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Abstract. Significant improvement in mechanical properties of additively manufactured with
selective laser melting (SLM) stainless steel 03M16<1563 (AISI 316L) has been achieved by
applying high-energy electric pulse treatment (HeEPT). Considerable increase of elongation with
only a minor decrease in the ultimate strength is observed after applying the preferred route of
HeEPT. A novel approach for determining the preferred HeEPT route aimed for healing of the
microdefects in additively produced materials is proposed. HeEPT processing in the preferred route
also made the material mechanical behavior more predictable, that is evidenced by the decreased
standard deviations of ultimate stress and strain. This macro behavior is the result of healing
internal microdefects and porosity reduction in the material.
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8)D$D’ED. 3$$EFE)’(D GH(EI)($JF)( (3>) G(I)(KLDF J(I$&)&FM FHDNODH-
’PD (QRD#FP KSQ(T JK(%’(JFE ’& (J’()D UEVH()PN O($DKDT. /&EQ(KDD H&JGH(-
JFH&’D’’PT ODF($ 3> W JDKD#FE)’(D K&IDH’(D GK&)KD’ED (4+>). 1DN&’EXDJ#ED
J)(TJF)& $DF&KDT, EIY(F()KD’’PN ODF($(O 4+>, (FKEX&SFJL (F EIY(F()KD’’PN
FH&$EUE(’’POE JG(J(Q&OE. 9J’()’PD (FKEXEL:

1. G()PZD’’&L G(HEJF(JFM, J’E%&S[&L GH(X’(JFM E "JF&K(JF’PD N&H&#-
FDHEJFE#E EI-I& H&JGH(JFH&’D’EL O&#H(FHD[E’, (J(QD’’( (F G(H ’DGH&-
)EKM’(T V(HOP;

2. F(’#&L OE#H(JFH"#F"H& O&FDHE&K&, G()PZ&S[&L F)DH$(JFM E GH(X-
’(JFM, ’( J’E%&S[&L GK&JFEX’(JFM JF&KDT;

>H(OPZKD’’(D GHEOD’D’ED FDN’(K(YEE 4+>, #&# E $H"YEN ODF($() 3>, ’D
G(I)(KLDF $(JFEXM QDI$DVD#F’(Y( EIY(F()KD’EL ODF&KKEXDJ#EN $DF&KDT. /DGH&-
)EKM’&L (GFEOEI&UEL G&H&ODFH() GH(UDJJ& GHE)($EF # G()PZD’’(T G(HEJF(JFE
E (QH&I()&’ES Q(KMZ(Y( #(KEXDJF)& FDN’(K(YEXDJ#EN $DVD#F() (F&#EN #&# FHD-
[E’P E G(HP ’DG(K’(Y( JGK&)KD’EL E Y&I()PD G(HP). @FE $DVD#FP J’E%&SF
ODN&’EXDJ#ED N&H&#FDHEJFE#E EI$DKET, ")DKEXE)&DF EN $EJGDHJES, XF( $DK&DF
&$$EFE)’PD O&FDHE&KP (31) OD’DD #&XDJF)D’’POE E (YH&’EXE)&DF )(IO(%’(-
JFE GHEOD’D’EL G( JH&)’D’ES J O&FDHE&K&OE, EIY(F()KD’’POE FH&$EUE(’’POE
ODF($&OE, ’&GHEODH, F&#EOE #&# KEFMD.

7KL "K"XZD’EL N&H&#FDHEJFE# $DF&KDT, EIY(F()KD’’PN G( FDN’(K(YEE 4+>,
EJG(KMI"SFJL FDHOEXDJ#ED ()(I)H&F, (F%EY), FDHO(ODN&’EXDJ#ED ODF($P ()PJ(-
#(FDOGDH&F"H’PT (F%EY, Y(HLXDD GK&JFEXDJ#(D $DV(HOEH()&’ED, Y(HLXDD EI(-
JF&FEXDJ#(D GHDJJ()&’ED) E ODF($P \KD#FH(EOG"KMJ’(T (QH&Q(F#E. 6DHOEXDJ#ED
E FDHO(ODN&’EXDJ#ED ODF($P G()PZ&SF GK&JFEX’(JFM I& JXDF J’LFEL (JF&F(X-
’PN ’&GHL%D’ET E "OD’MZD’EL G(HEJF(JFE, ’( J’E%&SF GHD$DK GH(X’(JFE E
"JF&K(JF’PD N&H&#FDHEJFE#E. >HE \F(O GH(EJN($EF FDHOEXDJ#&L $DYH&$&UEL
OE#H(JFH"#F"HP. 1DN&’EIO I&KDXE)&’EL G(HEJF(JFE GHE GHEOD’D’EE FDHO(-
ODN&’EXDJ#EN ODF($() (QH&Q(F#E (J’()&’ ’& FDHO($EVV"IEE &F(O() GHE )PJ(-
#EN FDOGDH&F"H&N. 9’E FHDQ"SF I’&XEFDKM’PN I&FH&F \’DHYEE E )HDOD’E, XF(
$DK&DF EN OD’DD \VVD#FE)’POE.

>($ I&KDXE)&’EDO OE#H($DVD#F() ) 31, $&KDD G(’EO&DFJL )(JJF&’()KD’ED
JGK(Z’(JFE O&FDHE&K& I& JXDF "OD’MZD’EL ) ’DO (QRDO& )’"FHD’’EN G(H E FHD-
[E’, & F&#%D JYK&%E)&’ED V(HOP \FEN $DVD#F(), "OD’MZ&S[DD #(’UD’FH&UES
ODN&’EXDJ#EN ’&GHL%D’ET ) EN (JFHPN )DHZE’&N.

1DF($P \KD#FH(EOG"KMJ’(T (QH&Q(F#E (@09) JF&KE GHD$G(K&Y&SF E’$"UE-
H()&’ED ) GH()($L[DO O&FDHE&KD EOG"KMJ() F(#() )PJ(#(T GK(F’(JFE I& JX]F
)(I$DTJF)EL )’DZ’EO E’FD’JE)’PO \KD#FH(O&Y’EF’PO G(KDO (@1>). >HE \F(O
$KL EI$DKET EI JF&KDT, EIY(F()KD’’PN FH&$EUE(’’POE ODF($&OE, EJG(KMI"SF-
JL ZEH(#ET $E&G&I(’ HD%EO() @09 J EOG"KMJ&OE $KEFDKM’(JFE 10

→5–10
→2 J E

GK(F’(JFLOE F(#() G(HL$#& 10
7–10

9 3/O2. @F( GHE)($EF # H&JJDE)&’ES ) O&FD-
HE&KD "$DKM’(T \’DHYEE ) $E&G&I(’D 10

5–10
9 7%/O3.
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7&KDD Q"$DO ’&IP)&FM EOG"KMJ’(D \KD#FH(O&Y’EF’(D G(KD (@1>) )PJ(#(-
\’DHYDFEXDJ#EO ($&KDD W 8@1>) ) JK"X&D H&JJDE)&’EL ) JF&KLN "$DKM’(T \’DH-
YEE ) $E&G&I(’D 10

7–10
9 7%/O3 GHE JH&)’EFDKM’( O&KPN $KEFDKM’(JFLN D$E-

’EX’PN EOG"KMJ() 10
→5–10

→4 J [1]. @KD#FH(EOG"KMJ’"S (QH&Q(F#" (QH&IU() EO-
G"KMJ&OE 8@1> $&KDD Q"$DO J(#H&[]’’( ’&IP)&FM W )PJ(#(\’DHYDFEXDJ#(T
\KD#FH(EOG"KMJ’(T (QH&Q(F#(T (8@09). 7H"YED )E$P @09 Q"$DO ’&IP)&FM
’EI#(\’DHYDFEXDJ#EOE (/@09). 7&’’(D H&I$DKD’ED (J’()&’( ’& ’&QKS$D’ELN
I& I’&XEFDKM’POE H&IKEXELOE ) ODN&’EIO&N I&KDXE)&’EL OE#H($DVD#F() GHE
/@09 E 8@09 [1].

