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ABSTRACT 

 
Ferritic steels usually show significant embrittlement with increasing loading rates in the lower 

shelf and transition region, i.e. the fracture toughness versus temperature curve KJc(T) is shifted to higher 
temperatures. However, this embrittlement is limited and the ASME-reference curve KIR is commonly 
accepted as a lower bound curve. It was one aim of this project, to verify this lower bound curve for the 
German reactor pressure vessel steel 22 NiMoCr 3 7 (≈ A 508 Cl.2) in particular for elevated loading 
rates. The investigations with high speed fracture mechanics tests were performed within a joint project of 
Fraunhofer IWM and MPA. Details are reported in Böhme et al. (2012). The results of compact tension 
and three point bend specimens were evaluated according to ASTM E1921 (2011) following the Master 
Curve approach. All determined dynamic KJc-values were above the ASME reference curve KIR. The 
applied Master Curve evaluation with an assumed Weibull distribution according to ASTM E1921 
(2011), results for some test series in 5%-fractile lower bound curves, which are below the KIR-curve. 
However, a lognormal-distribution, recently proposed for crack arrest in ASTM E1221 (2010), leads to a 
more meaningful agreement of the calculated 5%-fractile curves with the KIR-curve. Statistical analysis of 
the data confirmed, that the lognormal-distribution is a best fit of the experimental high rate data. Finally, 
the data distribution tends to show a second peak, thus giving a hint, that two mixed collectives of data 
may exist, a more brittle and a more ductile one. At the highest loading rates the more brittle one seems to 
dominate, resulting in comparable T0,x-values, independent of specimen type, size and loading rate, and 
thus possibly determining a physically caused lower limit of embrittlement, which confirms the 
engineering lower bound KIR-curve. This final conclusion would be subject to further investigations. 

 
INTRODUCTION 

 
In reactor safety assessment, the KIR-reference-curve is generally deemed to be the lower bound 

curve for fracture toughness properties especially for accident situations with high loading rates. One aim 
of this joint research project among IWM Freiburg and MPA Stuttgart, see Böhme et al. (2012), consisted 
of assessing the applicability of this lower bound curve to fracture mechanic properties KJc,d, which were 
determined at high loading rates according to the Master Curve (MC) concept in ASTM E1921 (2011). In 
addition, the relationship between these crack initiation values to also determined crack arrest toughness 
values was investigated. Therefore, numerous dynamic fracture mechanics tests were performed at 
Fraunhofer IWM, Freiburg, with specimens of two different sizes under three-point bending. These 
specimens were tested at very high crack loading rates up to dK/dt ≈ 107 MPa√m s-1 and the crack 
initiation values for dynamic loading KJc,d, as well as the rate dependent reference temperature T0,x (where 
x is the logarithm of the loading rate dK/dt) according to the Master Curve concept has been determined 
with newly developed high speed testing equipment. In addition, high speed tests with compact tension 
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C(T) specimens were performed at MPA Stuttgart and KJc,d values and reference temperatures T0,x have 
been similarly determined. Furthermore, tests for crack arrest according to ASTM E1221 (2010) were 
carried out and KIa values have been obtained, that have also been compared to the KIR reference curve. In 
addition, instrumented pendulum impact tests with Charpy-V specimens were performed. According to 
ISO 14556 (2006) the force at crack arrest Fa was determined, and according to the 4 kN criterion, the 
crack arrest reference temperature TKIa(4kN) was calculated and used for comparisons. The obtained 
fracture mechanics results and their dependence on the loading rate are presented here in comparison to 
an empirically derived equation according to ASTM E1921 (2011) and are assessed regarding the 
applicability of the ASME KIR-concept. 
 
MATERIAL AND SPECIMENS 

 
The investigations were performed with the German nuclear reactor pressure vessel steel 

22 NiMoCr 3 7, which is similar to A 508 Cl. 2. Basic material properties such as strain rate dependent 
tensile test results were determined and reported in Böhme et al. (2012) e.g., static tests at room 
temperature result in ReL = 430 MPa and Rm = 587 MPa. In addition, the following transition temperatures 
were determined from the Charpy-V tests: T28J = -40 °C, T41J = -31 °C and T68J = -17 °C. 

Furthermore, results of quasistatic fracture mechanics tests were available from Hohe et al. 
(2005) and Roos et al. (2006). The quasistatic Master Curve reference temperature was determined to  

 

 T0,stat = -68 °C (1) 
 

and the “Nil Ductility Transition Reference Temperature” to  
 

 RTNDT = -20 °C. (2) 
 

Detailed specimen sampling plans can be found in the final report of this research project in 
Böhme et al. (2012). Charpy-V-specimens and the CCA-specimens as well as SE(B)- and C(T)-
specimens were extracted from between 2/3 and 3/4 of the wall thickness of the pressure-vessel. The 
crack orientation of the specimens was aligned in a way that crack propagation occurs in a plane 
perpendicular to the vessel’s axis from inside the vessel towards the outer surface (T-S orientation).  

