AD=-AQO70 798

UNCLASSIFIED
| |

NORTHWESTERN UNIV EVANSTON IL DEPT OF MATERIALS SCIENCE F/6 11/6 NG
RESIDUAL STRESSES IN GROUND STEELS.(U) '
JUN 79 H DOELLE:. J B COHEN NO0O14=75=C=0580

TR=24 NL
||I||II‘||IIII‘IIIlII\IIIlllI 5

!
|







Yo

e

B

A o i RN AT R s s e
iy o T L

- -~ e o |
g NORTHWESTERN UNIVERSITY
Do
85 DEPARTMENT OF MATERIALS SCIENCE
c {Y/XM. 2% Offiyfw/ ava ‘migfih_y
< {\I/\ié Jun 3 —j Contractﬁ%g:c- 580 |
\ i._ij T -2 IR g
& 2 WY Tr-24]

4 - e e — e b -

i 7
\ “  RESIDUAL STRESSES IN GROUND STEELS, / D C

' by

. -
0/ u./o%/le and J. B, /Cohen

/’

) 22 p )
R

B

DOC FiLE COPY

Distribution of this Document Reproduction in whole or in
is Unlimited part is permitted for any purpose
of the United States Government




RS 1O

RN R 2

*

RESIDUAL STRESSES IN GROUND STEELS
by

H. Dblle and J. B. Cohen*

ABSTRACT

\

" A new X-ray method for the evaluation of three dimensional (residual)
stress states is demonstrated by studies of the effect of grinding on

Although the penetration depth of the

e s
Cr-radiation employed in this study is only 5 um, there is evidence of

Armco-iron and a medium carbon steel.

residual stresses normal to the surface (normal and shear components). In
the past it has been assumed that these stress components can be neglected.

Shear stresses normal to the surface are small in Armco iron, but significant

(+ 60 MPa) in steel. From the sign of the shears, the direction of final

grinding can be determined. Cooling decreases the tensile stresses parallel

to the surface in steel; surprisingly, the opposite result is found in Armco-

.

iron.
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INTRODUCTION

During machining (milling, turning or grinding) the near-surface region
d of the workpiece is deformed plastically. As volume elements in this region
are extended when the tool passes by, the constraints of the bulk should
introduce compressive stresses near the surface. Indeed, this does occur
for shallow, slow, well-lubricated cuts with a sharp tool., But extensive
studiesl-lz of the stress pattern have shown that the actual situation is

usually much more complex: If strong work hardening occurs only near the

! surface this produces tensile residual stresses, due to the greater elastic

relaxation of this region compared to the bulk. Local compressive plastic

deformation due to the pressure by the tool will cause tensile residual stresses,

and, if the sum of external stresses and residual stresses exceed the local

b yield strength, plastic recovery will take place in this region. Even when

there is no cross-feed of the tool, a biaxial stress state has been

observeda’ 8, 10, 12. Heating due to the lack of lubrication or, a dull tool

| or high downfeed produces temsile stresses because locally heated regions are
upset by the cooler lurroundingsa' 8, 12. Thus, the stress pattern is altered

b by many parameters, such as the depth of cut, cooling and cutting direc-

tionz, 3, 7, 10-12

. For example, after a deeper cut, the stress pattern ex-
& tends to a depth greater than after a light cut, although the value of the
stress near the surface can be lower. The level of residual stress is also
strongly affected by carbon,13 which influences the microplastic behaviour of
the material significantly.14 Also, these residual stresses can affect dimen-

| : sional stability.ls

——

b | & i It is the purpose of this paper to examine the influence of some of these

variables on stresses after grinding Armco-iron and a medium carbon steel,

16, 17

%"ﬂ employing a new experimental X-ray method that provides more information
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on the stress-state than was heretofore available. Also, a comparison of the
behaviour of two such materials has not been made before. The experimental

methods employed in previous studies fall into two categories: 1. Stresses

were calculated from mechanical deflection of the work-piece when layers were removed
by etching.l-s 2. The traditional non-destructive X-ray methodla'zo was employed
which averages over the penetration depth of the X-ray beam. It is more selec-

tive than mechanical methods, because the strains are averaged over only those

grains or subgrains of a phase oriented to diffract. Because of the selectiv-

ity of the X-ray measurement the stresses have to be calculated from lattice

strains with X-ray elastic constantsl7

, which depend on the crystallographic
direction (hkg) and the polycrystalline properties (coupling of grains, texture,
plastic deformation). The stresses evaluated are representative of the volume
diffracting, and even when no macroscopic stresses can be detected by

deflectionls’ a, 22

local stresses can be detected by X-rays.

