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Abstract

—-
The fatique re51stance of metal components may beJ

improved by u51ng the benef1c1al effects of mechanical
surface modification. " The sc1entif1c aspects of surface
conditioningnu51ng surface rolling or shot peening have

recently been scrutinized in order to optimize ‘the

attainable improvement of the properties.

A 1arge number of variables influence the cold working

of a metal near the. surface, such as, the strain hardening

°

characteristics of the material which may affec the depth

of penetratlon and also, ‘the magnitude and distribution of

residual stresses. The present study is conducted to

investigate these variables concerning surface rolling and

fatigue life improvement

Surface rolling was chosen as the surface conditioning o

process since the applied pressure can be closely monitored

| Jduring the mechanical working of the surface of the part.‘

To - con51der extremes of strain hardening behav1or, a:‘

- HSLA steel ( low rate of strain hardening and a high yield
strength ) and, after heattreating the HSIA steel a dual e

‘phase steel ( high rate of strain hardening and a low yield

.Av' et

strength ) were selected as model materials.

The theoretical and experimental results have indicated

that there is a pronounced effect of the strain hardening
' i)

fcharacteristics on the penetration of. work hardening ‘ An

4 <

1ncrease in the rate of strain hardening will dramatically

4 ’ . : - U . oo ' L - - e
: s E B T . R p . Coe oA
. P‘ ; . RS .- e T
. . B - . > . 4 . v N y
.
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increase'the depth of plastlc fliy.
However this does not necessarily 1nfluence the direct
stress fatiqueﬂresistande.‘ The high rate of strain

hardening of the dual phase steel substantially increased

the depth of the work hardened zone when compared to that .of

the HSLA steel but the dlrect.stress fatlgue strength at

‘167 cycles of the HSLA steel was 1mproved twice as much as

| that of" the dual phase steel. This may be explained by a

vshift in the locatlon of fatigue crack initiation from the .

.« "y

'surface to within the _core material. Therefore an upper

5

limit is achleVed in improv1nq by surface rolllng the direct

,stressbfatlgue strength.
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1. Introduction ) . .
\ a@f*'
. The beneficial effects of mechanical surface
modification of metal parts by shot-peening or surface
rolf}ng to improve the fatigue strength of: a component have
been known and exploited for some time [ 1-4 ]. However,
recently there.has been reneged interest, particuiarly'in
the scientitic aspects of this surface-conditioning process,
to optimiie the attainable improvement of several
_techhological parameters [ 4-13 ]. Speclflcally, the @aln
factors which influence the fatigue strength of a material
are metallurgical, mechanlcal and geometric effects. These
include: state of material, depth of plastic deformation ’

3

from the surface-conditioning process, residual stresses and
<~ .

surface preparation.

1.1. . Fatigue

- The failure mode described as metal fatigue is caused
by reverse plastic deformation for both hucleation and.
propagation of a crack. In/geﬁbral metal fatigue is a
surface sen51tive phengkenon. This is explalned by a
reduced constralnt on the grains near the surface which
~induces those grains neer the sﬁrf$ce to yield at a lower
applied stress than those in the bulk [ 14, 15, 16 ].

Therefore, the fatlgue strength of a metal ‘part can“be

‘improved by reduc1ng the applied stress near the surface by

i . LY [



N

the introduction of residual stresses (1, 2,‘4-13, 17AH18 ];f
Also, an increase'of'the yield strength of the surface |
material will 1mprove the fatigue strength This. is
achieved by surface hardenlng,‘such as, cold\Working by

- shot-peening or surface rolling. Thus, these processes
provide a favoreble residual stress distribution along with
an increase in the yield strength ﬁear the surface to aid in
the improvement of the fatigue strength oq the metal part

[ 14, 19 7. o B - S
1.1.1. Residual Stress . S

During the mechanical processing of a‘metal part, local
plastic deformation occurs resulting in a residuai stress
distribution. The magnitude and distribution of residual -
stresses is related to the deformation process [ 20, 21 ].
In this situation, the procedure 6f modifying the surface
threugh mechanical &orking, eithervshot-peening or surface
rolling, creates a compressive residual stress pattern at

t

the surface [ l -za 4, 20-22 ]. v

These residual stresses arise Qhen tge applied‘pressure
causes local‘plastie deformation aloﬁgitﬁe\surtace. Since
the mechenical working of the surface ty shotfpeening or
;surface rplling.produces"an expanSion df\the.deformed zone,
the interior must restrain this stretched'regiqp tO'satiséy )
compatibility; Heﬁce, when the external stress is removed,

“the plastically deformed zone prevents thefadjacent elastic



regions from recovering to the previously unstrained state.
An equilibrium condition results within the material through
the restraint of the blastically deformed zone by a residual
compressive stress state created by the e&astically
stretched interior which renains in residual tension [ 2,
20-23 ].

The significance of theseé residual stresses in
affecting the fatigue behavipr of a material depegds upon:
'their.magnitudeAand orientation, their relaxation, the
" modulus of elasticity.and‘the yield strength of the
- material, and the range of applied stress_[ 7, 8, 12-15, 17,
19, 24 ]. These must be considered in evaluating the d |
improv;ment;of the fatigue strengthroffa(metal component.

A ’ ] _ e
1.1.2. Surface Hardness

The mechanlcal worklng of the surface by shot—peenlng
or surface rolllng not - only creates compreSSrve re51dual
stresses, but it also straln-hardens the surface to. some
depth of penetratlon dependent on the applied load and the'
.properties of the mater1a1 Straln hardenlng can be 51mply
defined as an 1ncrease in yleld strength due to some lncrement
in plastlc deformatlon of the mater1a1 [ 23 26, 27 ]

.

An increase in hardness or y1e1d strength of the surface

layer-will enable it to withstand a larger applied load than ;=
ipreviously Thls 1ncrease offsets the lower constralnt

lwithin the surface layer.' Therefore, an ;ncreasEjln’surface

-
]
N
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strength will require a larger applied cyclic load to induce
local. plastic deformation since there is an increase in the
requirement to yield the surface. Thus, the fatigue
strength should show an improvement due tofa hardened

surfa ( 8 9, 11, 14, 19, 24 ]. Also, there is an upper

limit{to the amount of 1mprovement in fatigue strength to be

ed from increasing the hardness of the surface. Since
e v [
e~ location of crack initiation can shift to the inside of

this hardened_layer, the "strength" Qf the*base»material again

¥
_becomes 1mportant in evaluating the fatigue strength of the

3
i

mechanically worked component [ 7, 28, 29 ]
Hence, the effect of strain hardening on the depth of
penetration of the hardened layer also w1ll play an

important ro e in the improvement of fatique strength. “

)

i.1.3. ' Surface Roudhness

' The roughness of a surface provides a qualitative
éstimate of the amount of crack nuclei available fo¥,
1n1t1ation and later propagation of ‘a fatigue failure under

'

: provides an increase .in the sharpnes

4,cyclic loading ° ' 14 ]. An increase i surface roughness
:Q¥nd depth - of cavities

and asperities which produce a strain concentration. To

decreaSe the roughness, the surface can be mechanically
worked by shot-peening or surface rolling to. not only '

provide cold working and strain hardening in the surface

layer, but also, drastically reduce the large—scale.



roughness to a~ﬁuch improved surface condition where the
aSperitiés are considerably flattened. Thﬁs, there is a
smaiier tendency for premature initiation of a crack to
produce failure of a componegf.

Therefore, the surface condition should be included in

a study of the fatigue strength of a material f 14, 19 ].
' g J

: : S

1.2. Effect of Strain Hardening on Severalearameter;

Straln hardenlng characterlstlcs may also affect the’
relaxatlon of the compressive re51dual stress state w1th1n
this cold.worked reglonvdurlng.cycllc loading [ 14, 15, 25 1.

Hence, an acCuréte examination of the influenCe of
mechanical surface modification must take into consideration:
dbt only the state, magnitude, orlentatlpn and relaxation
under cyclicglqadihg of the, induced compressive residﬁél ?;i
stresses, but it must also iéclude‘the'increase of“strength‘l
‘of the.métal in the deformed zéne,along with the'éffect of -
strain hardening charééteristics of the material on all thé

parameters of concern.

‘5\‘
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2. Research Program

The objectlve of this study is to 1nvestigate the
influence of straln hardenlng characterlstlcs on the
effectlveness of mechanlcal-surface‘modlflcatlon for
1mprovement of the fatlgue strength. | | t

First, the study requlred two materlals of vastly
different straln hardening character;stics. As model
materlals, structural steels, stalnless steels, cast irons
ahd others can be used. For this pro;ect a hlgh strength
low alloy ( HSLA ) steel was used whose straln hardenlng
characterlstlcs could be altered by heat treatlng ln the .
dual phase region. Hence, the comp051t10n of the two model

L3

materials is the same with only a change in their- -

~

microstructure.
A HSLA steel and, upon re-heat treatment, a.dual phase

steel were selected.for a variety of different reasons: they .
&
" show extremes of straln hardenlng whlch can be changed by

heattreatment they are the result of recent development

. thelr spec1f1c propertles are not as yet fully exoisfned and -

they ‘are readily available.

w
0
o

Cold worklng by surface roll;ng rathér than
-
shot—peenlng was chosen because the geometry of 1nteraction
and the contact pressure can be closely controlled with L

thls method

' Thus, w1th the two model materials and the method of

;;mechanlcal'surface-modlflcat;on chosen,-arresearch programf

«

Ay



“can be butiined. ' \ , B o ‘;
Several parameters were required to be determingd: the
stréin'nardening cnaracterisuics of each materiall éhe"‘nw
'psnetratlon of cold worklng resulting from surface rolllng,'
the magnitude of the initial plus the ¢tyclically relaxed
surface re51dua1 stresses by x- ray dlffractlon stress
analysis technlques, the dlfference in surface roughness
‘between polished and surface rolled spec1mens -and most

1mportantly the respectlve fatlgue life responses to

reversed dlrecb tension- compre551on cyclic loadlng

L
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-

3. Experimental Procedure

3.1. Tesz\ﬁaterials

As a model material with a low strain hardening rate, a
high strength low alloy ( HSLA ) steel from Kawasaki}Steel
Corporation was chosen-with the following weight percent
alloy composition: 0.10 C, 1.55 Mn, 0.014 P, 0.006 S, @37 si,
0.040 Nb, .0 035 V and 0.034 Al. The small alloy addltions of
vanadium and nleblum prov1de stréngth through grain
refinement and the productjon of precipitates Also, the
HSLA steel was processed by a thermomechanlcal treatment
which is temperature controlled rolllng This produces a

state similiar to cold worklng whll-

taini g a fine grain
size. 1In Flgure 1, " the’ resultant mi dtrugtu ells shoWn
which is ba51ca11y composed of ferrlte a'- ‘rllte with a

ferrlte graln lee of ASTM 12.5 [ 30 ]. The tqﬁfmomechanlcal

hatﬁenlng rate shown schematlcally in Flgure 3.'4ThUS,f

&-",Ai“-

"these steels are dlfflcult to form | K g A

’

,,To 1mprcve formablllty, a’ new method of heat tréatlng

has been 1ntroduced whlch results in a low yleld strength

and a hlgh strain hardenlng rate ( Flgure 3 ) [ 31-35 }.

