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The “Egg of Columbus” for making the world’s toughest fibres Nicola M. Pugno1,2 1



Laboratory of Bio-Inspired & Graphene Nanomechanis, Department of Civil, Environmental and Mechanical Engineering, Università di Trento, via Mesiano, 77, I-38123 Trento, Italy, 2 Center for Materials and Microsystems, Fondazione Bruno Kessler, Via Sommarive 18, I-38123 Povo (Trento), Italy. [email protected],



A great flourish of interest in the development of new high-strength and high-toughness materials is taking place in contemporary materials science, with the aim of surpassing the mechanical properties of commercial high-performance fibres. Recently, macroscopic buckypapers1-5, nanotube bundles5-13 and graphene sheets14-17 have been manufactured. While their macroscopic strength remains 1-2 orders of magnitude lower than their theoretical strength, and is thus comparable to that of current commercial fibres, recent progress has been made in significantly increasing toughness. In particular, researchers have produced extremely tough nanotube fibres with toughness modulus values of up to 570 J/g8, 870 J/g13 and very recently, including graphene, reaching 970 J/g18, thus well surpassing that of spider silk (~170 J/g8, with a record for a giant riverine orb spider of ~390 J/g19 and Kevlar (~80 J/g8). In this letter, thanks to a new paradigm based on structural mechanics rather than on materials science, we present the “Egg of Columbus” for making fibres with unprecedented toughness: a slider, in the simplest form just a knot, is introduced as smart frictional element to dissipate energy and in general to reshape the fibre constitutive law, showing evidence of a previously “hidden” toughness, strictly related to the specific strength of the material. The result is a nearly perfectly plastic constitutive law, with a shape mimicking that of spider silk. The proof of concept is experimentally realized making the world’s toughest fibre, increasing the toughness modulus of a commercial Endumax fibre from 44 J/g up to 1070 J/g. The maximal achievable toughness is expected for graphene, with an ideal value of ~105 J/g.



The concept is thus based on the introduction of appropriate sliders, even simple knots, as smart frictional elements for energy dissipation in high-strength fibres. Part of the energy is dissipated through friction by the fibre sliding in the slider during tension, additionally to the intrinsic stretching energy dissipated by fracture and kinetic energy when the fibre breaks.



The energy at break φ per unit mass m of a fibre of cross-sectional area A, length l, Young’s modulus E, strength σ f and mass density ρ , can be calculated from the load-displacement or xf
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stress-strain curve as φ m = 1 m ∫ Fdx = l0 A m ∫ σdε = (1 − k1 ) ρ ∫ σdε , where F is the force, x is the displacement, σ = F A is the stress, ε = x l0 is the strain, l0 is the end-to-end length of the fibre (see Fig.1), 0 ≤ k1 = (l − l0 ) l ≤ 1 is a slider parameter and the subscript f denotes final values. For a linear elastic fibre, classical thus without a slider ( k1 = 0 ), this simply yields



φ m = σ f ε f (2 ρ ) , where ε f = σ f E . Let us now consider a fibre forming a large slip-loop in a slider, e.g. a knot, with the two clamped fibre ends initially fixed as close as possible to the slider, Fig. 1. In this case, after fibre tension, first the strain increases with the fibre sliding through the slider at a mean stress plateau value of σ p ≈ k 3σ k , where σ k = k 2σ f is the strength of the fibre in the presence of the slider and 0 ≤ k 2,3 ≤ 1 denote the ratios between slider and fibre strengths and between plateau stress and slider fibre strength, respectively. This sliding phase takes place for a displacement ∆x ≈ l − l0 , ideally at a force just below the breaking force F f of the fibre, in order to maximize the dissipated energy; then, the slip-loop tightens (it could also unfasten, depending on the type of slider/knot topology, e.g. see Fig. 2) and the fibre deforms and finally breaks. Thus, in the stress-strain curve a long plastic-like plateau naturally emerges (Figs. 2 and 3) thanks to the presence of the slider. The increment of the final strain is ∆ε f ≈ ∆x l 0 = k1 (1 − k1 ) and can be precisely tuned selecting an appropriate value of k1 . The strength of the fibre with the slider (e.g. “knot strength”) should ideally approach that of the pristine fibre in order to minimize the negative strength variation ∆σ f = σ f − σ k = (k 2 − 1)σ f . Accordingly, the increment in toughness modulus is given by ∆ φ m ≈ k1k 2 k 3σ f ρ . Thus, the slider provides a potential toughness reaching the enormous value of σ f ρ , which is the fibre specific strength. Regarding the estimation of the Young’s modulus E k of the knotted fibre, we simply (series of compliances) find E k ≈ E (1 + c k EA / l 0 ) ,
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∆E = E − E k = (1 − k )E ( k ≈ c k EA / l 0 for c k → 0 , i.e. tight knots, for which E k → E ) is expected.



