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I INTRODUCTION

It wag reported in 1944 that 422 out of 2993 welded merchant

ships had serious fractures(1)¥*, It was suspectec thet stresses

set up in welding were the main cause of these failures. Consider-

eble amounts of reseerch have been underteken to evaluste the

residual stresses and their effect on the failure of netals(®),

It has been found that the effect of the bisxiel stresses on the

failure of metal is not pronownced(3),(4),(5), but the same state-

ment cannot be made about the triaxial 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 shane.

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 surfsce. These methods will be discussed below.

ra Sf

Under e&amp; load, metals change their dimensions. They expend in

tension and contrect in compression. If the change in dimension is

below the elastic limit of metal, the amount of load ver square

unit length is called the elastic stress.

After different steps in the production of metals parts, such

ss forging, rolling, cutting, welding, heat trestment, et ceters,

¥Numbers in peranthesis refer to the bibliography et the end of the

paper



although there is no external load on the pert, nevertheless non-

uniform changes in dimension in different sections of the part, i.e.,

the heterogeneity of plastic flow, crecte compressive and tensile

stresses, which balence each other, These stresses are called resi-

dual stresses, ss distinguished from stresses caused by an external

Logsd °

Since stress is the first step to failure and distortion of the

metal parts, such as failure under load, fatigue feilure, cracking

and warping in hardening or machining, et cetera, its importence 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 e metal

part, or change in dimension is always caused by a stress. The

ratio of elestic stress "S" to change in dimension per unit length,

called strain "e", is constant for every metal. This constant is

called the modulus of elasticity or the Young's modulus E of thet

metal, This retio S/e = E or S = Ee is used in converting the

measured strsin into stress.

If the specimen had a uniform crogs-section and carried a known

loed, it would be very easy to divide the load by the cross-sectional

saree, and determine the stress. But, in most cases, stress is not

uniform, or the load is not known; and the local strain must be

measured in order to measure the local stress.

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

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



meny longitudinal strips, change in length measured for each strip,

snd the stress calculsted by the equation S = Ee,

This was done to measure stresses in a reilhead(6),(7) « Another

method, used by J. E. Howard(8) and E. Heyn(9), consists of machin-

ing off concentric layers from a round rod or tube and measuring in

the remaining psrt the longitudinal relaxations caused by the

removal of successive legyers, £1, foleeeeef'ne Stress existing at

the nth layer, Sp, before machining, is(9):

Sp of . Hf dn-1
n

. = length of specimen, fp = gectional area of remaining part of

the specimen after turning off the nth lsyer, fr = sectional saree

where

of the nth layer, and dp = change in the original length 1 of the

specimen.

These two methods measure only unisxizl stresses. They assume

bab:

(a) there is no transverse stress

(b) the specimen is of uniform cross-section

(c) machining or cutting does not introduce new strains to the

specimen,

These assumptions limit the application of these methods and

question the reliability of the results obtained, especially the

assumption that there is only uniexial stress and no transverse

stress. In one case, stress measured with the trisxisl method, dis-

cussed below, reveseled more than three times the stress measured with

unisxizl method of measuring stresses (6) ,



A triexial method of measuring strains was developed by Sachs

in 1927(10), ",...which permits the determination of the entire

stress distribution in circuler rods, lesrge solid cylinders, and

thick walled tubes having a uniform stress distribution in the

circumferenticsl direction,n(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 end by removing, in steps, concentric leyers

from the inner toward the outer surface. If (a) is the longitudinel

end (b) the circumferentizl unit strain; after en ares F from the

center of the specimen is removed, longitudinal (s), tangentiel (t),

end radiel (r) stresses are computed by the following equations(1L) \

E_ dv v]S ~ = [(®-F) ar

v E (Fp-F ©-Faf. ofZ| ) er

- FE IF .6
1-ve PA

where Fy, = cross-sectional area of the original specimen, 6 = b + va,

¢ = Paisson'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 deflection of the bar.



De Rosenthal and J. T. Norton developed a method of measuring

triaxial stresses in plotes(1R), This method also employs the

principle 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 strain gages are recorded; and, from this data,

stress distributed through the thickness of the block is computed (12)

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-

briume. 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 o

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.

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

(d) It can be applied to plates only.

Frommer and Lloyd (13) machined off successive circular layers

fron the surface of the specimen and measured stresses at the bottom

&gt;f the recess with X-rays. 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 correction.

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 recessing

method 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 any size or

shapes Thus it is very general in appllcation.

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

plugged.

(c) 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.

\ ° - 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 apply the recessing method

to measure stresses throu the thickness in a one inch thick

plate bent to one HEC SERA at the surface.

In Part I a mild steel disk of ebout nine inches diameter and

one and one-half inches thickness is taken, and circuler 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

plete 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 stress pattern

caused by the weldment. The maximum stress of 12.000 psi is com-

puted in the direction of the thickness at the locetion one-half

inch from the center of the disk is a low figure comvared with max-

imum stresses in the radial and tangential directions, 28,000 and

85,000 psi respectively.

In the vreparation of the disk, its radius shrunk, indicating

the lack of maximum restraint on the weld. For a maximum restraint

a three inch diameter 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 snd on

the plete is that plug welds in &amp; one and one-half inch thick plate

introduces radial and tengentisl stresses equal to the yield stress

of the materiel; but the stress in the third direction, and, there-

fore, the triaxiality of the stress pattern, is low.

In Part II long and nsrrow and circular recesses of varying

length, depth, and diameter ere machined in mild steel flats of

different sizes. In order to produce &amp; known psttern 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 st that layer, and the correction laws are found.

For a long and narrow recess, it is observed that, if only e

umisaxial stress is present in the specimen and if the recess is

about three-gixteenths of an inch wide and long enough to permit

the x-reys reflected from the recess to come out, when taking the

oblique picture, the notch effect of the recess is less than the

probgble error in the measurement of stresses by the x-ray method.

However, when biexisgl stresses sre known to exist, the effect of

the stress pervendicular to the recess, on the stress measured in

“he 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

oroblem in measuring stresses that show a multiaxial pattern. A



-

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 sre corrected by the equstion

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 residual

stress pattern in a steel plate bent to one percent plestic defor-

mation 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

among stresses in the longitudinal direction of the plate.



PART I

RESIDUAL STRESSES IN A PATCH WELDED DISK

IIT TNTRODUCTION

The block method of measuring stresses, developed by D.

Rosenthal end J. T. Norton, was used by them to investigate tri-

axial residual stressed in a one-inch thick straight butt welded

olate(1?), Maximum stress in the thickness direction was found to

be about 3,000 psi. This low stress can be explained by the equi-

1ibrium equation and the geometry of the specimen. If S indicates

stress and x, y, 2z directions along the weld, perpendicular to the

weld and through the thickness, respectively, the equilibrium equa-

tion 15012),

L

des aes 32s dT
— + % + 2 3Xd%2 d Xe dy dxdy (1)

Along the axils 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, Tyy 1s zero along 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

10We

To have a more pronounced triaxial stress distribution, a cir-

cular weld, having more restraint than a linear weld and a thicker

plate then the one used by D. Rosenthal and J. T. Norton, were used

in order to produce a hicher 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

Dag 2H
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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

disks 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 Pfender(14) (1933-34) 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 stress distribution was found to be the same

es in a plate heated in the center to 400° C and cooled in the air,

Figure 1.

Suhler and Lohmann ‘14) (1934) had disks 9.8 inches and 19.5

inches in diameter, and patches 5.2 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

thelr effects on the stress distribution. The Sachs method of messur-

ing stresses was employed.

; EY]

Bierett and Gruning (14} (1934) determined the residual stresses

in the oxyacetylene butt welded circular disks. Patches 8 inches

in diameter were welded in the center of an 80 inch square plate.

The effects of peening and reheating were studied in three speci-

mens, Figure 2.



~

Bollenrath'14) (1935) used the Mathar method to study stresses

in a 24 inch square steel plate, in which was welded a 6 inch square

steel plate.

Gerold and Muller-Stock used disks 0.79 inch thick and 19.8

inches in diameter. The patches used were 1.2 inches, 5.2 inches,

2.9 inches, and 13.9 inches in diameter. The Sachs method was used

to determine the stress distribution.

V THE PATCH WELDED DISK

Ae Preparation of Specimen

The specimen is a mild steel disk 8.9 inches in diameter and 1.5

inches thick. It was machined at the center and plugged with a disk

5 inches in diameter, of same material and thickness by welding,

Figure 3a. It is proposed 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

cnalysis of the steel was as follows:

C Mn P S Cu Si Ni

0.16 0.40 0.032 0.026 0.27 0.20 0.10

Standard practice was followed in welding. The sequence of welding

1s shown diagrammatically in Figure 2b. Welding and shrinkage data

mey be found in Tables 1 and 2.

The average shrinkage of 0,0153 inches in a disk 8.9 inches

in diemeter, observed in Table 2, is congiderable. 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

Welding Data of the Specimen

Bead No.

2,3,4,6

7,3,9,10,11,12

13,14

15,16,17,18

Welding Rod

3/32 inch Murex Type

3/32 inch Murex Type FHP

2/16 inch Murex Typz

2/16 inch Murex Type

3/16 inch Murex Typs

%/16 inch Murex Type FHP

Amperes

150

165

225

240

208

190

Table 2

Shrinkage in Welding

(d is the diameter of the disk in

Before Welding After Welding

dj = 8.901

dp = 8.901

dz = 84901

dy = 84901 dy = 8.885

inches 45° apart )

Shrinkage

0.0186

0.015

0.014

0.016
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B, Procedure

The method used to measure the residual triaxial stresses in

the patch welded circular disk described above 1s that developed

by D. Rosenthal and J. T. Norton{12). In this method, electrical

strain sages are cemented on both sides of a plate, directly oppo-

site each other; and a block containing 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.

Cs Steps in Procedure

l. 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-quarter inches long

(one and one-half times the thickness).

3. SR-4 strain gages of type A-1 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 against moisture and damage in handling. Gages

were numbered 1, 2, 3 seeses 16 on the upper face and 101, 102, 103...

,e01l16 on the lower surface. Numbers with indices indicate duplicate

NoCKS a
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The first strain gege readings sre then taken, All lead

connections are made by soldering throughout the experiment.

5, Blocks ere cut with a band saw 1/2 inch wide and with 24

teeth ver inch. Care is taken to prevent overhesting in sawing.

It has previously been found that the cutting operation does not

introduce stresses of its omn(12),

Relaxation 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 radiel direction. In order to get the stresses,

both in tangentiel and radial directions, strains recorded in the

radisl direction are interpolated for blocks of the taengentisl direc-

tion. Tzble 3 shows the average radisl and tangentiel stresses in

psi, sp 2nd st, respectively, for the top and bottom sides of the

disk, and also their averages, Figure 5. These deta will be dis-

cussed below.

5. After gage readings of individual blocks are taken, the

blocks are split in helf end sliced from mid-section towerd the

faces. Before each step, the gage reading is taken. Recorded dats

and calcula®ions sre in Appendix I.

The stress through thickness of the block, sfter it is cut loose

from the disk. is calculsted from the data obtained in splitting end

slicing of the blocks.



