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THE INFLUENCE OF NOTCHES UNDER STATIC STRESS*

By K. Matthaes
SUMMARY

The present report is a compilation of the experimen-
tal data obtained by Heinkel, the DVL, Focke=-Wulf (J.
Muller), and the Institute for Metallurgy of the Dresden
T.He., in their studies of the influence of notches under
statie stress.

From the described experiments it is seen that notches
are a potential source of strength decrease even under
static stress, which the designer must take into consider-
ation.

Section I is a general treatment of notch influence
under the various types of stresses. It is proved that
under tensile stress, steel of round or solid section al-
ways discloses an increase in strength, especially if the
influence of the notch is confined to the outer zone of
the piece. In the latter case, light alloys incur no loss
of strength either. If the influence of the notch extends
to near the center as, for example, with a transverse hole
through o bar, stecl evinces a very minor strength inecrcase,
but on light alloys it is alrcady quite considerable. In
the express notch sensitivity range at low temperatures,
one must count with a congiderable strength decrease due
to notches even for steel,

Under flexural stress, notches effect an average
strength decrease of 30 nercent in any metal. Steel man-
ifests a further severe drop in the notch brittleness
range, that is, at low temperatures.

Notch effect and ingufficient toughness of the mate-~
rial may become particularly secrious if a section under

*1Die Kerbwirkung bei statischer Beanspruchung." ILuft-
fabrtforsehung, vol, 15, nos. 1 and 2, January 04,
1938, ppe. 28-=40,
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tension develops additional bending stresses due to an er-
ror as, for example, in fit or tolerance. This case is
illustrated by an example on a bolted joint, where a slant-
ing, compaet surface of the nut lowered the strength of -
o holit to a fifth,

Under twisting and compressive stress notcheg produce
no svreagth decrease.

Section II treate the influence of notches in thin
sheet as is used in airvlane construction. It was found
that with a2 hole diameter of around 12 percent of the
strip width, a single centrally loaded hole already low-
ers the strength of light-metal strip by approximately 10
percont. The effect is less as the gtrip is narrower in
relation to the hole. For equal ratio of hole diameter
strip width the gstrength decrease rises with the hole di-
ameter. TFor very small holes the strength decrease 1is
disappearingly small. Steel manifests no such drop in
strength.

If the stress is excentric, as with staggered rows of
holes, for example, both the steels and the light-alloy
metals undergo a marked strength decrease.

Simple rivet-joint tests proved the strength decrease
in the range below crushing failure to bec about as great
as on spcecimens with simpnle holes.

Lastly, the strength of riveted joints in plate sec-
tions is investigated and compared with the strength of
lap joints of equal rivet pitch and of corercspondingly
drilled strip. The experiments indicate that the force
gpplaecation: 1n the, baekeof the section e in the:center
of a plate Joint is particularly unfavorable and that the
traonsmissible strength beocomes substantially greater if the
forece is opplied near to the outer edge of the plate or inmn
the side wallg of the section.

I. INTRODUCTION
Effect of Notch Under Different Types of Stresses
On stressing a notched bar below its elastic limit,

it is found that substantially higher stresses and strains
occur in the effective range of the notch than in the un-
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affected part of the bar (fig. 1). Since the maximum
strass is decisive for the load capacity, we consequently
find through notchos in all those cases a marked decrease
in strongth in which failure is possidble, within the clas-
tic stress range - that is, chicfly under fatigue stresses,
although it may cqually occur under static stresses if the
matierial is brittlio.

Investigations into the e¢ffect of stress increases
upon the static strongth of iron, date back many ycars.
Experiments by Xirkaldi in 1862, on drilled and notched
test bars digclosed an increase in strength rather than a
decrense. The well~known cxplanation for this phenomenon,
found in the classic work of C. Bach, entitled "Die Mas-
chinenclemente," 1911, is that, obstructing or partially
restraining the transverse contraction of the bar reduces
the elongation, and consequently, also increcases the
strength in materials which in the case of failure under-
go o substontial transverse contraction.

Bagsed upon this and similar experiments, the effect
of notches on the static strongth was then considered
negligible for a long time.

But upon closer analysis of these conditions, esbe-
cially on nonferrous metals, it is found that the strength-
increasing effect, due to regstrained transverse contrac—
tion, does not always outweigh the effect of the stress
increase, but rather that it depends altogether upon the
kind of notch and on. the material as to whether an in-
erease or o decrecase of strength takes place.

1, Notch Effect Under Tensile Stress

a) Effect of depnth
(turned) on round stcel specimens nearly always result in
incroased strength; it increascs with the depth of the
notch (figse 2 and 3) (reference 1). It will bo noted

that the strength increcase is almost proportional to the
depth of thc notch.

foct of denth of noteh in steel.- Grooves

b) Influcnce of notch form and material.- Holes
drilled *hrough round steel bars also generally increase
the strength. The result of a single test 1s illustrated
in figure 4. The strength of the specimen without hole
is 58.3 kg/mm®; and 61.0 kg/mm?, with hole. The remarka-
ble fact is the simultaneously occurring complete change
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in the aspect of the break, which is equally found on the
round bars with the groovod notichee (figsd 3 'entd 4)u

While the svecimens without notches show a deed constric—
tion and fibrous break, those with holes or deeply grooved
notches manifest an almost pure granular dbreak and very
LNt Teconigtriction.,

In order to afford a basis of comparison of the ef-
fect of notch form in different materials, table I, giving
the results of various tests, has becen compiled. Accord-
ing to these tosts, the round bars with V-groove notches
produced without exception a considerable strength in-
creases The strength of the notched bar of 0.64 carbon
steel was 15 percent, of the soft ingot steel 63 percent,
greater than that of the plain bar; for AZM elekitron, the
increase is 9 percent, for DM 31 duralumin 20 percent,
and for pure aluminum (soft), even 77 percent. The square-
section groove also was accompanied by an increase in
strengths But it is much less in the aluminum base alloys
than that for the V-notch.

