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ABSTRACT 
 
Steel manufacturing of today with the use of continuous annealing makes it possible to produce 
high strength and ultra high strength steels with up to 1400 MPa tensile strength. These steel 
grades are suitable for cold forming of structural and safety-related automotive components. 
The high strength level gives potential for considerable weight reduction and a cost-effective 
way to produce energy efficient vehicles. Conventional forming and joining techniques without 
any extra heat treatment involved can be used. 
 
This paper describes briefly the static properties, forming and joining characteristics of these 
steel grades as well as the crash resistance and energy absorption. Some examples of applica-
tions in safety related applications are shown. 
 
Both laboratory tests and full scale tests show that high strength and ultra high strength steels 
can be pressformed in both stretch forming and drawing operations. Conventional welding 
methods can be used if the welding parameters are adjusted to the alloying content of each 
grade. Static load carrying capacity and energy absorption in both axial crash tests and three-
point bending tests increases with increasing strength level of the steel which results in a con-
siderable potential for cost-effective design of future lightweight vehicles. 
 

 
INTRODUCTION 
 
The trends, especially in the transport industry, towards reduced weight, increased 
performance and safety as well as a more rational and cost effective manufacturing has 
broadened the interest in high strength steels of good formability and weldability. For 
automotive applications high strength cold-rolled, rephosphorized, microalloyed, and dual-
phase grades with tensile strength up to 1400 MPa have been introduced. 
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On the basis of yield strength, new types of high strength steel sheets give a great potential for 
weight reduction and cost effective designs. In practical design, however, other factors also 
have to be considered for a successful application of these steels, e.g. formability, weldability, 
stiffness, buckling, safety, crash resistance, and fatigue. 
 
We can often make up for the loss of stiffness by changing the shape of the section. Dent resis-
tance and crash resistance increase with increasing yield or tensile strength so that a reduced 
thickness can be balanced by an increased strength. 
 
This paper covers tensile properties of base material and welds as well as dynamic and static 
energy absorption tests on structural sections. Further aspects on the use of high strength dual-
phase steels are reported in [1]. Most of the test results presented in this paper refer to cold- 
rolled sheet steel. 
 
 
STEEL GRADES 
 
The cold-rolled and hot-dip galvanized steel grades produced on continuous annealing and 
continuous hot-dip galvanizing lines at SSAB Tunnplåt today are shown in Table I.  
 
Table I. Typical mechanical properties for high strength and ultra high strength steel 
grades 
 

Grade Steel Yield strength 
(MPa) 

Tensile strength 
(MPa) 

Elongation A80 
(%) 

 type min min min 
Docol 350 YP1 MA 350 410 22 
Docol 420 YP MA 420 480 16 
Docol 500 YP MA  500 570 12 
Docol 600 DP 350 600 16 
Docol 600 DL DP 280 600 20 
Docol 800 DP 400 800 8 
Docol 1000 DP 600 1000 5 
Docol 1200 DP 800 1200 4 
Docol 1400 DP 1000 1400 3 
Dogal 350 YP2 MA 350 420 22 
Dogal 420 YP 
Dogal 500 YP 

MA 
MA 

420 
500 

490 
570 

18 
10 

 
1) Cold-rolled  2) Hot-dip galvanized  MA=microalloyed  DP=dual-phase 
 
The Docol grades are either cold-rolled microalloyed steels (Docol 350 YP - Docol 500 YP) or 
cold-rolled dual-phase steels (Docol 600 - Docol 1400). The Dogal grades are hot-dip galva-
nized microalloyed steels. 
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FORMABILITY 
 
All steel grades mentioned above are intended for cold forming without any extra heat-
treatment involved. The dual-phase grades have the ability for work-hardening after forming 
and bake-hardening after paint baking to a total amount of up to 300 MPa. Pressforming can be 
used even on the strength level 1400 MPa but rollforming will be the most suitable method for 
forming on the higher strength levels. The formability of the grades Docol 600-Docol 1400 is 
illustrated in the forming limit diagram shown in Figure 1. 
 
 
WELDABILITY 
 
All grades described in this paper can be welded with conventional welding methods without 
any problems. The reason for the good weldability of the cold-rolled grades is the lean chemis-
try of the steels which is possible due to the high cooling rate during water quenching in the 
continuous annealing line. 
 