Table 3

Average Radial and Tangential Stresses in psi in the Disk

(Sp is the radial stress and S; the tangential stress)

Block

0)

]

Inches from the Center

de 56

1.125

l.53

1687

2.09

2.25

2.831

2.31

2 eB

2 e327

2.937

3.927

Top
—

+28,000 +28,000

+34,300 +29,4500

+42,300 +20,200

+26 ,300 +30,730

+36 ,620 +28, 350

+23,960

+28,600

+29,920

+21,330

+14,080

+11 4030~21,740

-26,421

-27 ,960 380

Beo*+om

St —Sr

+28,0560 +28,050

+33,960 +26,170

+26 ,320 +20,500

+21,640 +204550

+21,000

+22,240

+28,150

+28,220

+18,100

+20, 740

+ 9, Ld

+18,500

+11,440

+25,925

+20,300

~18,800

~11,060

-22,240

-24 9° 3D) 357

L20

Averages

St Sr

+28,000 ~~ +28,000

+34,430

+34,310

+23,970

+27,560

+27,830

+25, 350

+25 ,640

+24,650

+23,100

+28,370

+29,070

+20,000

+17,400

+10,420

+ 8,945

+27,000

+20,550

~17,850

— T45¢5

-25 9" 3  203

-26,500 RE 5,90



This remaining stress is superimposed on the average stress in order

to obtain the true stress at any lsyer of the disk. Calculations

are shown in the Appendix. Average 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.

JL PATCH WELDED INTO A LARGE PLATE

A shrinkage of 0.0153 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 plete.

£ __ Preparstion of Specimen¥*

Specimen is a square, 24 inches per side, of medium carbon

steel plate, grade '', Navy specification 4885 (INT). A patch is

welded at the center of the plete, similar to that on the disk,

Figures 11 and 12.

i

ls Plate is flame cut to size and machined for welding grooves

Figures 11 and 12.

*Many thanks sre 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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o&gt;, Plate is stress relieved as follows:

Specified Actual
—peclllel en

Heat at 50° F, per hr. 50° F, per hr.

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

Cool at 20° F, per hr.

Z. Patch is welded to the plste.

(2) Plate is preheated at 200° F.

(vt) 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

Electrode AmperegBead

L 5/32 inches 120

2/16 inches 160

3 +0 8 3/16 inches 180

Volts, DC
Reversed Pole

26-28

3

Explanation

blocked in

1 inch in-

~rements

continuous

continuous

The excess metal of the weld on the top and bottom of the plate

is machined off with a plsner, ground with a hand grinder, and pol-

ished with emery paper, No. 1l. Electric resistance strain gages of

AX-5 type, ie.e., cross gages thet measure strains in two perpen-

dicular directions, are cemented symmetrically on both sides of the

plete, as shown in Figure 13. Thus, st each point, strains are

neasured in radial and tesngentisl directions. The plete is then cut

to the sgize of the disk and relaxations recorded for each point.

The disk is then cut into individual blocks and the total relaxation



80

£ _10

:
= =20

 30
£3

40
 vv oJ 1.

FRACTION OF THICKNESS
- at the center

--

™Y

00

1°

or

0 2 ol, «8 8 1.

FRACTION OF THICKNESS

1 inch from center

g-
a

~
or

4

¥

10

00

g

g -20

R30

E

=10

5"

—
Th

N .

—

be

*

N
A

0) ol +A «0 -— l.

FRACTION OF THICKNESS

4 inch from center

00"
0

»Tr

1C

00

J

~~

22 od «6 oH 4

FRACTION OF THICKNESS

14 inches from center

Ea
7

-

a”
™

2 oh «8 od dbs &amp;

FRACTION OF THICKNESS
2 inches from center

Fig. 10 = Stress in Thickness Direction-in the Patch
Welded Disk at a Distance of 0, 4, 1, 14 and 2 Inches
from the Center of the Disk.

Stress is measured from the straight line
connecting the two ends of the curve to the curve.



|

nen

Un

Fig. 11 - The 1% inch Thick Steel Plate with the

Patch at the Center

]

C7
6

+

-j"— i

An ot 3/32

3" h +

- J v

o— 1H —

Fig. 12 = Full Size Detail of Weld Joint at the

Center of the Plate with Dimensions and the Order

of Weld Beads.



©
BOX®————-@OI

Jord ia
(5)

-

™
»

!

Scale, ® —yr—

Pig. 13 = Layout of Strain gages on the Plate.

This Figure Shows the Central Fart of the 2 Feet

Sauare Plate.



 -_

3

410

A
1

y Radijal

:
= 30

3 ) Tangentir'l
"3
. 4

}

ne “Radia.

P rare.
da

1

,e

J)

DISTANCE FROM CENTER OF PLATE, INCHES

a

Fig. 14 - Average Radial and Tangential

Stresses in Plate.

Lower Curves are the Result of

Relaxation in cuttinc the Plate to the Size
of the Disk ( 9 inches in diameter) and.
the upper Curves that of Total Relaxation.



L

To |

*14,Q000
9

00

\

ih

ol

C
/

=.
a &amp;

&gt;

a \

Agy

J To

*14,000 -_—
RE i. i

=»

J 2 £0 10 50 I )

STRESS, 1000P&amp;I STRESSIN1000PSI STRESSIE1000PSI

Block3Block1 Block 2

Eile 15. = D1. "hy%tion of tan ratial sL. - across the thickness of the
te.

Straight lines - average stress

furves - artoal stress

rateh melded

¥
hy |



4

In the case of the plate, the strain gages were distributed

more at random, and scattering was eliminated by taking the average

of 211 the points.

As seen by the shrinkage of the disk 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 tangentleal

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 tangentiecl stresses of the disk. This

addition was indicated by the assumption that, if the disk had a

diameter comparable to the plete, 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, considering the differences

in material and preparation of the two specimens. In machining the

specimens s 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 than gt either. Similar results were obtained by Bilerett

and Gruning(14), Figure 2. In both cases , radial stress did not

show a hump but stayed_constant near the center of the specimen. Iu

the plate, the hump occurred at the weld, both in radial and tan-

gential directions.
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The true stress distribution through the thickness, shown in

Figures 6-9, for different blocks in radial and tangential direc-

tions, indicates that, in the base metal, i.e., in blocks 1, 7, 8,

the variastion in stress through the thickness is negligible. This

conclusion is in agreement with the work done by D. Rosenthal and

J. T. Norton(18), In blocks 3, 4, and 5, which are 1.12, 1.53,

end 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 Ba 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 was cut

and etched, Figurz 17; and it was observed that the section 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 ir

compression, and the rest is in tension. This rule suggests that

the stress in the midsection of the plate 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 connecting 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

planer and by the rapid cooling of the outer layer. Indeed, at the

center of the plate, where there was no machining operation, or

such 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 away 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 tangentlal 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.



Figure 17, Cross-section of the Welded Dick

Showing the Bridge Between the Patch and the

Disk,
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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

away from the center at the midsection of the plate. One inch awsy

from the center, this maximim drops down to 2,000 psi; and, one inch

and one-half sway from the center (which is also the center of the

weld bean) and two inches awey from the center, it drops down to

~-6,000 and -7,000 psi, respectively. The maximum triaxial stress

ratio Tp, defined by the equation

Sx++ So
&gt; 381

Ip -

where s; so Sz are the principal stresses, is 0.73(17), According

to this definition, the triaxial gtress ratio of a simple tension,

sp = sz = 0 1s 0.23, that of biaxial tension, sy = s5, sz = 0, is

O.€6, and that of a hydrostatic tension, s7 = so = sz, is 1. Com-

pered with these figures, the maximum triaxiality of 0.73 found in

the disk is compsratively lowe.
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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 smsll size disk. In the

large plate, stresses are much higher because of the maximum re-

straint on the weld, Figure 14.

The dick is of mild steel one and one-half inch thick and

sbout nine inches in diameter with a three inch diameter patch

welded at the center. The size of the plate is two foot square

end contains a patch welded eat the center, similar to the disk.

Then stresses from the partial relaxetion 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 msterisl and preparation of the

plate and the disk may account for this varistion. 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 rust also be observed that while, in

the plate, Figure 16, the slope of radial and tangential stresses



always have the same sign, in equations 3 and 4%, used for calculatlons

of stress in the third direction, the derivatives of radial and

tangential stresses have different signs, resulting in even lower

stress in the third direction in the large plate than in the disk.

The true radial and tangential stress distributions through

the thickness of the specimens, Figures 6-9 and Figure 15, show un-

usually low points 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 3b. The patch welded to the large plate 1s 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 omitted, the

variation in stress through the thickness in the plate and in the

disk is below 16 percent of the average in the welding zone. Out-

side of the welding zone, the stress through the thickness is almost

uniform.

GRE

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

For sny point slong the radius

2 2
d~8z _ 4%5r , 2 dSp _ 1 dSt
aze dre r dr =rdr

and for the center of the disk

2 2 2

So = 2375 _ d%5¢
az dre dre

4



The expected high degree of triaxislity 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 slong its length, but not the

steep variations of stresses. As explained previously, even lower

briexielity 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(12) , one assumption

is that, after splitting the block, there is no stress in the di-

rection of the thickness in the two parts obtained. This assump-

tion, however, is not necesserily valid for a thick plate. In

the second place, increased thickness increases the length of the

block, and steep gradients 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 pattern which would help to develop a method to

neassure 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 tsken

eR
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IX APPENDIX ON THE DISK

DATA AND CALCULATIONS IN MEASUREMENT OF TRIAXIAL RESIDUAL

STRESSES IN PATCH WELDED CIRCULAR DISK

The following tables contain all the operations performed on

the disk and the corresponding relaxations recorded after the elezc-

trical strain gages were attached to it. Before each opersticn,

such as cutting of the block, splitting, et cetera, gege readings

were taken,. and relaxation for each step and cumulstive relsxatior

for splitting =nd slicing are shown in the respective columms for

top and bottom gages of eech block.

From the Tebles 4 to 13, the relaxatiors in cutting the blocks

free from the disk will be considered. These sre the average

relexetions through the thickness. The average radial and tengen-

biel stresses in the digk are ovtaeined from these relaxations in

cutting off the blocks.

Relaxations in splitting the blocks and in slicing cannot

change these cverages. They will be used to calculate remaining

stresses in each layer considered; and these, in turn, will be

added to the aversge stresses to find the true stress distribution

through the thicknegs of the disk at definite points along the

radius in radizl and tangential directions.

Radial strains in blocks 11 to 16 are plotted versus the

distance from the center along the radlus, and corresponding values

For blocks 1 to 10 are interpolated in order to have radial and tan-

gentlal strains for the same points, that is, for blocks 1 to 10,

Table 14, Fisure 18.
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Table 14

Strains, Micro Inches per Inch, Relaxed in Cutting

the Blocks 11 to 16 Free From the Disk

Radial Relaxed Strain

Block No.

|

12

13

12.

