
F
iber/ metal laminates (FMLs) are hybrid composites consisting of alternat-

ing thin layers of metal sheets and fiber reinforced epoxy laminates. In this

study, the effect of fiber orientation on impact properties of FML plates is

investigated both analytically and experimentally. Two groups of specimens were

prepared and tested in two different levels of impactor energy. The indentation depth

and damage size after impact is measured and delamination area is specified for each

specimen. Increasing impactor energy causes more fractured layers, more debonding

and delaminations area but the trend was similar to lower level energy. The analysis

was based on a method of minimum total potential energy and the von Karman strain

displacement equations. Good agreement is obtained between the model predictions

and experimental results. 
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)1(88/44 = ssalgV ssalgV/ssalgm=ssalg|

)2(8/93 = niserVniserV/ niserm=   niser|  

)3(35%  = )ssalgV + niserV(/ssalgV = fV

|̈õ…Á ìß†ðýßþ ø± üà …² ìõ…¬ …ôèýú ¬° ›~ôë1 „ì~û …¶•. ̈õ…Á

ìß†ðýßþ æüú|ø†ÿ Þ†ì�õ²ü}þ ðý³ ‹± …¶†¹ Ú†ðõó ì©éõÉ|ø† ‹ú {±{ý� ²ü±

ì¥†¶Œú º~:  |

¬° …üò ìÏ†¬æ– 1cE|€ 2cE| ô21cv‹ú {±{ý� ì~ôë Þ»·†ðþ Æõèþ€

ì~ôë Þ»·†ðþ Î±Âþ ô Â±ü� �õ…¶õó Æõèþ æüú Þ†ì�õ²ü•|…ð~. mv

ô fv‹ú {±{ý� ¬°¾~ ¤œíþ …èý†Ù ô °²üò ô 1fEô 2fEì~ôë Þ»·†ðþ

Æõèþ ô Î±Âþ …èý†Ù ô mEì~ôë Þ»·†ðþ °²üò …¶•. 21fv| ô mv| ðý³

‹ú {±{ý� Â±ü� �õ…¶õó Æõèþ …èý†Ù ô Â±ü� �õ…¶õó °²üò ø·}ñ~.

ðíõðú|ø† ‹ú ºßê ¾×¥†{þ ¬° …ð~…²û 2mm|051×051 ‹† æüú|Ÿýñþ ‹ú

ºßê ]LA/22θ12θ/LA/21θ11θ/LA[| {ùýú º~. …² ðí†¬ LA| ‹±…ÿ ð»†ó

¬…¬ó æüú|ø†ÿ „èõìýñýíþ ô …² ðí†¬ θ| ‹±…ÿ ð»†ó ¬…¬ó æüú Þ†ì�õ²ü}þ

º†ìê …èý†Ù ‹† ²…ôüú θ| …¶}×†¬û º~û …¶•. 

‹† {õ›ú ‹ú …üò Þú ¬° …üò �µôø¼ º±…üÈ {ßýú|â†øþ ‹ú ºßê {ßýú|â†û

¬…ü±û|…ÿ âý±¬…° ) ºßê1( …ð}©†Ž º~€ ‹ú ¬èýê {Û†°ó ‹†°â̄…°ÿ ô º±…üÈ

{ßýú|â†øþ …â± æüú|Ÿýñþ ‹ú ºßê ÖõÝ ¬° ðË± â±Ö}ú ºõ¬€ ðíõðú|ø†üþ Þú

…̈}çÙ ²…ôüú …èý†Ù ¬° ø± ¬ô æüú Þ†ì�õ²ü}þ „ðù† ‹† øî ‹±…‹± ‹†º~€

üß·†ó ìþ|ºõð~ ô {×†ô{þ ‹† üà|¬üã± ð©õ…øñ~ ¬…º•. ìç̃_ ðíõðú|ø†ÿ

]LA/0,09/LA/09,0/LA[ ô ]LA/54+,54-/LA/54-,54+/LA[|

üß·†ðñ~ ô ðý†²ÿ ðý·• Þú ø± ¬ô ðíõðú ¶†̈}ú ºõ¬. 

‹† {õ›ú ‹ú …üò ðß}ú€ ¬ô ìœíõÎú ðíõðú º†ìê ðíõðú A| ‹†

ρ

ρ

ρ

ρ

ρ›~ôë1-̈õ…Á ìß†ðýßþ ìõ…¬ …ôèýú.

