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The Investigation on the “ X:ray Stress Measurement ”

<7

Toshio Nishihara and Shiji Taira.
A

To measure the stress by X-ray was proposed in 1930 by G. Sachs and] Weerts in the case
of duralumih?. :

Since, in 1935, R. Glocker ascertained the fact.that the surface stress is perfectly measurable
by means of X-ray”, it interested researchers of stress problems and achieved far greater develop-
ment especially ‘in our country and Gexmdny

- Xjray stress measurement ” is excellent in the- followthg pomts

1) not only the stress of a test piece but also of machme parts can e measured directly
without any additional or harmful working for objects. "

'2) local stress of obJects i more clearly demonstrated as compared with any other method
hitherto tried. -

We personnel pelformed laboratory experiments using the prmmple of “X- 1ay stress measure-
“ment ”’ and examined the results. Moreover, we have designed and produced an *‘ X-ray stress
‘measuring instrument ”, which is very convenient for actual use in applying the method beyond
the laboratory, and ascertamed the possibility ‘of the shop measurement

I. X-ray and crystals.”

X-ray is a kind of electromagnetic wave caused by the impact of cathode rays upon matter.
1t is divided into two kinds with regard fo wave length as in the case of ordinary light. Ordinary
white light is proved to be a mixture of various rays of visible light of different wave lengths
each corresponding to pure colours, because a light beam spreads into a.spectrum from violet to
red by.refraction in a prism. In analogous fashion the spectrum of a beam of X-ray identifies the
quality. Corresponding to white light we name the general, ‘* white” or continuous X-ray and
to pure colotir “ characteristic” X-ray.. The latter is produced” when the potential on the X-ray
tube is sufficiently high and its wave lcngth depends upon the kind of anticathode matter, upon
‘which cathode rays impinge. .

The metals, which form many machine parts, are composed of many crystals. They are
natural gratings in which parallel planes of regularly marshaled atoms, shortly to say atomic planes,
spread from each other at distance of the same ordcr of magmtude as X -ray ‘wave lenfrths The
distance we call * spacing . ' .

We now proceed’ to consider the reflection of X-ray. let the
crystal” structure be represented, in Fig. 1, by the series of planes
Y Y, Vi , & being “spacing”. A, B, C, D...... compose a
train of advancing wave of wave length 4, making the angle 6 with M
atomic planes. Consider those waves which, after reflection, join ‘in <
moving along O7, and compare the distances which they must travel 3
from some line such as OK before they reach the point 7. Consider
the route 407 and BPY, their path difference is equal to PP0, sa - -

PO=P, 1’1’2—24' sin 6. If the path difference is equal to the wave
length or any whole multiple of it, the wave trains are in the same
phase and their amplitudes are added together. So, if the condition

S

" 2dsin 0:71/} ‘ H=T1, 2, 3 «oueun (1)

is satisfied, the reflected wave in the direction of O7, making an angle ¢ with atomic planes, is
very strong. That is to say, only when the condition (1) is satisfied, the reflected X-ray is

obtainable; This condltlon is called * Braggs Law” = =
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As the ¢rystals of usual.metals used for machine parts are \:ery small and take random
orientations, the atomic planes, as Vi, Vi...... which satisfy the condition (1), are considered not
only as in the case of Fig. 1 but also as in any case, obtained by fotating the figure around the
incident X-ray beam— So, as reflected X-ray becomes conical as in Fig. 2, when the film is put
perpendicular to the incident -X-ray beam, ¢ircular image of reflected X-ray is obtained.

.

- CFitm 2 N
[T ~ ;
o © 1T \
,X-va)'{ ‘\l ‘\l Y & «w Speumen ,\\
Sit TSt 2 Ve M\"NA _ .y____)
- : 1286o7toooozA‘
' Fig. 2. « Fig. 3.
#

Usual metals, such as ison, aluminium or its alloys, have cubic ‘lattices as in Fig. 3, which
shows the unit cell of airon. In such cubic lattxce between the * lattice constant ™ 4, i.e. the length
of an edge of the cube, and the “spacing” & of any set of parallel atomic planes, there is the

following relation : . . - : am
R 7 +

“

- "r\ ) d:_____.v(i‘__f;_t ) 2)
# VELET (2 .

where (4. 4. /) is Miller’s indices of crystal.

’
ST . II. The theory of. the « X-ray stress measurement ” .

