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1. Introduction 

Skull  injur ies caused by trauma and pathologies, such as tumor , infect ious diseases or  

congenital  defor mit ies, may result  into ser ious funct ional , aesthet ical  and psychological  sequels, 

requir ing the r econstruct ion of  compl ex craniofacial  prostheses. In  this f ield, the choice of 

suitable biomater ials is the ma in challenge. Currently, different  classes of mono-mater ials, such 

as polymers, ceramics and l ight  metals are employed to fabr icate skull  and mandible prostheses1. 

In  part icular , poly(methyl  methacrylate) (PMMA)2, polyether  ether ketone (PEEK)3-4, 

hydroxyapat ite (HA)5–7 and t itanium (Ti)4,6,8 are the most  widely used mater ials in the 

cranioplasty reconstruct ion. Ti r ema ins the most widely used metal  in biomedical  appl icat ions 

due to it s biocompat ibil ity9-11. In  part icular , Ti-based plates are generally used to built -up 

craniofacial  prosthesis and replace the bone. As an exampl e, l ight  Ti skull  and mandible 

prostheses are fabr icated by using Select ive Laser  Melt ing or  3D r econstruct ion techniques from 

medical  images, which also reduces the possibil ity of errors dur ing surgery12-15. Moreover , 

PMMA is also extensively used in cranioplasty, due to it s biocompat ibil ity, strength, low cost  

and the possibil ity of  preoperat ive use16-17. On the other  hand, these mater ials are used as 

mater ials in food processing where biological  aspects have to be taken into account . 

However , the mono-mater ials present  many drawbacks, such as inappropr iate mechanical  

propert ies or  their  high weight  in the case of metals. For  medical  use, the discrepancy exist ing 

between the mechanical  propert ies and the density of  the implant  and the bone to be replaced 

results in stress shielding which represents the most  l imit ing factor  for  a  successful  subst itute18,19. 

Since the mono-mater ials alone cannot  solve this discrepancy in an opt imal  way, the 

development  of  hybr id structures - made of polymers and metals exhibit ing new funct ional it ies - 

can be a  suitable approach in many f ields of  appl icat ion20. Indeed, they take the advantage of 
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exploit ing both the low density and the l ightweight, specif ic  of  polymers21, and the high bending 

resistance and load capacity proper  of  the metals20. Therefore, by combining these two mater ials, 

structures possessing new propert ies, such as high-energy absor pt ion, high corrosion and 

mechanical  resistance coupled with a  l ightweight , can be fabr icated22. In  part icular , layered 

structures, such as sandwich mater ials, composed of two metall ic skin sheets and a  polymer  core 

can be an interest ing alternat ive to design innovative parts23. Such sandwich structures are used 

in  the a ircraft , automot ive and naval  industry because of their  high acoust ic and damping 

capacity24-25, h igh st iffness and strength, good for mabil ity and l ightweight20,26–28. In  these 

systems, an epoxy resin is commonly used as an adhesive agent  to st ick the polymer  core onto 

the metal  skin sheets ensur ing good bonding between the two components even under  shear  

load23. The toxicity of  this adhesive layer29 evidently prevents their  appl icat ion in the biomedical  

field and food product ion.  In  our  previous work23, it  was shown that , following the rule of 

mixtures, the mechanical propert ies of  the whole sandwich can be ta ilored according to the skin 

and core thicknesses (or rather  their  volume fract ions) achieving sandwich configurat ions with 

desir ed propert ies. In  this way, structures with the necessary and designed st iffness and strength 

can be produced. Moreover , their  for mabil ity into compl ex shapes - as r equired in the fabr icat ion 

of prostheses or  special parts in industry - can be assured by select ing the proper  sandwich 

components, adjust ing the skin/core thickness configurat ion and improving the metal /polymer  

bonding strength.   

Although sandwich structures seem to be well  adapt ed to the mechanical  propert ies r equired in 

biomater ials, the use of an epoxy resin is a  ser ious drawback for  in vivo a ppl icat ions and if  being 

used in the food industry29. Thus, in  order  to extend their  appl icat ions, the challenge is to 

establ ish a  strong, biocompat ible bonding between metal  and polymer  to include a  polymer  
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component  between two metal  sheets without  using an epoxy resin able to attenuate stress-

shielding effects. 

In  general , the durabil ity of  a  polymer -metal  interface strongly depends on the adhesion 

strength between the two components. Since chemical bonds between metal  and polymer  are not  

spontaneously establ ished, these layered hybr id polymer -metal  mater ials often exhibit  undesired 

delaminat ion phenomena due to a  weak interfacial  adhesion between metal  and polymer  

result ing in the premature fa ilure of  the ent ire system30,31. Thus, r ecently grafted polymers (i.e. 

polymer  chains with an extremity covalently bound to a  substrate) were proposed as adhesives to 

be inserted between a  metal  substrate and a  polymer coat ing 31-35. In  part icular , it  has been shown 

that  by exploit ing the miscibil ity between the surface-confined polymer  chains and those of a  

bulk36-40, melt33 or  solut ion polymer35, the metal /polymer  adhesion strength is enhanced and their  

durabil ity improved31,33,35. Indeed, when two compat ible polymers (i.e. polymer  of  the same 

nature) enter  in int imate contact , a  part ial  inter penetrat ion between the chains of  two mater ials is 

establ ished, according to t he diffusion theory descr ibed by the reptat ion model39-41, and, as a  

result , entanglements points are created37,38. The degree of inter penetrat ion depends on three 

ma in factors: (i) the brushes surface density (i.e. t he number  of  grafted chain per  nm2); (ii) the 

brushes cha ins l ength; and (iii) t he molecular  weight  distr ibut ion (MWD) 37,38,42,43. Long chains 

in the low-density regime (also called as mushroom regime) are requir ed to obtain a  good 

penetrat ion. Since in this r egime the overlap between adjacent  chains are avoided, they have 

enough free-volume to move, r e-arrange and inter penetrate in the adher ing mater ial37,38. It  has 

also been demonstrated that  higher  chain l engths result  in an improvement  of  the adhesiveness 

between the polymer  bulk and the brushes37. In  part icular , an increase of the tensil e strength of a  

junct ion for med by grafted PMMA cha ins interpenetrated in a  melted PMMA matr ix were 
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reported when longer  brushes chains were considered, due to a  deeper  penetrat ion of  the PMMA 

brushes into the bulk PMMA33. Since, it  has been demonstrated that  brushes with a  degree of 

polymer izat ion (i.e. the rat io between the molecular  weight  of the grafted chains and the 

molecular  mass of the monomer ) greater  than or  equal  to 200 is necessary to establ ish physical  

entanglements with the adjacent  polymer  bulk37, t he opt imizat ion of coating methods enabl ing 

the product ion of f il ms with large thicknesses (few micrometres) are desired44.  