14

14,

15

16

13aad

Distance from Center

l .:53

2.0

2.25

2.25

2.875

2.875

2.08

2.31

303]

Top

+702

+790

+788

+822

+825

+327

+706

+5351

LE O4

Bottom

+443

+655

+804

+724

+752

+736

+706

+539

487
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Table 14 shows the strain relaxed in tangential and radial

iirections for the top and bottom gages.

The strains in Table 15 are used to coiipuce stresses at each

point using the equations

+ vey)
E(ep %:a T —

Sp =X 4

371

Su = E(et, + ver)
1 — ve

whereE= Young's modulus = 30 x 108, v = Poisson's ratio = 0.3

2+ = strain in tangential direction, and e, = strain in radial

Jirection. The results are in Table 3.

The averace radial and tangentisl stresses are plotted in

Figure 5. 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 + 11

the disk ar.

; fact, it L353 concluded that tangential stresses in

symmetrical and that these two curves might repre-

sent the ups-v aid 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.



Teble 15

Block No.

{J

|

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

Remaining Relaxation (Splitting and Slicing)

__ _. Bottom

Radial TangentialSR 28Ng ential
2p Bt

Distance from Center

Radial Tanzontlal
—— ———l pets

Cp es

F724 +661 +724 +681 -400

+873 +926 +710 +5865 -160

+1028 +722 +700 +465 + 80

567 +620 +700 +450 +160

+706 +510 +240

-164 +122 +750 +700 +500

F514 +511 +800 +760 +330

+368 +408 +EZ0 +760 + 20

-752 -752 +&amp;Lo +760

-471 +540 +480

-820 +540 +480

-869 -798 +380 +370

=909 &lt;810 +200 +170

“A000 -152 ~152

e585 -200 -250 -106

1.125 -294 -240 -300

leH3 LOBES -260 -130

1.687 -214 270) 255

2.09 +198 ) 208

2425 ~214 +115

-100

-1%78

Ce SL 2A -19292

P.81 ~9086 .100 +220

Yi 3 50) r 56

5437 -190 J
3

iid -188

2937 2138 J -192

2.937 C30) { = 202
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So far, the average 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), (Reference 12, eq. 23).
a

ow ] ft no

5g = BE | de® - 2(e" - ef?) +e z(1-a) et — et da +
¢ aa “aE

5

0 0

(Ba-4)ef+ (1-a)|

In equation (2)

BF = Modulus of elasticity

a =. Fraction of total thickness removed

O

ot = Total relaxed strain measured on top gage for the

posininn

a
24 = "ge relaxed strain on top when splitting the block in

ha

In order to obtain the values of the terms at the right hand

side of this equation for d = 0.5, 0.6, 0.7, 0.8, 0.9, 1.

The relaxations in splitting and 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 28 are recorded in Tables 16 to 386.



00

Bottom

A

Tov

He
a

ww

A

a
a -60 .

 |

:
i,

rd

\

|

5 180

\
3 4

FRACTION OF THICKDXNES S

3

Fig. 19- Strain Relaxed on Top and Rottom in Blocks No. 1

and 2 by Splitting and Successive Slicing from Mid-section
Toward Foth Faces



— aJ

Bottom Tap

al

x Y

«120

-

7

= =180

4
2

| 1 Lodo

-300

J)

f

FRACTION

A]

3

\
1

A

OF THICKNESS

7
7

Fig. 20 = Strain Relaxed on Top and Bottom in Blocks No. 3

and 5 by Splitting and Slicing from Mid-section Toward

Roth Taces.



IN

Bottom |Tv.: WB

y

f

/

|

180

120

2

=

2
hm3

680

ob

=
00

4
2

-
he

5 «60

/
Lr

7

120

/

'=180

FRACTION OF THICKNESS 3

- i laxed on T and Rottom in Rlock Yo. 4

TE ting and Successive s1ieing from Mid-section Toward
Both Faces



Bottom

\ f

To.hy

yt,ed

CE

Jy

+

5 \
-60 '

1

:
-

:
3

8
R

«120

\

¥+
7

5

!

f

yy:

Id

/

«240

A
Lr

-300

 3) o£. IY oJ 3 : l.

FRACTION OF THICKNRSS

Fig. 22 « Strain Relaxed on Top and Bottom in Bloeks No. 7,

8 and 9 by Splitting and Sucgessive Slicing from Mid-section
Toward Roth Faces



Bottom Top

#0

360

A

PF

A

240

] /

~7

120

-

on

fon
j

.

/

-240

 v7

7

&amp;
PPA oz oy «3 rn

FRACTION OF THICKXN®TSS

Fig. 23 - Strain Relaxed on Top and Bottom in Blocks No. 6,

11 and 12 bv Splitting and Successive Slicing from Mid-sec-

tion Toward Toth Taces.



\240

\

\ 10.N,

 8B
o 1800

TT

v

120 ©

"*

=

3
£

60

3 L

E

Bottom

R20...
Br~

r

LaPp ~~
| rm _

TID

~ 4
po

{

/

J

y

a,

J

/

/91

[, )

-60

2 ol 8 8 l.

FRACTION OF THICKNRSS

Fig. 24 = Strain Relaxed on Top and Bottom in Blocks No. 8,

91 10 and 10; by Splitting and Successive Slicing from
1} d-section Toward Roth Faces

al



Bottom

|
J

19p

[8%
“

/

300

5 |
pe

240 134
megan.

13

/
ny

“-

 on

-

oC
&amp;

-

1

=
of

|

An

¥

\
Rh

a

60

00

o le

FRACTION OF THICKNESS

Fig. 25 « Strain Relaxed on Top and Rottom in Block Yo. 13

and 13; by Splitting and Successive Slicing from Yid-section
Toward Both Faces

0)



Bottom ipLA

a1®
&gt; a

163

a0

c
ay »

/

3

-

200

i®

14.

«1

» Togdfl

~- 18

NY"a
Ln

= |
_eo/

=&lt;]
3

Ed

”

¢
y

/120

3
3

f

180
J .e o% +3 1,

FRACTION OF THICKNESS

Fig.26 - Strain Relaxed on Top

15, 16 and 16, by Splitting and
Mid-section Tward Roth Faces.

and Bottom in Blocks Wo.l4,
Successive Slicing from



 ru po

16

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

for the Computation of Stress Relieved in Splitting and

slicing of Blocks

3 L0G, T )

ed
sd

4 ol =
n oo Qjee l
a od ot -

0 £2.8D

wt 9458© Mo 4+ot
0 QA 0
Q tr

OC DO PL,
Im+ [D&amp;O

SEHspd ord oped
© PO

S85
Xk

} o

AYE

lg
0

© wn
oJ

ij a Q -
} +om

aq = oS wm
. oo

wn £
cL. Q +

rN T

« x

~s =p
 od og] gd wn
Q ~ O

+2 42 a +2 -
ogo OrWw
0 Ow QO Gg wn
$+ &amp;) © ~ 4©
Ha OH Ldke
og+L’OO
™ 4+ Ww DO SS 0m

o

o
°

—
'n

©

sj

oO] d
1} 4

= |e
Ofer

oo”

~

580 0

4,384- er 5,15Cgo 70 706£  y
*oe) 10 - 225 250 12 i

3¢] 18 - 153 655 96 L 1.324L WDA 1,554

77730 34 - 400 -180 + a~d+ Ph

-176 .180 -1500 -18,000 -9%4 L wa ogo) R8

Bn 0 { =-400 A404

~12,100-1¢ »20014,200

 &lt;4 LOC K ] 0 Tm 0 M

p we 10 § - 540 4 54:04 5,220F 5,220
4

yO 10 20) 20 125 arn Denk 7086

yp 18 26 ~ 166 289 26 I " (

3 14 54 - 380 - 1,350 08 36

200f 235}

424

39 39 500 ] 9,800 -573 235

LO ~-152 -162

060} 5,770} 5,770

For explanation see bottom of page 88



~~

ae

17
Table - Tabulation of Data Taken from the Curves, Figs 19 to 26.

for the Computation of Stress Relieved in S»nlitting and

slicing of Blocks

BLOCK T 0 -
-

elM_gh©
=

aw 33-4 3 =

oO oo Qo
&gt; ou

a wd ert =»
0 +L 2 .H YY

4 ts gus» NM 42 ord
oO Qed O
Qo. ~~oe
= QO £4

 oy + OO ww

0 i =

&gt; 8 ol 4
ort ord ot agiod
+2 42 0

S85
Eg
50so
 YY fyee

» =x
Z = — = =f

oO wn ag dwn] d [4p]
~~ J QO A Q

If a DQ eo 2 Pe +» -

| +2 ow og vw OrUw
= je 3 om QO Om QO QC Ww

_® Qo 4 &amp;) © ~ 4 Q©
WN £ og ordie

N° 0 O Gg + Oo @ +
Dw Dam TY&amp;4

”

©

= |

®t o
bt

= 1
Djr

. 9 70 J -203 | +1,130}-14,50¢

| 2,400
| 41,720, 400

| +1,165%+ 2,50¢

1,270 | -1,495k 800

6,900

7

oy 94 DA | 247 150 &gt;?

-122 59 -283 S577 A490

-156 36 -3285 - 2,150 -157 + 990

-206 -138 -880 ~13,600 807

1 ry | =Z00 -2Z0)
| -8,100= 4,800

I

3 0 C {  ER 0T D0 M

IS

+1,150}14,50VJ 32 _ 76 360

ry
tt 25 15 A= 50} 5,300

727k 8,800

6534 6,60C

1-2,940k 2,400

|-25500 2,200

2 10 O00 £18

J 42 10 9270 YEN 555

- 72

-1.06

10) =300 30 28.4 2,500

Lael) 74 2,220

For explanation see bottom of page 38



30

18
Table - Tabulation of Data Taken from the Curves, Figs 19 to 26,

for the Computation of Stress Relieved in Splitting and

slicing of Blocks

BLOCK LG

jeM-gh ©

5z

U4 od =
0 oO = ©

&gt; 08
0 wd oo £5 -

oO PP8
~l S ge A» — +7 ert
0 3 ded 0

o . Sop of ed

I4 OO Oy
Fg 2 OD 4 OW

a,
-

| ogy
ord ord od
© 0

Q gr—~ —~
gg
Ses

2! @of
0

ro 0
~~ Le!

11 QD eo
1 PE)

ww gp 2

= Slry YD

A 6
 od dvd wv)
© A Q

+ PP oe 2 ~

od OH|
C0 nl ogo
$+ &amp;0 0 od ©
Be 4rd
og+ ogee

TY HC DD MW

- 7,410}22,200

solv oa1l 4,600

®

£
oO

—
wn

©

= ~~

ol @
ijt

= [—~

Olver

» 80 nN 5,200

A -170 -110 -1,120 687 3 tH

3

-260 -=-200 300 R 420 + 5,100k 2,300

2,940 4,640% 2,700

-14,280|-16,800+2,100

2,864 | 7,000 8,230 - 4,200

-292

-294

=-239 QA) - 5,800

234 |} 23,400

€- J -2904 -92324 Wa

3 I. OC K

50 - 6,450}- 7,600 }22,200

L25i+ © anol 2001 8.000
515+ 1,120 41,330 10,500

150 l 200 253 +7,800

BOTTOM

") ~1,04C

» 20

~-100

-123

-188

=200

10 132 250

&amp; 50 146 5586

7%
f

Z44

.~13,800-128 -1,02C -1,380 I 6,600 7,760 — 3 9 400

A.6,400
1.0 ~250 | | 7,500 1 8,820

Hh.

