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Investigation of glass, basalt, and hybrid fibers effect on the mechanical behavior
and energy absorption of fiber—-metal laminates based on 5052 aluminum alloy
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Keywords Abstract

) In this study, the significance of fiber—metal laminates (FMLs) as a new generation of engineering materials
GLARE, BARAL, Hybrid Glass Basalt with superior properties such as high strength, good ductility, and enhanced damage resistance was
{\lummum Laminate , _LOW velocity investigated. Due to their combined metallic—composite performance, these structures are widely applied
impact, Energy absorption in marine and aerospace industries. Three types of laminates, including GLARE, BARAL, and a novel

hybrid glass/basalt-aluminum configuration with a constant FML 5-3/2 lay-up, were fabricated. The
metallic layers consisted of 5052-H32 aluminum alloy, while the composite layers were reinforced with
unidirectional glass, basalt, and glass/basalt hybrid fibers in a vinyl ester matrix. To evaluate the mechanical
behavior, tensile, flexural, and low-velocity impact tests were performed at three energy levels. The results
showed that GLARE exhibited the highest tensile strength of 315 MPa, BARAL displayed a more brittle
behavior with 281 MPa, and the hybrid laminate presented an intermediate performance with 287 MPa.
Under flexural loading, the maximum stresses were measured as 285 MPa for GLARE, 250 MPa for
BARAL, and 227 MPa for the hybrid laminate. In the impact tests, the primary energy absorption
mechanisms were identified as plastic deformation of the aluminum layers and interfacial delamination.
The use of vinyl ester resin instead of conventional epoxy, along with the employment of 5052-H32
aluminum alloy and the incorporation of a glass/basalt hybrid configuration, introduced a distinctive
approach compared to conventional practices, with the comparative results highlighting their significant

influence on mechanical response and energy absorption capacity.

doddio -1

Please cite this article using: 10 oolitul 5 o be 5l dllie o gl | gl
Parvandeh, P., Hamedi, M., Rezghi Maleki, H., “Investigation of Glass, Basalt, and Hybrid Fibers Effect on the Mechanical Behavior and Energy
Absorption of Fiber—Metal Laminates Based on 5052 Aluminum alloy,” In Persian, Journal of Science and Technology of Composites, Vol. 12, No.

1, pp. 2704-2716, 2025. https://doi.org/10.22068/jstc.2025.2065632.1929



0359405 (5 )9US 9 pgle &y jubs

Ve 50339 5

5052 o guine )T SWIT asly b (5 548 — 5 slaa¥aia 6551 3 5 Sile JUd) o LT s 55 9 b s U 8T ) 20

~ S slaaYair glaye 18, 5 (Selke el o g addllas
S F o9 4 i (rl po Sl 0dg (lalzs 295 590 0)l5en (318
[24] ) Sen 5 5 0ed o axsloyy aie) ol o edls Slallas
Aoy ol Cuaglie oS adl ;o 5 WS sy |y el sl sl S
A5 aile Jylate (3l S sloasYaiz 5l S wiie pueS slaas s
35 &9 4ly 6l & saisis 65,1 45 Sl @slis cnl (s ol b e
2GS A (55eelS soay b ol oo 2alS gl a8 S L
IS et S8l i 63 ey oS Jlo o sy (655 i
Slayd Cuslin o 1, lagl (Sl (185 9090 (al g Wols (Lt 093 5l 50
IS (shd et slaslSe 25 g fSan 5 iz 035 g e
GRS NS oy p ) el S g y0 Sl Gy liBee slagun Sy
Pl Sl 51 (g patesge @l (b 2/T (gai Sy 4 o 372
odgaza ;3 3ls (i ouile Bb plSotivl S g 48 5l i (55L88 o
61 140 2als g3k - S sloaYauzr (55 65 U 35 layo 551
il plad )l S s 008 51 e (6L plSul jo g0

