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Bent-bean, constant deflection experizents at 2 termperature of 900 F
for v5pe durations up to 1000 hours iadicated that diffusion-bonded
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kot salt stress corrosion (HSSC). licwever, the protective plate deoon-
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defects {indentations, scratches) in the surface of the plate did not
significanti: 2lter the patterns of corrcsion attack. Continued in-house
efforts te eostablish failure mechanisas and to optinmize plating processes
are contingent upon results from fu:the: tests to determine erosion and
fatigue bznavicr of these materials at elevated temperatures. (Authors)
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INTRODUCTICN

Nuzervus laberaiory experizents! have verified the susceptibility of tita-
niuz alloys to ezbrittlerent and cracking under ta2msile lozding at elevated
tesperatures greater than 400 F in the presence of halides. Since titanium alloy
gas turbine coxpressor cozponents in military aircraft, such as rotor blades and
centrifugal impellers, may be exposad sizmltaneousiy to high operating temper-
atures and sait-laden 2ir cavironments, catastrophic failure 6f aircraft engines
rezzins a definite hazard. Although there exists a paucity of recognized failures
attributed te hotT szlt stress corrosion cracking {HSSCC), one field service report™
identified the damage to a2 titamiuz disk in the compressor section of a Navy TF30
a2ircraft egine 2s being caused by the HSSCC phenoz=ia. Unfortvnately, the suscep-
tibilii, o: titaniu= alloy cozponents to HSSCC can be expected ¢o increase with the
increasing cperating temperatures proposed for the cumpressor section of zdvanced
gas turbine engines.

A review of Army overizul records? revezls that sand and dust erosion dzmage,
alory with foreign object damage, are among the leading cause., of premature e€ngine
rooovals from helicopters. Erosion of compressor cozponents iz a weil-recoznized
reliability and =2intainability (REM) problem which serves 10 increase unscheduled
enginc replacewmeat (UER), accidents, znd =aintenance man-hour M8 sates. Pro-
tegtive coatiemgs hzve been suggested by maay investigators as ame 9F several
prozisiag means to alleviate the erosion probien.

a1 1y

- = - - 3 S . - - - -
Earlier research studies®»“»> fr se dezonstrated that diffusion da»2ing of
zfactroless nickel plate is a satisf.ctory techaique for oroducing a2 »ear-resistant

surface on titanimm ziloys at 1007 tesperature. However, further studiss are needed

te validate the potentizi of elec.roless nickel plate against beth erssion and
5%3Y stress corrosirsn at higher t speratures.

tigm, an explorztory study was :made of diffusicen-bonded
p.2tes for reduciag th: susceptibiiity of titanium z2lioys to
teapers tuxe of 300 F was seicated s representative of z high

-

T
SSparaiure rejected for the ofsSy. 2s50r sectiea of advanced high-

Ti-5A1-2.55= Alley

An ziphe-type 5A1-2.17 titamimwx 3ilsy with 2 nozminz] sheet thickaess of
1/32 inck <as usedé in this study. Th:s alloy is 2 weldable grade which norm=ally

*Pr.23¢ Coommzmation: M S GadShxrr, Nored Az Syweemms Cocomaznd, § December 1972

i. RIDXOUI. S P T&r Ietetom of HoeSck $oras Corranor Grooksry of Tecomusa A 8oz n ApeSades Rebied Phenemen i Tiesden
ABne. ASTN STP 232, Amcicya Sxaaets (oo Totmp xad Maichk 195K o 205217,

2 RUNMEL K Go a2 SYOTIL 1L ). X Issvssizenom ond AntesSs of Refizkiay sud Moirscinsichiy Prodless Assodsted «Zh Army
Asterzy Femnez. US Az Az Molshiy Rocrd and Derdequeacal Labeczsocy. USAAMRDL Tedzicsl Repont 73-28. Aspest 1975,

3 LEVY, M xad ROROLQ. 3. Irgroned 3dbeoar of Boczroics X3Ad iizisp on Teeczize Afiozz. 433 Azuml Tecdenol ProcceSnr
Asz Boctroglaters Soc, 1961, o 1381510

2. XOSTHAN, S 1. Lxdmcocts ond ¥Hieor Cosrrme foar Titocsm m Apghorhens Rehsed Phooccas I TRaien Afloss. 27 6 STP 432,
A=nenors Secay for Toging and Mastorzi, 1958, L 268232

S. LEYY. M_ a8 MORROSSL. . 1. ¥eor ood Ervsion-Resizens Casings for Thockme Aoys iz Army AFosft. as=y Masshals 2
Meotharan Revexseh Coziez, AYMRC TR 76-360 Drocnber 19700

AP AT I A J P T anan ate  IRE



possesses good oxidation resistance, stability, and sircength at clevated tezper-
atures and thus is 2 candidate mterial for structural applications at high
v teaperatures.

w
¥

3 , : Cuzposition of the test alloy, showxn by the manufacturer's data :n Tzble 1,
g E was within the limits specified by ASTM B265-58T, grade 6. Mechanical property
peasurczenis indicated that the hardaess of this mill-annealed sheet was Re 35.
This information along with tensile properiies data as a fuaction of roliing di-
rection is shown in Table 2. it =ay be noted that the strengths and ductility
were sozewhat higher in the longitedinal direction.

PN N 1 &

19ty

Electroless Nickel Plating

St

To determine the efficacy of diffusion-bonded electroless nickel plates in
protecting titaniuzm alloy substrates from HSSCC, Ti-511-2.5Sn alloy sheet specimens
about 3/8 inch wide and 6 inches long, in the mill-annealed condition, were pro-
cessed with a plating thickness of approxizately 0.6 mil. This electroless nickel
plating was produced through the selective deposition of z high nickel, low phos-
phorous 21loy onto the solid catalytic surface by means of chemical reduction of
a nickel salt with sodium hypophosphite. The electroless nickel plate is usualily
93 to 955 nickel; the remainder is primarily phosphorous, probably nickel phosphide.
Specimen preparation znd plating Droccdures utilized were modifications of the
techriques ex=plored in 2 past s;udy> of wear-resistan* coatings on titanirc.

