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In this work, effect of thermal cycling on the flexural properties of fiber-metal laminate (FML) has been
evaluated. FML plates were composed of two aluminum 2024-T3 and an epoxy polymer-matrix
composites ply formed by four layers of basalt fibers. For FML samples the thermal cycle times were
about 6 min for temperature cycles from 25 °C to 115 °C. Flexural properties were evaluated on
samples after 20, 35 and 55 thermal cycles, and compared to non-exposed samples. While the thermal
cycling decreased the flexural strength of chemical treated FML (etched aluminum), increasing at first,
and then decreasing after a while was observed in electrochemical treated FML (anodized aluminum).
The flexural modulus of FML showed irregular changes for both FML with anodized aluminum and
FML with etched aluminum. The energy absorption of FML with etched aluminum showed a sharp
decline with increasing thermal cycling while the energy absorption of FML with anodized aluminum
showed low and irregular changes. Evaluation optical microscope showed that the mechanism of failure
for the FML with etched aluminum after thermal cycling changed from failure of FML to separation
between layers of FML, while for the FML with anodized aluminum before and after thermal cycling it
was failure of FML and it has not changed.
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Fig. 2 Designed mold for making of FML
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Fig. 3 Thermal cycling furnace

Sl S 0,553 UK

Lst cycele

=]
(=]

Temperature (°C)

o
(=]

[
(=1

Fig. 4 Thermal cycle profile

! Advantech

371

gy 4o b ooliiwl 2024-T3 poegl slodd g (g5, » plal 5 40,8
Gl gl bsgi egiel] Glaadyy gl 9,8 Sl s (SB>
Sae 4350 °C slos [0 o dnS g 0un Sy o0 4 ol jo ladd g
Gl yekaie |y aiged prbans lail 0,5 Il g, j0 28,5 )8 aids 2
2 peredll mhe gy, Jlixl G 5 s oS Y
48,85 2 o 460 °C slos )0 i aenSg 00 Sis duo )0 15 Jelowe
50 4883 5 a4y diged cpdaw (10,5 WluSTso jolate 4 g ool I3
Slaw 3,5 18 Sig a0 66 G s duwl o,hd iz ggl> T Jele

sled o Sis doys 0.3 Jolome 40 diged cpgminogl] ddyg g5l solel
285 )13 plal cov aids 45 Gue 4 0.7 Aldm? ool b ,> 155 °C

B2 e lii 1) 2024-T3 psiasll jo plail anl 3 "1 o

Laige colw-3-2

Comd b 30la g o, laml Gl -l o 5000lS sladises colu glatedy
WD 0d) ob 4283 5 Guae 4 g oad balie K0S L 10 4 100 S5
Sy50 wd (5,IA5AY gy 4 die) Glgie d sl Cwody bl upw
G b il GLI az )b Y 4 dediges cole o 08,5 1,8 olanul
Sroeks CujgnalS G g 0B 4385 a0 (70 4 30) SLIl @ (3, (o>
2024-T3 pgivagll aY g0 oo 0.8 MM Sl Caalies b odal cavsay
Sy jekae 4.8 5 18 il o0 0.5 MM ey 5l slaS o culis oS
B o 25x2.5x1.8 MM® olal b odel Csddy i janalS dadiges ol
18 waw 4 25°C slos o 518 -Gl cujeelS cole sl onls )b
Sldiges e @y oas b B2 S ans S 18 cele
“lewd g ol Sy jshie @bl 58 - LN CujnalS (les gaj]
3 590> 5 S Al datigni 5o (Sl Sline Sl 4 b
23 )5 plol cole dl> ol o aian

Wadiges gl JSoms -4-2
loo 3l g glos lamyl g als pll 4aBs 6 Caw @ Syl IS o
115°C gles & 1.5°C/s ombS Fp b aads 1 by & j025°C
Wiges Giond solod U ol (5,)10aSS Lo ol ;0 48,852 oo 4y g o0,
Oiloyw F5 L aads 1 ooe o ol 5l a9 sy Hhis e sles @
Lod ol o 4iBs 2 S 4 g eduw, 25 °C 4,115 °C sles 51 1.5 °C/S