On the bars with transverse hole the conditions are
altogether different. Here the light alloys, with the ex~
ception of pure Al, disclose a considerable drop in
strength.,. Even on the unusually tough, soft, pure aluminum
the strength increase is a mere 3 percent. On steel the
gtrongth THercase  1s alsgo falrly small compared to the an-
nular notches.

c) Effect of temperature in steel.~ Steel manifests a
recegsion in gtrength as a result of notches only in the
stage of the very brittle break: thet is, chiefly at Tow

temperatures. Figure 5 illustrates the results of two test
series by H. Flogsner (roference 2) on round tensile test
specimens with V and square notches. The material, SU

steel, containing 64 percent C, had a tensile strength
(smooth bar) of 86 kg/mm2 at room temperature. It is scen
that the nateh tensile strength at higher temperaturos is
practically the same in all cases at around 105 to 108 k“/
nn®, At temperaturcs below room temperature the bar with
V notch discloses first a marked strength decrease; at
~70° C. the temsile strength has dropped to 64 kg/mm2 }

On the milder-acting square notch the strength did not
drop until at lower temperature. At =70° C. the notch
tensile strength still snounts to 93 kg/mm However,
thig drop in tensile strength at that ten“eruture does not
inply that the cleavage resistance drops with the temper-
ature (cxperiments with plain bars »nrove just the oppo-
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lietals with a tendency to cold brittleness = that is,
all unalloyed, or lightly alloyed, steels, alloys of zine,
and alloys of magnesium - must therefore be approached
with the pogsibility of strength decrease due to notches
in mind, if the particular structural part is to be safe
againgt failure at low temperatures.

2, Effcct of Notch Under Bending Stress

In bending the conditions are substantially different
than in tension. Here the notch under ‘stabtic stregs| i even
for steel, always results in a decrease of strength. This
is probably due to the faet that in the bendling test the
Stremipth is not governed by the congtriction ag in tho: ten~
sile test. For this reason, the rostrained constriction
itsclf cannot have the strength-increasing effect to that
extent, and the influence of the stress increase becomes
morc prominent. It is the reason why, in the bending test,
all brittleness cffectg are more prominently displayed
than in the tensile test (notch impact test!).

2) Effoct of notch dopth.- Figurc 6 illustrates the
notch-depth effecet on the flexural strength in & percent C
stcel, 47 percent C steel (reference 1), and an aged alum-
inun-base alloy with 4.28 percent Cu and 99 percent Si
(reforence 3). The ratio: "notch-bending strength/flexural
strength of the non-notched bar" is plotted against the ra-
tio? "notch depth/height of bar." The greatest decrease
in strength cccurs with a notch depth of about 10 to 20
percent of the bar height, and steel does not show up any
bebtie® than the light alloys.

b) Effcect of noteh form and material.- The notch-form
cffeet in DM 31 duralumin and AZM elektron was ascertained
from several other tests; the results are shown in table II.
Here the hole cffects a smaller decrease in strength than
the notch. This accordingly corresponds to the smaller
stress incrcasce at the holc.

c¢) Dinengiong of parts subjcet to bending stress.— The
marked decrease in flexural strength caused by notches even
under static stresses, makes allowance for notch effect im-
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verative when establishing the dimensions of structural
parts subject to flexural stress. The proper way is to
procced on the basis of the notch-bending strength estab-
lished on 2 flexural bar of rectangular section having a
depth of notch equal to 20 percent of the bar height (fig.
& Sinble: L1 ),

d) Effect of tomperature and rate of strain in steel.-
The ctrong influence of the brittleness in bending stress
couses in steel a further important decrease of notch-
bending strength in the stage of notch brittleness; to be
sure, only the stage where the energy absorption has al-
rendy lorgely declined and the whole surface of the frac-—
ture indicates separation failure.

Figure 7 portrays the results of notch-bending and
notch-impact tests with annealed tool steel of 9 percent -
C, the bending strength being plotted against temperature
for different rates of bending (reference 1). On the
slowly bent specimens the strength decreases considerably
below about +50° C, temperature, while for the impact
specimens it already decreases when the temperature falls
below +230° ¢, But in every case the flexural strength
drops by about 30 percent if this temperature is around
100° C, less. The flexural strength of the plain specimen
is substantially higher with 135 kg/mm2 at room tempera-—

ture, and discloses no decrease even at temperatures as
Pow aw =50° C.

The results of similar tests made with 5-percent C
steel (reference 1) are shown in figure 8. At slow rate
of bending, -about 1 mm/min., the notch-~bending strength
gradually increases with decreasing temperature fron
+200° G to =50° C. At high rate of bending (= rate of im-
pact, approximately 200,000 mm/min.) the flexural strength
increases with temperature dropping from +230° C.to +80° C
but from then on it decreases sharply with decreasing tem-
perature, At +18° C. it is already less than on the slow-
ly bent bar. The experiments indicate that still another
significance attaches to the brittleness than is usually
conceded, in the evaluationm of notch-~impact tests only
forienargy: absorptions In reality, bending stresses in
the expressed brittleness zong are accompanied by quite a
substantial strength decrease, which is especially effec-
tive at aigher stress rates.

.o
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3. Notch Effect Under Combined Tensile
and Bending Stress

ther than the simple teonsile and bending stresses
the case of combined stress must also be considered. Many
times, for example, it happens that in the design and
stress analysis a tongile stress is assumed while in real-
ity, supnlementary bending stresses due to assembly errors,
Srrepularitios of fitting surface, ete., oceur which are
not allowed for., In very many cases 1t is utterly impos-
sible to make an exact mathematical allowance for such
influencecg, since the magnitude of the inaccuracies de-
pends: on chanee alone. With minor notch effeet or suffi-
ciently tough material, no allowance for such supplemen-
tory stresses under static sbtress is, as ‘a rule, necessary,
since the appearing flow (strain) voids the supplementary,
stressese But this so-=called "artfulness of the material'
con only be relied upon when the material is tough enough.