SRR ALY

Enhancezent of the hardness and bonding characteristics were proscted by
thermal diffusion treatmerts in a vacua for 4 hours. It is also comw=on practice
to heat treat as-deposited electroless nickel plates at tesperatures above 750 F
to increase as-plated hardness and to decrease inherent brittleness. ¥ithin limits,
the hardness decreases with further increases in ireatmeat tezperatures.

One group of specizmens was diffusion treated in a 950 F enviromzeat, while
the other group was exposed to an 1i50 F diffusion environzent. These treatz=eats
decreased the hardness of the titaniun substrite froo R¢ 35 to R: 29. igwever,
as indicated by the data in Table 3, the hardnress of the 930 F diffusion-treated
nickel coating was as high as R. 35, whereas the higher tesperature treatzent
restlted in 2 loxer coating hardaness of oaly R 34. The original z=easuresents
were made w:th Xnoop indenters. Heace, the Rockwell hardness values cited herzia
are coaverte” numbers which, at best, arc oaly approximate values which can
Tezsonably bx <=2d oaly to estzblish selative ranking of hardness.

Metzllogrzriic examination of selecied cruss-soctions of the diffusion-
treated specizens revealed no appreciable differences in the microstrvctures of

Tabhle 1. CGEMILRY ANNTSIS &F Tedie 2. CONICR PR2OPERTILS 6F Ti-SA1-2.5%n ALLQT Se=37
73-323-2.55=2 ALgr $=IT
¥.8.
Copesitics {wi. o} U.3.S. 0.2 offset) floa. R.A. Zardoms *
drient2ticn  {i¥<i) {ksi} ) {2} {2} )
Al = Te € 3 ™ 3 < :
irangyerse 122.0 123.0 3.3 X7 B H

5.2 23 6.3 L. 9.913 9.0 2ai

lomyitodingl 125.0 9.7 5.3 2.3 33 !
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Tadle 3. BARONISS OF ELECTROLESS NICXEL-PLATED SPICI'ENS
Hardness
71-331-2.38a Substrate Measured Rc' pexe
S50 F to 1150 F Treatment  Kifgo, 312 23 33
As-received Kfig-5 330 35 330

£lectroless Nickel Coatings

1130 F Treatwent
930 ¥ Treateesnt

GM,, 450 34 340
oN,, 525 33 389

*Approxinate values based on comversion tables: MNetails
Progress Data Shest, Septesmber 1938, p3. 96-8, and ASM
Metais Hand®rok. 1551, p3. 1234,
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2. 956 F - 4 hours - in vaczum b 1150 F - 4 ~ours - in vacuem

Figure 1. Wacrostructure of Ti-5AR2.55a alloy after Eifusion heat reatment.  Mag 200X

the substrates, as shown by two representative photomicrographs in Figure 1. The
etchant used in preparing both specimens for examinatiom was & 23 HF solution.
In 2ddition, hardness tests indicated no measurable effects attributable to the

two different exposure temperatures.

In the as-piated condition, adhesion of the plating was relatively pocor.
achesion is Xnown to be enhznced by high diffusion temperatures, munifested by
metallurgical bonding at temperatures as low as 750 F.3,5 The photomicrograph
in Figure 2a shows the app=arance of the cross-section of the coating and sud-
strate hezt trezted at $30 F. X-tay diffraction analyses of plated Ti-S8Al-1Mo-1V
and Ti-6A1-6V-2Sn alioys in an eariier experiment> indicated that diffusion
petwcen the coating and substrate does indeed cccur at 930 F for these alioys.
Thus, although not evident in Figure 2a, there is reason to believe diffusion and
the formaticrn of intermetallics also occurred with the Ti-3A1-2,.3Sn ziloy. The
presence of 3 ciearly defined diffusiecn layver was more evident after the 1150 F
heat treatment as showa by Figure 2p. Measurements revealed thzt the thickaess
cf the plating varied between 0.5 10 0.7 mil, zveraging about 0.6 mil.
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a. Oiffusion trestnent: 950 F in vacuum - 4 hours, b Diffusion weatmen:: 1150 F in vacyum - 4 howrs,

Figure 2. Tlectroless micke! plating o¥. T:-3A1-2.550 sutxtrate. oo 1000X

Test Specicen

Strip snecinens were cut and ground to finish dimensioas of 3/8 inch wide by
6 inches long from 2 1/32-inch m=ill-arnealed Ti-3A1-2.3Sn 21loy sheet. Figure 3
shows this specizen. The ends were ground o be at right angles to the specizen
length a2nd the sharp corners removed. To imestigate eifects of specizen orien-
tation, sozc of the strips were cut with their lengths psrallel to the roliing
direction of the sheet and are herein referred to as longitudinal specizens.
Transverse specizeas were cut with the length perpendicular to the rolling
direction.

For the study of the eificacy of clectroliess nickel plating againmst iSSTC,
one groun of titanium specizmens was processed oa all sides with the plating. As
=2entioned in the previous section, soze of the plated specizmen. were diffusion
treated In vacua at 950 F, while the rezainder were treated zit 1150 F. Hoxever,
for coatrol purposcs, another group of noncoated titanivm specizens was also
exposed to the aforementioned heat treatmecats. Ia addition, soze specimeas were
reserved for testing im the as-received mili-anncaled condition. Table 4 sum=a-
rizes the orientation and plating condition of the varicus test specizeans.
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TEST PROCEDURE

udy, consiant deflection bent-bean specimens were sounted 3u
Fratt and ¥hitney type test fixtures.

