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terest to designers of advanced aircraft turbines.
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FOREWORD

This Summary Technical Report (Contractor's Reference No. PWA-3138)
was prepared by Pratt & Whitney Aircraft, Divisicn of United Aircraft
Corporation, East Hartford, Connecticut, as the final report under United
States Air Force Contract No. AF33(615)-5129, as amended by SA3(68-1825),
dated 16 February 1968. This Contract was initiated under Project 7381,
"Materials Applications", Task 738107, '"Detection, Prevention and Control
of Corrosion'". The work was administered by the Air Force Materials
Laboratory, Air Force Systems Command, USAF, with Mr. George M. Yoder as

Project Monitor.
This report covers work conducted from 1 June 1966 through 1 July 1968.

The authors were associated with the Contract work in the following
capacities: J. J. O'Connor, as Assistant Project Engineer, was Program
Manager and P. A. Vozzella was the responsible Metallurgical Engineer.
Other personnel associated with the conduct of the program were R. A. Doak,
Project Engineer; P, Grande, Project Metallurgist; and R. Muszynski, Non-
Destructive-Test Senior Engineer.

This technical report has been reviewed and is approved.

o .‘l'
. . ar -
P ~1.° (=
ft«z K

D. A. SHINN, Chief o
Aeronautical Systems Support Branch
Materials Support Division

AF Materials Laboratory
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ABBTRACT

Temperature-cycling tests were conducted on specimens of ten alloys repre-
sentative of materials in current use in high-speed aircraf, Half of the speci-
mens were welded and half were of one-plece construction with a braze-material
patch, All specimens, with the exoeption of some controls, had salt patches
extending over the welded or brazed regions. The specimens were testad under
oonstapt load during temperature oycling, The test conditions were such as
could reault in corrosion « nd sonsequent degradation of mechanical properties
of the alluys, Subsequent to environmental exposure, room-temperature tensile
tests were performed, to detarmine the degree of alloy deterioration, Non-
destructive methods of inspection were evaluated and found to be ineffective for
detecting the inoipient corrosion which was encountered, Analyses of the
environmental-tent data were conducted and tho relative influenca of combina-
tions of exposure conditions on the production of corrosion in specimens was
asceriained, Design limita are presented for all the materials which were
investigated. It was not possible in this program to evaluate the capability of
welding or brazing for reastoring tho mechanical properties of alioyes after such
properties have been degraded Ly corrowion, Recommendations are made as

to the directions which any Aurther investigations into the corrosion phenomenon
should take,

This sbetract {s subject to special axport controls and each transmittal to
foreign governments or foreign nationals may be made only with prlor approval
of the Alr Force Materials Laboratory (MAAA), Wright-Patterson AFB, Ohlo,
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Waelded Bpecimen A=1 After 1'ensile Test.
Arrow Points to Crack Indioation. (Enviw
ronmontal-test conditions: 800F, 117 kai,
salt; duration: 63 oyole#) v v v v v v v v o

Welded Specimen A-1 After Tenaile Tost,
Cracke (Arrows) are Confined to Salt Patoh,
(Environmental-teat conditions: 800°'1,

117 kai, salt; duration: 63 cycles) s . v v 4\

Welded Specimaen A=1 After Tenslle Tust,
Photomiorograph of S8eotlon Through
Specvimet Adjacent to Fraoture Surfane.
(Environmental-test conditions: 800F,

117 ksi, saltj duration: 63 cyoles) ... ......v. 1,
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Welded Bpecimen A-8 After Tenalle Tast,
Crauks (Ariuwa) mro Cuilined 1o Salt Tatch,
(Environmental-tent conditions: 600°F,

132 ka!, =alt; duration: B3 oyolem) , v v i vy en

Drazed 8pscimen A=2] After Tensile Tept,

Showing Looation of Rupture, (Environ-

mental-test conditions: 800F, 117 ka!,

.llt{dur‘"on‘ GBQYOI.') L R N N A N NN

Brazad Spsoimen A=34 After Tenstle 1naat,

Showing Location of Rupture. (Environ-

mental-tast conditions: 800§, 117 kal,

llltldul‘lﬂom 190y°1.l) AR

Brased Spscimen A=31 After Tenaile Tent,

Fracturs Burface 8hows Type=(1)=8alt=-

Corrosion Indloation (arrow), (Environs

moental=tant conditionw: 800F, 117 kai,

.utlmrl“°ﬂ3 °a°y01..) IR R

Brased Specimen (A~34 After Tensile Test

Showing Corrosion Indication (Arrow),
Environmental=teat conditions: 800°F, 117

kal, salt) duration: 10 Oyo‘.') IR REREERE R

Brased Bproimen A=34¢ After Tensile Test

Showing Cracks (Arrows) in S8alted Are,
(Environmental=teat conditiona: B800'F, 117

