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Tensile tests 
The results of the tests excluding the specimens exhibiting incomplete weld penetration are shown in Tab. 2. TWIP steel 
exhibits a yield stress similar to DP one, even though the tensile strength and the elongation at fracture are much higher.  
Mn-B steel shows the highest yield stress and tensile strength, but the lowest elongation at fracture. Regardless the nature 
of the steels, weldments exhibits a yield stress and an elongation at fracture quite similar, while the most significant 
differences are obtained in tensile strength values. This clearly indicates that the yield bevahior of welded joints was mainly 
affected by TWIP steel (which has the lowest yield stress), while tensile strength behavior results from a combination of 
both materials. In particular, it can be pointed out that the TWIP/Mn-B weldments exhibits, in respect with TWIP/DP 
one, the higher tensile strength. 
Overall, fractures occurred either in the HAZ or in the fusion zone, which is consistent with the fact tensile properties 
and plastic deformation of the welded joints are smaller than respective base materials. Another important point to 
consider is that martensite was found in some regions of HAZ zone in DP and Mn-B materials.  
 

Steel 
Rp0.2 

[MPa] 
Rm 

[MPa] 
ef 

[%] 
Fracture region 

TWIP 460 1005 45 - 

DP 470 690 19 -

Mn-B 1050 1440 5 -

TWIP/DP - 700* 18* FZ, DP HAZ 

TWIP/Mn-B - 880* 16* FZ, TWIP and Mn-B HAZs 
 

Table 2: Tensile properties of the base material and relative welded joints of TWIP, DP, and Mn-B steels. *The values are calculated 
considering as specimen area the mean of the areas of as-fabricated sheet steels. 
 
Fractography 
The fracture surfaces of the tensile specimens were investigated to analyze the fracture mechanism of steels in as-
fabricated and welded conditions. The steels in as-fabricated condition mainly exhibit ductile fractures with the occurrence 
of dimples, Fig. 5. In particular, the fracture surfaces of TWIP steels show some zones fractures by shearing, thus forming 
some flat areas among dimples ones, Fig. 5-a. This phenomenon is may be promoted by the occurrence of twinning 
mechanisms during plastic deformation of this steel. The fracture surfaces of Mn-B, overall, also appears with notably 
plastic deformation, Fig. 5-b.  
 

(a)       (b) 
 

Figure 5: Fracture surfaces of TWIP and Mn-B tensile specimens. 
 

The fracture of tensile specimens of TWIP/Mn-B occurs in the HAZ of either steels. Sometime the fractures is located in 
the interface between HAZ and fusion zone. In the case of a fracture in Mn-B side, fracture surfaces again exhibit a cone-
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cope fracture, Fig. 6-a, with the occurrence of dimples area, even though the extent of the last ligaments among dimples is 
much less pronounced in respect to the base material, Fig. 6-b.  Cleavage facets are nearly absent. 

 
 

(a)  (b) 
 

Figure 6: Fracture surfaces of TWIP/Mn-B welded joint. Fracture in the HAZ of Mn-B steel. Macroscopic (a) and microscopic (b) 
views. 
 
In the case of a fracture in TWIP side, fracture surfaces again exhibit a fully ductile fracture surface. Thus, a similar 
fracture surface to the TWIP steel in as-fabricated condition is obtained. The grain coarsening of austenitic grains in HAZ 
do not seem to affect the size of dimples and shear lips, even though shear zones are less numerous that in the case of 
TWIP in as-fabricated conditions.  
   
 

(a)  (b) 
 

Figure 7: Fracture surfaces of TWIP/Mn-B welded joint arising from incomplete weld penetration. Fracture in the interface between 
fusion zone and HAZ of TWIP steels. Macroscopic (a) and microscopic (b) views. 

 
It must be noted that specimens with an incomplete weld penetration exhibit tensile properties notably less than full 
welded joints, in some cases a reduction of 30-40% of tensile strength has been obtained. In these cases, the tensile 
specimens exhibit a brittle mechanical behaviour, with fracture surfaces showing primarily the occurrence of large cleavage 
facets. In some cases, e.g. when the fracture occurs in the HAZ of the Mn-B steels, dimples are completely absent, Fig. 8. 
The fracture of tensile specimens of TWIP/DP only occurs in the HAZ of DP steel. Sometime the fractures is located in 
the fusion zone, but never in the TWIP side. The tensile specimens do not exhibit a macroscopic plastic deformation, Fig. 
9-a. Fracture surfaces exhibits a mixed morphology, dimples areas occur along with cleavage facets. 
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(a)  (b) 
 

Figure 8: Fracture surfaces of TWIP/Mn-B welded joint with notch. Fracture in the interface between fusion zone and HAZ of Mn-B 
steels. Macroscopic (a) and microscopic (b) views. 
 

(a)  (b) 
 

Figure 9: Fracture surfaces of TWIP/DP welded joint. Fracture in the HAZ of DP steel. Macroscopic (a) and microscopic (b) views. 
 
 
CONCLUSIONS 
 

issimilar joints of TWIP with DP and a martensitic boron-alloyed hot-forming steels were produced by MAG 
welding and characterized with respect to the microstructure, mechanical properties, and tensile fracture 
surfaces.  

Under the applied welding conditions, the HAZ of TWIP steel consists in enlarged austenitic grain sizes, of an order of 
magnitude in respect to the initial grain size, while phase transformations occur in DP and Mn-B steels. Fully martensitic 
microstructures occurs in the HAZ of the DP and Mn-B steels close to the fusion zone. The volume fractions of 
metallurgical phases in DP steel (martensite and ferrite), as well as the grain morphology have been significantly altered 
within this region. Newly formed martensite was also detected in the HAZ of the Mn-B steel.  
A larger HAZ was identified in Mn-B steel in respect with the HAZ occurring in welded joints of TWIP and DP steels. 
Furthermore, the difference between the maximum and minimum hardness in Mn-B is higher that the one in the DP part; 
however, the hardness of the Mn-B steel in base material is much higher that the DP one. This is due to the lower content 
of carbon in DP steel and to the tempering of the fully martensitic microstructure of the Mn-B steel during the operation, 
that, instead, affects only the martensite (about 15% vol.) present in the DP steel and not the ferrite. Microstructure of  
TWIP does not present notably differences in two different types of  welded joints (similar HAZ extent and hardness 
profile). 
The fracture of the tensile specimens can occur in different position of the weld seams. In the TWIP/DP weldments, 
fractures occur either in the fusion zone or in the  HAZ of DP steels. In the TWIP/Mn-B steels, they occur either in the 
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HAZ of the TWIP or Mn-B steels. In some cases, when the lowest values of tensile properties were obtained, the butt 
welded joints fractured in the interface between the fusion zone and the HAZ of Mn-B steel.   
It recommended to avoid incomplete weld penetration when the examined steels are joined each other; in fact, the 
formation of notch in the fusion zone drastically reduces the mechanical properties of joints with the formation of fully 
brittle fractures. 
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