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1. Introduction

Skull injuries caused by trauma and pathologiexhsas tumor, infectious diseases or
congental defor mties, may result into seriousctional , aesthetical and psychological sequels,
requring the reconstruction of compex craniofagmostheses. In this field, the choice of
sutable biomaterials is the main challenge. Cutyedifferent classes of mono-materials, such
as polymers, ceramics and light metals are empl byéalbr icate skull and mandible prosthéses
In particular, poly(methyl methacrylate) (PMMA) polyether ether ketone (PEEK)
hydroxyapatie (HA}' and ttanum (Ti¥®® are the most widely used materils in the
craniopasty reconstruction. Ti remains the moseh used metal in biomedical app ications
due to ts biocompatibilty*:. In particular, Ti-based pates are generally useduit-up
craniofacial prosthesis and redace the bone. Asesampe, light Ti skull and mandible
prostheses are fabricated by using Selective Uslsking or 3D reconstruction techniques from
medical images, which also reduces the possibdtyerrors during surger§*> Moreover,
PMMA is also extensively used in craniodasty, tloets biocompatibiity, strength, low cost
and the possibity of preoperative d%&. On the other hand, these materials are used as
mater ials in food processing where biological alspeaveto be taken intoaccount.

However, the mono-materials present many drawbasksh as inappropiate mechanical
properties or ther high weight in the case of neetBor medical use, the discrepancy existing
between the mechanical properties and the denktgeoimpant and the bone to be redaced
results in stress shielding which representsths himi ing factor for a successful subst itit€
Since the mono-materials alone cannot solve th&rdpancy in an optimal way, the
development of hybrid structures - made of polyragrd metals exhibting new functionalties -

can be a sutable approach in many fields of asbic®™. Indeed, they take the advantage of



expdoting both the low densty and the | ightweigépecific of polymers, and the high bending
resistance and load capacity proper of the nmétdiiser efore, by combining these two materils,
structures possessing new properties, such asdmgtyy absorpgion, high corrosion and
mechanical resistance coupged wih a lightweighin de fabricated In particular, layered
structures, such as sandwich mater ials, composesoofetallic skin sheetsand a polymer core
can be an interesting alternative to design inrivegtart$®. Such sandwich structures are used
in the arcraft, automotive and naval industry hessa of ther high acoustic and damping
capaciy*® high stiffness and strength, good formabity aightweight®?®?® In these
systems, an epoxy resin is commonly used as anseéheegent to stick the polymer core onto
the metal skin sheets ensuring good bonding betweernwo components even under shear
load® The toxicty of this adhesive lay@evidently preventsther appication in the bioiinat
field and food production. In our previous wétki was shown that, following the rule of
mixtures, the mechanical properties of the wholalsach can be talored according to the skin
and core thicknesses (or rather ther volume foasiachieving sandwich configurations wih
desred properties. In this way, structures wid hlecessary and designed stiffness and strength
can be produced. Moreover ,ther formabity inboagd ex shapes -asrequred inthe fabrication
of prostheses or special parts in industry - carag®ured by selecting the proper sandwich
components, adjusting the skin/core thickness gardition and improving the metal/polymer
bonding strength.

Athough sandwich structures seemto be well adbimehe mechanical propertiesrequred in
biomaterials,the use of an epoxy resin is a serdnawback fotin vivoa pplications and if being
used in the food industfy Thus, in order to extend ther apgications, tillenge is to

establish a strong, biocompatible bonding betweetalmand polymer to include a polymer



component between two metal sheets wihout using@oxy resin able to attenuate stress-
shielding effects.

In general, the durabity of a polymer-metal ifdee strongly depends on the adhesion
strength between the two components. Since cheoarads between metal and polymer are not
spontaneously established, these layered hybr yhmol-metal materals often exhibt undesred
delamination phenomena due to a weak interfacidlesidn between metal and polymer
resulting in the premature faiure of the entietsyi®>% Thus, recently grafted polymers (i.e.
polymer chains with an extremty covalently boundtsubstrate) were proposed as adhesivesto
be inserted between a metal substrate and a polgoaeing® . In particular, t has been shown
that by exdoting the miscibity between the saaé-confined polymer chains and those of a
bulk®***® melt*or solution polyme?, the metal polymer adhesion strength is enhanoddtzer
durabity improved-*** Indeed, when two compatible polymers (i.e. polyméthe same
nature) enter in intimate contact,a partal ineergbration between the chains of two materials is
established, according to the diffusion theory diesd by the reptation mod&*, and, as a
result, entanglements points are cre3t® The degree of inter penetration depends on three
main factors: (i) the brushes surface densty the.number of grafted chain per Hndii) the
brushes chains length; and (iii) the molecular Weiistr ibution (MWD)*"*84243 Long chains
in the low-densty regime (also called as mushro@gime) are required to obtain a good
penetration. Since in this regime the overlap betwadjacent chains are avoided, they have
enough free-volume to move, re-arrange and inte@tpete in the adhering materaf® t has
also been demonstrated that higher chain lengthdtria an improvement of the adhesiveness
between the polymer bulk and the brushds particular,an increase of the tensi e striemdta

junction formed by grafted PMMA chains interpenetthin a melted PMMA matrix were



reported when longer brushes chains were considéuedo a deeper penetration of the PMMA
brushes into the bulk PMMA Since, & has been demonstrated that brushesamifgree of
polymerization (i.e. the ratio between the molecuhseight of the grafted chains and the
mol ecular mass of the monomer) greater than orléqQu200 is necessary to establish physical
entanglements wih the adjacent polymer Bllthe optimization of coating methods enabling
the production of fims with large thicknesses (fimicrometres)are desi&d