"Thls is achleved by "lntercritlcal annealing" ( Figure 4 )

_of the steel to produce a "dual phase" structure consisting
of ferrlte and martenslte ( Figure 2 ) [ 31, 32 36" ]

Ba51cally, the steel 1s heated to a temperature within the



L (M agnification :1000x) . -
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Pigure ” ,1 t llicroMcture o!' the Thermomechamcally
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g speCimens were cut from the as received pipe section :;.y

two phase ferrite and austenite zone of the phase diagram '
and then quenched causing the austenite to transform into
marten31te within a ferrite matrix [ 31, 32 ]. By varying
the amount of carbon and the intercritical annealing
,temperature of the steel, a dual phase steel With different

® .
strengﬁ%s and strain hardening characteristics can be '

produced. Also, the yield strength of the HSIA steel is
achieved by the dual phase. steel after 2 to 3% deformation
( Figure 3 P This is the frequent degree o? deformation
for some automobile forming operations [ 35 ].
Iherefore, the model materials chosen haye Very
different strain hardening charaéteristics' ¢ - V',
. 'l.‘ the -HSLA steel with a high yield strength and
o ' low strain hardening rate, 7
2.;1 and re-heat treating the HSLA steelrto form a
» dual phase steel with a low yield strenguh
and high.strain hardehrng rate, |
'3;2.v _Test Specimen_’ 4

[}

2

The shape of the test specimen was-of Amsler ﬁesign o

To summarize the test condition of the HSLA steel test

longitudinally to the rolling direction. The prior

deformation of the material was from pipe forming and

expanSion. This amounts to approximately 4% total strain ifg:?

-"““- e

)

, with a 8 Y- diameter and a. gauge length of 30 mm -( Figure 5 )..
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plus natural eging for six years at an ambient temperature
of 20 °C.
For the dual phese steel, the above mentioned HSLA
steel was first normalized at 900 °C for 0.5 hour followed
by air cooling. Then, test spec1mens'Were‘machined to the
- shape shown in Figure 5. .After machining, the normaliged
test specinensiwere intercritically annealed in a reducing

\

atmosphere at‘730'°C¢for 0.5 hour followed by an abrupt
water quench to form the ferrite-martensite microstructure.
The volume percent of martensite from areal analysis was

about 25%.
3.3. Surface Preparation A -

After the machining procedure stated.in section 3.2.
vthe HSLA stéel and normalized spec1mens were mechanically :
polished w1th 600 grit emery paper. Next the normalized
steel spec1mens nere 1ntercr1tically annealed as per the
~procedure previously stated. Some oxidation did occur and
the heevy‘blue:oxide layer was removed by mechanical“
polishing'using«246 grit paper. | |

All- the specimens were electrolytically polished in a
‘chromic aéid!SOIution within a cylindfical concentrio copper
cethode [ 37 ]. The chromic acid solution contains 1L of
phosphoric acid and 9.5 g of chromium trioxide. The - ~—

'polishing procedure for all the specimens was 14 minutes at

4 volts ( approx1mately 6 amps ) followed by 6 minutes at | -

-
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2.5 volts ( approximately 2 amps ) with the chromic acid

being slightly agitated by a stirring bar at 500 rpm at a
solution temperature of 90 °C. .

The rate of solution at 4 volts was abproximately
0.120 mm/h compared toi 0.056 mm/h at 2.5 volts. The
predicted amount of radial removal was 0.038 mm; whereas,
the measured value was 0.025 mm. This small discrepancy is .
brobably due to the inaccuracy of measurement.

At this depth of etching, the effects of cold work due
to machining were considered negligible. Since the grain '
size of the steel ‘was about ASTM 12.5 which corresponds to an
average grain 51ze of 0. 0047 mm [ 30 ] and the total amount
rémoved radially was 0.025 mm, 5.3 grain diameters were
removed by electrolytic polishing. From the literature, the
average depth of plastic deformation by machining of a low @
carbon steel varies from 0.025 to 0.050 mm [ 38, 39 ].

These penetratlons were determlned by observ1ng at what
?;:depth the re51dua1 stress ‘was 75% of the surface value. Tne,
work hardened denth created by machining is highly dependent
upon the materia; and the machining parameters-used [ 39 3.
Extrapolating these'values'to»this study,,the average
plasticmflow depth of machining may be!estimated to be
within 5 to lo‘grain‘diameters. Therefore a 51gn1f1cant .
amount of the cold worked layer is con51dered to be removed
,by tng electrolytlc pollshlng procedure. ‘ : s

| It is important to con51der the depth of cold WOrklng

produced by machlnlng and the amount removed by electrolytlc
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polishing since this work hardened region may effect the
magnitude and distribution of residual stresses introduced
by 5urfacé rolling [ 4 ).

'Approximately half of .the HSLA and dual phase steel
specimens were surface rplled'ﬁo introduce compres;ive'
residual stresses and work harden the surface layer. This
was acéomplished using a mirror polished,vhard roller of <
28.6 mm ( 1.125 in. ) diameter with a contour radius of
3.2 mm. (0.125 in. ), shown in Figure 6, ébmpared to an
approximate specimen diameter of 8 mm ( 0.315 in. ). A
roller load of 178 N ( 40 lb¢ ) with a specimen speed of .
160 rpm and a feed rate of 0.17? mm/turn‘( 0.0068 "in./turn )
was chosen along with a coVerage,corresponding to six éasses.
Also, the surface velocity of the specimen was 67 mm/s
( 2.6 in/s ). | .

T At firét; oﬁly-one rol;ér was used for cold wofkinq the
surfacé. This produced acceptable results in the HSLA.steeL»
but, ﬁpon cold WOrkihg of the dual phase éteei, thé:test“
speciménvwas observed tq'deflect appfoximately 0.064 mm
( 0.0025 in. ) at the center compared to less than O.bzslmm,

( 0.0010 in.‘) for the HSLA steel. This large deflection
in the dual phase stee1 may change thermagnituae and | 4
orieﬁtation\of,the'residuai stresses aé compa}ed to a. '
constrained surface rolling process. aihe bending df the.ﬁk
test épecimen due to surface rd;ling~using'one ro;ler"

- was analyzed,conéidexing elastic-plastic beam theory and.it

is shown in Appendix A that the surface begins to yield when



" Figure 7 : The Surface Rolling Process.
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the deflection is equal to the experimentally determined
value of 0.064 mm ( 0.00éS in.) [,40'45 ]. Therefore, it
was decided to use two roilers placed on opposite sides of
the test specimen ( Figure 7 ) to elim;nate the deflection.

- This also will increasé the overall amount of colg working.
As mentioned previously for one roller, the same parameters
in:the surface rolliné process are used for two rollers.

>3.45 Testing Apparatus
. . _
The tensile tests and reversed ?ifess fatigue tests
were perforﬁed on a MTS Resonant Servo-Hydraullc Testlﬁg
Fac111ty with a load capacity of +650 kN ( +146000 lbg )
| The mechanical properties of the HSLA and dual phase
steels were examined throug%f%ensioﬁ tests usind stroke
control with a ramp. of approx1mate1y 0.01 mm/s. ‘The loadS‘
and dlsplacements were dlgltally recorded u51ng a personal
computer ( IBM PC ) w1th an analog/dlgltal converter board
( Metrabyte ) at a Aate of 4 ordened palr'values & second.
Each 'value was the average of 20 loads or dlsplace nts.
| The fully reversed dlrect stress ten51on-coy ression
fatlgue tests were cycled at a frequency of 10 Hertz in 1oad ‘
control to fal‘lure . | |

-

©3.5. X-Ray Stress Analysis - 6
_ v . k g
Residual stresses were determined in the longitudinal .

2N e



‘x-ray dlffractlon photography in a separate apparatus
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and c1rcumferent1al directions for the various types of test
~
specimen condition: machlned pollshed and surface rolled
for both model materials [ 44-46 ]. Also, the relaxation of
these surface residudl stresses due to fatigue loading was

measured at several intervals during the reversed stress

cyclic loading test. This comprlsed of the removal of the

test spe01men from the fatlgue testlng machlne to perform.

EroCaprey

After completion of the X~ray analys1s the test spec1men
was then placed back with the prev1ous orlentatlon into the
testing machine and cycled to the next 1nterval. It is
1mportant to malntaln the same orlentationvof the test
specamen within the testlng apparatus to reduce of the

effect of eccentr1c1ty of loading. Also, care was taken not -

to shock load the test spec1men during placement and removal

from the fatigue testing machine. ¥

An x-ray generator ( Slemens Krlstalloflex 2H ) along_‘

with a flat camera to absorb and photograph the dlffracted;

“x-ray beam from the steel teSt spec1men was used [ 44-46 ].

The entrance dlaphram used to colllmate the x-ray ‘beam had a

s -cross—sectlon of 0 8 mm X 1.6 mm

Chromlum radlatlon was used with, x~ray generator

’_'settings of 50 kv and éo mA. ‘The exposure tlme was H;’
,approxlmately 10 mlnutes to prdfuce a 51gn1f1cantly 1ntense
1Kh1 diffractlon rlng from the,(211) lattice plane spac1ng of
.the steel spec1men. Thls corresponded to a dlffractlon

angle,»a of’78;04°“ It was not necessary to use a Kﬂ fllter

’ ’

L]
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since the Ka; peak was well defined and readily recognized .

by the mlcroden51tometer ( Joyce, Loebl and Co. Ltd. ). used
to sScan the 1nten51ty peaks of the dlffractlon ring on the
exposed film.

¥ computer program was then used to calculate the
stress from several mlcroden51tometer scans of the exposed
film. The flnal results‘were the mean of several values.
‘The erronecus points were removed from the'set by the use of
Chauvenet's:criterion for small sample sizes. Simply, the
calculated stresses whlch were +2 standard dev1atlons from
the sample mean were removed from the set and then the mean.

was recalculated.
3.6. Microhardness o ' o

A Leitz mlcrohardness testér was used w1th a Vickers
'indenter and a 50 g load to determlne the depth of
penetratlon due to surface rolling [ 47, 48, 49 ].
Measurements were made transverse to the spec1men axis to a
depth of 0. 4 mm ( 0 015 in. ) at 0.025 mm ( 0.001 in. ') “:

total of

interVals.‘ The f1nal values used were the aver ge of at
least ‘eight 1ndentatlons at every 1nterval ,;3

'approxlmately 200 mlcrohardness readlngs per curve. The

1ndentatlons were carefully spaced so that no 1nterference

e would occur between them.'

i

The HSLA steel spec1mens ‘were: mounted in bakellte at

2150 °C uslng'a Buehler mountlng apparatus, ‘then pollshed to
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a final grit of 0.05 um. The dual phase steel specimens

were slowly cut on a Buehler Low Speed saw with a diamond

o

-impregndteq blade to avoid cold working during cutting.

Then, they were etched in a 2% Nital solution to reﬁbve any

cold work created during sawing. Lastly, they were

carefuliy éolished'with minimal applied pressure and a

0.05 um gaﬁﬁz‘aiumiﬁé'grit [ 50 ]. - _ 2
The differénce in preparation procedure is due to the

extreme strain hardening charééteristics of the‘dual phase

- steel. If the same procedure was used as with the HSLA

steei, severe'work’hardéping f;om sawing, polishing and

aging due to bakelite moﬁnting woula have increased the

microhardness above the actual value for the dual phase

steel [ 49 ]. | - \ e



o~

4. Results A

In the previously discussed experimental procedure,
several tests were outlined to analyze a specific variable

concerning the study of fatigue strength improvement by

mechanical surface modification as influenced by the strain

hardening characteristics of the material. These variables

include the mechanical propertiesrof the material, depth of
penetration. of strain hardenlng, magnitude and relaxation of
residual stresses, and the surface roughness of each test

specimen condition. »

4.1, Mechanical Properties of the Model Materials

S

< The engineerihg stress-strain curves of the HSLA and .

dual phase steels are shown in Flgure 8. Several 1mportant

parameters are summarlzed in Table 1 which descrlbe in an

approxlmate manner_the shape ahd‘magnltude of‘the

engineering stress-strain curve for each specific material.,

These parameters are the yield strength at 0.2% effset theh

_ultlmate ten51le.strength the uniform elongatlon, the total

- t

v elongatlon and the reductlon of area.

The Yleld strength,deflned at 0.2% offset for the HSLA.

steel is about 40% gfeater than that of the dualjphase steel

‘for both'polished(and‘surfaCe rolled cenditions.‘ At 2%
offset, whlch is. about the amount of plastlc defcrmation in

-some forming processes [ 35 ], the flow: stress of all the

N e
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materials is approx1mately the same Corresponding to a value
¥ .

around 590 MPa. Therefore, after plastlcally deformlng the”

dual phase steel, it will have the same "strength" as the

HSLA stee’..