One freguently encountered case of that kind is the
bolted structure under tensile stress, when the arca of
contact of the bolts or nuts is uneven or not parallel to
each other, or whon, on a tight-fitting bolt, the area of
contact of the head or the nut is not exactly perpendicu-
Iletio: the bolt axis. To ascertain this effect on the
strength of bolted structures, a series of tests were made.
Heat-treated bolts of alloy steel with a tensile strength
of around 130 kg/mm2® were usecd as described in figure 9.
Following the test in a tensile-test machine, tensile~test
bars and notch~-impact specimens were taken from all bolts
and tested. It was found that the bolts could be classed
intion

2) thosc with a notch toughness of 2 mkg/cm®
b) thosec with a notch toughness of 4 mkg/cm2
¢c) those with a notch toughness of 10 mkg/cnm2
fhoy results of the tests, given in filgure 10, show
the rotio "bolt strength/tensile sirength of material'
plotted agoinst the contact anglc of the washer. Even a

small angle of contact produces a marked decreasc of
strength, particularly on the bolts of steel with low-notch

toughnesse The failing load of the bolt, 40 tons under cen-

tral loading, ig recduccd to 24 tong when the washor has 2
89 glope, and to 9 tons for a contact area equivalent to &
7% glope. With greater notch toughness the conditioms are
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much improved. There is a "high" in strength for small
confact angles, followed by an abrupt drop in strength

and, finally, a "low" in strength at greater contact ane-
gles of washers., At small contact angles the bending
stress is obviously almost comnletely equalized by the
twisting of the bolt end in the thrcaded part. At greater
contact anglcs the toughness of the material is no longer
adoquatc to effeet this cqualization, as a result of which
the strength deocereases very sharply as the angle increagses.
At great angles of contact the nut itself rests on one side
only, thus creating in this zone an additional bending mo-
ment which is unaffected by any further increase in con-
tact angle.

According to the experiments, the toughness of the
material itself must be allowed for in greater measure
with respcet to the strength under static stress, while
for the highly strosscd narts in airplanc design, the
problem of fit and tolerances can only be attacked with
due allowancc for the effect on the strength conditions.

On the basis of the results of thesc experiments, a
simplie and at the game time reliagble method for the ac-
ceptonce tosting of vital bolts, was inaugurated. It was
bascd on the following arguments: The designer introduces
the matericl strength in the stress analysis and rofers
this strongth to the minimum scetion ~ that is, the core
scction of the throad, or the barking-off. Under the in-
fluence of thoe noteh effecct, the strength of the bolt is
substantially greater under contral load, and does not
decreoasce until additional bending stresses caused by ob-
iiigue conbaet areas, oeceur.  So, np to a certain slopetof
contact arca, and provided the toughness is adequate, the
comptced bolt strength prevails. This must be proved in
the acceptonce tests The bolts arce simply torn betweeon
oblique contact areas, as in the described tost, while the
bolt shank itsclf is guided cylindrically. Since failurocs
can occur at the bolt head also, an obligue contact areca
e provided ag for the nut. ' The contact angle is 4° . &
this anglo, bolts of tempercd stcel still have a falling
gstrogs equal to the strongth of the matorial provided tho
toughness is adequate. If, in tho acceptance test, the
stipulated figurec is not reached, notch-impact samples arc
balkon ond tho caousc of the inferior bolt strength ascer-
tained. 3
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4, Notch Effcet Under Static Twisting Stress

Since in shearing and twisting strosses, even with
stross reversals, the noteh offect is substantially less
than in normal stress, the effect of notcheg will Dbe rela-
tively snall, cven under static shearing and twisting
stross.

Ve moade no notch~cffect tecsts under statiec twisting
stress eihco this subject hos boen adegquately coverced in
the static ond impact tests of E. Stille (roforence 4),

and E. Tigcher (reference 5), whose findings, so far as
thcv pertain to the offcct of notches on the static
stronbth, are appended in table III. The tests disclose
a 4- to 7-peorcent strength incrcasc through the annular
notchos. Tho bars with collar manifested practically no
influcace on the strength., Transversc holes and longitu-
dinal grooves lowercd the ultimate twisting moment. But,
taking the cross-soctional rcduction into consgideration,
there ig hardly a reduction - dbut rather a slight rise -
in theo cxisting nominnl stresses. The impact-twisting
tegts disclosed the ultinmnto twisting moment to be only
very little affocted by the rate of strain, averaging for
impact stress, about 6 percent higher than for static
stress.

5. HTotch Effect in Compresgive Streass
o recduction of strength due to notches is expeccted
under compression, because the section in the noteh base
$8 @Supportod dy tho greater scctions ovor it. Aside fron
thot, substantially lcss significance attaches to the
rotch effect in compression, for the reason that the conmn-
pressive strength of metal materluls can - exceptlng
cast iron = ng a rule, not be utilized, because it lie
substontially above the tensile strength, &1& the stra ins
induce foiluroc long before failure in compression takes

plrce.

Individual compressive tests weore foregone and re-
course hod to Sach's experiments (refercnce 6) on cylin-
dricol somples of cagt iron with annular notch of varying
depth in the center. The results of these tests are shown
i il eines 11 and 12. . The obtwi;bn failing stresg rigos
in proportion to the ratio of "outsideo dicmeter to dionec~-
ter ot notch base"; i.oy, on nntorials as brittle as cast
iron, thc noteh offccts o substantial strongth increase.
The notch effect here ig more properly looked upon as sup-



i) HMsraeC sl

pertingsactiion of
noteh flanks:
tiltons
il A5°

the specimen

o) kel axis » or

Technical Memorandum No.

that is, an additional effect.
would probably be less propitious if the notch sloped
in axial direction,

862

center due to the -tanered

(The condie

II. THE NOTCH EFFECT OF HOLES IN THIN SHEET

Whereas the first part of this article was confined

to the effects of notches
in general,
sheet, corregponding to the special

in airplane degsign, where

general type of notch form.

gl wby ibiblsvomlk of J.;

lighed so far, were
o f hidls

3
adp o vbig

stucdies therefore
differcnt

Wl lessleof “norvs. 0t holeg
and high-teoensile steel,

-

were largely made on

1w Effcet 6f Bingle

o) Influcnce of seetional

the holeg
(These
linller-Bremen,
graciously put
extensive experiments is quoted.)
treat »primarily the effects of holes of
sizes and locationsg (centric and excentric), as
and riveted joints in 1ight metal
The fundamental investigations
specimensg of AZM elecktron.

