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Ìíîãèå ñâîéñòâà ïîëèêðèñòàëëè÷åñêèõ ìàòåðèàëîâ çàâèñÿò îò êðèñòàëëîãðàôè÷åñêîé òåê-

ñòóðû, íàèáîëåå ïîëíóþ èíôîðìàöèþ î êîòîðîé äàåò ôóíêöèÿ ðàñïðåäåëåíèÿ îðèåíòèðî-

âîê (ÔÐÎ). Îñíîâíàÿ çàäà÷à êîëè÷åñòâåííîãî òåêñòóðíîãî àíàëèçà — âîññòàíîâëåíèå ÔÐÎ

ïî åå äâóìåðíûì ïðîåêöèÿì — ïîëþñíûì ôèãóðàì, ïîëó÷àåìûì ìåòîäàìè ðåíòãåíîâñêîé

ëèáî íåéòðîííîé äèôðàêöèè. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû âîññòàíîâëåíèÿ ÔÐÎ äëÿ

ìàòåðèàëîâ ñ íèçêîé ñèììåòðèåé ðåøåòêè è îáðàçöà ñ èñïîëüçîâàíèåì ãàðìîíè÷åñêîãî ìå-

òîäà. Ìåòîä îñíîâàí íà ðàçëîæåíèè ÔÐÎ â ðÿä Ôóðüå ïî òðåõìåðíûì ñèììåòðè÷íûì ñôå-

ðè÷åñêèì ôóíêöèÿì. Èñïîëüçîâàëè äåéñòâèòåëüíûå ôóíêöèè — ëèíåéíûå êîìáèíàöèè

ñîîòâåòñòâóþùèõ êîìïëåêñíûõ ñôåðè÷åñêèõ ôóíêöèé. Èññëåäîâàëè ìîäåëüíóþ îäíîêîì-

ïîíåíòíóþ òåêñòóðó è òåêñòóðó îáðàçöà ñïëàâà ìàãíèÿ, ïîäâåðãíóòîãî ðàâíîêàíàëüíîìó

óãëîâîìó ïðåññîâàíèþ. Òåêñòóðû õàðàêòåðèçóþòñÿ ãåêñàãîíàëüíîé ñèììåòðèåé ðåøåòêè è

òðèêëèííîé ñèììåòðèåé îáðàçöà. Â îáîèõ ñëó÷àÿõ RP-ôàêòîðû è ïîãðåøíîñòü ðàñ÷åòà

ÔÐÎ, ïðèìåíÿåìûå äëÿ ïðîâåðêè àäåêâàòíîñòè ðåøåíèÿ, ïîêàçàëè õîðîøåå ñîâïàäåíèå

ðàñ÷åòíûõ è èñõîäíûõ äàííûõ. Ïîëó÷åíî òàêæå, ÷òî íà ÔÐÎ îáðàçöà ñïëàâà ìàãíèÿ ïðè-

ñóòñòâóþò äâå òåêñòóðíûå êîìïîíåíòû (1216)[1211] è (1216)[1211] ñ ìàêñèìàëüíûìè èí-

òåíñèâíîñòÿìè 13,81 è 2,23 ñîîòâåòñòâåííî. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçî-

âàíû ïðè òåêñòóðíûõ èññëåäîâàíèÿõ êåðàìèêè, ãîðíûõ ïîðîä è äðóãèõ íåìåòàëëè÷åñêèõ

ìàòåðèàëîâ ñ íèçêîé ñèììåòðèåé.

Êëþ÷åâûå ñëîâà: ôóíêöèÿ ðàñïðåäåëåíèÿ îðèåíòèðîâîê; ãàðìîíè÷åñêèé ìåòîä; êîýô-

ôèöèåíòû Ôóðüå; ñôåðè÷åñêèå ãàðìîíèêè; íèçêàÿ ñèììåòðèÿ.
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A lot of the properties polycrystalline materials depend on their crystallographic texture. The most

complete information about the texture can be obtained from the orientation distribution function (ODF).

We present the results of recovering ODF using series expansion technique for materials with low crystal

and sample symmetry. The technique of ODF restoration is based on its Fourier series expansion with

symmetrical spherical harmonic functions. Real spherical harmonics which are linear combinations of

general spherical harmonics were used. The model single-component texture as well as the real texture of

magnesium alloy sample subjected to equal-channel angular pressing have been studied. Textures are

characterized by hexagonal crystal symmetry and triclinic sample symmetry. In both cases RP-factors and
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ODF calculation errors that were used as reliability criteria of ODF reconstruction showed good agree-

ment between the calculated and experimental data. It was also revealed that the ODF of a magnesium

alloy sample subjected to equal-channel angular pressing contains two texture components (1216)[1211]

and (1216)[1211] with maximum intensity values of 13.81 and 2.23, respectively. The results obtained can

be used for texture studies of ceramics, rocks and other non-metallic materials characterized by a lower

symmetry.

