàëëè÷åñêîé ñèñòåìå êîîð-

äèíàò KC), èçìåðåííîãî â íàïðàâëåíèè îáðàçöà y

(âåêòîðà â ñèñòåìå êîîðäèíàò îáðàçöà KS).

Ñèñòåìó óðàâíåíèé (2) ðåøàþò ñ ïðèìåíåíè-

åì ìåòîäîâ ïðîèçâîëüíî îïðåäåëåííûõ ÿ÷ååê

(ADC-ìåòîäà) è ñóïåðïîçèöèè áîëüøîãî ÷èñëà

ïîëîæèòåëüíûõ ñòàíäàðòíûõ ãàóññîâñêèõ íîð-

ìàëüíûõ ðàñïðåäåëåíèé ñ îäèíàêîâûì ðàññåÿíè-

åì, ðåàëèçîâàííûõ â êîìïüþòåðíûõ ïðîãðàìì-

íûõ ïðîäóêòàõ LaboTex v. 3.0 (LaboSoft, Poland)

è Texxor [1 – 10].

Öåëü ðàáîòû — ñðàâíèòåëüíûé àíàëèç òåê-

ñòóð ìàòåðèàëîâ ñ ïîìîùüþ âîññòàíîâëåíèÿ

ÔÐÎ èç ýêñïåðèìåíòàëüíûõ íåïîëíûõ ïðÿìûõ

ïîëþñíûõ ôèãóð (ÏÏÔ) ñ èñïîëüçîâàíèåì ñóïåð-

ïîçèöèè íîðìàëüíûõ ðàñïðåäåëåíèé è ADC-

ìåòîäà.

Ìåòîä ñóïåðïîçèöèè

íîðìàëüíûõ ðàñïðåäåëåíèé

Äëÿ ðåøåíèÿ ñèñòåìû (2) ÔÐÎ ìîæíî ïðåä-

ñòàâèòü â âèäå ñóïåðïîçèöèè ïîëîæèòåëüíûõ

ñòàíäàðòíûõ íîðìàëüíûõ ðàñïðåäåëåíèé, ðàñïî-

ëîæåííûõ íà ðåãóëÿðíîé èëè ñëó÷àéíîé òðåõ-

ìåðíîé ñåòêå â îðèåíòàöèîííîì ïðîñòðàíñòâå

[11 – 15]:
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(3)

ãäå N — êîëè÷åñòâî ñòàíäàðòíûõ ôóíêöèé; Wi,

gi — âåñ (àìïëèòóäà) è ïîëîæåíèå öåíòðà i-é

ôóíêöèè; åi — ïàðàìåòð ðàññåÿíèÿ.

Ïðè íàëè÷èè êðèñòàëëè÷åñêîé ñèììåòðèè è

ñèììåòðèè îáðàçöà â êà÷åñòâå ñòàíäàðòíûõ

ôóíêöèé fs(g, gi, åi) èñïîëüçóþò ñóïåðïîçèöèþ

ïèêîâ f(g, g0, å) (ðàñïðåäåëåíèå ñ ñèììåòðè÷íûì

ðàññåÿíèåì å âîêðóã öåíòðà g0):

f g g
N N

f g g g gs

A B

Bj Ai

j

N

i

N BA

( , , ) ( , , ),
0 0
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1
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��

�� (4)

ãäå GA = {gAi, i = 1, 2, ..., NA}, GB = {gBj, j = 1, 2,

..., NB} — ýëåìåíòû ñèììåòðèè, ïðèíàäëåæàùèå

ãðóïïå âðàùåíèé SO(3), ïîäãðóïïû ñîîòâåò-

ñòâóþùèõ òî÷å÷íûõ ãðóïï ñèììåòðèè îáðàçöà è

êðèñòàëëà.

Áàçèñíàÿ àïïðîêñèìèðóþùàÿ ôóíêöèÿ

f(g, g0, å) — êðóãîâîå ãàóññîâñêîå ðàñïðåäåëåíèå

(ïàðàìåòð ðàññåÿíèÿ å ñîîòâåòñòâóåò óãëó ðàññåÿ-

íèÿ � �� 4 2ln ) — äëÿ óçêèõ ïèêîâ (å < 0,3) èìå-

åò âèä [13 – 22]:

f g g f t
g
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exp ,
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(5)

ãäå cos t = [ ( )Tr g g
0

1� – 1]�2.
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Ïðè ýòîì ïîëþñíûå ïëîòíîñòè ïëîñêîñòè

êðèñòàëëà h äëÿ íàïðàâëåíèÿ â îáðàçöå y [22]

P g P( , , , ( , )h y
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exp exp
( )

, (6)

ãäå cos(è) = (h, g0y) — ñêàëÿðíîå ïðîèçâåäåíèå

âåêòîðîâ h è g0y.