4KD$"DF I&ODFEFM, XF( )(GH(J "K"XZD’EL ODN&’EXDJ#EN J)(TJF) &$$EFE)’PN
O&FDHE&K() G(JHD$JF)(O @09 L)KLDFJL O&K(EI"XD’’PO. 0JJKD$()&’ES )(I-
$DTJF)EL @1> ’& ODN&’EXDJ#ED J)(TJF)& &$$EFE)’PN O&FDHE&K() G(J)L[D’(
’DI’&XEFDKM’(D XEJK( H&Q(F [2W6]. 8JD (’E G(J)L[D’P EJJKD$()&’ELO ) (QK&-
JFE /@09. 1&FDHE&KP $KL EJJKD$()&’ET ’D F(KM#( JF&KM 316L, ’( E J $H"YED
31. 6DN’(K(YEE EIY(F()KD’EL F&#%D ’D (YH&’EXE)&SFJL 4+>, ’( E $H"YEOE
ODF($&OE &$$EFE)’(Y( GH(EI)($JF)&.

9F$DKM’( (FODFEO H&Q(FP [7] E [8], ) #(F(HPN EN &)F(HP ’D "$DKLKE )’E-
O&’EL EJJKD$()&’ELO EIOD’D’ET GK&JFEXDJ#EN E GH(X’(JF’PN J)(TJF), ($’&#(
’&QKS$&KE L)KD’EL, JN(%ED J EJJKD$"DOPOE ) ’&JF(L[DT H&Q(FD. 8 [7] GHE \KD#-
FH(ODN&’EXDJ#(T (QH&Q(F#D (($’()HDOD’’(O $DTJF)EE /@09 E GHE%EO&S[DY(
"JEKEL) ) (QH&IUD EI JGK&)& Ti-6Al-4V &)F(HP ’&QKS$&KE JYK&%E)&’ED YH&’EU
$DVD#F() ) (QH&IUD EI 31 G(JKD \KD#FH(ODN&’EXDJ#(T (QH&Q(F#E. 8 [8] GHE
8@09 J G(JKD$()&FDKM’( )(IH&JF&S[EOE EOG"KMJ&OE F(#& ()JDY( 75 EOG"KM-
J()) ) 2-N (QH&IU&N EI #(OG(IEF’(Y( 31 TiC/316L "$&K(JM X&JFEX’( I&KDXEFM
$KE’’PD O&#H(FHD[E’P G"FDO J)&H#E EN QDHDY(). !"O"KLFE)’PT ’&YHD), )P-
I)&’’PT O’(Y(#H&F’POE EOG"KMJ&OE F(#&, GHE)($EK # JEKM’(O" FDHOEXDJ#(O"
J%&FES QDHDY() FHD[E’ E JG(J(QJF)()&K EN J)&H#D E I&KDXE)&’ES. *K"XZD’ED
ODN&’EXDJ#EN J)(TJF) (QH&IU() G(JKD 8@09 ) [8] ’D EI"X&K(JM.

8 )PZD"#&I&’’PN H&Q(F&N ’&QKS$&KEJM #&XDJF)D’’PD EIOD’D’EL F(’#(T OE#-
H(JFH"#F"HP &$$EFE)’PN O&FDHE&K() G($ $DTJF)EDO /@09, )PI)&’’PD #"O"-
KLFE)’PO )PJ(#(FDOGDH&F"H’PO ’&YHD)(O (QH&IU(), $DTJF)ED #(F(H(Y( QPK(
&’&K(YEX’PO (F%EY". 0N &)F(HP G($F)DH%$&SF I’&XEFDKM’PT H(JF FDOGDH&F"-
HP E (FODX&SF JN($JF)( )(I$DTJF)EL /@09 J FDHO(ODN&’EXDJ#(T (QH&Q(F#(T,
#&# ) X&JFE EIOD’D’ET OE#H(JFH"#F"HP, F&# E ) X&JFE "K"XZD’EL ODN&’EXDJ#EN
J)(TJF). C(KDD G($H(Q’PT (QI(H \FEN H&Q(F GHE)D$D’ ) [9].

8 &$$EFE)’PN O&FDHE&K&N ()GH(XDO, #&# E ) O&FDHE&K&N, EIY(F()KD’’PN FH&-
$EUE(’’POE ODF($&OE) G($ $DTJF)EDO 8@09 Q"$"F GH(EJN($EFM E’PD \)(KSUE-
(’’PD EIOD’D’EL, XDO GHE FDHO(ODN&’EXDJ#(T (QH&Q(F#D EKE /@09. 8 X&JF’(-
JFE, GHE 8@09 I&KDXE)&’ED $DVD#F(), GHE)($L[DD # "K"XZD’ES ODN&’EXDJ#EN
N&H&#FDHEJFE#, GH(FD#&DF G( E’(O" ODN&’EIO", ’D%DKE GHE FDHO(ODN&’EXDJ#(T
(QH&Q(F#D EKE \KD#FH(ODN&’EXDJ#(T (QH&Q(F#D (/@09 + ODN&’EXDJ#(D J%&-
FED). 6&#, GHE )(I$DTJF)EE EOG"KMJ() 8@1> ) (JFHPN )DHZE’&N )’"FHD’’EN
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OE#H(FHD[E’ E OE#H(G(H GH(EJN($EF JEKM’&L #(’UD’FH&UEL \KD#FH(O&Y’EF’(-
Y( G(KL, E’FD’JE)’(D )P$DKD’ED 7%("KD)& FDGK& ) #(H(F#ET GH(OD%"F(# )HD-
OD’E, )(I’E#’()D’ED J%EO&S[EN FDHOEXDJ#EN ’&GHL%D’ET J ($’()HDOD’’PO
H&I"GH(X’D’EDO E GK&)KD’EDO ODF&KK& ) \FEN (QK&JFLN. 8 J()(#"G’(JFE \F(
GHE)($EF # F(O", XF( )’"FHD’’ED OE#H(FHD[E’P E OE#H(G(HP EIOD’LSF V(H-
O", "OD’MZ&SFJL ) (QRDOD, & EN QDHDY& J)&HE)&SFJL H&JGK&)KD’’PO ODF&KK(O
[10].

5DI"KMF&FP O($DKEH()&’EL [10W12] G($F)DH%$&SF HD&KM’(JFM EOD’’( F&#(-
Y( ODN&’EIO& I&KDXE)&’EL )’"FHD’’EN $DVD#F() ) GH()($L[DO O&FDHE&KD GHE
8@09. 8 $&’’PN H&Q(F&N ’& (J’()D J)LI&’’(T #(’DX’(\KDOD’F’(T \KD#FH(FDH-
O("GH"Y(GK&JFEXDJ#(T O($DKE [10] QPK( G(#&I&’(, XF( GHE 8@09 ODF&KK& J
OE#H($DVD#F&OE ) ’DO GH(EJN($EF "OD’MZD’ED (QRDO& OE#H($DVD#F() E, #&#
JKD$JF)ED, G(HEJF(JFE O&FDHE&K&, )GK(FM $( G(K’(Y( I&KDXE)&’EL ’D#(F(HPN
OE#H(G(H E OE#H(FHD[E’ G(JHD$JF)(O J)&H#E EN QDHDY() H&JGK&)KD’’PO OD-
F&KK(O. @#JGDHEOD’F&KM’(D G($F)DH%$D’ED I&KDXE)&’EL OE#H(FHD[E’ ) UE’#D
GHE 8@09 GHE)($EFJL [13]. ,EJKD’’(D EJJKD$()&’ED I&KDXE)&’EL O&#H(FHD[E’
) JF&KE 316L GHE 8@09 G( $H"Y(T #(’DX’(\KDOD’F’(T O($DKE [14] F&#%D #(J-
)D’’( G($F)DH%$&SF )PZD(GEJ&’’PT ODN&’EIO. 4)&H#& QDHDY() E I&KDXE)&’ED
O&#H(FHD[E’ GHE 8@09 ’&QKS$&KEJM ) \#JGDHEOD’F&N c 31 TiC/316L [8] E )
’DH%&)DS[EN JF&KLN, EIY(F()KD’’PN FH&$EUE(’’POE ODF($&OE [13W15].

