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Abstract 
  

The current work focus on to characterize the Fracture toughness of Dual 

phase steel (DP) steel produced by intercritically annealing the commercially 

available low carbon steel (AISI 1018) and quenching at intermediate 

temperatures. Intercritical annealing involved austinization at 920
0
C and 

Intermediate quenching process has been carried out using muffle furnace, 

Ice brine solution at -7
0
C and quenching oil at 28

0
C. Dual Phase steel falls 

under the category of High Strength Low Alloy steels, whose Tensile 

strength ranges from 450MPa to 1000Mpa. Its microstructure consists of 

Islands of martensite dispersed in ferrite Phase with minute amount of 

retained austenite and/or bainite. The Ferrite and Martensite phase volumes 

depends on the intermediate quenching (IQ) temperature, in the present work 

the Plane-Strain Fracture Toughness has been experimentally and verified 

through Finite Element (FE) analysis tool (ANSYS). The FE analysis results 

of Plane Strain Fracture toughness Matches with the experimental results 

that, A780 sample which has been quenched from 780
o
 C is characterized by 

better fracture toughness properties because of the presence of approximately 

equal volumes of Ferrite-Martensite phases. 

 

Keywords: Intermediate Quenching (IQ), Plane strain Fracture toughness, 

Ferrite, Martensite, Dual Phase (DP) steel. 
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1 Introduction 
 

Fracture toughness is a key material property to be accessed before 

implanting to the real time usage of any material especially in structural  

industry. As Fracture toughness is the ability of the material to resist 

propagation of preexisting cracks in the material thorough understanding of 

the behavior of the material under such cracks. Steel Structures such as 

bridges, high rise towers and buildings may have pre-carks during 

manufacturing or while in usage. Dual Phase steel [1] is an alternative 

available to steel industry with its strength and ductility combined properties. 

It‟s a High strength steel (HSS) processing Ferrite-Martensite microstructure 

where Ferrite soft phase exists with harder martensite phase in different 

volume fractions. Very less amount of retained Austenite and Bainite may 

also appear in the DP steels depending on the chemical composition and 

processing route employed to manufacture DP steel. The most common 

method to produce DP steels is thermo-mechanical processing and two step 

heat treatment followed by quenching. DP steels own important combination 

of mechanical properties such as continuous yielding, high initial strain 

hardening, formability and strength. Compact tension (CT) and single edge 

notch bend (SENB) [2] are the commonly used specimen types to evaluate 

the KIc fracture toughness [3] of Metallic materials as the preparation of the 

specimen is comparatively ease and takes lesser time. Also it should be noted 

that the fracture toughness for the identical material fluctuates according to 

the specimen type. The study on the fracture behavior of DP steels provides 

the property co-relations that exist between the Ferrite-Martensite phases 

because of the processing route and other factors which may have influence 

on their fracture performance. FEA is numerical method employed using 

modern computer and FEA packages [4], which simulates the tests and 

provide appreciable results with negligible errors. In recent years FEA results 

supports the experimental results and enhance the confidence of the designer 

to suit any material for the component for its desired application. In the 

current work KIc fracture toughness tests have been carried out 

experimentally and FEA supports the experimental work. 

Stresses accumulated near crack tip regulate the fracture behavior of any 

material. In fracture mechanics, these stress intensity factors (SIF) [5] define 

the singular stress field ahead of any crack tip also governs the crack growth 

which leads to specimen failure. Hence finding out the stress intensity factors 

for the specimen samples with pre-cracks becomes essential. SIF not only 

depends upon the specimen size, geometry, and location of the crack but also 

on the distribution and magnitude of the various loads acting on the material, 

mathematically, 

K = ( / )a f a w                                                    (1) 
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Where f (a/w) is a specimen geometry dependent function of the crack 

length a, and the width w,  is the applied stress. 

The critical value of this stress intensity factor for plane strain (Mode-1) 

condition is referred as KIc. 

