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Abstract 

It is known that the load level, the way deformation is 

applied and the level of plastic strain, all can ‘aid’ or 

‘hinder’ the occurrence of brittle fracture, but the question 

is - to what extent? These influential factors are analysed 

by testing of C(T)50 specimens made of ferritic steel 

20MnMoNi 55 at two temperatures within the transition 

temperature range. The effect of displacement rates is ana-

lysed by testing C(T) specimens at -60 °C, while the effect 

of plastic strain is analysed by introducing an initial fatigue 

crack with low and high stress intensity factor threshold 

values of ΔK, by testing the C(T) specimens at -90 °C, in 

accordance with ASTM 1820 standard. The analysis of 

these influences involves interpretation of test results for 

parameters Jc, CMOD, and rc. Conclusions based on this 

analysis can be used in further studies which involve under-

standing of ductile to brittle transition region, as well as the 

general fracture behaviour of ferritic steels. 

Ključne reči 

• područje prelazne temperature 

• feritni čelik 20MnMoNi 55 

• krti lom 

• brzina ispitivanja 

Izvod 

Poznato je da nivo opterećenja, način zadavanja defor-

macije, ali i nivo plastične deformacije 'pomažu' ili 'odma-

žu' pojavu krtog loma, ali ostaje pitanje - u kojoj meri? Ovi 

uticaju analizirani su ispitivanjem C(T)50 epruveta feritnog 

čelika 20MnMoNi 55 na dve ispitne temperature u prelaz-

nom temperaturskom režimu. Uticaj brzine ispitivanja, tačni-

je, nivo zadate deformacije je analiziran ispitivanjem C(T) 

epruveta na -60 °C. Uticaj plastične deformacije je analizi-

ran unošenjem inicijalne zamorne prsline sa niskom i viso-

kom vrednošću opsega ΔK na C(T) epruvetama, a ispitiva-

nja su ovom slučaju urađena na temperaturi -90 °C. Ispiti-

vanja su rađena prema odgovarajućem standardu ASTM 

1820. U analizi ovih uticaja tumačeni su rezultati parame-

tara Jc, CMOD i parametra rc, koji je objašnjen. Zaključci 

u radu mogu poslužiti za dalji tok studija koje se tiču razu-

mevanja prelaza iz žilavog u krti lom, i generalno krtog 

loma feritnih čelika. 

INTRODUCTION 

It is well known that brittle fracture occurs at very low or 

non-existent plastic strain in a material, especially in a 

metallic material. It often occurs at an unpredictable stress 

level, during sudden unstable crack growth. Simply put, 

brittle fracture is always unwanted in metallic structures. 

Ever since the Liberty ships’ failure studies, it is known that 

ferritic steels are sensitive to temperatures that decrease 

brittle fracture, making it more likely to occur. Brittle frac-

ture is characterised by a very low level of its initiation 

energy and by the absence of plastic strain. One of the basic 

differences between brittle and ductile fracture is that in the 

case of brittle fracture, crack growth is not affected by plas-

tic strain, as opposed to ductile fracture. From an engineer-

ing point of view, brittle fracture involves minimal plastic 

strain of fractured surfaces, conditionally referred to as 

brittle fracture /1-5/. With the decrease of working tempera-

ture, most materials change their mechanism of fracture to 

brittle. This process is very complex and is known as the 

transition temperature region. Some of the general macro-

scopic characteristics of brittle fracture, visible on tested 

specimens, or a real structure, include: 

• fracture is preceded by negligible plastic strain, 

• crack growth rate is fast, fracture is sometimes accompa-

nied with a quite noise, 

• specimen fracture surface is flat and perpendicular to the 

load direction, 

• fracture surface structure is crystal-like, with a large 

number of planes with light reflections, 

• during tensile tests, there is no necking of the specimen 

prior to fracture (or it is too small to observe), 

• characteristic arrow-shaped patterns can be observed on 

the fracture surface of the tested specimens of structures. 

In general, it is not possible to draw a distinction and a 

clear line between brittle and ductile fracture, since every 

fracture possesses a certain, sometimes negligible, but still 

present level of plastic strain. The fact remains that metallic 

materials in real conditions do not exhibit pure brittle frac-

ture behaviour, even at lower temperatures, and that this 

scenario should thus be referred to as quasi-brittle failure 

/6-8/. These quasi-brittle failures of ferritic materials are 

often called brittle in practice, since ideal Griffith curves 

for brittle failure of metallic materials do not exist. 
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DUCTILE TO BRITTLE FRACTURE TRANSITION 

The material structure is such that brittle fracture is 

dependent on load levels and exploitation conditions. For 

most structural materials of ferritic crystal structure, brittle 

fracture is more likely to occur under conditions such as 

lower temperatures, load (e.g. increase in force magnitude). 

