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introduction

The britile-coning method of experimental stress
analysis consists of applying a brittle coating on the
surface of the pan (o be tested. Cracks in the coating that
appenr .due 10 loading the part can be analyzed for
direction and magnitude of the surface strains. Normally,

atti I

s . The coatings cen be calibrated Yo
obtain quantitative strain measurements.

Brittle coating has a number of advantageous
charaeteristics. 1ts effective gage length approaches eeroi
it gives an overzll picture of the strain distribution and
highlights wreas of stress concentrations; and it is sppli-
cable 10 any mechanlcal part of {he struciure, regardiess
of material, shape, or mode of loading.

* Commercislly avallable brittle coatings are used for the
following purpeses ;

1. Locating small areas of high stresses. -

2. Determining directions of principal stresses,

3. Measuring the approximate magnifudes of tension.
and compressionestress concentrations under stetie loads.

4. Mearuring tension-stress concentrations under
dynamic and impact loads, -

S, Indicating localized plastic yielding.

The: principal uses of brillie costings are to guickly
Jocate and evaluate the high-stress points in & design, and
to obtain-principalestress directions for subsequent
plasement of elactric-résistancs strain gages.

Thers: ar¢ two principal types of brittle coatings
svailable, One is a series of sirain-sensitive coatings made
from vesins dissolved in solvents so they may be sprayed
on the parts to be studied, Plasticizers are added in
varying smounts during the formulating process (o produce
costings with differing fallure characteristics, The contings
are air dried and dcsigned 10 crack at ctrain levels on the
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Brittie Coatings
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order of 500 to 700 microstrain, Strains of 1500 uin./in,
and above or down lo 100 gin./in. and below, can be
indicated by proper manipulatiun of the coatings. Tempers.
ture has a significant effect on the sensitivity of the
coatings. Humldity hus a lesser effect.

The other serics are ceramic coatings which ars insensitive
to temperatore changes up to 300°C and are avallable for
use on steel and similar meterinls, The coating in it
liquefied form consists of ceramic powder which s
suspended In a carrier. This coating, after being spplied
to the structural component, must be plazed by firing mt
approximately $30°C in order to form a continuous
brittle costing.

Brittle-coating Techniques

1, Surfoce Preporation—Oll, greass or &ny materisl
which might affect the bonding of the resin coatings,
must be removed. Qrinding rough sand castings in the
areas of siress coneentrations improves the visibility of
cracked patterns, Sand or grit blasting is normally required
for nxr‘l;a;e praparation prior to ceramic coaﬁnxim

2. Undercoat— Amalumipumsnderfanics aften u

: 13 rov¥the visibility orm
crack pattems. No undercost is-used with the ceramic
coatingt.

3. Coating Selection—Resin-base coatings are selected
on the basis of tempetature and humidity expected at the
time of test, Ceramic coatings are selocted on the basis of
B cotfficlent of expantion of the material under test,

4. Coating Applicatlon—Pressure cans or alr-spray
guns mre used 1o apply both resinbase and ceramic
coatings, Color is the normal gage of coating thickness
with the resin coatings.

S. Dry==Normal drying time for resin coatings is on
the order of 24 h (o permit sufficient time for solvent
release from the coatings and development of coating
britleness. The ceramic coatings are ready for use afier
they have cooled from the firing temperature,

6. Calibration—Celibration bars which have been

Réprlnted'fo} Magnaﬂux Corporation, Reprint #5T-37
From Experimental Mechanics, June 1879

1951 2:24PM #8133 P.R4

R2519848



7. ¢ . FROM:CALSONIC TO: OCT 1, 1991 2:25PM #4213 p.gs

L. (¥ (AR IR A AL

' Fig. G4=Callbral! Htle-costing patterns
Fip. 5-1=Callbsator and strain scale ,,S o crane h:.';: on of br Wing patte

one {8 jeaming the spray techniques. Calibration of the
coating also predicts how the coating on a part -will
behave during 8 test. 1t is useful 10 obtain this information
before testing & part and learning that the particuler
coating it 100 soft and requires excessive sirain to initiate
erack patterns, Sensitizing and coloring techniques are
also rapidly evalvated by calibration,

TABLE 6-1—MEASURING TENSION STRAINS

(Return to Zero-10ad Yechnique) 4

Apparent Stroge
Tost Load Pattern Looation  Microstraln (MN/m?)