Keywords: orientation distribution function; series expansion; Fourier coefficients; spherical harmonics;

low symmetry.

Ââåäåíèå

Áîëüøèíñòâî èñïîëüçóåìûõ â ïðîìûøëåííî-

ñòè ìàòåðèàëîâ (ìåòàëëû è ñïëàâû, êåðàìèêè è

ìèíåðàëû) èìåþò ïîëèêðèñòàëëè÷åñêóþ ñòðóê-

òóðó. Ìíîãèå ñâîéñòâà ïîëèêðèñòàëëîâ çàâèñÿò â

òîì ÷èñëå îò òîãî, êàê ñîñòàâëÿþùèå èõ îòäåëü-

íûå çåðíà îðèåíòèðîâàíû îòíîñèòåëüíî ôèê-

ñèðîâàííîé âíåøíåé ñèñòåìû êîîðäèíàò. Åñëè

çåðíà â ìàòåðèàëå èìåþò ñëó÷àéíûå îðèåíòèðîâ-

êè, òî òàêîå ñîñòîÿíèå íàçûâàþò áåñòåêñòóðíûì.

Â ñëó÷àå ïðåèìóùåñòâåííûõ îðèåíòèðîâîê ãîâî-

ðÿò î êðèñòàëëîãðàôè÷åñêîé òåêñòóðå [1, 2].

Íàèáîëåå ïîëíóþ èíôîðìàöèþ î òåêñòóðå

ìàòåðèàëà äàåò ôóíêöèÿ ðàñïðåäåëåíèÿ îðèåí-

òèðîâîê (ÔÐÎ) — ôóíêöèÿ ðàñïðåäåëåíèÿ ïëîò-

íîñòè âåðîÿòíîñòè, íîðìèðîâàííàÿ íà îáúåì

îðèåíòàöèîííîãî ïðîñòðàíñòâà. Îñíîâíàÿ çàäà÷à

êîëè÷åñòâåííîãî òåêñòóðíîãî àíàëèçà — âîññòà-

íîâëåíèå ÔÐÎ ïî åå äâóìåðíûì ïðîåêöèÿì —

ïîëþñíûì ôèãóðàì (ÏÔ), ïîëó÷àåìûì ñ ïî-

ìîùüþ ðåíòãåíîâñêîãî ëèáî íåéòðîííîãî äè-

ôðàêòîìåòðà.

Âîññòàíîâèòü ÔÐÎ ìîæíî ñ ïîìîùüþ òàê íà-

çûâàåìûõ ïðÿìûõ ìåòîäîâ (WIMV-ìåòîä, ìåòîä

ïðîèçâîëüíî îïðåäåëåííûõ ÿ÷ååê — ADC (arbit-

rarily defined cells), âåêòîðíûé ìåòîä), îñíîâàí-

íûõ íà òîì, ÷òî äèñêðåòíàÿ ïîëóñôåðà ÏÔ ñîîò-

âåòñòâóåò ñåìåéñòâàì ïðîåêöèîííûõ òðóáîê â

ïðîñòðàíñòâå ÔÐÎ [3 – 7]. Äîñòîèíñòâî ïðÿìûõ

ìåòîäîâ — ñòðîãîå âûïîëíåíèå óñëîâèÿ íåîòðè-

öàòåëüíîñòè ÔÐÎ, íåäîñòàòîê — âîçíèêíîâåíèå

ëîæíûõ ìàêñèìóìîâ.

Ïðèìåíÿþò òàêæå ìåòîä êîìïîíåíò, ïðè êî-

òîðîì ÔÐÎ îïèñûâàåòñÿ íàáîðîì ñòàíäàðòíûõ

êîìïîíåíò ñ ðàçëè÷íûìè âåñàìè è ïàðàìåòðàìè

ðàññåÿíèÿ [8, 9]. Åãî ïðåèìóùåñòâà: ìàëîå êîëè-

÷åñòâî òåêñòóðíûõ êîìïîíåíò, ïðÿìîå ïîëó÷åíèå

èíôîðìàöèè îá îáúåìíûõ äîëÿõ ïîëó÷åííûõ

êîìïîíåíò, âûïîëíåíèå óñëîâèÿ íåîòðèöàòåëü-

íîñòè ÔÐÎ, îòñóòñòâèå ëîæíûõ ìàêñèìóìîâ.