All SE(B)- and C(T)-specimens were precracked with a stress concentration factor KI less than 
15 MPa√m for the final crack extension of 0.6 mm, as required by ASTM E1921 (2011). The relative 
crack lengths of the SE(B) specimens were a0/W = 0.3, which is the shortest length admissible by 
ISO/DIS 26843 (2009). These short cracks with relative stiff specimens were used in order to minimize 
oscillations in the force signal of the impact tests and thus improving their interpretability. C(T) 
specimens had an initial crack length of a0/W = 0.5. On both sides of each specimen 10% side grooves 
were machined after fatigue pre-cracking.  

 
EXPERIMENTS AND MEASURING TECHNIQUES 

 
A number of fracture toughness tests were performed at various crack loading rates up to about 

5·106 MPa√m s-1. Small pre-cracked Charpy specimens SE(B) 10/10 as well as larger three point bend 
specimens SE(B) 40/20 and C(T)-specimens were investigated. The tests and the evaluation were based 
on the Master Curve method according to ASTM E1921 (2011) which enables the determination of the 
complete fracture toughness versus temperature relationship KJc(T) with only about six to eight fracture 
toughness tests. One single parameter, the Master Curve reference temperature T0, is used to define this 
curve. Still, this standard is limited to moderate loading rates of up to about 105 MPa√m s-1. In order to 
extend the range of applicability to higher loading rates and observed times to fracture of partially less 
than 100 µs, special measuring techniques were successfully developed and applied. For example, near 
crack tip strain gauges were used to measure the local loading behavior and to detect crack initiation, see 
Figure 1 and e.g. Böhme (1983).  
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In addition, high speed video cameras in combination with digital image correlation (DIC) 
analysis were applied as shown in Figure 1 to determine the crack mouth opening curve CMOD(t) for an 
impacted SE(B)-specimen. A series of high speed video frames with the CMOD-analysis is shown in 
Figure 2. 

 

 
 

Figure 1. Test set-up for dynamic fracture mechanics tests (left) and speckle pattern on the 
specimens (right) for measuring CMOD with digital image correlation (ARAMIS) analysis and a high-

speed camera. 
 

 
Figure 2. High speed video frames and DIC analysis of horizontal displacements of an impacted 

bend specimen SE(B) 10/10 (crack loading rate dK/dt = 2·105 MPa√m s-1, test temperature T = -20 °C). 
 
The crack mouth opening displacement CMOD of the C(T) specimens that were tested at MPA 

Stuttgart was determined with a newly developed COD meter. The instrument works on the basis of an 
illuminated grating that reflects a black and white pattern onto a sensor. The movement of one side of the 
C(T) specimen with the sensor attached relative to the fixed side with the attached grating delivers a 
sinusoidal signal which then is transformed into a CMOD measurement. More details are given in Mayer 
(2012) 
 
RESULTS 
 

The tests with SE(B) 10/10 specimens were performed with a pendulum impact tester or a high 
rate tensile testing machine with loading velocities of v0 = 1.0, 0.6 and 6 m/s, corresponding to the 
achieved crack loading rates of dK/dt = 3·105, 2·105 and 3·106 MPa√m s-1. The measured force vs. time 
curves are given in Figure 3 (top) and force vs. CMOD, respectively LLD (Load Line Displacement) 
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curves in Figure 3 (bottom). Based on these F(CMOD)-curves for high rate tests, KJc,d values were 
determined in the same way as KJc in static tests according to ASTM E1820 (2011) following the Master 
Curve evaluation of ASTM E1921 (2011). In order to avoid inertia effects and thus to achieve reliable 
measurements for the determination of valid fracture toughness values it is required by ASTM E1820, 
that the time to fracture tf should be greater than a minimum test time tW (see in Figure 3 (top)). For the 
tests with shorter times to fracture, tf < tw (see Figure 3 (top, right diagram)), the results of near crack tip 
strain gauges were used as local load measurements, which are not significantly influenced by 
oscillations. 

 

 
 

Figure 3. Force vs. time curves (top) and force vs. LLD/CMOD curves (bottom) of three 
SE(B) 10/10 series of tests at T = -20 °C with a pendulum impact tester or a high rate tensile testing 

machine (from left to right: v0 = 1.0 m/s and dK/dt = 3·105 MPa√m s-1; v0 = 0.6 m/s and 
dK/dt = 2·105 MPa√m s-1; v0 = 6.0 m/s and dK/dt = 3·106 MPa√m s-1). 
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All data are valid according to ASTM E1921 (2011) with KJc,d ≤ KJcd,limit, where KJcd,limit is the 
limit fracture toughness for small scale yielding. Ductile crack extension for all tests was less than the 
allowed 0.05·b0 (b0 being the rest ligament). Additionally the fracture tests were determined in the 
acceptable range of test temperatures within -50 K ≤ T – T0 ≤ +50 K, see Figure 4.  

