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Ab stract

The main goal of this pa per is to char ac ter ize sur face lay ers
of cor ro sion-re sis tant steel af fected by shot peening. Sev -
eral ex per i men tal meth ods were used for in ves ti ga tion of
sam ples pre pared by us ing two dif fer ent lev els of shot
peening in ten sity.  X-ray dif frac tion was ap plied as a main
tech nique for crys tal lite size, mi cro scopic and mac ro scopic 
re sid ual stress de ter mi na tion. Com bi na tion of X-ray dif -
frac tion with elec tro lytic pol ish ing en ables to study the
depth pro file of afore said quan ti ties. Nanoindentation and
op ti cal mi cros copy were also ap plied on pol ished cross
sec tions of the sam ples. It was ob served that more in ten -
sively shot-peened sam ple dif fers from the sam ple basted
with lower par ti cle’s in ten sity mainly in the width of af -
fected zone, which was ca. 0.4 mm and ca. 0.2 mm re spec -
tively. Sig nif i cant cor re la tion was ob served be tween the
depth pro files of mac ro scopic re sid ual stress and crys tal lite 
size. No change in phase con tent due to sur face treat ing
was found.

In tro ducti on

X-ray re sid ual stress mea sure ment ranks among those ap -
pli ca tions of X-ray dif frac tion that are very use ful in met -
als, al loys and ce ram ics in dus trial treat ment pro cesses [1].
It is ev i dent that if re sid ual stresses can be spec i fied (mea -
sured), it will be pos si ble not only to pre vent their harm ful
ef fects, but also to uti lize their ben e fi cial im pact. Shot
peening is a cold work ing pro cess in which the sur face of a
part is bom barded with small spher i cal par ti cles (shots).
Ben e fits ob tained by shot peening are the re sult of the mag -
ni tude and depth dis tri bu tion of the com pres sive re sid ual
stresses and the cold work ing in duced [2].

The aim of the con tri bu tion is to pres ent a com plete
X-ray dif frac tion anal y sis of gra di ents of crys tal lite size
and of both the mac ro scopic and mi cro scopic re sid ual
stresses in sur face lay ers of shot-peened sam ples. Two dif -
fer ent con di tions of blast ing were ap plied to sam ples un der
in ves ti ga tion. The main goal of the re search is to find cor -
re la tions be tween lat tice de for ma tion of the stud ied sur -

faces and their me chan i cal prop er ties, and this way to con -
trib ute to un der stand ing of the on set of re sid ual stress for -
ma tion in en gi neer ing ma te ri als. 

Sam ples 

The sam ples of size 50 ´ 50 ´ 5 mm3 were pre pared from
cor ro sion-re sis tant steel ÈSN 17134. The guar an teed cor -
ro sion re sis tance on air, wa ter steam or gas is up to 625 °C.
The ma te rial is used for some parts of tur bine or for
thick-walled steam sup ple pipe. The chem i cal com po si tion
is in Tab. 1. Prior to shot peening the sam ples were an -

nealed (stress-re lieved) in Ar at 550 °C for 2 hours. 
The shot peening was car ried out with two dif fer ent in -

ten si ties of blast ing spec i fied by us ing Almen test as 0.2
mmA (sam ple C11) and 0.4 mmA (sam ple C13) [3].

Pol ished cross sec tions (10 ́  5 mm2) pre pared from the
sam ples were used for nanoindentation ex per i ments and
for mi cro scopic ob ser va tions. 

Methods

X-ray dif frac tion 

The mea sure ment was per formed on an w-goniometer

Siemens with Cr-Ka ra di a tion. The line {211} of a-Fe

phase was mea sured. Nine dif fer ent tilts an gles (y) from 0° 
to 63° were used. The sin2 method was used for de ter mi na -
tion of mac ro scopic re sid ual stresses [4]. The X-ray elas tic
constants 1/2s2  = 5.95·10-6

 MPa-1,  – s1 = 1.325·10-6 MPa-1

were used in stress cal cu la tions. The sin gle line Voigt func -
tion method was ap plied for cor rec tions of in stru men tal
broad en ing (stan dard was mea sured for all nine in cli na -
tion) and de ter mi na tion of microstrains and crys tal lite size

[5].  The microstrains e was con verted to microstresses smi -

cro us ing Hooke’s law (s =  e E,  where the Young modulus
E = 216 GPa) in or der to have the pos si bil ity of their com -

par i son to the mac ro scopic re sid ual stress smacro. 
This pro ce dure has some ad van tages and dis ad van tages 

as well. The main ad van tage is that the mac ro scopic and
mi cro scopic strains are de ter mined from the same crys tal -
lo graphic planes. Then the data are un af fected by elas tic
ani so tropy, which is rel a tively large in iron. The an other

ad van tage is the high dif frac tion an gle q of the {211} a-Fe

line (2q » 156°) en abling a pre cise de ter mi na tion of lat tice
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C Mn Si Cr Ni Mo V P S

0.17-0.23 0.50-1.00 0.25-0.60 10.0-12.5 0.30-0.80 0.80-1.20 0.20-0.35 max 0.035 max 0.030