In  this context , the idea of  this work was to employ surface-confined polymers to fabr icate 

biocompat ible resin-free sandwich mater ials by st icking the polymer  core on the metall ic skins 

pr eviously coated with grafted polymer  cha ins. As proof of  concept  for  biomedical  appl icat ions, 

Ti and PMMA were employed and Ti/PMMA/Ti sandwiches produced. Indeed, despit e the 

signif icant  discrepancy between the mechanical propert ies of  Ti and those of  the surrounding 

t issues, which often results in a  stress shielding9,10. In  order  to reduce this t issue-implant  

mechanical  impa ir ment , a  t echnique to incor porate a polymer  component  to Ti implants was 

developed and sandwich mater ials, made of two Ti skins and a  PMMA core, were produced 

using grafted polymer  chains as an adhesive. Therefore, surface-confined PMMA cha ins 

replaced the epoxy resin layer  and the adhesion between these tethered chains and those of an 

adher ing PMMA sheet  (used as core mater ial ) was establ ished by exploit ing their  miscibil ity 

through the for mat ion of entanglements. In  part icular , the PMMA cha ins were grown on alkal i-

act ivated Ti surfaces45 through surface-init iated atom transfer  radical  polymer izat ion  (SI-

ATRP)46 using phosphonic acid der ivat ives as coupl ing agents and  malononitr il e as 

polymer izat ion act ivator47,48. Being the establ ished graduate structure character ized by a  high 

Ti/PMMA adhesion strength45, h igh thickness (i.e. long PMMA cha ins)45 and a  porous structure 

(i.e. h igh free volume)45,49 t he possibil ity to use these PMMA-coated Ti surfaces for  the 
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product ion of sandwich is shown here. Indeed, Ti/PMMA/Ti sandwiches were obtained by hot -

pr essing, exploit ing the inter penetrat ion between the grafted PMMA chains and those of an 

adher ing PMMA foil  used as core mater ial31-37. Moreover , the Ti/PMMA/Ti bonding strength, 

mechanical  propert ies and for ming behaviour  were evaluated perfor ming pull -off t ests, standard 

tensil e, bending, Er ichsen and deep-drawing tests, r espect ively. 

 

2. Experimental  

2.1 Sample preparation 

PMMA foil s (0.5 mm thick) containing Ba SO4 f illers and Grade 2 Ti sheets of  different  sizes (20 

× 20 × 0.4 mm3, 20 × 60 × 0.4 mm3, 20 × 80 × 0.4 mm3, 20 × 80 × 0.2 mm3, 25 × 100 × 0.4 

mm3, 70 × 70 × 0.4 mm3, 105 × 148 × 0.2 mm3) were used. These sizes were chosen with respect  

of the minimal  sized requested by each mechanical  test  perfor med (e.g., pull -off, bending, 

drawing). Before operat ion, PMMA foil s were r insed several  t imes with ethanol  and Ti sheets 

cleaned by ultrasonicat ion in acetone, ethanol , and deionized water , 10 min each. The solvents 

were purchased from Carlo Erba . 

 

2.2 Grafting of PMMA chains on Ti substrates 

 PMMA cha ins were grafted onto Ti substrates using a  three steps strategy previously 

developed45. With respect  to this methodology, only the graft ing condit ions were opt imized by 

considerably reducing the treat ment  t ime and the init iator  concentrat ion.  Fir stly, Ti surfaces 

were act ivated by immersing the Ti sheets for  1h in a  2M sodium hydroxide (Na OH) 

concentrated aqueous solut ion heated up to 80°C45. Secondly, a  synthesized bromoisobutyrate-
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undecyl -1-phosphonic acid  (C15H30O5PBr ) was immobil ized on the Ti surfaces using a  “graft ing 

from” method perfor med in  a  0.05 M in it iator  concentrated aqueous solution at  100°C for  3 h; 

Thirdly, a  SI-ATRP was carr ied out  to grow the PMMA cha ins according to a  previously 

descr ibed procedure45. The init iator -modif ied sampl es were suspended in a flask equipped with a  

magnet ic bar , which was then degassed three t imes (by alternat ing vacuum and argon) and 

finally f illed with argon. Reagents were then added to the flask according to the following order  

and concentrat ions: [Cu(I)Br ]: 14 mM; [PMDETA]: 12 mM; [anisole]: 4.1 M; [malononitr il e]: 

14 mM; [MMA]: 5.3 M. Whereas, because of the r equired greater  solut ion volume, A6-sized Ti 

sheets were treated using the following conditions: Cu(I)Br ]: 3 mM; [PMDETA]: 3 mM; 

[anisole]: 3.7 M; [malononitr il e]: 3 mM; [MMA]: 5.3 M. At  the end of the polymer izat ion 

react ion, the sampl es (hereafter  called PMMA-coated Ti) were cleaned for  10 min in an 

ultrasonic bath containing methanol  to remove the untethered polymer  as well  as the r esidues of 

Cu(I)Br  and PMDETA.  

 

2.3 Chemical characterization of the grafted PMMA layers 

After  each step of the PMMA-coated Ti synthesis procedure (namely, the alkal i treat ment , the 

graft ing of  the init iator  and the polymer izat ion) the chemical  propert ies of  sampl es’ surfaces 

were invest igated. In  part icular , attenuated total  reflect ion Four ier transfor med infrared 

spectroscopy (ATR-FTIR) analysis - perfor med with a PerkinEl mer spectrometer  with a  

resolut ion of  4 cm-1 - was used to scan the surface-exposed chemical  groups, whereas, energy 

dispersive x-ray spectroscopy (EDX) allowed individuat ing surfaces’ elemental  composit ion. 

This latter  analysis was carr ied out  using a  Quantax EDX system embedded in a  crossBeam® 
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Workstat ion AURIGA-Zeiss 405 Microscope. The analysis of  the Ti/PMMA/Ti sandwich 

fracture surfaces after  pull -off t ests were studied on a  Zeiss GeminiSEM 500 SEM f itted with an 

EDX system from EDAX (Octane El it e SDD detector  + TEAM software). 

2.4 Morphological characterization of the grafted PMMA layers 

 Scanning electron microscopy (SEM) was employed to follow the evolut ion of  the surface 

mor phology after  each steps of the synthesis procedure and to invest igate the result ing PMMA-

coated Ti cross-sect ion. In  part icular , the mor phology after  the alkal i activat ion, the graft ing of 

the init iator  and the SI-ATRP r eact ion was imaged with a  crossBeam® Workstat ion AURIGA-

Zeiss 405 Microscope. Instead, the sampl e’s cross-sect ion was f ir stly prepared using a  ion beam 

cross-pol isher  (Hitachi IM4000+). The sampl es were cut  with a  metallographical  saw and an 

edge from the backside was pol ished with a  25° bevel  (SiC P1000 pa per ) to reduce the thickness 

of Ti to pol ish by the ion beam. The cross pol ishing was then perfor med from the back side (6 

keV, Ar ). By this way, the organic mater iel  was protected by the Ti it self and very few exposed 

to the ion beam. Then it s features studied using SEM analysis conducted on a  Zeiss Gemini SEM 

500 SEM. 

 

2.5 Ti/PMMA/Ti sandwich production 

Resin-free Ti/PMMA/Ti sandwiches of  different  sizes were produced by hot -pressing. A PMMA 

foil  0.5 mm thick, used as core mater ial , was inserted between two PMMA-coated Ti sheets. 

Since the manufactur ing process, r egarding the bonding propert ies between metal  and polymer , 

is independent  from the thicknesses of the partners, and with the a im of f ir stly proving the 
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feasibil ity of  producing suitable resin-free sandwich mater ials, the combinat ions tested were 

chosen depending on the mater ials available.  

A layup of  the three components was then hot -pressed together  above the PMMA glass transit ion 

temperature and melt ing temperature (111°C and 160°C, r espect ively). Bonding was achieved by 

exploit ing the inter penetrat ion of  the grafted PMMA cha ins into the chains of  the adher ing 

PMMA foil , which l ed to t he for mat ion of entanglements31,33.  

The ma in parameters involved in the hot -pressing process are t ime, t emperature and pressure. 

