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Tensile Properties and Fatigue Behavior
Ph. Baidoo” §Of AHSS-DP 350/600 Subjected to Laser

Instructorll Shock Processing
This work presents the effects of strain rate on the tensile
properties and fracture morphologies of AHSS-DP 350/600
subjected to LSP. Fatigue crack growth test was performed to
evaluate fatigue behavior in the metallic plate of AHSS-
DP350/600. However, this material is used in automobile
industry and enhancing it fatigue resistance is a challenge in
material engineering. In order to evaluate and compare the
influence of the microstructure on their mechanical and
chemical properties, tensile and hardness test were performed
and analysis. This revealed that the LSPed specimens have
. W higher values of yield stress, maximal stress, Young’s modulus
J. Acheampong” lthan non-LSP specimens, the elongation and hardness as a
Instructorll yesylt of their porosity and pore size influenced. It was
observed that the macroscopic (tensile tests) and microscopic
(microhardness tests) properties of the non-LSP are sensitive
to these defects generated during the material machining
process and LSP specimens could prolong the material
working life.
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Keywords: AHSS-DP350/600; Laser peeningensilefracture;Fatigue crack growth; Micro
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1 Introduction

Advance higher strengthen steleimping 350/600(AHSS-DP 350/600 particularly, usually

have excellent corrosion resistance, good weldabditgd formability, good resistance to
hydrogen embrittlement, in addition to high ductility and toughness. However, they have
relatively low yield strength in the annealed stai¢ [There are various strengthening
mechanisms for AHS®P 350/600, such as grain refining, transformation strengthening and
work hardening, converting them in materials widely used in engineering applications, such as
in the manufacturing, nucleashemical, oil and petrochemical, and food industries, as well as
the medical industry for biomedical implants3JR,Recently there has been an enormous
amount of reseahcaddressing the improvement of the mechanical properties of austenitic
stainless steeli[5,6,7,8] without lowering corrosion resistanc&10,11,12)].
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AHSSDP 350/600 are highly udeby hotrolling, followed by coldswaging and annealing
processes. The application fields of AHBB 350/600 are the Automobile and shipment
industry. Fracture of metallic filaments differs in many respects from fracture of ABIBS
350/600 samples. Partilar manufacturing processes. So far, a few research efforts have been
performed on the comparison of the mechanical and microstructural properties ofD¥HSS
350/600 using difference energy of density levels and a squared (4*4) miputpotSP.
Measurerent of mechanical properties is a major part of the domain of materials
characterization, therefore, in the present work, the mechanical properties and microstructural
features of an AHS®P 350/600 stainless steel with and without LSP, were systematically
studied in order to establish the relationship between the microstructure and the mechanical
propertieslt is noteworthy that the AHSBP 350/600 were tested individually in a capable of
conducting tensile, hardness and morphology on every specimeN®bBP, S25J and S30J
samples howeverbenefits offered by LSP have been revealed in AIB$S350/600.

2 Experimental procedures

2.1 Material and sample preparation

The automobile , transpor-DB3t56i00p6l0aOh d hsawhky c ho
a good | ow temperature impact, homogeneous m
|l ow dhrcitt ilee transition and f i-DB3ISO0y/i66000ad edes
under harsh environment of aupoémofiovensi ndhet
composition and mech-®m®i50d&r0e0r 8 pew)iam@). ©d b A& S

Table 1 Mechanical properties of AHSBP350/600

Steel YS UTS Total N-Value R- K-Value Applicatio
Grade (MPa) (MPa) EL(%) (5-15%) Bar (MPa) n Code
DP350/60 350 600 24-30 0.14 1 976 A,C.F

0

S 0 u rweveautosteel.org.