During grinding there are normal and tangential forces (Fn and Ft respec-
tively) between the tool and the workpieces as illustrated in Fig. 1. These
external forces can be resolved into shear stresses and normal stresses, as
shown. (The axial system to which these stresses are related is illustrated
in Fig. 2.) Athough the residual stress components G335 013 (and 023) induced
on the workpiece by external forces F must vanish at the surface, averages
associated with the penetration of the X-ray beam can include such terms,

especially when a high tangential deformation takes place. Recently, Peiter23

16

and DSlle and Hauk = have shown that it is possible to detect these residual

stresses normal to the surface from X-ray measurements .

10, 11, 24, 25, 26 tutninslz el

Such effects have been observed after grinding

27, 28

after surface wear. This paper is the first systematic investigation

with this new procedure.




THEORY

In what follows, right-handed co-ordinate systems are employed. The
direction 21 in the specimen's axial system is in the grinding direction and
P, is the transverse direction. A positive y tilt 1s a tilt of the surface
toward the diffracted X-ray beam as shown in Fig. 2.

The relationship between lattice strains e;~ in the direction of measure-
ment, 53, and lattice strains eij’ related to the co-ordinates of the sample
(31 in Fig. 2) can be written 3317’ 29:
d -d

2 2 2
¢£* = -313;—-2 = ¢11-cos .sin"y + glzosinZQ-sin v+ ¢13.cos§'sin2¢

+ ezz-sin2§-31n2¢ + 323-sin§-sin2ﬁ + ¢33.coaza, (i3

where dQ* is the interplanar spacing for the direction 3y in Pig. 2 and do

is the interplanar spacing of a stress-free standard. If €130 €53 # 0, the
relationship (Eq. 1) is different for positive and negative § tilts which leads

to a "split" in d vs. sinZ* for + *.26 Introducing the average strain, a;,

and the deviation, a,, from this average atrain;16

d +d

¢gy-1 = T 2 o

81 -¥[g§h+

2 2 2
3+ [gll-cos 3+ g12-31n2§ + gzzosin % - 333]-ain v

7 5 (2]
= &[¢ ¢ -] - u $
2 dy+ &y 2
= [e)5°c088 + ¢,,°51n§]-sin| 2¢]. (3]
Here, a; is linear vs. sinzv, whereas a, is linear vs. sin |2y|. Thus, €33

can be determined from the intercept of a, vs. sinzy if d° is known,

1
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The tensor components €110 €12 and €,y Can be evaluated from the slope,

a8
(C 1 ). For $ = 0, ¢ - ¢ is obtained and hence g¢,, can be calculated.
11 33 11
asin y
For ¢ = 90°; €7 ~ €33 (and hence ¢22) is obtained. The shear strain €12

aa
then results from this slope at § = 45°, From the slopes (-;T;TE;T)’ €13

can be deduced for § = 0 and €53 for ¢ = 900.

Since the X -ray measurement 1is selective, crystallographic anisotropy

16, 17

has to be taken into account. Therefore, the stress components

°1j
have to be calculated from:

' 1 l(hkl)
933 = To,(hke) legy = 844 Ts,(BkD) + 35, (RKD) P legy t ey, tegy)l

(4]
In eqn. [4] sl(hkj) and ksz(hkz) are the isotropic X-ray elastic constants,17

which depend on the reflection chosen for the measurement of interplanar

L oana ERME

, can be calculated by means of a dia-

spacings. (These constants are sometimes written as (- —)hk
The term §44 is the Kronecker delta.