Qomparingﬂthe ratio of the yield strength at 0.2%
offset~to theyultimate tensile strength‘for,each of the
model materials, one ohserves:that the‘HSLA steel has
reached 80%. of its tens11e strength w1th1n 0. 2 elongation;
thus, llttle capac1ty 1s. eft for further WOrk hardening at
larger ~degrees of plastic deformation. The dual phase steel
is able to work harden to a greater extent SInce 1t is only

stressed to 50% of 1ts tensile strength at that amount of

‘elongatlon.

~ The tota}kelongatlon of the HSLA steel in. elther

condition is approx1mately 20% larger than that of the dual

phase steel Also the reductlon of area is about 40%

greater for the HSLA steel But the unlform elongatlon of

the HSLA steel is 30% smaller than that of the dual phase

l

steel.

Thus, although the HSLA steel w1ll deform plastlcally

' to a much larger extent con51der1ng ductrllty, 1t w111

surpass the ultlmate tens1le strength much earller than the

e

dual phase steel Therefore, 1t 1s actually in some ways"

‘vweaker due to the p0551ble formatlon of a trlax1al state of

”stress followed by plastlc instablllty. The metal part or

_required load

]

|

fécomponent at this deformed state can no longer support the «.3“
: o . . ’\4
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4.2, Comparison of SurfacekRoughness '
The surface roughness in terms of a centerline'average
using a K cut-off for the HSIA steel ‘'in machined, polished
and surface rolled‘conditions are o.lo am, 0.13 pn.and
0.28 um respectively; 'For the‘dual phaseé st®l, the
centerline average surface roughness using K cut-off is
0.24 um for a‘polished surface compared to 0.22 pm for the

.

surface rolled condition. .

In fioure 9, the above states of surface condition for,
the two model materlals are compared to fac111tate |
‘ observatlon ef the varlous dlfferent types of roughness over
some finite length of the test spec1men. The scales are
magnlfled approx1mately 100 X 1n ‘the horlzogtal dlrectlon and

v

about* 15000 X in the vertlcal d1rectlon. _' ‘v '

Upon comparlspn of these centerllne average surface
roughness values and the longltudlnal surfaeeesample_seans,!
the: test specimen surface condltlon can be observed and o
'analyzed cons1der1ng the random texture and wav1ness.

The helght and sharpness of the asperltles are- '
ivdrastlcally reduced when the HSLA steel machlned test
spec1mep 1s electrolytlcally pollshed When the HSLA steel
ftest spec1men 1s surface rolled all sharp asperlties and |
‘;cavrtles are e11m1nated [ 51 ] and the roughness basically |
:'corresponds to a wav1ness produced by. the roller mechanism.htj
v;For the dual phase steel the 1ncrease in roughness above

t
the machlned state after electrolytlc pollshing may be due :



\\V\”\/\” ol ”vwww W/\w* ‘

l) HSLA Steel Machined

b). HSLA Steel, Polished

‘¢). HSLA Steel, Surface Rolled . .

y

d) Dull Phase Stee,l. Polished
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“e). Dual Phase Steel, Surface Roited
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ﬂc Fxgure 9 Comparison of Surface Roughness

!

(Muniﬁcation Honzont&l =100 x, Vertical = 15000 x )
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to the preferential attack of the martensite by the chromlc.
ec1d polishing solution. As previously commented for the
surface rolled condition, the dual phase steel roughness
aéain‘oorresponds to a waviness with negligible sharp
cavities and asperities: . i _— .

- The auplitude of the waviness for the surface rolled
dual phase steel, 0.22 pm, is smaller when compared to the
corresponding, 6.28 pm, for the HSLA steel. This lowering
in the amplitude of the wav;ness can be attributed to the
lower yield strength and higher work hardening rate of the
dual phase steel. Thus, ip.a simolified analyéis,'the
amount of upward flow of deformed materlal around the

1ndenter, or roller, is less for)the\dual phase steel in

A}
L

oomparison to the HSLA steel | 23 ].
From the above discussion, the change from short
Wwavelength roughness, with sharp asperities and cavities, to

large wavelength roughness will significantly decrease the = .
Al

-

amount of strain concentration at the surface. Thus, this
Cwill increase to some degree the fatigue life of the
material [ 51 ].

-~

4.3}: "Depth of Penetration of Work Hardening

The penetration.of work hardening produced by surface
rolllng was measured u51ng two methods. ?irst the Vickers
2 ‘
mlcrohardness was determlned from the surface to some depth ',

_at 1ntervals transverse to the spec1men axis. These results
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-

are shown in Figure 10. The surface rolling penetration for

the HSLA steel was approximately 0.33 mm compared to-0.57 mm

for the dual phase steel. The criterion used to estimate

these penetration depths for work hardening was the
intersection of the surface rolled mlcrohardness data
descrlbed by a polynomlal curve fit with- the average value
base materlal curve which was increased by l%lto provide a: -

definite meeting point of the two curves. This was done to

. accommodate the asymptotic behavior concerning the decrease

with depth of microhardness produced by surface rolllng.

‘The work hardened depth was also determined using Fry's
reagent [ 52 ] to etch a finely polished transyerse cut
slice from the surface rolled model materials. Photographs
of these work hardened rings using bright field illuminatipn
are shown in Figure 11. The HSLA steel penetrat;on depth of
surface rolllng is about 0.32 mm compared to 0.25 mm for the
dual phase steel. -

Upon comparison of*tge hardness‘and etohlng methods,
the penetrations for the HSLA steel are equal, but the dual
phase steel result dlffers by 56%. The_requirement'toﬁ '

successfully_use Fry's reagent is that the steel be in an

'aged“condition in order for the plastically.deformed'zone to
becone visible'after etchihg This may decrease the width
of the rlng, whlch provides an estlmate of penetratlon
depth: for the dual phase steel. The. surface rolled dual
phase steel test spec1men in th¥s case was aged at 150 °C

for 15 minutes during bakelite mountlng._grhe plastically
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defcrmed zone and base material may react differently to
this aging causing different chahges_in the yieldvstrength
within these two regions of the dual phase steel ‘test
specimen [ 53 }]. Thus, when etched with'Fry's reagent, a
different ring thickness is observed than may exist in the
oridinal state. Also, the etchant may not perform to the

same extent or efficiency on the dual phase steel as

compared to the HSLA steel.
4.4. X-Ray Surface Residual Stress Analysis

4.4.1. | Theory of X-Ray Stress Analysis

A non-destructive method of measurﬁdg the surface
‘residual'stress_is‘x—ray’diffraction which relates the'
stress to the dlstortlon of the atomic lattlce. Upon
‘de%brmatlon of a materlal the 1nterplanar crystal spa01nqs,
d, increase or decrease dependlng on the orlentatlon of the
‘applied loading. The amount of change ‘in 1nterplanar |
spacing isva measure of the res;dual\stress [ 45, 54( 55;
56, 57 1. | e _

In Flgure 12, the Debye-Scherrer ring due to the
dlffracted colllmated x—ray beam is shcwn. “Also, it can be
observed that the closely colllmated beam hlts the surface
of the test speclmen obllquely and produces an egg-shaped
ring on the film which abscrbs the back scatter;-fFrom, this

ring eccentricity, the size of the internal stress can be



Specimen Surface

Fxgure 12 Schematxc Dxagram of a Debye—Scherrer ng

t54—56]
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determined. : /57

Actually, the Debye—Scherrer ring ecceﬁtricity is

related to the elongation of the material. This elongation °

" is then converted into a stress by using Hooke's law. 1In

‘this study, it was assumed that the elastic constants

consisting of the modulus of elasticit?, E and Poisson's
ratio, » do not vatry between mechanical and radiographic
studies. The effect of anisotropy of the test QaterialeWWasj
neglected. | |

| Appiying the theory of elasticity, an equatioh is
obtaihed which relates the stress in éome direction to ‘the

difference in elongation. Next the lattlce plane spac1ng

can be related to the dlfference in elongatlon. Comblnlng

these two relatlons, this flnal equatlon can be further
51mp11f1ed by substltutlng an 1nc1dence ‘angle,: Yo of 45° and

for the 51ngle exposure method one obtalns,,

_d;=-d, _E 1 ' '
7T d, 1+ v siny 1)

.

where 7 1s the average of n,. and n2 whlch are the blsectlon

‘angles concernlng the p051tlon of the Debye—Scherrer rlng

“w1th the 1nc1éence angle. By uélng the Bragg law and

’geometry, a relatlonshlp is obﬁa:ned between the lattlce

o

plane spac1ng and the dlfference in radll from the

Debye Scherrer rlng on the exposed fllm,

AR = 2D sec?2¢ tan ¢ e% o (2)

‘where 4 is 'the diffraction angle and D, the distance from .

f q



35
the radiated steel specimen to the f;lm [ 54-56 ].
Therefore, the residual stress can be calculated from the
exposed film by using a mlcrodens;tometer to determine_aRf

The error in the calculated longitudinal residual
stresshu;Xng the single exposure method described above was

‘estimated’from a mathematical_error'analysis as 50 MPa.
This is combarable with values stated in the literature
which ranged from 35 to 70 MPa [ 54, 55 ]. 'The error in the.
c1rcumferent1al residual stress is about 20% larger due to
alignment problems in ach1ev1ng the 45° 1nc1dence angle
since the test specinen had a small radius. Thus/ a small
change'in the x~ray beam position will'change the_incidence
anole ‘¥ significantly from the 45° assumed value in the

. derlvatlon of equatlon (1).

To determine whether the stress is tensile or-
compre551ve, the fllm cassette is rotated 180° and a second.
exposure is made on the unexposed opposlte half of the fllm.l
If the more densely blackened reflectlon is further out51de

h\the lighter‘rlng, the stress is compre551ve, otherw1se the
stress is ten51le [ 45 ]. | v

In addition to'these measuréd and calculated

e L »

Fa

macrore51dual stresses, the amount of mlcrore51dual stresses
_'can be approxlmated from the width.- of the Debye Scherrer
ring 4 A w1den1ng of the'rlng shows more mlcrore51dual
stresses are contalned in the materlal.‘ Thls 1s a
qualitatlve estlmate of the varlance 1n stress between

gralns ‘due to 1nduced plastlc deformatlon._
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-4.4.2.  Results of X-Ray Stress Analysis

4.4.2.1. Surface Residual Stresses

Several*Debye;Scherrer rings\;}e\shown in Figure A3
One can observe that 1n .the pollshed cegait&en of both“model
materlals,\HSLA and dual phase steels, the internal'st:ess
is approx1mately zero for‘the longltudlnal direction. 1In
the dual phase steel photograph individual spots appeer
within the interference r1ng.~ Thisvshows that the dual
phase steel in this stste‘is virtually free of microfesiduaf

stresses. ‘ N, '

After.surfacetigyling of the two materials, there is a
conSLderable amount pf eccantr1c1ty in the diffraction rlng.
Therefbre, a large compre551ve macroresidual stress exists
within- the surface layer of both‘materials. Also, the
emeunt of mieroresidual stresses has inc;easeq'greatiy'asn
shéwn by the considerable widening of the bebye—Scherrer
ring. \ - | o

In fable 2{ the results of the‘surface residualostress '
x-ray‘analysis are compared as to machined polished“and ‘
surface,rolled condltlons f;r both model materlals ( HSLA
and dual phase steels ).

In all 51t&atlons,,the cifcumferential stress is;
slightly larger than the longltudlnal stress except for the
pollshed HSLA steel Thls shows that the circumferentlal

stress penetrates the specimen to a‘greeter.extent-than the.-

v
1
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"a). HSLA Steel, Polished =~ - b). HSLA Steel, Surface Rolled
- \ \‘ - . ‘ . . '. o ' . ’

Ad) Dual Phne Stee!
o Surfu:c Rolled

Fxgure 13: Compari‘son of the Dxffractxon ngs
1o jfor ’anferent Surface Conﬂxtlons.
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Table 2 : Comparison of Sur{ye Residual Stress.

