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Introduction

The brittlecoating method of experimental stress
analysis consits of spplying 4 brittle coating on the
surfsce of the part 10 be tested. Cracks in the costing that

appear..dpe  te- loading -the -pist:-caa -be snelysed-for - -

" direcsion and magaitude of the surface strains. Nocmally,

ot 3
in. The costings can be calibrated to
obtain quantitative strain measurements,

Brittle costing has a number of advantageous
chamacteristics. )tz effective gage length approaches zero;
it gives an overall picture of the strain disiribution and
highlights areas of stress concentrations; and it is applic
cable 10 any mechanical part of the structure, rcgardiess
of material, shape, or mode of loading,

Commercially avallable brittie coatings are used for the
following purposes !

|, Locating small areas of high stresses. -

3. Determining directions of principal stresses.

3, Measuring the approximatc magnitudes of tension.
and compression-stress concentrations under static loads.

4. Measuring tension-stress concenustions under

$, Indicating localized plastic yielding.

. The principal uses of brittle costings arc to quickly
tocate and evaluate the high-siress points in & design, and
to oiain principal-stress directions . for subsequent
placemeni of eloctric-resisiance strain gages.

There are two principal types of brittic coatings
available. One s a series of mrain.sensitive costings madke
from resing ditsolved in solvents so they may be sprayed
on the panty to be studied, Platlicizets are sdded in
varylng smounts during the formulating process Lo produce
coatings with differing failure characteristics. The costings
are air dried and designed to crack st sirain levels on the
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Brittle Coatings

by Ferdi B. Stern

order of SO0 to 700 microstrain. Streins of 1300 xin./in,
and above or down 10 100 gin./in. and below, can be
indicated by proper manipulatiun of the costings. Tempera.
ture has a signifieant effect on the sensitivity ef the

- coptings. Humidity has a Jesser effect.

10 tomparature changes up (0 300°C and are svalisble for
use on teel and similar materinls. The coating in i
liquefled form consistt of ceramic powder whkh It
suspended in a carricr, This coating, after being applied
10 the sructural component, must be glazed by firing at
approximttely 530°C in order to form & continuous

brittle coating.

Brittie-coatling Techniques

1. Surface Preperaiion-=Qll, grease or any material
which might affect the boading of the resin coatings,
munt be removed. Qrinding rough sand castings in the
arsas of stress conceniradons improves the visibllity of
cracked patierns. Sand or grit blasting it normally required
for susface preparation prior to ceramic costing,

2. Undercoei— aben uied
withrthoalsiried coa ~isibllity of the
crack patterns. No undercost is 'used with the eeramic
coatings.

3. Coaring Selection—Resin.base coatings are selected
on (be basis of temperaturs and humidity expected at the
time of test. Cetamic coatings are selected on the basis of
a coefficient of expansion of the material under test,

‘4. Coating Appiication=>Pressure cans ©f air-spray
guns are used to apply both resifi-base and ceramic
coatings. Color s the normal gage of costing thickness
with the resin coatings.

5, Dry—Normal drying time for resin coatings Is on

" the order of 24 h 10 permit sufficient time for solvent

releass from ihe costings and development of costing
brittleness. The ceramis costings are teady for use afer
they have cooled from the firing temperature,

6. Calibrotion—Calibration bars which have been

Reprinted for Magnaﬂux Corporatlén. Reprint $ST-37
. From Experimenial Mechanics, June 1979

R2519990



T L
(UUPRINER UL SR

Fig. 51 ~=Callbrator and strain scale

By —ﬂﬂm'{,f ,‘_;*)“
Fig. 3-2—8tatic-inad test of 8 rocker arm

fiig. 5-3—8rittie-coaling tracks snhanced by
siestrosiatic: charge panticles

sprayed and dried along with the test parts sre loaded as
cantllever beams with a known deflection in a calibrating
fixture, Strain scales are then used 10 messure the strain
at which the coating begins 10 crack. (Fig. 51) The culibration
technique must be used If quanttative strain measurement
is required. The calibration devices arc also valuable when

OCT 1. 1991 2:25PM uB13

‘Flg. 34-=Calidrgtion of britile-costing patiems
on o crane hook

one Is learning the spray techniques. Calibration of the
coating also predicts how the coating on & pant will
behave during o test. It is useful 10 obiain this information
before testing & part and learping thet the parnicular
coating is t0o soft and requires excessive strain to inftinte
erack patterns, Sensitizing and coloring techniques are
also repidiy evaluated by calibration, .

