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In this work, the underlying micro-damage mechanisms of randomly oriented short fibre-reinforced
composites were revealed based on real internal microstructural characteristics obtained by high-
resolution (0.7 pm/pixel) synchrotron radiation X-ray computed tomography (SR-CT). The special
‘pore dominant micro-damage processes’ were directly observed through SR-CT three-dimensional
reconstructed images, which were different from the well-known ‘fibre breakage dominant failure
mode’. The mechanisms of pore formation and pore evolution were further investigated on the basis
of the microstructural parameters extracted from the SR-CT results. On one hand, the pore formation
mechanism caused by shear stress concentration was proposed by combining the shear-lag model
with the microstructural parameters obtained from the experiment, including the fibre length and
orientation angle. On the other hand, the ‘fibre-end aggregation-induced pore connection’ mode of
crack initiation was proposed through a composites model, which considered the parameters of real
internal microstructure, including the critical value of the distance between neighbouring fibre ends
and the number of neighbouring fibre ends. The study indicated that the shear stress concentration was
significant in the region with a large number of neighbouring fibre ends, thus causing pore connection
and crack initiation.

Randomly oriented short fibre-reinforced composites hold great potential for use as load-bearing materials
because of the composites” balanced property profile under multi-axial loading conditions' . However, these
materials are not widely adopted as major force-bearing components in high-technology fields. One main rea-
son is the lack of understanding on the underlying micro-damage mechanisms of randomly oriented short
fibre-reinforced composites owing to the complexity of such composites’ internal microstructure. Unlike the
simple microstructure in composites characterised by regular, aligned reinforcements, the randomly oriented
fibre arrangement of randomly oriented short fibre-reinforced composites complicates the material’s internal
microstructure and micro-damage mechanisms. Traditional two-dimensional experimental methods barely
served as a driving force to reveal the underlying micro-damage mechanisms because such approaches cannot
precisely characterize the relationship between real internal microstructure parameters and damage evolution.
Ba Nghiep Nguyen and Mohammad A. Khaleel mentioned that ‘due to the complexity of their microstructure,
damage in short-fibre composites was extremely difficult to assess numerically or experimentally’*. The prediction
models developed over the last three decades were based only on simplistic assumptions of uncertain validity®=.
Therefore, investigating micro-damage process in short fibre-reinforced composites by considering real internal
microstructure is an essential approach to uncover the underlying micro-mechanisms. The synchrotron radi-
ation X-ray computed tomography (SR-CT) technique is an effective method for characterising real internal
microstructure and has been used to study the damage evolution of unidirectional fibre-reinforced composites
in a series of recent studies!*'%. Given the complexity of the internal microstructure of randomly oriented short
fibre-reinforced composites, increased spatial resolution and enhanced image quality in SR-CT experiments are
necessary to successfully elucidate the underlying micro-damage mechanisms.
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Figure 1. SR-CT 3D images of the microdefects in sample 1 (containing untreated short carbon fibres) under
(A) 0 and (B) 40 MPa loads and (C) at sample failure and at sample 2 (containing short carbon fibres treated
with oxidation) under (D) 0 and (E) 40 MPa loads and (F) at sample failure.

In this paper, the underlying micro-damage mechanisms of randomly oriented short fibre-reinforced com-
posites were revealed, for the first time, on the basis of real internal microstructure characteristics obtained
by high-resolution (0.7 pm/pixel) SR-CT experiments. The special ‘pore dominant micro-damage processes’
were directly observed in our experiment through SR-CT 3D reconstructed images, unlike the well-known
‘fibre-breakage dominant failure mode’ The corresponding micro-mechanisms of pore formation and pore evo-
lution were further investigated by considering the influence of microstructure parameters extracted from the
SR-CT results. Firstly, we proposed a pore formation mechanism caused by shear stress concentration by com-
bining the shear-lag model with the fibre length and orientation angle. Through experimentation, we found that
these factors were the two key microstructural parameters for pore formation. The value of shear stress at fibre
ends, which caused pore formation, was determined by the fibre length and orientation angle. Secondly, we pro-
posed the ‘fibre-end aggregation-induced pore connection’ mode of crack initiation through a composites model
that demonstrated the significant influence of the microstructural parameters obtained from the experiment.
Such microstructural parameters included the number N, of neighbouring fibre ends and the critical value [, of
the distance between neighbouring fibre ends. The number N, indicated that the region with maximum number
of neighbouring fibre ends was the weakest in the sample, thereby initiating sheet crack formation, as confirmed
by the experimental results of two samples. The critical value [, was determined by the properties of the compos-
ites, such as the interfacial shear strength in the short fibre-reinforced composite. This finding was also confirmed
in our experiment by the decreased critical value of the composite after oxidation treatment, considering that
oxidation treatment improved the interfacial shear strength.