More in general, the application of this concept allow to reshape the constitutive law of the fibre in terms of variations of the four main engineering properties ∆ φ m , ∆ε f , ∆σ f , ∆E , i.e. toughness modulus, failure strain, strength and Young’s modulus, respectively. In particular, we can mimic the constitutive law of spider silk, crucial for structural robustness20, with the friction in the slider that



plays the role of the hydrogen bond breaking in the silk, which is responsible for its dissipative plastic-like plateau. Moreover, the usually competing material properties of strength and toughness (we are considering here the toughness modulus rather than so-called fracture toughness) are reconciled: high strength and simultaneously super-tough fibres become feasible, of course at the expense of a larger elongation, the latter being either positive or negative depending on the specific application. It is clear that in order to maximize the dissipated energy and therefore the toughness modulus, the specific strength of the fibre must be high, i.e., σ f ρ → max (fibre condition n. 0), and the following 3 conditions must be met: the sliding length must be maximized ( k1 → 1 , geometrical condition n. 1); the fibre must display minimal fragilization due to the presence of the slider (expected as a consequence of the applied additional stresses; k 2 → 1 , fibre-slider condition n. 2); the slider must ensure an initial stress plateau as flat and as high as possible ( k 3 → 1 , slider condition n. 3). Clearly, the mass of the slider should also be minimized, but its influence on the toughness modulus approaches zero for increasing sliding/fiber length. These 1+3 main conditions can substantially be achieved through careful choice of fibres and sliders. For example hundreds of knots, widely used in climbing, sailing and fishing activities, are currently known, and multiple knots can be realized too, allowing the design of complex, e.g. multi-plateau, constitutive laws even in complex architectures, e.g. ropes, fabrics, hierarchical reinforcements for composites, etc. Moreover, note that this concept partially applies also to other systems not in tension and without knots, e.g. curved wires under bending or torsion in addition to stretching: the wire will exhibit an increasing stiffness with deformation and the resulting toughness will be much superior than that of the related initially straight wire; eventually, the wire will straighten and fracture at the same load of an initially straight wire; however note that, in this case, the force is not maximal from the beginning and thus the gain in toughness is not maximized, as for the case of fibres working just below the fracture force from the beginning; formation of plastic hinges would be a limitation and thus super-elastic, e.g. NiTi, alloys, must be preferred. Coiled structures are examples of such smart elements, so abundant in Nature, e.g. the coiled coil structural motif of proteins (in which alphahelices are coiled together like the strands of a rope; dimers and trimers are the most common types) but also of great interest in man-made systems such as springs, however currently not used as tougher wires. The proof of concept is realized considering commercial Dyneema fibres (fishing line, multifilament composed by 200 filaments), which combine a high-strength with low density, i.e. quite high specific strength (and stiffness). We tested them in a uniaxial loading tensile testing



machine (MTS, Insight). The measured constitute law of this fibre is reported in Fig. 2 (curve
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)



“without knot”) and shows a specific strength of σ f ρ ≈ 1 GPa 1g/cm 3 = 1000 J g and a toughness modulus of 27 J/g. Note that the value of the specific strength, which according to our previous considerations also denotes the hidden toughness, suggests a huge margin for increasing the toughness of this fibre. Additionally, these fibres display reduced fragilization when tied into slip-knots, allowing us to prove the concept with a simple knot, that however is itself sliding along the fibre and is not an independent slider and thus does not allow us to reach a high stress plateau: here we have deliberately not optimized the knot in order to prove the robustness of the concept (in our cases k 3 ≈ 0.1 − 0.4 , depending on the number of coils, and k1 ≈ 0.75 − 1 ). The adopted knots were simple, double, triple or quadruple overhand knots (Fig. 2, inset). Different numbers of coils (