Ãëàâíûé ìèíóñ — ñëîæíîñòü îïðåäåëåíèÿ íà-

÷àëüíûõ çíà÷åíèé ïàðàìåòðîâ (òåêñòóðíûõ êîì-

ïîíåíò, èõ âåñîâ è ðàññåÿíèé) èç àíàëèçà ÏÔ.

Àíàëîãè ìåòîäà êîìïîíåíò — àâòîìàòèçèðî-

âàííûé ìåòîä êîìïîíåíò, ìåòîä âîññòàíîâëåíèÿ

ÔÐÎ ñ ïîìîùüþ ñóïåðïîçèöèè íîðìàëüíûõ ðàñ-

ïðåäåëåíèé è MTEX-ìåòîä [4, 10 – 12]. Â íèõ

ÔÐÎ îïðåäåëÿåòñÿ â âèäå ñóïåðïîçèöèè áîëüøî-

ãî ÷èñëà ñòàíäàðòíûõ ðàñïðåäåëåíèé ñ ôèêñèðî-

âàííûì ðàññåÿíèåì.

Ìåòîä âîññòàíîâëåíèÿ ÔÐÎ ïóòåì ðàçëîæå-

íèÿ â ðÿä Ôóðüå ïî ñôåðè÷åñêèì ãàðìîíèêàì

(ãàðìîíè÷åñêèé ìåòîä) îòëè÷àåò ïðîñòîòà, óíè-

âåðñàëüíîñòü, óñòîé÷èâîñòü íàéäåííîãî ðåøåíèÿ

[1, 3, 13, 14]. Ê åãî ìèíóñàì îòíîñÿòñÿ îïðåäåëå-

íèå òîëüêî ÷åòíîé ÷àñòè ÔÐÎ èç-çà îñîáåííîñòåé

äèôðàêöèîííîãî ýêñïåðèìåíòà, ÷òî ïðèâîäèò ê

ïîÿâëåíèþ îòðèöàòåëüíûõ çíà÷åíèé è ëîæíûõ

ìàêñèìóìîâ [14 – 16], à òàêæå íåïðèìåíèìîñòü

äëÿ îñòðûõ òåêñòóð.

Ãàðìîíè÷åñêèé ìåòîä ïîçâîëÿåò ïîëó÷èòü

ÔÐÎ äëÿ ëþáûõ êëàññîâ ìàòåðèàëîâ è ëþáûõ

ñèììåòðèé îáðàçöà, ïðåæäå âñåãî äëÿ êóáè÷åñêîé

èëè ãåêñàãîíàëüíîé ñèììåòðèè îáðàçöà è îðòî-

ðîìáè÷åñêîé ñèììåòðèè ðåøåòêè, õàðàêòåðíûõ

äëÿ òåêñòóð ïðîêàòêè ìåòàëëîâ. Äëÿ âûïîëíåíèÿ

óñëîâèÿ íåîòðèöàòåëüíîñòè ÔÐÎ è óñòðàíåíèÿ

ëîæíûõ ìàêñèìóìîâ â ãàðìîíè÷åñêîì ìåòîäå èñ-

ïîëüçóþò òàêèå ïîäõîäû, êàê ðåãóëÿðèçàöèÿ ðå-

øåíèÿ, ìåòîä ïîëîæèòåëüíîñòè [17, 18].

Öåëü ðàáîòû — âîññòàíîâëåíèå ÔÐÎ äëÿ ìà-

òåðèàëîâ ñ íèçêîé ñèììåòðèåé ðåøåòêè è îáðàç-

öà ãàðìîíè÷åñêèì ìåòîäîì.

Ìåòîäèêà

Ïåðâè÷íàÿ îáðàáîòêà ýêñïåðèìåíòàëüíûõ

ÏÔ âêëþ÷àëà ïîïðàâêó íà ýôôåêò äåôîêóñèðîâ-

êè, âîçíèêàþùèé ïðè íàêëîíå îáðàçöà â ïðîöåñ-

ñå ñúåìêè ÏÔ, ñèììåòðèçàöèþ è ïñåâäîíîðìè-

ðîâêó.

Ïîïðàâî÷íûå êîýôôèöèåíòû äëÿ ýôôåêòà

äåôîêóñèðîâêè îïðåäåëÿëè ñîãëàñíî ïðèíÿòîé

ìåòîäèêå [19, 20]. Äëÿ ïñåâäîíîðìèðîâî÷íûõ

ìíîæèòåëåé 	Ni
èñïîëüçîâàëè ôîðìóëó [21]

	 �

��

��

N

I

i
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Ô

0
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0

0
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0
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, (1)