MAG-welding can be used without any limitations at all. Electric resistance welding during 
full scale tube manufacturing has so far been used without any problems up to the grade Docol 
1000. Spot welding can also be used for all grades but for grades higher than Docol 1000 only 
spot welding to mild steel is recommended. Results from tensile tests on MAG welds are 
shown in Figure 2. It can be seen that the strength of the weld is somewhat lower than the base 
material strength when the base material yield strength exceeds 800 MPa. However, in for in-
stance ERW tubes, the soft zone has not showed any deterioration of the tube strength when 
the tubes are tested for instance in three-point bending.     
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Figure 1. Forming limit curves for    Figure 2. Yield strength of MAG welds as a 
the steel grades Docol 600, Docol 800,   function of base material strength for cold- 
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CRASH RESISTANCE - ENERGY ABSORPTION 
 
Tougher safety standards, for example regarding crash resistance of cars, have highlighted the 
interest in high strength steels. These steels are effective both for absorbing large amounts of 
energy, as in the front and rear of a car, and for withstanding high peak loads, as in the 
structure constituting the passenger compartment. 
 

 
Dynamic crash tests 
 
Dynamic axial crash tests have been carried out on grades with tensile strengths varying from 
300 to 1500 MPa. The thickness range covered was 0.7 to 1.5 mm. Test specimens were open-
ended square tubes developing an accordionlike deformation pattern when loaded in axial com-
pression. The specimens were manufactured by joining two formed U-sections together by gas 
metal arc welding. 
 
Impact loads were achieved by accelerating steel pistons in a horizontal tube to the predeter-
mined speed, 50 km/h. 
 
The test results, which are reported in more detail in Refs. [1], [2], and [3], are summarized in 
Figure 3, where the absorbed energy is plotted against tensile strength. The peak load as well 
as the energy absorption increases with increasing tensile properties. This gives a potential for 
weight reduction or increased crash resistance. 
 

                
 
Figure 3.  Results and test specimens for dynamic crash tests, speed 50 km/h 
 
A regression analysis of the results gives quantitative data of relevance to the designer on the 
influence of tensile properties and sheet thickness. 
 
 PE = 20.2 Re

0.382 · t 0.860     (1) 
 
 E = 0.158 · R

m

0.506 · t1.498       (2) 
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where  PE =  peak load (kN) 
           E = absorbed energy (kJ) 
           t  =  thickness (mm) 
           Rm  =  tensile strength (MPa) 
 
Based on equations 1 and 2 we can calculate the possible gain in crash resistance and peak load 
or reductions in weight when using high strength steels instead of mild steels, Table II. 
 
Table II. Gain in peak load and energy absorption or possible weight reduction with high 
strength steel sheet 
 
 Gain in 

 
Weight reduction 

 
Grade Peak 

load 
% 

Absorbed 
energy 

% 

Peak  
load 
% 

Energy 
absorption

% 
Docol 600 30 35 27 18 
Docol 800 44 37 35 26 
Docol 1000 60 75 42 31 
Docol 1200 73 92 47 35 
Docol 1400 85 108 51 39 
 
Static tests have been carried out in order to evaluate differences in dynamic and static crash 
energies due to different strain rate sensitivity of the steels. The absorbed energy for static 
(v≈0) and dynamic (v=50 km/h) tests are compared in Figure 4. The results confirm that there 
is a positive effect of crash speed also for ultra high strength steels. 

0

1

2

3

4

5

6

7

8

Mild
Steel

Docol
600

Docol
800

Docol
1000

A
bs

or
be

d 
en

er
gy

  k
J

v=0
v=50 km/h

 
 
Figure 4.  Comparison of absorbed energy at static and dynamic loading
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Bending tests 
 
Bending tests related to the application of high strength steels for example in door intrusion 
beams have been performed on rectangular tubes 50x30xt mm. The thickness t has varried 
from 1 to 2 mm. A few tests have also been performed with square tubes with dimensions 
30x30x2, 25x25x2 mm and some on circular tubes. Cold-rolled dual-phase and microalloyed 
steels as well as two hot-rolled microalloyed steel have been included. The tensile properties, 
overall dimensions and thicknesses are shown in Appendix I. 
 