In brief, the principle of the ““ X- ray stress measu:ement s stands on
the basis of the fact that the ‘“ spacing " of metal varies according to the

stress gpplied to it and it consists in the accurate measurement of the
- N

change of ‘“ spacing ”
In Fig. 4, take any point O on the surface of test piece and, let oy,

a3, 03 be the principal stresses at the point O and ey,,s,, & the strams in Plg 4 -
the direction of thevprincipal stres$es g, oy, ;. ' S ,

For the caserof the “ X-ray stress measurement » 03 =0, because, as only surface stresses are
treated, the problems are two dimentional. " -

The relation between o and ¢ becomes as foLlows

161E= Oy — V0,

& ll=ay—vo,_ _ ' (3)

' . 6.Li= —v(a,+ay) '

where . E=Elastic constant
~ v=Poisson’s ratio

- : ~ . ’
Next, at the point O, let 4, o,, ¢, ¢, be the stresses and strains in .any two directions
perpendlcular to each other, which lie in the surface of the object The relation between them
are as follows: : .
eLi=0,—va, '

e, L=0,—vo, / o . v (4)
&L= —y(o, +a,/ =—v(o,+ay)

The strain, in the direction whose dlrectxon cosines are 7y, 7s, r,, are represented by
e=pier+rie, 4736 (5)

Denotmg’ the strain in the direction of OPin Fidt 4 as €5 of which the. direction colsmes dre
. sin ¢-cos ¢, sin ¢-sin $ and cos ¢, o is represented as (6): -
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&,y ==¢; CO" P -sin” ¢ + &, sin® g -sin® f + ¢, cos® ¢ \1

=sin® ¢(e, cos® g4-¢; sin® )+ e5—¢; sin® 4 , ' (6)
At the same time, the strain -e,, which lies in the  plane 01002, and makes an angle # with “the
’dxrectlon of a,, is as follows: o -

| &, £4Co8 ® B+ g, sin’ 515 , )]
Substituting (7) for the bracket of thie ﬁrst term of (6), the formula (6) becomes as follows :
: s,w——e,—(s ex)sngb T(8)
On the other hand; (4) leads to " _ ‘ , -
- He,—e)=(1+)a, O
therefore (8) changes as follows : i ’ ' .

\ Eley y~e)=(1Fv)asin® ¢ ., , (16)

Using' this formula, if ¢, v € and (/J are found by experiments, the stress o,, taking any direction

on the surface of object, can be determined..

In. the actual case, however, as will be explained later, what is measured is not &. So, (10)

&
65=0

Com P

must be amended as follows. In Fig. 5, let the strajn in the
direction of (8, ¢,) and (¢, ¢) be &5y, and ey.y, respectlvely,
-(10) may be written as follows :

(e, w— &) E=(1 + v)o‘ sin® ¢,

(e, v —eg)E=(1 +v)o- sin? 9/12
- 5 hence it follows _
~ Fleo gam€00= (I + v)o (sm dy—sin® ¢)  (L1)

therefore

Putting dy=dy,, +9 and neglecting the higher order of 4, (13) is given by

‘"

§&  ° Now, denoting the “ spacing” “of the atomic planes

ae~l - discussed now as d, when no stress exists in material and

the one of the same kind of atomlc planes, the normal -

of which makes an angle ¢ with ¢, and ¢ with the normal

- of the ‘surface of the object, as d v, the straines-e;,, and

' : €4y, i1 (11) may be regarded respectively as follows : '

© dy g, —ds dy g~y ' ‘
—_ Y. 0 — “.ua 0
Sys,q,l—‘——-*‘————*;,o ’ .€¢,q.2'-——do (12)
. R N : 4
, g w2 g : ) '
e,“%—«e,,,,‘p,:———’—{——-‘— : . (133
@y

D2 g w, {I_ 0
dg 4 \ Dy w;

€h,02 T g9 ™
7

where 3/[!,, v is the order of 1/1000, so neglecting it compared with 1, (13) may be Wutten:m

. the following form :.

h

— ﬂ'ps.xpaf’f[.q,-g 4 - (14)

- ’

E 1 .(l’,;'.h—“d,g’% : (15)
1—v  sin’gp—sin’dy | ds, :

This formula gives the magnitude of g,, when we obtain dy,, and dg4, by ekperiment. In a

corresponding way, o, can be obtained from
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E 1 Dg13 0= T30
1—» sin® o—sin® ¢, dss3m

