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Dynamic response of composite sandwich plates reinforced by SMA wires under
low-velocity impact, based on a new higher-order hyperbolic global-local theory

Seyedhossein Hosseini, Mohammad Shariyat *

Faculty of Mechanical Engineering, K.N. Toosi University of Technology, Tehran, Iran
*P.0.B. 193951999, Tehran, Iran, shariyat@kntu.ac.ir

Keywords Abstract

Composite sandwich plate The attempts to resolve shortcomings of the equivalent single-layer and layerwise theories has resulted in the
Dynamic response development of the global-local plate theories. In the present paper, dynamic responses of rectangular sandwich
SMA V\(ires plates with composite face sheets reinforced by SMA wires under low-velocity impact is investigated using a new
Core stiffness higher-order hyperbolic global-local theory. In order to obtain accurate results, non-uniform and time-dependent
Biaxial preload distribution of the phases of the SMA and the transverse compliance of the soft core are considered. A refined

contact law is proposed instead of using the traditional Hertz law and different contact laws are considered for the
loading and unloading phases. Stiffness effects of all layers along with effect of the plate thickness on contact
stiffness are considered. The obtained nonlinear finite element governing equations are solved by making use of an
iterative algorithm at each time step. The present results are compared with the experimental results, and the current
results and verified. Finally, effects of the SMA wires, presence of the auxetic core, stiffness of the core, thickness
of the core, eccentricity of the impact and the in-plane biaxial preloads on impact responses of the sandwich plat are
investigated. The results show that the tensile biaxial preloads increase the contact force and martensite volume
fraction and decrease the lateral deflection and contact time due to the reduction of the lateral mobility of the plate
and increasing the stiffness of the structure whereas the compressive biaxial preloads, due to the tendency to create
larger deflections, lead to opposite results.

Lngbo)'Lu [l] ..\Ja;so oolazwl )—i.'.‘b (:tL...o Lg)L....a 9 @Uaé @L‘" ‘Ql)_o.c doddo -1
oad S5 pdySllasil g p 5 dind G 5 (598 9 Cud 49 99 3l o Zmgail OLaaYb (55 4 (i g plSotnl slacans s 4 o jemelS sladsYous

S35 5l Yoono loayg) igh o loz oo jl diws aliwg 4 ey, (ol il (owdihes (6l S Lablgn 10 00 S job A Ligr (St 4 Canglite g

Please cite this article using: o Lod oolisiw! yj wyle 1 dllio (il gloyl gl
Hosseini, S.H. and Shariyat, M., “Dynamic response of composite sandwich plates reinforced by SMA wires under low-velocity impact, based on a new higher-order
hyperbolic global-local theory”, In Persian, Journal of Science and Technology of Composites, Vol. 6, No. 1, pp. 127-142, 2019.