TABLE 8-1—MEASURING TENSION STRAING

(Retufn 10 Zerc-1088 Technigue)
Apparent Siress
Test Load Paltern Locsation  Microsirain (MNM)
[LCH {By Atea) 81 2000-Kp Losd st 2000-K0 LIS
1000 None - -
0 - - -
\258 ’ A 1260 264.8%
1580 A Qrows 1080 213.4
0 - - -
1850 No aocitional - -
0 pafierns
2440 Agrows 858 1358
8 addod
0 - - -
3080 A Qrows 528 108.3
B grows

NOTES ; Time to reach iad Inalicases e 45 3.
Cailbration bar oesed in 45 ¢,
Tareshokd strainv—BDO MICtas1RiN.
Loca! strains ere sssumea proportions! 1o eds.
Modutus of siasticty = 208.897 MM/M®

« (Typica! Caloutaton) (m,% = 1280

1 (Typical Caloulaticn) (1280 x 107%) x (208,897) =
264.8

P.es
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Fig. 5-8—Experimental atress snalysls of a truck equalizer
saadle by brittia coatings

Fig. 57— Brittiecoating patterns on & gun produced
during firing

7. Test—Time tequired o reach load is & prime
consideration [n use of the retin coatings. The coatings
creep rapidly so loading time should be as ghont as
pomible, Temperature changes during tesis ghould be
minimized as this also affects coatng sensitivity. Oil
should be kept off the past as it will attack the resin

QCT 1, 1931 2:25Pm #8132 P,@§

Fi9. 8.5~Brittie.coating pstierns on s
Jaw bong

coating. These limiistions do not apply to the ceramic
coatings.

8. Deiect and Record Crack Paiterns=Crack patterns
in the resin coatings are viewed with oblique lighting (Fig.
5-1), Spread of Lhe patterns with increase in foad increments
may be marked on the coating and photographed at
conclusion of the et aa shown In Fig. 5-2. These boundary
markers are called 'isoentatics’ and represent approximate
consiant-strain curves. The cracks may be colored with o
red dye or they may be brought out by use of an electro-
statiecharged-particle technique (Fig. 5-3). The charged
particles must be used 10 show cracks in the ceramic
coatings.

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

10. Computations—Cracks fram the calibration bar are
compared to those on the part when quantitative data are
requited (Fig. 56). A typical data sheet and computations
are shown in Table §-1.

If the maximum principal stress is substantially targer
than the minimum principal stress, and if the coating is
caiibrated on the :me material &5 used in the ssructure,
then the eppareni-siress calculations of Table S-1 arc
sufficiently sccurate.

More detalls of brittlo-coating technique and safety
presautions can be found in the manufacturers' operating
innnuctiona.

Typical Applications of Britlle Coatings

Brittle costings have been used on plasties, wood,
paper, rubber, glass, bone (Fig. $-5), as well as metals.

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

Ceramic coatings have been used to siudy tensile
stresses due to thermal loads,

Brittle coetings have been used to test parts in the
laboratory as well &3 out-of-doors under field conditions.

Interpratation of Brittle-coating Crack Petterns

An operator quickly becomes familiar with patierns in
the coalings Lhat ean occyr during drying of the coating
and prior to load spplication. ‘Drying cracks' are shaped
like a valley and generally occur in thick sections of very

R2519992



FROM: CALSONIC TO: OCT 1, 1991 2:28PM 813

Fig. 5:8~~Patterns preduced in aceramic
britile coating on a turbina digk spun at
Nigh epescs

brittle coatings, ‘Crazing ¢racks’ have a random orientation
and are caused by exposure of the coating 10 low
temperatores.

Iaolated patierns ocsurring at low loads in mild.steel
siructures can be caused by yielding when locked-up
stresses from welding relieve themselves,

The appearance of the brittle-coating pattern along the
sllp planes during a yielding of a mild-stesi cylinder under

ession loading is shown in Fig. 5-9.

