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EXECUTIVE SUMMARY 

The project “Characterization of Fatigue and Crash Performance of New Generation High Strength Steels 
for Automotive Applications” started in January 2001 and completed in December 2002. The project 
generated fatigue and high strain rate data for a new generation of high strength sheet steels, including Dual 
Phase (DP) steels, TRansformation Induced Plasticity (TRIP) steels, Bake Hardenable (BH) steels and 
conventional high strength steels [HSS, W (JIS designation) and High Strength Low Alloy (HSLA) steels]. 
Based on the tensile strength, these steels are categorized into four groups. Group 1 has yield strength (YS) 
300-350 MPa andultimate tensile strength (UTS) 400-440 MPa, and includes BH300-GI, 44OW-GAand 
HSLA350-GI. Group 2 has a minimum UTS of 590-600 MPa, and includes HSS590-CR, DP600-GI, 
DP600-HR(2), TRIP590-EG and TRIP600-CR(2). Group 3 has minimum UTS of 780-800 MPa, and 
includes DP800-GA and TRIP780-CR (2). Group 4 has minimum UTS of 980- 1000 MPa, whichhas only 
one grade, TRIP98O-CR (2). The numbers in the grades denote the minimum UTS except BH300-GI and 
HSLA350-G1, where the numbers are the minimum YS. Surface condition ofthe steels is described by the 
following designation: GA for galvannealed, GI for hot dip galvanized, EG for electrogalvanized, CR for 
cold rolled (bare, no coating) and HR for hot rolled. All testing was performed on as- shipped steels with no 
prestrain. These steels were tested in two phases. The number “2” in the parenthesis in the steel grades 
indicates the steel tested in Phase 2. 

The project was set out to generate technical data for automotive engineers to condud computer simulations 
for fatigue and crash performances. However, the analysis of the testing results in Phase 1 revealed 
tremendous advantage of Advanced High Strength Steels (AHSS), mainly DP and TRIP steels in this 
program, over conventional high strength steels (HSS, HSLA and W). To confirm the positive conclusions 
from Phase 1, the project was extended to Phase 2 to test more DP and TRIP steels. The results in Phase 
2 confirmed all the conclusions on the significantly better potential of AHS S in vehicle durability and crash 
energy absorption drawn in Phase 1. The major results from the two phases of this project are following: 

Fatigue: 

1. 

2. 

3. 

Fatigue strength is strongly dependent on the tensile strength of the steel. Therefore, in general, fatgue 
strength increases following the order of Group 1, Group 2, Group 3 and Group 4. Notch endurance 
limit also increases with increasing tensile strength. For DP and TRIP steels, the increase diminishes for 
steels of UTS from 600 MPa to 800 MPa for hot dip galvanized steels and from 800 MPa to 1000 
MPa for cold rolled bare steels. 
TRIP steels exhibit significantly higher fatigue strengths than steels of similar strength but different 
microstructures, such as DP steels. This is attributed to the additional strengthening during cyclic 
deformation as the result of phase transformation of the retained austenite to martensite. 
Comparing with HSLA350, a conventional HSS, the AHSS in Group 2, HSS590, DP600, and 
TRIP600, exhibit sigtllficantly higher fatigue strength. The endurance limit of DP600 is 30% higher while 
TRIP600 is over 70% higher. 
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High Strain Rate: 

1. 

2. 

3. 

4. 

5.  

6. 

7. 

Tensile properties are sensitive to strain rate. YS and UTS increase with strain rate. While n-value 
decreases with strain rate for steels of lower strength, such as BH300-GI and 44OW-GA, all the 
remaining steels of high strength in this program exhibit an almost constant n-value. Uniform elongation 
(UE) and total elongation (TE) decreases with strain rate at strain rates below O.l/s and increases 
between 0.11s and lOO/s. 
The increase of YS and UTS with increasing strain rate is smaller in the strain rate region below 1O/s 
and much higher above 1 O/s. Within the strain rate region of 0.00 l/s to 1 OOO/s, the average increase of 
UTS, AUTS, is 20.4 MPa per order of magnitude increase of strain rate, almost a constant irrespective 
of the strength of the steels. 
&&ng is the energy absorbed before the steel starts necking and represents the potential of the steel in 
energy absorption. When becking is compared, TRIP780-CR shows the highest energy absorption 
capability due to the best combination of high strength and uniform elongation. 
Elo% is the energy absorbed at 10% of strain. It can be used to compare steel’s crash performance in a 
structure in general. The parameter has a strong correlation with tensile strength of steels. Comparing 
with HSLA350, DP600 and TRIP600 exhibit 20%, in average, higher energy absorption. 
Similar to the behavior of UTS, the increase of Elo% , AElo% , is 0.0019 J/mm3, in average, per order of 
magnitude increase in strain rate within the strain rate range tested, irrespective of the strength of the 
steels. For steels of 600 MPa in UTS, such as DP600 and TRIP600, this means almost 18% increase 
in energy absorption when the strain rate increases from quasi-static, 1 O-3/s, to 1 03/s. 
Servo- hydraulic system and tensile Split Hopkinson Bar (SHB) provide reasonably good and consistent 
data at the strain rate range of interest to the automotive industry, i.e. 0.001 - lOOO/s. Results from 
compression SHB does not match what is generated from the servo-hydraulic system due to different 
strain paths. 
A new form of JohnsonCook model has been developed, which not only can provide better curve 
fitting for various types of stress-strain curves, but also create a way to estimate stress-strain curves at 
high strain rates by using the quasi-static stress-strain data. 
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1. Introduction 

In the year of 2000, Ispat Inland Inc. was awarded a project under the AISI Technology Roadmap 
Program (TRP) to study the fatigue and high strain rate behaviors of a new generation of high strength sheet 
steels. The focus of the project was on Advanced High Strength Steels (AHSS), which include dual phase 
(DP), transformation induced plasticity (TRIP), and complex phase steels. The project was fimded by AISI 
and DOE. The project, titled "Characterization of Fatigue and Crash Performance of New Generation of 
High Strength Steels for Automotive Applications", started in January 2001 and completed in December 
2002. 

Most steels used in this project were commercial products supplied by the member companies of 
AISI/Automotive Application Committee: Bethlehem Steel, Dofasco, Ispat Inland Inc., LTV Steel, National 
Steel, Rouge Steel, Stelco and U.S. Steel when the project started. TRIP steels were secured from 
POSCO and ThyssenKrupp Steel since no commercial TRIP steels were available in North America during 
the course of the program. Tests were conducted by Ispat Inland Inc., Reinisch- Westfalische Technische 
Hochschule Aachen (Aachen) and University of Dayton Research Institute (UDRI). 

The steels were tested in two phases. Phase 1 included the following seven steel grades: 

44OW-GA- 1.40 mm 
BH300-GI - 1.43 mm 
HSLA350-GI - 1.60 IIIIII 
HSS590-CR - 1.40 ~ll~ll 

DP600-GI - 1.25 ~ll~ll 

TRIP590-EG- 1.45 mm 
DP800-GA- 1.19 IIXTI 

Phase 2 included four more steels, all of these are DP and TRIP steels: 

DP600-HR - 2.62 mm 
TRIP600-CR - 1.56 ~ l l ~ l l  

TRIP780-CR - 1.47 ~l l fn  

TRIP980-CR - 1.47 IIIIII 

The numbers in the grades denote the minimum ultimate tensile strength (UTS) in MPa except BH300- GI 
and HSLA350-GI, where the numbers are the minimum yield strength (YS) in MPa. Surface condition of 
the steels is described by the following designation: GA for galvannealed, GI for hot dip galvanized, EG for 
electrogalvanized, CR for cold rolled (bare, no coating) and HR for hot rolled. All testing was performed 
on as-shipped steels with no prestmin. 

The work for Phase 1 was finished at the end of 2001 and Phase 2 work was completed in December 
2002. 
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This final report will focus mainly on the testing results of Phase 2. However, results fi-om Phase 1 are also 
referred here when necessary to demonstrate the behaviors of DP and TRIP steels. Phase 1 Report is 
attached here as an Appendix. Since most procedures for testing and data reduction are the same as in 
Phase 1 , no details have been repeated in the main body of the report. Interested readers can refer to the 
Appendix - Phase 1 Report for detail information. Only the methods that are unique in Phase 2 are 
discussed in the main body of the report, such as the new method used to measure load in high strain rate 
testing. 

2. Steels 

Three TRIP steels and a hot rolled DP600 were tested in the second phase of the program. Tensile 
properties for the steels in the '2" direction are given in Table 1. Properties for the steels in Phase 1 are 
also included for comparison. Engineering stress- strain curves for these four steels are shown in Figure 1. 

The steels tested in this project are categorized into four groups based on their tensile strength as follows: 

Group 1 has YS of 300-350 MPa and UTS of 400-440 MPa. This includes BH300-G17 HSLA350-GI 
and 44OW-GA in Phase 1, no new steel in Phase 2. 

Group 2 has a minimum UTS of 590-600 MPa. This group includes HSS590-CR, DP600-GI and 
TRIP590-EG in Phase 1, and hot rolled DP600 and TRIP600-CR in Phase 2. 

Group 3 has a minimum UTS of 780-800 MPa. This includes DP800-GA in Phase 1 and TRIP780-CR in 
Phase 2. 

Group 4 has a minimum UTS of 980- 1000 MPa. There is only one grade in Phase 2, TRIP980-CR, and no 
grade in Phase 1. 

All the steels tested in Phase 2 are DP and TRIP steels for the purpose of confirming the findings in Phase 1. 
It has to be noted that the hot rolled DP600 shows a yield point elongation (YPE) of 1.3 to 1.6%. This 
indicates that the microstructure of this steel is not typical of ferrite-martensite dual phase steels. The steel 
also shows much higher elongation and nvalue comparing with cold rolled DP600-GI. Other carbon 
containing microstructure, such as bainite or retained austenite, may be present. 

For the TRIP steels, TRIP780-CR exhibits even better elongation and nvalue than TRIP590-EG and 
TRIP600-CR. This may be also related to its microstructure, for instance, more retained austenite. Since 
chemical composition and microstructure are beyond the scope of this program, no further study is 
conducted. However, reader; should keep in mind that these properties will have effect on fatigue and high 
strain rate behavior of these steels, as will be shown in the report. 
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YS 

UTS 
(MPa) 

TE 
(%) 
m 
(Yo) 
n 

(MPa) 

UP 3 

BH300 
C GI(1) 
' 309 

Group 4 

412 

35.8 

20.4 

' 0.19 

Table 1 Tensile Properties (As received, ASTM E8, "L" direction) 

Group 1 

29.0 I 28.1 

16.3 I 15.8 
0.18 I 0.13 

Group 2 

HSS590 DP600 TRIP590 

+F-+%q+ 

24.5 23.2 

15.1 1 15.3 I 22.6 

0.17 I 0.16 I 0.20 

DP600 TRIP600 

qz 
0.24 

DP800 
GA (1) 

462 

839 

17.9 

12.3 

0.13 

TRIP780 TRIP980 + y 
23.9 

0.26 I 0.13 

Note: Numbers in the parentheses after the steel grade indicate Phase 1 or Phase 2. 
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Engineering Strain 

Figure 1 Engineering stress- strain curves for the four steels in Phase 2. 

3. Fatigue Behavior 

3.1 Experiments 

Strain controlled fatigue tests were conducted in accordance with ASTM E606 and Testing procedures for 
Strain Controlled Fatigue Testing for Sheet Steels developed by Auto/Steel Partnership Sheet Steel Fatigue 
Group [ 13. Notch sensitivity was tested using center hole specimens with the stress concentration factor, 
K, = 2.5. Tests were load controlled in accordance with ASTM E466. For details, please consult the 
Appendix - Phase 1 Report. 