constitute the most
experiments

His findings:,
aty our dispeisail. “ Onily
The

Central Hole

akening through onec hole

in AZM clektron.- Muller's

AZM cloktron strip with 3 mm
decregse in

Hilaoe iaibaatpie

wwibh width b equal to sight times
Bole . BEl = 1245 porccnt). The

nly: 88 o

Eoel narrawor s tnip, ke

o aaeerbain the effe
bilie gorip widb
decrcase, o |large numberiof teshs
barisof uifforont width and difforent

nsisted of AZM elcktron
Its strengtd factors were 0g,2
a
kg/mn®, & = 17 percont.
g or 1.3, digcloses
Eoegs in grain ‘sigze.
a

clude as P 28 poss

zonc—like,
The

shcet of 1 mnm
= 19.9 kg/mm?,
The mierosbtrueture,l'ss
arranged marked differ-
so taken ag to ex-
ible any influence on the result due to

specimens werc

te nﬂllc test experiments on
digmeter holes,

disclosed a

strength varying in amount with the width of
The grecatest dcecrease occurred on the

strip
the diameter & of {the

under various types of stresses,
the following treats the notch effects on thin
conditions encountered

were pronpt-
not pub~

strength then amounted to

less

o, ¢t of the hole diameter and of
h in their combined influence on the strengt

were made on
size holes.
thickness.

specimen

CTB = 51.2
shown in

ercont of a standard 10 mm wide tensile test bar,
strongth decrcasc is

h

The ma-



(a]

TeAoCovA., Technical Memorandum ¥Yo. 862 318 1

the strongth scattering in the sheet. The obtained wval-
ues (averages from three to five samples) arc given in
table IV, while figurec 14 shows the strength of the per-
forated bars plotted against the bar width and the hole
rla‘otor. It rcadily reveals the strength decrease with
nor0231ng specimen width and the effect of the hole diam-
ter. The various influcnces are individually cmphasized
in figures 15 and 16, which show the strength of the spec=
amens aAcaingt the ratios "hole diameter/strip width"
(dib>. The curves in figure 15, referring to bars of dif=
crent width and equal hole diameter, stress the influ-
ncee of the strip width., With decrocasing ratio d:b, the
strength decrecases almost linearly. Comparing the dif-
ferent curvo", the strongth decrease is scen to become so
much grenter as the hole diameter is increased. The

v

gurvos in il%nro 16 refer to bars of the same width and
show the influence of the hole diamcter. 4As the ratio

d:b increcases, thc strength of the holed tensilec test

bar drons very ranidly to a lower limit value and then in-
erogsos agaln gradually as the ratio dib 1inereasess

Thig grodual rise rests on the same phenomcnon as that of

e Socurves in. figure 15

.o‘...u.

I

: '!J

(0]

The renainder of the section adjoining the hole must
be Looked upon as. o btonsion -bar With so much greater lo=
gal tapor aos the hole is smaller. With large holeos tho
ension bars formed on the s1dos are comparatively small
and boundecd on onc side by a hole of reolatively large
radius - heace, subjoet to little noteh effect. The fact

<t

hot with sm2all holes the influence on the strength di-
minighes asain and almost disappecars for very tiny holes,
is readily understood when procceding from the prenise
that covery. material has minor defoets which, similar to

tiny nolec, locally act as notches. A notch effect of

O

the same order of magnitude as such defective spots can
therefore have no influcnce on the stroength. Naturally
+ 3 ~

this fﬂ‘l“c;ﬂo of the ratio d:b prevails only when the
htile disncter docrcasecs with tho ratio d3b and noet, IF,
as in figuro 15, the decreasc in d3b is attributable to
apifaeregsing strin width - b, In that ease, as 18 sgen
in T4 pure ), there is no sccond risc in strongth cven
for “wvery snall walucs of d:th.

Fizure 17 illustrates the influonec of the hole dianw
cte® on the tonslle strongth for constant ratio dibi=nd,

10, 20, ond 40 vporcent. For constant d¢b the gtrength
deereascs with increcasing hole diameter throughout the on-
tire range. The gare results were obtained by Muller in
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his experiments with a 1 mm AZM elektron sheet, which dis-
closed even greater notch sensitivity (fig. 18).

TABLE IV
Influence of Hole on Tensile Strength of AZM Elektron

of Various Widths
Material, 1 mm sheet: 045,5= 19.9 kg/mm?2, og = 31l.2 kg/mm2,

810 = 17 percent. Average from 2 to 6 samples
Specimen | Stress with a hole diameter of ... mm in kg/mnn®
width '
nm 0 ORIG 25 IR 245 3 5 1L(0] 20
6,25 30gB"| BOLY 28l 1 SERIgRINGE 1SS -- - =5
Teo 5049
10 291516
205 SITHE 2902 2BRion 1128 9 -= ZUE T —— -~
15 28:9
20 28.4
25 30512 | 2847 —— 2GRN 2SR SRS N2 806 ——
30 ) 275
37.5 2649
50 29g " 2855 { 2Bed | 2833 { 26.6 | 26.5 ~~ 2688
. i

blInfluence of sectional weakening and material.- The
effect of holes was further explored on other materials
(table V). The specimens were 10 nm wide strips of 1 mn
sheet with a 0.9 mm diameter hole in the centor. On the
steel spccimens the hole increcased the strength by 4 to 7
pPeweenty while lgworing it on: brags,. durslunin, hydromaliun,
and clecktron. Muller'!s cxperiments were nade on S p of
various widths and 2 3 nn-hole in the center. Figure 19
shows the strength ratio against d¢b. Whilec AZM cloktron
discloses o strength decrecasc in the range of dib = 0 to
46 percent, this range oxtends to d:b = 36 percent for
duralunin, and to dtb = 24 and 22 percont for hydronaliun.
Rather than ~ decrcase, there is a distinect increase in
strength for the stecels, above dsb = 10 pecrcent,

(See tables I, II, III, and VII, at ond of roport.)
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TABLE V

Strength Decrcase Due to Single Ccntric Holes in Snec-
inens of Varying Materials y
Specimens bar, 10 mn wide of 1 mm gheet, 0.9 mnm transverse
hole in ccntor; 10 nn wide tengile test barsiincludedifon
co mparison

