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Abstract 

A hybrid method combining infrared metrology and numerical simulation enables the investigation of 
thermo-mechanical field coupling effects in the vicinity of the crack tip. The temperature fields are ana
lysed as a function of the loading rate, the specimen geometry and the crack evolution using infrared 
thermography. The experimental results are used for adjusting and verifying FE-calculations. 

1. Introduction 

Large plastic deformations occur during all stages of the fracture process in the vicinity of the 
crack tip especially of ductile materials. Thereby, up to 90% of the plastic work rate is dissi
pated as heat. If the strain rate is high enough so that the heat transfer is negligible a tempera
ture rise can be proved. It should be noted that the plastic zone changes its position during 
crack propagation and acts as a moving, distributed heat source. 

Among others ZEHNDER and ROSAKIS [1] have analysed the temperature rise in high 
speed experiments at modified CT-specimens. They have measured an increase of tempera
ture of over 425°C in 4340 steel and Beta-C titanium for crack propagating rates up to 1200 
mts. On the one hand, such a local temperature rise is connected with significant thermal 
strains in addition to the mechanical deformations. On the other hand, these high temperatures 
influence the mechanical properties particularly at the crack tip such as Young's modulus, yield 
stress and fracture parameters including the constitutive equations describing the mechanical 
behaviour. Consequently, a feed back is obtained to the mechanical stress and strain fields. 

This sophisticated coupled field problem can be only interactively solved using suitable nu
merical methods like FEM because closed solutions for coupling of internal strain rate and 
thermal effects do not exist. Nevertheless, a number of theoretical estimations for the tempera
ture rise around a moving crack tip have been performed, see e,g. [2-4]. But the values pre
dicted for the temperature development can differ in a wide range according to the details of 
the models employed. For that reason, precise experimental data are required to fill this lack, 
to verify the theoretical results and to adjust the numerical calculations. 

The coupling of numerical simUlation and quantitative temperature field analysis by infrared 
thermography offers a favourable solution to investigate the influence of heat generation on 
the deformation behaviour and on the fracture toughness during the fracture process. 

2. Crack temperature field analysis 

Various measurement techniques are used to determine the temperature distributions 
generated by the heat development resulting from reversible and irreversible deformation pro
cesses. The temperature caused by the heat dissipation due to large deformations near the 
crack tip was measured e.g. by thermocouples, resistance temperature conductors, liquid 
crystal foils or infrared metrology [5-6]. In the case of a fast crack propagating at over 1000 
mts the temperature rise is recorded by IR-detectors at discrete points with an extremely high 
sampling rate by means of 10 MHz storing the voltage output in digital oscilloscopes [1]. If the 
crack rate a is lower, imaging IR-systems are suitable to analyse both the global and local 

: temperature fields during the crack evolution with a sufficient frame rate up to 30 Hz and a 
high spatial resolution [7-8]. 
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2.1. Experimental technique 

A plasticity-type steel X2CrNi1911 was chosen due to its high ductility with a ratio between 
tensile strength and yield stress of nearly three and a comparable low heat conductivity. The 
temperature dependence of Young's modulus and yield stress are given in Table 1. 

temperature T [0C] 20 50 100 150 200 250 400 

Young's modulus E [GPa] 200 194 186 172 

yield stress RpO.2 [MPa] 180 162 147 132 118 108 89 

Table 1. Temperature dependent mechanical properties of X2CrNi1911 (DIN 17440) 

Single edge notched tension (SENT) and compact tension (CT) specimens were investi
gated. The geometry of the precracked CT-specimens corresponds to ASTM E399-90, figu
re 1. The starter notch is cut by spark erosion. The fatigue cracks are generated in a high fre
quency pulsator at a frequency of 70±3 Hz and a load ratio R = FjFo = 0.1 at an average load 
level of 2.75 kN. The initial crack length ao realised satisfies the condition 0.45 :$; aofW :$; 0.55. 
Figure 2 shows the crack profile of a CT-specimen broken after crack initiation. 

The experiments were carried out displacement-controlled in an electromechanical testing 
machine with a maximum load of 100 kN, figure 3. The machine speed was varied in a wide 
range up to a maximum speed of Vms = 16.7 mm/s. To avoid additional loads such as bending 
and torsion moments, the specimens are mounted on girbals with ball-and-socket bearings, 
The crack opening displacement was measured by a COD-clip MTS 632.03F-30 with a maxi
mum travel of 12mm and the signals are formed by a measuring amplifier MGC from HBM. 