To determine fracture toughness of metallic materials ASTM399 [6] is 

widely used. The standards suggest the use of large scale specimen (To 

achieve plane strain condition) for fracture toughness testing which is the 

main reason to limit the fracture toughness studies of DP steels. The 

production, specimen preparation and testing involve lot of difficulties, hence 

researches have approached variety of alternate routes for production, 

specimen preparation and testing methods [7] which closely resembles the 

standard testing methods suggested by ASTM. 

S. Ulu et al [8] studied the influence of ferrite morphology and volume 

fraction of ferrite-martensite on the fracture toughness(KIC) property of DP 

steels and with their limited study they have found tempered specimen with 

10%(Vf) ferrite volume fraction demonstrated improved fracture toughness 

compared with that of 40% and 20% volume fraction DP steels. 

H F Li et al. [9] tried to establish the quantitative relation between Impact 

toughness and fracture toughness of AISI 4340 High strength low alloy steel. 

The relation established that the energy consumption pattern along with 

specimen size are in direct relation with fracture toughness and 

mathematically stated as below, 
2

IC k

y y

K
w




 

   
    

   
   

                                                  (2) 

Where,   and   are the specimen size and shear lip parameter associated 

to crack initiation respectively which are considered as constants for High 

strength steels, KIc – Plane strain fracture toughness, y- Yield strength of 

the DP steel.  

Chao et al. [10] tested the Charpy impact specimens to examine the 

fracture toughness of the DP590 dual phase steel. They reported that the 

DP590 steel samples prepared from medium low carbon steel were tested at 

different temperatures and for different orientations. Results reported upon 

observation states that the fracture toughness of the DP590 steel is in 

correlation with the Charpy impact energy. Microstructure studies reported 

that the material splitting in direction perpendicular to the crack plane and 

parallel to plate surface. This splitting of specimen reduces the CVN impact 

fracture energy. Most of the reported work suggests the use of simple route 

to produce DP steel in laboratory by intercritical annealing and intermediate 

quenching technique. Microstructure of DP steels is the key element in 

determining their mechanical properties. Rajanna S et al [11-14] 

characterized the microstructure and mechanical properties of the rail steel. 

Sunil B et al [15] analyzed the influence of carbon on the microstructure of  



 
 

 

 

 

 

 

the DP steels with different carbon percentage. From results obtained in the 

above findings, it is clear that the as martensite content increases hardness of 

the DP steels because of the presence of carbon in the martensite.  

The finite element approaches were employed to analyze the plastic zone 

at the crack-tip [16], to estimate the fracture toughness [17-21], also to 

understand the fracture behavior for some specific applications [17, 22-23]. 

Also the literature indicates that the fracture toughness of DP steels has 

lesser influence with the specimen sizes, geometry and crack lengths. Hence 

in the current work, two approaches have been made to evaluate the fracture 

toughness properties of the DP steels with different volume fractions of 

Ferrite and Martensite phases experimentally and also using finite element 

simulation by employing ANSYS. 

 

2 Evaluation and Characterization of Dual Phase Steel 
Microstructure 
 

2.1 Material 
 

The chemical composition analysis of the steel was ascertained with the 

help of a Spark emission spectrometer and the composition results are as 

presented in the Table 1. 

 
Table 1 Composition analysis of the starting steel (Wt %) [1] 

 

C Mn Si P S Cr Mo V B N 

0.16 1.3

2 

0.44 0.013 0.002 0.03 0.0

9 

0.05

6 

0.0019 0.4 

 

2.2 Heat Treatment 
 

Heat treatment is the well-known method for obtaining desired properties 

for conventional engineering materials like steel, aluminium, copper etc. in 

any material or alloy the stable equilibrium phases determines the resulting 

mechanical properties. Intercritical annealing and intermediate quenching are 

in practice for producing DP steel. The Intercritical temperatures govern the 

volume fraction of the dual phases which in turn controls the mechanical 

properties of the DP steels. 