Results

Pore formation and sheet crack initiation as fracture sources of the short-fibre composites.
The micro-damage processes that include microdefect formation and evolution were the source of material
fracture. For randomly oriented short fibre-reinforced composites, pore microdefects were observed directly
by SR-CT. Two types of composites for the observation experiments were used: sample 1 contained a 15% fibre
volume fraction of untreated short carbon fibres, whereas sample 2 contained a 15% fibre volume fraction of oxi-
dation-treated short carbon fibres. Figure 1A-F separately show the SR-CT 3D morphology images of the pores
in two types of samples under the loads 0 and 40 MPa and failure, which represent the initial microstructure,
deformation stage and abrupt fracture, respectively. For clarity, these images display only the microdefects after
removal of the epoxy resin and fibre signals by image extraction technology. Two obvious phenomena on pore
formation and evolution are presented in Fig. 1. Firstly, large numbers of pores formed at some special region of
the matrix in the deformation stage (Fig. 1B,E). Secondly, the evolutionary trend of these pores differed from one
another. Most of the pores did not show significant changes after formation, as shown in region 1 of Fig. 1D-F, but
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Figure 2. (A) Relative positional information of each pore and adjacent fibres at a load of 40 MPa. (B) Single-
fibre element of the sample extracted to investigate the pore-forming process. (C) Shear-lag method in the fibre-
reinforced composite.

the other part connected to a large sheet crack, which finally evolved into the fracture surface as shown in region
2 of Fig. 1A-C and region 3 of Fig. ID-F.

The micro-damage processes in Fig. 1, including pore formation and sheet crack initiation, were the fracture
sources in the randomly oriented short fibre-reinforced composites. The ‘pore dominant micro-damage processes’
observed in our experiment (Fig. 1) differed from that of the microstructure evolution of the fibre-reinforced
composite in many previous studies™', such as the fibre-breakage dominant mechanism. To further elucidate the
micro-damage mechanisms in our experiment, we analysed the influence of real internal microstructure on the
micro-damage evolution by SR-CT.

Mechanism of pore formation caused by shear stress concentration. To reveal the mechanisms of
pore formation, we further extracted the fibre arrangement in the sample because such arrangement corresponds
to the real internal microstructure of the short fibre-reinforced composites. The 3D images in Fig. 2A show the
microstructure of sample 1 at a load of 40 MPa obtained by SR-CT. The fibres are marked in green, and the pores
are highlighted in blue. Each single fibre and the respective surrounding matrix in sample 1 were extracted. One
example was shown in Fig. 2B. Extraction of all fibres in sample 1 showed that all the pores were found in contact
with a fibre end. The shear-lag method'® in fibre-reinforced composite was introduced (Fig. 2C) to analyse the
influence of fibre ends on pore formation. The shear-lag method holds that when a fibre is introduced into the
matrix, the shear stress of the fibre-matrix interface reaches its maximum at the fibre end. With the increase of
the applied stress, the shear stress concentration at fibre end would be serious. When the shear stress at fibre end
exceeded the interfacial bonding strength between fibre and matrix, nucleation of pore microdefect would occur
at the two phase boundaries. Therefore, pore formation was caused by the shear stress concentration at the fibre
end. However, given the extraction of all fibres in Fig. 2B, some fibres were not in contact with pores at their ends.
Thus, the pore formation may be influenced by some microstructure parameters, such as fibre length and orienta-
tion, which was discussed in the following section on the basis of the SR-CT experimental data.