3.2 Results 

3.2.1 Strain- controlled fatigue 

Strain controlled fatigue data are generated for seven steels in Phase 1 and four steels in Phase 2. Strain-& 
parameters for all eleven steels are given in Table 2 for comparison. These parameters are important input 
for fatigue life prediction as the material property. 

In Phase 1, it was concluded that, in general, each group of steels exhibits similar fatigue strength. The 
higher the tensile strength, the higher is the fatigue strength. Phase 2 results also confirm this. Since no steel 
in Group 1 was tested in Phase 2, discussions will be focused on Groups 2,3, and 4. For Phase 1 detailed 
test results, see Appendix - Phase 1 Report. 

Figure 2 shows the Neuber Stress. vs. Fatigue Life for Group 2, including steels in both Phase 1 and Phase 
2. Neuber Stress, expressed as JG, where ACJ and A& are the stress and strain range measured 
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from the half life hysteresis loop in the strain controlled fatigue testing, is related to the local stress at the 
notch tip and is the best parameter to compare fatigue strength for different steels. It is noticed that, overall, 
TRIP steels exhibit higher fatigue strength than DP steels with similar UTS. TRIP600- CR exhibits slightly 
higher fatigue strength than TRIP590-EG7 tested in Phase 1 , due to its higher tensile strength (679 MPa vs. 
605 MPa). DP600 HR also shows higher fatigue strength than cold rolled DP600-GI at long life region. It 
is not clear if this is experimental variation or microstructure related. 

Figure 3 shows the Neuber Stress vs. Fatigue Life for the steels in Group 3, i.e. DP800-GA and TRIP780- 
CR. It is apparent again that TRIP steel exhibits higher fatigue strength than DP steel although the UTS of 
TRIP780-CR is even slightly lower than that of DP800-GA, 793 MPa vs. 839 MPa. 

It should be noted that the DP and TRIP steels compared here are of different surface coatings. It has been 
reported that hot dip galvanized coating showed no significant effect on fatigue life for steels of UTS below 
600 MPa [2,3,4]. However, for steels of UTS above 800 MPa, hot dip galvanized coating does show 
degrading effect on fatigue life PI. Therefore, a part of the inferior fatigue strength of DP800-GA 
comparing with TRIP780-CR may be the effect of the GA coating. This will certainly reduce the difference 
between TRIP780-CR and cold rolled DP800. However, considering the lower UTS of the TRIP78O-CR, 
it is the author’s belief that a portion of the higher fatigue strength of TRIP780-CR is the result of its unique 
microstructure. 

Comparison of all the TRIP steels tested in this program with different UTS, TRIP590-EG7 TRIP600-CR7 
TRIP780-CR and TRIP980-CR, is given in Figure 4. As expected, the fatigue strength of these steels again 
shows a strong relation to their UTS. 

The endurance limit, defined for 5x1 O6 cycles without failure, of the steels tested is given in Table 2 together 
with the fatigue ratio, which is the ratio of endurance limit divided by UTS. The TRIP steels show a 
consistent fatigue ratio around 0.5. Unlike the other DP steels which showed a lower fatigue ratio, around 
0.35, DP600-HR exhibits an exceptionally higher fatigue ratio, 0.48. The endurance limit of DP600-HR is 
also much higher, 296 MPa vs. 230 MPa for DP600-GI and HSS590-CR. This may be again related to a 
non-typical DP microstructure as discussed previously. 

Taking the average of DP600-CR and DP600-HR as the grade average for DP600, and TRIP590-EGand 
TRIP600-CR for TRIP600, we have an endurance limit of 262 MPa for DP600 and 351 MPa for 
TRIP600. Comparing these values with 203 MPa for HSLA350, in average, the endurance limit of DP600 
is 29% higher and TRIP600 73% higher. 

The results in the Phase 2 study also confirms that TRIP steels have much higher fatigue strength than the 
high strength steels of similar strength but different microstructures. From the average endurance limits of 
262 MPa for DP600 and 351 MPa for TRP600, TRIP600 exhibits 34% higher endurance limit than 
DP600. For steels in Group 3, the endurance limit for TRIP780-CR is 400 MPa which is 30% higher than 
the 300 MPa for DP780-GA. 
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Figure 2 Neuber Stress vs. fatigue life curves for steels in Group 2 with min. UTS of 590 - 600 
MPa 

1000 

900 

800 
m 

700 

f 600 

tj 500 

b 400 

z" 300 

200 

100 

0 
1000 10000 1ooooo 1000000 10000000 

TRIP780-CR 

e 

n 

DPBOO-GA 

Number of Reversals to Failure, 2Nf 

Figure 3 Neuber Stress vs. fatigue life curves for DP800-GA and TRIP780-CR steels 
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3.2.2 Fatigue of notched specimens 

Phase 1 work has shown that the notch endurance limits are much lower than those of smooth specimens, 
and increase with the increase of tensile strengths (for Group 1,2 and 3). Phase 2 tests were conducted to 
veri@ these results. Figure 5 shows nominal stress amplitude, AS/2, vs. Fatigue Life for Group 2 steels. The 
nominal stress was calculated by using the net cross section of the notched specimens. The curves are the 
regression lines from the testing data and are shown only within 2000 to 5x 1 O6 reversals where testing data 
are available. For legibility, no data pomts are shown. Similar to the smooth specimen test results, TRIP 
steels, both TRIP590-EG and TRIP6OO-CR, exhibit higher notch fatigue strength than the steels with similar 
UTS but different microstructure, i.e. HSS590-CR, DP600-GI and DP600-HR. DP600-HR a@nexldds 
higher fatigue strength than cold rolled DP600-GI and HSS590-CR. 

It is noticed that, in contrast to the results for smooth specimens, TRIP600-CR shows a slightly lower notch 
fatigue strength than TRIP590-EG. The possible explanation is that TRIP600-CR may have higher notch 
sensitivity than TRIP590-EG due to its higher UTS and thus, resulting in a lower notch fatigue strength. 
However, such a significant effect was not expected. It is speculated that in addition to the testing variation, 
material composition and microstructure may contribute to the difference. This is beyond the scope of this 
program. 

Figure 6 shows AS/2 vs. Fatigue Life curve for the steels in Group 3, DP800-GA and TRIP780-CR. 
Again, TRIP780- CR exhibits higher notch fatigue strength than DP800- GA. It is noticed that the differences 
are larger at high cycle regions for these two steels. 

The notch fatigue strength of the TRIP steels of different tensile strengths is compared in Figure 7. Overall, 
the higher the UTS, the higher the notch fatigue strength. However, the difference decreases in the high 
cycle region. This may be attributed to the higher notch sensitivity of the steels of higher strengths in the high 
cycle and low stress region. In the low cycle and high stress region, significant plastic deformation occurs 
which alleviates the stress concentration and thus the notch sensitivity. 
Notch endurance limits for specimens with a center hole of K, 2.5 are given in Table 2. The notch 
endurance limits are much lower than the endurance limits for the base metals, indicating a significant drop of 
fatigue strength as the result of the center hole. However, carell examinations on the data in Table 2 show 
the following phenomena. 

Thus, in general, the notch endurance limit increases with the increase of tensile strength for steels of UTS 
below 1000 m a ,  i.e. notch fatigue strength increases from Group 1 to Group 2 to Group 3. For steels in 
the same group, i.e. steels of similar UTS, the notch endurance limit is similar z shown in Group 1. 
However, as for smooth specimens, TRIP steels exhibit much higher notch endurance limit. Using 148 MPa 
as the average notch endurance limit for DP600 (average of DP600-GI and DP600-HR), 176 MPa for 
TRIP600 (average of TRIP590-EG and TRIP6OO-CR), TRIP600 exhibits 19% higher notch endurance 
limit than DP600, while TRIP780-CR exhibits 29% higher notch endurance limit than DP800-GA. 

However, increase of the notch endurance limit slows when the UTS reaches a sufficiently high strength. 
9 



For DP steels, DP800-GA shows only slightly higher notch endurance limit, 147 MPa, than DP600-GI that 
has a notch endurance limit of 142 MPa. For TRIP steels, TRIP980-CR and TRIP780-CR show the same 
notch endurance limit, 190 MPa. Considering the effect ofhot dip galvanized coatings on fatigue strength for 
high strength steels, it may be concluded that for DP and TRIP steels, the notch fatigue strength increases 
with the strength of the steels up to 600 MPa for coated steels, and 800 MPa for cold rolled bare steels. 

As concluded in Phase 1, the results in Phase 2 support the statement that A H S S  exhibit much higher notch 
fatigue strength than the conventional HSS. Comparing with the notch endurance limit of 125 MPa for 
HSLA350, the notch fatigue endurance limit of DP600 and TRIP600 is 18.4% and 40% higher, 
respectively. 

The notch sensitivity factor, Ks is also given in Table 2 for all the steels tested. It is noticed that all DP and 
TRIP steels in Groups 2, 3 and 4, except DP600-GI, show higher Kfvalue. TRIP980-CR exhibits the 
highest Kfvalue of 2.25. 
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Figure 5 AS/2 vs. Fatigue Life for steels in Group 2 with min. UTS of 590 to 600 MPa. 
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Figure 6 AS/2 vs. Fatigue Life for steels in Group 3, TRIP780-CR and DP800-GA 

Figure 7 AS12 vs. Fatigue Life for TRIP steels of different strengths 
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4. High Strain Rate Behavior 

4.1 Experiment 

As in Phase 1 work, a servo-hydraulic system was used for strain rates up to 500ls and a Split Hopkinson 
Bar (SHB) was used for strain rates of 500ls and lOOO/s. However, compressive SHB was found not to 
generate data comparable to the servo-hydraulic system due to different strain paths involved. The 
compressive SHB tests the stress-strain properties through the thickness not along the sheet plane as the 
servo-hydraulic system does. As a result, only tensile SHB was used in Phase 2. Aachen was contracted 
for the servo-hydraulic testing and UDRI was contracted for the tensile SHJ3 testing. An overlap of 5OOls 
for both testing techniques was repeated again in order to further confirm the comparability of the data 
generated from the two different testing methods. All tests were in the "L" direction. For the details of 
experimental procedures, see the Appendix - Phase 1 Report. 

The servo-hydraulic system used a piezoelectric load cell to measure load for strain rates of 0.001,O. 1 and 
10ls. Strains were calculated by displacement readings. A strain gage was attached to the gage section to 
record the strains up to 2% in order to obtain more accurate stress-strain data. 

In order to improve data quality and to reduce ringing, a new method to measure load was adopted in 
Phase 2 for strain rates of 100h and 50Ols. In addition to the piezoelectric load cell, a strain gage was 
attached to the grip section of the specimen and calibrated against the piezoelectric load cell. Since the grip 
area is in the elastic region, the load reading from the load cell and the strain reading fiom the strain gage 
should be linear. The proximity of the strain gage to the gage section of the specimen and the small mass of 
the strain gage are expected to significantly reduce the oscillation of the load signal. In order to 
accommodate the strain gage in the grip area, the specimen geometry was modified as shown in Figure 8. 
One of the grip sections of the specimen was increased from 21 mm to 50 mm. The width of the gage 
section was reduced from 10 mm to 7 mm to reduce the overall load during the test to ensure no plastic 
deformation occurring in the grip region. However, due to the limited number of channels available in the 
data acquisition system, when a strain gage was used for load measurement, the strain gage used to record 
the stress/strain data for strains up to 2% was not applicable. 