Unterial B 8106 oL |%BL/%B

kg/mma percent kg/mm2 percent
Mn stcel Acro 50 603 23 62.9 104
Cr-Ni stcel VON 35 112.4 6 116.8 104
Stainless Or steel, hardcned|180.2 h iga,2 107
Mes 63 brass 24.9 55 33,3 95
Hy 9 hh hydronalium 40,4 17 i 38,7 96
681 B duralunin 44,7 - % 41.9 94
DM 31 duralunin 5005 a2 4788 95
AM 503 elektron L 6 2345 989
AZM elektron % 30.6 —— 270 89

In order to determinc the influence of d:b ratio on
the plated duralumin (aircraft material 3116) now commonly
used in airplanec design, sone further experiments were
ﬂade. The test svecimens were 1 mn gage duralplat cheet in
original condition and in heat-treated condition. One sc-—
rics of tests cach was dcvoted to the specimeons of varying
widths fitted with 3 mm diameter transverse hole in the
center. The results arc given in figure 20. Again, there
is o fairly uniform drop in strength as the ratio dib
decreases The loss of strongth due to the perforation in
the hoat~troatcd sheet excecds that of the sheot in origi-
nal condition. Another serics of tcsts was made on speecis-

nong with different holc dianeters, but with the same rao-
e aedisne.  nanely, 12,5 percent, or gpecinen width egual
to eight times holc diamcter. The rosults arc shown in

figurc 21, where tho tengile strength of the perforated
barsin relation to the tensgile ctrunbth of a standard ten-
sile test spoeimen 12 mn wide, is plotted against the hole




14 WalheC.A. Technical Memorandun No, 862

diancter. The influence of the hole diameter for holes of
less thon 3 nm diameter on the reduction of strength, is
strongly noticeable. With larger diameters the strength
does not vary. The reduction in strength then amounts to
8 percent for gsheet in original condiftion and 12 perceant
after heat treatment.

¢c) Scatter of notch factor on the same naterial.— In
the applilcation of these noteh factors, it maturally is
very important whether or not apnroximately the same notch
factor can be counted upon for one and the. gsame materia
and notch form, or whether considerable scattering of the
notch factor occurs on the sane material. It is a ques~
Tion of deciding whether the notch figure is a quality
characteristic of the type of matorial or whether this
quality, as a kind of "brittleness," primarily hinges upon
the pretreatnent received by the materinl and consequently
becones utterly different, depending upon fadbrication and
delivery. PFor these reasons, a nunber of 1 mm gage sheets
of 681 ZB duralumin (from different deliveries) were in-
vestigated. The specimens from each sheot consisted of
two 10 mn width strips and two specimens cach without holes
for conparison. The frequency curve (fig. 22) represcnts
the test data from 50 sheécts. The tensile stremngth of the
shects wag: o = 41.0 to 46.1; of the specimens with

holes, "Opp = 39.1 to 48.8 kg/mm®; the ratio, op;/op =

91 %o 98, or 94.4 percent on the average. The scatter
of the strength values respectively, amounted to 5.8 and
5.7 porecent, against £8,7 percent for opp/op. This indi-

cates that the notch figure is a material property little
affected by pretreatnent, at least, os far as aluninunm ale-
loys are concerned. Allowance for notch sensitivity in
the design ig hereby rendered decidedly easier. Other
tests on oluminun 6818, 681 ZB 1/3 alloys plated and Dil 31
yielded the sgame notch figure.

2. Influence of Several Holes and Edge Notches
in AZM Elektron

Concerning the influence of a row of successive hgles
(as in 2 single-row rivet seam), the test data of J. luller
are availeble. Hig tests were made on 1 mm gage AZM clek-
tron sheet specinmens of different widths and 3 mm dianmeter
Bolea, The regulte are shown in figure 23. Here d de-
notes the sun of the three hole dianmcters. It will be noted
that the roduction in" strongth for d&B =12 perecent, 1s
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equally os great as for the single hole, but that at higher
values of d3b, the strongth decrcase abates muech quicker,
and at still higher values a marked strength increase (9
perccent for d:d = 50 porcent) occurs. Muller also in-.
vestigated the influence of two half-round notches of 1.5
mm radius, drilled in opposite edges of the specinmens on
the strength. Hig obtained curve included in figure 23,
attests to o smaller reduction in strength and to a strong-
er increase in strongth at higher volues of dtb. This
obviously rolates to the fact that on failure of a flat
bar, the break always starts at the center. As a result

of this, the presonce of o hole in the center must have

the greatest strength-reducing influence.

3. Bffect of Excentric Holeg

With unsymmetrical holes, such as excentric holes in
gtrip, for example, the conditions becone substantially
nore unfavorable. The tensile stress is then acconmnpanied
by an additional bending stress which can oaly be canceled
by considerable plastic strain. Notch effects of this
kind appear, for ingtance, on multi-row riveted joints,
and the thereby induced local bending stresses are usually
ignored nathematically. The effects of such notches were
observed at the DVL during the investigation of a flying
boat which after an accident had been lying for some time
under water (reference 7) and as a result the wing spars
had become congideradly corroded, in part intercrystallized.
The plain test specimens taken from the spar flange showed
a tensilc strength of 36 kg/mma, while specimens taken at
places where the flange had been weakened through stag=
gered rows of rivet holos, and therefore contained these
series of holes in longitudinal direction, digsclosed a
tensile strength of 27'kg/mm3 only. Prompted by these
findings, the brittlencss testing was carried out with the
gpecimen form illustrated in figure 24.

a) Influence of excentricity.- A comparative tabula-
tion of the strength of specimens with central holes and
of spcecinens with excentric holes, is contained in table
VI. It is scen that all materials with excentric holes
undergo a marked roduction in strength. On steel 1t
anounts to 51 porcent, against an increase of 7 percent
for the centric hole. For duralumin and AZM elcktron,
Pho lroduction is algo considerable.
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TABLE VI

Technical Memorandum No.

