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I INTRODUCTION

It was reported in 1944 that 432 out of 2992 welded merchant
ships had serious fractures(1)¥, Tt was suspected thet stresses
set up in welding were the mein cause of these failures. Consider-
able amounts of research have been underteken to evaluate the
residual stresses and their effect on the failure of metals(®),

It has been found that the effect of the biaxisl stresses on the
feilure of metal is not pronounced(®),(4),(5), but the same state-
ment cennot be made about the triaxisl stresses. In order to
evaluate the effect of the stresses experimentally, they first
have to be measured. As yet, no method exists of measuring
stresses below the surface in a specimen of eny shape.

In this thesis, it is proposed (a) to determine the triexial
stress pattern in a circuler patch weld, (b) and to develop the
method of recessing as a contribution to the methods of measuring
stresses below the surface. These methods will be discussed below,

* 3# *

Under a load, metals change their dimensions. They expand in
tension and contract in compregsion. If the change in dimension is
below the elastic limit of metal, the amount of load per square
unit length is called the elastic stress.

After different steps in the production of metals parts, such

ss forging, rolling, cutting, welding, heat treatment, et cetera,

#Numbers in psranthesis refer to the bibliography et the end of the

paper.



although there is no external load on the part, nevertheless non-
uniform chenges in dimengion in different sections of the part, i.e.,
the heterogeneity of plastic flow, creste compressive and tengile
stresses, which balence each other, These stresses are called resi-
duval stresses, zs distinguished from stresses caused by an external
loed.

Since stress is the first step to failure and distortion of the
metal parts, such as failure under load, fatigue failure, cracking
and warping in hardening or mechining, et cetera, its importance in
bettering production methods, efficient designing and economical
use of material has been recognized since the 1880's.

Stress‘is always accompanied by change in dimension of & metal
part, or change in dimension is always caused by a stress. The
ratio of elestic stress "S" to change in dimension per wmit length,
called strain "e", is constant for every metal. This constant is
called the modulus of elesticity or the Young's modulus E of that
metal., This ratio S/e = E or S = Ee is used in converting the
measured strain into stress.

If the specimen had & uniform cross-section and carried a known
load, it would be very easy to divide the load by the cross-sectional
areg and determine the stress. But, in most cases, stress is not
uniform, or the load is not known; and the locel strain must be
measured in order to measure the local stress.

In s specimen of uniform cross—section, if the existence of long-

itudinel stresses only is accepted, the specimen could be cut into



meny longitudinal strips, change in length measured for each strip,
end the stress calculeted by the equation S = Ee,

This was done to measure stresses in a railhead(6),(7)., Another
method, used by J. E. Howard(8) and E., Heyn(9), concists of machin-
ing off concentric layers from a round rod or tube and measuring in
the remaining psrt the longitudinel relaxations caused by the
removal of successive lgyers, fi, fo!'eeeeef'n. Stress existing at
the nth layer, Sy, before machining, is(9):

<« E  fld.~f) 1 dn
Sp = £ . Hidg-Tp-1 dn-1 |

1 fﬁ where

1 = length of specimen, f; = gectional area of remaining part of

the specimen after turning off the nth layer, f£ = gectional szrea
of the nth layer, and dn = change in the original length 1 of the
specimen,

These two methods measure only unisxisl stresses. They assume
that:

(2) there is no transverse stress

(b) the specimen is of uniform cross-section

(¢) machining or cutting doeg not introduce new strains to the
specimen,

These assumptions limit the application of these methods and
guestion the reliability of the results obtained, especially the
asgsumption that there is only uniexial stress and no transverse
stress. In one case, stress measured with the trisxisl method, dis-
cussed below, revesled more than three times the stress measured with

uniaxizl method of measuring stresses(s).



A triexial method of measuring strains was developed by Sachs
in 1027(10); n, ., which permits the determination of the entire
gtress distribution in circuler reds, lesrge solid cylinders, and
thick walled tubes having a uniform stress distribution in the
circumferenticl direction."(11), The Sachs' method consists of
measuring the longitudinal and radial relexations on the outside
surface of the cylinder, which are caused by boring through the
center of the cylinder and by removing, in steps, concentric leyers
from the inner toward the outer surface. If (a) is the longitudinel
end (b) the circumferentiel unit strain; after en area F from the
center of the specimen is removed, longitudinal (s), tangentiel (t),
and radiel (r) stresses are computed by the following equations(ll).

s =£;2[(Fb—F) ar - V]

o [ g Bpt -]

r= E « Fh-F , 6
1-ve 2F

where F}, = cross—sectional area of the original specimen, 6 = b + va,
v = Paigson's ratio, E = modulus of elasticity, V = a+ vb.

This method has been very successfully and extensively used for
specimens with rotational symmetry and uniform stress in the longi-
tudinal direction.

In the case of rectangular plates and bars, successive layers are
removed from one face, and the amount of strain in each layer is deter-

mined by the deflecticon of the bar.



D. Rosenthal and J. T. Norton developed a method of measuring
triaxial stresses in plates(12). This method also employs the
prineciple of relaxation, which is carried out in two steps: (2)
wire strain gages are attached on both sides of the plate; and the
rectangular block, containing these gages is cut loose from the
plate. The block is narrow enough so that transverse stress remain-
ing in it can be ignored. It is long enough (twice the thickness
of the plate) to have only a linear relaxation through the thickness
of the block. Thus, cutting of the block relaxes only the average
stress at that point. (b) The second part of relaxation consists
of splitting the block into two parts and slicing each part from
the mid-section toward the outer surfaces. After each step, relax-
ations on the wire straln gages are recorded; and, from this data,
stress distributed through the thickness of the block is computed(lz).

This stress through the thickness is superimposed on the average
stress, and the result is the actual stress through the thickness at
that point of the plate. By careful arrangement of blocks in the
same specimen-or in similar specimens, and by correlation of the data
of different blocks, stress distribution through the thickness and in
any direction of the plate can be measured. Then, stress in the
third direction is computed by making use of the equations of equili-
brium. An application of this method to a circular welded disk is
included in this thesis, and a complete discussion of the method and
calculations will be found in the text and in the appendix.

The block method of measuring stresses is very useful, espec-

ially in measuring stress distribution in weldement of thick plates



and any other plate. However, it has a few disadvantages:

(a) It is a destructive method. It cannot be applied to a
specimen under load.

(b) As the thickness of the specimen increases, its length
increases also. This greater length increases the distance be-
tween the blocks and decreases the number of blocks that can be
obtained from qne specimen.

(e) It does not account for the steep gradient of stresses.

(d) It can be applied to plates only.

Frommer and Lloyd(ls) machined off successive circular layers
from the surface of the specimen and measured stresses at the bottonm
of the recess with X-rgys. Although they recognized that stresses
thus measured are not the same as stresses existing at that layer
before the recessing operation, they did not offer any correctlon.

It was thought that measuring stresses through the thickness
by recessing could be a very useful tool and was worth investigating
thoroughly and systematically. The development of the fecessing
nethod of measuring stresses through the thickness or at any desired
depth of a pert is the main subject of this thesis. The advantages
of the recessing method over the others are as follows:

(a) Recessing can be applied to a specimen of sny size or
shape. Thus it is very general in applieation.

(b) It is only semi-destructive. The hole can easily be
plugged.

(e) It can be applied to a specimen under load.



(d) Stress can be measured at a desired depth. There is no
need to go all the way through the specimen.

(e) Stress is measured directly at any desired depth and
corrected for the recessing operation, which is an advantage over
the other methods where stresses are computed.

(f) Steep gradient of stress is easily determined.



IT ABSTRACT

In this thesis it is proposed (Part I) to determine the tri-
axial stress pattern in a one and one-half inch thick disk, at the
center of which is welded another disk of three inches diameter;
(Part II) to develop the recessing method of measuring stresses
below the surface, and (Part III) to avply the recessing method
to measure stresses thropggrthe thickness in a one inch thick
plate bent to one percéﬁgré;}ormation at the surface.

In Part I & mild steel disk of ebout nine inches diameter and
one and one-half inches thickness is taken, and circular grooves
are machined on both sides of the disk one and one-half inches away
from the center, leaving only a bridge at the mid-section of the
plate connecting the three inch diameter disk at the center to the
main disk. These machined grooves are then filled up by welding.
The block method is used to determine the triaxial st:ess pattern
caused by the weldment. The maximum stress of 12,000 psi is com-
puted in the direction of the thickness at the location one-half
inch from the center of the disk is a low figure compared with max-
imum stresses in the radial and tangential directions, 28,000 and
35,000 psi respectively.

In the preparation of the disk, its radius shrunk, indicating
the lack of maximum restraint on the weld. For a maximum restreint,
a three inch diaemeter disk is welded at the center of a two foot
square plate in the same manner as in the disk. The radial and
tangential stresses in the plate run up to 44,000 and 48,000 psi

respectively; but the indications are that stress in the direction



of the thickness is still lower than that found in the disk.

The conclusion drawn from the measurement on the disk and on
the plete is that plug welds in a one and one-half inch thick plate
introduces radial and tangentisl stresses equal to the yield stress
of the materizl; but the stress in the third direction, and, there-
fore, the triaxiality of the stress pattern, is low.

In Pert II long and narrow and circular recesses of varying
length, depth, and diameter are machined in mild steel flats of
different sizes. In order to produce a known pattern of stress
through the thickness, the specimens are subjected to a pure bend-
ing or tension; and the stresses are measured at the bottom of the
recesses either by x-rays or by electrical resistance strain gages.
Stresses thus measured in the recesses are compared with stresses
introduced at that layer, and the correction laws are found.

For a long and narrow recess, it is observed that, if only a
uniaxial stress is present in the specimen and if the recess is
about three-sixteenths of an inch wide and long enough to permit
the x-reys reflected from the recess to come out, when taking the
obligue picture, the notch effect of the recess is less than the
probable error in the measurement of stresses by the x-ray method.
However, when biexisl stresses are known to exist, the effect of
the stress perpendicular to the recess, on the stress measured in
the longitudinal direction of the recess, is so high that a long
and narrow recess cannot be used.

Circular recessing proved to be the solution of the recessing

problem in measuring stresses that show a multiaxiel pattern. A
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theory is developed to correct stresses measured in the circular
recesses that gives very satisfactory results. The diameter of the
recess used ig either one-half inch or three-fourths of an inch,
Stresses measured in the recesses are corrected by the equation

of the recessing theory independent of the pattern of stress
(either multiaxial or uniaxial).

In Part IIT measurement of stresses below the surface by the
circular recessing method is applied to determine the residusl
stress pattern in a steel plate bent to one percent plastic defor-
metion at the surface. The results obtained, as compared with
the preliminary result from the @termination of stresses in a simi-
ler plate by the use of the block method, show close agreement

emong stresses in the longitudinal direction of the ﬁlate.



PART T

RESIDUAL STRESSES IN A PATCH WELDED DISK

ITT INTRODUCTION

The block method of measuring stresses, developed by D.
Rosenthal and J. T. Norton, was used by them to investigate tri-
axial residual stressed in a one-inch thick straight butt welded
plate(lz). Maximum stress in the thickness direction was found to
be about 3,000 psi. This low stress can be explained by the equi-
librium equation and the geometry of the specimen. If S indicates
stress and x, y, z directions along the weld, perpendicular to the
weld and through the thickness, respectively, the equilibrium equa-
tion is(lz):

ﬁg:d_asg+d_2§§+zﬁflm (1)

d % d X A £ dxdy
Along the axis of the weld, variation of Sy is small; therefore, the
first term on the right hand side of the equation is negligible.
Because of the symmetry, small in itself, Txy is zero slong the axis
of x and y. Therefore, only one term on the right hand side of the
equation remains, showing why the stress in the third direction is
lowe.

To have a more pronounced triaxial stress distribution, a cir-
cular weld, having more restraint than a linear weld and a thicker
plate than the one used by D. Rosenthal and J. T. Norton, were used,
in order to produce a higher stress in direction of the thickness.
The specimen chosen for this purpose was a patch welded circular disk,
Figure 3a. The preparation of this disk is explaned in the following

-

pages.
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IV REVIEW OF LITERATURE ON THE PATCH WELDED DISK

Measurement of triaxial stress, or stress in the third direction,
requires measurement of stresses in two perpendicular directions
through the thickness of the specimen. This type of investigation
is not found in the literature on the subject, although patch welded
digks have been used to determine the influence of the type of elec-
trode, composition, method of welding, peening, reheating, et cetera
on the residual stresses produced.

Siebel and Prender(l4) (1955-34) welded a patch 2-3/4 inches by
3-1/8 inches in the center of a mild steel plate, 16 inches by 18
inches by 1.18 inches in size, and used the subdivision method to
measure stresses. The streés distribution was found to be the same
as in a plate heated in the center to 400° C and cooled in the air,
Figure 1.

EMiler sad Lolhsns 14) (1934) had disks 9.8 inches and 19.6
inches in diameter, and patches 5.9 inches in diameter. The thick-
ness of the plate was 0.79 inch. They used various kinds of steel
and electrodes, and various techniques and treatments to discover
their effects on the stress distribution. The Sachs method of measur-
ing stresses was employed.

Bierett and Grﬁning(l4) (1934) determined the residual stresses
in the oxyacetylene butt welded circular disks. Patches 8 inches
in dlameter were welded in the center of an 80 inch square plate.
The effects of peening and reheating were studied in three speci-

mens, Filgure 2.
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Bollenrath(14) (1935) used the Methar method to study stresses
in & 24 inch square steel plate, in which was welded a 6 inch square
steel plate.

Gerold and Miller-Stock used disks 0.79 inch thick and 12.6
inches in diameter. The patches used were 1.9 inches, 5.9 inches,
9.9 inches, and 13.9 inches in diameter. The Sachs method was used

to determine the stress distribution.

V__THE PATCH WELDED DISK

A. Preparation of Specimen

The specimen is a mild steel disk 8.9 inches in diameter and 1.5
inches thick. It wés machined at the center and plugged with a disk
3 inches in diameter, of same material and thickness by welding,
Figure 3a. It isAproposed to find the triaxial stress distribution
along the radius and through the thickness. OSpecimen was prepared
by the Lukenweld Research and Development Department. The check
analysis of the steel was as follows:

C Mn P S Cu Si Ni

0.186 0.40 0.032 0.026 0.27 0.20 0.10
Standard practice was followed in welding. The sequence of welding
is shown diasgrammetically in Figure 3b. Welding and shrinkage data
mey be found in Tables 1 and 2.

The aversge shrinkage of 0.0153 inches in a disk 8.2 inches
in diemeter, observed in Table 2, is considerable. Because of the
small size of the disk, considerable relaxation has taken place, thus

lowering the restraint on the weld.
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Table 1

Weldinz Data of the Specimen

Bead No. Weldine Rod Amperes
1 3/32 inch Murex Type  FHP 150
2,5,4,6 3/32 inch Murex Type  FHP 165
5 " %/16 inch Murex Typs  FHP 235
7,8,9,10,11;12 3/16 inch Murex Type  FHP 240
13,14 3/16 inch Murex Type FHP 225
15,16,17,18 3/16 inch Murex Type  FHP , 190

Table 2

Shrinkage in Welding

(d is the diameter of the disk in inches 45° apart)

Before Welding After Welding Shri e
dy = 8.901 dy = 8.885 0.016
do = 8.901 do = 8.886 0,015
dz = 8,901 dg = 8.887 0.014
dg = 8.901 dg = 8.885 0.0186
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Cross Section of the Disk to be Welded

(a)

The Order of Welding Beads

Fig. 3 - Actual Dimentions of the Disk in Inches and
the Order of the Welding Beads.
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B Procedure

The method used to measure the residual triaxial stresses in
the patch welded circular disk described above is that developed
by D. Rosenthal end J. T. Norton(12). In this method, electrical
strailn gages are cemented on both sides of a plate, directly oppo-
site each other; and a block conbaining these gages is cut free
from the plate. This block is then split and each half sliced to-
ward the outside faces. Before each step, strain gage readings
are taken. From the relaxations in cutting, splitting, and slicing
the block, the stress distribution through the thickness of the

plate is computed.

Ce Steps in Procedure

1. The polished faces of the patch welded disk are roughened.
with emery paper, No. 1, as recommended by the electrical strain
gage manufacturer.

2. Two sets of blocks are outlined on the disk, one set for
radial stresses and the other for tangential stresses, Figure 4.
Blocks are one-half inch wide and two and one-guarter inches long
(one and one-half times the thickness).

3. SR-4 strain gages of type A-1l are cemented on both sides
of each block. After being dried at room temperature, the disk is
left in a furnace for three hours at 70-85° C, and the gages are
then covered with‘petrosene wax while the disk is still hot. Petro-
sene protects gages asgainst moisture and damsge in handling. Gages
were numbered 1, 2, 3 eseeess 16 on the upper face and 101, 102, 103..
++2116 on the lower surface. Numbers with indices indicate duplicate

blocks.



Fig. 4 - Layout of Gages in the Welded Disk.
Figure 1is showing the actual Blocks cut free
from the Disk. Numbers with Indices indicate

duplicate Blocks.
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4, The first strain gege readings are then taken., All lead
connections are made by soldering throughout the experiment.

5. Blocks are cut with a bend saw 1/2 inch wide and with 24
teeth per inch. Care is taken to prevent overheating in sawing.

It has previocusly been found that the cutting operation does not
introduce stresses of its own(12),

Relexation from the cutting of the block gives average stresses
for each block. Data recorded sre in Appendix I. It will be ob-
served from distribution of blocks, Figure 4, thet blocks in the
tangentiel direction are not at the seme distance from the center
as blocks in the radisl direction. In order to get the stresses,
both in tangentiel and radisl directions, strains recorded in the
radisl direction are interpolated for blocks of the tangential direc-
tion. Teble 3 shows the average radisl and tangentiel stresses in
psi, sy end sy, respectively, for the top and bottom sides of the
disk, and also their averages, Figure 5. These data will be dis-
cussed below,

6. After gage readings of individual blocks are taken, the
blocks are split in helf and sliced from mid-section toward the
faces. Before each step, the gage reading is taken. Recorded data
end calculations are in Appendix I.

The stress through thickness of the block, after it is cut loose
from the disk, is calculsted from the data obtained in splitting and

slicing of the blocks.



Table 3

Average Radial and Tangential Stresses in psi in the Disk

(Sp is the radial stress and Sy the tangential stress)

Top Bottom Averages
Block Inches from the Center St Sy 5¢, Sr St Sy
1 0 +28,000 +28,000 +28,060 +28,050 +28,000 +28,000
2 0.56 +34,900 +29,500 +33,960 +26,170 +34,430 +27,830
3 1.125 +42,300 +20,200 +26,320 +20,500 +34,210 +25,350
4 1.53 +26,300 +30,730 +21,640 +20,550 +2%,970 +25,640
5 1.687 +36,620 +éa,550 +18,500 +21,000 +27,560 +24,650
6 2.09 + 6,450 +23,960 +11,440 +22,240 + 8,945 +23,100
T 2.25 +28,090 +28,600 +25,925 +28,150 +27,000 +28,370
8 2.81 +20,800 +29,920 +20,300 +28,220 +20,550 +29,070
84 2.81 -16,900 +21,930 -18,800 +18,100 -17,850 +20,000
9 337 - 3,830 +14,080 -11,060 +20,740 - 7,445 +17,400
9, 3.37 -21,740 +11,380 -22,240 + 9,465 -22,000 +10,420
10 34937 -26,421 +* 718 -24,400 - 537 -25,400 + 10
10, 3927 -27,960 - 660 -25,130 w120 -26,500 - 590
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This remeining stress is superlmposed on the average stress in order
to obtain the true stress at any lsyer of the disk. Calculations
are shown in the Appendix. Aversge and true stresses in blocks Nos.
1 to 8, both in radial and tangential directions, are shown in
Figures 6-9,

7. From the true stresses in radial and tangential directions
through the thickness of the disk, stress in the third direction

has been calculated in the Appendix on the disk and is shown in

Figure 10.

VI PATCH WELDED INTO A LARGE PLATE

A ghrinkage of 0.,015%3 inch is observed in the radius of the
disk in welding, Table 2. Therefore, it can be seen that the re-
straint is limited by the small size of the disk. To investigate
the effect of maximum restraint, 2 patch similar to the first was

welded at the center of a large plate.

