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1 Abstract 

In comparison to the most widely used mechanical surface treatlnent shot peening, common al- 
ternative metl~ods such as deep rolling and less c o n ~ n ~ o n  methods such as laser shock peening, 
ultrasonic shot peening, water peening or various busnishiiig methods have been introduced into 
practical applications only rarely, or for highly specialized components, or are just on the verge 
from laboratory research into larger scale applications. However, in the future it is expected 
that these so called "alternative" ~neclianjcal surface treatment methods will be morc wi- 
despread owing to superior benefits for materials' behavior, improving process technology and 
dramatically decreasing costs. 

The basic principles of all mechanical surface treatments are well known: In all cases a loca- 
lized elastic-plastic deformation in 17ear-siirface regions leads to the for~nation of compressive 
residual stresses and severe microstructusal alterations (usually associated with intense work 
hardening), enabling the thus strengthened near-surface regions to withstand higher resistance 
against fdtigue crack initiation and propagation. Moreover, in some cases, additional effects 
may give rise to lilrther fatigue lifelstrength ellhallcement such as surface smoothening or defor- 
n~ation-induced phase transformations. At closer looli, near surface properties and thus fatigue 
behavior might be distinctly different for different surface treatment methocls. It is the objective 
of' this contribution to shed some light on these basic effects and to propose some basic guicleli- 
nes for the utilization of 'optimized' treatments f ron~ a materials science perspective. 

2 Introduction 

The prime objective of this paper is to summarize the basic r?~eclzarzic~al crnd r71etallrrrgical ef- 
fects associated with specific mechanical surface treatment methods. It is not the aim of this pa- 
per to give an overview on the teclzrzological aspects of different mechanical surface treatment 
methods. Such studies can be found elsewhere [ I  ,2,3]. Also, even when comparing the metall- 
urgical alterations by different surface treatments, one should always keep in mind that different 
process parameters for a cingle surface treatment method can lead to a broad range of possible 
properties, thus rendering such comparisons very difficult. A systematic comparative study on 
mechanical surface treatments fson~ a technological point of view has been presented, for in- 
stance, in [ 3 ] .  There, surface treatment methods such as shot peening, deep rolling, water pee- 
ning, laser shock peening are also discussed in terms of residual stresses, hardness increase, 
case depth and effect on stress-life behaviour. Other comparative studies on different mechani- 
cal surface treatment methods can be found in [ I  ,2,4-91 with varying thematic emphasis. In this 



chapter, the most important results of former and recent studies on various mechanical surface 
treatments will be sun~marized. Most importantly, recent results on the nature of stability of 
near surface microstruct~~res under severe loading conditions will be discussed. 

Tlie following si~rface treatment metliods can be considered as "mechanical": Shot peening, 
deep rolling and roller burnishing, laser shock peening, ultrasonic shot peening, water peening, 
lianimering, needle peening, tumbling. 

The effects of meclianical surface treatments on near-surface properties can be characterized 
by a multitude of primary and secondary parameters such as case depth, magnitude of residual 
stresses and hardness, roughness, nati~re of near-surface microstr~~ctures, phase contents, poro- 
sity, texture, corrosive properties, cliiasistatic and cyclic yield strength, stability against mecha- 
nical loading under quasistatic and cyclic conditions, stability against tliern~al loading and 
stability against thermomeclianical loading. The effects on fatigue behavio~u are tlie sum of a11 
these near-surfice alterations and therefore even more complex. Firstly, it shall be discussed 
how different surface treatment methods characteristically affect materials' near-s~u-face pro- 
perties. Secondly, the consequencec of different surface treatments on fatigue behaviour will be 
discussed. 

3 Near-Surface Alterations by Various Mechanical Surface Treat- 
ments 

3.1 Roughness 

It is irrefutable that surface topography severely influences fatigue life arid strength of hard and 
notch-sensitive niaterials: Tlie liigher the surface roughness the liigher the stress concentrations 
by notches and the lower the fatigue strength. Therefore it is mandatory to not only optimize re- 
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niechanical surface treatments. Specitlc n~eclianical surface treatments can Iiave q~iite different 
effects 011 surface roughness and of course they give rise to a broad range of surface topogra- 
pliies by varying process parameters. Nevertheless some basic guidelines can be stated: 111 gene- 
ral, for typical as-turned or as-milled surfaces, deep rolling and roller burnishing are the only 
treatnients which diminisli surface roughness of niachiried coniponents significantly. Surface 
rouglinesses R, of 0.5 to I pi1 are quite common Ihr these treatments. In contrast, shot peening 
is typically associated with surface roughnesses between 4 and 8 pnl, depending on tlie exact 
Almen intensity and shot geometry. The surface roughness by laser shock peening and after wa- 
ter peening is Iiardly altered as compared to the untreated state. Whereas water peening scarce- 
ly influences surface soughness, laser shock peening i~sually increases tlie surface roughness of 
tlie as-machined part slightly [ I ] .  

