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Abstract 

Martensitic low alloy high strength steel grade of 22MnB5, used for automotive safety parts constructions, was subject of the 

experimental analyses of dynamic  fracture behavior. The main purpose of the performed analyses was  the qualitative and 

quantitative evaluation of heterogeneities due to the standard spot welding technology. The analyses also evaluate mechanical 

properties of the local heterogeneities. This enables computational prediction and also allows to sketch the influence of the strain 

rate on the weld joint load capacity.  The dynamic resistance of heat affected zones compared to uninfluenced martensitic steel 

were the subject of suggested methodology for the evaluation of impact tensile strength; structural and fractography analyses 

were focused on an induced degradation process in terms of phase transformation and fracture mode.  
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1. Introduction 

Low alloy high strength martensitic steel is the key material in the design of safety parts of car body structures. 

Martensitic steel grade of  22MnB5 is  one of the widely used AHSS steel grades, it  is characterized by 

a martensitic matrix containing small amounts of ferrite and bainite. After the hot stamping process  the components 

finally have a martensitic microstructure with a total strength of about 1500 MPa. The blank is formed and quenched 

simultaneously at a cooling rate of approximately 27 K/s. At a temperature of around 400 °C, a martensitic 

transformation is induced, which is finally resulting in high strength of the part [1]. 

Vehicle crashworthiness of high strength martensitic steel is greatly influenced by the fracture behavior of the weld 

joints [2, 3].  Critical part of the heat affected zone (HAZ) is sublayer of tempered martensite. The particular 

structural changes due to redistribution of carbon and final carbide precipitation  are decisive  for dynamic resistance 

of welded parts. The main problem for precise testing of this influence on dynamic strength is a presence of shear 

stress during the standard mechanical testing of welding joints.  The strain rate over  1000 s
-1

 is often chosen for 

dynamic testing as a proportional to crash  conditions. This presents    highly non-linear deformation process. When 

the vehicle collides at the velocity of 60–80 km/h, the strain rate of the material can reach more than 1000 s
-1

, 

leading to a significant change of the deformation behavior and energy absorption [4, 5].  The differences  of strain 

rate  sensitivity under influence of  structural heterogeneities of HAZ of welding joints is  substantially increased at 

this strain rate. 

The dynamic resistance of HAZ compared to uninfluenced martensitic steel were the subject of suggested 

methodology for the evaluation of impact tensile strength of welded parts; structural and fractography analyses were 

focused on an induced degradation process in terms of phase transformation and fracture mode. 

Simulation of the induced structural changes as a way to prepare homogeneous material for precise uniaxial 

dynamic tests was  employed as the novel methods for the quantitative assessments of the heterogeneous 

microstructures in HAZ.  
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1.1. Experimental procedure 

1.2. Microstructure  evaluation  and  simulation  of tempered  zone  

Applied welding technology has to be evaluated in terms of structural changes in HAZ.  Primary martensitic 

microstructure with retained austenite after intensive thermo-mechanical treatment was observed in uninfluenced 

steel (Figure 1a). An essential degradation effect due to welding was found in the tempered zone; the presence of 

rough carbides along the grain boundaries (Figure 1b) can suppress the prior positive tendency to ductile high energy 

fracture. A drop of hardness by up to 12% compared to the primary state of high strength steel was measured in 

HAZ. This structural and mechanical heterogeneity is  decisive for the position of initiated micro-cracks and, 

therefore, for the dynamic fracture resistance of spot welded parts. 

 

     

Fig.1. Uninfluenced  microstructure of used martensitic steel (a) vs. microstructure of tempered zone  (b). 

To enable the study of dynamic response under defined loading conditions, a simulation  of  this critical sublayer  

was performed by controlled  resistant heating process. Validation of  the used simulation methodology was based 

on the structural evaluation, fractography evaluation and hardness measurement; the microstructure and static tensile 

fracture behavior were compared with the original welding joints. The  samples  with uniform  dimensions and 

geometric parameters were prepared   in the both states, i.e. after   and without experimental heating  (Fig.2).  

     

2.2 Testing of  strain rate sensitivity evaluation 

The dynamic strength of the both states of martensitic steel was evaluated at different strain rates, with each step 

of the test adjusted to the real crash conditions. Different loading systems were used for the validation of results. The 

electro-hydraulic high speed loading system and the instrumented impact hammer system were employed under the 

same material and loading conditions. The main advantage of the impact hammer system is the direct information 

about absorbed energy as a distinctive parameter for passive safety application. A direct strain gauge measurement 

was used as the most precise evaluation of local strain development in a defined position of the loaded sample length 

during elastic deformation at  strain rate over 10
3
 s

-1
. 

The gradient of dynamic strengthening under a rising strain rate was estimated by  the impact tensile tests for 

material conditions as follows:  

 primary uninfluenced state of martensitic steel, 

(a) (b) 



 tempered  zone of welding joints, i.e. using the samples after  simulation of mentioned degradation process,  

 original welding joints.   