Given the 3D images in Fig. 2B, we directly obtained the pore location, spatial attitude of single fibres and fibre
length and orientation. The results indicated that only some fibres were in contact with pores at their end, whereas
the interface between the other fibres and the matrix maintained the bonding well. In Fig. 3A, fibres with pores
at their ends were plotted as grey solid dots, with orientation angle c, which was the angle between the fibre’s
orientation and the applied stress direction on the horizontal axis, and fibre length [ on the vertical axis. The other
fibres were marked in green. In Fig. 3A, pore formation is shown mainly around the fibres at a small orientation
angle and with a long fibre length (most of the fibres were less than 40° and more than 50 pm). These results could
help reveal the mechanism of pore formation using mechanical models. For further study of the influence of fibre
length [ and orientation angle o, the general method of shear lag'é was adopted to calculate the shear stress. Thus,
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Figure 3. (A) Geometrical parameter of the fibres with and without pores at their ends. (B) Theoretical
prediction of the max shear stress curve with different fibrous geometrical parameters.

the shear stress 7, of the fibre direction at the load of 40 MPa was calculated based on the shear-lag theory using
the following formulas:

T, = Qsinh 7z — o sina cosasinf (1)

where Q = Gm§2/n3Ef(rm — rp) coshnly, n= /ZGm/Ef (ty —10)1p> (= /\/ZO'Gm cos’ alE,ry(r, — 1) and
Ty = 15, 1+ vf)/ Vs where z is the distance from the middle of fibre; o is the applied stress (40 MPa); « is the
fibre orientation angle; 0 is the polar angle measured from the plane, which is normal to the fibre direction; G,, is
the shear modulus of the matrix material (1.01 GPa); E;is the Young’s modulus of the carbon fibre (220 GPa); r/is
the radius of the fibre; [/is half of the length of the fibre; r,, is the radius of the matrix sheath that surrounds the
fibre. The value r,, was calculated through the value of rrand v;according to the equation r,, = r/. /(1 + vV Eg
is the Young’s modulus of the composite (4.54 GPa) which is obtained through uniaxial tension test. Five samples
were prepared for the composites and the mean was obtained to eliminate the error; v;is the fibre volume fraction
of the short fibres (15%).

Given the above-mentioned formulas, the stress field that resulted in pore formation was obtained. In Eq. (1),
the shear stress reached its maximum at the end of the fibre, which was consistent with the pore formation of
the fibre ends observed in the experiment. Furthermore, the maximum shear stress changed dramatically with
different fibre lengths [ or orientation angles . Figure 3B shows the change in the maximal shear stress value as
a function of the fibre length / and orientation angle .. Four stress contour lines, which represent the stress states
of 30, 40, 50 and 60 MPa, respectively, are highlighted with four different colours. We also compared the four con-
tour lines with experimental results (Fig. 3A). Most of the fibres with pores at their ends extended above the red
border (60 MPa). Thus, a critical value of shear stress potentially exists, such that the value determines whether
the end of one fibre was in contact with the pore or without pore. This phenomenon indicated the validity of the
shear stress concentration-induced pore formation.

Pore formation, which was observed to be in contact with fibre ends, was studied and considered to be caused
by shear stress concentration. Furthermore, the influence of microstructural parameters on pore formation was
investigated. Fibre length and orientation angle were found to be two key microstructural parameters of pore for-
mation that determined the value of shear stress at fibre ends. Our results indicated that the pore-forming process
should be studied by considering fibre orientation, rather than using the same direction between load and fibre
orientation as adopted in some previous studies!'’-%.

‘Fibre-end aggregation-induced pore connection’ mode of crack initiation.  Pore evolution caused
the sheet crack initiation in Fig. 1B,E. To expose the sheet crack initiation mechanisms in the randomly ori-
ented short fibre-reinforced composites, we investigated the microstructural features surrounding the sheet crack
because these features reflect the process of crack initiation. By using SR-CT, we observed the sheet crack, the fibre
arrangement around the sheet crack and the ultimate fracture surface (marked blue, yellow and red, respectively,
in Fig. 4A). In region 1, the microstructural feature involving a sheet crack surrounded by a large number of fibre
ends is apparent. Region 1 in Fig. 4A was magnified (Fig. 4B,C) to further obtain the location of the sheet crack
relative to the surrounding fibre ends. A special crack path amongst fibres is observed in Fig. 4C, which could be
considered as the connection of many neighbouring fibre ends (shown with blue bricks in Fig. 4D). This crack
path was unlike from the widely known ‘fibre-bridging crack’ mode?-** (shown with red bricks in Fig. 4D). In
the traditional ‘fibre-bridging crack’ mode (red bricks in Fig. 4D), the crack propagated through the broken
fibre-matrix interface, and the fibre bridged the top and bottom surfaces of the crack to hinder crack propagation.
Considering the discussion in the above section, the special crack path was considered to be caused by pore for-
mation at the area with many fibre ends and the connection of these pores. We called such process the ‘fibre-end
aggregation-induced pore connection’ mode of crack initiation. The influence of the real microstructure feature
in short fibre composites on this mode was discussed and further validation of this mode was conducted based on
SR-CT experiment results, as described in the following section.
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Figure 4. (A) Fibre arrangement with the ultimate fracture surface and the sheet crack caused by pore
evolution. (B,C) Location of the sheet crack relative to the surrounding fibre ends. (D) Two different cracking
behaviours in the fibre-reinforced composites, namely, the ‘fibre-end aggregation-induced pore connection’
mode and the ‘fibre-bridging crack’ mode. (E) Simplified model based on the actual arrangement of four fibres.
(F) Critical value 1, in the composite with certain properties and applied load. (G) Region with maximum
number N, of neighbouring fibre ends and the position of crack initiation. (H) Region with different widths1
and the distance between neighbouring fibre ends (marked in red) in the region.