Therefore, in this propm,  for strain rates of 0.00 1,O. 1, and 10, two specimens were tested with a strain 
gage attached to the gage section to measure the stress-strain curve up to 2%. Load was measured by the 
piezoelectric load cell. For strain rates of 1 OOls and 500/s, four specimens were tested: two with a strain 
gage at the grip section to measure load, and two with a strain gage at the gage section to measure strains 
up to 2%. The procedures for curve smoothing and data reduction are the same as in Phase 1 (see the 
Appendix - Phase 1 Report). 
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Figure 8 Schematic of tensile specimen used for servo-hydraulic system with a strain 
gage at grip section (units in mm) 

Figure 9 shows the comparison of stress-strain curves for TRIP600-CR at 1 OO/s using the old (load cell) 
and new (strain gage) methods to measure load. The load cell signal exhibits slightly more oscillation than 
the strain gage data. However, overall load measurements are fairly comparable for both methods. The 
slope of the linear section of the stress- strain curve using load cell has been adjusted using the stress- strain 
curve up to 2% measured by a strain gage in the gage section. The curve using strain gage for load 
measurement has not, showing a smaller slope. However, in the final data processing, the slope of the 
curves would be adjusted to the Young's modulus. 

The advantage of the new method is more pronounced at 500/s as shown in Figure 10. The stress-strain 
curve using load cell shows significantly more severe stress oscillation than that using strain gage. The 
advantage offered by the new method is evident. 

The stress-strain curve measured by SHB at 500/s is also plotted in Figure 10. Except for the drastic 
oscillations at the early stage of testing, the overall stress-strain curves from all three test methods are 
reasonably comparable. The SHB test exhibits a smaller total elongation due to the limited load wave 
duration in the test setup and the specimen did not break. It was M e r  observed that there was very little 
difference between 500/s and 1OOO/s from the SHB test results, probably due to the high strength of the 
steels tested in Phase 2. Therefore, testing results from SHB are not used in the detail analyses. 
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Figure 9. Comparison of stress-strain data at lOO/s, using load cell vs. strain gage to measure load 
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Figure 10. Comparison of stress-strain data at 500/s, using load cell, strain gage and SHB, respectively. 
The SHB specimen did not break due to the limited duration of the stress wave. 
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4.2 Results 

4.2.1 Stress-Strain Data at High Strain Rates 

The smoothed stress-strain curves at high strain rates for the four grades, tested in Phase 2, are given in 
Figures 1 1 through 14. The flow stresses at 6 strain points, 0.005, 0.02, 0.05,O. 1, 0.15 and 0.2 for the 
four steels are given in Table 3. For the stress-strain results of the seven grades tested in Phase 1, see the 
Appendix - Phase 1 Report. 

Tensile properties, including YS, UTS, UE, TE, n value and two energy absorption parameters are 
summarized in Table 4. For lOOO/s, only UTS and UE from SHB are listed. The YS was determined from 
the stress-strain data below 2% measured by strain gages. The UTS, UE, and TE were obtained from the 
smoothed stress strain curves. However, raw data was also used when determining the UTS and UE at 
500/s and lOOO/s in order to avoid the misleading results by load oscillations. The n-value was determined 
by fitting the smoothed curve for the strain range Of 2-5% to uniform elongation. As in Phase 1, energy 
absorption was characterized using two parameters, Enecbng,, and Elo%. The former is calculated by 

* UE and represents the energy absorption of a steel grade when deformed before necking, YS + UTS 
2 

while the latter represents the energy absorption when deformed to 10% strain. 

It should be noted that there are larger errors in the tensile properties measured at high strain rates than 
those measured at the quasi-static strain rate. These inherent system errors are rather significant for 
properties involving strain measurement, such as UE, TE, and n-value, at 500h and lOOO/s. Therefore, 
caution must be taken when making any conclusive statement based on the testing results reported here. 

Since Phase 2 work is focused on DP and TRIP steels, the strain rate dependence of the tensile properties 
is discussed for all DP and TRIP steels tested in this program, including DP600-GI and TRIP590-EG 
tested in Phase 1. 
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Figure 11 Smoothed stress-strain curves for DP600-HR at various strain rates 
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Figure 12 Smoothed stress-shin curves for TRIP600-CR at various s h i n  rates 
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Figure 13 Smoothed stress- strain curves for TRIP780- CR at various strain rates 
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Figure 14 Smoothed stress-strain curves for TRIP980-CR at various strain rates 
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Table 3. True Flow Stresses at Various Strain Rates 

TRIP980-CR 
0.1 669 82 1 972 1086 
10 698 828 986 1134 
100 706 879 1021 1151 
500 761 793 99 1 1146 
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Table 4. Tensile Properties at Various Strain Rates 
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4.2.2 YS andUTS 

The relationship between YS and strain rate is shown in Figures 15a and 15b for DP and TRIP steels, 
respectively. As reported in Phase 1, YS increases with strain rate. For most steels, YS increases faster 
with strain rate at higher strain rates, > 1O/s. This is also true for the seven steels tested in Phase 1 (see the 
Appendix - Phase 1 Report). The same trend was observed for UTS as shown in Figures 16a and 16b 
for DP and TRIP steels although TRIP980-CR shows slight drop of UTS from 1OO/s to 500/s, probably 
caused by testing variability. 

The increase of UTS per order of magnitude increase in strain rate, AUTS, is of great interest in recent 
years. One of the reasons is that this value seems to be a constant irrespective of the strength of the steel or 
the type of the steel (e.g. HSLA, DP or TRIP). In Phase 1 work, AUTS was shown to be around 22 MPa 
for strain rates between 0.005/s to 500/s. Using the slope of UTS vs. log i. , the AUTS values for all eleven 
steels in this program are summarized in Table 5 and is plotted in Figure 17 as a function of UTS at the 
quasi-static condition. Despite experimental variation, the average of AUTS is 20.4 MPa. This is similar to 
the result in Phase 1. DP600-HR and TRIP980-CR show the lowest AUTS. If we exclude these two, the 
AUTS will be 2 1.3 MPa, very close to the result in Phase 1. 

4.2.3 Elongation 

The dependence of UE and TE on strain rate for DP and TRIP steels is shown in Figures 18a and 18b, and 
Figures 19a and 19b, respectively. Similar to what was observed in Phase 1 of the investigation, UE 
decreases first from quasi-static deformation to 0. l/s and then increase with higher strain rates. DPSOGGA 
shows no drop from quasi-static to 0. Us. At strain rates higher than lOO/s, some steels show an increase of 
uniform elongation and some show a decrease. Moreover, all steels show further increase in TE after 1 OO/s 
as shown in Figures 19a and 19b. As mentioned earlier, due to the errors involved in the results at 500/s, 
no conclusion should be made for the behavior at 500/s. Testing for more steel samples is required. 

4.2.4 n-value 

The relationship of n-value with strain rate is shown in Figure 20. No n-values at 500/s are included due to 
the difficulties in the measurement of n-values at high strain rates. It can be seen that the n-value does not 
change significantly with strain rate for the DP and TRIP steels tested. TRIP600-CR and TRIP780-CR 
show slight decrease of n-value with increasing strain rate. 

4.2.5 Energy absorption 

Figures 21 and 22 show the strain rate dependence of the two energy absorption parameters, Enecbng, 

(YS+UTS)*UE/2, in Figure 21 and E,o% in Figure 22. Enecfing follows the same trend as UE, whileE,o% 
increases with strain rate. Furthermore, when Eneckng is used to compare the energy absorption for steels, 
TRIP780-CR and TRIP600-CR are the best among all the DP and TRIP steels tested as the result of their 
best combination of strength and elongation. However, when Elo% is used, TRIP980-CR exhibits the best 
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energy absorption performance, DP800-GA the second, and TRIP780-CR the third. The higher the UTS, 
the better the energy absorption performance as shown in Figure 23 for lOO/s and 5001s. The energy 
absorption also increases with strain rate in the same way as the UTS. 

The E,o% values at 500/s for DP and TRIP steels in Group 2 are summarized in Table 6 together with that 
for HSLA350-GI. The average of Elo% for DP and TRIP steels in Group 2 is 0.063 J/mm3. Thus, 
comparing with 0.0527 J/mm3 for HSLA350, DP600 and TRIP600 exhibit 20%, in average, higher energy 
absorption than HSLA350-GI. 

It should be noted that the strain value 10% is an arbitrary number and is considered reasonable based on 
the work by many researchers [5-81 when comparing the steels for crash performance in general. For 
different structures, different strain values may be needed. For steels of very high strength and UE is less 
than lo%, strains less than lo%, say 5%, can be used to compare different steels. However, it should be 
kept in mind that if the total energy under the stress- strain curve before necking or breaking is too low, the 
steel may buckle or break much earlier before the structure reaches the required energy absorption or 
displacement. Other steels may perform much better even though their ES% value may be lower. The same 
situation can happen to Elo% , but chance is much higher when I& is used. 

Similar to the approach used for UTS, AElo%, can be defined as the increase of energy absorption per order 
of magnitude increase of strain rate and determined fiom the slope of the AElo% vs. log & curve. The AElph 
values are summarized in Table 7 and plotted in Figure 24. It is again almost a constant of 0.0019 J/mm3 
irrespective to the steel strength. For steels of UTS 600 MPa in Group 2, the Elo% is around 0.063 J/mm3 
(see Table 6). This means, if the strain rate increases fiom lO"/s to 1 03/s (6 orders of magnitude increase), 
the energy absorption, Elo% , increases by 0.01 14 J/mm3, an increase of almost 18%. 

Table 5. Increase of UTS per Order of Magnitude Increase of Strain Rate, in MPa 
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Table 6 E 10% at 500/s for DP and TRIP steels in Group 2 
in comparison with HSLA350-GI 

DP600-HR 

TRIP590-EG 

11 Grade 

0.0590 

0.0606 

11 HSLA350-GI I 0.0527 

BH3WGI 

11 DP600-GI I 0.0697 

0.0021 

11 TRIP600-CR I 0.0640 

Table 7. Increase of Elo% per Order of Magnitude Increase of Strain Rate, in J / m 3  

0.0020 

HSLA350-GI 0.0022 

HSS590-CR 0.00 1 9 

DP600-GI 0.0015 

TRIP590-EG 0.0017 

DP800-GA 0.0018 

Phase 2 

DP600-HR 0.0015 

TRIP600-CR 0.0020 * TRIP780-CR 0.0024 

TRIP980-CR 0.0019 * 
Average of Phase 1 
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Figure 15a. Yield strength vs. sh in  rate for Dual Phase steels 
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Figure 15b Yield strength vs. strain rate for TRIP steels 
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Figure 16a. Ultimate tensile stress vs. strain rate for Dual Phase steels 
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Figure 16b Ultimate tensile strength vs. strain rate for TRIP steels 
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Figure 17 Increase in UTS per order of magnitude increase in strain rate vs. quasi-static UTS 
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Figure 19a Total elongation vs. strain rate for Dual Phase steels 
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Figure 19b Total elongation vs. strain rate for TRIP steels 

0.001 

' ' 0 . .  TRIP600-CR 

1000 

0.01 0.1 1 10 100 1000 

Strain Rate ( I l s )  

DP6OO-HR 
D m  'DP800-GA 

+TRIP590-EG 
" x . .  TRIP600-CR 
*TRlP780-CR 

Figure 20 &values vs. strain rate for Dual Phase and TRIP steels 

27 



Energy Absorption Before Necking 

0.200 

0.180 

0.160 

E 0.140 
n- 

5 0.120 

z 
2 
w 0.100 

F 0.080 
0.060 

0.040 

0.020 

0.000 

- 

0.001 0.01 0.1 1 10 100 1000 

Strain Rate ( l l s )  

* DP6OO-HR 
DPBOO-GA 

--4- TRIP590-EG 
- 0 -  TRIP600-CR 
* TRIP780-CR 

Figure 21 Energy absorption before necking per unit volume, F&king, vs. strain rate. 
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5. Conclusions 

From the testing results of Phase 1 and Phase 2 in this program, the following conclusions can be drawn: 

Fatigue 

1. 

2. 

3. 

