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Abstract 
An experimental investigation was conducted using laboratory-processed, 0.12C–
1.70Mn–0.2V steels with different Cr or Mo additions aiming to evaluate this influence 
on the microstructure and mechanical properties hot rolled steels. Steels were 
processed in a pilot rolling equipment, simulating a typical thermomechanical 
processing, with finishing rolling steps above Ar3, followed by accelerated cooling and 
723 K (450 Celsius) coiling temperature. Microstructures and precipitates were 
analyzed using OM, SEM and TEM, while mechanical properties were evaluated by 
tensile and hole expansion tests. Since Cr and Mo increase hardenability of 
austenite, and as a consequence, the volume fraction of the acicular constituents 
increases with gradual additions of Cr or Mo. Moreover, Cr or Mo impacted V 
precipitation process, reducing average size of particles. At 0.50%Mo, V precipitation 
was inhibited. Effects of this microstructure evolution on the final mechanical 
properties were also analyzed, as well as a comparison between Cr and Mo effects, 
with Mo presenting more effective influence. 
Keywords: Microstructures; Precipitation; Thermomechanical processing; Effect of 
Cr and Mo; C-Mn-V Steel. 
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1 INTRODUCTION 

 
Nowadays in automotive industry, strong demands for smaller fuel consumption and 
safety regulation imposed conflicting requirements on auto bodies: they are required 
to be both lighter and more mechanically resistant. Expanded application of high 
strength steel sheets is extremely important for reducing auto body weight and 
securing crashworthiness.  
The efficiency of combined use of several hardening mechanisms obtained by 
multiple addition of alloying elements, associated with thermomechanical processing 
like controlled rolling and accelerated cooling, have allowed the development of 
advanced high strength steels (AHSS). 
Among AHSS, steels with controlled microstructure formed by an adequate 
combination of microconstituents, have led to increasing level of mechanical 
resistance, keeping competitive values of ductility and formability, being called 
multiphase or complex phase steels [1-16]. 
Additions of Cr or Mo has been used in multiphase steels and there are publications 
showing that these elements increase hardenability, mainly due to solute drag effect, 
supporting hardening by acicular microstructure like bainite and martensite [5,17-20].  
Moreover, it has been showed [1-5] that there is an effective influence of Mo or Cr on 
the microalloying elements precipitation, mainly increasing the precipitates stability, 
controlling their sizes in isothermal treatments or in continuous cooling processes. 
Concerning to the impact of Cr or Mo addition on hole expansion performance, it is 
defined by the influence of these elements on the microsctrucure. Although it is not 
completely clarified, there are publications [21,22] showing that the presence of 
bainite in multiphase steels may increase the hole expansion.  
Although  there are several papers exploring isolated effects of Mo and Cr, as well as 
the combined action of Mo or Cr with Nb, Ti or B [1-5,15,23-26], it is not well explored 
the effect of Mo or Cr with V in hot rolled multiphase steels.  
Then, this work aimed to evaluate the influence of Cr or Mo additions on the 
microstructure and mechanical properties of hot rolled AHSS, including hole 
expansion test, with a chemical composition based on C-Mn-V. 
 
2 EXPERIMENTAL PROCEDURE 
 
Five laboratory heats alloyed with different amounts of Cr or Mo were investigated. 
Elements such as sulfur, phosphorus, copper, and nickel are present only in residual 
levels. The chemical compositions of the studied steels are shown in Table 1. Heats 
of 45 kg of the steels were melted in a vacuum induction furnace. Thermomechanical 
processing was conducted in laboratory in two steps. The ingots, reheated at 1493K 
(1220 Celsius), were hot-rolled into plates of 20mm thick. Plates were reheated again 
at 1493 K (1220 Celsius) and processed into hot-rolled sheets of 4.0mm gauge with 
finishing rolling temperature of 1123 K (850 Celsius), followed by water cooling on 
the laboratory run out table, with water sprays from both sides. In this laboratorial 
procedure, in order to simulate the coiling process, hot rolled sheets cooled to 723 K 
(450 Celsius)  were transferred to a furnace, held for 1 h at 723 K (450 Celsius), and 
cooled to room temperature within the furnace. 
Dilatometry was conducted using a MMC quenching dilatometer with inductive 
furnace for heating and nitrogen or helium injection for cooling. The samples used 
were 10mm long solid cylinders with a diameter of 5mm. Temperature control was 
done by a 0.1mm thermocouple welded on the sample surface. 

ISSN 1983-4764

122



 
 

 
* Contribuição técnica ao 51° Seminário de Laminação – Processos e Produtos Laminados e 
Revestidos, 28 a 31 de outubro de 2014, Foz do Iguaçu, PR, Brasil. 
 

