-A120 750 EQUILIBR!UH CONDITIONS FOR THE AYERAGE STRESSES
HE URED BY X-RAYSC(U) NORTHWESTERN UNIV EVANSTON IL
T OF HRTERIRLS SCIENCE I C NOYRN 38 SEP 82 TR-8
UNCLASSIFIED N88814 86-C F/G 28/11

TLLLL
EEEEEEED
| B




o
reeeFEEE R
EEE
E

i

i
II=
I

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

=
I
FEE
EEEE

3 1

w os 122

oEw kR
TR

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

|

%
i’
;
i
Ll
e £
A

[ 4
13
Fs

||
s B
T

MICROCOPY RESOLUTION TEST CHART

B R

.25 lll.A l|6 i

., 4
MICROCOPY RESOLUTION TEST CHART :‘

‘ NATIONAL BUREAU OF STANDARDS-1963-A .
i ‘ »
? B
M g e e e
-2
T

NATIONAL BUREAU OF STANDARDS-1963-A r -

i
i

:

L 28 J2s 2
el £

=
EEE

=
= s
FEE
EEEE

IIII- l-m/

/

FEE:

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDG-1963-A




NORTHWESTERN UNIVERSITY

DEPARTMENT OF MATERIALS SCIENCE

Technical Report No. 8 Office of Naval Research
September 30, 1982 Contract N00014-80-C~-0116

MWA120750

Vi

EQUILIBRIUM CONDITIONS FOR THE AVERAGE STRESSES MEASURED BY X~-RAYS

by
i
I. C. Noyan
I —
Distribution of this document Reproduction in whole or in
is unlimited. part is permitted for any

purpose of the United States
Government,

ﬁ“‘{“" o~

.

Ay

N Y
DA . e 4
R, V0120 1882 0 =

% “::‘l N
; :

A

DT FILE Ccopy

EVANSTON, (LLINOIS

82 10 25 108




LN gt mate Sachs een benm s 4

Equilibrium Conditions for the Average Stresses Messured by X-Rays

- | I. C. Noyan*

ABSTRACT

>‘rruo pacro=-stresses are seasured with x-rays after material processing,
only if there iz s unitq_tz plastic deformation in the sampled volume that is
different than that in the rest of the material. In this stress-field the

components in the direction of the surface norsal are u;uauy negligible over
the depth penetrated by x-ray (for example, peening). Hovwever, pseudo-
macrostresses, or backstresses, arise when this condition is violated, for
example, if there are second phase particles and there iz a gradient of plastic
deformation from particle to matrix. This pnudo-uclfct;rus field is three-

dimensional and ths stresses in the direction of the surface noraal can be

seasured with z-rays. Equations are presented which allow estimates to be made
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INTRODUCTION

Recently, several authors?+2:3 have been able to detect the pfcunco of
stresses normal to the surface from x-ray measurements of peak-shifts. This
has been possible bhecause x-rays penetrate to a finite depth and the peak
shifts -dopond on the strains ;voragod Sver these doptﬁa. Thus, stress
components in direction "3* normal to the surface (which must be exactly zero
at the surface) can contribute to peak shifta, The presence of such components
is expressed in interplanar spacing (d)y,; vs sin2 ¥, vhere § is the tilt of
the specisen fros the normsal Bragg-Brentano focussing position on a
diffractometer; this plot is curved when 033 is significant and splits into
two branches for +y when cnand/or% are important. Such stresses can arise
during wear(®, grinding(3), shot-peening‘?), carburizing, eto, and so this is
a practically important topio.

vam Baal(5) and u'aluun“) have suggested that stress components normal to
the surfsace sre not required to produce €3¢ 8230 €330 but rather that these
strains (and their sssociated effsots on d vs sin2y ) arise due to elastic
anisotropy in the presence of preferred orientation. Such an!sotropy can
produce these strains with only stresses parallel to the surface ( @y, ¥22).
In faot they conclude that normal stresses in direction "3%, and, as well, (-] 12*
can not exist in ground samples. In reaching this conclusion, they invoks the
differential equations of eqv” ' »ium at a point in s solid. However, x-ray
seasuresments average over & . - volume and these equations are not
sppropriate in this case. In faot, there are experiments that show thisf2);
When a ssmple, which was bent during grinding, was straightened, the shear
stresses did not change, but there were large changes in the norssl stresses.
The coupling of strains and stresses through elastic constants, as in the

approsch by Van Bsal and Brakmsn, require changes in all cosponents of the
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strain and stress tensors in such g situation. Furthersore, splitting (for =

