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Abstract: The fiber-matrix interface plays a critical role in determining composite mechanical properties. 

While a strong interface tends to provide high strength, a weak interface enables extensive debonding 

leading to a high degree of energy absorption. Balancing these conflicting requirements by engineering 

composite interfaces to improve simultaneously strength and toughness still remains a great challenge. 

Here, a nanostructured fiber coating was realized manifesting the critical characteristics of natural nacre, 

at a reduced lengthscale, consistent with the surface curvature of fibres. The new interphase contains a 

high proportion (~90 wt.%) of well-aligned inorganic platelets embedded in a polymer; the window of 

suitable platelet dimensions is very narrow, with an optimized platelet width and thickness of about 130 

and 13 nm, respectively. An anisotropic, nanostructured coating was uniformly and conformally deposited 

onto a large number of 9 μm diameter glass fibers, simultaneously, using self-limiting Layer-by-Layer 

assembly (LbL); this parallel approach demonstrates a promising strategy to exploit LbL methods at scale. 

The resulting nanocomposite interphase, primarily loaded in shear, provides new mechanisms for stress 

dissipation and plastic deformation. Energy arising from fiber breakage in tension was observed to spread 

and dissipate within the nanostructured interphase, accompanied with stable fiber slippage, while the in-

terfacial strength was improved up to 30 %. 

Introduction 

 Structural fiber reinforced polymer com-

posites are widely used for their excellent mechan-

ical properties and low weight. Under tensile load, 

the reinforcing fibers begin to fragment due to the 

stochastic distribution of fiber strength and local 

load distribution, transferring stress to adjacent fi-
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bers through matrix shear. Once a cluster of corre-

lated breaks reaches a critical size,1 the stress con-

centrations triggers sudden failure,2 at relatively 

low overall composite strain to failure. In princi-

pal, the mechanical performance of composites 

may be improved by hindering the correlation of 

fiber breaks via new stress absorption/redistribu-

tion mechanisms at the interface. During compo-

site failure, energy is absorbed through interfacial 

debonding,3 post-debonding friction4 and fiber 

pull-out5 but toughness is significantly limited by 

the sudden failure caused by local stress concen-

tration. Weakening the interface can produce addi-

tional toughness, via long fiber delamination and 

subsequent pull-out6 but reduces the strength and 

stiffness of the composite. Intermittent modulation 

of fiber/matrix interfaces provides an interesting 

compromise;7-10 an advancing crack tip is blunted 

by fiber debonding in the weak interface regions, 

as described by Cook and Gordon,11 whereas the 

strong part of interface can prevent debonded 

length becoming too large. Strong interfaces can 

maximize the utilization of fibers,12, 13 whilst the 

rest of the interface volume can be used to increase 

energy absorption. However, stress concentrations 

still accumulate locally in the composite. 

Composite interfaces have been widely engi-

neered to increase toughness but this approach is 

often accompanied by a reduction in composite 

strength.6, 14, 15 For example, the deposition of a 

flexible, rubbery coating can allow for frictional 

sliding, plastic deformation, crack blunting and 

deflection,16-22 increasing composite toughness, 

though with some loss in flexural strength due to 

the low shear modulus around the fibers.16, 19 A 

more promising strategy is the incorporation of an-

isotropic or layered nanoparticles in the inter-

phase, as has been studied, both numerically23, 24 

and experimentally.25-27 Nanostructured inter-

phases are predicted to improve energy absorp-

tion, damage tolerance and fatigue of composites. 

23, 24  The use of well dispersed, individual aniso-

tropic nanoreinforcements, rather than clusters, is 

thought to be important. Parallel exfoliated 

nanosheets, near the surface of a fiber, are pre-

dicted to be much more effective at crack deflec-

tion than clustered particles.24 Crack deviation and 

blocking, as well as crack bridging are predicted 

to improve both initiation and propagation tough-

ness, dramatically.23, 28, 29 Graphene oxide 

nanosheets have been used experimentally, incor-

porated into composite sizing30 or directly depos-

ited onto the surface of the fibers,31, 32 and shown 

to improve fiber/matrix interfacial properties. Alt-

hough the nanosheets were agglomerated rather 

than individually incorporated in the interphase, 

crack-tip bridging was observed, allowing for suc-

cessful redistribution of stresses within the inter-

phase. When individual graphene oxide 

nanosheets were grafted onto glass33 and carbon34 

fiber surfaces, the interfacial shear strength was 

reported to increase by 36 %, but the effect on 

crack deflection and energy absorption, are not yet 

known. 

