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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 datafor anew generation of high strength sheet stedls, including Dud
Phase (DP) steds, TRansformation Induced Plagticity (TRIP) stedls, Bake Hardenable (BH) steds and
conventiona high strength seds[HSS, W (J S designation) and High Strength Low Alloy (HSLA) stedlq].
Based onthetendle strength, these stedl sare categorized into four groups. Group 1 hasyidd srength (YS)
300- 350 MPaand ultimatetensile strength (UTS) 400-440 M Pa, and includes BH300- Gl , 440W-GA ad
HSLA350-GI. Group 2 has aminimum UTS of 590-600 M Pa, and includes HSS590-CR, DP600-Gl,
DP600-HR(2), TRIPS90-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, which hasonly
onegrade, TRIP980-CR (2). Thenumbersin the gradesdenotethe minimum UTS except BH300-Gl and
HSLA350-GlI, wherethe numbersaretheminimumY S, Surface condition of the eelsisdescribed by the
following designation: GA for gdvanneded, Gl for hot dip gavanized, EG for ectrogavanized, CR for
coldrolled (bare, no coating) and HR for hot rolled. All testing was performed on as-shipped sedswithno
prestrain. These steds were tested in two phases. The number “2” in the parenthesis in the sted grades
indicates the stedl tested in Phase 2.

The project was set out to generate technical datafor automotive engineersto conduct computer Smulaions
for fatigue and crash performances. However, the analyss of the testing results in Phase 1 reveded

tremendous advantage of Advanced High Strength Steds (AHSS), mainly DP and TRIP geds in this
program, over conventiona high strength steds (HSS, HSLA and W). To confirm the positive conclusions
from Phase 1, the project was extended to Phase 2 to test more DPand TRIP steels. Theresultsin Phase
2 confirmed al the conclusons on the significantly better potentia of AHSSin vehicledurability and crash
energy absorption drawn in Phase 1. The mgjor results from the two phases of this project are following:

Fatigue:

1. Fatigue drengthisstrongly dependent on the tensile strength of the sted. Therefore, in generd, fatigue
strength increases following the order of Group 1, Group 2, Group 3 and Group 4. Notch endurance
limit dso increaseswithincreasing tensle strength. For DP and TRIP steds, theincrease diminishesfor
steels of UTS from 600 MPato 800 MPafor hot dip gavanized steels and from 800 MPato 1000
MPafor cold rolled bare stedls.

2. TRIP geds exhibit ggnificantly higher fatigue strengths than steds of amilar strength but different
microstructures, such as DP geds. This is attributed to the additiond strengthening during cydlic
deformation as the result of phase transformation of the retained augtenite to martensite.

3. Comparing with HSLA350, a conventiond HSS, the AHSS in Group 2, HSS590, DP600, and
TRIP600, exhibit sgnificantly higher fatigue strength. Theendurancelimit of DP600 is 30% higher while
TRIP600 is over 70% higher.
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High Strain Rate:

1.

Tendle properties are sendtive to strain rate. YS and UTS increase with gtrain rate. While n-vaue
decreases with drain rate for stedls of lower strength, such as BH300-GI and 440W-GA, dl the
remaining steelsof high strength in this program exhibit an amost congtant n-vaue. Uniform e ongation
(UE) and tota elongation (TE) decreases with strain rate at strain rates below 0.1/s and increases
between 0.1/s and 100/s.

Theincrease of YS and UTSwith increasing strain rateis smadler in the drain rate region below 10/s
and much higher above 10/s. Withinthe strain rateregion of 0.001/sto 1000/s, the averageincrease of
UTS, DUTS, is20.4 MPaper order of magnitudeincrease of srainrate, dmaost acongtant irrespective
of the strength of the stedls.

Enecking 1Sthe energy absorbed beforethe steel starts necking and representsthe potentia of thested in
energy absorption. When Eexing IS cOmpared, TRIP780-CR shows the highest energy absorption
cgpability due to the best combination of high strength and uniform eongation.

E1ov ISthe energy absorbed at 10% of strain. 1t can be used tocompare stedl’ s crash performanceina
dructure in general. The parameter has a strong correlation with tendle strength of stedls. Comparing
with HSLA350, DP600 and TRIP600 exhibit 20%, in average, higher energy absorption.

Similar to thebehavior of UTS, theincrease of Exgy, , DE1gw , i50.0019 Jmm?®, in average, per order of
magnitude increase in srain rate within the srain rate range tested, irrespective of the strength of the
geds. For stedsof 600 MPain UTS, such as DP600 and TRIP600, thismeansalmost 18% increase
in energy absorption when the strain rate increases from quasi-static, 10°/s, to 10%/s.
Servo-hydraulic sysem and tensile Split Hopkinson Bar (SHB) provide reasonably good and consistent
data at the dtrain rate range of interest to the automotive industry, i.e. 0.001 — 1000/s. Resultsfrom
compression SHB does not match what is generated from the servo-hydraulic sysem dueto different
grain paths.

A new form of Johnson-Cook model has been developed, which not only can provide better curve
fitting for various types of stress-strain curves, but also creste away to estimate stress-strain curves at
high gtrain rates by using the quas- 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 thefatigue and high strain rate behaviors of anew generation of high strength sheet
geds. Thefocusof the project was on Advanced High Strength Steds (AHSS), which include dud phase
(DP), transformation induced pladticity (TRIP), and complex phase stedls. The project wasfunded by AlS

and DOE. The project, titled " Characterization of Fatigue and Crash Performance of New Generation of

High Strength Steds for Automotive Applications’, started in January 2001 and completed in December
2002.

Most steds used in this project were commercia products supplied by the member companies of
AlSI/Automotive Application Committee: Bethlehem Sted, Dofasco, Igpat Inland Inc., LTV Sted, Nationa
Sted, Rouge Sted, Stelco and U.S. Stedl when the project started. TRIP steels were secured from
POSCO and ThyssenKrupp Sted sinceno commercia TRIP sted swereavailablein North Americaduring
the course of the program. Testswere conducted by Ispat Inland Inc., Reinisch-Westfdische Technische
Hochschule Aachen (Aachen) and University of Dayton Research Ingtitute (UDRI).

The stedds were tested in two phases. Phase 1 included the following seven sted grades:

440W-GA —1.40 mm
BH300-GI — 1.43 mm
HSLA350-GI — 1.60 mm
HSS590-CR — 1.40 mm
DP600-Gl — 1.25 mm
TRIP590-EG — 1.45 mm
DP800-GA —1.19 mm

Phase 2 included four more steds, dl of these are DP and TRIP stedls;

DP600-HR — 2.62 mm

TRIP600-CR — 1.56 mm
TRIP780-CR — 1.47 mm
TRIP980-CR — 1.47 mm

The numbersin the grades denote the minimum ultimate tensile strength (UTS) in MPaexcept BH300-Gl
and HSLA350-Gl, where the numbers are the minimum yield strength (Y'S) in MPa. Surface condition of
the sted sis described by the following designation: GA for galvannedled, Gl for hot dip galvanized, EG for
electrogavanized, CR for cold rolled (bare, no coating) and HR for hot rolled. All testing was performed
on as-shipped steels with no prestrain.

The work for Phase 1 was finished at the end of 2001 and Phase 2 work was completed in December
2002.



Thisfind report will focus mainly on the testing results of Phase 2. However, resultsfrom Phase 1 aredso
referred here when necessary to demondirate the behaviors of DP and TRIP stedls. Phase 1 Report is
attached here as an Appendix. Since most procedures for testing and data reduction are the same asin
Phase 1, no details have been repeated in the main body of thereport. 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 gsteds and a hot rolled DP600 were tested in the second phase of the program. Tensile
properties for the tedsinthe "L” direction aregivenin Table 1. Propertiesfor the stedsin Phase 1 are
aso included for comparison. Engineering stress-strain curvesfor these four gedsare shownin Figure 1.

The stedstested in this project are categorized into four groups based on their tengle strength asfollows:

Group 1 has Y S of 300-350 MPaand UTS of 400-440 MPa. Thisincludes BH300-GI, HSLA350-GlI
and 440W-GA in Phase 1, no new gted 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 hasaminimum UTSof 780-800 MPa. Thisincludes DP800- GA in Phase 1 and TRIP780-CRin
Phase 2.

Group 4 hasaminimum UTS of 980-1000 MPa. Thereisonly onegradein Phase 2, TRIP980-CR, andno
gradein Phase 1.

All thestedstested in Phase 2 are DP and TRIP sted sfor the purpose of confirming thefindingsin Phase 1.
It has to be noted that the hot rolled DP600 shows a yield point elongation (Y PE) of 1.3 to 1.6%. This
indicates that the microstructure of this stedl is not typicd of ferrite-martensite dual phase stedls. The stedl
aso shows much higher dongation and rvaue comparing with cold rolled DP600-GI. Other carbon
containing microstructure, such as bainite or retained austenite, may be present.

For the TRIP stedls, TRIP780-CR exhibits even better elongation and nvaue than TRIP590-EG and
TRIP600-CR. Thismay be aso related to its microstructure, for instance, more retained austenite. Since
chemica composition and microstructure are beyond the scope of this program, no further study is
conducted. However, readers should kegp in mind that these propertieswill have effect on fatigue and high
grain rate behavior of these steds, as will be shown in the report.



Table 1 Tendle Properties (Asrecaived, ASTM E8, "L" direction)

Group 1 Group 2 Group 3 Group 4
BH300 440W HSLA350 | HSS590 DP600 TRIP590 DP600 TRIP600 DP800 TRIP780 | TRIP980
Gl (1) GA (O Gl (1) CR (1 Gl (1) EG (1) HR (2) CR (2 GA (1) CR (2 CR (2
YS 309 326 356 431 412 428 437 414 462 505 663
(MPe)
UTS 412 462 441 608 666 605 616 679 839 793 984
(MPe)
TE 35.8 29.0 28.1 24.5 23.2 32.0 28.9 27.6 17.9 29.4 15.7
(%)
UE 20.4 16.3 15.8 15.1 15.3 22.6 19.6 19.6 12.3 23.9 11.8
(%)
n 0.19 0.18 0.13 0.17 0.16 0.20 0.22 0.24 0.13 0.26 0.13
(6-12)

Note: Numbers in the parentheses &ter the steel grade indicate Phase 1 or Phase 2.
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Figure 1 Engineering stress-strain curves for the four steelsin Phase 2.

3. Fatigue Behavior
3.1 Experiments

Strain controlled fatigue testswere conducted in accordance with ASTM E606 and Testing proceduresfor
Strain Controlled Fatigue Testing for Sheet Steesdevel oped by Auto/Sted Partnership Sheet Stedl Fatigue
Group [1]. Notch sengtivity wastested 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 dataare generated for seven steedsin Phase 1 and four steelsin Phase 2. Strain-life
parametersfor dl deven gedsaregivenin Table 2 for comparison. These parametersareimportant input
for fatigue life prediction as the materid property.

In Phase 1, it was concluded that, in general, each group of stedls exhibits Smilar fatigue strength. The
higher thetengle strength, the higher is the fatigue strength. Phase 2 results also confirm this. Since no sted
in Group 1 wastested in Phase 2, discussionswill be focused on Groups 2, 3, and 4. For Phase 1 detailed
test results, see Appendix — Phase 1 Report.