Taese fixtures were

(7]
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subsequently loaded into a =uffle-type, electric furnace and exposed to an a=bient
te=perature of 900 F, in quiescent air, for Jjurations up to 1000 hours., All of
the flexed specimens were treated with salt deposits on selected areas of zhe
convex {tension) surface. Speciz=en test variables included noncoated 3nd elec-
troless nickel-plated titanium, two diffusion treatment temperatures, sheet
orientation, and mechanically induced surface defects to sizulate accidental
surface damage. Post-test evalvation was linited to metazllographic examinations
of the surface damage and cracks attributable to hot szlt stress corrosion.

Specimen Preparation

Since mechanical defects on the surface of stressed cozpoments couid con-
ceivably influence the mechaniszs operating to produce HSSCC because of the pres-
ence of stress raisers, a linited attempt was =2’e to =onitor the pheaomena. As
indicated in Figure 3, a section of the electroless nickel-plcted specizen was
scratched with a tuagsten carbide scribe to produce randenly spaced grooves
aligned 45° to the direction of stress on the surface. Hicroscopic examination
tevealed that the grooving action rexoved some of the coating. The depth of the
groove was less thaan 1/2 nil. There were no signs of the substrate being exposed.
In addition, an automatic hand center punch, with a 90° cone angle indenter, was
used to produce randea indentations iam the coating surface to a depth of zbout 1
eil. Although the electroless nicke! platiag was only about 0.5-211 thick, it
appeared to be plasticzliy deformed into the cavity without exposing the substrate.

In preparation for the salt treatzent, the specizens were lightly wiped vith
fine exery cloth, washed in an alkalinez bath, cleaned with zcetene {rcageat grade),
and then rinsed in distilied water. A s=all section of the coating was 21so
cleaned by a wet abrasive tlast (vapor honing) m=ethod to assess the need for ad-
ditional surface preparaticn. As will be shown later, this latter =ethod does
indeed provide a surface which pronotes a more uniforz distribution of the pre-
cipitated salt particles.

A 3% sodiuz chloride solution was appli2d to selected areas of each coated
specizen sozewhat as shown in Figure 3. T7he solution was sprezdé evealy over the
surfaces. The specizen was then placed on a hot plate, set at temperature of
about 180 F, and held at that heat level while the water in the saline solution
sliowly evaporated, leaving behind a dry, white, transiucent residue. Also as
shown in Figure 3, the salt-treated sections encozpassed a portion of the vapor-
honed zrea, the mid-lengrh arez of the specimen, and the regions containing
mechanically induced indentations and scratches. ther sections were left un-
ireated as test controis.

¥eight measurezents indicated th2t the zreal deasity of the dry salt deposit
was about 10 m=illigrasms per square inch. This quantity of salt is aimost doudle
the amount of dry salt actually found to be deposited on 2 select group of air-
craft engine cozponents after filignt operations.’ Aithough it appears, as 2
first approximation, that increased quantities of deposited salt represeats 2
more severe HSSCC condition, the hypothesis rempiis unverified. However. under

£ WGONG. A K3 LEVY. M. Hor S Stress Corramon of Toerzurs 48073 30 oz Admsiehic Dvflcction, NzErSpesoes Seet Se=rz
Tex Appersrxt. Arem Materesd aad Mocknsiss Rovcaseh Cealer, ANMRC TR 73-10, Maech 16730

7. ASHBROOX. K. L A S=rer of S Deproets £3 Comspremsot of FEEI G Trvivoc Enpocz. Nateand Acrvwiass 3od Spooe
Adsmzmneaben, Repos: New TN DI999. Jzomery 1969,
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sone condition of Zoisture content, salt precipitate configuration, temperature,
g3 velocity, and pressure, etc., the stress corrosion of titanitm can be expecs
t0 iacrease with increasing areai density of salt up to so=2 undetermined iimit.

Ferther incresses in areal density nay cause a reverse effect.
Hot Salt Stress Corrosion Test

Folloxing salt treatment, the specimens were carefully flexed and inserted
inte the bent-bhean test fixture which was set to 2 predeterained span length.
Although the ends the specirens were grcund co be perperdicular to the specizen
teagth and the specizen ends rounded, extra effort was made to properly zlign the
specinens relative to the enc restrzints to minimize undesirable siresses. An
earlizr report® describes the fixture 2nd test procedures in greater detzail.

Static surface stresses in a rectangulzr bean of firite iens gth with 2 fiteé
deflection are stroagiy depeandent upon the length and thickness of the structure.
Figure 3 shows an iilusiration of z bent bean held in place by end restrazn.s to
=2intzin a fixed deflection span. Using 2n exact elastic stiress ana2lyvsis =ethod
proposed by ioginow et al.%,%, calculations were =ade to establish a specizern
length and deflection which would effectivaly generaie 3 maxicim teasile siress
of 50 i<i, a: 00 F in 2 sheer 1/32 inch thick. This zaxizum tensiie fiber stress
w2s Jeterzined froz tne follow:ng relationship:

| e

< H >
G :ac, {25&: xm‘{.ﬁ.. 2SO -KED f1\ T
1= 2 (u)fn

2

mn

33 - Kk}
Loginow e2 2L {Ref. g, 9)

Foguze £ Stressing 0f beat-bezm 1251 specimen.

