An x-ray microcomputed tomographic study of stress corrosion
cracking in cable bolt
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Summary: Premature failure of cable bolts in underground mines is a major global problem. The
failure is known to occur due to stress corrosion cracking (SCC). Here, X-ray microcomputed
tomography (MCT) is applied to study stress corrosion cracks developed in a cable bolt at an
underground mine. The results show the strong ability of MCT for characterisation of complex SCC.

1. INTRODUCTION

Cable bolts are used as the main reinforcement tools in underground mines to stabilize surrounding strata. Cable
bolts are comprised from a number of wires twisted around a straight central wire. The wires used to
manufacture cable bolts for Australian coal mining industry are generally made from cold-drawn high-carbon
steels. Cold-drawn steel wire performance is known to be better than that of initial hot rolled bar [1]. However,
in past two decades, reports on premature failure of cable bolts in underground mines has been increased. Failure
analysis of cable bolts retrieved from underground mines indicated that the failure is due to stress corrosion
cracking (SCC) and it occurs through hydrogen embrittlement of the steel, i.e. hydrogen-assisted SCC. SCC is
not limited to high carbon steel and has been known to occur in many engineering materials such as stainless
steel [2]. For SCC to occurs synergic action of stress, corrosive environment and a susceptible material are
required [3, 4].

Intensive laboratory and field-based research have been done to study SCC of different materials. While stress
corrosion cracks are 3D structures, generally 2D techniques such as scanning electron microscopy (SEM) and
Optical Microscopy (OM) are used to obtain cross-sectional and longitudinal images for crack analysis.
Significant advances in industrial X-ray microcomputed tomography (MCT) has enabled obtaining 3D images
from a range of different materials such as geomaterials [5], polymers [6], wood [7], and steels [8]. However,
studies on application of MCT to SCC of cold drawn high carbon steel is very limited, and very few direct
evidences on 3D interaction of stress corrosion cracks are available.

In this study, application of MCT to study SCC in cable bolts is shown. MCT was applied to a cable bolt failed
at an underground mine in Australia to capture detailed 3D images of stress corrosion cracks. Grey-scale MCT
image was segmented to separate cracks from the steel. Each branched and non-branched crack was tagged with
a unique label and their propagation at surface and longitudinal and radial directions were computed and
analysed.

2. EXPERIMENTAL METHOD?

A 10 cm wire, with a diameter of about 7 mm, was cut from a SCC-failed cable bolt. The wire was made from a
high-carbon (0.85 wt.%) steel. The wire's microstructure contains random longitudinally-oriented pearlitic
lamellae resulting from cold-drawing process. Approximately 20 mm of the wire was imaged with a resolution
of about 5.4 um using a helical MCT scanner at UNSW Sydney. The quality of the greyscale image of the
sample was enhanced by anisotropic diffusion and unsharp mask filters [9]. These filters have been previously
shown to be highly advantageous in enhancement of 3D images of fractured materials [5]. The enhanced
grayscale image was then segmented using Avizo 9.2 to separate crack phase from steel body. One of the main
constrains in segmentation of the image was that cracks (voids), in particular sub-resolution cracks, obtained a
similar grayscale values to the steel body. This was likely due to high density of the steel and limitations of MCT
scanner. Therefore, simple thresholding method was inapplicable for segmentation. To overcome this issue, a
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dual-step image segmentation was employed. First, a threshold was set to capture all the fractures in each slice of
the 3D image, then AVIZO brush tool was used to label the cracks, i.e. excluding steel body areas having a
similar grayscale value in each slice. Then each crack in the segmented image was tagged with a unique label
and cracks with and without branch were separated. Then, at each axial cross-section, the notion of scale space
method [10] was used to measure the propagation direction of individual cracks. Additionally, each crack
penetration depth in radial direction, length at wire surface and internal surface are were measured to study 3D
behaviour of stress corrosion cracks.

3. RESULTS

Fig. 1 a and b show the greyscale and segmented images of the failed wire. It is seen that crack branching
that is one the characteristics of SCC in cold-drawn steels can be readily captured using MCT technique. The
branching was not always visible if only a 2D technique was used. Cracks analysis results showed that
almost 60% of the cracks were branched with propagation directions of -75° and 50° while non-branched
cracks propagation direction was about 0°, i.e. perpendicular to the specimen axis. Detailed analysis of
branched cracks showed that they initiate perpendicular to the applied load, and then deflect towards the
specimen’s axis. It was observed that branched cracks were deeper, almost 1.5 times and 4 times in radial
and longitudinal directions, receptively, and exposed more surface area, almost 11 times, to the environment
than non-branched cracks. The penetration depth of crack in radial direction showed the lowest correlation
with the crack surface area while the longitudinal penetration depth had the highest correlation. MCT seemed
to be promising technique for capturing 3D structure of stress corrosion cracks. However, MCT was unable
to harness the fine fractographic features in crack specimens such as tearing topography surface (TTS) that
are used for SCC fracture analysis. MCT limitations and artifacts also, in some cases, make it difficult to
capture all the cracks, future work in this area is suggested. Overall, combination of MCT and higher
resolution techniques such as SEM is recommended for detailed analysis of stress corrosion cracks.
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Figure 1: (a) greyscale image of the failed wire sample (dark: cracks and light grey: steel body). (b) segmented
image of the sample showing the internal stress corrosion cracks.