Figure 2 showsthe Neuber Stress. vs. Fatigue Lifefor Group 2, including steelsin both Phase 1 and Phase

2. Neuber Stress, expressed as +/ EDs De , where Ds and De are the stress and strain range measured
4



from the haf life hysteress loop in the strain controlled fatigue testing, is related to the locdl stress & the
notch tip and isthe best parameter to compare fatigue strength for different stedls. It isnoticed that, overal,
TRIP steds exhibit higher fatigue strength than DP stedswith smilar UTS. TRIP600- CR exhibitsdightly
higher fatigue srength than TRIPS90-EG, tested in Phase 1, dueto itshigher tensile strength (679 MPavs.
605 MPa). DP600 HR a so shows higher fatigue strength than cold rolled DP600-GI a long liferegion. 1t
isnot clear if thisis experimentd variation or microstructure related.

Figure 3 showsthe Neuber Stressvs. Fatigue Lifefor the stleelsin Group 3, i.e. DP800-GA and TRIP780-
CR. It isapparent again that TRIP sted exhibits higher fatigue strength than DP sted although the UTS of
TRIP780-CR iseven dightly lower than that of DP800-GA, 793 MPavs. 839 MPa.

It should be noted that the DP and TRIP steelscompared here are of different surface coatings. 1t hasbeen
reported that hot dip galvanized coating showed no significant effect on fatigue lifefor sedsof 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 @]. Therefore, a part of the inferior fatigue strength of DP800-GA
comparing with TRIP780-CR may bethe effect of the GA coating. Thiswill certainly reducethe difference
between TRIP780-CR and cold rolled DP800. However, consdering thelower UTS of the TRIP780-CR,
it isthe author’ s belief that aportion of the higher fatigue strength of TRIP780-CR istheresult of itsunique
microstructure.

Comparison of al the TRIP stedstested in this program with different UTS, TRIPS90-EG, TRIP600-CR,
TRIP780-CR and TRIP980-CR, isgivenin Figure 4. Asexpected, the fatigue srength of these stedsagain
shows a strong relation to their UTS.

Theendurancelimit, defined for 5x10° cydleswithout failure, of the stedlstested isgivenin Table 2 together
with the fatigue ratio, which is the ratio of endurance limit divided by UTS. The TRIP gstedls show a
consgtent fatigue ratio around 0.5. Unlike the other DP steel swhich showed alower fatigueratio, around
0.35, DP600-HR exhibits an exceptiondly higher fatigueratio, 0.48. The endurance limit of DP600-HR is
also much higher, 296 MPavs. 230 MPafor DP600-GI and HSS590-CR. Thismay beagainrdatedtoa
non-typica DP microgtructure as discussed previoudy.

Taking theaverage of DP600-CR and DP600- HR asthe grade average for DP600, and TRIP590-EGad
TRIP600-CR for TRIP600, we have an endurance limit of 262 MPa for DP600 and 351 MPa for
TRIP600. Comparing these va ueswith 203 MPafor HSLA350, in average, the endurance limit of DP600
IS 29% higher and TRIPG00 73% higher.

The results in the Phase 2 sudy dso confirms that TRIP steels have much higher fatigue strength than the
high strength steds of smilar strength but different microstructures. From the average endurance limits of
262 MPa for DP600 and 351 MPafor TRIP600, TRIP600 exhibits 34% higher endurance limit than
DP600. For stedsin Group 3, the endurancelimit for TRIP780- CR is400 M Pawhichis 30% higher than
the 300 MPafor DP780-GA.
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Table 2 Fatigue Properties

Group 1 Group 2 Group 3 Group 4
BH300 440W HSLA350 [ HSS590 | DP600 | TRIPS90 | DP600 | TRIPS00 | DP800 | TRIP780 | TRIP980
€] GA €] CR Gl EG HR (2) CR(2) GA CR(2 CR(2)
S f (MPa) 549 841 806 836 983 813 1007 918 1205 1044 1073
e'f 0.969 0.468 1.920 0.480 0.211 0.49% 2441 0422 0.104 0.217 0.287
b -0.063 -0.105 -0.098 -0.095 -0.101 -0.063 -0.087 -0.068 -0.101 -0.073 -0.068
c -0.614 -0.523 -0.668 -0538 -0457 -0572 -0.757 -0.541 -0.3%4 -0477 -0.513
K' (MPa) 530 966 671 983 1363 871 W4 996 2104 1309 1225
n 0.097 0.198 0.133 0173 0.219 0.109 0114 0.122 0.253 0.151 0.123
Endurance
Limit, se 193 209 203 230 228 336 296 365 307 400 427
(MPa)
F;I;t?ge 047 045 046 038 | 034 056 048 054 037 050 043
Notch
E[‘idr:jirtazce 120 130 125 144 142 178 154 173 147 189 190
(MPa)
K; at 107
Reversals 161 161 162 160 161 1.89 192 211 2.09 211 225
Sd/Sh
S f - Fatigue strength coefficient e'f - Fatigue ductility coefficient
b - Fatigue strength exponent c - Fatigue ductility exponent
K' - Cyclic strength coefficient n - Cyclic strain hardening exponent




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 tensle strengths (for Group 1, 2 and 3). Phase 2 tests were conducted to
verify theseresults. Figure 5 shows nomind stressamplitude, DS/2, vs. Fatigue Lifefor Group 2 sedls. The
nomina stresswas caculated by using the net cross section of the notched specimens. The curves are the
regression linesfrom the testing data.and are shown only within 2000 to 5x10° reversdswhere testing data
are available. For legibility, no data points are shown. Similar to the smooth specimen test results, TRIP
stedls, both TRIP590- EG and TRIP600- CR, exhibit higher notch fatigue strength than the sed swith smilar
UTSbut different microstructure, i.e. HSS590-CR, DP600- Gl and DP600-HR. DP600-HR aganexhihits
higher fatigue strength than cold rolled DP600-GI and HSS590-CR.

Itisnoticed that, in contrast to the resultsfor smooth specimens, TRIP600-CR showsadightly lower notch
fatigue strength than TRIPS90- EG. The possible explanation is that TRIP600- CR may have higher notch
sengtivity than TRIPS90-EG due to its higher UTS and thus, resulting in alower notch fatigue strength.
However, such asgnificant effect wasnot expected. 1t isspeculated that in addition to thetesting variation,
material composition and microstructure may contribute to the difference. Thisis beyond the scope of this

program.

Figure 6 shows DS/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 isnoticed that the differences
arelarger at high cycle regionsfor these two seds.

The notch fatigue strength of the TRIP stedls of different tensile strengthsis compared in Figure 7. Overal,
the higher the UTS, the higher the notch fatigue strength. However, the difference decreasesin the high
cyderegion. Thismay beaitributed to the higher notch sengitivity of the stedsof higher srengthsin the high
cycle and low stressregion. In the low cycle and high stress region, Sgnificant plastic deformation occurs
which aleviates the stress concentration and thus the notch sengtivity.

Notch endurance limits for specimens with a center hole of K, 2.5 are given in Table 2. The notch

endurancelimitsare much lower than theendurance limitsfor the base metd's, indicating asignificant drop of

fatigue strength asthe result of the center hole. However, careful examinations on the datain Table 2 show
the following phenomena.

Thus, in generd, the notch endurance limit increaseswith theincrease of tensile srength for gedsof UTS
below 1000 MPa, i.e. notch fatigue strength increases from Group 1 to Group 2 to Group 3. For stedlsin
the same group, i.e. seds of amilar UTS, the notch endurance limit is smilar a shown in Group 1.

However, asfor smooth specimens, TRIP stedlsexhibit much higher notch endurancelimit. Usng 148 MPa
as the average notch endurance limit for DP600 (average of DP600-GI and DP600-HR), 176 MPafor
TRIP600 (average of TRIP590-EG and TRIP600-CR), TRIPG00 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 dows when the UTS reaches a sufficiently high strength.
9



For DP steels, DP800-GA showsonly dightly higher notch endurance limit, 147 M Pa, than DP600- Gl thet
has anotch endurancelimit of 142 MPa. For TRIP stedls, TRIP980- CR and TRIP780- CR show thesame
notch endurance limit, 190 MPa. Considering the effect of hot dip galvanized coatings on fatigue strength for
high strength stedls, it may be concluded that for DP and TRIP stedls, the notch fatigue strength increases
with the strength of the stedls up to 600 MPafor coated stedls, and 800 MPafor cold rolled bare stedls.

Asconcluded in Phase 1, theresultsin Phase 2 support the statement that AHSS exhibit much higher notch
fatigue strength than the conventiond HSS. Comparing with the notch endurance limit of 125 MPa for
HSLA350, the notch fatigue endurance limit of DP600 and TRIP60O0 is 18.4% and 40% higher,

respectively.

The notch sengtivity factor, Ky, isdsogivenin Table2 for dl the tedlstested. It isnoticed thet dl DPand
TRIP stedls in Groups 2, 3 and 4, except DP600-GlI, show higher K¢ value. TRIP980-CR exhibitsthe
highest K¢ value of 2.25.
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4. High Strain Rate Behavior

4.1 Experiment

Asin Phase 1 work, a servo-hydraulic system was used for strain rates up to 500/s and a Split Hopkinson
Bar (SHB) was used for gtrain rates of 500/sand 1000/s. However, compressive SHB was found not to
generate data comparable to the servo-hydraulic sysem due to different drain peths involved. The
compressive SHB tests the stress-strain properties through the thickness not dong the sheet plane as the
servo-hydraulic system does. Asaresult, only tensle SHB was used in Phase 2. Aachen was contracted
for the servo-hydraulic testing and UDRI was contracted for the tengle SHB testing. An overlap of 500/s
for both testing techniques was repesated 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 detalls of
experimental procedures, see the Appendix — Phase 1 Report.

The servo- hydraulic system used a piezoel ectric load cell to measureload for strain rates of 0.001, 0.1 and
10/s. Strainswere caculated by digplacement readings. A strain gage was attached to the gage section to
record the strains up to 2% in order to obtain more accurate stress-train data.

In order to improve data quaity and to reduce ringing, a new method to measure load was adopted in
Phase 2 for gtrain rates of 100/s and 500/s. In addition to the piezodectric load cell, a strain gage was
attached to the grip section of the specimen and calibrated againgt the piezodectric load cell. Sincethegrip
aeaisin the dadtic region, the load reading from the load cdl and the strain reading from the strain gage
should belinear. The proximity of the strain gage to the gage section of the specimen and the small mass of
the strain gage are expected to sgnificantly reduce the oscillation of the load signa. 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 channds available in the
data acquisition system, when astrain 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 program, for strain rates of 0.001, 0.1, and 10, two specimens were tested with astrain
gage attached to the gage section to measure the stress-strain curve up to 2%. Load was measured by the
piezoelectric load cdll. For strain rates of 100/s and 500/s, four specimenswere tested: two with agtrain
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 asin Phase 1 (see the
Appendix — Phase 1 Report).
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Figure 9 shows the comparison of stress-strain curves for TRIP600-CR at 100/susing the old (load cdll)
and new (drain gage) methods to measureload. Theload cdll Sgnd exhibits dightly more oscillation than
the strain gage data. However, overall load measurements are fairly comparable for both methods. The
dope of the linear section of the stress-gtrain curve using load cell hasbeen 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 smdler dope. However, in the find data processing, the dope of the
curves would be adjusted to the Y oung's modulus.

The advantage of the new method is more pronounced at 500/s as shown in Figure 10. The sress-drain
curve usng load cdl shows sgnificantly more severe dress ostillation than that usng strain gage. The
advantage offered by the new method is evident.

The dress-strain curve measured by SHB at 500/s is adso plotted in Figure 10. Except for the drastic
oscillations a the early stage of testing, the overal dtress-strain curves from al three test methods are
reasonably comparable. The SHB test exhibits a smaller total dongation due to the limited load wave
duration in the test setup and the specimen did not break. It wasfurther observed that therewasvery little
difference between 500/s and 1000/s from the SHB test results, probably due to the high strength of the
dedstested in Phase 2. Therefore, testing results from SHB are not used in the detall analyses.