A new interface engineering approach to design 

composites possessing both high strength and 

toughness is needed. In principle, crack deflec-

tion35 and strain hardening36, 37 could be exploited 

in the interphase to maximize energy absorption 

whilst limiting delamination. These mechanisms 

can be observed in highly organized hierarchical 

biocomposites, such as the “brick-and-mortar” 

structure of natural nacre, providing exceptionally 

effective combinations of high toughness and 

strength in tension.36 Creating “brick-and-mortar” 

nanostructures, distributed around the circumfer-

ence of typical reinforcing fibers could introduce 

these toughening mechanisms into the interphase 

of composites. However, in order to succeed, the 

dimensions of the platelets must be carefully se-

lected to enable the relevant mechanisms yet allow 

conformal deposition. The structure of natural na-

cre cannot be wrapped around the surface of rein-

forcing fibers due to the large diameters of its min-

eral platelets (typically, a few microns). On the 

other hand, the aspect ratios of typical nanosheet 

reinforcements, such as graphene oxide or clay, 

are too large for effective pull-out; in addition, 

since the inorganic layers are thinner than typi-

cally polymers, it is impossible to retain a layered 

structure with a large inorganic fraction. However, 

we previously developed a well-defined “brick-

and-mortar” (LDH/PSS)n nanostructure which 

matched the geometry and phase proportions of 

natural nacre,36, 38 whilst reducing the absolute 

platelet size by an order of magnitude.39 This sys-

tem was developed as a planar coating which 



 

 

demonstrated effective crack deflection and strain 

hardening, alongside excellent stiffness and hard-

ness. Here, we transfer this architecture, using the 

same materials and methodologies, to the curved 

surface of reinforcing glass fibers, using a self-

limiting Layer-by-Layer (LbL) assembly method 

to coat a large number of cylindrical fibers simul-

taneously. The ability of the resulting nanostruc-

tured composite interphase to dissipate/redistrib-

ute stress at fiber breaks and promote stable fiber 

slippage in model glass fiber composites was as-

sessed by single fiber composite tests. 

 

Results and discussion 

The concept of a nanostructured composite inter-

phase requires a specific “brick-and-mortar” 

structure consisting of a dense, layered packing of 

hard hexagonal platelets in a soft matrix to be de-

posited around individual fibers (Fig. 1A). The as-

pect ratio (s) of the platelets should remain below 

the critical value at which platelet fracture domi-

nates over platelet pull-out.40 An aspect ratio of 10 

was selected for the platelets; critical aspect ratios 

around this value are commonly relevant for sys-

tems involving pull-out in a range of contexts in-

cluding the design of composites41 and in biologi-

cal structures.36 In addition, the platelets should 

conform to the surface of the fiber to an approxi-

mate accuracy at least better than half the thick-

ness of the underlying polymer layer (∆dpol). For a 

large number of deposited platelets and, therefore, 

low tangential deviation, the fiber perimeter is ap-

proximately the sum of the width of the platelets 

(wp) deposited on its surface. The maximum plate-

let width (wp,max), leading to a conformal coating 

and associated with a platelet tangential deviation 

∆dpol, can be expressed a follows:  

wp,max = 2rf−pol ∙ arccos(
rf−pol

rf−pol+∆dpol
) (1) 

where rf-pol is radius of fiber coated with a polymer 

precursor layer. The thickness of the initial poly-

mer on the fiber substrate can be assumed to be 

around 1.5 nm (the value is drawn from our previ-

ous study on the assembly of nanostructured nacre 

mimics on a flat substrate).39 The maximum plate-

let width required for a conformal coating can then 

be estimated for any reinforcing fiber diameter 

(Fig. 1B). Furthermore, it has been previously 

demonstrated for planar nanostructures, that the 

desired volume ratio of inorganic to organic phase 

in each bilayer of the structure should be around 

90:10 (90 vol.% of platelets),39 implying a poly-

mer layer 9 times thinner than the platelet thick-

ness. The latter constraint defines the minimum 

platelet width (wp,min), as a function of the polymer 

layer thickness dpol and platelet aspect ratio as fol-

lows: 

wp,min = 9s ∙ dpol    (2) 

At a given aspect ratio of 10, there is a narrow 

range of acceptable platelet dimensions that are 

most suitable to coat reinforcing fibers with typi-

cal diameters of 5 to 15 μm. We, therefore, devel-

oped an optimized nanostructured coating39 which 

is suitable to coat reinforcing fibers with a diame-

ter as low as 6 μm. The system uses 

[Mg2Al(OH)6]CO3.nH2O layered double hydrox-

ide (LDH) platelets (131 ± 44 nm wide, ≈ 13.6 nm 

thick) and soft poly(sodium 4-styrenesulfonate) 

(PSS) polyelectrolyte. In principle, this system 

should be suitable for coating structural glass fi-

bers. Prior to any deposition, the glass fibers were 

treated in piranha solution to remove the sizing 

and maximize the degree of surface hydroxylation 

(Fig. 1C). The treated fibers were hydrophilic and 

highly negatively charged at pH 10 (supplemen-

tary information, “Glass fibers surface treatment” 

S1), facilitating the separation of the fiber bundle 

into individual fibers when dipped into aqueous 

LbL solutions. The PSS solution, LDH suspension 

and water rinses were stirred to ensure full mono-

layer coverage of each fiber in the bundle and to 

remove excess particles after each deposition step 

(supplementary information, “Layer-by-Layer 

LDH monolayer deposition on glass fibers” S2). 