For exnlanation see bottom of page 38



19

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

for the Commutation of Stress Relieved in Splitting and

slicing of Blocks

BLOCK T 0 L

ef.gh©
a

wr “334 od ©
5 og |

&gt; O04)
a owt ord 2 ”
0 +2 PH

ot TELE» — +

0 33H©

fH BTR"

Fry DD Hn

oo of =

£8 Wg
20

380
gan |

a LH

[1] ul

1{ 8 QO -
i +2

= fj Sw

2 22~ wm 3
. Q

ry

|

x A

r—H= =f
9 dni wn
O AH Qo

= JO ef + -

ogg nl oH~uw
QO Ow OgWw

+ 8&amp;0 O fi ot O
OW ordfe

og + Og +
DL OHTm

0

= jr
ol
ijt
=
Qlner

+104 3) 488 -1,920 ~2,260

-5,520 Fe5,600

L 7,250

+ 2,00C

+ 3,600

5 +124 20 1 22 125
~

9 4.690
~

+134 20 -162 224 i 28.5 -3.,860 -4,540

£282

+1,950 +2, 300

+136 ZO +280  x1 S00 + 80 le 240

+182 L. 73 +680 +7.800 +465

1.0} +252 +448 [+4 ,440 Is ,220 H 40C

3 LOCK B CT TOW

30) - 340 2,040

4,284

2,976

2,400

5,050 rene+ 1,00C

“+ 8,40C

+ 6,600

- 2,200

13,000

of

-101 : 88 290 oF

 BH 91 z7 +1892 244 - 57 3,500
¢

- 79

-104

-130

19 tT 80) a7s5 1- 92 72 I 85

A. =3680 -4,400 1-210 1,280 L1,510
1.0

70 2,100 Lo, 470

For explanation see bottom of page 34



i

R0

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

for the Commutation of Stress Relieved in S»nlitting and

slicing of Blocks

3LOCK m ]

ef_gho
 re”

oy

od =

oa S% |
&gt; ow

o owt o£} -o
oO 28a
rf +&gt;
2 oN A8es
Q Qo O

3 Eadafu © ©
 ry 2 7D 02 Ww

EEN 5

3%: ogPo

3 8— Ro

gg
AoE

0

© wn
~~ Lo]

1] a QO «
| +2 0

edt] BL]“Ne”

\ eo] 88
. O 42

ry ©

”

— =

 og dul] d
QD oH No)
+2 PO el ”

og wm OAwn
QC Ow OC ag Ww

$+ &amp;) © ~ ort©
- 5 OH Hd

QO @ + QO Gg +
0D $$ or 0D 4»

nw

=
wn

©

= l~

Ol ad
1!

= jr

Ol~r

-

’ =-120 0 i

i+ 5,640+ 6,650 5,65C

+ 5,25C+ 6,170- 2,57(

1,38G+ 1,6204 1,450

1,147 - 5,200 6,120 4,80
- 2,52 2,960 2,50¢

6 -2564

-278

-124 — 49¢ 775

7 -148 54 - 1,645

- 3,550

-11,600

=

5
"a -272

-246

-142 1 120

J | -118 t 296

i.0 | -214 34

3LO0C K BOTTOM
EYRE.4

T

-110 N

A4,680} 5,500 1,900

» 6,990} 8,250% 6,500

2,886 3,370+ 6,000

8,120 7,200- 1,200

7,350 8,650117,70C

- =270 -160 810 | 1,000 50

-324 214 202

| ~ 5,900

184

-Z46 226 L 138 560

-354 -244 | ZO ~2,075

LO -Z585 -245

op

flor explanation see bottom of page 38



21

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

for the Computation of Stress Relieved in S»nlitting and

slicing of Blocks

3 L50CK i, N =

fey

wed

— 3 =
2 &amp; 0 cf Q

7 oP 08)
a odedSO-
O €} + +4A8&amp;0

i 8S 88F©» Md + or
2) = QedO
« Eg A
 CS 3 0 0
ep 4 "Y $4 OY 0

AN

&gt; 8 dl =| ©al wi ols
L$ 0

— ~~

EN3

 &lt;3 0Cc
YR, a

+284
-

364

 DO +286 20 864

-208 -178 S50

+172

+178

=219 8

-2086 § 104

~
4 +198 4 -]1 838

$ Fy
N

ad z

J +504 Y ~1,536
7

CO
+184 -120 1,138
f= B84 =-240 1,136

10 ~344 L 380

-130

-208

434 3186

 0 | -512

For exnlanation see

©

= [~~

ol
i] 1
=]
Ofer

a 550

-1,955

-5,300

-20,600

750

~ 8,600

-43,400

hottom of

D

©

a
 «© = je
CQ
- wy

2

of
DO =

» wv

5
2 ©
EX
QO
K+

0

~ x

— = =f

 og dni 2 |
DO ot QO
©POa] -
oguw Or

Oo Ow OC w
+ 00 $4 ot ©
HOS gd KM
oad oO ag +

Th 2) 0 Sm

-19,000-22,360-14,000

5,257= 3,830 5,80(21

137
~

ad O— 2,600

A67 + 6,138 7,2104 70G

t 3,330 35,9200 7,600

- 5,670 6,060) 5,000

1,762

oo]

- 0 T n 0

-19,140}-22,5501-14,000

- 8,50010,110F 4,700

201 k 2,760} 3,250 850

768 I 6,240 7,540} 35 30C

l+ 210k z18l 4,250~7 368

Fis y450]-13, 200}-12,500

nage 3



Bd’

RR

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

for the Commutation of Stress Relieved in Sy»plitting and

slicing of Blocks

BLOC ¥ T 0 r

efl-eh®
2 3

+ 3 =
~ 0 o Q

&gt;Oo
a ted 5 om

° aay, © 4

sc HAYES S
0 @ ot ©

Mo. —~
=~ © Or

fra 4 ODO HH DW

© of
&gt; og

od od od
P 0

Gg— ~~

gg°3 rr

3 0
TY fa ed

og
9

© 0

1] &amp; QD oe
} Pw!

% 52
 OMA BR

° Q 42
» ry

©

ja
 Oo

—
wD

o

- jr

DO] do
i] 4
=i
Qlsr

=108
la

v -494 248

A -168 50 -640 375 13 |+1,333

-234 -128 -392  -— 1,400 35  +3, 950
-268 -158 -144 - 3,950 335 |+2,400

-1,267|-4,110

|=54120

-254 -1486 +300 ~14,600

LO -212 -104

3 LOC WK 0 T  Mn 0 M

Se

he,

-100 3 -4.28 230

4 | -132

-158

-174

178

-178

20 -92834 20) 3 h1,890

38 ~240 R4.: 123 1,605

74
i

| mang a8 ro 1,850 181 “ 600

73 3 7,800 651 l-3,000

., 340
1.0 |

winged:| 78

For explanation see bottom of page 38

x *

= =f
 oS gd nv,
QQ A o

+&gt; 42 or +2 -

Og ow Orwm
On] oguw
 + 0 Of HO
2K BodNH

O GF + Oo ag +
™ 4 Wn tD) wm

40

I 41,57 -6,80C

l +4,65d ~3,00C

+2,82d +2,200

| ~4,840 +4,800

sor 500

290] -9,000

+2,220 -4,470

+1,890| -1,100

+ 706]+1,600

~3,530|+5,000

1 =2,750| -4,500



3
Table — Tabulation of Data Taken from the Curves, Figs 19 to 26.
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for the Computation of Stress Relieved in Splitting and
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Table — Tabulation of Data Taken from the Curves, Figs 19 to 26.

for the Commutation of Stress Relieved in S»nlitting and

slicing of Blocks
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Table —- Tabulation of Data Taken from the Curves, Figs 19 to 26,

for the Computation of Stress Relieved in S»nlitting and

slicing of Blocks
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Table — Tabulation of Data Taken from the Curves, Tigs 19 to 26,

for the Computation of Stress Relieved in Splitting and

slicing of Blocks

BLOCK  ~~ iL N LV

elt _gh ©
~~

og 3 =

e © od QO
7 &gt; 0 &amp;)

gd 38 oe
oO 42 4 80

ry Ss gun2 — +2 ord
Q Qe©
© - = ed

$4 © 2H
[ry 0D Rnwm

ray i
25H ds
+ + Ol

2 a ul
3 o
22H

D

i! hag In] =]
~~ od Poa oO

tj DO = + 2 ea + -
) Ow og wm OO Wi

© = le 3 wm Oo Ow OG Ov]
; Qo “4 Ro $4 ord ©“ hfs

Nc Oo 42 O 3 + oO @ +
© ow DY) 2 OO ~ wu

16,650

5,470

5,750

©

= l~

old
ii
=|

QOlner

3 +252 a 228

6 +344 Z64
~

9

~
+388 8 264 1C.

-~

+424

+468

f. 76 [3 Z264 += 1,900 51¢

2 +114 428 +11.,400 - 790 + 7,02 8,260

5,650Lal) i +512 +160 + 4,80(

BLOC K 30T TO A

wv, F276
~

320 ~14,04 16,060

4,€70

fr 2,120

s
yO | +200

+144

- 94

76 R08 ATS - 3,970

-120 Hk 1,800

-420 H+ 3,550

2900 H 2,670

13,000

-132 A24 1,470

2
-182 fm 640

-27,200

f 4,060
=279 -1,160 3,140

15,300
140 | -160 4260

For explanation see bottom of page 388



29

31

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

for the Commutation of Stress Relieved in Splitting and

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

fer the Commutation of Stress Relieved in Snlitting and

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

for the Computation of Stress Relieved in S»nlitting and

slicing of Blocks
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Table —- Tabulation of Data Taken from the Curves, Figs 19 to 26,

for the Computation of Stress Relieved in S»nlitting and

slicing of Blocks
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Table — Tabulation of Data Taken from the Curves, Figs 19 to 26,

for the Computation of Stress Relieved in S»nlitting and

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

fer the Commutation of Stress Relieved in S»Hlitting and

slicing of Blocks
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The data for the first six columns in Tables 16-36 are

taken from the Figures 19-26, and S" is computed by applying

these data in Tables 16-36 in the equation (2), (Referencel?,

equation (23))
2

. n©

~ -— BE 1-a de" —_ 2 ef i elt + 3 1-2 e — da .#2 [5 da ( 8) (1-2) “ot
- 10 »

(5a — 4) et + (1-2) ep ) (2a)

a changes from .% up to 1. for a = 1.

Sl = z0(e" - e"°)

The stresses a 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

multiplying calculated stresses by —100_,
PRgng y 100-15

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 relsxations corresponding to the tan-

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

Tr meMASEET.

¥This correction consists of multiplying the calculated stress

Sg by 2 for the fact thet the length block is one and a

half times the thickness instead of two(l2),

=fThese radial stresses for blocks 1 to 10 were intrapolsted 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 each layer of the individuel blocks efter 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-

gentigl stresses along the radius for fractions of thickness 1.