13



TRIP600-CR 100/s

900
800 A
700 A
600 A

500 1 —100/s Load Cell
——100/s Strain Gage

400 A

300 A

200 A

Engineering Stress (MPa)

100 1

0 T T T T
0 0.1 0.2 0.3 0.4 0.5

Engineering Strain

Figure 9. Comparison of stress-dtrain dataat 100/s, using load cdll vs. strain gage to measure load
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Figure 10. Comparison of stress-strain data at 500/s, using load cdll, strain gage and SHB, respectively.
The SHB specimen did not bresk due to the limited duration of the stress wave.
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4.2 Results
4.2.1 Stress-Strain Data a High Strain Rates

The smoothed stress-strain curves at high dtrain rates for the four grades, tested in Phase 2, are given in
Figures 11 through 14. The flow stresses at 6 strain points, 0.005, 0.02, 0.05, 0.1, 0.15 and 0.2 for the
four sedsare given in Table 3. For the stress-strain results of the seven gradestested in Phase 1, seethe
Appendix — Phase 1 Report.

Tengle properties, including YS, UTS, UE, TE, n vaue and two energy absorption parameters are
summarizedin Table4. For 1000/s, only UTSand UE from SHB arelisted. The Y Swasdetermined from
the stress-train data below 2% measured by strain gages. The UTS, UE, and TE were obtained from the
smoothed stress strain curves. However, raw data was dso used when determining the UTS and UE a
500/sand 1000/sin order to avoid the mideading resultsby load oscillations. Then-vaue was determined
by fitting the smoothed curve for the strain range of 2-5% to uniform elongation. Asin Phase 1, energy
absorption was characterized using two parameters, Enecing,, @d Eig. The former is caculated by
SHUTS, UE and represents the energy absorption of a steel grade when deformed before necking,

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-datic strain rate.  These inherent system errors are rather significant for
properties involving strain measurement, such as UE, TE, and n-value, at 500/s and 1000/s. Therefore,
caution must be taken when making any conclusive statement based on the testing results reported here.

Since Phase 2 work isfocused on DP and TRIP stedls, the strain rate dependence of thetensile properties
is discussed for dl DP and TRIP gsteds tested in this program, including DP600-GI and TRIP590-EG
tested in Phase 1.
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Table 3. True Flow Stresses at Various Strain Rates

Steel Strain Rate So.005 Soo2 Soos Soa0 So.1s So.20
Grade (1/s) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
0.005 396 762 557 658 718 766
0.1 432 474 569 669 725
DP600-HR 10 490 509 609 709 773 827
100 499 528 626 731 796 851
500 529 557 526 720 791
0.005 433 464 565 676 750 809
0.1 443 480 587 701 775 832
TRIP600-CR 10 491 522 617 730 811 878
100 529 548 661 782 856 918
500 533 593 699 815 884 935
0.005 512 551 647 761 845 917
0.1 531 579 679 796 882 953
TRIP780-CR 10 586 626 716 834 926 1003
100 603 665 753 862 948 1026
500 621 623 741 887 986 1055
0.005 627 802 942 1060
0.1 669 821 972 1086
TRIPIB0-CR 10 698 828 986 1134
100 706 879 1021 1151
500 761 793 991 1146
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Table 4. Tensle Properties at Various Strain Rates

Strain YS uTS UE TE YSHUTSFUE2 | Eyy
Steel Grade (FS‘; (MPa) | (MPa) (%) o | mvave ( (err)13) (Jr’rl1()rr/13)
0005 | 397 628 233 369 0216 0119 0051
01 430 629 204 334 0216 0.108 0.052
DPEOOHR 10 490 677 22 349 0215 0129 0.056
100 500 700 231 413 0.227 0139 0.057
500 549 712 29 440 0214 0.144 0.059
1000 709 245
0005 | 408 668 267 39.1 0253 0.144 0.052
01 438 682 23 333 0.246 0125 0.054
10 486 721 239 363 0.238 0.144 0.057
TRIPOO-CR 7155 507 754 243 375 0218 0.156 0.061
500 542 767 249 429 0.205 0.163 0.064
1000 746 230
0005 | 498 761 282 393 0.242 0178 0.060
01 529 782 238 333 0.228 0.156 0.063
TRIPTEOCR |10 504 824 239 357 0221 0.169 0.066
100 627 844 251 36.1 0.206 0.185 0071
500 653 865 235 422 0210 0178 0073
1000 907 274
0005 | 639 973 152 215 0172 0123 0.085
01 672 986 121 186 0171 0.100 0.088
10 6% 1034 127 197 0197 0.110 0.090
TRIPBOCR 755 739 1053 158 252 0.160 0.142 0.094
500 758 1046 146 271 0166 0131 0.094
1000 1056 145
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422YSand UTS

The relationship between Y S and strain rate is shown in Figures 15a and 15b for DP and TRIP gedls,
respectively. Asreported in Phase 1, Y Sincreases with strain rate. For most stedls, Y Sincreases fagter
with srainrate a higher strain rates, > 10/s. Thisisaso true for the seven stedstested in Phase 1 (seethe
Appendix - Phase 1 Report). The same trend was observed for UTS as shown in Figures 16aand 16b
for DP and TRIP stedls dthough TRIP980- CR shows dight drop of UTS from 100/sto 500/s, probably
caused by testing variability.

The increase of UTS per order of magnitude increase in strain rate, DUTS, is of great interest in recent
years. Oneof thereasonsisthat thisvalue seemsto be aconstant irrespective of the strength of the sted or
thetype of thested (e.g. HSLA, DPor TRIP). InPhase 1 work, DUTSwas shown to be around 22 MPa
for grain ratesbetween 0.005/sto 500/s. Usingthedopeof UTSvs. log €, theDUTSvduesfor dl deven
deds in this program are summarized in Table 5 and is plotted in Figure 17 as afunction of UTS at the
guasi-gtatic condition. Despite experimenta variation, the average of DUTSis20.4 MPa Thisissmilar to
theresultin Phase 1. DP600-HR and TRIP980- CR show thelowest DUTS. If we excludethesetwo, the
DUTS will be 21.3 MPa, very closeto the result in Phase 1.

4.2.3 Elongation

The dependence of UE and TE on gtrainratefor DP and TRIP stedlsisshown in Figures 18aand 18b, and
Figures 19a and 19b, respectively. Similar to what was observed in Phase 1 of the investigation, UE
decreasesfirst from quas- atic deformation to 0.1/sand then increase with higher strain rates. DPS00-GA
showsno drop from quas-gaticto 0.1/s. At strain rateshigher than 100/s, some steel s show anincrease of
uniform elongation and some show adecrease. Moreover, al steelsshow further increasein TE after 100/s
asshown in Figures 19aand 19b. Asmentioned earlier, dueto the errorsinvolved in the results at 500/s,
no conclusion should be made for the behavior a 500/s. Testing for more stedl samplesisrequired.

4.2.4 nvdue

The rdationship of n-vauewith srain rateis shown in Figure 20. No n-vaues at 500/s areincluded dueto
the difficulties in the measurement of n-values a high strain rates. It can be seen that the n-vaue does not
change sgnificantly with grain rate for the DP and TRIP stedstested. TRIP600-CR and TRIP780-CR
show dight decrease of n-vaue with increasing srain rate.

4.2.5 Energy absorption

Figures 21 and 22 show the strain rate dependence of the two energy absorption parameters, Enesing
(YSHUTS)*UE/Z, in Figure 21 and Ejoy in Figure 22, Epeing follows the same trend as UE, whileE;g
increases with strain rate. Furthermore, when Enexing 1S Used to compare the energy absorption for stedls,
TRIP780-CR and TRIP600-CR are the best among dl theDP and TRIP sted stested asthe result of thelr
best combination of strength and € ongation. However, when E;oy, isused, TRIP980-CR exhibitsthe best
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energy absorption performance, DP800-GA the second, and TRIP780-CR thethird. Thehigher theUTS,
the better the energy absorption performance as shown in Figure 23 for 100/s and 500/s. The energy
absorption aso increases with srain rate in the same way asthe UTS.

The Ejo, vauesat 500/sfor DP and TRIP stedlsin Group 2 are summarized in Table 6 together with that
for HSLA350-Gl. The average of Ejq, for DP and TRIP steds in Group 2 is 0.063 Jmm®. Thus,
comparing with 0.0527 Ymm? for HSLA350, DP600 and TRI P00 exhibit 20%, in average, higher energy
absorption than HSLA350-Gl.

It should be noted that the strain value 10%isan arbitrary number and is considered reasonable based on
the work by many researchers [5-8] when comparing the stedls for crash performance in generd. For
different structures, different strain values may be needed. For stedls of very high strength and UE isless
than 10%, strains less than 10%, say 5%, can be used to compare different steels. However, it should be
kept in mind that if the total energy under the dtress-strain curve before necking or breaking istoo low, the
stedd may buckle or break much earlier before the structure reaches the required energy absorption or
displacement. Other stedlsmay perform much better even though their Esy, vduemay belower. Thesame
Stuation can happen to E;oy, , but chance is much higher when Egy, is used.

Similar to the gpproach used for UTS, DE; oy, Can be defined astheincrease of energy absorption per order
of magnitude increase of strain rate and determined from the dope of theDE; o, Vs. log € curve. The DEyy,
vaues are summarized in Table 7 and plotted in Figure 24. 1t isagain amost a constant of 0.0019 Ymm?®
irrespective to the stedl strength. For steels of UTS 600 MPain Group 2, the Exgy, isaround 0.063 Jmm®
(see Table6). Thismeans, if thestrain rateincreasesfrom 10°/sto 10%/s (6 orders of magnitudeincrease),
the energy absorption, Eygy , increases by 0.0114 Ymm?, an increase of almost 18%.

Table5. Increase of UTS per Order of Magnitude Increase of Strain Rate, in MPa

Phase 1 Phase 2

BH300-G 203 DP600-HR 153

440W-GA 23 TRIPGOO-CR 206
HSLA350-G 22 TRIP780-CR 203
HSS590-CR 230 TRIP980-CR 170

DP600-G 24.8
TRIPS90-EG 193

DP800-GA 188 Average of Phase 1 20.4MPa

and Phase 2
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Table 6 E 10 a 500/s for DP and TRIP steelsin Group 2

in comparison with HSLA350-GlI
Grade Eioes , in Jmm?
HSLA350-Gl 0.0527
DPB00-GI 0.0697
DPG00-HR 0.0590
TRIPS90-EG 0.0606
TRIP600-CR 0.0640

Table 7. Increase of E;q, per Order of Magnitude Increase of Strain Rate, in Jmn

Phase 1 Phase 2

BH300-G 0.0021 DPS00-HR 00015

A40W-GA 0.0020 TRIPBOO-CR 0.0020

HSLA350-G 00022 TRIP780-CR 0.0024

HSS590-CR 0.0019 TRIP980-CR 00019
DP600-G 00015
TRIPS90-EG 0.0017

DP800-GA 00018 Average of Phase 1 0.0019

and Phase 2
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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.

In generd, fatigue strength has astrong correlaion with tengle strength. The higher thetensile strength,
the higher the fatigue strength. Thus, AHSS, such as HSS590, DP600 and TRIP600, exhibited better
fatigue strength than the conventiond high strength sted of amilar yidd strength, HSL A350.

TRIP geds exhibited sgnificantly better fatigue srength than deds of amilar tendle strength but
different microstructures. Phase transformation of retained augtenite during cyclic deformation may
provide additiona strengthening to resst fatigue falure.