In general, fatigue strength has a strong correlation with tensile strength. The higher the tensile strength, 
the higher the fatigue strength. Thus, AHSS, such as HSS590, DP600 and TRIP600, exhibited better 
fatigue strength than the conventional high strength steel of similar yield strength, HSLA350. 
TIUP steels exhibited significantly better fatigue strength than steels of similar tensile strength but 
different microstructures. Phase transfornation of retained austenite during cyclic deformation may 
provide additional strengthening to resist fatigue failure. 
Notch endurance limit increases with increasing tensile strength. For DP and TRIP steels, the increase 
diminishes for steels of UTS from 600 MPa to 800 MPa for hot dip galvanized steels and from 800 
MPa to 1000 MPa for cold rolled bare steels. 

High strain rate 

4. 

5 .  

6. 

7. 

8. 

9. 

Tensile properties change with increasing strain rate: 
YS and UTS increases with strain rate 
N-value decreases with strain for steels of lower strength, such as BH300 and MOW. For 
steels of higher strength in this program, rrvalue does not change significantly with strain rate 
TE and UE decreases with strain rate between O.OOl/s to 1O/s and increases when the strain 
rate is higher than 1O/s. 

AUTS, the increase of UTS per order of magnitude increase in strain rate, is almost a constant, 20.4 
MPa for all the steels tested within the strain rate range of O.OOl/s to 500/s irrespective to their strength 
and type of the steel. 
The relationship between the energy absorption parameters, hecking,  and strain rate follows the same 
trend as UE. TRIP steels exhibit the best energy absorption capability due to the best combination of 
UTS and UE. 
The energy absorption below 10% of strain, Elo%, increases with strain rate. The parameter shows a 
strong relationship with UTS of steels. In average, DP600 and TRIP600 exhibited 20% higher energy 
absorption than HSLA350. 
When strain rate increases by an order of magnitude, E increases by 0.00 19 J / m 3  m avemge within 
the range of strain rates tested for all steels tested in this program. For steels of 600 MPa in UTS, such 
as DP600 and TRIP600, this means almost 18% increase in energy absorption when the strain rate 
increases from quasi-static, ~ o - ~ / s ,  to 103k 

Servo-hydraulic system and tensile Split Hopkinson Bar (SHB) provide reasonably good and consistent 
data at the strain rate range of interest to the automotive industry, i.e. 0.001 - lOOO/s. Results from 
compression SHB does not match what is generated from the servo-hydraulic system due to different 
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strain paths. 

10. A new form of JohnsonCook model has been developed, which not only can provide better curve 
fitting for various types of stress-strain curves, but also create a way to estimate stress-strain curves at 
high strain rates by using the quasktatic stress-strain data 
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EXECUTIVE SUMMARY 

Fatigue and high strain rate properties are the important attributes for advanced high strength steels (AHSS) 
because many of them will be used for structural applications which are subjected to cyclic loading and are 
often safety critical. In ths study, material properties under cyclic and impact loading conditions were 
investigated for six AHSS steel grades[including Dual-phase (DP) steels, Transformation Induced P1astid-y 
(TRIP) steels, Bake Hardenable (BH) steels, and conventional High Strength Steels (HSS) such as, High 
Strength Low Alloy (HSLA) steels] with a conventional high strength steel, HSLA350-GI as a benchmark. 
The six steel grades are: BH300-GI, 44OW-GA, HSS590-CR, TRIP590-EG, DP600-GI and DP800- 
GA. The terms GI, GA, CR, EG denote surface coatings of hot dip galvanized, galvanealed, no coating 
(cold rolled surface) and electrogalvanized, respectively. The fatigue properties not only include the strain 
controlled fatigue data, but also fatigue properties of specimens with a stress raiser. While the former 
provides the material fatigue input for fatigue life prediction, the latter offers information on the notch 
sensitivity since high strength steels are generally more notch sensitive. 

Based on the tensile strength, these steels can be categorized into three groups. Group 1 has yield strength 
300-350 MPa and UTS 400-440 MPa, and includes BH300,440W and HSLA350. Group 2 has a 
minimum UTS of 590-600 MPa, and includes HSS590, DP600 and TRIP590. Group 3 has minimum UTS 
of 780- 800 MPa. DP800 is the only grade in the first phase of the study. The steels in Group 2 have similar 
yield strength to HSLA350 and are the potential alternative steels for structural applications. 

Fatigue: 

The results show that steels in the same group exhibit similar fatigue strength. The fatigue strength increases 
with the tensile strength of the steels. Therefore, Group 2 exhlbits higher fatigue strength than Group 1. 
Group 3 shows the highest fatigue strength. The results show no significant difference in notch sensitivity for 
the steels studied except DP800. The relative ranking of these three groups of steels in fatigue strength does 
not change even when stress raisers are present. 

There are two exceptions. First, TRIP590 exhibits significantly higher fatigue strength than the steels in the 
same group, i.e. HSS590 and DP600. This is attributed to the additional strengthening during cyclic 
deformation when the retained austenite is transforming to martensite. This exceptionally high fatigue strength 
is maintained when stress raisers are present. Second, DP800 exhibits higher notch sensitivity than the other 
steels tested in the high cycle region. This results in a reduced endurance limit when stress raisers are present 
and is related to its high tensile strength. 

Comparing AHSS steels in Group 2 with HSLA350, the endurance limits of HSS590 and DP600 are 15% 
higher than that for HSLA350. TRIP590 exhibits a surprisingly 68% higher e n h c e  limit than HSLA350. 
The existence of a notch in the specimen does not significantly change the advantage of the AHSS over 

HSLA3 50. 
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High Strain Rate: 

The strain rate sensitivity, which is normally defined as the percentage increase of the flow stress due to the 
increase of strain rate, decreases with increasing tensile strength of the steel. Therefore, the steels in Group 1 
are more strain rate sensitive than the steels in Group 2, and steels in Group 3, DP800, shows the lowest 
strain rate sensitivity due to its high tensile strength. Steels in the same group, such as BH300, MOW and 
HSLA350 in Group 1, exhibit similar strain rate sensitivity. However, the increment of UTS due to the 
increasing strain rate is almost constant for all the steels tested, around 22 MPa for each strain rate increase 
in order of magnitude in average. 

Since there is no proven parameter to truly represent the capability of energy absorption during a crash 

event, two parameters are used in this study, the energy absorbed before necking, ys -k * UE , andthe 
2 

energy absorbed at 10% of strain, Elo%. The former represents the potential of a steel to absorb energy, 
while the latter can be used to compare crash performance of steels when a certain amount of energy is 
required, or a certain amount of deformation is allowed, in a structure. 

* UE is used, the TRIP590 shows the highest potential for crash energy absorption as the When 

result of its exceptionally high elongation. HSLA350 shows the worst potential for energy absorption 
capability. At lOO/s, the capability of energy absorption for the steels in Group 2, HSS590, DP600 and 
TRIP590, is 51%, 81% and 100% higher, respectively, than that for HSLA350. However, for Elo% , the 
energy absorbed up to 10% of strain in a tensile test is related to the UTS of the steel. The improvement of 
energy absorption by using HSS590, DP600 and TRIP590 over HSLA350 is reduced to 17%, 34% and 
17%, respectively, much less than the steels potentially can offer. 

YS +UTS 
2 

Evaluation of the testing methods used in this study shows that servo-hydraulic system and tension Split 
Hopkinson Bar (SHB) can produce testing results of reasonable quality for the range of strain rates 
observed during a crash, from quasi- static to 1 OOO/s. Results generated by compression Split Hopkinson 
Bar do not match well with the data generated by the servo- hydraulic system due to the difference in loading 
path. 

Furthermore, a new constitutive model, modified from the Johnsorr Cook model, has been developed. The 
model offers more flexibility to fit experimental results at high strain rates and the potential to estimate stress- 
strain data at high strain rates from the quasi-static tensile stress strain data. 
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1. Introduction 

The Project titled "Characterization of Fatigue and Crash Performance of a New Generation of High 
Strength Steels" started in January 2001. With the support of the AIS1 Automotive Applications Committee 
(AISVAAC) and Auto/Steel Partnership (NSP) Advanced High Strength Steel Team, the first phase of the 
project has been successllly completed. Altogether, fatigue and high strain rate data have been generated 
for six advanced high strength steels (AHSS) and a conventional high strength steel that is used for 
benchmark. This report documents technical details and findings. 

2. Steel Grades 

Steel grades for this project were selected by the A/SP Advanced High Strength Steel Team. Six 
Advanced High Strength Steel (AHSS) grades were selected. These are 1.4mm GA 44OW, 1.43mm GI 
BH300,1.40mm CR HSS590,1.24mm GI DP600,l. 19mm GA DP800 and 1.45mm EG TRIP590. A 
conventional high strength steel, 1.6mm GI HSLA350, was also selected for benchmarking. Surface 
condition of the steels is described by the following designation: GA is galvannealed, GI is hot dip 
galvanized, EG is electrogalvanized, and CR is cold rolled (bare, no coating). The numbers in the grades 
denote the minimum ultimate tensile strength (UTS) except GI BH300 and HSLA350, where the numbers 
are the minimum yield strength (YS). North American steel companies supplied six of the seven grades. 
However, no commercial TRIP steel products were available in North America when the project started in 
early 2001. POSCO was then solicited to supply TRIP steels. 

To protect the product confidentiality for the steel suppliers, no chemical compositions are given. Tensile 
tests were conducted according to ASTM E8 and the results are summarized in Table A1 . Engineering and 
true stress-strain curves are shown in Figures A1 and A2, respectively. Based on the tensile properties, the 
steels tested can be categorized into three groups: 

Group 1 has YS of 300-350 MPa and UTS of 400-440 MPa. This includes BH300, HSLA350 and 
MOW. %le the HSLA350 shows the highest YS among the steels tested, the 440W shows the highest 
UTS. The BH300 exhibits the highest total elongation (TE). 

Group 2 has a minimum UTS of 590-600 MPa. This group includes HSS590, DP600 and TRIP590. 
Tensile tests show that the DP600 supplied exhibits an UTS of 666 MPa that is much higher than the other 
two grades, 608 MPa and 605 MPa for HSS590 and TRIP590, respectively. As expected, the TRIP590 
exhibits the highest TE, 32%. 

Group 3 has a minimum UTS of 780-800 MPa. There is only one grade in the current phase, DP800. This 
is the steel grade with the highest strength in all the steel tested in this phase. 

Since the steels in Group 2 have similar yield strength, 350-400MPa, as the conventional high strength steel, 
HSLA350, they are considered extensively today as the alternative steels to replace HSLA350 for 
automotive st~~ctural applications to reduce weight. Therefore, comparisons are often made between these 
steels. 
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Table A1 Tensile Properties (As received, ASTM E8, "L" direction) 

40 



0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 

Engineering Strain 

Figure A1 Engineering stress-strain curves. 
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Figure A2 True stress-strain curves 
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3. Testing Programs 

The purpose of this project is to generate fatigue and crash data for the AHSS. Fatigue tests include strain 
controlled fatigue test using smooth specimens and notched fatigue test using notched specimens. Fatigue 
data from notched specimens can be used to study the notch sensitivity of steels. 
The crash data originally included intrinsic material stress-strain data at high strain rates and crush test data 
for conical tubes. It was realized later that Auto/Steel Partnership (A/SP) High Rate Group is working on a 
similar project to generate crush test data for benchmarking, so it was approved by AISVAAC that this 
project will not perform crush test. Therefore, only the high strain rate results are reported. 