Ñòàíäàðòíîé òåêñòóðíîé ôóíêöèè fS(g, g0, å)

(óðàâíåíèå (4)) ñîîòâåòñòâóåò ñòàíäàðòíàÿ ôóíê-

öèÿ ïîëþñíîé ïëîòíîñòè

P g
N N

P g g gS

A B

Bj Ai

j

N

i

N BA

( , , , ) ( , , , ),h y h y
0 0

11

1
� ��

��

�� (7)

ãäå gA " GA, gB " GB — ýëåìåíòû ïîäãðóïïû âðà-

ùåíèé äëÿ ñîîòâåòñòâóþùèõ òî÷å÷íûõ ãðóïï

ñèììåòðèè îáðàçöà è êðèñòàëëà.

Òîãäà ÔÐÎ f(g), çàïèñàííîé â âèäå ñóïåðïî-

çèöèè ñòàíäàðòíûõ ôóíêöèé fS(g) (óðàâíåíèå

(3)), ñîîòâåòñòâóþò ïîëþñíûå ïëîòíîñòè â âèäå

ñóïåðïîçèöèè ñòàíäàðòíûõ ôóíêöèé ïîëþñíîé

ïëîòíîñòè

P W P g
i

S

i i

i

N

( , ) ( , , ).h y h y�

�

� �

1

(8)

Öåíòðû ñòàíäàðòíûõ ôóíêöèé fS(gi, å) çàäà-

þò íà íåêîòîðîé ðåãóëÿðíîé òðåõìåðíîé ñåòêå â

îðèåíòàöèîííîì ïðîñòðàíñòâå. Èõ ðàññåÿíèå,

êîòîðîå ïðèíèìàþò îäèíàêîâûì, îïðåäåëÿåòñÿ

óãëîâûì ðàññòîÿíèåì ìåæäó åå óçëàìè. Ñòàí-

äàðòíûå ôóíêöèè äîëæíû ïåðåêðûâàòüñÿ ïî

êðàéíåé ìåðå íà ïîëîâèíå âûñîòû ïèêîâ, ïîýòî-

ìó èõ ÷èñëî äîëæíî áûòü î÷åíü áîëüøèì (ðàññåÿ-

íèå ôóíêöèé fS(gi, å) äîëæíî áûòü ñóùåñòâåííî

ìåíüøå ðàññåÿíèÿ ëþáîé êîìïîíåíòû ðåàëüíîé

òåêñòóðû). Îòìåòèì, ÷òî â ýòîì ñëó÷àå ñòàíäàðò-

íûå ôóíêöèè íå ìîãóò ðàññìàòðèâàòüñÿ êàê ðå-

àëüíûå êîìïîíåíòû òåêñòóðíîé ôóíêöèè (ëþáàÿ

åå êîìïîíåíòà ïðåäñòàâëÿåòñÿ â âèäå ñóïåðïîçè-

öèè ñòàíäàðòíûõ ôóíêöèé).

Ïðè òàêèõ óñëîâèÿõ ïîëó÷àåì ñèñòåìó ëèíåé-

íûõ óðàâíåíèé äëÿ íàõîæäåíèÿ íåèçâåñòíûõ

âåñîâ Wi

A W
ij i

i

N

�

�

1

= Pexp{h, y}j, (9)

ãäå Pexp{h, y}j — ýêñïåðèìåíòàëüíûå ïîëþñíûå

ïëîòíîñòè äëÿ âñåõ èçìåðåííûõ êîìáèíàöèé

{h, y}j; Aij = PS({h, y}j, gi, å) — ìàòðèöà ñèñòåìû,

ýëåìåíòû êîòîðîé — êîýôôèöèåíòû âëèÿíèÿ

ñòàíäàðòíîé ôóíêöèè fS(gi, å) íà ïîëþñíóþ ïëîò-

íîñòü Pexp{h, y}j.

Çàìåòèì, ÷òî ïîëþñíûå ïëîòíîñòè â óðàâíå-

íèè (9) — íîðìèðîâàííûå âåëè÷èíû, èñïðàâëåí-

íûå íà èíñòðóìåíòàëüíûå ôàêòîðû.