The opt imized combinat ions of these three parameters for  the Ti/PMMA/Ti sandwiches 

product ion were assessed perfor ming a  parametr ic study. For  each parameter , three values were 

considered as follows: T = 170, 180 and 200°C, t  = 30, 60 and 90 min and p = 0.1, 0.2 and 0.4 

MPa . Thus, the maximum number  of  parameter  combinations (i.e. possible exper iments) was 33, 

which were reduced to an opt imized number  of  19 exper iments, by using a design of exper iments 

(DoE) tool , namely Minitab (Minitab Inc.). Successively, the best  condit ions for  the sandwich 

product ion were chosen as the ones guarantying the highest  value of bonding strength, evaluated 

per for ming pull -off t ests. The opt imum was ident if ied with t  = 90 min, T = 180°C and p = 0.2 

MPa , so, Ti/PMMA/Ti of  different  sizes were produced under  these condit ion to perfor m 

mechanical  and for ming tests.  

 

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

The microstructure of  the Ti/PMMA/Ti cross-sect ions were analysed by Opt ical  microscopy. 

The sampl es were prepared by cutt ing, with a  shear  cutt ing bank, a  small  piece (20 × 10 mm2) of  

a Ti/PMMA/Ti sandwich from an A6-sized one. Then, the cross-sect ion of the sampl es was 
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mounted using cold mount ing resin and successively prepared for  the observat ion by wet -

gr inding using SiC pa pers and pol ishing it  with synthet ic pol ishing f ibre cloth with diamond 

paste (in a  sequence of 6, 3 and f inally 1 µm). Finally, the pol ished Ti/PMMA/Ti cross-sect ions 

were observed by opt ical microscopy (Olympus IX70 and Zeiss AxioImager ). 

 

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

The Ti/PMMA/Ti adhesion strength was evaluated perfor ming pull -off tests. For  these tests, 

sandwiches made of two (20 × 20) mm2 Ti skin sheets and a  PMMA core 0.5 mm thick were 

produced using the condit ions l isted in Table 2, at least  three sampl es each in most  of the 

condit ions. A t wo-components adhesive (3M scotch-weld DP 490 Structural  adhesive epoxy) 

was used to st ick their  external  surfaces onto an (20 × 20 × 100) mm3 stainless steel  bar . Before 

test ing, the glue was cured by heat ing it  at  60°C for  24 h, and then it  was kept  at  room 

temperature for  48 h. The sampl es were then mounted on the universal  test ing machine and the 

tests perfor med using a  speed of 0.1 mm/min. 

 

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

 The shear  resistance of t he Ti/PMMA/TI sandwiches was evaluated perfor ming single shear  

tests using a  universal  test ing machine with an appl ied speed of 1 mm/min. Sandwiches of two 

PMMA-coated Ti sheets (25 × 100 × 0.4 mm3) and a  PMMA core foil , 0.5 mm thick, were 

produced according to the opt imum processing conditions. A def ined overlapping area of about  
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275 mm2 (25 × 11 mm2) based on the thickness and the yield strength of  the Ti sheets was 

chosen following ASTM D3165. 

 

 

2.9 Tensile properties of the Ti/PMMA/Ti sandwiches 

 The mechanical  properties of  the Ti sheets, PMMA foil s as well  as the ones of Ti/PMMA/Ti 

sandwiches made of two PMMA-coated Ti sheets 0.2 mm thick and a  PMMA core 0.5 mm thick 

(here after  noted as 0.2/0.5/0.2 sandwiches) were deter mined by uniaxial  t ensil e t est ing. 

According to ASTM E8, t ensil e sampl es of  Ti and Ti/PMMA/Ti sandwich were prepared. In  

part icular , Ti/PMMA/Ti sandwich sampl es were cut  from an A6-sized sandwich previously 

produced using the parameter  descr ibed in sect ion  2.4.1. Whereas, PMMA foil s were prepared 

and tested according to EN ISO 527-3-1B-50. 

 

2.10 Forming behaviour of Ti/PMMA/Ti sandwiches 

The for ming behaviour of  Ti/PMMA/Ti sandwiches were analysed per for ming three-point  

bending as well  as deep drawing and Er ichsen t ests. These t ests allow ident ifying and correlat ing 

the possible fa ilure modes ar ising from for ming such three-layered sandwich mater ials under  

different  loading condit ions. In  pr incipl e, fa ilure can be expected in  the for m of: 1) cracking of 

the outer  Ti skin sheet , which is more probable for thin ones; 2) cracking of the core layer , 

especially if  the core has br ittle nature; or  3) interlaminar  delaminat ion in case of weak skin/core 

adhesion character ist ics. To this pur pose, combinations of sandwiches with different  Ti size (20 
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× 60 mm2 and 20 × 80 mm2) and thicknesses (0.2 mm, 0.4 mm) were produced under  the 

obtained opt imum condit ions. The following symmetr ic and asymmetr ic Ti/PMMA/Ti 

configurat ions were produced: (i) 0.2/0.5/0.2; (ii) 0.2/0.5/0.4; (iii) 0.4/0.5/0.4. 

 

 

2.10.1 Three-point bending tests 

The bending propert ies of the Ti/PMMA/Ti sandwiches were invest igated per for ming three-point  

bending tests using punch sizes of 3 mm and 6 mm in diameter . In  part icular , the 3 mm punch 

was used to invest igate the propert ies of  the 0.2/0.5/0.2 and 0.4/0.5/0.4 sandwiches, whil e the 6 

mm punch was taken for  the asymmetr ic 0.2/0.5/0.4 ones. The t est  speed was kept  constant  at  0.3 

mm/s.  

The per for med test  strategy was the following: Fir stly, the maximum achievable bending 

angle, defined as the ones at  which a  visible fa ilure of the systems (l isted above) occurred, was 

deter mined. Secondly, to follow the development of  the bent  sandwiches’ strains as well  as the 

degree of their  spr ingback, stepwise t ests were perfor med using a  45° step sequence. For  this, the 

test  was stopped at  the specif ied angle under  load, the strain distr ibut ion and the spr ingback were 

evaluated and documented, pr ior  to carrying on the next  step. It  is noteworthy to ment ion that  the 

bending angle was controlled by the previously deter mined bending displacement  according to 

the controll ing equat ion of DIN EN ISO 7438-2005.  

The strain f ield was deter mined using photogrammetry (GOM Argus) for  the different  

successive steps. For  this analysis and for  a  precise evaluat ion, f ine dot  pattern (0.5 mm point  

diameter  with 1 mm distance of the adjacent  dot  centres) was etched on the Ti sheets by means 

of an electrolyt ic marking system (EU-Classic, Östling Marking Systems GmbH). Successively, 
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a GOM Argus system was used to deter mine the strains. The results were obtained in t er ms of 

the distr ibut ion of  the major  strain in a  sect ion along the sampl e l ength; in addit ion, 3D 

photogrammetr ic images show the cr it ical  regions of the shaped sampl es. 

Whereas, the spr ing-back rat ios (K) are deter mined based on the angle ratio  between the angle 

after  unloading (�2) with respect  of  the one in the loading condit ion (�1): 

� = ��
��

                                                                                                                                        (1) 

A small  spr ing-back is achieved if  the K value is close to 1. 

The spr ing-back degree (K) is correlated to elastic modulus in the plane strain condit ion (E’) 

according to the geometrical  and mechanical  properties of  the tested sheets50: 

� = ���	×��

�×� �

�
− ���	×��


�×� � + �                                                                                               (2) 

where Ri is the init ial  bend radius before spr ing-back, t  is the sheet  thickness, YS is it s yield 

strength. 

In  (2) E’ is expressed as a funct ion of the Poisson rat ion (??)51: 

�� = �
����                                                                                                                                    (3) 

According to (2), l ower  spr ingback (i.e., better  angle stabil ity) is expected with lower  YS/E 

rat io as well  as lower  R/t  rat io. 