3.2 "Case" Thickness 

One of the most important parameters in s~irface treatment is the "casen-thickness which is defi- 
ned as the thickness of the near-surface layer exhibiting compressive residual stresses and strain 
hardening or in other words the affected depth of the surface treatment. 

The "case" thickness depends strongly on the surface treatment method as well as on the pa- 
rameters within one treatment itself such as rolling force, Almen intensity, coverage etc.. The 



lnaxilnum "case" thickness can range between 2-3 mni for laser shock peening and deep rolling 
[3,8] and 0.1-0.2 lnrn for water peening. Usually the typical affected depth is around 
0.3-0.5 mni for shot peening and around I 111111 for laser shock peening anel deep rolling. The 
thickness of the affected layer through water peening rarely exceeds 0.1 1il1-11 [ I ,  101. The right 
choice of an "optimized" case thickness should always consider the material state and the loa- 
ding conditions. For example, a deep "case" is tiluch more essential in push-pull loaded coiii- 
ponents than in parts subjected to bending with high stress gradients. It should be noted that tlie 
deepest "cases" in surface treatment are not caused by mechanical treatnients, but by thermo- 
chemical (case hardening) or thermal (induction hardening) methods 131. 

3.3 Residual Stresses 

The formation of compressive residual stresses in near-si~rface regions by susface treatment is 
considered as one of tlic main causes for fatigue life enhancement. I11 general, the niaxiri~i~m 
possible amoiuit of compressive residual stresses is much more influenced by the niatcrial pro- 
perties than by the procecs parameters, e.g. the siiaximuni possible level of re$idual stress stron- 
gly correlates to the yield strength of the surface treated material 12, I l 1 .  Thel-elhre, it can be 
assumed that all ~i~ccliasiical surface treatments generate very similar levels of surface residual 
stress for the same ~iiaterial if the process parameters are optimized in such a way that maxi- 
11ii11ii colnpressive resiclual stresses are formed. 011 the other hand, it has been shown that diffe- 
rent mechanical si~rface treatments also give rise to different levels of strain hardening [ G I ,  thus 
altering the yield strength cliffcsesitly. Illdeed, it appears that treatnientc with very high clef'orma- 
tion grades such as deep rolling lead to slightly higher residual stressej than "low plasticity" 
s i~rhce  treatments such as laser shock peening 11 21, however, mi~cli more work in this field is 
needed to give a systeinatic assessment. Finally, different mechanical surface treatments are 
also associated with different stress stares (e.g. ciii'i'erenr &glee\ oi '~rl~ri i i i lxi i~ii iyj  Ci~~ritig iiie he- 

atiiient itsself, depending on tlie contact geometries of the utilized tools, and consequently cliffe- 
relit residual stress depth clistrjbutions: For example 'hook'-like residual stress depth 
distributions are quite cotntnoli for shot peening and deep rolling, but are not very typical for la- 
ser shock peening. 

3.4 Work Hardening 

Most metallic materials exhibit work/strain hardening through meclianical surface treatments. 
An exception are severely cold deformed alloys and hardened steels which show near-surface 
softening as indicated by lower FWHM-values in near-surface layers as co~npared to the bulk 
FWHM-values. For the assessmelit of work hardening states it is recomineiided to use x-ray 
peak broadening values (FWHM- or half-width values) as a means of characterization instead 
of simple hardness values, since the latter ones are not as sensitive and can be significantly iii- 
fluelxed by residual stresses 12,131. A difficult issue is the extent of work hardening for diffe- 
rent surface treatment methods. Here, again the exact process parameters significantly influence 
the work hardening state and render a systematic comparison difficult. One possible method of 
characterizing work hardening of mechanically surface-treated near surface layers is the clepth- 
dependent registration of FWHM-values after successive electrolytical removal of material. The 



obtained FWHM-values can be compared to FWHM-values after uniaxial defornlation and thus 
deformation grades can be estimated at least roughly [14]. Another indirect method for estima- 
ting deformation grades in mechanically surface treated niaterials is to conclude the deformati- 
on state by comparing their cyclic deformation behaviour with that of uniaxially predeformed 
non-surface treated samples [GI. Of course, in that case residual stress effects have to be elirni- 
nated (e.g. by hollow-drillingleroding or annealing) without affecting the work hardening state. 
An overview on the induced cold work, microhardness increase, dislocation density as well as 
other factors by different mechanical si~rface treatments is given in table 1. The results are taken 
fi-om references [ l  - 12,14- 191. In spite of being somewhat arbitrary, they give a first hint of what 
magnitudes of work hardening and microhardness increases can be expected for different treat- 
ments. The readers are strongly enco~uaged to coinplete and expand these results by own inve- 
stigations and experiences! 