(16)

g,=

) The full analysis of the stress distribution at the point O is, in a word, to know the principal
stresses o; and @, in their magnitudes and directions, of which we have, as is known from (4),
; o, +0,=0,+a, . (17)
~and from the relation of the b-elastipity, : ’ )
- ‘ ) o, 0,=(0,—0) cos 2¢ ' . {(18)

Solving (17) and (!8) for ¢, and o3, it follows :

§

a1+ cos 295)—:0 (1 —cos 2¢)
2cos 2p

~—a,(1—cos 2¢)+a,(1 +cos 2;75)
< 2cos 2§

»

219)

0= -
Where, since o, and o, are able to be obtained from (15) and (16), the principal stresses @, and
@, are determined in magnjtude, if the angle ¢ is found. On the other hand, as the, finding of ¢
leads to the determination of ¢, as well as o, at the same time, the questlon is how to find out
the angle ¢.
The. solution is as follows : con51der s, makmg an angle « wlth ¢, and consequently (¢+a)
with @, then, in the same way as in (18)

‘o) —a, —-(al—az)cos 2(¢+a) ‘ i (20)

and putting

_ 0,—0, cos 2¢
4 o) —0,) cos2(@+«) (z1)

we can calculate V because o,, 6,, ¢/ and o,/ are all measurable. And from the relation
L ]

o,+to,=¢,/+o/=0+a, ‘ " (22)

it is necessary to know only three of them for determination of V. Solving (21) for ¢, we obtain

(23)-

3

.+ Vsin 2a -
vV (Vcos za— 1) — P2 sin® 2u
from Wthh 75 is determmed If u=45° in this formula, '
it becomes '

cos 2;6 =

__+ v
EE3 2
The double sign + in (23) or (24) depends upon the
relative sense of ¢ to a, i.e. as is shown in Fig. 6 it
takes plus when they are of the same sense and takes
minus sign when the case is opposite. Generally, by \
-solving (23), four values of ¢ are given, two of .which Fig. 6.
form a pair respectively and have opposite sign and each pair makes an angle of 9o degrees
to each other. So it is unknown whether o, or o, makes an angle ¢ with ¢, For this reason
o and ¢ are solved independently. However, in this place, the d1rect1on making an’ angle ¢ with
o, must be of ¢;.© For the purpose of solving this question, the magnitude of any one principal
stress must be obtdined once more by the .above method, then by (17) or (22) the other is ob-
tained and the greater is o, Thus the full analysxs of the stress distribution on any pomt of the
surface of ‘the ob_]ect is carried out. ‘

®

cos 2¢ = or V=ic0t.2¢ (24)

HII. The practical operation of “X.ray stress measurement”.

For the practical operation of measuring stresses, at least two photographs are required, of
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which the one is obtained by the X-ray beam in-

" cident perpendicularly to the surface of the object
and the other by the beam which makes an angle
of 45 degrees with the nwmal of the surface of
the object, for the purpose. of obtaining high ac-
curacy. : e

‘ As will easily be seen from Fig. 7, the angle
between the surface. normal and the normal of the

_ atomic planes, reflecting the X-ray, is y for the
former and 45°—7’ or 45° 47" for the latter. That

is to say,

$i=y, ¢o=45°—7y or ¢z=45‘ +7” /
Thoﬁgh, of course, 7, %/ and 7' are not equal to ene another and vary according to the acting
stresses, their difference are so”small that they can be regarded as equal and their mean value,
9.5° in the case of iron and steel, is used in the formula (13). When the combination of h=py

and ¢,=45°+7" is used in (15) it is denoted as 1 +) measurement for convenience sake and
when ¢, =7, ¢,=45°—7’ as 1 —) measurement. As above, putting 7 =7'=5"=9.5° approximately,
(15) becomes as follows in | +) measurement : R
. £ I d¢.5¢50“¢}5,9.&°“
9.= inZ A £0 inZ o
: 1—v  sin® §4.5°—sin" 9.5 g 950
=25.814 g 15— g 05 kg/mﬂl?  (28)
where E=21000 kg/mm’ and v=0.28"
and in- 7\_ —) measurement . \
- G, E - o L ‘,4\ | dgmw—dgar } -
1—v  sin® 35,5°—sin’9.5° * d g5
- p— 52959 d#.%;‘“ﬂr#.sﬁo ko./mm‘z . (26)
) 5 .,9.5¢