>HE (F%EYD, FDHO(ODN&’EXDJ#(T (QH&Q(F#D (Y(HLXDO EI(JF&FEXDJ#(O GHDJJ(-
)&’EE, Y(HLXDT GK&JFEXDJ#(T $DV(HO&UEE) E \KD#FH(ODN&’EXDJ#(T (QH&Q(F#D
(($’()HDOD’’(D )(I$DTJF)ED ODN&’EXDJ#(Y( J%&FEL E /@09), #(Y$& FDGK()&L
\’DHYEL )P$DKLDFJL ) FDXD’ED Q(KDD GH($(K%EFDKM’PN E’FDH)&K() )HDOD’E G(
JH&)’D’ES J 8@09, I&KDXE)&’ED $DVD#F() GH(EJN($EF G( E’(O" ODN&’EIO" –
I& JXDF FDHO($EVV"IEE &F(O() OD%$" QDHDY&OE $DVD#F() GHE )PJ(#EN FDOGD-
H&F"H&N ’&YHD)&. >HE \F(O GH(EJN($EF (QH&I()&’ED J)LIDT (O(JFE#()) OD%$"
QDHDY&OE $DVD#F(). 0’FD’JE)’(D GK&)KD’ED ) )DHZE’&N OE#H($DVD#F() E J)&H-
#& EN QDHDY() GHE /@09 ’D GH(EJN($EF.

6&#EO (QH&I(O, EJJKD$()&’EL )(I$DTJF)EL 8@1> ’& 31 J UDKMS "K"XZD-
’EL EN ODN&’EXDJ#EN J)(TJF) ’D GH()($EKEJM. 8(IO(%’(JFM I&KDXE)&’EL ) ’EN
)’"FHD’’EN OE#H($DVD#F() ) GH(UDJJD 8@09 F&#%D ’D EI"X&K&JM.

CDI(F’(JEFDKM’( 8@09, F&#%D JKD$"DF (FODFEFM XHDI)PX&T’( ZEH(#ET $E&-
G&I(’ G&H&ODFH() EOG"KMJ() (GK(F’(JFDT F(#(), V(HO E $KEFDKM’(JFDT EOG"KM-
J()) EJG(KMI"DOPT ) EJJKD$()&’ELN G( /@09 [9].

!H(OD F(Y(, ) [2W8, 14, 16] &)F(HP ’E#&# ’D (QRLJ’LKE E ’D (Q(J’()P)&KE )P-
Q(H EOE FDN EKE E’PN I’&XD’ET G&H&ODFH() GH()D$D’’(T @09 ($&KDD – HD%EO&
@09). 6( DJFM )PQ(H HD%EO& @09 (J"[DJF)KLKJL EOE XEJF( \OGEHEXDJ#EO
G"FDO.

/&JF(L[&L H&Q(F& L)KLDFJL G(GPF#(T )(JG(K’EFM \FE GH(QDKP. 8 H&Q(FD EJ-
G(KMI"DFJL ’()PT G($N($ $KL (GHD$DKD’EL HD%EO& 8@09, (HED’FEH()&’’PT
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’& I&KDXE)&’ED )’"FHD’’EN OE#H($DVD#F() ) ODF&KKEXDJ#EN O&FDHE&K&N. 5&I-
)E)&DOPT G($N($ GHEOD’D’ $KL (GHD$DKD’EL GHD$G(XFEFDKM’(Y( HD%EO& 8@-
09 ’DH%&)DS[DT JF&KE 03216/1513 (AISI 316L) EIY(F()KD’’(T &$$EFE)’PO
ODF($(O (4+>). @F& O&H#& JF&KE G(G"KLH’& ) GH(OPZKD’’(JFE QK&Y($&HL (F-
KEX’PO VEIE#(-ODN&’EXDJ#EO J)(TJF)&O, )PJ(#(T JF(T#(JFE # (#EJKD’ES E
N(H(ZDT J)&HE)&DO(JFE. 9’& ZEH(#( EJG(KMI"DFJL ) 4+> GDX&FE. 4F&KM’PD
(QH&IUP $KL \#JGDHEOD’F() EODSF ’EI#(D #&XDJF)( GDX&FE J #H"G’POE $DVD#-
F&OE, F&#EOE #&# ’DJGK&)KD’EL J KE’DT’POE H&IODH&OE $( 250µm. /&KEXED
\FEN $DVD#F() GHD$G(XFEFDKM’( $KL $DO(’JFH&UEE )(IO(%’(JFDT 8@09 G( EN
I&KDXE)&’ES.

^DKE H&Q(FP:

1) \#JGDHEOD’F&KM’( G($F)DH$EFM I&KDXE)&’ED OE#H(G(H E OE#H(FHD[E’ ()
ZEH(#(O $E&G&I(’D KE’DT’PN H&IODH() 5-250O#O) ) &$$EFE)’(T JF&KE
03216/1513, GHE GHD$G(XFEFDKM’(O HD%EOD 8@09 (H&’DD F&#EN G($-
F)DH%$D’ET ’D QPK();

2) EJJKD$()&FM EIOD’D’EL G(HEJF(JFE E O(HV(K(YEE OE#H($DVD#F() GHE
GHD$G(XFEFDKM’(O HD%EOD 8@09 E EN )KEL’ED ’& O&#H(J#(GEXDJ#ED
ODN&’EXDJ#ED J)(TJF)& JF&KE 03216/1513.

0I"XD’ED F(’#(T OE#H(JFH"#F"HP QPK( V&#"KMF&FE)’PO, F&# #&# (’( )KELK(
’& ODN&’EXDJ#ED J)(TJF)&.

1&FDHE&KP E ODF($P. 8 H&Q(FD EJJKD$()&KEJM (QH&IUP, EIY(F()KD’’PD EI
G(H(Z#& ’DH%&)DS[DT JF&KE 03216/1513. 9QH&IUP J ZDT#(T ) UD’FH&KM’(T
X&JFE EODKE H&IODHP 120 → 6 → 3 OO (HEJ. 13). 9QH&IUP QPKE EIY(F()KD’P
ODF($(O 4+> ’& 3D-GHE’FDHD SLM Kings 3D Printer M280HD (!EF&T). 7KL
UDKDT \#JGDHEOD’F& 10 JK"X&T’PN (QH&IU() QPKE G(H()’" H&I$DKD’P ’& $)D
YH"GGP.

>DH)&L YH"GG& FDJFEH()&K&JM ’& H&IHP) QDI GHD$)&HEFDKM’(T 8@09. 8F(H&L
YH"GG& GH(N($EK& 8@09, & I&FDO FDJFEH()&K&JM ’& H&IHP).

8JD (QH&IUP G($)DHY&KE H&JFL%D’ES $( H&IHP)& ’& EJGPF&FDKM’(T O&ZE’D
A946 101.2-100 (5(JJEL) J( J#(H(JFMS $DV(HO&UEE 0,15 OO/OE’ (’&X&KM’(D
H&JJF(L’ED OD%$" I&%EO&OE l0 = 35 OO).

7KL EIY(F()KD’EL ZKEV() EJG(KMI()&KE 2 (QH&IU&. 9F #&%$(Y( (FHDI&KE
#"J(X#E H&IODH(O 10 → 6 → 3 OO $( 8@09, I&FDO (QH&IDU (QH&Q&FP)&KE F(#(O
E )PHDI&KE &’&K(YEX’PD #"J(X#E.

-KEVP $KL OE#H(JFH"#F"H’(Y( EJJKD$()&’EL $DK&KE )$(KM ZEH(#(T YH&-
’E (QH&IU() (G&H&KKDKM’( GK(J#(JFE Y Z ’& HEJ. 13). 7DVD#FP EJJKD$()&KE
) 3 JK"X&T’( )PQH&’’PN GK(J#(JFLN, J"OO&H’&L GK([&$M #(F(HPN J(JF&)EK&
9,9 OO2.

