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ABSTRACT 

Infrared thermography techniques have been used for some time in a number of 

engineering applications but only recently has the method been applied for fatigue 

measurments of materials. This new methodology presents many advantages as 

apposed to the conventional Wöhler method.    Compared to traditional method this 

technigue enables the determination of fatigue limit in a short period of time, a small 

number of test specimens are required, NDT techniqe.  In Austempered Ductile Iron 

(ADI) this leads to saving in material, mahcining, heat treating and testing costs. 

Variation of fatigue properties with austenitising time and tempertaure of a ductile 

cast iron containing copper and nickel was investigated. In general samples heat 

treated at 850,900,950, and 1000℃ for 15 to 360 min have fatigue strength values 

which increases as the soaking period increases and fall with further holding in the 

bath.  This paper shows that infrared termographa can be use to determine the fatigue 

properties of ADI. The fatigue limit can be determined following accurate 

temperature masurments of the specimen's surface during cyclic loading and 

subsequent analysis of the thermal date. The optimum fatigue strength occurs at 

900℃ and that the former drops as the solution treatment temperature incease to 

1000℃.  
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1. Introduction  
The term cast iron covers a range of ferrous alloys exhibiting widely divergent 

properties.  For example in grey cast iron the microstructure consists of flakes of 

graphite in a matrix of iron which structure  results in almost negligible ductility (< 1 

%) and medium strength (300 N mm-2).  Due to the weakening effect of the graphite 

flakes, attempts to alter the matrix structure by heat treatment lead to no appreciable 

improvement in the bulk properties.  On the other hand, in ductile cast iron the 

graphite flakes are replaced by spheriodal particles of graphite such that the sharp 

stress raisers originating from the flakes in grey cast iron are now eliminated.  The 

properties of ductile cast iron are therefore very much dependent on the 

microstructure and can therefore be significantly improved by heat treatment.  One 

such treatment is austempering.  The resulting iron is called austempered ductile iron 

(ADI) and its structure contains a bainitic ferrite in a high carbon austenite matrix. 

The application of austempering to ductile irons has generated a new family of irons 

with improved mechanical properties.  This has in turn opened up the potential for a 

wider application of ductile iron and the possibility of weight reduction in some 

current applications. 

The structure in ADI is best referred to as ausferrite and consists of bainitic ferrite in 

a matrix of high carbon austenite (1-3) rather than carbide as in austempered steel.  This 

unique microstructure is responsible for the remarkable combination of mechanical 

properties attained by the material including high strength, ductility and wear 

resistance (1,3-9).  
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It has been stated that fatigue accounts for at least 90 per cent of all service failures in 

metals (10).  Therefore, it is important to determine the fatigue strength of engineering 

materials such as ADI.  Fatigue data on ADI is still limited and information on the 

effect of heat treatment variables and composition on the fatigue limit is lacking.  This 

limits the application of this material. 

To date, one of the basic metal-fatigue characteristics has been the Wöhler curve, also 

called the S/N curve.  This curve is obtained by plotting applied cycle stress against 

the number of stress cycles to failure.  The highest value of stress, which the material 

can endure indefinitely, is called the fatigue limit. 

Very little work has been done on fatigue due to the long testing time required by the 

Wöhler method.  However, as will be discussed in this paper with the introduction of 

infrared techniques this problem can be solved (11-16).  In fact results can be obtained in 

less than 10% of the time required by traditional Wöhler testing technique and fewer 

number of specimens are required. 

2. Experimental Procedure 

The chemical composition of the alloyed ductile iron keel blocks under investigation 

is given in table 1.  A charge of low manganese good quality steel scrap, graphite, 

ferrosilicon, copper, and nickel melted in a medium frequency induction furnace and 

inoculated with 0.67% FeSi containing nominally 75% Si, the melt was deslagged and 

then cast at l400°C into keel blocks of dimensions 300*200*30 mm and weighing 

about 15 kg.   

Fatigue test specimens were machined 1 mm oversize and heat treated as scheduled in 

table 2.  A digitally controlled electric furnace was used for austenitising and a gas 

fire salt bath for austempering.  After heat treatment, the specimens were finished, 

machined to final dimensions specified in BS 7270:1991 on a CNC milling machine.  
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The material removal was kept to a minimum so as to avoid the transformation of 

retained austenite to martensite.  The specimens were then polished using 1200 grade 

emery paper and 1 µm diamond paste to remove all circumferential scratches and 

machine marks from the gauge section.  Before testing each specimen is sprayed 

using black paint in order to improve thermal emission and minimise reflections. 

The  fatigue limit was determined using Tension-compression fatigue testing machine 

with a load cell of 200 kN, INSTRON 1332.   During  testing  the stress  was  

increased  from 200 to 500 N mm–2  in steps of 50 N mm -2 with a frequency of 20 Hz, 

and loading ratio R= -1.   