T Eas s, iLndl(l-!‘J)i \ Q. Xrex Gorroom of Siaeds oo Avresfi 2 Kesda, Coesooca-Nalsoss Arexzxtaem of Ceczorans
Pzaaocon oL B, Sah $%day, o

9. HAIMDIR (oS 1O INIR ’..2 Srrexz Aedres of Beas-Boorm Stress Corrordns Spoccmess, CoctonararNasee At o8
Coarinanz Tmmmcenc s 20 ol S, Aped 3988,
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sherein X(x) and E(X)} are the compleie elliptical integrals of the first and
seoond kind, respectively, and k is the meduius of these integrals. Further, s
is the mexime= tensile strength, £ is Youmg's modulus, t is the specimen thick-
ness, znd 4 is the distance between the two ends of the deflected specimen as

3w
shoxn in Figure 4. Additionzlly, the leagth of the specimen L was derived froz=
the fciloxing ratio:

LH _ 2[X(x) - E(X)]
H - 2E(K) - K(X%)

Assuming 2 high temperature Young's uodulus of i1.6 x 105 psi, it was <ai-
culatcd that a specizen 6.0 iaches long, deflected to 2 span length of 5.6 inches,
wouid produce the prescribed siress condition. For more accurate determinations
of prestresses, actual measured values of high teasperature Young's moduli and
effects of ther=sl expansicen should be exployed in the calculations.

It =2y be noted that the typical minimm yield streagth of the Ti-531-2,.5Sn
alloy at 900 F should be in the vicinity of 57 ksi. Therefore, a2ssuming no resicduzl
stress te e preseat, the experimentzl prestress of 30 ksi sheuld not cause aay
appreciable initial yielding. However, related data further indicate that a temnsile
stress of oniy 48 ksi, at 800 F, will produce 1S cr=ep in 100 hours. Censegquently,
in this fixed deflection test, relaxation of stresses Jdue to crezp will serve to

3 reduce the initial presiress lozding as the exposure time increasss.

The fixtures lozded with specizens were placed iato a large zuffie furnace
b' P xhich was then heated up to 900 F. These stressed specimens were exposed, in
. Gguiescent air, to a ccastant furnace temperature of S00 F for 2 time durztion of

: either 130, 560, or 1000 hours. Table 4 identifies the individuz2l specimens zad
test paramcters.

(4

Tiaat

3 Post-Test Evaluation

Removal of the
tize intervals was
; 3 itself resained inm

" >

individual 150- and 500-hour test specimens at the schedulec
accozplished by esploying long-tandle tomgs. The fixture

the furnace for the full 1000-hour duration of testing. Figure
is 2 photograph showing several plated and nonplated specimes~ in the tesi fix-
ture shortiy after removal from the furnace after exposure for 1000 hours. Upon
separation froz the test fixture, each specizen was visually exzmined Sor frac-
tures and cracks. Subseguenily, the specizens were cleaned of the salt residue
and reaction products by means of wct abrasive blast techniques and re-exzmined

at magnifications up to 20X. In order to fully appreciate the exteat of damage

to the surface, it was necessary 0 chenically etch the specimens. The opating

, on some specizens was nmechanically removed to further investigate the damage to
3 the substraie.

RN

ARG

An etchant composed of 30 =l nitric acid, 18 =1 hydreflwvoric acid, and 10 =i
sulfuric acid was used to reveal the cracks in the surface of the noacoated Ti-

, tanium specizens. The specimens were immersed in the acid solution for & seconds
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b pec. No.
3 c .‘ (N5)  Plaed
P ‘ - ”’
5 8 {NG) Flaied
E ., H () Pzed
v {N7) Neorplated
: . 4 (N8)  Nenplated
3 . (E7) Norplated
(€31 Nocaplaied
E Figure 5. Plzted and nonp'zted specimans in test fixture Xter heating a1 9GO0 F for 100 hours.
’ at roo= te=perature or until excessive red fimes wcre liberatad. An aiternate
a

metusod was to izmerse the specimens for only 30 seconds at 2 solution tesperature
of 140 F. Similarly, 2 23 HF solution wis used to etch the electroless nickel
coating for study. Photozacrograpis were taken to record represeatative surface
conditicns. Iroll's reagent was also used to etch the titanium aicrostructure
for general examinztions of structure and cracks in the cross section.

RESULTS AKD DISCUSSIGN

initial Post-Exposure Inspection

After 130 hours =t 800 F, the first grow of longitudinal az’ transverse
specinens, see Tzble &, were removed {rom the fixture in the furmace and exazined
after cooling to room texperature. Demage to these specimens was not cieariy
evident because of the salt-eacrusted surfaces. Figure 6 shoxs the 0D viex of
these curved specizmens. As designated in the {igure, only select zarsas of the
specizens were szit-treated. A snall portion of each specizmen was left umireated
to provide 2 basis for comparing dznmage due to ESSCC. As alluded i0 by the Te-
flected highlights Srom the _pecizens shown in the figure, the ronsaited segmenis
of the clectroless nickel-coated specimens retaimed a metallic sheen. However,
the exposure to nigh tesperatures converted the originzl silver color to 2 ligat
bronze tint. In marked contrast, the hot oxidizing furnzce atmosphere changad tae
shiny surface or the unsalted, uncoated titarium specimeas, Figure 6b, 0 2 dull,
bluc-purpie surface. Excep: for oxidation, no éamage was observed on the moasaii-
treated sections of these specinmens.

Also in marked contrast between the plated 2nd nomplated specimens was the
visuzi appearance of the salt and reaction products on the specimens, after removal
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2 Elctroless axched-cocted Ti-5AN2 SSi atioy.

lS;h—Tra;‘a‘!l

b. Unplaied T3-5A3-2.5%n a¥oy.
Frgre & Specimens 2fies remora] from furmacr after 150 howrs 21 90 F {1op wiew).
19055 1993 AMC 72

fror the fursace.