Ta ble 1. The chem i cal com po si tion of in ves ti gated steel 17 134 in weight per cent.



strains. A dis ad van tage is that a sep a ra tion of broad en ing
dif frac tion line to crys tal lite size and microstrain con tri bu -
tions us ing any sin gle line meth ods is not as pre cise as
when sev eral lines are con sid ered. Re al iz ing that the pen e -
tra tion depth for each of the three dif frac tion lines ({110},

{200}, {211}) of a-Fe when Cr-Ka ra di a tion is used, is
dif fer ent ap pli ca tion of meth ods us ing sev eral dif frac tion
lines is prob lem atic. Since the intensity of ra di a tion is ex -
po nen tially de creased in the mat ter, the ef fec tive pen e tra -
tions depth T

e 
is used to de scribe ra di a tion pen e trate abil ity

[6].  Fig. 1 de scribes the ef fec tive pen e tra tion depth vs.

sin2y in case the Cr – ra di a tion (wave length l = 0.228962

nm) in Fe ( den sity r = 7.874 g/cm3) for the dif frac tion an -

gle 2q = 156°.
In or der to ob tain depth pro files of X-ray dif frac tion

char ac ter is tics, the sur face lay ers were re moved by a
LectroPol–5 de vice for elec tro lytic pol ish ing. The cool ing
sys tem main tains the tem per a ture in the range of 15 – 25
°C.  The sam ple C11 af ter removal of 0.8 mm is in Fig. 2.

Nanoindentation
The used ap pa ra tus NanoTestTM NT600 en ables DSI
(depth sens ing in den ta tion) ex per i ments. These were per -
formed with a di a mond Berkovich in denter. Cal cu la tions
of in den ta tion hard ness and ef fec tive elas tic modulus Er

were made ac cord ing to Ol i ver-Pharr method [7] from DSI

un load ing curves. Each sam ple was in dented in five dif fer -
ent points on pol ished cross sec tion at in creased dis tance
from treated sur face (ma trix 5 x 14). Max i mal load was 50
mN; load ing/un load ing time was 20 s; dwell time at max i -
mal load was 10 s.

Mi cros copy.
Zeiss Axio Imager Z1m op ti cal mi cro scope was used to
study cross sec tion of the sam ples.

Re sults and dis cus si ons

X-ray dif frac tion
The sam ples were mea sured in two each to an other per pen -

dic u lar di rec tions la belled as “­” and “®” in or der to ver -
ify the di rec tional independences of the  re sid ual stresses.
The sin gle line Voigt func tion method [5] gives val ues of

crys tal lite size D and microstrain e (or smi cro) for ev ery tilt

an gle y, i.e. for sin2y  = 0, 0.1, 0.2, … 0.8.  The in di vid ual
val ues de pend on gra di ents, ori en ta tion of dif fract ing

planes (an gle y), and in ac cu racy of used pro ce dures. Fig. 3
and 4 show the dependences of crys tal lite size D and

microstreess s  on ori en ta tion of dif frac tion planes to the
sur face. The ob tained val ues for both di rec tions are plot ted
for sur face val ues and for val ues form the depth of 0.8 mm.

The de pend ence of stud ied pa ram e ters on an gle y is caused 

by gra di ents, by y-ori en ta tion de pend ence, and by some
in ac cu ra cies orig i nated in a pro cess ing of mea sured data
(e.g., pro file fit ting by an a lyt i cal Pearson VII func tion, gra -
di ents, us ing of con vo lu tion in stead of solv ing in te gral
equa tions, … ).   
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Fig. 2. The sam ple C11 af ter mul ti ple re mov -
ing of sur face lay ers.

Fig ure 3. The de pend ence of microstresses on sin2y.

Fig ure 1. The de pend ence of ef fec tive pen e tra tion depth T
e 

 on

sin2y in case dif frac tion an gle 2q = 156°, Cr – ra di a tion, and Fe
mat ter .  

Fig ure 4. The de pend ence of crys tal lite sizes on sin2y.



In or der to com pare these data with mac ro scopic re sid -
ual stress, the val ues for all tilts were av er aged. Tab. 2 and

3 show the val ues of crys tal lite size D, microstress smi cro

and macrostress smacro de ter mined for sam ples C11 and
C13.

For rea sons of clar ity the av er age val ues for these per -
pen dic u lar di rec tions are plot ted in Fig. 5. Pred i ca tion that
shot peening is sym met ri cal treat ment [3], give us the com -
pe tence for the men tioned av er ag ing. The depth pro files of
crys tal lite size are plot ted in Fig. 6 for both ori en ta tions.
The ab so lute value of crys tal lite size and microstress are
en cum bered by rel a tively large er rors, caused pri mar ily by
fol low ing  rea sons: (i) The prob lem in de ter mi na tion of z
(the ra di a tion is ex po nen tially de creased in the ma te rial),
(ii) Strong pre sump tions of sin gle line Voigt func tion
method [5], (iii). In ac cu racy of used Young modulus (tab u -

lated val ues from sin gle crys tal was used), that was used in
com put ing of stresses. This prob lems are not so sig nif i cant
when rel a tive val ues are ra ti o ci nate. The val ues for two
different directions can provide the view to errors of their
determination.  
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Ta ble 2. The depth pro file of D, smi cro and smacro for sam ple C11.