)aPG( E )aPG( ν )aPM( tlUσ ìõ…¬
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33/0

3/0

53/0
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0001
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855

„èõìýñýî

…èý†Ù ºý»ú

…�õÞ·þ

ºý»ú- …�õÞ·þ

1f m
c2

f 2 m

v v
E ( )

E E
−= +

c1 f1 f m mE E v E V= + )4(

)5(

c12 f12 f m mv vν =ν +ν )6(
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æüú|Ÿýñþ ]LA/0,09/LA/09,0/LA[| ô ðíõðú B| ‹† |æüú|Ÿýñþ

]LA/0,0/LA/09,09/LA|[ ¶†̈}ú ô „²ì†ü¼ º~. øñã†ï „²ì†ü¼

ðíõðú B| æüú ¾×± ¬°›ú ¬° ‹†æ Ú±…° ¬…º•. º†ü†ó ®Þ± …¶•€ …²

ø± ðíõðú ¤~…Úê 3 ìõ°¬ ¶†̈}ú ô „²ì†ü¼ º~.

‹±…ÿ …ðœ†ï „²ìõó|ø† …² ¬¶}ã†û Â±‹ú ÷Ûéþ …¶}×†¬û º~. Â±‹ú ²ðñ~û

¶±{©• ‹† ìÛÇÐ …¶}õ…ðú|…ÿ ô ÚÇ± mm51 ‹õ¬. Ö†¾éú °ø† º~ó Â±‹ú

²ðñ~û …² ¶Ç¦ ðíõðú ‹†° …ôë mc001 ô ‹†° ¬ôï mc051 ìÏýò º~. ¶±Î•

ðù†üþ ‹ú ¬¶• „ì~û ‹±…ÿ …üò ¬ô ¤†è• 4 ô s/m5 ô ¬° ð}ýœú …ð±ÿ́

Â±‹ú ‹ú {±{ý� ‹±…‹± ‹† 02 ô J|13 ‹õ¬. ¶±Î• Â±‹ú ²ðñ~û ‹† …¶}×†¬û …²

üà ²ì†ó|¶ñ� èý³°ÿ ¶±üÐ ‹† ¬Ú• ìýß±ô÷†ðýú …ð~…²û|âý±ÿ º~. {×†ô–

…ð±ÿ́ ‹† {Óýý± …°{×†Ñ Â±‹ú ²ðñ~û …üœ†¬ º~. ô²ó Â±‹ú ²ðñ~û ¬° {í†ï

„²ìõó|ø† ÷†‹• ô ‹±…‹± g0052 ‹õ¬. ‹±…ÿ …üœ†¬ º±…üÈ {ßýú|â†øþ ‹ú ºßê

¬…ü±û|…ÿ âý±¬…°€ ðíõðú|ø† ‹ýò ¬ô ¾×¥ú Öõæ¬ÿ Â©ýî Þú ¶õ°…̈þ ‹ú

ÚÇ± mc01¬° „ðù† ô›õ¬ ¬…º•€ ìÇ†‹Ü ºßê2€ ‹·}ú º~. ¬° ø± „²ì†ü¼

ì¥ê ‹±̈õ°¬ Â±‹ú ²ðñ~û ì±Þ³ ðíõðú ìÏýò º~.