These results confirm the expectation from a statistical point of view that most of the data are 
within the proposed Weibull scatter band between 5 % and 95 % fracture initiation probability.  

 

 
Figure 4. Dynamic fracture toughness values KJc,d of all dynamic tests and 5%-, 50%- and 95%-

fractile Master Curves normalized to T0 and limitations in test temperature for the applicability of the 
Master Curve method. 

 

 
 

Figure 5. Dynamic fracture toughness values KJc,d and corresponding dK/dt-dependent  
5%-fractile Master Curves of all dynamic tests in comparison to the quasistatic 5%-fractile Master Curve, 

KJc,5%, the 5% crack arrest curve, KIa,5%, and the KIR lower bound curve.  
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All determined dynamic KJc,d-values are above or left of the ASME reference curve KIR, see 
Figure 5, thus confirming the lower bound philosophy even at elevated loading rates up to dK/dt = 5·106 
MPa√m s-1. At the highest loading rates the Master Curve reference temperature is shifted up to 90 K 
towards higher temperatures compared to static results, see Figure 5.  

For four series of tests the 5%-fractile lower bound curves at higher temperatures are below the 
K IR-curve, if the Weibull distribution is assumed as required by an evaluation according to ASTM E1921 
(2011). At a first glance, these low curves are somehow in conflict with the lower bound philosophy of 
the ASME KIR-curve.  

The decreasing toughness with increasing loading rate corresponds to an increase of the 
reference-temperature T0 as shown in Figure 6 for different specimen types. For half of the test series, 
especially those at moderate loading rates, the results confirm on the one hand the empirically derived 
equation from Wallin to estimate the shift in Master Curve reference temperature T0,x

est as stated in ASTM 
E1921 (2011), with x being the order of magnitude of the crack loading rate dK/dt:  
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where statT
YS

,0σ is the static yield stress at the static reference temperature T0,stat. Regarding the definition of 

a meaningful crack loading rate such as dK/dt or dJ/dt for tests exhibiting small scale yielding, see Mayer 
et al. (2013).  

On the other hand, at the highest loading rates a more brittle failure mode seems to exist, resulting 
in the highest T0,x-values for four series of tests, practically independent on specimen type, size and 
loading rate, and thus possibly determining a physically caused upper limit of T0, i.e. a lower limit of 
embrittlement, which would confirm the engineering lower bound KIR-curve philosophy. Some additional 
support for the existence of such a saturation effect is given by Schindler and Kalkhof (2013). However, 
this final conclusion is subject to further investigations.  

 
Figure 6. Dynamic Master Curve reference temperature T0,X vs. loading rate with T0 evaluated 

based on  Weibull distribution (ASTM E1921) and horizontal lines for the KIR-corresponding Master 
Curve reference temperature, T0,KIR, and the Master Curve reference temperature for crack arrest, TKIa. 
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DISCUSSION 
 
Statistical Distribution 
 

The statistical distribution of the KJc,d-data as determined by all C(T)- and SE(B)-tests is given in 
Figure 7. The comparison with the Weibull-distribution, calculated with a fixed Weibull exponent b = 4 
according to ASTM E1921, shows only poor agreement. The additionally given lognormal-distribution, 
calculated with the experimentally observed standard deviation of σ = 0.21, results in a reasonable 
agreement with the experimentally obtained distribution. Furthermore, the distribution of fracture 
toughness values indicate a second peak on the trailing edge, thus suggesting, that two mixed collectives 
of data may exist: a more brittle and a more ductile one.  

 
Figure 7. Histogram of fracture toughness properties (red) and two applied probability 

distributions for the dynamic fracture mechanics tests with dK/dt ≥ 105 MPa√m s-1, KJc,d values were 
normalized to T = T0 by shifting the test series along their Master Curves. 

 

 
 

Figure 8. 5%-fractile-curves of all dynamic fracture mechanics tests, T0-evaluation assuming a 
lognormal-distribution. 
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A lognormal-evaluation, recently also proposed for crack arrest in ASTM E1221 (2010), leads 
also to a more meaningful agreement of all calculated 5%-fractile curves with the KIR-curve, see Figure 8, 
as compared to the standard Weibull-analysis shown in Figure 5. 