http://www.kntu.ac.ir/

Lolsaksls SWT Slopan b oub s S0 sl LTl B el gl

Wazd S L s foalitl 5T el ) ol ol it o L ool L
Sloabibl SLIT 0y (D 55ralS (slajlislos 45 il o Cuaglie [22] Lx
75 Ol BLII ol sl 6595 Joe S gl ol 13 py i S50 )
ol wslyl jlaabasl> LT o oads Cde 25,5 (65, 5 Jlesl Jb w5l
S8y dals ol I3l 5 g sgamme Glall gy alewsy [23] 0500 5 5%
ot 0,8 gusy 1y Jloaliblo SLIT (glapns b osds s (2jseslS 3
Ol ee loalisl GLII g fsalidls Eosls 3l sslial § a5 ols oLis [24]
Joalasle LI aios o ol ols Silidl ) sl slag,s LS b
Sg0s il o Jlsaladl> BLI 5B ,oss 5l g ole 18 At gl asan o,
5 Sl yl 0,8 oslinul ojle JS el sl sl 4 (s 6055 3l s
&y SeponS Ao ol p StV s §l[25] e
oo B 6555 S 62T g Wl Gk ) (SueeelS (amanile
Sy k8, [26] hso s SBals Bl IE ey n 950 o
Ll olo glalsial pjays S b ol Copm a0 oo (amgails
WlgS oo 45 (Gungd e S L died 5 $Sibgerd 5 L by (53l e
Goyb 5l sl Cavs bl W0ges oy D9 00588 Caalis sliwl) o
3 ool She .50l (6,li8 Ao il oL pailge Jawg oo plol LSL“’u}‘)T
Gy S ol g s g ol Ll gl [28,27] o Ken
o 5l g wiols 18 anlias 3,50 1y mrbliie iy llanl ates b oz g0l
Joe G SaS 0,95 10 (69,5 e g5 Ol 5o A0 gl ooliiwl 4,98 (6 g
el Cawds gol3T Az y0 90 138 g oy A
sl slr 6,95 sladae 650 ane; y3 oad el gla)ls
5 bl oo vgame Hlewn Hloabidl> slapaw gl)ls SojeelS omgaile
Sy omilio g loalisle LT L5, gjlooe daingly ol ST
y|?w)owk}ab6w)~)u6¢»)ﬂ6|)>‘w|w)i
50 el o a8 F Jlas s culi aib e o] b oy g loalabl> 5LIT
ool |y 35 ,ko o puS E1giSy auis slolbsy sl s eallio oyl
sl sly gl & atwly 5 S8 @y sl Ll S
S uien ol oad i8S L 0 580 ek jloalasl> LT slagum
w2 9 @95 &y Jolo oo a5 oz Vb e Sdgmle (e I 5595
Sy plyt el oy Sy cenlin olS 5 Wl oo 3,5 il ol
550 (] og e g A 8L Cwlbs 4 azgi b el ans wl)l el
a8ly> (333 5u8 9 (Hly 1o @l cage A (550 s pdy Sl 38,5
Jslace 338 31 oolical sl a5 el 3 o9 ol 0 23,8 JLa3 45 i
slizee uled ulsd gl 00y 5 ool cals Mol wles ygil8 51 55
by don Shw )LT iloads ax8 )3 las 5 gl b g (6,108 ,L slajls sl
RL@}J‘;Q.M‘OAJB&;)’a‘i)dww&uxéﬂ&w&éol;oﬁdg
Gt flaten hw 31 S5ST a3l laladl> 5LIT glagew i
2 Slaiogsyd angs Jboin Sy wps oo e 5l gyl Hl s

W3 18 s 990 o S59eelS (manile §)9 475 by

Ao 31 oS> Lily, —2

ooy &1l (33 (5395 -1-2

095° 9 leal) axio )3 (0jeelS lady) S Sgnlns el
Pl g sl Glasjle 0 was g baayy) (ol Dolis ((slamio

Sl e ojle Cpl died g Wigd o a3l [B] o368 b [2] ujeelS
B @e ol L dlge b (55085 AY slaojle dapsd S sl oy
32 0930395 90 2929 b o Sui9nelS (mgwiles ool aigh JSas
& 1z widlbios pdicesl e gl slajl Rl s cilite plio
et L 05300 (65580 Qi sl gl bl pl 5o b eels
Ol o sloaladle 5L wieign Sl (6,5 IS L plgie |y s Gl sl
5] obisS LI JA] s S8 @y foabibl slaslT apishy ogags doojls
5 S50 Gloay BLI gl 7] ol gz ;0 alog 6] ouds il az )y
Sy g Wgd 035 Wgm b lelr Cojensls So L 5o aslgi oo 0pe
w3 sla b jo 48,5 O g Slidsg 050 ,5] Sz g | loalabl> o jealS
50 5 Sl ALEDS (g Stz ad loalibl SLIT g5l slocyj5alS (55, 2
o ploul Dliiod (0 0,93 (o0 i 4 (2l RegR (Al sladis;
Aol i aile il o S loaliils glajl] ol
[11-8] sl 48,5 )13 (o 9550 0508 5 sl S0l oCanSs (Ko yir
G bl Sy cos Lo Sildl 1 s ailg e lsalidls slasl]
ol oeizmen [12] is S5k 055 sadsl JSo 4 sel> @ il pdyasS
iy il slog) b 5l 0l o« SlSie  Sams (6,5, s olgo
5 e Jole [12] S Gl L g i | (SlSe (5551 s et
Sl o5 65 el cuple ez oS ol LT ples (s
ol Lo g 2