4. Fatigue 

4.1 Experiments 

4.1.1 Strain controlled fatigue test 

Strain controlled fatigue tests were conducted in accordance with ASTM E606 and Testing procedures for 
Strain Controlled Fatigue Testing developed by AutoISteel Partnership Sheet Steel Fatigue Group [All. 
Testing was conducted on a 3 kip MTS closed-loop servo- hydraulic system using smooth specimens with a 
total strain amplitude ranging from 0.1% to 0.8%. Three replicates for each strain level were used. The 
highest amplitude is limited by the strength and thickness of the steel due to the propensity to buckling. The 
geometry of the specimens is shown in Figure A3. Tests were fdly reversed tension-compression and 
terminated when the tensile load is dropped by 60%, indicating cracks in the specimens. Run-out was 
defined when no failure occurred after 5 million cycles. 

4.1.2 Notched fatigue test 

Notch sensitivity was tested using center hole specimens withthe stress concentration factor, K, = 2.5. The 
dimensions of the specimens are shown in Figure A4. Tests were load controlled in accordance with the 
ASTM E466. The load was l l l y  reversed tension-compression with R = -  1, where R =  Pminh'max, Pmin is 
the minimum load and P,, is the maximum load. Cracks initiated from the edges of the center hole and 
propagated along the width direction. Notice that the notched specimen has a much larger cross section 
than the smooth specimen. Therefore, if the same load drop is used to terminate tests, the fatigue life in the 
notched specimen testing will include much longer crack propagation than in the smooth specimen tests. In 
order to keep the crack length in the notched fatigue testing similar to that in the smooth specimens, crack 
detection gages were glued on a surface along both sides of the hole as shown in Figure A5. A circuit was 
set up in such a way that when the crack propagates past the gage, the gage is broken and testing is 
terminated. Our experience showed that cracks in smooth specimens were generally around lmm long 
when the tests were terminated. The distance between the crack detection gages and the edges of the hole 
was thus set at lmm. Practice showed that the crack detection gages worked very well and tests were 
consistently terminated at crack lengths within 0.9 - 1.2mm. Tests were conducted on a 20 kip MTS 
closed-loop 
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servo-hydraulic machine. Again, run-out was defined by 5x106 cycles without failure. 

4.2 Results 

4.2.1 Strain-controlled fatigue 

The strain - life plot is shown in Figure A6. In the plot, as is customary in fatigue testing, the number of 
cycles is replaced by the number of reversals which is twice the number of cycles. Using the elastic and 
plastic strain components, which are not shown in the plot, the strain-life parameters can be calculated. They 
are listed in Table A2. The parameters are the input for fatigue life prediction as the material property. 

As discussed in detail in the previous work by B. Yan et al. [A2], for most engineering parts where applied 
load is fixed and failure occurs at the stress raiser, the fatigue strength of different steels is better compared 
using the JG- vs. life curve. The bo and A& are the stress and strain range during the test. The 
parameter, JG , which is first introduced by Neuber [A31 and is related to the local stress at the notch 
tip by Topper et al. [A4]. This parameter is equivalent to the local elastic stress at the notch tip obtained by 
FEA simulation when determining fatigue life, it is referred to as the Equivalent Notch Stress. Figure A7 
shows the JG vs. life plot for the seven steels tested. The differentiation between the steels is much 
more apparent than in Figure A6. 

It should be pointed out that only one set of data was generated for each steel grade. Due to the property 
variability for steels within a grade, there is also variation of fatigue properties. After testing three coils of the 
same grade from each steel producer for three producers, the Auto/Steel Partnership Sheet Steel Fatigue 
Program found that the Scattering Factor for a grade within a producer can be as high as 2.0. The 

Scattering Factor is defined as , where N,,, and Nmin are the maximum and minimum fatigue life, 

respectively, for a specified strain amplitude applied [A5]. This means that for a given strain amplitude 
tested for the three coils, the maximum life can be 4 times the minimum fatigue life in the worst case. Typical 
strain vs. life curves for three coils of cold rolled DQSK from the same producer are given in Figure A& 
showing possible variations of fatigue properties [As]. 

With this variability in mind, it can been seen that, in general, each group of steels exhibits similar fatigue 
strength and the higher the tensile strength, the higher the fatigue strength. The fatigue strengths of the steels 
in Group 1 , BH300, HSLA350 and MOW, are similar. The steels in the second group, i.e. steels with UTS 
of 590-600 MPa, all show higher fatigue strength than the steels in the first group. And Group 3, DP800 
exhibits even higher fatigue strength than Group 2. 

Within Group 2, the HSS590 and DP600 exhibit similar fatigue strength. However, TRIP590 exhibits 
exceptionally higher fatigue strength, similar to DP800. This exceptionally high fatigue strength is believed to 
be the result of progressive phase transformation of retained austenite to martensite during cyclic 
deformation. This additional strengthening delays crack initiation and propagation processes and therefore 
improves fatigue life. 
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Table A2 Fatigue Properties 
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In Figure A9, HSS590, DP600 and TRIP590 are compared with HSLA350. The advantage ofthe AHSS 
over the conventional high strength steel is evident with TRIP590 showing the best fatigue strength. 

Endurance limits were determined by running additional tests under stress control and the results are also 
given in Table A2. The endurance limit is the stress amplitude equal and below which no fatigue failure will 
occur. Along with the endurance limit, the fatigue ratio, that is the ratio of endurance limit/UTS, is also 
listed. Again, the BH300, MOW and HSLA350 exhibit the similar endurance limits, -200 MPa. The 
endurance limits for HSS590 and DP600 are 15% higher. And the endurance limit for DP800 is 50% 
higher. The TRIP590 exhibits a endurance limit of 336 MPa, which is 68% higher than those for Group 1, 
46% higher than the other two steels in the same group, and even 10% higher than the endurance limit of 
DP800. 

It should be noted that the endurance limit was defined by 5x 1 O6 cycles without failure. Recent study shows 
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that steel may still fail aRer lo8 to lo9 cycles even at stress ranges equal or below the endurance limit [A6, 
A7]. One thus has to be cautious when using the endurance limit for gigacycle applications. Furthermore, the 
fatigue properties generated in this study are for the steels in the as-received condition. Since forming stmin 
can affect the tensile properties of the steel, especially for dual phase and TRIP steels, the fatigue strength of 
the formed part will be different from the steels in the as-received condition. 

4.2.2 Fatigue of notched specimens 

Figure A10 shows nominal stress amplitude, AS/2, vs. 2Nffor the steels tested. The nominal stress was 
calculated by using the net cross section. These are the regression curves from testing data and are shown 
only within 2000 to 5x106 reversals where testing data are available. For legibility, no data points are 
shown. 

The smooth specimen results showed that the steels within a group normally exhibit similar fatigue strength 
except TRIP590. This is again true for notched specimens as shown in Figure A1 0. With a center hole of 
Kt=2.5, BH300, HSLA350 and 44OW show similar fatigue strength. Although 44OW seems to have lower 
fatigue strength at the low cycle region and higher fatigue strength at the high cycle region, variations of 
fatigue strength fromcoil to coil may eliminate the differences we see f7om the single-coil data. HSS590 and 
DP600 also show similar notch fatigue strength. Similar to the base metal fatigue property, TRIP590 again 
exhibits much higher notch fatigue strength. However, while DP800 exhibits notch fatigue strength higher 
than DP600 at the low cycle range, in the high cycle region, its fatigue strength decreases quickly and 
approaching the fatigue strength of DP600. 

Figure A1 1 shows the AS/2 vs. 2Nf curve for HSS590, DP600 and TRIP590 in comparison with 
HSLA350. Testing data points are also given in the plot. Similar to the testing results for the smooth 
specimens as shown in Figure A9, AHSS again show better notch fatigue strength over the conventional 
high strength steels, HSLA350. The TRIP590 maintains it best fatigue strength. 

Notch endurance limits with a center hole of Kt 2.5 are also given in Table A2. The notch endurance limits 
are much lower than the endurance limits for the base metals, indicating a significant drop as the result of the 
center hole. However, similar to the base metals, HSS590 and DP600 exhibit 
around 10- 15% higher notch endurance limit than steels in Group 1. TRIP590 shows an even higher notch 
endurance limit. In other words, notch sensitivities of these steels are very similar so that the presence of a 
notch does not negatively affect the advantage of the AHSS over the conventional high strength steels in 
fatigue resistance. The only exception is DP800, which shows a notch endurance limit only slightly higher 
than that of DP600. 

Fatigue notch sensitivity can be evaluated by the fatigue stress concentration factor, &. One simple 
measurement is by calculating the ratio of the endurance limit over the notch endurance limit, oJo,. This 
value represents the notch sensitivity of the steels at high cycle fatigue region. The values are given in Table 
A2 and show that the notch sensitivity of the steels tested at high cycle region is very similar, with a Kfvalue 
of 1.60- 1.61, except TRIP590 and DP800. DP800 shows higher notch sensitivity, Kf = 2.09, due to its 
higher strength. The Kfvalue of TRIP590 is 1.89 which is higher than the other steels. The reasons for this 
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slightly higher notch sensitivity are not clear. 
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Figure A 10 AS/2 vs. 2Nf for notched fatigue tests 
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It should be noted that the Kf value is different at different life ranges. Due to the variability of the 
steel properties as mentioned in this paper, no attempt is made to study the Kfvalue as a function of fatigue 
life. However, it can be concluded that, except for DP800, the difference of the notch sensitivity for the 
steels tested in this study is not significant. It is supported by the fact that the relative fatigue strength of these 
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steels is the same with or without notches. 

5. High Strain Rate Behavior 

5.1 Experiment 

High strain rate testing is much more complicated than quasi- static testing due to the increasing influence of 
stress wave propagation. In addition, several different testing methods are available, each is applicable for 
different ranges of strain rates. Some of the testing techniques are relatively unfamiliar to the steel industry, 
such as Split Hopkinson Bar (SHB). In the last few years, the Auto/Steel Partnership High Strain Rate 
Group has coordinated several programs to generate data for a limited number of steel grades. However, 
questions remain as to what testing method should be used and how the variation in stress-stmin data should 
be treated so that results can be easily used by analysis engineers. In this program, efforts were thus also 
made to evaluate the two testing methods, servo-hydraulic and SHB systems. Data processing, including 
data smoothing and curve fitting, will be discussed in detail hoping that this study can provide a basis for the 
fbture development of a standard procedure. 

Six strain rates were selected in this study: 0.001,O. 1 , 10, 100,500 and 1 OOO/s. This is the strain rate range 
considered most relevant to the automobile crash event. The tests at 0.001,O. 1, 10, 100 and 500/s were 
performed using servo-hydraulic loading h e s  at Reinisch- Westfdische Technische Hochschule Aachen 
(RWTH Aachen, Aachen for short). Tests at strain rates 500 and lOOO/s were conducted using Split 
Hopkinson Bar (SHB), both tension and compression, at the University of Dayton Research Institute 
(UDRI). The overlap of the 500/s tests was chosen to compare the two testing techniques. All tests were in 
the "L," direction except the compression SHB tests, where the specimen was tested in the thickness 
direction. 

For servo-hydraulic tests, a flat dog-bone type specimen was used with a gage length of 2Omm. The 
specimen drawing is shown in Figure A1 2a. Three specimens were tested at each condition. Two load cells 
were used in the loading train, a piezoelectric load cell and an in- house fabricated load cell that is part of the 
grip system in order to reduce the distance to the specimen. The piezoelectric load cell was used for strain 
rates less than 5/s, whereas the load cell in the grip was used for higher strain rates. 

The strain was determined by the displacement divided by the gage length. Comparing the measurement by 
using an optical extensometer, Aachen claimed that this method is satisfactory. However, in order to obtain 
direct strain measurements in the small strain region, up to 2%, two out of three specimens were 
instrumented with a strain gage on each side. During the test, load and displacement were recorded with 
time. Strains measured directly from the strain gages were also recorded when available. 