Table2Ch e mi c al pr oé3r5t0i/e6s0 00 f AHSS
Mater C Mn P S Si Cn Sn Ni
DB50/ 0102 1574 0.013 0.003 0.087 0.025 0.013 0.02
Source: www.autosteel.org

Table 3L SP par ametleB50/060@RHSS
Sampl Term Impac laser Puls Spot Spot Confinin Absorbin laser

e No: S t energ e diamet spacin glayer glayer density
times y(J) widt er g (gw/cm
h  (mm? (mm) 2)
(ns)
1. NO NO NIL NIL NIL NIL NIL NIL NIL
LSP LSP
2. S30J Singl 30 15 4*4 3.4 water Al foil 12.5
e
3. S25J Singl 25 15 4*4 3.4 water Al foil 104

e
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on the dog bone specimens are premared doth
reconnoiter on the effeciDPOF0/L6SAPhenpobiet FE&®BS
LSP zone,.DARB3&®I0/WdIPOS car ef urmmd ryk immag kpen biynput t
from different zones treatment.

The dog bone samples/ specimens prepared proc
1. Cutting specimens adi s¢tharge dinanemisnecs( BH N
2. Grinding and Ipo$SiGhpamersaantp | @¢isf fwetent gr ac
3. Cleanlng samples in deionized water and s:
4. ElI'i mi nating machined surface residual str
treatment for a particular interval of +ti me.

2.2 Principle of LSP and experimental parameters

The | aser shock peening (LSP) wutilized a hea
of materi al and then formed pl asma. The res
propagating into the material ckhswavehegkewde
dynamic yield strength of the materawmtlward p
body | ayer of the metal. This adopt®d THe pr
massive LSP i mpacttsha nddadgrebdabDB3&0edeOroddth&S rorfi e
out wusswigt @ahe&Qd Nd: YAG (Neodymium doped Yttri
and a numerical control workbench. Shock was

All dimensions in mun
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Figure 1 a) Specimen drawn dimensions, b) LSP paths and c) picture
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All samples were sunk into a water bath when
a thicknelsmmsnwaé abedtas the transparent conf
aluminum foil QGmhhwastbhse®lnassanonfabsorbing I
surface from the thermal effect.

2.3 Tensile Properties under different density

The tensile saple was cut into the delgone shaped tensile sample as said above in the
dimensions shown in Figu(&) and tablg3) gave the LSP parameters of AHE® 350/600.

Figure 3.a) the dimensions of the tensile sample subjected to LSP ah8Rp8.b) was sample

of one sided shocked energy of 30J and density of 12.5 gwA:n) one sided shocked energy

of 25J and density of 10.4 gw/émand all used square spot of 4*4 fmpulse

as against nerLSP in figure 3.d)FromFigure (3) again, after the necessary set up was done

on tensile test, it can be seen that "stress" on the specimens increases until it reached a
maximum applied stress, while the specimens deforms or changes shape uniformly along the
entire gauge length. Thigoints could determine the tensile strength or maximum stress (or

|l oad) the materi al can support at a particul
or reduction in the breaks or fails as indicated.

2.4 Rockwell hardness test

This methodological test is among the effective and efficient indentation hardness tests used
today. Most of this kind of test, however measure the deformation that happens when the
material under test is penetrated with a specific type of indenter. dheréfe different levels

of force are applied to the indenter at specified rates of two different points and with specific
dwell times. The Rockwell hardness of the material is based on the difference in the deeper
inner sizes of the indenter at two peli of times during the testing cycle. The value of
hardness is measured using a formula that was derived constant to yield a number falling within
an arbitrarily defined range of numbers known as a Rockwell hardness scale.

:

Pressure
Shock
wave

"4

s
LENS
WINDOW TEST PIECE

MIRROR

Figure 2 Schematic principlef LSP
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S30J
specimen

Necked region N Fracture

S25)
specimen

¥ Necked region

NOLSP
specimen

Figure 3 shown both treated and ntnreated LSP specimens after tensile test: a)

before tensile test and b), c), and d) after tensile tested.