S sy s Sy, Sole iledas 4 18] oSen 5 Lls
Sloalible ol Slaem b odd Cusll (greely Cujspels SeYI plss
Slomomlle Joo 5 (il gy p (e SilSos S S b sl
obsS Sl b odd Cosli (Sl Cujeels ol (it sln
5 I3l ony oy 8 esliil 350 1, Bolay g e b loaliil
Pt 89y el ST (550l 8 (S8 el 4 [14] ) Sen
y Sy 5 et sl e Sl eslinul b STl Sl
L loakadls BLI g oo Byb g0y oole 5SS lile ujeelS
Jeilyins sloalslen 85 5 55 Sloo Y 55 5188 S iy
Jol Sl oslital b gSidges 5 (oBp (hly I ol Glops oS>
S0l 5 (Senlns Julow 4 oS 5 (LS siad gl il gileen
igilanil aid by sl o3 Cynizman 3 [15] loalibls (slagrm o5l
a3y [16] jloalsbls SLIT sloprn b oadushi (jspels sloass, 5
Joaliil ST 8, (gl e jslaie & (o 2 Jon 5l lisliios o L]
Ese (2350l 8 23 gy 4 1T] () en 5 (g Lail Laio S ool
@ 18] elgFops 5 oo Sy jealil LT e S5 4,
b s S0 5o (Su59eslS B9 SLALS ) aietign J3S g (s5ledse
Gy Slilas,l r pSl> EVolee bl aiisls,y oalibls 5T slapems
51 oslial b ol loaliile ST slapms ol a5 1) 4 aiz 2y jp0elS
S =Sl L, 5 gl pstheen Jol 5 o, ST 5,955
ol 05,5 (o5l e Sl o, 51 olial L 1 loalibl LIT cloppms
aled Cujeels (Seilflege s b giluaned & [19] LS 5 jone
S o] sl Sl 6,58, cow loalisls 5LIT Jels Syl
95 CujgelS )3 Sezge (LIS g (Hlad A5 alre sl 695 By,
S0 Gisre diz ol &l eaniS o Glopew gilole ) 5l dppun
g,y sl ks, (oae > sla by, 5l eolaisl L 55 [21,20]
29k & Lol wlools S8 sy 0y50 |y ol SLITL &y pm (S jsels
128

LB LS (59U 9 pglc Ay i

J

('Y



Lolsaksls SWT Slopan b oub s S0 sl LTl B el gl

J 93018 5)9Ud 9 polc s yuis

il

el Lo o § 39500 41,5 515 0 W) IS ol b S,
ol dilisee oY (sl b (UIT) oY 51 S0 o 4 by ye Jitns
el wlg sy Fowlie (Sl g oads
O Ol 3 g, (09 S5 Az gl b mgaile 5 (sile o 5
B9 Vsors liwbre poxe 2alS Sz ind 4 bays, Cubks Cos
Gblye 5leallie ol jo 05d o0 a3 )T a5 0 aY dw Oje0 4 Zmgnile
conlio J.‘.l;u CJL..: o aS 970 A .09 o solazul Gbmfslf LQ'L£z>é')9.25
oIS (6595 share cnl sln il (I 5 Sleslons e 9 WSL
B9 2bmlr Oliee Glamio (90 Gboadlys os slp ny ST
g e 4l (gl
k
u®(x,y,z,t) = ug + u§ ) = 011009, 0) + 912(x,y, )z

X0, = 27 sink (%)
k

X 00,0 - 2% cosh (),
k

v®(x,y,2,0) = vg + 1 = 05106,,0) + 922 (x, 7,8z

z—2z
+X2(’I)(x, y,t)(z — z,)? sinh( A k)
k

X 00,0 = 2% cosh (),
k

k=123 &)
k ol adlga v 5 ul® Loails s
ol 5 oo Gloadlse v s U s IS sleadlse Vg 5 Ug
Rz 9y 4 axgi bablioe 4 aw (mgaile 35 Y sojled SLo
Y o saddse jo Gy sz ke deay Jlasl J=e o ‘5{,...15..: Lo
Al Jaias laay¥ slass 4y Connd DY gpome olawi B 00,8 colaiul Wb
B S I R
4D asleS (335 18 g (Hly f @l o ge diin (LS s pdy Sl

[29] sy e 58,5 5,5 5 U5 o

We; h,/2<z<h,/2+hy

w =3 Li(@w, +L(@)wy, + Ls(@)w; —hy/2 <z<hy/2
Wp; —hy/2—hy <2< —hy/2

3)

S (sl sl Lo sl ol clS T4 W gWi Wy o] 0 a8
iloads 413 I b5 0 Lo s 4 Cod oy, aidl o aies YL
Li(2) = z/h,(2z/hy — 1), Ly(2) = 1 —42/hj,