The positively-charged LDH platelets were depos-

ited homogeneously onto the negatively charged 

glass fiber surface, without significant overlaps or 

bald spots (SEM, Fig. 1D). The controlled bilayer 

formation is the basis for the subsequent deposi-

tion of repeatable (PSS/LDH)n multilayers (Fig. 

1E). However, to avoid premature delamination 

caused by rigid contacts between the hard platelets 

and the glass fiber surface (supplementary infor-

mation, “Ensuring coating adhesion with PDDA 

buffer layer” S3), the fibers were first coated with 



 

 

a cationic poly (diallyl dimethyl ammonium chlo-

ride) (PDDA) polyelectrolyte buffer layer, fol-

lowed by the standard bilayer structure to generate 

a PDDA/(PSS/LDH)n coating. Importantly, the 

LbL process was found to be effective when coat-

ing several hundred glass fibers simultaneously in 

a bundle (Fig. 1E). 

The LDH platelets form a dense organized layer 

by adjacent packing. The small number of excess 

LDH platelets were not found to disrupt the LbL 

process. The best evidence for consistent mono-

layer formation is the linear increase in 

PSS/LDH)n coating thickness with increasing 

number of dipping cycles (Fig. 2). All fibers were 

successfully coated homogeneously, as confirmed 

by these SEM images of the fiber cross-sections. 

The coating thickness after 12, 25, 50 and 75 dip-

ping cycles was determined to be about 200, 400, 

800 and 1200 nm, respectively (Fig. 2.ii-iii). Each 

dipping cycle, therefore adds around 16 nm. Since 

the average platelet thickness is about 14 nm, and 

the polyelectrolyte layer is expected to be 1-2 nm, 

the overall bilayer thicknesses are in excellent 

agreement with aligned monolayer deposition. 

Similar deposition rates were obtained for coat-

ings deposited onto flat glass slides using the same 

materials and methodologies.39 By analogy to the 

two-dimensional nanostructured films, the me-

chanical properties of the coating are expected to 

be very sensitive to its morphology and in partic-

ular to the proportion of inorganic phase in the 

coating and the degree of alignment of the plate-

lets.39 In-situ SEM nanoindentation was carried 

out on fibers with a thick PDDA/(PSS/LDH)75 

coating (Fig. 3A). The maximum indentation 

depth was kept within the first 15 % of the coating 

thickness to avoid any substrate effects. At a max-

imum depth of about 100 nm, the indent widths (< 

1 μm) were small compared to the diameter of the 

{fiber + coating} system (about 11.5 μm), such 

that the coating can be considered flat at the scale 

of the measurement. The elastic modulus and 

hardness determined using the Oliver and Pharr 

method,42 were about 65.0 ± 8.2 GPa and 2.3 ± 0.7 

GPa, respectively (Fig. 3B). The load-displace-

ment curve as well as elastic modulus and hard-

ness were very similar to the coating deposited on 

a flat glass substrate (65.8 ± 3.2 GPa and 2.3 ± 0.2 

GPa).39 The similar (and excellent) properties are 

good evidence that the order is retained. The plas-

tic index of the coating, defined as the ratio of the 

plastic deformation area of the nanoindentation 

curve to the overall area including both plastic de-

formation and elastic recovery, was also found 

comparable to that of coatings deposited on flat 

glass slides, around 0.8. The similar deposition 

rate, mechanical properties and plastic defor-

mation ratio of the coatings deposited on glass fi-

bers and flat substrates confirm the successful 

transfer of the anisotropic nanostructure onto a 

curved fiber substrate, retaining the desired 

“brick-and-mortar” structure. The next step was to 

determine the behaviour of this well-ordered 

nanostructured interphase in single glass fi-

ber/epoxy model composites. To confirm the im-

portance of the specific brick-and-mortar geome-

try and phase proportion, a control coating con-

taining smaller platelets (LDH-S, about 50 nm 

wide) was also studied (Fig. 4), It was previously 

shown that the incorporation of LDH-S platelets 

into planar coatings resulted in a higher polymer 

content and, therefore, no opportunity for platelet 

interlocking or strain hardening.39  

The strength of the interphase in shear,44, 45 as well 

as the effect of the strain hardening behavior of the 

coating on fiber debonding and slippage were 

studied via single fiber pull-out tests. A room tem-

perature curing epoxy resin was selected to avoid 

any dehydration of the nanostructured coating dur-

ing composite manufacturing, which is known to 

significantly reduce the plasticity of the “brick-

and-mortar” structures.43 The pull-out response 

can be divided in three consecutive steps46 (Fig. 