¥) i3 observed for mild steel but not for Armco iron when the same grinding

parameters are used in processing the samples(2),

Ve will a'how in this paper, that when there are "hard® and "soft"” regions
in a material, (such ss matrix snd precipitates, grain boundaries and grain
interiors, regions of high and low dislocation density, etc.), the appropriate
averaging of the equations for foroe equilibrium over the voluse sampled by x-
rays, leads to solutions which include stress components normal to the surfice.
We will use the approaches and results developed by Eaholby”). Tanaka and
Mor1(8:9+10) and Murall!) for this purpose.

THEORY

This will be presented in two parts: In the first part some assusptions
inherent to the x-ray measureaent of residual stress and the equations of
equilibrius applicable to x-ray stress measuresent will be discussed . In the
second part, the total stress state formed in the near-surface layers of
materials containing hard and soft regions (which arises when the surface

layers sre plastically deformed) is discussed.

A. The X-ray Measurement of Residual Stress

Despite the title of this section, we remind the reader that x-ray sethods
aeasure strains in the surface layers of a saterial. These strains are then
converted into stresses using various assusptions as to the stress state and

anisotropy (preferred orientation) existing in the surface layers(12.13),

The basic principle of obtaining the strains is suplo(u); the interplanar
spacings of a specific fors of planes are cdbtained from grains at different
orientations to the surface normal. This i3 achieved Dy tilting and rotating

the specimen with respect to the incident beam (Fig. 1). These spacings are
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then converted into strains with the formula:
C%,é = —-___Cé‘; _~a{ ( i)

Where d " is the spaocing in the direction, l." » defined by the angles §,

(figure 2) and "d", iz the spacing of the stress-free saterial.

Two major assumptions are included in the above trestment:
1) Since the strains from different grains are used to calculate the
stress t.cnsor“z"” » the stresses are sssumed to be constant, or varying

indentically, in all the grains sampled,

2) The spacings d'. ' in equation (1) are obtained fros the sagular value
of the Bragg peak corresponding to the diffraction planes. This value iz an
average value, over the totsl penetration volume of the x-rays. Only strsin
fields that are constant, or slowly varyiag, {a the messurement voluse
contribute to the position of the Dragg pesk. Rapid fluctuations cause
broadening of the peak but do not affect the peak position{13:18), nys the
s.trnus determined froms the z-ray data are average values and may not

represent the stress at a specific point in the volume of the messuresent.

3) In seasuresents on sulti-phase materiasls there ia another limitation:
If the structure and/or the lattice parsmseter of phases existing in the
sessurement voluse are dtttonat.‘ the average strains of only one phase is
obtained with the use of & given reflection. The strains in the other phases
sust be detersined by the use of their charscteristic reflections, This
property persits the determination of piecewise-continuous strain
distridbutions; i.e. when the strains are continuous in respective phases dut

not scross phase boundaries (figure 3).
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Now, all internal stresses existing in a free body at equilibrium, with no
surface tractions applied at the surfaces must obey the following differential

equations of equilibrium:

G.. =0 , (o)
In t@. body volume, and,

O“;jj.njzo p (2-b)

at the surface of the body. Here fy is the unit normal vector at the boundary
(surface) of the body and susasation over repeated indices is implied. Egn.
(2a) 1s the foroe balance of an infinitesimal element in the body and (2b) is
the force balance if the infinitesimal element has a surface boundary. If no
surface tractions exists, (2b) wmust be zero for the body to be at equilibrium,
(Van Basl and Brakman have used eqn.(2a)to conclude that stresses in the

direction of the surface norsal can not exist for ground specimens.)