slaYos Sl jld, 5 cols adls 4 [26] o Sen 5
5 o sezaY by, Sl eslinl b gl assle IS g9 5l S 6508
42005 sbaYus dixl (le Sowe seup ¢y a8,i 69,5,
sl paagdl 536 sloys om ondal aics S 4Y 8 5 6
ladigad (ohos 5 (225 Cuglio (5,505l (gl Gad 5 (125 (sloy305]
laigas Cenglio BLI sloayy slass il b sls olas mls o sl
A3 (o0 £y (3D &Y Y 850 d Sl oS )3 Wiz e 35D o0 Sl
SV L8 eralS slaary slawi il L a5 ah asie (pimed
oz S 271 e 5 g lasl .aub co 2olS poiagl] Sl 4l
b s b - GU gbaYar 6550 Qi p Gl 4 ks
Jobs Glos @Y g5 ez 5 gl ST quyp s00e 5 (275 D jpony
] 2024 pseiasll 5 0,51 sk 58 ool - 5 Sl - e
S350 9 S5 23 VL ()5 Sl Y L dged ol plis gl s S
(oized (2Bl |y Gl eSS sagd digel 4T Jl> jo )b 1) lawgie
2lp Cwles aY 4w o oS 0y S g oSl gl agy Cwls
IS 5 BU Y 3G 28] s 5 lo)ls ool assls
g aded S gl o3-SI slaaYuir (pied )13, 0 ) aleye
=Sl Sloe aY 5 2024 pgrngll 55 99 5l oaigas oS o)y Ik
asle @it soma¥ A mu e and 5 il SUI L sadeg i
o8 gl a0 25 5 -100 o iobepo SIS 40 Jlasl 31 g bals
sl - S slaaYair obs plas @i b bl (e ol
O S9ee (e 9 WIS ) (e Jode g plSoial VL UL SUI
Sgunty Judo 4 a4 wl comliv diges e ;0 G Gwleyw S
g s)lad gla s S s Il e (S

5 SUI leaws 56 1291 oS 5 el ol S slasdllas ;o
adends S 55l (o318 SLIl sboaYainr iws )L, » ) (e S
5 o0 ditle wSel g 2024 pgiogl] 5l ladiges 50,5 cwyp YeS o
ol oLt b b S 13 100°C ¢ -150°C o o)y SSems o
S 60 51 g Lol 0 o Joko g plSoxinl 350 sy (s 40 JLos]
Om ol g )liad 5 gl coy slapssle (28l el ole> ol

2 Glass Laminate Aluminium Reinforced Epoxy (GLARE)

2705

Slge gaidpin sla)lidle jl latws Gl 4 3 SUI slaaYaur
S L oad gl sl yocly lacShy (nye o5 Wgd oo 43Ul S e
s Ly 5,008 Lo Ll S a5 5 o0 b1, 558 slesllT 5
sacass 4 Jbo e j0 g S Jeow |y o 00 cwiige sboop,lS
S b - B glaaYaur aims gul a5 4 ) (asrelan
Joz g 5n Slays (olet Gule 5 (Sd plp 5o Jle Cuglie (ol
ool [1-3]0i5d o asie Sl (55> olge 4y S 2 o
ol atigs lagyl 0 e pamie oS 5 Sl 0 5B - SU! slea Yo
JoSas BUIL sudcosh slapocdy 9 5308 slodyg wglite slaa¥ 5l as
55 1, S8 YL (5 iy dllanil 5 alSomial ¢ sy Sy ) sl 00
Ol et [ 5] oS (o0 oS ek S 0 Slge (F9593 & Ceaglie
sl 5l S g b olsa o cul (Sl sla Shg 5l (o5 5 I
bly o8- B slaayy wix sblie 500 5l s olbows LB a0
Waosl ol el Sl slayl & snd pwaige gely @) 45 by
503,58 5 B GYL i 5 plSial L 1) (o508 slaayy (5 iy cillas
Gy Wz sl 5 [6] dai ()9 4 plSoxinl s dguge 4 yxie
b ads 5,005 5 Lablsa mlio 5l 5 ol goiie 5 008 (53l SUJI
{78l 0500 2 3 1) Olyee (wie 5 2byo sloojlo

& cwlsloslo lizl lp Sl el 51 (Ko 8 Rl pe Caglie
Srd 3 (Ko ml e 4,5 [9-13] w5l )18 LS (slal o pme po
Slyo a5 auied axlge T b Logas bojl 5l oolicl o a8 el
S0 ol ey, [14] wisl o sl pols Lald o YU e
Sy55 1 5 Ol 2y lislad aojls g5, il ilug 5 51l bogins
ooz [15-18] bl co Gl aojle b iy 5 cbodl o5 55 (S
295 b 3,8 las di ) cpl j0 955 slaYaix JLsle Jdo 4 o518 8L
aS J j0aiS e it g ol |y a0 65,0 658 slaay [19] W)l
S oy g ool Y 4 5l SBLIL cadca g oujeelS slaay
e |y slojl Szl 5 sl Jo i 5 ol 4y 9 0S 0 (6 1Sl
@l e ons 4l @l - SU oY sz da S cnl anleioe
ke o dieds )l

50 S e Ll d‘}Lé—u,_élle slaYaix Cosli ;o e L S
aies SUI Gl Gisased sl olsie 4 il SL sl gle Lo
SN lalio BB i g plSoxial a5 o s el wiloas 2 5lae
s o Sl 6 olerd Cwglio 5 SYL Sl s lul oyl anns
o>l slalaiss 10 (6 5 plos Il BN s BLINL awslis 10 .[20]
S Gl clin slansS a ) lagl Sy cnl g oo oo oylis 095 |
LYL sbobes b oS Slas )5 5o ofugas oo 38- S slaayYous a0
S J ol b 211 el 00,5 Jas 06l 55,0 oleasds sladase
Suagliie 5 093 (Sl s> ol san e alex 5l ol Llye aded
4 (5900l Olga 50 (giluceS 5 (221 wiil e )l 1) Jod BB oliosts
sluYas LSl G o BLI Gl g9 iz b g0 diedon oS 5 slow
S @ oole g G5l eolaiul b a5 Wl s 4 ol Joles b el
23] cans olws LB