4A): i) the load applied to the fiber initially in-

creases linearly due to elastic deformation of the 

interface, followed by some plastic deformation in 

shear as fiber debonding initiates (ductile interfa-

cial failure); (ii) eventually, the load drops sharply 

due to full fiber debonding; and iii) the debonded 

fiber is pulled-out from the matrix, causing the 

friction force to decrease as the fiber-matrix con-

tact area is reduced. 



 

 

 

Figure 1. Layer-by-Layer assembly of a conformal nanostructured coating on glass fibers. Schematic of the LbL assembly process of 

PDDA/(PSS/LDH)n coatings on glass fibers (A) and suitable platelet width (wp) window for conformal coating deposition (with a platelet 

aspect ratio of 10 and inorganic content of at least 90 vol.%) established from Eq. 1 and Eq. 2 (B). SEM micrographs of bare glass fibers 

desized in piranha solution (C), desized glass fibers coated with a LDH monolayer (D) and desized glass fibers coated with a 

PDDA/(PSS/LDH)n multilayer coating (E). Note that the fibres are sputtered with a thin layer of chromium to reduce charging, but variations 

in surface conductivity may influence the contrast.  

The load-displacement pull-out curves of 

the coated fibres all show much greater plasticity 

than the bare glass fibers (Fig. 4B). The plastic de-

formation occurring in the interphase in shear can 

be attributed to platelet sliding/interlocking within 

the nanostructured interphase, allowing for stable 

fiber slippage. The maximum force required to 

fully debond the embedded fibers from the matrix 

was plotted as a function of the fiber embedded 

area; the gradient of the plot gives the apparent in-

terfacial shear strength (IFSS) (Fig. 4C). The inde-

pendence of the apparent IFSS from the embedded 

fiber length (Fig. 4D) indicates a valid ductile fail-

ure46 for all the interfaces investigated. For all the 

coated fibers (except those coated with LDH-S 

platelets), the IFSS was increased by between 20 

and 30 % depending on the interphase layer thick-

ness (Fig. 4E). The improved IFSS, indicates ef-

fective load transfer in presence of the optimized 

interphase, and could be related to the altered sur-

face chemistry, increased roughness, or a specific 

effect of the nanostructure. Crack bridging at 

platelet interfaces may allow for stress redistribu-

tion around the fiber surface as proposed previ-

ously for single graphene oxide nanosheets grafted 

to the fiber surface.30 Fibers coated with LDH-S 

platelets exhibit a reduced IFSS (-31 %), likely 

due to the high organic phase proportion (~40 

wt.%), low modulus, and lack of platelet interac-

tions.39  

The ability of the coating to promote stable 

stable fiber slippage within the matrix, was inves-

tigated by defining a debonding length ratio 

(DLR) between the fiber debonding length ld (in-

terface displacement prior to full debonding) over 

the initial fiber embedded length le (Fig. 4A). The 

well-ordered nanostructured interphase 

PDDA/(PSS/LDH)12 enabled much greater sliding 

than either the bare or control PDDA/(PSS/LDH-

S)12 coated fibers, giving around double the DLR 

(Fig. 4F). The results are consistent with the hy-

pothesis that the high concentration (90 vol.%) of 

LDH platelets in the optimized coating slide in 

shear but eventually interlock, propagating the 

yielded region away from the fiber break. In con-

trast, the lower DLR of PDDA(PSS/LDH-S)12 

coated control fibers is attributed to the small 
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platelets pulling-out of the polymer rich layers 

without any mechanical interaction, as found for 

the equivalent planar coatings.39 Platelet interlock-

ing was previously only evidenced for the opti-

mized coatings, which had a high degree of align-

ment (± 8˚) and high inorganic phase fraction (≈ 

90 wt.%); the most likely interaction mechanism, 

during platelet during pull-out, is through nanoas-

perities.39 The use of a PDDA/(PSS/LDH)25 fiber 

coating, with a thickness of about 0.4 μm, gave the 

maximum DLR of 0.4, almost three times higher 

than that of bare fibers. The thicker coatings had a 

relatively lower DLR, though still larger than that 

of the bare fibers. This effect may be related to a 

lower radial clamping force of the epoxy matrix 

on the fiber, since the shrinkage during matrix cure 

may be accommodated by the radial compliance 

of the larger volume of coating. A similar effect 

may explain the small reduction in IFSS for fibers 

coated with PDDA/(PSS/LDH)75. 

 

 

Figure 2. Nanostructured coatings deposited around desized glass fibers. Top surface and cross section SEM micrographs of glass fibers 

coated with PDDA/(PSS/LDH)n coating, n=12 (A), n=25 (B), n=50 (C) and n=75 (D). SEM micrographs of fiber top surface (i) and cross-

section (ii and iii); the limited resolution of the SEM combined with sputtered conductive chromium, prevent the observation of the fine 

brick and mortar structure.