Fig. 1 Process of anodizing of aluminum

pseieasll Bl anl 31 S

8 olads 17 0,93 1396 LT (o0 SailSe o ditco


https://dorl.net/dor/20.1001.1.10275940.1396.17.8.53.7
https://mme.modares.ac.ir/article-15-12103-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.10275940.1396.17.8.53.7 ]

Sl oMl Ud ) 9 yledT dlaus 3o

a3l LI/ w5l — poainesT S1AsY e iosels’ (prirad olya 3 b s MO iolaa JSaw 2l 3275 w9 54

lolyjgeals £95 onl 30 wbios RO (ohed plioiial )l ladSew
59 A3l oo (B90.13MPa) IS 9y digad 4y bogs o plSouiul oy i
S SR8 L (es ol wons BIWT pgeicagll b glocjsels
blwsonals ol )3 wbos ol G g Al IS anl (Sl
Sl S 20 Slawi b Cojeals @ bge (pied plSovial (n i
ol Syl S o sbbdiged 4 Cos a5 (859.79 MPa) ol e
S poiadl b sladiges ams oo olis 1) sies plSoxinl (om0 29
Sl Syl S & 00 BIWT p5inagll b slodigas 4y o 00y
“o M Bl 5t 5 b Ol (e plSil 5w oo Lt 0L
@ ol e ol (i (Gl S 85l am &5 55k 4 sasS
D3N dged A Camd duo,0 55 sgu> 40 g 00,5 il 263.27 MPa i
poiagl] b sladiges gy a5 b jo ol atily als Sl IS
603.13 MPa & 3|, JSws 55 51 sy eas plSioxial e 00y 3l
Oilidl sl @Bl el wo )0 9 S (e diged dy Cumd 45 00,5
5 o Siihe Jab b e ceb G sle S S
Sroeky Suemals g 51 o e Jletal g 005 (o0 (sreeh CojenslS
ol Oliee BT med 5 23,5 (o0 iy S st Il L
aas o hals ) Jdes
oS w0 Gl 1) (phad g 535 2 ol S 30 16 JSS"
oS Jode i Wl s plite il Dy 4 (SBeS Jode Dlpis
ol S 35 L wiges 4y bogipe 0uds (SIS ponied] b CuelS jo
Aoy 9 ol S ey diged 4 S aS w00 57.10 GPa lode b

Table 2 Results of three- point bending test of FML

> Jode i @l wgus oS
(GPa) (MPa)
57.74 665.19 A-0C
70.69 859.79 A-20C
52.93 703.61 A-35C
56.77 603.10 A-55C
52.41 590.13 E-0C
53.38 522.03 E-20C
57.10 331.00 E-35C
53.95 263.27 E-55C
1000 FML with anodized aluminum
200 I SNFML with etched aluminum
800 |
=700 b
Esoo 3 5
%500 3 ¥
;‘5400 3 \
S L N
& 300 w i
= 200 | \ w
100 |
0 . . .
0 20 35 55

Number of thermal cycling
Fig. 5 The effect of thermal cycling on the flexural strength of FML
o -BU o el (phos plSoxinl 59) 52 (Sl S 56D S5

8 o )laibs 17 0931396 oLT (Hurde Suilfo wie

adllas glaieas VEGAWTESCAN-LMU oo (SEM)l‘S.in,s) o,
I B usLa.: Cde u.); ua.?r.w.o PRAW s?tja...: C'}Lol LQL“P}"“"‘SH C‘L"“’
b Cojeals g oo (S paiagll b Cujemsls jo cuss slap;lsa

A ad S S il plasl pgiagl]

S0 (53051 -6-2
lahais an e oliws I badiges ied (S, (ow)n ol 4
o [16] w eslizul ASTM D790 o,luiliwl 5 H25KS Juw Taliinsls
BT S (s, ST 4 25150 MNP sla L Lakigas s (y90;]
1 tiga i) sl sl 4 o] Jsb 4oy 50 spa> o 88
&5 LGS v baigas cuils 3 oSS Sl g sl e
2 S 2l e p (SR 5950 9 W3S LE 3Mm/mIn S
o ol o sl O 5l a5 b ) oliws Lawgs jlages JB
30,5 oolazwl

