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of Carbon Cathode by Digital Image 
Correlation

Donald Picard, Luca Sorelli, Julien Réthoré, Houshang Alamdari, Marc-
Antoine Baril, and Mario Fafard

Crack propagation in carbon cathode used in the aluminium industry has been investigated through flexural tests on notched 
specimens. The main parameters of interest were the geometrical evolution of the crack and the stress intensity factor at the tip 
ends. The latter, in the case of interfacial fracture in two-dimensional geometries, can be related to normal (mode I) and shear 
(mode II) stresses. In this work, a new methodology has been applied which optically measures the crack tip displacement 
field by Digital Image Correlation. The stress intensity factors derived from the experimental data are consistent with results 
available in the literature. Furthermore, the preliminary results showed that characterizing the mode I (opening) only is 
somehow challenging due to the heterogeneity of such carbonaceous materials.
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Introduction

An Hall-Héroult aluminium electrolysis cell is composed of

various structural materials such as refractory concrete, steel

and carbon [1]. Carbon is mainly used in the fabrication of

the electrodes, i.e. anodes and cathodes, since it is able to

maintain good thermo-electromechanical properties at the

operational temperature (960 °C) of a cell [2–6]. While the

carbon anode (consumable electrode) has to be replaced

every 26 days (this number may vary depending of the cell

technology), the cathode, on the other hand, is a part of the

cell lining and is thus considered as a non-consumable

electrode.

The life span of an electrolysis cell is strongly correlated

to the cell lining one. Failures leading to the end of life of the

cell are generally related to a lining failure and can be

classified in two categories. The first one contains failures

related to normal operation such as lining degradation (e.g.

erosion of the cathode and chemical contamination of

refractory by the electrolytic bath) [1]. The second one

includes abnormal early failures of the lining leading to

liquid bath leakage. These are generally correlated to the

quality of the preheating phase of the cell used to slowly

increase the temperature of the materials from room tem-

perature (approximately 25 °C) to the operational one (960 °

C). This is mainly done to avoid thermal shock of lining

materials during the early stage operation of the cell, which

include the pouring of molten cryolithe (bath).

As mentioned, the lining is composed of refractories,

cathode blocks and other materials within a steel potshell

each having different thermal expansion coefficients. Hence,

mechanical stresses are induced in the lining when heated

and failure occurs when stress levels exceed material
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strengths. In addition to liquid leakage, the generation of

cracks in the cathode blocks will reduce significantly the cell

electrical efficiency and thus it must be avoided. It is thus

imperative to well understand the behaviour of the carbon

cathode block and, more importantly, when it reaches a

critical state, i.e. cracking.

In this work, the cracking behaviour is characterized

through the stress intensity factors (SIF) which has been

calculated using displacement field obtained with a Digital

Image Correlation method during four-point bending tests of

notched cathode samples.

Materials and Methods

Stress Intensity Factors

Determination of material failure is generally based on

failure criteria such as Mohr-Coulomb or von Mises. The

choice of the criterion is highly dependent of the material

microstructure (metals, ceramics, etc.). Once the material

reaches the failure level, cracks will appear. The evolution of

those cracks may be related to a stress intensity factor [7]

used to predict the stress state near the end of the crack tip.

Three linearly independent cracking modes (Fig. 1) are

used to define the crack state: opening (mode I), jn-plane

shear (mode II) and out-of-plane shear (mode III). In the

present case, i.e. interfacial fracture in two-dimensional

geometry, only the first two modes are of interest. However,

the focus has been set on mode I only, i.e. crack opening.

The relationship between the load and the stress intensity

factor varies with the loading case [9]. However, comparison

between experimental results and analytical solutions will

not be addressed in this paper.

Digital Image Correlation

Digital Image Correlation (DIC) techniques have been

emerging to investigate the damage behaviour of different

materials [10, 11]. In summary, it is a measurement technique

that allows one to retrieve displacement fields “separating”

two digital images of the same sample at different stages of

loading. Because of its remarkable sensitivity, it is not only

possible to detect cracks with sub-pixel opening, which would

not be visible, but also to provide accurate estimates of stress

intensity factors. For instance, in concrete science, DIC has

been successfully applied to study the fracture mechanics of

concrete, especially considering the crack opening [12] and

the internal damage due to the expansive reaction of alkali

reactive aggregates [13]. Recently, DIC analysis has been

applied to study the microcrack process of Ultra High Per-

formance Concrete (UHPC) during bending, which is a key to

the structural ductility [14].

Cathode Samples

Cathode samples used for this study come from a graphitized

carbon cathode. The compressive strength, tensile strength,

Young’s modulus and Poisson’s ratio have been measured in

laboratory according to ISO 18515:2007 [15] /ASTM

C695-91 [16]/ASTM C469 [17]/ASTM C496 [18] standards

and are available in Table 1.

The carbon cathode sample dimensions used for flexural

tests (Fig. 2) were chosen according to ASTM C651 [19]

standard and machined to the following values: 300 mm ×

50 mm × 37.5 mm (Length × Height × Thickness). The

initial notch height is 25 and 3 mm width. Also, as shown on

Fig. 2, paint (black marks on a white background) was used

on cathode samples for DIC purpose.

Flexural Tests

Flexural tests were done accordingly to the ASTM C651

[19] standard with a displacement rate of 0.2 mm/min. The

apparatus used is schematized in Fig. 3 and was mounted on

a MTS 810 loading frame. The distance between the upper

cylindrical bearings was 70 and 210 mm between the bot-

tom ones. The actuator displacement (LVDT) and load

(MTS 5 kN load cell) were both recorded with a MTS FT40

controller. On the other hand, images used for DIC analysis

were recorded with a mvBlueFox 102G camera at a rate of

50 frames/s.