The same material having different applications in terms of 

exploitation conditions can behave either as plastic or brittle, 

depending on the conditions previously mentioned. A topic 

of numerous studies over the years, including /9-15/, involves 

the extent of working condition necessary to change the 

nature of fracture, from ductile to brittle. In general, this 

change depends on material properties, in this case for steel 

20MnMoNi 55 /16, 17/, i.e. it depends on its general sensi-

tivity to temperature changes. Conditions under which mate-

rials, particularly ferritic steels, change their fracture mech-

anism from ductile to brittle depend on: 

(a) shape and dimensions of the structural element in exploi-

tation or in the tested specimen; 

(b) load and displacement rate of the workpiece or tested 

specimen; 

(c) work or test temperatures. 

As it is well known, stress values and distribution at 

certain load levels depend on stress concentration and plas-

tic zone size. Plane stress and strain state contribute to plas-

tic and brittle fracture, respectively. Under plane stress state, 

fracture is plastic (ductile), wherein under plane strain con-

ditions, it is brittle. One of the ways of achieving plane 

strain state in specimens is to take into account specimen 

thickness /17-19/. Specimens can have different shapes 

(C(T), Charpy, disk-shaped specimens etc.), depending on 

standards used for testing, such as in /20, 21/. The greater 

the thickness, the more prominent the plane strain state 

which contributes to brittle fracture, as reflected on the 

relevant measured fracture parameters in each test method. 

Change of test rate in certain cases can affect the change 

of material mechanical properties, or the selection of the 

relevant fracture mechanics parameter. In standard tests, 

performed for the purpose of determining basic mechanical 

properties, as well as fracture mechanics parameters, there 

are two distinctive techniques for defining the loads during 

the test, i.e. the deformation process rate. The displacement 

rate for a given specimen can be defined by: 

– changing the load over time (load control). In this case 

the force increment is constant, and if the strain during 

the deformation process is small, the following relation 

can be written for determining the displacement rate: 

 S
d

V
dt


= . (1) 

– changing the deformation over time (displacement rate 

control). In this case, assuming the elongation is small 

compared to the initial value, the rate of the grips used to 

define the change in load can be written as: 

 k
d

V
dt


= . (2) 

Depending on the testing rate, metals can be divided into 

those not sensitive to it, and those whose mechanical prop-

erties change with this rate. This can be even more noticea-

ble in fracture mechanics parameters. If the test temperature 

is added as a factor to these conditions, problems will occur 

involving the interpretation of the relevant parameter value 

scatter, especially prominent in the transition temperature 

region. Figure 1 shows the choice of a relevant fracture 

mechanics parameter depending on test temperature. The 

general rule is that an increase in deformation leads to an 

increase in plastic zone size, resulting in material hardening 

that delays the fracture, thus completely avoiding brittle 

failure, but this is not necessarily the case. In the following 

chapters of this study, the combined influence of test rate 

and temperature on brittle fracture are shown, using the 

corresponding parameters. 

 
Figure 1. Influence of temperature on the selection of relevant 

fracture mechanics parameter, /22/. 

EXPERIMENTS 

Steel 20MnMoNi55 and its mechanical properties 

C(T)50 specimens in this study are made of ferritic reac-

tor steel 20MnMoNi 55 (according to DIN) of chemical 

contents and mechanical properties at room temperature 

given in Tables 1 and 2, respectively. Specimens are cut out 

of a plate. The steel is used for pressure vessels and power 

plant reactors and is generally meant for extreme conditions, 

and as such is studied in /16, 17, 23, 24/. However, it is 

necessary to select the main studies concerning this steel, 

which include Heerens /16/, who identified the mechanisms 

and types of cleavage fracture. This study partially relies on 

his work. The main focus of other studies involves the prop-

erties and the behaviour of this steel in the transition tem-

perature region, for the purpose of structural integrity assess-

ment of pressure vessels, reactors, storage tanks etc., and 

for determining the capabilities and limitations of its appli-

cations. This steel is similar to American steel type A533B. 

Preparation of C(T) specimens 

This study involves the testing of C(T)50 specimens at 

temperatures -60 °C and -90 °C. Two different net values of 

thicknesses are used, 16 mm C(T)50 specimens for testing 

at -60 °C, and 20 mm specimens for testing at -90 °C. 

Table 1. 20MnMoNi55 steel chemical composition in wt. %, /16/. 

C Si Mn Cr V Cu Al 

0.19 0.2 1.29 0.12 0.02 0.11 0.015 

Ni Mo Co As Sb Ti  

0.8 0.53 0.014 0.030 0.03 0.05  
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Table 2. Mechanical properties of steel at room temperature. 