1E#H(JFH"#F"H" $( E G(JKD 8@09 EJJKD$()&KE J G(O([MS J#&’EH"S[DY(
\KD#FH(’’(Y( OE#H(J#(G& (4@1) Coxem EM-30AX Plus (!EF&T), & F&#%D (G-
FEXDJ#(Y( OE#H(J#(G& Zeiss Axio Imager.D1m (ADHO&’EL). 9QH&IUP, %DJF#( I&-
VE#JEH()&’’PD ) OD$’PN I&%EO&N-\KD#FH($&N (38 OO OD%$" \KD#FH($&OE),
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5%#. 1. :,;/$"=, )*(/>?= ((/>-,(= 8 --) @+9 A0#’,(%-,"$)8 %> #$/+%
03B1661573(1), ’(%"?%’%/+<"/9 #.,-/ A0#’,(%-,"$/+<")C &#$/")80% (D), %>-,(,"-
"/9 8 A0#’,(%-,"$/. >/8%#%-)#$< ’+)$")#$< $)0/ % (/##;%$/""/9 >/8%#%-)#$< &@,+<-
")C (/##,9"")C A",(4%% 8 )*(/>?, )$ 8(,-,"% (E)

G($)DHY&KEJM 8@09 J G(O([MS EOG"KMJ’(Y( YD’DH&F(H& A06-20-40 (5(JJEL)
’& JGDUE&KM’( H&IH&Q(F&’’(T K&Q(H&F(H’(T "JF&’()#D, JNDO&FEX’( G(#&I&’’(T
’& HEJ.1C. 0IOD’D’ED JEKP F(#& ) UDGE (F )HDOD’E EIODHLK&JM J G(O([MS (F#&-
KEQH()&’’(T #&F"Z#E 5(Y()J#(Y(, G($#KSXD’’(T # (JUEKK(YH&V". 8 GH(UDJJD
8@09 ) (QH&IU&N E’$"UEH()&KEJM EOG"KMJP F(#&, EODS[ED V(HO", G(#&I&’-
’"S ’& HEJ.18.

@#JGDHEOD’F&KM’&L I&)EJEO(JFM GK(F’(JFE F(#& j↑(t) O(%DF QPFM &GGH(#JE-
OEH()&’& I&F"N&S[DT JE’"J(E$&KM’(T V"’#UEDT

j↑(t) = jmaxe→ωεt
sin(ωt),

Y$D ω W J(QJF)D’’&L "YK()&L X&JF(F& #(KDQ&’ET, ε W #(\VVEUED’F I&F"N&’EL,
& )HDOL t EIOD’LDFJL ) $E&G&I(’D 0 ↑ t ↑ ϑ0.

7KL EOG"KMJ’(Y( YD’DH&F(H& A06-20-40 X&JF(F& J(JF&)KLDF

f =
ω

2ϖ
= 14,76 #AU,

#(\VVEUED’F I&F"N&’EL H&)D’ ε = 0,15, & $KEFDKM’(JFM EOG"KMJ& ϑ0 = 162 O#J.



62 @. @.@+@+?WA<Q!

8 GH()($EOPN \#JGDHEOD’F&N &OGKEF"$& GK(F’(JFE F(#& ) EOG"KMJ&N jmax
)&HMEH()&K&JM, F(Y$& #&# $KEFDKM’(JFM )JDN EOG"KMJ() (JF&)&K&JM ($E’&#()(T.

0’FDH)&K )HDOD’E OD%$" EOG"KMJ&OE J(JF&)KLK 120 J. _& \F(F GDHE($ (QH&IDU
G(K’(JFMS (JFP)&K $( ’&X&KM’(T FDOGDH&F"HP T0, )JKD$JF)ED XDY( #"O"KLFE)-
’PT \VVD#F ’&YHD)& (FJ"FJF)()&K.

5D%EO )PJ(#(\’DHYDFEXDJ#(Y( EOG"KMJ’(Y( )(I$DTJF)EL (8@09) QPK )PQH&’
) J((F)DFJF)EE J G($N($(O, GHD$K(%D’’PO ) H&Q(FD [1]. 7&’’PT G($N($ EJG(KM-
I"DF D$E’JF)D’’PT G&H&ODFH "GH&)KD’EL W "$DKM’"S \’DHYES EOG"KMJ& F(#& q,
)ODJF( ($’()HDOD’’(Y( G($Q(H& ’DJ#(KM#EN G&H&ODFH(), F&#EN #&# GK(F’(JFM
F(#& j↑(t), $KEFDKM’(JFM EOG"KMJ& t = ϑ0 E V(HO& EOG"KMJ&, XF( GH&#FE#()&-
K(JM ) GHD$ZDJF)"S[EN EJJKD$()&’ELN.

*$DKM’&L \’DHYEL EOG"KMJ& F(#& H&JJXEFP)&K&JM G( )PH&%D’ES

q =

)︄ ϑ0

0

j2
↑(t)

ϱE
dt, (1)

Y$D ϱE W #(\VVEUED’F \KD#FH(GH()($’(JFE O&FDHE&K&.
_’&XEFDKM’PD H&IKEXEL H&IODH() E V(HO $DVD#F() J(I$&SF J"[DJF)D’’PD

FH"$’(JFE GHE ’D\OGEHEXDJ#(O (GHD$DKD’EE G&H&ODFH() 8@09, ’D(QN($EOPN
$KL EN I&KDXE)&’EL E "K"XZD’EL GK&JFEXDJ#EN O&#H(J#(GEXDJ#EN N&H&#FDHE-
JFE# O&FDHE&K&.

3’&KEI )’"FHD’’EN $DVD#F() G(#&IP)&DF, XF( $KL G($&)KLS[DY( Q(KMZE’-
JF)& EI ’EN (I& EJ#KSXD’EDO Y&I()PN G(H) N&H&#FDH’PO L)KLDFJL ’DYK&$#&L
V(HO& J (JFHPOE )PJF"G&OE EKE )DHZE’&OE. 4O.HEJ.2.

9$’(T EI (J(QD’’(JFDT G($N($&, ’&GH&)KD’’(Y( ’& I&KDXE)&’ED $DVD#F() E
EIK(%D’’(Y( ) H&Q(FD [1], L)KLDFJL ’D(QN($EO(JFM I’&’EL #(’#HDF’(T V(HOP E
(F’(JEFDKM’PN YD(ODFHEXDJ#EN H&IODH() I&KDXE)&DOPN $DVD#F().

8 ’&JF(L[DT H&Q(FD $KL "GH([D’EL Q"$DO JXEF&FM, XF( )JD $DVD#FP ) O&FD-
HE&KD (QH&IU() EODSF V(HO" \KKEGFEXDJ#EN UEKE’$H() J (QH&I"S[DT, (HED’-
FEH()&’’(T )$(KM (JE Z (JO.HEJ.13). 9J’()&’EDO F&#EN UEKE’$H() L)KLSFJL
\KKEGJP J Q(KMZ(T G(K"(JMS a E O&K(T G(K"(JMS b. 8JD \KKEGJP JXEF&SFJL
($E’&#()( (HED’FEH()&’’POE F&#EO (QH&I(O, XF( \KD#FHEXDJ#ET F(# ) (QH&IUD
’&GH&)KD’ )$(KM EN O&K(T G(K"(JE, F( DJFM )$(KM (JE Y .

