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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 interfacial strength was improved up to 30 %.

Introduction
Structural fiber reinforced polymer composites are widely used for their excellent mechanical 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-

bers through matrix shear. Once a cluster of correlated breaks reaches a critical size,1 the stress concentrations triggers sudden failure,2 at relatively
low overall composite strain to failure. In principal, the mechanical performance of composites
may be improved by hindering the correlation of
fiber breaks via new stress absorption/redistribution mechanisms at the interface. During composite 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 concentration. Weakening the interface can produce additional 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 engineered 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 anisotropic or layered nanoparticles in the interphase, as has been studied, both numerically23, 24
and experimentally.25-27 Nanostructured interphases are predicted to improve energy absorption, damage tolerance and fatigue of composites.
23, 24
The use of well dispersed, individual anisotropic nanoreinforcements, rather than clusters, is
thought to be important. Parallel exfoliated
nanosheets, near the surface of a fiber, are predicted to be much more effective at crack deflection than clustered particles.24 Crack deviation and
blocking, as well as crack bridging are predicted

to improve both initiation and propagation toughness, dramatically.23, 28, 29 Graphene oxide
nanosheets have been used experimentally, incorporated into composite sizing30 or directly deposited onto the surface of the fibers,31, 32 and shown
to improve fiber/matrix interfacial properties. Although the nanosheets were agglomerated rather
than individually incorporated in the interphase,
crack-tip bridging was observed, allowing for successful redistribution of stresses within the interphase. 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 deflection35 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 circumference 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 selected to enable the relevant mechanisms yet allow
conformal deposition. The structure of natural nacre cannot be wrapped around the surface of reinforcing fibers due to the large diameters of its mineral 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 typically polymers, it is impossible to retain a layered
structure with a large inorganic fraction. However,
we previously developed a well-defined “brickand-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 system was developed as a planar coating which

demonstrated effective crack deflection and strain
hardening, alongside excellent stiffness and hardness. Here, we transfer this architecture, using the
same materials and methodologies, to the curved
surface of reinforcing glass fibers, using a selflimiting Layer-by-Layer (LbL) assembly method
to coat a large number of cylindrical fibers simultaneously. The ability of the resulting nanostructured composite interphase to dissipate/redistribute stress at fiber breaks and promote stable fiber
slippage in model glass fiber composites was assessed by single fiber composite tests.
Results and discussion
The concept of a nanostructured composite interphase requires a specific “brick-and-mortar”
structure consisting of a dense, layered packing of
hard hexagonal platelets in a soft matrix to be deposited around individual fibers (Fig. 1A). The aspect ratio (s) of the platelets should remain below
the critical value at which platelet fracture dominates 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 systems involving pull-out in a range of contexts including the design of composites41 and in biological structures.36 In addition, the platelets should
conform to the surface of the fiber to an approximate accuracy at least better than half the thickness of the underlying polymer layer (∆dpol). For a
large number of deposited platelets and, therefore,
low tangential deviation, the fiber perimeter is approximately the sum of the width of the platelets
(wp) deposited on its surface. The maximum platelet 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(r

rf−pol

f−pol +∆dpol

)

(1)

where rf-pol is radius of fiber coated with a polymer
precursor layer. The thickness of the initial polymer on the fiber substrate can be assumed to be
around 1.5 nm (the value is drawn from our previous study on the assembly of nanostructured nacre
mimics on a flat substrate).39 The maximum platelet 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 polymer layer 9 times thinner than the platelet thickness. The latter constraint defines the minimum
platelet width (wp,min), as a function of the polymer
layer thickness dpol and platelet aspect ratio as follows:
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 typical diameters of 5 to 15 μm. We, therefore, developed an optimized nanostructured coating39 which
is suitable to coat reinforcing fibers with a diameter as low as 6 μm. The system uses
[Mg2Al(OH)6]CO3.nH2O layered double hydroxide (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 fibers. 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 (supplementary 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 monolayer 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 deposited 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 deposition 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 information, “Ensuring coating adhesion with PDDA
buffer layer” S3), the fibers were first coated with

