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A special tensile testing device (Fig. S1) was used to incrementally load sample 

to failure in situ with a displacement accuracy of 1m and a force measurement 

accuracy of 0.1 mN. Test were carried out at the BL13W1 beamline in the Shanghai 

synchrotron radiation facility and the sample were scanned prior to loading and then 

at incrementally increasing stress levels ranging from 0N to the point of final failure. 

The optics used in this study provided an isotropic voxel resolution of 0.7m, with 

the sample-detector distance being set to 14 mm and a beam energy of 15 keV. 

Because the tensile testing device blocks X-ray transmission during the rotation in an 

interval of about 50, the actual number of usable images is about 500 via a 2048×

2048 detector system. Therefore, a reconstruction method for incomplete projection 

data was used to obtain the cross section images in this study and we called the 

reconstruction method “Filtered iteration reconstruction method”. This algorithm 

was developed by combining the Filtered Back Projection reconstruction method and 

iteration reconstruction method. First, the Filtered Back Projection reconstruction 

method was used based on original projection data. Then the results coming from 



Filtered Back Projection reconstruction method was considered as the initial solution 

of iteration reconstruction method, which was used to obtain the cross section 

images. Further details of the reconstruction method are provided in Min WG et al. 1. 

 

Figure S1. (a) the smaller loaded sample obtained for microtomography, (b) the 

special tensile testing device 

3-D volumes were analyzed using the commercial package VG studio Max v2.0 

and image edge extraction technologies were used to analyze microdefects, 

fractures and the geometric parameter of the fibres. Because of the different 

densities of the materials, the intensity of fibre, matrix and microdefect in the 

tomography were different, whereby the fibres and microdefects could be identified. 

For the geometric parameter of the fibres, the area of the fibres was recognized by 

adaptive threshold segmentation algorithms. A tool combining the 3-D watershed 

algorithm and region-merging technology was used for the segmentation of each 

fibre as shown in Fig. S2a-b. Based on the characteristics of the fibre, the extraction 



of the fibre’s parameters could be transformed to obtain the minimum 

circumscribed cylinder of a three-dimensional solid. Then, each fibre was divided 

into a cylindrical region and its geometric parameters could be calculated from the 

circumscribed cylinder as shown in Fig. S2c. For the microdefects and sheet crack, 

they could be individually tracked in the sample under different loads by the 

different densities of the materials in the tomography. Then the real microstructural 

features of fibre arrangement around the microdefects and sheet crack were 

obtained to analysis the micro-damage mechanisms as shown in Fig. S3. 

 

Figure S2. (a) SR-CT 3-D images of Sample using VG studio Max v2.0, (b) split image 

by adopting threshold segmentation, (c) replace each fiber into the minimum 

circumscribed cylinder of three-dimensional solid 



 

Figure S3. The real microstructural features of fibre arrangement around 

microdefects under (a) a 0 MPa load, (b) a 40 MPa load, and (c) at sample failure and 

the sheet crack under (d) a 0 MPa load, (e) a 40 MPa load, and (f) at sample failure. 

Based on the microstructural features of fibre arrangement in the sample, the 

number N of neighbouring fibre ends in the manuscript can be obtained by the 

image processing method was as follows. 1) In Fig. S4a, a region was taken out from 

one position of the real sample based on a pair of planes separated by a given width 

l, where l was the width of the region and x was the height of the region along the 

thickness of the sample. 2) As mentioned in Fig. S2, each fibre in the sample was 

recognized and its geometric parameters including the centroid position, fibre length 

and fibre orientation was obtained. Then, each fibre of the sample was analyzed to 

verify whether it extended into the region in Fig. S4a and fibres which extended into 

the region were recognized in Fig. S4b. 3) Fibres which partially or totally extended 



into the region were divided into two types in Fig. S4c. As show in Fig. S4c, fibres 

which crossed the region were marked in grey, and fibres whose ends 

were within the region were marked in blue. It is evident in Fig. S4c that the yellow 

fibre represents the fibre end in the region and the maximum number of 

neighbouring yellow fibre (highlighted with a red circle in Fig. S4c) is the value of N in 

the region. 4) In Fig. S4d, the sample consisted of many regions, and in each region 

with a different height x along the thickness of the sample, the values of N were 

calculated. Then, the relationship between N and x could be plotted as an N-x curve. 

By taking out different widths of the critical zone, different N-x curves could be 

obtained as shown in Fig. S4d. The width of the region was denoted by nd, where n is 

a constant parameter and d is the diameter of the fibre. 



 

Figure S4. (a) A region of given width l. (b) The randomly oriented short fibre 

arrangement in the sample and quantitative analysis of fibre ends in the region. (c) 

Fibre ends were marked in yellow, and other fibres were marked in red (d) The N-x 

curve for sample with different widths. 
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