Table 1  Chemical composition of the investigated steels, wt.% 

Steel C Mn V Cr Mo 

Base 0.12 1.69 0.20 - - 

0.25Cr 0.12 1.69 0.19 0.25 - 

0.50Cr 0.12 1.70 0.21 0.50 - 

0.25Mo 0.12 1.70 0.20 - 0.25 

0.50Mo 0.12 1.69 0.20 - 0.50 

 
Investigation of microstructures and phase quantification were conducted using both 
light microscopy and scanning electron microscopy. Samples were etched with 2% 
Nital. Volume fractions of carbon-containing phases such as bainite and martensite 
were calculated manually using a grid containing 910 small squares. Three fields 
were analyzed for each sample. 
Precipitates identification was conducted using transmission electron microscopy with 
EDS, as well as an image analyzer Clemex Vision Professional, model 6.0. Carbon 
Replica technique was used to prepare samples.  
Tensile tests of hot rolled samples, cut in the L-direction, were performed at room 
temperature, in accordance with ASTM A 370. Ultimate tensile strength (UTS), yield 
strength (YS), and total elongation (TE) were evaluated using an initial length of 
25mm and test speed of 0,5cm/min.  
Hole expansion tests following ISO 16630 were conducted on a MTS 866 Hole 
Expansion Tester with a 66 ton Press Machine for hole punching, produced by Seyi 
manufacturer. This hole had 10mm (±0.01 mm) and it was done in the centre of each 
90 mm squares sample. A camera connected to a computer with a semi-automatic 
software was used to identify the image of the first-through-thickness crack from 
image records and to calculate the hole expansion ratio based on the image being 

identified. Hole expansion value in percentage, , was calculated using the 
following equation:  

 (%) = 
0

0 100)(

D

xDD f 
                                                (1) 

 
Where Do is the initial hole diameter and and Df is the hole diameter when the first-
through-thickness crack appeared. 
 
3 RESULTS E DISCUSSIONS 
 
3.1 Effect of Cr and Mo on Hardenability 
 
Cr or Mo additions impacted effectively hardenability, reducing Ar3 value and affected 
on volume fraction of microconstituents obtained after laboratory thermomechanical 
processing.  
The Ar3 values were identified from the dilatometry procedures and are showed in 
Table 2. 
 
 
 

ISSN 1983-4764

123



 
 

 
* Contribuição técnica ao 51° Seminário de Laminação – Processos e Produtos Laminados e 
Revestidos, 28 a 31 de outubro de 2014, Foz do Iguaçu, PR, Brasil. 
 

Table 2  Ar3 values of investigated steels (cooling rate: 1K/s) 

Steel Ar3, K (Celsius) 

C-Mn-V 1023,21 (750,21) 

0.25Cr 1016,12 (743,12) 

0.50Cr 1011,23 (738,23) 

0.25Mo 993,01 (720,01) 

0.50Mo 982,7 (709,70) 

 
It can be seen that both elements Cr and Mo retarded the ferrite transformation, 
although Mo effect is more intense. Comparing with C-Mn-V, 0.5%Mo reduced Ar3 in 
40K (40 Celsius) (See Table 2). Microstructure obtained for each steel is shown in 
Figure 1.  
 

 
Figure 1  Microstructures of C-Mn-V, Cr and Mo steels after laboratory thermomechanical 
processing. SEM, 2% Nital. F: ferrite; B: bainite; M: martensite. 
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Figure 2 shows the volume fraction evolutions of microconstituents for different 
additions of Cr or Mo. This Fig. shows that both Cr and Mo increased C-Mn-V steel 
hardenability, increasing martensite volume fractions and reducing ferrite and bainite 
volume fractions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2  Effect of Cr or Mo additions on microconstituents volume fractions. 

 
As can be seen the 0.25%Cr does not change the volume fraction of martensite in 
comparison with basic C-Mn-V steel. The other compositions showed a significant 
increase in % of martensite, around 65 to 80%, with reduction of ferrite and bainite 
presences. 
The effects of Cr or Mo addition on Ar3 value and %microconstituents can be 
explained by the increasing hardenability by Cr or Mo in solid solution which retards 
the austenite decomposition due to solute drag effect [5-8, 17-19]. Mo is more 
effective in this process since its atomic diameter is 22% higher than iron and Cr is 
only 6.5% higher. There are publications citing that Mo can be up to 3 times more 
effective than Cr to increase hardenability [17, 19].  
Absence of pearlite in all steels can be explained also by increased hardenability, 
even in base C-Mn-V steel. The applied thermomechanical processing, including 
accelerated cooling and low coiling temperature was also effective to avoid pearlite 
transformation in this steel. 
 