7KL (GHD$DKD’EL HD%EO& I&KDXE)&’EL EJG(KMI"SFJL "H&)’D’EL (31) E (32),
GHE)D$]’’PD ) H&Q(FD [1]. !&# JKD$"DF EI "#&I&’’PN "H&)’D’ET, J)LIM "$DKM’(T
\’DHYEE EOG"KMJ& F(#& q J FDOGDH&F"H(T ODF&KK& T ) )DHZE’D \KKEGFEXDJ#(Y(
$DVD#F&, H&$E"J(O #HE)EI’P ) )DHZE’D

R =
b2

a

, $KE’(T $DVD#F& a, JHD$’EO H&JJF(L’EDO OD%$" UD’FH&OE $DVD#F() 2W , &
F&#%D J VEIEXDJ#EOE J)(TJF)&OE O&FDHE&K&, (GEJP)&DFJL JKD$"S[EO (QH&I(O:

q =
R

a

[︄

]︄1 ↓
⌊︄

R

a

⌋︄

⌈︄
2

ϖa

2W
ctg

⌉︄
ϖ

2

a

W

{︄
ςc (T ↓ T0) , (2)
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5%#. 2. 5/>+%;"=, $%’= @,F,0$)8 8 -/$,(%/+, )*(/>?)8. G"%-0% )’$%;,#0)4) -%0-
()#0)’/ # &8,+%;,"%,- x200. 7%"%-/+<"/9 ?%F()8/9 )*(/*)$0/ - &@/+,"%, @,F,0$)8
3+%F)80%

Y$D c W "$DKM’&L FDGK(]O#(JFM O&FDHE&K&, ς W GK(F’(JFM, & T0 W ’&X&KM’&L
FDOGDH&F"H& ) )DHZE’D $DVD#F&.

>HE \F(O I&)EJEO(JFM (2) L)KLDFJL &)F(O($DKM’(T G( (F’(ZD’ES # QDIH&I-
ODH’PO G&H&ODFH&O R/a E a/W . >DH)PT G&H&ODFH (GHD$DKLDF V(HO" OE#H($D-
VD#F() ($&KDD W G&H&ODFH V(HOP), F(Y$& #&# )F(H(T N&H&#FDHEI"DF )I&EO’(D
H&JG(K(%D’ED OE#H($DVD#F() ) O&FDHE&KD. 8 $&KM’DTZDO )JD $DVD#FP ) EJJKD-
$"DOPN (QH&IU&N Q"$"F (GEJP)&FMJL EJ#KSXEFDKM’( \FEOE $)"OL G&H&ODFH&OE.

C"$DO JXEF&FM, XF( $DVD#FP EODSF )PFL’"F"S V(HO", F( DJFM b/a < 1, F&#
XF( b2/a2

= R/a ↔ 1, E, JKD$()&FDKM’(, ) )PH&%D’EE (2) O(%’( GHD’DQHDXM
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XKD’&OE G(HL$#& o(R/a). !H(OD F(Y(, Q"$DO GHD$G(K&Y&FM, XF( JHD$’DD H&JJF(-
L’ED OD%$" $DVD#F&OE I’&XEFDKM’( GHD)PZ&DF EN O&#JEO&KM’PT H&IODH a, F(
DJFM a/W ↔ 1, )JKD$JF)ED XDY( ) V(HO"KD (2) O(%’( F&#%D GHD’DQHDXM XKD’&OE
G(HL$#& o(a/W ).

7&’’PD GHD$G(K(%D’EL, J "X]F(O ’&QKS$&DO(T ’& ZKEV&N YD(ODFHEE $DVD#-
F() ) O&FDHE&KD (QH&IU() E H&JJF(L’ET OD%$" ’EOE, J((F)DFJF)"SF $DTJF)E-
FDKM’(JFE (JO. HEJ.2).

8( ))D$D’EE (FODX&K(JM, XF( I&KDXE)&’ED $DVD#F() G"F]O J)&H#E EN QDHDY()
GH(EJN($EF GHDEO"[DJF)D’’( ) (QK&JFLN (JFHPN )DHZE’ $DVD#F(), Y$D EOG"KMJ
F(#& )PIP)&DF ($’()HDOD’’(D GK&)KD’ED ODF&KK& E DY( J%&FED. >H(UDJJ GH(-
FD#&DF G(Z&Y()(: J #&%$PO EOG"KMJ(O )DHZE’& $DVD#F& JOD[&DFJL # UD’FH"
\KKEGJ& )$(KM DY( Q(KMZ(T G(K"(JE.

>"JFM HD%EO 8@09 J(JF(EF EI N + 1 EOG"KMJ() J ’(ODH&OE n = 0, 1, . . . , N .
8 H&Q(FD [1] GHD$K(%D’( G($$DH%E)&FM $KL #&%$(Y( EOG"KMJ& n = 0, 1, . . . , N
G(JF(L’’"S )’"FHD’’SS \’DHYES ) )DHZE’D $DVD#F&, H&)’"S \’DHYEE GDH)(Y(
EOG"KMJ&, XF( (QDJGDXE)&DF G(JKD$()&FDKM’PD GK&)KD’ED E J)&H#" $DVD#F&.

7KL \F(Y( \’DHYEL GDH)(Y( G( G(HL$#" EOG"KMJ& EI G(JKD$()&FDKM’(JFE EO-
G"KMJ() 8@09, q0, $(K%’& )PQEH&FMJL F&#EO (QH&I(O, XF(QP GHE GH(N(%$D’EE
$&’’(Y( EOG"KMJ& I&KDXE)&’ED ) )DHZE’D $DVD#F& I&)D$(O( GH(EJN($EK(. 0’P-
OE JK()&OE, ) #(’#HDF’PN \#JGDHEOD’F&N \’DHYEL q0 $(K%’& QPFM $(JF&F(X’(T
$KL (QDJGDXD’EL I&KDXE)&’EL $DVD#F&. 6&#(T HD%EO (EKE J()(#"G’(JFM HD%E-
O() ) I&)EJEO(JFE (F )PQH&’’(Y( I’&XD’EL q0) $&KDD Q"$DO ’&IP)&FM GHD$G(-
XFEFDKM’PO.

1DH(T )’"FHD’’DT \’DHYEE ) )DHZE’D $DVD#F& L)KLDFJL FDOGDH&F"H& (T ↓T0),
)N($L[&L ) "H&)’D’ED (2). 6(Y$&, J "X]F(O J$DK&’’PN )PZD $(G"[D’ET, EI "H&)-
’D’EL (2) JKD$"DF, XF( GHD$G(XFEFDKM’PT HD%EO (GEJP)&DFJL J((F’(ZD’EDO,
&’&K(YEX’PO "H&)’D’ES (35) ) H&Q(FD [1]:

qn+1
qn

=
Rn+1 an

Rn an+1
, n = 0, 1, . . . , N ↓ 1. (3)

_$DJM qn+1 E qn W \’DHYEE $)"N G(JKD$()&FDKM’PN EOG"KMJ() F(#&, Rn+1 E Rn,
& F&#%D an+1 E an W J((F)DFJF)"S[ED YD(ODFHEXDJ#ED G&H&ODFHP $DVD#F&, EI-
OD’LS[EDJL ) GH(UDJJD GH(N(%$D’EL \FEN EOG"KMJ(). *H&)’D’ED (3) (F’(ZD’ED
\’DHYET EOG"KMJ() F(#& J EIOD’LDOPOE ) GH(UDJJD I&KDXE)&’EL YD(ODFHEXDJ#E-
OE H&IODH&OE $DVD#F&.

C"$DO JXEF&FM, XF( $DVD#F I&KDXE)&DFJL H&)’(ODH’(: I& #&%$PT EOG"KMJ
I&)&HE)&DFJL ($E’&#()PT O&KPT "X&JF(# !a ) )DHZE’D $DVD#F&, E XDHDI n
EOG"KMJ() DY( ’&X&KM’&L $KE’& a0 "OD’MZEFJL $( an = a0 ↓n ·!a, GHE !a/a0 ↔
1.

6&#%D Q"$DO JXEF&FM, XF( J #&%$PO n-O EOG"KMJ(O H&IODH O&K(T G(K"(JE
$DVD#F& bn EIOD’LDFJL ’DI’&XEFDKM’(, F. D. JXEF&DO bn = b0, Y$D b0 W ’&X&KM’PT
H&IODH O&K(T G(K"(JE. 7&’’(D GHD$G(K(%D’ED J((F)DFJF)"DF HDI"KMF&F&O H&J-
X]F() [11W13]. >(\F(O" ’& n-(O Z&YD $KL H&$E"J& #HE)EI’P Rn ) ’()(T )DHZE’D
$DVD#F& EODDO:
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Rn =
b2

n

an
=

R0
1 ↓ n (!a/a0)

, n = 0, 1, . . . , N, (4)

Y$D R0 = b2
0/a0 W ’&X&KM’PT H&$E"J #HE)EI’P ) )DHZE’D $DVD#F&.

