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ABSTRACT 
The possibility to use resistance variations of carbon nanotube (CNT) doped carbon 
fibre reinforced plastics (CFRP) to characterise the level of microstructural damage in 
the form of transverse cracking is experimentally investigated in the current work. The 
resistance of CNT-doped and unmodified CFRP was measured after they had been 
subjected to stepwise increased tensile loading. Both increase and decrease resistance 
was observed which made it difficult to make any firm statement that the changes we 
observed were due to damage. The conductivity along carbon fibres is dominating 
electrical conductivity of the studied cross-ply laminate. Any disturbance of conductive 
CNT based nanocomposite matrix by transverse cracks in 90-layer therefore caused too 
small changes of resistance to be measured with current experimental setup.  
 
  
1. INTRODUCTION 
Among the many types of polymeric nanocomposites that were intensely studied in the 
last decade, composites based on CNT have attracted significant attention [1]. One 
interesting feature of these nanocomposites is that they become electrically conductive 
even if very small amount of nanotubes is added, i.e. the percolation threshold is 
attained for low fractions of CNTs. Another important characteristic of these materials 
is their piezoresistivity i.e. the electrical resistivity varies with applied strain. Both these 
features were found very useful since they offer a new way for integrating deformation 
and damage sensing ability in fibre reinforced polymer composite materials [2-4].  

In previous work [2] it was shown that a glass fibre composite (GFRP) can be made 
electrically conductive by using CNT-doped epoxy resin as matrix. This conductivity 
can be used for deformation sensing purpose and characterization of micro-damage [2]. 
The resistance changes upon loading of a cross-ply GFRP is illustrated in Fig. 1. The 
curve was obtained by loading-unloading experiments where the maximum strain level 
was incrementally increased after each cycle. The resistance changes seen in Fig. 1 
originate from three different mechanisms; a) geometrical changes of the specimen b) 
piezoresistive material response and c) accumulation of micro-damage at strain levels 
above 0.3%. While the damage detection possibility offered by CNT is firmly 
established for the case of GFRP it is less established for CFRP. In the case of GFRP, 
the electric conduction takes place solely in the CNT-doped matrix material since glass 
fibres are not conductive. Therefore transverse cracks in the 90-layer significantly alter 
the pathway for electrical transport within the material and cause changes in electrical 
resistance. For the case of CFRP the situation is very different. A majority of the 



electrical conduction takes place in the carbon fibres (mainly along the fibre direction) 
and one can not expect that resistance of cross-ply carbon fibre composites should 
exhibit the same sensitivity towards transverse cracks . 
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Fig. 1: GFRP specimen resistance extremes during loading – unloading experiments (from [2]) 

The main objective of the current work is to investigate the possibility to use resistance 
variations of CNT doped carbon fibre composites to characterise the level of 
microstructural damage in the form of transverse cracking. Results from an 
experimental investigation on CNT-doped carbon fibre cross-ply laminates are 
presented. The extent of transverse cracking is correlated with registered resistance 
changes and with degradation in mechanical properties. The results are analyzed in the 
light of data available from similar studies in glass and carbon [5] fibre cross-ply 
laminates. 
 
2. MATERIALS AND SPECIMEN PREPARATION 
CNT-doped nanocomposites with 0.5 wt% CNT were prepared and used as matrix in 
the CNT-doped continuous fibre composites. An anhydride cured epoxy system 
Araldite LY556/Aradur HY 917/Accelerator DY 070 mixed in the ratio (by weight) 
100/90/1.5, is used as resin for the nanocomposites. The CNTs used were as-produced 
multi walled carbon nanotubes (MWCNT) supplied by Arkema, France.  

Preparation of CNT nanocomposites was performed by dispersion of CNT in the base 
resin in water cooled steel containers. A Sonics VC 505 tip sonicator equipped with a 
13 mm standard tip was used to promote dispersion. Sonication was performed in 
repeated 30 seconds interval (sonication for 30 seconds followed by a period rest for 30 
seconds) and lasted in total for 4 hours. A Heidolph RZR 2650, laboratory mixer was 
used for mixing of hardener and accelerator with the base and MWCNT suspension. 
Accelerator and hardener were kept at ambient room temperature. The mixed resin was 
degassed at a pressure of 150 mbar for 10 minutes.  