Notch endurance limit increaseswith increasing tensile strength. For DP and TRIP stedls, theincrease
diminishes for seels of UTS from 600 MPato 800 MPafor hot dip gavanized steds and from 800
MPato 1000 MPafor cold rolled bare stedls.

High drain rate

4.

Tendle properties change with increasing srain rate:
YSand UTS increases with strain rate
N-value decreases with strain for stedls of lower strength, such as BH300 and 440W. For
dedsof higher strength in this program, n-value does not change significantly with srain rate
TE and UE decreases with strain rate between 0.001/s to 10/s and increases when the strain
rateis higher than 10/s.
DUTS, the increase of UTS per order of magnitude increase in strain rate, is amost a constant, 20.4
MPafor al the stedl stested within the strain rate range of 0.001/sto 500/sirrespectiveto their strength
and type of the stedl.
The relationship between the energy absorption parameters, Eqewing, and strain rate follows the same
trend asUE. TRIP stedsexhibit the best energy absorption capability dueto the best combination of
UTSand UE.
The energy absorption below 10% of strain, Eyoy, iNcreases with strain rate. The parameter shows a
grong relaionship with UTSof gedls. In average, DP600 and TRIP600 exhibited 20% higher energy
absorption than HSLA350.
When strain rateincreases by an order of magnitude, E 10 increases by 0.0019 Ymm? inaveragewithin
therange of srain ratestested for al stedstested inthisprogram. For steelsof 600 MPain UTS, such
as DP600 and TRIPG00, this means amost 18% increase in energy absorption when the strain rate
incresses from quas-static, 10%/s, to 10°/s.

Servo-hydraulic system and tensile Split Hopkinson Bar (SHB) provide reasonebly good and congstent
data at the dtrain rate range of interest to the automotive industry, i.e. 0.001 — 1000/s. Results from
compression SHB does not match what is generated from the servo-hydraulic system dueto different
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drain paths.

10. A new form of Johnson-Cook model has been devel oped, which not only can provide better curve
fitting for various types of stress-strain curves, but also creste away to estimate stress-strain curves at
high gtrain rates by usng the quas-static stress-strain data
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EXECUTIVE SUMMARY

Fatigue and high strain rate properties are the important attributesfor advanced high strength seds(AHSS)
because many of them will be used for structura gpplicationswhich are subjected to cyclic loading and are
often safety criticd. In this study, materid properties under cyclic and impact loading conditions were
investigated for sx AHSS sted gradeqincluding Dud- phase (DP) stedls, Transformation Induced Plastiaty
(TRIP) stedls, Bake Hardenable (BH) steds, and conventiona High Strength Steels (HSS) such as, High
Strength Low Alloy (HSLA) steds] with aconventiona high strength stedl, HSL A350- Gl as abenchmark.
The six stedl grades are: BH300-Gl, 440W-GA, HSS590-CR, TRIP590-EG, DP600-GI and DP800-

GA. Theterms GI, GA, CR, EG denote surface coatings of hot dip galvanized, galvanedled, no coating

(cold rolled surface) and dectroga vanized, respectively. The fatigue properties not only include the strain
controlled fatigue data, but dso fatigue properties of specimens with a dress raiser. While the former

provides the materid fatigue input for fatigue life prediction, the latter offers information on the notch

sengtivity since high srength steds are gererdly more notch sensitive.

Based on the tensile strength, these steel s can be categorized into three groups. Group 1 hasyield strength
300-350 MPa and UTS 400-440 MPa, and includes BH300, 440W and HSLA350. Group 2 has a
minimum UTS of 590-600 M Pa, and includes HSS590, DP600 and TRIP590. Group 3hasminimumUTS
of 780-800 MPa. DP800isthe only gradeinthefirst phase of the study. The stedlsin Group 2 have smilar
yield strength to HSLA350 and are the potentia dternative steds for ructural applications.

Fatigue:

The results show that sedsin the same group exhibit smilar fatigue strength. The fatigue strength increases
with the tendle strength of the steels. Therefore, Group 2 exhibits higher fatigue strength than Group 1.

Group 3 showsthe highest fatigue strength. The results show no sgnificant differencein notch sengtivity for
the sted s studied except DP800. Therdative ranking of thesethree groups of stedlsin fatigue strength does
not change even when stressraisers are present.

There are two exceptions. First, TRIP590 exhibits sgnificantly higher fatigue strength than the Sedsin the
same group, i.e. HSS590 and DPG00. This is attributed to the additiond strengthening during cyclic
deformation when the retained augteniteistransforming to martengite. Thisexceptiondly high fatigue strength
ismaintained when stressraisersare present. Second, DP800 exhibits higher notch senstivity than the other
dedstested inthe high cycleregion. Thisresultsin areduced endurancelimit when stressraisers are present
and isrelated to its high tendle srength.

Comparing AHSS stedsin Group 2 with HSL A 350, the endurance limits of HSS590 and DP600 are 15%
higher thanthat for HSLA350. TRIP590 exhibitsasurprisingly 68% higher endurancelimit than HSLA350.
The exigtence of anotch in the specimen does not sgnificantly change the advantage of the AHSS over
HSLA350.
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High Srrain Rate:

The drain rate senstivity, which isnormally defined as the percentage increase of theflow stressdueto the
increase of Srainrate, decreaseswith increasing tensle strength of the sted. Therefore, the stedsin Group 1
are more grain rate senditive than the steelsin Group 2, and steddsin Group 3, DP800, shows the lowest
drain rate sengtivity dueto its high tensile strength. Stedls in the same group, such as BH300, 440W and
HSLA350 in Group 1, exhibit smilar strain rate sengtivity. However, the increment of UTS due to the
increasing srain rateisamost congtant for dl the sted stested, around 22 MPafor each Strain rateincrease
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, rUTS +2UTS *UE ,adthe
energy absorbed at 10% of strain, Eyoe. The former represents the potentia of asted to absorb energy,
while the latter can be used to compare crash performance of steels when a certain amount of energy is
required, or acertain amount of deformation is alowed, in a structure.

YS+UTS
e"l—

Wh *UE isused, the TRIP590 showsthe highest potentid for crash energy absorption asthe

result of its exceptiondly high dongation. HSLA350 shows the worst potentia for energy absorption
capability. At 100/s, the capability of energy absorption for the steelsin Group 2, HSS590, DP600 and
TRIP590, is 51%, 81% and 100% higher, respectively, than that for HSLA350. However, for Ejg, , the
energy absorbed upto 10% of draininatensletestisrelated tothe UTS of thested. Theimprovement of
energy absorption by using HSS590, DP600 and TRIP590 over HSLA350 isreduced to 17%, 34% and
17%, respectively, much less than the stedls potentially can offer.

Evauation of the testing methods used in this sudy shows that servo- hydraulic system and tenson Split
Hopkinson Bar (SHB) can produce testing results of reasonable quality for the range of drain rates
observed during a crash, from quas-static to 1000/s. Resultsgenerated by compression Split Hopkinson
Bar do not match well with the data generated by the servo- hydraulic sysem dueto the differencein loading

path.

Furthermore, anew condtitutive model, modified from the Johnson-Cook model, hasbeen developed. The
model offersmoreflexibility tofit experimentd resultsat high srain ratesand the potentid to estimate stress-
drain data a high strain rates from the quas- gatic tensile stress Strain data,



1. Introduction

The Project titled "Characterization of Fatigue and Crash Performance of a New Generation of High
Strength Steds' started in January 2001. With the support of the A1SI Automotive Applications Committee
(AISI/AAC) and Auto/Sted! Partnership (A/SP) Advanced High Strength Sted Team, thefirg phase of the
project has been successfully completed. Altogether, fatigue and high strain rate data have been generated
for sx advanced high srength steds (AHSS) and a conventiona high srength sted that is used for
benchmark. This report documents technical details and findings.

2. Sted Grades

Sted grades for this project were selected by the A/SP Advanced High Strength Sted Team.  Six

Advanced High Strength Sted (AHSS) grades were sdlected. These are 1.4mm GA 440W, 1.43mm Gl

BH300, 1.40mm CR HSS590, 1.24mm Gl DP600, 1.19mm GA DP800 and 1.45mm EG TRIP590. A
conventiona high strength stedl, 1.6mm GI HSLA350, was dso sdected for benchmarking.  Surface
condition of the steds is described by the following designation: GA is gavannedled, Gl is hot dip
gavanized, EG is dectrogdvanized, and CR is cold rolled (bare, no coating). The numbersin the grades
denote the minimum ultimate tensle strength (UTS) except GI BH300 and HSL A350, where the numbers
are the minimum yidd drength (Y'S). North American sted companies supplied six of the seven grades.
However, no commercial TRIP sted productswere availablein North Americawhen the project started in
early 2001. POSCO was then solicited to supply TRIP stedls.

To protect the product confidentidity for the sted suppliers, no chemica compostions are given. Tendle
testswere conducted according to ASTM E8 and theresultsare summarized in Table A1, Engineering and
true stress-strain curvesare shown in FiguresAl and A2, respectively. Based on thetensile properties, the
stedls 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
440W. While the HSLA350 shows the highest Y S among the stedl s 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.
Tendletests show that the DP600 supplied exhibitsan UTS of 666 M Pathet is much higher than the other
two grades, 608 M Paand 605 MPafor HSS590 and TRIP590, respectively. As expected, the TRIP590
exhibits the highest TE, 32%.

Group 3 hasaminimumUTSof 780-800 MPa. Thereisonly onegradein the current phase, DP300. This
isthe stedl grade with the highest strength in al the stedl tested in this phase.

Sincethestedsin Group 2 havesmilar yield strength, 350-400M Pa, asthe conventiona high strength sted,
HSLA350, they are consdered extensvely today as the dternative stedls to replace HSLA350 for
automotive structural gpplicationsto reduceweight. Therefore, comparisons are often made between these
deds.
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Table Al Tensle Properties (As received, ASTM ES8, "L" direction)

Group 1 Group 2 Group 3
BH300 440W HSLA350 | HSS590 DP600 TRIP590 DP3800
Gl GA Gl CR Gl EG GA
YS 309 326 356 431 412 428 462
(MPe)
UTS 412 462 441 608 666 605 839
(MPe)
TE 35.8 29.0 28.1 24.5 23.2 32.0 17.9
(%)
UE 20.4 16.3 15.8 15.1 15.3 22.6 12.3
(%)
n 0.19 0.18 0.13 0.17 0.16 0.20 0.13
(6-12)
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3. Testing Programs

The purpose of this project isto generate fatigue and crash datafor the AHSS. Fatigue testsinclude strain
controlled fatigue test usng smooth specimens and notched fatigue test using notched specimens. Fatigue
data from notched specimens can be used to study the notch sengitivity of stedls.