 
Figure 3. In-situ SEM nanoindentation. SEM images of 

PDDA/(PSS/LDH)75 and LDH/(PSS/LDH)75 coatings deposited on 

a glass fiber and glass slide (A) show a consistent thickness of about 

1.2 µm, in agreement with the expected thickness of each bilayer. 

Nanoindentation load-displacement curves of PDDA/(PSS/LDH)75 

coated desized glass fiber and LDH/(PSS/LDH)75 coated glass slide 

(B) (both substrates were hydroxylated prior to depositing the 

coating) and elastic modulus E and hardness H of the coatings (C).  

The pull-out toughness of the different sys-

tems was quantified from the single fiber pull-out 

curves, separating two contributions in energy ab-

sorption (refer to Fig. 4A), namely, the fiber 

debonding toughness and fiber extraction tough-

ness. While both bare and PDDA/(PSS/LDH)25 

coated glass fibers have a similar overall pull-out 

toughness, all other coated fibers exhibited a re-

duced total toughness (Fig. 5A). However, the 

debonding toughness of the coated fibers (Fig. 5B) 

remained either constant or increased signifi-

cantly. In the best case, for the fibers coated with 

PDDA/(PSS/LDH)25, the debonding toughness 
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was three times higher than that of bare fibers; in-

creasing from 543 to 1422 J·m-2. This increase can 

be attributed to nacre-like toughening mechanisms 

of the interphase in shear, namely through platelet 

sliding/interlocking. Indeed, platelet interlocking 

in natural nacre was found to be more efficient in 

shear, leading to more pronounced strain harden-

ing and plastic deformation, as compared to ten-

sion.36 The reduction in debonding toughness 

measured for coatings consisting of more than 25 

bilayers can be correlated with the decrease in 

DLR, and attributed to the reduced radial clamp-

ing force acting on the fiber through the compliant 

coating. 

 

 

 

Figure 4. Single fiber pull-out tests. Schematic of single coated fiber pull-out process (A) – i,ii and iii indicate the different steps of the pull-

out process. Load-displacement curves (B), maximum force applied to the fiber as  function of fiber embedded area in the matrix (C) and 

apparent IFSS as function of embedded fiber length (D) for bare and PDDA/(PSS/LDH)n as well as PDDA/(PSS/LDH-S)12 coated desized 

glass fibers. IFSS and DLR for bare and PDDA/(PSS/LDH)n as well as PDDA/(PSS/LDH-S)12 coated desized glass fibers (E and F, 

respectively).
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On the other hand, the extraction tough-

ness of the coated fibers from the resin after failure 

of the interface was substantially reduced (Fig. 

5C), which may be due to a reduction in thickness 

after yield, alleviating the radial clamping stress 

required for friction. However, an increase in the 

coating thickness was found to slightly increase 

the fiber extraction toughness, which may be at-

tributed to the deformation of a greater volume of 

coating material. After complete extraction of the 

partly embedded coated fibers, the coating was 

found to be removed from the fibers (Fig. 5i). The 

debonding toughness for coated fibers represents 

approximately 75 % of the overall pull-out tough-

ness in contrast to about 35 % for the bare fibers 

(Fig. 5D). 

To minimize the probability of neighbor-

ing fibers failing after an initial fiber break, load 

must be redistributed over a larger region, to min-

imize stress concentrations. Single fiber fragmen-

tation tests probe the IFSS in a more realistic load-

ing and allow the stress field to be imaged via po-

larized light microscopy. The fragmentation of 

bare fibers in epoxy leads to an intense stress con-

centration near fiber breaks (Fig. 6A).

In contrast, the optimal (PDDA/(PSS/LDH)25 

nanostructured interphase exhibited reduced 

stresses arising from the fiber breaks as indicated 

by the local birefringence patterns (Fig. 6B). The 

reduced intensity and size of the stress fields indi-

cated that the nanostructured interphase dissipated 

the stresses caused by fiber breaks along the fiber 

length. The reduction in stress concentrations may 

be the result of crack deflection within the inter-

phase and progressive debonding. The IFSS was 

deduced from the fiber fragment lengths measured 

after fragmentation saturation. The distribution of 

the fiber fragment lengths (Fig. 6C) was slightly 

shifted towards smaller values when coated with 

PDDA/(PSS/LDH)25 indicating improved adhe-

sion. Similarly, the cumulative distribution of the 

fragment length (Fig. 6D) levels off at smaller 

fragment lengths in the case of coated fibers. Mean 

fragment lengths (arithmetic mean) of 335 ± 22 

and 260 ± 17 μm were measured for bare and 

coated fibers, respectively. Since the tensile 

strength of hydroxylated bare glass fibers should 

not differ, one can determine the IFSS of coated 

fibers by directly comparing the aspect ratio of the 

critical fragments, using a fiber diameter of 9 μm 

and the measured critical fragment lengths of 447 

± 29 and 347 ± 22 μm for bare and coated fibers, 

respectively (refer to Method section). Absolute 

IFSS values can be calculated from the single fiber 

fragmentation data, using a fiber tensile strength 

of 3.45 GPa (provided by the manufacturer, AGY). 