Some tubes were manufactured in shop by rollforming and continuous resistance welding. All 
other test specimens were manufactured in laboratory by bending and manual arc welding, see 
Appendix I. 
 
The bending tests were carried out in three-point bending. The distance between the supports 
was, with a few exceptions, L = 800 mm. During the test the load dispacement plot was re-
corded. The maximum deformation was 150 mm. For further analysis P1, load at 1 mm plastic 
deformation and Pmax, the ultimate load as well as the absorbed energy were evaluated. 
 
As expected the load-bearing capacity increases with increasing yield strength. All individual 
bending test results on square tubes 50x30xt are given in Appendix I. Results expressed as ulti-
mate load Pmax are plotted against yield strength in Figure 5. 
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Figure 5.  Maximum load Pmax vs yield strength for bending tests 
 
Similar relations as shown in Figure 5 are obtained if P1 and the energy absorption E are 
plotted against the yield strength. For the purpose of generalization a multipel regression 
analysis have been performed on the results for sections 50 x 30 mm. This gives: 
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 P1   = 0.00771 Re
0.933 t1.629   (kN)    (3) 

 Pmax = 0.01804 Re
0.839 t1.426  (kN)    (4) 

 E   = 7.1304 Re
0.571 t1.882     (J)    (5) 

 
Using the above results from the regression analysis we can draw some practical conclusions 
as to possible weight reductions or increases in maximum load Pmax when using high strength 
steel sheet instead of mild steel in door impact beams, Table III.  
 
Table III. Gain in Pmax and E or possible weight reduction 
 

Grade Gain with un-
changed thick-

ness, % 

Weight 
reduction % 

 
Docol 600 
Docol 800 
Docol 1000 
Docol 1200 
Docol 1400 

Pmax 
79 

123 
179 
233 
286 

E 
49 
73 

101 
127 
151 

Pmax 
33 
43 
51 
57 
61 

E 
19 
25 
31 
35 
39 

 
Based on yield strength, thickness, overall design, and loading conditions a theoretical load 
Pmax can be predicted for all specimens tested by using a method described in the Steel Sheet 
Handbook (4). 
 
The model takes buckling into account by using an effective thickness  concept. Cross sections 
which buckles before the nominal stress in the flanges reaches the yield stress are categorized 
in cross section class 3 (SC = 3 in Appendix I). Cross sections that can be bent plastically 
without buckling are categorized in SC = 1 and cross sections in between those limits in SC = 
2. The structural efficiancy η of a bent cross section is related to section class, SC. This as well 
as the limiting value in width to thickness ratios, w/t, between section classes are shown in 
table IV for rectangular sections in steel. 
 
Table IV. Limits in w/t for different section classes (SC) 
 

Yield 
strength 

Re (MPa) 

SC 
1 

(w/t)1-2 = 
= 454 √1/Re 

SC 
2 

(w/t)2-3 = 
= 518 √1/Re

SC 
3 

200  32  37  
400  23  26  
600 η > 1 19 η ≈ 1 21 η < 1
800  16  18  

1000  14  16  
1200  13  15  
1499  12  14  

 
This means that the most effective cross sections in terms of load bearing capacity and energy 
absorption is found for sections in section class 1. 
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The load bearing capacity, Pmax, for a bent tube is given by: 
 

Pmax = 4 ⋅ ⋅ ⋅R W
L

e η         (6) 

 
where Re = yield strength 
 W = elastic section modulus 
  η = structural efficiency 
  L = distance between load supports 
 
Besides by using the Steel Sheet Handbook (4) the following analytical expression for the 
structural efficiency, can be used to calculate η. 
 
η = 1.122 [0.7 + 0.52 exp {- 5 · 10-6 (w/t √Re-200)1.93}]   (7) 
 
where η  = structural efficiency 
 w = width of compression flange 
  t  = thickness of compressed flange 
           Re = yield strength (MPa) 
 
Maximum loads predicted with the above described method are in good agreement with the ex-
perimental values, see Appendix I. The regression coefficient is r2 = 0,98 and the standard de-
viation in Pmax is + 0,53 kN. 
 