(top), 0.8, 0.8, 0.5, Ces, 0.2 and 0.0 (bottom) are shown in

Figures 31 to 34. From these curves, stress in the thickness

direction will be computed.

DETERMINATION OF STRESS IN THE DIRECTION OF THE THICKNESS

FROM THE VARTATION OF STRESSES IN RADIAL AND TANGENTIAL

DIRECTIONS IN THE DISK

Solution of the problem of determination of stress in the

direction of the thickness from the varistion of stresses in

radial and tangential directions in the disk is carried out in

OSRD Report No. 3580, Serial No. M-244, Page 33-28 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-

tiel equations below are srrived st

dls 2
2% - Sr, 2a lan

dar r dr r dr

2h
3 }

is for any point along the radius and

ds, = ,d°sr - 48

a? 5a ob 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

» = 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.C (bottom) true radial and

tancentiel stresses from Figures 6 to 9 are plotted versus radius.

Figures Z1 to 34.

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

das

is the first derivative (slopes), dR, of the first curve in pounds

per squere inch per inch, and the third figure the second derivative

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

SEP curves, values of das, des, et cetera, are taken, Table No. 37,
dR dRF

and replaced in the ecuations (3) and (4) to find the values of

&amp;°5z for the locations 0, 1/2, 1, 1-1/2, and 2 inches from the cen-
dz

ter of the disk. The values of £5, are plotted versus the fraction

of thickness of the disk, Figures 35 to 27, and integrated twice

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 Ficsure 10.

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

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

3 straight line, and the stress in the third direction is measured
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PART IT

MEASUREMENT OF STRESSES BELOW THE SURFACE BY RECESSING

INTRODUCTION

[n measuring stresses below the surface of a specimen, the

recessing method has certain advantages over other methods. (For

description of other methods see Introduction). 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-rays and then meking cor-

rections for the change in stress caused by the recess. The ad-

vantages of this method are as follows:

le It can be applied to a specimen of any size or shape

“herefore, it is very general in application.

2. It is only semi-destructive. The recess can be

1p easily by welding.

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

Ll, Stregs can be measured at any desired depth.

plugced

There is

no need to go through the specimen all the way.

5» Stross is measured directly at any desired depth and

corrected for the recessing operation. This is a great advantage

over the other methods where stresses are computed.

&gt;. Steep gradients of stress are easily detected by the re-

cessiny method. The Sachs method supposes a symuetrical distribu-

Lion of stresses in a round specimen and takes the average of the

mneasursments around the specimen. In the block method, the length

of the bloclz is one and one-half or two times the thickness.
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Therefore, the length cf the block inereases rapidly as the thick-

ness increases, and the measured stress 1s the average stress over

the length of the block. Regardless of the shape or size of the

specimen, recessing always measures the stress at a specific point

and can detect the steepest gradients across the thickness.

The effect of recessing on the stress at the surface of the

metal was studied by J. Mathar(18) by drilling a circular recess

and measurinz the deformation of the hole at the surface of the

specimen.

X-rgy measurement of stresses at the bottom of the recess is

mentioned by Le. Frommer and E, H. Lloya(13), They admit that re-

cessing would influence the stress thus measured but do not make

ony attempt to measure the change in stress caused by recessing.

As a method of measuring stresses below the surface, recessing

has many merits. There are already indications of the type of in-

fluence a circular recess has on the surface stresses(18) 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 THEORY OF RECESSING

Professor Daniel Rosenthal developed the following theory to

measure the change in stress at the bottom of the recess caused by

the zT oOaC @ S sing: 0Perati0n 3

\ circular recess in 2 specimen, (Figure 38), will be con-

sidered first, dimensions of which are assumed to be large as

compared to *'  dimensi-ns ~f the recess. If the change of stress

ds at the 7

u is knowr

layers from 1-_

level z caused

tions are mede

©» the removal of the layer du at a level

lsyer du on the chan:o  2? atrege 28, at the level z, Figure 38.

Stresses consliluere  are idl  same direction.

l. The chanz. stress ¢... “2 level z csused by the

removal &lt;~ “he 1v-r du at a level u is proportional to the stress

sp et the 1 ™ »

2» The change of stress dgsgy is also proncrtional to the

shickness du of the layer du.

2, The influence of the layer du is an exponential function

of the distance (z - un), as suggested by Mathar's experiment and

discussed previously.

Hence:

ds, = kg e-alz-1) du (5)

where k and a are constants, depending on the size and the type of

the recess only.
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Ihe constant k is called the stress concentration factor. It

will be seen later thet the value of k decreeses with the increacing

diameter of the recess. The constant a is called the damping factor

because of its damping effect on the influence of the strecs with

increesing distance from the leyer du considered to the level z,

[f successive layers du ere remcved from levels u =o to u = 7

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

(8).
 Zz _a(x-u)

-s-s=4k [geAS du J

_az [1° au

5-5= ke se du
g

7,

31 = aprarent stress, stress measured at the bottom of the

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

ine.

BEcuation (7) can be put in the following form, Equation (8).

x
; +aAZ +az +dU

$e —-Se = ks e du
0)

Teking the derivative of the ecuation (2

ds’ az ) 8X
au e +dse —

ds 3% * .-

ds’ ’
a + 45 = as= yo +k) S

L

fn equation (9) the sum a the d ig repleced bv b

 4a rk=b lrWa k= b-43 ne)
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and the equation (8) becomes

ds’ f _ a

7 + = Z+ bs (11°

The ecuation (11) shows that s end s' are the ssme kind of function

to each other; and, when s is interchanged with s!' and 4 with b,

the equation (11) will remain the seme. The same changes csn be

nade in ecuation (7), by renlecing k by (b - d) first.

4

\ -d x +d u

S-Ss =(b-2)e [se du  2

)

Fhe.ae|

5

bX « +bU
J - /

-s = (2-4) e / s, © du
o

; .

 Z|

2

~(a+k)z fr s(atk)u
S=5s-ke fs P du

9

(2

The ecuvetion (17) is the solution ~t" tne ecuvat on 7, and is

the equation of the theory of recessing
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EXPERIMENTAL, VERIFICATION OF THE THEORY OF RECESSING

XII 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 sre 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—=gat

the compression side, passing from the zero at the mid-section of

the specimen. Thus, when stress is set up, it is mown what stress

value to expect at any level. The stregs measured in the recess at

that level varies from the stress without recess by the amount

caused by the influence of the stress. |

Tarious sheaves and sizes of recesses must be examined for

possible use in special 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. Specimen is a steel flat. Stresses are pro-

duced by bending the flat in a specially built bending device and

in tension in a tensile strength testing machine.

The Bending Device

4 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 plsced 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 has

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 Ce.

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 measured 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

wmimportant because, in the investigation of recessing, the change in

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

The layout of gages, Figure 41, is so arranged that gages

! » ?, 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.

De Recessing

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.C78 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, at 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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Se 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 snd 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 are

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 uniformity 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 gpecimen; 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 recess into two are taken into consideration.

The other strain gages are used for checking the wmiformity 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



116 -

-

. Successive Recesgses

After 211 the measurements have been taken with the first

recess, the depth of the recess is increased in steps to 0.160,

0.249, and 0.200 inches, Figure 42; and at each level, the sane

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 oblique 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

appreciable extent. Inmeasuring the stress by x-rays 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 are measured at at least two distinct points at the center of the

recess. In the case of the last recess, i.e., the 0.200 inch deep

recess, stress in the recess is measured, not by x-reys, but by an

electrical strain gage of type A-8. The strain gage tyve A-8 is

very small in size, 3/32 x 1/4 inches, and is ideal for measurement

of stress in the recess.

5. Results Obtained from Svecimen I in Bending

The first bending of Specimen I is carried out to check

the wniformity of the bending obtained in the bending device. The

data records are 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 obtained in the sbove exveriment.



Table 38

Relaxations in Micro Inches per Inch, Recorded in Strain

Gages in Bending of Specimen 1, in the Bending Device

Strain Gage No.

Strain Shown

in Bending

Differences From

the Average

470

rD
 ae For

2

1

20

29

PZ

DE

Compression side,
average

Tension side,

average

\verage, both sides

A465

-465

-468

+473

$466

+477

+468

487

+471

469

pr|
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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

12, Strains 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

sversre is increased to 1000 micro inches ver inch. The actual

cage 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

S. = 33(-R%6 + 0,3 x 926) = 1385 psi tension.

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

30

Co Use of Strein 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

 My x-rava:

The use of the strain gage takes less time than that of the

K=i ZV

. 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 33

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

1 in Bending for Four Recessesg of Different Depths

Gage No.

2

2

1

N

3

7

3

9

0

21

29

3

0.078 Inch 0,160 Inch 0,242 Inch 0,300 Inch

Recess Recess Recess Recess
Average
Strain

1005 1025 1025 1018

1020 1008 1006 1003 1009

983 9a0 Q992 1034 1000

1011 990 390 98% 993

g85 987 389 &gt;-39 986

9592 250 217 340

358 2886 320 .27 345

078 971 914 0%Z9 a51

065 987 952 330 959

972 0606 950 QZ2 055

973 954 026 0z%9 49

0% a76 929 J2Q 957

353% 912 314 9926

P55 2090 926

1015 3413 951 257 967

998 084 975 986

1000 980 283% 988

1006 022 964

319 943 931

[i 023 0492 945

0332 949 = 28

4) 929 944 325 35]

4 “Ya 7 =A Log
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3 Wita 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 gbout 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. Preparation and Testing of Svecimen 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 flat, 25 x 3 x 0.6 inches in size.

It is stress relieved at the same time as Specimen I. Two recesses

are machined in Svecimen II, one 0.08 inches deep, and the other

0.175 inches deep. The width of the recesses is 3/18 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 manner as in Specimen I ’

Figure 44, except that the stress in the recess is measured with

the strain gage and not with the x-rays. Tests are made in bend-

ing only. For each test, measurements are taken at the maximum

loads of about 15,000, 22,000, and 292,000 psi at the outer layer

of the specimen. Data taken at each step is then corrected for

meximum load of 30,000 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 Table

10, and shown in Figures 50, 51, and 52, and they are discussed

later.

Ee Preparation and Testing of Specimen ITI

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 inches Jong, 3 inches wide, snd one inch thick.
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Table 40

Stress Measured at the Bottom of the Recesses as a Function

of the Length of Recess

0.08 inch deep recess. True
stress at this level in the

solid specimen is 22,000 psi

Length of
Recess in

Inches

Stress in

the Recess

in psi

1.60 24,000

0.24 29,900

1.24 29,520

1.54

1.76

22,280

20050

3 10 22,030

0.175 inch deep recess. True
stress at this level in the

solid specimen is 12,500 psi

Length of
Recess in

Inches

Stress in

the Recess

_ in »nsi

N.680 15,500

0.94 14,000

13,8501.26

1.48 13,280

1.26 12,905

2 «34 12,700
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Electrical resistance strain gages are used to measure strains, both

on the svecimen and in the recess; therefore, no stress relieving

treatment is necessary. Five recesses, 3/18 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

cages are placed on the specimen for each recess, two on one face

and two on the opposite face; so that, if there is a slight 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 testing machine of 400,000 pounds capacity,

Figure 46, for tensile tests. Before any reading is teken, 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.

