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Abstract: In the past few years researches has been done to obtain dual-phase steels with a 

low content of manganese (less than 1%) [1, 2] and for that reason such alloys were chosen for 

analysis; two types of commercial steels were used ("Steel A" and "Steel B"), materials 

produced and used primarily for welding electrodes. 

This material has been studied in the literature only in terms of properties defining 

characteristics of materials without presenting any data of determine the martensite value 

depending on the composition concerning the influence of heat treatments and cooling medium. 

The chemical compositions were determined with a FOUNDRY-MASTER Xpert 

Spectrophotometer. The ferrite-martensite structures, typical of the dual-phase steels, has been 

obtained by intercritical quenching that consisted of heating at temperatures ranging between 

760 and 820 C and cooling in water with a temperature of 20 C ( Ultrasound Bath LBS 2). 

For determining the influence of ultrasound on the structure of dual-phase steels, the cooling 

was made in three variants: water (without mechanical agitation), water in an ultrasonic field 

with f = 40 kHz and water in an ultrasonic field with f = 59 kHz. After carrying out intercritical 

quenching, the samples have been subjected to metallographic analysis (with LEXT OLS4100 

Olympus Laser Microscope) through which the volume fraction of martensite, the morphology 

and distribution of this phase, have been determined.  
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1. Introduction  

The dual-phase steels are metallic materials 

with which have the structure formed of a soft 

and ductile ferrite matrix in which are 

homogeneously dispersed martensite (10 ÷ 35 

%) and residual austenite (1 - 2 %). The dual-

phase steels products worldwide have, in 

general, a percentage of carbon less than 0.12 

%, a content of manganese between 1.0 % and 

3.5 %, and elements such as V, Cr, Mo and, 

Nb, are to be found in chemical composition in 

proportions situated below 1%; in the last few 

years there have been studies on steels in 

which the content of manganese is less than 1 

% (0.5 - 1 % Mn). [1, 2, 3, 4, 5, 6].  

Worldwide studies worldwide show that the 

amount of martensite in the structure is 

influenced by both the volume fraction of 

austenite obtained during the heat treatment 

and the stability of austenite during 

transformation through the martensitic 

mechanism; the scientific literature advises 

that heating should be carried out at a 

temperature which allows obtaining a 

percentage of 40 ÷ 60% austenite. The cooling 

rate from temperatures in the intercritical 

range (+) determines the type of 

transformation products due to the cooling 

process. [1, 2, 3, 7, 8]. 
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During quenching, the contact between the 

workpiece and the cooling medium is 

particularly important, knowing that due to the 

large temperature differences the vapors form 

a film between the piece and the cooling 

medium (the calefaction phenomenon) that 

changes the cooling capacity of the medium.  

Remarkable results were obtained by 

applying ultrasonic oscillations to the medium 

in which the quenching takes place which 

under the action of pressure and cavitation 

phenomenon, destroys and prevents the 

formation of vapor and gas films, thereby 

ensuring a more prolonged contact between 

the workpiece and the cooling medium; in this 

way the cooling rate is increased, which leads 

to a cooling more vigorous, the quenching 

with ultrasounds being more efficient than the 

ordinary [9, 10, 11]. 

 

2. Experimental details 

2.1. Materials 

For these studies we used two commercial 

steels, which are produced and used in 

industry, mainly for welding electrodes. 

Chemical compositions of these alloys (noted 

DP-A și DP-B) they were determined with a 

spectrometer FOUNDRY-MASTER Xpert 

(Oxford Instruments Analytical GmbH, 

Germania), presented in Table 1. 

 
Table 1 Chemical compositions of the steels DP-A and 

DP-B 
Steel Chemical compositions, (%) 

DP-

A 

C Mn Si P S Cr Mo 

0.087 0.511 0.091 0.0036 0.0039 0.029 0.005 

Ni Al Cu V W Pb Fe 

0.049 0.003 0.082 0.003 0.003 - rest 

DP-

B 

C Mn Si P S Cr Mo 

0.101 0.529 0.091 0.032 0.0037 0.036 0.005 

Ni Al Cu V W Pb Fe 

0.015 0.003 0.015 0.003 0.003 0.011 rest 

 

The initial structure of the two steels are 

composed of ferrite and perlite on grain 

boundaries consisting of 85.30% ferrite and 

14.70% perlite in DP-A case, respectively 

83.90 % ferrite and 16.10 % perlite DP-B case. 

 

2.2. Heat treatment 

In order to obtain ferrite-martensite 

microstructure characteristic to dual-phase 

steels, samples of the alloys DP-A and DP-B 

were subjected to intercritical quenching at 

which the quenching temperatures (TQ) had 

the following values: 760, 780, 800 and 820 

C. The heating was conducted in an electric 

laboratory furnace Naberterm LT 40/11/P330 

at constant values of the quenching 

temperature (TQ = constant), for 30 minutes, 

and the cooling was performed in an 

Ultrasound Bath LBS 2 that has the following 

technical characteristics: capacity - 22,5 dm3, 

peak power - 650 W, absorbed power - 500 W; 

heating - from 20 to 80 C, frequency: 0, 40 

and 59 kHz. 