The axes of the principal stresses, H1

gonalization of the stress tensor. When:
‘1_1 - ssz(hu).cij > 61j.sl(hk‘).[°11 + 022 "5 533]; [5J

is substituted into eqn. [1], the relationship between the lattice strain

in the direction §y and stresses o4y resulta:16’ o

el - ¢, = (6]

- k-z(hkj)-[gll~coazo + 012'31ﬂ2§ + qzz-sinzb}-sinzy +
2
+ ksz(hkz)°°33'cos v+ al(hkz)[all +0,,+ 033] +

+ &sz(hkz)-[olj-cosq + 0,5+8ind]-sin2y,
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where the stress components aij are to be interpreted as average values

over the penetration depth of the X-rays. Since the residual stresses 013
023 (and 033) must vanish in the surface, y-splitting is only possible when
stress gradients with respect to the depth z are present. Employing equation
[6] the individual stress components could be obtained in the same manner as
described for the strains., In this paper, Eqns., 2-4 were employed.

As the absorption of X-rays is accounted for by an exponential law,

the average 944 over the penetration depth r 1317’ 30:

D
°1j ~ 313(2-0) + £ EXP [-f:].sij(Z).dz, [7]

where 944 (z=0) is the surface stress, Dis the total beam penetration and 81j
is the gradient in 934 with respect to the depth, z.
EXPERIMENTAL PROCEDURES
Materials and Grinding Methods

Hot-rolled sheets (2 mm thick) of Armco iron and a normalized plain
(medium) carbon steel were employed; chemical analyses are given in Table I.
Samples, whose dimensions are shown in Fig. 3, were held to the grinding
bed with magnetic chucks and ground on one side only under the conditions
described in Table II. After grinding and removal from the chucks, the cur-
vatures varied from 1.5 - 3.2 10-6 nnfl. The grinding conditions were delib-
erately severe to emphasize the differences in the two materials. As a result,
those specimens which were not cooled exhibited burnished surfaces.
X-ray Measurements

A G.E. XRD-5 diffractometer equipped with a quarter~circle goniometer, a

scintillation detector and pulse height analyzer were employed. The § tilt and

20 rotation to examine the 211 peak were controlled by a ntnicouputer.31 The in

sities across a peak were corrected on-line for absorption, dead time and the
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Lorentz-polarization factor. The code also determined the location of a
diffraction peak and its associated interplanar spacing ''d" from a parabolic
fit of 7 data points within 15 pct of the maximum intensity. Circular
collimators with 1 mmn diameters and a length of 95 mm were employed in the
incident beam and in front of the detector. Measurements were made with
Crxa radiation (A = 0.228965 nm; 50 kV 15 mA).

For each of the % angles of 00, 45° and 900, eleven § tilts were examined:

o o

0%, + 18 &

s * 26°, + 33°, + 390, + 45°. The measurements were each repeated
four times to obtain estimates of the errors in the "d" values (= 166 nm)
and hence the stresses (which were obtained from the average strains). With
this system, all measurements on one specimen took 24 hours. As the repro-
ducibility of data was high this time could easily be reduced to 2-3 hours
with fewer peaks and without repetitions. Several peaks from the ground and
unground faces were examined and it was found that there was no appreciable

texture. The constants employed in data analysis were as follows:

d = .28665 o

6 1

s, (211) = -1.25-10 'MPa

6 1

ks, (211) = 5.77-10 Mpa .

The X-ray elastic constants 51(211) and 532(211) wvere calculatedu’33

from single-crystal compliances3“ according to Ktb'ner's3s

theory of bulk
elasticity which assumes an anisotropic crystal coupled to isotropic surroundings.
Care was taken in alignment of the diffractometer to avoid y-splitting which
can occur due to a displacement of the sample from the axes of Q-rotation.36’ -
Examples of effects due to this displacement are shown in Fig. 4 which was obtaine
with sieved Cr filings, annealed at 450°C for 3 hrs. to remove stresses, and painte

on a specimen's surface in an acetone solution. The sample was displaced until

there was no dependence of "d" vs sinzg. In this position the goniometer
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was aligned and the powder was removcd. The Ka -Kd doublet resolution varied
=0
from the annealed materials to the ground specimens, and with the various

A7 5 38 A correction was obtained by

tilts., This affects peak location.
simulating the doublet with two Gaussian functions of various widths. The
resultant variation shown in Fig. 5 was employed as a correction to each

peak location.