The crash data origindly included intrindc materid stress-strain dataat high strain rates and crush test data
for conical tubes. It wasredized |ater that Auto/Sted Partnership (A/SP) High Rate Group isworking ona
amilar project to generate crush test data for benchmarking, so it was approved by AISI/AAC 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 testswere conducted in accordance with ASTM E606 and Testing proceduresfor
Strain Controlled Fatigue Testing developed by Auto/Sted Partnership Sheet Sted Fatigue Group [Al].
Testing was conducted on a3 kip M TS closed-10op servo- hydraulic sysem usng sSmooth pecimenswitha
tota strain amplitude ranging from 0.1% to 0.8%. Three replicates for each strain level were used. The
highest amplitudeislimited by the strength and thickness of the sted dueto the propensty to buckling. The
geometry of the specimens is shown in Figure A3. Tests were fully reversed tenson-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 sengitivity was tested using center hole specimenswiththe stress concentration factor, Ky = 2.5. The
dimensions of the specimens are shown in Figure A4. Tests were load controlled in accordance with the
ASTM E466. Theload wasfully reversed tenson-compresson with R =-1, where R = Pryin/Prmax, Prin IS
the minimum load and Rna isthe maximum load. Cracks initiated from the edges of the center hole and
propagated aong the width direction. Notice that the notched specimen has a much larger cross section
than the smooth specimen. Therefore, if the same load drop isused to terminatetests, thefatiguelifeinthe
notched specimen testing will include much longer crack propagetion than in the smooth specimentests. In
order to keep the crack length in the notched fatigue testing smilar to that in the smooth specimens, crack
detection gages were glued on a surface dong both sdes of the hole as shown in Figure A5. A circuit was
st 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 generaly around 1mm long
when thetestswereterminated. The distance between the crack detection gages and the edges of the hole
was thus set at 1mm. Practice showed that the crack detection gages worked very well and tests were
consgtently terminated at crack lengths within 0.9 - 1.2mm. Tests were conducted on a 20 kip MTS
closed-loop
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sarvo-hydraulic machine. Again, run-out was defined by 5x10° cydes without failure,
4.2 Results
4.2.1 Strain-controlled fatigue

Thedrain - life plot is shown in Figure A6. In the plat, as is cusomary in fatigue testing, the number of
cydesisreplaced by the number of reversas which is twice the number of cycles. Using the astic and
plastic strain components, which are not shown in the plot, the srain-life parameterscan becaculated. They
arelisted in Table A2. The parameters are the input for fatigue life prediction as the materia property.

Asdiscussed in detal in the previouswork by B. Yan et d. [AZ2], for most engineering partswhere applied
load isfixed and failure occurs a the Sressraiser, thefatigue strength of different stedlsis better compared

using the v EDs De vs life curve. The Ds and De are the stress and strain range during the test. The
parameter,~/ EDs De , whichisfirst introduced by Neuber [A3] andisrelated tothelocd stressa thenotch
tipby Topper et d.[A4]. Thisparameter isequivalent to theloca dastic stressat the notch tip obtained by
FEA smulation when determining fatigue life, it is referred to as the Equivaent Notch Stress. Figure A7

showsthe + EDs De vs. lifeplot for the seven sted stested. The differentiation between the stedlsismuch
more apparent than in Figure A6.

It should be pointed out that only one set of datawas generated for each stedl grade. Dueto the property
variability for sedswithinagrade, thereisaso variation of fatigue properties. After testing three coils of the
same grade from each sted producer for three producers, the Auto/Stedl Partnership Sheet Stedl 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 ':I”‘ax , Where N and N arethe maximum and minimum fatiguelife,
repectively, for a specified strain amplitude gpplied [A5]. This means that for a given srain amplitude
tested for thethree cails, the maximum life can be 4 timesthe minimum fatigue lifein theworst case. Typica
grain vs. life curves for three coils of cold rolled DQSK from the same producer are given in Figure A8,
showing possible variaions of fatigue properties[A5].

With this variability in mind, it can been seen that, in generd, each group of steds exhibits amilar fatigue
grength and the higher the tengle strength, the higher the fatigue strength. The fatigue strengths of the stedls
inGroup 1, BH300, HSLA350 and 440W, aresimilar. The sedlsinthe second group, i.e. tedswith UTS
of 590-600 MPa, dl show higher fatigue strength than the stedsin thefirst group. And Group 3, DP800
exhibits even higher fatigue strength than Group 2.

Within Group 2, the HSS590 and DP600 exhibit smilar fatigue strength. However, TRIP590 exhibits
exceptiondly higher fatigue strength, smilar to DP800. Thisexceptionaly high fatigue srengthis bdievedto
be the result of progressve phase transformation of retained augtenite to martensite during cyclic
deformation. Thisadditiona strengthening delays crack initiation and propagation processes and therefore
improves faigue life.
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Table A2 Fatigue Properties

BH300 440W HSLA350 | HSS590CR | DPE00GI TRIP590 DP800
€] GA €] EG GA
S f (MPa) 549 841 806 836 983 813 1205
e'f 0.969 0468 1920 0480 0.211 0.49 0104
b -0.063 -0.105 -0.098 -0.095 -0.101 -0.063 -0.101
c -0.614 -0.523 -0.668 -0.538 -0457 -0572 -0.3%4
K'(MPa) 530 966 671 983 1363 871 2104
n 0.097 0.198 0.133 0.173 0.219 0.109 0.253
Endurance
Limit, s, 193 209 203 230 228 336 307
(MPa)
Fatigue Ratio | 047 045 0.46 0.38 034 0.56 0.37
Notch
Endurance |, 130 125 144 142 178 147
Limit, s,
(MPa)
K at 107
Reversals | 1.61 161 162 1.60 161 189 209
SdSh
S f - Fatigue strength coefficient e'f - Fatigue ductility coefficient
b - Fatigue strength exponent c - Fatigue ductility exponent
K' - Cyclic strength coefficient n' - Cyclic strain hardening exponent

InFigure A9, HSS590, DP600 and TRIP590 are compared with HSL A350. The advantage of the AHSS
over the conventiona high strength stedl is evident with TRIP590 showing the best fatigue strength.

Endurance limits were determined by running additional tests under stress control and the results are dso
given in Table A2. The endurance limit isthe sressamplitude equa and below which no fatigue faillure will
occur. Along with the endurance limit, the fatigue retio, thet is the ratio of endurance limit/UTS, isdso
liged. Again, the BH300, 440W and HSLA350 exhibit the amilar 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 aendurance limit of 336 M Pa, which is 68% higher than those for Group 1,
46% higher than the other two stedlsin the same group, and even 10% higher than the endurance limit of
DP800.

|t should be noted that the endurance limit was defined by 5x10° cydeswithout failure. Recent study shows
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that sted may il fail after 10° to 10° cycles even at stressranges equal or below the endurancelimit [A6,
A7]. Onethushasto be cautious when using the endurance limit for gigacycle gpplications. Furthermore, the
fatigue properties generated in thisstudy arefor the stedlsin the as-received condition. Sinceforming srain
can affect thetendle properties of the sted, especidly for dud phaseand TRIP stedls, thefatigue strength of
the formed part will be different from the stedsin the as-received condition.

4.2.2 Fatigue of notched specimens

Figure A10 shows nomind stress amplitude, DS/2, vs. 2N for the stedls tested. The nomina stress was
caculated by using the net cross section. These are the regression curves from testing data and are shown
only within 2000 to 5x10° reversals where testing data are available. For legibility, no data points are
shown.

The smooth specimen results showed that the stedswithin agroup normaly exhibit smilar fatigue strength
except TRIPS90. Thisisagain true for notched specimens as shown in Figure A 10. With acenter hole of
K=2.5, BH300, HSL A350 and 440W show smilar fatigue strength. Although 440W seemsto have lower
fatigue strength a the low cycle region and higher fatigue strength &t the high cycle region, variations of
fatigue strength fromcail to coil may diminate the differenceswe seefrom the single- coil data. HSS590 and
DP600 a so show smilar notch fatigue strength. Similar to the base metd 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
gpproaching the fatigue strength of DPE0O0.

Figure A11 shows the DS/2 vs. 2N; curve for HSS590, DP600 and TRIPS90 in comparison with
HSLA350. Tegting data points are o given in the plot. Similar to the testing results for the smooth
gpecimens as shown in Figure A9, AHSS again show better notch fatigue strength over the conventiona
high strength steedls, HSLA350. The TRIP590 maintains it best fatigue strength.

Notch endurance limitswith acenter hole of Kt 2.5 aredso givenin Table A2. The notch endurancelimits
aremuch lower than the endurance limitsfor the base metds, indicating asignificant drop astheresult of the
center hole. However, smilar to the base metdls, HSS590 and DP600 exhibit

around 10- 15% higher notch endurance limit than steelsin Group 1. TRIPS90 showsan even higher notch
endurancelimit. In other words, notch sengtivities of these stedlsare very smilar so that the presence of a
notch does not negetively affect the advantage of the AHSS over the conventiond high strength stedlsin
fatigue resstance. The only exception is DP800, which shows a notch endurance limit only dightly higher
than that of DPG00.

Fatigue notch sengtivity can be evauated by the fatigue stress concentration factor, K. One smple
measurement is by caculating the ratio of the endurance limit over the notch endurance limit, s J/s,.. This
vaue representsthe notch sengtivity of the edsat high cyclefatigueregion. Thevauesaregivenin Table
A2 and show that the notch sengitivity of the Sedstested at high cycleregionisvery smilar, withaK; vaue
of 1.60-1.61, except TRIPS90 and DP800. DP800 shows higher notch senstivity, Ky =2.09, duetoits
higher strength. The K¢vaue of TRIPS90is1.89 whichishigher thanthe other steels. Thereasonsfor this
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dightly higher notch sengtivity are not clear.

Figure A10 DS/2 vs. 2N; for notched fatigue tests
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It should be noted that the K¢ valueis different at different liferanges. Due to the varighility of the

ged properties as mentioned in this paper, no attempt ismade to study the K vaue asafunction of fatigue

life. However, it can be concluded that, except for DP80O0, the difference of the notch sengtivity for the

dedstested in thisstudy isnot sgnificant. It issupported by thefact thet the rdaivefatigue srength of these
49



dedsis the same with or without notches.

5. High Strain Rate Behavior

5.1 Experiment

High strain rate testing is much more complicated than quas- stati ¢ testing dueto the increasing influence of
stresswave propagation. In addition, severd different testing methods are available, each is gpplicable for
different ranges of strain rates. Some of the testing techniques are rdatively unfamiliar to the stedl industry,
such as Split Hopkinson Bar (SHB). Inthe last few years, the Auto/Sted Partnership High Strain Rate
Group has coordinated severa programsto generate datafor alimited number of stedl grades. However,
questionsremain asto what testing method should be used and how the variation in stress-srain datashould
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 curvefitting, will bediscussed in detail hoping that thisstudy can provide abasisfor the
future development of a standard procedure.

Six grain rateswere sdlected in thisstudy: 0.001, 0.1, 10, 100, 500 and 1000/s. Thisisthe strainraterange
congdered most relevant to the automobile crash event. Thetestsat 0.001, 0.1, 10, 100 and 500/s were
performed using servo-hydraulic loading framesat Reinisch-Westfaische Technische Hochschule Aachen
(RWTH Aachen, Aachen for short). Tests at strain rates 500 and 1000/s were conducted using Split
Hopkinson Bar (SHB), both tenson and compression, a the University of Dayton Research Indtitute
(UDRI). The overlap of the 500/stestswas chosen to compare the two testing techniques. All testswerein
the “L” direction except the compresson 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 20mm. The
specimen drawingisshownin Figure A12a Three specimensweretested a each condition. Twoload cells
were used intheloading train, apiezodectricload cell and an in-house fabricated load cell that ispart of the
grip system in order to reduce the distance to the specimen. The piezodlectric |oad cell wasused for strain
rates less than 5/s, whereas the load cell in the grip was used for higher strain rates.

The gtrain was determined by the displacement divided by the gage length. Comparing the measurement by
using an optica extensometer, Aachen clamed that thismethod is satifactory. However, in order to obtain
direct drain measurements in the smal srain region, up to 2%, two out of three specimens were
insrumented with a strain gage on each side. During the te<t, load and displacement were recorded with
time. Strains measured directly from the strain gages were aso recorded when available.