A Preparation of Specimenit

Specimen is a square, 24 inches per side, of medium carbon
steel plate, grade M, Navy specification 4855 (INT). A patch is
welded at the center of the plate, similar to that on the disk,
Figures 11 and 1R.

1l. Plate is flame cut to size and machined for welding grooves,

Figures 11 and 12.

*Many thanks are due to Mr. L. W. Pote at the Materials Laboratory of
the Charlestown Navy Yard for valuable suggestions and preparation of

this specimen,
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2, Plate is stress relieved as follows:

Specified Actual
Heat at 50° F, per hr. 50° F, per hr.

Hold at  1150° F, 2 hrs. mex.  1150° F, 5 hrs.

Cool at 20° F, per hr. 14° F, per hr.

3. Patch is welded to the plate.
(a) Plate is preheated at 200° F.
(b) After the second bead plate is turned, the back
is chipped to the sound weld metal by using a

round-nosed tool -and pneumatic gun.

E6010,RACO
Welding Volts, DC
Bead Electrode Amperes Reversed Pole Expleanation
1 5/%2 inches 120 26-28 blocked in
1 inch in-
crements
2 z/16 inches 160 28 continuous
3 to 8 3/16 inches 180 28 continuous

The excess metal of the weld on the top and bottom of the plate
ie machined off with a plesner, ground with a hand grinder, and pol-
ished with emery paper, No. l. Electric resistance strain geges of
A¥X-5 type, i.e., cross gages that measure strzins in two perpen-
dicular directions, sre cemented symmetrically on both sides of the
plete, as shown in Figure 13. Thus, st each point, strains are
measured in radial and tangentisl directions. The plete is then cut
to the slze of the disk and relaxations recorded for each point.

The disk is then cut into individual blocks and the total relaxation
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Fig. 13 - Lavout of Strain gzazes on the Plate.
This Figure Shows the Central Fart of the 2 Feet

Souare Plate.



STRESS IN 1000 PSI

\
™~
40 —
\\,Radﬂal
. \
\ Tangential
Ta.
o
10
00
0 : 2 3 4

DISTANCE FROM CENTER OF PILATE, INCHES

Fig. 14 - Average Radial and Tangential
Stresses in Plate.

Lower Curves are the Result of
Relaxation in cuttinc the Plate to the Sigze
of the Disk ( 9 inches in diameter) and
the upper Curves that of Total Relaxation.



FRACTION OF THICKNESS

b

50 40 50

STRESS, 1000 PS&I STRESS IN 1000 PSI STRESS IN 1000 PSI
Block 1 Block 2 Block 3

Figure 15. - Distribution of tangential stresses across the thickness of the peteh welded
plate. g

Straight lines - average stress

Curves - actual stress

—Qg-



- 34

In the case of the plate, the straln gages were distributed
more at random, and scattering was eliminated by taking the aversge
of &ll the points.

As seen by the shrinkage of the dlsk in welding, Table 2, the
restraint on the weld was not at its maximum, but the restraint on
the plate was at its maximum because of its large size. By cutting
the plate to the size of the disk, a relaxation corresponding to
about 20,000 psi occurred within the radius of three inches from
the center of the plate, Figure 14, both in radiel and tangential
directions. For purposes of comparison with the average total radial
and tangentisl stresses of the plate, these 20,000 psi were added
to the average radial and tangentisl stresses of the disk. This
addition was indicated by the assumption that, if the disk had a
diameter comparable to the pleste, 20,000 psi would be added to the
stresses found. The results are plotted in Figure 16, The dis-
crepancy of about twenty percent in stresses at and near the center
between the disk and the plate is normal, congidering the differences
in material and preparation of the two specimens. In machining the
specimens, the patch was cut off from the plate, but not from the
disk, Figures 3 and 12. In welding, heavier beads were put on the
plate than on the disk, Figures 3 and 12. In the disk, s hump was
found in the tangential stress between the weld and the center,
rather then at either. Similer results were obtained by Bierett
and Gruning(14), Figure 2. In both cases, radial stress did not
show a hump but stsyed constant near the center of the specimen. In
the plate, the hump occurred at the weld, both in radial and tan-

gential directions.



The true stress distribution through the thickness, shown in
Figures 6-9, for different blocks in radial and tangentisl direc-
tions, indicates that, in the base metal, i.e., in blocks 1, 7, 8,
the variation in stress through the thickness is negligible. This
conclusion is in agreement with the work done by D. Rosenthal and
J. Te Nortongls). In blocks 3, 4, and 5, which are 1.12, 1.53,
and 1.68 inches from the center, respectively, tangential stress
at the midsection of the disk is below 5,000 psi, a very low figure
in comparison with the average stress of about 25,000 psi in this
part of the disk. It is to be observed that, Figures 8a and 3b,
the patch welded to the disk was partly attached to the disk when
welding was begun. A cross-section of a duplicate specimen wascut
and etched, Figurs 17; and it was observed that the sectlon connec-
ting the patch to the disk was not molten in welding and, therefore,
was at a lower temperature than other layers in the section. In
differentisl cooling of the metal, the part that cools first is in
compression, and the rest is in tension. This rule suggests that
the stress in the midsection of the plete should be low compared
with the rest of the weld, and such proved to be the case.

From the plate, three blocks were cut out and then split and
sliced for stress distribution through the thickness, Figure 15.

At the center of the plate, stress is almost uniform through the
thickness of the plate. In blocks 2 and 3, one inch and one and
one-half inches, respectively, away from the center, the pattern
is very unlike corresponding blocks at the disk. In the plate,
the sharp drop in stress half-way through the thickness is not ob-

served. The difference can be taken as proof that the sharp drop
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in stress half-way through the thickness in the disk is caused by
the layer comnecting the patch to the disk before welding, which
is not found in the plate, Figures 3 and 12. If in the plate, very
low stresses on both faces in five percent of the thickness are
ignored, variations from the average stress are within 16 percent.
The low stresses on the faces of the plate are most likely caused
by the very rough machining of the excess weld material in the
plener and by the rapld cooling of the outer layer. Indeed, at the
center of the plate, where there was no machining operation, or
gsuch a temperature gradient as in the weld, these low stresses were
not observed.

Stress distributions in the direction of the thickness are
calculated (Appendix I) at the center of the disk and for the
locations 1/2, 1, 1-1/2, and 2 inches awsy from the center, Figure
10. Except at the center of the disk, where the sign of stress in
the third direction changes from compression to tension, the curve
showing the stress distribution in the third direction is a para-
bola, being zero at the top and bottom faces and meximum at the
center., It is difficult to evaluate the accuracy of the stresses
measured in the third direction. They are caused, not by the amount
of stress in the radial and tangential directions, but by their
variations along the radius of the disk. In some locations, the
slope of these curves is hard to determine because of the scatter.
In taking the second derivative of these curves by the graphical -

method (see Appendix I), the results obtained are affected.



d
@

|3




- %9 =

At the center of the disk, stresses measured vary between plus
or minus 3,000 psi, which is within the probable error. The maximum
stress of 12,000 psi in the third direction is found half an inch
awey from the center at the midsection of the plate. One inch away
from the cemter, this maximum drops down to 2,000 psi; and, one inch
and one-half eway from the center (which is also the center of the
weld bean) and two inches away from the center, it drops down to
-6,000 and -7,000 psi, respectively. The maximum triaxial stress

ratio Ty, defined by the equation

7. = Bl + 8g + 8z
é81

where 87 8p 8z are the prineipal stresses, is 0.75(17). According
to this definition, the triaxial stress ratio of a simple tension,
sp = 8z = 0 1s 0.23, that of biaxisl tension, sy = sp, sz = 0, is
0.€6, and that of a hydrostatic tension, &) = sp = 83, is 1. Com-
pered with these figures, the maximum triaxiality of 0.72 found in

the disk is compsratively low.
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VIII CONCLUSION

As has been shown in the results and discussion, the average
radial and tangential stresses in the disk, Figure 5, are low be-
cause of the limited restraint of the small size disk. In the
large plate, stresses are much higher because of the meximum re-
straint on the weld, Figure 14.

The dick is of mild steel one and one-half inch thick and
about nine inches In diameter with a three inch dlameter patch
welded at the center. The size of the plate is two foot squere
end contains a patch welded at the center, similar to the disk.

When stresses from the partial relaxation in cutting the
plate to the size of the disk are added to the average radial and
tangential stresses in the disk, Figure 16, the difference between
the two sets of stresses and their average is less than 12 percent.
Differences in composition of the materisl and preparation of the
plate and the disk may account for this variation. Another dif-
ference between the two sets of stresses is that, in the plate,
the peak of average stress, when the restraint on the weld is in-
creased, is removed further away from the center of the specimen
than in the disk; and the change in the average stress along the
radius of the plate is less marked than that of the disk. As a
first approximation, this difference in degree of change along
the radius suggests lower stress in the third direction in the
plete than in the disk. It must slso be observed that while, in

the plate, Figure 16, the slope of radial and tangential stresses
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always have the same sign, in equations 3 and 4%, used for calculations
of stress in the third direction, the derivatives of radial and
tangentisl stresses have different signs, resulting in even lower
stress in the third direction in the large plate than in the digk.
The true radial and tangential stress distributions through
the thickness of the specimens, Figures 6-9 and Figure 15, show un-
usually low pointg half-way through the thickness at the welding zone
of the disk. As explained in the discussion of results, these sharp
drops are most probably caused by the 0.126 inch thick bridge that
connects the circular patch with the disk previous to welding, Fig-
ure 3be. The patch welded to the large plate is not connected to
the specimen; and, therefore, a similar drop is not observed in the
stress distribution through the thickness, Figure 15. If the sharp
drop half-way through the thickness in the disk is omltted, the
variation in stress through the thickness in the plate and in the
disk 1s below 16 percent of the aversge in the welding zone. Out-
side of the welding zone, the stress through the thickness is almost

uniform.

*The equations 3 and 4 appearing in the Appendix are as follows:

For any point along the radius

2
d*8z _ d®Sr . 2 dSp _ 1 dSt (3)
aze dre r dr r dr
and for the center of the disk
d®s, _ ,d%s, d®s;
=t o (4)
az dr? dre
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- The expected high degree of triaxiality is not found in the
patch welded disk. This may be due partly to the insufficient
thickness of the plate and partly to the large size of the blocks
that furnishes the average stress along its length, but not the
steep variations of stresses. As explained previously, even lower
triaxiality is expected in the large plate.

Increasing the thickness of the plate beyond 1.5 inches re-
duces the effectiveness of the block method in detecting these
steep stress gradients. In the first place, in developing the
block method of measuring triaxial stresses(lz), one assumption
is that, after splitting the block, there 1s no stress in the di-
rection of the thickness in the two parts obtained. This assump-
tion, however, is not necessarily valid for a thick plate. In
the second place, increased thickness increases the length of the
block, and steep gradientsg of stresses are not detected.

Another difficulty in measuring triaxial stresses arises
from the fact that there is no method of producing a known tri-
axial stress psttern which would help to develop a method to
meassure them. Therefore, a new method of measuring stresses below
the surface is needed, which would be able to measure stresses
through the thickness of a specimen of any size and shape and, at
the same time, detect the steep gradient of stresses.

The measurement of stresses below the surface by the recess-
ing method mey be the answer to this problem. Therefore, in the
second part of this thesis, the problem of recessing will be taken

UDe
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IX APPENDIX ON THE DISK

DATA AND CALCULATIONS IN MEASUREMENT OF TRIAXTAL RESIDUAL

STRESSES IN PATCH WELDED CIRCULAR DISK

The following tables contain gll the operaticns performed §n
the disk and the corresponding relaxations recorded after the elec-
trical strain gages were attached to it. Before each operation,
such as cutting of the block, splitting, et cetera, gage readings
were taken,. and relaxation for each step and cumulative relaxation
for splitting and slicing are showm in the respective celumns for
top and bottom gages of each block.

From the Tebles 4 to 13, the relexations in cutting the blocks
free from the disk will be considered. Thesge =zre the average
relaxations through the thickness. The average radial and tangen-
tiel stresses in the disk are obtained from these relaxations in
cutting off the blocks.

Relaxationg in splitting the blocks and in slicing cannot
change these averages. They will be used to celculate remaining
stresses in each layer considered; and these, in turn, will be
added to the averasge stresses to find the true stress distribution
through the thickness of the disk at definite points along the
radius in radial and tangential directions.

Radial strains in blocks 11 to 16 are plotted versus the
distance from the center along the radius, and corresponding values
for blocks 1 to 10 are interpolated in order to have radial and tan-
gential strains for the same points, that is, for blocks 1 to 10,

Table 14, Figure 18,
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Table - Relaxations in Cutting the Blocks Free from the Disk and
in splitting and slicing of Blocks

BLOCK 3l

TOF GAGE BOTTOM GAGE
w LTi] ] bp
- @ o a (V] a8
) &g L - R I =] g .9 [OT =RV I =
5 gl Bga it S al o
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1.5
1 cutting of
block +724 . +681
1
2 | splitting
of block -6 - 6 g + 2
.72
3 slicing - 32 - 38 - 13 -1l
«59
4 | slicing - 16 - 54 - 5 -16
o445
slicing - 22 - 76 - 29 -45
ol
6 | slicing - 74 -150 - Z4 -79
s 15
BLOCK 2
1.5
i cutting of
block +873 +026
105
2 snlitting - 70 - 70 - 30 =30
of block
» 72
3 slicing - 33 -108 + 6 -24
«59
L slicing - 99 -137 + 2 -22
W45
5 slicing - 16 -153 - 18 -40
31
6 | slicing - 43 -196 - 26 -66
o175
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Toole - Relaxations in Cutting the Blocks Free from the Disk and

in splitting and slicing of Blocks

BLOCE 3
TOF GAGE BOTTOM GAGE
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5
1 cutting of
block +1028 . +739
TS
2 splitting
of block - 80 - 80 - 70 - 70
o2
3 slicing - 24 -174 - 22 - 42
«59
4 | slicing - 86 -260 - 8 =100
oH5
5 slicing - 31 -291 - 18 =118
31
6 | slicing - 2 -293 - 54 -172
«175
BLOCK 4
1.5
1 cutting of
block + 557 +620
A
2 | splitting
of bleck + 112 s o 1 - 72 - 72
.72
3 slicing + 12 +124 - 31 -103
«59
L | slicing - 10 +114 + 12 - 91
W45
5 | slicing - 2 +112 + 13 - 78
31
6 slicing + 59 +1 71 - 20 - 98
«175
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Table -~ Relaxations in Cutting the Blocks Free from the Disk and
in splitting and slicing of Blocks

BLOCK 5
TOF GAGE BOTTOM GAGE
@ & w o & &
w i [ =R =] = = [~
5 gErl aee s SELl SRaelasin
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) < — M g ﬁo-.—a Hﬂprm ﬁo-.—n Hﬁﬂ:w
o ~ @ O A @ = @ @w @ N S ad w
S Tl R R e
0 [2=f M OE & 0D Moo ~OE R O MA@
oS
1 cutting of
block 780
1eF
2 splitting
of bloeck -17 -172 -150 -150
g
3 | slicing - 85 -257 -130 -280
«59
L slicing - 23 -280 - 61 -341
o145
5 | slicing + 6 -274 - 3 -544
31
6 | slicing + 22 -252 - 9 ~-383
«175
BLOCK 6
1.5
£ cutting of
block ~-164 122
1.5
2 snlitting
of block +367 3567 +280 280
.72
3 | slicing - 77 +290 - 98 +182
«59
L | slicing - 77 +213 -120 + 62
-45
5 | slicing - 42 +171 - 92 - 30
31
6 | slicing + 7 +178 - 88 =118
«175
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Table - Helaxations in Cutting the Blocks Free from the Disk and
in splitting and slicing of Blocks

47 -

BLOCK 7
TOF GAGE BOTTOM GAGE
-9 2w o & a9
& woo | 8§49 °S82 8| &4 2E A
e =/ IV A g .G oA O —- g el ek
45 Teel a8 laegAanl a7nlanas
® o - Mo flo 8 ~ ¥ o ﬁ O |4 Ko w
2 - @ O A Q & G w @ S m w
g = 24| 998 |39 s9ulb3n
175) o+ M E & O foed M E & L6 T
Tk
it cutting of
block +514 +511
L
2 splitting
of block -120 =120 -108 -108
«72
3 slicing - 53 -173 - &5 ~-133
«59
L slicing - 61 -R34 - 25 -158
W45
5 slicing - 40 -274 - 2R -180
.31
6 | slicing + 16 -258 + 2 -178
175
BLOCK 8
145
2l cutting of
block 368 408
1.5
2 splitting
of block - 929 - 99 -107 =107
o 72
3 slicing - 24 -123 - 42 -149
+59
L4 | slicing - 29 -152 - 35 -184
oLi5
5 slicing - 6 -158 - 10 -194
31
€ | slicing + 28 =130 + 30 -164
«175
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Table - Relaxations in Cutting the Blocks Free from the Pisk and

in splitting and slicing of Blocks

BLOCK 81
TOF GAGE BOTTOM GAGE
@ 2w o &
@ s © o g o ondd
b T I o Q > O e o O > O 4 A
o = <) el = *] o 42 O P = K = o A O
— w00 2 . O P P e A £ o O PP e
o dg0 P f q g g = g gedcd
® @ Mo W oo — fa i ot | ~ 0,0
o, o @ O A @ & g @ @ < R g Q @
@ @ g - O M ~ o N O M - o
e & Gteilie] © -~ O oo 8 QA O o g 5
w0 [ ST mE A O koA od (=== o o (N T
15
ik cutting of
block -752 : -7562
1.5
2 splitting
of block +124 +124 +118 +118
° 72
3 Slicing + 8 +132 4 +1.22
«59
L slicing = 2 +129 0 +1282
o5
5 slicing + 22 5 £ + 20 +142
oJ1
6 | slicing + 46 +197 + 34 +176
<175
BLOCK 9
1.5
1 cutting of
block -330 -471
1a5
2 snlitting
of block - 70 - 70 - 66 - 66
aifa
3 | slicing - 10 - 80 - 10 - 76
o 58
L | slicing - 12 - 92 - 5 - 81
.45
slicing + 8 - 84 + 15 - 66
31
6 | slicing + 32 - 52 + 44 - 22
+175
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Table - Relaxations in Cutting the Blocks Free from the Digk and
in splitting and slicing of Blocks

BLQCCK 91
TOF GAGE BOTTOM GAGE
w o ] &0
-® £ ap ) g &
® g .S R = I g .0 o d.-d
o H v @ o O O ¥ A o Q > O P .~
o] =T ] -~ 2.9 o O g ol ol 42 €
— - 0 O 2 o O 42 42 ot e P O FET e |
+ el ﬁ =] Qg g s} g
#4] E ?%-ﬁ dg-:—l r—l‘_:g|m CCE-H '—img;m
& @ g8 ~ O K 5 -~ — O & g —~ o
+2 el (P el =] QA O [V = <] U -+ O (1=l
175} o m o aH /e A O Moo M E & L6 T VI B
125
i cutting of ‘
block ~-826 _ -820
105
2 splitting
of bleck + 64 + 684 74 =
i
3 slicing - 4 + 60 - 2 + 72
«59
L slicing 0 + 60 SO 5 i
W45
5 slicing + 1.0 + 70 + 21 + 98
il
6 | slicing + 41 +111 + 35 +133
«175
BLOCK 10
1le5
il cutting of
block -859 -798
Fat
2 snlitting
of block +110 +11.0 + .91 + /01
A
3 slicing + 8 +118 T2 L S
«59
L | slicing + 8 +126 - 2 + 91
o5
5 | slicing + 20 +146 + 8 Qg
31
6 | slicing + 46 +192 + 5B +13
s 175
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Table - Relaxations in Cutting the Blocks Free from the Disk and
in splitting and slicing of Blocks