The SHB is routinely used to study mechanical properties of materials at high strain rates in the range of 200 
to 1 05/s. The schematic of the compression SHB system used in this study is shown in Figure A13. The 
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apparatus consists of a striker bar and two pressure bars mounted and aligned longitudinally in bearings that 
support them rigidly in a horizontal plane. The bars are 12.7 mm in diameter and made of Inconel 7 18 alloy. 
The striker bar (0.76 m long) is launched with a torsional spring arrangement and strikes the incident bar 
(3.7 m long) end to end. This sets up a stress pulse in the incident bar. The magnitude of this incident pulse 
is proportional to the striker bar velocity and its duration is equal to twice the acoustic transit time of the 
striker bar. The transit time, t, for this machine is given by 

where 1, = 0.76 m, is the length of the striker bar, Co = ,/E / p = 4825 d s ,  is the elastic wave velocity,E 
and p is the Young's modulus and density of the pressure bar, respectively. Thus, the maximum strain 
obtained is 15.7% for 500/s test and 31.5% for 1OOO/s test. 

A disc specimen, 3.17mm in diameter as shown in Figure A1 2b, was used in the compression SHE3 test and 
was tested in the thickness direction. The specimen is placed between the two pressure bars. As the 
compressive pulse is generated in the incident bar, a portion of this incident pulse ( ~ i )  is transmitted through 
the specimen (E~) and the remainder is reflected back in the incident bar (EJ. The amplitude of the incident, 
reflected and transmitted pulses are recorded by the strain gages mounted on the two pressure bars as 
shown in Figure A13. The stress (o), strain (E) and strain rate ( & ) in the specimen can be calculated from 
the following equations: 

o( t )  =E-&, Ab (t) 
A s  

2c0 
E(t) = -I&, (t)dt 

L o  

&(t) =-E,(t) 2CO 
L 

(3) 

(4) 

where Ab and A,  are the cross-sectional area of the pressure bar and the specimen in the gage area, 
respectively, and L is the gage length of the specimen. The measured strains E ~ ,  E, and E, have the following 
relation when the specimen deformed uniformly: 

E ,  = E i  - E, (5) 

Strain rate is controlled by changing striker bar velocity. Fine adjustment of the striker bar velocity is 
practiced until the target strain rate was reached. 
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A= As Received D=6.0 mm BI=10.0 mm 
H=2 1 .O mm Bzy20.0 lll~ll L,=8 1 .o mm 
C=6.0 mm L2=20.0 mm R=lO.O mm 

Figure A12(a). Tensile specimen used for servo-hydraulic system 

D = 3.17 mm (0.125 in) t = steel thickness 

Figure Al2(b). Specimen used for Compression SHB tests 

LARGE RADIUS 
PERMlSSlf3LE 4 k  VARIABLE 

THICKNESS 

Figure A12(c). Specimen used for tension SHB tests 
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Figure A13. Schematic illustration of the compression SHE3 system. 
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Figure A14. Schematic illustration of the tension SHE3 system. 

The tension SHE3 tests follow the same principles as in the compression SHB test. However, because the 
gage length of the tensile specimen is much longer than that of the compression specimen, the time required 
for the stress to equilibrate within the specimen is much longer [A8]. UDFU facility uses aluminum pressure 
bars in &e tension SHE3 system. The test apparatus is shown in Figure A14. A smaller flat dogbone 
specimeq with a gage length of 7.62mm, was used for the test. The specimen configuration is given in 
Figure A 12c. The stress, strain and strain rates were obtained h m  the same equations. Since the maximum 
strain is only 15.7% for 500/s tests, which is less than the total elongation for the testing materials for this 
study, specimens were not extended to failure at this strain rate. 

5.2 Data Reduction 

Raw data obtained in servo-hydraulic tests and in SHB tests have different features. Therefore, different 
data reduction procedures were developed and are discussed here. 

5.2.1 Results from the servo-hydraulic tests 
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Figure A15. Stress and strain data fi-om servo-hydraulic tests 

Typical stress-strain curves from the servo-hydraulic systems are given in Figure A15 for 44OW. This type 
of stress strain curve is common for high strain rate testing. There are several features which are compared 
here to quasi-static tensile curves: 

. The linear elastic region is delayed by a region of slow increase of stress. 
The slope of the linear region is much smaller than the modulus of elasticity at quasi-static testing. 
There is a significant load fluctuation at high strain rates which is the result of ringing of the load 
measuring system. 

The causes of the first two phenomena are not totally understood. They can be related to the acceleration of 
the actuator, the stiaess of the loading system, and the signal delay of the displacement and load due to 
their different locations. As we were told by Aachen, in order to get data of better quality, two different 
dampers were used for strain rates of 0.00 1 and 0. l/s, and strain rates of 10, 100 and 500/s, respectively. 
This also contributed to the differences between the curves for these two strain rate ranges. 

Generally, it takes a great deal of tedious data processing to correct the early sections of the stress-strain 
curve, including slope adjustment. In this study, we rely on the stress-strain data measured by the strain 
gages as the more accurate information in the elastic region. The following procedures were developed in 
this study to achieve stress-strain data of good quality (using the 44OW data at 500h for illustration): 

VerifL the strain rate by plotting displacement data versus time. Figure A16 shows a 
displacement vs. time curve for a 44OW specimen tested at a nominal strain rate of 500/s. The 
slope of the data is 943 lmm/s as shown and the strain rate for this test is 943 1 (mm/s)/20 (mm) 
= 472 Is, which is fairly accurate for a 500/s test. 

2. Plot the engineering stress-strain data both fi-om direct strain gage measurement and fiom 
displacement calculation on the same graph (see Figure A1 7). The strain gage data terminated 

1. 
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at around 2%. To hlly utilize the strain gage data, the data point A’ on the displacement- 
converted curve corresponding to the end point of the strain gauged curve, A, is identified first. 
The displacement-converted data with strains less than A’ are discarded. The remaining curve 
of the displacement-converted data is shifted to the left so that the two curves are connected. 
The strain of the displacement-converted curve was recalculated to adjust the change of the 
slope as shown in Figure A17 using the following formula: 

Where - corrected strain value 
&measured - Strain value on the displacement-converted curve 
&shift - the amount of 
&,dj - the amount of strain to compensate for the incorrect modulus 
Eapp - the apparent modulus in the displacement converted data 
&h - theoretical modulus of elasticity for steel 
A o  - Stress increase aRer point A. 

~ h i R  from A’ to A 

3. The 111 stress-strain curve is shown in Figure A18. 
4. Smooth the curve by polynomial fitting. First select the stress-strain data between the oscillating 

part of the stress strain curve. Then apply %degree or 4-degree polynomial fitting. Finally 
extrapolate the fitted curve towards smaller strains to extend it to the original curve, as shown in 
Figure A19. 

5.  The yield stress, tensile stress, uniform elongation and total elongation can be obtained from the 
shifted and smoothed curve, as shown in Figure A20. Since the lower yield is taken as the 
interception of the fitted curve and the ori@ strain gaged curve, the determination of the yield 
strength at high rates is thus not accurate because it depends on how the polynomial fitting is 
performed. In contrast, the tensile stress is much less sensitive to the fitting method. 

6. As the final step, the engineering stress and strain were converted to true stress and strain using 
the following relations as shown in Figure A21 : 
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440W 500/s 

Figure A16. A typical plot for displacement vs. time 
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Figure A17. Two engineering stress strain curves. The short one directly from strain gage 
measurement. The 111  curve was calculated from displacement. 
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Figure A18. Shifted engineering stress-shin curve. 
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Figure A19. Polynomial fitting to get smoothed stress-shin curve. 
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Figure A20. Shifted and smoothed engineering stress-strain curve. 
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Figure A2 1. Smoothed true stress - strain curve 
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5.2.2 Results from SHB systems 

The true stress-strain data for 440W at 500/s are shown in Figure A22 for both tension and compression 
tests. The tension data show a high degree of oscillation, which is due to the longer stress equilibrium time 
associated with the longer gage length of the tension specimens. On the other hand, the compression data 
are much more stable. A close look at the strain rate vs. time data (Figure A23) reveals that the strain rate 
for the compression SHB tests never stabilized. In fact, it continuously dropped from 200% of the target 
value at the beginning of the test, lOOO/s, to 50% of the target, 250/s, at the end of the test. In contrast, the 
strain rate in the tension SHB tests was relatively stable. 

Using a similar s m o o h g  method, stress- strain data for the tension SHB tests at 5% strain or higher were 
smoothed by 3 - or 4- order polynomial fitting. The data with strains less than 5% were discarded due to the 
instability of the strain rate (see Figure A24). Finally, the true stress and true strain were calculated and 
plotted. No smoothing was needed for the compression SHB results. 
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Figure A22. Stress and strain data from SHB tests 
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Figure A23. Strain rate vs. time for tension and compression SHB tests 
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Figure A24. Polynomial smoothing of tension SHE3 data. 
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5.3 Results 

5.3.1 Comparison of Various Testing Methods 

As shown in Figure A22, there are significant differences in the true stress- strain curves between the tension 
and compression SHB tests. It is speculated that the differences are mainly due to the different loading 
modes. In the tension SHB test, the steel is subjected to uniaxial tensile loading, whereas in the 
compression SHB test a compressive load is applied through thickness, which is equivalent to a biaxial in- 
plane stretch. Yan and et al. showed that the yield strength of an 8% biaxially stretched IF steel is 40% 
higher than the 8% flow stress during a tensile test (375 MPa vs. 266 MPa) [MI. This indicates that the 
flow stress at a certain effective strain can be quite different when the deformation is achieved by two 
different strain paths. Anisotropy can also contribute to the difference. However, its contribution decreases 
as the r-value approaches 1 .O, as for many high strength steels. An additional factor that may contribute to 
the difference is the surface friction, which might affect the compression tests but not the tension test. The 
difference between the tension and compression SHB decreases with increasing strain rate as shown in 
Figure A25, which exhibits the true stress-stain at 1OOO/s for the same steel as in Figure A22 (44OW). The 
stress-strain curves from the tension and compression SHB show excellent agreement except much more 
ringing in the tension results. The difference between the tension and compression SHB also decreases with 
the strength of steels. Figure A26 shows the true stress-strain curves for DP800 at 500/s. The difference is 
much smaller than MOW as shown in Figure A22. 

The true stress-strain curves from the servo-hydraulic system and the SHB tests at 500/s are compared in 
Figure A27 for MOW. The tension SHB data match the servo-hydraulic data much better than the 
compression SHB data. This is true for all the steels tested. Thus, the tension SHB data is a better 
representation for the tensile behavior at higher strain rates. Only the tension SHB data at 1 OOO/s will be 
combined with the data generated by servo-hydraulic systems for further analysis. For the strain rate of 
500/s, data from the servo-hydraulic system are used due to the higher fluctuation of the SHB data. 
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Figure A25. Comparison of true stress-strain curves between tension and compression SHB for 
440W at lOOO/s. 
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Figure A26. Comparison of true stress-strain curves between tension and compression SHB for 
DP800 at 500/s. 
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Figure A27 Comparison of true stress-strain curves between servo-hydraulic tests and SHB for 
440W at 500/s. 
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5.3.2 Stress-Strain Data at High Strain Rates 

It is observed that the data from the two testing labs are of excellent repeatability. Comparison showed that 
choosing one curve offers as satisfactory an accuracy as averaging two or three duplicating testing curves. 
Thus only one representative curve is selected for each strain rate. 

Due to the resolution and noise of the measurement system, accurate measurement of the modulus of 
elasticity is always difficult. Figures A28a and A28b show the small strain region of the stress-strain curves 
for BH300 and HSLA350 from the strain gaged data. Although variations exist, no systematic change ofthe 
modulus of elasticity can be seen. This observation indicates that the elastic modulus measured at high strain 
rates is essentially the same as that at the quasi-static condition. 