ãäå Ô, â — ðàäèàëüíûé è àçèìóòàëüíûé óãëû íà

ÏÔ; Ômax — ìàêñèìàëüíûé óãîë íàêëîíà ïðè

ñúåìêå ÏÔ; I(Ô, â) — èçìåðåííûå çíà÷åíèÿ èí-

òåíñèâíîñòè.
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Ñèììåòðèçàöèÿ çàêëþ÷àåòñÿ â óðàâíèâàíèè

çíà÷åíèé èíòåíñèâíîñòåé â ñèììåòðè÷íûõ òî÷-

êàõ íà ÏÔ:

Isym(Ô1, â1) = Isym(Ô2, â2) =

= [I(Ô1, â1) + I(Ô2, â2)]/2, (2)

ãäå (Ô1, â1), (Ô2, â2) — ñèììåòðè÷íûå òî÷êè íà

ÏÔ; I(Ôi, âi), Isym(Ôi, âi) — ôàêòè÷åñêè èçìå-

ðåííûå è ñèììåòðèçîâàííûå çíà÷åíèÿ èíòåí-

ñèâíîñòè.

Ñèììåòðèçàöèÿ íåîáõîäèìà äëÿ óìåíüøåíèÿ

ñòàòèñòè÷åñêèõ îøèáîê ýêñïåðèìåíòàëüíûõ ÏÔ,

óðîâåíü êîòîðûõ ìîæíî îöåíèòü ïî ðàçíîñòÿì

èíòåíñèâíîñòè â ñèììåòðè÷íûõ òî÷êàõ [17].

Îòìåòèì, ÷òî â ñëó÷àå òðèêëèííîé ñèììåòðèè

îáðàçöà âûáèðàþò ïëîñêîñòü, îòíîñèòåëüíî êîòî-

ðîé ðåôëåêñû íà ÏÔ ðàñïîëàãàþòñÿ ñèììåòðè÷-

íî, è ïðîâîäÿò ñèììåòðèçàöèþ îòíîñèòåëüíî

ýòîé ïëîñêîñòè.

Ïîëþñíàÿ ïëîòíîñòü Ph(y) = NhIh(y) ñâÿçàíà

ñ ÔÐÎ f(g) ñëåäóþùèìè ñîîòíîøåíèÿìè [1, 16]:

Ph(y) = [Rf(h, y) + Rf(–h, y)]/2,

Rf f g g( , ) ( ) ,h y �
�

1

2
d (3)

ãäå h — êðèñòàëëîãðàôè÷åñêîå íàïðàâëåíèå;

y — íàïðàâëåíèå â îáðàçöå; g — îðèåíòèðîâêà â

ïðîñòðàíñòâå óãëîâ Ýéëåðà (èíòåãðèðîâàíèå ïðî-

âîäèòñÿ ïî âñåì îðèåíòèðîâêàì, ïåðåâîäÿùèì

íàïðàâëåíèå h â íàïðàâëåíèå y: gh = r).

Ãàðìîíè÷åñêèé ìåòîä âîññòàíîâëåíèÿ ÔÐÎ

îñíîâàí íà ðàçëîæåíèè åå â ðÿä Ôóðüå ïî òðåõ-

ìåðíûì ñèììåòðè÷íûì ñôåðè÷åñêèì ôóíêöèÿì
···
T

l

��

[1]:

f g C T
l l

N lM l
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l

( )
···

,

( )( )max
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��0

(4)

ãäå g — îðèåíòèðîâêà â Ýéëåðîâîì ïðîñòðàíñòâå;

C
l

��

— êîýôôèöèåíòû ðàçëîæåíèÿ (l = 0, 2, ...,

lmax — ïîðÿäîê ñôåðè÷åñêèõ ôóíêöèé; ì = 1, 2,

..., M(l), � = 1, 2, ..., N(l) — èíäåêñû ñóììèðîâà-

íèÿ; M(l), N(l) — ÷èñëî ëèíåéíî íåçàâèñèìûõ

ãàðìîíèê, çàâèñÿùåå îò ñèììåòðèè ðåøåòêè è

îáðàçöà ñîîòâåòñòâåííî).

Ñèììåòðè÷íûå ñôåðè÷åñêèå ôóíêöèè
···
T

l

��

—

ëèíåéíàÿ êîìáèíàöèÿ îáîáùåííûõ ãàðìîíè÷å-

ñêèõ ôóíêöèé T
l

mn [1]:

··· ·· ·
,T A A T

l l

m

l

n

l
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n l

l

m l

l
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�
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��

T e P e
l

mn im

l

mn in
�

� �1 2(cos ) ,Ô (5)

ãäå
··

,A
l

m� ·
A

l

n� — êîýôôèöèåíòû, îáåñïå÷èâàþ-

ùèå âûïîëíåíèå óñëîâèé ñèììåòðèè ðåøåòêè è

îáðàçöà; P
l

mn (cos )Ô — îáîáùåííûå ïðèñîåäè-

íåííûå ôóíêöèè Ëåæàíäðà.