Material Surface Condition

* * X . *
Machined Polished Surface Rolled

HSLA Steel i ‘ -546 -99 - T629
( Longitudinal ) ‘ : T,

HSLA Steel =573 - -560 . . —644
( Circumferential ) -, :

Dual Phase Steel . R , ~107 -670
(. Longitudinal ) - Y

Dual Phase Steel “-- -96 " -682
( Circumferential ) . '

*All ‘Residual Stress values-in MPa
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longitudinal stress during machining. The difference in
longltudlnal and, c1rcumferent1al stress for the surface
rolled condition is due to the shape of the roller whlch

produces an elliptic 'shaped indentation with the Hertz“\_,/\;\

theory predicting the c1rcumferent1al stress to be about 1. 1 ,f

/

. times larger than the longltudinal stress. Experimentally,
the ratio is about 1.02 which is within the analysis errors.
Next, the surface rplled dual phase steel surface

residual stresses are slightly larger than the values
obtained for the HSLA steelr This is probably due to the.

higher potential for work hardening of the du phase steel.
\ X

- N\ o ]

\ %- o '

4.4.2.2, Relaxation of‘Surfacexgesidualxstress

» \\ . ‘\
. IR |
Ih Figures 14 and 15, the relaxalion induced by CYCllC

loading is shown for the surface rolled HSLA hnd dual phase

\‘“

steels respectively. v' o J\d R .

\
Comparison of the results for the two" materuals can
only be qualitat ve, since the applied cyclic load in each
, situation was not equal. Although for both materials, the

applied cyclic load did corigspond to thelr respectlve ‘

@

fatigue strengths at 107 cycles.‘
! .
_The longitudlnal surface res1dual stress for the HSLA

steel decays rapidly in ‘the first 10 cycles.: It is ; ,§

\

approximately reduced to half the orlginal value.‘ Whereas,,"

'

the dual phase steel's longitudinal surface res1dual streSS\

. does not start to relax until the application of 100 loading

.. e g
R
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a0

1.25

0.25- o
o "HSLA Stul, Surfo.ce Rolled -
- Applled Stress = 338 MPa'

I=Lon¢1tudlnu Stress - A . '
. DhCIrcumtsrentiu Stres’a Coe T T '

u'oa——m"ﬁr.-m—fmr rv.Tlnnr rr‘11nnr T frnrrﬂ__P'WTﬂJ
.. oad 10 ld 1 10

1 i 1

N. Number of Cycles , BT

Flgure 14 Cyclic Loading Induced Relaxatxon of- the
'Surface Residual Stresses within the '
Surface Rolled HSLA Steel B :
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~cycles. Thus, thte effect of a larger depth of penetration

of plastic deformation due to‘surface rolling is observed to
promote greater stability of the surface residual stresses
‘.in the dual phase steel [ 25 ]. After 102 cycles, the
relaxation rate of the longitudinal surface residual stress
for the dual phase steel is greater than that. of the HSLA
steel But, the longitudinal surface residual stress for
the dual phase steel was.aIWays’larger in magoitude when ¢
compared to the HSLA steel.

For the surface rolled HSLA steel, the circumferential
surface residual,stress increases for some time followea by
a relaration rate equal to the longitudinal stress
relaxation rate. This increase io compressive residual
stress due to cyclic loadlng followed by decay has been
observed previously [ 58 ]. In comparison, the surface
rolled dual.bhase steel circumferential surface residual
stress decays at a faster rate than the longitudinal stress
after 103 cycles. ) |

The major observation is that the'longitudinal |
compressive residual stress of the‘surface rolled‘dual phase
steel does,not relax as quickly when compared to the surface
rolled HSLA steel. '

o

4.5. TFatigue Properties of the Model Materidls

~
’

‘The results of the fully reversed direct stress

( tension-compression ) fatigue tests are shown in Figure 16
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Figure 16: Effecf of Surface‘Rolling on Fatigue Strength.f
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and Appendix B. The fatigue strengths defined at 107 cycles

of the HSLA and dual phase steels in both polisheds and
surface rolled conditions are compared in Table 3.

From Figure 16, it is observed that the pollshed and
surface rolled dual phase steel fatigue curves are very
flat. Thus, a small increase in applied stress will produce
-a drastic decrease in life of the component. The HSLA steelr
will~fequire afmuch larger increase in applied stress to
reduce the fatigue life to the same extent as with“the-dual
phase steel. . |

The surface rolling procedure provides a 13%
improvement in the fatigue strength at 107 cycles for the
HSLA steel; whereas, the dual ﬁhase steel improves o4nly by
7%. Thus, the fatigue strength improvement at 10”7 cycles
due to surface rolling of the HSLA steel is about twice that
of the dual phase steel. .

"In comparing the fatigue strehgths at 10’ cycles, the |
pollshed dual phase steel value is 9% lower than the\
polished HSLA steel. After surface rolllng the dual phase
steelf‘the fatigue strength is Stlll 3% lower when‘compared
" to the poiished‘HSLA steel.

“ Next,‘wheh a surfacevrolled_dualéphase steel specimen
- is aged at 180 °C for 30 minutes and cyclically loaded, the
fatigue strength is Suhstantiaily increased-but it still
does not achleve the fatlgue strength of the HSLA steel as
shown in Flgure 16.. The HSLA steel fatlgue life ;2\320 MPa

is approxlmately 4 times longer in comparison to the ‘aged
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surface rolled dual pPhase steel. _ 0O

Therefore, a preliminary statément is that the axial
loading fatigue properties ofvthe HSLA steel in polished and
surTacenrolied coggigigﬂi_iffofperior'to that of the dual )
phase steel in either of ;he states in th;s study. . The
effect of surface rolling may be different if s;fess

gradients are introduced during cyclic loading; such as,

those which occur in bending or torsion fatigue.



5. Discussion ‘ ‘ ‘ x

In order to evaluate the effect of strain hardening on
- on surface rolling to 1mprove the fatigue strength an
understanding of the plastic flow behav1or is required of
'the two model materials. From this analysis, the model
materlals may then be mathematlcally described to aid 1n the
explanation of 1ndentat10n, or surface rolling, of materials
with dlfferent work hardening properties -

For. this purpose the literature was surveyed to obtaln
various models and analytical approaches pertinent to thls
study [ 59-95 ]. These mathematicalLformulations are
priefly reviewed to.examine and state their featureS‘and_
limitations. It appears thatfthe analytical solutiohs‘to
this problem have not suff1c1ent1y matured for a rlgorous
analy51s which would prov1de 1nformatlon on the penetration
of plastic deformation as a function of non-linear strain
hardening.A Without riforous models or concepts to describe .
the effect bf strain hardening characteristics on the depth
of plastic flow, the magnltude and distribution of the
resulting residual stresses from the rndenting process can
only be estimated along w1th the 1nf1uence of stress cycliy@
oh cyclic hardening or softening and the relaxation of these
'residual stresses. " _ A

The detailed survey only enabled the application of a ,i -

R

‘qualitative analysis to describe the prev1ously stated

I8

'variables.‘ This quagitative analy31s has 1ndicated that

o -

47
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there is a pronounced effect of the strain hardening
characteristics on the penetration of cold work due to
surface relling. Howeyer, this does not necessarily
influence the fatigue resistance prsaééed by work hardening
.the surface.

4

5.1. Modelling of Deformation Behavior ' \P/}

To describe the deformation behavior of materials( a
tensile test is usually performed to obtain an engineering
stress~strain curve. This is a graph of thebapplied tensile
load divided by the original area plotted as a function of
the percent elongatlon measured over some spec1f1ed gage
1ength [ 23 ] For the model materials used in this study,
‘these curvesLare shown in Figure 16 of section 4.1. These
curves'dohnqt quantitatively characterize the strain
hardening ability of a material [ 59 ]. A mathenatieal'
model is required to_inVestigate‘thehstrainrhardening.
characteristlcs of the material in a more rigorous manner.

Thewenglneering stress strain curve is based on the
original dimen51ons of the spec1men. Since these dlmen51ons
change coptinuously during the test, this curve does not
prov1de a true 1nd1cation of’ the deformation characteristics'v
of a material A better description of the plastic flow
_behavior of a- materlal is obtained by measuring the stress

‘»and straln 1nstantaneously. ‘The relationship ‘produced using

1nstantaneous results 1s called the{true.stress-true strain

.
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curve. This provides an improved method of examining the
ingtantaneous plastic deformation of a material.

) .

The past methods of approximating material behavior

at high strains include: elastlc—perfectly plastlc or 5

elastic-llnear work " hardenlng models. Neither Bf these
models is applicable to the dual phase steel. A

represenqtation is required that will provide for eontinuous

work har which is observed in the true stress-true

strain curve of e dual phase steel.

Several‘attempts have been made to-represent the
continuous work hardening of $ome matérials, whicﬁtinclude
dual pﬁase steels, with either empirical relatlonshlps
and/or equatlons derived from continuum mechanics. These

expre551ons can then be used to matﬂématlcally compare the

strain hardening characterlstlcs of the two model materlals
Also, it may provide an accurate 1nterpretatlon of the
different.responses of these materials to some applied f%

mechanical process.

5.1.1. Empirical Equations N
. L - . ’ . "‘
E] . B . . J » K
. g . . - | o
Flrsbﬁ/an empirlcal equation based on the true. stress-~

true strain curve -can be applled to the two model - materlals:$

R

*tc descrlbe their tensile propertles. A simple’ relationship_

is the Ludwik equation [.23 ],

g = o, +~‘rchn' » o R - (3)

Nof
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which describes some power curve relation to the plastic

A better fit

def ation after some yield point étress, Ig-

is obtained‘for the HSLA and dual phase steels by using the

—

Hollomon equation { 59 1, ‘ ' /
. /

w _
\ o = Kep" - ./_‘ (4)
wheré n is the strain hardening exﬁgnent ahd K 'is the
strength poefficient. These coefficients can.be determined
by two methods of analysis which use the true stress-strain
curves of the materials [ 31, 60;64‘]. The analysis was
performe numgrically using a cémputer program and the
~previousiy mentioned digitally recorded ldad~disp1acement
tensile difa.' ‘

The first methéd is to plot the logarithm of the true
flow stress as a function of.the logarithm of the true 4:‘

plastic strain. This produces a linear relationship as

shown bf;

log ¢ = log K + n-lbg cp . A ( 5)

For the ﬁSLA and dual phasg. steels, the logarithmic true
y 4 . .

stress~true plastic strain curves are'shown in Figure 17.
An observéﬁiqn ffom éxamining these curves is that the dual
pha%é'§teel's floﬁ stress Q;iineraéing.at a much gfeater
rate than_the‘HSLA7steé1. Thus, it exhibits a higher

degree of work hardening. Also, for all thé-test-matgrials;
the relationship isknOt linea;Vbut'ié is described -in a“

-,

piecewise linear manner By sé{éral different slopes: or
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strain hardening exponents. This response has been

previously~observed [ 31, 62-64 ). The change inlslope of
this curve may indicate different mechanisms of strain
hardening [ 31 3. fherefore, alsihgle power curve equation
cannot adequately represent the work hardenlng
characteristics of the HSLA and the dual phase steels.