a cationic poly (diallyl dimethyl ammonium chloride) (PDDA) polyelectrolyte buffer layer, followed by the standard bilayer structure to generate
a PDDA/(PSS/LDH)n coating. Importantly, the
LbL process was found to be effective when coating 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 monolayer 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 dipping 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 coatings deposited onto flat glass slides using the same
materials and methodologies.39 By analogy to the
two-dimensional nanostructured films, the mechanical properties of the coating are expected to
be very sensitive to its morphology and in particular to the proportion of inorganic phase in the
coating and the degree of alignment of the platelets.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 maximum 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-displacement curve as well as elastic modulus and hardness 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 plastic index of the coating, defined as the ratio of the
plastic deformation area of the nanoindentation
curve to the overall area including both plastic deformation 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 deformation ratio of the coatings deposited on glass fibers 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 fiber/epoxy model composites. To confirm the importance of the specific brick-and-mortar geometry and phase proportion, a control coating containing 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 temperature curing epoxy resin was selected to avoid
any dehydration of the nanostructured coating during composite manufacturing, which is known to
significantly reduce the plasticity of the “brickand-mortar” structures.43 The pull-out response
can be divided in three consecutive steps46 (Fig.
4A): i) the load applied to the fiber initially increases linearly due to elastic deformation of the
interface, followed by some plastic deformation in
shear as fiber debonding initiates (ductile interfacial 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 contact area is reduced.
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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 deformation 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 interfacial shear strength (IFSS) (Fig. 4C). The independence of the apparent IFSS from the embedded
fiber length (Fig. 4D) indicates a valid ductile failure46 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 thickness (Fig. 4E). The improved IFSS, indicates effective load transfer in presence of the optimized
interphase, and could be related to the altered surface 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 previously 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 interactions.39
The ability of the coating to promote stable
stable fiber slippage within the matrix, was investigated by defining a debonding length ratio
(DLR) between the fiber debonding length ld (interface 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/LDHS)12 coated fibers, giving around double the DLR
(Fig. 4F). The results are consistent with the hypothesis 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 contrast, the lower DLR of PDDA(PSS/LDH-S)12
coated control fibers is attributed to the small

platelets pulling-out of the polymer rich layers
without any mechanical interaction, as found for
the equivalent planar coatings.39 Platelet interlocking was previously only evidenced for the optimized coatings, which had a high degree of alignment (± 8˚) and high inorganic phase fraction (≈
90 wt.%); the most likely interaction mechanism,
during platelet during pull-out, is through nanoasperities.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
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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.
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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 crosssection (ii and iii); the limited resolution of the SEM combined with sputtered conductive chromium, prevent the observation of the fine
brick and mortar structure.
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).
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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

The pull-out toughness of the different systems was quantified from the single fiber pull-out
curves, separating two contributions in energy absorption (refer to Fig. 4A), namely, the fiber
debonding toughness and fiber extraction toughness. While both bare and PDDA/(PSS/LDH)25
coated glass fibers have a similar overall pull-out
toughness, all other coated fibers exhibited a reduced total toughness (Fig. 5A). However, the
debonding toughness of the coated fibers (Fig. 5B)
remained either constant or increased significantly. In the best case, for the fibers coated with
PDDA/(PSS/LDH)25, the debonding toughness

was three times higher than that of bare fibers; increasing 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 hardening and plastic deformation, as compared to tension.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 clamping force acting on the fiber through the compliant
coating.
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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 pullout process. Load-displacement curves (B), maximum force applied to the fiber as function of fiber embedded area in the matrix (C) and
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respectively).