In the current work, commercial low carbon hot rolled plates steel plates 

of size 210 x 70 x 8 mm were cut using grinding machine. The Heat 

treatment has been carried out in 2 steps, firstly, the specimens were heated 

and soaked at 910
0
C for 20 minutes followed by quenching in 9% ice brine 

solution (-7
0
C). Same were then reheated and held at different inter-critical 

temperatures of 760
0
C, 780

0
C, 800

0
C, and 820

0
C for 10 minutes and were 

finally quenched in preheated oil at 80
0
C. From Fig.1, the microstructure  
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indicates that composite mixture of ferrite (black) phase dispersed in hard 

martensite (white) phase. 

 

 
(a) 

 

 

 
(b) 

                    

                    
 

           

(c) 

 

(d) 

Figure 1 SE Micrographs corresponding to ICT at: (A) 760
0
C (B) 780

0
C (c) 800

0
C 

(D) 820
0
C 

 

2.3 Phase Volume Fraction analysis 
 

Individual phases contribute to the mechanical properties of DP steel; 

hence to determine the volume fraction of the phases involved, a systematic 

manual point-counting technique had been attempted following ASTM E562 

standards. In this method, Round grids with identical points shown in fig. 2 

were placed on the microstructures and counted the phases present in the 

material thereby estimating the volume fraction of Ferrite-Martensite phases 

of DP steels produced. 
 

 

 

 



 
 

 

 

 

 

 
 

Figure 2 Diagram of circular pattern of grid to determine volume fraction 

 

Table 2 Results of the Quantitative microstructure analysis using Point counting-

technique 

 

Specimen 

code 

Volume percentage Retained 

austenit

e ( % 

) 

Ferrite 

( % ) 

Martensit

e 

( % ) 

A760 63.5 36.5 ------ 

A780 50.7

5 

48.25 1.00 

A800 42.7

5 

56.25 1.00 

A820 38.2

5 

59.75 2.00 

 

3 Methodology of Experimentation 
 

3.1 Specimen configurations 
 

The crack length a, specimen thickness t and width W were the three 

major characteristic dimensions of the specimen. Mainly W=2B and a/W=0.5 

is utilized at the most. Also the compact tension (CT) specimens [24-25] 

were largely utilized to conduct the fracture toughness test due to, 

significantly, it consumes lesser material.  

 

3.2 Constraints on Specimen-Dimensions 
 

Specimen plate thickness (B), crack length (a), and width (W) as shown 

in Fig.3 must satisfy the following requirements [24]: 
2

2.5 Ic

y

K
B



 
  

 
 

 Plate Thickness                                                  (3) 
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2

2.5 Ic

y

K
a



 
  

 
 

 Crack Length                                      (4) 

2

5.0 Ic

y

K
w



 
  

 
 

 Width                                       (5) 

 

3.3 Specimen Sizes 
 

 Specimen plate thickness, B =6.35mm 

 Crack length a = (ao +ap) mm 

 ao = Initial machined notch length = 8.25mm 

 ap = pre-cracklength 

 Width W =25.4mm 

 Pin Hole diameter d =6.35mm 

 Height h =30.48mm 

 
 

Figure 3 Compact tension test specimen (2-D) 

 

3.4 Fatigue Pre-Cracking 
 

The fatigue pre-cracking of the specimen involves the careful control of 

the fatigue load applied on the notched specimen at the end of tip to develop 

the crack and allow it to grow to the desired size. The crack introduced using 

fatigue loading will favorably affect the toughness of the material. Fatigue 

loading to the specimen generates the crack with little plastic zone at the 

crack tip of finite radius which is the strain hardened material and having 

complex residual stress distribution. 

 



 
 

 

 

 

 

 

 
3.5 Load-Displacement Test 

 

The prepared specimen has been loaded as shown in Fig. 4. To obtain 

load v/s crack mouth opening displacement (CMOD). CT specimens were 

pulled in an UTM machine in tensile mode to record load v/s CMOD 

relation. Fig. 5 shows the Double-cantilever clip in displacement gauge 

mounted by means of integral knife edge. The load and the displacement 

values of the tested specimen, when loaded to failure, were monitored. The 

critical load PQ can be found using the plot of load-displacement curve. The 

5% secant line is to be constructed from the origin with slope of initial elastic 

loading to determine the critical load.  
 