Thae residue on the electrolces nickei-piated surfzces rexained

reiazively Iransiucenti-white in tomr and apparently cnanvcd only mjaizmaiiy. But

on ihe bire titaniuz alloy, the szit and its reaction Froducts expanded in voluxme,
» Tusty»-ivory in color oa its outer periphery and
g—aésa;11g 10 varyving shades of olaci at the approachcs to the saiz
face., Another viex of some sait-encrusied specizens after
The four thickly

producing 2 thicker, rough laver

shern carlier in Figure 3.

Tabie

i00C-hour exgosure was
coated specizens shown in the iower
part of the test fixture represent salt treatmeats on nomplated titanium specinens.
Spcc:-cn identification mmbers listed may he coordinated with the data lisied in

-zctal ater-

Confirning the dissimilar characteristics of the sait reaction products was
the shservation that the residuc on the piated surfaces uas readily seluble in

¥2rw uwater, whereas the residue on the bare titaniam alloy surfaces reguiTee
the application of the more vigerous vapor blasting method o facilitate its re-

Dovzi. Yo attemnt was made to anzlyze the reacted producis.
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investigator® rcported that X-ray diffraction patterns of sait residue om t
specizens exposed at 800 F for 63 days revealed the preserce of aratase, rut
sodiux chioride, 2nd an unidentified compound.

iranive
1ie,

Surfac2 preparation tecaniques play an important role in sal: treatment of rhe
test specimens. Exanination of the phetogrephs in Figure 6 sevezals poor wetva-
bility and uneven precipitation of (ke szlt deposits con soaxe of the test segaats.
Hoxever, it =2y be noted in Figure Sa that tne short, sali-treated scegment or the
left side of the specizens exhidited areas of uniform rait coating. These sreas
were vapor blasted before the salt treatseat. Hence, vapsr blastiag technigques
appear to be a2 desiradle method for promoting wettabiiity and uniform dispersion
of salt particles. Consideration must be given to the fact that stresses im-
posed upon the specimens my be critical, particularly for thia seciicans.

Ceneral M¥odes of Hot Salt Corrosion fFailure

Visual examination of the plated specizens, 2t higher megnificaticn, zfter
2tching in an HF solution 10 enhance the presence of surface camage, rovea:
that hot salt did indeed corrode the diffusion-treated eleciroless niclel cux
Evidence ¢f pitting and geaeral corrosion xas discovered cven on the conpress:
side of the specizen exposed to 900 F for 150 hours, indicating that itemsile
stress was not 2 necessary contributing factor. Troughs, strz2in lines, and 2
limited nuzber of cracks, similar to the ESSCC damage occurriag in uaprotecied
titarpium 2lloys, were 24dditionz1ly present on the teasioa-stre<sed plited SUTY3Ces.
These in-line defects were oriented normal to the directica of tems:on ioading,
as expected.

Coobinzations of the aforezentisned corrosion-induced cefecis wore well-
represented in the teasion-stressed surface of plated specimen Eb after exposure
to 900 T for 1000 hours. Arcas éz=aged by hoi szii attack are cvident in the
photegraph of the specizen in Figure 7a2. 3Zwir®-lile chains of corrosion pits

h Sjeomen E2  Nerolumez Ti-SAV2.SSn 28oy.

Fagwe 7 1000 bows 132 21 906 F - 1150 T Gffusion reaiment - sali-treaied
rSoreTve ICnens - eiched, Ulag 2X

R TOMANIL 1. Monan o oof S1d SY L en $0m7 oot 23 JGorinran SN4F I830- 13 ADoz. Trevendmzs of the Conforence em §andamontd
Ve inod W Catendead C2alsn  Ulne S L mxmarats . 1967, Padthatiem of Natecnd Ao of Corzorace | omnnen, 1969
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are aitributable to the nonuniform precipitation of salt during the dehydration
of the saiine soiution. Ponr wettability z1so contributes to the uneven pattern
of corresion. Cracks in the surface are readily distinguishea frenm the troughs by
the width 2nd conzour of the gaps. It is suspected that the wider gap troughs
were formed by the conjugation of corrosion pits which rreferentially initiate
along strain lines. aiso, clearly shown in the came photograph are the rechani-
211y induced punch merks; less evident are the diagonal scratch lines which
appear 1o have been partially erased by the corrosion process. Some observations
on the effectz of interaction of the corrosion process witi: the mechenicaily
induced defects wiii be z=de later in this report. A comparison of the salz-
cataged surface of 2ieciroless nickel-plated specizen E6 may be made with the
szlt-dazaged surface of nomplated titanium specizmen ES, shoxa in Figure 7b, which
was tested under eguivalent conditioms.

Effects of 15G-Hour Exposure

Unger the conditions orescribed for this experiment, umprotected Ti-5A1-2.3Sa
alloys z2re susceptibie to HSSCC. This phencoenon was verified by tests on nea-
plated contrvl specimens Al and 32, shown in Figures Sa and Sh. Oblique lighting
was emplored for the series of photographs in this figure, as well as in the next
three figures, o highlizbt dazaged areas. uénder this iighting condition, defects
penetrating into the surface such as cavities, scraiches, pits, cracks, and
troughs emerge as white forms on a biack backzround. Table 4 sunmarizes the test
paraseters of the test specizens.

To a lesser degree, the hot salt 2is50 attacked the piated specizens,
=2nifested by cracks, troughs, and pits, 25 shown in Figure 9. The induced
scratciies had oaly a rominal effect on the corrosion pattern. Kith respect o the
puach =aras, it was noted that occasional cracks a2né pits intersected ths cavities
witk nD positive signs of preferential artack. For exasple, im plated specizmen
X2, Figare Sc, troughs or cracks appear to iateract with caly tuc of the nine
induced cavities. Ia specizmen NI, Figure Sa, s=zil pits exhidited even less
corresion attack about the indentations. Hence, the hot salt corrosion effects
o2 accidental scratches and indentations in the plating was judged to be only
minizai, zfter exposure 0 $90 F for i50 hours.