The indenter is brought into contact with the material to be tested, and an initial load of force
is applied to the indenter. The initial force is usually held constant for an amount of time (dwell
time), besides the depth of indentation is measured. figemeasurement is done more force

is applied at a rate of a period to increase the applied force to maximize the increment as the
major load. The force is held fixed for a particular interval of time, after that the additional force
is taken out which tarning to the previous force level.

In this paper hardness measurement and force of 150gf was applied for 10s.

2.5 XRD test

The X-ray diffraction(XRD) pattern of the specimens were recorded witkkCm r adi at i on
a frequency of A = 1. 549006307 ata speed offmin. Itacanhe@a nge o
seen from the result of the microstructural examination that, the high pressure shockwave
causedhe plastic deformation and refinement of grains. In this study the effect of LSP on the
AHSSDP 350/600, the XRD method was used to analyze the various diffraction patterns by

the untreated and treated LSP energies; S25J and S30J specimens. Frof8) fainows the

XRD patterns of specimens treated and untreated.

2.6 Fracture morphologies observation

The fracture end of the bracken specimen’s s
kept for normal dried system and therefore studied treyncarefully. However the fracture

surfaces were observed by scanning electron microscopy (SEMG4SOLY).

3 Results and Discussion

3.1 Tensile Tests

The engineering strestrain curves of both nelbSP and LSP specimens are shown in figure

(4). It can be seen that the nbBP samples show lower tensile mechanical properties than
those of the LSPed specimens; the results were summarized a(figur
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The parabolic shape of the LSPsplecimens curve indicates that strain hardening occurs
throughout the duration of the stress application, but such an amount of strain hardening for a
given increment of stress decreases as stress increases. ConcerninglBe,nostead of a
paraboliecshaped curve, the stress increased monotonically up to failure, which means that there
was a strain hardening of the ARb8P structure. It was clear that the LSPed mechanical

properties exceed those of the iom e at e d .
modul us

An

i mpr ovyante nXo wrfg'ys

€-LSP was eexpextedndaento grain refinement in comparison to the LSPed

specimens, however the result was opposite to that expected.

During coldwork crystalline defects like dislocations and porosity increase with the degree of
deformation and decrease the mechanical properties. In addition, the sample sizet &® non

and LSP affect the results of mechanical tests due to well cosnmeasress distribution of the

LSPed specimens. The coupled effect of crystalline defects and tested area size of samples were
evident in the reduction of mechanical properties of-ndP evaluated in macigcale in

comparison to the LSP specimens inufig(4).

3.2 Micro hardness

Rockwell hardnedssts were conducted in both kinds of samples; the results are presented in
figure (5), which shows that the hardness of the LSPed samples of S30J was higher and
followed by S25J than that of NOLSP specimen. This lower microhardness of NOLSP

specimen could be due to their higher porosity; that is why nan indentation measurements on

crosssecti on were perfor med

n order to deter mi.

and noRLSP specimens. Regarding hardness measurements by nanindentation, the LSPed of
both material of S30J and S25J presented a value of 72.0 HRB and 71.0 HRB, vitii): 8fe
presented a value of 69.0 HRB; in both cases these results were significantly greater than those
reported from the manufacture respectively. This can be explained by the fact that the
nanindentation measurements were carried out infilegzsmall egions, namely porosiiyee,

while Rockwell hardneseeasurements were performed over large regions that might contain

porosity.
AL A A A B A A AL A Ay S Wty S B A B
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Figure 4 shown tensile stress of engineering stress and engineering strain
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I n reference to the Youn gnansindentatioriol thesLSPed he v &
specimens were respectively close to that reported for the AHS350/600 in tabl€2),
According to Young’'s modul ugsanindestapr. Thevaloest ai ne
for LSP material were similar by both techniques, but in the case di®Bnthe value is less

for tensile tests as shown in figuf®. This difference can be again explained by the large
number of flaws that samples contain throughoatirtlongitudinal section, especially in the

case of norL S P . The hardness and the Young’s modu
higher because the measurements were performed over-tieéeateasThe higher values in

nonLSP properties measured by pardentation yield evidence that deformation of +h&P

during coldwork induces greater material strengthening, making it stiffer by reducing their
deformation ability without reaching a completely brittle material.