B L @0 K 107
TOF GAGE BOTTOM GAGE
w V4] w0 b
-0 o a0 @ o &
0 = g [N = I <] o o g .+ H
=} v w o Q =« [ ]3] b 0 .-
o a u e =] o 4 O -~ g .9 L I )
- — O O 2 . Q + 2 A - £ O IS L
o g 80 I =i mﬁrq,—l g‘g = (‘C]Q.—-IH
w o] — Mg M oA — foll | O oA — o, m
o, = @ O e < & a o < H ©
2 Bea | dag) 0ol d0s | B o
w é /K42 e M| E A O f4ed @ [~ =i =1 O A g
1-5
e cutting of
block -909 -816
145
2 splitting
of bleck +1082 102 105 +105
e
3 slicing - 9 +100 5] 110
59
L | slicing - 1 99 =T +11.7
W45
5 slicing + 10 +109 o +144
¢31
6 slicing 20 +134 + 38 F182
«175
BLOCK 11
145
1t cutting of
block +702 +443
16
2 snplitting
of block +24.3 +243 +102 +102
-?2
3 | slicing p - 47 +196 -165 - 63
Q
Ly
L | slicing s - 8 +188 =115 -178
5 | slicing o -7 +181 - 66 -244
6 | slicing + 32 +213 - 57 -301
«175
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Table - Helaxations in Cutting the Blocks Free from the Disk and

in splitting and slicing of Blocks

BFLOCE 12

TOF GAGE BOTTOM GAGE
o 2w o o
® o g © oo o o P
= WMn ®» (S I(3] - o R o Q S 0O 4 A
o g v o -~ g .9 oA PO e =] e 0
e Hasl $7a tatozl s 8 aans
© @ — M o S O — ﬁ o2 u ﬁ [ — ﬁ 0, w
o, ~ @ O ot & H c 0 © = =R
5 . PR R R
= S @B EEA | O Hm EE|Oaad
1s5
1 cutting of
block +720 ‘ +655
1.5
2 splitting
of block +348 +348 +259 +259
72
3 | slicing 0 +348 - 65 +194
« 59
4 | slicing + 40 +388 - 51 +143
o5
5 | slicing b 35 +423 - 43 +100
gl
6 | slicing + 29 +452 - 76 + 24
o 1¢5
ELOCK 15
1.5
1 cutting of
block +786 +804
1.5
2 splitting
of block F2T4 +274 +243 +243
S
@ slicing FANE +282 - 6 +237
«59
L slicing 2 +284 - 4 +233
L5
5 slicing - 37 +247 - 3 +230
52k
& | slicing - 47 +200 - 35 +195
#175
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Table - Relaxations in Cutting the Blocks Free from the Pigk and
in splitting and slicing of Blocks

BLOGCK 13

TOE GAGE BOTTOM GAGE
1) ho ] &p
- © = &b ] o &b
u f=fie [ = B =] e O LN = =]
o b m w 0 O - R 9 O b O P .4
o [=T /I — 1.0 o 2O -~ g .0 ot e 2 O
— -~ © 9 + . O 32 4 e A + O 42 2 e .
+ g 8 0 = ] =t =] i
(] o -~ M g ﬁo--—c ng.m ﬁo-.——c r-cﬁpjm
o, b @ O A @ & gr&m [ %ﬂim
@ @ g o — O & — —~ O M . -
+> 5 [T =1 A O o a g Q-+ O 0 d g
wn o+ A A E o O &t @ MRE ™| O A J
1.5
3 cutting of
block +832 . +724
Teh
2 splitting
of block 282 +282 +241 241
72
3 slicing il +283 0 +241
«59
L slicing 0 +283 0 +241
o5
5 slicing - 10 R - 10 ar AL
el
6 slicing + 20 +293 - 41 +190
«175
BLOCK 14
145
i cutting of
block +825 +752
1S5
2 splitting
of block + 32 32 F 41 41
.72
5! slicing - 10 22 - 10 + Bk
«59
L4 | slicing - 13 + 9 - 13 + 18
U5
5 slicing - 15 - B - 18 0
31
6 | slicing + 5 - 1 - 32 - 32
«175
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Table - Relaxations in Cutting the Blocks Free from the Disk and
in splitting and slicing of Blocks

83

BLOCK 15
TOF GAGE BOTTOM GAGE
o 2w o & g
w g .q © g g g o g s
o W v w o O PO 42 A o O > 0 P A
o =T B Rl = = o 2 O T = = o O
o — O g 2 . O P e .1 QO P P e A
+ =R ﬁ <} @ @ & =) mﬁaﬂ
) @ Mo o A — R P ¥ o — o
jol ~ @ O A o & gq‘,m © = gcﬁm_
(] « £ A — O & —~ L= — O & — o
+2 [= L = i © o O 0 a8 Qo © o g g
w0 o X+ m e R 0 ot s = = 1 O H A d
145
1 cutting of
block 786 706
s
2 splitting
of bleck t 26 +26 F 25 P43)
-?2
3 slicing - 2 +24 - 12 +13
<59
4 slicing - 3 +2 - 19 -6
W45
= slicing - 4 st b ¢ - 23 -29
- ik
6 | slicing + 14 +31 - 42 -71
«175
BLOCK 16
1e¢5
1 cutting of
block +591 +3562
gres
2 snlitting
of block + 86 +86 I 88 +88
72
3 slicing - 7 +79 - 2 +86
«59
4 { slicing =8 +71 - 12 +74
45
5 slicing - 10 +81 o DB +49
«31
6 | slicing 0 +61 - 23 +26
«175
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Table 14

Strains, Micro Inches per Inch, Relaxed in Cutting

the Blocks 11 to 16 Free From the Disgk

Radial Relaxed Strain

Block No. Distance from Center Top Bottom
11 1.5 +702 +443
12 2.0 +720 +655
13 Re25 +786 +804
18, 2.25 +552 +724
14 2.875 +825 +752
14, 2875 +827 +736
15 3.06 +786 +706
16 3.31 +691 +532

16 5431 +594 +487



RELAXED STRAIN IN MICRO INCHES PER INCH
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Fig. 18 - Rafjal Strains Along the Radius

of the Disk, Obtained in Cutting the Blocks Ne.
11 to 16 Free from it
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Table 14 shows the strain relaxed in tangential and radial
directions for the top and bottom gages.
The strains in Table 15 are used to compute stresses at each

point using the equations

Sp = E(ey + vet)
1 - ve

and

St = E(et + Ver)
1l1-v

where E = Young's modulus = 30 x 106, v = Poisson's ratio = 0.3,
et = strain in tangential direction, and e, = strain in radial
direction. The results are in Table 3.

The average radial and tangential stresses are plotted in
Figure §. It will be seen that there are two curves for the tan-
gential stresses along the radius. Furthermore, Figure 4 indicates
that blocks corresponding to the two curves are on two different
radiuses of the disk.

From this fact, it is concluded that tangential stresses in
the disk are not symmetrical and that these two curves might repre-
sent the upper and lower limits. On the other hand, the areas
under the curve representing tangential stresses should, plus and
minus, add up to zero for the sake of equilibrium, that is, if
symmetrical distribution of stress is accepted. In this case the
curve T should be taken as the tangential stress pattern in the

disk.



Table 15

Strain, Micro Inches per Inch, Relaxed in Cutting the Blocks Free From the Disk

Remainins Relaxation (Splitting and Slicing)

Block No. Distance from Center _Tangential Radial Top Bottom
Top_ Bottom Top Bottom Ra@%gl Eggggggggl .ng%gl_ nggﬁntial
b 4 2% or %
1 0. +724 +681 +724 +881 -400 -400 -152 -152
2 0.56 +873 4926 +710 +565 -160 -300 -250 -106
3 1.125 +1028 +739 +700 +465 + 80 -294 -340 -300
4 1.53 +557 +620 +700 +450 +160 +252 -360 -130
5 1.6887 +780 2 £706 ' 4510 +240 -214 =370 -355 -
6 2.09 -164 +122 +750 +700 +500 +198 0 —205
7 2.25 +514 +511 +800 +760 +330 -214 +115 -178
8 2.81 +368 +408 +830 +760 + 20 - 94 =100 | -122
81 2.81 -752 -752 +830 +760 + 20 +266 -100 +220
o 3.37 -355 -471 +540 +480  + 60 - 8 + 50 + 56
9, 3437 -826 -820 +540 +480 + 60 +190 + 50 +188
10 85.957 -859 =798 +380 +370 + 60 +286 + 70 +192
104 3.937 -909 -810 +200 +170 + 60 +190 + 70 +252

_Lg...
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So far, the averasge stresses In the radial and tangential
directions have been shown. To obtain the true stress distribution
through the thickness, relaxations in splitting and slicing of the
blocks have to be considered. The remaining stress at a layer d
of'a block, after it has been cut free from the disk, is given

by the equation (2), (Refersnce 12, eq. 23).

a

o
- _ - "o n
Seg = Ejdi=2 deT _ a(em — en?) + 5(1-a) [ 2L = 8t da +
. [ 2 da ( s (1-a)2

i)
S o (2)
(6a - 4) ef +(1—a>e};]

In equation (2)

E

Modulus of elasticity

1

d = Fraction of total thickness removed.
e;o = Total relaxed strain measured on top gage for the
position
eg' = The relaxed strain on top when splitting the block in
half.
In order to obtain the values of thé terms at the right hand
side of this equation for d = 0.5, 0.6, 0.7, 0.8, 0.9, 1l.
The relaxations in splitting end slicing will be represented
now in Figures 19 to 26; The end values of these diagrams are
determined by extrapolation. The data taken from the Figures 19

to 26 are recorded in Tables 16 to 36.



RELAXED STRAIN IN MICRO INCHES PER INCH
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RELAXED STRAIN IN MICRO INCHES PER INCH
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RELAXED STRAIN IN MICRO INCHES PER INCH
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RELAXED STRAIN IN MICRO INCHES SR INCH
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Pig. 22 - Strain Relaxed on Top and Bottom in Rloeks No. 7,
8 and 9 by Splitting and Successive Slicing from Mid-section
Toward Both Faces
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Fig. 24 - Strain Relaxed on Top and Bottom in Rlocks No. 8,
915 10 and 107 by Splitting and Successive Slicing from
lid-section Toward Both Faces




RELAXED STRAIN IN MICRO INCHES PER INCH
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Fig. 256 = Strain Relaxed on Top and Pottom in Block Yo. 13
and 137 by Splitting and Successive Slicing from Yid-section

Toward Both Faces
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Fig.26 - Strain Relaxed on Top and Bottom in Blocks Wo.l4,

15, 16 and 16 by Splitting and Successive Slicing from
Mid-section T rd Both Faces.



Table - Tabulation of Data Taken from the Curves,

16

- B7 -

Tigs 19 to 26,

for the Comoutation of Stress Relieved in Snlitting and
slicing of Blocks

BLOCEK 1 TOE
" o "
o e e ‘_g ,
- @ 'Hcaz ol * :
b SR %4r %: ) ﬁ'g%;%wj =
g aad el wdedodl dld o @ - @
O g + + .~ & L 0 (4] 1l a D - L B -
A H © + g o i - z j—~ ] FER 0O o O~ o
P,&:Hﬁ-l—"-r! .——cgg,—i (] Orcﬁ qj..":-—-l :SCD Q O wm O @ w
QL :inj-:—!U ?(ﬁm oy ] { Q Q|£D - b)) O ~ o4 Q@
0 -t e~ o e 3 o =] wy g8 & H 8 H g M
it 5 © P 4 0 & pr Ol k‘“‘\ O + Og+ | oy
H A O 0o, [ S ST 195} O w OPL 0|l M0
S| + 4 0 |- 580 0 0 |+ 4,38¢- 5,150 5,150
b1 - 38 - 40 |- 225 | - 250 -12 |+ @8O+ 708+ 708
7| -84 | -58|-155 |- 655 | - 96 |+ 1,52¢+ 1,554 1,554
E]1 -180 - 84 |- 400 | - 2,100 | -180 |+ e6Qq+- 7T 777
9| -176 -180 |-1500 | -18,000 | -934 K 24+ 282 282
1.0 -400 -404 -12,100-14,2004-14,200
B o K BOTTOM
“51 + 10 0 |- 540 0 0 |- 4,440+ 5,220} 5,220
61 - 10 -2 |- 20 |- 125 | - 6 F 60Ok TOBF 708
7] =18 -2 |-166 |- 289 | - 28 0 0 0
.18 - - 54 |- 380 |- 1,350 | - 98 H 360F 424f 424
91 -89 - 99 |- 500 9,800 | =573 200k @2z5k o35
1.0 | -152 -162 - 4,860 5,770} 5,770
Ll ol

k]

: For explanation see bottom of page 88



Table - Tabulation of Data Taken from the Curves,

1Y

- 68 -

Figs 19 to 26,

for the Computation of Stress Relieved in 5»nlitting and
slicing of Blocks

BLOCEKE ¢ 2 0p
] ne .
c i is
] -4 . - *
:*04 c: [V =} C:ozm o o §f = ‘.)-: = H.:E-{ ;Qf
228w | B g oh | B | gy W
O 4 £ .4 8| PO ] 1| D - PP e -
'ﬁ:. mgg-ps:’. Ujﬁ.d - = | | + W 0Og w O+ wm
£ M 42 . — — @ o o = 8w OO wn| O g w
odgq 9 a-+4 o0 ?«’:w fa 3 I 4 [ Qo 4 RO | B ©
g dwrol gl 2 | sle [SRol GEIEgEl SRR
YO wnu | O n- %) L 'l S |od83hiSEn
5] =70 0 | -228 0 + 960 | +1,1301-14,500|
. - 94 - 24 | -247 | - 150 | - 7 p1,422| +1,675F 2,400
o7 | -l22 - 52 | -85 | - 577 | - 42 {1,480 | +1,740F 400
8] -158 - 86 | -385 | - 2,150 | -157 {+ 990 | +1,165} 2,500
-9 | -206 -136 | -680 | -13,600 | -807 }|-1,270 | -1,495}+ 800
1.0} -300 -230 -6,900 | -8,100+ 4,800
BLOCK BOTTOM
1

5| -32 | 0 |+ 76 0 - 960 |+1,130414,500
6] - 25 + 7 |+ 45 |+ 4 |+ 2 [ 42 |+ 505,300
7] - 23 + 9 |-40 |+ 100 |+ a3} 618 |- 727} 8,800
81 - 42 - 10 j-270 |- 250 |+ 4R} 555 |- 653} 6,600
Il -T2 - 40 | -300 |- 400 | - 284 |2,500 |-2,940} 2,400
1.0} 1086 - 74 -2,220 |-2,500H.2,200
He e o

]

¢t Tor explanation see bottom of page 88
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Table - Tabulation of Data Taken from the Curves, Figs 19 to 26,

for the Comoutation of Stress Relieved in Splitting and
slicing of Blocks

BLOCK 3 TOFP
n_aho .
e g <
o o - »*
tg 5 (] g t:iﬂzﬂ) Q g EQ = ?‘: = H:H :Cﬂ
cdE8u®| BB g o | B g W e @
O 4@ .4 B 4+ 0 o 1| & Q - P e P -
A g ad g o ‘ﬁﬁ"' - = [~ 1 42w (SI = /] O~ ®m
e e I S — — @ o Q=i o o o 0w O g w
ch:rj«-do ’-_j_cr}m ol |r: [5) S a2 o 4 b0 O oo ©
@ - e S o = | w B o = T
= = I = T gﬁ)ﬂ — [o0] N \- O 42 o g O @ 42
4P H oW oA w 0o w O+ 0o - ow
5| - 80 0 | -1,120 0 ' - 6,300 7,410}22,200
6| -170 -110 | -1,120 - 687 |- 28  80fF 941- 4,600
-7 | -260 -200 | - 800 - 2,220 |- 167 f 4,341F 5,100} 2,300
&1 -292 -282 | - 84 - 5,800 |- 524 § 3,940 4,640 2,700
9| -294 -234 0 -23,400 -14,280}-16,800 |- 2,100
1.0 -204 -234 0 -2,864 | 7,000} 8,230} 4,200
BLOCK BOTTOM

5| - 50 0 |-1,040 0 - 6,450~ 7,600 22,200
61 - 90 - 40 |- 132{- 250 | 125f 1,920} 2,260} 5,000
«7 | -100 - 50 |- 146|- 556 | 5L5j-1,12011,380 {10,500
8 -123 - 735 |- 344|- 1,825 | 150 f- 300} 353 7,800
9| -188 ' |-138 |-1,020{-13,800 }1,380 } 6,600 7,760 - 3,400
1.0 | -300 -250 - 7,500 8,820 46,400

*, *¥*: Tor explanation see hottom of page 88
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Table ~ Tabulation of Data Taken from the Curves, TFigs 19 to 26,

for the Computation of Stress Relieved in Splitting and
slicing of Blocks

BLOCK 4 TOF
ef_gh© @
o v
g™ ™ 8 of = x
o o g [} o g8y = = &= — = =
W > O > 0 q cu|<~3 [} 175} o o | g w
g W ded g ol oot Oled = o D et o
O 4 + P .8 + 2 0 ] i1l g D = |2 o] L -
-Hﬁcﬁgné-ps:t cﬁﬁ--—-i - =F-~ ] 9 w GO © O~ o
= M A +2 e —~ ~ @ | o Q=1 = 1 /] L O w Qg w
Ood da-A o gcr;m fah 1t [} 2 o B ol e O
i = I S o = | wl BEa | mdgal nd s
S 520 o oo SO I | i Of~—r \. o o @+l o g
0 PO Huow O H oA 19p] O w Df—‘im 0D M w
»D) +104 0 ) +488 { + 0 -1,920 |-2,260 —25 ,000)
. +124 +.20 £ P2 14 195 E B -4,690 [-5,520 |- 5,600
o7 +134 t 30 | =162 | + 334 |+ 28.5 -5,860 |-4,540 |- 3,350
5 +156 + 82 | +260 |+ 800 |+ 80 |+ o240k e82 t+ 2,000
«9 +182 + 78 +680 | +7,800 |+465 +1,950 {2,300 3,600
1.0 +259 +448 +4,440 5,220 + 400
BLOCK 3OO P OM
5| - 60 0 | -840 0 ~2,040 2,400 |-25,000
61 101 -4l | -66 |- 390 |- 25 [4,284 115,050 | 1,000
71 -9 -8l | 182 |- 344 |- 57 [+2,976 5,500 |+ 8,400
.8
- 79 - 19 - 80 |- 475 - 92 - 72 |- 85 t 6,600
OO Lrd
7 -104 - 44 | =360 -4,400 |-310 1,280 -1,510 | 2,200
1.0
-130 - 70 2,100 2,470 13,000

*, **: For explanation see bottom of page g8



Table ~ Tabulation of Data Taken from the Curves,
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Figs 19 to 26,

for the Comnutation of Stress Relieved in S»hlitting and
slicing of Blocks

BLOCK 5 %0
; ell_gtt® r‘g
4] o - *
qa; Dj (0] g:;du:w Qg &) = g = -4:54 -:JI
o u .,:: - g - 2 .S .ﬁ 'Sirg G)f'\ 'dm ‘Egm g =
O 4 + 42 .4 &) 2 2 0 (-] 1l D - FERFL S -
cHSEES 1388 ¢ | %fs =4 | 3o |88ald8dn
s @ 0 © w o, Ll i Ee |huwoleld
pREREAl Bl 8 Aie SR BE 498 5k
s O 60w | G 0 - I a2 laBslobls
5| -1%0 0 |-2,110 0 -11,625-13,70q-23,400
61 -—254 -124 |- 496| - 775 |- 39|+ 5,64Q+ 6,630~ 5,650
7| -278 -148 |- 54| - 1,645 |- 161+ 5,25¢+ 6,170- 2,574
& |- 272 -142 |+ 190 - 3,550 |- 3921+ 1,380+ 1,620+ 1,450
9 0 o o
246 116 |+ 296] -11,600 |-1,147 |- 5,200- 6,120+ 4,800
1.0 | _o1. L
214 84 - 2,520 2,960 2,500
BLOCK BOTTOMN
5 11 ' !
S e 0 |-1,950 0 | -11,6251-15, 70025 , 400
b1 -2
270 -160 - 810 |- 1,000 |- 50 [~ 4,680 5,500+ 1,900
71 %24 | 214 [ 302|- 2,580 |- 184} 6,990} 8,250F 6,500
B _zs
246 -R86 - 138 | - 5,000 |- 560 j 2,8864 3,270F 6,000
9| -84 | -aaa | 32 |-24,400 |-2,075 | 6,120\ 7,200} 1,200
1.0 -— e -
555 -245 - 7,350f 8,6501+17,700
* ok

]