To study the influence of ultrasounds on the 

microstructure of the two steels (DP-A and 

DP-B), the quenching was conducted in three 

mediums: 1) water with the temperature 

(Twater) of 20 C, without mechanical agitation 

(denoted W), 2) water with the temperature 

(Twater) of 20 C, activated with ultrasound, at 

the frequency of 40 kHz (denoted US40) and 

3) water with the temperature (Twater) of 20 C, 

activated with ultrasound, at the frequency of 

59 kHz (denoted US59). 

 
Tabel 2. The amount of martensite in the dual-phase 

steel microstructures DP-A and DP-B (average values) 

Ste

el 

The amount of martensite, VM (%) 

TQ = 760 C TQ = 780 C TQ = 800 C TQ = 820 C 

A 
US

40 

US

59 
A 

US

40 

US

59 
A 

US

40 

US

59 
A 

US

40 

US

59 

DP

-A 

20.

19 

21.

34 

23.

74 

23.

83 

25.

04 

28.

15 

29.

41 

30.

88 

32.

96 

36.

98 

38.

67 

40.

71 

DP

-B 

22.

10 

23.

59 

25.

24 

25.

51 

26.

62 

28.

98 

30.

40 

32.

16 

33.

82 

38.

13 

40.

02 

42.

21 

 

2.3. Results and discussions 

Mathematical prediction modelling. for the 

experimental design process was adopted a 23 

orthogonal central composite design with 5 

levels (-α, -1, 0, 1, α) for each independent 

variables ( x1-C%, x2-Mn%, x3-P%, x4-S%, x5-

Cr%, x6-Ni, x7-Cu%, x8-Pb%, x9-Fe%, x10 - 

temperature T (ºC), x11-heat treatment 

medium). 

In this paper was used Khuri and Cornell 

orthogonal design that contain only one 

observation at each of the nf factorial points, 
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two observations at each q axial points, and nc 

observations at the center [12]. To encode the 

natural values of the independent variables 

was used Eq. 1. 
0
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, 1,i n  , n=11   (1) 

where xi is the coded value (dimensionless 

value), Yi is the natural value of the ith test 

variable, Yi
0 is the natural value in the center 

of the range of the ith test variable and ΔYi is 

the interval of variation for ith test variable and 

n represent the number of the process variables 

[13, 14, 15]. 

The coded values of level ±α were calculated 

using the Eq. 2 [11]: 
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Correspondence between actual and coded 

values of design variables are presented in 

Table 3. 

 

Table 3. Experimental ranges and levels of independent 

variables 

Independent 

variable 

Cod

e 

Range 

-1 0 +1 

C x1 0,087 0,094 0,101 

Mn x2 0,511 0,52 0,529 

P x3 0,0036 0,0178 0,032 

S x4 0,0037 0,0038 0,0039 

Cr x5 0,029 0,0325 0,036 

Ni x6 0,015 0,032 0,049 

Cu, x7 0,015 0,0485 0,082 

Pb x8 0 0,0055 0,011 

Fe x9 99,12 99,135 99,15 

Temperature, 

T (ºC) 
x10 760 790 820 

Heat 

treatment 

medium 

x11 0 1 2 

For this modelling process a design of 24 

experiments was formulated (2 axial points on 

the axis of each design variable at a distance of 

α from the design center) and one replicated at 

the center [11]. The coded and the natural 

values of the test variables and the 

experimental values of surface hardness are 

presented in Table 4. 

 
     Table 4: Orthogonal central composite design of 23 type 

 No. Alloy x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 M(%) 