862

trength of Specimens with Excentric Rows of Holes and
of Specimens with Single Centric Holes

Specimen form:
ariditengile

tengile test bar of 1 mm gage
test bar 10 mm wide;

shee

t; stand-

perforated tensile test

by L0V mn wvide wibth central hole of 0.9 mm diameter; bar
with excentric rows of holes is shown in figure 24.
Stainless| Heat-
. . Cr steel|treated AZM
Mat al
: PR air- 681 B elektron
hardened|duralumin
Normal tensile
test svccimen|op keg/mma 180al B3 46.7] 28,9
Tensile test |Ojpg, kg/mm? 192.2 |41.3 24 . 4
specinmen o
with hole CyBL/UB 7 107 95 84
Specimen with |ogg kg/mm? 9241 3042 19.3
excentric CX/
row £ hol - G 1 74 7
WisL0 Al e AN % B | 6

b) Influence of strength

and age-hardening in gsteel.-—

It was desirable to ascertain
gteols of different

erease in

-the amount of strength de-
tengile strength.
werce nade on specimeng from 0.5 and 1 nmn gage sheet steel
with from 53 to 192 kg/mm® tensile strength.

The tests

The g¢trength of the perforated specimen is plotted
against that of the plain specimen for different steels in

et 2b%

Up to a tensile strength of around 100 kg/mn?2

the strength of the perforated specimen is fairly consiste
ently 80 (to 90) percent of the strength of the plain spece—

THON o

At higher values the excontric holes cause a sone-

what grooter strength reduction, Raising the strength vale

ues above 150 kg/mm? through heat-trecating, brings out the

brattlcncse |in

congsiderable

scattering of tho values.

The conditions become plainer if the analysis is con=

fined to one

Ig figure

and of the perforated

naterial
Horsiit theldiflferent

26, the

that has
strength

strength

specinen

been
values.

(GBLC>

ig plotte

hardened and annealed

of the plain specimen (0p)

d against
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the annealing temperature for stainless Cr stecl. When
these temperatureg exceed 250° C., the two curves are alw-
st narallel; but at low annenling temperatures the
strength of the perforated specimen shows a steep drop,
while that of the plain specimen still increases. The
high brittleness of the unsnncaled specimens makes itself

felt here by the fact that the narrow strips between hole

and cdge on one specimen developed premature cracks and

then only did the specimen absorb the maximum load.

Pigure 27 shows the ratio GBL /GB against the ten~

sile gtrength of the plain specimen for Cr-Ni W steel.

The swe01non« are air-hardened at 840° and tempered at

100, 250, 350, 500, and 630° C. (The specimens with 182
strength were not tempered.) The ratio OBL, /oy decreases

fairly uniformly with increasing strength. For the mild
treatnent to 95 kg/mn2 tho conversion factor is 85 por-
cent, in contrast with only 73 percent for the hardened
specinen of 182 strength.

c) Influenee of corrogion.- It was also desiradble to
ascertain whether the corrosion effect increased the brit-
tlencss and whether this becomes noticeable on specimens
with exceniric rows of holes. The corrosion tests were
made in the salt-snray tester of the DVL. Figures 28 to
81 show the tengile strength and the notch tensile strength
agoinst the corrosion period. Figure 32 gives the wvalues
for Cr-Ni gstecl specimens of different gage sheet. The
plotding against the ratio: "corrosion period/gage of
sheet" affords a better comparison. It is scen that the
maancr of strength decreasc on the standard test specimen
and on the verforatcd specimen is the same. , The corro-
sion effect is not much greater, as a rule, on the perfo-
rated than on the standard test specimen. The difference
is probably duc to the fact that owing to the rims of the
holos, more unprotected cdges are exposed to corrosion.
(On all specimens the corrosion attack had a preference
to start at the specimen cdges.) It is surprising that
oven on thc stainless Cr stecl of figure 30, which had
lost its corrosion stability through unfavorable heat
treatment, none of the rising brittleness, indicated by.
the porxorwted test srecimen, could be observed (although
this nmight be expected with inteorcrystalline corrosion

o
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III. STRENGTH DECREASE IN RIVETED CONNECTIONS

AND AT JOINTS

The effect of holes on the strength is of particular
concern with respect to the conditions at riveted joints.
Since the decreasc of strength in light metals occurs
chiefly when the hole diameter is small relative to the
specimen width, this range will largely govern riveted
Joinbs as well, Such conditions are encountered on larger,
load~tronsnitting sections when smaller forces are locally
applied as, for instance, at joints of diagonals, uprights,
web plates, etec. In many cases the force introduced in
the rivet is then not in the direction of the principal

"strcss of the structural part itself, hence the influence

of the local force introduction is probably comparatively
small, But, between the simple hole and the rivet hole,
there is that difference that the rivet hole cannot deform
itself freely at the edge. To ascertain this influence,

a number of tests have been made by J. Muller, in which

the deformation of the holes was prevented by the inser-
tion of blind rivets of 3 mm shank dlameter ~ gome with
flat head, some with half-round snaphead. The test speci~
mens themselves, of 1 mm gage AZM elektron, were of differ=
ent widths., The results of these experiments are given in
faiglre B3, he strength decrease is less than on the specw
imens with open holes (without rivets). At higher 4:d

the strength also incecrcases more rapidly again. The in-
fluence ig greatest on the rivets with half-round heads.

2« Bffect in Simple Riveted Jointsg

At joints and corners the total force to be absorbed
by the sheet is frequently introduced through the riveting.
This makes the influence exerted by the force-transmitting
rivet a matter of vital importance. This problem was also
treated by J, Muller. His specimens of 1 mm gage AZM elek-
tron consisted of two strips riveted together lengthwise,

.using 1 to 4 rivets per row of 3 mm diameter. The crite-

rion of the strength decrease due to the holes is the value
at which the crushing pressure at the side of the hole

does not exceed a certain limiting value (p = 41.5 kg/mm? )
as otherwise the failure occurs as pure crushing pressure
failure, or is at least, seriously affected by the high
¢rughing stress. Smaller walues of d&¢b are therefore
obtainable only on specimens with several holes. On the
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specimens with 3 and 4 rivets, the ratio dib could only
be lowered to 17 and 20 percent (lower values would neces-
gsitate a study of a still greater number of rivets where=
by, however, the nonuniform support of the individual
would more and more have affected the result). The find=-
ings are shown in figure 34. The reduction is about as
much as on the specimens of the same material but with
open holes, or greater than on the specimens with holes

gléiged by blind rivets.

Inasnuch 28 the tests with load-~transmitting rivet
are in any case less favorable than with the dlind rivet,
the strength decrecase ascertained here will have to be
given carcful consideration on every riveted joint through
single rivets or several lengthwise-arranged rivets, at
least.