3.3 XRD diffraction and phase analysis

XRD patterns of the studied samples plotted ib\was revealed that no new peaks were formed
after series of shocks on the specimens. It was agfaserved that there was no phase
transformation in the surface layer of the AHBB 350/600 by LSP. However it could
observed that the diffraction peaks of the treated specimens were broader than that of untreated,
indicated that refined grains, to disidion caused as a results of high plastic strain deformation
and micrestrain among adjacent peaks, an increment in Rstrran in the surface layer of the
and/or increament in the crystaal lattice distortion. [13] a result of the dislocation muityplicat
after LSP. The atomic distance s were altered as a result of the high strain plastic deformation
by higher shocked of S30J. The average grain size was determined from the full width at half
maximum (TWHM) of Bragg diffraction peaks via standard ScheWdson and equation and

miller indices; [14] (Eq).

&7 (- Alfo+ 113 t© x Ofg1 (1)

Where D is

t si ze, K is the sh
wavelength o '

he cr t e
f the X ray ( Af,theBtaggbadgle8 ), ¢ i s

72.0

70.5

70.0

Hardness (HRB)

69.5

69.0

NOLSP S25J S30J

Differnt LSP energy levels (J)

Figure 5 shown theRockwell hardness results of specimens
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Figure 6 XRD patterns analysis of with and without LSP samples.(a) Indexed graph and (b) Magnified graph

From figure (7) it revealed that both treated and untreated LSP samples have the same
crystalline structure but the FWHM, Crystallite size, micro strain and dislocation density were
differed. As the energy increases from S25J to S30J average grain size decreasesjdyot the
strain increased by the shocked. During plastic deformation of austenitic stainless steels at room
temperature, the martensitic transformation occurs from the austenite phase. The structure
observed in the diffraction peaks consists of a mixtuhemical composite passes of AHSS

DP 350/600. Which corresponds and characteristic of martensite and austenite phases,
respectively.

However, the XRD patterns of AHI3P 350/600 samples in different states present a
remarkable difference in intensity. Theaks of the treated sample are sharp, while the peaks
of the untreated pattern exhibit a significant shortening that indicates a crystal size refinement.
The grain refinement could be attributed to the high strains during plastic deformation induced
by LSP contributed to the generation of dislocation lines [15]. The figure also shown that
FWHM of (111) (200) (220) (211) (311) (222) and (400) peak increased more after the
treatment as against ntreated.

3.4 Morphology observation

The tensile fracture morphology of the samples was analyzed by optical microsdigpyen

(6). The necking and neck propagation were observed for all specimens, which are associated
with ductile materials ifigure (3). Andtable(2) showed thenechanical properties of AHSS

DP 350/600 samples. Ductile fractures are characterized by tearing df almetg with
appreciable gross plastic deformation. Ductile tensile fractures in most materials have a gray
and fibrous appearance [L@he quantity and size of poregaftensile tests can be seen in
figure (6), respectively for treated and ntmneated specimens; in the case of -h&@P, the
fracture surface containsamy structure of adjoining cavitielike deep dimples, distributed
homogeneously throughout the maximum surface.
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Figure 7 FWHM, microstrain, crystallite size, dislocation density of AH3B 350/600.