A unidirectional Non Crimp Fabric (NCF), Devold T320-C05-A, produced by AMT 
Devold and based on Toray 12k T700S carbon fibres were used to prepare cross-ply 
samples with [0/902]s lay-up. Three such laminates were produced and denoted as REF-
TC2-CF1, CNT-TC2-CF1 and CNT-TC2-CF2. REF-TC2-CF1 is the reference plate 



made with neat epoxy resin whereas CNT-TC2-CF1 and CF2 are plates made with 
CNT-doped epoxy as matrix. The plates REF-TC2-CF1 and CNT- TC2-CF1 were 
produced by conventional RTM (illustrated in Fig. 2A) whereas CNT-TC2-CF2 was 
produced by a manual moulding procedure (illustrated in Fig. 2B). The manual 
moulding is performed by placing and manually impregnate the fibre preform in the 
mould cavity before closing the mould. Compaction of the fibre and resin preform is 
made by manually tightening bolts distributed along the perimeter of the mould. Excess 
resin is evacuated through gates in the upper tool half. This moulding procedure was 
used because RTM with CNT-doped resin caused inhomogeneous CNT-distribution due 
to filtering of the nanofiller.  
 

 

Fig. 2. Manufacturing principles: A) conventional RTM and B) compression moulding in RTM-tool of 
hand-impregnated pre-form.   

 
In order to reduce filtering and ensure easier resin flow the fibre volume fraction was 
intentionally kept low, between 40 - 45%. As it turned out the low compaction pressure 
associated with the low fibre content permitted the outermost 0-degree layers to deform 
slightly due to the shear forces applied by the flow. All materials were cured for at least 
8 hours at 80°C followed by a 4 hours free standing post cure at 140°C. Test specimens 
have widths of 8-10 mm. Contacts for resistance measurements are produced by 
painting two contact areas, each separated by a distance of 70 mm, with conductive 
paint. Wires are attached to the contacts by use of conductive paint and epoxy adhesive. 
Sand-paper is glued on the specimen at the locations where the extensometer is attached 
i.e. with a separation of 50 mm (to avoid extensometer sliding and to electrically isolate 
extensometer from the specimen).  
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3. EXPERIMENTAL 
Mechanical testing was performed using an INSTRON 3366 testing machine with a 
maximum load capacity of 10kN. The applied strain was measured by a standard 
Instron extensometer. All measurements of electrical resistance are made using a 
Keithley 2100 DMM in the two wires resistance measurements mode. Resistance, load 
and strain are all measured with the same sampling rate of 5 samples/second. Transverse 
cracking tests are performed according to the loading-and-unloading ramp indicated in 
Fig. 3. The loading ramp implies that maximum strain increases gradually throughout 
the test. Between each increasing step is a cycle which reaches a maximum strain of 
ε=0.3 %. Elastic modulus is determined during this cycle. Indicated in the figure is also 
the time when resistance of the damaged laminate is measured and when number of 
transverse cracks is counted by use of optical microscope (specimen was dismounted 
from the machine for the cracks to be counted and measurements of the resistance). 
Two specimens were subjected to the tensile loading-unloading sequences where 
maximum strain reached 0.3% and during which resistance changes were continuously 
monitored by the DMM. In this test, a GFRP cross-ply laminate with CNT-
nanocomposite matrix was tested alongside with CFRP. The specification and 
manufacturing procedure of the GFRP sample is found in [2].  
 

 

Fig. 3.  Principal loading history (applied strain as a function of time) 

 
4. RESULTS AND DISCUSSION 
Typical results obtained when continuously monitoring resistance changes during a 
loading-unloading sequence are presented in Fig. 4. (values are normalized with respect 
to the resistance of sample before any mechanical load was applied). The specimen 
resistances in an virgin and unloaded state are R0 = 7.2 Ω, 47 Ω and 547 kΩ  for the 
CNT-doped CFRP, reference CFRP and CNT-doped GFRP respectively.  