Ñèñòåìó ëèíåéíûõ óðàâíåíèé ñ ïîëîæèòåëü-

íûìè è íîðìèðîâàííûìè íåèçâåñòíûìè ðåøàþò

ñ ïîìîùüþ èòåðàöèîííîãî ìåòîäà ïðîåêöèé

[23, 24]. Ïðè ïëîõîé îáóñëîâëåííîñòè ìàòðèöû

ñèñòåìû ìåòîä îáåñïå÷èâàåò ðåãóëÿðèçàöèþ ðå-

øåíèÿ ïî îäíîìó èç ôóíêöèîíàëîâ ãëàäêîñòè

( W
i

2
� # min) è äîïîëíèòåëüíî ó÷èòûâàåò óñëî-

âèå ïîëîæèòåëüíîñòè àìïëèòóä ïèêîâ. Êðîìå

òîãî, â îòëè÷èå îò äðóãèõ èòåðàöèîííûõ ïîäõî-

äîâ â ñëó÷àå ìåòîäà ïðîåêöèé ïîñëåäîâàòåëü-

íîñòü âåêòîðîâ wi âñåãäà ñõîäèòñÿ â ðåçóëüòàòå

ìíîãîêðàòíîãî ïîâòîðåíèÿ öèêëîâ èòåðàöèé [15].

ADC-ìåòîä

Ìåòîäîì ïðîèçâîëüíî îïðåäåëåííûõ ÿ÷ååê

(arbitrarily defined cells — ADC) âû÷èñëÿþò ÔÐÎ

èç ïîëþñíûõ ôèãóð (ÏÔ) íåïîñðåäñòâåííî â îðè-

åíòàöèîííîì òðåõìåðíîì ïðîñòðàíñòâå Ýéëåðî-

âûõ óãëîâ [1, 2].

Äëÿ ðåøåíèÿ óðàâíåíèÿ (2) îðèåíòàöèîííîå

ïðîñòðàíñòâî è ÏÔ äèñêðåòèçèðóþò, ñîîòâåò-

ñòâåííî, íà ÿ÷åéêè Ca (a — íîìåð ÿ÷åéêè) è äîìå-

íû Dkie (k íóìåðóåò äîìåíû, i — ÏÔ, e — ñèììå-

òðè÷íî ýêâèâàëåíòíûå ïîëþñà íà i-é ÏÔ). Çíà÷å-

íèÿ ÔÐÎ f(g) ñîîòâåòñòâóþò ÿ÷åéêàì Ca (äèñêðåò-

íûì ýëåìåíòàì îðèåíòàöèîííîãî ïðîñòðàíñòâà),

Pkie — äîìåíàì Dkie (äèñêðåòíûì ýëåìåíòàì ÏÔ).

Dkie â îðèåíòàöèîííîì ïðîñòðàíñòâå ïðåäñòàâëÿ-

þò ÷åðåç ïðîåêöèîííûå òðóáêè Tkie. Ãåîìåòðè÷å-

ñêèå ïåðåñå÷åíèÿ Tkie è Ca êîëè÷åñòâåííî âûðà-

æàþò ÷åðåç âåñîâûå ìíîæèòåëè Uakie — îáúåì-

íûå äîëè òðóáîê Tkie, ïåðåñåêàþùèõ ÿ÷åéêè Ca.

Àïïðîêñèìàöèÿ ÔÐÎ ñ ïîìîùüþ ADC-ìåòîäà

âêëþ÷àåò òðè èòåðàöèîííûå ñòàäèè:

1. Ðàñ÷åò ÔÐÎ ïóòåì ãåîìåòðè÷åñêîãî óñðåä-

íåíèÿ Pkie ïî âñåì ÏÔ (i = 1, ..., I) è ñèììåòðè÷íî

ýêâèâàëåíòíûì ïîëþñàì (e = 1, ..., Ei) íà êàæäîé

èç ÏÔ:

I a akie kie

T C
e E

i I

f U P

kie a
i

( )

|
,

,

,1

1
1

�

�

�

�

�

�

�

�

�

�

�
�

(10)

I a
n

a
n

akie

T C

kie

kie

n

e

f f U
P

P
kie a

( ) ( )

|
( )

,

�

�

�

�

�

�

�

�

�

�

�

�
1

1 E
i Ii �1,

, (11)