Yield strength  

Y (MPa) 

Tensile strength 

υ (MPa) 

Elongation 

(%) 

450 610 / 

Precracking is performed on all specimens in accordance 

with standards /21, 25/. For the purpose of the tests defined 

in the introduction, i.e. the study of plastic strain effect on 

brittle fracture via SIF threshold K values (K-factor), the 

precracking is performed with two values of K. A portion 

of the specimens, specifically those used at -90 °C are pre-

cracked with ‘high’ and ‘low’ threshold values. Some of the 

specimens are precracked with high K = 1230 Nmm-3/2 = 

38.9 MPam, and some of the specimens with low K = 

492 Nmm-3/2 = 15.6 MPam. Precracking of specimens with 

high K was conducted with 36 500 cycles, while speci-

mens with low K were precracked with 215 000 cycles in 

the load control condition. 

As an illustration of the process, Fig. 2 shows this 

concept of introducing a fatigue crack, and in this case, the 

initial crack for a constant value of the K-factor, K. This 

type of load does not exist in real exploiting conditions, and 

the load is applied via force. However, this concept is inter-

esting for experiments and is possible to achieve by using 

computer controlled pulsators, as in the case in this paper, 

with previously described C(T)50 specimens. It should be 

noted that the invariability of K during crack growth does 

not imply that the load F(P) or displacement Vp do not 

change as well. Quite contrary, in order to achieve needed 

load levels, the K-factor needs to decrease in a certain way 

during crack growth, /25/. 

Since every fatigue cycle forms a corresponding plastic 

zone ahead of the crack tip, rp
c() in Fig. 2, and the fatigue 

crack growth leaves an area of plastically deformed mate-

rial behind its tip. If the plastic zone rp
c() is at the same 

time within the K-dominant singularity zone Rk, the small  

scale yielding condition is fulfilled, rp
c() < Rk, thus the K-

factor values for the considered fatigue cycle uniquely 

describe the stress field at the crack tip. The size of the 

plastic zone only depends on the values of Kmax and Kmin, 

and in this way the influence of the plastic zone and its area 

on crack growth rate is implicitly taken into account. If Kmax 

and Kmin are varied during fatigue cycles, crack growth for 

the current cycle can depend on the load level as well. 

It can be concluded from the previous text that fatigue 

crack growth, in this case of an initial fatigue crack, repre-

sents a very complex process depending on a large number 

of variables such as effective stress field intensity at the 

crack tip, defined by the K-factor, the type and form of 

load, the environment, mechanical and metallurgical prop-

erties of the material, etc. /25, 27, 28/. 

Transition temperature experiments 

- Influence of displacement rate 

Testing of C(T)50 specimens is performed using a com-

mercial test machine of 20 t capacity. The first series of 

specimens is tested at -60 °C with 20 mm thickness and 

side grooves of depth equal to 20 % thickness. Testing is 

performed according to the relevant standard /21/, and with 

the use of standard /29/. Specimen preparation i.e. fatigue 

crack initiation is described previously and is done in 

accordance with a relevant standard. Loading is defined via 

displacement rate, with 2 displacement rates used in the 

test. Displacements rates for testing C(T)50 at -60 °C are 0.5 

and 0.02 mm/min. Cooling is performed in a liquid nitrogen 

chamber, where temperature is controlled by ventilation. 

Testing is performed at -60 °C. Standard force-displace-

ment curves are then recorded for each specimen and used 

in order to obtain Jc and crack mouth opening displacement 

(CMOD) values. CMOD is typically obtained during the 

plotting of the force vs. displacement diagram, /12, 21/. 

This parameter is measured on the free surface of the crack, 

 

Figure 2. Illustration of fatigue crack growth at constant range (K = const.) under limited yield condition, /26/. 
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at the location of its maximum opening, and represents the 

total strain, both elastic and plastic, /6, 12/. The experi-

mental setup is configured such that it ensures the CMOD 

parameter equals the load-line displacement parameter, as 

can also be seen in /12, 21/. The setup along with the test 

specimen is shown in Fig. 3. 

 

Figure 3. Experimental setup for C(T)50 specimen tests. 

The diagram in Fig. 4 shows the comparison of CMOD 

values of labelled specimens for 0.02 mm/min displacement 

rate. The CMOD values ranged from 1.049 to 2.315 mm.  

 

Figure 4. CMOD comparison for C(T)50 specimens at -60 °C and 

0.02 mm/min displacement rate. 

 

Figure 5. CMOD comparison for C(T)50 specimens at -60 °C and 

0.5 mm/min displacement rate. 

The diagram in Fig. 5 shows CMOD values for speci-

mens subjected to 0.5 mm/min displacement rate. Specimen 

labels are also given. CMOD values ranged from 0.896 to 

1.852 mm. It can be noticed that these values are lower 

compared to the ones obtained at slower displacement rate. 

