
Introduction 
Rail breaks remain a major cause for derailments in North America. In 
Canada, rail breaks are more prevalent during the cold winter period 
when it is not uncommon to encounter temperatures ranging from -20 
to -40oC. Concerns have been raised by Canadian railways that the rail 
steels produced for the North American market may not be optimal for 
resisting fractures in these colder temperatures.  

The Mode I critical stress intensity factor (KIc) is a material property 
to characterize fracture toughness. Its value for rail steel plays a very 
important role for assessing rail integrity. In this project we investigate 
the changes in KIc when temperatures are decreased to -40oC. Although 
a test method for fracture toughness is available in the ASTM Standards, 
it is not commonly used because of the tedious process involved with 
specimen preparation. To remove the sample preparation issue, we are 
also developing a non-destructive test (NDT) method to measure KIc. 
The NDT method is expected to be much more economical and efficient 
than the standard testing method. It can also serve as a tool for the in-
field health monitoring of rail steels and for material evaluation at an 
early stage of new rail steel development. 

 
Rail Steels and Test Program 
A test program has been carried out to evaluate the effect of 
temperatures ranging from +23 to -40oC on the mechanical properties 
of three types of high strength 136 lb rail steels supplied by CN: JAPAN 
NSC FHH (JP), EVRAZ RMSM FHH (EV) and CZECH TZ IH (CZ). 
In addition to characterizing the fracture tougness KIc of the steel, the 
test program also examined mechanical properties such as Vickers 
hardness, Young’s modulus, yield and ultimate tensile strength and 
tensile fracture strain. This data provided the essential information for 
finite element (FE) modelling and benchmarking the new NDT method. 
Geometry and dimensions of the test specimens follow the 
specifications recommended in ASTM Standards to ensure validity of 
the results for comparison with those in the existing database.  
 
Railhead Hardness 
Hardness is often used to assess the wear resistance of steels and is 
therefore an important material property when evaluating rail steel. The 
hardness variation of the railhead for the three rail steels was measured 
using the Vickers hardness test at temperatures of +23, -10 and -40oC.  

Figure 1 shows the apparatus for the Vickers hardness test, including 
a custom-made cooling chamber, a brass extension rod and an indenter 
with a 136° pyramidal diamond tip. The Vickers hardness tests at room 
temperature conformed to ASTM E384 [1], while for the low-
temperature tests, the polished specimens were monitored with a 
thermocouple and bathed in the cooling chamber that had been filled 
with anhydrous ethanol to prevent frost from building up and to keep 
the temperature uniform on the test specimen surface. Two 
thermocouples were used to monitor the temperature: one in the fluid 
and the other on the specimen. Before the test, the cavity inside the 
chamber wall was vacuumed and liquid nitrogen was circulated in the 

copper coil placed in the chamber until the desired temperature was 
reached. A needle valve was used to control the flow rate of the liquid 
nitrogen and thereby maintain the temperature within ± 0.5oC of the 
target. 

 
Figure 1: Test setup for Vickers hardness test, including the cooling 
chamber. 

Figure 2 illustrates the distribution of Vickers hardness on the railhead 
at room temperature from the top surface to the core. The results show 
that JP is the hardest steel followed by EV, and CZ is the softest steel 
among the three tested. JP and EV are fully head-hardened (FHH) rail 
steels and their hardness value increases from the core region to the top 
surface, while CZ displays relatively uniform hardness (IH) . 

The effect of temperature on the Vickers hardness was also 
investigated. As expected, the Vickers hardness values for the three rail 
steels increase by about 10% when the temperature decreases from 
+23oC to -40oC. 

 
Figure 2: Vickers hardness distribution on the railhead from the top to 
core region. 