ì~ë {¥éýéþ

‹± …¶†¹ „²ìõó|ø†ÿ {œ±‹þ …ðœ†ï º~û °ôÿ Þ†ì�õ²ü•|ø† ì»©À º~€

‹ú ì¥Ä ‹±̈õ°¬ Â±‹ú ²ðñ~û ‹ú ðíõðú€ üà ìõž Ö»†°ÿ€ üà ìõž

‹±ºþ ô ìõž|ø†ÿ °üéþ …² ðÛÇú Â±‹ú ¬° ›ù•|ø†ÿ ì©}éØ º±ôÑ ‹ú

…ð}»†° ìþ|Þññ~. ìõž|ø†ÿ Ö»†°ÿ ô ‹±ºþ ‹ú �»• ðíõðú °¶ý~û ô

ìñÏß̧ ìþ|ºõð~. �̧ …² Ÿñ~  ì±{Œú °Ö• ô ‹±â»• …ìõ…ž ¬° Â©†ì•

ðíõðú€ ¤±Þ• ¾×¥ú ‹ú ¤†è• �†ü~…° ìþ|°¶~. Ÿñ†ó| Ÿú Æõë ì~–

Â±‹ú ‹ý»}± …² ²ì†ó æ²ï ‹±…ÿ �†ü~…°º~ó ¤±Þ• ðíõðú ‹†º~€ Â±‹ú

Þî|¶±Î• ì¥·õŽ ìþ|ºõ¬. …ì†€ ¬° Â±‹ú �±¶±Î• ì~– ²ì†ó {í†¹

Â±‹ú ²ðñ~û ô ¶†²û Þí}± …² ì~– ²ì†ó °¶ý~ó ìõž ‹±ºþ Î±Âþ ‹ú

ì±²ø†ÿ ¾×¥ú …¶•. ìÏíõæ_ ̈±…‹þ …üœ†¬ º~û ‹ú ô¶ýéú Â±‹ú

�±¶±Î• ì¥éþ …¶• ô ‹†Î™ ð×õ® ô ̈±…‹þ ‹ý»}± ¬° ì¥ê ‹±̈õ°¬

ìþ|ºõ¬€ …ì† ̈±…‹þ ð†ºþ …² Â±‹ú Þî|¶±Î• Þéþ|{± …¶• ô ºŒýú ‹ú

¤†è• ‹†°â̄…°ÿ ºŒú …ü·}†¶•. ‹ú Æõ° Þéþ ô ‹± …¶†¹ „²ìõó|ø†ÿ

{œ±‹þ€ �µôø»ã±…ó ð}ýœú â±Ö}ú|…ð~ Þú üà ‹†° Â±‹ú|…ÿ Þî|¶±Î• ‹†

…ð±ÿ́ ›ñŒ»þ ì»©À ô üà ‹†° …ü·}† ‹† øí†ó ìÛ~…° …ð±ÿ́€ {Óýý± ºßê

ì±Þ³ÿ ‹±…‹± °ôÿ üà ¾×¥ú …üœ†¬ ìþ|Þññ~ ]|91€81€01[|. ¬° ð}ýœú ‹±…ÿ

ì~ë|¶†²ÿ Â±‹ú Þî|¶±Î• ìþ|{õ…ó …² ìÏ†¬æ– ¤†Þî ‹± ‹†°â̄…°ÿ

…ü·}† …¶}×†¬û Þ±¬.

‹±…ÿ {Óýý± ºßê|ø†ÿ ÞõŸà€ ̈í¼ ðÛ¼ …¶†¶þ ¬° …üœ†¬ {Óýý±

ºßê ¬…°¬ ô ìþ|{õ…ó °…‹Çú|…ÿ ̈Çþ ‹ýò Þ±ð¼ ô ì»}Û†– {Óýý± ìß†ó

‹±Ú±…° ¶†̈•. …ì† ‹±…ÿ {Óýý± ºßê|ø†ÿ ‹³°å ›íéú|ø†ÿ Òý±̈Çþ Þú

‹ú Þ»ý~âþ ì±‹õÉ ìþ|ºõð~€ ðý³ ‹†ü~ ¬° ì¥†¶Œ†– ô…°¬ ºõ¬. ¬° ð}ýœú

‹† …¶}×†¬û …² ìÏ†¬æ– Öõó -Þ†°ìò ¬° ¬¶}ã†û ì©}¿†– ÚÇŒþ ô ‹† Ö±Å

ì}Û†°ó ‹õ¬ó º±…üÈ {ßýú|â†øþ ô ðý±ôÿ ô…°¬ º~û ô ðý³ ‹† Ö±Å ð†²á

ºßê 1 -)…èØ( ºßê ô …‹Ï†¬ {ßýú|â†û ô Â±‹ú|²ðñ~û ô )Ž( ¬¶}ã†û

ì©}¿†– ìõ°¬ …¶}×†¬û€ øñ~¶ú ðíõðú ô ‹†°â̄…°ÿ.

ºßê2 -ð¥õû Ú±…° â±Ö}ò ðíõðú|ø† ¬° ¾×¥†– {ßýú|â†øþ.
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‹õ¬ó ô°Ý ìÏ†¬æ– Þ±ð¼ -{Óýý± ìß†ó ‹ú ºßê ²ü± ¬° ìþ„üñ~:

¬° …üò ìÏ†¬æ–€ r| Þ±ð¼ ºÏ†Îþ€ θ| Þ±ð¼ ìí†¶þ ô θr| Þ±ð¼

‹±ºþ …¶•. uô wð»†ó|¬øñ~û {Óýý± ºßê ºÏ†Îþ ô Î±Âþ …¶•.