The absorbed energy when bending the tubes is also related to the structural efficiency of the 
beam. If buckling takes place before the nominal maximum stress reaches yield stress, i.e. η < 
1, the load-deflection curve decreases rather quick after the maximum load Pmax has been 
reached and the efficiency in energy absorption will decrease. 
 
This can be exemplified by studying results from beams with different cross sections and steel 
strength levels. In the table V different cross sections are compared in terms of efficiency in 
absorbed energy. 
 
Table V. Comparison of effective energy absorption for sections with different overall 
geometries and steel grades 
 

Cross 
section mm 

Grade w/t 
(r/t) 

(w/t)1-2 

(r/t)1-2 
SC η E 

J 
G 

kg/m 
E/G 

J/kg/m 
Rela- 
tion 

50x30x2 Docol 350 YP 23 23 1 1.16 718 2.40 299 1 ref 
30x30x2 Re = 10 23 1 1.20 693 1.76 393 1.31 
25x25x2 350-400 10 23 1 1.22 540 1.45 372 1.24 

          
∅ 27x2  6.8 18 1 1.37 364 1.23 295 0.99 
∅ 32x2  7.5 18 1 1.35 453 1.48 306 1.02 
50x30x2 Docol 1000 23 15 3 0.96 1213 2.40 505 1.69 
30x30x2 Re = 13 15 1 1.20 1239 1.76 704 2.35 
25x25x2 800-900 10 15 1 1.22 1053 1.45 726 2.43 
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From Table V we can observe that changing steel from Docol 350 YP to Docol 1000 for the 
50x30x2 mm section increases the specific energy absorption E/G by 69 %. 
 
Reducing the flange width by using a section 30x30x2 mm in grade Docol 1000 gives a further 
increase in specific energy absorption to totally 135 % compared to the 50x30x2 mm section in 
grade Docol 350 YP. Reducing the flange width reduces w/t and improves the section class 
from SC = 3 to SC = 1. 
 
If we compare circular tubes with the rectangular ones, the circular tubes show lower specific 
energy although the cross section is fully effective (SC = 1). This is because the nominal 
section modules to weight ratio (W/G) is less for circular than for rectangular tubes. 
 
 
APPLICATIONS 
 
Based on the knowledge how high strength steels can increase static strength, crash resistance, 
and energy absoption cold-rolled and hot-dip galvanized steel grades are today used success-
fully in the automotive industry for increased safety and weight reduction in applications like 
door impact beams, bumper reinforcements, and seat constructions. 
 
In Figure 6 one application for tubes made of Docol 800 is illustrated. In the new Saab 900 
model the total weight has been reduced by 6 kg/car after changing from mild steel to high 
strength dual-phase steel. 
 
Figure 7 shows a bumper reinforcement made of the dual-phase grade Docol 600 DL where the 
good formability is of importance to make the part. 

 
 
Figure 6. Door impact beams made of   Figure 7. Bumper reinforcement pressformed 
tubes in Docol 800 in the new Saab  in the dual-phase grade Docol 600 DL 
900 model. Weight reduction 6 kg/car       
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SUMMARY AND CONCLUSIONS 
 
Cold-rolled and hot-dip galvanized high strength and ultra high strength sheet steels are today 
used successfully for weight reduction and increased safety in applications such as door impact 
beams, bumper reinforcements, and seat constructions. 
 
From laboratory test results and practical experience of using high strength sheet steels the fol-
lowing conclusions can be drawn: 
 
1. Cold-rolled and hot-dip galvanized steel grades with up to 1400 MPa tensile strength can be 
 cold formed with conventional pressforming and rollforming methods. 
 
2. Both high strength and ultra high strength grades can be welded with conventional welding 

methods. The strength of MAG welds increases with increasing base material strength even 
if the tensile test is made transverse the weld. 

 
3. Increased crush resistance or reduced weight can be achieved by increasing the strength 

level which is here confirmed by results from axial dynamic crush tests and bending tests on 
rectangular tubes. 

 
4. A presented method for the prediction of bending loads for door impact beams shows good 

agreement with experimental results. 
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