¢ For explanation

see bottom of page 88
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el
Table - Tabulation of Data Taken from the Curves, Figs 19 to 26,
for the Computation of Stress Relieved in S»nlitting and

gslicing of Blocks

BLOCK 6 TOF
n_.Hno .
o &' =0 Fg
Q.qm .r.'q'jz 0- * :
Omﬂaﬁ Q o o &) el = = — = £ = [
cd58wt | EEH Yy o | LB |y duly W
C 4 + .4 8§ FLEFE NS} (] 1{a [ 2 PO e o -
— g g Qg+ 8 @ﬁ.ﬁ - = |~ 1 + w 0 e o O~ W
45%.-4}54:-3 = R ® ol Q= |~ 5o R
KEEgr—:‘M-ﬁ £S5 5 o %\n i ol ol o
EAoREY]laed & e 't o6 |S8alSEw
5| +384 0 |- 864 0 -19,00Q-22, 360(~14,000
6| +296 -8 |- 84|~ 550 |- 21} 3,253 3,830 5,804
.71 4208 -176 |- 850|-1,955 |- 137 q o 2,600
£ 4172 -212 0|-5,300 |- 467+ 6,138+ 7,210 700
-9 1 +178 ~-206 H 104 |-20,600 |-1,762 [+ 3,330+ 3,9204 7,600
1.0 | 4198 -186 - 5,670 6,680 5,000)
BLOCK BOTTOM
51 +304 0 }1,536 0 -19,1401-22,5501-14,000
61 184 -120 |1,188 + 750 |- 32 | 8,800-10,110 4,700
7] +e6a | -240 [1,136 | 2,770 |- 201 [ 2,760} 3,250k 850
S| - 40 -844 |- 960 |- 8,600 |- 768 |- 6,240k 7,340F 3,300
<2
71 <130 -434 - 816 143,400 [-Z,368 [r 210F =z18fF 4,250
1'0
-208 ~512 -15,4501-13,200}12,500

*, **: For explanation see bottom of page 88



Table - Tabulation of Data Taken from the Curves,

s

- T3 =

Figs 19 to 26,

for the Computation of Stress Relieved in S»nlitting and
slicing of Blocks

BLOCK 7 TOFP
f_alto :
" g'=e ,S
o -l - *
(5‘ mgca'-:m o o b = - = H.'*:E ;tx
g > o wp > o dl olg o N |ddn|g wm
o T, YRR T A S | i -~ o] @ A @
O QY + 4 -+ B0 | 3> 4 © o 1| a& Q = | P ] -
— g g g s cﬂgg-r«i » = |[— i + W O g o o.—g?
+ r+b.f-3 — Bt g ? ? Y 3.3 il B
pdBetg | Gda 5 | Rle [~ EE|5fE|EgE
Qﬁggﬁ"a 82—.—! wn - S ogﬁm o b ow
51 =108 0| -494 0 - 345| - 404 -9,000
6| -168 - 60} -640 | -~ 375 |- 13 |+1,333| +1,57d -6,800
7| -234 -126 | -892 | - 1,400 |- 95 [+3,950( +4,65( ~3,000
.81 -266 -158 | -144 | - 3,950 |- 335 [+2,400| +2,82q +2,200)
9| -254 -146 | +500 | -14,600 |-1,267 (-4,110 | -4,84Q +4,800
1.0 | -g12 -104 -3,120 | -3,6701 + 500
BLOGCK BOTTOM
5| -100 0 | —428 0 - 330 | - 390] -9,000
61 132 - 32 | =284 |- 200 [- 91,890 |+2,220] -4,470
71 -158 - 58 | -R40 |- 645 |- 49 {1,605 |+1,890|-1,100
B 174 - 74 | -9 |-1,850 |- 161} 600 |+ 706|+1,600
91 178 - 78 0 7,800 |- 651 |-5,000 {-3,530|+5,000
Led d Lave - 78 2,340 |-2,750|-4,500
*, **: For explanation see bottom of page 88

¢



Table - Tabulation of Data Tzken from the Curves,

23

- 74 -

Figs 19 to 26,

for the Computation of Stress Relieved in S»litting and
slicing of Blocks

BLOCK 8 T 0P
n_aHo .
a o= <
i\‘-a“5 "’oa~ o/ * :
o 1o o ogay = = = — = £ =@
d 5> 0w > 0oq ml’g [ 3} < o | o [%5]

g W oA A g - o o e Lo Lo C . (3]

O qQ + 4 .~ &) + 2 0 ] 1l & O - 2 A e 2 =
-~ O (ﬁﬁpﬂ (‘:‘;Q-H - = ] + w (S =R O+ o
L M 42 o — — Q ol a &= {— o3 w QO O W O g
chnj-rlo gnjm o 1r| * o0 - B0 O = ©
o -rd — - : (o) ) ) w 5 -~ A2 R S
= o Q@ £ = I = — Of~— . o + og+ | oage
=+ O N0, O = o~ w O w [S PN [ I TR /1
S| - 92 - 0| -296 0 + 42d + 495 -3,100
b1 -122 - 30 | -296 | - 167 - 8 | +1,29§ +1,525( -1,000
.71 =152 - 80 | =280 | - 6867 - 41 | +1,713 +2,020 0
S| -156 - 64 | +116 | -1,600 | -150 | + 8384 +1,045|+1,350
91 -124 - 32 | +342 | -3,200 -377 | -8,55Q -3,000{ - 200
1.0 - 94 - 2 - 6d- 70-2,200

BLOCK BOTTOM

«5 ] =100 - 0 | -364 0 + 390+ 460|-3,100
b -145 - 45 | -590 |- 281 | -13 |+ 600+ 706|-1,400
«71 -184 -84 | -242 |- 930 - 68 | +2,790{ +3,285|- 400
81 -194 -94 |+ 76 |-2,350 -198 | +1,692|+1,891|- 400
91 -159 - 59 | +380 | -5,900 -680 | -3,780|-4,450|{- 100
1.0 122 - 22 - 660|- T777|-6,300
> L2

¢ For explanation see bottom of page 88
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24
Table - Tabulation of Data Taeken from the Curves, Figs 19 to 26,
for the Computation of Stress Relieved in Splitting and
slicing of Blocks

BLOCE 8 T O P
n_a ttoe| _ :
) e &

Far] o - »
b 1o g‘:):m o al = o & — = 64 2
= -Z g = LAt E gl{;’ G o L ,‘3 n '8 %]
O 4 +» .~ § £ 0 (] 1| a Q - 2P e P -
A g g g+ = m;g-.-i - = |~ 1 FERN O o] O~ O
-p,bd.——lb%w-r—c — i [0} ol o @ = |~ s ow C O w O @ w
0 o et O t’:jmm 24] 1t Qe 0, o W)@ ot Q©
g EgiAlBad & | als (SKW BEfEgElEE
PO LB | O 84 ) 1l o |lod . ogm
5| +122 o | +136 0 -2,750 |-5,215 | -3,100
61 132 +10 | +3 | + 625 + 3 {-2,580-3,040 | -1,000
7| +129 + 71+7 | + 78 + 9 |- 501} 590 0
8| 54 +3%2 | +408 | + 800 | + 53 [+ 954 {1,120 | +1,350
9| +208 +84 | +771 | +8,400 | +433 |+2,190 }2,580 | - 200
1.0 | +266 +144 4,520 H5,080 | -2,200

BLOCK BOTTOM
5| +l116 0| +88 -2,730 }-3,215 | -3,100
61 122 + 6 |+20 | + 34| + 2 |-2,190 }2,580 | -1,400
<71 +124 + 8 | +100 + 89|+ 8 |- 450 | 580 |- 400
81 4145 +20 | +324 | + 725 | + 54 {930 {1,095 |- 400
91 +178 + 60 | +388 | +6,000 | +390 }[+2,300 [+3,710 |- 100
1.0 4200 +104 H3,120 [F5,670 | -6,300

*, ¥*: For explanation see bottom of page 88



Table — Tabulation of Data Taken from the Curves,

25

- T8 -

Figs 19 to 26,

fer the Comnutation of Stress Relieved in S»nlitting and
slicing of Blocks

BLOGCE 9 TO0E
elf_gho @
o s
& -HC'S" 0. * :
rg (Ol =} o) ¢ o =‘ = = ~ = 4 =
g P O &) > o o Q] o @ 0w o o 02| o w2
g edd o) ododod Gld —~ o @ m )
O @@ +# 4+ .+ &) 4+ 42 O [} 1} O - 2P e P -
—A g o g+ g @ - - = [~ 1 4+ W QR Ot O 0
-P,Mr—iﬁw-ﬁ -—iﬁa—! @ 1] B W=} 3 w L O w QO g W
0 o Eoﬁ-ﬁp Flcﬂw i _ll 03] N 9,9} 4 B © i ol @
G - — e 4 (o] = [r wn g5 = O R 4™ K
b= = I = T o e R — Ol . o O Qg+ | Og
BP0 o [ ST TR 145} O w O+ n]|lO &H®m
3 -67 0| -152 0 + 900 [+1,060 }-3,500
& -31 - 14 | -144 |- 87.5| -4 |41,070 [+1,260 |-2,600
o7 -92 - 25| - 46 |- 278 -21  |+1.155 H1,360 |-1,000
8 -84 - 17 | ¥#260 |- 850 -82 |- 60|~ 70 {1,200
9 -45 + 22 | +382 [+2,200 -78 |-2,634 |-3,100 1,600
1.0 - 8 + 59 +1,770 {2,080 |-2,400
BLOCK BOTTOM
o5 -64 0 | -120 0 + 990 1,160 }-3,500
.6 -75 -11 | -104 |- 68.8 | - 3.4 [+1,020 §#1,200 {2,100
7 -81 - 17 0 | 189 -14.6 990 {1,160 1,050
81 -g3 + 1 | +320 B 50 23,6 60fF 70} 400
-9 -12 + 52 | +680 [+5,200 + 3 }|-2,940 |-3,460 $1,700
1.0 1 +58 +120 3,600 H4,240 H1,200
"

o
H

For explanation see bottom of page 88



Table - Tabulation of Data Taken from the Curves,

R6

- 77 -

Tigs 19 to 26,

for the Commutation of Stress Relieved in S»nlitting and
slicing of Blocks

BLOCK 9 TOFPF
H_.Hno 5
o Nt <

m o - *
G od = o * *
"d 2B 2EH 5. ; o |y dH g
g v+ -d g - el et ol - "dw rggm % A
O q + .t &) 2 P 0 o 1l a U = e SR -
P HI38L8 18831 <€ | %fs Ll 55 | 888|838

A +2 (] ©f Q= | Lo QO v Q@M w
ngvj-ﬂo '!;icﬂbl o fif it Qe o, o RO K ©
A0 ezlane & W2 I fElagsle s
mH O nen | O a- 0" i S ee s S s o e
5| + 65 0| -112 0 ~-2,655 |-3,120 3,500
61 +60 - 5| -20 |- 3#L.2|- 1.5|- 936 }-4,100 }-2,600
7| + 60 - 5| +36 |- b55.6 |- 5.8 0 0 1,000
£l + 73 + 8 | +260 [+ 200 - 5.5+ 645 |+ 760 1,200
91 +123 + 58 | +670 |+5,800 |+314 [|+1,548 {1,820 §1,600
1.0} 4190 +125 +3,750 {4,400 |-2,400

BLOCK BOTTOM

S| +74 0| - 48 0 -2,715 53,210 |-%,500
b1 + 72 - 2 |+12 |- 2.5 |- +6}-1,270 }-1,500 |2,100
71 + 77 + 35 | 124 K 33.4 |+ 4}~ 138 | 162 }1,050
81 +100 + 26 | +308 H{ 650 |+ 24 H 186 F =219 } 400
9| +140 + 66 | +460 H6,600 |+B89 H1,836 {2,160 {1,700
1,0} +188 +114 H-3,420 4,000 ?

*, **: For explanation see bottom of page 88



Table -- Tabulation of Data Taken from the Curves,

27

- TR

Figs 19 to 26,

for the Computation of Stress Relieved in Splitting and
slicing of Blocks

BLOCK 10 e
H_aHo
5 ey g
I ord - *
Gt 3 = o * *
o o o o o o 2? :I = = — = E§ =@
W > O > O m'g © 0] o agw|d v

= I e A = e et o] — Lo) C (+5]

O g + + .4 80 £+ 0 (-] i Q = |+ 3 | -
.,4;;: mapﬂ m-;g.._q - _-;[,\-L. ] + w O g v O~ w
2 M = 47 o — —~ ()] Q| L o5 @ QO v O @ w
0 O g ool ggu =Y 1R © 2,0 | w80l &0
@ - = e — (o} =l w 1= [ S S Hd M
nd 3ol 304 = ol k“*\ | o |og+r|o g+
ETIE L T I I /] (& I ] w O w DL wm (&S
o5 +108 0 | +140 0 -2,460 |-2,900 -8,000
.6 +118 +10 | +70 + . 62.5 | + 3 |-2,232|-2,62 7,000
o7 +126 + 18 | +126 |+ 200 +19 |- 810} 954 }3,000
A +149 + 41 | +370 [+1,020 + 69 [+ 432 ¢ 510 §3,000
<9 +203 + 96 | +700 H9,500 +600 [H2,640 {3,110 Fé,OOO
1.0 +286 +178 +5,340 [+6,290 H0,000

BLOCK BOTTOM

51 + 90 0 |+ 76 0 ~1,920 |-2,260 8,000
61 + 93 + 3 | -12 F 18.7 |+ 1 [1,620 }1,910 {4,500
o7 + 92 + 2 {+20 F 22.2 |+ 3 | 330} 390 -5 ,000
8| +103 + 13 | +228 W 325 + 16 { 840 ¥ 990 3,000
9| +142 + 52 | +486 {5,200 +286 1,860 {2,190 5,000
1.0 | 4192 +102 3,060 (5,600

o kok

! For explanation see bottom of page 88



Table - Tabulation of Data Taken from the Curves,

- 79 -

Tigs 19 to 26,

for the Comyutation of Stress Relieved in Snlitting and
slicing of Blocks

BLOCK 101 TOP
H_oho .
) i <

q..;m .Hc-a: 0‘ * :
e Rl T AL B
g W A A g - o ot e L] — =) Q -A D

Q W + .+ 8 + 42 0 o 1l & (R 2 P2 e -
-r-lq ad g+ = ‘“?2"“ - = |~ ] L W [S3 =1 ] O~ v
2 M A R —~ — @ [] <=l =5 w OO0l o g
Qoggﬁ-ﬁo ?n‘;m fali (] Qs o, © s+ B0 © ol ©
@A B~ A 3 o] = |- £ = [ TO =0 ¥ S M
[T Q 25 5 o0 g — Qj~—r \. o O @+ fo QP Y
= O & 0w L& I 0 0O w O+ 0|0 & v
. +102 0|-20 0 -3,180|-3,740 |-8,000
61 +100 - 2|-20 |-  12.5|- .6 |-1,830{-2,155 |~7,000
71 + 99 - 3i+82 |- 353 -3 - 351|- 413 |-3,000
£ s + 9 |+208 [+ 225 |+ 2 |+ 804+ 945 [+2,000
21 +140 + 88 [+370 [|+3,800 |¥O0  |+1,920 {2,260 {4,000
1.01 +190 + 88 +2,640 {3,100

BLOCK BOTTOM

5| +104 0 |- 4 0 -%,108 }-3,740 |-8,000
6| +107 + 3 |+44 H  18.7 |+ 1 -1,776 }-2,090 }-4,300
.7 | +118 + 14 4200 P 155 +9 - 340 | 400 }=&,500
.81 +146 + 42 [+332 [H1,050 |[453 + 42+ 50 |-8,000
9| +190 + 86 [+550 (8,600 {53  H2,178 2,560 |5,000
1.0 | +g52 +148 4,440 5,220

e kN

]

: For explanation see hottom of page 88
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Table - Tabulation of Data Taken from the Curves, Figs 19 to 26,
for the Computation of Stress Relieved in S»litting and
slicing of Blocks

BLOCK 11 TOFP
n_pe .
c =i S
Gy 2 R 3 = -] ¥ * :
o] o = Q o g ) = = = 1 = £ = (]
R PRSI E o | B |gdw]y o
O d + » .+ W +© 0 © o O - L -
-~ g ﬁ-p =] i Q-ﬁ - = |[—~ 1 PR ) O g v O~
2 M — 42 e — — [} ol ® = | o3 w OO vl 0 oqn
QLE:{‘}-HU ?tﬁm fad _I i KIJ\ Qr?—‘ L0 O ool ©
@ oA E A 3~ (o] = [~ wny 8 - [T < ¥ o R
= .o o 0 s SV = = Qs . O 42 C g+ ] O @
=m0 & o O H A 4] O w O w O = v
. +272 0 |-1,504 0 -21,22( 25,100
6| +198 - 74 |- 288| - 463 |- 23|~ 4,692 - 5,520
71 +18 - 84 0| - 933 |- 93]- 2,810 - 3,310
L1 +194 - 78 |+ 140| - 1,950 |- =223 H 1,758 H 2,065
«9 1 +220 - 52 |+ 392]| - 5,200 {- 5901 2,844 - 3,350
1.0 274 + 2 - 60 + 70
BLOCKX BOTTOM

5| +142 0 |-2,480 0 -20,910 24,680
6| - 52 -196 |-1,200{ - 1,225 |- 60} 1,400 H- 1,650
o7 | -178 -Z20 |- 872 |- 3,560 |- 298 H 7,548 - 8,880
-8 -248 -390 |- 632|- 9,750 |- 960 |+ 5,860 Le,aoo
9| -310 -452 |- 588 | -45,200 {-3,460 |- 1,960 - 2,300
1.0 -zes -510 15,300 18,000

®, **: For explanation see bottom of page 88
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30
Table - Tabulation of Data Taken from the Curves, TFigs 19 to 26,

for the Comnutation of Stress Relieved in Splitting and
slicing of Blocks

BLOCK 18 TOP
el_aho o

Gy o 'ﬁ 3 0? *

o)y = * *
CdPLEw®| 28 Y i*m o B |lednle o
g v o4 4 g - Eal sl s gl g — o [ [}
O q + +» .4 8 + 20 L] tl @ U - 2 2 el P -
vt & g2 d @ ,4 - = |—~ 1 2w (SIN =1/ O~ ®w
T SELHL S8 o ol &=l So |loow| o@w
QY E Q-4 O ? @ v oy o Qs 20 S Q] M O
0 rd =k =t et s (=) = w 0 M F 2 = ¥ I = T &1
g 80 pH = 6 — O o O 4+ SRR N e
MmO & o O 4 oA | 75) O W DO o s o
.51 +352 0 |- 328 0 -14,16( 16,650
b +344 -~ 8 |+ 364| - 504+ 2.5|- 4.65( - 5,470
7| +388 + 36 |+ 364| + 400 B 10 |- 3,164 - 3,730
S| +424 + 76 |+ 364| + 1,900 H125 M 440 - 518
+9 | +468 +114 |+ 428 +11,400 {790 [+ 7,02 i 8,260
1.0 | 4512 +160 + 4,804 + 5,650

BLOCK BOTTONM
5| +276 0 |- 920 0 -14,040 16,060
61 4200 - 76 |- 6081~ 475 |- 235 |- 3,970 - 4,670
7| +144 -132 |- 424 | - 1,470 [-120 H 1,800 F 2,120
81 + 94 ~-182 |- 640| - 4,550 |-420 { 3,550 b 4,080
21 + 4 -272 |-1,160 | -27,200 {4900 H 2,670 i+ 3,140
L0 | 160 -436 13,000 115,500