k.t. nlt duration 19 OyO\CI) EEEREEEEERE RN

Brased Specimaen A=34 After Teusile Test.
Photomicrograph of Seotlon 'Through Speci=

men Adjacent to Fracture Buiface, (Ruviron=
moental=test conditions:t 800F, 117 kal, salty

duration: 190y°l.|)|.|o||||atlocu|e.||||c.

Brared fpeocimen A=21 After Tenuile Teat,
Photomlorograph of 8ection 'Through &peoimen
Adiacent to Fraoture Rurface Showing Cracke
(Arrowa) in Salted Reglon, (Environmental-

tost conditionm: 800°'T, 117 kal, salt; duration
Baoyulll)......-......-.......u-...-..

Brared #peoimen A=30 After Tenaslle Tent

Showing Corrosion Indloation (Arrow) on

Fraolure Surfacs, (Environmental-test

oonditions: 800°T, 117 kal, no malt; duration:

GaoyOl"lll.lll..ll!‘ll!llll!!llll.lll
maau no Vil




32

a3

3¢

a8

38

an

Jo

Brared Epscimen A-30 Aftar Tensile Test,
Photomiorograph of S8ection Through Frac-
ture, (Eavircamsental-test conditions: BOOF,

117 ksl, no salt; duration: O3 oyoles).......

Brared Specimen B-32 Prior to Tensile
Testing. Note Ssparation of Brare (Arrow)
from Parent Metal. (Environmental-test
conditions: BOOF, 117 ksl, salt; duration;

03 oyolem) , .. ....... Ve e

Brazed Speciman B-28 Prior to Tensile
‘Temting, Note Beparation of Brane (arrow)
frcm Parent Metal. (£nviroamental-test
conditions: 600F, 130 ksl, salt; duration:

63 0y0loB) iy i e e e

Brased Bpavimen C-31 Aftar Tensile Test,
Showing Looatlon of Rupture. (Environmentale
test conditions: 800F, 180 kai, saltj duration
GScyolll) RN R

DBraxed Bpecimen C=41 Aftar Teusile Test.
Arrow Polats to Orack at Fracture Origin,
(Environmental=test conditions: 800K, 180
Keil, walt; duration: 83 oycled®)i v v v vy

Braxed Specimen C=24 Aftar Tensile Test,
Arpow Polnta to Discoloratiun on Fracure
Surfaoe. (Environmaental=test conditions:
600F, 180 ksl, walt; duration: 63 oyoles) . ...

Braided Speoimen C=24 After Tonrile Test.
Arrows Point to Craoks {n Dark Stained

Arsas, (Environmental-test vonditions

(00T, 160 ket, salt) durationt 03 oycles) . ...

lrared Spasimon C=dd After Ll'enstle 'Lest.
Photomlorograph Through Craok In Dark
Stainod Areu Bhown in Previous Iflgure.
(Environmontal=test vonditions: 0001¢, 160
kaly galt; durationt 0¥ oyola®), ., v v v vy s

PAGE NO lx




I
ba

I i e P —

TN e Y rr—— ey vt 4, =

. s P b} e+ e a e e+ m

Ll ot =

40

41

42

43

44

43

48

47

Brazed Specimen C-29 After Tensile Test,

Arrow Points to Discoloration on Fracture
(Environmental-tes: conditlons:
800F, 130 ksi, no salt; duration: 63 cycles) ..., ..

Surface.

Brazed Specimen C-30.
Cycle,
Fracture Surface.

ditions: B800F, 130 ksi, no salt; scheduled

duration: 83 cycles) . .. .. v vt e

Brazed Specimen C-29 After Tensile Test,

Arrow Points to One of the Cracks {n the

Stalned Area.

B3 oyoles) + v v vy

Brazed Specimen C-30.

(Environmental-test con-
ditions: 800F, 130 ksi, no salt; duration:

Talled During 56th
Arrow Points to Discoloration on
(Environmentu'-test con=

Falled During 65th

Cyocle. Arrows Point to Cracks in the Stained

Area.

{Favironmental-tast conditions:

800F

130 kai, no salt; echeduled duration: 83 cyocles), .,

Brazod Specimen C=-30,
Cycle.