 

 

2.10.2 Deep-drawing tests 

The possibil ity of  shaping for ms that  are more compl ex was invest igated by test ing the for ming 

propert ies of  Ti/PMMA/Ti sandwiches with different  thicknesses (0.2/0.5/0.2, 0.4/0.5/0.4 and the 

asymmetr ic 0.2/0.5/0.4).  
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Deep-drawing t ests were per for med at  room t emperature (RT) unt il  fa ilure or  compl ete cup 

drawing using a  drawing rat io ß0 = 1.8, i.e., t he ratio  between the diameters of  the blank (60 mm) 

and punch (33 mm). During the t ests, the drawing speed was kept  constant  at  0.5 mm/s. As the 

bending tests, deep drawing t ests were performed stepwise based on the fa ilure l imit  of the 

drawn sandwich sampl es. At  6.8 mm, no visual  cracking of the Ti skin sheets occurred. In  this 

regard, the deep drawing was carr ied out  f ir st  unt il  a  displacement  of 5 mm, progressively 

followed up to 10 mm displacements. Finally, the compl ete drawing of t he test  samples was 

accompl ished. Moreover , for  compar ison, the drawing propert ies of  Ti sheets of  0.2 mm 

thickness and those of the PMMA foil s with a  thickness of 0.5 mm were invest igated perfor ming 

the tests according to the same procedure.  

 

2.10.3 Erichsen test 

Er ichsen tests – giving infor mat ion on the stretching behaviour  of  sheet  mater ial  - were carr ied 

out  on 0.2/0.5/0.2 Ti/PMMA/Ti sandwiches. A standard 25 mm diameter  semi-spher ical  punch 

was used. Dur ing the test , the punch displacement  rate was kept  constant  at  0.5 mm/s. The 

for ming l imit s were deter mined in  t er ms of the corresponding punch displacement  when 

cracking occurs (namely the Er ichsen Index (IE)) and for ming force could be deter mined. 

 

 

3. Results  

3.1 Grafted PMMA layer bounded on Ti surfaces 

The cross-sect ion of PMMA cha ins grafted on a  Ti substrate obtained following a  three-step 

strategy45 is shown in Figure 1a. In  the f ir st  step, a  chemical  act ivat ion of the Ti surfaces in a  
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basic media  was performed to increase the hydroxyl  groups’ content  enabl ing the phosphonic 

acid to anchor . This treat ment  represents the key element  of  the procedure and l ed to the 

for mat ion of a  nanostructured porous layer  (see the bottom top-view micrograph in Figure 1b) 

the interconnected porosity of  which was used as scaffold to dr ive the following polymer izat ion 

and to create a  further  mechanical  interlocking between the substrate and the growing PMMA 

layer . In  the second step, t he ATRP in it iator  (2-bromo-2-methyl -propionic  acid 11-phosphono-

undecyl  ester , C7H14O5PBr ) was grafted on the alkal i-act ivated Ti surfaces (see Figure 1b in  the 

middle); the anchor ing was establ ished by creating covalent  Ti-O-P bonds between the surface 

hydroxyl  groups and the phosphonic acid der ivat ive45,47,48. Compared to our  previous work45, we 

could reduce the t ime of the graft ing treat ment  from 24h to 3h. Indeed, by measur ing the pH 

dur ing the r eact ion, a  plateau was reached after  3h and no more var iat ions were detected. 

Moreover , the ATRP init iator  concentrat ion was decreased to 0.05 M without  not icing 

signif icant  difference in t he r esult ing surfaces previously treated with a  ~0.8 M init iator  

concentrat ion (for  a  mor phological  and chemical  compar ison between a  3h and a  24h 

C7H14O5PBr –modif ied Ti surfaces see Figure S1 in  the suppl ementary infor mat ion (SI)). 

Finally, in the third step, t he hybr id PMMA-coated Ti surfaces were obtained by growing the 

PMMA cha ins from the init iator -modif ied Ti surfaces. As highl ighted by the SEM micrograph in 

Figure 1b (t op) the polymer izat ion react ion results in a  rounded PMMA layer  cover ing the ent ire 

surface, character ized by an underneath porosity local ized at  the Ti/PMMA interface (Figure 

1a)45,49. 

Addit ionally, the effect  of using a  shorter  ATRP init iator  (i.e., a  commercial  bromoisobutyrate-

propyl -1-phosphonic acid, C7H14O5PBr ) on the polymer  thickness and structure was invest igated. 

Whereas, a  compar ison between the surface morphologies before and after  the graft ing of the 
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two (different  in size) init iator  molecules together  with the corresponding EDX spectra, is 

pr esented in Figure 2. The SEM micrographs highl ight  that  the surface features change after  the 

graft ing react ion. In  particular , the surface, modified with the shorter  init iator  (Figure 2b), was 

character ized by the organic molecules bounded around the pillars l eft  by alkal i-act ivated Ti 

surfaces. Thus, it  l ed to a mor phology similar  to that  of the microporous layer  (Figure 2a) but  

less branched. Instead, the graft ing of  the longer  init iator  results in a  more compact  structure 

composed of shar per  pillars (Figure 2c). Thus, as expected, the longer  init iator  f illed up better  

the pores l eft  by the alkal i treat ment . This r eorganizat ion of the surfaces was also confir med by 

EDX analysis, the spectra of  which were used to deter mine their  elemental  composit ion. After  

the graft ing react ion, the absence of the peak pertained to the sodium, visible after  the alkal i 

treat ment  (Figure 2d), suggests that  the graft ing r eact ion l eads to a  reorganizat ion of both the 

surface mor phology and composit ion. Moreover , the organic content  (carbon peak at  0.277 keV) 

increases and the signals related to the bromine (Br ), t ypical  of  the �-bromo ester  group, and that  

attr ibuted to the phosphorous (P) of  the phosphonates appear  (Figure 2d and Figure 2e).  

Then, taking into account  the difference in the number  of  mols produced by using shorter  

molecules, the reagents quant ity required for  the polymer izat ion was recalculated in funct ion of 

the init iator ’s number  of  mols and the ATRP consequently carr ied-out . As pr eviously underl ined, 

the graft ing react ion with the shorter  init iator  leads to a  more open surface structure, which 

results in the growth of less densely packed PMMA layers (Figure 3). Indeed, it  appears highly 

porous and composed of globules of  organic mater ials preferent ially grown around the pillars of 

the microporous layer . Thus, for  the pur pose of this work, in order  to get  longer  grafted PMMA 

chains, - guarantying a  better  inter penetrat ion into t he ones of the adher ing PMMA foil , and thus 
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a stronger  bond28 - t he long bromoisobutyrate-undecyl -1-phosphonic acid ATRP in it iator  was 

employed. 

 

3.2 Production of Ti/PMMA/Ti resin-free sandwiches 

Successively, a  procedure to st ick a  0.5 mm thick PMMA foil  between two synthesized 

PMMA-coated Ti sheets was developed by replacing the epoxy-resin, usually employed in the 

fabr icat ion of  sandwich mater ials, with the previously grown tethered polymer  chains. Thus, 

resin-free Ti/PMMA/Ti sandwiches were produced by hot -pressing. The best  possible 

exper imental  condit ions for  the Ti/PMMA/Ti sandwiches product ion were assessed perfor ming a  

parametr ic study using a  design of exper iments (DoE) method, adopt ing Minitab Inc. as tool  for  

the data analysis. In  part icular , in order  to reduce the number  of  the exper iments to be perfor med, 

an opt imal  factor ial  DoE plan was appl ied by hypothesizing that  the simultaneous interact ion of 

the three parameters involved in the production (i.e. t emperature, t ime and pressure) is 

negl igible. In this way, 19 exper imental  combinat ions (l isted in Table 1) were selected and 

Ti/PMMA/Ti sandwiches were accordingly produced.  