\t ezch cross-section of the specimen containing the recess,

the average of the four gage readings is teken at 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 strain

recorded in the recess is multiplied by the factor, 1,000 for cor-

average

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

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

Results of the Tensile Test of Specimen III

Depth of the

Recess in

Inches

Strain in Micro Inches per

Inch in the Recess for

1000 Micro Inches per Inch

in the Cross-section of

the Recess
al — rr —_—y

Difference Between

Strain in Recess

and That on the

Specimen

For 60,000 For 70,000

Pounds Pounds Average

Je.112

Je 220

Ne 300

0.520

Ne B50

J0AQ

1052

1085

1530

1055

1013 1005

1053 1052

1075 1080

1C70 1015

1022 10386

 -
e \J

=

~
-

J wa
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Figure 46. A picture of the Riehle Universal

Testing Machine of 400,000 pound capacity used

for the tensile testing.
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In testing Specimen III in bending, the specimen is placed on

a Riehle Universal testing machine of 100,000 pounds capecity, Fig-

ure 47. The side containing the recesses is placed downward, so

that the recesses will be on the tension side, Figure 45. The dats

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

Teble 42

Stresses in psi at the Bottom of the Recesses and at

the Corresponding Layers in the Specimen

Depth of

Recess

0.112

0.220

0.350

0.520

NeBE0

Stress at

the Depth

23,400

16,800

9,000

= 1,200

— 3.950

Stress in

Recess

25,100

17,900

10,260

1,140

3,100

Incresse Caused

by Recess

1,700

1,100

1,260

2,340

350

Fo. Preparation and Testing of Specimen IV

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

2s have been examined in bendinz end in tension. So far, the effect

of the depth and length of the recess has heen studied. It may be

said that the effect of the recess on the change of strass was found

to be very low. But, before the question of the influence of a trans-

verse stress on a long rectangular recess is answered, no decision

can be made as to the practicability of a rectansular recess. Spec-

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

nild steel flat, 54 x 3 x 1 inches.

As shovm in Figure 48, four recesses are machined on this flat

two transverse and two longitudinal. Recesses are of equal size,

2/16 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 longitud-

ins] recesses, a special strain gage, 1/8 inches long and 3/8 inches

wide, is placed across the recess: and, in the other, a regular A-T7

gage 1s placed in the longitudinal 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 regult of the teste.

Table 43

Results of Testing Specimen IV in Tension. Strain

Figures Are in licre Inches per Inch.

(For location of gages see Figure 48)

Load in Recess Recess Recess Recess Gages Gages 8, 9, Gages

Pounds Gage 1 Gaze 2 Gage 2 Gage 4 6 and 7 10 and 11 13 and 14

40,000 -140 1062 -180 500 460 449 468
80,000 -=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 £8, they come very close to the strains

at the 60,000 pound load.
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considering the strains 1n recesses Nos. 1 and 4, ey and 84,

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

Sy = 2
17 = (e1 + vey) oy

vher:2

E = 30 x 105, modulus of elasticity for steel

v = 0.3, Poisson's ratio

31, €4 = strain in micro inches per inch in tne direction

of the respective gages.

After simplification, the equation becomes:

S1 = 33(ep + 0.3 ey)

Stress in the transverse direction S31 in recess No. 1 is

S71 = 33(-200 + 0.3 x 743) = 755 psi

while stress in the direction of the recess in recess No. 4 is

S17 = 33(74% - 0.3 x 200) = 22,500 psi.

Stress in the specimen itself at the cross-section, containing re-

cess No. 1, is

S = 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.

Considering the transverse recesses Nos. 2 and 3, stress in
9

“he longitudinal direction is:

So = 33(1574 - 0.3 x 267) = 49,300 psi,

and the stress in the transverse direction is:

Sz = 33(-267 + 0.3 x 1574) = 6,760 psi.



20

[t is seen from the above figures that, when there is a stress

of 20,500 psi perpendicular 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

lone and narrow recess cannot be used to measure stresses when

there is a biaxial 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-

sver, 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.

le 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 biaxial stress-

es exist in the specimen. To see the notch effect of the two rec-

tangulsr recesses which cross at the center, recesses Nos. 2 and 2

are machined as shown in Figure 49, without removing the gages in

the recesses. The specimen is then tested in the tensile 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 rectanzular 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, Figure 43. Strain

Ficures are in Micro Inches per Inch

Load in Recess Recess recess Recess Gages Gages uv, vw, Gages

Poundg Gage 1 Gege 2 Gage 2 Gage 4 6 and 7 10 and 12 13 and 14

50,000 -178 8l6 -244 630 570 567 588

80,000 208 866 =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 tem sion, 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 wes

produced by bending or by pulling, and stress at the bottom of e

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 shown 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-rays, 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 inches 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 and 52, the effect of the length of the recess

is shown for recesses of two different depths, 0.08 inches and

0.175 inches. It is observed that, at first, the notch effect of

the recess decreases sharply with increasing 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 a 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-

Juced by the notch effect of the recess is less than 2,000 psi 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

9 steel specimen at an angle of forty-five degrees, the reflected
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rays nearest to the surface make an angle of sbout twenty degrees.

Therefore, the relation between the length and the depth of a re-

regs 1s as follows:

1/2 x length of recess x tangent «0 = depth

I, x 0,182 = I 16)

there 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 limit its notch effect to a small value, so that

correction of the measured stress is nol necessary.

In the experiments on Specimen IV, the notch effect across the

narrow and long recess was considered; 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-

sver, 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 1s changed to 33 percent of the stress acting in the direction

perpendicular to the recess. Therefore, whenever biaxial 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

she experiments on the narrow and long recess that:



3

(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 a narrow and long 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 1oa)

yshere 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.



Ri ~

RB

XIII THE CIRCULAR RECESS

It was concluded, from the investigation of the long and narrow

recess that, whenever biaxial 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), end the effect of transverse stress

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, s circular recess will be investigated.

A. The Choiceof Specimen V and Its Preperation

In the investigation of the circular recess, the effect of the

dismeter and depth on the longitudinal and transverse stresses is&lt;tc

be examined. As the circulsr recess removes more material 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 size. The layout of the recessés with their depths is

shovm in Figure 54. In the machining of the recesses, the specimen

is clamped on a milling machine and bored with a 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 is

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 speclal type are attached to the gages as shown in
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Fig. 54 - Specimen V . Small Circles are the Recesses.

Grip Dents of the Tensile Testing Yachine are shown at

both Ends. The Holes at the left end of the Specimen

were used to tie the Specimen to the Testing Machine

as a Safety Precaution.
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Fig. 55 = Layout of Strain Gages and Recesses in

Specimen V, Small Circles are Gages, with line inside

showing the direction of Gage. Yumbers at the of Circles
are for Gages on the Opposite Site,
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el,
Fig. 56 = The Bending Test of Speciren V.
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Figure 56a. Picture of a Recess under X-ray

Tube,
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Figure 65, with the remaining gages to measure the strain in the

specimen itself. Recesses Nos. 1 and 4 are 0.1 inches deep,

recesses Nos. 2 and § are 0.2 inches deep, and recesses Nos. Z and

6 are 0.3 inches deep. Recesses Nos. 1, 2, and 3 have thelr gages

in the longitudinal direction of the specimen, while recesses Nos.

1, 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 slze 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

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

After the strain gesges have been attached, the specimen is

left over the hot radiator in the laboratory for twenty-four ours

snd 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 geges for measur-

ing the strains in tension and in bending.

Be Testing of Specimen V in Tension and in Bending

Tor the tensile test, a Riehle Universal testing machine of

400,000 pounds capacity is used, Figures 46 and 57. Tests for

bending are conducted in a Riehle Universal testing machine of

100,000 pounds capacity used mainly for transverse testing, Figure

A7. Figure 56 shows 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, strein gage readings
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are taken at no load, 70,000 pound load, 90,000 pound load, and then

at zero load again. The averages of the front gages and those of

the back gages are taken for each load reading; and, from the slight

vending, 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 ——d090___toobtainauniformstraininthe
Computed Strain

base metal for each recess. Then the average of the computed values

of the strain for the loads of 70,000 and 90,000 pounds 1g taken to

represent the strain in the recess. For recesses containing gages

in the transverse direction, Figure 55, the strain neasured on the

specimen at the other goge of the same depth is taken for compari-

son, 2s 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 sre then placed in the

recesses and the same tensile testing and bendine 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 8 are

enlarged to one inch. The depth of recess No. 1 igs increased to

0.855 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.

Co Results of Exveriments in Tension and in Bending

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

icy of results in all the tensile tests, strains measured were in-
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~reased proportionally to obtain a strain of 1000 micro inches per

inch in the specimen. Thus, ro matter what the diemeter or the

lepth of the recess is, or the actual load applied on the specimen,

the strains measured in the recesses can be shown 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 micrc

inches per inch strain at the surface of the specimen. Data for

the reces-

two test ©

© one-half inch in diameter represents the average of

“:fferent loads. Of the four sets of data given for

recesses three-* urths inches in diameter, the first two had %,10C

and 4,157 5 -uni C

strain gages J
.

ade. respectively; snd the effective length of

- rene=~acq was one-fourth inch. In the last two

sets of data, the loads on the specimen in testing were Z,860 and

4,.2) pounds, resp”
wie 4
 ae va

one-eighth inches, as ia

In the caleculstion

and the length of the strain gage was

21 other cases.

-# gtregges for the recesses three-fourths

of an inch in diameter, the average of the four sets of readings is

~onsidered.

Stresses calculated from the strain data in Table 45 ere in

Table 46. Eouation 15 is used to determine stresses from the strains.

In Table 46, for each diameter of a recess, the first figure in each
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Table 45

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

bending tests of specimen V. Figures with minus sign

are strains in the trensverse direction, except for

the last two columns

Dizmeter of Recess
in Inches

y
—

'

z JA

Jepth of Reccsses .n Inches
0.1.50 CeO C201 0.498 0.641 0.355

1510) 805 572 125

-219 -196 -170

326 777 €00 173

-28% -191 -159

5/4 940 792 598 175 -168 £20

-205 -189 -154

315 758 61€ i 8

-210 -187 -148

yf i"

Average 3/4

395 745 591

-214 -197 -148

320 77.

-2132 -1901 =-152

c0l

-

597

162

171 -168 -820

-197 -140
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Table 46

Strecs in recesses in pounds per sguere inch obtained

in bending specimen V. First figure is the stress

in the longitudinal direction, and the second figure

is the stress in the transverse direction. The third

figure is the stress in the longitudinal dircction,

ignoring the transverse strain in the calculetion.

Piemeter of

Recess in Inch
"DepthofRecessesinInch

0.100 0.200 0.201 0.498 0.641 0.855

29,200 24,600 17,200

2,180 1,520 66

28,500 £4,200 17,200

28,200 23,600 18,400

2,080 1,350 925

27,600 23,200 18,000 5,120 -5,040 -24,600

23,250 18,300

1,090 1,250

23,000 17,400
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column 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 multiplying the strain by thirty is only 2.5

percent, thus justifying the use of stresses obtained in the last

three columns of Table 48.