In this context, the idea of this work was to emgpeurface-confined polymers to fabricate
biocompatible resin4free sandwich materials byksig the polymer core on the metallic skins
previously coated wih grafted polymer chains. Asgb of concept for biomedical app ications,
Ti and PMMA were empoyed and Ti/PMMA/Ti sandwichpsoduced. Indeed, despie the
significant discrepancy between the mechanical gntags of Ti and those of the surrounding
tissues, which often results in a stress shieltfihgin order to reduce this tissue-impant
mechanical imparment, a technique to incor porag@miymer component to Ti implants was
developed and sandwich materials, made of two Tissknd a PMMA core, were produced
using grafted polymer chains as an adhesive. Tomgefsurface-confined PMMA chains
redaced the epoxy resin layer and the adhesiondett these tethered chains and those of an
adhering PMMA sheet (used as core material) wasbbashed by expoting ther miscibity
through the for mation of entanglements. In paracuihe PMMA chains were grown on alkali-
activated Ti surfacés through surface-intiated atom transfer radicalypeerization (Sl-
ATRP)*® using phosphonic acid derivatives as couding egeand malononirie as
polymer ization activat8f*® Being the established graduate structure chaizetieby a high
Ti/PMMA adhesion strengff high thickness (i.e.long PMMA chaifsind a porous structure

(i.e. high free volumé}* the possibity to use these PMMA-<coated Ti suefador the



production of sandwich is shown here. Indeed, TMPMTi sandwiches were obtained by hot -
pressing, expoting the inter penetration betwdea grafted PMMA chains and those of an
adhering PMMA foi used as core matef&l’. Moreover, the Ti/PMMA/Ti bonding strength,
mechanical properties and for ming behaviour weigwated perfor ming pull -off tests, standard

tensie, bending, Erichsen and deep-drawing tesspect ively.

2. Experimental

2.1 Sample preparation

PMMA fois (0.5 mmthick) containing BaS@llers and Grade 2 Ti sheets of different size®@ (2

x 20 x 0.4 mm, 20 x 60 x 0.4 mrh) 20 x 80 x 0.4 m 20 x 80 x 0.2 m) 25 x 100 x 0.4
mm®, 70 x 70 x 0.4 mf 105 x 148 x 0.2 miwere used. These sizes were chosen wih respect
of the minimal sized requested by each mechanestl performed (e.g., pull-off, bending,
drawing). Before operation, PMMA fois were rinseeveral times wih ethanol and Ti sheets
cleaned by ultrasonication in acetone, ethanol ,dgidnized water, 10 min each. The solvents

wer e purchased from Carlo B ba.

2.2 Grafting of PMMA chainson Ti substrates

PMMA chains were grafted onto Ti substrates usinghree steps strategy previously
developed. With respect to this methodology, only the grajtconditions were optimized by
considerably reducing the treatment time and thaatior concentration. Firstly, Ti surfaces
were activated by immersing the Ti sheets for 1lhain2M sodium hydroxide (NaOH)

concentrated aqueous solution heated up to ‘80%2condly, a synthesized bromoisobutyrate-



undecyl -1-phosphonic acid {§1300sPBr) was immobiized on the Ti surfaces using aafong
from” method performed in a 0.05 M intiator contrabed aqueous solution at 100°C for 3 h;
Thrdly, a SI-ATRP was carried out to grow the PMMAains according to a previously
described proceduf® The intator -modified sampl es were suspendeal flmsk equipped wih a
magnetic bar, which was then degassed three timgsal{ernating vacuum and argon) and
finally filed wth argon. Reagents were then adtethe flask according to the following order
and concentrations: [Cu(l)Br]: 14 mM; [PMDETA]: 18M; [anisole]: 4.1 M; [malonontrie]:
14 mM; [MMA]: 5.3 M. Whereas, because of theregdigreater solution volume, A6-sized Ti
sheets were treated using the following condtio@s{l)Br]: 3 mM; [PMDETA]: 3 mM,;
[anisole]: 3.7 M; [malonontrie]: 3 mM; [MMA]: 5.3M. At the end of the polymerization
reaction, the samges (hereafter called PMMA-coatédwere cleaned for 10 min in an
ultrasonic bath containing methanol to remove thtestiner ed polymer as well asthe residues of

Cu()Br and PMDETA.

2.3 Chemical characterization of the grafted PMMA layers

After each step of the PMMA-coated Ti synthesiscadure (namely, the alkalitreatment, the
grafting of the intiator and the polymer izatiorhet chemical properties of sampes’ surfaces
were investigated. In particular, attenuated tateflection Fourier transformed infrared
spectroscopy (ATR-FTIR) analysis - performed wthParkinB mer spectrometer wih a
resolution of 4 ci - was used to scan the surface-exposed chemicapsyohereas, energy
dispersive x+ay spectroscopy (EDX) allowed indnating surfaces’ elemental compostion.

This latter analysis was carried out using a QuaEBX system embedded in a crossBeam®



Workstation AURIGA-Zeiss 405 Microscope. The anayef the Ti/PMMA/Ti sandwich
fracture surfaces after pull -off tests were studiach Zeiss GeminiSEM 500 SEM fited wih an

EDX systemfrom EDAX (Octane Hie SDD detector EAM software).

2.4 Morphological characterization of the grafted PMMA layers

Scanning electron microscopy (SEM) was employedotiow the evolution of the surface
mor phology after each steps of the synthesis puweeand to investigate the resulting PMMA-
coated Ti cross-section. In particular,the morpgyglafter the alkaliactivation, the grafting of
the intiator and the SI-ATRP reaction was imagddhwa crossBeam® Workstation AURIGA-
Zeiss 405 Microscope. Instead,the sampe’s cressesm was frstly prepared using a ion beam
cross-polisher (Htachi IM4000+). The sampges weue wih a metallographical saw and an
edge fromthe backside was polished with a 25°I1b&i€ P1000 pa per) toreduce the thickness
of Tito polish by the ion beam. The cross polighmas then performed fromthe back side (6
keV, Ar). By this way, the organic materiel wastgated by the Ti itselfand very few exposed
tothe ion beam. Then is features studied using &aalysis conducted on a Zeiss Gemini SEM