ÔÐÎ, îïèñûâàåìîé óðàâíåíèåì (2), ñîîòâåò-

ñòâóåò ïîëþñíàÿ ïëîòíîñòü íà ïðÿìîé ïîëþñíîé

ôèãóðå (ÏÏÔ) [1]:

P
l
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�
�� � �

��

x

,� (6)

ãäå
··

( ),
*

k
l

�

h
·

( )k
l

� y — ïîâåðõíîñòíûå ñôåðè÷åñêèå

ãàðìîíèêè (surface spherical harmonics), îáëà-

äàþùèå ñèììåòðèåé ðåøåòêè è îáðàçöà (çâåçäî÷-

êîé îáîçíà÷åíî êîìïëåêñíîå ñîïðÿæåíèå).

Îáðàòíàÿ ïîëþñíàÿ ôèãóðà îïèñûâàåòñÿ àíà-

ëîãè÷íûì îáðàçîì.

Ñèììåòðè÷íûå ïîâåðõíîñòíûå ãàðìîíèêè
·
k

l

�

àíàëîãè÷íî ñôåðè÷åñêèì ôóíêöèÿì
···
T

l

��

— ëè-

íåéíàÿ êîìáèíàöèÿ íîðìèðîâàííûõ ñôåðè÷å-

ñêèõ ïîâåðõíîñòíûõ ãàðìîíèê k
l

n [1]:

·
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·
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(7)

ãäå
·

A
l

n� — êîýôôèöèåíòû ñèììåòðèè; P
l

n (cosÔ) —

íîðìèðîâàííûå ïðèñîåäèíåííûå ôóíêöèè Ëå-

æàíäðà.

Ñôåðè÷åñêèå ãàðìîíèêè k
l

n ( , )Ô 
 è T
l

mn â îá-

ùåì ñëó÷àå êîìïëåêñíûå è, êàê ñëåäñòâèå, êîýô-

ôèöèåíòû C
l

��

òàêæå êîìïëåêñíûå. Îäíàêî ìîæ-

íî ââåñòè äåéñòâèòåëüíûå ôóíêöèè k
l

n ( , )Ô 
 è

T
l

mn , ïðåäñòàâëÿþùèå ñîáîé ëèíåéíûå êîìáèíà-

öèè ñîîòâåòñòâóþùèõ êîìïëåêñíûõ ôóíêöèé.

Ñèììåòðè÷íûå äåéñòâèòåëüíûå ãàðìîíèêè îïðå-

äåëÿþòñÿ àíàëîãè÷íî ñèììåòðè÷íûì êîìïëåêñ-

íûì ãàðìîíèêàì ñîãëàñíî (5) è (7). Äåéñòâèòåëü-

íûå ãàðìîíèêè òàêæå îáðàçóþò îðòîãîíàëüíûé

áàçèñ è ìîãóò èñïîëüçîâàòüñÿ äëÿ ðàçëîæåíèÿ

ÔÐÎ â ðÿä Ôóðüå [22].

Íåèçâåñòíûå êîýôôèöèåíòû ðàçëîæåíèÿ C
l

��

îïðåäåëÿëè ïóòåì ìèíèìèçàöèè êâàäðàòà íåâÿç-

êè r2:

� �r w N I P
i j i j j

j

J

i

I

i i

2
2

11

� � �

��

�� ,
( ) ( ) min,

h h
y y

exp model (8)

ãäå I, J — êîëè÷åñòâî ÏÔ è ÷èñëî èçìåðåííûõ òî-

÷åê â îáðàçöå; I
i

jh
y

exp
( ) — çíà÷åíèÿ èçìåðåííîé

èíòåíñèâíîñòè äëÿ i-é ÏÔ â j-é òî÷êå; Ni — íåèç-

âåñòíûå íîðìèðîâî÷íûå ìíîæèòåëè äëÿ i-é ÏÔ;
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P y
i

jh
model ( ) — ìîäåëüíîå çíà÷åíèå ïîëþñíîé ïëîò-

íîñòè, îïðåäåëÿåìîå ïî óðàâíåíèþ (6); wi,j — âåñ,

îïðåäåëÿþùèé çíà÷èìîñòü èçìåðåíèÿ.