Then, the corresponding Ti/PMMA adhesion strength was evaluated performing pull -off t ests 

using (20 × 20) mm2 sandwich sampl es. The opt imum condit ions for  the sandwich product ion 

were chosen as the ones guarantying the highest  value of the bonding strength according to the 

data reported in Table 1 and the graphical  representat ion in  Figure 4. This latter  shows the 

correlat ion between hot -pr essing t ime and temperature at  a  constant  pressure of  0.1 MPa  (Figure 

4a), 0.2 MPa  (Figure 4b) and 0.4 MPa  (Figure 4c), r espect ively. In  general , it  can be stated that  

by increasing the hot -pressing t ime and/or  the temperature, the pull -off strength improves. When 

a pressure of  0.1 MPa  is appl ied (see Figure 4a), the maximum possible pull -off strength can be 



 18

reached only at  higher  temperatures (200°C), which is not  recommended to be used. Indeed, it  

should be considered that  the processing t emperature should not  overstep or  even come close to 

the degradat ion temperature of  the PMMA foil  (~205 °C see Figure SI.2), especially in case of 

long hot -pressing t imes. On the other  side, by increasing the pressure to 0.4 MPa , the t ime 

required to reach the maximum pull -off strength is r educed, however , the temperature should be 

st ill  above 195 °C to del iver  high strengths (see Figure 4c). Moreover , the high pressure l ed to a  

squeeze-out  of  the PMMA core and/or  the possible onset  of  the PMMA degradat ion, which can 

lead to undesired thickness inhomogeneit ies. Whereas, by a pplying a  pressure of  0.2 MPa , the 

maximum pull -off strength can be reached at  an average temperature of  180 °C and a  t ime more 

than 80 min (see Figure 4b). In  this work, we selected the following process condit ions: 

temperature T = 180 °C, t ime t  = 90 min and pressure p = 0.2 MPa , which ensure the highest  

possible pull -off strength (24 MPa ) avoiding a  squeezing-out  and degradat ion of the polymer . 

 

3.3 Evaluation of the Ti/PMMA/Ti adhesion strength 

The pull -off t ests performed (as sketched in Figure 5a) on three Ti/PMMA/Ti sandwiches 

produced using the opt imized condit ions l ed to the r esults shown in Figure 5b. In  part icular , two 

sampl es (Ti/PMMA/Ti1 and Ti/PMMA/Ti3) broke within the glue used to mount  the sampl e to 

the steel  support  (see Figure 5a) indicat ing that  the Ti/PMMA adhesion strength is higher  than 

that  of the Ti/steel  glue. Whereas, in the last  sampl e (Ti/PMMA/Ti-2) fa ilure occurred within the 

PMMA sheet  (at  � 24 MPa ).  

Moreover , the Ti/PMMA/Ti fa ilure mechanism was ident if ied by analysing the mor phology 

and the chemical  composit ion of  the sandwich fracture surfaces after t he pull -off t ests (a  

representat ive image of which is shown in Figure 5c), by using SEM-EDX measurements. The 
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EDX el emental  analysis and the SEM micrographs of the PMMA foil  (Figure 5e) - used as core 

mater ial  - showed that  it  contains Ba SO4 f illers (white spots in Figure 5e). Since traces of Ba SO4 

part icles were found also in the Ti/PMMA/Ti surface fracture (SF) (see Figure 5c and EDX 

spectra in Figure 5d), we concluded that  the fracture occurred within the PMMA core and 

consequently the fa ilure mechanism is of  cohesive nature. Addit ionally, the shear  resistances of 

the sandwiches were evaluated perfor ming single shear  t ests on Ti/PMMA/Ti sampl es as 

schemat ized in Figure 6a. Two metal  sheets (schemat ized in black in Figure 6a) were inserted 

between the sampl e and the jaws of the t ensil e machine in order  to ensure the axial ity and avoid 

bending phenomena dur ing the tests.  

The results of three representat ive Ti/PMMA/Ti sandwiches are shown in Figure 6b. It  can be 

pointed out  that  fa ilure occurred within the PMMA foil  (see the surface fracture in Figure 6c) for  

ult imate shear  strength of  (10 ± 2) MPa . For  comparison, the shear  resistance of three 

sandwiches composed of t wo brushed Ti sheet  skins (0.4 mm thick) and a  PMMA foil  with a  

thickness of 0.5 mm were also invest igated. The average Ti surface roughness after  the brushing 

treat ment  was found equal  to (2.7 ± 0.3) µm, al most f ive t imes higher  than those of the untreated 

ones (0.5 ± 0.1) µm. The r esults allowed evaluat ing a  Ti/PMMA bonding strength of  (0.9 ± 0.1) 

MPa , which is much lower  than those obtained using the PMMA-coated Ti sampl es. The weak 

Ti/PMMA adhesion strength is totally due to (the only) mechanical  interlocking of the PMMA 

into the irregular it ies of  the Ti surfaces since no chemical  treat ment  was perfor med on the metal  

sheets and also due to the inertness behaviour  of  the PMMA, 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 invest igate both the mechanical  properties and the forming behaviour  of 

Ti/PMMA/Ti sandwiches, A6-sized Ti sheets (105 × 148) mm2 × 0.2 mm thick, were coated 

with grafted PMMA cha ins by employing a  larger volume of solut ion (~ 1000 ml ) contained in a  

bigger  reactor . Despit e a t hicker  PMMA layer  was obtained in the part  of the Ti sheet  closer  to 

the magnet ic st irrer  (due to an unsteady mixing of the reagents), the ent ire surface was 

compl etely covered (see Figure S3 in  SI). Then, A6-sized Ti/PMMA/Ti sandwiches were 

produced by hot -pressing (see Figure 7a), as pr eviously expla ined, using a  0.5 mm thick PMMA 

foil  as core mater ial. The result ing sandwich cross-sect ion, obtained by cutt ing a  A6-sized 

sandwich, was analysed by opt ical  microscopy and the corresponding image is displayed in 

Figure 7b.  

 

3.5 Mechanical properties of Ti/PMMA/Ti sandwiches 

In  order  to study the mechanical  propert ies of  this system as well  as the ones of Ti sheets and 

PMMA foil s mono-mater ials, mini-t ensil e samples of  Ti and Ti/PMMA/Ti sandwiches were 

pr epared, according to ASTM E8. PMMA sampl es were prepared and tested according to EN 

ISO 527-3-1B-50.  The results of  the tensil e t ests are given in  Figure 8. As expected, the Ti 

sheets (black curves) exhibit  the highest  strength values with a  Young’s modulus of  108 GPa  and 

an ult imate tensil e strength (UTS) of  441 MPa  as well  as a  strain at  fa ilure of  27% (see Table 2), 

whil e the PMMA foil  shows a  br ittle behaviour  (blue curves). St iffness and UTSs values of the 

sampl es are l isted in Table 2.  

The br ittleness of the PMMA is expected to influence the stress-strain behaviour  of  the ent ire 

sandwich sheets under  t ensil e loading as well  as the for ming behaviour  under  bending and deep-

drawing loading condit ions. In  this r egard, it  was observed that  the PMMA core cracks earl ier  
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than the pure Ti skin sheets in the sandwich (in strain range between 22% and 28%, r ed curves) 

with a  strain difference of about  2% at  the end of  the tensil e t est ing (see black arrows in Figure 

8).  Nevertheless, the total  elongat ion of the Ti/PMMA/Ti sandwiches failures comes close to 

that  ones of the Ti sheets. It  is noteworthy to ment ion that  even if  there was a  sl ight  strain 

difference between the Ti and PMMA inside the sandwich sheet , no delaminat ion fa ilure could 

be stated. 