Effects of S3D-Hour Ixposure

#ot salt siress corrosion cracliag damage to titanium 21loys increases with
cxpesure tixe by the initiation of ncw cracls on the hydrogen-exbrittied suriace,
conjoining of saall croacks, and crack propegation. For baseline cozparison,
Figure 1& exhibits the maltitudinous gquantity of cracks inm one salt-trezted

Figure 8. 150-hour test 21 SOC F - s*t tresiad Ti-5A12.550 specimens -
e.-—:d - OQGQ“! ﬁ?"‘*’-";- ; 2x
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2. 950 F daffusion
treatiment - Jongitudinal
speamen N1.

4 1150 F &ffusion
treatment - transverse
specimen £2.

Figure 9. 150-hour test at 900 F - salt treated edaciroless nickes-plated
Ti-5A3-255n specimens - etched - obligue Bighling. Mag. 2X

segzent of ronplated, losgitudinal specimen A3 after 500 hours of exposure.

Transverse specizen Ad (not shown) also encountered similar damage, indicating
no effects attributable to specizmen sheet orientatioa.

As expecied, despite the decrexent ia surface temsile .tresses due tc creep,
the increase in exposure tize to 300 hours zlso increased the corrosion damage of
the electroless nickel plate as desonsirated by specizmens N3 and E3 in Figures
105 2nd i0c. Coafirmation of this phenuzenon may be =ade by comparing the cor-
responding specimens shoum earlier in Figures 9a and 95.

Moreover, a2t 500 hours distinctive patterns of surface failure modes emerged
which were atiributable to the two differeamt difrusion tTeatmenl temperatures
(S50 F and 1150 F) emplnyed to prowote bonding 0. the nickel plate to the titaniuwm
suhstrate. For example, the preseace of troughs with wider corrosion gaps wexe
detected in the 950 F ireated specimen N3, whereas an increase in the mumber of
thia-line cracks in the 1150 F treated specizmen ES was observed. Furthermore, the
cracks preferentially appeared in Tegivas of higher stresses such as in the specizen
edge and around the ianduced cavities. In the latter phenozenon, it may be spec-
ulated tha® the bemeficial coxpressive stresses imposed by the mechanically
induced punch marks were zartially relieved by continued exposure at S00 F, there-
by bequesthing a surface indentation which behaved a2s 2 stress raiser. Since no
obvious damage appearcd in the nonszl:-treated segments and since the troughs and
cracks which appezred in the sali-ireated segments were preferentially aligned
normal (90°) to the direction of the applicd teamsile stress, it is conciuded that
the electroless nickel plating is indead susceptible to hot sait stress corrosion.

¥ ' D it 4 b ~
. "Mﬂ“WWMﬂf&W‘W%«& L OARTIR A WAL | AN AR Yo 55

kwﬁm‘h*m

i3




. »
. A nlnd m— - - - - e
N g e —— o ~ =

a. Annealed, uncoated
Ti1-5A1-255n alloy spetamen A3,

b. 955 F diffusion
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Frgure 10. SO0-hour 1251 21 900 F - salt-wreated SongiiuGinal specimens -
eiches - oblgue Sghing. Mag 2X

Sy RN A

In the evaluation of the resuits, the sode and density of corrosion damage are
more izportant factors than the actual fractere of 2 specizen since the fracture
is gener21ly manifested by the randoa arnd rupid joining of individual cracks fol-
iowed by catastrophic failure.

PO

Effects of 1003-Bour Exposure

Continued incresses in esposure duration up to 1000 hours generated escalating
corrosion zttack to the saii-treated 2etal surfaces. Selected examples of these
thenonena are clearly exhibited by the higher :mgnification photographs of three
specimens in Figure 11  As a2lluded te in an earlier statement, in the expirizental
setup employed in this study only the test tesperature and specizen deflection span
are held constant. ¥ith the passage of time, relaxation of the tension surface,
because of high texmperature creep, effectively reduces the iaitial surface teasile
stress of 50 ksi to only a small fraction of that value after 1050 houwrs. Nore-
over, the original sait deposits have been or centinue to be consumed by *he
ongoing chemiczl reactions. The gemeral aspect of some plated and noaplated
specinens s they appeared in the fest fixture after exposure for 1060 hours was
shown earlier in Figure 5. At this expesure dusation, the nonsali-treated
segments appeared to be quite umdamaged, with oxidized surface film colors of
golden bronze for the nickel-plated specicmeas and dark nmetailic blue for the non-
piated specimens.

Inspection of corresponding photographs of test specizmen surfaces after 150
and 500 hours of exposure at 30D F in Figures 9 and 10 with the 1G00-hour offects
depicted in Figure 11 reveals the progressive nature of the salt attack on the
diffusion-bonded electroless nickel plate, mmifested by the proliferation and
growth of corrosion pits, trought, and cracls as influenced by prolonged exposure
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€. 1150 F heat weaiment - nonplated T1-5A1-2.580 specimen E7.