The influence of the real microstructural feature in the short fibre composites on the ‘fibre-end
aggregation-induced pore connection’ mode was further analysed, and two key microstructural parameters I, and
N,were proposed. The composites model in Fig. 4E was adopted on the basis of the actual arrangement of four
fibres in Fig. 4C. As mentioned in the above section, the pore formation at fibre ends (marked in red in Fig. 4E)
was caused by the shear stress concentration. When the distance between the neighbouring pores along the direc-
tion of the applied stress was less than a critical value, pores could be connected under applied load, as shown in
Fig. 4E. For the composite with certain properties and applied load in Fig. 4F, the critical value was certain and
denoted by /,. Consequently, the region with maximum number N, of neighbouring fibre ends was weakest in
the sample, and pores at fibre ends could be connected and cause sheet crack initiation (Fig. 4E,G). However, the
critical value [, in the two samples of our experiment was unknown. To determine the value of /,, the region with
different widths [ was removed from the real sample in Fig. 4H. When the width [ was the critical value ,, the
distance between neighbouring fibre ends (marked in red) in the region was less than /, (Fig. 4H). Furthermore,
the region with the maximum value of neighbouring fibre ends was consistent with the position of the sheet
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Figure 5. (A) Randomly oriented short fibre arrangement in the sample. (B) Region of given width 1 and
quantitative analysis of fibre ends in the region. Fibre ends were marked in yellow, and other fibres were
marked in red. (C) Vertical projection of the region. The maximum number of neighbouring yellow fibre ends
(highlighted with white dash lines) is the value of N in the region. The N-x curve for (D) sample 1 (containing
untreated short carbon fibres) with widths 0.5, 1, 3 and 5d, respectively, and (E) sample 2 (containing short
carbon fibres treated with oxidation) with widths 0.5, 1.5, 3 and 5d, respectively.

crack in our experiments. Basing on the SR-CT experimental results, we determined the critical value J, in two
samples. This result may serve as critical experimental evidence supporting the ‘fibre end aggregation-induced
pore connection’ mode.

Given the SR-CT experimental results, we removed the region with different widths in Fig. 4G from any
position of the real sample to determine the critical value [,. As shown in Fig. 5A, the region with fixed width nd
sweeps across the whole sample along the sample thickness, where 7 is a constant parameter and d is the fibre
diameter. Then, in each region, fibre ends are marked in yellow in Fig. 5B, and the maximum number N of neigh-
bouring fibre ends was obtained on the basis of the largest yellow-colour-connected region in Fig. 5C. Finally, in
Fig. 5D-E, the relationship between fibre ends of number N and the height x of the region with fixed width nd
were plotted as N-x curves, where x was the height of the cross-section along the thickness of the sample. A series
of N-x curves was obtained when the region width nd decreased (Fig. 5D,E). This series was then compared with
the fibre end aggregation-induced pore connection mode mentioned in Fig. 4G,H. According to the fibre-end
aggregation-induced pore connection mode, the region with the maximum number of neighbouring fibre ends
should be consistent with the position of the sheet crack until nd was reduced to the critical value .. This find-
ing can be directly verified from the two samples in Fig. 5: when the width nd of the N-x curve was reduced to
the suitable width I (3d for sample 1 and 1.5d for sample 2), the obvious peak in the N-x curve was found to be
consistent with the position of the sheet crack (highlighted in yellow) (Fig. 5D,E). Repeated observations in two
samples of the same trends suggested that this phenomenon was a feature of randomly oriented short-fibre com-
posites and was not induced by random defects. This result was critical experimental evidence supporting the
fibre end aggregation-induced pore connection mode.