ãäå f a
n( ) — çíà÷åíèÿ ÔÐÎ, ïðèïèñàííûå ê ÿ÷åé-

êå Ca, ðàññ÷èòàííîé íà n-ì øàãå èòåðàöèé;

Tkie|Ca — òðóáêè Tkie, ïåðåñåêàþùèå ÿ÷åéêó Ca;

Pkie — ýêñïåðèìåíòàëüíûå çíà÷åíèÿ ÏÔ;

P
V

V f
kie

n

kie

akie a
n

T Ckie a

( ) ( )

|

� �

1
— (12)

çíà÷åíèÿ ÏÔ, ðàññ÷èòàííûå íà n-ì øàãå èòåðà-

öèé èç f a
n( ) ñ èñïîëüçîâàíèåì äèñêðåòíîé ôîðìû

èíòåãðàëüíîãî óðàâíåíèÿ (2); Vkie, Vakie — îáúåìû

òðóáêè Tkie è ÿ÷åéêè Ca âíóòðè òðóáêè Tkie.
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2. Ðåøåíèå, ïîëó÷àåìîå â ðåçóëüòàòå èòåðà-

öèé, êàê ïðàâèëî, îòêëîíÿåòñÿ îò èñòèííîãî

(ïðèñóòñòâóþò ëîæíûå ìàêñèìóìû — «äóõè»).

Ïîýòîìó â èòåðàöèîííîé ïðîöåäóðå íåîáõîäèìû

äîïîëíèòåëüíûå óñëîâèÿ äëÿ êîíòðîëÿ ïîèñêà

ïðèåìëåìîé àïïðîêñèìàöèè ÔÐÎ [26]. Â äàííîì

ñëó÷àå ýòî âûáîð ìèíèìàëüíîãî çíà÷åíèÿ äëÿ

êàæäîãî èç f a
n( ) [2, 3].

Èòåðàöèîííàÿ ïðîöåäóðà ñëåäóþùàÿ. Ñêîð-

ðåêòèðîâàííûå íà 1-ì øàãå ÏÔ âûñòóïàþò íà-

÷àëüíûìè äàííûìè äëÿ 2-é ñòàäèè:

II kie I kie

n
P P�

( )
. (13)

Äëÿ êàæäîãî ñåìåéñòâà òðóáîê (i, e) â êàæäîé

ÿ÷åéêå Ca âû÷èñëÿåòñÿ îðèåíòàöèîííàÿ ïëîò-

íîñòü
II af ( ) .1 Èç ñåðèè ðåçóëüòèðóþùèõ çíà÷åíèé

äëÿ ðàçëè÷íûõ ñåìåéñòâ òðóáîê, ïåðåñåêàþùèõ

ÿ÷åéêó, âûáèðàåòñÿ íàèìåíüøåå:

II a akieII kie

T C

f U P

kie a

( )

|

min1
�

�

�

�

�

�

�

�

�

� $ i = im, e = em. (14)

Îïðåäåëåííûå òàêèì îáðàçîì fa îáîçíà÷àþò-

ñÿ èíäåêñàìè i = im, e = em. Ïîñëå íîðìàëèçàöèè

â ïðîñòðàíñòâå ÔÐÎ ðàññ÷èòûâàþòñÿ ÏÔ è íàõî-

äèòñÿ ñëåäóþùåå çíà÷åíèå îïåðàòîðà QII (äëÿ i =

= im, e = em):

Q U
P

P
II

n

akie

II kie

II kie

n
T Ckie a

( )

( )
|

.� � (15)

Â çàâèñèìîñòè îò QII îðèåíòàöèîííûå ïëîò-

íîñòè â ÿ÷åéêàõ äëÿ ñëåäóþùåé èòåðàöèè âûáè-

ðàþòñÿ ñîãëàñíî âûðàæåíèÿì

II a
n II a

n

II

n

II a
n

II

n

II

n
f

f Q

f Q Q
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( ) ( )

( ) ( ) (

;
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�
1

1ïðè

ïðè
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.%
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(
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(16)

Îòìåòèì, ÷òî fa â ýòîé ïðîöåäóðå ìîãóò ïðå-

âûøàòü èñòèííûå (íàïðèìåð, ýêñïåðèìåíòàëü-

íûå) çíà÷åíèÿ (QII < 1).