RESULTS AND DISCUSSION

As an example of the data, the variation in lattice strain vs. sinzw
found for specimen C5 is shown in Fig. 6. The strain and stress-tensors
for this specimen are given in Table III, as well as the principal stresses
and their directions. These results show clearly how readily the shear
stresses can be determined from y splitting, even when they are small. Also
shown are the results when the older methods of stress analysis are applied
in the presence of this splitting. Clearly previous data in the literature
on stresses in machining should be re-examined. The solid curves in Fig. 6
are calculated from the stress-tensors using Eqn. [6]; the dotted curve re-
presents the average strain a, Eqn. [2). Since this is a straight line, this
is a further proof that texture was unimportant in this study.17’ %5 90 o8
As mentioned above, 013 93 and 033 must vanish at the surface, and the
listed values are the averages of the penetration of the X-ray beam into the
specimen, Assuming a linear dependence of the stress-components with the
depth, z, 6’13 = kez in Eqn. [7]), and that v ~ 5 ym for the 2ll-reflection and
Crlboradtacton. the gradient for %13 is about 12 MPa um-l and for 033
18 MPa ym .

The stress tensors for all specimens are summarized in Table IV. By

repeating measurements at different locations on a specimen it was found that




E

the highest variation in the normal stress-components was + 60 MPa. The
variation of shear stresses was less than the accuracy of measurement
(+ 8 MPa). By solving for the stresses with the annealed Cr-powder, the
precision in the measurement was found to be 15 MPa or better for g11° 912°
927 and 034 and better than 8 MPa for 013 and 9y3
All specimens had a curvature with the ends bent up to the grinding
wheel. The tensile residual stresses listed in Table IV are therefore
acting to straighten the specimens. But there was no relationship between
the surface residual stresses and the bending. The unmachined opposite
sides of the samples Al and Cl had only small residual stresses o11 and Tops
and no y-splitting was found, The stress component 0y, was always less
than 7L sometimes positive and sometimes negative. These results clearly
show that the entire residual stress pattern is concentrated in a region
near the ground surface and cannot be calculated from the curvature. Further-
more, these stresses are opposite in sign to the stresses which would cause
a uniform macroscopic bending, which indicates that they did not develop
after removing the workpiece from the grinding bed.

Samples A5 and C5 which had appreciable tensile residual stresses (011
and 022) from grinding were then bent plastically to produce a curvature

approximately opposite to that found after grinding. Both o11 and CPYs decreased

considerably but did not become compressive. The changes were as follows:

Armco-iron Steel
911 =230 MPa ~320 MPa
¢392 =140 MPa =230 MPa

It is interesting to note that the shear stress 013 in the steel was
unaffected by this bending (and no shear stress developed in Amrco-iron),

The effect of each of the variables that were examined will be dis-

cussed in turn.




10

Influence of Carbon Content

An examination of Table IV reveals that, with one exception, tensile
values were found for the stress components 911’ %22 and 033 The o33
component, which must vanish at the surface, was much smaller than the
components parallel to the surface. Surprisingly high tensile stresses
were found in four of the samples of Armco-iron. It is well known that
the resultant residual stresses depend on the distribution of dislocationms,
Their final configuration and the microplastic behaviour of iron and its
alloys depend on the amount of carbon and the temperature during the plastic
defornntion}S' o Studies on dislocation configurations associated
with residual stresses have been carried out by Kolb and Macherauch42 and
by Bollenrath, Hauk and Weidemann.43 It was found that, in low carbon
steel or in iron, tangles of dislocations occur after plastic tensile defor-
mation at room temperature. With increasing carbon content, the dislocations
become more uniformly distributed in glide planes, pinned by carbon atoms
and cementite particles. When clusters or tangles of dislocations result43
small residual stresses occur within the coherent scattering regions; a homo-
geneous distribution of dislocations yields high residual stresses. Perhaps,
Armco iron has dislocation tangles after grinding; a comparative study of the
dislocation structure in grinding and tension would be interesting. Three
other reasons are possible for the observed tensile stresses as mentioned

in the introduction: heat development, surface hardening and plastic com-

pression of surface layers by the tool.