Äëÿ ðåøåíèÿ (3) ÷àñòî èñïîëüçóþò ìåòîä íàè-

ìåíüøèõ êâàäðàòîâ. Çàïèñàâ íåèçâåñòíûå çíà÷å-

íèÿ C
l

��

â âèäå âåêòîðà c, èçìåðåííûå ïîëþñíûå

ïëîòíîñòè P
i

jh
y

exp
( ) â âèäå âåêòîðà p è ââåäÿ ìàò-

ðèöó

A
l

k h k y
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�
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··
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·
( ),

ïîëó÷àåì ñëåäóþùåå âûðàæåíèå [23]:

C = (ATA)–1ATp. (9)

Ââèäó ïëîõîé îáóñëîâëåííîñòè ìàòðèöû A,

âûçâàííîé ñòàòèñòè÷åñêèìè îøèáêàìè â èñõîä-

íûõ äàííûõ è íåîïòèìàëüíîñòüþ äèôðàêöèîí-

íîãî ýêñïåðèìåíòà, ðåøåíèå ìîæåò ñîäåðæàòü

áîëüøèå îøèáêè, äëÿ óìåíüøåíèÿ êîòîðûõ ïðè-

ìåíÿëè ðåãóëÿðèçàöèþ ðåøåíèÿ [17]. Ïîñëå èñ-

ïîëüçîâàíèÿ ðèäæ-ðåãðåññèè (ridge regression)

ðåøåíèå ïðèíèìàåò ñëåäóþùèé âèä [17, 24]:

C = (ATA + ëQ)–1ATp, (10)

ãäå ë — ïàðàìåòð ðåãóëÿðèçàöèè; Q — ôóíêöèî-

íàë ãëàäêîñòè (â äàííîì ñëó÷àå âûáðàí êàê Q =

= l(l + 1)/(2l + 1), l = 0, 2, ..., L).

Êîððåêòíî ïîäîáðàííûé ïàðàìåòð ðåãóëÿðè-

çàöèè ë ïîçâîëÿåò ñíèçèòü âåðîÿòíîñòü ïîÿâëå-

íèÿ ëîæíûõ ìàêñèìóìîâ è áîëüøèõ îòðèöàòåëü-

íûõ çíà÷åíèé ÔÐÎ áåç çíà÷èòåëüíîãî çàíèæå-

íèÿ èíòåíñèâíîñòè. Îáðàòíàÿ ìàòðèöà â óðàâíå-

íèÿõ (9) è (10) îïðåäåëÿåòñÿ ñ ïîìîùüþ ñèíãó-

ëÿðíîãî ðàçëîæåíèÿ.

Ïîãðåøíîñòü îïðåäåëåíèÿ i-ãî êîýôôèöèåí-

òà ñîñòàâëÿåò [17]

�c D c
i i

T

ii
� � �

�[ ] [( ) ] ,� �
2 1A A Q (11)

ãäå D[ci] — äèñïåðñèÿ; ó2 = r2/(m – n); r2 — ñóììà

êâàäðàòîâ íåâÿçîê, ïîëó÷åííûõ â ðåçóëüòàòå

ðåøåíèÿ; m, n — ÷èñëî ñòðîê è ñòîëáöîâ ìàòðè-

öû A.

Äëÿ íàõîæäåíèÿ íåèçâåñòíûõ íîðìèðîâî÷-

íûõ ìíîæèòåëåé Ni íåîáõîäèìî èñïîëüçîâàòü

èòåðàöèîííûé àëãîðèòì, ïîñêîëüêó íà Ni íàêëà-

äûâàåòñÿ äîïîëíèòåëüíîå óñëîâèå: Ni > 0. Â íà-

øåì ñëó÷àå íîðìèðîâî÷íûå ìíîæèòåëè íàõîäè-

ëè ñ ïðèìåíåíèåì TRF-ìåòîäà [25].

Ïîãðåøíîñòü ðàñ÷åòà ÔÐÎ ñîñòàâëÿåò [17]
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çîâàëè RP-ôàêòîð. RP-ôàêòîð äëÿ i-é ÏÔ è ñðåä-

íèé RP-ôàêòîð ðàññ÷èòûâàëè êàê [8, 26]
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Ðèñ. 1. Èñõîäíûå (à) è ðàñ÷åòíûå (á) ÏÏÔ äëÿ ìîäåëüíîé îäíîêîìïîíåíòíîé òåêñòóðû

Fig. 1. Initial (a) and calculated (b) direct pole figures for model single-component basal texture



Çàìåòèì, ÷òî ðàññ÷èòàííûå îïèñàííûì ìåòî-

äîì êîýôôèöèåíòû ÔÐÎ ñîîòâåòñòâóþò òîëüêî

÷åòíîé ÷àñòè ÔÐÎ. Äëÿ ïðèáëèæåííîãî îïðåäå-

ëåíèÿ íå÷åòíîé ÷àñòè ìîæíî èñïîëüçîâàòü èòå-

ðàöèîííûé ïîäõîä ïîëîæèòåëüíîñòè [18].