Table 1: Consequences of various mechanical surface treatments on near-surface properties of 
metallic materials 

Amount of Dislocation Estimated Surlhce Maximum Surface Cold 
residual density Strain rate tnicrohard- "case" depth Rough- work 
stress ness iiicrease ness 

Roller bur- r oyle]d 
nisliing (low 
pressure) 

Water pee- r oyleld 
ning 

Shot pee- r oy,,ld 
ning 

Explosive E ciylclcl 

hardening 

Ultrasonic r oy,,ld 
shot peening 

Gravity pee- E oyleld 
ning 

Laser shock E oyIeld 
peening 

Deep solling E oyle]d 

Low - < IO's-' < 60 % < 0. 1 111 111 r 1  pn1 ? 
niedi L I ~ I  

Low - 7 ? E 0.1 mm 1-2 pni < 10 5% 
medi um 

Very high lo3-] o4 sC1 I50 % AISI 0.3 mm 4-8 pm 5-50 % 
5-8 x 10" 3 04 
em-" 60 % SAE 

1 045 

Very high I? 80 a/o 0.3-0.8mm < 5  ym ? 

Hi gh 10"1 o4 S? ? 0.8 nim >> 5 pni 10 % 

Medi urn 40 % 2024 A1 2 nini 
2,6 x 10" 10"-' 30 % 7075 A1 
cW2 92 % AIST 
6,2 x 1 0 ' O  316 L 
m-2 80 % plain 

carbon steel 
130 % mara- 
ging steel 

< lo2 s-I 60 % 3 mm 



Several authors have observed that shot peening leads to most severe work hardening, where- 
as laser shock peening and water peening lead to significantly lower dislocation densities 
[9,12,14,20]. Surface states after deep rolling are characterized by intermediate dislocation den- 
si ties of 10' ' crii-' or lower [6]. 

The possible microstructures created by mechanical surface treatment can be extremely mani- 
fold and depend strongly on the chosen process paraliieters as ~ ~ l l  as on the material itself. Ty- 
pical near-surface microstructures may involve high dislocation densities (either 
lioniogcneously distributeci in tangles [20,21] or in various stages of cell-formation [22]), slip 
bands 1171, nanocrystallites 123,241, twinning [17.25], martensitic transformations [18,23] or 
stress induced precipitates [26]. In all cases, the observed defect structures are strongly influ- 
enced by the strain rate of the surface treatment and by the specific glide behavior of dislocati- 
ons in the material, especially in bcc-metals. "Wavy slip" materials and low or medium strain 
rates (as for rolling or burnishing treatments) Favor the creation of cell-like dislocation arrange- 
ments, whereas "'Planar slip" materials and high strain rates (as for laser shock peening, explosi- 
ve hardening, shot peening or water peening) typically proch~ce more homogeneous, tangled 
dislocation an.angements. In bcc metals, laser shock peened substructures tend to resemble typi- 
cal low-temperature substruct~~res generated by conventional low strain rate plasticity 1271. UII- 
der cleformation at high strain rates or low temperatures, the edge colnpolierits of dislocations 
can move at higher rates t1ia1-1 the screw components which are unable to cross slip, thus pseven- 
ting the formation of cell structures [28]. Fig. 1 shows typical near-surface dislocatio~i arrange- 
ments as a consequence of a high strain rate (here: conventional &hot peening) and a medium 
strain rate (here: deep rolling) mechanical surface treatment of a ferritic steel SAE 1045. A pre- 
dominant feature of severely surface deformed nietals and alloys can also be the formation of a 
thin nanocrystalli~ie layer. 'Interestingly, high coverage and high deformation grades seem to 
promote near-surface nanocrystallization while high deformation velocities appear to lead to the 
opposite effect. Fig. 2 shows direct near-surface ~nicrostructru-es of' deep rolled, of Iaser shock 
peened and of shot peened airstenitic stainless steel AISI 304 (as prepared by cross-sectional 
transmission electron microscopy 121-231). It can be seen that in deep rolled and in shot peened 
samples nanocrystalline sill-face layers were formed. However, after laser shock peening no 
wch str~cti~res were found; instead, the near-';~rface mici-ostr~~cti~re of laser shock peened AISI 
304 is characterized by a dense highly tangled dislocation arrange~nent similar to near-surface 
microstructures observed after water peening [20]. 

3.6 Stability under Mechanical and Thermal Loading 

A necessary prerequisite for the effectiveness of mechanical surface treatn~ents to enhance fati- 
gue behaviour is the mechanical and thermal stability of near-surface residual stresses or 
microstructures. Only stable resiclual stresses influence fatigue strength/life and are usually re- 
garded as local mean stresses, and only stable near surface microstruct~lres (e.g. increased dislo- 
cation density) are able to serve as effective dislocation obstacles impeding localized slip and 
thus crack formation. 




