500 SEM.

25Ti/PMMA/Ti sandwich production

Resin4ree Ti/PMMA/Ti sandwiches of different siagere produced by hot pressing. A PMMA
fol 0.5 mm thick, used as core material, was iresbibetween two PMMA-coated Ti sheets.
Since the manufacturing process, regarding the ingnat operties between metal and polymer,

is independent from the thicknesses of the parfreand wih the aim of frstly proving the



feasibity of producing sutable resin{free sanclwimaterials, the combinations tested were
chosen depending onthe materialsavaiable.
Alayupofthethree components wasthen hot -pdassgether above the PMMA glasstranstion
temperature and melting temperature (111°C andQ,6@Spect vely). Bonding was achieved by
expoting the inter penetration of the grafted PMMAains into the chains of the adhering
PMMA foi , which led tothe for mation of entanglenie®>

The main parameters involved in the hot -pressirggss are time, temperature and pressure.
The optimized combinations of these three paramefer the TiI/PMMA/Ti sandwiches
production were assessed performing a parametrdy sFor each parameter,three values were
considered as follows: T = 170, 180 and 200°C30=60 and 90 min and p = 0.1, 0.2and 0.4
MPa. Thus, the maximum number of parameter combinst(i.e. possible experiments) was 3
which werereduced to an optimized number of 1®exgents, by using a design of experiments
(DoE) tool, namely Minitab (Mintab Inc.). Succesdly, the best condtions for the sandwich
production were chosen asthe ones guarantyingigiest value of bonding strength, evaluated
perfor ming pull -off tests. The optimum was idemdiwitht = 90 min, T = 180°C and p = 0.2
MPa, so, TI/PMMA/Ti of different sizes were proddcender these condtion to perform

mechanical and for ming tests.

2.6 Investigation of the TI/PMMA/TI cross-section microstructure

The microstructure of the Ti/PMMA/Ti cross-sectiowsre analysed by Optical microscopy.
The samples were prepared by cutting, with a stigtding bank,a small piece (20 x 10 Amf

a TiI/PMMA/Ti sandwich from an A6-sized one. Thehetcross-section of the sampes was



mounted using cold mounting resin and successipebpared for the observation by wet-
grinding using SiC papers and polishing t wihtdatic polishing fibre cloth wih damond
paste (in a sequence of 6, 3 and finally 1 um)alRmthe polished Ti/PMMA/Ti cross-sections

wer e observed by optical microscopy (Oympus IXi@ Zeiss Axiolmager).

2.7 Evaluation of the Ti/PMMA/Ti sandwich adhesion: Pull-off tests

The Ti/PMMA/Ti adhesion strength was evaluated garing pull -off tests. For these tests,
sandwiches made of two (20 x 20) mifi skin sheets and a PMMA core 0.5 mm thick were
produced using the condtions listed in Table 2|eatst three sampes each in most of the
condtions. A two-components adhesive (3M scotciloweP 490 Structural adhesive epoxy)
was used to stick ther external surfaces ont@@mx(20 x 100) mrhstainl ess steel bar . Before
testing, the glue was cured by heating t at 606C 24 h, and then it was kept at room
temperature for 48 h. The sampes were then mownetie universal testing machine and the

tests performed using a speed of 0.1 mm/min.

2.8 Evaluation of the Ti/PMMA/Ti sandwich adhesion: Shear-tests

The shear resistance of the Ti/PMMA/TI sandwiches evaluated performing single shear
tests using a universal testing machine with ahieghgpeed of 1 mm/min. Sandwiches of two
PMMA-<coated Ti sheets (25 x 10004 mn?) and a PMMA core foi, 0.5 mm thick, were

produced according to the optimum processing camdt A defined overlapping area of about

10



275 mnf (25 x 11 mr) based on the thickness and the yield strengtthefTi sheets was

chosen following ASTM D3165.

29 Tensile propertiesof the TI/PMMA/Ti sandwiches

The mechanical properties of the Ti sheets, PMMisfas well as the ones of Ti/PMMA/TI
sandwiches made of two PMMA-coated Ti sheets 0.2 mok and a PMMA core 0.5 mmthick
(here after noted as 0.2/0.5/0.2 sandwiches) weterchined by uniaxial tensie testing.
According to ASTM ES8, tensie sampes of Ti andPMMA/Ti sandwich were prepared. In
particular, TI/PMMA/Ti sandwich sampges were cubrn an A6-sized sandwich previously
produced using the parameter described in se@ibi. Whereas, PMMA fois were prepared

andtested accordingto EN ISO 527-3-1B-50.

2.10 Forming behaviour of Ti/PMMA/Ti sandwiches

The forming behaviour of Ti/PMMA/Ti sandwiches wea@alysed performing three-point
bending as well as deep drawing and Erichsen t8sese tests allow identifying and correlating
the possible falure modes arising from for ming tstibree{ayered sandwich materils under
different loading condtions. In principge, falucan be expected in the form of: 1) cracking of
the outer Ti skin sheet, which is more probabletton ones; 2) cracking of the core layer,
especially if the core has brttle nature; or Bpitaminar delamination in case of weak skin/core

adhesion characteristics. To this pur pose, combingiof sandwiches wih different Ti size (20

11



x 60 mm2 and 20 x 80 mm2) and thicknesses (0.2 6hmm) were produced under the
obtained optimum condtions. The following symmetrand asymmetric Ti/PMMA/TI

configurations were produced: (i) 0.2/0.5/0.2; Qi2/0.5/0.4; (iii) 0.4/0.5/0.4.

2.10.1 Three-point bending tests

The bending properties of the Ti/PMMA/Ti sandwiches e investigated perfor ming three-point
bending tests using punch sizes of 3 mm and 6 mdaimeter. In particular,the 3 mm punch
was used to investigate the properties of the GE® and 0.4/0.5/0.4 sandwiches, whiethe 6
mm punch wastaken for the asymmetric 0.2/0.5/6eboThe test speed was kept constant at 0.3
mm/s.

The performed test strategy was the following:thr,dhe maximum achievable bending
angle, defined as the ones at which a visible faif the systems (isted above) occurred, was
determined. Secondly, to follow the developmenthsd bent sandwiches’ strains as well asthe
degree of ther springback, stepwise tests werferpeed using a 45° step sequence. For this,the
test was stopped at the specified angle under tbadtrain distribution and the springback were
evaluated and documented, prior to carrying omtdhe step. It is noteworthy to mention that the
bending angle was controlled by the previously rdeireed bending displacement according to
the controlling equation of DIN EN 1SO 7438-2005.

