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ABSTRACT 
The modified Kissinger method was used to study the influence of deformation on the dilatometry curves of a 

high Ti maraging steel C300.  Using heating rates between 0.083 and 0.333 K s
-1

 it was possible to observefour 

distinct transformation regions characterized by recovery, recrystallization, precipitation and shear and 

diffusional austenite formation. When deformed, it was possible to observe that the cold deformation 

accelerated the transformations in the temperature between 603 and 770 K, while the hot deformation reduced 

the activation energy in the temperature between 743 and 870 K. When analyzing the temperature range that 

forms precipitates Ni3Ti and Fe2Mo, the activation energy in the hot, cold and non-deformed samples were 276, 

175 and 242 kJmol
-1

, respectively. Both deformations reduced the activation energy of the diffusion α'→γ 

transformation from 456 kJmol
-1

, in the non-deformation condition, to 304 and 365 kJmol
-1

, in the hot and cold 

deformed samples, respectively. 
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I. INTRODUCTION 
Maraging steels are martensitic steels with low C and ultrahigh-strength hardened due to 

precipitation[1–3]. These steels have several applications ranging from the sports to the aerospace industry, and 

its most common use is in applications that require high strength and reliability, such as in the military and 

nuclear industries[1,4,5]. Commonly maraging steels are ferrous alloys containing Ni, Co, Mo and Ti, where the 

amount of these alloying elements will define their ultimate strength. 

To achieve their final properties, these steels undergo two heat treatments: a solubilization, commonly 

performed at 1093 K, followed by aging at 753 K [4,6–9]. During the solubilization the maraging steels acquire 

a martensitic matrix supersaturated in alloy elements[10,11] containing a high density of dislocations[12]. 

During aging, the supersaturated alloying elements in the matrix diffuse into the crystalline defects, forming 

second phase particles which can be, at temperatures below 723 K, the phases S, X[13], ω [13–15], Ni3(Ti, Mo) 

[14], for early times. For longer times, the phases Fe2Mo and μ-Fe7Mo6[15]start to form. When the maraging 

steel is aged at temperatures above 723 K, the A3B type precipitation (A = Ni, Cr, Fe and B = Ti, Mo, Al) occurs 

due to the better interface coherence with the CCC matrix [10,12,16]. At longer aging times, Fe2Mo and/or 

Fe6Mo7 follow its formation[10,15,17–20]. In even longer times, the formation of the reverse austenite can 

occur, due to the dissolution of A3B precipitates and consequent local increase of Ni and Co content, austenite 

[17,21–24], as well as due to the segregation of these elements to the boundary of the martensite lath and grain 

boundary of the previous austenite[25]. 

The formation of new phases occur mainly by heterogeneous nucleation[26–28]. The growth, however, 

can be controlled both by pipe diffusion, due to the high dislocations density present in the martensitic 

matrix[10,29], and/or by lattice diffusion, when in higher heating rates[30] - since the activation energy obtained 

by several authors is close to the diffusion energy of Ti and Mo in a ferritic matrix[30–33]. The dominant 

hardening mechanism in maraging steels is Orowan and the main hardening phase of this steel is the metastable 
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Ni3Ti, while the stable phase, Fe2Mo and/or Fe6Mo7, has a lower contribution to hardening and it forms at 

higher aging times/temperatures[34]. 

The increase in the number of crystalline defects due to deformation tends to accelerate the kinetics of 

heterogeneous precipitation [35]. This agreed with the acceleration of Ni3Ti precipitation kinetics in cold 

deformed samples found by Lian et al [36]. However, although there is an initial increase in hardness, a hot 

deformation process delays the kinetics of precipitation [37]. 

This deformation also affects the formation of reverse austenite. As it preferentially occurs in the 

boundary of the martensite lath [6], the refining of this structure resulting from the hot deformation [37] 

accelerate the kinetics of austenite formation. In the same way, the deformation promotes a finer precipitation, 

which later dissolves and enrich the matrix locally with Ni, accelerating the kinetics of austenite formation [6]. 

Although the reverse austenite decrease the mechanical strength, its presence may be beneficial in cases where 

there is a need for greater toughness [31].  

There are several studies correlating precipitation and austenite transformation temperature with 

dilatometric curves. These studies, using the modified Kissinger method described by the equation 1, estimated 

the activation energy in transformations for distinct classes of maraging steels [1,30,32–34,38–41].   