The development of the large shear residual stresses in steel as compared

to Armco iron is perhaps due to the restrictions to dislocation motion by

the second phase in the steel,
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Grinding Direction

Specimens Al-A3, Cl-C3 were ground in only one direction, along the
positive gl axis, see Fig. 2, whereas specimens A4-.., and C4-C6 were ground
in two-directions Qﬁ~§1 direction), finishing with the negative‘gl direction.
Some results are shown in Fig. 7. ﬁote that when o113 is positive the curve
for y > 0 is above that for y < O and when it is negative the curves reverse.
Thus it is possible to tell the direction of final grinding from such data.
Since 2% is small it can be concluded that there was no significant tangen-
tial deformation in the transverse direction 32. The primary effect of
reversing the final grinding direction is to reverse the direction of the
shear stress 03 It should be noted also that the sign of the shear residual
stresses 1s opposite to the grinding direction (as it should be since it
represents the effect of the bulk on the sheared surface). It is interesting
to note that no (or only very small) shear residual stresses developed in
Armco~-iron, see Fig. 7 and Table IV,

Dovnfeed

Increasing the depth of cut increases the normal stresses, but does

27, 28, 40

not appreciably affect the shear stresses, Krause et al. have found

that these shear stresses reach limited values characteristic of each material.
Cooling

There is a surprising difference in the effect of cooling on the two
materials. Since local heating can lead to tensile residual stresses (gl1
and 022), cooling should suppress these, as has in fact been observed3-5’ *812
for steel. This is certainly also the effect with the steel in this study (which
is similar in its composition to steels examined in the previous studies).

But the opposite is observed with Armco-iron. Two explanations can be given

for this., First, there might be a larger difference in work hardening of the 3

e gl MO, | SRR TNy W e
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i surface of iron than for steel. Second, a stress relief due to dynamical
recovery of dislocations under the influence of heat can take place. The
mechanisms for such processes have been reviewed.14 It could be con-

! cluded that less rearrangement of dislocation occurs in steel than in iron

during machining without coolant; this is certainly indicated by the higher shear
stresses in the steel mentioned above.

Principal Stresses

These coincide with the sample axial system when the shear stresses
are small, as is the case for Armco-iron. The maximum deviation observed
was 6° in Py (see Fig. 8a). For steels, the transverse direction of the
sample, 22’ coincide with one principal axis, gz; but the principal directions

51’ g3, see Fig. 8b, were tilted with respect to the surface by as much as

130. It should be kept in mind, that these values are averages over the
penetration depth of the X-ray beam, and that there will be regions in which

much higher deviations occur,

SUMMARY
1) A new X-ray technique has been demonstrated, that permits the
evaluation of the three dimensional stress-state in nwar surface regions. It
will be of particular interest in studies of wear as well as machining.
! 2) Residual stresses in a ground work piece are confined to near surface
layers; the bending of such a piece cannot be employed to estimate the stresses.
3) Higher shear residual stresses develop in a medium carbon steel during

grinding than in Armco iron, probably due to the more random dislocation dis-

B tribution in the former,

4) High tensile residual normal stresses due to grinding can be produced

i‘ P in both Armco iron and a medium carbon steel.
{
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5) The residual stress parallel to the grinding direction is
directed opposite to the horizontal direction of feed of the grinding
wheel in the last pass.

6) Increasing depth of cut increases the residual normal stresses.

7) Cooling decreases the tensile residual stresses in a medium carbon
steel, but increases them in Armco iron.

8) In steel (but less in iron) principal stresses in grinding are tilted
around an axis transverse to the grinding direction,

9) Flattening a ground specimen does not change the residual shear

stresses, although it alters the normal stresses.
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Table I.

Composition of Steels in Weight Percent

Armco-iron Steel

C 0.02 0.57 - 0.65

si cenee 0.15 - 0.35

Mn 0.08 0.60 - 0.30
s[m#] 0.015 0.45
P[max] 0.02 0.45
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Table II. Grinding Conditions for Each Sample
Samples a1,c1° a2,c2° A3,¢3° A4, C4° A5, C5 A6, c6°
downfeed 5 5 10 5 5 10
in p,l

cooling no yes yes no yes yes
grinding - - - - - -
direction
o

A = Armco Iron

C = Steel

size of the grinding disk: @ 250 x 25 mm

grinding material:

resolutions:
table speed:

side feed:

grinding direction:

cooling

Corondum disk with a grain diameter of 600 ym

50 s}

0.33m s

0

1

a) to the short head only (=), see Fig. 3
b) alternating, ending with grinding to the long head of

the sample (-)

a) no cooling

b) cooling by water

18
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Table III. Experimental Results for Specimen C5

strain components 12.6 0.8 3.6
gij in 10-4
008 7.8 - .o
5
3.6 - .05 -4.5
stress components 390 . .
Gy T8N 14 306 3
63 -1 92
ai i un
principal stresses g 405 8.1 11.3
and their diﬁfctions
Hy (g M) 304 97.6 2.5
79 175.3 78.3

°Angles defined in Fig. 8a.