The above methods are of common use because of their accuracy, especially 1 +) measurement as
will be mentioned later”. ~However, as they need at léast two films for obtaining 'y ¢, and dy y,,
it is very troublesome. When we need not so much accuracy as that of the | +9 measurement
the followmg method may be used. That is to say, choosing as follows :

$i=45°—7y and $i=45°+7"
(15) becomes ,
/ E I" ' (l’é,smo — ﬂ’gﬁ,as.so

1—y sin® 54.5° —sin® 35. 5\0 g 5550

g,=

=503§O Ay 5150 Ay 355 kg/mn12 ; ,‘ ) “ (=)
As can easﬂy be seen, if only one film is obtamed by obhquely incident X-ray, @, ls.measulable
This is denoted as + —) method®.

When the oblique photographs can not be obt(lmed on the account of the defect of apparatus,

$,35.5°

the following method may be used. It is proposed by F. Weber and H. Méller” in the early

course of the development of the * X-ray stress measurement ”’. Easily, from (3%01" (4) we can;,
write . .
a=——p(ota) ) (28)
—d s _
and . . " ) €8=$¢ 0:..‘!%-\& (29) -
- 0

i

where d, is “ spacing ” of the atomic planes, of which the normal coincides with that of the

-
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surface of the object, ynder the condition-that no stress exlsts and dy, is the one under stress.
(28) takes the followmg form: .

\ ‘ E — ' ,
. 01+0'2:——y“————“d¢'0%% . )
. = = 75000—F . "do kcr/mm ' (30) -

In this method, X-ray beam is perpendicular to the surface of the objecf. If the values of o,
and d, are obtained by X-tay, the sum of the principal stresses is determined.
. As will be seen from the above, it is indispensable to obtain p;eviously and the wvalue
of stress obtained is the sum- of principal stress. - Moreover, by this method, the direction of stress,
the one element of the conception of the stress, is not contained at all. And, even if the X-ray
beam is perpendicular to the surface of the object, the value of dyy can not be obtained, bit dy .,
‘ is measured, that is to say, between the normal of the surface of the object and the gne of the
atomic planes reflecting X-ray it contains an angle 7, so ¢ is not zero. This method dernoted as
1) method, contains such defects as above. '

.
B

Iv. The determination of “spacing” & and its measuring accaracy.

By the explanation above mentioned, the distribution of the surfice stress at any point is
“agalysed. The next problem is by what means and how accurately we can measure the “ spacing
d. -Now, we will discuss this pbint. Obviously’ from (1), when the wave length 2 of the incident
- X-ray is known, & is determined by measuring the angle 6 bet\veen the reflecting atomic planes
and reflected X-ray. From (2), the value of lattice constant a is obtained. Taking & as a func-.
~tion of # and differentiating (1), it follows, s . - )

T , : Jo—_—tanf ., (31)

o o . 4 4 , :
where 40 is the sliéht variation of ¢ and -dtz"is that of &. So, it is clear that, as the value of
is approximately constant for metals of same kind, the absqlute‘ value of ¢ must be adjusted to be v
as large as possible for mieasuring 4# as large as_possible comparet{ with 44. In other words, it
is desirable to choose the X-ray so as to make f as large as I)OSSlble in relation to the value of
d according to, the kind of metals used. .

Now, in the case of u- irog, whose lattice is body centered cubic and “the lathce Constallt is .
. 2.8607 £ 0.0002 A as is shown in Fig. 3, the combinations of the Miller’s indices (/. 4. /) of reﬂect—
‘mg atomic planes and, wave length A of used X-ray which makes ¢ comparatively large is shown
in Table 1. As will be known from it, it seems to attain otir object to make 6 the greatest to
utilize the Mo-K«, radiation as the X-ray which is reflected by (8.0.0) atomic 'plbanes' of iron.
However, as the spectrum by (8.0.0) atomic planes is e same meaning as the eighth spectrum
of reflection of (1.0.0) atomic planes, it takes many.hours to. take the photograph as the intensity
of the reflected X-ray is weakened very much. In this point, it is rather desirable to utilize the
reflection of (3. 1.0) atomic pld'nes by Co-Ku, radiation. Moreover, it is profitable in the following
spoint, that is to say, the wave length of the K—radlatlon Zof characterlstc X-ray of Co is