The region in Fig. 5B was similar to the concept of ‘critical zone’®?® which was used to predict the strength of
short fibre composites. This concept is developed in the present paper to reveal the underlying micro-damage
mechanisms of randomly oriented short fibre-reinforced composites by introducing the two key microstructural
parameters [, and N, of the real internal microstructure.

Given the results in Fig. 5D,E, the critical values I, in two samples (3d for sample 1 and 1.5d for sample 2 by the
suitable width of the region) were different. This phenomenon could support the ‘fibre-end aggregation-induced
pore connection’ mode through the following analysis. In Fig. 4F, the critical value [, is considered certain in
the sample with certain properties and applied load. Considering that the oxidation treatment can significantly
increase the fibre-matrix interfacial bonding strength?’-*, the oxidation treatment may affect the critical value
I,. A fibre was debonded and pores formed because the shear stress exceeded the interfacial bonding strength.
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Figure 6. (A) Two types of fibre-matrix interface bonding states under loading. (B) Length of the fibre
debonding section obtained from the interfacial bonding strength and the shear stress distribution along the
fibre. Connection of microdefects in composites with (C) high and (D) low fibre debonding lengths.

Therefore, when composites are under loading, fibre interface bonding states are divided into two types: debond-
ing and bonding states (highlighted in yellow and blue, respectively, in Fig. 6A). On the basis of the interfacial
bonding strength (blue line in Fig. 6B) and the shear stress distribution along the fibre obtained from Eq. (1)
(black curve in Fig. 6B), we determined the length of the fibre debonding section (highlighted with yellow circles).
The length of the fibre debonding increased as the interfacial bonding strength decreased (Fig. 6B). Meanwhile,
the pore evolution in the composites with high and low fibre debonding lengths is presented in Fig. 6C,D. In
short-fibre composites, the relative position between most neighbouring fibres was similar to the actual arrange-
ment of four fibres in Fig. 4C; thus, the fibre arrangement in Fig. 6C,D was used. The position between the red
pores in Fig. 6C was extremely close to being linked together, whereas the blue ones in Fig. 6D were far from each
other. To ensure that the pores linked with each other, the critical value J, in Fig. 6D should be smaller than that
in Fig. 6C. Therefore, oxidation treatment improved the interfacial shear strength. Consequently, the length of
the fibre debonding and the critical value [, were reduced. This result was also a critical experimental evidence
supporting the ‘fibre-end aggregation-induced pore connection’ mode.

The sheet crack initiation, which was observed to correlate with fibre-end aggregation, was studied, and the
‘fibre-end aggregation-induced pore connection’ mode of crack initiation was proposed. Given the real micro-
structural features around the sheet crack, the influence of microstructural parameters on the crack initiation
mode was further investigated. The crack initiation was found to be controlled by microstructure parameters,
including the number N, of neighbouring fibre ends and the critical value J, of the distance between neighbouring
fibre ends. The value N, indicated that the region with the maximum number of neighbouring fibre ends was the
weakest in the sample, thereby initiating sheet crack formation, as confirmed in the two samples of our experi-
ment. The critical value /, was reduced in the short fibre-reinforced composite with low interfacial shear strength,
which was consistent with the smaller critical value of composite subjected to oxidation treatment. Our result
indicated that the crack initiation in short-fibre composites must be studied by considering the microstructural
characteristics of fibre ends, which were difficult to be characterised by traditional two-dimensional experimental
methods.

Discussion

The underlying micro-damage mechanisms in randomly oriented short-fibre composites were revealed by pre-
cise SR-CT experimental characterisation of the relation between real internal microstructural characteristics
and micro-damage evolution. The special ‘pore dominant micro-damage processes’ observed in our experiments
were different from the well-known ‘fibre-breakage dominant failure mode’ These processes were shown to cor-
relate to the special microstructural features in the composites, such as fibre length, orientation angle and fibre

SCIENTIFIC REPORTS | 6:34761 | DOI: 10.1038/srep34761 7



www.nature.com/scientificreports/

arrangement. By combining these microstructural features with mechanical models, further analysis was con-
ducted, and the underlying micro-mechanisms were elucidated.