The SHB isroutindy used to sudy mechanica propertiesof materidsat high rainratesintherange of 200
to 10°/s. The schematic of the compression SHB system used in this study is shown in Figure A13. The
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gpparaus conggsof adriker bar and two pressure bars mounted and aigned longitudinally in bearingsthat
support themrigidly inahorizonta plane. Thebarsare 12.7 mm in diameter and made of I ncond 718 dloy.
The griker bar (0.76 m long) islaunched with atorsiond spring arrangement and strikes the incident bar
(3.7mlong) end to end. This sets up astress pulsein theincident bar. The magnitude of thisincident pulse
is proportiond to the striker bar velocity and its duration is equa to twice the acoudtic trangt time of the
driker bar. The trangt time, t, for this machine is given by
t= 2, =315ns (@)
CO

where s = 0.76 m, isthelength of the striker bar, C, = /E/r =4825m/s, isthedastic wave velocity, E

and r isthe Young's modulus and density of the pressure bar, repectively. Thus, the maximum strain
obtained is 15.7% for 500/s test and 31.5% for 1000/s test.

A disc specimen, 3.17mmin diameter asshown in Figure A12b, was used in the compresson SHB test and
was tested in the thickness direction. The specimen is placed between the two pressure bars. As the
compressive pulseisgenerated in theincident bar, aportion of thisincident pulse (&) istranamitted through
the specimen (e;) and the remainder isreflected back in theincident bar (e;). Theamplitude of theincident,
reflected and transmitted pulses are recorded by the strain gages mounted on the two pressure bars as
shown in Figure A13. The stress (s), strain (€) and strain rate ( €) in the specimen can be cdculated from
the following equations:

A

) =E et 2
s (t) A e, (t) )
e =222 5. (Ock ®
6 =22, @

where A, and As are the cross-sectiona area of the pressure bar and the specimen in the gage area,
respectively, and L isthe gagelength of the specimen. The measured strainse;, e, and e; havethefallowing
relation when the specimen deformed uniformly:

e =e - e ©)

Strain rate is controlled by changing sriker bar velocity. Fine adjusment of the dtriker bar velocity is
practiced until the target strain rate was reached.
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Figure Al14. Schematic illugtration of the tenson SHB system.

The tensgon SHB tests follow the same principles asin the compresson SHB test. However, becausethe
gage length of thetendle specimen ismuch longer than that of the compression specimen, thetimerequired
for the stressto equilibrate within the specimenismuch longer [A8]. UDRI facility usesauminum pressure
bars in the tenson SHB system. The test gpparatus is shown in Figure Al14. A smdler flat dog-bone
specimen, with a gage length of 7.62mm, was used for the test. The gpecimen configuration is given in
Figure A12c. Thedtress, strain and strain rates were obtai ned from the same equiations. Sincethe maximum
grainisonly 15.7% for 500/s tests, which is less than the total € ongation for the testing materidsfor this
study, specimens were not extended to failure at this Srain rate.

5.2 Data Reduction

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

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

Typicd sress-grain curvesfrom the servo-hydraulic sysemsaregivenin Figure A15 for 440W. Thistype
of sressstrain curveiscommon for high srain rate testing. There are severd features which are compared
here to quasi-gtatic tensle curves:

= Thelinear eadtic region is delayed by aregion of dow increase of stress.

= Thedope of the linear region is much smdler than the modulus of dadticity a quas-gatic testing.

» Thereis a Sgnificant load fluctuation & high grain rates which is the result of ringing of the load
measuring System.

The causes of thefirgt two phenomenaare not totally understood. They can berelated to the accel eration of
the actuator, the stiffness of the loading system, and the sgnal delay of the displacement and load due to
their different locations. As we were told by Aachen, in order to get data of better qudity, two different
damperswere used for strain rates of 0.001 and 0.1/s, and strain rates of 10, 100 and 500/s, respectively.
This aso contributed to the differences between the curves for these two dtrain rate ranges.

Generdly, it takes agreat ded of tedious data processing to correct the early sections of the stress-gtrain
curve, including dope adjustment. In this study, we rely on the stress-strain data measured by the strain
gages as the more accurate information in the dagtic region. Thefollowing procedures were developed in
this study to achieve stress-strain data of good qudity (using the 440W data at 500/s for illustration):
1 Verify the drain rate by plotting displacement data versus time. Figure A16 shows a
displacement vs. time curve for a440W specimen tested at anominal strain rate of 500/s. The
dope of the datais 9431mm/sas shown and the srain ratefor thistest is 9431 (mnvs)/20 (mm)
=472 Is, which isfairly accurate for a 500/s test.
2. Plot the engineering stress-strain data both from direct strain gage measurement and from
displacement cal culation on the same graph (see Figure A17). The strain gage dataterminated
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a around 2%. To fully 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, isidentified first.
The displacement- converted datawith strainslessthan A’ arediscarded. Theremaning curve
of the displacement-converted data is shifted to the |eft so that the two curves are connected.
The drain of the displacement- converted curve was reca culated to adjust the change of the
dope as shown in Figure A17 using the following formula
®1 10
€eorrect = Crmeasured = Cshift eadj = € easured = Eshift ~ Ds §_ - — (6)

Eapp E(h é

Where  €grex - COrTected strain value
Emensured - Strain value on the displacement- converted curve
i - the amount of grain shift from A'to A
€ - the amount of strain to compensate for the incorrect modulus
Eqpp — the apparent modulus in the displacement converted data
Ein - theoretical modulus of dadticity for sted
Ds - Stressincrease after point A.

The full dress-drain curveis shown in Figure A18.

Smooth the curve by polynomid fitting. First select the stress- Srain databetween the ostillating
part of the stress gtrain curve. Then gpply 3-degree or 4-degree polynomid fitting. Findly
extrgpolatethefitted curvetowardssmaler strainsto extendit tothe origina curve, asshownin
Figure A19.

Theyidd gress, tensle stress, uniform e ongation and tota elongation can be obtained fromthe
shifted and smoothed curve, as shown in Figure A20. Since the lower yidld is taken as the
interception of thefitted curve and the origind strain gaged curve, the determination of theyield
drength at high ratesis thus not accurate because it depends on how the polynomid fitting is
performed. In contras, the tensile stress is much less sengitive to the fitting method.

Asthe find step, the engineering stressand strain were converted to true stressand strain using
the following rlations as shown in Figure A21:

eTrue = Ir(1+eEng) (7)

S e =S Eng (1+ eEng) (8)
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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 equiilibrium time
associated with the longer gage length of the tension specimens. On the other hand, the compression data
are much more stable. A closelook at the strain rate vs. time data (Figure A23) revedsthat the strain rate
for the compresson SHB tests never stabilized. In fact, it continuoudly dropped from 200% of the target
vaue a the beginning of thetest, 1000/s, to 50% of thetarget, 250/s, at the end of thetest. In contrast, the
drain rate in the tenson SHB testswas relatively sable.

Using asmilar smoothing method, stress-strain datafor the tenson SHB tests at 5% strain or higher were
smoothed by 3- or 4- order polynomid fitting. The datawith strainslessthan 5% were discarded dueto the
ingtability of the strain rate (see Figure A24). Finaly, 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

59



440W 500/s SHB

1200
A
1000 B¢ Y
A
A
1
800 1
2
4
o "
= *
c A Compression
&
)

400

200

0 50 100 150 200 250 300 350 400
Time (8)

Figure A23. Strain rate vs. time for tenson and compression SHB tests
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5.3 Results
5.3.1 Comparison of Various Testing Methods

AsshowninFigure A22, there are Sgnificant differencesin the true siress- grain curvesbetween thetenson
and compression SHB tedts. It is speculated that the differences are mainly due to the different loading
modes. In the tenson SHB ted, the sted is subjected to uniaxid tensle loading, wheress in the
compression SHB test acompressiveload is applied through thickness, which isequivdent to abiaxid in-
plane stretch. Yan and et a. showed that the yield strength of an 8% biaxidly stretched IF stedl is 40%
higher than the 8% flow stress during atensile test (375 MPavs. 266 MPa) [A2]. Thisindicatesthat the
flow dress a a certain effective srain can be quite different when the deformation is achieved by two
different srain paths. Anisotropy can aso contribute to the difference. However, its contribution decreases
as the r-value approaches 1.0, asfor many high strength stedls. An additional factor that may contributeto
the difference is the surface friction, which might affect the compression tests but not the tension test. The
difference between the tenson and compresson SHB decreases with increasing strain rate as shown in
Figure A25, which exhibits the true stress-stain at 1000/sfor the same stedl asin Figure A22 (440W). The
stress-strain curves from the tenson and compression SHB show excellent agreement except much more
ringinginthetenson results. Thedifference between thetension and compression SHB aso decreaseswith
the strength of stedls. Figure A26 showsthetrue stress-strain curvesfor DP800 at 500/s. Thedifferenceis
much smaller than 440W as shown in Figure A22.

The true stress-grain curves from the servo-hydraulic system and the SHB testsat 500/sare compared in
Figure A27 for 440W. The tenson SHB data match the servo-hydraulic data much better than the
compresson SHB data. This is true for dl the stedls tested. Thus, the tenson SHB data is a better
representation for the tensile behavior a higher strain rates. Only the tenson SHB dataat 1000/s will be
combined with the data generated by servo-hydraulic sysems 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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440W 1000/s SHB
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Figure A25. Comparison of true stress-strain curves between tension and compression SHB for
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5.3.2 Stress-Strain Data a High Strain Rates

It isobserved that the datafrom 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 srain rate.

Due to the resolution and noise of the measurement system, accurate measurement of the modulus of
eadticity isdwaysdifficult. Figures A28aand A28b show the smdl strain region of the stress-gtrain curves
for BH300 and HSL A350 from the strain gaged data. Although variationsexist, no systematic change of the
modulus of adticity can be seen. Thisobservation indicatesthat the e astic modulus messured a high strain
ratesis essentialy the same as that at the quas-gatic condition.

The true stress - strain curvesfor each stedl grade processed asdiscussed in the previous section are given
in Figures A29ato 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 nvdue for the seven steds are summarized in Table A4. The
following can be noted:

- Aachen could not achieve 0.001/sin their system. The gtrain rate of 0.005/s was used instead.

- Since the loading rate a smal drains for the SHB tests was very ungtable, no yield stress was
determined for the 1000/s tests.

- Only thetota eongation valuesfrom the Aachen'stests aregivenin thetable. No dataare given for the
1000/s that were tested by tenson SHB. Thisis because the tenson SHB used specimenswith agage
length of 9.5mm that is much shorter than the gage length of 20mm used by the servohydaulic system.
Thetotd elongation vauesare thus not comparable. For the same reason, thetota elongation valuesat
0.005/sare much higher than those from the quas- Satic tensletestslisted in Table A1. The quasi-gdic
tensle tests used the standard specimens with a gagelength of 50mm thet ismuch larger than that used
at Aachen.

- Thefull curve n-vaueswere determined using thetrue stress-strain datafrom 2% true strain to uniform
elongation for strain rates of 0.005, 0.1, 10 and 100/s. Since the data above 100/s usually involved
ggnificant oscillation, thefitting quality reduced dragticadly. Therefore, no attempt was madeto obtain n-
vaues for the 500/s and 1000/s tests.