-

Ku. =1789.19 x.u. Koy =1785.29 x.u.
](;?2=161744xu ' Kp,=1605.72 x.u.

and the A-critical absorptxon wave length of a-fron is '1739.4 x.u., which lies between the wave
length of K« -and KB doublet of iron by Co-radiation. So, as KB radiation is absorbed, in iron,
reflected X-ray is almost only by Ku doublet, and as the ratio of intensity of K{/1 and ‘Ko, is
nearly 2: 1, reflected X-ray seems to be monochromatic. Here, the value of 8 being as large as
rﬁearly 80 degrees, the reflected X-ray fulfills: the condition of so-called ‘“back reflection ”. (Fig. 2)

Now, the calculation of & may be dealt with. Therein the film is circular. Tn Fig. 8, let
the distance between the interferential line be S and the one between the surface of the object
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Table l.{., ) .. v

1 (xaw) b kL 0
Mo Az ' 707.831 48, o, 0) 83°
Co Aq 1785.29 - (3, 1, 0) 80°50.57
Cr Aay - 2285.03 (2,1, 1) . 78°30/
Fe Ko 1932.076 (2, 2 0) 73 . o
Cu Kay ' 1537-395 (2, 2, 2) 69

N ~ N -

K £ g
and film be R, as will easily be seen from the figure, it follows:

S : '

7‘: 4R rad"' . ‘ a (32)
_~ Citing the case of utxllzmg the reﬂectlon from (3. 1.0) atomic planes by Co- ]('t:t1 radxatlon by
(I) and (2), it follows .

A= 2¢ si ﬁ: - COS
Ve 32+ 12+0 n 7
. _4/ 10 A -
» e Q= > m (33)
Substituting A=1785.29 x.u.’ for (33), it takes thé following form
_ 1785.204 10 1o, 1
R cos y
=2822.8 coky - (34)

In_this manner, measuring S from the ﬁlms and calculatmg / from (32), we can determm; a from
thé equation (34). Moreover,  is obta.med from (35), '

w1 ;

| | 557 (35)
Now, in order to calculate the value of » from (32), the measurement of the value of R as

well as .S is necessary. For this purpose, the diffraction line of gold or silver on the same film /

with iron ring, which is obtaired by the reflection from (4. 2. 0) atomic planes by Co-K« radiation

and is little outside of the iron ring, is used. For instance, in' the case - of gold diffraction line,

as the lattice constant a of gold is 4.0699 A it follows corresponding to (33)

d=892.63

1.788329= _2_54, 9699 s 7

v ogZ+2°+o
cos = 0.9808668
. Ly =11°1322" . . (36)

Measuring .S by the gold interferential ring, the value -of R is calculated from (32).

As will be shown in Fig. 7, in the case of oblique incidence, however, the Xray -reflected
A : by (3. 1.0) atomic planes makes an angle 45° —y' and 45° 49" with

the surface normal “of thc object,. and falls upon @ and 4 on tlle film.

Thexefme, it will e’xs1ly be seen Pa:l:Pé, whe1e PO is incident X-ray

" . beam Becauqe the position of P on the ﬁlm is unknown, & or @ on

the direction of 45°—7" as well as 45° +7/ can not be obtained. To

|1
|

———}
o —
[ S
S
—|
—

H Se remove this defect for the oblique incidence a standard line in the cover
;;I' . of film is photographed on the same film with the iron and gold inter--
& & : ferential rings. That is to say, this line on the film gives us the settled

“Fig.. 9. ’ osition of the used camera. Therein the diameter of both gold rings
g9 post ’ ,

3
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by perpendxcularly incident X-ray and by obllquely incident X- -ray gives equal value. Because

- Pa=Pb for gold ring, the position of °P can be determined. (See Fig. 9)

i

In the above, what is measured actually in order to attain the value of & or of 2 is S and
R. So, the measuring accuracy of & or a consnst in how accurately S and R are measured at all.
From (32),"

.

Partially diﬁ'erentiating it we get

&

2p=n—20=
S
2(),__7'1'~—7
S -
8 1
LN 4R;

2R -
80 _ S
R AR

Denoting the measuring error of 0 as 4f when there exist the measuring error 45 and 4R for §
and R 1espectxvely, it is represented as follows : B

40— (—__AR As)

S SN YOSy 1
=1 {(rr 20)4R -1 AS}

(37)

Next, the error that accompanies the calculation of 4 when the measurement of @ is attended
by the ertor 40 may be introduced”. Putting n=1 ‘

___X
zsin(i

in (1), we get
A

1

dd=—1_ <05l y

=—dcotl

sin?d .