The below fractographiexaminations of the broken tensile samples reveals characteristic
features like dimple coalescence and fatigue crack indication of ductile failure ahocked

density rates, and the dimple coalescence takes place in parts containing inclusions or
precipitates. It is well known that the presence of impure LSP particles restricts dislocation
mobility and has an obvious attribution to the initiation of crack nucleus and crack propagation.
Moreover, the presence of dimple coalescence indicates cleaaysgtanular ductilenode
fracture, and the dimple size in the fracture surface is a function of fatigue life, which has a
direct relation with the shocked density. [1¥he geometry of dimple and its correlation with
mechanical properties in the structural materials have been investigalednd Zhe results
indicated that there was a systematic correlation between mechanical properties and the dimple
size at ductile fracture with the shocked density variation.
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Figure 8 Fracture surface morphologies of tensile tested specirmpNOLSPb) S25J and) S30J

From figure(6), it can be concluded that there were obvious differences in the dimple size at
different shocked spots of density and energy pulse, and the dimple size showed a notable
shocked spot energy rate sensitivity after L8#Hth the increment of the shocked density, the
dimple size and the dimple depth increase, and when the shocked density increases from
10.5wg/cmt to 12.4wg/cm as showed in tablg3), there was the dimple coalescence
morphology on the fracture surfacesdatimple becomes gradually larger and deeper. Hence,

it is reasonable to estimate the mechanical properties of AHMSS350/600 with different
shocked density after LSP through fracture surface analysis of the dimple and fatigue crack
regions. However, ghould be mentioned that if fracture morphology of a sample without LSP
are given by comparison, it will provide more evidence to explain that LSP give a strong impact
on the higher shocked density sensitivity of AHSB 350/600.

4 Conclusions

In this work tensile, microhardness and nanoindentation tests were done on arDRHSS
350/600 steel in the LSP and nb8P specimens, in order to evaluate and compare the
influence of the microstructure on their mechanical and chemical properties. Bs#htpt®ns

showed a similar microstructure and tensile fracture morphology. Tensile and hardness tests
showed that the LSPed specimens have higher
modulus than nohSP specimens, elongation and hardness, rasudt of their porosity and

pore size. It was observed that the macroscopic (tensile tests) and microscopic (microhardness
tests) properties of the ndSP are sensitive to these defects generated during the material
machining process and LSP specimensla prolong the material working lif@.hroughout
nanoindentation testing a very small volume of material could be tested. The superior
mechanical properties of treated and-w@ated obtained by nanoindentation, in comparison

with those obtained by teitess tests and microhardness, are due to the capability of
nanoindentation of performing measurements on a small and peiregitarea. With this
technique, hi gher values of -teateddspeeimen waend Yo
reached in comparisontor eat ed specimen’s condition. The:¢
greater plastic deformation induced in AOBP during their processing.



Tensile Properties and FatigBehavior of AHSSDP ... 8

Author Contributions: Philip Baidoo designed the experiments with Martin Amoah; all
authors performed thexperiments, analyzed the data and discussed the réhiligg;Baidoo
and Martin Amoalcontributed with reagents/materials/analysis tools; Philip Bawimie the
paper; martin Amoah and Juliet Acheampoagsed the paper.

Conflicts of Interest: Theauthors declare no conflict of interest.

References

[1] Davis, J.R, “Stainless Steel. In ASM Specialty Handbook ”, 1st Ed. ASM International
Northeast, OH, USA(1994).

[2] Lanzilotto, C.A.N., and PickeringF.B., “Structureproperty Relationships iDualphase
Steel§ Met. Sci., Vol. 16 pp. 371382 (1982)

[3] Baek, J.H., Kim, Y.P.Kim, W.S, andKho, Y.T., “Effect of Temperature on th€harpy
Impact and CTOD/alues ofType 304StainlessSteel Pipeline for LNG Transmissioh,
KSME Int. J, Vol. 16, 351357, (2002)

[4] Hedayati, A, Najafizadeh, A.Kermanpur, A. and Forouzan, E."“The Effect of Cold
Rolling Regime onMicrostructure andMechanicalProperties of AISI 304LStainless
Steel’, J. Mater. Process. TecNol. 210,pp.10171022 (2010)