 
Figure 4 Fracture toughness testing Machine 

 

 
Figure 5 Double- cantilever clip 
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3.6 Measuring Crack Length 

 

For precise measurement of the crack length, it is suggested that the 

specimen is to split into two halves by letting the crack run through all the 

way by applying load beyond the critical load. The crack length is taken as a 

=1/3 (a1 + a2 + a3). The test will get rejected if anyone of the three crack 

length differs by more than 5 per cent from „a‟. 

 

3.7 Data Analysis 
 

Once PQ and crack length are determined, a provisional Fracture 

toughness, KQ is computed from the following relationship: For CT 

specimen 

Q

Q

P a
K f

wB w

   
    

  
               (6) 

2 3 4

2 3 4

3 2

2 0.886 4.64 13.32 14.72 5.6

1

a a a a a

w w w w wa
f

w a

w

  
      

    
 

   
 

 

             (7) 

 

4 Fracture Toughness Test Results 
 

4.1 Experimental  
 

Fig.6 illustrates CT specimen for KIC tests and Fig.7 illustrates CT 

specimen after KIC test. The DP steel specimens demonstrated elastic 

behavior and cleavage fracture. Therefore, ASTM Standard E399 was used 

for the analysis. The data‟s for all the four samples tested along with their 

calculated values of KIC based on Equation (6) and (7) are presented in 

Table 5. To validate the calculated value of K as a true KIC fracture 

toughness, the following conditions must be met: 

 

Condition 1:       0.45 ≤ (a/W) ≤ 0.55                                       (8) 

Condition 2:         B, a ≥

2

5.2














ys

IcK


                                           (9) 

Condition 3:       Pmax ≤ 1.10 PQ                                             (10) 
 

 

 

 



 
 

 

 

 

 

 
 

Figure 6 CT specimen for KIc tests 

 

 
Figure 7 CT specimen after KIc test 

 

For DP steel specimens of different samples, the values of test results are 

presented in Table 3. The values obtained from CT test are satisfied the 

above mentioned conditions as shown in the equations (4.1a, b and c). 

Therefore, these fracture tests for DP steel specimens yield a valid value of 

KIc according to ASTM E399. The value of KIc for DP of different samples 

of specimens are shown in Table 4. From the Figs.8 a 5 per cent secant offset 

line and its intersection with load-displacement curve gives PQ. The 5 per 

cent secant line is drawn by having its slope 5 per cent less than the initial 

slope of load-displacement curve. It has been found that 5 per cent secant 

line corresponds to about 2 per cent increase in crack length in CT 

specimens. Pmax is obtained at ultimate fracture load as shown in graphs 

below. The influence of volume fraction of ferrite and martensite of inter-

critical heat treatment on fracture toughness of developed DP steel usually 

decreases as volume fraction of martensite increases than ferrite. 

Based on the plane strain fracture toughness analysis using compact 

tension specimens the fracture toughness of the A780 specimen was found to 

be better than that of other heat treated specimens (A760, A800 and A820). 
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       (a) 

 
(b) 

 
(c) 

 



 
 

 

 

 

 

 

 
(d) 

 

Figure 8 Load-Displacement diagram of IQC DP-steels for A760, A780, A800 and 

A820 specimen 

 

Table 3 Compact Tension Specimen Geometry and Test Results 

 

Sample Wmm ao mm ap mm amm (a/W) F(a/W) 

A760 25.4 8.25 3.282 11.532 0.454 8.460 

A780 25.4 8.25 3.56 11.811 0.465 8.70 

A800 25.4 8.25 3.434 11.684 0.460 8.58 

A820 25.4 8.25 3.358 11.608 0.457 8.52 

 
Table 4 Results of Compact Tension Specimen Geometric Conditions 

 

Specimen KIc MPa m  Σys MPa a / W B, a Pmax/PQ ≤1.10 

A760 48.142 606 0.454 0.01577 1.096 

A780 53.806 586 0.465 0.021 1.0855 

A800 49.673 547.33 0.460 0.0206 1.095 

A820 44.165 514.33 0.457 0.0184 1.0878 

 