 

ln 𝜑2 𝑇𝑚  = −𝐸  𝑅 × 𝑇𝑚 + 𝐶                                                                             Eq. 1 

Where φ is the heating rate, Tm is the maximum transformation temperature for the given heating rate, E is the 

activation energy, R is the universal gas constant and C is a constant.    

However, the effect of deformation on the activation energy[37] and phase fraction transformed into maraging 

steels is little studied[24,27,38,39,42,43]. Therefore, this study aims to fill this gap by verifying the influence of 

hot and cold deformation on the transformation temperatures and precipitation kinetics of a high-Ti C300 

maraging steel. 

 

II. MATERIALS AND METHODS 
The studied material, given in Table 1, was provided in the form of two 140 mm diameter discs, each 

with 10 and 20 mm thick. From the 10 mm thick disc, eight cubic samples with 10 mm of edge were removed 

and solubilized at 1323 K for 1 h. After solubilization, four samples were cooled in water, while the remaining 

samples were hot forged at 1323 Kwith 50% reduction in height in single pass and then cooled in water. The 

20 mm thick disk was initially cut in a rectangular format of 100 x 50 x 20 mm and then rolled in two ways: the 

first with a 50% height reduction at a temperature of 1473 K cooled in water, and the second also with a 50% 

height reduction at room temperature. The three study conditions were obtained: No deformation (0%), hot 

forging (F50%) and hot and cold rolled (R50%50%). 

From each study condition, four rectangular samples of dimensions 10 x 5 x 5 mm were machined 

from the central region of the samples. Then these samples were analyzed by dilatometry on a Netzch 402C 

dilatometer in the temperature range of 373 to 1173 Kwith heating rates of 0.0833, 0.166, 0.250 and 0.333 K s
-1

. 

 

Table 1: Chemical composition of the studied material in wt%. 
Ni Co Mo Ti Al C Mn Si Fe 

18.6 9.4 5.2 1.0 0.10 0.03 0.04 0.19 Bal 

 

III. RESULTS AND DISCUSSION 
Figure 1 shows the dilatometric curves for the conditions 0%, F50% and R50%50% at heating rate of 

0.166 k s
-1

. The loss of linearity of a dilatometric curve indicates the occurrence of an atomic rearrangement, 

which in maraging steels may be associated with: recovery of the martensite[22] , formation of carbides [22] 

and precipitates, diffusional and/or shear α'→γ transformation[32,38] and recrystallization of the 

microstructure[44]. During the cooling, the loss of linearity indicates a γ→α' transformation [45]. 

Figure 2 shows the curve d(l/l0)/dt as a function of temperature for a heating rate of 0.166 K s
-1

, where 

four distinct transformation regions are visible: T1, T2, T3 and T4. The start and end of each of the 

transformations were obtained from the curve d²(l/l0)/dT² as a function of temperature, and are given in table 2. 

The suffix s and f in table 2 indicates the initial and final temperature, respectively. 

Region T1 (~600-750 K) is characterized by the recovery of the martensitic structure and the formation 

of carbides [22] and low temperature precipitates of the ω type [18], which, due to the absence of incubation 

time, may form even with high heating rates [46]. Region T2 (~750-850 K) is characterized by the formation of 

the meta stable phase A3B and the stable Fe2Mo and/or Fe7Mo6[10,12,16,18–20,47,48]. These phases always 

form after precipitation of ω phase [11]. Region T3 (~850-1000 K) is characterized as a result of the diffusional 

reverse austenite formation while Region T4 (~1000-1050 K) is characterized by the reverse austenite 

transformation by shear[3,16,19,38,39]. 
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Fig. 1 Dilatometric curves for the conditions 0%, F50% and R50%50% heated at 0.166 k s

-1
 

 

 
Fig. 2: Plot ofd(l/l0)/dt for the conditions 0%, F50% and R50%50% heated at 0.166 K s

-1
 

 

Table 2: Start and final temperatures for all conditions analyzed. 