40

(38)

where 4d is measuring error of d when there exists 40 for the measurement of f. Substituting

(37),

therein

44 _
=

da

a

ad
Ad =
‘d 2R
4q _ 1
ad 2R

cot 0{% 45— (7— z'a)AR}

amﬂ{l;AS—(nﬁzwdk}
2‘ l“ 1

]

4

(39)

Now, to measure .S, it is most convenient to contact glass scale, graduated by 0.1 mm, to films.

'So, 4S5 may be about o.1 mm.

. and 4R=0.05 mm are ‘shown’in Table 2.

Putting 4S=0.1 mm, the value of da/a for =50°,55° ... 9o

As is ‘obvious from!the table, even if 4R =0.05 mm,

Table 2.
. {4Sj2—(n—20)4R} dala x 10°
o ot 0 n—20 (m—20)4R V. VY 48=0.1 mm

deg ' ' rad mm 2R AR=o0 AR =0.05 mm
. . _mm ) ‘

50 0.8390 1.3927 © 0.0698 6.7882 ‘23 75 - 56.96
55, 0.7002 1.2217 * oobIx ¥ 6.2939 19.84 44.07
60 0.5773 1.0472 0.0524 57994 g 16.36 3348
65 " 0.4663 0.8727 0.0436 5.3050 - 13.21 27.74
70 0.3640 ) 0.6981 ) 0.0349 4.8196 10.31 ; 17.51
75 . .0.2679 0.5236 0.0262 4.3161 7.59 11.56
8o 0.1763 0.3491 ool75 3.8217 5.00 6.74
85 0.0874 . 01745 0.0087 3.3273 2.48 2.91
90 0.0000 0.0000 0.0000 0.0000 0.00 0.00

-
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Y

“for the case of iron by Co-Ko, radiation 0 bemg 30 degrees, Aa/a or A(Z/d is comparatxvel}y
small. - ;

 da -

| ——=0. ! (4_0) :
Putting . a=2.86A ‘ _ '
' Aa=2.86><6.74>< 10f=19x 107" A (41)

If ) AR=0

da/a=5.00 x 107"
da=2.863% 5,00 X 107°

~ v

o . =g43x107A (42)

V. The theoretical accuracy of measured stress.

With the accuracy of me_as&rément of d or a is dealt in the last chapter. So far as the stress
is calculated from the value of @, the accuracy of calculated stress depends upon that of 4. The
theoretical error range of measured stress may be calculated in every case of the above methods.

In general, from the equation (1)

' a,=C, d"”“‘*’(;d” M kg/mm® i=1,-2, 3. . (43) .
8,01
where for | +) measurement Ci=25814
) ..l_ ) ” CQ=52959
_ S +) ” . (3=50390 Ty o
Differentiating (43), we get o . .
do,= Gt (4dy g B4, ) W
F‘ L2} [1}‘ (2 '

where 4o, is measuring error of stress, when the measurement of & is attended by the error ad.
Therein, assuming

o : v (d‘ 'h:dﬁ? azd .
and so . - -ddy = ddg o= dd

in high order of app10x1mat10n (44) becomes as

da{n = Q—Z(Z A(l”\”O)

From (40) da = 4d —6.74% 10 °
. a - d « . R . ’
_ _ do, =+ (C;x1.348% 10~* kg /mm? - S (46)
So, the range of error is as follows: ‘ '
for 1 +) measurement . 3.48 kg/mm?
J_ —) . o . 7- 14 ”
+—) . , 6.80 - ,, .

For 1) measurement, we will deal with the case when o, is zero. From (30)
’ dyo—dy ’
y

0

6,= — 75000 , kg/mm?

In the. analogous way as above '
do,= —-75000(——~o> +10.12 kO'/mm

Of course, the range of error varies according te the condition of the experlment tlnt is to say,
whether the film used is of circular f01m or plate and the distance betxizeen the film and the surface
of the object.
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VI. The variation of < caused by stress.