(Environmental=test conditions: 800F, 130
ksl, no salt; scheduled duration: 63 oycles)......

Brazed Bpecimen C=29 After Tenslile Teat,
(Environ-

mental-tast conditions: S00F, 130 ksi,
no salt; duration: 63 cyoles)... ..

Showing Location of Rupture,

Brazed S8pscimen C-30, Showing Looation
Falled During 85th Cycle.

of Fallure.

Falled During 65th
Photomicrograph Through Cracks in
Stained Area Shown in Previous Figure,

(Environmental-tost conditions: B800F, 130

ksl, no salt; acheduled duration: 83 cvoles), , .. ...

Brazed Specimen D=21,
Cycle. Arrow Points to Crack.

wagy N X

[

Fa{led During 2nd
(Environ-
mental~test conditions: 800F, 148 ksi, salt;
scheduled duration; 63 cyoles) , ..

LI I Y A ]
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Brazed Specimen D-30, Failed During 1st
Cycle. Cracks Confined to Riaired Reglons
(Indicated by brackets) on Si{de Opposita
Braze. (Environmental-tast conditions:
800I", 148 kal, no salt; schedi:lad duration:

63 cycleg) . oo e e e e e e

Brazoed Spocimen D-29. Fatled During 2nd
Cycle., Photom!crograph Through Cracked
Arcea, (Enviroaraental-test conditions:

8001", 145 ksl, no salt; scheduled duration:
B3 cycleB) + oo v v v i e v

Brazed Spacimen D~30, Falled During lst
(lycle. Photomicrograph Through Cracked

Area., (Environmental-teat vonditions: 800F,

148 ksi{, no salt; scheduled duration: 63 oycles).

Brazed Specimen D-34. Failed During 2nd
Cycle. Arrows Point to Discolorationa on
Freoture Surface. (Environmental-test con-
ditions: 800F, 148 ksi, salt; scheduled

duration: 19 cycles) . ... v vii i vu s

Brazed Specimen D=30. Fatled During lst
Cycle. Arrows Polint to Discolorations on
Fraocture Surface. (Environmental~test

conditions: 800F, 148 ksl, no salt; acheduled

duration: 83 oycles) , ..., ... iu i o

Welded Specimen E~8, Fa'led During 9th
Cycle., Fallure Oocurred Cutside of Weld
Region. Note Roduced Gage Section Above
and Below Marked Weld Region, (Environ-
mental-test conditions: 2000F, 2 ksf, salt;
scheduled duration: 189 cycles) ,

Photomicrographs of Welded Specimens E=1
(top) and E-14 (bottom). Specimen E-1 Rup~
tured ir 50 cycles, E-14 Survivad 63=Cycle
Exposure. (Environmantal-test conditions:
4000F, 1 ksi, E-1 with salt, E-14 wlthout
salt; scheduled duration: 63 cycles) .. .. ..
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65 Brazed Specimen E~21, Testing Termi-
'] unwd Al 20 UyGles, Remains of Drace
! on Surface. (Environmental-test condi-
! tions: 2000F, 1 ksi, amalt; scheduled dura-

tions 63 cyoleB) . . v v v i v i i e e .

P 56 Brazed Specimen E-29, Testing Termi-
S nated After 40 Cycles. Significantly More
: Braze Material Remaining Than on Salted

: Specimen Shown in Previous Figure.
' (Environmental-test conditions: 2000F, 1
‘ ksi, no salt; scheduled duration: 63 cycles) +. .. ...

87 Photomicrographs of Brazed Specimens i
E-21 (top) and E-29 (bottom) After Tensile :
Test, Testing Terminated After 40 Cyocles.
(Environmental-test conditions: 2000F, 1
ksl, E-21 with salt, E=29 without salt; 5
scheduled duration: 63 cycles): «« v v v v vy il

88 Welded Specimen F=~2, Failed During 83th |
Cyole. Fallure Ocourred Outaide of Weld Co
(indioated by brackets)., Note Extensive o
Stress-Rupture Cracking. (Environmental- Lo
test conditinns: 1800F, 8 ksi, salt; sched= :
uled duration: 83 oycles) + v v v v i e

L Cod 89 Walded Specimen F=2, Falleu During 88th
‘ J‘ Cyole. Note Extensive Stress-Rupture
Cracking. (Environmental=test cruditions:
. ; 1800F, 3 ksl, salt: scheduled duration: 63
F" . OyOIQI)-onolnlllcoooouo---nnnonn-oolcl