Hence, IFSS values of 44.2 ± 2.3 and 34.5 ± 2.1 

MPa were determined for PDDA/(PSS/LDH)25 

coated and bare fibers, respectively. The values are 

in close agreement with the pull-out data (38.7 ± 

2.9 and 31.1 ± 2.7 MPa, respectively) as is the rel-

ative increase in IFSS of 28 % (24 %). 

 
Figure 5. Single fiber pull-out toughness. Overall pull-out 

toughness (A), debonding toughness (B), extraction toughness (C) 

and debonding toughness ratio (debonding/overall toughness) (D) 

as function of the thickness of the nanostructured 

PDDA/(PSS/LDH)n coating deposited on desized glass fibers, in 

epoxy.
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Figure 6. Single fiber fragmentation tests. Optical micrographs taken using cross polarized light in transmission during a fragmentation 

experiment of bare (A) and PDDA/(PSS/LDH)25 (B) coated desized glass fibers in epoxy - white arrows indicate fiber breaks. Histogram 

(C) and cumulative (D) distribution of fiber fragment lengths (at full saturation) for bare and PDDA/(PSS/LDH)25 coated desized glass fibers. 

 

Conclusions 

A nanostructured, ordered “brick-and-mortar” in-

terphase was deposited by LbL assembly onto the 

surface of glass fibers. Hydroxylated glass fibers, 

with a high surface charge density, allowed for the 

deposition of repeatable bilayers with good adhe-

sion. The platelet dimensions were selected so that 

the coating was conformal to the surface of the fi-

ber, while retaining the platelet geometry, phase 

proportion and degree of order required for a “na-

cre-like” behavior.39 The window of suitable 

platelet sizes for the successful application of the 

nanostructured coatings to major reinforcing fi-

bers, is very narrow, so the nanostructure was de-

signed carefully. As found with the planar ana-

logue,39 the nanoscale LDH platelets assembled 

particularly effectively assemble into an ordered, 

homogeneous, and reproducible coating. Gener-

ally, LbL assembly is considered to be too slow for 

practical volumes of material but here the produc-

tion rate was accelerated by the simultaneous coat-

ing of a large number of fibers in a bundle; even 

relatively thin coatings on the fibers represent a 

significant volume fraction in the final composite, 

and, as demonstrated, can have a significant influ-

ence on performance. The approach is therefore a 

promising application of LbL. In principle, the 

process could be easily scaled-up to coating con-

tinuous fibers by adding additional baths or multi-

ple passes to a traditional sizing line. Fibers coated 

in this way could be used to manufacture compo-

sites, using conventional processes. The aniso-

tropic morphology and strain hardening character 

of the nanostructured interphase reduced the local 

stress concentrations arising from fiber breaks and 

increased the extent of stable fiber slippage. This 

approach provides a potentially new route around 

the seemingly inevitable trade-off between 

strength and toughness, experienced in engineered 

composite materials. Larger scale composite tests 

are warranted to establish the potential of the coat-

ing to “isolate” fiber breaks and allow stable fiber 

slippage, improving the composite tensile proper-

ties. 
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Methods 

Materials: Poly (sodium 4-styrene sulfonate) so-

lution (PSS, Mw = 70,000, 30 wt.% in H2O), poly 

(diallyl dimethyl amonium) solution (PDDA, Mw 

= 100,000-200,000, 20 wt.% in H2O), 

Mg(NO3)26H2O, Al(NO3)39H2O, NaOH and 

Na2CO3 were purchased from Sigma-Aldrich. De-

ionized water (15 MΩ.cm-1), sulphuric acid (95 %) 

and hydrogen peroxide (30 wt.% in H2O) were 

purchased from VWR. S2 sized glass fiber yarns 

(about 4.3k) were kindly provided by AGY Inc. 

(933 S2, 3k). The two-component epoxy system 

(Loctite, double bubble 2-part epoxy, IDH-

1303596) was purchased from RS components. 