*, **: For exnlanation see bottom of page 88



- 82 -

31
Table - Tabulation of Data Taken from the Curves, Figs 19 to 26,

for the Commutation of Stress Relieved in Snlitting and
slicing of Blocks

BLOCK 13 I e
Y el _ght© ,g
@ ot . *
G4 3 = o * ¥
o 4+ 0 g 4] @ g a = = = — = B = g
g > 0 & & 0 m‘ @ @© w d odwn|d w0
g W oA S e wd e e rdrc? — Lo o .~ ©
O 4 + .~ 8 + 0 o 1 Q - L P .| -
A H g g+ g @ o - = |~ ] £ v =) O~ W
PR R e e (R B R e © orcd e = o0 OO0 w| o Qg w
0 o E T I ] ?cﬁ (%] o 111 Q\ o ~ oo Hoeed O
-4 BEdd~ | o = | S E & o8 M) b M
i = R R < PP 5 0 i Of—r . o + Oogd+ | o g+
oy 2| O H W L& I S /2] O 0 D+ oo H o
o5 +272 0| +120 0 -7,680 -9,040
.6 +282 += 310 + 64 [+ 625 £ 5 -5,340 ~6,280
.7 | +e84 +12 | - 80 [+ 133 + 13 |-2,613 3,075
ot +243 - 35 -500 |- 875 - 9 1,900 2,235
«9 +192 - 80 -500 |[-8,000 -452 [+4,800 -5 , 650
1.0 | +142 -130 -3,900 4,600
BLOCK BOTTOM
o5 +244 0 -104 0 -7 ,680 -0 ,040
6| +237 - 7 |-56 |- 43.7 | - 2 4,044 4,750
«7 1 +232 -12 | -3 | 133 - 11 | 924 -1,085
+8 | +res - 16 | -164 | 400 - 36 [+1,540 b1 ,810
<9 | +186 - 58 |-532 15,800 -356 |r4,1%74 ha , 860
1.0 | +128 -116 3,480 4,100

*, **1 For explanation see bottom of page 88
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32
Table - Tabulation of Data Taken from the Curves, Tigs 19 to 26,
for the Commutation of Stress Relieved in S»nlitting and

slicing of Blocks

BLOCE 15 TOF
ell_gho o
=] BS
@ — . *
Gy g = o * *
o [ =4 [0} © o A = = = — = £ =]
W P O 8 » O g d)* o O] [ &3] =y R o T (e 28]
= B B I = ot o e Lol et —~ o) D .~ o
O @ + + .+ &0 4+ ¥ 0 © 1 a O - + B e -
e I = = © M e - = |~ | L w 0O g m o+ 0
4—3,5.—4&43-.-1 Hﬁéa (] mrm Q=] =5 w Qo QO v O @ w
0 9 3 d-+ 0O ? M w jad Ijt WU o, O -+ 80 © fei o1 Q@
m..—qsu—-!-—l-r-l i o = [ \ 8 [0 = I I T
| S O 24 o5 — Of~—r . Q) - O @ 42 o g+
MO & 0w O M oA w (S ] O+ v |0 N w
5| +278 0| +142 0 -7,545 8,870
6| +286 + 8 0 |+ 50 + 1.5|-5,850 6,880
.7 | +e82 + 4] -76 |+ 44.5 |+ 2.5|-2,500 2,940
L1 4275 - 54} +20 |- 185 - 1 [+1,800 +2,1.20
«9 1 +300 + 22 | +356 [+2,200 |- 89 [+3,310 3,900
1.0} +334 + 56 41,680 1.875
BLOCK BOTTOM

3| +243 0| -80 0 7,265 8,665
61 +pa1 - 2 |+40 F 125 |- .5 }3,610 14,250
<71 +240 - 3]|-52 |} 3 |- 3 | eor8 1,150
81 4220 -14 |-p92 | 350 |- 22 1,236 1,455
91 +180 - 63 |-584 |-6,300 |-322 {4,485 5,270
1.0} 4104 ~139 4,170 4,900

*, *¥: For explanation see bottom of page 88
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Table — Tabulation of Data Taken from the Curves, PFigs 19 to 26,

foer the Computation of Stress Relieved in Splitting and
slicing of Blocks

BLOGCE 14 TOF
H_ano .

d 5 |7 g :
Gy 3 = 9 = = 2
TaAtEy®l 2E i%w » D |wdnle o
gt g ol ool old —~ | O 0
od .0 8)| 0 ° e Nl [ st B =
A g © g+ " @ ﬁ ot - = [~ B ] 2w odga®m O :ﬁ
. B B — — (] ol o = §r 5 w QO w O o
quvj-ﬁD gﬁim £ A i ":”2 t?:ﬁg t‘wr:ﬁ'g
o= I - MR 78 i ¥ i o 88 |88l R S
ake R Lm0 % O v |O&F alo b v
5| + 36 0| -180 0 -2,%10 2,720
6] + 22 -14| -92 |- 87.5| - 4 |- 408 - 480
o7 3 9 - 27 -166 |- 300 - 23 |+ 108 (o
Ll - 6 - 42 0 |-1,500 - 98 [+1,020 +1,200
o9 0 - %6 | +104 |-3,600 =348 |- 144 - 170
1.0 + 16 - 20 - 600 - 700

BLOCK B 0T T GM
5| + 44 0 | -116 0 -2,310 2,720
b 52 -12 | -128 - 75 - 4 1,080 -1, 270
7 + 18 - 26 | =160 290 - 22 ~ 90 ~ 106
Bl - 2 - 46 | -240 F1,150 - 92 0 0
o9 - 40 - 84 -520 8,400 -560 0 0
1.0 -104 ~148 15,440 6,400

*, **: For explanation see bottom of page 88
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34 )
Table - Tabulation of Data Taken from the Curves, Flgs 19 to 26,
for the Computation of Stress Relieved in Snlitting and

slicing of Blocks

BLOGCK 15 e
alt_ghe «

s = ®
PR 5 e
- B 2 B ? %4r ) 0 %-ﬁ;b g 0
= s R I = ot e e <l o "8- 4_,4"_',‘_ 35 -
2Lk e = =% 5 8 e L logael o~ o
CHEEREE 8BS o @ ¢=l=| 3o |eow]lo'ga
0 9 @ -4 0 ? Ly £ it = w e l-: PRV i D
G ot %’_f'_i',—‘ ':Hs:: ‘,.(3 —(D‘:i al g-p O o + o @ +
ad886w|B8LE & ©uv |opwloba
: + 28 0| - a2 0 -1,110 -1,310
b + 14 -14 | - 32 |- 87.5(- 4 |- 24 - 28
71+ 11 -17 | - 22 |- 189 |-17 H 276 325
L1 + 12 -16 | +44 |- 400 |- 45 H 438 + 515
21 + 35 + 7 | +216 [+ 700 |- 27 H 160 + 188
1.0 + 64 + 36 1,080 1,270

BLOCEK BOTTOM
51 + 26 0 |- 48 0 1,110 3,210
b+ 14 - 12 |-188 | 75 |- B.5 } 978 1,150
71 - 86 -3 |-220 + 356 |-2%5 § 170 i+ 200
81 - 32 - 58 |-814 1,450 t108 B 7e2 ¥ 896
91 - 82 -108 |-716 |10,800 f708 |} 492 + 580
1.0 | -180 -180 5,580 6,570

*  *¥: Tor explanation see hottom of nage 88



Table - Tabulation of Data Taken from the Curves,
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= 88 =

Figs 19 to 26,

fer the Commutation of Stress Relieved in Snlitting and
slicing of Blocks
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RS v IS = e (s I ol © of @ Q= | o5 o oo wn| o gw
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S Bdd-A 3 o = | w g H b al b R
[ = RS I a 3 ¢ g — O~ . O ¥ O @+ o g +
4O W O = oA w2 O w (_‘)T}-'Jtﬂ [ &b T SR /]
9 +86 0 | -16 0 -2,670 3,140
.6 +79 -7 -100 |- - 43.7 |- 2 |-1,776 -2,090
7 +68 -18 -100 |- 200 |-14 |- 696 - 820
.8 +62 -24 0 |- 600 |-54 K 996 1,170
9 +62 -24 0 [-2,400 |-204 H1,160 1 4565
1.0 +62 -24 - 720 - 850

BLOGCK BOTTO0OM

5| +88 0 0 0 2,670 3,140
6| 488 -2 |-5 F 125 |- .5}1,830 2,175
71 +72 -16 |-196 + 178 |- 9 | 711 L 836
81 447 -41 |-272 }1,025 |-69 L =282 L 232
91 +e2 -66 '~ | -228 |-6,600 [-448 1,164 1,370
101 +¢2 -86 2,580 5,030
H koK

¢ For explanation see bottom of page 88
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Table - Tabulation of Data Taken from the Curves,
fer the Computation of Stress Relieved in Splitting and

slicing of Blocks

= 87

Tigs 19 to 26,

BLOCK 161 TOP
W_aHno :
- e’'—-e g
® o . ®
qg . g g L;?D:L.QJ g = a) 3 ‘:—. = :—t:Ea :Cﬂ
cdE8wt | EEH e o | B |gduly W
O g +« A B L P 0 o 1] & Q = 2P e -
-.—ag o @+ o mﬂ-a - = [~ ! £ W 0O g w O W
FE e [ B v et (NS, Bl @ ol o @ = | = m oo wv| o an
QY 3 a0 S a w £ ot w y © 480 O | Mo O
oA BEA e ) = [: kaﬁ‘\;n E (2 I T T
S 8 0 P gms: — Qe . O 4> o @ O @ +
EREE BN ST TR TR [ tn O w0 O¥ ulo s oo
5| +80 0 {-16 0 -2,475 -2,910
.5 +80 0 - 28 0 0 —1,572 —7,850
o7 +72 - 8 -112 - 89 - 4 |- 585 - 688
& +64 -16 |- 56 |- 400 - 28 |+ 1786 + 925
.9 +60 =20 - 10 —2,000 -144 +1,358 +1,575
1.0 +60 -20 - 600 - 705
BLOGCK EOTTOM

«5 +83 0 0 0 -2,535 -2,980
6| +84 + 1 i+ 50 4+ 6.5 0 |-1,410 -1,660
-7 +90 +7 |+48 |+ 78 + 4 |- 621 - 730
o) +87 + 4 -104 + 100 ap s + 144 H 170
.7 +70 -13 —-224 -1,300 + 38 +1,587 +l,870
1.0 +42 -41 -1,250 1,440
o wk

: For explanation see hottom of page 88



- 88 =

The data for the first six columns in Tables 16-%6 are
teken from the Figures 19-26, and S" is computed by applying
these data in Tables 16-36 in the equation (2), (Referencel?2,

equation (23))

2
2 n®
s, = E |1=2 de" _ g(e" - o) + 3(1-a j__%e* da +
a [2 da ( o) ( ) (l—-a)

(52 - 4) ef’+ (1-2) eg"] .5(2;1)
a changes from .5 up to 1. fér a = 1.
57, = 30(e" - ")

The stresses Sg thus found must be corrected for the fact that the
length of blocks were only one and one-half times the thickness,
instead of twice the thickness. This correction consists of
miltiplying calculated stresses by<i6%g%§.

In tables representing blocks one to ten, data showing radial
stresses have been interpolated from Figures 28, 29, and 30 drawn
from the data obtained from blocks eleven to sixteen. Figures 27

is used to determine radial relaxations corresponding to the tan-

gentizl blocks Numbers 1 to 10 from the data of blocks 11 to 16.

#This correction consists of multiplying the calculated stress
Sa by I%'g‘("_)'fg for the fact thet the length block is one and =
helf times the thickness instead of two(la).

¥*These radial stresses for blocks 1 to 10 were intrapolated from
the curve of radial stresses computed in blocks 11 to 16, Figures

28, 29 and 30.
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Thus we have average stress for each block and stress remain-
ing at esch layer of the individual blocks after they were cut
loose from the disk. The stresses measured in these two steps
are added up in Figures 6-9 to obtain true stress distribution
through the thickness for blocks 1 to 10. True radial and tan-
gential stresses along the radius for fractions of thickness l.
(top), 0.8, 0.8, 0.5, 0.4, 0.2 and 0.0 (bottom) are shown in
Figures 21 to 34. From these curves, stress in the thickness

direction will be computed.

DETERMINATION OF STRESS IN THE DIRECTION OF THE THICKNESS

FROM THE VARIATION OF STRESSES IN RADIAT, AND TANGENTIAL

DIRECTIONS IN THE DISK

Solution of the problem of determination of stress in the
direction of the thickness from the variation of stresses in
radial and tangential directions in the disk is carried out in
OSED Report No. 7580, Serial No. M-244, Page 23-38 by D. Rosen-
thal, J. R. Clark, S. B. Maloof, and J. T. Norton; and, taking
into account the rotational symmetry in the disk, the differen-

-

tial eqﬁations below are arrived at

dRS, _ d®r . 2dsr 1 dSt
ng“ &2 T pTdp v ar (%)

is for any point along the radius and
d®s, = _d®Sr - 48
72 S a ot (4)

for the center of the disk.
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In equations (3) and (4) r = distance on the radius from the
center of the disk to the point considered, Sy = radial stress in
psi at the point considered, Sy = tangential stress in psi at the

point considered; S, = stress in the thickness direction, and

Z
z = distence in the thickness direction.

To solve these equations for S,, for the fractions of thick-
ness l.(top), 0.8, 0.6, 0.5, 0.4, 0.2, 0.0 (bottom) true radiel and
tangentisl stresses from Figures 6 to 9 are plotted versus radius.
Figures 31 to 34. A

In Figures 21 to 34, top figure is stress S in pounds per

square inch versus the radius R of the disk. The center figure

dsS
is the first derivative (slopes), dR, of the first curve in pounds
per square inch per inch, and the third figure the second derivative,

dRg. of the first curve, that is, slopes of the second curve. From

Eﬁese curves, values of 4S8, dzs, et cetera, are taken, Table No. 37,
R ang :

and replaced in the aquationgR(S) and (4) to find the values of
g;%z for the locations 0, 1/2, 1, 1-1/2, and 2 inches from the cen-
ter of the disk. The values of.§§§z are plotted versus the fraction
of thickness of the disk, Figures 35 to 37, and integréted twicel
by the graphical method, to arrive at the stress distribution through
the thickness of the metal in the thickness direction, Figures 35
to 37 and Figure 10.

On both faces of the disk, stress in the thickness direction

mst be zero. Therefore, both ends of the curve are connected with

a straight line, and the stress in the third direction is measured
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by the distance from the stmight line to the curve

Tables %7a, b, ¢, d, and e, Numerical values of<Q§§E, dgs >
T

Q%E and,g%i teken from the curves, Figures 31 to 34, and the cal-
r r

culated value of Qg%% using equations (3) and (4). All figures

are in 1000.

Table 37a

The Center of the Disk

Q8 (bottom) 56 80 - 24,8
Oe2 46 46 + 92
0.4 46 24 +114
0«5 60 120 =300
0.6 12 28 - 64
0.8 22 66 0

1.0 (top) 60 120 + 60
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Teble 37b

One-half From the Center of the Disk

| :
0.0 -58 14 6.5 - 15
De2 -26 0 0 - 26
0.4 -56 o 14 L - 48
0+ -1 -20 12 =108
0.€ -5 - 6 8 - 45
0.8 -7 e 14 - 27
1.0 - 5 11 ¢5 18 - 15
Table Z7e¢
One Inch From the Center of the Disk
et L & %5 s
0.0 0 ‘-14 -28 0
Oe2 0 -6 -8 -6
0.4 -14 - BeE - 5 —-24
0.E 18 -15 =20 8
Oe€ 2 - 6 -10 0
0.8 —~ 7 -1 0 =@

1.0 0 11 = 18




One and One-half Inches from the Center of the Disgk

Table 37d
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. -

ntciess G i - &
0.0 &0 0 =14 3943
Oe2 745 -3 -10 10.1
0.4 0 =12 =40 10.6
0.8 44 0 -24 60
0.6 6 -3 -37 6.6
0.8 B - 4 =35 18
1.0 -20 Led - 4 14

Table 37e
Two Inches From the Center of the Digk

0.0 26 15 -3 42.5
0.2 2 -1 -9 35
Oed 30 0 -12 36
0.5 56 28 -6 87
0.6 12 1 -6 16
0.8 8 -2 -8 10
1.0 0 -7 =10 -2
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PART II

MEASUREMENT OF STRESSES BELOW THE SURFACE BY RECESSING

INTRODUCTION

In measuring stresses below the surface of a specimen, the
recessing method has certain advantages over other methods. (For
description of other methods see Introduction)e. This method con-
sists of drilling a hole in the specimen and measuring the stress
at the bottom of the hole by means of x-ragys and then meking cor-
rections for the change in stress caused by the recess. The ad-
vantages of this method are as follows:

1. It can be applied to a specimen of any size or shape;
therefore, it is very general in application.

2. It is only semi-destruective. The recess can be plugged
up easily by welding.

3. It can be applied to a specimen under load.

4, Stress can be measured at eny desired depth. There is
no need to go through the specimen all the way.

5. Stress is measured directly at any desired depth and
corrected for the recessing operation. This is a great advantage
over the other methods where gtresses are computed.

6. Steep gradients of stress are easily detected by the re-
cessing method. The Sachs method supposes a symmetrical distribu-
tion of stresses in a round specimen and takes the average of the
meagurements around the specimen. In the block method, the length

of the block is one and one-half or two times the thickness.
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Therefore, the length of the block inereasesg rapldly as the thick-
ness increases, and the measured stress is the average stress over
the length of the block. Regardless of the shape or size of the
specimen, recegsing always measures the stress at a specific point
and can detect the steepest gradients across the thilckness.

The effect of recessing on the stress at the surface of the
metal was studied by J. Mathar(ls) by drilling a circular recess
and measuring the deformation of the hole at the surface of the
specimen.

X-ray measurenent of stresses at the bottom of the recess is
mentioned by L. Frommer and E, H. Lloyd(ls). They admit that re-
cessing would influence the stress thus measured but do not make
any attempt to measure the change in stress caused by recessing.

As a method of measuring stresses below the surface, rescessing
has many merits. There are already indications of the type of in-
fluence a circular recess has on the surface stresses(ls). In
Mathar's experiment, in the drilling of the circular hole, surface
stresses are relaxed; but the influence of the layers removed from
the bottom of the hole decreases very rapidly as the depth of the
hole increases; and, from a certain depth on, increasing the depth
of the hole is not felt on the surface. This fact suggests that
stress at the bottom of the recess; but, as the depth of the recess
is increased, this influence, after a certain depth, drops off
sharply and becomes negligible. Therefore, the influence that a
layer can exercise on the change of stress at the bottom of the
recess suggests an exponential function of the distance between the

layer considered and the bottom of the recess.
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XI THE THEQRY OF RECESSING

Professor Danlel Rosenthal developed the following theory to
measure the change in stress at the bottom of the recess caused by
the recessing operation:

A circular recess in a specimen, (Figure 38), will be con-

. sidered first, dimensions of which are assumed to be large as
comparad to the dimensions of the recess. If the change of stress
dsy at the level z caused by the removal of the layer du at a level
u is known, the summation of the influences of the infinitesimal
layers froﬁ;ggg to u=z would result in the change of stress at the
level z caused by the recessing operation. The following assump-
tions are made to calculate the influence of the removal of the
lsyer du on the change of stress, ds, at the level z, Figure 38.
Stresses consldered are in the same direction.

1. The change of stress dsyz at the level z caused by the
removal of the layer du at a level u is proportional to the stress
8y et the layer du.

2. The change of stress dsgz is also proportioflal to the
thickness du of the layer du.

3. The influence of the layer du is an exponential function
of the distance (z - u), as suggested by Mathar's experiment and
discussed previously.

Hence:

dsy = ksue"a(x—u) du (s)
where k and g are constants, depending on the size and the type of

the recess only.
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T'he constant k is called the stress concentration factor. It

e Teter +hat +he walne of k deereccsas with the jneressing
7ill be seen later that the value of k decresses with the increasing

1 3 o [ 4

iameter of the recess. The constent a is called the damping factor

Il

because of its damping efifect on the influence of the stress w

incressing distence from the layer du considered to the level z.

rs

If successive layers du are remcved from levels u = o to u =

the total chance of stress A s at the level z is shown by ecuation

as=s-s=4k [ 5 e du (6)

i.e stress measured at the bottom of the

recess (level z), and s = true stress at the level z before recess-

4

Ecuation (7) can be put in the following form, Equation (8):

rax_ +az X cau
€

Taking the derivative of the equ

X 4 ¢ 22 az az az
‘;se sd85e - 5.7 ase = kse

gfi pids e %’E_ (a+f) S (9)
u

In equation (9) the sum a + k is replaced by b

a+k = b or k="b-a (10)
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EXPERIMENTAL, VERTFICATION OF THE THEORY OF RECESSING

XITI A LONG AND NARROW RECESS

To determine the constants in the equation in the theory of
recessing, a known pattern of stress is set up so that, from the
measurement of stress on the surface of the specimen, stress at
any level below the surface may be known. Steel plates are used
as specimens, and pure bending and tension are used to produce
stresses of known type. The stress produced in tension is uni-
form at any cross-section of the specimen, and that produced in
bending changes linearly from +s at the tension side to =g at
the compression side, passing from the zero at the mid-gection of
the specimen., Thus, when stress is set up, it is known what stress
value to expect at any level. The stregs meagured in the recess at
that level varies from the stress without recess by the amount
caused by the influence of.the stress.