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 indicated 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 interphase 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 adhesion. 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 relative increase in IFSS of 28 % (24 %).
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To minimize the probability of neighboring fibers failing after an initial fiber break, load
must be redistributed over a larger region, to minimize stress concentrations. Single fiber fragmentation tests probe the IFSS in a more realistic loading and allow the stress field to be imaged via polarized light microscopy. The fragmentation of
bare fibers in epoxy leads to an intense stress concentration near fiber breaks (Fig. 6A).
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On the other hand, the extraction toughness 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 attributed 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
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Conclusions
A nanostructured, ordered “brick-and-mortar” interphase 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 adhesion. The platelet dimensions were selected so that
the coating was conformal to the surface of the fiber, while retaining the platelet geometry, phase
proportion and degree of order required for a “nacre-like” behavior.39 The window of suitable
platelet sizes for the successful application of the
nanostructured coatings to major reinforcing fibers, is very narrow, so the nanostructure was designed carefully. As found with the planar analogue,39 the nanoscale LDH platelets assembled
particularly effectively assemble into an ordered,
homogeneous, and reproducible coating. Generally, LbL assembly is considered to be too slow for
practical volumes of material but here the production rate was accelerated by the simultaneous coating 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 influence on performance. The approach is therefore a
promising application of LbL. In principle, the
process could be easily scaled-up to coating continuous fibers by adding additional baths or multiple passes to a traditional sizing line. Fibers coated
in this way could be used to manufacture composites, using conventional processes. The anisotropic 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 coating to “isolate” fiber breaks and allow stable fiber
slippage, improving the composite tensile properties.

Methods
Materials: Poly (sodium 4-styrene sulfonate) solution (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. Deionized 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, IDH1303596) 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 solution 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 further 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. Subsequently, the slurry was washed twice by re-dispersion in deionized water followed by bath sonication (75 W) for 5 min and finally by centrifugation 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 autoclave for hydrothermal treatment at 100 °C for 4
h (LDH-S) or 72 h (LDH with optimized dimensions). The LDH solution was used within the first
month after the synthesis to avoid possible platelet
re-aggregation; the quality of the dispersion remained 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 obtain 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 polyelectrolyte (PE) aqueous solution with a concentration of 0.1 wt.%. Similarly, 5 ml of PDDA was
added to 1 L of deionized water to form an aqueous 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 coating, the S2 glass fibers were desized in piranha solution (a 2:1 mixture of sulphuric acid and
(30 wt.%) hydrogen peroxide). Tows of glass fibers 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 fibers were stored in a sealed jar filled with deionized 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 water tubes. The rinsing step was carried out to remove 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 automatic 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 allowed to dry at room temperature overnight prior
to characterization.
Morphology of the nanostructured coating: Imaging of the monolayer and multilayer coatings deposited on glass fibers was performed on a scanning electron microscope (SEM, LEO Gemini
1525 FEGSEM). Due to the non-conductive nature 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 deposited on glass fibers were investigated using an
nanoindenter (Alemnis) in-situ SEM (Auriga, Carl
Zeiss), equipped with a Berkovich tip in load control. The test can be divided in three different
steps, namely, loading, creeping at constant maximum 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 function A(hc), correlating the contact area as a function of the contact depth hc. Therefore, the hardness of the tested specimen is directly measured
from the load (P) applied divided by the area function (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 unloading segment of the curve was linearly fitted
and is, therefore, associated to the elastic modulus
E:
𝐄=

𝟏 √𝛑
𝐒
.
.
𝛃 𝟐 √𝐀(𝐡𝐜 )

where β is a dimensionless parameter and S the
slope of the unloading segment of the load-displacement curve. The contact depth was measured
as the permanent indent left after indentation
through the relation:
hc = hmax −

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 deformation 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 determined by single fiber pull-out tests46 and single fiber fragmentation tests. The single fiber pull-out
test is based on the extraction of a partially embedded fiber from a matrix (Loctite, double bubble –
epoxy system) by applying a force to the fiber perpendicular to the matrix surface. The fiber was
embedded using a home-built embedding apparatus. The pull-out of the fiber was carried out using 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 required to initiate the delamination of the fiber is
related to the apparent interfacial shear strength
(IFSS) of the interface,44, 47

Pmax
S
IFSS =

A maximum applied load of about 0.6 mN was applied to the coated fiber within 30 s. Viscoelasticity of the coating, through deformation of the polymer phase, was investigated by holding the indentation 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

Fmax
Ae

where Fmax is the maximum load initiating the delamination 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 determined 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 corresponding 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 acetone 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 substrate using a scalpel and tweezers and subsequently 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 increase 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. Initiation 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 matrix resin in the vicinity of a fiber fragment at various 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 distribution to determine the impact of the coating
onto the interfacial shear strength. The improvement in IFSS of the fiber/epoxy interface with
nanostructured interphase was measured from the
fiber critical fragment length, using the Kelly-Tyson model5 as described below.