3. Â òå÷åíèå èòåðàöèîííîãî ïðîöåññà ÔÐÎ è

ÏÔ íîðìèðóþòñÿ, ñòðóêòóðà èòåðàöèîííîãî îïå-

ðàòîðà îáåñïå÷èâàåò íåîòðèöàòåëüíîñòü ÔÐÎ.

Â ðåçóëüòàòå ïîñëåäîâàòåëüíûõ ïðèáëèæåíèé

ñòàòèñòè÷åñêàÿ îøèáêà ýêñïåðèìåíòàëüíûõ ÏÔ

óñðåäíÿåòñÿ, «äóõè» êîððåêòèðóþòñÿ íà îñíîâå

íàèìåíüøèõ çíà÷åíèé ïîëþñíîé ïëîòíîñòè íà

ÏÔ, è, íàêîíåö, îñóùåñòâëÿåòñÿ ñãëàæèâàíèå

ÔÐÎ.

Îáñóæäåíèå ðåçóëüòàòîâ

Ìåòîäû âîññòàíîâëåíèÿ ÔÐÎ ñðàâíèâàëè ñ

ïðèìåíåíèåì RP-ôàêòîðà — âåëè÷èíû ïîãðåø-

íîñòè îòêëîíåíèÿ âû÷èñëåííûõ è ýêñïåðèìåí-

òàëüíûõ ÏÔ. Âåëè÷èíó RP-ôàêòîðà îïðåäåëÿëè

èç ñîîòíîøåíèé [11, 26, 27]

RP
N

PF PF

PF
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{ }
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{ } { }

{ }
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)
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�

�

1

1

exp

exp

*100 %, (17)

RP
M

RP
hkl

j

M

j

( ) ( ),
{ }

� ��

�

�

1

1

(18)

ãäå RP{hkl} — îòíîñèòåëüíàÿ ïîãðåøíîñòü äëÿ

{hkl} ÏÔ; {PFexp}i, {PFcalc}i — èíòåíñèâíîñòè

ýêñïåðèìåíòàëüíîé (ñêîððåêòèðîâàííîé è íîð-

ìèðîâàííîé) è ðàñ÷åòíîé ÏÔ â òî÷êå i (ïîëþñíàÿ

ïëîòíîñòü); N — ÷èñëî èçìåðåííûõ òî÷åê íà ÏÔ;

M — ÷èñëî èçìåðåííûõ ÏÔ.

Ñóììèðîâàíèå â (17) âåäåòñÿ ïî âñåì òî÷êàì i

íà ÏÔ, â êîòîðûõ âûïîëíåíî óñëîâèå {PFexp}i >

> Ä > 0. Ââåäåíèå ïàðàìåòðà Ä îáóñëîâëåíî èñ-

êëþ÷åíèåì çíà÷åíèé ïîëþñíîé ïëîòíîñòè íèæå

çàäàííîãî óðîâíÿ, òàê êàê íàèáîëüøèå ïîãðåø-

íîñòè âîçíèêàþò èìåííî äëÿ ìàëîé ïîëþñíîé

ïëîòíîñòè (â ñèëó íåäîñòàòî÷íîé ñòàòèñòèêè èç-

ìåðåíèé çåðåí, îòâå÷àþùèõ ñîîòâåòñòâóþùèì

îáëàñòÿì îðèåíòàöèîííîãî ïðîñòðàíñòâà).

Êðèòåðèåì óñòîé÷èâîñòè âû÷èñëèòåëüíîãî

ìåòîäà ìîæíî ñ÷èòàòü ìèíèìàëüíîå çíà÷åíèå

RP-ôàêòîðà.

Íà ðèñ. 1 ïðèâåäåíû ÔÐÎ, ðàññ÷èòàííûå äëÿ

ýòàëîííîé îðèåíòèðîâêè Santa Fee (ãàóññîâñêîå

ðàñïðåäåëåíèå, ö1 = ö2 = 333,4°, Ö = 48,2°, øè-

ðèíà 20°, âåñ 0,27, áåñòåêñòóðíàÿ êîìïîíåíòà âå-

ñîì 0,73) [24, 25].