Figure 11, 1003hows 1251 21 900 F - salt-treated longitucznel specimens -
eichzd - obligue Bighting.

tizes. Revicw of the topography of the corroded surfaces revealed that most pits
sroliferated along strain lines, eventually cornjoining to form troughs. Some pits
remained isoiated and zmerely increased in diaseter. One dominating characteristic
which appearcd 1o distinguish troughs and pits from cracks was depth of penetration.
imcard growth of the pits and troughs seemed to erminate in the vicinity of the
plate-subsirate interface, theredy alluding to the sacrificial nmature of the
electroless nickel plating oa titanivm,
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The earlier observat.on that the diffusion bund treataent tesperaturss
affected the hot salt failure medes of the electroless nickel plating was con-
firzed by the specimen zppearances after 1630 hours. A comparison of photographs
in Figures 1la and 11b succinctly reveals the distinct differences in the charac-
teristics of the corrosion troughs. Corresion atiack of the 950 F treatad plate
is characterized by the presence of wider-gap troughs possessing a greater

propensity to conjugate with other pits and troughs as cempared to the 1150 F
treated plate,

4 ¢ AT,

PIRYL i

Also exhibited in the phuiographs is the controlled influence of the punch
marks on the flow of the strain lines as manifested by curvature of the troughs
in the vicinity of the cavities. Furthers, despite the possible rupture and
thinning of the plate xithin the punch cavities, there zppezred to be little or
no corrosion preseni. Perusul of the rignt side of the saxe figures also reveals
soxe preferential corrosion patterned aloig the induced diagonal scratch lines.
But this phenoxenon does aot doxinate the failure mode theredy indicating the
uncertainty of their influence as either stress raiscrs or harmful plating defects.
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For baseline comparison, Figure llc shows the appearance of tha corrosion pit
and crack-laden surface on a nonplated Ti-5A1-2.3Sa alloy specizen which was heat
treated to confora with the 1150 F diffusion treatmzeant process of one of the
platings investigated. Exanination of a corresponding 950 F hLeat-treated, non-
plated titaniunm specizmen revealed it to be more resistant to stress corrosion
cracking. Since thes stress-reiief effects shouid be less at the lower heat treat
texperature and sincs no major changes were observed in the microstructure shoxn
in Figure 1, the cazuse of this anozaly rezzins to be stuvdied further.

Substrate Examination

The manifestaticn of cracks in the surface of the sait-treated platings
implies the susceptibility of the electroless aickel plating to IS5CC. Figure
12a shows the appearance of cracks in one segment of 1000-hour specizen E6 under
noraal lighting comnditions. This saze spacimen was showm earlier in Figure 7a,
at a lower zagnification. In order to ascertiin the exteat of damage to the sub-
strate engendered by the corrosion pits, troughs, and cracks in the plate surface,
2pproxizately 1-1/2 m=iis of the top layer was mechaniczlly rezoved. (The original
thickness of the virgin plate was about 0.6 2i1.) As evidenced by Figure 12b, the
Teadily identifiable surface cracks hzd indecd propagated Zeep into the titanium
alloy substrzte, while the pits and troughs disappeared with no signs of their
original superposition. Figure 12c exinibits the hot szlt dacmage to a typical nom-
plated titanium specizen.

(LA

E=brittlezent of the plated surface conconitant with teasile stresses above
sone unidentified threshold level appear to be the necessary combination for the
initiation of cracks. 1In the ssgzent shown in Figure 12Zb, it may be noted that,
with one exception, the cracks zare selectively preseat zt the specizen edge or
into a2 punch-zmark cavity which are regioas of higher stresses. Thne single crack
shown which was 1ot located at ecither of those high siress areas may have iaiti-
ated at the site of a2 corrosion pit.
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c Nonplated T-5A1-2.55n0 surface specimen £8.

Figure 12, 1000-hour test 21 96D F - 1150 F diffusion reatment - ¢ -
rexied - etched - rransverse specimens. Mag. 5X

Thus, an inference m=ay be drawn that at this test teaperatuce an increase
in surface temsile stresses will eaccurage the ‘nitiztion of new cracks. How-
S, e¥er, the relative importance of surface cobirittlement versus stress raisers and
= . plating strength in contributing to crack initiation resaias undetermined.
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Despite the existence of stress raisers at the base of the corrosioa troughs,
the inward intrusion of corrosive activity was generally arrested at the substrate
level. Figure 13 shows a represeatative daraged cross-section of the electroless
nickel plate of specimen NS after exposure at 9G0 F for 1000 hours. Apparently,
the combinatica of texperature, corrosive media, and stress in the segzents shown
were not sufficient to initiate or propagate into the substrate. Although delan-
ination also occurred between diffusion layers of the nickel plate, the base of the
diffusion-bonded plate remained firmly attached to the titanium substrate.

Fgure 13. 1000-hour test at 90G F - cross-section of saft-treated electroless nicked
mate, specimen NS, showing troughs and delaminations. Mag. 1000X
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Mstallic deposits on the surface of titanium alloys can either promote or
inhibit the corrosion process, depending on its electronegativity relative to the
substrate.l! A plating less electronegative than the substrate would be anodic
relative to the substrate and thus would tend to corrode preferentiaily. This
reaction would inhibit the stress corrosion process because oxygen reduction would
occur at the substrate. On the other hand, if the sacrificial corrosion of the
plate encouraged the formation of corrosion products susceptible to hydrolysis,
the substrate could still be e=brittled by the subsequent forzation of nascent
hydrogen. 1Imn this investigation, the che=ical reactions causing the troughs in
the plate did not appear to yield by-preoducts adeguate for ezbrittling the sub-
strate sufficiently to cause crack initiation at the stress ievels present.

General Comments

As nentioned in earlier statezents, titanium alloys are susceptible to hot
sait stress corrosion cracking. Observations by previous investigators!l-13
indicate that the substrate is ezbrittled by the stress corrosion process, elim-
inating sinple dissolution as the failure mode, with the e=brittling species being
generated by the corrosion process. Moreover, e=brittlement by hydrogen is gen-
erally accepted as 2 prizmary cause of cracking. However, disagreements still
exist concerning the =echanism of hyérogen generation. MNevertheless, surface
cracking does occur 3nd can be quite severe as previously shown by the repre-
sentative photographs in Figures 7b, 8, 10a, and 12c.

11. GARFINKLE, M. Elc mrochermics] Modd for Hoz Sctt Stress Corrosion of Tesxizm Allozz. Metaleepical Tosactions, v. 4, Jaly 1973,
. 1677-1685.