3., Strength of Centrally and Excentrally
Joined Sheet Sections

If joints of sheet and strip sections are used in
combinations, as is customary in airplane design, the con=
ditiong arc substantially morc involwved, sspecially so if
the joints themselves are excentrical. Of the many exper=
iments made by the EHF, only a few can be described here.
Table VII illustrates several typves of attachment of light-
metal C sections and the obtained strength values in com-
parison to the strength of the same kind of joints but de-
veloped from flat shect. The strength of specimens with
gimple holesg made from the same shecet are also included.
The scctions wore so jointed as to place the last rivets
near to the edge, and the next time to place the last
rivets toward the center of the specimen. The samec ex-=
periments were reveated on the joints of the (profile de=
velopments) flat-sheet strips. (The influence can also
be studicd in the test of a sheet strip with a sorics of
holegs corresponding to the rivet pitch when the strip is
suitably widened out at the voints of marked strength re-
duction, so that failurc occurs in the desired cross scee
tion.) According to table 7, favorablc forms of attad ment
make it possible to utilize 90 percent of the tensile
strongth, against only 55 percent if the joint is unfavor=
able. The introduction of the force in the scction back
of, or in the center of the developed strip is singularly
unfavorable, while the force introduction in the side
walls of the sectiom or at the edges of the sheet strip
(development) is cspecially propitious.

Tronglation by J«. Vanier,
National Advisory Committce
for @pronavbics.
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Figure 6.~ Reduction of bending strength due to notches.
Material: 0.04 C steel with o4 = 23.3/22,5

kg/mm®, op = 37 kg/mm®, o, = 34%, Y = 74%;
0.47 C, 0.6 Mn steel, 0, = 44.5 kg/mm3 o3 =

69.8 kg/mm?2, 8, =i19%, V.= 44%; Al alloy

with 4,28 Cu and 0.99 Si, heat-treated,
Opea = '280.8 kg/mm2 , og = 3b6.9 kg/mma, Oyio=
19%, V = 26% (bending strength and notch

bending strength referred to section modulus
2
= Lgh—). Allowance for change in bending

moment with deep deflection of bdar.

Figure 7.~ Effect of temperature and rate of strain on the
notch bending strength of 0.9 C steel.

Material: 0.9 tool steel, annealed, Og4 = 31,2

kg/mm®, op = 61.8 kg/mm2, &5 = 32%, V =
60%. Specimen section: 20 X 26 mm (bent flat
edge); triangular notch, 45°, 7 mm deep, with
0.5 mm reunding off radius at tip; support
spacing, 120 mm; rate of flexure, 1 mm/min;
rate of impact bending, about 200,000 mm/min.

Figure 8.~ Effect of temperature and rate of bending on
notch bending strength of 0.5 C steel.
Material: 0,51 C steel, 04 = 40,7/37.0 kg/nm2,
o3 = 68.1 kg/mn2, &5 = 25%, ¥ = 43%, op! =
154 kg/mn2. Specinen: 20 X 20 nm (bar sec-
tion). Notch: 8 nmn deep, 45° triangular, with
0«® mm rownding off radius at tip. Support
soaicings W20 nn.

Figure 9.« Testing device for threaded bolts.
a) deviece for clamping in testing machine.
) spacing disks.
c) fitting bolt.
d) oblique washer.
e) duralumin holder.

Figure 10.~ Effect of oblique support on strength of heat-
treated steel bolts of different notch tough-
ness., Material? Cr-Ni steel and Cr-Ni-Mo
sted.
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12,« HWotech effect in compression test (Sach's ex-
periments). Material: cast iron.

13.~ Microstructure of clektron sheet, etched with
1 percent alcoholic phosphoric acid. V = 150.

14,- Effect of specimen width and hole diameter on
tensile strength of AZM elektron (thickness =

shieet thiclknegs =aik nm).

15.~ Effect of ratio: "hole diameter/specimen width"
on tensile strength of AZM elektron. OCOurves
for equal hole diameter but different spec-—
inen widths.

16.-~ Effect of ratio: "hole diameter/specimen width"
on tensile strength of AZM elektron.
Curves for equal specimen width but different
hole diameters.

17.~ Effect of hole diameter on tensile strength of
AZM elektron. OCurves for constant ratio:?
"hole diameter/specimen width".

18,~ Effect of hole diameter on tensile strength of
AZM eclektron, 1 mm sheet with 04 pa= 1647

kg/mm®, o = 28.3 kg/mm®, 6;, = 15% (Mul-

ler’s experiments).

19.~ Effect of "hole diameter/specimen width" on
strength ratio "ogpy/op" of different met-
als. Hole, 3 mm. The values refer to tensile
strength of 10 mm wide tensile test speci-
mens. Material: Steel St C 25.61 with
o = 49.8 kg/mn2; Cr-Mo steel with O3
23,8 kg/mm2; hydronalium Hy 7 with Oy =
%6.2 kg/mm2; hydronalium Hy 9 with Op =
37,6 kg/mm2; duralumin 681 B with Oy = 40.5
kg‘mma; AZM elektron with O = 28,3 kg/mm?2
(Muller's data).
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Figure 20.-~ Effect of ratio: "hole diameter/spe'cimen width"
gn tengilelgstrength of duralplaby holle, & mn.
Moterni gl il dnn, strip dof 2316.0 with Gg.z =
3l.6 kg/mm2, Op = 4349 kg/mm2; identical
strip heat-treated, with 04,5 = 26.7 kg/mn2,
og = 41,7 kg/mn? (showed considerable coarse
grain after treatment). 1 iy

Figure 2l.- Effect of hole diareter on tensile strength of
duralplat for constant ratio, d/b = 0.125.
Materigl t " nn® strip of d116.5 with © =

0.2
31,6 kg/mn2, o0p = 43.9 kg/mn2; identical
strip heat-treated, with 0, o, = 26.7 kg/on2

Oy = Al it kg/mmg (showed congiderable coarse
grain after treatnment).

Figure 22.~ Frequency curve against ratio Ogy, t0p for

duralunin .681 ZB; 1 nn gage sheet and strip.
Specimen: 10 mn wide strip, center hole 049
nn diameter., Comparative specimens: 10 nn
wide; averages from two tests each,

Figure 235.,~ Effect of several holes and edge notches on
crushing strength for 1 nn gage AZM elektron,
Op, 47s BBV kg /mn2, O = 2843 kg/nng, 614 =
15%. Averages of two tests each (Muller's
data).