The strain field was determined using photogranyn€dtBOM Argus) for the different
successive steps. For this analysis and for asgenialuation, fine dot pattern (0.5 mm point
diameter wih 1 mm distance of the adjacent dotreshwas etched on the Ti sheets by means

of an electrolytic marking system (EU-Classic, @gfIMarking Systems GmbH). Successively,

12



a GOM Argus system was used to determine the straime results were obtained in terms of
the distribution of the major strain in a sectidiorg the samge length; in addtion, 3D
photogrammetr ic images showthe criical regiongefshaped sampes.

Whereas,the spring-back ratios (K) are deter mmeeskd on the angleratio between the angle

after unloading[{) with respect of the one in theloading condi(@y):

K=2 1)

ay
A small spring-back is achieved if the Kvalueleseto 1.
The spring-back degree (K) is correlated to elastiulus in the pane strain condtion)(E

according to the geometrical and mechanical prigsedf the tested shegts

K =4 (RixYS)3 _3 (RixYS) 1 )

E'xt E'xt

where Ris the intial bend radius before spring-backs the sheet thickness, YS is is yield
strength.

In (2) E is expressed as a function of the Poisson raf@jr

E'= 1-v2 (3)
According to (2), lower springback (i.e., bettergbnstabity) is expected wih lower YS/E

ratio as well aslower Rt ratio.

2.10.2 Deep-drawing tests
The possibity of shaping forms that are more caxpvas investigated by testing the for ming
properties of T/PMMA/Ti sandwiches with differetticknesses (0.2/0.5/0.2, 0.4/0.5/0.4 and the

asymmetric 0.2/0.5/0.4).
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Deep-drawing tests were performed at room tempesaRT) unti faiure or compete cup
drawing using a drawing ratip 8 1.8, i.e.,theratio betweenthe diameters eftilank (60 mm)
and punch (33 mm). During the tests, the drawireedpvas kept constant at 0.5 mm/s. As the
bending tests, deep drawing tests were performepwste based on the faiure limit of the
drawn sandwich samges. At 6.8 mm, no visual cragkif the Ti skin sheets occurred. In this
regard, the deep drawing was carried out frstluntdisgacement of 5 mm, progressively
followed upto 10 mm dispgacements. Finally, thengbete drawing of the test samgdes was
accompished. Moreover, for comparison, the drawmgperties of Ti sheets of 0.2 mm
thickness and those of the PMMA fois wih a thieks of 0.5 mm wer e investigated perfor ming

thetestsaccordingtothe same procedure.

2.10.3 Erichsen test

Erichsentests —giving infor mation on the stretgibehaviour of sheet material - were carried
out on 0.2/0.5/0.2 TiI/PMMA/Ti sandwiches. A stardl&5 mm diameter semi-spherical punch
was used. During the test, the punch dispacensms was kep constant at 0.5 mm/s. The
forming limts were determined in terms of the @sponding punch dispgacement when

cracking occurs (namely the Erichsen Index (IE)) fonming force could be deter mined.

3. Results

3.1 Grafted PMMA layer bounded on Ti surfaces

The cross-section of PMMA chains grafted on a Tsttate obtained following a three-step

strategy”® is shown inFigure 1a. In the fist step, a chemical activation of theslirfaces in a
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basic media was performed to increase the hydrgeguips’ content enabling the phosphonic
acid to anchor. This treatment represents the keynent of the procedure and led to the
formation of a nanostructured porous layer (seeddieomtop-view micrograph ifigure 1b)
the interconnected porosity of which was used afdd to drive the following polymer ization
and to create a further mechanical interlockingMeen the substrate and the growing PMMA
layer. In the second step, the ATRP intiator (Bfo-2-methyl -propionic acid 11-phosphono-
undecyl ester, &#,,0sPBr ) was grafted on the alkali-act vated Ti surfa¢seeFigure 1b in the
middle); the anchoring was established by creatinplent Ti-O-P bonds between the surface
hydroxyl groups and the phosphonic acid der ivati/e’® Compared to our previous wdrkwe
could reduce the time of the grafting treatmentnfrd4h to 3h. Indeed, by measuring the pH
during the reaction, a plateau was reached aftearh no more variations were detected.
Moreover, the ATRP intiator concentration was @aged to 0.05 M wihout noticing
significant difference in the resulting surfacesyously treated wih a ~0.8 M intator
concentration (for a morphological and chemical pamson between a 3h and a 24h
C/H140sPBr—modified Ti surfaces seEigure S1 in the suppementary information (Sl)).
Finally, in the thrd step, the hybrid PMMA-coat@d surfaces were obtained by growing the
PMMA chains fromthe intiator -modified Ti surfacess highlighted by the SEM micrograph in
Figure1b {op)the polymerization reaction results in amded PMMA layer coveringthe entre
surface, characterized by an underneath porostgized at the Ti/PMMA interface~{gure
12)*54°

Addtionally,the effect of using a shorter ATRR Bttor (i.e.,a commercial bromoisobutyrate-

propyl -1-phosphonic acid,A140sPBr ) on the polymer thickness and structure wasshigated.

Whereas, a comparison between the surface morplesl bgfore and after the grafting of the

15



two (different in size) intiator molecules togetheith the corresponding EDX spectra, is
presented irFigure 2. The SEM micrographs highlight that the surfa@diees change after the
grafting reaction. In particular,the surface, nie@di wth the shorter intiatorHigure 2b), was
characterized by the organic molecules boundedratohe pilars left by alkali-activated Ti
surfaces. Thus, it led to a mor phology simiar ltattof the microporous layefFigure 2a) but
less branched. Instead, the grafting of the longertor results in a more compact structure
composed of sharper pilarBigure 2c). Thus, as expected, the longer initiator filgolhetter
the poresleft by the alkalitreatment. This r eorgat ion of the surfaces was also confr med by
EDX analysis, the spectra of which were used t@udweine ther elemental compostion. After
the grafting reaction, the absence of the peakapead to the sodium, visible after the alkali
treat ment igure 2d), suggests that the grafting reaction leads teaaganization of both the
surface mor phology and compostion. Moreover , ttganic content (carbon peak at 0.277 keV)
increases and the signals related to the bromingt{Bical of thell-bromo ester group, and that
attributed tothe phosphorous (P) of the phospreseppearHigure 2d andFigure 2e).