 
Rate dependent shape factor 

 
For the same RPV-steel another set of KJc-data was determined by Viehrig et al. (2010) with pre-

cracked Charpy specimens tested at various temperatures. This set of temperature distributed high rate 
data with crack loading rates up to dK/dt = 105 MPa√m s-1 was analyzed by Schindler and Kalkhof (2012) 
who concluded, that at high loading rates the shape of the Master Curve may be steeper than at quasistatic 
loading. They proposed to consider a rate dependent form-factor ‘p’ in the median Master Curve equation  

 

 ( ) Tp
medJc eCTK ⋅⋅+= 30,  (5) 

 
In ASTM E1921 (2011) p equals 0.019, but Schindler’s analyses suggest p-factors up to 0.04 to 

better fit the Master Curves to his experimental database. He argues that higher p-factors are a result of 
adiabatic heating at the crack tip during high rates of loading that counteracts the effect of dynamic 
embrittlement.  

In order to assess the shape of the Master Curve, two sets of our data with a similar loading rate 
but different temperatures (T = -20 °C and room temperature) and different specimen size have been 
preliminarily investigated. An adjusted factor of p = 0.03 has been used for the Master Curve evaluation. 
The resulting mean curves and scatter bands show a better agreement for p = 0.03 than for the standard 
evaluation with p = 0.019 (see Figure 9). Furthermore, the result with p =0.03 does not violate the KIR 

lower bound philosophy anymore. This is confirmed for the other data sets as well, see Figure 10, which 
shows all resulting 5%-fractile MC-curves adjusted with p = 0.03. For a final conclusion the p-factor 
would need to be checked with additional data sets obtained at various temperatures and high crack 
loading rates and with specimens of equal size.  

One aspect which has also need to be considered is the attribution of the test series to a specific 
crack tip loading rate. The linear elastic crack tip loading rate as used in ASTM E1921 might not be the 
relevant parameter for tests with specimens that exhibit small scale yielding. This issue has been looked at 
in Mayer et al. (2013) and will be subject of further investigations. 

 

 
 

Figure 9. Master Curves of dynamic fracture mechanics tests with SE(B) at 
dK/dt = 3·106 MPa√m s-1, T = -20 °C and SE(B) 40/20 at 5·106 MPa√m s-1, RT, evaluation according to 

ASTM E1921 with p = 0.019 (left) and with adjusted p = 0.03 (right). 
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Figure 10. 5%-fractile Master Curves of all dynamic fracture mechanics tests, T0-evaluation 
according to Schindler et al. (2012) with Weibull distribution and p = 0.030 (quasistatic: p = 0.019). 

 
CONCLUSION  
 

The objective of the project was the development and validation of methods for determining 
dynamic fracture and crack arrest toughness data. In particular, the arrest curve from crack arrest 
toughness data KIa as well as the limiting curves for dynamic fracture toughness values KId and KJc,d have 
been determined at high loading rates with C(T) and SE(B) specimens of different sizes. For this purpose, 
special high-speed test and measurement equipment has been developed.  

Overall, the conservatism of the ASME KIR lower bound curve in comparison to the dynamic 
fracture toughness values KJc,d according to ASTM E1921 (2011) as well as to the crack arrest values KIa 
according to ASTM E1221 (2010) has been confirmed. However, four out of eight series of tests showed 
significantly more brittle behavior than expected by the empirical equation (3) of ASTM E1921 (2011). 
At the highest loading rates a more brittle failure seems to exist, resulting in the highest observed T0,x-
values, practically independent of specimen type, size and loading rate, and thus possibly determining a 
physically caused limit of embrittlement, which would confirm the engineering lower bound KIR-curve 
philosophy.  

Also, a statistical analysis indicated the existence of two collectives of a more brittle and a more 
ductile failure type. Further experimental tests would be necessary to obtain a plausible explanation. The 
data analysis also revealed, that the observed distribution can better be described with a lognormal-
distribution rather than by the Weibull-distribution, which is assumed in ASTM E1921 (2011). A 
lognormal evaluation of the experimental data results in 5%-fractile curves that are above or close to the 
lower bound KIR curve even for the highest loading rates tested here and thus solving the observed 
conflict with the ASME lower bound philosophy with Weibull-based 5%-fractile curves being below the 
K IR curve.  

Another idea by Schindler and Kalkhof (2012) suggests adjusting the shape of the Master Curve 
to better fit the observed data at elevated crack loading rates of dK/dt = 105 MPa√m s-1. A comparison 
with data presented here at even higher loading rates shows also reasonable agreement among the 
adjusted Master Curve shape and two test series tested at different temperatures. For a final conclusion on 
the Master Curve shape and its possible dependence on the crack loading rate, the database would need to 
be complemented with additional high rate test series at various temperatures. 
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