In both cases and in any other transition temperature range, 

a scatter of CMOD values is observed, resulting in the scat-

ter of Jc values. 

- Influence of precracking on fracture mechanics parameters 

In the second series of tests, C(T)50 specimens are tested 

at -90 °C in the same chamber used in previous experiments. 

Specimen net thickness is 20 mm, with side groove of depth 

also equal to 20 % specimen width. Experimental setup and 

testing is also performed in accordance with standards /21/ 

and /29/. As previously mentioned, precracking of specimens 

is performed with two values of K. Fatigue crack initiation 

is performed with a ‘high’ K = 1230 Nmm-3/2 = 38.9 MPam 

on a total of 7 specimens, whereas the remaining 9 specimens 

are precracked with ‘low’ K = 492 Nmm-3/2 = 15.6 MPam. 

The aim of this part of research is to determine whether the 

presence of certain plastic strain ahead of the crack tip will 

eventually affect the fracture mechanics parameter Jc, thus 

delaying the cleavage fracture of specimens. An additional 

parameter is used in this part of the analysis, rc, represents 

the distance between the initial crack front and location of 

cleavage fracture initiation. This parameter is used by 

Heerens, /16/. Results obtained for Jc and rc in this study 

are shown in Table 3. 

Table 3. Jc and rc at -90 °C (without the (*) - precracked with low 

K; with (*) - precracked with high K). 

Specimen 

designation 

Parameter 

Jc [N/mm] 

Parameter 

rc [mm] 

C(T) Q9 49.4 / 

C(T) Q8 49.7 0.15 

C(T) Q10 50.6 0.13 

C(T) Q7 63.8 0.16 

C(T) S2 82.3 0.71 

C(T) Q6 121.2 1.00 

C(T) Q2 135.2 0.36 

C(T) Q3 176 0.36 

C(T) Q1 233.6 0.46 

C(T) *Q12 84.4 0.31 

C(T) *Q13 85.2 0.69 

C(T) *Q16 121.3 0.35 

C(T) *Q14 129.2 0.42 

C(T) *Q11 153.9 / 

C(T) *Q15 179.2 0.23 

C(T) *S1 270.2 0.69 

As can be seen in Table 3 there is noticeable scatter of 

obtained Jc results for both series of specimens. Slightly 

higher Jc values are observed in specimens where fatigue 

crack is initiated with high K value. However, the scatter 

of parameter rc is larger in specimens precracked with low 

K. Additionally, generally higher values of this parameter 

are observed at low K precracked specimens compared to 

the high K precracked specimens. 
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CONCLUSIONS 

The following conclusions are drawn from the presented 

test results. 

• In the transition temperature region, the scatter of fracture 

mechanics parameters (under relevant test conditions 

according to Fig. 1), specifically of CMOD and Jc values, 

required interpretation using a statistical model. 

• Testing of C(T)50 specimens at -60 °C for two displace-

ment rates had shown the influence of this factor on 

brittle fracture through CMOD values. Higher displace-

ment rate of 0.5 mm/min resulted in lower CMOD values 

compared to the lower rate of 0.02 mm/min. However, 

this did not affect the values of Jc. Additionally, it can be 

observed that CMOD scatter is lower at a higher displace-

ment rate. 

• At first glance, Jc values of specimens precracked with 

high K did not seem to differ from low K precracked 

specimens. However, somewhat higher Jc values are 

observed for high K specimens. Based on this, the effect 

of the introduced fatigue crack can be seen, since higher 

Jc values indicated that the slightly higher plastic strain in 

front of the crack tip ‘delayed’ the cleavage fracture in 

the transition temperature region. 

The effect of specimen thickness represents a specific 

challenge and leaves room for future analyses that will 

represent a continuation of this study. A lot has already 

been achieved in this field regarding the material in ques-

tion, however, the studies shown here have certain limita-

tions, which once again offer more possibilities for further 

analysis. Of particular interest is the scatter of Jc and rc for 

specimens tested at -90 °C. Small values of rc in specimens 

precracked with high K can be attributed to the influence 

of a larger plastic strain zone around the crack tip, which 

counters the crack growth and reaches a small length at the 

moment of failure, whereas for specimens precracked with 

low K it is the other way around. Another question result-

ing from these tests is the simultaneous application of 

displacement rate and specimen thickness analysis on the 

obtained results. Along with everything previously said on 

solving this problem, numerical methods are proposed as a 

means of obtaining good preliminary results, in accordance 

with expectations. Anyhow, the following needs to be taken 

into account: the scatter of results in transition temperature 

region makes result interpretations much harder. Hence, 

there is a need to increase the number of tests, but the chal-

lenge of adequate interpretation still remains. 
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