! Flax laminate Aluminium Reinforced Epoxy (FLARE)



Ve 50339 59

5052 o guine )T SWIT asly b (5 548 — 5 slaa¥aia 6551 3 5 Sile JUd) o LT s 55 9 b s U 8T ) 20

w3l — L aVin gl isle gg)  03yinS lalllas plosl 3g2g b
S oslital b Bues 5 I8 1l gl sladiges » laimghy ool odee (i
Fing LSl (cnyn dlosgy S et (Sl Glacn;) 5 ated SUI
wdlilfase s oo 5 slaYaizr b wOglite sla iz ¥ b JLL pszen
by GrS S nl 2 ogdle sl ool (5155 (go9uze 3)l90 )3 LS
lap] (Sl o Shos anslio 5 Sl G230y aisj Olyisar ool feius
SRS G 5 el 48T 15 azgi 5550 1S alide slags NS L co
ooy plzil 2024-T3 sl Jglase slasldT aly p (pion Slidios el
) lojle 5l arws opl el ;0 5052-H32 pgagll 5LIT 51 oolial
Slesls o ol W oammslis oS ol .ol 0038 (o &0
il iz ol 5 (Sl k3, o3l sUIT 5 05, g9 BU gy
on r2 GRegl Saa ll (pl pases 3l - BUT glaaYaur
Cudyb g CeSh L8, g uizen g hed g (A el 020
=S aVar S5 5 Ll el jsle gg a3 550 ode
Sl slaaYauz 5l solarl b diwly ol 5o ol paiiagli—cdlliac s
5 aied L clhoarsScysis 5 5052-H32 psriasll o5l o5 -
G b o bl by Ce s 8 5 e (RS lagsel 3L
Sl o Cuoglie Sialidl g Suile o,Slas Sgegr o kLo slayal

20,8 IS o]

< -2

Slgo-1-2

b s e g5 a ol g ol 55 oslizls e slaiys
Uit S5 Yz 5 S Lk Sypet PML 532 )]
L lytsle ol coza¥ Gial)] Soled gl 1 S aiiws pginesl]
s o lis

Al
Go (.
G0 (
G90 (
Go (

Go (
Goo(
Goo (.

M
AAANANANNNNT

Al

@- )

BO
B90
B90
BO

BO
B90O
B90
BO
Al

b-o)

c-z
Fig. 1 The schematic lay-up of fibre metal laminates, including: a)

GLARE, b) BARAL, ¢)
laminate(HGBAL).
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Fig. 4 General view of the low-velocity impact test apparatus: a)
Open view b) View of the sample and impactor
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Fig. 5 Tensile stress—strain curves of GLARE, BARAL, HGBAL
specimens.
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Fig. 7 Top and back surface views of GLARE, BARAL, and
HGBAL specimens impacted at different energy levels
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Fig. 6 Flexural stress—strain curves of GLARE, BARAL, HGBAL.
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Fig. 9 Force-time responses of GLARE, BARAL, and HGBAL
specimens under low-velocity impact at medium energy level.
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Fig. 8 Force—time responses of GLARE, BARAL, and HGBAL
specimens under low-velocity impact at low energy level.
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Fig. 11 Sectional views of fiber-metal laminates: a) GLARE at low
energy level, b) GLARE at medium energy level, c) GLARE at high
energy level, d) BARAL at low energy level, ¢) BARAL at medium
energy level, f) BARAL at high energy level, g) HGBAL at low
energy level, h) HGBAL at medium energy level, i) HGBAL at high
energy level.
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Fig. 10 Force-time responses of GLARE, BARAL, and HGBAL
specimens under low-velocity impact at high energy level.
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Fig. 13 Force—displacement responses of GLARE, BARAL, and
HGBAL specimens under low-velocity impact at medium energy
level.
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Fig. 14 Force—displacement responses of GLARE, BARAL, and
HGBAL specimens under low-velocity impact at high energy level.