- Thecapahility of energy absorption isevauated by usng two parameters. YS+UTS

* U E md E]_OOAJ.
The former is arough messurement of energy absorption during the tensile test upto necking, which
represents the capability of asted to absorb energy. Thelatter isthe areabel ow the stress-strain curve
upto 10% of strain, which is believed to be equivaent to the energy absorbed during crash event for
certain structures and therefore can be used to compare the relative crash performance of steds[A9,
A10]. Thesetwo parameterswere calculated and measured, respectively, at different strain rates and
thevauesarelisedin Table A4. Since no Y Swas measured for the SHB tests, no va ue was obtained
for thefirst parameter at 1000/s.
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Figure A29a) Smoothed true stress-strain curves a various strain rates for BH300.
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Figure A29c) Smoothed true stress-strain curves at various strain rates for 440W.
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Figure A29d) Smoothed true stress-strain curves at various strain rates for HSS590.
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Figure A29e) Smoothed true stress-strain curves at various strain rates for TRIPS590.
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Figure A29f) Smoothed true siress-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 How Stresses at Various Strain Rates

Steel Strain Rate So.005 Soo2 Soos So.10 So1s So.20 So2s
Grade (Us) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
0.005 301 340 385 438 479 510 539
0.1 328 353 400 458 497 526
BH300 10 405 395 42 499 540 573 599
100 452 435 473 525 564 598 627
500 534 448 491 557 607 641
1000 504 569 615 645
0.005 362 399 438 479 506 531
0.1 376 411 458 499 526
HSLA350 10 434 464 501 547 583
100 486 480 529 574 607 634
500 582 533 560 604 638
1000 573 625 664
0.005 325 364 422 486 530 561 585
0.1 351 391 454 518 562
240W 10 421 423 489 555 602 640
100 486 453 513 581 631 670 700
500 530 489 541 611 670 708
1000 552 628 685 721
0.005 402 457 540 624 672 707
0.1 436 471 558 646 691
HSS590 10 483 543 610 690 747 791
100 532 549 618 705 769 818
500 650 561 636 739 823 850
1000 625 726 805 864
0.005 447 480 547 630 690 739 783
0.1 458 506 584 670 727 765
TRIP590 10 492 522 592 683 751 805 847
100 528 553 621 707 774 831 878
500 580 590 654 744 809 863 903
1000 617 708 786 850 84
0.005 437 547 628 713 765
0.1 482 584 661 736 781
DPE00 10 477 595 695 783 835 874
100 506 619 720 818 876 922
500 565 631 764 843 887 930
1000 812 881 940 999
0.005 464 684 809 912
0.1 596 772 856 949 1012
DPS00 10 589 765 881 985
100 703 818 906 981 1049
500 833 928 961 1023 1090
1000 983 1051 1130
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Table A4. Tensile Properties at Various Strain Rates

Strain S UTS UE TE (YSHUTS)* UE/2 =
Steel Grade (er;lt; (MPa) (MPa) %) @) n-value (Immd) (J/m‘;ﬁ'g)
0.005 312 419 255 472 0.190 0.093 0.0357
0.1 337 431 187 347 0.178 0.072 0.0374
BH300 10 388 469 234 413 0.178 0.100 0.0413
100 408 490 27 475 0.148 0.102 0.0443
500 443 526 232 533 0.112 0.0463
1000 533 17.8 0.0473
0.005 352 443 19.7 411 0.129 0.078 0.0417
0.1 377 458 14.1 293 0.128 0.058 0.0422
HSLA350 10 429 506 156 335 0.126 0.073 0.0468
100 475 528 17.7 445 0.132 0.089 0.0493
500 519 54 149 44 0.080 0.0527
1000 577 157 0.0545
0.005 325 460 27 431 0.196 0.089 0.03H4
0.1 350 484 164 3.7 0.186 0.068 0.0419
240W 10 390 527 232 385 0.189 0.106 0.0450
100 421 548 24.4 475 0.180 0.118 0.0473
500 458 575 20.7 51.7 0.107 0.0504
1000 592 193 0.0518
0.005 409 589 192 359 0.197 0.09%6 0.0498
0.1 440 610 14.6 217 0.190 0.077 0.0526
HSS590 10 469 650 194 342 0.179 0.108 0.0571
100 492 683 21.2 426 0.195 0.124 0.0579
500 533 705 195 121 0.121 0.0596
1000 718 19.0 0.0591
0.005 428 629 275 434 0.216 0.145 0.0507
0.1 451 637 16.6 28.8 0.190 0.090 0.0538
TRIPS90 10 492 676 232 36.8 0.209 0.135 0.0549
100 525 705 5.7 45.1 0.213 0.158 0.0578
500 572 723 24.7 46.1 0.160 0.0606
1000 715 24.6 0.0582
0.005 417 660 144 34.8 0.170 0.076 0.0570
0.1 457 678 126 27 0.140 0.072 0.0611
DPE00 10 498 728 18.0 278 0.172 0.110 0.0628
100 555 768 19.6 34.6 0.169 0.130 0.0659
500 580 777 219 39.7 0.149 0.0697
1000 825 208 0.0745
0.005 470 827 116 24.4 0.130 0.075 0.0740
0.1 566 872 120 218 0.135 0.086 0.0786
DPSO0 10 600 901 114 25 0.150 0.086 0.0807
100 678 902 151 29.6 0.128 0.119 0.0831
500 746 936 17.1 39.7 0.144 0.0897
1000 972 16.6 0.0900
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5.3.3 Strain Rate Effect

The yield stress and ultimate tensile stress of each sted grade are plotted versus strain rate, as shown in
FiguresA30 and A31. Positive strain rate senditivity wasobserved for al the stedl grades. Noticethestrain
rate sengitivity isvery low at strain rates below 0.1/s, and higher when the Srain rates are higher than 0.1/s,
even higher for strain rates above 100/s.

The changein UE and TE with gtrain rate is more complicated than Y Sand TS, as shown in Figures A32
and A33. It decreases first and then increases with minimaa ~0.1/s. The UE drops again when the train
rate is higher than 100/s. While few UE and TE data are available in the literature, Rashid [A11] and
Chatfidd et d. [A12] showed smilar behavior as observed in thisstudy when testing mild and HSLA steds.
Unfortunately, such avariation in UE datawas overlooked and treated as an experimental variation. Asa
result, agtraight line was drawn. On the other hand, Shi and M euleman found dmost no effect of srainrate
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. Neverthdess, the authors believe Figures A32 truly reflects the
dependence of UE on dtrain rate.

Explanation for the dependence of UE on drain rateis attempted here. Plagtic strainismainly achieved by
gliding of didocations, which involvesthermally activated motion of didocations. For exanple, crossdipis
often needed to overcome the barriers. At high strain rate, athermally activated process becomes difficult
dueto lesstime available [A14]. Therefore, ductility islower and flow stressincreases at high strain rates.
On the other hand, high strain rate may also delay necking and incresses UE if Strain rate sensitivity ishigher
at high grain 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
drainrates. At lower srainrates, < 0.1/s, asindicated in Figures A30 and A31, strain rate sengtivity of the
tendle drength is rdatively low, the effect of therma activation is dominant, the UE decreases with
increasing drain rate (Figure A32). At drain rates higher than 0.1/s, drain rate sengtivity of the tensile
strength increases, suppression of necking becomes dominant, and UE increases. Notethat the suppresson
of necking isaso atime dependent process. At even higher strain rates, >100/s, thelocalized necking area
quickly fractures due to insufficient time to deform further and to spread the strain throughout the gage
section of the specimen, resulting in the dragtic drop of the UE as shown in Figure A32.
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The dependence of work hardening rates of the steels on Strain rate can be seenin Figure A34, where n-
vaues are plotted againgt drain rate. The TRIP sted shows the highest over dl nvaues, around 0.2.
Though the determination of nvaues is subjective, especialy at high strain rate, severd trends can be
pointed out from the plot. First, for lower strength steels, such as BH300, the n-vaue tends to decrease
with grain rate. 440\ shows the same pattern. This result isin agreement with many previous studies for
lower sirength stedds such as IF and DQSK [A10, A12, A14]. With the increase of sted strength, the n-
vaue becomes less dependent on the drain rate, as seen for dl other five high strength stedls. The
decreasing strain rate sengitivity of n-vaue with increase stedl strength was also noted by Shi et d. [A12].
The low sengtivity of n-vauefor higher strength sedsimpliesthat the formakility of the high strength seds
may not deteriorate as much as DQSK.
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Energy absorption during tests at high drain rates is an important indicator for measuring the
crashworthinessof thested. Thevauesof [(Y S+TS)/2]*UE isplotted versus strain rate for each materia
in Figure A35. The curvesfollow the same pattern asthat of uniform elongation, asseenin Figure A32 since
UE isone of the mgor contributor to the energy absorption. It isclear that the TRIP sted showsasuperior
energy absorption capability to the other gedswithin the srain rate investigated. AlthoughitsY Sand UTS
are lower than those of DP600, its energy absorption isthe highest dueto its superior UE. HSLA350 has
the lowest energy absorption except at the quasi-gatic condition. It isaso surprisng to seethat athough
DP800 hasamuch higher strength than other stedl grades, itsenergy absorptionisat most comparablewith
BH300, 440W, HSS590 and DP600 at strain rates below 100/s. Only at very high strain rates, 500/s,
does DP800 exhibit higher energy absorption than the other steels, snce unlike the other stedls, itsUE 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 HSSisevident. If the value at 100/sisused
for comparison, the results show that the energy absorption for HSS590 is 51% higher than that for the
HSLA350. The DP600 and TRIP590 are 81% and 100% higher, respectively.

However, the B, shows atotdly different picture as shown in Figure A37. The strain rate dependence
does not show any resemblance to the UE behavior. The E;o, increaseswith increasing srain rate for al
deds. Incontrast to thetota energy absorption before necking, DP800 exhibits the highest E; o0, vAUes In
Group 2, DP600 exhibits the highest E;oy, value. HSS590 and TRIP590 show similar Ejo , lower than
DP600. TRIP590 no longer shows any advantage over DP600 and HSS590. The stedsin Group 1 exhibit
even lower Ejg, values with BH300 being the lowest. Figure A38 isaplot for Eypy, vs. UTSat 10%/sfor
both 100/s and 500/s. The results show that E;, valueislinearly dependent onthe UTS of thegted inthe
guasi-atic condition.

HSS590, DP600 and TRIPS90, till exhibit better energy absorption of E;qy, than HSLA350. However, the
improvement at 100/sisreduced to 17%, 34% and 17%, respectively. Much lower than theimprovements
for the[(Y S+TS)/2]* UE asdiscussed. Thisindicatesthat if only 10%, or any fixed amount of deformation
is dlowed in a structure during crash, the improvement of the crash performance by using the AHSS to
replace the conventiondl HSSislessthan the AHSS potentialy can offer. It should be noted that stamping
or other forming process could change the strength and microstructure of the stedls and thus affect the
energy absorption capability during further crash deformetion.
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5.3.4 Strain Rate Sengtivity

Toevduaethedrain rate senstivity of these saven different stedls, thefollowing smplified Johnson - Cook
equations are used here;

& e 00

YS=YS, * 3+ C * Inae o3 )
° g =N
@ w6 0
UTS=UTS, * GL+ Cyrs * INE— 3= (10)
gl uTsS ggm

where €, =0.005inthiscase, YS, and UTS, are the corresponding yield strength and ultimate tensile

grength, respectively. Cys and Cyrs arethedrainrate sengtivity factor for YSand UTS, respectively. The
higher the C vaue, the higher the strain rate sengtivity. By plottingthe Y /Y Sp and UTSUTS, asafunction
of In(e/ey), the Cys and Cyrs can be determined from the linear regression. Thevaduesarelised in Table
Ab5. In addition, the values generated in a separate project [A16] are adso given in a parenthess for
comparison. Asmentioned, the measurement of Y Sislessaccurate. Therefore, thevaue Cys islessrdidble
than the G,rs. Comparison with previous results given in the parentheses aso shows much better
reproducibility of the Cyrs vaue. The following discusson on grain rate sengtivity will be based on the
Curs vadueonly.