That the stress gcting on the surface of the object can be‘dete'rmined if the value of @ or &
is measured by X-ray, is mentioned in Chapter II andits meésuring accuracy is in Chapter 1V
‘It becomes to be the next problem whether, as”is supposed, the variation of @ of the materials
" under stress is in’ the range of measuring- error of d or not. ' -

At first, an example of bending is carried out for this problem®. As in Fig. 10, X-ray
is incidqn% perpendicularly on the test piece under bending stress paral'leled throyugh two slits .S
and S,. For giving bending, of the supports 4, B, D, we fasten D and ‘move 4 and B in

»
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Fig. 12. Fig. 13.

-

par::lllel stepwisely. The film is circular with the center at C, frem which & or a is calculated
at each step of bending. As an instance, the authprs experimented on the case of pure iron, of
which the test piece is as in Fig. 11 and the result of experiment is shown in Fig. 12.
'Moreover, they experithented on the case of cast iron, of which the result is shown in Fig. 13.
As be seen in both figures the value of & or a decreases linearly according to the increase of the
amount of deflection in pure iron as well as in cast iron, which contains comparatively much carbon,
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and the yariation of 4, now in *question,,is satisfactorily in the error range of X-ray measurement
of 4. Therein, in the case of pure iron they used the refléction from (3.1.0) atomic plames by
Co-Ka, rédiation, while for cast iren the reﬂ»ection‘ from (2. 2. o)f atomic planes by Fe-Ku, radiation
is used. As thé angle @ is at'.)‘out 80°50.5" for the formar and about 73° for the latter, the error
range for the former is. 1.9 x 10™* A and for the latter is 3.3x107*A, calculafing them by~ the
analogous method as in Chapter IV. - ' ‘

VIL- The result of experiment.

" '

The theory and téchnique of the “ X-ray stress measurement” is as above mentioned. The
authors carried out some experiments on it for the purpose to examine whether the value of measured
stress by X-ray is ‘equal to the stréss acting on the object or not. The tried .experiments were
". Next, they will explain the results_and try
some, investigation-on them. : - )

1) Tension. - » - o

on the case of, tension”, compression® and bending’

Giving stepwise load on the test piece of pure iron as is shown in Fig. 14, they investigated
the relation between the stréss o, measured by X-ray-.and the one ay calculated from load. The
setting of the measuring apparatus is shown in Fig. 15, where a, Shearer tube was used. The

57— .
k s /6184
y T
3 - , .
_ — 60 —=.
il
348 Xt 1[
Fig. 14

v - ) t - e
@D camero guide tesr.t_ piece M -
‘ )

-~

'

C e 4 1)

il
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- 7 W‘:E’“ ~

S
3

N _ Ac 220v Fig. 16.

used camera is asc<in Fig. 16,
ol : : , Y : _which was attached to the test
piece and X-ray beam was in-
o o | cident through each slit either
perpendicularly or at an angle of
45° with the surface normal of
the test piece. "Thus, they ob-
o : .tained both perpendicular and
o s - : oblique photographs, from which
o ' stress was measured. The result-
/ O . . Vv of I —) measurement is shown
& e in Fig. 17 and that of .1)

6x 9/ mmt : measurement in Fig. 18. The
Fig. 17. 4 - . . error range of measured stress
R ,

o\
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©

53/ mm?
\( o
o58)
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under -the condition here used
: 2 : . 40
is 2.9 kg/mm’® for the- former 7 > 5
and,4.7 kg/mm® for the latter. 8L v > =7 o}
Moreover, a specimen (Fig. %5 . an
. = 4
I9).‘())f» mild steel (abouto.1%- € | 8
C) was stretched within the . Pl)
. . . yd Q
elastic limit and the load was ©% o_ /
, oL
removed and then the stress S
on the surface of the specimen 10 of. A
was measured by X-ray. The 1ol 97 ‘
experimental result is shown /g" .
in Fig. 20, which shows no -2 w0 0 10 20 %0 %0 50 60 Wt
stress remains within the error . 6 )
range of measurement (4.7 kg/ . Fig. 18.
mm?). ~
t-2 ] 5 PFE- .
4 ( —L g’
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of 0.07%C mild steel -as is shown in Fig. . _ ¢
21. The used X-ray tube is Sealex type  _,|
-and the result of this experiment is shown
in Fig. 22. Fig. 2o0.
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3) Bending. 4 ‘ .