xo) (By Aren) &t 2000:Xg Load at 2000-Kp Load

1008 None - -
1250 A 1280° 28481
. 1ssg A grows 1030 2131
E‘ﬂ;... \.\- - L \\ X2 ’ 18950 Noa?dhional : -
SNGESANY ] o t{' r\\\ patierng
ereeycreemn AT UL BTN : 0 - - -
230 mﬂ\\\ﬁu\k“w‘{{&u&“ 2440 Agrows 855 135.9
: e B sddec
= 0 - - -
Flg. 5:3~-Brittis-oonting craoks enhanced by 3080 amm 625 108.3
slectrostelic charge partiotes orows

NOTES : Time to reach l03d inaliodses 545 8,
Celipration bar ioaded In 45 6.
Trresholg strain—B800 microstrain,

ayed and dried elong with the test parts erc loaded 65 Local stralng are assumed proporilonal 16 10ads.
zrnma beams with a known deflection in & callbrating Modulus of elasticlty = 206,897 MN/m
fixture. Strain scales are then used 10 measure the strain . . 2000
et which the coating begins 10 crack, (Fiz. 5-1) The calibration (Typioal Caloulation} (800) -3 - = 1280
technique must be used §f quantitative strain measvrement 1 (Typical Calculation) {1280 X 107¢) % (208,607) =
is req The calibration devices are also valuable when 264.8
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Fig. 58—Experimental atiess analysis of & 1ruck equakizer
saddlo by brittle coatinga

" ber

Fig. 5-7—Briitis-costing pattams on a gun progucsd
during firlng

9. Test—Time required to reach load is & prime
consideration In use of the resin coatings, The coatings
creep rapidly so loading time should be as short &S
possible, Temperature changes during tesis should be

i 8s this also affects coating sensitlvity. Oil
should be kept off the part as it will attack the resin

0CT 1, 1991 2:25PM HB13

Fl9. 5-5~Brittle-coaling pattamns on a
jaw bone

coating. These limitations do not apply to the ceramic
coatings. g

8. Delect and Record Crack Patterns=—Crack patterns
in the resin coatings are viewed with obligue lighting (Fig.
5-1), Spread of the patterns with increase in load increments
may be marked on the coaling and photographed at
conclusion of the test as shown in Fig. §-2, These boundary
markers are called ‘isoentatics® and represent approximate
constant-strain cutves, The eracks may be colored with &
ved dye or they may be brought out by use of an electro-
static-chargedsparticle technique (Fig. $-3). The charged
particles must be used to show cracks in the ceramic
coatings,

9. Post Clean—The resin coatings may be removed by
scraping, wire brushing, vapor degrease or solvents. The
ceramic coats are best semoved by sand or grit blasting.

10. Computations=Cracks from the calibration bar are
compared to those on the part when quantitative data are
required (Fig. 5-4). A typical data sheet and computations
are shown in Table 5.1,

If the maximum principal stress is substantially larger
than the minimum principal stress, and If the coating is
calibrated on the same material as used in the structure,
then the apparent-siress calculations of Table 51 are
sufficiently accurate,

More details of brittle-coating technique and safety
precautions can be found in the manufacturers’' operating
instructions.

Typical Applications of Brittle Coatings

Brittle coatings have been used on plastics, wood,
paper, rubber, glass, bone (Fig. S-5), as well as metais.

Tests have been conducted using static loads (Fig, 5-6),
impact loads (Fig. 5-7), and dynamic loads (Fig. 5-8).

Ceramic coatings have been used to study tensile
stresses due to thermal laads,

Brittle coatings have been used to test parts in the
Inboratory as well as out-of-doors under ficld conditions,

Interpretation of Brittle-coating Crack Patterns

An operator quickly becomes famillar with patterns in
the coatings that can occur during drying of the coating
and prior to load application. “Drying cracks' are shaped
like a valley and generally occur in thick sections of very
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Flg. 5-8—Patterns produced in a ceramle
britile coating on & turbine disk spun at
high speeds

britile coatings, ‘Crazing cracks’ have a random orientation
end are caused by exposure of the coating to Iow
temperatures.

Irolated patterns occurring at low loads in mild-steel
structures can be caused by yielding when lockedup
stresses from welding relieve themselves.