Table A5 Cys and Cy+s for Smplified Johnson-Cook Model

Stedl

Y uT C C
Grade So S Ys uTS
BH300 312 419 0.0351 0.0225
440W 325 460 0.0336 0.0225
HSLA350 352 443 0.0467 0.0213
0.0398 0.0154
HSS590 409 589
(0.0296)* (0.0122)
TRIP590 428 629 0.025 0.0139
0.0114 0.0188
DP600 448 660
(0.0509) (0.0128)
DP800 547 827 0.0292 0.0117

* The datain the parentheses are from B. Y an, Reference [A16].
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Asnormadly believed, the strain rate sengitivity decreases with the strength of the stedl. The Cyrs vauesin
Table A5 again confirm this to be true. The stedsin Group 1, BH300, 440W and HSLA350, exhibit
amilar drain rate sengtivity, Cyrs = 0.0213-0.0225. The gtrain rate senditivities of the stedlsin Group 2,
HSS590, DP600 and TRIP590, with Cyrs = 0.0139-0.0188, are lower than those of stealsin Group 1.
And Group 3, DP800 exhibits the lowest strain rate sensitivity and the lowest Cyrs vaue, 0.0117.

In Group 2, DP600 shows dightly higher strain rate sengtivity than HSS590. TRIP590 exhibits the lowest
drain rate sengtivity. Thisisrelated to the decreasing tensle strength at 1000/s as mentioned.

Some researchers use the dynamic factor, the ratio of the UTS a high strain divided by the UTS at the
quasi-static condition[A17, A18]. Figure A39 showstheratio of UTSat 500/svs. the UTSat 0.005/sasa
function of the quasi-static UTS. It again shows that the strain rate sensitivity decreases with the tengle
srength of the steds 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 sgnificantly for steds of different strength. Only the percentage increase, or theratio, of the flow
stressdecreases with increasing tensle strength of the stedl. Figure A40 showsthe stressincrease between
the UTS at 500/s and 0.005/s as a function of the quas-dtatic UTS. It is evident while the Stressratio
decreaseswith theincrease of UTSasshownin Figure A39 theincrease of UTSisaround 110 MPafor al
the stedls tested. This trandates 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 sengtivity than HSS590 and DP600 as
shown in Figures A39 and A40. Its Gyrs vaue is dso the lowest in Group 2. It is possible that heeat
generated at high strain rates may have increased the stability of the retained austenite and thus decreases
UTSasdemondgtrated by Kanz et d. [A19]. However, moretestsfor TRIP steels should be conducted in
order to collect more evidence.

5.4 Constitutive Moddl

The smoothed tendle stress strain data can be fit for different conditutive models. In the last section, a
smplified Johnson-Cook modd was used to fit the YS or UTS only to demondrate the strain rate
sengtivity. In crash analyd's, the entire stress- strain curve rather than only one or two data points should be
fit to certain conditutive modds. Zexilli - Armstrong (ZA) and Johnson Cook (JC) modelsare popular ones
for crash smulation. 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 modd predicts diverging curves.

However, test results can vary and often show “converging” curves, which isattributed to adiabatic heating
[A20]. In order to fit the test results with more flexibility, a new modified model based on the Johnsor+

Cook moded isdeveloped in thisstudy. The new mode can be expressed by the following equation without
the temperature term:
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s =Ke"[1+C(e)In¢]
. (12)

C(e) = De"
In this equation, the true stress-strain curveissimplified by apower law relation, Ke". In contrast to the JC
model, where C is a congtant, the C (e) in this mode is a power function of drain e. D and n' are the
congtants. Depending on the vaue of N, the curves can be "additive” if (n + n) =0, "diverging” if (N +n")
>0, or "converging” if (n + n') <O0.

Theresults of fitting parametersK, n, D and n’ arelisted in Table A6. All these steds showed the diverging
feature, not the converging as reported by Los Alamos Nationa Lab [A20]. Comparisons between the
model prediction and actual smoothed experimental data can be seenin Figures Ad4lato A41g. Thefit for
the experimental datais reasonably good. However, the prediction islower than the experimental data at
1000/sfor dl steds.

Table A6. Parameters for the New Congtitutive Modd

Stedl K D n n' UE CUTS:' Cursfrom | Ave. nfrom
Grade D(UE)" Table 5 Table 4
BH300 760.6 | 0.0179 | 0.194 | -0.0849 | 0.235 0.0202 0.0225 0.183
440W 858.2 | 0.0204 | 0.201 | -0.0061 | 0.229 0.0206 0.0225 0.197

HSLA350 | 741.8 | 0.0254 | 0.141 | 0.0515 0.181 0.0233 0.0213 0.134
HSS590 1094.2 | 0.0251 0.211 0.235 0.206 0.0173 0.0154 0.198
TRIP590 | 1153.8 | 0.0127 | 0.226 | 0.0049 0.253 0.0126 0.0139 0.215
DP600 1105.2 | 0.0212 0.153 0.148 0.182 0.0164 0.0188 0.153
DP800 1316.8 | 0.0148 | 0.135 0.168 0.147 0.0107 0.0117 0.133
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BH300 Model Prediction
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Figure A41a. Comparison between the smoothed experimenta dataand modd prediction (dashed
lines) for BH300.
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Figure A41b. Comparison between the smoothed experimental dataand mode prediction (dashed
lines) for 440W.



HSLA350 Model Prediction
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Figure A41c. Comparison between the smoothed experimenta dataand modd prediction (dashed
lines) for HSLA350.
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Figure A41d. Comparison between the smoothed experimenta dataand modd prediction (dashed
lines) for HSS590.



DP600 Model Prediction
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Figure A4le. Comparison between the smoothed experimenta dataand model prediction (dashed
lines) for DPGOO.

TRIP590 Model Prediction

1000
T
o
= 0.005/9
1) 0.1/s
g * 10/s
17} 100/s
© 400 ® 500/s
=}
[
300
L]
.
200 -8
100
0 T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

True Strain

Figure A41f. Comparison between the smoothed experimental dataand model prediction (dashed
lines) for TRIPS90.



DP800 Model Prediction
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Figure A41g. Comparison between the smoothed experimenta dataand mode prediction (dashed
lines) for DP800.

Itisinteresting to note that the n-vaue obtained by the mode isavery good approximetion of the averaged
nvauefrom Table A4, asseenin Table A6. The C vaue representsthedtrain rate senstivity asafunction
of graininthe new model. In order to compare the Srain rate sensitivity of the stedstested, the C valuefor
the UTS s again caculated here by Cyrs= D* (UE)" and listedin Table A6. TheCyrsvauesagain show
that the BH300, 440W and HSL A350 exhibit similar strain rate sengitivity, HSS590, DP600 and TRIPS90
exhibit smilar srain sengtivity and DP800 exhibitsthe lowest strain rate sengtivity. Itisnot surprising that
the Cyrs vaues derived from this new node are very close to the Cyrs vaues derived by a smplified
JohnsonCook modd in the previous section.

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

é .U
A e -
s = Ke"€l+C(e)In—U
g eene 12)
é a
C(e) = De"
and take
¢ =0.001



then Ke" isthe power law equation of the quas-atic stress strain curve. By estimating the D and n'
vaues from the testing results of edlswith amilar strength, the stress-strain data at high strain ratesfor a
new steel may be generated from this equation when no testing dataare available. Moredetailed evauation
of the new congtitutive model is underway and will be reported e sewhere when completed.

6. Conclusons

In addition to the data generated for the Sx AHSS and one conventional HSS in fatigue, notch sengtivity
and high drain rate, the following can be concluded from this study:

Fatigue

1.

Ingenerd, the sed swith smilar UTS exhibit smilar fatigue strength. The higher the UTS, the better the
fatigue strength. For example, the steelsin Group 1 with UTS between 400-440 M Pa, BH300, 440W
and HSLA350, exhibited smilar fatigue strength. The steds in the Group 2 with UTS of 590-600
MPa, HSS590 and DP600 and TRIP590, exhibited better fatigue strength than the steelsin Group 1.
The stedl in Group 3, DP300, exhibited even higher fatigue strength.

The fatigue drength of the dud phase sted, DP600, is not sgnificantly different from HSS590.

However, TRIP590 exhibited exceptiondly high fatigue strength. This is believed to be the result of

extra strengthening from the retained augtenite to martengite transformation during cyclic deformation.
The AHSS exhibit asgnificant advantage over the conventiona high strength stedls. In particular, the
fatiguelimit of HSS590 and DP600 is 15% higher than that for HSLA350. Thefatiguelimit of TRIPS90
is 68% higher than that of HSLA350.

Stress concentration asaresult of acentered hole sgnificantly reducesthe fatigue strength of the sedls.
However, there is no sgnificant difference in notch sengtivity for the stedls studied except DP80O0.

Therefore, the AHSS maintainsits advantage over the conventiona HSS, such asHSLA350 even when
notches are present. The exception is DP800, which exhibits higher notch sengtivity and therefore
reduced notch fatigue strength at the high cycle region.

High dtrain rate testing

1.

The servo-hydraulic system can produce stress-strain data for awide range of strain rates useful for
automotive crashworthiness, from quas-static to 500/s. The stress-strain data produced by tenson
SHB at strain rates higher than 500/s match better with the servo- hydraulic resultsthan the compression
SHB.

In the servo-hydraulic tests, attaching strain gages can produce high quaity 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 assurethe quaity of the stress-draincurvesa highsranraes

Tensle properties of the AHSS a high Strain rates

1.
2.

There is no obvious change of the modulus of eadticity with rain rate in the strain rate range tested.
All seven sted sshow apositive Srain rate sengitivity. However, the strain rate sengtivity, defined asthe
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percentage increase, or ratio, of flow stress due to the increase of strain rate, decreases with the
drength of the stedl grade. Stedlsin the same group exhibit the smilar Srain rate sengtivity. Thestedsin
the Group 1, BH300, 440W and HSL A 350, exhibit higher strain rate sengtivity than the tedsin Group
2, HSS590, DP600 and TRIPS90. The Group3, DP800 exhibits the lowest strain rate sengtivity.
However, theincrease of flow stressisamost constant for all stedl stested, around 22 M Paincrease of
UTSfor each increase of drain rate in order of magnitude in average.

3. The uniform dongation of the steds exhibits a complicated relationship with Srain rate. It decreases
withincreasng srain rate below 0.1/s, and then increases until 100/s, whereit startsto drop again. This
phenomenon is atributed to the competing effect of dtrain rate on the therma activation process of
didocation motion and the suppression of necking.

4. For BH300 and 440W, the full curve n-vaue decreases with increasing drain rate. The drain rate
dependence of the nrvaue decreases with stedl strength. HSLA350 shows very low drain rate
sengtivity. The TRIP sted shows the highest work hardening rate in the strain rate range investigated.

3. Twodifferent parameters can be used to describe the capability of steelsto absorb energy inthecrash
event: (Y SHtUTS)/2* UE, representing the potential of asted to absorb energy before necking, and Eyy,
, the energy absorption at 10% strain, which can be used to compare crash performance of steelswhen
acertain amount of energy absorption isrequired or acertain amount of deformation is alowed for a
dructure. Using ether parameter, the AHSS exhibit better energy absorption capability than the
conventiond high srength seds.

5. A new conditutive modd, modified from the Johnson - Cook modd, has been developed. Using
parametersin the model as functions of strain, the new model can become additive, multiplacative, or
neither so that it can fit testing deta & various Strain rates which are parald, converging or diverging.
Themodd aso has a potentia to estimate high rate tress-gtrain data from quasi- static data when no
testing results are available.
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