[5] Chen, T.C, Chen, S.T.,andTs ay , The Rule,of In"d u c endrtengite on the
Hydrogenassistedatigue Crack Growth of AusteniticStainlessSteels, Int. J. Hydrog.
Energy,Vol. 39,pp.1029310302 (2014)

[6] Dehsorkhi, R.N.SabooniS. KarimzadehF., Rezaeian, AandE n ay at i TheEfféctH. , *
of Grain Size andMartensiticTransformation on thé&/earBehavior of AlSI 304LStainless
Steel’, Mater. Des.In Press (2014)

[7] Switzner, N.T, Van Tyne, C.J.and Mataya, M.C, “ E f fofeForging Strain Rate and
DeformationTemperature on th®echanicalProperties ofWarmworked 304LStainless
Steel’, J. Mater. Process. TecNol. 210,pp. 9981007, (2010)

[8] Weber, S.Martin, M., and Theisen, W, “Impact ofHeat Treatment on thé&lechanical
Properties of AISI 304LAustenitic StainlessSteel in High-pressureHydrogenGas', J.
Mater. Sci.Vol. 47,pp.60956107, (2012)

[9] Bai, T.,Chen, P.andGuan, K, EValuation ofStressCorrosionCrackingSusceptibility of
StainlessSteel 304L withSurfaceNano Crystallization bySmall punchTest, Mater. Sci.
Eng. A Struct.Vol. 561,pp.498-506, (2013)

[10] Bai, T.,andGuan, K, EValuation ofStressCorrosionCracking Susceptibility ofNano
Crystallized StainlessSteel 304LWeldedJoint by Small PunchTest', Mater. Des,Vol.
52,pp.849-860, (2013)

[11] Roffey, P, andDavies, E.H."The Generation ofCorrosion undetnsulation andstress
Corrosion Cracking Due to Sulphide StressCracking in anAustenitic StainlessSteel
HydrocarbonGasPipeling’, Eng. Fail. Anal.Vol. 44,pp. 148157, (2014)



8 I ranian Journal of MechaBDcHBiBeRBMYi neer i1

[12] Li, W.J, Young, M.C, Lai, C.L., Kai, W,, andTsay, L.W., “The Effects ofRolling and
SensitizationTreatments on th&tressCorrosionCracking of 304LStainlessSteel inSalt-
sprayEnvironment, Corros. Sci.Vol. 68, pp.25-33, (2013)

[13] Roland, T.Retraint, D., Lu, Ke., and Lu, JJEnhancedMechanicaBehavior of aNano
CrystallisedStainlessSteel andts ThermalStability”, Material Science and Engineering:
A., Vol. 445, pp. 281-288 (2007)

[14] Williamson, G, and Hall, W.,“X-ray Line Broadening fromFiled Aluminum and
Wolfram”, Actametallurgrica\ol. 1, Isste. 1, pp. 2231, (1953)

[15] Lu, J.Z., Lou, K.Y., Zhang, Y.K., Cui, C.Y., Sun, G.F., Zhou, J.Z., Zhang, L., You, J.,
Chen, K.M., and Zhong, J.W.Grain Refinement of LY2Aluminum Alloy Induced by
Ultra-high Plastic Strain during Multiple Laser Shock Processing Impacts,
Actamaterialia)Vol. 58, No. 11, pp. 39843994 (2010)

[16] GarciaBernal, M. A., Mishra, R. S., Verma, RandHernandez®Silva, D, High Strain
Rate Superplasticity in Continuous Cast AFMg Alloys Preparedvia Friction Stir
Processing, Scripta. Materialia,Vol. 60, No. 10, pp.850-853, (2009).

[17] Arpan, D.,andS o u mi t Geometry aDjmplés andts Correlation withMechanical
Properties inAusteniticStainlessSteel’, Scripta Materialsyol. 59, No.9, pp.10141017,
(2008).