The true stress - strain curves for each steel grade processed as discussed in the previous section are given 
m Figures A29a to A29g. The true flow stresses at 0.5,2,5, 15,20 and 25% of true strain are given in 
Table A3. The YS, UTS, TE, UE and n-value for the seven steels are summarized in Table A4. The 
following can be noted 

Aachen could not achieve O.OOl/s in their system. The strain rate of 0.005/s was used instead. 
Since the loadmg rate at small strains for the SHB tests was very unstable, no yield stress was 
determined for the 1OOO/s tests. 
Only the total elongation values from the Aachen's tests are given in the table. No data are given for the 
1 OOO/s that were tested by tension SHB. This is because the tension SHB used specimens with a gage 
length of 9.5mm that is much shorter than the gage length of 2Omm used by the servohydaulic system. 
The total elongation values are thus not comparable. For the same reason, the total elongation values at 
0.005/s are much higher than those from the quasi- static tensile tests listed in Table A 1. The quasi- static 
tensile tests used the standard specimens with a gage length of 5Omm that is much larger than that used 
at Aachen. 
The fbll curve n-values were determined using the true stress- strain data from 2% true strain to uniform 
elongation for strain rates of 0.005,0.1, 10 and lOO/s. Since the data above lOO/s usually involved 
significant oscillation, the fitting quality reduced drastically. Therefore, no attempt was made to obtain n- 
values for the 500/s and 1OOO/s tests. 

The capability of energy absorption is evaluated by using two parameters: 

The former is a rough measurement of energy absorption during the tensile test upto necking, which 
represents the capability of a steel to absorb energy. The latter is the area below the stress-strain curve 
upto 10% of strain, which is believed to be equivalent to the energy absorbed during crash event for 
certain structures and therefore can be used to compare the relative crash performance of steels [A9, 
A lo]. These two parameters were calculated and measured, respectively, at different strain rates and 
the values are listed in Table A4. Since no YS was measured for the SHB tests, no value was obtained 
for the first parameter at lOOO/s. 

*UE andElo%. YS +UTS 
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Figure A28a) Stress-strain data from strain gages for BH300, showing little systematic change of 
the modulus of elasticity with strain rates 
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Figure A28b) Stress-strain data from strain gages for HSLA350, showing little systematic change 
of the modulus of elasticity with stmin rates 
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Figure A29a) Smoothed true stress-strain curves at various strain rates for BH300. 
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Figure A29b) Smoothed true stress-strain curves at various strain rates for HSLA350. 
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Figure A29c) Smoothed true stress-strain curves at various strain rates for MOW. 
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Figure A29d) Smoothed true stress-strain curves at various strain rates for HSS590. 
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TRIP590 Smoothed 
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Figure A29e) Smoothed true stress-strain curves at various strain rates for TRIP590. 
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Figure A290 Smoothed true stress-strain curves at various strain rates for DP600. 
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Figure A29g) Smoothed true stress-strain curves at various strain rates for DP800. 
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Table A3. True Flow Stresses at Various Strain Rates 
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Table A4. Tensile Properties at Various Strain Rates 
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5.3.3 Strain Rate Effect 

The yield stress and ultimate tensile stress of each steel grade are plotted versus strain rate, as shown in 
Figures A30 and A3 1. Positive strain rate sensitivity was observed for all the steel grades. Notice the strain 
rate sensitivity is very low at strain rates below 0. Us, and higher when the strain rates are higher than 0. Us, 
even higher for strain rates above 1OO/s. 

The change in UE and TE with strain rate is more complicated than YS and TS, as shown in Figures A32 
and A33. It decreases first and then increases with minima at -0. Us. The UE drops again when the strain 
rate is higher than lOO/s. While few UE and TE data are available in the literature, Rashid [A1 13 and 
Chatfield et al. [A121 showed similar behavior as observed in this study when testing mild and HSLA steels. 
Unfortunately, such a variation in UE data was overlooked and treated as an experimental variation. As a 
result, a straight line was drawn. On the other hand, Shi and Meuleman found almost no effect of strain rate 
on TE [A13]. The discrepency may be related to the strain rate range tested, the gage length of the 
specimens and the error of testing. Nevertheless, the authors believe Figures A32 truly reflects the 
dependence of UE on strain rate. 

Explanation for the dependence of UE on strain rate is attempted here. Plastic strain is mainly achieved by 
gliding of dislocations, which involves thermally activated motion of dislocations. For example, cross slip is 
often needed to overcome the barriers. At high strain rate, a thermally activated process becomes difficult 
due to less time available [A14]. Therefore, ductility is lower and flow stress increases at high strain rates. 
On the other hand, high strain rate may also delay necking and increases UE if strain rate sensitivity is higher 
at high strain rates. In this phenomenon, the localized necking area becomes harder and the deformation is 
spreading towards the neighboring areas. These two opposite processes may control the UE at different 
strain rates. At lower strain rates, < 0. l/s, as indicated in Figures A30 and A3 1 , strain rate sensitivity of the 
tensile strength is relatively low, the effect of thermal activation is dominant, the UE decreases with 
increasing strain rate (Figure A32). At strain rates higher than O.l/s, strain rate sensitivity of the tensile 
strength increases, suppression of necking becomes dominant, and UE increases. Note that the suppression 
of necking is also a time dependent process. At even higher strain rates, >lOO/s, the localized necking area 
quickly hctures due to insufficient time to deform further and to spread the strain throughout the gage 
section of the specimen, resulting in the drastic drop of the UE as shown in Figure A32. 
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Figure A32. Uniform elongation vs. strain rate 
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Figure A33. Total elongation vs. strain rate 
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Figure A34. rrvalues vs. strain rate 
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Figure A35. Energy absorption before necking per unit volume vs. strain rate. 
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Figure A36 Energy absorption before necking per unit volume vs. strain rate for HSS590, DP600 
and TRIP590 in comparison with HSLA350. 

The dependence of work hardening rates of the steels on sh in  rate can be seen in Figure A34, where n- 
values are plotted against strain rate. The TRIP steel shows the highest over all nvalues, around 0.2. 
Though the determination of nvalues is subjective, especially at high strain rate, several trends can be 
pointed out from the plot. First, for lower strength steels, such as BH300, the n-value tends to decrease 
with strain rate. 440W shows the same pattern. This result is in agreement with many previous studies for 
lower strength steels such as IF and DQSK [AlO, A12, A141. With the increase of steel strength, the n- 
value becomes less dependent on the strain rate, as seen for all other five high strength steels. The 
decreasing strain rate sensitivity of n-value with increase steel strength was also noted by Shi et al. [A 121. 
The low sensitivity of rrvalue for higher strength steels implies that the formability of the high strength steels 
may not deteriorate as much as DQSK. 
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Figure A37 Energy absorption below 10% strain in the stress-strain curve vs. strain rate 

0.1 

0.09 

0.08 

0.07 

0.03 

0.02 

0.01 

0 
200 300 400 500 600 700 800 900 

UTS at 103/s,MPa 

Figure A38 Energy absorption below 10% strain in the stress-strain curve vs. UTS at 10-3/s 
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Energy absorption during tests at high strain rates is an important indicator for measuring the 
crashworthiness of the steel. The values of [(YS+TS)/2]*UE is plotted versus strain rate for each material 
in Figure A35. The curves follow the same pattern as that of uniform elongation, as seen in Figure A32 since 
UE is one of the major contributor to the energy absorption. It is clear that the TRIP steel shows a superior 
energy absorption capability to the other steels within the strain rate investigated. Although its YS and UTS 
are lower than those of DP600, its energy absorption is the highest due to its superior UE. HSLA350 has 
the lowest energy absorption except at the quasi-static condition. It is also surprising to see that although 
DP800 has a much higher strength than other steel grades, its energy absorption is at most comparable with 
BH300, 440W, HSS590 and DP600 at strain rates below lOO/s. Only at very high strain rates, 500/s, 
does DP800 exhibit higher energy absorption than the other steels, since unlike the other steels, its UE did 
not drop as much at 500/s as discussed. 

Figure A36 shows the comparison of HSS590, DP600 and TRIP590 with HSLA350 for the energy 
absorption. The advantage of the AHSS over the conventional HSS is evident. Ifthe value at 1OO/s is used 
for comparison, the results show that the energy absorption for HSS590 is 5 1 % higher than that for the 
HSLA350. The DP600 and TRIP590 are 81% and 100% higher, respectively. 

However, the Elo% shows a totally different picture as shown in Figure A37. The strain rate dependence 
does not show any resemblance to the UE behavior. The El,,% increases with increasing strain rate for all 
steels. In contrast to the total energy absorption before necking, DP800 exhibits the highest Elo% values. In 
Group 2, DP600 exhibits the highest Elo% value. HSS590 and TRIP590 show similar Elo%, lower than 
DP600. TRIP590 no longer shows any advantage over DP600 and HSS590. The steels in Group 1 exhibit 
even lower Elo% values with BH300 being the lowest. Figure A38 is a plot for Elo% vs. UTS at 10-3/s for 
both 1 OO/s and 500/s. The results show that Elo% value is linearly dependent on the UTS of the steel in the 
quasi- static condition. 

HSS590, DP600 and TRIP590, still exhibit better energy absorption of Elo% than HSLA350. However, the 
improvement at 1 OO/s is reduced to 17%, 34% and 17%, respectively. Much lower than the improvements 
for the [(YS+TS)/2]*UE as discussed. This indicates that if only lo%, or any fixed amount of deformation 
is allowed in a structure during crash, the improvement of the crash performance by using the AHSS to 
replace the conventional HSS is less than the AHSS potentially can offer. It should be noted that stamping 
or other forming process could change the strength and microstructure of the steels and thus affect the 
energy absorption capability during M e r  crash deformation. 
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Figure A39 Stress ratio between UTS at 500h and 0.005/s as a fhction of UTS at 0.005/s. 

Figure A40 Stress increase between UTS at 0.005/s and 500/s vs. UTS at 0.005/s 
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5.3.4 Strain Rate Sensitivity 

To evaluate the strain rate sensitivity of these seven different steels, the following simplified Johnson - Cook 
equations are used here: 

YS =YSo *(I +c, *In[$)) (9) 

where io = 0.005 in this case, YSo and UTSO are the corresponding yield strength and ultimate tensile 
strength, respectively. C ys and CUTS are the strain rate sensitivity factor for YS and UTS, respectively. The 
higher the C value, the higher the strain rate sensitivity. By plotting the YSNSo and UTS/UTSo as a function 
of ln(&/&o), the CYS and CUTS can be determined from the linear regression. The values are listed in Table 
A5. In addition, the values generated in a separate project [A161 are also given in a parenthesis for 
comparison. As mentioned, the measurement of YS is less accurate. Therefore, the value CYS is less reliable 
than the CUTS. Comparison with previous results given in the parentheses also shows much better 
reproducibility of the CUTS value. The following discussion on strain rate sensitivity will be based on the 
CUTS value only. 

Table A5 CYS and CUTS for Simplified JohnsonCook Model 

* The data in the parentheses are from B. Yan, Rekrence [A16]. 
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As normally believed, the strain rate sensitivity decreases with the strength of the steel. The CUTS values in 
Table A5 again confirm this to be true. The steels in Group 1, BH300,440W and HSLA350, exhibit 
similar Strain rate sensitivity, CUTS = 0.021 3-0.0225. The strain rate sensitivities of the steels in Group 2, 
HSS590, DP600 and TRIP590, with CUTS = 0.0139-0.0188, are lower than those of steels in Group 1. 
And Group 3, DP800 exhibits the lowest strain rate sensitivity and the lowest CUTS value, 0.01 17. 

In Group 2, DP600 shows slightly higher strain rate sensitivity than HSS590. TRIP590 exhibits the lowest 
strain rate sensitivity. This is related to the decreasing tensile strength at lOOO/s as mentioned. 