We notice that resistance follows the same general shape of the curve for all specimens, 
regardless if the resin contains CNT or not. This is in line with previous knowledge that 
the resistance of carbon fibre composites are sensitive to strain [5]. The magnitudes of 



relative resistance variations vary between different samples. It can be noticed that the 
largest relative change is reported for the CNT-doped CFRP whereas the other two are 
similar in magnitude. Too few specimens were tested to support any definite conclusion 
that CNT enhances sensitivity of CFRP to strain.  
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Fig. 4. Relative resistance changes during tensile loading-unloading for various material configurations 

An interesting observation is that a permanent increase in relative resistance is observed 
after the first loading cycle of the GFRP specimen. This could be an indication that 
permanent damage in the form of cracks could be developed during the first loading 
cycle. In summary we may conclude that the observed resistance changes upon tensile 
loading … 

• is generally governed by the carbon fibres in case of CFRP. 

• is only to a minor extent depending on CNT-nanocomposite for CFRP. 

• is solely a consequence of CNT-nanocomposite electrical conductivity for the 
case of CNT-doped GFRP. 

Six specimens were tested and analyzed according to the loading schedule shown in 
Fig. 3. Resistance over the gauge length was measured for all specimens after each 
loading cycle. The number of transverse cracks over a fixed length of the specimen was 
counted after each loading step in the loading-unloading cycle. The results are presented 
in Fig. 5. From this graph we can say that CNT-based specimen have onset of cracking 
at lower strains than in reference specimens. First cracks appear at strain of 0.35-0.40% 
for CNT-based specimens whereas the corresponding interval for the reference material 
is 0.4-0.6%.  The crack density at a given strain is generally higher in CNT-doped as 
compared to reference specimens.  
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Fig. 5.  Transverse Crack Density (CD) vs. strain 

 
Results presented in Fig. 6 shows that stiffness of both materials starts to degenerate as 
the strain increases. Due to certain experimental scatter it is difficult to estimate a single 
valued onset strain where the stiffness starts to decrease. It appears that stiffness of both 
materials have decreased once ε = 0.4% is exceeded. Above this strain the stiffness 
gradually continues to decrease. It is evident from the results that CNT specimens are 
subject to a stronger modulus decrease, in particular at strains higher than ε = 0.6 %. In 
other words, for the same applied strain we have a stronger decrease of the young 
modulus in CNT specimens than in reference specimens (this is of course due to higher 
crack density observed in CNT doped composites). An unsatisfactory fact is that the 
magnitude of the stiffness decrease in CNT-doped specimens is higher than what one 
expects for the current cross-ply laminate configuration. By using the simplest form of 
ply discount model, assuming that the 90°-layer completely ceases to contribute to the 
stiffness once a transverse crack appears and it fails, one can estimate the maximum 
theoretical degradation due to damage in the transverse layer. With the current material 
configuration such analyses yields a theoretical minimum value of E/E0 = 0.88. The low 
values observed in Fig. 6 can hence not be caused by damage and cracking in the 
transverse layer only. The values can only be explained by certain damage in the 
longitudinal layers. This phenomenon in NCF cross-ply laminates has been observed in 
another study of similar CFRP [6]. By this we conclude that we did not completely 
manage to promote and isolate the desired type of transverse cracking in our test. 
Transverse cracking took place alongside with other type of damage e.g. delaminations, 
at relatively low strain levels. Delaminations have a profound impact on the stiffness of 
the material and explain the comparably large stiffness reduction observed in particular 
for CNT-doped specimen in Fig. 6. It is reasonable to assume that the curvature and 
misalignment of the 0°-layer can induce premature delamination, preferably starting at 
specimen edges, which severely accelerate the stiffness degradation of these materials. 
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Fig. 6  E/E0 vs. strain 