Veasured stresses in Talle 46 are also shown in Figure §8,

where the straight line is the stress pattern introduced to the

specimen in bending, and the curves are stresses measured in the

I'EeCessSeEsS.

The strains in micro inches per inch recorded in the recesses

in the tensile test of specimen V are summarized in Table 47. TFig-

ures with minus siens are strains in the recesses in the transverse

direction. In all these deta, strains measured in the experiment

are increesed proportionally, in order to obtain a uniform strain

»f 1000 micro inches per inch in the specimen itself.

Table 49 contains stress in recesses computed from streins in

Table 48 by eaqustion (15).

Before the results in Table 49 are plotted, it is of interest

to discuss what happens as the recegs gets deeper and the bottom of

“he 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 recesses in micro inches per inch obtained in the

tensile test of Specimen V. Tigures with minus signs ere

strains in the transverse direction

Diameter Load in
of Recess Tensile Test,
in Inches 1000 Pounds

Depth of Fecesses in Inch oo

0.100 0.200 0.201 0.498 0.€41 0.855

1160 1240 1275 1325

J0

268 ~ 322 4 4186

1160 1250 1285 1310

- 270 = 293 = 418

wverage

1160 1245 1280

£69 - 308 - 417

1317

1177 1300
Dba

| 4

Z46 - 370

1215 1275

303

202 = ZA49

1210 1296

oo

iC

Zev « Z12

1209 1272

- 224 = Z09

12023 1.286

Average
- 330 - 333
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Table 47b

Strein in recesses in micro incheg per inch obtained in the

tensile test of Specimen V. Figures with minus signs sre

strains in the trensverse direction

Diecmeter Load in

of Recess Tensile Test,
ir Inches 1000 Pounds

Depth of Recesses in Inches

0.100 0.200 0.201 0.498 0.641 0.855

1165 1218 1300 1400
oe

IL

59.5

~~ 202 - 234 - 3250

11Z8 1194 1300

- 288 = 330 - Zb1

1108 1180 19264

1400

1280
ry

Te

“19

J]
1

or 4 AJ)

115 1178  1zZ04

- 217 - Z46 - Z70

1100 1172 1202

Z16 =~ ZZ3 — 354

1285

1323225

1Z€6

1270

57

Average

85

09.3

83

28

- 260

1127 1184 1291

209 = Z38 = 259

123992

1462 1680

1410 1685

1450 170C0

1440 18688

1.10 1688
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Table 48

Aversge strein in reccesces token from Tobles 47a =nd b

in micro incheg per inch obtained in the tensile tests

of Specimen V. Ficures with minus sign ere strains in

the transverse direction.

Diameter
of Recess

in Inches

/5)

}

Depth of Recess in Inches

0.100 0,200 06701 0.498 0.641 0.855 1.00%

1160 1245 1280 1217

269 - 308 - 417

1127 1184 1291 1232 1440 1638 3,000

209 = 336 = 3252 2,000

1202 12886

_ 730 = 333

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

plate has heen calculated theoretically.
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Table 49

Stress in pounds per scuare inch, in recesses obtained in

the tensile test of Specimen V. For each diameter of a

recess, the first ficure is the stress in the lonzitud-

inal direction, the second in the transverse direction

and the third stress in the lonzitudinal direction, where

aXal # ® . .

the effect of the trancverse strain 1s ignorad.

Diemeter

of recess

in inches 0.100

Pepth = 7 Recegses

0e200 0,701 0.433

75,603 32,000 22,100

in Inches

0s611 0.855 1.00

2,540 2,120 1,090

54,300 27,750 £3,400 £2,500

54,000 35,300 22,100

350 626 1,150

584300 25,600 33,800

79,200

11,800 42,200 50,600 20,000

J59,1076,0

1,020 1,750

26,100 23,600
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the recess at all. In Table 50, the effect: of the recesses of

0.423 and 0.641 inches depth are shown, recpectively.

[+t is observed from Table 5C that, when the depth of ths recess

is 0,498 inches, the effect 1s just beginning to be felt at the other

side of the specimen; but, when this depth 1s increased to 0.641 in-

ches in the specimen one inch thick, the strain gege opposite the

recess records 103 micro inches per inch more than the other gages,

for an actual strain of 1000 micro incheg per inch.

For the limiting case, i.e., when the depth of the recess

reaches the thickness of the plate, the strain has bean computed

theoraticallye.

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

Univorna Blaxinl Stresses

If 2 1s the radius of the circular hole and the translations

of the points U and V caused by the stresses 51 and So are glven uy

erustions (17) and (13) (18) for uniforn tension, where So = 0,

Figure 61.

U= aks 2 gTr (5+ 5 +9) 8 rv)
2 o

v = 8%s] ( vr _Te |=a2 (3-9) +2 (1+ v)]

(L7;

(18}

here E 1s the modulus of elasticity and v 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:

IU = z000

1

aicro inches per inch in the dirsction of stress Sq, and

z = =2000

micro incheg per inch in the transverse dirzsction.
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Table 50

Strain in micro incheg ner inch recorded by gages No. 26 and the deviation of these readings

compared with the average © onceg Nos. 24 and 28

Diameter

»f Recess

in Inches

f

- c

VE’

3/4

Jepth
of Recess

in Inches

Y.408

Ja 138

Je B41

Strain Recorded
Gages

Gace 25 24 and 25

500 1089

2909 299

199 438

2892 82

3192 506

114 110

398 518

194 A185

158 115

34.3 185

RS 103

Jk ™. -\_J

Deviation of Gage

25 from the Average

of 24 and 286

+.J

-

ck

+8

cd

Je.

Deviation

ner 1000

2
"

J

ge

18

1A

17

14

7

Average
Deviation

JO

, qn

oil

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

EF. Discussion of Results in Bendinz 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 1s 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 racess of one-half inch diameter

showed only 0.2 percent increase, while that opposite the recess of

three-fourths inch diameter showed C.3 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 than one-half inch for a recess three-fourths inches in dia-

meter, the plate can no longer.be considered infinitely thick, Fig-

we 53. Actually in practice it is not necessary to go close to the

other side of the specimen. Instead a recess should be started

from the other side.

hen the depth of the recess of one-half inch diameter reaches

one-half inch, the notch effect of the recess does not increszse any-

nore and stays constant. The shape of the curve for the recess three-

fourths inches in diameter suggests that, Figure 59, the notch effect

mould be at the maximum at sbout a depth of three-fourths inches, but

the limited thickness of the specimen does not oermit the observation

of this phenomenon.

It can generally be said that the notch effect of a recess of

one-hslf inch diameter increases faster than that of a recess of

three-fourths inch diameter, but the curve for the recess of one-
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half inch diameter flattens down, reaching the maximum stress at &amp;

depth of one-half inches, while the stress of the recess of three-

fourths inch diameter reaches a higher maximum at about a depth of

three-fourths inches.

The naximum notch effect of the recess . “ff one-half inch dlameter

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. LAs, in most cases, the probeble error in measuring

the stresses 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 circuler recessing method can be used to measures

stresses below the surface, where a multiaxial stress pattern exists,

if a law ig found for correcting the measured stress in the direction

of the stress. Equation (14), derived in ths discussion of the

theory of recessinz, will be applied to the data obtained in the

~ircular 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, Figurz 59, and suffi-

rient date is lacking for a full discussion of it.

P Application of the Recessina Da*n *o the Theory of Recessing

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

z

328 - ke-(a + Kz S s', eta + Ku gy
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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 5, S', z and the veriztion of S', with

the depth u must be known. By application of these experimentally

determined figures in tension, Figure 53, to equation (14) at two

definite pudnky at least, the values of constantsaandkaredeter-

mined by trial and error.

The values of constants a cnd x thus determined are in Table 51.

Table 51

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

snd Three-fourths Inch Diameters, Determined Experimentally.

Diameter of Recess

in Inches

s fo

y J

2/
1

Dampinz ©

2.51

=~ 1.
~~ a

Stress Concentration

Factor x _
J

2 ogXL

1 ,4C

The values of stress concentration factor k and that of the

damping factor are increasing with the decreasing diameter.

From the data in bending and in tension for the recess of one-

half inch diameter, Figures 58 and 59, true 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 torms 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-

~ulated 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 82 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 agreement 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 a end k determined from the data in

the tensile test, the agreement between the computed true stresses

and the known stresses introduced to the specimen 1s almost as good

as that in tension, Table 53, Figurz 60.

From the above results, it is concluded that the experimental

result and the theory . f recessinir are in perfect sgreement, and

that stresses below the surface can be measured by the recessing

nethod and corrected for the error introduced by the recessing

&gt;peration.

Je 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 Avvearing in Eouation (77) +o Calculate True Stresses in Recessing

Depth of
Recess 7

Nel

YelL

Je?

Ya3

Youd

loeb

be

3

(a + k)z a—9 «05 Z +2,057
Apparent

Stress® S'.,-

i hs

St ~T3.05u

0.000 Le 20,000 30,000

De905 0.4041

0.1641 6.1101

0.066 15.104

0.0268 37327

1.0108 92.296

ReAT2 28,500 70,452

1.810

2715

24,200

17,%00

11,000

147,862

°61,200

24620 110,607

1.525 1 050 273,800

“rom Table 46 and Figure 58.

A 00 ® .Arza under the curve. where St, eo OSu is plotted versus the denth of recess,

dsrS91 Lr 3 .05
———M

pit

\

5,023

15,939

26,297

70,000

111,000

Z

=
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Table 53

Stresses introduced to Specimen V in bending and stresses

computed from the messurement in recesses

Depth of
Recess 2

in Inches

Ya0

3.1

N-2

BSS

NA

NaH

Stress
Introduced

in Psi

30,000

24,000

18,000

12,000

6,000

0,C00

Stress
Computed
in Psi

30,000

2% ,935

18,335

11,896

6,730

1,350

Difference Between

the True Stress

and Stress Messgured

o~

ad

B55

7725

104

t+ 7380

+1,350
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The values of the terms eppearing in equation (14) and true strecss2s computad from the data

obtained in the one-half inch diameter recess in tension. Stress fizures ere in psi

Depth of

necessz

in Inches

Je

de3

Yo4

Ya 5

In
fe

Apparent
Stress* S'y ay cd.00u

Rte smmtmttiaes

30,600 Z20.CN0

24.800 BG ,025

57,350 223.208

28,400 530,000

1,458,00039,050

23,500 5,644,635

Data from Table 49 and Ficure 59.

00

5,790

20,300

58,000

152,000

390,000

¥

Computed
Stress®™ S

20,000

09,540

29,660

©3,800

20,037

30,000

Deviation from Stress

Introduced, 30.000

YO)

-450

~Z40

-200

ho z7

JO

%=¢ Ar=a under the curve where St et2.05u is plotted versus the denth of recess =z

wd

J
wo
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(1) In a specimen with uniform stress, the effect &lt;f a circular

recess on the stress measured at the bottom of the recess increases

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

lesg than eight percent of the transverse stress, which can be

ienored, considering thst x-rays are to be used exclusively to mea-

sure stress in recesses and the accuracy of the x-ray method of

neasurine stresses is not better than 20 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 compared

with the recess, so that the stress pattern in the specimen is not

sltered by the recess.