érp strains causs spaiting of the coefing T  compression '

in tension as shown in Fig. =100

Isolated patterns sometimes occur on the susface of a
part due to stress concentrations from blow hojes, shrink

¢racks, fatigue cracks and other discontinuities, These
_ should heve been detected by use of nondestructive-testing
methods prior to the experimental-stress-analysis work,
Unlque patierns durinz & brittle-coating 1est may be
caused by a change in loading of the structure. The
operstor should be alert for this condition.

A random pattern is produced from an egual t\vo-
dJimensional tension fleld.

Orthogonal patterns in the resin-base coatings may be
produced by first loading the part 1o produce cracks from
tensils strains. If the load i reverzed to cteste com.
peassion strains, and the coating is sensitized by cooling
when the part is under the compression load, 8 set of
patterns normal to the initial ones can be procuced.

Under impact loading, peak lensile strains ate recorded
by the brittie coatings, No time relationships are givea by
the coatings, so other iypes of gages must be usad to
obtain time relationships of the wave uains. The britde-
coating patierns uusist in location of the gages.

Britlc coatings terve as s recording strain gage. The
ectual cracks in the costing, due 10 the sraing in the
structure, give a siriking, visual picture of the manner in
which the part is deflecting.

Fip. 80— Brittiecoating patterns on § milc-siee!
compression epecimen during yleiding

Suggested List of Reading Referances

1. Qumusinitve Index Proc. SESA, (Britte Cootings), | (i}—3 (2},
& (1943-191)).

2. Preacwles of Sirecoct, Briitle Cortings Suew Anelsa, Megpreflux
Corpy, Jrt ectiivon (1971).

FiQ. 5-10==8paliing end {laking ot & resin-Dase brittle
coating dus 4o largs strains
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308 FORMULAS FOR STRESS AND STRALY {Cnar. 12 Awt. 11| PRESSURY VESSELS; PIFES 304

73. Thin Vessels under Eaternsl Pressure.—All formulas
given in Table XIH for thin vessels under uniforin pressure are
for internel pressure. They will apply equally lo cascs of
external pressure if p is given a ncgalive sign, but the slresses so
found are significent only when the pressurc is insufficicnt Lo
cause failure through cleatic fndabilily, that is, through buckling

- that starts st stresses within the proportional limit, This type
of failore is not idered here; it is di d in Chsp. 14, and
formulag for the critical | €3 or producing il are
given in Tabls XVI.

A vessel of moderale thickness may collapse under external
pressure al stresses above the proportional limit but below the
yield point, its behavior being comparable lo that of 8 short
colump.  The problem of ascertaining the pressure that praduces
faiture of this kind is af specisl interest in counection with
cylindrical vesscls and pipes, and under Case | a formula is given
thot is applicable to this problem. In Ref. 8 charts ure given
that provide a solution to this same problem.

T4. Thick Vesgels under 1 I or Ext } F —1f
the wall thickness of & vessel is more than sbout one-tenth the
yadius, the meridional and hoop stresses cannot be considered uni-
form throughout the thickness of the wall, and the radial stress
cannot be idered negligible. These in thick vessels,
here called wall atresses, must be found by {ormulas that are quite
differcat from those wsed in finding membrane stresses in thin
vessels. )

1t esn be seen from the formulas for Cases 33 and 35 that the |
atress 8; at the inner surface of a thick eylinder approaches p as
the mtio of outer to inner radiuy approaches infinity. I is,
therefore, apparent that if the stress is to be limited to some
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4

!? spocified valug ¢, the pressure must never excecd p = 8, no matter
L haw thiek the wall is made. To overcome this limitation, the
9 material at and near the inner yurface must be put into a state of
i initial compression; this can be dowe by shrinkiog on one or more
jackets {os explained in Art. 11 and in the cxamples below), or by
subjectiog the vessel to a high internal pressure thal stresscs the
inner part into the plastic range and, when removed, leaves
residual compression there and residual tension in the culer patt.
This procedure iv called aufofrellage, or self-booping. [f many
succcasive jackels are superimpased on the original tube by
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310 FORMULAS FOR STRESS AND STRAIN  (Care. 12

shrinking or wrapping, the resulling structure is called & mulli-
lager vessel. Such construction has cerlain advantages, but it
should be noted that the formulas for hwp stresoes are b-scd on
the plion of an isotyop: terial; io a multilayered vease)
the eflective radial moduluaofcluhclty is less than !he tangential

dulus, and in Qy the hoop siress wt snd near the
outer wall is less than the formuls would indicate. Conse-
queatly, the outer Yayers of material eoutribute less to the
strength of the vessel than might be supposed.