The signs ­ and ® marked two per pen dic u lar di rec tions. 

Ta ble 3. The depth pro file of D, smi cro and smiacro for sam ple C13.

The signs ­ and ® marked two per pen dic u lar di rec tions. 

Ta ble 4. The cor re la tion co ef fi cients be tween par ti cle size and

macrostress (D - smacro), par ti cle size and microstress (D - smi cro),

Ta ble  5. The av er age re sults of nanoindentation ex per i ments for both sam ples.

Fig ure 5. The depth pro file of mi cro and macro stresses for two
in ten sity of shot-peening – C11 and C13. 

Fig ure 6. The depth pro file of crys tal lite size D  for two di rec -

tions ­ and ®  and for two in ten sity of shot peening – C11 and
C13.



The thick ness of the af fected sur face lay ers by shot
peening is roughly 0.2 mm for sam ple C11, and 0.4 for

sam ple C13 for all three quantities - D, smi cro and  smacro. 
The val ues of cor re la tions co ef fi cient [8] cal cu lated

from Tabs. 2 and 3 are in Tab. 4.
The cor re la tion co ef fi cient has the value be tween –1

and +1, so two in de pend ent quan tity have the cor re la tion
co ef fi cient r = 0.  The larg est cor re la tion was ob served be -

tween crys tal lite size and mac ro scopic stress (r » 0.97). On
the other hand, the small est cor re la tions are ob served be -

tween mac ro scopic and mi cro scopic stress (r » - 0.75). The
cor re la tion is not as great as in the pre vi ous case, al though a 
re la tion is pres ent. 

Nanoindentation
The nanoindentation ex per i ment for sam ples C11 and C13
do not af ford any larger in crease or de crease of ob serv able
pa ram e ters of depth pro file stud ies. So, only the av er age
val ues of ob served pa ram e ters are putted in Tab. 5.

Mi cros copy
The sam ples were ob served in an op ti cal mi cro scope af ter
nanoindentation ex per i ments (Figs. 7. and 8). The treated
sur faces are on the left side.  

The sam ple C11 has the sur face layer largely dis turbed.
The black tri an gles are re sid ual nanoindentation im pres -
sions. The small black points are prob a bly small pores;
they come to be sharp the same way as tri an gles af ter
nanoindentations. More over, the X-ray dif frac tion phase
anal y sis did not show dif fer ence be tween treated sam ple
and not-treated one. Fig. 9 dis plays the dif frac tion pat tern
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Figure 7. Sam ple C11, zoom 50x.
Figure 8. Sam ple C13, zoom 50x.

Figure 9. Main part of x-ray dif frac tion pat terns for treated and non-treated sam ple.  The shot-peened pat tern is putted down by

1000 counts for better vis i bil ity. The main four peaks, la beled with their re spec tive dif frac tion planes, cor re sponds to Fe-a phase. 



of these two cases mea sured with Co-Ka ra di a tion. The

more in ten sive peaks are from a-Fe phase. The small peaks 
are from non spe cific phases. Their low intensities and in -
suf fi cient num ber do not al low the reg u lar phase anal y sis.
Nev er the less match ing these peaks with PDF da ta base [9]
lead to the re sult that there is more than one prob a ble phase
and the most pos si ble phases are: Fe3C, Fe2C, C, Cr23C6,
Cr21.34Fe1.66C6 (and phases with sim i lar composition),
MnC.  

Conclu si ons 

In the case of the stud ied steel ÈSN 17 134 X-ray dif frac -
tion mea sure ments af ford a more pre cise idea about sur face 
lay ers af fected by shot peening than nanoindentation and
mi cros copy.  Nev er the less com par i son of re sults ob tained
by these three meth ods pro vides dif fer ent points of view to
char ac teri sa tion of treated sur face. 

• More in ten sively shot-peened sam ple has wider af -
fected layer than the one shot-peened with lower in -
ten sity. While the width in the first case is ca. 0.4
mm, the cor re spond ing value  the sec ond one be ing
ca. 0.2 mm. 

• The sur face val ues of crys tal lite size and macrostress 
are ap prox i mately the same for both the in ten si ties of 
blast ing. The dif fer ences are ob served pri mar ily in
the spe cific in ter val of depth, which is in good ac -
cord ing with the ob ser va tion in op ti cal mi cros copy. 

• Aside to the crys tal lite size and macrostress, the sur -
face val ues of microstress of dif fer ently shot-peened
sam ples are dif fer ent and the microstress in creases
with the in ten sity of shot peening.  

• The val ues of macrostress sig nif i cantly cor re late
with those of crys tal lite size; the cor re la tion co ef fi -
cient is approx. 0.97.

The mi cro graphs ob tained from the op ti cal mi cro scope
sug gests that the shot peening has an in flu ence on the phase 

composition. How ever, the re sults of X-ray phase anal y sis
did not af firm this and black points in Figs. 7, 8 are in ter -
preted as small pores.
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