12 Amesican Society for Testing and Maiesiak, Stresy-Corrosion Crocking of Ticrizm, 3 Symposium, Special Pubiication No. 397,
Priad=ipina, 1966

13, STAESLE, R W_ctal Fuandemericl Aspects of Stress Corrosion Crockizg, Natioml Association of Comasion Enginesss, Bouston,
1969, . $91-700.

18

.. - O O O T O e aitodt



— > - S AT e

A

3
&

<y A AN AN

536 Yol

. cracks and incipient cracks were also present in the surface cf the plated

: specicens after as early as 150-hour exposure time at 900 F, albeit limited in
crack quantity (Figure 9) as compared to nonplated titaniun specimens (Figure 8).
However, in contrast to the randon distribution of cracks in the nomplated speci-
=¢ns, the cracks in the plate appesred to be concentrated in regions of higher
stress, i,e., ecdge and cavity peripheries.
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The cracks seen to co-exist independent of the corrosion pits and troughs.
Hence, it car be specularad that a higher average tensile stress than that e=ployed
in this experizent would have prozoted the initiation of oore surface cracks.
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One significant characteristic of the surface cracks in the electroless
nickel plating was their continuity into the titanium substrate. Figure 14 shows
a cross-section of such a crack. The prinmary causc of crack initiation in the
plated surface was not identified, but esbrittlexent rmay be a source. A crack
in the plating cozbined with other reactions, may then encourage the diffusion of
harzful chemical species to the substrate forming 2 crevice where surface em-
brittlesent and cracking of the titaniuzm surface co=mences to occur. Yet, it is
generally recognized that the presence of cracks or stress raisers zlone have only
2 ninizal 2ffect on hot salt stress cracking to the extent that precracked test
specicens are not useful in these HSSCC experiz=ents. Also, as described earlier,
the ex*stence cf scratches and indentations in the surface of the plating did not
enhance stress corrosion of the exposed areas. Moreover, the pits, troughs, and

zechanically induced indentations and scratches did not appear to act as prefer-
ential sites for crack initiatioms.

A representative corrosion crack penetration into the titaniu= alloy sub-
strate is shown in Figure 15. Propagation of this type of crack has been
attributed by Garfinklel! to the reacrion of titaniun with chlorine ions to fora
a2 chlorotitanate wnich hydrolyzes with 1,0 to release chlorine icas and Ti0-
along with nascent hvdrogen (H') which serves as the source of embrittlesent inm
anodic regions such as grain boundaries:

Ti + 6C1 » TiClg + 4e”
TiClg + 2Hy0 ~ Ti0y + 6C17 + 4H'

Coz=bining these reactions, the overall reactioa becomes:

-

Ti + 20 - Ti0, + 4H' + 4e” 5

Vv Sl

External tensile loads separate the weakened bords causing the crack te
propagate. Absurbed moisture from the surface continues to nigrate (capillarity)
to the crack tip, re-establishing the a2node and chemical reactions. The iater-
granular nature of the stress corrosion cracks observed in this study is typified
by the crack prefile exhibited in the micrograph, Figure 16, of the region sur-
rounding the tip of the crack shown in the previous figure. However, th: fracture
mode is quite deperdent upon the sclution treatmert temperature. Ia Ti-3A1-2.35n
2lloys treated above the beta transus (1925 F), cracking caa be expected to be
predozinantly traasgranuiar.
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The results of this exploratory iavestigation dcmonstrated the poteatial of
diffusion-oondea clectroless nickel plating as an effective mcans for protecting

Hgaay p

(S

19

P IN HANE

|




R _ e e
.« . . . £ g e i - . —~ —
s 37 psaprn el e R N S R S e e e
o~ L ]
5 _ e~ —— e e e ——
-
4

Figure 14. Crosssection of cack
through elect-olzss nickel plete layer
2nd Ti-5AI-2.55n sulstrate, specimen
£5. Mag. 1000X
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Fizzre 15, Crosssection view of SC crack
penetrating :nto titanivm substrate, specrnen
£5. Mag 200X

'3 Figure 16, Enlarged view of regon 2round crack
tip showing int2igranular pensiration into titanium
substrate, specimen £S5, Rlag. 1000X
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titanium alloys from the debilitating attack of hot salt stress ,rrosion. How-
ever, the data is valid cnly within the constraints of this study. Further
efforts to optizize the piating (c.g., diffusion treatzent time and tesperature,
cozposition, piating thickness) and evaluate its limitations is contingent upor
satisfactory results from other investigations of the zbility of electroless
nickel-coated titanium to meet other requireczents of gas turbine compressor co=-
poneats, such as fatigue and erosion resistance at elevated temperaturcs.

CORCLUSIORS

1. Diffusion-bonded electroless nickel plate on titanium alioys cam retard
hot szlt stress corrosion cracking of titanium a2lloys at 90D F.

2. Minor mechanical defects in the surface of the plating and sheet orien-
tation had 1little influence on the ctourse of stress corrosien cracking.

5. Diffusion treatzent temperaturas can affect the stress corrosioa be-
havior of the titanium substrate.

4. Influeace of numerous test variables remains to b2 elucidated. Thase
inclsie cozposition and condition of titanium substrate, plate parazeters in-
clud ng cezposition, diffusion temperature and thickness, and eaviromrental
conditions such as salt co=position 2nd density, moisture, oxygen coatent, air
velocity, state-of-stress, tecperature, and exposure duration. Mechaniszs of
failure must be established.

5. Coatimued efforts to optinize a2nd evaluate electroless nickel plates on
titanium alloys for gas turbine cozpressor compoacat applicatioas are contingeat
upon satisfactory erosion and fatigue behavior at elevated tesperatures.
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