4 "X]F(O J$DK&’’PN GHD$G(K(%D’ET, $KL F(Y( XF(QP GHE #&%$(O n-(O EO-
G"KMJD ) )DHZE’&N GH(EJN($EK( GK&)KD’ED E, J((F)DFJF)D’’(, O(YK( GH(EJN(-
$EFM I&)&HE)&’ED QDHDY() $DVD#F&, EI "H&)’D’ET (3) E (4) JKD$"DF, XF( \’DHYEL
#&%$(Y( n-Y( EOG"KMJ& qn $(K%’& ")DKEXE)&FMJL ) J((F)DFJF)EE J I&)EJEO(-
JFMS:

qn =
q0

(1 ↓ n (!a/a0))
2 , (5)

Y$D q0 W \’DHYEL ’&X&KM’(Y( EOG"KMJ&.
.JKE )PG(K’LDFJL "JK()ED n (!a/a0) ↔ 1, F( )PH&%D’ED (5) O(%’( &GGH(#-

JEOEH()&FM KE’DT’(T I&)EJEO(JFMS

qn = q0 (1 + 2n (!a/a0)) , (6)

Y$D q0 W \’DHYEL ’&X&KM’(Y( EOG"KMJ&.
7KL #(’#HDFEI&UEE )PH&%D’EL (5) GHEOD’EFDKM’( # $DVD#F&O ) EJJKD$"DOPN

(QH&IU&N )(JG(KMI"DOJL JKD$"S[EOE J((QH&%D’ELOE.
8 EJJKD$"DOPN (QH&IU&N )PL)KD’P OE#H($DVD#FP J H&IKEX’POE G&H&ODFH&-

OE V(HOP R0/a0. 8 J((F)DFJF)EE J "H&)’D’EDO (2), XDO OD’MZD R0/a0 (F. D. XDO
(JFHDD $DVD#F), FDO OD’MZ&L ’&X&KM’&L \’DHYEL q0 FHDQ"DFJL $KL DY( I&KDXE-
)&’EL.

8 ’&ZEN \#JGDHEOD’F&N OP Q"$DO I&KDXE)&FM OE#H($DVD#FP J G&H&ODFH(O
V(HOP, KD%&[EO ) $E&G&I(’D 1,6·10

→3 ↑ R0/a0 ↑ 1,2·10
→1. .Y( ’E%’LL YH&’EU&

J((F)DFJF)"DF G( G&H&ODFH" V(HOP "JF&K(JF’PO FHD[E’&O [16], & )DHN’LL W
()&KM’PO G(H&O.

>( EI)DJF’PO J)(TJF)&O JF&KE 316L, EJG(KMI"L "H&)’D’ED (2), (GHD$DKLDO
\’DHYEE EOG"KMJ(), J((F)DFJF)"S[ED ’E%’DT E )DHN’DT YH&’EU&O $E&G&I(’&
G&H&ODFH& V(HOP R0/a0:

1,1 · 10
7 7%/O3 < qn < 3,8 · 10

8 7%/O3.

0I \#JGDHEOD’F() G( I&KDXE)&’ES O&#H(FHD[E’ ) GK&JFE’&N EI ’DH%&)DS-
[DT JF&KE J (F’(ZD’EDO R0/a0 = (1,2–1,8)·10

→3 ’&O EI)DJF’& ’&X&KM’&L \’DHYEL
EOG"KMJ&, GHE #(F(H(T ) )DHZE’D F&#EN FHD[E’ ’&XE’&DFJL I&KDXE)&’ED G"F]O
J)&H#E EN QDHDY(), q0 = 1,88 · 10

7 7%/O3 [16].
0JN($L EI \FEN \#JGDHEOD’F&KM’PN $&’’PN, J#(HHD#FEH"DO $E&G&I(’ \’DHYET

EOG"KMJ():
1,37 · 10

7 7%/O3 ↑ qn ↑ 4,75 · 10
8 7%/O3.

6&#EO (QH&I(O, $KL I&)EJEO(JFE (5) EODDO q0 = 1,37 · 10
7 7%/O3, qN = 4,75 ·

10
8 7%/O3. >HE N = 9 EI "H&)’D’EL (5) (GHD$DKLDO, XF( $KL GHD$G(XFEFDKM’(Y(

HD%EO& !a/a0 = 0,083.
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7KL GH(JF(FP H&I$DKEO I&KDXE)&DOPD OE#H($DVD#FP ) O&FDHE&KD (QH&IU()
’& $)D Q(KMZED YH"GGP: J (JFHPOE )DHZE’&OE, $KL #(F(HPN R0/a0 = 1,6 · 10

→3–
2,25 · 10

→2, E J F"GPOE )DHZE’&OE, $KL #(F(HPN R0/a0 = 2,25 · 10
→2–1,2 · 10

→1.
7KL \FEN $)"N YH"GG &GGH(#JEOEH"DO I&)EJEO(JFM (5) $)"OL GHLOPOE:

7KL EN I&KDXE)&’EL EJG(KMI"DO HD%EO 8@09 J $)"OL KE’DT’POE )DF)LOE
)E$& (5):

qn = q↓
0

}︄

1 +
2n!a↓

a0

⟨︄

, n = 0, 1, . . . , 4,

Y$D q↓
0 = 0,14 · 10

8 7%/O3, !a↓/a0 = 1,33 · 10
→2.

qn = q↓↓
0

}︄

1 +
2(n ↓ 5)!a↓↓

a0

⟨︄

, n = 5, . . . , 9,

Y$D q↓↓
0 = 1,51 · 10

8 7%/O3, !a↓↓/a0 = 2 · 1,33 · 10
→2.

0IOD’D’ED D$E’JF)D’’(Y( G&H&ODFH& GHD$G(XFEFDKM’(Y( HD%EO& qn GHD$JF&)-
KD’( ) F&QK. 1.

n qn, 10
9 7%/O3

0 0,014
1 0,027
2 0,042
3 0,058
4 0,074
5 0,151
6 0,221
7 0,301
8 0,376
9 0,475

0F(Y( 1,739

H/*+%?/ 1. !>-,","%, &@,+<")C A",(4%% %-’&+<#)8 qn 8 ’(,@’);$%$,+<")- (,I%-,
EJ!K

5DI"KMF&FP E (QJ"%$D’ED 7KL EKKSJFH&UEE HDI"KMF&F() \#JGDHEOD’F& ’&
HEJ. 3 GHE)D$D’P #HE)PD ’(OE’&KM’(D ’&GHL%D’ED–$DV(HO&UEL. 8 F&QK. 2 "#&-
I&’P HDI"KMF&FP EJGPF&’ET ’& H&IHP).

4 G(O([MS )(I$DTJF)EL \KD#FH(O&Y’EF’PO G(KDO ) GHD$G(XFEFDKM’(O HD-
%EOD 8@09 "$&K(JM ")DKEXEFM G(#&I&FDKM JHD$’DT GHD$DKM’(T GK&JFEXDJ#(T
$DV(HO&UEE $( H&IH"ZD’EL φF ’& 30% (J 24,73% $( 32,30%) GHE ’DI’&XE-
FDKM’(O J’E%D’EE JHD$’DY( GHD$DK& GH(X’(JFE ϱ! ’& 4% (J 0,655 #//OO2 $(
0,629 #//OO2). 6( DJFM ) HDI"KMF&FD 8@09 GK&JFEX’(JFM O&FDHE&K& J"[DJF)D’-
’( )(IH&JF&DF GHE ’DI’&XEFDKM’PN G(FDHLN ) GH(X’(JFE O&FDHE&K&.
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!H(OD F(Y(, ) \#JGDHEOD’F&N ’&QKS$&DFJL J’E%D’ED G(#&I&FDKDT JF&’$&HF-
’(Y( (F#K(’D’EL φF ’& 70% E ϱ! ’& 32% J((F)DFJF)D’’(. 4’E%D’ED $EJGDHJEE
Y()(HEF ( F(O, XF( ) HDI"KMF&FD GHD$K(%D’’(Y( )(I$DTJF)EL 8@1> GK&JFEXD-
J#ED J)(TJF)& (QH&IU() JF&KE Q(KDD GHD$J#&I"DOPOE E OD’DD EIOD’XE)POE (F
(QH&IU& # (QH&IU".