3.2 Cr or Mo Effects on Precipitation 
 
Precipitation analysis in the C-Mn-V base steel identified V precipitates with average 
size of 21.7 nm, Fig. 3. These precipitates have a circular morphology and are 
homogeneously distributed in the matrix. It was not identified aligned precipitates 
typical from austenite to ferrite transformation.  
TEM analysis in the 0.50%Cr steel identified smaller precipitates of V, with average 
size of 14.9 nm, Fig. 4. It was identified qualitatively a smaller volume fraction of 
precipitates when this steel compared with the C-Mn-V steel. 
TEM analysis in the 0.50%Mo steel did not identified precipitates. It can be concluded 
that all V is in solid solution due to higher solubility in the presence of 0.50%Mo. 
These results from TEM analysis is in agreement with shown effect of Cr or Mo 
reducing activity of C and N in austenite, increasing the solubility of microalloying 
elements, as well as retarding the precipitation process and increasing the presence 
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of these elements in solid solution [17-20]. Microalloying elements will be available to 
precipitate at lower temperatures in smaller sizes. 
 

                                          

                                  
                                                       

Figure 3  Characterization of precipitates identified in C-Mn-V steel . TEM analysis, carbon replica. 

 

                                        

      
Figure 4  Characterization of precipitates identified in 0.50%Cr steel. TEM analysis, carbon replica 
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Accelerated cooling after rolling steps used in this work as well as low coiling 
temperature, 723 K (450 Celsius), also contributed to inhibit V precipitation process, 
because there was no enough time  for the diffusion process. 
The combined action of Cr or Mo additions with accelerated cooling and low coiling 
temperature had an effective impact on precipitation process, reducing amount and 
size of precipitates when 0.50%Cr was added and eliminating precipitation process 
when 0.50%Mo was added.  Figure 5 shows the stronger effect of Mo compared with 
Cr. 

 
                        

Figure 5  Evolution of V precipitates average size with Cr or Mo addition. 

 
In this way, additions of Cr or Mo at applied themomechanical processing with coiling 
temperature of 723 K (450 Celsius), allowed a more intense effect of these elements 
in hardenability, but limited the contribution of V to precipitation hardening process. 
A higher coiling temperature might allow a combined action of both effect, high 
hardenability from Cr or Mo presence and more effective precipitation hardening by V 
particles due to easier diffusion process.   
 
3.3 Cr or Mo Effects on Mechanical Properties 
 
Tensile mechanical properties are presented in Figures. 6 and 7 as a function of Cr 
or Mo content in the steels studied. Using relationships shown in Fig. 2 between the 
content Cr and Mo and the volume fraction of martensite, it was generated the 
graphic of Figure 8, which shows the effect of martensite on mechanical strength of 
the materials. It can be concluded that Mo has a stronger effect on strengthen of 
steel than the Cr, but at accordingly reducing elongation. This impact was mainly 
because of the increase of martensite volume fraction, caused by effect of Cr or Mo 
increasing on hardenability, as was explained previously.  
Although tensile mechanical properties varied with Cr or Mo addition, all specimens 
presented a ductile fracture with cup and cone characteristic, started from voids 
nucleated at heterogeneous sites such as inclusions, as can be seen in Figure 9. 
With respect to the hole expansion tests, it was identified a relationship between the 
bainite content and the hole expansion ratio, as shown in Figure 10. The presence of 
bainite may reduce the difference in hardness between the ferrite and strengthening 
martensite phases, increasing the steel performance during this test. This 
relationship was already identified in previous publications. [21, 22]. 
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Figure 6  Effect of Cr or Mo addition on YS and UTS values. 

                         

                             
Figure 7  Effects of Cr or Mo on TE value. 

 

 
Figure 8  Effect of martensite volume fraction on UTS taking into account all steels studied. 
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    (a)                                                 

   (b)         

Figure 9  (a) Ductile fracture surface observed in all tensile specimens. (b) Fracture surface in detail, 
showing a calcium aluminate inclusion (characterization by SEM and EDS).  
 

                     
Figure 10  Effect of bainite volume fraction on hole expansion ratio (λ (%)). 

         
4 CONCLUSIONS 
 
1. The study of basic C-Mn-V steel using a thermomechanical processing with low 

coiling temperature, 723 K (450 Celsius), has shown that both Cr and Mo additions 
decreased Ar3 temperature, suppressed ferrite formation and increased amount of 
martensite, because of increasing hardenability. Mo was more effective: the 
addition of 0.25%Mo resulted in increase in hardenability as 0.50%Cr; 
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2. This increasing of martensite volume fraction increased UTS and YS, reducing TE 
with a good correlation, allowing to identify an almost linear relationship between 
UTS and %martensite; 

3. Hole expansion ratio demonstrated a good relationship with volume fraction of 
bainite, because of reduction of difference of strength between ferrite and bainite in 
comparison with martensite in steels studied; 

4. It was identified that Cr and Mo affected the V precipitation process, reducing its 
kinetics. As a consequence, increasing the Cr or Mo additions reduced the average 
size of the precipitates and, qualitatively, it was possible to detect a reduction of the 
total amount of precipitates. . At 0.50%Mo, V precipitation was inhibited. 
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