Infrared imaging system, namely the system thermovision 900 is designed for static 

use in the laboratory or on site but can, when necessary, became mobile using a 

specially designed workstation.  This system is a complete infrared imaging system 

with a purpose built microcomputer designed to handle the digital data from scanner 

and display the images in real-time on a VGA monitor. 

After setting up the experiment the tests were initiated.  During the test the load was 

incremented every 10 000 cycles without holding the test.  Load increments were 

normally of the order of 5 % of the yield stress. 

During testing, the specimens are viewed through an AGEMA infrared scanner, 

which are placed about 100 cm from the fatigue testing machine.  Images were 

recorded every 1000 cycles.  Care was taken to minimise handling of the specimens 

and to maintain ambient and measuring conditions as steady as possible. 

The thermal images, obtained from the thermal scanner, are converted in real time 

into matrices, which represent the value of the instantaneous temperature of every 

point on the specimen.  
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The date recorded by the scanner was then processed using a thermal computer.  The 

analysis of the thermal images (recorded every 1000 cycle) was effected using the 

differential technique employed by Resitano.  In this method, the initial image at the 

beginning of the test (reference image, condition 0) is subtracted pixel by pixel from 

the image obtained following a given number of cycles.  Figure 1 a-c shows a series 

of thermal images obtained with the technique described.  The increase in temperature 

is much more evident in the specimens subjected to higher load.  A graph of 

temperature change (increment in temperature) against number of cycles was plotted 

for each fatigue stress.  From this graph the gradient of the linear part of the graph 

was calculated and a graph of ∆T/∆N (gradient) against stress was plotted.  The 

intercept of the graph with the x-axis (i.e., when dt/dn=0) gives the fatigue limit of the 

material. 

Table 1 Composition of the keel blocks determined spectrographically. 

Element C Si Mn S P Mg Ni Cu 

%  3.30* 2.60 0.35 0.008 0.01 0.04 1.60 1.60 

                *   Assessed by the Leco Method. 

 

Table 2 Heat treatment conditions.  

 
Matrix  

 
Austenitising Conditions 

 

Structure Type 
 
 

Temperature           
      (°°°°C) 

Time 

(min.) 

   
Initially ferritic 850 15,30,60,120,180, and 360 

   
   

Initially ferritic 900 15,30,60,120,180, and 360 
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Initially ferritic 950 15,30,60,120,180, and 360 
   
   

Initially ferritic 1000 15,30,60,120,180, and 360 
   

All samples were austempered at 360°°°°C for 180 minutes. 

 

Figure 1a: Thermal image at 1000 cycle and a stress of 14 kN. 

 

 

 

Figure 1b: Thermal image at 50000 cycle and a stress of 22 kN. 
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Figure 1c: Thermal image at 69000 cycle and a stress of 26 kN. 

 
 
3. Results   

  

Figures 2 – 5 show the thermal behavior of selected specimens at various values of 

applied stress.   The gradients of the curves in figures 2 are  plotted as a function of 

the applied stress in figure 3.  The fatigue limit of the specimens can be determined 

from the intercept of the line on the x-axis using computer software.  This procedure 

is repeated for all the  specimens. 

Figures 6 show the influence of austenitising temperature on the fatigue properties of 

samples solution treated between 850 and 1000°C for 180 minutes and austempered at 

360°C for the same duration.   It can be seen that the fatigue limit increases as the 

austenitising temperature increases from 850-900°C.  Further increase in austenitising 

temperature lead to decease in properties.  The endurance ratio increased 

progressively with solution treatment. 

As shown in figure 7  the fatigue limit of specimens austenitised at 850, 900 and 

950°C increase gradually as the tγ increases to 120 minutes and falls marginally with 

further holding in the bath.  The fatigue limit of specimens austenitised at 1000°C is 

relatively constant.   
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Figure 2: Thermal increment in specimens under fatigue loading at different  
                applied stresses.  Samples austenitised at 950°C for 180 minutes. 

  

 

 

 

Figure 3: Curve of initial thermal gradient (its intersection with abscise axis gives the  
               fatigue limit. 
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Figure 4: Thermal increment in fatigue especimens subjected to different  
                 applied loads.  Samples austenitised at 1000°C for 180 minutes. 
 

 

 

 

 

 

Figure 5: Thermal increment in fatigue especimens subjected to different  
                 applied loads.  Samples austenitised at 900°C for 15 minutes. 
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4. Discussion 
 
In order to be able to predict the fatigue life of austempered components in service, 

more data is required on ADI and its properties (17).  In the present work tension- 

compression fatigue testing was carried out, using the infrared techniques. 

Figure 6 shows the relationship between fatigue limit and austenitising temperature of 

specimens with initially ferritic matrix.  It can be seen that the optimum fatigue 

strength occurs at 900°C and that the former drops as the solution treatment 

temperature increases to 1000°C. 