 

Further more, using the RoM23 (Eq. (1)) t he Young’s modulus of  the sandwich (ESMs) can be 

pr edicted using the PMMA (EPMMA) and Ti sheets (ETi) Young’s modul i combined with their  

volume fract ion (fPMMA and fTi, r espect ively), as follows: 

 

���� = ���������� + �� ��  

 

As stated before23, depending on the thickness rat io of  the mono-mater ials, it  is possible to 

design the mechanical  propert ies of  the ent ire sandwich system, according to the RoM. Thus, as 

an exampl e, with a  high rat io of  polymer  the yield and ult imate tensil e stresses (YS and UTS) as 

well  as the Young’s modulus (E) can be reduced, in  order  to reach propert ies comparable to that  

of the cort ical  bone50,51. Indeed, consider ing that  the chosen Ti sheet  and PMMA foil  have a  

Young’s modulus equal  to (108 ± 7) GPa  and (2.0 ± 0.1) GPa , two combinat ions of the Ti and 

PMMA thicknesses requir ed to get  a  Ti/PMMA/Ti sandwich possessing a st iffness of about  32 

GPa  and an UTS of  162 MPa  were suggested. Firstly, a  symmetr ic structure (Ti/PMMA/Ti*1 in  

Table 2), composed of two Ti sheets 0.2 mm thick and a  PMMA foil  1.0 mm thick 

(corresponding to a  PMMA volume fract ion equal  to 0.71). Secondly, by ma intaining the same 

PMMA volume fract ion, an asymmetr ic Ti/PMMA/Ti combinat ion could be obtained using two 
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Ti sheets 0.2 and 0.4 mm thick and a  PMMA core of  1.5 (Ti/PMMA/Ti*2 in  Table 2). This may 

result  in a  decrease of the bio-mechanical  impa ir ment  exist ing between the bone and the implant .  

 

3.6 Forming properties of Ti/PMMA/Ti sandwiches 

The capabil ity of  shaping Ti/PMMA/Ti sandwiches was invest igated perfor ming bending, 

Er ichsen and deep-drawing tests. For  this pur pose, both, symmetr ic and asymmetr ic 

Ti/PMMA/Ti structures were analysed. 

3.6.1 Three-point bending test 

The bending propert ies of the TI/PMMA/Ti sandwiches were invest igated perfor ming three-

point  bending tests using punch sizes of 3 mm and 6 mm in  diameter .  As reported in Figure 9a, 

with a  6 mm punch all  the tested sampl es (dashed l ines) exhibit ed neither  cracking nor  

delaminat ion or  interlaminar  shear ing at  the sample edges up to a  bending angle of  180°. 

Besides, the observed Ti/PMMA good adhesion, the duct il ity of  the PMMA core was enough to 

accompl ish cracking-free bending operat ion in all  the sandwich structures (Figure 9b). The 

bending force–displacement  curve for  the asymmetr ic sandwich (0.4/0.5/0.2, black, dashed l ine 

in  Figure 9a) is located between the two symmetr ic ones, i.e. 0.4/0.5/0.4 and 0.2/0.5/0.2. The 

punch was set  in contact with the thinner  Ti sheet , so the thicker  (outer ) layer  could withstand a  

higher  bending load. As expected, the bending tests carr ied-out  with the smaller  punch (diameter  

of 3 mm) on the symmetr ic sandwich combinat ions (i.e. 0.2/0.5/0.2 and 0.4/0.5/0.4) r esult  in an 

increase of the bending forces for  both combinat ions tested (l ight  blue and red sol id l ines in 

Figure 9a, r espect ively).  

Moreover , the sandwich combinat ion built -up using the thinner  Ti sheets (i.e. the 0.2/0.5/0.2 

sandwich), bent  with 3the 3 mm punch showed a  signif icant  decrease of the for ming l imit  (sol id 
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red l ine in Figure 9a). As depicted in Figure 9a, cracking (highl ighted in Figure 9c) t ook place 

at  a  punch displacement  of approx.16 mm, corresponding to a  bending angle of  approx. 80°.  

The previous bending results can be further  expla ined by analysing the strain f ield on the 

surface of the bent  Ti sampl es. Figure 10 shows the average value of the maximum major  strain 

deter mined from the middle part  of  the bent  samples shown in Figure 11. As expected, with the 

smaller  punch size (3 mm, the sol id l ines) higher strain values resulted l eading to earl ier  fa ilure 

by cracking at  about  80° in  case of the thinner  Ti sheet  (0.2 mm).  

Addit ionally, the strain levels, using the 6 mm punch, are l ess, even at  higher  bending angles, 

because of the reduced l oad on the outside of t he sheet . The spr ingback rat ios (K) of  the 

Ti/PMMA/Ti sandwiches in correlat ion with the skin/core thickness and the bending angles (45°, 

90° and 135°) using the 3 mm and 6 mm punch diameters are shown in Figure 12.  

 

Due to the high elast ic / l ow plast ic strain fract ion exist ing at  this angle for  the f ir st  bending 

step (45°) l ower  K-values – higher  spr ingback angles - for  all  the sandwich results were 

observed. For  the same sandwich sheets with the larger  bending punch diameter , lower  K-values 

resulted, too, which is in  accordance with the fundamentals of  spr ingback propert ies (as shown in 

(1)) Further more, the asymmetr ic sandwich (0.4/0.5/0.2*) shows an inter mediate K-value 

progress with the bending angle, located between the two symmetr ic ones, i.e. the 0.2/0.5/0.2 and 

0.4/0.5/0.4. It  can be stated, that  bending of  the sandwich sheets is in  good agreement  to the 

guidel ines recommended for  monol ithic sheet  metals, where the radius of  the bending punch (r ) 

is suggested to be twice the sheet  thickness (t ), i.e. ! ≥ 2$. Safe bending process can be achieved 

with a  rat io of  the punch radius R to the mater ials thickness of 3 (R/t  >3). For  high strength 

mater ials, R > 5t  may be required 51.  
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3.6.2 Deep drawing 

Moreover , for  analysing the possibil it ies of  shaping more compl ex components, deep drawing 

and Er ichsen t ests were perfor med. Due to the br ittle behaviour  of  the PMMA (see Figure 8), t he 

pure PMMA foil  fa il ed earl ier  at  a  punch displacement  of only ~6 mm (see violet  l ine in Figure 

13a and Figure 13b).  

Whereas, all  the Ti/PMMA/Ti sandwich combinat ions (0.4/0.5/0.4 (black), 0.4/0.5/0.2 (r ed), 

0.4/0.5/0.2 (green) in  Figure 13a) were compl etely drawn without  visual  cracking of the Ti skin 

sheets (see Figure 13c and Figure 13d in  the part icular  case of a  0.2/0.5/0.2 Ti/PMMA/Ti 

structure), due to the good for ming behaviour  of  the latter  one (blue l ine in Figure 13a). 

Nevertheless, in  correspondence of a  6 mm punch displacement , a  small  decay of the force was 

observed, possibly indicat ing cracking of the polymer  core. As no delaminat ion occurred, the 

cracking of the polymer  core was ignored with respect  to the overall  drawing behaviour  of the 

whole sandwich. The drawing propert ies of  the invest igated sandwich combinat ion are 

summar ized in Table 3. 

 

3.6.3 Erichsen tests 

The cracking l imit  of  the sandwich sheet  (0.2/0.5/0.2, l ight  blue curves in Figure 14a) is the 

same as for  the Ti sheet (r ed curves in Figure 14a); however  – as expected – the force of the 

sandwich is twice that  of the pure Ti sheet . Although the PMMA foil s (black curves) show a  

higher  Er ichsen index IE of 10 mm compared to the sandwich sheet  and the Ti one, the fa ilure 

mechanism is totally different  exhibit ing clearly a br ittle cracking mechanism (Figure 14b-d). 