Ïðè âîññòàíîâëåíèè ÔÐÎ ïèêè êîìïîíåíòû

íà ÏÔ ñëèâàþòñÿ, ïîýòîìó âû÷èñëÿëè êîýôôè-

öèåíòû ðàçëîæåíèÿ ÷åòíîé ÷àñòè ÔÐÎ â ðÿä

îáîáùåííûõ ñôåðè÷åñêèõ ôóíêöèé [11]. Ðàññ÷è-

òàííûå ïî ýòèì êîýôôèöèåíòàì íà ñåòêå 5 × 5°

ÏÏÔ {001}, {011}, {111} è {113} èñïîëüçîâàëè

â êà÷åñòâå «ýêñïåðèìåíòàëüíûõ» äëÿ âîññòà-

íîâëåíèÿ ÔÐÎ ñ ïðèìåíåíèåì ñóïåðïîçèöèè

ñòàíäàðòíûõ òåêñòóðíûõ ôóíêöèé ñ ðàññåÿíèåì

12° äëÿ êàæäîé ôóíêöèè (Texxor) è ADS-ìåòîäà

(LaboTex).

Ïîëó÷èëè, ÷òî ìàêñèìàëüíûå îðèåíòàöèîí-

íûå ïëîòíîñòè äëÿ ÔÐÎ ñîñòàâëÿþò 5,1 (Texxor)

è 4,5 (LaboTex). Ïðè ýòîì ÔÐÎ ïî LaboTex áîëåå

ðàññåÿííàÿ ïî ñðàâíåíèþ ñ ÔÐÎ, âû÷èñëåííîé

ïî Texxor.

Íà ðèñ. 2 äëÿ îðèåíòèðîâêè Santa Fee ïðåä-

ñòàâëåíû èñõîäíûå è ðàññ÷èòàííûå èç ÔÐÎ

ÏÏÔ. Âèäíî, ÷òî âû÷èñëåííûå ÏÏÔ áëèçêè ê

èñõîäíûì.

Îòíîñèòåëüíóþ ïîãðåøíîñòü ðàñ÷åòîâ îöåíè-

âàëè ïî çíà÷åíèÿì RP(0,5)-ôàêòîðà (èñïîëüçó-

åìûå íîðìèðîâàííûå èíòåíñèâíîñòè �0,5), êî-

òîðûå ñîñòàâèëè 0,3 (Texxor) è 2,6 % (LaboTex).

Ïîñêîëüêó â ïåðâîì ñëó÷àå âåëè÷èíà ôàêòîðà
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à á

Ðèñ. 1. Ñå÷åíèÿ ÔÐÎ, ðàññ÷èòàííûå äëÿ îðèåíòèðîâêè Santa Fee ïî ïðîãðàììàì Texxor (à) è LaboTex (á)

Fig. 1. The ODF sections for Santa Fee orientation calculated using Texxor (a) è LaboTex (b) programs

à

á

â

Ðèñ. 2. Èñõîäíûå (à) è ðàññ÷èòàííûå ïî ïðîãðàììàì Texxor (á) è LaboTex (â) ÏÏÔ äëÿ îðèåíòèðîâêè Santa Fee

Fig. 2. Initial (a) and calculated DPF using Texxor (b) and LaboTex (c) programs for Santa Fee orientation



ìåíüøå, ìîæíî óòâåðæäàòü, ÷òî ÔÐÎ ïðè èñ-

ïîëüçîâàíèè ìåòîäà ñóïåðïîçèöèè íîðìàëüíûõ

ðàñïðåäåëåíèé âîññòàíàâëèâàåòñÿ òî÷íåå.

Íà ðèñ. 3 äëÿ îòîææåííîãî ëèñòà àëþìèíèå-

âîãî ñïëàâà 6016 ïðèâåäåíû ðàññ÷èòàííûå ïî

Texxor è LaboTex ÔÐÎ è ÏÏÔ.

Èñõîäíûå äàííûå â âèäå íåïîëíûõ ÏÔ (111),

(200), (220), (311) ïîëó÷àëè ñ ïîìîùüþ ñúåìêè íà

ðåíòãåíîâñêîì äèôðàêòîìåòðå «ÄÐÎÍ-7» ñ òåê-

ñòóðíîé ïðèñòàâêîé ÏÃÒÌ (CoKá-èçëó÷åíèå, ðå-

æèì îòðàæåíèÿ, ìàêñèìàëüíûé óãîë íàêëîíà

ámax = 70°, øàã ïî óãëàì á è â (ðàäèàëüíîìó è

àçèìóòàëüíîìó óãëàì íà ÏÔ) — 5°) [28]. Ïåðåä

âîññòàíîâëåíèåì ÔÐÎ èçìåðåííûå ÏÔ ïîäâåð-

ãàëè ïðîöåäóðå ñèììåòðèçàöèè, çàòåì ââîäèëè

ïîïðàâêó íà äåôîêóñèðîâêó [29]. Îòíîñèòåëüíóþ

ïîãðåøíîñòü ðàñ÷åòîâ îöåíèâàëè ïî RP(0,5)-

ôàêòîðó.