Also, from Figure 17, the overall effect of the surface
rolling procedure has strengthened or work hardened the dual -
phase steel; whereas, it has decreased the flow stress at
small stralns in the HSLA- steel This may be attributed to
the introduction of residual stresses and a work hardened
surface layep.‘ )

Another procedure which can be applied to determine the

ocefficients in the Hollomon or Ludwik equations‘is the
~method devised by Crussard and Jaoul [ 60, 61, 64']. This
i volves. the logarithm of the derivatiye of equations k 4 )
and ( 5 ); T

log.gﬂ = log nK|+f(n-1)-logle
de ‘
P ,
/\/. -

,

_ Thls method was applled to the HSLA and dual phase steels

- (6)

7\used in this study ( Flgure 18 ). Agaln, the straln

L}

hardenlng exponerrt., is observed to be a function of the true

plastic straln. ,
Thus, the straln hardenlng component can’ be determined
as a functlon of the true flow. stress and the true plastic

.strain as glven by [ 23 ], ‘ -
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" two. materlals 1s observed to*occur for plastlc stralns'

where the true slope and the strain:hardéning exponent, n
were calculated numerically with a ccmputer program using'

a tNree point differentiation scheme. - With this method of
Adescrlblng the strain hardening characterlstlcs of. the model
materlals a better overall picture isuobtalnedlof the
plastic flow characteriStics of the materials‘being studied

t
The HSLA and dual phase steels' straln hardenlng abllltles

are compared ln this manner'ln Figure 19. The dual phase
steel 1n both condltlons work hardens to a much greater
extent than the HSLA steel At a- true plastlc strain of -t
0.02, the strain hardenlng exponent of the dual phase steel

is three times that of the HSLA steel\¥ Even at the uniform
hstraln of both materlals, thls coeffic1ent for the dual

tphase steel 1s Stlll approx1mately twice that of the HSLA
steel. \

The largest dlfference in. straln hardenlng between the -

smaller than 0 ,03. Recall that thls is the usual extent of_”k,j
' deformatlon 1n some automoblle formlng operations [ 35 ]

_Hence, the dual phase steel 1s]work hardenlng exten81vely

q durlng\mechanlcal processrng in comparlson to the negllglbie
amount of work hardenlng taklng place 1n the HSLA steel.- _

Generally, the surface rolllng procedure decreases the J}lh"”i
'avallable amount of straln hardening for both materials

( Flgures 17 and 19 ) voAlthough at true plastic strains
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smaller than 0.01, the HSLA steel's strain_hardening,_-/

exponent is increased slightly ( Figure 19 ) as previously
observed in better detail in the ldégarithmic .true stress-

true plastic strain curve shown in Figure 17 .#

5.1.2. Law of Mixtures
QY

Since the dual phase steei is-comprised of two major
phases, ferrite and martensite, with immmensely different
strengths and ductilities, a method of analysis can be <
applied to consider these two phases as separate components
of a composite‘materiai. In the dual phase steel, the
ferrite yields\girst with little influence.from the
martensite. - Thlles followed by plpstlc deformatLon of both
phases to some varying degree. [ 31,760 ]. Thls behav1or 1s
comparable to_that of a comp051te materlal

Although the HSIA steel contalns dlfferent phases, they
cannot be considered as separate censtituents of a composite
material. The HSLA steel deforms in1Each phase during

.~ loading in a bulk manner. Therefore, a compesite meterial
‘ analy51s cannot be applied to the HSLA steel.

- The law of mlxtures has been cons1dered in many
emplrlcal equatlons and contlnuum mechanlcs models as a
method to partition the stress and/or ftraln between‘two
- phases; such as, w1th the dual phase steel [ 65 ]. Using
this proﬁédure, 1t 1s p0551b1e to estimate the "strength" of

a composite materla;. These expressions are:
. Al . . N
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oc = Vpoy + (1-Vy)ogp o ( 8 )
ec = Vyey + (1-Vp) ep ( 9 )

where o is the true stress, ¢ is the true plastic strain and

the subscripts C, M, F represent the composite, martensite

and ferrite respectively. The law of mixtures predicts a

" linear relationship between the stress or strain and the

volume ffaction of the martensite. This is applicable to
the dual phase steel [ 66 J. Several variations of
equations ( 8 ) and ( 9 ) occur in the\modelling of the
deformation behavior of the duel'phase steel. These are:
isostra%n; isostress and an intermediete condition.

[y

5.1.3. Models based on Continuum Mechanics
K4 .

5.1.3.1. - Isbstrain/ﬁondition S ' ’

with the assumption of equal strain‘in both/pnases; the
stress between the two phases can be»gartltloned as shownnln'
equation (8 ) Next the tensile stress-strain curves are
approx1mated by a power functlon, equatlon (4). The
condition of plastic instablllty 1s then applied to obtain
the: volume £sactlon as a functlon of- the crltlcal or, unlform
strain. Thus, the ultlmate ten51le.strength of a two phase
composite can be determined. from the known tensile behav1or
of . both phases [ 67, 68 ].

The model developed hy Mileiké#[ 67 ] has been shown to

_correlate reasonably well to the experimental flow

L
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characteristics of a dual phase steel [ 36, 65, 66 ]. 1In
Figure 20, the composite theory of Mileiko is shown along
with the test materials used in this study. The dual:phase

.steel's ultimate tensile strength is in éood agreement with
the theory. The HSLA steel in either condition was not
expected to agree with the theory becaﬁse it cannot be

characterized as a composite material.

5.1.3.2. St;ain Partitioniné Condition
The previously discussed isostrain models requ1re that

there is:
;o 1. elastic and plestic\isot:oéy

‘2. a perfect continuum at the interfaces

3. nO‘fesidual stresses 0

4. the interface does not deform
as stated by Korzekwa et al. [ 65 ]. The dual phase steels,

in general, do not fulflll the crlterla requlred by the

isostrain condition [ 65 ]. Thus, evanthough this cqnd;tion

K

dual phase stell._ ’
,Therefore, a quel-based ﬁpen an'intermediate law of ,

mixtures is reQuired}such that the strain is partitioned

petﬁeen the two phases along with the stress [ 69 ]. | .
Several strain partltlonlng models Have been developed

.using different methods of analysis [ 67- 75 ]

<
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With models based upon continuum mechanics, the strain

can be partitioned between.the two phases in the composite
using several different concepts consisting of: the stored
internal energy t 70 ], an inhomogeneous distribution of
strain around randomly dispersed particles [ 71 ], a
'parameter defined/as‘the ratio‘of mean strains of the two
phases 1n the composite [ 72 ], a llnear partitioning of
applled stress [ 73 ] or a comblnatlon of the prev10usly
mentioned ([ 74, 75 ]} . All these models use elther linear
work,hardening or HollOmoan/écuationvtobdescribe the
tensile properties of the constituents of the-composite.
These theoretical equatlons in some 1nstances
accurately predict the plastic flow of a dual phase steel.
When gompared to the simple empirical equations, these ,
continuum mechahics models do not proyide greater insight
into the strainehardehing-characteristics‘of'a material
hecause they are based on the power curVe'equation.~ The .
ucomplexity:of these relationships hinder their application
to physical problenms. Sincectheflare‘onry applicable to two
phase composite materials, the HSILA steel - cannot be
descrlbed by these theoretlcal equatlons. TH%refore, in
order to compare the straln hardenlng characteristics of
‘both test materials w1th the ‘same method of analysis, the'

power curve equatlon w1ll be . used
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5.2. Theoretical Consideration of Indentation~
. ™~ ’ '

The process of surface rolling is an axisymmetric
indentation of a cylindrical shaped material by a'smooth
rigid toroidal roller. This indentation produces work

Avhardening‘of the surface layer and a residual stres;-
distribution. In order to understand the mechanisms, the
elative maénitudes and the development of residual stress

(:nd uork hardening by*surface rolling, a theoretical

ianalysis of thls process is required to aid in the
explanation of the exper1menta1 results concerning dlfferent
strainvhardening materials in a more analytical and

quantitative manner.
5.2.1. ' The Problem of Indentation :

A simplifled/analysis will be first conSidered
followed by further detailed\developments. The surfacetb
rolling process can be approx1mated as an 1ndentat¢on of -a
body by a rigid sphere. It will also be.assumed that the
analysis of any blunt indenter is applicable, such as, a
vflat circular or rectangular punch and the Vickers pyramld

Also, the material w1ll first be assumed to flow in a‘

N

rigid-perfectly plastic manner. Further refinements to the
theoretical model will be achieved by comparison to A
-experimental observations. These will 1nc1ude the effects

of‘elasticity, compreSSibility and work hardening.'

';“f_ o ;‘gg . '<5‘5 .
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5.2.1.1. Slip-Line Field Solution '

For,simplicity,‘strain hardening'is neglected and the
elastic strains within the indented‘body are assumed to be
small in comparison to the plastic strains;-therefore, the’

- mechanical behavior is nodelled as rigid—perfeotly plastic
as a first approximation. Plasticity theory C;% then be
easily applied‘ipythe situation6f plane strain'and, with
further assumptions, axis metric-conditions can be solved.

7 A complete solution of the deformation of a rlgld-
perfectly plastlc body by a r1g1d 1ndenter requires that the
stress fleld be statlcally admissable and thé\feloc1ty fieldv
be kinematically admissable. A statlcally admlssable stress
field is one that satlsfles the equatlons of equilibrium
throughout the bodies, the stress, boundary condltlons and it
does not v1olate the yleld crlterlon.ﬁ A klnematically
admlssable velocity fleld is one that satisfies the '

1ncompre551b111ty requlrements and the ve1001ty boundary -
_condltlons [ 42, 76-78 ] | b . : .

N
L/

) Con51der1ng the plane straln'stress equations whlch
1nc£ude the equlllbrlum equatlons and “the yield crlterlon, a
| hyperbollc partlal dlfferentlaL equation is obtained which '
. may be“solved by the method of characterlstlcs. The stress
'Eequlllbrlum equatlons correspondlng to the c racterlstics
are. | ‘ ,

.P1+'2K¢ =‘constant on a:a-liﬁe" ,,(kld'fe‘

P - 2Ky = constant on a p-line (111 )
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where a and g are the directionsﬁbf the two families of
cheracteristics, P is the hydrostatic pressore,.K is-the
pure shear yield stress and ¢ is the andie turned by the
characteristic'curve‘or siip—line; These two relationships
are referred to as the Hencky equations [ 56 77 1.

Next the same procedure may be performed on the
/ Veloc1ty equé%lons and one obtains: |

du - vdp = 0 ©on e a-line . ) ( 12 )

dv + ude = 0 on a ﬁ-line - (713 )
.where u and v are the veloc1ty components in the a and B
directlons respectlvely. These are known as the Gelrlngeq
-equations [ 76, 77 ]. - . o o

. Hence, by constructlng a slip-line fleld Whlch is both

statically and klnematlcally admlssable the Hencky and.
Geirlnger equatlons may be solved along the characterlstlc‘
curves ‘to obtain a dlstrlbutlon and magnltudes of
hydrostatic pressure and also, the correspondlng veloc1ty
field ( Figure 21 )« | | ' :

Thls method of analy51s becomes more involved for ’
axisymmetrlc problems._ The above stated equatlons become
complitated and the c1rcumferent1al stress must be assumed
to be equal to one of the pr1nc1pa1 stresses on a mer1donal
plane durlng plastlc flow | Haar and von Khrman hypothes1s )
[42,76 77] : ! '

y
’
b
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5.2.1.2:. Correlation of Theory with Experiment .