Results when sinzw-mechod or

sinzy 298
14
0
two-tilt o 356
v = 0 and 45 14
0
two-tilt o 151
v = 0 and =45 14

two-tilt method is used

14 stresses in MPa
218

0

14
218

stresses in MPa

14
218

stresses in MPa

© O ©0 © 0 0o © o o
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Table IV. Residual Stress Tensors (in MPa) for the Different Samples in
Table II.° .
spe- Armco-iron parameter spe- steel

cimen] of grinding cimen
151 -7 -7 n.c, 567 2 -65
Al: | =7 11 0 * Cl: 2 508 =4
-7 0 28 5 =65 -1 137
267 -12 -4 c 199 -10 -63
A2: | -12 367 8 = c2: |-10 86 5
-4 8 55 5 -63 5 84
611 -8 9 c 541 -20 -38
Ad: | -8 507 4 = c3: |-20 565 1
9 4 90 10 -38 1 86
74 39 12 n.c. 408 -17 59
A4: 39 80 - Cb4: |-17 416 6
f 12 6 5 59 6 108
380 16 18 c 390 14 63
1 AS: 16 351 9 - C5: 14 306 -1
18 5 -28 5 63 -1 92
645 0 8 c 534 -2 69
A6 0 557 8 - C6: -2 468 -3
8 8 82 10 69 -3 95

'
o

nc: no cooling

e: cooling
! # : final grinding directiom, & P,

downfeed in ym
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FIGURE CAPTIONS

Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:

Fig. 5:

Fig. 6:

Fig. 7:

Fig. 8a:

21

Friction (Ft) and normal forces (Fn) acting on a specimen
being ground and resolved stresses o4 related to the sample
co~ordinate system (Fig. 2).

Definition of § and § and orientation of the laboratory

with respect to the sample system P A positive y

system L g

-direction (positive

i
tilt is shown. Grinding is in the P

1
for a single cutting direction,negative for the final pass when
gkinding alternately in two directions).

Dimensions of the samples (in mm). The shart head is defined

as the positive P,-direction.

Peak shifts due to displacement of the sample from the § rotation
axis.

Peak shifts due to method of peak location vs.half-width of

the peak.

e53 Vs, sinzv for sample C5.

¢53 (3 = 0) vs. sinzt for various samples showing the reversal of
the position of the curves y > 0, y < 0, when the final grinding
direction is reversed.

Definition of angles 9 Ny used in Table III.

Directions H, of principal stresses L and oy and the relationship

between applied residual stresses 3:3 and residual shear stresses

n
%13°




Fig. 1 Friction (F ) and normal forces (F_) acting on a

specimen befng ground and resolved stresses 945
related to the sample co-ordinate system (Fig.~2).

shear/normal stresses

! 0,3 I 034
O3

O3

fig.1

H. DBlle and J, B, Cohen
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Fig. 4 Peak shifts due to displacement of the
sample from the y rotation axis.

-

(‘ : H. Dolle and J, B, Cohen
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Fig. 5 Peak shifts due to method of peak
location vs., half-width of the peak.

H. Dolle and
J. B, Cohen
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€3,(P=0)

Fig. 7 ¢?3 (+ = 0) vs. stn‘y for various samples

sﬁowlng the reversal of the position of the
curves y > 0, y < 0, when the final grinding
direction is reversed,

H. D8lle and J, B, Cohen
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Fig. 8a Definition of angles % Ty used in Table III.
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direction of grinding

sample C5

Fig 8b Directions H, of principal stresses 5, and

and the re;a ionship between applied residgaf
stresses 93 and residual shear stresses 013.

Ji H, DSlle and J, B, Cohen ‘i"b
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