Îáñóæäåíèå ðåçóëüòàòîâ

Ãàðìîíè÷åñêèé ìåòîä âîññòàíîâëåíèÿ ÔÐÎ

ïðèìåíÿëè ê ìîäåëüíîé îäíîêîìïîíåíòíîé áà-

çèñíîé òåêñòóðå è òåêñòóðå îáðàçöà ñïëàâà Mg –

4,5 % Nd, ïîäâåðãíóòîãî ðàâíîêàíàëüíîìó óãëî-

âîìó ïðåññîâàíèþ. Ñèììåòðèÿ ðåøåòêè â îáîèõ

ñëó÷àÿõ ñîîòâåòñòâóåò ñèììåòðèè ðåøåòêè ìàã-

íèÿ è ÿâëÿåòñÿ ãåêñàãîíàëüíîé ñ òî÷å÷íîé ãðóï-

ïîé 6/mmm, ñèììåòðèÿ îáðàçöà — òðèêëèííàÿ,

ìàêñèìàëüíàÿ ñòåïåíü ðàçëîæåíèÿ â ðÿä lmax =

= 24 (ýêñïåðèìåíòàëüíûå ÏÔ [27]).

Ñèíòåòè÷åñêàÿ áàçèñíàÿ òåêñòóðà çàäàíà

åäèíñòâåííûì êîìïîíåíòîì ñ óãëàìè Ýéëåðà

ö1 = 20°, Ô = ö2 = 0° è âåñîì 0,1. Â êà÷åñòâå

âõîäíûõ äàííûõ èñïîëüçîâàëè øåñòü ÏÏÔ:

{001}, {100}, {101}, {102}, {103}, {110}.

Íà ðèñ. 1 ïðåäñòàâëåíû èñõîäíûå è ðàñ÷åò-

íûå ÏÏÔ, íà ðèñ. 2 — ñå÷åíèÿ ïðè ö2 = 0 èñòèí-
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à
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Ðèñ. 2. Ñå÷åíèÿ èñõîäíîé (à) è ðàñ÷åòíîé (á) ÔÐÎ äëÿ

ìîäåëüíîé îäíîêîìïîíåíòíîé òåêñòóðû (ö
2

= 0)

Fig. 2. Sections of the initial (a) and calculated (b) ODF for

model single-component basal texture (ö
2

= 0)

RP-ôàêòîðû è ðàñ÷åòíûå îøèáêè ÔÐÎ äëÿ ìîäåëüíîé

òåêñòóðû è òåêñòóðû ñïëàâà Mg – 4,5 % Nd

RP-factors and ODF calculation errors for the model texture

and texture of Mg – 4.5% Nd alloy

Ïàðàìåòð

Òåêñòóðà

Ìîäåëüíàÿ Ñïëàâ Mg – 4,5 % Nd

RP(0,5), % 0,16 15,46

RP(1,0), % 0,32 11,07

Äf 0,0003 0,033

à

á

â

Ðèñ. 3. Èñõîäíûå íåïîëíûå (a), ñèììåòðèçîâàííûå íåïîëíûå (á) è ðàñ÷åòíûå ïîëíûå (â) ÏÏÔ äëÿ îáðàçöà ñïëàâà

Mg – 4,5 % Nd

Fig. 3. Initial incomplete (a), symmetrized incomplete (b) and calculated complete (c) direct pole figures for Mg – 4.5% Nd al-

loy sample



íîé (ìîäåëüíîé) è ðàñ÷åòíîé ÔÐÎ. RP-ôàêòîðû

è ðàñ÷åòíûå îøèáêè ÔÐÎ äëÿ ìîäåëüíîé è ðå-

àëüíîé òåêñòóð ïðèâåäåíû â òàáëèöå.

RP-ôàêòîðû è Äf ïîêàçûâàþò õîðîøåå ñîâïà-

äåíèå ðàñ÷åòíûõ è èñõîäíûõ äàííûõ, îäíàêî â

ðàñ÷åòíîé ÔÐÎ ïðèñóòñòâóþò ëîæíûå ìàêñèìó-

ìû, à åå ìàêñèìàëüíàÿ ïëîòíîñòü íèæå, ÷åì ó èñ-

õîäíîé. Ñòåïåíü íåîïðåäåëåííîñòè ÔÐÎ ëåæèò â

èíòåðâàëå 0 � f(g) � 2 [1], ñëåäîâàòåëüíî, ëîæíûå

ìàêñèìóìû íà äàííîé âîññòàíîâëåííîé ÔÐÎ

ìîæíî îòíåñòè ê áåñòåêñòóðíîìó ñîñòîÿíèþ. Òà-

êèì îáðàçîì, ãëàâíûì ðàçëè÷èåì ðàñ÷åòíîé è

ìîäåëüíîé ÔÐÎ îñòàåòñÿ ðàçíèöà â ìàêñèìàëü-

íîé ïëîòíîñòè.