AH"GG& ϱ!, #//OO2 φF , % sϖ! , #//OO2 sϱF , %
⟩︄

qi, 10
9 7%/O3

9QH&Q(F&’’PD (5
ZF.)

0,655 24,73 0,041 7,78 –

/D(QH&Q(F&’’PD
(5 ZF.)

0,629 32,30 0,028 2,29 1,739

H/*+%?/ 2. 5,>&+<$/$= %#’=$/"%C "/ (/>(=8 )*(/*)$/""=. EJ7: % ",)*(/*)$/""=.
)*(/>?)8

ϱ! W JHD$’ET GHD$DK GH(X’(JFE, φF , % W JHD$’DD (F’(JEFDKM’(D "$KE’D’ED, sϖ!

W JF&’$&HF’(D (F#K(’D’ED GHD$DK& GH(X’(JFE, sϱF W JF&’$&HF’(D (F#K(’D’ED
(F’(JEFDKM’(Y( "$KE’D’EL,

⟩︄
qi W J"OO&H’&L "$DKM’&L H&JJDL’’&L \’DHYEL.

9$’(T EI UDKDT ’&JF(L[DT H&Q(FP L)KLDFJL \#JGDHEOD’F&KM’(D G($F)DH%$D-
’ED I&KDXE)&’EL GHE 8@09 ) GHD$G(XFEFDKM’(O HD%EOD OE#H(G(H E OE#H(-
FHD[E’ ) ZEH(#(O $E&G&I(’D H&IODH() ((F 5 O#O $( 250 O#O), (QH&I()&)ZENJL
) 31 ) HDI"KMF&FD EIY(F()KD’EL ODF($(O 4+>. 7( ’&JF(L[DY( )HDOD’E F&#ED
\#JGDHEOD’F&KM’PD G($F)DH%$D’EL (FJ"FJF)()&KE. >HE \F(O (QRD#F(O EJJKD-
$()&’EL L)KLSFJL ’DG(JHD$JF)D’’( EIOD’D’EL G(HEJF(JFE E OE#H(JFH"#F"HP
$DVD#F() 31.

7KL $(JFE%D’EL $&’’(T UDKE QPK GH()D$]’ &’&KEI OE#H(JFH"#F"HP EIK(-
O() (JO. HEJ. 4). 0JJKD$()&’ED OE#H(JFH(D’EL EIK(O() ’D(QH&Q(F&’’PN (QH&I-
U() G(#&IP)&DF, XF( EN OE#H(JFH"#F"H& N&H&#FDHEI"DFJL J"[DJF)D’’(T ’D($’(-
H($’(JFMS. /& EIK(O&N ’D(QH&Q(F&’’PN (QH&IU() ’&QKS$&SFJL O’(Y(XEJKD’-
’PD OE#H($DVD#FP-’DJGK&)KD’EL ’DGH&)EKM’(T V(HOP J (JFHPOE )DHZE’&OE,
)’"FHE ’EN )E$’P ’DH&JGK&)KD’’PD X&JFEUP G(H(Z#& (HEJ. 43). 8(#H"Y \FEN
G"JF(F )E$’P YH&’EUP )&’’ H&JGK&)&. AH&’EUP )&’’ H&JGK&)& L)KLSFJL GHD$-
G(XFEFDKM’POE G"FLOE H&IH"ZD’EL GHE H&JFL%D’EE G( )LI#(O" ODN&’EIO",
( X]O J)E$DFDKMJF)"SF H&)’((J’PD E )PFL’"FPD LO#E ’& EIK(OD (HEJ. 43).
7DVD#FP ’DGH&)EKM’(T V(HOP JK"%&F #(’UD’FH&F(H&OE ’&GHL%D’ET E JG(-
J(QJF)"SF #&F&JFH(VEXDJ#(O" (QH&I()&’ES O&#H(FHD[E’, H&JGH(JFH&’LS[EN-
JL G( YH&’EU&O )&’’ H&JGK&)& GDHGD’$E#"KLH’( ’&GH&)KD’ES H&JFL%D’EL. 8
\F(O JOPJKD ODN&’EIO H&IH"ZD’EL ’D(QH&Q(F&’’PN (QH&IU() EODDF #)&IE)LI-
#ET N&H&#FDH.

8 (QH&Q(F&’’PN (QH&IU&N EIK(OP (FKEX&SFJL I’&XEFDKM’(T ($’(H($’(JFMS,
J H&)’((J’POE LO#&OE E YK"Q(#EOE G(H&OE ()&KM’(T V(HOP, XF( "#&IP)&DF
’& XEJF( )LI#ET ODN&’EIO H&IH"ZD’EL (HEJ. 4C).

6&#EO (QH&I(O, ) HDI"KMF&FD GHEOD’D’EL GHD$G(XFEFDKM’(Y( HD%EO& 8@09
EIOD’EKJL ODN&’EIO H&IH"ZD’EL (QH&IU(). .JKE $( (QH&Q(F#E H&IH"ZD’ED QPK(
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5%#. 3. L(%8=, ")-%"/+<"), "/’(9I,"%,-@,F)(-/?%9 ",)*(/*)$/""=. )*(/>?)8
(#8,(.&) % )*(/>?)8, )*(/*)$/""=. EJ7: (#"%>&)
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5%#. 4. H%’%;"), -%0()#$(),"%, %>+)-)8 @) (1) % ’)#+, EJ!K (D)

5%#. 5. H%’%;"=, 8"&$(,""%, -%0()@,F,0$= 8 )*(/>?/. @) EJ!K (1) % ’)#+, EJ!K
(D)

#)&IE)LI#EO, F( G(JKD 8@09 (’( JF&K( XEJF( )LI#EO. 8 F(O XEJKD \F( J)LI&’(
J "OD’MZD’EDO #(KEXDJF)& E EIOD’D’EDO V(HOP #(’UD’FH&F(H() ’&GHL%D’ET.
7&’’PT HDI"KMF&F G($F)DH%$&DF, XF( GHD$G(XFEFDKM’PT HD%EO 8@09 JG(J(Q-
JF)"DF I&KDXE)&’ES OE#H($DVD#F() ) O&FDHE&KD.

0JJKD$()&’ED OE#H(JFH"#F"HP ) (GFEXDJ#(O OE#H(J#(GD G(#&I&K(, XF( )
’D(QH&Q(F&’’PN (QH&IU&N $( 8@09 J($DH%EFJL O’(%DJF)( OE#H($DVD#F() H&I-
KEX’PN V(HO E H&IODH(): (F 0,2 O#O $( 250 O#O. C(KMZE’JF)( $DVD#F() EODSF
’DGH&)EKM’PD V(HOP J (JFHPOE )DHZE’&OE. 6EGEX’PD V(HOP OE#H($DVD#F()
) (QH&IU&N GHD$JF&)KD’P H&’DD ’& HEJ. 2. 4HD$E ’EN: #H"G’PD ’DJGK&)KD’EL
(50–250 O#O), #H"G’PD G(HP E FHD[E’P (10–50 O#O), ODK#ED FHD[E’P E G(HP
(< 10 O#O), & F&#%D Y&I()PD G(HP (0,2–2 O#O). >(JKD 8@09 OE#H($DVD#FP



70 @. @.@+@+?WA<Q!