The tabulsted formulas for alastic membrane stresses are
accursle for both thin and thick vessels, but the formulas for
predicted yield and bursting pressures, especially the former, do
not always sgree closely with expenmenhl vesults (Refs. 21, 34,
35, 37, 39). The expressions for p, given in the table are bnv:d
on he minimum otrain-energy theary of elastic fallure. The

expression for bursting pressure p, = 2s. (‘ I ) commonly

known a3 the ""mean diameler” { }! 'o Lnlly empirical,
but is given & it agrees ly well with experiment
for both thin and thick vesstls sud is sonvenient to use. For
very thick vessels the formubs p, = s log, (6/s) is prefernble.
Greater socuracy can be obtained by using with this formmuls &
multiplying lactor thst tskes into acenunt the stin-bardening
properties of the materisl (Refa 20, 37). With the same objec—
tive, Faupel (Ref. 39) proposed (with different notation) the

formuls p, = %}—'slog.e(ﬁ - h) A rather extensive discus-

sion of burating pruasum is gwen m Ref. 38, which presents a

tabulated “"n_-.j

by&mlmberol’dm’mnt' \’ nm:lu termined by actual
evperiment.

y

Rxample

At tho powder thamber, the imner radius of & 3-i». gun Lubo ie 1.606 in.,
the outer redius is 2425 . 4 is desired to ehrink g jsckot om this tabo
30 38 L0 prodwce & radial proswire betwoen tube snd jucket of 7600 [b. per
0. 0. The outer vadiuo of this jacket is 3850 in_ It is required to deter-
mine the differcnce betwoen the inaer mdius of the jackst snd the outer
radive o (he tabe in order to prodece the desisod presmare, 1o cadkcalata the
stresses ip each part when asabled, snd 0 cakeuiats the stresse in each

Apr. 75} PRESSURE VESSELS; PIPES m
part when Lbe gun v fred, generatiog & powder preasure of 32.000 (b, per

. in,

Solution —Using tbe forwulaa for Caso 34, it b fownd that for an external
pressare of 7600 the streax #: al the outer surface of the tube is — 19,430,
the slrem o, ol the inner surface is ~27,050, and the chaege o outer radies
&b = —0.001385. Tt is fomnd thet for an internal pressore of 7600 the Rrees
3 st (he inver surface of the jacket s 417,630, the sirem oy at (be goler
sudace is 410,050, sed the change in inwer radins Aa = 40.001615. (In

. muking these ralculations 1o iooer vediae of (he jacket is ssaumred 1o be

2.425in.} 'The haitia) dierewor betwoen theo inner radias of the jackot and
outer radins of the tubs must be squsl 1o tho sem of the redia) deformationa
they sulfes, or 0.001385 <+ 0.001805 = 8.0030. Therrefowe Lhe initie! dhos
of the jacket should he 2.425 — 0.0030 = 2.422 k.

The slremses produced by the powder pressure sre calculsted at the inper
sufsoe of Lbo tube, sl the common muface of tube snd jascket {y = 2.425)
and at the outer sudaoe of the jacket. Thewe siresses sre thea su
oo those found abave.  Tho calaslations ave as follows:

Fo the tube: L
e o () s
u = +32,000
For tubv asd jacked:

w = +33000 (5% “"') Grtiss) -+

o= +n.mo('“')(’w _f"" - +10200

For the jscket:
o = o (S008) (31380 450

‘These are the strames due (o the powder premeare.  Beperposing he stresncs
Jdus to the shriakage, ws have as U yemnltant sireeses:
At inner swrfece of tute,
o = 17060 445,450 = +18,400 [b. per ng. io. -
4§ =0 4 32000 ~ 32,000 Ib, perwy. in.
At cuter surfoce of tube,
fa= —19,430 4 23,500 « 4070 {b. pet aq. in.
= 17000 + 10,200 = 417,500 . pwr wy. 1o,
Al inmer sarface of jnchot,
= 17,050 + 23,500 ~ 461,130 (. pev oq. in.
0= +7600 + 10,200 = 17,800 . per og. bo.
TS. Design Formulas for Conveational Pressure Versels.—As
can be seen from the exampls of Art. 72, she discontinuily sireeses
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