Deformation 
Heating Hate, K 

s-1 

Temperature, K 

T1s T1f T2s T2f T3s T3f T4s T4f 

0% 

0.083 633 708 711 841 863 976 978 1038 

0.166 646 763 766 853 871 981 983 1038 

0.250 633 768 771 851 893 988 991 1038 

0.333 671 771 773 866 883 991 993 1041 

F50% 

0.083 627 733 734 828 829 979 980 1079 

0.166 633 740 741 845 846 986 987 1071 

0.250 682 759 759 851 860 1010 1010 1064 
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0.333 676 766 766 860 870 1021 1021 1081 

L50%50% 

0.083 633 741 743 838 871 946 948 1066 

0.166 603 761 763 858 871 973 976 1066 

0.250 616 763 766 871 873 976 978 1078 

0.333 616 771 773 871 873 976 978 1078 

 
Activation Energy and Dilatation 

Table 3 contains the value of Tm for regions T1, T2, T3, obtained from the minimum values given by 

graph d(l/l0)/dt versus temperature. Region T1 in the 0% and F50% conditions did not present a minimum 

value,thereforeit was not possible to obtain the value of Tm in this condition. 

Figure 3 shows the trend lines for the values of T2 in the conditions 0%, F50% and R50%50% 

calculated from equation 1 with data obtained in Table 3. The angular coefficient of the trend lines represents 

the activation energy, E, provided in Table 4 for each analyzed condition besides some values found in 

literature. Although the values of Tm could be observed in region T4, it did not present a linear response when 

plotted on the graph ln(φ²/Tm) as a function of 1/(RTm), making it difficult to estimate E with the modified 

Kissinger method. 

This happened because a premise of the Kissinger method is that, in order to obtain different values of 

Tm, the transformation must be dependent on the heating rate, in other words, controlled by diffusion, which 

does not occur with shear like transformations, such as occurs in region T4. For a diffusional transformation 

take place, it need time to reach the required composition, but as higher is the heat rate, the shorter is the time 

available for transformation at a certain temperature, that make the transformation take place at higher 

temperatures. 

It is believed that for these reasons the distinction between regions T1 and T2, or T3 and T4, was not 

observed in literature, and the estimated value of E for precipitation consists on the obtained values for region 

T2, while  this value for the α'→γ transformation is estimated by the diffusional α'→γ transformation, T3 region. 

The obtained value of E for region T2 in the 0% condition was 242 kJmol
-1

. This is in agreement with 

values observed in the literature, Table 4, and is close to the values of E for the diffusion of Ti, Mo and Ni in 

iron α , 293[49], 282 [50] and 245 kJ mol
-1

[51], respectively. This indicates the occurrence of a diffusional 

transformation with those three elements, probably the precipitation of Ni3Ti, Fe2Mo and/or Fe7Mo6, and the 

slightly reduction of E occurred due to the high density of dislocations present in the martensitic matrix. 

To understand the effects of deformation on the transformations, it is important to analyze the total 

dilatation for all regions: ΔT1, ΔT2, ΔT3 and ΔT4. For this, the values of ΔTx were calculated as shown in 

Figure 4 and the mean value of these results is shown in table 5. Analyzing the values of ΔT1 it is possible to 

verify that the cold deformation increased the transformed volume in region T1 due to the heterogeneous 

nucleation promoted by the number of crystalline defects [35], while no changes could be seen from the cold 

deformation.  

Alongsidethe increase of transformed volume in region T1, the recovery of the microstructure caused a 

reduction in the number of dislocations. Add to this, an impoverishment of alloying elements in the matrix 

occurs due to the precipitation of the S and ω phase. Those two factors lead to a reduction in the driving force 

for subsequent T2 transformations and, consequently, a greater E value for region T2 in the cold deformed 

samples when compared to non-deformed ones.  

The opposite happens with the hot-deformed sample, where occurs a significant reduction of E in the 

region T2. It probably happens due the austenite recrystallization that occurs while the samples are deformed. 

The resulting amount of dislocation from this process is not enough to promote the transformations in region T1, 

but enables a higher quantity of heterogeneous precipitations in region T2. 

The value of ΔT2 decrease when a deformation is applied, independent if the activation energy 

increased or decreased. That occurs due to the higher amount of dislocations in the deformed samples.Once the 

misfit between matrix and precipitate is minimized on a crystalline defect as dislocation and grains boundary, a 

precipitation in those defects tends to minimize the dilatation caused by them[35]. 

Lian et al [36], when cold rolling the material, did not find a reduction in volume of Ni3Ti in the region 

T2. That has occurred, probably, because Lian et alonly analyzed samples aged at 783  K, where the rapid 

heating of the samples inhibited the precipitation of X, S and ω, causing the high density of dislocation to aid 

the heterogeneous precipitation of Ni3Ti. 