1− 4 ) are considered in order to maximize the friction force during sliding without leading to premature fibre fracture before full knot tightening. The fibre length is l=10cm whereas the selected initial value of the end-to-end length was fixed at l0 = 1 cm , thus k 2 = 0.9 and ∆ε f = 900% . The measured specific stress-strain curves of knotted fibres are shown in Fig. 2 and compared to that of the unknotted fibre. The expected appearance with the knot of a previously hidden toughness, and thus of a, even if here irregular, plastic-like plateau, absent in the constitutive law of the unknotted fibre, is evident. For 1 and 2 coils a smart mechanism is observed, leading to the optimal condition



k 2 = 1 and no strength reduction, i.e. ∆σ f = 0 : the knot unfastens (this is the reason for which the stress goes to zero in the related curves), then the fibre extends, deforms and fractures at exactly the pristine fibre strength. For 1 coil the toughness modulus reaches 88 J/g whereas for 2 coils a value of 195 J/g is obtained, thanks to an increment in the toughness up to 722%, without any strength reduction. The constitutive law of this fibre resembles that of spider silk (in terms of both toughness modulus and strength). For 3 coils the dissipated energy further increases up to a value of 320 J/g, corresponding to a toughness increment of 1185%, with a strength reduction of ∼25%. For 4 coils premature failure leads to a reduction in both failure strain and toughness modulus, of 148 J/g, with a similar strength reduction. We conclude that a number of 3 coils maximizes the toughness of our specific knot-fibre system. These set of experiments prove the robustness of the concept. We finally consider independent sliders/knots and Endumax fibres. Following the previous procedure a more regular sliding, thanks to the independency of the slider that thus remains fixed during the fibre sliding (specific details of the slider are under patenting) is achieved and results in a more regular plastic-like plateau, see Fig. 3. The initial toughness modulus of the pristine fibre thus without slider is 44 J/g. With the introduction of the slider we obtained 988, 1025 and finally 1070 J/g, thus surpassing the unprecedented value of 1000 J/g. Further improvements are expected for



this specific fibre, up to a toughness modulus close to the fibre specific strength that we have measured as 1600 J/g (see stress peak in Fig. 3). Accordingly, thanks to the new evidence of existence of a previously “hidden” toughness, much higher toughness levels, which can surpass the highest-known values in the literature, could be obtained by applying our concept to other high-strength or super-tough fibres, e.g. graphene/nanotube-based (which have also shown to be resilient to knots21). Note that, considering the theoretical nanotube/graphene strength a toughness limit of about σ theo ρ ~105 J/g is computed; moreover, since smaller is stronger, the hidden toughness can be more easily observed reducing the system size-scale. In spite of this evidence of huge hidden toughness in artificial fibers, some spiders, such as the giant riverine orb spider19, seem to have better optimized toughness thanks to the last ~200 millions of years of evolution; e.g., for the mentioned spider we compute a toughness limit of σ theo ρ ~1380 J/g against its measured value and actual record of ~390 J/g (we have assumed a mean density of ~1.34 g/cm3). Thus, even this spider (or us, using its silk and our concept) could further improve the toughness of its silk by a factor of ~350%. During the next millions of years this percentage of hidden toughness will be probably further reduced by evolution and the same appearance of knots/sliders/current “egg of Columbus” cannot be excluded. We can do better in the next few years.



NMP is supported by the European Research Council (ERC StG 2011 BIHSNAM on “Bio-inspired hierarchical super-nanomaterials”; one milestone of this project is the design and fabrication of the “world’s toughest material”, as we have achieved in this paper. NMP thanks E. Lepore and F. Bosia for the technical experimental help. This paper was submitted to a major journal; one referee was very positive writing “This manuscript described a very simple process, tying slip knows in fibers, which can significantly increase the toughness of the resultant fibres. Like many good ideas, this one is very simple. It lead me to think - why didn't I think of that. I think it should be published.” and I thank this referee. The other referee suggested rejection writing sentences promoting plagiarism like “this referee would be tempted to write an equivalent paper” and “This reviewer could then proceed and test superelastic NiTI alloys and show this effect in a most eloquent manner.” and the paper was rejected.
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Figure 1: Concept. The classical fibre dissipates during fracture its cumulated strain energy, thus displaying a toughness modulus of φ m ≈ σ f ε f