Then, taking into account the difference in the bamof mols produced by using shorter
molecules, the reagents quantty requred for tigmerization was recalculated in function of
the intiator’s number of mols and the ATRP consatly carried-out. As previously underlined,
the grafting reaction wth the shorter intiatoatls to a more open surface structure, which
results in the growth of less densely packed PMIsiyer s Figure 3). Indeed, t appears highly
porous and composed of globules of organic matepetferentially grown around the pilars of
the microporous layer. Thus, for the pur pose o thork, in order to get longer grafted PMMA

chains, - guarantying a better inter penetratioatihe ones of the adhering PMMA foi ,and thus

16



a stronger borfd - the long bromoisobutyrate-undecyl -1-phosphonic &TRP intiator was

empoyed.

3.2 Production of Ti/PMMA/Ti resin-fr ee sandwiches

Successively, a procedure to stick a 0.5 mm thiskVR foi between two synthesized
PMMA-coated Ti sheets was developed by redaciregeapoxy+esin, usually emgoyed in the
fabrication of sandwich materials, with the prewgugrown tethered polymer chains. Thus,
resinfree TiI/PMMA/Ti sandwiches were produced byt-fressing. The best possible
ex perimental condtions for the Ti/PMMA/Ti sandwéhproduction wer e assessed performing a
parametric study using a design of experiments jDo&hod, adoping Minitab Inastool for
the data analysis. In particular, in order to r exidee number of the experimentsto be performed,
anoptimal factorial DoE plan was app ied by hygstihing that the simultaneous interaction of
the three parameters involved in the productioe. iemperature, time and pressure) is
negligible. In this way, 19 experimental combinasio(isted inTable 1) were selected and
Ti/PMMA/Ti sandwiches were accordingly produced.

Then, the corresponding Ti/PMMA adhesion strengtls wvaluated performing pull -off tests
using (20 x 20) mfmsandwich sampes. The optimum condiions for #edsvich production
were chosen as the ones guarantying the highese wdithe bonding strength according to the
data reported in Table 1 and the graphical reptasen in Figure 4. This latter shows the
correlation between hot r essing time and tempeeatiua constant pressure of 0.1 MPagyre
4a), 0.2 MPa Figure 4b) and 0.4 MPaKigure4c), respectively. In general, it can be stated that
by increasing the hot -pressing time and/or the eeatpre,the pull -off strength improves. When

a pressure of 0.1 MPa is appied ($egure 4a), the maximum possible pull -off strength can be
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reached only at higher temperatures (200°C), wisiainot recommended to be used. Indeed, t
should be considered that the processing temperahwuld not overstep or even come closeto
the degradation temperature of the PMMA fol (~2@5seeFigure Sl1.2), especially in case of
long hot-pressing times. On the other side, by dasing the pressure to 0.4 MPa, the time
requred to reach the maximum pull -off strengtheduced, however ,the temperature should be
stil above 195 °Cto deliver high strengths (f&gure 4c). Moreover ,the high pressureledto a
squeeze-out of the PMMA core and/or the possibbetoaf the PMMA degradation, which can
lead to undesred thickness inhomogeneties. Wiselgaappying a pressure of 0.2 MPa, the
maximum pull -off strength can be reached at anagetemperature of 180 °C and a time more
than 80 min (sed~igure 4b). In this work, we selected the following procesmdtions:
temperature T = 180 °C,time t = 90 min and pressu= 0.2 MPa, which ensure the highest

possible pull -off strength (24 MPa)avoiding a segieg-out and degradation of the polymer .

3.3 Evaluation of the Ti/PMMA/Ti adhesion strength

The pull-off tests performed (@as sketchedFrigure 5a) on three Ti/PMMA/TiI sandwiches
produced using the optimized condtions led ta@seilts shown ifFigure 5b. In particular,two
sampes (TiI/PMMA/T] and Ti/PMMA/Tkg) broke wihin the glue used to mount the sampe to
the steel support (sde@gure 5a) indicating that the Ti/PMMA adhesion strengthhigher than
that of the Ti/steel glue. Whereas, in the lastgar(lri/PMMA/TI-,) faiure occurred within the
PMMA sheet (afll 24 MPa).

Mor eover , the Ti/PMMA/Ti faiure mechanism was itlieied by analysing the mor phology
and the chemical compostion of the sandwich fractsurfaces after the pull-off tests @

repesentatve image of which is shownFigure 5c¢), by using SEM-EDX measurements. The
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EDX elemental analysis and the SEM micrographfiefPMMA foi (Figure5e) - used as core
material - showed that t contains Ba;30ers (Whte spots ifFigure 5€). Since traces of Ba 30
particles were found also in the TI/PMMA/Ti surfatacture (SF) (se€&igure 5¢c and EDX
spectra inFigure 5d), we concluded that the fracture occurred wihe PMMA core and
consequently the faiure mechanism is of cohesatere. Addtionally, the shear resistances of
the sandwiches were evaluated performing singlarshests on TiI/PMMA/Ti sampes as
schematized ifFigure 6a. Two metal sheets (schematized in blacligure 6a) were inserted
between the sampge and the jaws of the tensie maah order to ensurethe axialty and avoid
bending phenomena during thetests.

Theresults of threerepresentative Ti/PMMA/Ti saiuthes are shown ikigure 6b. t can be
pointed out that faiure occurred within the PMM®&if(see the surface fracturehigur e 6¢) for
ultimate shear strength of (10 £ 2) MPa. For comspar, the shear resistance of three
sandwiches composed of two brushed Ti sheet sRidsnim thick) and a PMMA fol wih a
thickness of 0.5 mm were also investigated. TheameeTi surface roughness after the brushing
treat ment was found equal to (2.7 £ 0.3) um, al festt imes higher thanthose of the untreated
ones (0.5 = 0.1) um. Theresults allowed evaluaing/PMMA bonding strength of (0.9 £ 0.1)
MPa, which is much lower than those obtained ugiggPMMA-coated Ti sampes. The weak
Ti/PMMA adhesion strength is totally due to ¢hdyymrmechanical interlocking of the PMMA
into the rregularties of the Ti surfaces sinceam@mical treat ment was perfor med on the metal
sheets and also due to the inertness behaviourh®f RMMA, which possesses a low

adhesiveness nature.