L3(2) = z/hy (1 + 22/hy) %

Y dw ol gl 5,9 09d o0 0oline (2) doles jlas jshilen
083l9d (nl adlioe Jstme b ez hlo 4 o (e olula g 00
e & bgpye Jswere (X00, XG) K30 K3 k= 1,2,3) il
2 S GBS (Swgn b Jlr Loy pelal 2 (Gl (Jore
lamioggys sleadlse (Stwgn bbbz g Lay Jlail Joe o
2 2 B SLAS 50 bt ez g Y Jlail e 3 ol
blpd (Gl plpli Wgd end (gl §y9 SIS 5 GBS Tolaw
g Lol pol> altns (6l 25 5500 5 (Somosy

() _ . (k+1) (k) _  (k+1)
atz=+h/2:{l W RO

" k=12
k k+1 k k+1 ’
TJ(CZ) = J(CZ+ )' TJ(}Z) = TJ(/Z+ )'

129

sl sla gy b, aalllas Sz o oaliils slajldl oglize
Dgdige loalibl ST glaps g5l (L jeeelS

@bl slapliee a5 35800 o Dglite (S Sl Tig 2529
Y oled Jore ) (cugtne o ol Dl 095 5l Clis b, o
Cals sl 53 plolr plae SIS JSS 4 51 cpl aies las
s sl Y olod s 5 (glamio (5,0 b el By pee
ol i 53 Cembioe Joli Bi> oz (pope Sla i ey ol b
e Sl GluY o (Siwgn 4 onuyy cpl andl augs baY
S5l DLl Jds 4 (po5e sla i 5 b lule @ly )3 sl S5m0
S C2 bl anil o 2 cwlbs sliwly ;0 €O ( Kiwgn b ulss ( Jobs
Olxio b bs e 6595 1 53 Canlior &5 Sl (cogn Sl 830 alox
20,5 00,91 S pe

Yoz gloojle lod sl ook slog 55 s e 35 b az 5
Lug oad pll G5 j5p0 Jl ol b eced 4ziS wl) omsuils
ol sl Ll ] 55 sl lS 45 s e ol i

Gl 5 s Sopo 4 b gbaly Joles 4V slags,55 5
Dype 4 (92,5 S 29d(on o 4 Wgd oo 43S AN 50 Culs
) Y S ie S0 0 o258 sl (Jy il sy dgy
ot S Sy 3l as 55l o il so atusesls (SlaY o sl
O bl goba )3 STS05 OIS (mimen 5 09800 YIS 0 (slaxio
@ by ye glas 3L gloaYur slp opb e 485 a5 )0 G baaY
o b ool 03,5 o BB sl i (ud asnl
ol Sheslinul ( zugaile slady lp Logaty qweiis slaaYaizr sln
o985 drwgs g &l og aalegs glalasMe LB sl slls o, 9%
o3l 45 Caslied 35 VU 51 o6 sllas goga b YL 4 po Jolas 4¥ 55
Jobee Y 5 slos 555 o oIS 5 4y Lol ools alS |, San sla
sleay gaw oolas 5l 36 oo 69,5l s 4 (slas o 0 L)
ol Jelos sl loalibl LT sl 55l (jspels (zmsaile G5
il b ol baojles

& 0 (525 60 Slunotl 5l (AL EMe a2 S laY (slacs 95 5
Slowlors poe> daa¥ slass 4y Alluce Y gpome (Sdly Jdo 4 Lol gl oo
b oe Gl

S Jole &Y S5 lags 98 byl el slp A
sla¥ slag)sm g (Y o slagis 5 abulr (Sogy SIS
0ot olomo IS slos 55 @) s a(laarY slaws & S gpme (Sl
Sy oyl 45 sl @ oy e IS o555 o ol ouyl
2 emanle s aY wr ) sl e ¢lp LSy pbelr Gl
Sy 50,5 Bl gl s ((Jolae 4Y ST Jow asline) ool azd )3 s
@bl @y (ST 5D plasslite el e 4 oY 51 S5 0 Sglite
WY (6,95 aline) 3980 ax3)S i )3 LY ISy o sl (s
el DY gpzme slas Y o (Swg labpd Jlesl b cules 5 (!
dlios 5 (B Dyge 4 a5 cnl 5o olulr dolas il oo

= uf T &)
O yga baY ples gl 4 wil o o5l S slbuls ailge uFSE T 5 a8
S e 4 byye olule addse ufMT st e w5 i S
lal cadly jo o5le S8 5 1) (Siwgm lald Wb a5 abl o ojle slaasy