Thus, we can state that  the defor mat ion behaviour  of  the invest igated sandwiches is good and 
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sufficient  for  a  compl ex shaping. The fa ilure of t he PMMA foil  is delayed by the support ing 

effect  of the Ti sheets. Moreover , the cracking of the polymer  can be avoided or  delayed by 

processing under  elevated temperatures or  using a more duct ile PMMA derivate.  

 

4. Conclusions 

Surface-confined PMMA cha ins were successfully grown on large Ti substrates (up to DIN A6 

size) through SI-ATRP coupled with a  “graft ing from” method using phosphonic acids as 

coupl ing agents to ensure the metal -polymer  covalent  bonding. They were used as adhesive 

layers for  the fabr icat ion of  biocompat ible resin-free sandwich mater ials produced by hot -

pr essing. In  part icular , tethered PMMA cha ins were used to replace the epoxy resin - usually 

employed in sandwich mater ials to st ick the polymer core onto the metal  skin sheets - and ensure 

the bonding through the for mat ion of entanglements caused by the inter penetrat ion of the 

tethered PMMA cha ins into those of  the PMMA core. Ti/PMMA/Ti sandwiches were processed 

demonstrat ing that , for  the sandwich product ion, t ethered polymer  chains can replace epoxy-

resin. In  this way, the opt imum Ti/PMMA/Ti sandwiches hot -pressing parameters (t emperature, 

t ime and pressure), del iver ing the highest  Ti/PMMA adhesion, were developed using an opt imal  

factor ial  exper imental  plan defined by the design of exper iments method. With the opt imum 

condit ions (180°, 90 min and 0.2 MPa ), a  high bonding strength (pull -off strength higher  than 20 

MPa  and a  shear  resistance of 10 MPa ) and good for ming propert ies could be achieved. The 

mechanical  propert ies deter mined by tensil e t esting showed that  the fa ilure of  the sandwiches 

ma inly depends on the failure strain of  the Ti skin sheets; whereas, the br ittle fa ilure nature of the 

PMMA did not  remarkably influence the fa ilure strain of  the sandwich. Addit ionally, the rule of 

mixture was ver if ied with the obtained st iffness- and strength-related propert ies (E, YS, UTS and 
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ER10). Appl ying this rule, two sandwich combinat ions (symmetr ic and asymmetr ic) possessing 

mechanical  propert ies - especially Young’s modulus - close to that  of  the cort ical  bone were 

proposed. Three-point  bending and deep-drawing tests were perfor med to analyse the for ming 

behaviour . In  part icular , despit e the low duct il ity of  the PMMA core, delaminat ion-free bending 

operat ion up to 180° were achieved without  cracking of the Ti/PMMA/Ti sandwiches made of 

thicker  Ti skin sheets (0.4 mm) for  both bending punches (3 mm and 6 mm in  diameter ). 

However , for  the smaller bending punch the bending angle was l imit ed to 80° if  thinner  Ti skin 

sheets (0.2 mm) were used. Further more, Ti/PMMA/Ti could be compl etely deep-drawn without  

visual  cracking of the Ti skin sheets, thanks to the good for ming behaviour  of  the metal . The 

same behaviour  could be stated for  the Er ichsen test , where the br ittle nature of  PMMA has no 

negat ive influence on the for ming l imit s or  even on the Ti/PMMA interface qual ity, indeed no 

delaminat ion took place. 

 

Supplementary Information 

The following addit ional  analyses are included: (i) character izat ion of  the grafted-Ti surfaces 

after  3h and 24h; (ii)  Character izat ion of  the PMMA melt ing and glass transit ion t emperatures; 

(iii)  Mor phological  character izat ion of  A6-sized PMMA-coated Ti sampl es.  
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Figures 

Figure 1: a ) SEM ima g e o f  a  PMMA-c o a t ed  Ti c r o ss-sec t io n , (b) t h e po r o u s st r u c t u r e, t y pic a l  

f o r  t h e a l k a l i-a c t iv a t ed  Ti (bo t t o m); t h e mo r e c o mpa c t  C7H14O5PBr  mo d if ied  su r f a c e  

(mid d l e); t h e st r u c t u r e o f  t h e g r o wn  PMMA l a y er  (t op). 
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Figure 2: SEM mic r o g r a ph s o f  a : a ) a l k a l i-a c t iv a t ed  su r f a c e; b) C7H14O5PBr  in it ia t o r  mo d if ied  

su r f a c e a n d  c ) C15H30O5PBr  in it ia t o r  mo d if ied  su r f a c e. EDX spec t r a  o f : d ) a l k a l i-a c t iv a t ed  

su r f a c e; e) C7H14O5PBr  in it ia t o r  mo d if ied  su r f a c e a n d  f ) C15H30O5PBr  in it ia t o r  mo d if ied  

su r f a c e. 

 

Figure 3: SEM mic r o g r a ph  o f  t h e PMMA l a y er  g r o wn  st a r t in g  fr o m a  sh o r t -in it ia t o r  

(C7H14O5PBr ) mo d if ied  Ti su r f a c e. 
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Figure 4: Co n t o u r  c h a r t s  sh o w in g  t h e mu t u a l  e f f ec t  o f  t h e ho t -pr essin g  t ime a n d  

t emper a t u r e a t  c o n st a n t  pr essu r es o f  0.1 MPa  (a ), 0.2 MPa  (b) a n d  0.4 MPa  (c ) o n  t h e 

Ti/PMMA/Ti pu l l -o f f  s t r en g t h .  
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Figure 5: a ) sc h ema t iza t io n  o f  t h e pu l l -o f f  t es t  set -u p. The ex t er n a l  pa r t  o f  t h e sa n d w ic h  

wa s f ix ed  o n  a  st ee l  su ppo r t  r eq u ir ed  t o  in ser t  t h e sa mpl e  in  t h e u n iv er sa l  t est in g  

ma c h in e. b) St r ess-st r a in  c u r v es  o bt a in ed  per f o r ming  t h e pu l l -o f f  t est s o f  t h r ee 

Ti/PMMA/Ti sa n d w ic h es pr o d u c ed  w it h  t h e id en t if ied  o pt imu m c o n d it io n s. c ) Fr a c t u r e 

su r f a c es o f  a  r epr esen t a t iv e Ti/PMMA/Ti sa n d w ic h  a ft er  pu l l -o f f  t es t  t o g et h er  w it h  t wo  

SEM mic r o g r a ph s r ec o r d ed  o n  bo t h  t h e s id es  o f  t h e fr a c t u r e su r f a c es. d ) EDX spec t r a  a  

Ti/PMMMA/Ti sa n d w ic h  su r f a c e f r a c t u r e  (b l a c k  l in e c o r r espo n d s t o  po in t  SF1 a n d  t h e r ed  
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o n e t o  SF2). e) SEM mic r o g r a ph  o f  t h e PMMA f o il  u sed  a s c o r e  ma ter ia l  (wh it e  spo t s  

c o r r espo n d  t o  Ba SO4 f il l e r s). 