The pore formation mechanisms caused by shear stress concentration were proposed on the
basis of the special contact relationship between pore formation and fibre ends obtained from
the SR-CT experiment. Two key microstructural parameters obtained from the experiments, namely, fibre
length and orientation angle, were combined with the shear-lag model to further analyse the mechanisms of
pore formation. By determining the value of shear stress at the fibre ends, we found that the fibre length and
orientation angle could affect the pore formation. This view deviated from the damage micro-mechanisms of
fibre-reinforced composites in some previous studies'’~?°, which considered that pore formation is caused by
excess tensile stress in the form of fibre breakage.

The ‘fibre-end aggregation-induced pore connection’ mode of crack initiation was proposed
based on the special fibre-end aggregation features of the real internal microstructure sur-
rounding the sheet crack. Two key microstructural parameters, particularly, the distance between neigh-
bouring fibre ends [, and the number of neighbouring fibre ends N,, were introduced in the proposed mode to
consider the influence of the real microstructure in randomly oriented short fibre-reinforced composites. The
value N, indicated that the region with maximum number of neighbouring fibre ends was the weakest area in the
sample, causing the sheet crack initiation, as confirmed in our two samples. The critical value [, was determined
by the properties of the composites, a finding consistent with the smaller value J, of the sample subjected to oxi-
dation treatment.

Method
Two types of composites for the observation experiments were prepared: sample 1 had a tensile strength of
97 MPa and contained a 15% fibre volume fraction of untreated short carbon fibres, whereas sample 2 had a ten-
sile strength of 107 MPa and contained a 15% fibre volume fraction of oxidation-treated short carbon fibres. The
composites were prepared by the three-roller method. Epoxy resin CYD-128, which is a low viscosity (62.5Pa*s
at 40 °C) diglycidyl ether of bisphenol-A type resin, and a hardener (2-ethylic-4-methyl imidazole, EMMZ) used
as the matrix were supplied by the Sinopec Group. Epoxy resin CYD-128 was supplied by the Sinopec Group,
and the short carbon fibres were supplied by Shanghai Carbon Factory; the short carbon fibres had an average
diameter of 7 pum and an average length/diameter ratio of approximately 20. For the oxidation treatment, carbon
fibres were oxidized in a furnace at 550 °C for 1h, under the condition of constantly pumping air into the fur-
nace®®. For the SR-CT experiments, the CCD camera field of view was approximately 1 x 1 mm? in this experi-
ment. Therefore, the sample size was necessarily made correspondingly small. The dimensions of sample 1 were
approximately 0.39 x 0.36 X 10 mm? and the dimensions of sample 2 were approximately 0.56 x 0.34 X 10 mm?.
Test were carried out at the BLI3W1 beam line in the Shanghai synchrotron radiation facility, and the sam-
ples were scanned prior to loading and then at incrementally increasing stress levels that ranged from 0 N to the
point of final failure. Because the SCF/EP composite material was brittle, the last several stress levels were close
to the tensile strength of the composite, to approach the complete deformation process. The optics used in this
study provided an isotropic voxel resolution of 0.7 pm, with the sample-detector distance set to 14 cm and a beam
energy of 15keV. Seven hundred twenty radiographs were taken at regular increments over 180° of rotation, each
with an exposure time of 1s. 3D volumes were analyzed using the commercial package VG Studio Max v2.0,
and features of interest were identified and segmented. Further details of the imaging process are provided in
Supplementary Information.