—adblased oS5 g JLb I sbdised plraleg,s ul 14 SO

M 6530 b 53 by S g 41y oS pyinagl]

&5 2 wig; 05l 0 1) et Dledlbl e - 0ul i (65l sy
Srdigel Hlojoad Ldz (6550 lo,loges 17 9 16 (A5 slo JSi .ano o
Ol Vb g Jawgie (b 0,95 550 obaw o 1) S5 9 JLL S
'MQLS"O
5 alises Ages dw LS‘)'.‘ ‘) ul.o)—o..\.mu» LS))"‘ L;La;)la}u' 15 |
Slaie ams o Hlid diged dw o 0 by logel KD om0 oo lid diged aw
Seii by (S92l 4 e ALl gy el Cdz 450 (6551l (6 ey
Doty diged dw 2 (5l (651 51 (6 eS e (aizmen 398 05l 3 JalS
2 Y olg Sl asie jsbay b Thy onl Cal saile (8L StV
Oliebl LB 5 S50 glogads a5 (ol sl po slass sl iz po bl 4w

Sl

2713

Ol S35l gl )3 1) At diged an (lule - g b 12 S
e g0 4y 4S digel dus ,2 40 sdelCiwods sla e s o LS
S 0055 s CltS il 5 oS el e saimolas wiib e atus
Wgos ,0 SO 1ok digad dw jo 0 by Jovie 4 az g5 L it (6,105
Grpddlhsl (ol obul cpyiin b 5 gaigel 090 o0 coalive b
YL Sy 69,0 b L aiged a5 I o il ools lis sg5 5l g 5L
=S5 ez o)l oy lws 5 pslie 5,18, teS olmle
5 9 srelin iz L5 9505 o0 8 55 Gl (e 5 pseeegl I dll/ate
o oo Sl Bllasil g Cwglie 5l oS 5 (69,5ee (Jolato oloul>

8

—BARAL
7 |==GLARE
— HGBAL
G
As N
£
g
2
&

10 12

Displacement (mm)
Fig. 12 Force—displacement responses of GLARE, BARAL, and
HGBAL specimens under low-velocity impact at low energy level.

—adlliated oS5 5 JLb G sleaisel olrale—gys gl 120 S50

ol 5 i 50 b S pe 450 C pgiiag]

bugie (65l gaw o 1, Alitie diged dw (loula—g,m faly 13 S
Dygods diged dus y &y Loy e giomie i (555l gl (nl om0 e i
ool Vb bl Caglie 5 ge SVl gl sbgS 45wl oo any
Ll a8 gl yo

o & Sl i plraly b alrale - 5 e IS aiged o
ol 390 g Wiz 8 Ytz (B LS le oS wes e LS 5 005 ol pen
03,553l 5 iz 1) 455 (551 i s59elS 5 53 A (e Sl b so
wlive 6,18 53 JLb diged cenl 009y yiion CSlyeey locenl L Ll sl
w5 b B9kl lailis BeSae cwlio gl 9 ol s 5wl
5 oaile Bl sgume JSi yoss (il cpl o ol eoly G g 5L
gl comizmed Sawl ol Lai> gpely 5 6B s o SIS
@lralms Josed b 3 pateell - clilased oSy adar
O ape plp 0 P BB Cwglie canlia LB (glald 5 iy ladl>
il csmlie B (Sg )0 o, 3l slaslas aSl oy sel ols

Slr @lraly - g glalsal Yo 655 mhaw o (14 ISo Gillas
o3k e o poreegdl-cdliliated (oS 5 aVaiz g b S sladiges
E9o30 (nl Cosl alin oy Loyl (ST S 5 0310 )18 o 4y S35 b
28, 5 51 (5551 b nl )0 450 4 latiges STy oS ans e Lt
s o piomin e 5 (8550 b cal o sl G L5 (SIS
oot pdoaSil 5 StV baes foly SO ko o i ai JS2
Al e gz SGE Sy b

Pl 5o oabjuys glralr Glie )55 635 whv GlB L
oanlive pema bjlages o ol (Bl cpl il o (il badiges
Sl baigas JLle J5I 4y oaiija o ing 3985 odiolis g 04 oo
Lis Glomes b loges (IS S8 (plrale 2l ol o8, e (Jlcnll



Ve 50339 59

5052 o guine )T SWIT asly b (5 548 — 5 slaa¥aia 6551 3 5 Sile JUd) o LT s 55 9 b s U 8T ) 20

ol g0 JolS 985 jrslanzle o3 59 g (omdge (slo IS s
Ol Wged dw 2 )5 5l Gl L (oS wes e (L s
Iy 05> s LSle Cuglin g arils U3ls ol 395§ S poe )0 owlis

S e i s LB o b

——
T .
g
g
=
=
T
kS
=
2
2
-
5 6 T 8 9

Time (ms)
Fig. 17 Absorbed energy—time responses of GLARE, BARAL,
and HGBAL specimens under low-velocity impact at high energy
level.
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Fig. 15 Absorbed energy—time responses of GLARE, BARAL, and
HGBAL specimens under low-velocity impact at low energy level.
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Fig. 16 Absorbed energy—time responses of GLARE, BARAL, and
HGBAL specimens under low-velocity impact at medium energy
level.
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