From eqn. 2 it can be shown that the average of any stress over the whole

body is zeroll11):

fe{.ipso (3
:

Where D is the total volume of the body. It must be emphasized that equation
(3) 13 valid 1f and only if eqns. (2a) and (2b) are satisfied. This is easily
shown(11): '

Integrating (3) by parts, and with "X" the distance coordinate in the *J*
direction:

) e do- &q" X 48 - JG?""‘ G @
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The first integral on the right hand side is over the boundary of the body

|o|, where ay,. ny, = 0, (eqn. 2b), and the second integral, in the voluse D, is

zero as: oyy . s 0, (eqn. 23).

For s two-phase material (3) can be written as:
6/. dDa | & db + |6, dD=O (5)
[ejane ) o]

where Q is the volume of the second phase. Rewriting equation (5):

P-R), | ¢/.dD+ L o} dD=0  (6-a
(o-n) JL, J +J\-£ d ' ’

or:

(-] <&fydp + N <63, =0 (9-3)
sultiplying both sides of 6=b by 1/D we obtain:(1V)
(1-) <6ty + f <o, =0 (6-c)

where f is the volume fraction of the second phase and <@ 1 J>.. <9 J’p are the
average stresses in the matrix and precipitates respectively.

Thus when average stresses obey Eqn, 6c, the true stress distridution at a
point obeys Eqns. 2a, 2d. '

It 13 clesr, from the adbove arguments, that for two-phase materials,
residusl stress values odtained by x-rays could be substituted in Eqn. 6¢ to
check if 2a, 20 are indeed obeyed. However, deviations may still occur since
the stress carried Dy grain or phase boundaries is not taken into account.

This effect may cause an apparently non-zero value for eqn. 3 when residual
stresses are seasured by x-rays. Such stresses are called Pseudo-macrostresses

and hsve been observed in single phase and multi-phase materials.('¥)




B. Residual Stress Fields Resulting from Surface Deformation in Materials with

"Hard® and "Soft" Regions

When a two phase material (where one of the phases is stronger) is
subjected to surface deformation through processes such as shot-peening or
grinding, the surface layers suffer plastic deformation 'l;»J' with mosat of cf 3
occurring in the weaker phase., For example, in shot-peening, with the shot
arriving normal to the surface, the (total) plastic strain ¢f § Will be:

oo
-] n "' ’

(8..- ) = 11 ? ] (7)
J “Shet —peen 0 &

where, from conservation of volume c‘ﬁ s ‘52 s =1/2 153.

These plastic stresses imply a length change in the surface layers which
are elastically constrained by the bulk (where plastic deformation is limited,
Fig. 4)., Thus to a first approximation, we may represent the surface layers of
the specimen as a slad of thickness h, and length L, where b, is the depth

beyond which plastic deformsation is nil. The length L represents the final

length of the material after processing. The constraining effect of the bulk

3
.
3
s

. this equivalent slab (Fig. 5). These tractions will csuse a "macro residual
: stress® field in the slad. (There will also be a micro residual stress field
- because of the plastic ;lotornuon differential betueen phases, which will bde
r. treated later.)

is taken into scoount by applying sppropriate tractions .'4 at the boundary of

For shot-peening, the msacrostresses in the surface layer will de:

i G:n’ogz.‘s'e""l-— y @)

e L°+8
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where L is the final length of the material, L, +8 i3 the length the surface
would attain if detached from the bulk and E is the Young's modulus of the
composite material. Of course, in practice L,+§ cannot be measured. However,
we can find 0,4, @55 by considering the equations of equilidrius over the

total bedy (bulk and surface layers),

The stresses in the bulk after shot-peening will be:

(0, = (Gh)pyye E o, )

Bulk Lo
where L° 12 the initial length of the body prior to shot-peening.

Since the net force on any plane cutting through the specimen must be zero,

( o, Ik’ (he=by) = (U{j)s«du; hy , Le).

we have:

here h, is the total thicimess of the material.

Thus, from Egns. 9 and 10:

. £ (h=hd 6 Lo (W)
Gf’j)suqm —K—‘- Lo

for shot-peened materials.