Results and Discussion

Cracking Behavior

As highlighted in several studies (e.g. [2–6]) carbon cathode

materials are highly heterogeneous. Hence, cracking path

will be highly affected by this heterogeneity. In order to get aFig. 1 Cracking modes in fracture mechanics. From [8]
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representative behavior of mode I, cracking a large number

of samples is thus required. Indeed, even though samples

and notch geometries were selected in order to activate only

the mode I, also shear behavior (mode II) has happened in

several tests. Typical mode I and mode II cracking under

four-point flexural test are shown in Figs. 4 and 5 respec-

tively. However, as mentioned previously, this study has

focused only on mode I as a first step.

Typically, mode I cracking will lead to the fully fractured

sample shown in Fig. 6, which presents pictures of a sample

at the end of the test. As shown on those pictures, the

cracking pattern through the thickness of the sample is not

the same one as the one observed with the DIC on the

painted front face. This highlighted again the high influence

of sample heterogeneity. In order to get two representative

samples exhibiting mode I cracking behavior at least five

tests have been performed. The two samples discussed in

this paper are called SIF-I-01 and SIF-I-02, which are

already been introduced in Fig. 4.

2D Displacement Field

The displacement results of samples SIF-I-01 and SIF-I-02

being similar, only one of them, sample SIF-I-01, will be

discussed in this section and are presented in Figs. 7 and 8.

Table 1 Mechanical properties

of the graphitized carbon cathode
Compressive strength

(MPa)

Tensile strength

(MPa)

Young’s modulus

(GPa)

Poisson’s

ratio

Value 11 1.8 2.05 0.03a

aThe measurement error was very high on this parameter

Fig. 2 Typical carbon cathode sample used for stress intensity factor

tests

Fig. 3 Scheme of the flexural

apparatus: a setup; b dimension
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As expected for a mode I fracture mechanism, the hori-

zontal and vertical displacements are mostly symmetrical far

from the crack. In this latter region, displacements are of

course affected by the crack propagation. However, as

mentioned previously, this displacement field may vary

through the width of the sample (see Fig. 6).

The crack length evolution of both samples SIF-I-01 and

SIF-I-02 are shown in Fig. 9. It can be seen that the crack

3 mm 

3 mm 

(a)

(b)

Fig. 4 Mode I crack pattern observed on painted graphitized carbon

cathode: a sample SIF-I-01; b sample SIF-I-02

3 mm

Fig. 5 Typical mode II crack pattern observed on painted graphitized

carbon cathode

Fig. 6 Typical mode I cracked sample after a stress intensity factor

test. a front view; b open view; c side by side view; d rear view
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evolution in this cathode material is not a monotonous one.

Two similar events can be observed after approximately

212 s and 219 s in the crack evolution of sample SIF-I-01.

At these steps, the crack length increase rapidly. A similar

event occurred in sample SIF-I-02 after 210 s. This suggest

that at that moment the crack has gone through a weak zone

probably containing more graphitized aggregates with

planes aligned with the crack direction [3, 20].

Stress Intensity Factors

The stress intensity factor evolution with time of both

samples SIF-I- 01 and SIF-I- 02 is shown in Fig. 10. Con-

trary to the observations on crack length evolutions (Fig. 9),

there are no clear events related to crack propagation in

weaker zones Instead, the Stress Intensity Factors seem to

increase almost monotonously with time. This is not the case

when Stress Intensity Factors K1 are compared to crack

lengths as shown in Fig. 11. In both samples, K1 is almost

Fig. 7 Horizontal displacement field (mm) of sample SIF-I-01 after

245.08 s

Fig. 8 Vertical displacement field (mm) of sample SIF-I-01 after

245.08 s

Fig. 9 Crack length evolution of samples SIF-I-01 and SIF-I-02 as a

function of time

Fig. 10 Stress intensity factor K1 evolution of samples SIF-I-01 and

SIF-I-02 with time

Fig. 11 Stress intensity factor K1 evolution of samples SIF-I-01 and

SIF-I-02 as a function of crack length
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constant up to a crack length of about 35 mm. After that,

Stress Intensity Factors K1 increase almost with a constant

slope up to a crack length of about 40 mm. This seems to

indicate that for those two tests weak zones are located

roughly at the same distance from the initial notch and that

they have almost the same size in both samples. Even though

graphitized carbon cathodes are heterogeneous and the SIF

extraction ignores the presence of these heterogeneities, the

critical stress intensity factor for the weak zones seems to be

reproducible at SIF� 0:3MPa �
ffiffiffiffi

m
p

.

Conclusion

Cracking behaviour has been characterized through the

stress intensity factors K1 related to normal (mode I) stress.

This factor has been calculated based on displacement field

obtained with a Digital Image Correlation method during

four-point bending tests of notched cathode samples. Sample

heterogeneity effect on cracking behaviour has been high-

lighted and justified the need to have a large number of tests

in order to identify the mode I fracture behaviour. As

expected, cracking seems to be highly affected by the pres-

ence of carbon aggregates with planes aligned with the

cracking direction. Nevertheless, the evolution of the stress

intensity factor K1 as a function of the crack length indicated

that flexural tests on notched specimen where only mode I is

solicited are reproducible. Finally, critical stress intensity

factor for the weak zones seems to be reproducible at

SIF� 0:3MPa �
ffiffiffiffi

m
p

.
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