IFSS =

σf df
2lc

lc =

4
l
3

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
Acknowledgment
We greatly acknowledge J. Elsdon for designing
and building the robotic-dipping LbL system used
for this research.
SUPPORTING INFORMATION
“Glass fibers surface treatment”, “Layer-by-Layer
LDH monolayer deposition on glass fibers” and
“Ensuring coating adhesion PDDA buffer layer”,
Supporting Information, S1 to S3, respectively,
(Figure S1-S5), as described in the text. This material is available free of charge via the Internet at
http://pubs.acs.org.

Corresponding Author
* Alexander Bismarck
Email: alexander.bismarck@univie.ac.at
Polymer & Composite Engineering (PaCE)
Group, Institute of Materials Chemistry and Research, University of Vienna, Währinger Str. 42,
A-1090, Vienna, Austria
* Milo Shaffer
Email: m.shaffer@imperial.ac.uk
Nanostructured Hierarchical Assemblies and
Composites (NanoHAC), Imperial College London, Department of Materials, South Kensington
campus, SW7 2AZ, London, UK
Funding Sources
This work was funded under the UK Engineering
and Physical Sciences Research Council (EPSRC)
Programme Grant EP/I02946X/1 on High Performance Ductile Composite Technology in collaboration with the University of Bristol. Supporting
data are available, subject to a non-disclosure
agreement. Please contact the corresponding author in the first instance.

References
1.
Aroush, D.; Maire, E.; Gauthier, C.; Youssef, S.; Cloetens, P.; Wagner, H. D. A study of fracture of unidirectional composites using in situ high-resolution synchrotron X-ray microtomography. Composites Science and Technology. 2006, 66, 10,
1348-1353.
2.
Curtin, W.A. Stochastic damage evolution and failure in
fiber-reinforced composites. Advances in Applied Mechanics.
1998, 36,163-253.

17.
Crasto, A.; Subramanian, R. The influence of the interphase on composite properties: Poly (ethylene- co- acrylic acid)
and poly (methyl vinyl ether- co- maleic anhydride) electrodeposited on graphite fibers. Polymer Composites. 1988, 9, 1, 78-92.
18.
Subramanian, R.; Crasto, A. Electrodeposition of a polymer interphase in carbon fiber composites. Polymer composites.
1986, 7, 4, 201-218.
19.
Peiffer, D.G.; Nielsen, L.E. Preparation and mechanical
properties of thick interlayer composites. Journal of Applied Polymer Science. 1979, 23, 2253-2264.

3.
Outwater, J.; Murphy, L. Paper 11C, 24th Annual Technical Conference of Composites. 1969.

20.
Evans, A.G.; Zok, F.W; Davis, J. The role of interfaces
in fiber-reinforced brittle matrix composites. Composites Science
and technology. 1991, 42, 3-24.

4.
Kelly, A. Interface effects and the work of fracture of a
fibrous composite. Proceedings of the Royal Society of London A:
Mathematical, Physical and Engineering Sciences. 1970, 319, 95116.

21.
Kim, J.; Mai, Y.W. Effects of interfacial coating and
temperature on the fracture behaviours of unidirectional Kevlar and
carbon fibre reinforced epoxy resin composites. Journal of materials science. 1991, 26, 17, 4702-4720.

5.
Kelly, A.; Tyson, W.R. Tensile properties of fibre-reinforced metals: copper/tungsten and copper/molybdenum. Journal
of Mechanics and Physics of Solids. 1965, 13, 6, 238-338.

22.
Chang, J.; Bell, J.; Shkolnik, S. Electro- copolymerization of acrylonitrile and methyl acrylate onto graphite fibers. Journal of Applied Polymer Science. 1987, 34, 6, 2105-2124.

6.
Karger-Kocsis, J., Mahmood, H.; Pegoretti, A. Recent
advances in fiber/matrix interphase engineering for polymer composites. Progress in Materials Science. 2015, 73, 1-43.