The slip—lfne method was first investigated since it
provides a relatively easy scheme of obtaining an analytic
solution to the problem of indentation of a plastic body by
a punch using numerical methods [ 42, 76,. 77, 79 ]. These
methods were. also compared using exper1menta1 technlques}
with 1ndenters of dlfferent shape [ 80-82 1. From these
experlments ‘it was observed that the plastic flow of
materlals ls not adequately described by the rlgld—perfectly
plastic model The initial resultlng plastic flow produced
by a blunt indenter is much dlfferent for' a straln hardenlng
material when compared to the flou fleld predlcted by the
- rigid-perfectly plastlc theory as shown in Figures 22 and 23
[ 83 ] Nevertheless, the sllp-llne solutlon may be
| experimentally obtalned by placing a thln layer of
plasticine on a rigld plate, therefore, the assumptlons of,
the theory must be satlsfled to be appllcable to the
physical 51tuatlon. '

. The effects of elast1c1ty and work hardenlng play. an
important role in the deformatlon produced by an: 1ndenter.
The rigld-perfectly plastic slip-line fleld predicts qulte
'?accurately the dlstrlbutlon of plastic flow around aﬁsharpf7'
wedge 1ndentat10n. But ‘as the wedge angle is increased to
that ‘of & blunt indenter, it is observed that the l
't'plastlcally deformed zone, 1n the shape of hemlspherical

surfaces of constant straln, deV1ates greatly from the
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et 23—

o /x
f \ / dp=0.707a
\ ] /. -

Figure 22 : Plane Stram Shp —Line Field for a ,
Blunt Indenter. T B

Y N o
L. — » ‘. 4» * - u‘ : _ _ .h
Elastic Zon:[-—; - _ 7

Plastic
Region

Fxgure 23: Plastlc Zone f ora Stram Hardemng .
‘ Materlal produced by Blunt Indentatmn. 7_.
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,‘this model the Hertz constant shear llnes were matched with

“,elastic straln, work hardenlng and ComprESSlblllty must be

67

basically side flow orlentated sllp-llne solution [ 84 ].
This effect becomes greater as the wedge angle approaches
that of a bluntvlndenterr '
The'rigid-plastic slip-line theoretical treatmentxis
malnly concerned with the boundary“between the plastically
deformed . and rigid materlals. In a real material “this
boundary does not enclose the total plastlc ‘region, since
there is a further zone where, the plastlc and elastlc'

" strains are of comparable magnltude. Also, this theory
assumes that the displaced materlal is pushed out to form a
"lip"' whereas, the effect of compress1b111ty exists 1n real
materials which decreases this outward flow-[~85 ].

This was also obsérved when the theoretlcal Sllp line

field solution for a conlcal indenter was ~com ared to
. tie. p

exper;mental results [ 86 ]. It was stated that frlctlon,

F

considered to fully understand their: roles and contrlbutlons
to plastic flow [ 86 ] o d ,g~.' ‘i _ - SRS
Since the sllp-llne field theory cannot predlct the

o;'

;e_istence of re51dual stress, elastlc effects must be

zonsidered to 1mprove the theoretlcal model .- . Baslcally, in

: '.the concentrated 1oad shear llnes from the Boussinesq

"fi;solution to obtain an’ approximate solution to the problem.

This method was chosen bécause the experimental plastic‘°;:~

,V O .
‘fboundary strongly resembles a’ llne of constant maxlmum shearv \3 o

"stress beneath a frictionless blunt punch [ 85 ] This

. | (S

LA
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distribution was alsc determined experimentally with

microhardness tests across the plastic zone [ 83 ]. The

1mproved solution prov1des a constraint factor ot P/Y = 3

’ ,for an elastic-perfectly plastic material subject to

B ,the Plastlc zone along Wlth the magnitudes and distributions’f”'

axisymmetric blunt indentation [ 87, 88 j. - The major

drawback with this new method is that the process of blunt
1ndentation is assumed to be unaltered by thﬁﬁeffects of ‘
strain hardening Also, the plaSth flow which occurs has-

no effect upon ‘the applied load, the stresses and the

o

1

'Yp051tion of the elastic-plastic boggdary
Thus, a detailed theory for the deformation beyond the:
‘yield point ’Which con51ders elastic behaV1or and strain. .
vhardening, is stlll lacklng Since the behaVior of plasticfz.i“
flow is dependent on the path of. 1§hding, it becomes 0 i_) 3
lnecessary‘to follow th ]deformation w%§; time when modelling ».:;{f
real materials. R B R L
The finit"element method of ana1y51s provides a
formulation to study the elastic-plastic behavior of o
ax1symmetr1c problems.. This method can take into account

'realistic frlctlon conditions and actual material

.properties.; It also reveals the development and boundary of

of. stress and strain.: Upon un-loading, the residual
;fstresses can be determined.v Therefore,‘the finite element |
'method w111 create a better overall picture of axisymmetric
lindentation of a real material than the previously discussed

models.e; | » ,'2", -ii‘vf;ﬁ




The above‘procedure‘has been aphlied to several’
axisymmetric indentation probléns f 89-92 ]. These
solutlons correlate qulte well with experlmental results.
."The shape of the plastlc zZone is’ ba51ca11y a hemlspherlcal

surface wh;ch was observed to occur using. experlmental
- methods; such as, grids or etchlng [ 84, 87 .88'] Thus«
~the flni/elelement m thod prov1des an "accurate" procedgre i;j“?

for analy21ng ‘the problem of 1ndentatlon even though the"" »

materlal may only be treated as elastlc-perfectly plastic
&

. or elastlc 11near work hardening.

o
-

Another method avallable for analy21ng the 1ndentatlon f

y

of a straln hardenlng material is to use an experlmentally
determined shear straln distribution to a1d 1n the

-
developmént of a sllp-llne fleld solutlon._ The stress

equllibrluh equatlons ¢ equations 1 1& ) and ( 11 ) ) may be

£

,extended to 1nclude straln haraen;ng terms as shown:
. - RN , ) , TN
AP = -ZKA@ * —5nsl along a a-llne . (14)

h
‘
. .

L AP +2KA¢ +AA Asz "a-long -a ,ﬂ-lJ.ne ‘""( 15 )
o L - >‘ . ; . X l ; . - ’ - " .
_ , % _ 3 _ ,

where sl and 52 are the dlstances along sllp-llnes. U51ng

+

the Hollomon equatlon to deScrlbe the yleld strength the

X

dlstributlon of hydrostatlc preSsure, P can be calculated -

h
AN

from the known shear straln dlstrlbutlon [ 93 J . N

Both the abo¢e and the frnlte element method are too

; complex to~apply easxly to the surface rolllng procedure o
used in this study., cOnsequrytly, 1t was dec1ded to use : o~

various ideas and concepts frYom the previously=d;scussed'
.9" L .
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methods of analy51s along with limit theory to explain the
effect of strain hardenlng oh the depth of penetratlon cf

cold work due to surface rolling.
5.2.2. Applying the Indentation-Theory to the Results

In summary, the depth of penetration of cold working
produced by surface rolling is . dependent on the strain
hardenlng characterlsﬁﬁcs of the material [ 80-88 _]. For
the model materials used in this study, the effect of
plastic flow behav1or on the penetration depth was observed
experlmentally by using mlcrohardness measurements as shown
in Figure 10. This relatlonshlp between straln hardenlng
and surface rolllng penetratlon depth can be- explalned to
some degree using theoretlcal results. i

| In applylng a theoretlcal analysls, the mathematlcal
modelling Qf work hardenlng presents several complex1t1es in
vattemptlng to explaln the true\materlal‘behav1;z.' In most
mathematical‘treatmenti, the strain hardening_characteristics
. are generaliéed to'either:a perféctlf plastic‘or a linearh’
. uOrk hardening model. This analy51s :§ not;accurate ln'this_
situatlon s1nce‘the dual phase steel raln hardens from the-
onset of loadlng as shown in Flgures 8- and 17.-

These 51mp11f1ed models can be applled to the HSLA
. steel as a crude approx1matlon. Recall that the HSLA steel p”‘

-has a low rate of straln hardenlng as shown in Flgures 17

PRSI
a8
R

’and 19.~ Thus, an elastlc-perfectly plastic material .
ve L.
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' behavior may be assumed‘to model the HSLA steel since the
logarithmic stress—str;gﬁ-curve is almost horizental :in /f;k\\
comparison to that of the dual phase steel ( Figure 1? f\

Therefore, the "theoretical” analysis will be-

concentrated on explaining thé indentation of‘HsLA steel.
_.Using the assumed plastic-flow hehavicr, limit theory can be
applied to the HSLA steel alohg with.a qualitative analysis
to understand and explain the plastic flow depth off an

"lndentatlon process. These results can then be extrapolated

e ~

to describe the surface rolling of dual phase steel.

-

5¢2.2.1.  Limit Theory

Ah.approximate‘method denoted as limit theory is used
to estimate ah upper and lower bound. This is due to the
lack of exact solutions which -can determine the load to
produce uncon;tralned ‘plastic deformatlon for the model
materials used 1n thlS study of surface rolllng

.An upper bpund 1s obtained by establlshlng a
kinemathally admlssable veloc1ty field w1th the equlllbrlum
of stresses unsatisfled 1n some reglons:~ A<lower bound 1s- |
efound by developing a statlcally admlssable stress fleld
:with the veloc1ty condltlons not satlsfled 1n the materlal :
i 76—78, 84 1. . oo L - |

Applying these two theorems to the indentat;on of a
body by an axisymmetric blunt punch the load range is
determined to be 5 00 =z P/K = 5 71 where P is the applled

g . ~ R . R s
‘ . o ) /\ ‘
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pressure and K 1s the Tresca shear yleld stress [ 78, 94 ).

The 51mp11f1ed Sllp line field used by the limit theories is
shown in Figures 24 and 25.

An approximate quaSijypper bound was calculated for a
rigid spherical indenter h& equating the Hertz and
Boussinesq solutions in an empirical manner to -obtain a
,constraint'factor of P/Y = 3A{ 88 3. Using'the Tresca. yield
condition, this is equal to P/K = 6. " ‘

Using thiswpressure‘corresponding to 6K for a spherical
indenter for the surface rolling process, a plastic flow .
load can be calculated to compare with the actual applied
load. From the Hertz theory‘of contact stress ['95,], the

maximum pressure is:

4

p= 3E, T (16)

' where F is the applied load and a is the contact radius.

o }‘

‘a can be determlned , 1f the

-Assuming a circular indentation from the toroidal shaped'
surface ,roller, the radi

elastlc sprlngback of’ the deformed zone is neglected from ';
the scans of surface roughness shown in Flgure 9. The tu' .o
calculated load to produce plastlc flow is 143 N for the =
HSLA steel, whereas, the experlmental load was 178 N. |

| When plastlc flow beglns for the rlgld-plastic case,'
the penetratlon dqpth 1s ba51cally constant with most of the
plastlc deformed mater1a1 belng displaced to the sides of

the 1ndenter.. As ‘the’ amount of strain hardening is

increased from the perfectly-plastic behaViork»the
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Fxgure 25

Blunt Indenter ‘

A L1m1t Theory Velocxty Fleld for a , |
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rd

penetration depth becomes a strong function of the applied
load’ and the compres51b111ty of the- materlal. -
Slnce the Tresca shear yield stress for the dual phase

steel is 1n1t1ally lower than the value for the HSLA steel

the required load to start plastic flow would be smaller.

,Relatlvely, the experlmental applled load is larger for the

-
dual phase steel in comparisen to the HSLA Steel ;

»

Since the dlfference between the requlred plastlc flow

ﬂload and the load used experlmentally is larger for the, dual

-

phase steel the depth of plastlc deformatlon would be

L e na
- greater when compared o the HSLA steel. 4

Also, the HSLA steel can be more: closely modelled as a -
rlgld—plastlc _material where the deformed zone 1ncreases

perpendlcularlly to the applled 1ndenter load Thus the

,plastlc zone of the HSLA steel would be smaller whén

_ of ‘the applled load;'

.

| pexponent wh;ch was twice as large as the value tor therHSLA

tcompared to a materlal with an- 1n6;eased‘work hardenrné'

. . . ° &

behav1or where the materlal is. compressed in the directlon A

S e
. - . .
', @ . _','

Hence, an 1ncrease ‘in the amount of strain hardenlng

should 1ncrease the plastlc deformed zone.‘

o, ,;_.”fq_. ' K ﬂ”'_i.‘ﬁ‘jjx - -
» SoN T s _ LT y :

w. ot NI T

5.2.2.27  Effegt of Strain Hardening on the j suits -

PR
e e

S . B i.’°»

’The strain hardenlng characteristics of the two model S

materlals were‘dxscussed.rn sectlon 5 1. It was observed

‘”jthat the uual phase~steel had a*mean strain hardening

W w% u‘.{.'- o “;'»7'?

n, o u-‘-'
Tt
. »
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\_steel. ’From section 5.3.1., the plasti;hdeformed éone
shouldhbe‘influenced by the applied‘load to a‘greater extent
as the amount of strain hardening is increased.