 

 

 

 

Figure 6: a ) Sc h ema t iza t io n  o f  t h e sa mpl e g eo met r y  u sed  t o  per f o r m sh ea r  t est s. b) Sh ea r  

st r ess-d ispl a c emen t  f o r  t h r ee sa n d w ic h  sa mpl es (Ti/PMMA/Ti: 0.4/0.5/0.4) pr o d u c ed  u sin g  t h e 
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o pt imu m c o n d it io n s (T = 180°C, t  = 90 min , p = 0.2 MPa ). c ) Repr esen t a t iv e f r a c t u r e su r f a c es  

a f t er  sh ea r  t est s. 
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Figure 7: A6-s ized  Ti/PMMA/Ti sa n d w ic h  (a ) a n d  a n  o pt ic a l  mic r o g r a ph  o f  it s  c r o ss-sec t io n  (b). 
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Figure 8: St r ess-st r a in  c u r v es o f  Ti (b l a c k  c u r v es, u pper  th r ee o n es), PMMA (bl u e c u r v e, 

l o wer  o n e) a s  wel l  a s Ti/PMMA/Ti (r ed  c u r v es, med ium t h r ee o n es) sa mpl es  o bt a in ed  

per f o r min g  t en sil e  t est s.  
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Figure 9: a ) Ben d in g  f o r c e – d ispl a c emen t  c u r v es f o r  d if f er en t  t h ic k n ess c o mbin a t io n s a n d  

pu n c h  d ia met er s o f  3 mm a n d  6 mm. b) Ti/PMMA/Ti sa nd w ic h es ben t  u p t o  180° w it h  a  6 mm 

pu n c h . c ) Ti/PMMA/Ti sa n d w ic h es ben t  u p t o  a bo u t  80° w it h  a  3 mm pu n c h. 
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Figure 10: Av er a g e ma x imu m ma jo r  s t r a in s o f  t h e ben t  sa mpl es in  c o r r e l a t io n  w it h  t h e 

pu n c h  s ize, ben d in g  a n g l e a n d  sk in /c o r e t h ic k n ess co n f ig u r a t io n s. 
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Figure 11: Ph o t o g r a mmet r ic  ima g es o f  t h e ben t  sa mpl es a t  90°. *: in d ic a t in g  t h e Ti sk in  sh eet  

in  c o n t a c t  w it h  t h e pu n c h  d u r in g  t h e ben d in g  t est . 
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Figure 12: Spr in g ba c k  r a t io  o f  t h e Ti/PMMA/Ti sa n d w ic h es in  c o r r e l a t io n  w it h  t h e sk in /c o r e  

t h ic k n ess a n d  t h e ben d in g  a n g l es (45°, 90° a n d  135°). Pu n c h  d ia met er s : 3 mm (so l id  l in es), 6 

mm (d o t t ed  l in es). 
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Figure 13: a ) Dr a w in g  f o r c e-pu n c h  d ispl a c emen t  c u r v es  f o r  t h e t est ed  c o mbin a t io n s (ß0 = 1,8), 

b) Cr a c k in g  o f  t h e PMMA f o il  0.5 mm t h ic k , d r a wn  u p t o  a  d ispl a c emen t  o f  6 mm. c ) 0.2/0.5/0.2 

Ti/PMMA/Ti, d r a wn  u p t o  a  d ispl a c emen t  o f  6 mm. d ) 0.2/0.5/0.2 Ti/PMMA/Ti c o mpl et e l y  d r a wn . 

  



 48

Figure 14: a ) Dr a w in g  f o r c e-pu n c h  d ispl a c emen t  c u r v es f o r  t h e t est ed  ma t er ia l s  a c c o r d in g  

t o  Er ic h sen  t est  a n d  b) t h e c r a c k ed  sa mpl es sh o w in g t h e c en t r a l  f a il u r e l o c a t io n  (t wo  

sa mpl es/ea c h  c o n d it io n  wer e t est ed ). 
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Tables 

 
Table 1: Ex per imen t a l  pa r a met er s u sed  f o r  t h e Ti/PMMA/Ti san d w ic h  pr o d u c t io n  – a c c o r d in g  

t o  t h e Do E pl a n  – a n d  t h e ir  c o r r espo n d in g  a d h esio n  st r en g t h  ev a l u a t ed  in  pu l l -o f f  t est s. 

 

 

 

 

 

 

 

 

  

Temper a t u
r e 

[°C] 

Time 
[min ] 

Pr essu
r e 

[MPa ] 

Pu l l -o f f  
s t r en g t h  

[MPa ] 

170 

30 
0.1 7 ± 1 
0.4 7 ± 1 

60 
0.1 11 ± 4 
0.2 16 ± 6 

90 
0.1 16 ± 7 
0.2 16 ± 5 
0.4 11 ± 1 

180 

30 
0.1 6 ± 2 
0.2 12 ± 5 

60 
0.1 12 ± 2 
0.4 10 ± 1 

90 
0.2 24 ± 1 
0.4 13 ± 3 

200 

30 
0.1 9 ± 1 
0.2 14 ± 1 
0.4 16 ± 8 

60 
0.2 14 ± 3 
0.4 15 ± 5 

90 0.1 19 ± 2 
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Table 2: Ten sil e  pr o per t ies  o f  t h e mo n o -ma t er ia l s  (Ti, PMMA) a n d  t h e sa n d w ic h es 

(Ti/PMMA/Ti) a s wel l  a s  t h eo r et ic a l  v a l u es (Ti/PMMA/Ti* 1, Ti/PMMA/Ti* 2) pr o po sed  u sin g  t h e 

Ro M pr o v id in g  mec h a n ic a l  pr o per t ies c l o se  t o  t h e c or t ic a l  bo n e (� = 15 − 30*+,)52,53. 

Wh er e, fPMMA: v o l u me f r a c t io n , YS a n d  UTS: y ie l d  st r en g t h  a n d  ul t ima t e t en sil e  s t r en g t h , 

E: Yo u n g ’s mo d u l u s a n d  ER: e l o n g a t io n  t o  r u pt u r e. 

Sample 
Thickness 

[mm] 
����� 

[-] 
E [GPa] UTS [MPa] YS [MPa] 	ER[%] 

Experim. RoM Experim. RoM Experim. RoM  
Ti 0.2 0 108 ± 7  441 ± 14 - 289 ± 15 - 27 ± 1 
PMMA 0.5 1.0 2.0 ± 0.1  51 ± 1 - - - 6 ± 1 

Ti/PMMA/Ti 
0.9 

(0.2/0.5/0.2) 
0.55 51 ± 3 55 245 ± 10 246 179 ± 14 170 27 ± 3 

Ti/PMMA/Ti* 1 1.4 
(0.2/1.0/0.2) 

0.71 - 32 - 162 - 119 27** 

Ti/PMMA/Ti* 2 
2.1 

(0.4/1.5/0.2) 
0.71 - 32 - 162 - 119 27** 

*: calculated sandwich combination; **: expected, based on the strain at failure of the Ti sheet 
 

 

Table 3: Deep-d r a w in g  pa r a met er s u sed  f o r  t h e mo n o ma t er ia l s  (Ti a n d  PMMA) a s wel l  a s t h e  

Ti/PMMA/Ti sa n d w ic h  in  a d d it io n  t o  t h e o bt a in ed  r esu l t s . Dr a w in g  r a t io , ß0 = 1.8. 

Sample 
notation 

Thickness 
[mm] 

Blank holding 
force [kN] 

Max. drawing  
force [kN] 

Drawing depth 
[mm] 

Ti 0.2 10 17±2 Drawn cup 

PMMA 0.5 8 5±1 ~6	mm	cracking 

Ti/PMMA/Ti 0.4/0.5/0.4 8 45±1 Drawn cup:  
• No cracking of 

the skin sheets 
• Cracking of the 

PMMA core  

Ti/PMMA/Ti 0.4*/0.5/0.2 8 35±1 

Ti/PMMA/Ti 0.2/0.5/0.2 7 30±1 

* Refers to the outer skin sheet (not in contact with the punch under deep drawing) 

 

 

 

 