References
1. Garces, G., Bruno, G. & Wanner, A. Internal stress evolution in a random-planar short fiber aluminum composite. Scripta Mater 55,
163-166 (2006).
2. Garces, G., Bruno, G. & Wanner, A. Load transfer in short fibre reinforced metal matrix composites. Acta Mater 55, 5389-5400
(2007).
3. Requena, G., Garcés, G., Danko, S., Pirling, T. & Boller, E. The effect of eutectic Si on the strength of short-fibre-reinforced Al. Acta
Mater 57, 3199-3210 (2009).
4. Nguyen, B. N. & Khaleel, M. A. A mechanistic approach to damage in short-fiber composites based on micromechanical and
continuum damage mechanics descriptions. Compos. Sci. Technol. 64, 607-617 (2004).
5. Kelly, A. & Tyson, A. W. Tensile properties of fibre-reinforced metals: copper/tungsten and copper/molybdenum. J. Mech. Phys.
Solids 13, 329-350 (1965).
6. Fukuda, H. & Chou, T. W. A probabilistic theory of the strength of short-fibre composites with variable fibre length and orientation.
J. Mater. Sci. 17,1003-1011 (1982).
7. Meraghni, E & Benzeggagh, M. L. Micromechanical modelling of matrix degradation in randomly oriented discontinuous-fibre
composites. Compos. Sci. Technol. 55, 171-186 (1995).
8. Meraghni, E, Blakeman, C.]. & Benzeggagh, M. L. Effect of interfacial decohesion on stiffness reduction in a random discontinuous-
fibre composite containing matrix microcracks. Compos. Sci. Technol. 56, 541-555 (1996).
9. Guo, G,, Fitoussi, J., Baptiste, D., Sicot, N. & Wolff, C. Modelling of damage behaviour of a short-fiber reinforced composite structure
by the finite element analysis using a micro-macro law. Int. J. Damage Mech. 6, 278-299 (1997).
10. Moffat, A. J., Wright, P,, Buffiére, J. Y., Sinclair, I. &Spearing, S. M. Micromechanisms of damage in 0 splits in a [90/0] s composite
material using synchrotron radiation computed tomography. Scripta Mater 59, 1043-1046 (2008).
11. Wright, P., Moffat, A., Sinclair, I. & Spearing, S. M. High resolution tomographic imaging and modelling of notch tip damage in a
laminated composite. Compos. Sci. Technol. 70, 1444-1452 (2010).
12. Scott, A. E., Mavrogordato, M., Wright, P,, Sinclair, I. & Spearing, S. M. In situ fibre fracture measurement in carbon-epoxy laminates
using high resolution computed tomography. Compos. Sci. Technol. 71, 1471-1477 (2011).
13. Swolfs, Y. et al. Synchrotron radiation computed tomography for experimental validation of a tensile strength model for
unidirectional fibre-reinforced composites. Composites Part A 77, 106-113 (2015).
14. Bale, H. A. et al. Real-time quantitative imaging of failure events in materials under load at temperatures above 1,600 C. Nat. Mater.
12, 40-46 (2013).

SCIENTIFICREPORTS | 6:34761 | DOI: 10.1038/srep34761 8



www.nature.com/scientificreports/

15. Bader, M. G. & Bowyer, W. H. The mechanical properties of thermoplastics strengthened by short discontinuous fibres. J. Phys. D:
Appl. Phys. 5,2215-2225 (1972).

16. Chon, C. T. & Sun, C. T. Stress distributions along a short fibre in fibre reinforced plastics. J. Mater. Sci. 15, 931-938 (1980).

17. Dlouhy, A., Merk, N. & Eggeler, G. A microstructural study of creep in short fibre reinforced aluminium alloys. Acta Mater 41,
3245-3256 (1993).

18. Dlouhy, A., Eggeler, G. & Merk, N. A micromechanical model for creep in short fibre reinforced aluminium alloys. Acta Mater 43,
535-550 (1995).

19. Kurumluy, D., Payton, E. J., Young, M. L., Schébel, M., Requena, G. & Eggeler, G. High-temperature strength and damage evolution
in short fiber reinforced aluminum alloys studied by miniature creep testing and synchrotron microtomography. Acta Mater 60,
67-78 (2012).

20. Kurumlu, D., Payton, E. ]., Somsen, C., Dlouhy, A. & Eggeler, G. On the presence of work-hardened zones around fibers in a short-
fiber-reinforced Al metal matrix composite. Acta Mater, 60, 6051-6064 (2012).

21. Curtin, W. A. The “tough” to brittle transition in brittle matrix composites. J. Mech. Phys. Solids 41, 217-245 (1993).

22. Abdelmoula, R. & Marigo, J. J. The effective behavior of a fiber bridged crack. J. Mech. Phys. Solids 48, 2419-2444 (2000).

23. Chen, X., Beyerlein, L. ]. & Brinson, L. C. Curved-fiber pull-out model for nanocomposites. Part 1: Bonded stage formulation. Mech.
Mater. 41, 279-292 (2009).

24. Chen, X., Beyerlein, 1. J. & Brinson, L. C. Curved-fiber pull-out model for nanocomposites. Part 2: Interfacial debonding and sliding.
Mech. Mater. 41, 293-307 (2009).