Âèäíî, ÷òî ñòåïåíü îñòðîòû êóáè÷åñêîé îðè-

åíòèðîâêè íà ÔÐÎ, ðàññ÷èòàííûõ ñ ïîìîùüþ ñó-

ïåðïîçèöèè íîðìàëüíûõ ðàñïðåäåëåíèé è ADC-

ìåòîäà, çíà÷èòåëüíî îòëè÷àåòñÿ. Ïðè ýòîì áîëåå
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Ðèñ. 3. Ñå÷åíèÿ ÔÐÎ (à, á) è ÏÏÔ (â, ã), ðàññ÷èòàííûå äëÿ îòîææåííîãî ëèñòà ñïëàâà 6016 ïî ïðîãðàììàì Texxor è

LaboTex ñîîòâåòñòâåííî (ö
2

= const)

Fig. 3. The ODF sections (a, b) and DPF (c, d) calculated for the annealed sheet of 6016 alloy using Texxor and LaboTex pro-

grams, respectively (ö
2

= const)



âûñîêèì çíà÷åíèÿì ìàêñèìàëüíîé îðèåíòàöèîí-

íîé ïëîòíîñòè, ïîëó÷åííûì ñ èñïîëüçîâàíèåì

ïðîãðàììû LaboTex (95,9 ïðîòèâ 61,8 ïî Texxor),

ñîîòâåòñòâóåò áîëüøåå çíà÷åíèå RP(0,5)-ôàêòîðà

(30,5 ïðîòèâ 12,6 %). Ìîæíî çàêëþ÷èòü, ÷òî ïðè

âîññòàíîâëåíèè ÔÐÎ îñòðûõ òåêñòóð ìåòîä ñó-

ïåðïîçèöèè íîðìàëüíûõ ðàñïðåäåëåíèé îêà-

çûâàåòñÿ ïðåäïî÷òèòåëüíåå (RP(0,5)-ôàêòîð

ìåíüøå).

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ñðàâíèòåëüíûé àíàëèç ìåòî-

äîâ âîññòàíîâëåíèÿ ÔÐÎ, ðåàëèçîâàííûõ ïî ïðî-

ãðàììàì LaboTex è Texxor, ïîêàçàë, ÷òî êàê äëÿ

ýòàëîííîé îðèåíòèðîâêè Santa Fee, òàê è îòî-

ææåííîãî ëèñòà àëþìèíèåâîãî ñïëàâà 6016 ñ èñ-

õîäíîé îñòðîé òåêñòóðîé ìåòîä ñóïåðïîçèöèè

íîðìàëüíûõ ðàñïðåäåëåíèé èìååò ïðåèìóùåñòâî

ïî ñðàâíåíèþ ñ ADC-ìåòîäîì. Â îáîèõ ñëó÷àÿõ

RP(0,5)-ôàêòîð, ïî êîòîðîìó îöåíèâàëè îòíîñè-

òåëüíóþ ïîãðåøíîñòü ðàñ÷åòîâ, îêàçûâàëñÿ çíà-

÷èòåëüíî ìåíüøå (0,3 ïðîòèâ 2,6 è 12,6 ïðîòèâ

30,5 % ñîîòâåòñòâåííî). Êðîìå òîãî, ìåòîä ñóïåð-

ïîçèöèè õàðàêòåðèçóåòñÿ áîëüøåé òî÷íîñòüþ.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïî ãîñóäàðñòâåííîìó çàäà-

íèþ ¹ 075-00947-20-00.

Áëàãîäàðíîñòè

Àâòîðû âûðàæàþò áëàãîäàðíîñòü Î. À. Êðûì-

ñêîé (íàöèîíàëüíûé èññëåäîâàòåëüñêèé ÿäåðíûé

óíèâåðñèòåò «ÌÈÔÈ», êàôåäðà ôèçè÷åñêèõ

ïðîáëåì ìàòåðèàëîâåäåíèÿ) çà ïðîâåäåíèå ðàñ÷å-

òîâ ADC-ìåòîäîì ïî ïðîãðàììå LaboTex.
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