3.4 A6-sized TI/PMMA/Ti sandwiches. scale-up of the fabrication process
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In order to investigate both the mechanical pragertand the forming behaviour of
Ti/PMMA/Ti sandwiches, A6-sized Ti sheets (105 x814nnt x 0.2 mm thick, were coated
wih grafted PMMA chains by empoying a larger volel of solution (~ 1000 ml) contained in a
bigger reactor. Despite a thicker PMMA layer wataated in the part of the Ti sheet closer to
the magnetic strrer (due to an unsteady mixingtlod reagents), the entre surface was
competely covered (seBigure S3 in Sl). Then, A6-sized Ti/PMMA/TiI sandwiches were
produced by hot -pressing (sEmure 7a), as previously exgained, using a 0.5 mm thickNeM
fol as core material The resulting sandwich cross-section, obtainedciying a A6-sized
sandwich, was analysed by optical microscopy amdddrresponding image is disgayed in

Figure 7b.

3.5 Mechanical propertiesof TiI/PMMA/Ti sandwiches

In order to study the mechanical properties of system as well as the ones of Ti sheets and
PMMA foils mono-materials, minitensie samples ©fand Ti/PMMA/Ti sandwiches were
prepared, according to ASTM E8. PMMA sampl es werepgr ed and tested according to EN
ISO 527-3-1B-50. The results of the tensie tasis given inFigure 8. As expected, the Ti
sheets (black curves) exhibt the highest stremgthes with a Young’s modulus of 108 GPa and
an ultimatetensie strength (UTS) of 441 MPa al$ asea strain at faiure of 27% (sé&able 2),
whiethe PMMA fol shows a britle behaviour (blaarves). Stiffness and UTSs values of the
sampesarelisted ihable 2.

The brittleness of the PMMA is expected to influemnbe stress-strain behaviour of the entre
sandwich sheets under tensieloading as well agditming behaviour under bending and deep-

drawing loading condtions. In this regard, t wasserved that the PMMA core cracks earlier
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than the pure Ti skin sheets in the sandwich (iaistrange between 22% and 28%, red curves)
wih a strain difference of about 2% at the endh&ftensietesting (see black arrowd=igure

8). Nevertheless, the total elongation of the TiNMTi sandwiches faiures comes close to
that ones of the Ti sheets. It is noteworthy to teenthat even if there was a slight strain
difference between the Ti and PMMA inside the sainbvgheet, no delamination faiure could

be stated.

Further more, using the ROM(Eq. (1)) the Young’s modulus of the sandwichydf can be
predicted using the PMMA (EPMMA) and Ti sheets;Y\EFoung’s modulicombined with ther

volume fraction (fuma and frj, respectively), as follows:

Esms = fommaEpmma + friEri

As stated beford depending on the thickness ratio of the mono-nase it is possible to
design the mechanical properties of the entrewatdsystem, accordingto the RoM. Thus, as
an exampe, with a high ratio of polymer the yiglttdl ultimate tensie stresses (YSand UTS) as
well asthe Young’s modulus (E) can be reducedy der toreach properties comparableto that
of the cortical bon®° Indeed, considering that the chosen Ti sheet RMMA foi have a
Young’s modulus equal to (108 + 7) GPa and (2.013 GPa,two combinations of the Tiand
PMMA thicknesses required to get a Ti/IPMMA/Ti sanclwpossessing a stiffness of about 32
GPa and an UTS of 162 MPa were suggested. Fiesttymmetr ic structure (Ti/PMMA/Ti in
Table 2), composed of two Ti sheets 0.2 mm thick and a PMMiI 1.0 mm thick
(corresponding to a PMMA volume fraction equal t@1). Secondly, by maintaining the same

PMMA volume fraction,an asymmetric Ti/PMMA/Ti cofnlation could be obtained using two
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Ti sheets 0.2 and 0.4 mmthick and a PMMA core.Bf(Ti/PMMA/Ti 2 in Table 2). This may

result in a decrease of the bio-mechanical impatt rerist ing between the bone and the impant.

3.6 Forming properties of Ti/PMMA/Ti sandwiches

The capabity of shaping Ti/PMMA/Ti sandwiches wasestigated performing bending,
Erichsen and deep-drawing tests. For this purpds#h, symmetric and asymmetric
Ti/PMMA/Ti structures were analysed.
3.6.1 Three-point bending test

The bending properties of the TI/PMMA/Ti sandwiclveare investigated perfor ming three-
point bending tests using punch sizes of 3 mm amanGin diameter As reported inFigure 9a,
with a 6 mm punch all the tested samges (dashees)iexhibted nether cracking nor
delamination or interlaminar shearing at the sangilges up to a bending angle of 180°.
Besides, the observed Ti/PMMA good adhesion, tletldy of the PMMA core was enough to
accompish crackingfree bending operation in bk tsandwich structuresigure 9b). The
bending force—disgdacement curve for the asymmetaidwich (0.4/0.5/0.2, black, dashed line
in Figure 9a) is located between the two symmetric ones, i.4/06/0.4 and 0.2/0.5/0.2. The
punch was set in contact with the thinner Ti sheethe thicker (outer)layer could wthstand a
higher bending load. As expected,the bending testsed-out wihthe smaller punch (diameter
of 3 mm) on the symmetric sandwich combinatiores. (.2/0.5/0.2 and 0.4/0.5/0.4) result in an
increase of the bending forces for both combinatimsted (ight blue and red solid lines in
Figure9a, respectively).