Some researchers use the dynamic factor, the ratio of the UTS at high strain divided by the UTS at the 
quasi-static condition [A17, A181. Figure A39 shows the ratio ofUTS at 500/s vs. the UTS at 0.005/s as a 
hc t ion  of the quasi-static UTS. It again shows that the strain rate sensitivity decreases with the tensile 
strength of the steels at the quasi-static condition. 

However, it should be noted that the increase of the flow stress due to the increase of strain rate does not 
change significantly for steels of different strength. Only the percentage increase, or the ratio, of the flow 
stress decreases with increasing tensile strength of the steel. Figure A40 shows the stress increase between 
the UTS at 500/s and 0.005/s as a function of the quasi-static UTS. It is evident while the stress ratio 
decreases with the increase of UTS as shown in Figure A39 the increase of UTS is around 1 10 MPa for all 
the steels tested. This translates to 22 MPa increase of UTS for each increase in order of strain rate 
magnitude in average. 

It is noticed that TRIP590 seems to have much lower strain rate sensitivity than HSS590 and DP600 as 
shown in Figures A39 and A40. Its CUTS value is also the lowest in Group 2. It is possible that heat 
generated at high strain rates may have increased the stability of the retained austenite and thus decreases 
UTS as demonstrated by Kanz et al. [A19]. However, more tests for TRIP steels should be conducted in 
order to collect more evidence. 

5.4 Constitutive Model 

The smoothed tensile stress strain data can be fit for different constitutive models. In the last section, a 
simplified JohnsonCook model was used to fit the YS or UTS only to demonstrate the strain rate 
sensitivity. In crash analysis, the entire stress- strain curve rather than only one or two data points should be 
fit to certain constitutive models. Zedli - Armstrong (ZA) and JohnsonCook (JC) models are popular ones 
for crash simulation. The former is additive and the latter is multiplicative. This means that the ZA model 
predicts stress-strain curves parallel to each other, whereas the JC model predicts diverging curves. 
However, test results can vary and often show "converging" curves, which is attributed to adiabatic heating 
[A20]. In order to fit the test results with more flexibility, a new modified model based on the Johnson 
Cook model is developed in this study. The new model can be expressed by the following equation without 
the temperature term: 
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0 = K&"[l+ C(&)ln &I 
C(&) = DE"' 

(1 1) 

n 

In this equation, the true stress-strain curve is simplified by a power law relation, KE". In contrast to the JC 
model, where C is a constant, the C ( E )  in this model is a power hc t ion  of strain E .  D and n' are the 
constants. Depending on the value of n', the curves can be "additive" if (n + n ',) = 0, "diverging" if (n  + n ',) 
>o, or "converging" if (n + n') < 0. 

n' UE CUTS = 

DOTE)"' 

The results of fitting parameters K, n, D and n' are listed in Table A6. All these steels showed the diverging 
feature, not the converging as reported by Los Alamos National Lab [NO]. Comparisons between the 
model prediction and actual smoothed experimental data can be seen in Figures A41 a to A4 1 g. The fit for 
the experimental data is reasonably good. However, the prediction is lower than the experimental data at 
lOOO/s for all steels. 

0.194 

0.201 

0.141 

0.211 

Table A6. Parameters for the New Constitutive Model 

-0.0849 0.235 0.0202 

-0.0061 0.229 0.0206 

0.0515 0.181 0.0233 

0.235 0.206 0.0173 

Steel 
Grade 

0.0139 

BH300 

0.215 

440W 

0.153 

0.135 

HSLA350 

HSS590 

0.148 0.182 0.0164 

0.168 0.147 0.0107 

TRIP590 

DP600 

DP800 

T 
760.6 I 0.0179 

0.226 I 0.0049 I 0.253 I 0.0126 

Table 5 Table 4 

0.02 13 0.134 

0.0154 0.198 

82 



BH300 Model Prediction 

700 I 

600 

500 - 
n 

400 
r e 

2 
300 

I- 

100 

0.005/s 

4 1o/s 
1 oo/s 
5001s 

- lOOO/s SHE 

I .  

0.00 0.05 0.10 0.15 0.20 0.25 0.30 

True Strain 

Figure A41a. Comparison between the smoothed experimental data and model prediction (dashed 
lines) for BH300. 

44OW Model Prediction 

600 

700 

600 

2 500 
E. 

tj 

r g 400 

a 2 300 
c 

0.0051s 
O. l /s  

4 101s 
1 oo/s 
500/s c . 10001s SH 

'I- 0 ~ 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 
True Strain 

Figure A41 b. Comparison between the smoothed experimental data and model prediction (dashed 
lines) for MOW. 
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HSLA350 Model Prediction 
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Figure A41c. Comparison between the smoothed experimental data and model prediction (dashed 
lines) for HSLA350. 
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Figure A4 1 d. Comparison between the smoothed experimental data and model prediction (dashed 
lines) for HSS590. 
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DP600 Model Prediction 
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Figure A41e. Comparison between the smoothed experimental data and model prediction (dashed 
lines) for DP600. 

TRIP590 Model Prediction 
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Figure A41 f. Comparison between the smoothed experimental data and model prediction (dashed 
lines) for TRLp590. 
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DP800 Model Prediction 
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Figure A4 1 g. Comparison between the smoothed experimental data and model prediction (dashed 
lines) for DP800. 

It is interesting to note that the n-value obtained by the model is a very good approximation of the averaged 
n-value from Table A4, as seen in Table A6. The C value represents the strain rate sensitivity as a hct ion 
of strain in the new model. In order to compare the strain rate sensitivity of the steels tested, the C value for 
the UTS is again calculated here by CUTS = D *(UE)"' and listed in Table A6. The CUTS values again show 
that the BH300, MOW and HSLA350 exhibit similar strain rate sensitivity, HSS590, DP600 and TRIP590 
exhibit similar strain sensitivity and DP800 exhibits the lowest strain rate sensitivity. It is not surprising that 
the Curs values derived from this new mdel are very close to the CUTS values derived by a simplified 
Johnson- Cook model in the previous section. 

Notice that if we change the model to the following form: 

C(E)  = DE"' 

and take 

& =0.001 
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then KE" is the power law equation of the quasi-static stress strain curve. By estimating the D and n' 
values fiom the testing results of steels with similar strength, the stress-strain data at high strain rates for a 
new steel may be generated fi-om this equation when no testing data are available. More detailed evaluation 
of the new constitutive model is underway and will be reported elsewhere when completed. 

6. Conclusions 

In addition to the data generated for the six AHSS and one conventional HSS in fatigue, notchsensitivity 
and high strain rate, the following can be concluded fiom this study: 

Fatigue 

1. 

2. 

3. 

4. 

In general, the steels with similar UTS exhibit similar fatigue strength. The higher the UTS, the better the 
fatigue strength. For example, the steels in Group 1 with UTS between 400-440 MPa, BH300,440W 
and HSLA350, exhibited similar fatigue strength. The steels in the Group 2 with UTS of 590-600 
MPa, HSS590 and DP600 and TRIP590, exhibited better fatigue strength than the steels in Group 1. 
The steel in Group 3, DP800, exhibited even higher fatigue strength. 
The fatigue strength of the dual phase steel, DP600, is not significantly different from HSS590. 
However, TRIP590 exhibited exceptionally high fatigue strength. This is believed to be the result of 
extra strengthening from the retained austenite to martensite transformation during cyclic deformation. 
The AHSS exhibit a significant advantage over the conventional high strength steels. In particular, the 
fatigue limit of HSS590 and DP600 is 15% higher than that for HSLA350. The fatigue limit of TRIP590 
is 68% higher than that of HSLA350. 
Stress concentration as a result of a centered hole significantly reduces the fatigue strength of the steels. 
However, there is no significant difference in notch sensitivity for the steels studied except DP800. 
Therefore, the AHSS maintains its advantage over the conventional HSS, such as HSLA350 even when 
notches are present. The exception is DP800, which exhibits higher notch sensitivity and therefore 
reduced notch fatigue strength at the high cycle region. 

High strain rate testing 

1. The servo-hydraulic system can produce stress-strain data for a wide range of strain rates usell for 
automotive crashworthiness, from quasi-static to 500/s. The stress-strain data produced by tension 
SHB at strain rates higher than 500/s match better with the servo-hydraulic results than the compression 
SHB . 

2. In the servo-hydraulic tests, attaching strain gages can produce high quality strain data up to 2%. It is 
suggested that this method be used in combination with other methods of strain measurement, such as 
displacement or optical extensometer, to assure the quality of the stress- strain curves at high strain rates. 

Tensile properties of the AHSS at high strain rates 

1. There is no obvious change of the modulus of elasticity with strain rate in the strain rate range tested. 
2. All seven steels show a positive strain rate sensitivity. However, the strain rate sensitivity, defined as the 
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3. 

4. 

3. 

5. 

percentage increase, or ratio, of flow stress due to the increase of strain rate, decreases with the 
strength of the steel grade. Steels in the same group exhibit the similar strain rate sensitivity. The steels in 
the Group 1, BH300,440W and HSLA350, exhibit higher strain rate sensitivity than the steels in Group 
2, HSS590, DP600 and TRIP590. The Group3, DP800 exhibits the lowest strain rate sensitivity. 
However, the increase of flow stress is almost constant for all steels tested, around 22 MPa increase of 
UTS for each increase of strain rate in order of magnitude in average. 
The uniform elongation of the steels exhibits a complicated relationship with strain rate. It decreases 
with increasing strain rate below 0. Us, and then increases until lOO/s, where it starts to drop again. This 
phenomenon is attributed to the competing effect of strain rate on the thermal activation process of 
dislocation motion and the suppression of necking. 
For BH300 and MOW, the full curve nvalue decreases with increasing strain rate. The strain rate 
dependence of the nvalue decreases with steel strength. HSLA350 shows very low strain rate 
sensitivity. The TRIP steel shows the highest work hardening rate in the strain rate range investigated. 
Two different parameters can be used to describe the capability of steels to absorb energy in the crash 
event: (YS+UTS)/2*UE, representing the potential of a steel to absorb energy before necking, and EWL, 
, the energy absorption at 10% strain, which can be used to compare crash performance of steels when 
a certain amount of energy absorption is required or a certain amount of deformation is allowed for a 
structure. Using either parameter, the AHSS exhibit better energy absorption capability than the 
conventional high strength steels. 
A new constitutive model, modified from the Johnson - Cook model, has been developed. Using 
parameters in the model as functions of strain, the new model can become additive, multiplacative, or 
neither so that it can fit testing data at various strain rates which are parallel, converging or diverging. 
The model also has a potential to estimate high rate stress-strain data from quasi-static data when no 
testing results are available. 
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Abstract: 

A 2-year project (2001-2002) to generate fatigue and high strain data for a new 
generation of high strength steels (HSS) has been completed in December 2002. The 
project tested eleven steel grades, including Dual Phase (DP) steels, TRansformation 
Induced Plasticity (TRIP) steels, Bake Hardenable (BH) steels, and conventional High 
Strength Low Alloy (HSLA) steels. All of these steels are of great interest in automotive 
industry due to the potential benefit in weight reduction, improved fuel economy, 
enhanced crash energy management and total system cost savings. Fatigue behavior 
includes strain controlled fatigue data and notch sensitivity for high strength steels. High 
strain rate behavior includes stress-strain data for strain rates from O.OOl/s to lOOO/s, 
which are considered the important strain rate ranges for crash event. The steels were 
tested in two phases, seven were tested in Phase 1 and the remaining were tested in Phase 
2. 

In addition to the fatigue data and high strain rate data generated for the steels studied in 
the project, analyses of the testing results revealed that Advanced High Strength Steels 
(AHSS) exhibit significantly higher fatigue strength and crash energy absorption 
capability than conventional HSS. TRIP steels exhibit exceptionally better fatigue 
strength than steels of similar tensile strength but different microstructure, for conditions 
both with or without notches present. 
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