Similar tendency of  dynamic strengthening  was found out for martensitic uninfluenced steel and welding points 

(Fig.2). More than  two times  increased maximal force of weldments and approximately the same increment  of 

UTS was  measured  for  basic  material. Dynamic response of the material in structural state of  tempered zone was 

partially influenced by structural degradation.  This effect was observed  mainly  in the interval of strain rate from 

quasi-static up to 10
3
 s

-1
 (Fig.3). Mentioned results indicate the slightly supressed intensity of  dynamic 

strengthening 
 
 in the  zone of  tempered martensite.  It means  the observed degradation process  is emphasized  by 

increasing strain rate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

Fig. 2. Dynamic strengthening tendency of weldments compared to uninfluenced martensitic steel 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Dynamic strengthening of simulated tempered zone compared to uninfluenced martensitic steel 

In terms of fracture behavior, stable ductile fracture mode was observed for the both states – before and after 

simulation heat treatment during the whole range of testing strain rate  (Fig.4). Locally suppressed plasticity  was 

documented as an influence of carbide precipitation in  tempered martensite  - see positions pointed by arrows.  

Energy consumption to destruction was substantially lowered by simulation of the welding process, from 8,4J 

measured for uninfluenced steel to  4,10 J   measured for tempered steel at the same strain rate of 10
3
 s

-1
.   

strain rate 

D
yn

am
ic

  s
tr

e
n

gt
h

  [
M

P
a]

   
 

uninfluenced  steel 

tempered  zone 



4 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 

 

 

 

 
Fig.4. (a) Fracture morphology of uninfluenced  martensitic steel after  loading at strain rate 103 s-1;  (b) Fracture morphology of tempered 
martensite steel  after  loading at strain rate 103 s-1. 

 

2. Conclusions 

The dynamic fracture behavior of spot welding joins of martensitic high strength steel type of 22MnB5 is primarily 

influenced by unstrengthening processes in HAZ. The softening of the tempered HAZ sub-layer is the decisive 

process determining the fracture position and finally the dynamic fracture mode. Structural effects in the sub-layer 

under the influence of 700°C are more limited than the generally critical fusion zone. Different stress-strain 

conditions for welding joints testing, compared to the standard uniaxial impact tensile tests, are the main obstacle for 

the desired direct evaluation of induced mechanical heterogeneities. 

Dynamic strengthening tendency of martensitic steel grade of 22MnB5 was evaluated  with a focus on the influence 

of the degradation process of the used spot welding technology. Carbide precipitation in the tempered zone was 

identify as the decisive process towards to decreasing of strength and toughness.   The new methodology for 

assessment of local mechanical heterogeneity was suggested. Simulation of  tempered zone enabled the uniaxial 

impact tensile tests of HAZ and  the uninfluenced  parent martensitic steel  at  same stress conditions.  

During the tensile tests, the strength of steel sheets is mainly determined by comprehensive function of the strain 

hardening,  the specimen size variation and the effects of strain rates sensitivity and adiabatic temperature rise 

softening. During deformation under adiabatic conditions, there are two opposing effects, namely work hardening 

and work softening, the former being dominant at low strains and the latter more of an influence at higher  strains 

[6]. The dislocation movement is hindered owing to the intertwining of dislocation, which causes the strain 

hardening. The of dynamic hardening process is strongly influenced by primary cooling rate, i.e. by primary 

microstructure [7].  At high strain rates, however, the plasticity is restricted. According some experimental analyses 

[8], both  the high density dislocation and the twinning in martensite block the dislocation motion so that the work 

hardening and strain rate hardening effect of the martensite is limited.  

A high sensibility to the strain rate  was observed   for the both states of microstructure – after and before 

experimental heat treatment. The samples after  softening  process due to tempering of martenzite displayed partially 

lowered  strengthening  effect, it means  the degradation effect is  emphasized  by increased strain rate. Intensive 

strengthening effect was measured for the both state up to strain rate of 10
3
 s

-1
.  in contradiction to research. 

Ductile fracture mode was observed for the both conditions  at the whole interval of testing strain rates. Tested steel 

(a) (b) 



shows a great potential for energy  absorption at high strain rate such as 3.10
3
 s

-1
.  

 

 

 

Acknowledgements 

This work has been supported by the “Competence Center of Railway Vehicles“, Project No. TAČR TE01020038 

References 

[1] H. Karbasian, A.E. Tekkaya: A review on hot stamping.  Journal of Materials Processing Technology 210, 2010, 2103–2118. 

[2] S.Dancette et al. Engineering Fracture Mechanics 78,  2011,  p.2259–2272. 

[3] M.Pouranvari, S. Marashi: Materials Science and Engineering A 528, 2011, p. 8337– 8343 

[4] E. Brio et al.: Materials Science and Engineering: A, V. 615, 2014, p. 395–404. 

[5] B. Yan, K.K. Xu: High Strain Rate Behavior of Advanced High Strength Steels for Automotive Applications. 2003. ISSN 03019233. 

[6] N.D. Beynon, T.B.Jones, G. Fourlaris: Effect of high strain rate deformation on microstructure of strip steels tested under dynamic tensile 

conditions. Mater Sci Technol  2005;21:103–12. 

[7]  A. Bardelcik, CH. P. Salisbury, S. Winkler, M. A. Wells and M. J. Worswic: Effect of cooling rate on the high strain rate properties of boron 

steel. International Journal of Impact Engineering. 2010, 37(6): 694-702. DOI: 10.1016/j.ijimpeng.2009.05.009. 

[8] Wurong Wang, Meng Li, Changwei He, Xicheng Wei, Dazhi Wang, Hanbin Du: Experimental study on high strain rate behavior of high 

strength 600–1000 MPa dual phase steels and 1200 MPa fully martensitic steels,  Materials and Design 47 (2013) 510–521 

http://www.sciencedirect.com/science/journal/09215093
http://www.sciencedirect.com/science/journal/09215093/615/supp/C