Various shapes and sizes of recesses must be examined for
possible use in speciel cases and for the most practical solution
of the recessing problem in general,

The first type of recess chosen for investigation is a long
and narrow recess. JSpecimen is a steel flat. Stresses are pro-
duced by bending the flat in a specialiy built bending device and

in tension in a tensile strength testing machine.

A. _The Bending Device

A four-point bending device was built to produce pure bending,

Figures 39, 40, The bending device congists of two steel channels,
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Figure 40, A picture of the Bending Device.

A wooden stock is placed in the place of the

specimen to hold the device together.
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one of which is longer than the other. The short channel A, has
two supports, B and C, close to the ends that support the specimen.
One of these supports is fixed to the channel while the other hasg
a round bottom and can rotate to fit the specimen.
The channel A rests on a steel ball at the end of the screw D.
The screw D goes through the channel E and is operated with a wrench
to raise or lower the channel A, Specimen is pushed by the supports
B and C and is pulled by the hinges H and li, hinged to the channel E.
As will be seen later, in the tests conducted, this bending
device produces a pure bending in the specimen within the supports

B and C.

B Specimen I and Its Preparation

The specimen is a low carbon steel flat twenty-five inches long,
three inches wide, and five-eighths inches thick. It was stress
relieved by holding it at 1200° F for two hours and cooling it in
the furnace at a rate of sbout 50° F per hour. After the stress
relieving treatment, both sides of the specimen are surface ground
to remove scale and etched to remove the cold worked layer in grind-
ing. The surface is then polished with emery paper, and stresses
are meesured with x-rays at different spots of the specimen to test
the effect of the stress relieving treatment., Stresses measured
varied between -2,000 and +3,500 psi. These stresses are considered
wnimportant because, in the investigation of recessing, the change in

stress rather than the absolute stress is taken into consideration.
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S The Layout of Gages

The layout of gages, Figure 41, is so arranged that gages
1, 2, 3, 4, and 5 measure stress variation, if any, from the recess
toward the outer edges of the specimen. At the opposite side of the
specimen are gages 17, 18, and 19. Gages 18 and 19 are for measur-
ing the stress in compression; and gages 17, opposite the recess,
indicates the effect of the recess, if any, at the other side of
the specimen., Gages 7 to 25 are placed two and one-half inches

away from the recess to check the uniformity of bending.

o Recegsing

It was thought that the narrower the recess, the less
would be the change in stress in the recess; but, from the practical
point of view, two-tenths of an inch is considered the lower limit,
Actually, a three-sixteenths inch end mill is used to machine the
recess. The length of the recess is 0.6 inches and the depth is
0,078 inches. Electrical resistance strain gages of type SR-4
are cemented on both sides‘of the specimen, Figure 41, to measure
the stress produced inb ending. After the machining of the recess,
a layer of a minimum of ten thousandths of an inch thick is removed
from the bottom of the recess by etching with a 30 percent nitric
acid solution, Then the bottom is polished with emery paper, Nos.
1, 0, 00, and 000, and scratches are removed at each step which have
been left from the previous step. Finally, af least 1/1000 of an
inch layer is removed by etching with 10 percent fresh nital solu-

tion. The specimen is now ready for measurement of stresses.
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Bie The Bending Experiment

For the measurement of stresses in bending, the specimen
is placed in the bending device, Figures 39, 40, under the x-ray
tube., Strain gage readings are taken and stresses are measured at
points 1, 2, and 3 at the bottom of the recess at no load, Figure
42, Then the load is applied to a maximum stress of about 28,000
psi at the outermost layers of the specimen, measured by strain
gages. While the specimen is under the load, strain gage readings
are again taken and stresses measured with x-reys at points 1, 2,
and 3, Figure 42. The difference between various gage readings
are usually less than 10 micro inches per inch, which corresponds
to 300 psi. After all the measurements on the specimen at load
are completed, the load is taken off, and strain gage readings afe
recorded again at no load to determine whether any plastic defor-
metion has teken place. In the experiments, maximum stress was
always below 29,000 psi, and no plastic deformation was observed.

For wmiformity of calculations in each experiment, either
in bending or in tension, the measured stresses are multiplied with
a factor, so as to have a maximum stress of 30,000 psi in the spec-
imen. In bending, 30,000 psi is the stress at the outermost layer
of the specimen; and, in tension, it is the wniform stress. In
measuring the stress in the specimen, only the gages on the cross-
section which cut the recesg into two are taken into consideration,
The other strain gages are used for checking the uniformity of bend-
ing and the effect of the recess on bending in general. As the recess
is very small compared with the specimen, the effect of the recess on

bending is very small.
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4, Successive Recegses

After all the measurements have been taken with the first
recess, the depth of the recess is increased in steps to 0.160,
0.249, and 0.300 inches, Figure 42; and at each level, the same
measurements are taken as in the first recess, and stresses are
measured at the bottom of the recess by x-rays. In order to allow
the x-rays to come out of the recess while the obligque pictures are
being taken, one end of the recess is lowered in steps, as shown in
Figure 42, It will be demonstrated later that the lowering of one
end of the recess does not change the stress in the recess to any
aporeciable extent. Inmeasuring the stress by x-reys at the bottom
of the recess, at least two pictures of each spot are taken with a
new setting in both perpendicular and oblique directions, and stress-
es ere measured at at least two distinet points at the center of the
recess., In the case of the last recess, i.e., the 0,300 inch deep
recesg, stress in the recess is measured, not by x-rays, but by an
electrical strain gage of type A-8. The strain gage type A-8 is
very small in size, 3/32 x 1/4 inches, and is ideal for measurement

of stress in te recess.

5. Results Obtsined from Specimen I in Bending

The first bending of Specimen I is cerried out to check
the wmiformity of the bending obteained in the bending device. The
data records esre shown in Table 38, Figure 4l.
It is seen from Table 38 that only one gage out of eight differed
by 1.9 percent from the average, and that the difference of the others
from the average is less than one percent. Therefore, it is concluded

that a pure bending is obteained in the above experiment.
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Table 38

Relaxations in Micro Inches per Inch, Recorded in Strain

Gages in Bending of Specimen 1, in the Bending Device

Strain Shown Differences From
Strain Gage No. in Bending the Average
4l -470 +1
12 -465 ~4
13 -465 -
14 -468 -1
20 +473 +4
R2 +466 -3
23 +477 +8
25 +468 -1
Compression sgide,
average -4867
Tension side,
average +471

Average, both sides 469
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Table 39 shows strains recorded in the gages attached to
Specimen 1 in bending for four recesses of different depths, Figure
42, Straing are in micro inches per inch and are multiplied by a
factor meking the average of gages 1, 2, 3, 4, and 5 1000 micro
inches per inch. This correction is made to compare results. The
average strain of gages 1 to § is taken to calculate the true
stress in the recess; and, again, for the sake of comparison, this
sverage is increased to 1000 micro inches per inch. The actual
gage readings vary between 800 and 950 micro inches per inch. In
test bendings, it is seen that, no matter what the load is, strains
recorded by gages are always proportional to each other. The trans-
verse stress on the tension side of the flat resulting from the
bending, as computed from the strains of the cross-gage 15 and 16,
is:

St = 33(-236 + 0.3 x 926) = 1385 psi tension.

Stresses measured at the bottom of the recesses are shdwn in Figure

50'

B Use of Strzin Gage in the Recess

The use of the electrical strain gage to measure the change of
stress at the bottom of a recess has certain advantages over the use
of x-rays:

1. The use of the strain gage takes less time than that of the
X-Tay.

2. While the gage can detect 300 psi easily, the accuracy of

x-rays is no better than plus or minus 2,000 psi.
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Table 39

Streins Recorded in Micro Inches per Inch, by Gages of Specimen

1 in Bending for Four Recesses of Different Depths

0.078 Inch 0,160 Inch 0,249 Inch 0.300 Inch Average

Gage No. Recess Recess Recess Recess Strain
1 1005 1025 1025 - 1018
2 1020 1008 1006 1003 1009
3 983 990 992 1034 1000
4 1011 990 990 983 995
5 985 987 989 082 986
6 952 950 917 “ 940
7 = - = - "
8 - X Ly . _
9 955 966 920 937 945

10 978 971 914 939 951
11 965 987 952 950 959
12 972 966 950 932 955
13 973 954 936 932 949
14 993 976 929 929 957
15 B 953 912 914 926
16 255 - 200 - 236
17 1015 945 951 957 967
18 098 = 984 975 986
19 1000 - 980 983 988
20 1006 ~ 902 : 964
21 = o 919 943 931
20 970 - 925 942 945
23 - - 953 942 958
24 972 955 944 935 951

25 973 935 940 937 947
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3. With the strain gage attached to the recess, stress
measurements can be taken at different loads below the yield point
of the specimen, The strain gage is especially practical when the
effect of the length of the recess is to be examined. For this
purpose, the length of the recess can be increased without touch-
ing the gage.

4, With the gage in the recess, the specimen can be tested
both in bending and in tension. To use an x-ray in the tensile
test would require a special set-up of the x-ray tube,

5. The area over which the strain gage measures the stress
(3/32 x 1/4 inches) is much larger than that of the x-ray, but the
measurement of the stress with an x-ray at different points close
to the center of the bottom of the recess shows that the area
covered by the strain gage has about the same stress in loading.

Therefore, in the investigation of stress in the recess, the
strain gage will be used rather than x-rays. In the application of
the recessing method, however, x-rays are the only means of measur-

ing stresses.

D. Prevaration and Testing of Specimen II

With the second specimen, the effect of the length of the
narrow and long recess is to be examined.

The specimen is a mild steel flast, 256 x 3 x 0.6 inches in size.
It is stress relieved at the same time as Specimen I. Two recesses
are machined in Specimen II, one 0,08 inches deep, and the other
0.175 inches deep., The width of the recesses is 3/16 inches, and

their length is at first 0.60 inches. The length of both recesses
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is then increased in steps up to 2.34 inches, in order to study
their effect on the stress measured in the recess. The layout of
gages and recesses is shown in Figure 43. The bending tests are
made in the bending device in the same menner as in Specimen I,
Figure 44, except that the stress in the recess is measured with
the strsin gaege and not with the x-rays. Tests are made in bend-
ing only. For each test, measurements are taken at the maximum
loads of sbout 15,000, 22,000, and 29,000 psi at the outer layer
of the specimen. Data taken at each step is then corrected for
meximum load of %0,000 psi, and the average of the three readings
is taken., The maximum veriation of stresses from each other (not
from the average) in these three tests is rarely more than 300 psi.

Stress at the opposite side of the recess is 29,700 psi for
the recess 0.08 inches deep, and 29,000 psi for the recess 0,175
inches deep.

The results of testing on Specimen II are tabulated in Teble
40, and shown in Figures 50, 51, and 52, and they are discussed

later,

E. Preparation and Testing of Specimen IIT

In the previous two specimens, stresses in a long and narrow
rectangular recess are examined while the specimen is bent. Speci-
men IIT is prepared with rectangular recesses of the previous size
(3/16 x 0.6 inches) and varying depth, in order to measure stresses,
both in tension and in bending. The specimen is a cold rolled mild

steel flat, 50 incheslong, 3 inches wide, and one inch thick,
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Fig. 44 - Application of Load in Bendinz Specimen IT.
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K
Depth of Recess,
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Scale: 1

Fig. 45 - Location

of Strain Gages and Recesses on
the Specimen III ,
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Table 40

Stress leasured at the Bottom of the Recegses as a Function

of the Length of Recess

0.08 inch deep recess. True 0,175 inch deep recess. True
stress at this level in the stress at this level in the
solid specimen is 22,000 psi solid specimen ig 12,500 psi
Length of Stress in Length of Stress in
Recess in the Recess Recess in the Recess
Incheg o dNpel Inches in psi
0.60 24,000 0,60 15,500
0.94 ©9,900 0,94 14,000
1.24 2,520 1.26 13,850
1.54 22,280 1.48 13,280
178 22,050 1.96 12,925

2.10 22,030 2,34 12,700
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Electrical resistance strain gages are used to measure strains, both
on the specimen and in the recess; therefore, no stress relieving
treatment is necessary. Five recesses, 3/16 inches wide and 0.60
inches long, are machined in the specimen, with depths of 0.112,
0.22, 0.35, 0.52, 0.65 inches, as shown in Figure 45. In addition
to a small strain gage (1/4 x 3/32 inches) in each recess, four
gages are placed on the specimen for each recess, two on one face
and two on the opposite face; so that, if there is a dight bending
in the tensile testing machine, the average of the four gage read-
ings is taken. The SR-4 gages on the specimen are of the type A-l.

After the strain gages are cemented on the specimen and left
to dry for twenty-four hours over the hot radiator in the labora-
tory, the gages are covered with petrosene, and long wire leads
are soldered on the strain gage wires. The specimen is then placed
in a Riechle Universal tegting machine of 400,000 pounds capacity,
Figure 46, for ﬁensile tests. Before any reading is taken, an
80,000 pound load is put on the specimen and taken off. Then,
at the loads of zero, 60,000 pounds, and 70,000 pounds, and then
again at zero pounds, strain gage readings are recorded.

At each cross-section of the specimen containing the recess,
the average of the four gage resdings is teken st the loads of
60,000 and 70,000 pounds. For comparison of results, the average
in each case is taken as 1,000 micro inches per inch, and the strein
recorded in the recess is multiplied by the factor, 1,000 ror cor-

average
rection. Then the average of these corrected loads for 60,000 and

70,000 pound loads is teken. The results are shown in Table 41.
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Table 41

Results of the Tensile Test of Specimen ITT

Strain in Micro Inches per

Inch in the Recess for Difference Between
Depth of the 1000 Micro Inches per Inch Strain in Recess
Recess in in the Cross-—section of and That on the
Inches the Recess Specimen

For 60,000 For 70,000

Pounds Pounds Aversage
0.112 296 1013 1005 5
0.220 1052 1053 1062 52
04350 1085 1075 1080 80
0,520 1030 1000 1015 15

0.650 1055 1022 1036 36
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In testing Specimen ITI in bending, the specimen is placed on
a Riehle Universal testing machine of 100,000 pounds capacity, Fig-
ure 47. The side containing the recesses is placed downward, so
that the recesses will be on the tenslon side, Figure 45. The data

on the results of the bending test are in Table 42 and in Figure 53.

Table 42

Stresses in psi at the Bottom of the Recesses and at

the Corresponding Layers in the Specimen

F. Preparation and Testing of Specimen IV

Depth of Stress at Stress in Incresge Caused
Recess the Depth Recess by Recess
0.112 23,400 25,100 1,700
0.220 16,800 17,900 1,100
0,350 9,000 10,260 1,260
0.520 - 1,200 1,140 2,340
0.650 - 8,950 - 8,100 850

In Specimens I, II, and III, long and narrow rectangular recess-

es have been examined in bendingz and in tension.

of the depth and length of the recess has

gaid that the effect of the recess on the

to be very low.

But, before the guestion

verse stress on a long rectangular recess

can be made as to the practicability of a

been gtudied.

So far, the effect

It may be

change of sgtress was found
of the influence of a trang-
is enswered, no decision

rectangular recess. Spec—

imen IV has been chosen for the purpose of examining the effect of



Figure 47. A picture of the Riehle Universal

Testing Machine of 100,000 pound capacity used

for bending tests.
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the transverse stress on a rectangular recess. The specimen is a
mild steel flat, 54 x 3 x 1 inches.

As shown in Figure 48, four recesses are machined on this flat,
two transverse and two longitudinal. Recesses are of equal size,
3/16 inches wide, 0.6 inches long, and about 0.3 inches deep. The
layout of the gages is shown in Figure 48. In one of the }ongitud—
inal recesses, a speclal strain gage, 1/8 inches long and 3/8 inches
wide, is placed across the recess: and, in the other, a regular A-7
gaege 1s placed in the longitudinel direction of the recess. Like-
wise, in one of the transverse recesses, a special gage is placed
across the recess; and, in the other, an A-7 gage is placed along
the recess. The specimen is tested in tension only. Table 43

shows the result of the test.
Table 43

Results of Testine Specimen IV in Tension. Strain

Figures Are in Micro Inches per Inch.

(For location of gages see Figure 48)

Load in Recess Recess Recess Recess Gages Gages 8, 9, Gages
Pounds Gage 1 Gage 2 Gage 3 Gage 4 6 and 7 10 and 11 13 and 14

40,000 -140 1062 -180 500 460 449 468
60,000 -200 1574 -267 743 683 666 718

In Table 43, strains for the 60,000 pound load are taken for
calculation of the stress. If strains measured at the 40,000
pound load are multiplied by g%, they come very cloge to the strains

at the 60,000 pound load.
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Congidering the strains in recesses Nos. 1 and 4, ej and gy,

respectively, the transverse stress in the recess No. 1 is

51 =.i:§g (e1 + vey) (15)
where
E = 30 x 10%, modulus of elasticity for steel
v = 0.3, Poisson's ratio
@1, e4 = strain in micro inches per inch in the direction

of the regpective gages.
After simplification, the equation becomes:
S1 = 33(e1 + 0.3 ey)
Stress in the transverse direction S7 in recess No. 1 is
81 = 33(-200 + 0.3 x 743) = 755 psi
while stress in the direction of the recess in recess No. 4 is
S1 = 33(743 - 0.3 x 200) = 22,500 psi.
Stress in the specimen itself at the cross-section, containing re-
cess No. 1, is
3 = 30 x 683 = 20,500 psi.
The above results show that, when the rectangular recess is
in the direction of a uniaxial stress, the transverse stress, 755
psi, appearing in the recess, can be ignored as compared with the

longitudinal stress of 22,500 psi.

9

Considering the transverse recesses Nos. 2 and 3, stress in
the longitudinal direction is:

So = 33(1574 - 0.3 x 267)

49,300 psi,
and the stress in the transverse direction ig:

Sz = 33(-267 + 0.3 x 1574) = 6,760 psi.
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It is seen from the above figures that, when there is a stress
of 20,500 psi perpendiculer to the direction of the recess, such as
in recess No. 3, stress in the direction of and at the bottom of the
recess is increased by 6,760 psi, or by 33 percent of the stress
across the recess. Obviously, when the specimen is in pure tension,
the transverse stress of 6,760 psi, measured at the bottom of recess
No. 3 is caused by the notch effect of the recessing. Therefore, a
long and narrow recess cannot be used to measure stresses when
there is a blaxilal stress condition in the specimen.

The stress of 49,200 psi measured in recess No. 2 shows also
that plastic deformation occurred in the transverse recesses. How-
ever, when the load on the specimen is removed, no residual stress
is indicated by gage 3, while gage 2 shows only -1,560 psi in com-
pression. This low figure might be due to the very small area of
plastic deformation, as compared with the remaining section of the

specimen.

1. The Effect of the Cross Recess

It is seen from the preceding pages thet the notch effect
makes it impossible to use a rectangular recess when blaxial stress-
es exlst in the specimen. To see the notch effect of the two rec-
tangular recesses which cross at the center, recesses Nos. 2 and 3
are machined as shown in Figure 49, without removing the gages in
the recesses. The gpecimen is then tested in the tengile machine.
The results are shown in Table 44.

In calculating the stresses from the data in Table 44, it is

found that, while, in the rectangular recess No. 4, the stress is
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Table 44

The Results of Testinz Specimen IV in Tension After the

Cross Recesses are Machined, Flgure 49. Strain

Ficures are in Miero Inches per Inch

Load in Recess Recess Recess Recess Gages Gages 8, 9, Gages
Pounds Gage 1 Gege 2 Gage 3 Gage 4 6 and 7 10 and 12 13 and 14

50,000 =178 8le —-244 630 570 567 588
60,000 -208 866 -321 746 680 680 698

22,550 psi, in the cross recess No. 2, the stress is 25,400. Con-
sidering that the stress in the specimen is 20,500 psi, the notch
effect of the cross gage is about 20 percent, while that of the
simple long recess No. 4 is about 10 percent. Stress in the

crossed recess No. 3 in the transverse direction is -2,015 psi. It
should be noticed that, while, in the rectangular stress, the stress
was tension, it is compression when the recess is crossed. The
crossed recess decreased the stress of the rectangular recess by one-

half in the longitudinal direction.