5045 aibe Lied Gae3l G sladiges oS saimoslis 1 Jgax
sasasylis "E" G, g oo plal sladiges saims ylis "AT G, ]
ol S oamolis 55 "CY cedle ail oo ol S sladiges
el (5l sl S slass saimolis o] 5l i sas g ooy

o g mli-3
Lia jouols (pihos )L, (w2 -1-3
ino oSl g Jgoe -1-1-3
ol b5 —BL lacujseals (hos 5o @l ol i
03,51 "6 55 Sl JSa" yo jloged Sjge 4 92 Jouz 50 it (b
&S pleaizel (il S g9 ool anslie jo .l 0l
4 abbaisel 4 Cund oad Jabie nlwl gy 4 bl psiedll o
5 e Sl wilbad Jidie (SI> Lwg bl parey] alaw
T pgiadll b sloaiged sl a5 psb 4 i)l (6t (stas oo
&l s 57.74 GPa _ie> Jgoo 5 665.19 MPa _ies alSocial wad
Jgse 9 590.13 MPa iwes plSioxinl sl (S porinng)] b (sladigas
il o0 52.41 GPa ies

ools (L5 JSA" s phes el (55, 1 Sl S 6
olaws 2l b oads SIS> pgegd] b sloacajsmels o Ceul snd

Sl S S olaai 5 (xha Sllos g5 L laaiges 51 Jgur
Table 1 The code samples with the type of surface treatment and the
number of thermal cycles

Gl S b Slles gy g oS
0 a2 A-0C
20 s il A-20C
35 oyl A-35C
55 s il A-55C
0 ot SIS E-0C
20 s SIS E-20C
35 ond SIS E-35C
55 i SIS E-55C

1 Scanning Electron Microscope
2 Hounsfield
3 Fixture

372


https://dorl.net/dor/20.1001.1.10275940.1396.17.8.53.7
https://mme.modares.ac.ir/article-15-12103-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.10275940.1396.17.8.53.7 ]

Sl oMl Ud ) 9 yledT dlaus 3o

13 B/ o 931~ p9aisonIT S1A3Y oy 9a0lS’ sl oloS s 3B s Z3ol 9 pla S G TS )24

ar g Jud ol S 35 slawi b oads plas] g el (SIS pguiaglT b
w2 e i 1y SIS s i (9031 |

b Cojopals 5o Consls 03l M8 5 A8 Slo IS 4y 4z g L
2ibise pgeieesll 5 5ok Cujseals o Gl end (S pgtees]
~SU slacojoelS 4 (5l S Jloel (nl by (-8 JS2 50 (248)
Caiseels G Sl i s s sl ond (S el L 5L
 Jlash b e 55 Cujoals plsoninl 5 05 poeinadll 5 (5yacds
P (e 5 st ol ol 4 ar g b rizmes ap0 e LalS
e 3 1y S (g3 Gl b5 S Jes sl wiged Uy
S 53 i 4 S (551 5 (heas plSovial 8l oS 3500
ol 35050 "7 45

odd Il paiagll b Cugeals’ s 4 "9 5 AIH9 gla s
st SlSe Ja8 aimo o Lt | slabal aw (e (y905] 5l amy g 3
S 5l @Y 50 Gl G Gz 5 pseieddl 5 (s renly Cujseels O
b Ol GRIRI L oladys 5008 (S5l (tes (503] e )0 Sl
e b Coled)s g oud £908 (sogeiagl] Y 5l CunSCS Tal Wiged 03y
(9 JSs o (St D) paiiesll oad annSs gl g0 b
2 b GO wes e E) reely CojenelS laa¥ o lax

Z00 g
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cycled (35 thermal cycling), a) FML with etched aluminum before
three- point bending test, b) FML with etched aluminum after three-
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Fig. 13 SEM images of anodized aluminum surface after thermal
cycling
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