Two short wave IR-systems, AGEMA 870 and TVS 2000 from NIPPON AVIONICS, are used 
in the experiments. The sensitivity of 0.1 K at 30°C and the image field with more than 100 li
nes/frame and 250 sample/line allow good recording conditions for the temperature. A thin 
TETENAL coating on the specimens surface under investigation ensures a reproducible emis
sion coefficient of e "" 0.9. Caused by its high toughness and adhesion the coating does not 
tear. 

2.2. Results 

Figure 4 shows the temperature rise as a function of the crack rate provided that the speci
mens have the same geometry. Even a low machine speed Vms = 1 mm/s leads to an elliptical 
temperature distribution with a maximum of T max = 50.1 °C at the crack tip. Owing to the domi
nance of the heat conductivity only a comparable low temperature difference of 20 K is found. 
But the dissipated plastic work energy generates an essentially higher crack tip temperature in 
a shorter time for a more adiabatic process at the maximum speed Vms = 16.7 mm/s. Due to 
the temperature maximum of T max = 155°C at the crack tip the yield stress is locally reduced to 
approximately 70%. The dark areas far from the crack tip are on the level of the surrounding 
temperature. That means, no heat is generated in this volume region or transmitted to that. 

Comparing specimens with different thicknesses loaded at the same machine speed, the 
temperature maximum near the crack tip, at the same time, figure 5, does not distinguish 
between the different specimens. However, the temperature fields differ clearly in their shape. 
This influence of the thickness can be interpreted by differences in the thermal transport 
mechanisms and the multiaxial stress field at the crack tip. Furthermore, a comparable slight 
temperature increase is observed in the compressed region opposite the crack. Further results 
are extensively discussed in [8]. 

3. FE-calculation 

Temperature rise during crack growth in ductile materials occurs because the plastic work ra
te is converted into heat. Assuming adiabatic conditions and neglecting thermoelastic effects 
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this temperature rise AT(t) can be written in a first approximation as 
I 

pCpAT(t)= ff3crii('t)8~I(-r)d't (1) 

with the material density p, the specific heat cp, the weighting factor /3 '" 0.85 .. .1.0, the stress 

tensor crlj and the strain tensor Elj. The heat conduction equation is extended by a heat source 

term /30" i~1 

ICV2T-pcpt=-f3crii8~1 =-WPI (2) 

with the heat conduction coefficient IC. In order to determine the temperature distribution the 
thermal problem is simultaneously solved with the mechanical problem. Finally, the FE
calculation has to take into account the temperature dependence of the material properties. It 
has to be noted that an elastic-viscoplastic material behaviour is assumed. 

The in-house FE-code ASTOR used to solve the coupled thermo-mechanical problem per
forms adaptive meshing and time stepping algorithms [9]. 

Figure 6 shows the heat propagation during crack blunting and crack propagation. The evo
lution of the magnitude of temperature versus the time is pointed out in figure 7. The influence 
of the temperature rise near the growing crack tip on the fracture parameters is demonstrated 
in [9] by means of the AT' -integral from BRUST et al. [10] 

AT: = f [-AWnk -(O"ii +AO"ij)niAu i.k - AO"iPiUi.k] dy+ ... 
r 

... + f [Acr .. (E" k +.!.AE .. k) -AE .. (cr" k +.!.Acr.k)]dOJ (3) IJ IJ, 2 IJ. IJ 1]. 2 IJ. 

n-n, 

The comparison between the calculated and measured temperature fields allows an adjust
ment of the heat flux conditions through the boundary of the specimen especially through the 
crack surfaces and the verification of the models used in the numerical simUlations. 
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thickness W = 6 ... 12.5 mm 
initial crack length aD = 25 ± 2 mm 

Fig. 1. CT-specimen (geometry 
according to ASTM E399-90) 
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Fig. 2. Crack profile of a CT-specimen broken after 
crack initiation 
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Fig. 3. Experimental set-up 
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Fig. 4. Time dependent temperature rise near the crack tip on CT-specimens at two speeds Vms 
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Fig. 5. Temperature distribution in the vicinity of the crack tip on CT-specimens as a function of 
the thickness B at the same time t = 1.7 s; vms = 10 mm/s (II = 1.8 mm/s) 

112 

http://dx.doi.org/10.21611/qirt.1996.018



t = 11 5 t=16.755 

temperature [0C] 

138.8 
-128.8 
-118.8 
-188.8 

- 98.8 
-l1li.8 

c:::::J 7B. 8 
"'0)"",',',"4 68.8 
1'"",-",1 58.8 

- 48.& 

- 38.8 

- 28.& 
- 18.8 
- 8.& 

Fig. 6. Temperature field of the deformed SENT-specimen in the stage of crack blunting and 
crack propagation 
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Fig. 7. Time dependent development of temperature maximum during the whole process 
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