øñ~¶ú ì·‰éú ô ¬¶}ã†û ì©}¿†– …¶}×†¬û º~û ¬° ºßê 1 ð»†ó ¬…¬û º~û

…¶•.

‹† …¶}×†¬û …² Ö±Å ¬ôï€ ̈Çþ ‹õ¬ó °Ö}†° Þ»·†ó -�ç¶}ýà

æüú|ø†ÿ „èõìýñýî€ Þ±ð¼ ô {ñ¼ ¬° ø± ðÛÇú …² ðíõ¬…° {ñ¼ -Þ±ð¼

‹±¤·� �†°…ì}±ø†ÿ ì»©À ‹ú ¬¶• „ì~ ô ¶�̧ Þ±ð¼ ìõö÷± ì¥†¶Œú

º~. ‹† ìÏéõï ‹õ¬ó ìÏ†¬èú {Óýý± ºßê ¾×¥ú ìþ|{õ…ó …üò ìÏ†¬æ– °… ¬°

…ð}ã±…ë …ð±ÿ́ Ú±…° ¬…¬ ô ìÛ~…° …ð±ÿ́ Þ±ð»þ ø± æüú °… ‹ú ¬¶• „ô°¬:

¬° ìÏ†¬æ– )11( ô )21(€ y| {ñ¼ {·éýî€  le| Þ±ð¼ ¬° ð†¤ýú Þ»·†ó ô

lp| Þ±ð¼ ¬° ð†¤ýú �ç¶}ýà …¶•. ìÏ†¬èú )11( °…€ Þú ì±‹õÉ ‹ú ‹©¼

�ç¶}ýà …¶•€ ìþ|{õ…ó ‹ú ºßê  ²ü± ðõº•:

¬° …üò ìÏ†¬æ–€ y| Þ±ð¼¬° ðÛÇú {·éýî€²…ôüú ìñ¥ñþ {ñ¼ -

Þ±ð¼ ¬° ð†¤ýú| �ç¶}ýà ô 'Þ±ð¼ ìõö÷± …¶•. ¬° ì±›Ð |02| ð»†ó

¬…¬û º~û …¶•€ {Óýý± ºßê üà ¾×¥ú â±¬ ‹ú ºÏ†Ñ a| ‹† {ßýú|â†û âý±¬…°€

²ü± ‹†°  q| Þú ¬° ¶Ç¦ ¬…ü±û|…ÿ ‹ú ºÏ†Ñ b| â·}±¬û º~û )ºßê1 Ž(  ‹ú

ºßê ²ü± …¶•:

¬° ìÏ†¬èú )51(€ w| {Óýý± ºßê Î±Âþ ô 0w| {Óýý± ºßê Î±Âþ ‹ý»ýñú

…¶•. …ð±ÿ́ Þ»·†ó �ç¶}ýà ø± æüú „èõìýñýî …² ìÏ†¬æ– )61( ô )71(

ì¥†¶Œú ìþ|ºõ¬:

…ð±ÿ́ Þ±ð¼ Þê ¬° ø± æüú „èõìýñýíþ€ lAU€ …² ìÏ†¬èú )81( ‹ú ¬¶•

ìþ|„ü~:

…ð}ã±…ë )81( ‹† °ô½|ø†ÿ Î~¬ÿ ô {Û·ýî ¾×¥ú ‹ú …›³…ÿ ÞõŸà Ú†‹ê

ì¥†¶Œú …¶•. ‹±…ÿ ø± ›³Š ‹† …¶}×†¬û …² ìÏ†¬æ– Öõó -Þ†°ìò ô ìÏ†¬èú

{Óýý± ºßê ìþ|{õ…ó Þ±ð¼ ìõö÷± °… ì¥†¶Œú Þ±¬ ô ‹± …¶†¹ „ó …ð}ã±…ë

)81( °… ‹ú ¬¶• „ô°¬.