 
The actual resistance, R in an unloaded case was compared to the resistance R0 of the 
pristine specimen. Previous work on CNT-doped glass fibre composites showed that 
resistance of the specimen increased with increasing load level due to damage in the 
material [2], a similar trend could be expected for the current CFRP materials. The 
outcome of the present tests was surprising. Resistance in materials without CNT had in 
general a tendency to decrease with increasing load level, see Table 1. We have not a 
satisfactory explanation for this behaviour at the moment. The results for CNT doped 
materials are equally difficult to explain since both an increase and a decrease in 
resistance is observed. An experimental uncertainty is that we observed a tendency that 
the registered resistance decrease over time for some reason when we measure 
resistance of the damage specimens. We have waited until resistance values stabilized 
before registering the actual values. The major objective and ambition of this work was 
to investigate whether resistivity and resistance changes in CNT-doped CFRP can be 
used as a measure of damage accumulation. The most general statement with respect to 
this is that our results do not provide a solid foundation for such a conclusion. 
 

Table 1.  Resistance changes of damaged laminates 
Material Sample ID Resistance change after loading to ε ≈ 0.6 % 

REF-TC2-CF1 2-22 -5% 
REF-TC2-CF1 2-23 -0.5% 
REF-TC2-CF1 2-24 -7% 
CNT-TC2-CF2 2-30 +30% 
CNT-TC2-CF2 2-32 -20% 
CNT-TC2-CF2 2-33 +3% 



 
5. SUMMARY 
The major objective of the work was to experimentally establish whether it is possible 
to use resistance changes in a CNT-doped CFRP cross-ply laminate to follow the 
damage (transverse cracking) progress. It was not possible to make any statement that 
the changes we observed were due to damage. Rather large resistance changes, both 
increase and decrease, was observed for CNT-doped laminates as well as for reference 
CFRP. A reason why we are somewhat cautious with making strong conclusions is 
some experimental uncertainties. Fibres in the 0°-layer of the tested CNT-based 
laminate were curved. A consequence is that a delamination is likely to occur at lower 
loading levels. This influences the overall rate of damage progression. The reason for 
the observed initial drift in resistance measurement is unclear and also shed some 
uncertainty about the interpretation of these results. While continuously measuring 
resistance during loading-unloading experiments we could conclude that resistance 
varies with strain level in similar manner for three types of materials tested i.e. CNT-
doped GFRP, CNT-doped CFRP and reference CFRP. From this we conclude that 
resistance changes upon tensile loading are generally governed by the carbon fibres in 
case of CFRPs. It is only to a very minor extent depending on enhancement of CNT-
nanocomposite conductivity for CFRP. This is in contrast to the case of GFRP where 
resistivity changes are exclusively a consequence of CNT-nanocomposite electrical 
conductivity.  
 
6. ACKNOWLEDGEMENTS 
This work was performed within NOESIS, ”Aerospace nanotube hybrid composite 
structures with sensing and actuating capabilities”, funded by the European Community, 
Contract no. 516150. Mr Florian Bastard-Rosset is gratefully acknowledged for his 
experimental efforts on characterization and analysis of damage accumulation in cross-
ply laminates.  
 
7. REFERENCES 
1. Thostenson ET, Li C, Chou T-W, “Nanocomposites in context“, Composites 

Science and Technology, 65, 491-561, 2005. 
2. Fernberg SP, Nilsson G, Joffe R, ”Piezoresistive performance of long fibre 

composites with carbon nanotube doped matrix”, 6th International Symposium on 
Advanced Composites, 16-18 May, 2007, Corfu, Greece 

3. Thostenson ET, Chou T-W, “Carbon nanotube networks: sensing of distributed 
strain and damage for life prediction and self-healing”, Advanced Materials, 18, 
2837-2841, 2006. 

4. Fiedler B, Gojny, FH, Wichmann MHG, Bauhofer W, Schulte K, “Can carbon 
nanotubes be used to sense damage in composites?”, Annales de Chimie (Science 
des Materiaux), 29, 81-94, 2004. 

5. Schulte K, Baron C, “Load and failure analysis of CFRP laminates by means of 
electrical resistivity measurements”, Composite Science and Technology, 36, 63-
76, 1998. 

6. Mattsson D, Joffe R and Varna J, Damage in NCF composites under tension, 
Engineering Fracture Mechanics, 75, 2666-2682, 2008. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