In Part IIT of this paper the recessing iesthod of measuring

stresses below the surface will be applied to a bent plate, and

the results obteined will be compered with those obtained by the block

nethod.
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PART III

APPLICATION OF THE RECESSING METHOD TO MEASURE STRESSES

THROUGH THE THICKNESS IN A PLATE BENT BEYOND THE

ELASTIC LIMIT

YIV RESIDUAL STRESSES IN A ONE-INCH THICK BUNT PLATE

x . Investigation

In practice, when metal plates are bent beyond their elastic

limit, thick plates fail with a brittle fracture while thinner

platos 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 thet stresses in the one inch thick plate should also be

measured by the recessi method, using a recess of one-half inchng ’

diameter.
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Be Preparation of the Specimen

The specimen is a 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 ceused 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 specimeng and 2943 micro inches

per inch was considered sufficiently close.

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

As observed in Table 55, the specimen is bent to obtain one

percent plastic deformetion on the tension side of the plete. 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 the etching ig polished
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Table 55

The deta re~orded_in bending of the specimen. Strains are in

micro inches per inch

Load in worains Strawns

Pounds in Gage 1 in Gare 2

00

1,400
5,660

10,000
12,250
14,€50
17,400
18,5C0
18,920
18,180
19,290

0

222

849

).,404
1,808
2,337
1,101
5,468
7.578

£3

0

262

309

1,457
1,805
2,407
4,033
6,588
7,738
9,060

10,045

Zz 32 29

Averas.
Strain

0

242

879

1,420
1,836
2,270
4,167
6,528
7,658
3,959
9,945

7 “70
4

Deflection in Thou-

sendths of an inch

~

&lt;a

50

84

706

1Z20

180

nod

C0

290

Z14

ZT
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by emery paper Nos. 1, ¢, 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 66. Two of these three points are 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 zre measured st three

points, Figure 62, on the line across the specimen, close to each

other: and the stresses measured at point 1 sre taken as the re-

presentative of the stress at the surface of the specimen. These

measured stresses are in Teble 56.

Table 56

Stresses measured at the surface of the bent plate

Location,
Ficure 62

Stress Psi in

Longitudinal Direction

~29, 200

28,700

~29, 600

Stress psi in

Trengverse Direction

+13, 200

$10,000

+16,000
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The next step in the experiment is to machine the recess and

orepare it for the stress measurement by x-rays as follows:

(1) The specimen is clamped in = ~*11ine machine, snd 2 re-

cess of one-half inch dismeter is mechined, using a centerless end

mill of one-half inch diame* ~

(2) A layer of at least © "10 inches is removed from the

bottom of the recess hv etching with thirty percent nitric acid

to remove the cold worked ~

(3) To smooth the bottom 7 the recsss roughened in the vnre-

vious stevn, a liberal amount "© cerborundum sbrasive vowder No.

150 is placed in the recess with some water. £L hardwood cylinder

of zbout one-fourth inch diameter is attached to the grins of a

hand drill, which in turn is plugged to a Variac transformer to

adjust the speed, Figur then while the drill is rotating =&amp;t

~otton is neld at the flat end of thea slow speed, a pien-

hardwood cylinder, the cylinder is then rotated in the recess

containing the cbrasive powder and water

the sbrasive nowder and polishes the bolton

revlzced with a new niece of cotton before it wears out.

Lfter cerborundum gbrasive powder Nc 180 has been used,

soviders No. 200, 320, and 500 are used in succession to obtain

f the recess. It is

a smooth surface atv the bottom of the recess.

(4) The polished surfzce is etched with a nital solution to

remove at least a 0,001 inch layer. The recess is now ready for

megsuring the stress by x-rays.

bt least two x-ray pictures are tzken in every direction with

nev: settings; and, if the stresses measured are not close enough,

the process is repeated.
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ifhen 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 longitudina

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 anparent stress

in recesses of different depths are in Teble 57 end in Figure 69

XV EFFECT OF Tile SLOTS ON THE wEASURED APPARENT

STRESSES IN A RECESS

If the devoth 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

revs 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 1s completed, another recess is machined

in the nlate in order to investigate the effect of the slots in

the longitudinal and transverse directions.
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circular Hole in a Plate .
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Fig. 62 - The Bent Plate and the Layout of Gages.
The three Points at the Center of the Plate show

where Stresses are measured before Recessing. The
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Table 57

Stresses measured in recesses in the longitudingl and

trensverse direction in psi

Recess

Number

Depth of
Recess in

_Inches

I

0.068

0.125

0.210

O. z47

1.480

Apparent Stress
in Longitudinal

Direction S'x

-23,200

 22, 500

~11.,400

- 4,560

+11,400

+10,500

Apparent Stress
in Transverse

DirectionSly

+13,200

212,600

~ 5,920

+13, 200

+ 9,600

" ], 2CC

i. MachiningofSlotsendResults of the Tests

The second recess is machined beside the first one, Figure 67.

The recess is 0.254 inches deen. This depth wes chosen because the

stress in the loncitudinal direction and the verizstion of stress in

the specimen are et their meximum et this depth, Figure 69. An

slectricsl resistance strain gage of tyre A-8 (one-eighth inch long)

ie cemented at the bottom of the recess in the longitudinal direc-

tion, end the gage readings is taken. Then the slot in the longitud-

inel direction is cut in steps; end, at each step, the gege resding

ia recorded.

In cutting the slot, en end mill of one-eighth inch diemeter

is used. Cuttings i= done in the horizontal direction, starting

from the edge of the recess. At each step of the cutting 2 leyer
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0.050 inches from the bottom of the recess, Figure 68, to pernit the

reflected x-rays to come out. The slot in the transverse direction

is machined in the same manner as the one in the longitudinal direc-

tion. The results sre in Teble 58.

XVIDISCUSSION OF RESULTS

4
ta Relaxations Cauged by the Slots

As is seen in Teble 58, the making of the slot in the longitud-

ingl direction is herdly f1t by the strain gage in the same directior

at the bottom of the recess. The machining of the trsnsverse slot

caused a relaxation of -32 micro inches per inch, i.e,, &amp; relexation

of stress of -960 pounds per scusre inch. The second recess in

which the effect of the slots was examined is too close to the edge

of the srecimen. There is enother recess st the center of the

specimen vith snother slot in the transverse direction. The area

removed in the slot of the second recess is avvrecisble comnered

to the remeining section. Actually, if the relaxation ceused by the

slot in the first recess was measured, e figure lower than -0€0 psi

would be expected beczuse &amp; reletively small area of the cross-sec-

tion of the plate would be removed, end the srea removed would be

further eway from the edge of the plate than is the case in the

second recess, Figure 67.

Be Stresseg Measured in the Recess

Avparent stresses measured in the recess in the longitudinal

and transverse directions of the plate sare in Table 57. The apparent
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Figure 64, A picture of the hand drill and tne

Varizc trangformer.
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Table 58

Relaxetion recorded in the recess with the machining of

the slots in the longitudinel end transverse directions

Depth of Relaxation in
Longitudinal wllcro Inches

Slot in Inches per Inch

0.00

0.050

0.100

J.150

0.200

0.280

D270

Perth of
Transverse

Slot in Inches

0.00

0.060

0.100

0.140

0.1€0

0.200

0.270

0.240

0.260

N.270

Relaxation in

iicro Inches

ver Inch

_5

10
ob

DP

27

000
xi

I
 ©“

stress mezsured in the transverse direction for recess No. 2 looks

out of line as comnered with stresses measured in recesces No. |

and 3. The check of the surface prevaration for recess No. O

showed thet ell the steps were carried out esccording to the stand-

ard procedure used throughout this thesis. ileasurement of the

exposed x-ray films were also checked, and they were in order. How-

ever, the vrobasbility of &amp; sharp change of this kind in the stress

vettern in the transverse direction in the specimen is small. It

1t eaS=~
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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 calculetion 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 calculstion

for the other points was not more than 300 psi.

C., Calculation of True Stress from the Apparent Stresses ilegsured

in Recesses

Equation (14) is used to compute the true stress from the sppar-

ent stresses in Table 57. The terms apveering in equation (14) for

stresces in the loneitudinel direction snd the results are in Table

59, In Table 60 true stresses in the transverse direction cre com-

ruted.

The results sre shown in Figure 69. Figure 70 contains stresses

in the bent plete measured by the recessing method with preliminery

results of stresses measured in an identical specimen by the block

nethod of messuring stresses.

De Conclusion

The residual stress pattern, in a one inch thick plete bent to

ne vercent plestic deformation at the surface is shown in Figures

239 and 70. In Fisure 70 stresses measured by the recessing metnod and

hy the block method are shown together. Stresses measured by the



Table 59

Calculctionoftruestresses in the longitudinel directicn from the apparent

Depth of

Recess Number Recess z in Inches

J Ty
®

0.175

Yok

Je

D.L30

0.057 9.052 05%
Apparent

Stress S'y

0 PS-F

—-

p=
-fe

Fa

wy
r . we.

L

Fok) ns +i

4,244 00,1298 77.C15 +10,500

Su. 0e0433
-——

S1,e2-05u

- .

7

p—

-

-

+2CT,.

+809,L00

/ g109.05u du

- 3

+68,6056

True Stress S

-29, 200

-19,580

3,030

&gt; 065

+11,682

+ 3.500



Teble 60

Jalculetion of stress in the transversedirection ~© the bent plste from the zpparent

Recess Number

Depth or
Recess z in Inches

J

0.068

D.125

D.210

D.%47

N.AB0D

9.052 a+9.052

J. 1

0.615 0,540

1.131 0.223 3.0077

1.200 0.1495 6.CES

3.140 0.0433 23.1C4

3,244 0.01298 77.015

Apparent
Stress St-

z
+17,

+1.2,600

+13,7°7)

c (on

+ &amp;,C

+ 8,200

169.050

17 ,200

23,300

88,200

222,000

631,000

7 at e9.05u du

1,240

8,260

29, 560

86,260

True StressS

+13,200

+11,090

+10, 280

+ 6,720

+ 5,680

-

L
%

la

vw
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Figure 65, A picture of the bent plate under

the x-ray camera.
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G1 Fig. 66 = The Gage to Measure

the Depth of the layer Removed
in Surface Preparation for
Measurement of Stresses by X-Rays

AN

=&lt;)

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

-YAyS X-TAYS
oo

1.
+&gt;

 a

Fig. 68 = The Cross-section

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

~harts and calculetions to obtain the result.
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RECOMMENDATIONS FOR FURTHER WORK

From the investigations on the disk and on the plate it is

~oncluded that the thickness of one and one-half inches is too

small for a stress in the direction of thickness comparable in

size to the stresses in the radial and tangential directions.

Investigations of a two and one-half inch thick plate having eo

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-

creased if instead of tungsten lines used as reference another

material is chosen that gives lines in the x-ray film inside the

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