Lolsaksls SWT Slaean b o3 w985 i aelS STl B9 SSaeliad by

b ool Ca il (2 jopelS (gl B9 LY )3 (- A alayly-3-2
loakisl> 5LIT S
Tanbe 39 (SieeslS Sladug) p Sl (2,5 S dlalae i cnl 5o
a5 Gl o e Cewd @ dileads Cugds jlsalabl> LT w45
45 g 009 yime yui (gl 35 diwd (gl odel Caws 4 SYolas
s sy |y oalisle ST oz S o] sy Ly 4 45 CaanidlS
ol 13 LS 1) calizee Slga yo oole o

Ol LSS 5 oo Slasiun g (o) 2 9,90 (gl 35 Sl
@ by S5 4 (mgsile 3y U5 Cul 5 (e g Jsb ailead sl
w)—\ L h3 5h2‘h1 és..uu’_n oals QL""" h=h1+h2+h3 9 b
gl e aBl oo (P gdile §y9 (VL Ay, g 4t (Sl g, Sl
Y 5 o, laise s (Sl R gV L ol s 5 4y ooisjan 0 glas o
Ol Sute gz g w3los (mpnile Gy Sl Y po3l 4 5) a Sl
23,85 oo 2 YL Coons @

Soft Auxetic
Core
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Austenite to martensite
phase transformation

Martensite to austenite
phase transformation

Fig. 2 The algorithm for tracing the phase transformation events during
loading and unloading at each individual point of the SMA wires to
adequately modify Brinson’s model
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Fig. 4 The geometric parameters of the composite sandwich beam with
embedded SMA wires and soft core [16]
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Table 2 Properties and specifications of the sandwich beam [16]
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E, = 1448GPa,E, = E; = 9.65GPa,
v1p = 0.3,Gyy = Gy3 = 4.14GPa,
G,3 = 3.45GPa,p = 1389.23 kg/mm?
E, = 85MPa, G, = 32.69MPa,
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Table 3 Material properties of Nitinol wires [16]

E, = 67GPa T =50°C Cy =8MPa/°C
Ey = 26.3GPa My =9°C C, = 13.8 MPa/ °C
os" = 100MPa M, =184 °C
of" = 170MPa Ay =345°C
g = 0.067 Ar =49 °C
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Fig. 5 Comparison between the results of the current analysis and the
numerical results of Khalili et al. [16] for time variations of the
deflection at the center of the top face sheet of sandwich beam
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Table 1 Properties and specifications of the sandwich plate and the
indenter [39]
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Fig. 3 Comparison between the results of the current analysis and the
experimental results of other references [39] for time variations of the
contact force
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Fig. 6 Convergence study based on variations of the maximum contact
force with number of the elements
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Table 6 Properties of the SMA wires (Nitinol) [43]

Slade bl
517 Ex (GPa)
478 Ew (GPa)
20.4 G (GPa)
0.3 VA= VM
6450 p (kg/m®)
34.5 As (°C)

49 Af(°C)
18.4 M; (°C)

9 M (°C)
6.572 Ca=Cm

37 To (°C)
0.063 eL
600 ows (MPa)
670 owmf (MPa)
288 o (MPa)
254 oaf (MPa)
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Table 4 Mechanical properties of glass/epoxy composite facesheets [40]

Jlade bl
32.062 Ei—E (GPa)
10.789 Es (GPa)
11.92 G12(GPa)

4.68 G13= G23 (GPa)
0.344 L12= V13 = L23

1796 p (kg/m®)
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Table 5 Mechanical properties of the core [42]

Sl bl
0.18 E (GPa)
0.3 v
110 p (kg/m?)
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Fig. 10 The points of the central Nitinol wire of the top facesheet at the
impact location
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Fig. 11 Time variations of the martensite volume fraction of the central

Nitinol wire at the points shown in Fig. A.
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Fig. 7 Effects of the SMA wires on time history of the contact force of
the composite sandwich plate
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Fig. 8 Effects of the SMA wires on time history of the lateral deflection
of the central point of the composite sandwich plate
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Fig. 14 Effects of the auxetic core on time history of the lateral deflection
of the central point of the composite sandwich plate reinforced by SMA
wires
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Fig. 22 Influence of the eccentricity of the impact on time history of the
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Fig. 23 Influence of the eccentricity of the impact on time history of the
lateral deflection of the central point of the composite sandwich plate
reinforced by SMA wires with auxetic core
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Fig. 27 Effects of increasing the magnitude of the tensile in-plane biaxial
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Fig. 25 Effects of various types of in-plane biaxial preloads on time
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