‹±…ÿ ì¥†¶Œú …ð±ÿ́ Þ±ð»þ æüú|ø†ÿ Þ†ì�õ²ü}þ …‹}~… ‹† ìÏéõï ‹õ¬ó

¨õ…Á ø± æüú ì†{±ü̧ ¶×}þ „ó æüú ‹ú ¬¶• ìþ„ü~. ‹±…ÿ …¶}×†¬û …²

…üò ìÏ†¬æ– ¬° ¬¶}ã†û ì©}¿†– ÚÇŒþ€ ›íéú|ø†ÿ ì©}éØ ¬° ì†{±ü̧

…ð}Û†ë Â±Ž ìþ|ºõ¬. ¶�̧€ ‹† ìÏéõï ‹õ¬ó {Óýý± ºßê Þéþ ø± æüú ô

›³Š‹ñ~ÿ ø± æüú ¬° °…¶}†ÿ ºÏ†Îþ€ ì¥ýÇþ ô Î±Âþ ìÛ~…° …ð}ã±…ë

…ð±ÿ́ ‹† °ô½ Î~¬ÿ ì¥†¶Œú ìþ|ºõ¬:

ε

α ε

ε

ε σ

ε ε ε

u 1 w
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r r rθ
∂ε = −
∂

r 0θε =

)8(

)9(
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y
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σ
ε= ε + ε ε>

)01(

)11(

el y yE ( )σ= ε +α ε − ε

y
y

1
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E

σ
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α
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r r

3
[ ]
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)21(

)31(

)41(
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)51(
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2 E

σ
= ε ε <

2
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)71(
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¬° ìÏ†¬æ– �ý¼ â×}ú€ ]Q[| ì†{±ü̧ ¶×}þ€  cU| …ð±ÿ́ Þ±ð»þ ø± æüú

Þ†ì�õ²ü}þ€²…ôüú ›³Š ìõ°¬ ‹±°¶þ ¬° ¬¶}ã†û ì©}¿†– ÚÇŒþ ô 

| ²…ôüú …èý†Ù ¬° æüú Þ†ì�õ²ü}þ …¶•. ¬° ìÏ†¬æ– )81( ô )42(  ìÛ†¬ü±

…ð±ÿ́ Þ±ð»þ ‹± ¤·� ̈ý³ ‹ý»ýñú ‹ú ¬¶• ìþ„ü~. ‹±…ÿ ì¥†¶Œú …ð±ÿ́

Þê æüú|ø† ìþ|{õ…ó ðõº•:

¬° ìÏ†¬èú )62( U| …ð±ÿ́ Þê æüú|ø†€ F| ðý±ôÿ ô…°¬ º~û ‹± ¾×¥ú ô

{Óýý±…– ‹·ý†° ÞõŸà {Óýý± ìß†ó ì±Þ³ ¾×¥ú …¶•. ‹† ¬° ðË± â±Ö}ò

ìÏ†¬èú )62( …² ¬Ú• ̈õ‹þ ‹±̈õ°¬…° ̈õ…ø~ ‹õ¬. ‹†

ìÏéõï º~ó ðý±ôÿ F| ‹ú …²…ÿ {Óýý± ºßê ‹ý»ýñú 0w| ðíõ¬…° ðý±ô -{Óýý±

ºßê ‹±…ÿ ø± ðíõðú °¶î º~. ‹±…ÿ °ôºò|{± º~ó °ôð~ ¬° ‹©¼

{¥éýéþ€ ì±…¤ê ¤ê ‹ú ºßê ðíõ¬…° ›±ü†ó ¬° ºßê3 „ì~û …¶•.

ìÛ†ü·ú ðíõ¬…° ðý±ô -{Óýý± ºßê {¥éýéþ ô {œ±‹þ ô {õÂý¥†– ‹ý»}± ¬°

‹©¼ ð}†ü� ô ‹¥™ „ô°¬û º~û …¶•.  |

00.0001wδ ≤
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α β

4 2 2
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= ≈
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)62(

ºßê 3 -ðíõ¬…° ›±ü†ó ì±…¤ê ¤ê {¥éýéþ.

ºßê 4 -ðíõ¬…° ðý±ô -{Óýý± ºßê ‹±…ÿ ìÛ†ü·ú ð}†ü� {¥éýéþ ô {œ±‹þ

²ü± Â±‹ú J|02.

ºßê 5 -ðíõ¬…° ðý±ô -{Óýý± ºßê ‹±…ÿ ìÛ†ü·ú ð}†ü� {¥éýéþ ô {œ±‹þ
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