Figure 24,~ Specimen with excentric holes.

+ Figure 25,~ Strength of steel strip with excentric holes
against tensile strength of plain specimens.
Material: 0.5 mn and 1 mm gage sheet and
strin of alloyed and unalloyed steel,

Figure 26+ Effect of annealing temperature on tensile
strength of specimens with excentric holes.
Material: 1 mm gage stainless Cr steel, with
0.34 C, 13.6 Cr, nir-hardencd from 1020° C.

Figure 27.~ Effect of heat treatment on ratio 0opyi03.

Specinen gtrips with excentric holes of 1 nmm
Cr-Ni-W steel sheet with 0.36 C, 1.05 Cr,
4,0 Ni, 0.95 W air-hardened from 840° C.
not annealcd and annealed at 100-250~350~
500~630° ©.
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Effect of corrosion tensile strength of spec-
imens with execcntric holes compared with
10 nmn wide tensile test specimens.
Speccimen thickness, 1 mn; corrosion in salt-
spray tester of DVL.

OraBi-W stool with 0.4 €, lek B2, 446 Wi OoNe
air-hardened from 840° C.; annealed at 250° C,

Stainless Or steel, with 0,34 C, 13.6 Cr, air-
hardened from 1020° C.: annealed at 530° C.

Duralunin 681 B,

Effect of corrosion period on tensile strength
of specinens with excentriec holes for dife
ferent specimen thickness. Material: Cr-Ni
gbool, with 0.28 C, 0.7 Or, 343 Ni, Corros
sion in DVL salt-spray tester.

Effect of blind rivets on tensile strength of
elektron specinmens. Material: 1 mnm gage
AZM clektron with Og,2 = 16.7 kg/mm?,

o = 28,3 kgfom2, 8, = 15%. Hole and riv-
et diameter = 3 mn. Specimen width changed.

(Muller's test data.)

Effect of riveted joints on the tensile strength
of 1 mn AZM elektron sheet, with 04,2 =
16.7 kg/mr?, op = 2843 kg/mmz, 810 = 15%.
Rivet diameter = 4 mn. Rivets of magnaliun.
with 5 Mg. joint formed with from 1 to 4 rive
etg in a row.
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TABLE I. Tensile Strength of Notched Bars

'Flgssner's test data.

TABLE II. Bending Strength of Notched Bare

Br B T T R T
Specimen . ; o (i {
shape i
| T
¢ i 78¢ 786
h § (o} ﬁ!s—~__—— g [ (o} i
i) 'BK OmL
Material OB GEK GB OEK og oﬁL GB
kg/mn2| kg/mm2| percent| kg/mm2| percent| kg/mm2| percent
Ingot steel 43.9 69.1 163 = -- S e
0.17'C steel 4.7 65.2 137 i -- - -- --
0235 0 'steel 58 .3 -- -- -- -- 61,0 105
C.64 C steel*| 85.8 98.6 1156 10955 121
Aluminum i
Al 98/99 G 17.6 { 177 | A8ed 136 10.9 103
Duralumin ’
DM 31 51,5 618 120 5148 101 46.1 89
Elektron
AZM 31.4 34.3 109 34.1 109 28.9 92
Elektron
AZT
sand cast 15 3 [/ 114 15 100 14 93

45°
N
\/
S o X Y
; MRS L OBL!
2 P ikt
Material Og . Og OBk GBT— e
kxg/mm2| percent| kg/mm2| kg/mn®| percent kg/mm2| percent
.04 C steel 38 ~90 58 65 -- --
0.47 C steel 70 29 134 93 ey -- -
Al alloy+4.3 Cu 36 19 69 52 75 -- -
Durelumin
DM 31 52 14 83 66 70 e 83
Elektron
AZM 31 34 60 37 62 45 75
AZF 15 - 23 17 74 o i
_______________ B [EEEE S ISRl IS e

*Specimen width, 10 mm.
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Tables,3,7

TABLE III. Notch Effect on Twisting Strength
(Stille and Fischer's test data)

M e A 0.64 C steel (Al liloy
Material . O. Cil. c 5 i + 4% Cu
% steel| steel| steel| -o- N heat-
mal- |[pered
Teed treated
Ogo k&/mm® | 31.1 | 40.5 | B7.6 | 44.2| 71.5 Oo i ™
ok " 29.9 | 36.7 -- 43.6 | 69.3 19.2
Strength oy 9 42.0 50.3 56.5 79.3 | 84.4 36.9
8,, percex | 31 27 17 16 13 21
" 72 67 43 31 56 33
j Mdo cm kg 565 574 683 770 780 375
Ts' kg/mm2 | 56,2 | 57.1 | 67.9 | 76.6] 78.4 37.3
|§ Md cm kg -- 600 728 797 - s
; |44 _ percent| -- 105 107 104 | -- -
rZ Mdo
Md cm kg -- 568 -- sl e --
Q
\lls Md percemn - 99 - -- - -
Mdo
Md cm kg 490 538 564 700 680 373
é» %I Md
==_ percent 94 83 g1 87 99
Mdo
N Md cm kg 560 536 - 765 730 --
§§§§§§ﬂ§ Md_ percent 94 = 99 94 =
Mdo
Depth of |
groove
0.7 mm

TABLE VII. Strength Section and Sheet Joints

Material: 1 mm duralplat, aircraft material 3116.5, with 0, 5 =
The dimensions of the joints

27.5 kg/mmz, op = 39.6 Xg/mm2.

are such as to insure the same tensile and crushing strength

as with o0 = 39 kg/mm2,

p = 70 kg/mm2.

Hole Strength in percent of sheet
SETaNEe" | strength
Section ment Specimen form !
joint (devel- Last rivets
opment) outside inside
Plate with holes| 93 92
s Plate Jjoint 91 96
Section Jjoint 85 90
Plate with holes| 96 4
Plate joint 66 63
Section Jjoint 77 80
Plate Jjoint - 64%
Section joint -- 55*
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Figs.1,3,4,13
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Figs.16,17,19,20,21,23,24
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