In this case, they used specially de51gned camera as Fig. 23, where R and D are both rota-
table and the principle for giving bending is the same as in Fig.-10. TFig. 247 shows the used
specimen.  When two photographs as are shown in Fig. 25 are obtained, the stress can be measured
On the other hand, the stress on the point 7 is represented as follows:

" E -
,,,,z___6z2’ 7 | ‘ (47).

where  /: the thickness of the test piece

/ : the distance between two supports
J : the deflection at the middle point of the test picce
L ; Elastic constant
. : I
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[ - [} i
Fig. 26,

Therefore the stress is calculated by (47). The relation between g, and a'X is shown in Fig. 26.

The dotted lines i the figure represent the error range. \
Surveying the above results, we can see that the value of stress measured by X-ray is approxi- '

mately equal to the so called stress 'value in the tange of measuring error. Therefore, it is clear -
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that, so far as elastic stress is concerned it is measurable by “ X-ray 'stress meqsurement in the

-

case of iron and steel. . .
Moreover as an example of light metal the authors. tried an experlment on super- -duralumin
> under tensile and compressive stress'. The test pieces used are shown in Fig. 27. The result
by ‘1) measufement is shown in Figs. 28 and 29. The former is the case of tension and the latter
of compressmn in which the dotted lines show the range of error. In this case also, the_ stress
measured by X-ray is approximately equal to mechanical stress in the error range. So, the possi-
bility of the ‘““X-ray stréss measurement” was asceitained in the case of light metal“also so far
~as elastic stress is Concerned. - ) ' ‘
- - VIIL. The application of the “X-ray stress measurement ”. - _
A% was written in the preface, the exellence of the “X-i -ray stress measurement ”’ cons}sts in
the possibility of measuring stress without any harmful and additional working to the objects and
. of measuring highly local stress. Utilizing' these points, the authors tried a few experiments for
+ " application. ) '

.
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' As an example, the measurement of residual stresses in welded part may be shown'. Fig.
'30-shows the specimen, obtained by V-welding. Theé stresses parallel as well as perpendicular to
the weldmg direction are measured in ayfew positions on the specimen.” The result is shown in
Fig. 31 where the length of arrows corresponds to the magnitude of stresses and the direction of
them to the sign of stresses, i.e. the arrows in the first quadrant fire pltis, so they are tension.

v

2 1")

~ IX. Tlfé “ X-ray stress measuring mstrument

Hitherto, the * X-ray stress measurement " was executed only in laboratories, so was of a
narrow range of application. ' ' ' ' )
i Makmﬂ a step forward the authors designed and produced a ‘“X-ray stress measuring.
instrument ” so as to measure the stresses of the object wherever it may be. Besides this point,
it was desugned to b¢ conveniént for the full analysis of the surface stresses of the- object of
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: , which the theéry is explained in

° o L - Chapter 1. The outside view of

this isstrument is shown in Fig. 32.
In the figure,-

1: tube stand .

2 : main part of measuring instru-

‘ "ment and inclination adjuster

3: main part of arch type stress

measuring instrument

4: distance adjuster
‘ i 5 : film holder
——(’- ’:-—- Y (6.0 slit
| “=“.t'-“ WM;;’;S it o « 7: X-ray tube supporter
. the center of ¥-ray tube 8: X-ray tube-

It is carried to any plaée as we
like by the rollers-and the inclina-

] 1 tion of film is adjustable according
| o _ to that of the surface of the object
; . 1 . ; v : { ¢
- I The Lowest. position of in wide range. They ascertained

! ‘ the ce'x(fr of ¥X-ray tube

that it is very convenient for the

laboratory and that ' sufficient ac-
Fig. 32. , curacy is expected in shop-measure-"
ment. : ‘

- , . ' actual use when the “ X-ray stress
‘g 1 ig - : 1 measurement ”’ is applied beyond

‘ : X. Summary.

So far as the theory of the “ X-ray stress measurement ”’ is concerned, it seems established.

‘as was explained. From the stand point of metals as an ag greGatlon of crystals, Howevep there

remain many problems. - Lookmg back upon the result obtained from this study, it may- be remarked

as follows: ,
“1) within the rande of the elastic llmlt of ‘mild steel, the stresses measured by~ X-ray under
tension, compression and bending com(:l(;e with the mechanical stress, ‘in the “measuring error range.
2) the “ -ray stress measurément ” can be applied even for cast iron which is a special
example of ferric substance. o ‘ . :
3) in the case of super-diiralumin, as an example of lignt metal the p0551b111ty for its appllca~
cation is ascertained. L
4) the residual stress, for example, in welded” parts can be measured.
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