Synthesis of Mg2-Al-CO3-LDH: A 10 ml metal salt 

solution containing 2 mM of Mg(NO3)26H2O and 

1 mM Al(NO3)39H2O as well as a 40 ml basic so-

lution containing 6 mM NaOH and 0.6 mM 

Na2CO3 were prepared separately. The metal salt 

solution was added to the basic solution in less 

than 5 s, under vigorous stirring, followed by fur-

ther stirring (750 rpm) at room temperature for 20 

min. The mixture was then centrifuged at 15,000 

rpm for 15 min to retrieve the LDH slurry. Subse-

quently, the slurry was washed twice by re-disper-

sion in deionized water followed by bath soni-

cation (75 W) for 5 min and finally by centrifuga-

tion at 15,000 rpm for 15 min. After washing, the 

slurry was dispersed in 25 ml deionized water 

(0.4 wt.%) via bath sonication and placed in an au-

toclave for hydrothermal treatment at 100 °C for 4 

h (LDH-S) or 72 h (LDH with optimized dimen-

sions). The LDH solution was used within the first 

month after the synthesis to avoid possible platelet 

re-aggregation; the quality of the dispersion re-

mained stable over this timeframe. 

Solutions: After hydrothermal treatment, 25 ml 

LDH dispersion in water (0.4 wt. %) was further 

diluted by addition of 20 ml deionized water to ob-

tain a LDH dispersion with a concentration of 

0.3 wt.% at pH 10 (as synthesized). 3.35 ml of PSS 

was added into 1L deionized water to form a poly-

electrolyte (PE) aqueous solution with a concen-

tration of 0.1 wt.%. Similarly, 5 ml of PDDA was 

added to 1 L of deionized water to form an aque-

ous PE solution with a concentration of 0.1 wt.%. 

The pH of the PSS and PDDA solutions were then 

adjusted to 10 by the addition of 0.1 M NaOH. 

Preparation of glass fiber tows: Prior to LbL coat-

ing, the S2 glass fibers were desized in piranha so-

lution (a 2:1 mixture of sulphuric acid and 

(30 wt.%) hydrogen peroxide). Tows of glass fi-

bers were immersed in the piranha solution for 

about 1 h, heated to 90 °C and subsequently rinsed 

in DI water multiple times. After treatment, the fi-

bers were stored in a sealed jar filled with deion-

ized water for a maximum of two weeks.  

Layer-by-Layer assembly of (LDH/PSS)n: In order 

to form a first monolayer of LDH platelets or 

PDDA on glass fibers, a bundle of negatively 

charged fibers (few hundreds) was dipped into the 

dispersion containing 0.3 wt.% positively charged 

LDH or in 0.1 wt.% PDDA solution at pH 10 for 

10 min. The bundle of fibers was subsequently 

rinsed by immersion into water at pH 10 for 2 min 

followed by two dips of 30 s into two different wa-

ter tubes. The rinsing step was carried out to re-

move excess particles weakly associated to the 

surface/meniscus after each deposition. To form 

(LDH/PSS) bilayers and multilayers, the charged 

glass fibers were alternately dipped into the LDH 

(0.3 wt.%) dispersion and PSS solution (0.1 wt.%) 

for 10 min each, interspersed by 2 min-rinsing 

steps in water after each deposition. The pH was 

kept constant at 10 throughout the entire process. 

Moderate stirring (300 rpm) of all solutions was 

used to allow for removal of the excess particles 

and to ensure a full coverage of all fibers. Coating 

deposition was carried out using a home-made au-

tomatic dipping robot with dipping and removing 

rates fixed of about 4 mm s-1. After deposition of 

the last layer, the coated fibers were rinsed and al-

lowed to dry at room temperature overnight prior 

to characterization. 

Morphology of the nanostructured coating: Imag-

ing of the monolayer and multilayer coatings de-

posited on glass fibers was performed on a scan-

ning electron microscope (SEM, LEO Gemini 

1525 FEGSEM). Due to the non-conductive na-

ture of the coating, a thin layer of chromium 

(about 10 nm) was sputter coated on top of each 

sample prior to imaging. SEM was used to image 

the top surfaces and cross-sections of the coatings, 

operating at 5 keV.  

Mechanical characterization of nanostructured 

interphase: The mechanical properties of the 



 

 

1.2 μm-thick PDDA/(PSS/LDH)75 coatings de-

posited on glass fibers were investigated using an 

nanoindenter (Alemnis) in-situ SEM (Auriga, Carl 

Zeiss), equipped with a Berkovich tip in load con-

trol. The test can be divided in three different 

steps, namely, loading, creeping at constant maxi-

mum load and unloading of the specimen while 

the system is recording the applied load against the 

depth displacement. The contact area of the tip 

with the specimen is described by the area func-

tion A(hc), correlating the contact area as a func-

tion of the contact depth hc. Therefore, the hard-

ness of the tested specimen is directly measured 

from the load (P) applied divided by the area func-

tion (A) at the associated displacement depth: 

 

𝐇 =
𝐏

𝐀
 

The load-displacement curve obtained during 

nanoindentation was used to measure the stiffness 

of the tested specimen. The early part of the un-

loading segment of the curve was linearly fitted 

and is, therefore, associated to the elastic modulus 

E:  

𝐄 =
𝟏

𝛃
.
√𝛑

𝟐
.