Mor eover , the sandwich combination buit-up usihg thinner Ti sheets (i.e.the 0.2/0.5/0.2

sandwich), bent with 3he 3 mm punch showed a fsagimt decrease of the for ming | imit (sold
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redline inFigure 9a). As depicted irnFigure 9a, cracking (highlighted ifFigure 9c) took pace
at a punch disdacement of approx.16 mm, correspgrid a bending angle of a pprox. 80°.

The previous bending results can be further exglhiby analysing the strain field on the
surface of the bent Ti samp d3gure 10 shows the average value of the maximum majorrstrai
determined fromthe middle part of the bent samghesvn inFigure 11. As expected, with the
smaller punch size (3 mm, the solid lines) higheais values resulted |eading to earlier faiure
by cracking at about 80° in case of thethinneshiet (0.2 mm).

Addtionally,the strain levels, using the 6 mm phpare less, even at higher bending angles,
because of the reduced load on the outside of hieets The springback ratios (K) of the
Ti/PMMA/Ti sandwiches in correlation wih the skaof e thickness and the bending angles (45°,

90° and 135°) usingthe 3 mmand 6 mm punch diammetre shown ifrigure 12.

Due to the high elastic /low gastic strain fraotiexisting at this angle for the frst bending
step (45°) lower K-walues — higher springback asgiefor all the sandwich results were
observed. For the same sandwich sheets with therl&ending punch diameter,lower Kvalues
resulted,too, which is in accordance wih the fumdntals of springback properties (@s shown in
(1)) Furthermore, the asymmetric sandwich (0.4002) shows an intermediate K-value
progress with the bending angle,located betweebtvwth symmetric ones, i.e.the 0.2/0.5/0.2 and
0.4/0.5/0.4. It can be stated, that bending oftdedwich sheets is in good agreement to the
guidel ines recommended for monol thic sheet mevahgre the radius of the bending punch ()
is suggested to be twice the sheet thicknesset ), & 2t. Safe bending process can be achieved
wth a ratio of the punch radius R to the materthliskness of 3 (Rt >3). For high strength

materils, R > 5 may be requi&d
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3.6.2 Degp drawing

Mor eover , for analysing the possibities of shapimore compex components, deep drawing
and Erichsentests were performed. Due to thddbkhaviour of the PMMA (sdéigure 8),the
pure PMMA foi faied earlier at a punch dispaceinef only ~6 mm (see violet line Rigure
13aandFigure 13b).

Whereas, all the TI/PMMA/Ti sandwich combinatior@s4(0.5/0.4 (black), 0.4/0.5/0.2 (red),
0.4/0.5/0.2 (green) ifrigure 13a) were comp etely drawn wihout visual crackinglogé Ti skin
sheets (seéigure 13c and Figure 13d in the particular case of a 0.2/0.5/0.2 Ti/PMMA/TI
structure), due to the good for ming behaviour eflditer one (blueline iRigure 13a).
Nevertheless, in correspondence of a 6 mm punghadisment,a small decay of the force was
observed, possibly indicating cracking of the podyroore. As no delamination occurred, the
cracking of the polymer core was ignored wih respe the overall drawing behaviour of the
whole sandwich. The drawing properties of the ihgased sandwich combination are

summar ized il able 3.

3.6.3 Erichsen tests

The cracking limit of the sandwich sheet (0.2/0.5/0ight blue curves ifrigure 14a) is the
same as for the Ti sheet (red curvesigure 14a); however —as expected —the force of the
sandwich is twice that of the pure Ti sheet. Altglonhe PMMA fois (black curves) show a
higher Eichsen index IE of 10 mm compared to #adsvich sheet and the Ti one, the falure
mechanism is totally different exhibiting clearlybaitle cracking mechanisn¥igure 14b-d).

Thus, we can state that the defor mation behavibthe investigated sandwiches is good and
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sufficient for a compex shaping. The faiure oktRMMA foli is delayed by the supporting
effect of the Ti sheets. Moreover, the crackinghed polymer carbeavoided or delayed by

processing under elevated temperatures or usiny a ductie PMMA derivate.

4. Conclusions

Surface-confined PMMA chains were successfully grow large Ti substrates (upto DIN A6
size) through SI-ATRP couped with a “grafting frobmmethod using phosphonic acids as
coufding agents to ensure the metal -polymer covabemding. They were used as adhesive
layers for the fabrication of biocompatible resied sandwich materials produced by hot-
pressing. In particular,tethered PMMA chains weased to redace the epoxy resin - usually
empoyed in sandwich materialsto stick the polyowre ontothe metal skin sheets -and ensure
the bonding through the formation of entanglemerdaased by the interpenetration of the
tethered PMMA chains into those of the PMMA cor#gPMMA/Ti sandwiches were processed
demonstrating that, for the sandwich productiothéreed polymer chains can redace epoxy-
resin. In this way, the optimum Ti/PMMA/Ti sandwehhot -pressing parameters ¢ emperature,
time and pressure), del vering the highest Ti/PM&tfkesion, were developed using an optimal
factorial experimental pdan defined by the desigrexperiments method. With the optimum
condtions (180°, 90 min and 0.2 MPa), a high bogdirength (pull -off strength higher than 20
MPa and a shear resistance of 10 MPa) and goodifgr moperties could be achieved. The
mechanical properties determined by tensie tesimgwed that the faiure of the sandwiches
mainly depends on the failure strain of the Ti séheets; whereas,the brttle faiure nature of the
PMMA did not remarkably influence the faiure straf the sandwich. Addtionally,the rule of

mixture was ver fied with the obtained stiffnesadatrength+elated properties (E, YS, UTSand
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ER10). Appying this rule, two sandwich combinasofsy mmetric and asymmetric) possessing
mechanical properties - especially Young’s modulabose to that of the cortical bone were
proposed. Three-point bending and deep-drawing teste performed to analyse the for ming
behaviour. In particular, despte the low ductidfithe PMMA core, delamination4ree bending
operation upto 180° were achieved without crackahghe Ti/PMMA/Ti sandwiches made of
thicker Ti skin sheets (0.4 mm) for both bendinghgles (3 mm and 6 mm in diameter).
However , for the smaller bending punch the bendingle was | imted to 80° if thinner Ti skin
sheets (0.2 mm) wer e used. Further more, Ti/PMMAOGLId be comp etely deep-drawn wihout
visual cracking of the Ti skin sheets, thanks te gimod for ming behaviour of the metal. The
same behaviour could be stated for the B ichsénwéere the brttle nature of PMMA has no
negative influence on the forming limts or eventtve Ti/PMMA interface qualty, indeed no

delaminationtook pace.