. Thus, the plastic zone for the dual phase steel!should
be greater than that of the HSLA steel by some functlon of
the difference 1n thelr straln hardenlng abilities. From

Ongare 10, the measured depth of penetratlon by surface |
rolling was 0.57 mm for the dual phase steel compared to
o, 33 mmqsor the HSIA steel. This dlfference 1s‘%bout 73%.
g#ﬁﬁi. Thls is comparable,to the 100% dlfference in the mean

strain hardening exponent Therefore, the 1ncrease in the
strain hardenlng exponent approx1mately reflects the amount

of increasq,to be achleved in- the penetratlon of plastlc

flow by 1ndentatlon or, 1n~th1s 51tuatlon, surface rolllng

o .
¢ LI

A

o The Hertz contact stresses can be determlned in an

'proxlmate manner if the material behav1or 1s assumed to be i;
elwstic and the two bodles are: spherloally shaped "To = :,7 :

approximate the rate of work hardenlng of the model L
s materlais, a modulus of ela§%101ty can be deflned u51ng the fn ‘
' 4

criterlon of equal flow stress between the two materlals. T

e

b‘(
a2 T,

K

fh one case, the two elastic modull are equal ‘as w1th the : “ff{.{

reller and the HSLA steel The second case uses a tangent 'fi"s'¢

2

~; elastic modulus for the dual phase steel which is deflned as-fv g

,EB’ slope of the line connectlng zero stress to the stgess;),;fn:r

; o RS Lo . o .
R T R B B S R AR R
R _ , SRR

o ;
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at 2% elogéation where the flow stress is,edual to that of
the HSLA steelu(‘Figure 8 ). This tangent modhlds is about
10 times less‘thanrthe‘elastic modulus of the HSLA steel. ’
| ‘ The distribution and magnitude of the shear str
calculated h&ﬁus1ng the Hertz theory of contact stress ;ill
‘be compared for the two situations. The shear stress is = -

defined as [ 95 ]:

C . : . '. 2 ! ‘ .
Txy ié_{ (1 + #)[ Z cot li -1 ] +'% ;2%‘;2'} (17 )
: , - ﬂ
where a is the ‘contact radius, . ,
. - \
3 3 F o
a“ = ==
. %A , ( 18 )
. ‘ : i : e
and A-is defined as a material parameter;
| ) N "/;,e
A= (gl + (l/d)) . . (199,
- [ (l - #1)/ + (1 - #2)/E2 ] (" .. v

. '. . ¢ . “. . ) . . \
‘ The maximum shear stress‘forveach case can.be calculated "
ﬁ.uSLng a roller diameter. of 25 4 mm ( 1 in. ) and a speéigei

'dlameter of 6 35 mm ( 0 25 in. ) to approx1mate the aftual

‘geometry | ‘._l~_f_ - fsw I o e

;_5 Upon comparlson, the max1mum shear stress for the

o

;f: approx1mat dual phase steel case: occurs at a depth 60%

_f’m greater than that for the supposed HSLA steel 81tuation.

S ﬁ“ From sectlon 5 24 i 1t was stated that the initiat“n of

plastic flow occurred below the surface.j Relating this to
' .

the depth of the maximum shear stress, the dual phase §teel

. . R . S " . . o D
A R . R Y
£, ¥ . - . e B . . RN

R
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. will produce an increase in the penetration of plastic'

hardening on surface,rfﬁ

. ) , : 77

5 ' ' . 7~ . .
will develop a greater penetration of plastic deformation

since the location of the max1mum.shear stress is shifted

further from the surface than the ‘HSLA steel. Thus, upon

-expansion of the deformed zone, thé. dual phase}steel will

have a much deeper nucleus of plastic flow.

34

. The d%pth of penetration measured‘by microhardness was
73%.greater for the dual phase steel. This compares
favorably to the 60% increase in depth ot the~location of
max1mum shear stress calculated by assuming that the Hertz

oY

&heory of ¢ontact stress 1s applicable to the 1n1t1al

°e

instantaneous loading of the surface rolling mechanism.

Al
|

5.2.3. Summary of the Indentation’Pr%blem "
‘ o ' ‘ o .
Several arguments were presented in the previous-

sections u51ng 1nformation from the literature [ 78 -86 ]- and

comparisons to the experimental results. The predictions

Pl

‘ obtained from llmlt theorﬁ‘ the difference in strain

$
hardening exponent and the locgtion ofithe max1mum shear

.stress all conclude that a higher rate of strain hardenlng

deformation for the same applied load

¢

‘e . . vy

‘ -0 = s
ar . . . A\ s ‘o

p5.3,v'1$t£ect of Plastic Zone-Depth on Residualﬂltress

e

-

Since the method of evaluation of the effect of strain‘f

.

ling is direct stress cyclic :._Z'Qh'
SR TR . . Cos E i
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loading, the accumulation of plastic microstrain which can
decrease the magnitude of the. favorable compressive residual

stress with each repeated load cycle is important in .

determining the amount of 1mprovement to be gained by the

ufatlgue strength of a component by surYace rolling [ 8, ‘p\
14 ). The rate of relaxatlon of these residual stresses is
dependent on the applled load and the strain hardbnlng
propertles of the mateglal 1 96, 97 ].

Ba51qally, the magnltude ‘and tpe dlstrlbutlon of

regidual stresses are altergd when localized yleldlng occurs

AN

at some.rfgion}where the'sum of the residual and applied o
stresses exceeds_the flow stress of the material [ 96 ]. |
_  In order to'mathematically_study the decaf of'surface
) residual stress;—the:relaxatdon behavior may be apprOXimated°

as the decay of mean stress due to a constant applied

- ’

strain. This.simplification assumes'that'the>surfaCe‘layer

experlences repeated straln when the compone t is ax1ally

.

Astressed .

Wlth each load cycle, there 1s a decrease in mean

. .

stress because ‘of . some accumulated plastlc strain as shown

x R kY

by (97 15 .- . e
T, L '% g;y :‘f (. amax ) = Ep( |”min| ) ’4"v !; %0 )
: where the plastuc straln is defined as 'a functlon of the '
- applied stresa,.»fJ 't“ ST »l*'; ,t
o ) T ’ ) . . " » ‘
B T S SR o
o =f. (o), . ) R ) ( 21 )

v 4

S . M e o
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E is the modulus of élasticity, N is the ,number .of cycles
and.- oy is the residual stress at N cycles. Thisnresult can

:be-integrated to obtain a general equation of the form:

<

o ‘ v
. = "l i N d(fn ‘ B &

N = : ( 22)
- E ‘Lo,fp( Ymax ).~ fp( Iaminl ) -

With a suitable choice of an equation to define thil stress-
.strain cué%e, a stress relaxation relationship is obtained
by nUmericai integration of eqnation ( 22). : -

} Slnce this result is too complex to apply ea51ly, an
cp . ;5 -
approxlmete equaplon was derlved from 51mp11f1catlonsu

. 2 i

applied to equation ( 22 ) by‘Morrow et-al-[ 96,’977];

. - ;v : . 4
N =21 - (% ) :leg N = " (23 )
- % | 09* Sy .r.. o

where oo Is the 1nit1a1 res1dual stress, al is the re51dual
stress after one load cycle, oa is the anplled alternatlng
stress ‘and- oy is the yleld strength of the ﬁﬁterlal Thls
empindcaiﬂequ tion was used to descrlbe the longitudlnal
compre531ve res dual stress relaxatlon of the HSLA and dual
phase steels shown in Figures 14 and 15 respectlvely.zl
Linear regress10n waS'utillzed to determlne the_‘r
| constant b along wlth the flrst cycle ratlo, ql/a Whlch
;appears in equatlon ( 23 L The respect1Ve emp;rlcal o,
‘ eqﬁatlons are - '*.;;'»_ ST L ’ . : 'i .
e ‘iriv,-’éf__fbg.-sé O A
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foﬁ,;he HSLA steel and, S :

2N ﬁ—f 1.20 = ( ga )8.9- log N ) ‘\ ) ( 25..)
' f‘;ao Y B ! ‘

; for the dual phase steel. These are shown in Flgures 26 and

t21 along with the respectlve experlmental results.
n e

[y

‘The flrst cycle stress ratid, a1/ in the emplrical

" ’ - f

equatlon for the dual phase steel is greater than one

s
o

Slnce the emplrlcal equatlon was determlned u81ng a least

squares llnear regre551on, 1t cannot account for the

A

1-stab111ty of the compre531Ve long;tudlnal residual stress ‘

9*ﬁ%r1ng the flrst 102 cycles.‘ The decay of the longitudinal’
AN :
re51dual stress w1th1n the surface layer of the dual phase

N A4 \

\~ steel ‘does not)begln unt%l approximately 102 Cycles Thus,
 the emplrrtal equatlon descrlbes the relaxatlon behav1or of

the surface rolled dual phase steel for load cycles greater
L . 3 I .

than 1o2 R ‘.‘~, : “ a

’ In comparlng the two model materlals, the relaxat}on of

the~surface re51dual stress durlng‘the“flrst few cyﬁles

e - a

occurs very gulckly in the surface rolled HSLA steel - Thls'

,; s, reflected by the flrst cycre stress ratlo Which is ‘;.;‘_n

.smaller for the HSLA steel than the value for the dual phase"

> K

.'steel.'sf

r

'F Tna stablllty during the flrst 102 cycles 1n the

‘ ’
n

-surface rolled dual phase steel's longitudinal residual

rw,

stress can be attrlbuteg,to‘a larger depth of penetration of T

7plastic deformation whlch counteracts the e:fect ot plastic

'strain acoumulaq1on [ 25;096 ] .y_{ | ~f"( . ”;,;"
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After 102 cycles the rate of relaxation is determined ‘m‘
' by the constant ‘b. This constant us larger for the dual ’
phase steel than that of . the HSLAlsteel (8.9 and 6.1
7respectively ) Therefore the longltudlnal surface
: re51dual stress in the dual phase steel relaxes at a rate '://’f
1.5 times faster than in the HSLA steel after 102 cycles. | |
The faster deoay after 102 cycles for thé dual phase
steel is explalned by éxamlnlng the plastic straln defined

‘by equatlon ( 22 ) - For the.dual phase steel plastlc o
vystra;n occurs at a much lower flow stress in comparison to
the HSLA steel The higher_rate of strain hardenlng and~the:
7low 1n1t1al:y;eld strength‘of'the dual=phaseASteelfwillﬁ'
hincrease.the\anountlof.accuﬁulated“blastic strain-Which
’relaxeS'thevresidual stress. - o |
- Thus, there must be enough plastic strain accumulated
during cycllc loadlng to decrease the effective size oghthe -
work hardened zone in order for the compre851ve re51dua1
: stress to beg1nyre1ax1ng, ' ’

;4; Hence,fthe~deeper penetration of plastic flow in the
surface rolled dual phase steel prov1des a 1arger
Estrengthened surface layer and a greater surface volume
affected by re51dual stress. Thls ‘promotes the stability of

o

the compre551ve re51dua1 stresses in the surface layer

durlng-a,cycllcally varylng‘applied axial load [ 25, 96 7J.