 

PQ KN Pmax KN Bmm KIC MPa m  Kmax
MPa m  

5.759 6.3119 6.35 48.142 52.764 

6.259 6.7947 6.35 53.806 58.412 

5.859 6.4202 6.35 49.673 54.431 

5.246 5.707 6.35 44.165 48.046 
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4.2 Finite Element Analysis Results for Stress Intensity Factor 
 

Mode I Stress Intensity Factor (KIc) has been attained using finite element 

analysis with the assistance of Ansys Parametric Design Language (APDL). 

The finite element code ANSYS was used to perform two dimensional 

linear-elastic stress analyses on compact tension specimen configurations.  

Fig. 9 to 12 shows the displacement and stress intensity plots for CT 

specimens (A760, A780, A800 and A820) respectively. From the stress 

intensity plot, it is identified to be the KIc values are 49.656, 57.6, 51.011, 

and 45.311 MPa m  for the above mentioned specimens respectively. 

Analytically anticipated stress intensity factor and crack mouth opening 

relationships are matched to corresponding experimental relationships. 

Obtained analytical stress intensity results are good agreement with 

experimental results as shown in Table 5. These well recognized connections 

increase the confidence in the numerical investigations. The error between 

the experimental and finite element simulation results is found to be 6.59%.  
 

Table 5 Comparison of experimental KIc and FEM KIc results 

 

 

Specimens 

Experimental 

KIc 
MPa m  

Analytical FEM 

KIc MPa m  
Percentage error 

A760 48.142 49.656 3.05 

A780 53.806 57.6 6.59 

A800 49.673 51.011 2.62 

A820 44.165 45.311 2.53 

 

 
 

Figure 9 Displacement and Stress intensity diagram of A760 CT specimen 

 

 



 
 

 

 

 

 

 

  

 

  
 

Figure 10 Displacement and Stress intensity diagram of A780 CT specimen 

 

  
 

Figure 11 Displacement and Stress intensity diagram of A800 CT specimen 

 

                       
 

Figure 12 Displacement and Stress intensity diagram of A820 CT specimen 
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From the Fig 9 to 12, it is identified that the displacement and the stresses 

increases for the specimens A760 and A780. Further for the specimens the 

displacement and the stresses decreases for the specimens A800 and A820. 

The decrease in the displacement is due to the harder specimen because of 

the higher intercritical temperatures. The hard martensite phase increases as 

the increment in the intercritical temperature. Hence the fracture toughness of 

the material decreases as the martensite phase increases. The higher fracture 

toughness is observed to be at A780, for both experiment and FE simulation. 

Hence it is recommended to utilize the FE simulation to predict the fracture 

toughness investigations which in turn reduces the cost and time. 

 

5 Conclusions 
 

Following conclusions are drawn from the investigation conducted to 

estimate the fracture toughness characteristics of heat treated dual phase 

steels. 

 Intermediate quenching of low carbon steel yielded a material with a 

ferrite and martensite grain structure. The volume fraction of 

martensite (Vm) increased with intermediate quenching time. 

 From the studies made, it was found that A780 has better grain 

refining, solid solution strengthening and unique combination of 

strength and ductility as compared to other heat treated specimens 

(A760, A800 and A820). 

 From fracture toughness test it was found that the KIc value for A780 

is 53.806 MPa m while that of A760, A800 and A820 is 48.142, 

49.673 and 44.165 MPa m respectively. Crack speed for A780 is 

lower than that of other developed DP steel. The superior fatigue 

crack propagation resistance and fracture toughness are attributed to 

considerably higher energy consuming process by its natural ductile 

features of ferrite in A780 DP steel. Which also reflect the crack 

deceleration  

 The FE model of CT specimen was developed and validated 

theoretically and experimentally. In addition to the validation of FE 

model, computation procedure of Stress Intensity Factor by FEA 

adopted in this study were verified successfully. 
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