Supplementary Information

The following addtional analyses are includ@iicharacter ization of the grafted-Ti surfaces
after 3h and 24h(ji) Characterization ofthe PMMA melting and glasssidon temperatures;

(i) Mor phological characterization of A6-sized PMMAated Ti sampes.
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Figures

Figure1: a) SEM image of a PMMA-coated Ticross-section),t(bhe porstucur, typical
for the alkali-activated Ti (bottom); the more coamqt GH;;OsPBr modified surface
(middle);the structure of the grown PMMA layer (@)
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Figure2: SEM micrographs of a:a)alkali-activated surfabgGH.40sPBr initiator modified
surface and c) £H;OsPBr initiator modified surface. EDX spectra of: d)kali-activated
surface; e) H,OsPBr initiator modified surface and f)#50sPBr initiator modified

surface.

Figure 3: SEM micrograph of the PMMA layer grown startingdm a short-initiator
(C;H140sPBr) modified Tisurface.
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Figure 4. Contour charts showing the mutual

effect

of thetkpressing time and

temperature at constant pressures of 0.1 MPa (2),MPa (b) and 0.4 MPa (c) on the

Ti/PMMA/Ti pul | -off strength.
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Figure5: a) schematization of the pull-off test set-up.eTexternal part of the sandwich
was fixed on a steel support required to insert téemple in the universal testing
machine. b) Stress-strain curves obtained perfomgmihhe pull-off tests of three
Ti/PMMA/Ti sandwiches produced with the identifiedptimum conditions. c) Fracture
surfaces of a representative Ti/PMMA/Ti sandwichtarf pull-off test together with two
SEM micrographs recorded on both the sides of thacfture surfaces. d) EDX spectra a
TiI/PMMMA/Ti sandwich surface fracture (black lineorresponds to point SF1and the red

38



one to SF2).e) SEM micrograph of the PMMA foil used as core matal (white spots
correspond to BaS@illers).
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Figure 6: a) Schematization of the sample geometry usedénform shear tests. b) Shear
stress-displacement for three sandwich sampl e ®NIMA/Ti: 0.4/0.5/0.4) produced using the
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optimum conditions (T = 180°C, t = 90 min, p = 0/Pa). c) Representative fracture surfaces

after shear tests.
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Figure7: A6-sized Ti/PMMA/Ti sandwich (a)and an opticalaniograph of its cross-section (b).
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Figure9: a) Bending force —displacement curves for diffatehickness combinations and
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punch.c) TilPMMA/Ti sandwiches bent upto about ®&ith a 3mm punch
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Tables

Table 1: Experimental parameters used for the Ti/PMMA/Thglwich production —according

tothe DoEplan —and their corresponding adhesibmength evaluated in pull-off tests.

Temperat Time Pressi Pull-off
re [min] re strength
[°C] [MPa] [MPa]

0.1 7+1

i 0.4 7+1

0.1 11 +¢

170 ol 0.2 16 +¢€
0.1 16+7

90 0.2 16+¢

0.4 1141

0.1 6+2

i 0.2 12+¢%

0.1 12 +2

= o 0.4 101
0.2 24+ 1

- 0.4 13+

0.1 9+1

30 0.2 14+

0.4 16 +8

20 60 0.2 14 +3
0.4 15+¢

90 0.1 19+2
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Table2: Tensile properties of

the mono-materials

(Ti,

PMM and

the sandwiches

(TI/PMMA/Ti) as well as theoretical values (Ti/PMMA*!, Ti/PMMA/Ti*?) proposed using the

RoM providing mechanical properties close to thertical bone £ =15—30GPa)***®

Where, ouua: Volume fraction, YS and UTS: yield strength anbitimate tensile strength,
E:Young’'s modulus and ER: elongation to rupture.

Sl Thickness | fopma E [GPa] UTS [MPa] YS [MPa] ER[%]
[mm] [-] |Experim.|RoM| Experim.| RoM| Experim.| RoM
Ti 0.2 0 108 £7 44114 - | 28915 - 271
PMMA 0.5 1.0 | 2001 511 - - - 61
, : 0.9
Ti/PMMA/TI (0.2/0.5/0.2) 055 | 51+3| 55| 245+1Pp246| 179+14 170 | 27+3
: : 14
* 1 _ _ _ Kk
Ti/PMMA/TI (0.2/1.0/0.2) 0.71 32 162 119 | 27
, : 2.1
* 2 _ _ _ Kk
Ti/PMMA/TI (0.4/1.5/0.2) 0.71 32 162 119 27

*: calculated sandwich combination; **: expectedsed on the strain at failure of the Ti sheet

Table3: Deep-drawing parameters used for the monomater{@iand PMMA) as well asthe

Ti/IPMMA/Ti sandwich in addition to the obtained rels s. Drawing ratio, #= 1.8.

Sample Thickness | Blank holding | Max. drawing Drawing depth
notation [mm] force [KN] force [KN] [mm]
Ti 0.2 10 17+2 Drawn cup
PMMA 0.5 8 5+1 ~6 mm cracking
Ti/IPMMA/Ti | 0.4/0.5/0.4 8 45+1 Drawn cup:
TUPMMA/TI | 0.4%/0.5/0.2 8 35c1 | NOcracking of
the skin sheets
Ti/PMMA/Ti | 0.2/0.5/0.2 7 30+1 e Cracking of the
PMMA core

* Refers to the outer skin sheet (not in conta¢hwhe punch under deep drawing)
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2. Biocompatible Ti/PMMAJTI
sandwich production

PMMA

1. Growth of grafted PMMA layers on Ti surfaces

o | ¥
& & W M O i

3. Mechanical testing of the bio-TUPMMA/TI sandwiches