Äëÿ âîññòàíîâëåíèÿ ÔÐÎ îáðàçöà ñïëàâà èñ-

ïîëüçîâàëè òàêîé æå íàáîð ÏÏÔ, ÷òî è äëÿ ìî-

äåëüíîé òåêñòóðû. Íà ðèñ. 3 ïðåäñòàâëåíû èñ-

õîäíûå è ðàñ÷åòíûå ÏÏÔ, íà ðèñ. 4 — ñå÷åíèå

âîññòàíîâëåííîé ÔÐÎ ïðè ö2 = 0.

RP-ôàêòîðû è Äf â ñëó÷àå òåêñòóðû ñïëàâà

âûøå, ÷åì äëÿ ìîäåëüíîé òåêñòóðû, îäíàêî îíè

òàêæå ïîêàçûâàþò õîðîøåå ñîâïàäåíèå ðàñ÷åò-

íûõ è èñõîäíûõ äàííûõ. Âìåñòå ñ òåì íà ÔÐÎ

ïðèñóòñòâóþò îòðèöàòåëüíûå çíà÷åíèÿ, ïîÿâëå-

íèå êîòîðûõ ñâÿçàíî ñ îãðàíè÷åíèÿìè ãàðìîíè-

÷åñêîãî ìåòîäà. Îòðèöàòåëüíûå çíà÷åíèÿ ÔÐÎ

ïî àáñîëþòíîé âåëè÷èíå çíà÷èòåëüíî ìåíüøå

ìàêñèìàëüíîé èíòåíñèâíîñòè. Íà ÔÐÎ ïðèñóòñò-

âóþò äâå òåêñòóðíûå êîìïîíåíòû g1 = {95, 25, 0}

è g2 = {270, 30, 0} ñ ìàêñèìàëüíûìè èíòåíñèâíî-

ñòÿìè 13,81 è 2,23 ñîîòâåòñòâåííî. Èíäåêñû

Ìèëëåðà-Áðàâå äëÿ äàííûõ êîìïîíåíò —

(1216)[1211] è (1216)[1211].

Çàêëþ÷åíèå

Ìîäåëüíàÿ îäíîêîìïîíåíòíàÿ òåêñòóðà è

òåêñòóðà îáðàçöà ñïëàâà Mg – 4,5 % Nd, ïîäâåðã-

íóòîãî ðàâíîêàíàëüíîìó óãëîâîìó ïðåññîâàíèþ,

õàðàêòåðèçóþòñÿ ãåêñàãîíàëüíîé ñèììåòðèåé ðå-

øåòêè è òðèêëèííîé ñèììåòðèåé îáðàçöà.

Ïðîâåäåííûå èññëåäîâàíèÿ ñ èñïîëüçîâàíèåì

ãàðìîíè÷åñêîãî ìåòîäà ïîêàçàëè, ÷òî â îáîèõ

ñëó÷àÿõ RP-ôàêòîðû è ïîãðåøíîñòü ðàñ÷åòà

ÔÐÎ èìåþò õîðîøåå ñîâïàäåíèå ðàñ÷åòíûõ è èñ-

õîäíûõ äàííûõ. Êðîìå òîãî, íà ÔÐÎ îáðàçöà

ñïëàâà ìàãíèÿ ïðèñóòñòâóþò äâå òåêñòóðíûå

êîìïîíåíòû (1216)[1211] è (1216)[1211] ñ ìàêñè-

ìàëüíûìè èíòåíñèâíîñòÿìè 13,81 è 2,23.

Òàêèì îáðàçîì, ïðèìåíåííûé ãàðìîíè÷åñêèé

ìåòîä âîññòàíîâëåíèÿ ÔÐÎ — ýôôåêòèâíûé èí-

ñòðóìåíò äëÿ òåêñòóðíûõ èññëåäîâàíèé ðàçëè÷-

íûõ ìàòåðèàëîâ. Ñ åãî ïîìîùüþ ìîæíî âîññòà-

íàâëèâàòü ÔÐÎ è ïîëíûå ÏÔ. Ìåòîä ïîçâîëÿåò

ðàñøèðèòü êðóã ìàòåðèàëîâ äëÿ òåêñòóðíûõ èñ-

ñëåäîâàíèé è âêëþ÷èòü â íåãî êåðàìèêè, ãîðíûå

ïîðîäû è äðóãèå íåìåòàëëè÷åñêèå ìàòåðèàëû,

õàðàêòåðèçóþùèåñÿ íèçêîé ñèììåòðèåé.
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