. . ) . .
- ) L. ! . ¥
T e s . . .
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5.4. Strain Hardening,. Surface Rolling and Fatigue '
The effect,of strain hardening on surface rolling was
shown to be quite-considerable in section 5.2.2. an
increase in the strain hardening characteristics of a

’ a

-material provided an increase in the extent.of the plastic
deformed zone produced by surface_rolling'asvshown-in
fFigure 10. |
Also, the longitudinal compressive”residual stress
_created by the surface rolling procedure were larger in the

dual phase steel when compared to the HSLA steel as shown in

Table 2 ( 670 MPa and 629 MPa respectlvely ). These

/
-

.re51dual stresses in the dual phase steel did ‘not relax as
quickly ashthe residual stresses within the HSIA steel
during the flrst thousand loading cycles. After 102_cycles,
the dual phase steel's longitudinal'compresslve residual
stress decayed at a faster.rateh Although at alletimes,lit

ﬁwas'greater_ln.magnitude as shown in Figures 24 and 27. '

" With the largerdworg:hardened zone and the larger -

conpressive'residual stresses contained in the dual phase
steel it still did not lead to a stronger effect of surface

.rolling on 1mprov1ng the direct stress fatigue strength of

the dual phase steel when compared to the HSLA steel as

M ~

: shown in.Flgure 16, There.was only.a 7% increase in the

fatigue strength at 107 cycles for the surface rolled dual

phase steel compared to a 13% 1ncrease for the surface.

_rolled HSLA steel.’
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crﬁ%%%lnltlatlon in the surfare rolled dual phase steel
2l
specimens. In FKigure 28 the fracture surfaces of two

. different specimens for both the surface rolled dual phase
. - . ' - d}‘

- 4 .
and HSLA steels are shown. It was observed with several
/test specimens thaft the dual :phase steel's fracture surface

has a "lip" along the edge with a sub-surface fracture

origin Xocated slightly inwards from the "lip". This is
. ) . - re . )
approximately the interface of the plastically deformed zone

- and the gore material [ 7, 28, 29 ).

.
= ?

A sub-surface fatlgue crack 1nit1at10n at -this 1nterfa¢e;"

will also occur w1th the HSLA steel but the dlstance from
"the surface is smaller due to the lower depth of penétration
of plastio deformation by sufface'rolling. |
Further strengthening of theﬂdual phase stéel by
surface rolling may inorease the dlreot stress fati;ue .
strength of the surface layer but it will not 51gnificantly
alter that of the core materlal i Therefore, thls 1nd1cates
that there ex1sts an upper bound to the amount of
,1mprovement to be galned from surface rolling the dual phase
steel. Once the_"strength" of the surfacej;rains have been
increased to the level ofkthe bulk material, the direct |
' stress fatidoe strength of this bulk‘material'will begio~to
:cbqtrol the’life of the cogponent when subjected'to a

cyolically varying direct stress.

Applied'pressures greater‘than'the 178 N load used-in

this sthdy‘will create a larger'wefk har&ened ioﬁe,'bg; upon

. :



R

cyclic loading, the crack will initiate at the approximate

.interface of the plastically deformed zone"and the base

material ‘At this interface, the residual stress becomes
ten51le w1th1n the core N 29 ]. with a larger ;lastic zone
the tens;le re51dual stress’ of the core must 1ncrease to
satlsfy equilibrium. This increase in the core residual.

stress will cause the yield strength of ‘the core to be

exceeded earlier during cyclic loading [ 7, 28, 29‘].- Thus

87

’

.
-

the relationship between the yield strength'of thé$core and-

‘the residual stress induced within the core material will

start to control the fatigue 1mprovement by su*face rolllng

[ 29 ].

A

o . L . .
*“ Hence, further j} provement_beyond'the amount obtained

- h - - o )

in this study of thé&)|direct stress fatpgue strength of the
?

dual phase steel is not‘p0551ble w1th surface rolllng

1

because the crack will 1n1t1ate 1n51de of the spec1men N
1nstead of the surface. Therefore, the bulk propertles\of‘

=

the core materlal become important agaln in determinlng the

fatigue llfe,of the component.

_Although for bending.or‘torsion fatigue, there may be

greater'improvement‘from Surface rolling, si?ce the applied

stress 1s not constant‘across the cross sectlon but it
varles 11nearly from zero at the center to some value at th

surface._ Thus, the core materlal 1s subjected to a much

smaller applled load than the.surface layer. Therefore, an»

-

‘increase 1n the depth of penetration of surface nolling wil

enable the component to;withstand a greater load since\the.
S R . : S o ' o

Y

Y

e

I

+



") !
K

oo ' {
core is stressed to a reduced load dependent on the geometry

PN

. 88

and material properties of the metal paft. If‘a‘load

i

corresponding to the core material fatigue stréngth:coula be
) « ) .
applied to dhe core, .the surface layer:would obsetve a

higher stress due to théllinear relationship ¢f~stress for

both'bending and torsion. Consequently, the improvement in

. . #* ‘ R 9 2
fatigue life of -a metal ‘component by surface rolling will be
: & e "
greater for bending or torsion fatigue in comparison to

direct stress fatigue.

/
, -

]



6. Conclusions . ,

The results obtained through this study of the

S

i

influence of strain hardening characteristics on the depth

of penetration of surface roItino and the effectiveness of

the mechan;cal surface treatment on 1mproving the dlrect

gtreks fatlgue strength allow the following conclus1ons to

bt_drawn:

“
.

(1.)

(2.)

(3.)

' -base material..

[l
[

There is a correlation between the strain

hardening dha?%cteristics and the depth of the
plastic zone produced by surface rolﬁgfg. '

The straln hardenlng behav1or of- the al phase

-and HSLA steels cannot be represented by a 51ngle

»

power functlon .

i)

Straln hardening does not 1mprove“the direct

_stress high cycle fatlgue strength: of the ~dual-

phase steel" to the leve; of the HSLA steel C
]:hase

14}).1The'potentia1 strain'hardening of -the dual’

steel does not lead to a. stronger effect of

-surface rolllng on 1ncrea51ng the direct stress

fatlgue,strength. This is'due'to-a-shift.in'the

location of crack initiation from the .surface to °

the interface-of theiwofk hardened zone andfthe

<

)

-89
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' along with the equatidn defihing the stress in the elastic

.
App?ndix A
‘ E;astic—Plastic Behding of a Beam
The magnitude and the distribution of residual stresses
iﬁduced by surface rolling with 6ne'roilér can be altered by "

bending if'yieiding occurs within the test specimena

Therefore, it is important to determine whether or not the

HSLA steel and/or the dual phase steel specimens exhibited

plastic deformation of the surface layef‘from bending
produced by surface -rolling with one rolle;.

The problem of elastic—plaétic bending of a beaﬁ can be
simplified.by_asspming>that plane sections'remain plane )
(- Bernoulli-Navier aséumption ) and that the plastic zones
are isotropic and e#tend homogeneouslf. It is also assumed
that the material flows. in an elastic-perfectly plastic |

-

manner [ 40-43 }].

L4

From the circular cross-section beam shown in -
Figure Al, the statical moment of the stresses in the

elastic-plastic state is:

) ' S

.

Mi-a'J’ayvdA + 4Ja°.yM .. . (Al

.

3

Also, from Figure Al, the iimits‘for the above integrals can

be determined and then substituted into equatidn 1\A; )

«

portion of the cross-section;

'q-x;%‘u _ L "j( A2 )~ o
. o : N s L
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And, the moment of the stresses is: .

( L9, ) y dx ] dy
0 Yo

el

a .|a2+x2 v ,
+ {1 (L) yay ] dx
J32+y02 [ 0 Yo :

¢

. Ja2+y02 alsx? | o . ﬁ‘ r»
+ 4 [ o, y dy ] dx p . (A3 )
0 Yo . ‘ ’

- After integrating equation ( A3A)pfone obtains;

e, B, " -

’2.) 22 0, 2

(o2}
S

+ cos L( ¥o ) ] : o (as )
. a L

+
|
o]
I
=g
o—
[N¥E)

, - . 4
The depth of plastic deformation,‘a - Yo can be dete

by substitufihg into equation ( A4 ) the moment éalc Iﬁted
from the eip rimentaily observed deflection of the testﬁ
specimen. For the dual phase steel,‘theAdeflection was |
0.064 mm ( 0.0025 in. ) with a roller loed~of 178 N and a
specimen.diameter of approximately 8 mm. The bendind moment ’
'correspondlng to the deflectlon was - 11 25 N ‘m. '

U51ng a proportlonal limit of 215 MPa for the dual

.hphase steel the dlstance to the plast c zone from the

’ 7

bendlng ax1s, Yo is- 3. 999485 mm and the depth of the plastic
zone. is then a - yo, o 0005 mn. 'ThlS corresponds to.a
ten51le-resldua1 stress of approximately 9. MPa. Therefgré,

ke

the surface of the dual phase-testvspecimen haS'begun_tOf

»

; yield in benqihg.due'to the applied pressure of one roiler



o | . 102
during surface rolllng ¢

' Consequently, the large bending stresses will change
the maghitude and dlstrlbutlon of the contact pressure
residual stresses to some extent since the depth of -
.penetration of surface rolling of the dual phase steel is
about 0.57 mm. .

The HSLA steel will not be affected.by bendlng because
of the high proportlonal limit which is approx1mately tQ&ce
that of the dual phase steel. ‘

Therefore, it was decidedﬁto use two roliers in the

_ surface rolling procedure to halt the bendlng of the test .

specimen. e :



Appendix B .

Fatigue Lifé Data

HSLA Steel : ‘
Specimen Applied Alternating Life "Notes
Number Direct Stress -
( MPa ) ( ksi ) z cycles )
Polished z -
HSLA-1F- 346.5 - 50.25 262420
"HSLA-2F - 332.6 48.25 1010310 -
HSLA-3F 318.8 46.25 1159140
HSLA-4F 332.6 48.25 562270
HSLA-5F 344.8 50.00 . 220130
HSLA-6F 310.3 45.00 1195000
‘HSLA-7F 299.9 43.50 2973600 R
HgLA-BF " 337.9 49.00. 379800 n
HSLA-9F " 310.3 45.00 1279180 .
HSLA-10F 317.2 46.00 983870 o
HSLA-11F 296.5 43.00 9000000 ' No Failure
HSLA-12F 303.4 44.00 1182450 .
HSLA~13F 303.4 44.00 . 1344820 ‘ "
HSLA-14F 299.9 43.50 -=- Grip Failure
HSLA-15F 337.9 49.00 . 503470
Surface Rolled
HSLA-1FDR 337.9 49.00 2197330
HSLA-2FDR 344.8 50.00 . 2420760
HSLA-3FDR - 351.6 51.00 . 1174400
HSLA-4FDR" 358.5 52.00 --= Control Failure
HSLA-5FDR 365.4 ‘53,00 . ===" Control Failure
HSLA~6FDR 358.5 52.00 761320 o :
HSLA-7FDR 362.0 52.50 1294890 =
HSLA~-8FDR 337.9 . 49.00 4203090 Thread Failure
HSLA-SFDR . 372.3 54.00 . --451060 '
HSLA-lOFpR 351.6 51.00 1149980 v
L .
¢ ¥ o
L4

E



Dual Phase Steel :

104

Notes

Surface Rolled, Aged at 180°C for

L3

'DP-1FDRA

<46.40

319.9
s

30 min.

228110

Specimen Applied Alternating Life -

Number Direct Stress .

o ... ( MPa ) ( ksi ) ( cycles )
Polishe

S |

DP-1F 268.9 40.00 3922140 Thread Failure
DP-2F" 268.9 40.00 2966210 Thread Failure
DP-3F 289.6 42.00 -—- Grip Failure
DP-4F 289.6 42.00 182270 .
DP-5F 286.1 41.50 181820
DP-6F 282.7 .41.00 - 254320

, . .
Surface Rolled ‘
DP-1FDR 282.7 41.00 3438960
-DP=-2FDR 303.4 44 .00 100130
DP-3FDR * 296.5  43.00 899160 “
DP-4FDR 289.6 42.00 --- Control Failure
DP-5FDR . 286.1 41.50 4635320 Thread Failure
DP-6FDR 12299.9 43.50 455760 ° ‘ , :
DP-7FDR ©293.0 42.50 . 389000 ’
DP-8FDR 289.6 42.00 2405100 Thread Failure