5%#. 6. :/")(/-"=, F)$)4(/F%% $%’%;")4) 3+%F/, ’)+&;,""=, 8 )’$%;,#0)- -%0-
()#0)’,: (1) @) EJ!K, (D) ’)#+, EJ!K. 5/>-,( #"%-0/ ($M-")4) ’)+9) #)#$/8+9,$
1825 -0- → 1825 -0-.

J"[DJF)D’’( EIOD’LSFJL: EN V(HOP JF&’()LFJL Q(KDD YK&$#EOE, QDI (JFHPN
)DHZE’ (JO. HEJ. 5).

9FODFEO, XF( G(JKD 8@09 ) JF&KE GH(EI(ZKE F)DH$(FDKM’PD V&I()PD GD-
HDN($P J (QH&I()&’EDO ’()(T V&IP (F]O’PD GLF’PZ#E ’& J)DFK(O V(’D ’&
HEJ. 53). 6(Y$& #&# ) (#HDJF’(JFE $DVD#F() ’()&L V&I& (FJ"FJF)"DF (J)DFK&L
(QK&JFM )(#H"Y $DVD#F& ’& HEJ. 5C). >( ’&ZDO" O’D’ES, \F( J)E$DFDKMJF)"DF (
GK&)KD’EE, GH(EI(ZD$ZDO ) (#HDJF’(JFE $DVD#F&, E I&KDXE)&’EE OE#H($DVD#-
F() G( ODN&’EIO", (GEJ&’’(O" )( ))D$D’EE.

8(IO(%’( GHD$G(K(%EFM, XF( EIOD’D’ED V&I()(Y( J(JF&)& F&#%D G()KELK( ’&
EIOD’D’ED FEG& H&IH"ZD’EL (QH&Q(F&’’(T JF&KE, ($’&#( $&’’(D "F)DH%$D’ED
FHDQ"DF $&KM’DTZDY( EJJKD$()&’EL.

/& HEJ. 63 G(#&I&’& OE#H(JFH"#F"H& ZKEV& ’D(QH&Q(F&’’(Y( (QH&IU&, & ’&
HEJ. 6C W (QH&Q(F&’’(Y( G(JKD 8@09. 1E#H($DVD#FP )E$’P #&# QDKPD (Q-
K&JFE ’& X]H’(O V(’D. 4H&)’D’ED HEJ. 63 E 6C G(#&IP)&DF, XF( #(KEXDJF)(
E H&JGHD$DKD’ED OE#H($DVD#F() J"[DJF)D’’( H&IKEX&SFJL. 7( 8@09 (QH&IDU
Q(KDD G(HEJFPT E J($DH%EF Q(KMZD #H"G’PN OE#H($DVD#F() (HEJ. 63), F(Y$&
#&# G(JKD 8@09 EN #(KEXDJF)( I’&XEFDKM’( OD’MZD (HEJ. 6C). 8EI"&KM’( I&-
ODF’(, XF( GHD$G(XFEFDKM’PT HD%EO 8@09 \VVD#FE)’( J’E%&DF G(HEJF(JFM
E #(KEXDJF)( #H"G’PN OE#H($DVD#F().

7KL #(KEXDJF)D’’(Y( &’&KEI& QPK( EJG(KMI()&’( (F#HPF(D GH(YH&OO’(D
(QDJGDXD’ED Porosity Calculator Matlab. 4 G(O([MS Porosity Calculator H&JJXE-
FP)&K&JM G(HEJF(JFM G( V(F(YH&VELO G()DHN’(JFDT ZKEV(), &’&K(YEX’PO G(-
#&I&’’PO ’& HEJ. 6. 8JDY( J G(O([MS Porosity Calculator QPK( (QH&Q(F&’( E
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H&JJXEF&’& G(HEJF(JFM ’& J"OO&H’(T GK([&$E ZKEV() 9,9 OO2 JDXD’ET (QH&I-
U() $( E G(JKD 8@09 () FH]N GH(EI)(KM’( )PQH&’’PN JDXD’ELN (QH&IU()).

5&JX]FP G(HEJF(JFE G(#&I&KE, XF( ) HDI"KMF&FD 8@09 G(HEJF(JFM I&KDXEK&JM
J 0,93% $( 0,63%, F. D. GH(EI(ZK( "OD’MZD’ED G(HEJF(JFE ’& 32%.

6&#EO (QH&I(O, GH()D$]’’PD EJJKD$()&’EL G($F)DH%$&SF, XF( ) HDI"KMF&-
FD )(I$DTJF)EL 8@09 GHE GHD$K(%D’’(O (GHD$DKD’EE G&H&ODFH() GHD$G(XFE-
FDKM’(Y( HD%EO& ) 4+1-JF&KE 03216/1513 GH(EJN($EF I&KDXE)&’ED OE#H($D-
VD#F(). 1DN&’EIO \F(Y( I&KDXE)&’EL JKD$"S[ET: GHE )(I$DTJF)EE EOG"KMJ(O
8@1> ) (JFHPN )DHZE’&N )’"FHD’’EN OE#H(FHD[E’ E OE#H(G(H GH(EJN($EF
JEKM’&L #(’UD’FH&UEL \KD#FH(O&Y’EF’(Y( G(KL, E’FD’JE)’(D )P$DKD’ED $%("-
KD)& FDGK& ) #(H(F#ET GH(OD%"F(# )HDOD’E, )(I’E#’()D’ED J%EO&S[EN FDH-
OEXDJ#EN ’&GHL%D’ET J ($’()HDOD’’PO H&I"GH(X’D’EDO E GK&)KD’EDO ODF&KK&
) \FEN (QK&JFLN. 8 J()(#"G’(JFE \F( GHE)($EF # F(O", XF( )’"FHD’’ED OE#H(-
FHD[E’P E OE#H(G(HP EIOD’LSF V(HO", "OD’MZ&SFJL ) (QR]OD, & EN QDHDY&
J)&HE)&SFJL H&JGK&)KD’’PO ODF&KK(O.

8P)($P 8@09 ) GHD$K(%D’’(O GHD$G(XFEFDKM’(O HD%EOD JG(J(Q’& I&-
KDXE)&FM OE#H(FHD[E’P E OE#H(G(HP J KE’DT’POE H&IODH&OE 5–250 O#O )
’DH%&)DS[DT JF&KE 03216/1513, EIY(F()KD’’(T ODF($(O 4+>. 8JKD$JF)ED
I&KDXE)&’EL )’"FHD’’EN OE#H($DVD#F() GH(EI(ZK( J"[DJF)D’’(D "K"XZD’ED
ODN&’EXDJ#EN N&H&#FDHEJFE# (QH&IU().

>H()D$]’’PD EJJKD$()&’EL G(#&IP)&SF, XF( )PJ(#(\’DHYDFEXDJ#&L @09 $&-
%D GHE ’EI#(O #&XDJF)D GDX&FE G(I)(KLDF "K"XZEFM ODN&’EXDJ#ED N&H&#FDHE-
JFE#E 31, G()PJEFM GHD$J#&I"DO(JFM E "OD’MZEFM )&HE&QDKM’(JFM DY( O&#H(-
J#(GEXDJ#(Y( G()D$D’EL.

>(K&Y&DO, 8@09 (QK&$&DF Q(KMZEO G(FD’UE&K(O $KL GHEOD’D’EL GHE I&KD-
XE)&’EE )’"FHD’’EN OE#H($DVD#F() E "K"XZD’EL ODN&’EXDJ#EN N&H&#FDHEJFE#
$DF&KDT EI 31.

NK:KO6!HPOQ6K

E0+/@ /8$)()8. L. L. L&0&@I/")8: 18$)( 8"M# 80+/@ 8) 8#, A$/’= ’)@4)$)80% #$/$<%.
L)"F+%0$ %"$,(,#)8. 18$)( @,0+/(%(&,$ )$#&$#$8%, 98"=. % ’)$,"?%/+<"=. 0)"-
F+%0$)8 %"$,(,#)8, #89>/""=. # ’&*+%0/?%,C "/#$)9R,C #$/$<%.
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