The appearance of the brittle.coating pattern glong the
slip plancs during a yielding of a mild-steel cylinder under
compression loeding is shown in Fig. $-9,

j& stralns cause spalling of the coaf} th coMmprasion”

and-flaking in.tension as shown in Fig. S-10.

Isolated patterns sometimes occur on the surface of a
part due to stress concentrations from blow holes, shrink
eracks, favigue cracks and other discontinuities, These
should liave been detected by use of nondestructive-testing
methods prior to the experimental-stress-analysis work.

Unique patterns during a brittle.coating test may be
caused by a change in lozding of the structure. The
opesator should be alert for this conditien.

A random patiern is produced from an equal two-
dimensional tension field.

Orthogonal patterns in the resin-base coatings may be
produced by first icading the part to produce cracks from

-tensile strains. If the load is reversed to create com-
pression strains, and the coating is sensitized by cooling
when the part i under the compression load, a set of
- patterns normal to the initial ones can be produced.

Under impact Joading, peak tensile strains are recorded
by the brittls coatings. No time relationships are given by
the coatings, so other types of zages must be used to
obtain tme relatlonships of the wave trains. The brittle-
coating patterns assist in location of the gages.

Brittle coatings serve as a recording straln gage. The

actual ¢racks in the coating, duc to the strains in the .

structure, give a sitiking, visual picturc of the manner in
which the part is deflecting. -

Suggested List of Reading References

1. Cumutative Index Proc, SESA, (Britke Coatings), L (1)—3 (2,
62 (1943-1973,,

2 Principles of Stresscoct, Brittle Coatings Stress Analysis, Magra)lux
Covp.y Ird edition (1971).
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Fip. 50—Brittie-coaling pattarna on a mild-siget
comprassion specimen during ylelding

Fig. 5:10=5palling and flaking of & tasin.bass brittis
coating due to targe strains
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FORMULAS FO& STRESS AND STRALY
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Agr. 14 PRESSURE VESSELS: PIPES 309

73, Thin Vessels under External Pressure.—All formulas
given in Table XIIT for thin vessels under uniform pressure are
for internal pressure. They will apply equally te cases of
external pressure if p is given & negative sign, but the stresses so
found are significant only when the pressurs is jnsufficient to
cause failure through elastic snsiabilily, that is, through buckling
that starts sl stresses within the proportional limit. This type
of failure is not idered here; it is di d in Chap. 14, and
formulns for the critieal pressures or stresses producing it are
given in Table XVI.

A vessel of moderate thickness may collapse under external
pressure &t stresses above the proportionsl fimit but below Lhe
yield point, its behavior being comparable to that of a short
column. ‘The problem of ascertaining the pressure that produces
failure of this kind is of special interest in connection with
cylindrical vessels and pipes, and under Case 1 a formula is given
that is applicable to this problem. In Ref. 8 charls are given
that provide a solution to this same problem.

74, Thick Vessels under Internal or External Pressure.—If
the wall thickness of a vessel is more than about one-tenth the
radiug, the meridional and hoop ¢ be considered uni-
form throvghout the thickness of the wall, and the radial stress
cannot be considered negligible, These stresses in thick vessels,
here called twall stresges, must be found by formulas that are quite
different from those used in finding membrane stresses in thin
vessels.

16 cau be seen from the formulas for Cases 33 and 35 that the
stress 8y at the inner surface of & thick cylinder approaches p as
the ratio of outer to inner radius approaches infinity. It is,
therefore, apparent that if tho stress is to be limited to some
specified vahie g, the pressure must never exceed p = &, no matter
how thick the wall is made. To overcome this limitation, the
material at and near the inner surface must be put into a state of
initial compression; this can be done by shrinking on one or more
jackets {as explained in Art. 11 and in the examples below), or by
subjecting the vessel to a high internal pressure thal stresses the
imer part into the plastic range and, when removed, leaves
residual compression there and residusl tension in the outer part.
This procedure is called autofrelloge, or self-h If many

3 H Lot

ve aye superimpased on the orriginsl tube by

#
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310 FORMULAS FOR STRESS AND STRAIN  (Caar. 12

shrinking or wrapping, the resulting structure is called a mulli-
fayer vessel. Such construciion has certain advantages, but it
should be noted that the formulzs for hoop etresses ate based on
the assumption of an isotropic material; in a multilayered vessel
the effective radial modulus of elasticity is less than the tapgential
modulus, and in consequence the hoop stress at and near the
outer wall is less than the formuls would indicate. Conse-
quently, the outer layers of matexial contribute jets to the
strength of the vessel than might be supposed. -