G. Discussion of Results on the Lonz and Narrow Recess

In Specimens I, II, III, and IV, a known pattern of stress was
produced by bending or by pulling, and stress at the bottom of a
long and narrow recess was measured by x-rays or electrical resist-
ance strain gages. For a recess 3/16 inches wide and 0.5 inches
long, stresses measured at different depths down to one-half the
thickness of the specimen are ghown in Figure 50. In this figure

the straight line shows the stress introduced to the specimen and
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the curve stresses measured in the recesses. Stresses measured by
strain gages are lower than those measured by x-rgys, but the
difference is always less than 2,000 psi, which is the best accu-
racy obtainable by X-rays.

Figure 53 shows the results obtained in measuring stresses in
the recesses 3/16 inehes wide and 0.6 inches long on a one-inch
thick specimen. Strain gages were used exclusively for this exper-
iment. It is to be noticed that the scale of Figure 53 is half
that of Figure 50, and the results shown in both are in agreement.

In Figures 51 end 52, the effect of the length of the recess
is shown for recesses of two different depths, 0.08 inches and
0,175 inchegs. It is observed that, at first, the notch effect of
the recess decreases sharply with increasging length of the recess
of 0.175 inches depth, and even sooner for the recess 0.08 inches
deep.

The conclusion drawn from the data in Figures 50 to 53 is
that a long and narrow recess, when used in the direction of & uni-
axial stress, causes a small change In the value of the stress, de-
pending on the length of the recess. Further, it can be said that,
if the recess is 3/16 inches wide and long enough to permit the
reflected x-rays to come out of the recess, when shooting at the
center of the recess at an angle of forty-five degrees for the
oblique picture, and not shorter than 0.6 inches, the stress intro-
duced by the notch effect of the recess is less than 2,000 pei for
a maximum uniaxial stress of 30,000 psi, or less than six percent.

When x-rays from a cobalt target strike on a flat surface of

a steel specimen at an angle of forty-five degrees, the reflected
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rays nearest to the surface make an angle of about twenty degrees.
Therefore, the relation between the length and the depth of a re-
cess is as follows:
1/2 x length of recess x tangent 20 = depth
or
L x 0.182 =D (18)
where I, and D are the length and depth of the recess, respectively.

As the x-ray method of measuring stresses is the only method
that can be used in application of the recessing method, the re-
quired length of the recess for the reflected x-rays to come out
of the recess will 1limit its notch effect to a smali value, so that
correction of the measured stress is not necessary.

In the experiments on Specimen IV, the notch effect across the
narrow snd long recess was consldered; and it was found that when
the recess is along the uniaxial stress, the transverse notch effect
was found to be 755 psi, which can be ignored as compared to the
20,500 psi stress in the longitudinal direction of the recess. How-
ever, when the uniaxial stress of 20,500 psi is perpendicular to
the direction of the recess, it causes a 6,760 psi stress inside and
in the direction of the recess; i.e., stress in the direction of the
recess is changed to 33 percent of the stress acting in the direction
perpendicular to the recess. Therefore, whenever blaxial stress is
known to exist, a narrow and long recess cannot be used without mak-

ing too great an error in measurements.

He. Conclusions on the Long and Narrow Recess

It is concluded from the discussion of the results obtained from

the experiments on the narrow and long recess that:
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(a) If uniaxial stresses are known to exist in a specimen,
and the value of stress below the surface is to be measured, it is
sufficient to machine & narrow and lonz recess and to measure the
stress at the bottom center of the recess by means of x-rays. In
order to have the error caused by the notch effect of the recess
below that detected by the x-ray method, the width of the recess
will be about 3/16 inches and its length not less than that deter-
mined by equation (16a)

L=51/2D (16a)
where L is the length and D the depth of the recess.

(b) If biaxial stresses exist, the stress in the direction of
and inside the recess will be changed by 33 percent of the stress
acting in the direction perpendicular to the recess.

The theory of recessing discussed above was not applied to
the long and narrow recesses because, when stress is uniaxial, no
correction of the measured stress is necessary; and, when stress
is biaxial, the 33 percent notch effect of the stress in the trans-
verse direction is too high for the recess to be of any use. In
order to eliminate the effect of the transverse stress, a circular

recess will next be considered.



- 139 -

XIIT THE CIRCULAR RECESS

It was concluded, from the investigation'of the long and narrow
recess that, whenever blaxial stresses existed, it could not be used
to measure stresses below the surface. Because of the narrow width
(3/16 inches) of the recess, the notch factor in the transverse
direction is very high (2.4), and the effect of transverse étress‘
on the stress in the-direction of the recess is 33 percent of the
transverse stress. To decresse the notch effect in the transverse

direction, a eircular recess will be investigated.

A. The Cholce of Specimen V and Its Preparation

In the investigation of the circular recess, the effect of the
diameter and depth on the longitudinal and transverse stresses is<to
be examined. As the circuler recess removes more materlial than a
long and narrow recess, the specimen chosen was much larger than
those used so far. Specimen V is a mild steel flat, 1 x 6 x 82
inches in gize. The layout of the recessés with their depths is
shown in Figure 54. In the machining of the recesses, the specimen
is clsmped on a milling mechine and bored with & one-fourth inch drill
close to the desired depth, Figure 56a. Then, with a centerless
end mill, one-half inch in diameter, the recess is machined to the
exact depth, producing a flat bottom. The bottom of the recess 1s
then polished with abrasive powder, as described in the application
of the recess below, to remove the chips from the machining. After
all the machining operations are done and the recesses of one-half
inch diameter are polished and degreased with acetone, electrical

strain gages of special type are attached to the gages as shown in
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Fig. 54 - Specimen V . 3Snmall Circles are the Recesses.
Grip Dents of the Tensile Testing Y'achine are shown at
both Tnds. The oles at the left end of the Specimen
were used to tie the Specimen to the Testing Machine

as a Safetv Precaution.
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Fig. 55 = Layout of Strain Gages and Recesses in
Specimen V. Small Circles are "aces, with line inside
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Fig. 56 = The Bending Test of Speciren V.
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Figure 55, with the remaining gages to measure the strain in the
specimen itself. Recesses Nos. 1 and 4 are Q.1 inches deep,
recesses Nos. 2 and 5 are 0.2 inches deep, and recesses Nos. 3 and
6 are 0.3 inches deep. Recesses Nos. 1, 2, and 3 have their gages
in the longitudinal direction of the specimen, while recesses Nos.
4, 5, and 6 have their gages in the transverse direction. Recess
No. 7 is 0.498 inches deep, and the strain gage is in the longitud-
inal direction. The effective size of the gages are as follows:

Geges - 1 to 4  1/8 inch long 1/8 inch wide

Gages = 5 to 7 1/8 inch long 3/32 inch wide

Gages - 8 to 26 1/2 inch long (Type A-5)

After the strain geges have been attached, the specimen is
left over the hot radiator in the laboratory for twenty-four hours;
and then, while the specimen is still hot, the gages are covered
with petrosene wax to protect them. Long insulated and numbered
wire leads are soldered to the leads of the strain gages for measur-

ing the strains in tension and in bending.

Be Testing of Specimen V in Tension and in Bending

For the tensile test, a Riehle Universel testing machine of
400,000 pounds capacity is used, Figures 46 and 57. Tests for
bending are conducted in a Riehle Universel testing machine of
100,000 pounds capacity used mainly for transverse testing, Figure
47. TFigure 56 showg the application of the load in bending the
specimen.

In making the tensile test, first a load of 110,000 pounds is

applied to the specimen and relieved. Then, sgtrein gage readings
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are taken at no load, 70,000 pound load, 20,000 pound load, and then
at zero load again. The averages of the front gages and those of
the back gages are taken for easch load reading; snd, from the slight
bending, if any, the strain at the layer of the recess is computed.
The strains thus computed and the strain in the recess are then
multiplied by 1000 to obtain a uniform strain in the

Computed Strain
base metal for each recess. Then the average of the computed wvalues

of the strain for the loads of 70,000 and 90,000 pounds is taken to
represent the strain in the recess. TFor recesses containing gages
in the transverse direction, Figure 55, the strain measured on the
specimen at the other gage of the same depth 1s taken for compari-
son, as these recesses are symmetrical in the specimen.

After the investigation of the recesses one-half inch in dia-
meter, both in tension and in bending, is completed, the gages in
the recesses are removed and the diameter of the recesses increased
to three-quarters of an inch. Strain gages are then placed in the
recesses and the same tensile testing and bending operations repeated
that were done in the case of the recess one-half inch in diameter.
In the third step, the diameter of recesses Nos. 2, 3, 5, and € are
enlarged to one inch. The depth of recess No. 1 is increased to
0.8556 inches and that of recess No. 7 to 0,641 inches. Strain gages
are cemented in the recesses, and the same tensile and bending tests

are repeated once more.

C. Results of Experiments in Tension snd in Bending

As has been expleined before, for easy comparison and uniform-

ity of results in all the tensile tests, strains measured were in-
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creased proportionally to obtain a strain of 1000 micro inches per
inch in the specimen. Thus, no metter what the diemeter or the
depth of the recess is, or the actual load applied on the specimen,
the streins measured in the recesses can be shomn together, and the
effects of the depth and the diameter of the recess are easily ob-
served.

In the bending tests, measured strains are increased propor-
tionally to get the strains on the surface of the metal to 1000
micro inches per inch. The data recorded in the bending tests of
Specimen V are summarized in Table 45, in which the figures repre-
sent the strain in micro inches per inch in recesses for 1000 micro
inches per inch strain at the surface of the specimen. Data for
the recesses one-half inch in diameter represents the average of
two tests at different loads. Of the four sets of data given for
recesses three-fourths inches in dismeter, the first two had 3,100
and 4,150 pound loads, respectively; and the effective length of
strain gages in the recesses was one-fourth inch. In the last two
sets of data, the loads on the specimen in testing were 3,860 and
4,000 pounds, respectively, and the length of the strain gage was
one-eighth inches, as in all other cases.

In the calculation of stresses for the recesses three-fourths
of an inch in diameter, the average of the four sets of readings is
considered.

Stresses calculated from the strain data in Table 45 are in
Table 46. Equation 15 is used to determine stresses from the strains.

In Table 46, for each diameter of a recess, the first figure in each



Strain in recesses, in micro inches per inch, obtained in

Table 45

bending tests of specimen V,

Ficures with minus sign

arc strains in the transverse direction, except for

the last two columns
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Digmeter of Recess

Depth of Recegses in Inches

in Inches 0.100 0.200 0.301 0,498 0.641 0.855
1/2 950 805 572 135
-219 -196 -170
3/4 926 797 600 173
-222 =191  -159
z/4 940 792 598 175  -168  -820
~205 -189  -154
z/4 915 758 616 175
-210 =187  -148
3/4 895 745 591 162
-214  -197  -148
Average 3/4 920 775 601 i7i -168 -820
-213 -191  -152
1 766 597
=197 =140



Stress in recesses in pounds per square inch obtained

Table 46

in bending specimen V.

First figure is the gtress

in the longitudinal direction, and the second figure

ig the stress in the transverse direction.

The third

figure is the stress in the longitudinal direction,

ignoring the transverse strain in the calculation,.
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Dizmeter of Depth of Recesses in Inch
Recess in Inch 0.100 00200 0.301  0.498 0.641 _0.855
29,200 24,600 17,200
1/2 2,180 1,520 66
28,500 24,200 17,200 4,050
28,300 23,600 18,400
5/4 2,080 1,350 925
27,600 23,200 18,000 5,130 -5,040 -24,600
23,350 18,300
1 1,090 1,250
23,000 17,400
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colum of the recess is the stress measured in the longitudinal
direction; the second figure is the stress in the transverse direc-
tion; and the third figure is the stress in the longitudinal direc-
tion, calculated without considering the effect of the strain in
the transverse direction. The discrepancy between the stress com-
puted by equation (15) and the stress obtained by ignoring the
transverse strain and miltiplying the strain by thirty is only 2.5
percent, thus justifying the use of stresses obtained in the last
three columns of Table 46.

Measured stresses in Table 46 are also shown in Figure 58,
where the straight line is the stress pattern introduced to the
specimen in bending, and the curves are stresses measured in the
recesses.

The strains in miero inches per inch recorded in the recesses
in the tensile test of specimen V are summarized in Table 47. Fig-
ures with minus signs are strains in the recesses in the transverse
direction. In all these data, strains measured in the experiment
are increesed proportionally, in order to obtain a uniform strain
of 1000 miecro inches per inch in the specimen itself.

Table 49 contains stress in recesses computed from strains in
Table 48 by equation (15).

Before the results in Table 49 are plotted, it is of interest
to discuss what happens as the recess gets deeper and the bottom of
the recess approaches to the opposite side of the flat specimen.

When the depth of the gage was less than one-half inch, the

strain gage at the opposite side of the recess was not affected by
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Table 47a

Strain in recegses in micro inches per inch obtained in the

tensile test of Specimen V. TFigures with minus signs are

strains in the transverse direction

Diameter Load in
of Recess Tensile Test, Depth of Recesses in Inch
in Inches 1000 Pounds 04100 0,200 0.201 0,498 0,841 0.855

1160 1240 1275 1325

1/2 100
- 268 - 322 - 416
1160 1250 1285 1310
1/2 60
- 270 - 293 - 418
1160 1245 1280 1317
Avergge
- 269 - 308 - 417
1177 1300
1 85
- 346 - 370
1215 1275
1 99.3
- 322 - 342
1210 1296
i 83
- 327 - 312 :
1209 1272
1 98
- 324 - 309
203 1286
Average

- 350 - 333
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Iable 47b

Strein in recesses in micro inches per inch obtained in the

tengile tesgst of Specimén V. Figures with minus gigns sre

straing in the transverse direction

Dismeter Load in

of Recess Tensile Test, Depth of Recesses in Inches

in Inches 1000 Pounds 0,100 0,200 0.301 0,498 0.6411770.8556

1165 1216 1300 1400

z/4 100
- 302 - 334 - 350
1128 1194 1300 1400
z/4 59.5
- 206 - 330 - 351
1105 1160 1264 1380
5/4 103
- %12 - - 324
1125 1178 Z04 1335
5/4 83
- 317 - 346 - 370
1100 1172 1292 1366
3/4 105
- 316 - 333 - 354
- - 1285 1370
5/4 99
- - - 360
3/4 85 1462
3/4 99.3 1410
z/4 83 1450
z/4 98 1440
1127 1184 1201 1392 1440
Average

- 309 - 336 - 352 = =

1680
1685
1700
1688

1688



Table 48

Average strain in recesses teken from Tables 47a and b

in micro incheg per inch obtained in the tensile tests

of Specimen V. Ficures with minus sign are strains in

the transverse direction.

Diameter
of Recess Depth of Recess in Inches
in Inches 0.100 0,200 0,301 0.498 0.641 0.855 1.00%

1160 1245 1280 1317

1/2

- 269 - 308 - 417

1127 1184 1291 1392 1440 les88 3,000

- 309 - 336 - 352 -2,000

- 330 - 333

#Strain for the recess all the way through the thickness of the

plate has been calculated theoretically.



Table 49

Stress in pounds per sguare inch, in recesses obtained in

the tensile test of Specimen V.

For each diameter of a

recess, the firgt flgure is the stress in the longitud-

inal direction, the second in the transverse direction

and the third stress in the longitudinal direction, where

the effect of the transverse straln is ignored.

Dismeter
of recess

Depth of Recesses in Inches

in inches 0.100 0,200 0.301  0.493 04641  0.855  _1.00
35,600 33,000 38,100
1/2 2,540 2,120 1,090
34,800 37,350 38,400 39,500
34,200 35,800 39,100 79,200
3/4 950 626 1,150 ~36,300
53,800 25,600 38,800 41,800 43,200 50,600 90,000
36,040 39,100
2] 1,020 1,750
36,100 38,600



the recess at all. In Table 50, the effects of the recesses of
0.498 and 0.641 inches depth are shomn, respectively.

It is observed from Table 50 that, when the depth of the recess
is 0,498 inches, the effect is just beginning to be felt at the other
side of the specimen; but, when this depth is increased to 0.641 in-
ches in the specimen one inch thick, the strain gage opposite the
recess records 103 micro inches per inch more than the other gages,
for an actual strain of 1000 micro inches per inch.

For-the limiting case, i.e., when the depth of the recess
reaches the thickness of the plate, the strain has been computed

theoretically.

D.  The Shape of a Circular Hole in an Infinite Plate Under the

Univorm Biaxial Stresses

If a2 is the radius of the eircular hole and the translations
of the points U and V caused by the stresses 57 and Sp are glven by

equations (17) and (18)(13) for uniform tension, where So = O,

Fi‘gwe 61'
U=.§.%§:L[.§r2§+(s+v)-%§(1+v)] (17)
2
V=%-§l[%§-(5-ﬂ+%g(l+v)] (18)

where E 1s the modulus of elasticity and y Poisson's ratio.
As applied to the problem of recessing, the strain produced in
an infinitely thin sheet at the end of the hole is:
T = 3000
a
micro inches per inch in the direction of stress Sy, and
L -2000
a

miero incheg per inch in the transverse dirsction.
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Table 50

Strain in micro incheg per inch recorded by gages No. 25 snd the deviation of these readings

compared with the average of gazes Nos. 24 and 28

Diameter Depth Strain Recorded Deviation of Gage
of Recess of Recess Gages 25 from the Average Deviation Average
in Inches in Inches Gage 25 24 and 26 of 24 and 26 per 1000 Deviation
1/2 0.498 500 498 2 4
299 299 0 0 2
3/4 0.498 499 498 i 2
282 283 _ -1 - 3
512 506 6 12
414 410 4 9
528 518 10 20
494 485 9 18 8
3/4 0.641 458 415 43 104
543 495 48 97
445 403 42 104
543 490 53 107 103

= G881 =
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The results of tensile tests, Table 49, are shown in Figure 59.

E. Discussion of Results in Bending and in Tension

As noted in Figure 59, in a plate one inch thick, when the
depth of the recess is less than one-half inch, the opposite side
of the recess is not affected by the recess, and the plate can be
congidered as infinitely thick. At a depth of one-half Inch, the
strain gage directly opposite the recess of one-half inch dlameter
showed only 0.2 percent increase, while that opposite the recess of
three-fourths inch diameter showed 0.8 percent increase caused by
the recess, Table 50. However, when the remaining thickness from
the bottom of the recess to the opposite face of the specimen is
less then one-half inch for a recess three-fourths inches in dia-
meter, the plate can no longer.be considered infinitely thick, Fig-

ure 53« Actually in practice it is not necessary to go close to the
other side of the specimen. Insgtead a recess should be started
from the other side.

When the depth of the recess of one-half inch dlameter reaches
one-half inch, the notch effect of the recess does not increase any-
more and stays constant. The shape of the curve for the recess three-
fourths inches in diameter suggests that, Figure 59, the notch effect
would be at the maximum at about a depth of three-fourths inches, but
the limited thickness of the specimen does not permit the observation
of this phenomenon.

It can generally be said that the notch effect of a recess of
one-half inch diameter inecreases faster than that of a recess of

three-fourths inch diameter, but the curve for the recess of one-
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helf inch diameter flattens dowm, reaching the maximum stress at a
depth of one-half inches, while the stress of the recess of three-
fourths inch diameter reaches a higher maximum at ebout a depth of
three-fourths inches.

The maximum notch effect of the recess of one-half inch diameter
is about thirty-three percent and that of the recess of three-fourths
inch diameter is about forty-three percent. The notch effect in the
transverse direction for a circular recess is usually less than seven
percent; and, only in one case was it found to be eight percent,
Tables 48 and 49. As, in most cases, the probable error in measuring
the stfesses by the x-ray method is not less than 10 percent, the
transverse effect of the stress in circular recesses can be ignored.
Therefore, the clrculer recessing method can be used to measure
stresses below the surface, where a multiaxial stress pattern exists,
if a law is found for correcting the measured stress in the direction
of the stress. Equation (14), derived in the discussion of the
theory of recessing, will be applied to the date obtained in the
circular recess for correction of stresses measured.