The stresses given by eqn. (11) will be conatant through the matrix and the
precipitates in the surface layer. Thus their average value will be equal to
their value at a point. If the surface layer is replaced by the equivalent

slad® (Fig. 5a), the equations of equilibrium for thia slad will be:
.20 in the slab , (1-a/
/J ’

G{"oﬂ"-‘-f{ , on the ‘uuucjnJ, (12)

This replscesent is possible since hy i3 larger thsn the penetration depth of
z-rays.
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The forces F,, as stated earlier, represent the constraining effect of the
bulk.

It is seen from Eqns. 12 and 4 that Eqn. 6¢ is not applicable to the

maorostress given by Eqn. 11.

The microstress field occurs as a result of the differential plastio
deformation between the matrix and the second phase. This field contains
cosponents that are rapidly varying with distance in the material and also
components that are fairly constant with distance.(7:9.,11.15) 'It has been
shown that“o'"'w) when integrated over a volume coctitaining a large number of
second-phase particles, the rapidly fluctuating stresses average to zero, while
the constant components yield finite values for each phase respectively. These
values will sstisfy Eqn. 6c, and are called "Pseudo-Macrostresses” (PMS) in the
following discussion in keeping with the usual terminelogy of x-ray stress

nessuresents, (14)

Since plastic deformation occurs only in the surface layers, the PMS field
exist only in this surfsce layer. Thus, only the equivalent slad (Fig. 5) will
be considered, To further simplify the solutions, we ignore the surface
tractions F; and caloulate the PMS values for a slab with plastic strains CL
distributed uniformly through the volume. We also assume that these strains
occur only in one phase. The total stress field will then be obtained froas
superposition of the PMS field and the macrostresses given by Eqn. 11. This
procedure is approzisate in that the stresses due to differences in elastic
constants between the phases, caused Dy the macrostresses are negleoted.® In
the following treatment we follow procedures developed by Mura in reference
TiWnen the elastic constants of the matriz and the precipitate sre different, o
given macrostress will cause different elastic strains in the phases. Hovever,

since displacements must be continuous across the boundary between phases an
elastic stress field will arise.
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Assume that this s ad of total volume D has "N," precipitates that are
elliptical in shap;. The total volume of the precipitates 13(). There are
plastic strains ¢l that are uniformly distributed in esch precipitate. The
equation of equilibrius for any stresses exiating in the slad is given by Eqn.

6c.

The mean stress in the matrix < c“>. can be written as:

. 0 €
<6J.‘J >l'\ 2 cljk\ ki / ('3)
o-‘h is the average elastic strain in the matrix. Ifa singh precipitate is

rasndomly inserted into the satrix (for large N, this will not change f). The

stress in this nevw precipitate will bo:(")

5'%..6,{;4- Loty (W)

[ ]
Here %413 is the stress calculated for s single precipitate, containing plastic
strain ¢jy, present in an infinite matrix.

Since the precipitate can be inserted at any place in the matrix (we are
sssuming a random distribution of precipitates) o134 given by equation (13) is

the average stress in the precipitatas.

VWricing Hooke's law for the precipitate:

’
ij= C:]'kl e fa- i } , U8/

where ‘?cl. is the average elastic strain in the matrix and €., is the total
strain in the precipitsate containing plastic strains ‘il’ Thus the tera in

the brackets is the total elasatic strain in the precipitate inserted into the

e e




¥For isotropic materials: @1-: 35* ffj 8

matrix.

Solution of equation (15) is possible through the equivalent inclusion
method of Eshelby.(7:1V)

Writing Hooke's law for the equivalent inclusion which has elastic

constants Cy Ikl (the =zame a3 the watrix):

p) P *
G{j = Cejkl (ekl * ekl - € é’“) / (e
Where ‘;1 is the "cizcnstrain'("). that must be introduced into the
equivalent inclusion such that:
2 |
Jkl(em*exl fu)- tjkl (€ + € - €y ) , (13)
where:
£ P ¥
£ = Sty

ki =

, (g

Assuming the matrix and the precipitate both to be isotropic®, Eqn. (17)

becomes:

L {e ch'l &ij §+glj)'{e"u+£“-£:k}=

A%
2r.{e "1’?‘-] }1’5 }'{ * KK-QKKKI(H)
Here u®, \%,u and )\ are the Lame constants of the precipitate and matrix

respectively.