The tabulsted formulas for elastic membrane stresses are
accurgle for both thin and thick wvessels, but the formulaa for
predicied yield and bursting pressures, espetially the former, do
not always agree closely with experimental results (Refs. 21, 34,
35, 37, 39). The expressions for p, given in the table are based
on the minimum strain-energy theory of elastic failure. The

expression for bursting pressure p, = 2s, (E—E), commenly

known a8 the 'mean diameter” formula, is essentially empirical,
but is gives b it agrees bly well with experiment
for both thin and thiek vessels and is convenieut to use. For
very thick vessels the formuls p. = 3. 10g. (3/0) is preferable.
Greater y can be obtained by using with this formnla. a
multiplying factor that takes into the strsin-hard

properties of the material (Refs. 20, 37). With the same oh]ec—
tive, Faupel (Ref. 39) proposed (with different notation) the

forrauls p, = %log_%@ —?} A rather extensive discus-
sion of bursting pressure is given in Bef. 38, which presents a
tabulated comparison between bursting pressures as caleulated

by a number of different formulas and as determined by actual
experiment.

Example

At the powder chamber, the inner radiva of & 3-in. gun lube is 1.605 i,
the cuter yadius i3 2425 in. Tt s desired to skrink s jacket om Ehis tibe
20 os to produce & radial p b tube and jacket of 7600 Ib. per
8q. in, leou&rndnuo{mmm:ssasmn. 1t is vequited to
mine the difference between the inner radius of the jacket aad the onter
radius of the tube in order to produce the desired presaure, to calenlate the
otrmacs in esch part when bled, and to ek the in coch

AgT. 75) PRESSURE VBSBELS; PIPES 311
port when the gun i fired, g ing & powder p 032,000 Ib. per
sq. jn.

Sofution.—Using the formrulas for Case 34, it is lound thes for an external
pressure of 7600 the gtress o, at the ouler surface of the tube is — 19430,
tha stress 3¢ 8t the inner surface is —27,050, and the change in suter radim
&b = —0.001385. Tt is found that for an internal pressure of 7600 the stress
9z 8% the inoer surface of the jacket is 417,820, the stress £ at the outey
surfaco is 110,050, and the change in Inner radius dg = 40.001616. (In
making these calculations the inner radius of the jacket 15 assumed to be
2.425in) The mitiad diffcrencc between the inper radius of the jacket and
outer rading of the tube must be equal to the sum of the radial deformations
they suffer, or 0.001385 - 0.001615 = 0.0020. Therefore the initial radiuy
of tha jackel ahould be 2,425 — 0.0030 = 2.422 in.

‘The streases produced by the powder pressure ave calculsted at the inner
surface of 1ha ube, at the common surface of tube and jackst {r = 2.425)
and at the oater surface of thie jacket. Thene stremoey are thea superposed
on thase found above, The calculations are aa follows:

For the tube:
3,85' i
o = +300 (G} — +4
o = +32.000
For tobe and jacket:
.85% 3 2A425%
- +:n,mo(zm)(‘w 222) - 00

t -
© = +32,000 }_:g:: (3ar=Tsm) = +iw0am

For tho jacicet:
5 = 432,000 1.4 sus-) (:u;s- :xaﬁsl - +'|3,soo

‘These are the sivesses due to the powder pressure,  Buperposing the stresses
due to tho shyinkage, we have a3 the resultant siresses:
At inner snrface of tube,
93 w 27,050 + 45,450 = +18,400 1b. per 8q. in.
63 = O - 32,000 « 432,000 Ib. per sq. in.
At outer surface of tube,
8 = —19,430 4 23,500 = -}-4070 Ib. per sq. in.
= 7500 + 10,200 = fl?mlhwq.h.
At irmer snvface of jacket, ‘
2 = 17,630 4+ 23,500 = §-£1,130 Ib. per ng. in.
a3 = 47600 + 10200 = 17,800 Ib. pox 8q. in.
6. Design Formulas for Conveational Pressure Vessels—is
mnbemfmmthmmpbofmmmdimnmtydm
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