A recess of one inch diameter is not very different in results
from a recess of three-fourths inch diameter, Figurgz 59, and suffi-

cient date is lacking for a full discussion of it.

e Application of the Recessing Data to the Theory of Recessing

The solution of the theory of recessing was equation (14):

Z
§ =8 - xelat k)Zf s', etla + K)u gy
(o]
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where S = true stress at the bottom of the recess, S' = stress
measured at the bottom of the recess, 2, k = constants, z = total
depth of the recess, S'y; = stress measured at depth u, and u =
variable. The constants a and k vary with the changing diameter

of the recess. To determine their values for a recess of one-half
inch diameter, the values of S, 8', z and the variation of S', with
the depth u must be known. By application of these experimentally
determined figures in tension, Figure 59, to equation (14) at two
definite poinfs at least, the values of constants g and k are deter-
mined by trial and error.

The values of constants a and k thus determined are in Table 51.

Table 51

The Figures for Constants a and k for the Recesses of One-half Inch

snd Three—fourths Inch Diametersg, Determined Experimentally.

Diameter of Recess Stregs Concentration
in Inches Dam > Factor & Factor k
1/2 648 «25
3/4 2461 1.40

The velues of stress concentration factor k and that of the
damping factor are increasing with the decreaging diameter.,

From the data in bending and in tension for the recess of one-
half inch diameter, Figures 58 and 59, %rue stresses will be calcu-
lated and the computed results will be compared with the known values

in order to determine the degree of precision of the recessing method.
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Teble 52 contains values of the different terms in equation (14),
and Table 53 the true stresses introduced and calculated at different
depths of Specimen V in bending. In Table 54 true stresses are cal-
culated from the measurements in tension for the one-half inch dia-
meter recess and the results compared with the stress introduced to
the specimen. Data in the first four columns in Table 62 are not
shown in Table 54.

The computed stresses in Table 54 are very close to 30,000 psi,
introduced to the specimen in tension, Figure 60. This sgreement was
to be expected because, in the determination of the stress concen-
tration factor k and the damping factor g, data obtained in tension
was used. However, when the theory of recessing is applied to the
tests in bending, with values of & and k determined from the data in
the tensile test, the agreement between the computed true stresses
and the known stresses introduced to the specimen is almost as good
as that in tension, Table 53, Figurz 60.

From the gbove results, it is concluded that the experimental
result and the theory of recessing are in perfect agreement, and
that stresses below the surface can be measured by the recessing
method and corrected for the error introduced by the recessing

operation.

Ge Conclusion

In the investigation of the circular recessing method to mea-
sure stresses below the surface, the conclusions reached are as

follows:



Table 52

The Values of the Terms Apvearinz in Eouation (14) to Calculate True Stresses in Recessing

gggzzsoi (2 + k)z e—9.05z et9.05z Sﬁigzz:n§| gt oT9.05u sz sty et9.05u g.uen
0.0 0000 o ;Y 30,000 30,000 0
0.1 04905 0.4041 2,472 28,500 70,452 5,023
0e2 1.810 0,1641 6.1101 24,200 147,862 15,939
. 03 2.715 0.066 15.104 17,300 261,300 36,397
0.4 3.620 0.0268 5Te BT 11,000 410,607 70,000
0.5 4.525 0,0108 924296 4,080 373,800 111,000

#* from Table 46 and Figure 58.

e+9.05u

#% Area under the curve, where S'y is plotted versus the depth of recess, z

= 0DIL =
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Table 53

Stresses introduced to Specimen V in bending and stresses

computed from the messurement in recegses

Depth of Stress Stress Difference Between
Recegs =z Introduced Computed the True Stress
in Inches in Psi in Psi and Stress Meagured

0.0 30,000 30,000 0

0.1 24,000 23,935 - 65

0.2 18,000 18,335 + 335

0.3 12,000 11,896 - 104

0.4 6,000 6,780 + 780

0.5 0,000 1,350 +1,350



Table 54

The values of the terms appearine in ecuation (14) and true stresses computed from the data

obtained in the one-half inch dismeter recess in tension. Stresgs fisures are in psi

Depth of
Eecegs z

in Inches

0

0.1

0.2

0.3

0.4

0.5

Apparent
Stresg* S'y

30,000
34,800
37 4350
58,400
39,050

39,500

SI 99.0511

30,000
86,025
228,208
580,000
1,458,000

3,644,635

% Deta from Table 49 and Figure 59.

#¢ Arsa under the curve where S'y et9+05u 44 plotted versus the depth of recess z.

# 7 o

g8 /St 9:05u gy

5
000

5,790
20,300
58,000
152,000

390,000

Computed
Stress®™ S

20,000
29,540
29,660
29,800
30,037

50,000

Deviation from Stress
Introduced, 30,000

00

-460

~-240

= 39T -
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(1) In a specimen with uniform stress, the effect of a circular
recess on the stress measured at the bottom of the recess lincreases
with increasing depth and reaches its maximum at about a depth equal
to the diameter of the recess. This maximum is about 30 percent
higher than the stress introduced to the specimen, for a recess of
one-half inch diameter, and higher for a larger diameter recess.

(2) The effect of the stress in the transverse direction is
less than eight percent of the transverse stress, which can be
ignored, congidering that x-rays are to be used exclusively to mea-
sure stress in recesses and the accuracy of the x-ray method of
meaguring stresses is not better thanVBO percent.

(3) Stresses introduced by recesses can be corrected easily
and accurately by the theory of recessing explained above.

The above conclusions are for specimens large enough as compered
with the recess, so that the stress pattern in the specimen is not
altered by the recess.

In Part IIT of this paper the recessing method of measuring
stresses below the surface will be applied to a bent plate, and
the results obtained will be compared with those obtained by the block

method.
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PART ITT

APPLICATION OF THE RECESSING METHOD TO MEASURE STRESSES

THROUGH THE THICKNESS IN A PLATE BENT BEYOND THE

ELASTIC LIMIT

XIV _RESIDUAL STRESSES IN A ONE-INCH THICK BENT PLATE

A Investigation

In practice, when metal plates are bent beyond their elastic
1imit, thick plates fail with a brittle fracture while thinner
plates of the same material do not fail for the same percentage of
plastic deformation as the thick plates. In the x-ray laboratory
of the Department of Metallurgy of Massachusetts Institute of
Technology, Mr. Kenneth Bohr has undertaken the problem of measur-
ing reaidual stresses in plates bent to one percent plastic defor-
mation on the surface. Specimens of three different thicknesses
were to be examined in order to determine the trend of the stress
pattern with increasing thickness, and the size factor, if any,
causing the brittle fracture in the thick plates. The thickness
of the plates was one-half inch, one inch, and one and one-half
inches, respectively.

The block method of measuring stresses through the thickness,
described earlier, was to be used to measure stresses. It was
decided that stresses in the one inch thick plate should also be
measured by the recessing method, using a recess of one-half inch

diameter.
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B Preparation of the Specimen

The specimen is & mild steel plate, one inch thick, six Inches
wide, and twenty inches long. It is surface ground to remove the
oxidized layers on both faces and stress relieved by heat treatment.
The stress, measured by x-rays on the surface of the specimen after
heat treatment, was found to be 1350 psi.

Two SR-4 strain gages of Type A-3 are cemented to the specimen
to measure the percent deformation in bending, Figure 62; and the
specimen is bent in a Riehle Universal testing machine of 100,000
pounds capacity, Figure 47, es shown in Figure 63. The data re-
corded in bending are shown in Table 55. The specimen is bent to
obtain one percent plastic deformation at the surface.

In the bending of the specimen beyond 19,000 pounds, a small
increase in load caused a large increase in the strain on the speci-
men. For this reason, no attempt was made to reach 10,000 micro
inches per inch deformation on the speéimen; and 9943 micro inches

per inch was congidered sufficiently close.

Co  Measurement of Residusl Stresses in the Bent Plate by X-rays

As observed in Table 55, the specimen is bent to obtain one
percent plastic deformstion on the tenglon side of the plate. The
residual stress pattern caused by the bending will be determined
by the x-ray method of measuring stresses, using the recessing
nethod of measuring stresses below the surface.

To measure the stress on the surface of the specimen, the sur-
face is etched ten-thousandths of an inch deep by thirty percent

nitric acid; and the rough surfece left by theetching is polished
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Fig. 59 - Stresses Measured at the Bottom of Recesses

of Specimen ¥ in Tension
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Table 55

The data recorded in bending of the specimen. Strains are in

micro inches per inch

Load in Strains Strains Average Deflection in Thou-

Pounds in Gege 1 in Gase 2 Strain gandthg of an inch
00 0 0 0 0

1,400 222 262 242 -

5,€60 849 209 879 50
10,000 1,404 1,457 1,430 84
2,250 1,808 1,805 1,836 706
14,650 2,337 2,403 2,370 130
17,400 4,101 4,233 4,167 180
18,5C0 6,468 6,588 6,528 234
18,920 7,578 Tyl 58 7,658 260
19,180 8,858 9,060 8,959 290
2,280 9,842 10,043 9,943 314

00 3,252 5,085 3,270 137
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by emery paper Nos. 1, 0, 00. In each step, the scratches left
from the previous tep are removed. Finally, a one-thousandth of
an inch layer is removed by ten to twenty percent nital solution.
By this process of polishing and etching, any possible cold worked
layer on the surface of the specimen is removed, and the surface
is then ready for measuring of the stresses by x-rays.

The thickness of the layer removed by polishing or etching
is measured by a mechanical dial fastened to a three-point supnort,
Figure'GG. Two of these three vpoints ere sharp and are slightly
hammered into the specimen for reference points. In etching,
these reference points are covered by vaseline.

On the surface of the specimen, stresses are measured at three
points, Figure 62, on the line acrogss the specimen, close to each
other; and‘the stresses measured at point 1 are taken as the re-
presentative of the stress at the surface of the specimen. These

measured stresses are in Table 56.

Table 56

Stresses measured at the surface of the bent plate

Location, Stress Psi in Stress psi in
Ficure 62 Longitudinal Direction Trensverse Direction
1 -29,200 +13,200
2 -28,700 410,000

5 -29,600 +16,000




- 169 -

The next step in the experiment is to machine the recess and
prepare it for the stress measurement by x-rays as follows:

(1) The specimen is clamped in a milling machine, and & re-
cess of one-half inch dismeter is mschined, using a centerless end
mill of one-half inch diameter.

(2) A layer of at least 0.010 inches is removed from the
bottom of the recess by etching with thirty percent nitric acid
to remove the cold worked layer.

(3) To smooth the bottom of the recess roughened in the pre-
vious step, a liberal amount of carborundum sbrasive powder No.
150 is placed in the recess with some water, A hardwood cylinder
of about one-fourth inch diameter is attached to the grips of a
hand drill, which in turn is plugged to a Variac transformer to
ad just the speed, Figure 64, then while the drill is rotating at
a slow speed, & piece of cotton is held at the flat end of the
hardwood cylinder, the cylinder is then rotated in the recess
containing the zbrasive powder and water. The cotton holds on
the abrasive powder and polishes the bottom of the recess. It is
replaced with a new piece of cotton before it wears out.

After carborundum sbrasive powder No. 150 has been used,
powders No. 200, 320, and 500 are used in succession to obtain
a smooth surface at the bottom of the recess.

(4) The polished surface is etched with a nital solution to
remove at least a 0,001 inch layer. The recess is now ready for
measuring the stress by x-rays.

At least two x-ray pictures are taken in every direction with
new settings; and, if the stresses measured are not close enough,

the process is repeated.
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When the depth of the recess is increased slots one-eighth
inch wide are cut in the longitudinal and transverse directions
of the plate in order to permit the reflected x-rays to come out
of the recess, Figure 65, It will be shown later that the effect
of these slots on the stress at the bottom of the recess is not
large enough to merit consideration. In Figure 65, the camera
is set for the exposure at forty-five degrees in the longitudinal
direction of the plate. The rod extending from the camera into
the recess is used to adjust the camera, so that x-rays will
stride at the center of the recess at an angle of forty-five
degrees. The results obtained in measuring the apparent stress

in recesses of different depths are in Teble 57 and in Figure 69.

XV _EFFECT OF THE SLOTS ON THE MEASURED APPARENT

STRESSES IN A RECESS

If the depth of a recess of one-half inch diameter is more
than 0.09 inches, the reflected x-rays cannot come out of the
recess while shooting at an angle of forty-five degrees at the
bottom center of the recess. In order to allow these reflected
reys to come out of the recess, a slot one-eighth inch wide is
machined in the specimen. After measurement of stresses in the
recess of the bent plate is completed, another recess is machined
in the plate in order to investigate the effect of the slots in

the longitudinal and transverse directions.

4
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Table 57

Stresges measured in recesses in the longitudinal and

transverse direction in psi

Depth of Apparent Stress Apparent Stress
Recess Recess in in Longitudinal in Transverse
Number Inches Direction S'x Direction S'y
0 0 -29,200 +13,200
1 0.068 -22,5800 +12,600
2 0.125 -11,400 - 5,930
3 0.210 - 4,560 413,200
& 0.347 +11,400 + 9,60C
5 0.480 +10,500 + 8,200

A. Machining of Slots end Results of the Tests

The second recess is machined beside the first one, Figure €7.
The recess is 0.354 inches deep. This depth was chosen because the
stress in the longitudinal direction and the variation of stress in
the specimen are et their meximum et this depth, Figure 69. An
electricsl resistance strain gage of type A-8 (one-eighth inch long)
is cemented at the bottom of the recess in the longitudinal direc-
tion, and the gage reading is taken. Then the slot in the longitud-
inel direction is cut in steps; and, at each step, the gage reading
is recorded.

In cutting the slot, an end mill of one-eighth inch diemeter
is used. Cutting is done in the horizontal direction, starting

from the edge of the recess. At each step of the cutting 2 layer
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0.080 inches from the bottom of the recess, Figure 68, to permit the
reflected x-rays to come out. The slot in the transverse direction
is mechined in the same manner as the one in the longitudinal direc-

tion., The results are in Teble 58,

XVI DISCUSSION OF RESULTS

A, Relaxations Caused by the Slots

As is seen in Table 58, the making of the slot in the longitud-
ingl direction is hardly £1t by the strein gage in the same direction
at the bottom of the recess. The machining of the transverse slot
caused a relexation of -32 micro inches per inch, i.e.,, & relaxation
of stress of -980 pounds per square inch. The sgecond recess in
which the effect of the slots was examined is too close to the edge
of the specimen. There is another recess st the center of the
specimen with another slot in the transverse directiog. The area
removed in the slot of the second recess is apprecisble compared
to the remeining section. Actually, if the relaxation caused by the
slot in the first recess was measured, e figure lower than -960 psi
would be expected because a relatively smell area of the cross-sec-
tion of the plate would be removed, end the area removed would be
further sway from the edge of the plate than is the case in the

second recess, Figure 67.

B. Stresses Measured in the Recess

Apparent stresses measured in the recess in the longitudinal

and transverse directions of the plate are in Tsble 57. The apparent
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Figure 64, A picture of the hand drill and the

Variac transformer.
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Table 58

Relaxation recorded in the recess with the machining of

the slots in the longitudinsel and transverse directions

Depth of Relexation in Depth of Relaxation in
Longitudinal Micro Inches Transverse liicro Inches
Slot in Inches per Inch Slot in Inches per Inch
0.00 0 0.00 0
0.080 0 0.080 0
0.100 0 0.100 -5
0.150 0 0.140 ~-10
0.200 -2 0.1€0 -15
0.280 -3 0.200 -22
0.270 -8 0.220 -02
0.240 -27
0,260 -2
0.270 22

stress measured in the transverse direction for recess No. 2 looks
out of line as compered with stresses measured in recesses No. 1

and 3. The check of the surface preparation for recess No. ?

showed that all the steps were carried out eccording to the stand-
ard procedure used throughout this thesis., HMeasurement of the
exposed x-ray films were also checked, and they were in order. How—.
ever, the probability of e sharp change of this kind in the stress
pattern in the transverse direction in the specimen is smsll., It

might be caused either by a discontinuity in the structure of the
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specimen or en unusual cold working introduced during the machining
of the recess, that was not entirely removed in the preparation of
the surface for x-rays. Cold working in the metal would cause the
x-ray to measure lower stresses. In the calculation of true stresses
the stress measured in recess No. 2 is not taken into consideration.
However, the calculstion was also carried out with the stress in
recess No. 2 included, snd the change in the result of calculation

for the other points was not more than 300 psi.

Gs Calculation of True Stress from the Apparent Stresses lleasured

in Recesses

Equation (14) is used to compute the true stress from the appar-
ent stresses in Teble 57. The terms appearing in equation (14) for
stresses in the longitudinal direction and the results are in Table
59, In Table 60 true stresses in the transverse direction sre com-
puted.

The results are shown in Figure 69. Figure 70 contains stresses
in the bent plete measured by the recessing method with preliminary
results of stresses measured in an identical specimen by the block

method of measuring stresses.

D Conclusion

The residual stress pattern, in a one inch thick plate bent to
one percent plastic deformetion at the surface is shown in Figures
62 and 70. In Figure 70 stresses measured by the recessing method and

by the block method are shown together, OStresses measured by the



Table 59

Calculstion of true stresgses in the longitudinsl direction from the apparent

stress measured in the recess

Depth of Apparent 7
Recess Number Recess z in Inches 0.05z e 2:052 ¢9.052 ayrq.o Sty S',e?.05u £ 81e9-051 gu  True StressS
0 0 08 L i -29,200 - 29,200 0 -29,200
1 0.068 0.615 0.540 1.849 -22,500 -~ 41,600 - 2,410 -19,580
2 0.125 G B B 3.0987 -11,400 - 35,300 - 4,605 - 8,090
3 0.210 1.200 0.1495 6.686 - 4,560 - 30,500 - 7,405 - 2,065
4 0,347 3.140 0.0433 23.104 +11,400 +263,500 - 2,895 +11,682
5 0.480 4,744 0,1298 77.0C15 +10,500 +809,000 +68,605 + 8,500

= BLT -



Teble 60

Calculetion of stress in the trangverse direction of the bent plete from the zpparent

stresses messured in the recess

Depth of Apparent Z
Recess Number Recess z in Inches 9.05z e-92.052 ¢%9.09Z gtregs g1y g14e9-05u {S',Le9-05u du True Stress$S

0 0.0 0. 1. e #15,200 13,200 0 +13, 200
1 0.068 0.615 0,540 1.848 +12,600 25,300 1,240 +11,090
2 0.125 1.131 ©0.525 3.0987

3 0.210 1.800 0.1496 6.686 +13,200 88,200 8,360 +10,380
4 0.347 %.140 0.,0433 23.104 + 9,600 222,000 29,560 + 6,730
5 0.480 3.244 0,01298 77.015 + 8,200 631,000 86,260 + 5,680

= BLT -
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Fig. 66 - The Gage to Measure
the Depth of the layer Removed
in Surface Preparation for
Measurement of Stresses by X-Rays

L
=0

Pig. 67 - Recesses and the Slots in the Bent Plate.

X-TAys X-Yays

Fig. 68 = The Cross-section
Z of a Recess and Slot.
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two methods in the longitudinal direction are in very close agree-
ment while those in the transverse direction are not that close,
but, it must be said again that the results of the block method
are preliminery and further calculations might reveal a closer
agreement.

In comparing the recessing method and the block method, the
comparison by direct answers obtained by the former makes it much
more attractive than the block method, which involves lots of

charts and calculstions to obtain the result.
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RECOMMENDATIONS FOR FURTHER WORK

From the investigstions on the disk and on the plate it is
concluded that.the thickness of one and one-half inches is too
smell for a stress in the direction of thickness comparasble in
size to the stresses in the radial and tangential directions.
Investigations of a two and one-half inch thick plate having a
circular weld at the center, similar to the disk above, by the
recessing method would be very interesting.

In the recessing method the depth of the slot can be de-
creaged if instead of tungsten lines used as reference another
material is chosen that gives lines in the x-ray film inside the

jron lines. Probably aluminum could be used for this purpose.
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