Equation (18) can be expressed in a more useful form by defining the

deviatoric strains: an

\ezj-.-. e:'j - Scjekk/g

: A | (17-5)

Mt Eys furbin 6y | nee) 1o
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S‘. = & - 5§ 5';;/3 , (%0-b)

J
AP P ¢
f .j jgkk/g ’
a¥
] .Ct* S:] Ckk/i’ / (20-9)
3ubstituting Equation (20) in Eqn. (19) and re-arra_ngins:(")

e {¥, 8-} = 2 {Te J.,.‘g,j-‘e’:;} ,(11-0)

(10-¢)

r d
K*{ekk"’ Kk-skk} K{ kk,.,g“-é':kj L (n- b

Where K* and k are the bulk moduli of the precipitates and the matrix

respectively: (K =) +24 /3).

For shear strains (i3 j) Equ. (21a) boouu
il-
0, £‘ -0
A {e.J £', §= Y i€ ]j , (1)

ainoce 'all 6“ s 0 for this case.

The unknowns €4 4o c:; can be expressed in terms of each other by the

. proporty:"'")

£:x= S=]'I:I 81’; , ()

Where S Jk1 are the Esheldby tensors gssociated with the precipitats shape.
Thus from Eqns. (22) and (23):

\ 2] %, 0 * '
E'S a {Z(g"‘r)eaj+z? &J§/{4(§:-r)5,ﬂ' flr} /(Z")

1
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Here 0‘1’1 is given by Eqn. 26. The average shear stresses in the precipitate

for 1$ J.

*Ww
Another equation between the unknowns &y i e: IL is obtained by re-
writing Eqn. (6c). This is done by sudbstituting Eqn. (23) into Eqn. (16) and
substituting the results and Eqn. (13) into Eqn. (6¢), rewriting the final
result for isotropic materials by using Eqn. (17b):
. +8..A€° 5 L OF L ot
ZS‘ 'J*g‘1xekk -+ Zr(S‘Jk‘gk‘ E"j ) -+

¥ i ¥ |
S‘j A (S E:.T * szzusu * mlgk' g™ )} =0 (5o

For shear atrains 1 23, we have:

Z}/-e,j’ +J {Zy(ggju E':f- 8*.-; )} =0 , (Z§~L}

from Eqns, (24) and (25b) we obtain:

o gt S f.0-25 x/
AT g -asy s )

for 1‘1-

The average shear stresses in the matrix are:

<€;j>m’ zreolj ’ (t:)

are then found from Eqn. (6¢).

Unfortunately the solution for normal stresses (izj) is much harder: From
Equations (19) and (23) we can obtain three equations in six unknowns c‘{: and

E 2 ]
‘1.1 (for is3j). Another three equations in o°,_J and ‘:1' are obtained from the

12
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equilidrium Eqn. (25a). Then, e‘,’_J and ‘TJ can be obtained froms the
simultaneous solution of these six equations, Explicit solutions will not be
-given here: however, it can be zeen by inspeotion that <« ?4y°n for is) will
be a function of the plastic strain “;31.-1 » the elastic constants of the

watrix and precipitate and the Esheldby tensors S, e

DISCUSSION
A. Shot-Peening

If the surface of a two-phase material is shot-peened with the shot
ispinging in the direction of the surface normal P3; the plastio strains are
given by equation (7). Thus fros Eqn. 26, there will be no Pseudo-amscro shesr
Macro

stresses. The surface layers will bave Macro-stresses ¢,,M8°70 o,

given by Eqn. 11 snd Pseudo. Mscro stresses oy,PM, o.PN 0. .PM frog £qn. 27.

The stresses in the surface; 94,4, G22¢ detersined by x-rays will contain

both components whereas any 933 value will be a Pseudo-masoro stress (Provided

¢fj 1s  uniforn with depth in the pesened layer).