𝐒

√𝐀(𝐡𝐜)
 

where β is a dimensionless parameter and S the 

slope of the unloading segment of the load-dis-

placement curve. The contact depth was measured 

as the permanent indent left after indentation 

through the relation: 

 

hc = hmax −
Pmax

S
 

A maximum applied load of about 0.6 mN was ap-

plied to the coated fiber within 30 s. Viscoelastic-

ity of the coating, through deformation of the pol-

ymer phase, was investigated by holding the in-

dentation maximum load for about 30 s, allowing 

the coating to creep. Unloading of the coating was 

carried out within 30 s. The coating was indented 

3 times, at different locations along the length of 

the same fiber. In order to avoid compliance of the 

fiber or motion during indentation, sliver paint 

was applied to a bundle of coated fibers to keep 

them in place, partly embedded in a rigid medium. 

An area clear of silver paint was selected to carry 

out the tests. Plastic deformation of 

PDDA/(PSS/LDH)75 was investigated via the 

measurement of the index of plasticity ξ:  

 

ξ =
A1

A1 + A2
 

 

where A1 and A2 are the areas of the plastic defor-

mation and viscoelastic recovery region under the 

load-displacement curve, respectively. 

 The interfacial properties between a bare glass 

and a fiber coated with PDDA/(PSS/LDH)n and 

LDH/(PSS/LDH)n and epoxy resin were deter-

mined by single fiber pull-out tests46 and single fi-

ber fragmentation tests. The single fiber pull-out 

test is based on the extraction of a partially embed-

ded fiber from a matrix (Loctite, double bubble – 

epoxy system) by applying a force to the fiber per-

pendicular to the matrix surface. The fiber was 

embedded using a home-built embedding appa-

ratus. The pull-out of the fiber was carried out us-

ing a piezo-motor fixed on a stiff frame. The free 

end of the fiber was glued to the clamping frame. 

The fiber was pulled-out at a speed of about 1 μm 

s-1 while recording the load applied to the interface 

by a load cell until full extraction of the fiber using 

a home-built equipment. The maximum load re-

quired to initiate the delamination of the fiber is 

related to the apparent interfacial shear strength 

(IFSS) of the interface,44, 47 

 

 

IFSS =
Fmax

Ae
 

where Fmax is the maximum load initiating the de-

lamination and Ae the embedded fiber area. The 

IFSS was determined from the linear fit of Fmax as 

a function of Ae. In order to obtain a statistically 

significant value of the IFSS, at least 15 tests were 



 

 

carried out. The fiber pull-out toughness was de-

termined by dividing the entire area under the 

load-displacement curve by the embedded area of 

the fiber. Debonding and extraction toughness 

were then extracted from the area under the corre-

sponding region of the load-displacement curve. 

Single fiber fragmentation tests were prepared by 

casting an epoxy film onto a glass slide on which 

5 fibers were taped aligned about 200 to 300 μm 

above the surface by using a double-sided sticky 

tape. 5 ml of a 30 wt.% epoxy solution (Loctite, 

double bubble 2-part epoxy, IDH-1303596) in ac-

etone was cast twice on the slide in order to obtain 

a 500 to 600 μm-thick film. After evaporation of 

the acetone, the film was gently peeled of the sub-

strate using a scalpel and tweezers and subse-

quently punched into a dog-bone shape by using a 

punch press (Zwick, D-7900, Ulm, Germany) 

equipped with dog-bone die. The specimens were 

40 mm-long and 7 mm-wide with a gauge length 

of 15 mm and 2.5 mm wide with a progressive in-

crease in the specimen width between end-tab and 

gauge length from 2.5 to 7 mm along a length of 

2.5 mm. The specimen was mounted on a small 

tensile tester (Linkam Scientific Instruments, 

TST350) equipped with a 200 N load cell. Initia-

tion and saturation of fiber fragmentation up to a 

strain of 25 % was tracked using camera mounted 

on an optical microscope.48 Five specimens were 

tested for each system in order to produce at least 

100 fiber fragments. Stress transferred to the ma-

trix resin in the vicinity of a fiber fragment at var-

ious strain was observed under a microscope after 

release of the stresses using cross polarized light 

in transmission. The fiber fragment length was 

measured and the fragment length distribution was 

then plotted using a histogram and cumulative dis-

tribution to determine the impact of the coating 

onto the interfacial shear strength. The improve-

ment in IFSS of the fiber/epoxy interface with 

nanostructured interphase was measured from the 

fiber critical fragment length, using the Kelly-Ty-

son model5 as described below. 

 

IFSS =
σfdf
2lc

 

lc =
4

3
l 

where σf and d are the strength at critical length 

and the diameter of the fiber and l is the mean fiber 

fragment length at saturation.49 
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