(2ρ ) (the factor 2 must be replaced for nonlinear



elastic fibres). In contrast, a fibre with a slider, e.g. knot, can dissipate much more energy, thanks to a sliding friction force. The upper limit of the toughness in this case is constituted by the product of a force F f− just below the breaking force F f and a displacement equal to the entire fibre length l, thus reaching a toughness modulus of φ m ≈ σ f ρ (1 + ε f 2 ) . Accordingly, a huge ( 1 >> ε f ) previously “hidden” toughness ∆φ m ≈ σ f ρ naturally emerges.



Figure 2: Proof of concept. Specific force-displacement or stress-strain curves of non-knotted and knotted Dyneema fibres ( σ ρ = F µ with µ = ρA mass per unit length, given in MPa*cm3/g or, equivalently, in J/g; test parameters are dx/dt=2mm/min, l0=10 mm, l=100 mm, μ=0.0361 g/m). The appearance with the knot of the hidden toughness, the plastic-like plateau absent in the constitutive law of the unknotted fibre (27 J/g), is evident. For 1 and 2 coils the knot unties (smart mechanism) and stress goes to zero, then the fibres extends, deforms and fractures at the pristine fibre strength, with an increment in the toughness of up to 722% (2 coils, 195 J/g). For 3 coils the dissipated energy is further increased up to a maximal value of 320 J/g, corresponding to a toughness increment of 1185%. For 4 coils, premature failure leads to a reduction in both toughness and failure strain. The total hidden toughness is given by the specific strength, thus for this fibre it is close to 1000 J/g.
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Figure 3: World toughness record (work in progress). Force vs displacement curve of Endumax fibres with or without a slider. The pristine fibre has a toughness modulus of 44 J/g. The introduction of the slider dramatically changes the scenario: a long plastic-like plateau clearly emerges thanks the presence of the slider and allows the dissipation of a huge amount of energy, approaching an unprecedented toughness modulus of 1070 J/g (other two tests, leading to 988 and 1025 J/g are shown). The specific strength and thus maximal achievable toughness is for this fibre of about 1600 J/g (see stress peak in the figure).
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where F is the force, x is the displacement,. AF. = Ïƒ is the stress,. 0 lx. = Îµ is the strain, 0 l is the end-to-end length of the fibre (see Fig.1),. ( ) 1. 0. 0. 1. â‰¤. âˆ’=â‰¤lll. 






 Download PDF 



















 949KB Sizes
 1 Downloads
 331 Views








 Report























Recommend Documents







[image: alt]





Knights of Columbus Knights of Columbus - St. Patrick Catholic Church 

held rain or shine on April 28 - 30, 2017 at 4 area businesses and after each mass that weekend. ... St Patrick's Church will be hosting its third annual Ironmen ...














[image: alt]





The â€œEgg of Columbusâ€� for making the world's toughest fibres - arXiv 

In this letter, thanks to a new paradigm based on structural mechanics rather than on materials science, we present the â€œEgg of Columbusâ€� for making fibres with ...














[image: alt]





Reading Knights of Columbus 

Mar 12, 2016 - Saturday March 12th will be hosting a â€œdivine night of belly laughs, blessings, blarney and bingoâ€� with ... A GOOD KNIGHT ... Your Help is needed to update our Records: If your birthday is incorrect let us know. Email.














[image: alt]





Reading Knights of Columbus 

The annual cost for advertising is $40 for a single ... double space. The cost for new advertisements will be ... you can help contact PGK Mike Canavan, email:.














[image: alt]





Reading Knights of Columbus 

Dec 4, 2016 - The annual cost for advertising is $40 for a ... advertisements will be waived for the remainder of this year. You can ... Social Hour 1:00 â€“ 2:00.














[image: alt]





Reading Knights of Columbus 

Email John. Silva at [email protected] or call 781 944 4285. Let's Help Charlie: Let's all help FS Charlie Fallon by providing prompt payment of your dues ...