1 DP-A -1 -1 -1 1 -1 1 1 -1 -1 -1 -1 20,19 

2 DP-A -1 -1 -1 1 -1 1 1 -1 -1 -1 0 21,34 

3 DP-A -1 -1 -1 1 -1 1 1 -1 -1 -1 1 23,74 

4 DP-A -1 -1 -1 1 -1 1 1 -1 -1 -0,333 -1 23,83 

5 DP-A -1 -1 -1 1 -1 1 1 -1 -1 -0,333 0 25,04 

6 DP-A -1 -1 -1 1 -1 1 1 -1 -1 -0,333 1 28,15 

7 DP-A -1 -1 -1 1 -1 1 1 -1 -1 0,333 -1 29,41 

8 DP-A -1 -1 -1 1 -1 1 1 -1 -1 0,333 0 30,88 

9 DP-A -1 -1 -1 1 -1 1 1 -1 -1 0,333 1 32,96 

10 DP-A -1 -1 -1 1 -1 1 1 -1 -1 1 -1 36,98 

11 DP-A -1 -1 -1 1 -1 1 1 -1 -1 1 0 38,67 

12 DP-A -1 -1 -1 1 -1 1 1 -1 -1 1 1 40,71 

13 DP-B 1 1 1 -1 1 -1 -1 1 1 -1 -1 20,10 

14 DP-B 1 1 1 -1 1 -1 -1 1 1 -1 0 23,59 

15 DP-B 1 1 1 -1 1 -1 -1 1 1 -1 1 25,24 

16 DP-B 1 1 1 -1 1 -1 -1 1 1 -0,333 -1 25,51 

17 DP-B 1 1 1 -1 1 -1 -1 1 1 -0,333 0 26,62 

18 DP-B 1 1 1 -1 1 -1 -1 1 1 -0,333 1 28,98 

19 DP-B 1 1 1 -1 1 -1 -1 1 1 0,333 -1 30,40 

20 DP-B 1 1 1 -1 1 -1 -1 1 1 0,333 0 32,16 

21 DP-B 1 1 1 -1 1 -1 -1 1 1 0,333 1 33,82 

22 DP-B 1 1 1 -1 1 -1 -1 1 1 1 -1 38,13 

23 DP-B 1 1 1 -1 1 -1 -1 1 1 1 0 40,02 

24 DP-B 1 1 1 -1 1 -1 -1 1 1 1 1 42,21 

 

To explain the behaviour of the studied 

system was used a second order polynomial 

equation (Eq. 7) for correlation between the 

independent variables (x1, x2 and x3) and 

response function W [13]. 
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where W is the measured response for each 

experiment (in this case – the surface 

hardness), β0 is the intercept term, βi , βii and 

βij  are, respectively, the measures of the 

linear, quadratic and  interaction effects of the 

process variables xi , xii and xi xj [14].  

The regression coefficients of the empirical 

model (regression equation) were calculated 

by using Eq. 8. 
1( )T TX X X W                          (8) 

where β is the column vector of the 

regression coefficients, X the design matrix of 

the coded levels of independent variables and 

M is a column vector of response determined 

experimentally according to the arrangement 

points into central composite design. 
 

 
Figure 1: The martensitic values of experimental data 

versus predicted data given by regression model 

 

 
Figure 2. Response surface plot for the effect of the C% 

(x1) and the temperature, T (x10). 

The quadratic model obtained by solving 

Eq. 8 was tested by means of the Student’s “t” 

test. The effects was that x2, x3, x4, x5, x6, x7, 

x8, x9, x2
2, x3

2, x4
2, x5

2, x6
2, x7

2, x8
2, x9

2, and 

interaction between them are non-significant 

and were excluded from the final regression 

equation (Eq. 9). 

M=+28.58+0.62x1+8.48x10+1.95x11+2.17x2+ 

+23x11
2+0,0015x1x11+0.060x1x11-0.13x10x11 (9) 

 

 
Figure 4. Response surface plot for the effect of the C% 

(x1) and the heat treatment medium (x11). 

 

 
Figure 3. Response surface plot for the temperature, T 

(x10) and the heat treatment medium (x11) 

 

The response surface from Figure 2-4 show 

that increasing of both x10 (the temperatures) 

and x11 (the heat treatment medium) would 

increase the amount of martensite (M).  

In order to check the adequacy of empirical 

model (Eq. 9) the statistical F-test (Fisher's 
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test) was performed. The F-test was done for a 

confidence level γ = 0.05. The calculated value 

of the Fisher's test (FC = 0.188) was compared 

with the tabulated one (FT(f1,f2) = 2.29). Since 

FC < FT, the mathematical model is adequate 

with a probability of 95 %. 

The suitability between the model and 

experimental data was confirmed by the 

goodness-of-fit between calculated (predicted) 

values and experimental values in Fig. 1.  

 

Conclusions 

The mathematical model proposed for the 

two steels (DP-A and DP-B), with all 

quenching temperatures, the use of ultrasounds 

at cooling and the raise of the frequency from 

40 at 59 kHz lead of increasing the volume 

fraction of martensite (VM) in microstructures. 

Raising the quenching temperature (TQ) has 

led, also, to an increase in the volume fraction 

of martensite (VM) in microstructures, because 

raising the TQ temperature in the intercritical 

range ( + ) has determined an increase in the 

volume fraction of austenite, phase which then 

by quenching (in W, US40 and US59) has 

turned into martensite. 

The additional energy intake from the 

quenching in water activated with ultrasound 

at the frequency of 59 kHz, determined the 

realization of values, for the volume fraction 

of martensite very close to those obtained by 

quenching in water (without mechanical 

agitation), but at that the heating was made at a 

higher temperature. 

The three parameters that modify the 

modelling process as independent variables (x1 

C%), x10 temperature T (ºC) and x11 the heat 

treatment medium) show an influence on the 

amount of martensite.  

The 23 orthogonal central composite design 

of experiment and the Response Surface 

Methodology can be used successfully in 

modelling of predict this process. 
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