25. Chen, X., Beyerlein, I. J. & Brinson, L. C. Bridged crack models for the toughness of composites reinforced with curved nanotubes.
J. Mech. Phys. Solids 59, 1938-1952 (2011).

26. Bader, M. G., Chou, T. W. & Quigley, J. J. On the strength of discontinuous-fiber composites with polymeric. New developments and
applications in composites: Proceedings of a symposium, Metallurgical Society of AIME, Missouri (October 16-17, 1978).

27. Hu, X., Wang, L., Xu, E, Xiao, T. & Zhang, Z. In situ observations of fractures in short carbon fiber/epoxy composites. Carbon 67,
368-376 (2014).

28. Zhang, H., Zhang, Z. & Breidt, C. Comparison of short carbon fibre surface treatments on epoxy composites: I. Enhancement of the
mechanical properties. Compos. Sci. Technol. 64, 2021-2029 (2004).

29. Wang, Z. M., Yamashita, N., Wang, Z. X., Hoshinoo, K. & Kanoh, H. Air oxidation effects on microporosity, surface property, and
CH 4 adsorptivity of pitch-based activated carbon fibers. J. Colloid Interface Sci. 276, 143-150 (2004).

30. Li, J. Interfacial studies on the ozone and air-oxidation-modified carbon fiber reinforced PEEK composites. Surf. Interface Anal. 41,
310-315 (2009).

31. Ibarra, L. & Panos, D. Dynamic properties of thermoplastic butadiene-styrene (SBS) and oxidized short carbon fiber composite
materials. J. Appl. Polym. Sci. 67, 1819-1826 (1998).

32. Ibarra, L. & Panos, D. Mechanical properties of thermoplastic butadiene-styrene (SBS) and oxidized short carbon fibre composites.
Polym. Int. 43, 251-259 (1997).

Acknowledgements

This research was supported by the National Natural Science Foundation of China (No. 11272305, No. 11472265, No.
11172290, No. 10902108) and the National Basic Research Program of China (973 Program, No. 2012CB937504)
and Anhui Provincial Natural Science Foundation (No. 1508085MA17).

Author Contributions
EX. and X.H. designed the experiments; J.F.,, B.D., Y.X. and L.W. performed the experiments; J.E. and B.D.
analyzed the data; J.F. and EX. proposed the mechanisms. X.H., J.E. and EX. wrote the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Hu, X. et al. Real internal microstructure based key mechanism analysis on the micro-
damage process of short fibre-reinforced composites. Sci. Rep. 6, 34761; doi: 10.1038/srep34761 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:34761 | DOI: 10.1038/srep34761 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Real internal microstructure based key mechanism analysis on the micro-damage process of short fibre-reinforced composites

	Results

	Pore formation and sheet crack initiation as fracture sources of the short-fibre composites. 
	Mechanism of pore formation caused by shear stress concentration. 
	‘Fibre-end aggregation-induced pore connection’ mode of crack initiation. 

	Discussion

	The pore formation mechanisms caused by shear stress concentration were proposed on the basis of the special contact relati ...
	The ‘fibre-end aggregation-induced pore connection’ mode of crack initiation was proposed based on the special fibre-end ag ...

	Method

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ SR-CT 3D images of the microdefects in sample 1 (containing untreated short carbon fibres) under (A) 0 and (B) 40 MPa loads and (C) at sample failure and at sample 2 (containing short carbon fibres treated with oxidation) under (D) 0 and 
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (A) Relative positional information of each pore and adjacent fibres at a load of 40 MPa.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (A) Geometrical parameter of the fibres with and without pores at their ends.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (A) Fibre arrangement with the ultimate fracture surface and the sheet crack caused by pore evolution.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (A) Randomly oriented short fibre arrangement in the sample.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ (A) Two types of fibre-matrix interface bonding states under loading.



 
    
       
          application/pdf
          
             
                Real internal microstructure based key mechanism analysis on the micro-damage process of short fibre-reinforced composites
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34761
            
         
          
             
                Xiaofang Hu
                Jian Fang
                Feng Xu
                Bo Dong
                Yu Xiao
                Luobin Wang
            
         
          doi:10.1038/srep34761
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep34761
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep34761
            
         
      
       
          
          
          
             
                doi:10.1038/srep34761
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34761
            
         
          
          
      
       
       
          True
      
   