[image: alt]





Reading Knights of Columbus 

Jan 23, 2018 - Reading, Massachusetts 01867. Visit Our WEB Site at www.readingkofc.org. Charity â€“ Unity â€“ Fraternity â€“ Patriotism. Live your Faith! Dear Brother Knights: January marks the start of a new calendar year. On that note, I wish each.














[image: alt]





Reading Knights of Columbus 

May 7, 2017 - Last year we donated $1500â€¦let's beat it this year! Lastly ... from one of my own Lenten reflections about living in Jesus timeâ€¦ .... 4:00 to 11:00.














[image: alt]





Reading Knights of Columbus 

John Silva at [email protected] or call 781. 944 4285. Support our ... Home Base. â€¢ $300 to the ... Agnes Parish Center kitchen and a direct donation from the ...














[image: alt]





Reading Knights of Columbus 

after 9 am mass at St. Agnes. Many thanks to ... Email John ... This would avoid the need for him to send a second mailing. New Members of K of C Council 1031:.














[image: alt]





Knights of Columbus Knights of Columbus - St. Patrick Catholic Church 

Apr 28, 2017 - Zach Allen (763) 360-0273 ... strikes me as taking a short-term view of a product that is designed to ..... https://sites.google.com/site/kofc9585/.














[image: alt]





Reading Knights of Columbus 

Jan 31, 2016 - He has Parkinson's and finds it difficult to get out. He would love to have visitors,. 1 Elderberry Lane Apt. 209, or call him at 781-779-8286.














[image: alt]





Reading Knights of Columbus 

I am the Director of Food and Nutrition Services at Spaulding Hospital. Cambridge ... good thing you know, for we live in such noisy, busy times. So noisy in fact, ... Email John. Silva at ... The Campaign for People with Intellectual. Disabilities .














[image: alt]





Reading Knights of Columbus 

Visit Our WEB Site at www.readingkofc.org. Charity â€“ Unity â€“ Fraternity â€“ Patriotism. Live your .... Home Builders Corp. There will be a meeting of the HBC at 7:30.














[image: alt]





Reading Knights of Columbus 

Visit Our WEB Site at www.readingkofc.org ... Once the millions of good people over the world (everyday "saints"â€”Saints written with a lower case. â€œsâ€�) extend ...














[image: alt]





Reading Knights of Columbus 

May 22, 2018 - William Faix, Francis E McCormack,. 5/2 Guy B ... 5/27 William J Squires Jr., 5/30 Steven E. Kintigos ... hours of your time to this worthy cause.














[image: alt]





Reading Knights of Columbus 

George, along with his brother Bob, was a long time member of our council. His funeral ... Do we speak truth in love, or do we swear in hate? Do we help the sick ...














[image: alt]





Reading Knights of Columbus 

May 14, 2016 - come and show your support and enjoy a fun evening. ... is right around the corner which means it is time to come out and support our Charity.














[image: alt]





Reading Knights of Columbus 

Dec 4, 2016 - Visit Our WEB Site at www.readingkofc.org. Charity â€“ Unity ... On behalf of my family and also on our Treasurer Brian Nowicki and his family, I.














[image: alt]





Reading Knights of Columbus 

Page 1 ... I hope you all had a wonderful and joyous Easter with your families. I was fortunate to have spent ... more dynamic organization as they bring their own special talents to us. Misgivings on .... plastering and design. Please contact me ...














[image: alt]





Reading Knights of Columbus 

If your birthday is incorrect let us know. Email John ... advertising the Councils good works and selling ... email: [email protected]. Hall Rental: 781-942-8753.














[image: alt]





Reading Knights of Columbus 

Jan 31, 2016 - Email. John Silva at [email protected] or call 781. 944 4285. Bulletin Advertisers: ... The annual cost for advertising is $40 for a single space ...














[image: alt]





Reading Knights of Columbus 

The plan for the money is to get services in place to help with day to ... never been on a Retreat would be a good place to start, you may be surprised at ... or Ernie Arsenault 781-944-9083, email at ... This is a free event. ... Contact List: Counc














[image: alt]





Reading Knights of Columbus 

fund raiser at Market Basket and other locations around Reading. Half of our ... IF ONLY WE'D HAD A CHANCE TO LIVE IN JESUS TIME! ... Plan to join us.


























×
Report Egg of Columbus - arXiv





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