The value of E for region T3, characterized by diffusional α'→ γ transformation, is strongly influenced 

by the heating rate, ranging from 423 kJ mol
-1

, for rates lower than 2 K s
-1

, to 828 kJ mol
-1

, for rates higher than 

2 K s
-1

 in a non-deformed sample[33]. In this work, the value found, for the T3 region in the 0% condition and 

heating rates below 0.333 K s
-1

, were 456 kJ mol
-1

, falling dramatically when applied a deformation, reaching 
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304 and 365 kJ mol
-1

, under the conditions F50% and L50%50%, respectively. This fall occurs due to the 

previous transformations that tookplace in regions T1 and T2. That happens because the deformation not only 

accelerates the formation of S, ω and Ni3Ti precipitates, but their dissolution as well, as they are metastable 

phases. That dissolution enriches the matrix with Ni and Co that leads to an increase on the driving force of 

α'→γtransformation and, consequently, a decrease in the value of E, as verified. 

Although the reduction of the E valuein region T3 indicates an increase in the diffusional α'→γ 

transformation due to deformation, that could only be seen only on the hot deformed samples. In the cold 

deformed, the created texture prevented a direct comparison between the dilatations in this region. This occurs 

because the texture generates a preferential direction for the α'→γ transformation distinct for the three 

conditions of analysis[40]. 

 

Table 3: Maximum transformation temperatures, Tm, for all conditions studied. 

Deformation 
Heating Hate, 

K s-1 

Temperature, K 

T1 T2 T3 

0% 

0.083 - 783 923 

0.166 - 796 933 

0.250 - 806 941 

0.333 - 811 943 

F50% 

0.083 - 774 915 

0.166 - 785 924 

0.250 - 801 938 

0.333 - 809 943 

R50%50% 

0.083 713 788 906 

0.166 733 801 918 

0.250 741 808 926 

0.333 743 813 931 

 

 
Fig. 3 Plot of the trend lines from the points calculated by equation 1 for the transformation in region 2 
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Table 4: Activation energy obtained in this work and verified in the literature. 

Region 
Activation Energy (kJ mol-1) 

Reference Maraging 
0% F50% L50%50% 

T1 - - 175 This Work C300 

T2 

242 175 276 This Work C300 

205 - - [31] C250 

145 - - [32] C300 

265 - - [33] C350 

272 - - [30] C300 

276 - - [30] C350 

T3 

456 304 365 This Work C300 

342 - - [31] C250 

224 - - [32] C300 

423(φ<2) e 

828(φ>2) 
- - [33] C350 

562 - - [30] C300 

569/642 - - [30] C350 

 

 
Fig. 4 Sketch of how the calculation of ΔT1, ΔT2, ΔT3 and ΔT4 was performed for the 0% condition heated to 

0.166 K s
-1

 

 

 

Table 5: Mean values of ΔT1, ΔT2, ΔT3 and ΔT4 for all study conditions. 
Deformation ΔT1, mm/mm ΔT2, mm/mm ΔT3, mm/mm ΔT4, mm/mm 

0% 0.0222 0.0992 0.2440 0.0488 

F50% 0.0222 0.0871 0.2992 0.0320 

R50%50% 0.0370 0.0792 -0.0020 0.0500 
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IV. CONCLUSION 
It is possible to conclude from the experimental data that the cold deformation improved the 

transformation kinetics in region T1 that was characterized by an increase of the total contraction, ΔT1. The 

cold deformation also made it possible to calculate the activation energy, E, for the region T1, 175 kJ mol
-1

. In 

region T2, the calculated value of E for non-deformed samples was 242 kJ mol
-1

. The cold and hot deformation 

seems to have affected differently the kinetics of the transformation - hot deformation decreased the value of E 

to 175 kJ mol
-1

, while cold deformation increased it to 276 kJmol
-1

.  

Probably those changes in the activation energy occurred due to the increase in the number of 

dislocations resulting from the deformation, leading to a greater heterogeneous nucleation of precipitates. 

The deformation also reduced the activation energy of the diffusional α’→γ transformation, region T3, 

from 456 kJ mol
-1

, for the condition 0%, to 304 and 365 kJ mol
-1

, for the conditions F50% and R5050%, 

respectively. This probably occurred because the deformation not only accelerates the precipitation of S, ω and 

Ni3Ti, but also their dissolution, that leads to a locally enrichment of the matrix with Ni and Mo, increasing the 

driving force for the diffusional α’→γ transformation. 
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