Measuring Fracture Toughness 
Mode I fracture toughness (KIc) is used to assess the resistance of a rail 
steel to in-service fracture propagation when subjected to tensile 
stresses. In the current study, KIc measurements were conducted using 
pre-cracked single-edge-notched bending (SENB) specimens machined 
from the head, web and foot regions of the three rail steels at the 
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Summary: 
Canadian train derailments due to rail breaks are more prevalent during the winter. Concerns have been raised by Canadian railways that the rail 
steels produced for the North American market may not be optimal for resisting fractures in northern climates. This project was developed to 
address these concerns. The research has two specific objectives: (1) to test and compare the low-temperature mechanical properties for rail steels 
that are currently used in Canada, and (2) to develop a more ecomonical, efficient and non-destructive testing method to measure fracture toughness 
of rail steels. To date, the testing of three rail steels has confirmed a 20% decrease of the fracture toughness when the temperature is decreased 
from +23 to -40 oC.  
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locations shown in Figure 3a. To ensure the reliability of the measured 
fracture toughness at each temperature, 12 SENB specimens were tested 
for each of the railhead, web and foot regions. Geometry and 
dimensions of the SENB specimens followed the specifications 
provided in ASTM E399 [2], with the thickness, width and span length 
being 12.5, 25 and 108 mm, respectively, as shown in Figure 3b. The 
longitudinal direction of the specimens was parallel to the long-axis of 
the rail. 

 
Figure 3: Sampling location over (a) the cross section of the rail and (b) 
the dimensions of a SENB specimen. 

Like the Vickers hardness tests, the fracture toughness tests were 
carried out at temeperatures of +23, -10 and -40oC. The test setup is 
shown in Figure 4, where a clip-on extensometer is mounted to the 
mouth of the notch before each test with an additional thermocouple 
near the crack tip to monitor the specimen temperature.  

 
Figure 4: Set-up of the SENB test at temperatures of +23,-10 and -
40oC. 

Effect of low temperature on K Ic  
The effect of cold temperatures on KIc values for the head region of the 
rail streel is shown in Figure 5. As expected with this test methodology 
and the nature of the cleavage fracture at the crack tip, there is some 
scatter in the measured KIc values. However, despite this scatter there is 
an obvious trend that clearly demonstrates the KIc values are a function 
of temperature. Figure 5 shows that by decreasing the temperature from 
+23 to -40oC, the decrease in KIc values for all the three types of rail 
steels is approximately 20%. While the differences in the KIc values for 
the three rail steels are greatest at +23oC this difference diminishes at -
40oC.  

Experience with rail breaks has shown that the majority of the 
transverse cracks initiate in the head of the rail. Figure 6 shows the KIc 
values measured for the railhead, web and foot at -40oC. As shown in 
Figure 6, the KIc values for JP and EV are slightly greater than that of 
CZ at the railhead, while at the web and foot the three rail steels show 
similar KIc values. 

 
Figure 5: Effect of temperature on KIc of the railhead. 

 
Figure 6: KIc distribution on the railhead, web and foot at -40oC. 

Conclusions 
Samples of three typical rail steels currently used by CN were provided 
for characterization. The focus of this characterization was the change 
in fracture toughness with decreasing temperature to assess the potential 
impact of decreasing temperatures on rail breaks. The characterization 
program evaluated the change in Vickers hardness and Mode I fracture 
toughness as the temperature decreased from +23 to -40oC.  

The Vickers hardness value of the three rail steels was examined over 
the cross section of the railhead. Comparing the Vickers hardness values 
for the three rail steels, JP is the hardest rail steel, EV is the next hardest, 
and CZ is the softest. Decreasing the temperature from +23 to -40oC 
increased the hardness by 10%.  

The Mode I fracture toughness was evaluated for the railhead, web 
and foot. The KIc for all three rail steels was found to be temperature-
dependent and decreased approxiamately 20% as the temperature 
decreased from +23 to -40oC. However, at -40oC, all three rail steels 
had similar fracture toughenss values. The test results suggest that all 
three rail steels tested are more suspectible to impact damage and rail 
breaks during Canada’s winters.  

Traditional Mode I fracture toughness testing methods are impractical 
when evaluating many types of rail steel. Our research is also focused 
on developing a non-destructive indentation technique to determine 
fracture toughness of rail steels in a more economical and efficient way.  
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