23.
Mishnaevsky, L. Nanostructured interfaces for enhancing mechanical properties of composites: Computational micromechanical studies. Composites Part B: Engineering. 2015, 68, 75-84.

7.
Marston, T.; Atkins, A.; Felbeck, D. Interfacial fracture
energy and the toughness of composites. Journal of Materials Science. 1974, 9, 3, 447-455.

24.
Dai, G.; Mishnaevsky, L. Fatigue of multiscale composites with secondary nanoplatelet reinforcement: 3D computational
analysis. Composites Science and Technology. 2014, 91, 71-81.

8.
Atkins, A. Intermittent bonding for high toughness/high
strength composites. Journal of Materials Science. 1975, 10, 5,
819-832.

25.
Naslain, R.R. The design of the fibre-matrix interfacial
zone in ceramic matrix composites. Composites Part A: Applied
Science and Manufacturing. 1998, 29, 9, 1145-1155.

9.
Atkins, A.; Mai, Y. Effect of water and ice on strength
and fracture toughness of intermittently bonded boron-epoxy composites. Journal of Materials Science. 1976, 11, 12, 2297-2306.

26.
Naslain, R.R.; Pailler, R.J.F.; Lamon, J.L. Single- and
multilayered interphases in SiC/SiC composites exposed to severe
environmental conditions: an overview. international journal of applied ceramic technology. 2010, 7, 3, 263-275.

10.
Atkins, A. Imparting strength and toughness to brittle
composites. Nature. 1974, 252, 116-118.
11.
Cook, I.; Gordon, J. JE Proc. Roy. Soc-London. 1964,
282, 508.
12.
Atkins, A.G. Intermittent bonding for high toughness/high strength composites. Journal of Materials Science. 1975,
10, 819-832.
13.
Marston, T.U.; Atkins, AG.; Felbeck, D.K. Interfacial
fracture energy and the toughness of composites. 1974, 9, 447-455.
14.
Labronici, M.; Ishida, H. Toughening composites by fiber coating: a review. Composite Interfaces. 1994, 2, 3, 199-234.

27.
Gao, Y.; Zhang, L.; Wang, X.; Cheng, J.; Cheng, H. Interfacial characterization of an oxide fiber-reinforced silica matrix
composite containing a single layer pyrocarbon interphase. Ceramics International. 2016, 42, 5, 6504-6509.
28.
Fiedler, B.; Gojny, F. H.; Wichmann, M. H. G.; Nolte,
M. C. M.; Schulte, K. Fundamental aspects of nano-reinforced
composites. Composites Science and Technology. 2006, 66, 16,
3115-3125.
29.
Monoley, A. C.; Kausch, H. H. Parameters determining
the strength and toughness of particulate filled epoxide resins. Journal of Materials Science. 1987, 22, 381-393.

15.
Sharma, M.; Gao, S.; Mader, E.; Sharma, H.; Wei, L.W.;
Bijwe, J. Carbon fiber surfaces and composite interphases. Composites Science and Technology. 2014, 102, 35-50.

30.
Zhang, X.; Yan, C.; Li, H.; Zhu, Y.; Li, X.; Yu, L. Interfacial microstructure and properties of carbon fiber composites
modified with graphene oxide. ACS Appl Mater Interfaces. 2012,
4, 3, 1543-52.

16.
Hancox, N.L.; Wells, H. The Effect of Fibre Surface
Coatings on the Mechanical Properties of CFRP. Applied Science.
1977, 10, 9-22.

31.
Deng, C.; Jiang, J.; Liu, F.; Fang, L.; Wang, J.; Li, D.;
Wu, J. Influence of graphene oxide coatings on carbon fiber by ul-

trasonically assisted electrophoretic deposition on its composite interfacial property. Surface and Coatings Technology. 2015, 272,
176-181.
32.
Mahmood, H.; Tripothi, M.; Pugno, N.; Pegoretti, A. Enhancement of interfacial adhesion in glass fiber/epoxy composites
by electrophoretic deposition of graphene oxide on glass fibers.
Composites Science and Technology. 2016, 126, 149-157.