B. Grinding
Consider figure (6). For this case the grinding is along P, in Fig. 2.

The plastic strains at the surface layers will be:

9.‘ = ) C’ ® (18)
j n R )
&1

The sagnitudes of {J depend on grinding parameters such as depth of out,

© eooling, feed rate, eto. It can be seen from Fig. 6§ that ':3 will change

direction, when, for a given direction of wheel rotation, the feed direction is
changed. From Eqn. 27, this will cause the pseudo-macro residual stress ez to
change sign. Assumsing that t’, 3 in Eqn. (28) sre uniformly distributed with

13
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. depth, the total stress tensor (determined by x-rays) at the surface layers

Hlero'

will have macro components ¢4 022"%°7° and pseudo-sacro components®

Q 'P.". [- 4 22P0H. Q P.H'

1 13

If vwe examine the residusl stresses produced by grinding in reference (3)

for steels (2-phase materials) we see that there is a tri-axial stress state in

the surface layers, in sccordance with the predictions made sbove, the %13
component of which changes sign with direction of feed, as predicted above, It
u‘ was also found that the stress state calculated froms the curvature of the bar,
- whioh ocourred during grinding due to macro-residual stresses, does not agree
with x-ray results, as the Pseudo-macro components, which affect the x-ray

L‘ measurement, do not cause curvature.

‘f . It i3 also seen that straightening the samples, which will relax the macro-

: stress, do not affect 13 This i3 expected since :truihuaing cannot produce

‘! - 0';3. where %3 was originally caused by the tangential force of the grinding

b wheel. For Armco.Iron, ground with the same paraseters as the steels, no %43
' is reported, and we predict none as this is a single-phase later;ial. Howvever,

8 933 value is reported. This value sight be due to anisotropic plastic flow,
vhere certain regions of the material do not flow plastically and act as "hard"
regions, It might also be due to a residual error in the analysis since a low
V= range (0-45°) was employed. It has Deen recently shown that when steep
-gtress gradients are present in any coaponent of the stress tensor, use of a

bigh § -range (39-60) iz more accurate.!9

The stresses that we osll Pseudo-Macro stresses, following x-ray nanr“u
have also been called "Beck Stresses" in studies of thhz,uuhtuor effect.
This Back-stress has been observed in both multi-phase'l®) and single-phase(29)
ssterials.

18
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CONCLUSIONS

1) In sulti-phase materials, residual stresses sust be measured in all
phases 1f possible, if it is of interest to know 1f there are pssudo-macro
stresses. If Eqn. (6c) is satisfied, the stress field consists of only

pseudo-Bacro stresses.

2) Care must be taken in the spplication of differential equations of
equilibrium to x=ray data. When only stresses in a single phase of a nulti-
pbase saterial are reported, no conclusions can be derived from Eqns. 2a, 2b,

with stresses obtained from xz-ray analysis.

3) Shear stresses in the near-surface. regions of ground two-phase
materials do not necessarily violate any equilibrium equations and so, do not

imply the presence of preferred orientation.

4) A Pseudo=-Macro stress field exists in surface-deformed materials, even
if a single phase, and this field may be measured. Its aagnitude will depend
on the relative atrength of the phases (on load bearing roucn’a). and on the

smount of plastic deforsation.

5) More results on the sacro and pseudo-@ascro stresses in such materials

would be of interest.
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CAPTIONS

Figure 1,

Figure 2.

Figure 3.

Figure &,

-Figure S.

Figure 6.

Schematic of a diffractometer for Stress meassurement,

a) Certain atomic planes satisfy Bragg's law and diffract x-rays
at a 29 value which depends on the spacing of the hkl planes.
This spacing is affected by stresses. |

b) After the specimen is tilted, diffraction ocours from other

grains, but froa the same set of planes. Since the norsal
stresa component on these is different than in (a), the plane
spacing will be different, as will the diffraction angle.

The definition of the specimen axes Py which define the surface, and

the seasuresent direction, L

A piece-wise continuous atr:s: distribution. The shaded regions
represent the stress in precipitates and are invisible to z-rays if
only a reflection fros the matrix is examined,

Definition of surface layer (a) and schematic of (assumed)
distribution of plastic deformation with depth in the sample after
shot-peening (b).

The equivalent sladb, with constraining forces representing the
effect of bulk (a), and in relaxed state (D). .

The forces acting in the wheel and in the surface layers during
grinding. The feed is in the P, direction of Fig. 2, it can be seen
that if the feed direotion is reversed, the tangential force F,,

csusing ¢,5 will change sign.
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