With steel the fatigue strength is closely dependent on the UTS while in ADI the 

former is correlated to the ductility and consequently the (Xγ Cγ) factor.  Other 

investigators such as Vuorinen(18) and Grech(19) have put forward the hypothesis that 

the presence of untransformed austenite may be beneficial and that the stress at the tip 

of the crack may change this phase to martensite, resulting compressive stress which 

close the propagation fatigue cracks.  However, the presence of martensite prior to the 

initiation of the fatigue loading is detrimental and results in inferior fatigue strength.In 

this work the decline in fatigue strength with extended austenitising may be due to 

corresponding increase in parent austenite grain size. 

Figure 7  shows that in general samples austenitised at 850, 900, 950, and 1000°C for 

15 to 360 min have fatigue strength values which increases as the soaking period 

increases to 120 minutes and fall with further holding in the bath.  The fatigue 

strength of samples austenitised at 1000°C is generally lower. 

Once again it is evident that as the volume fraction of ferrite phase decreases the 

fatigue strength increases.  This is in agreement with work carried out by D. 

Venugopalan et al (20) on the influence of ferrite on the fatigue limit of ductile iron.  
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This work also shows that when the ferritic regions are interconnected throughout the 

microstructure, the fatigue life of the iron is limited to that of ferrite.  This is in 

agreement with finding in the present work.  

Samples solution treated for short periods (15 and 30 minutes) at low austenitising 

temperatures contain large volume percent of equiaxed ferrite, which is 

interconnected.  Assuming the same pattern as in ductile iron then the fatigue strength 

is determined mainly by the resistance of the ferrite phase.  It is apparent however that 

even a small quantity of isolated regions of equiaxed ferrite has some influence on 

fatigue strength.  Possibly since ferrite has a relatively low strength then these regions 

may provide sites where cracks can nucleate.   

The fatigue strength of fully austempered structures is on the other hand determined 

by the austenite volume and decline with extensive holding in the austempering bath 

i.e. when the volume fracture of austenite decreases.   

Fatigue properties of samples austenitised at 1000°C reach relatively high values after 

only 15 minutes in the soaking bath.  This can be attributed to the faster 

austenitisation and therefore the elimination of the equiaxed ferrite and possibly to the 

presence of untransformed austenite which according to Vuorinen (18)  and Grech (21) 

may be beneficial in arresting propagating fatigue crack.  Further austenitising 

however results in a coarser matrix structure with a relatively large volume fracture of 

martensite.  This phase offers an easy path through which cracks can propagate and 

consequently lowers the fatigue strength.  

Infrared techniques have been used for some time in a number of engineering 

applications but only recently has the method been applied for fatigue measurements 

of materials.  This new methodology presents many advantages as opposed to the 

conventional Wöhler method namely: A small number of test specimens are required, 
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Shorter test periods, Defective test samples can easily be identified and discarded, and 

It is a non-destructive technique. 

A small number of test specimens implies lower preparation costs.  In ADI this leads 

to saving in materials, machining, heat treating and testing costs.  The number of test 

specimens required for infrared fatigue testing is greatly reduced and in fact only 3-4 

specimens are needed (theoretically only one) for determination of the fatigue limit.  

In comparison, in the traditional Wöhler test method 10-15 specimens are required to 

produce an accurate S – N curve and from which the fatigue limit can be estimated.  

Compared to the traditional method this technique enables the determination of 

fatigue limit in a short period of time.   Where as in the tradition testing method 

specimens must be subjected to a large number of cycles (usually 107 cycles) or till 

they fracture in the infrared technique samples are subjected to only a few thousand 

cycles and until the temperature reaches a constant value.  

In the infrared method defects within the test samples show up as heat spots.  This is 

possible because stress concentrations around defect increase the temperature more 

rapidly then in other regions.  This allows defective specimens to be discarded only a 

short time after testing commences.  This is very important considering the sensitivity 

of the fatigue limit to inclusions, machining marks, and other defects and serves to 

minimize scatter.   Furthermore the infrared method is non-destructive and can 

therefore be used on components in service.  
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Figure 6: Effect of austenitising temperature on fatigue limit and endurance ratio of 

                initially ferritic samples, solution treated for 180 minutes. 

 

Figure 7: Effect of austenitising time on the  fatigue limit of Initially ferritic  

           samples. Solution treated at 850,900,950, and 1000°C  for 180 minutes.  
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5. Conclusions 
 

1. This work shows that infrared imagery can be used to determine the fatigue 

strength of ADI.  The fatigue limit can be determined following accurate 

temperature measurement of the specimen’s surface during cyclic loading and 

subsequent analysis of the thermal data. 

2. When it comes to fatigue strength measurement the infrared technique offers 

many advantages as opposed to the conventional Wöhler method, namely: less test 

specimens are required – the duration of the test is shorter – defective test samples 

can easily be identified and discarded (thus reducing scatter) – it is a non-

destructive technique.  

3. Tension–compression fatigue measurements show that austempering improves the 

fatigue properties.  It has been shown that the amount of retained austenite, the 

carbon content of the austenite and the coarseness of the ausferrite structure 

influence the fatigue limit. 

4. With initially ferritic samples optimum fatigue properties are attained following 

austenitising at 900°C for 120 and 180 minutes. 
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