41.
Pimenta, S.; Robinson, P. An analytical shear-lag model
for composites with ‘brick-and-mortar’ architecture considering
non-linear matrix response and failure. Composites Science and
Technology. 2014, 104, 111-124.
42.
Oliver, W.C.; Pharr, G.M. An improved technique for determining hardness and elastic modulus using load and displacement sensing indentation experiments. J. Mater. Res. 1992, 7, 6,
1564-1583.

33.
Chen, J.; Zhao, D.; Jin, X.; Wang, C.; Wang, D.; Ge, H.
Modifying glass fibers with graphene oxide: Towards high-performance polymer composites. Composites Science and Technology.
2014, 97, 41-45.

43.
Jackson, A.P.; Vincent, J.F.V.; Turner, R.M. The Mechanical Design of Nacre. Proc. R. Soc. Lond. B. 1988, 234, 415440.

34.
Zhang, R.L.; Gao, B.; Ma, Q. H.; Zhang, J.; Cui, H. Z.;
Liu, L.Directly grafting graphene oxide onto carbon fiber and the
effect on the mechanical properties of carbon fiber composites. Materials & Design. 2016, 93, 364-369.

44.
Shamsuddin, S.R.; Ho, K.K.C.; Ng, P.; Lee, A. F.; Bismarck, A. Synergy of matrix and fibre modification on adhesion
between carbon fibres and poly(vinylidene fluoride). Composites
Science and Technology. 2011, 72, 1, 56-64.

35.
Wang, R.Z.; Wan, H. B.; Cui, F. Z.; Zhang, H. B.; Li, H.
D. Observations of damage morphologies in nacre deformation and
fracture. Journal of Materials Science. 1995, 30, 2299-2304.

45.
Ho, K.K.C.; Kalinka, G.; Tran, M.Q.; Polyakova, N.V.;
Bismarck. A. Fluorinated carbon fibres and their suitability as reinforcement for fluoropolymers. Composites Science and Technology. 2007, 67, 13, 2699-2706.

36.
Espinosa, H.D.; Rim, J. E.; Barthelat, F.; Buehler, M. J.
Merger of structure and material in nacre and bone – Perspectives
on de novo biomimetic materials. Progress in Materials Science.
2009, 54, 8, 1059-1100.
37.
Wang, R.Z.; Suo, Z.; Evans, A. G.; Yao, N. Deformation
mechanisms in nacre. J. Master. Res. 2001, 16, 9, 2485-2493.
38.
Sun, J.; Bhushan, B. Hierarchical structure and mechanical properties of nacre: a review. RSC Advances. 2012, 2, 20, 6177632.
39.
De Luca, F.; Menzel, R.; Blaker, J.J.; Birkbeck, J.;
Bisrmarck, A.; Shaffer, M. S. P. Nacre-nanomimetics: Strong,
Stiff, and Plastic. ACS Appl Mater Interfaces. 2015, 7, 267826791. 1.
40.
Bonderer, L.J.; Studart, A.R.; Gauckler, L.J. Bioinspired
design and assembly of platelet reinforced polymer films. Science.
2008, 19, 5866, 1069-73.

46.
Meretz, S.; Auersch, W.; Marotzke, C.; Schulz, E.;
Hampe, A. Investigation of morphology-dependent fracture behaviour with the single-fibre pull-out test. Composites science and
technology. 1993, 48, 1-4, 285-290.
47.
Ramanathana, T.; Bismarck, A.; Schulz, E.; Subramanian, K. The use of a single-fibre pull-out test to investigate the
influence of acidic and basic surface groups on carbon fibres on the
adhesion to poly(phenylene sulfide) and matrix-morphology-dependent fracture behaviour. Composites Science and Technology.
2001, 61, 1703-1710.
48.
Feih, S.; Wansyld, K.; Minzari, D.; Westermann, P.; Lilholt, H. Testing procedure for the single fiber fragmentation test.
2004.
49.
Ohsawa, T.; Nakayama, A.; Miwa, M.; Hasegawa, A.
Temperature dependence of critical fiber length for glass fiber reinforced thermosetting resins. Journal of Applied Polymer Science.
1978, 22, 11, 3203-3212.