60 Control Specimen F-19 (no weld). Falled
During 6lst Cycle. Note Extensive Stress-
Rupture Cracking. (Environmental-test
conditions: 1800F, 3 kai, no salt; sched=-
uled duration: 83 cyocles) . ............. Ve

! 6l Control Specimen F-20 (no weld). Falled
During 61st Cycle, Notes Extensive Stress-
E Rupture Cracking. (Environmental-test
’ ’ conditions: 1800F, 3 ksl, salt; scheduled
] i duration: 83 oycle®), v . v v v v v v i e
&
t
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83

64

88
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68

69

Photomicrographs of Welded Specimenas
F-2 (top) and F-9 (bottom). Specimen F-2
Falled During 58th Cycle, F-9 Completed

83 Cycles.

Nole More Extensive Cracking

in Speuvlmen F-2, (Environmentai-test

conditiona:

1800F, 3 kail, F-2 with salt,

F-9 without salt; scheduled duration: 83

oycleB) v v v v v vs v e e a

Welded Specimen F~1 After Tensile Test.
Fructure Occurred Outaide the Weld Region

(bracketed).

1800F, 3 ksi, salt; duration: 63 cycles) « ..+ v

(Environmental-test conditions:

Welded Specimen F=1, Disculoration on
Periphery of Fracture SBurface. (Environ-
mental-tast conditions: 1800F, 3 kal, salty

durution: 68 oyol®l) st e v v vt s i e

Brazed Spenimen F»22 After Tensile Test.
Arrow Pointa to Discoloration on Fraoture
Surface. (Environmental-test conditions:

1890), 3 kal, salt; duration: 63 oyoclem)s ..« v

Braxed Spucimen F=26 After Tensile Test.
Arrow Points to Discoloration on Fraoctura
Surface. (Environmental-test conditions:

1800F, 4 ks!, salt; duration: 16 oyoles), , .. ..

Brazed Specimen F=22 After Tensile Teat,
Showing Location of Rupture. (Environmental-
tost condltionas 1800F, 3 kel, anlt; duration:

B3 oyoloB) v v v v e i i s e

Photomiorograph of Brazed S8pecimen F-28
After Tensile Test, Showing Location of
Rupture. (Environmental-test conditions:

1800T, 4 ka!, salt{ duration: 19 cycles), ... ..

Brazed Spscimens F=22 (top) and F=387
(bottom). Photomlorographs of Seotions
Adjacent tn Fraoture Burfaces. (Environ=
mental=-test conditivonm 18001, 8 kst, F=22
with salt, F=37 without malt; durationt Gd

cycles) ...
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70 Brazed Specimen F~24. Falled During

i 48ad Cyuie.  Nute Gruss Reduciion in Gage
- Seotion Adjacent to Braeze. (Eavironmental-
: taat conditiona: 1800F, 13 kai, =alt: ached-
uled duration: 63 oycles),

g o

LI R T T B S I I | L T T T R R T )

; 11 Welded Specimen G-18. TFalled During
‘ 51st Cycle. (Envircumantal-iest conditionas: )
1800F, 3 ks!l, salt; scheduled duration: 63 i
Cyo]e.) [] L I D 2 T I D B R LI B ] L ] LIS LI T RN TR TR T N | L] L 2 LI
72 Welded Specvimen G=8, Falled During 15th

==t .

S Cyole., (Environmental-test conditions
@ 1800F, 8 ksi, salt; scheduled duration: 19
: Oyol..) LI T R T I I D D R D R R Y B DY N NN RN R NN N R R N R RN B R )

—

= 13 Welded Specimen G-, Failed During 33rd
i Cyole. (Environmental-test conditions: i
- 1900F, 3 ksi, no sult} acheduled duration: l
63 oyoled) \ i e

gy

74 Photomicrographs of Welded Specimena
G=1 (top) and G=0 (bottom), Specimen G-1
- Falled in 48th Cycle, G=0 (n the 33rd Cyols.
(Environmental=test conditions: 1000F,
1 3 kel, G=1with salt, G J without salt;
svheduled duration: 63 oyoles) «v v v v v v vy

-z -

p——

aas

-

78 Welded Specimen G=3, Photomiorograph ;
Showing Sulfide Partioles (arrow) in Crome=~
o Seotion Through Salt Region, (Eavironmene-
. tal-test conditions: 1800F, 84 kal, Jal
! duration: 63 oyolss) « v v v v i i e

e

78 Plotomiorograph of Brazed Specimens G- ‘
; 31 (top) and G=-37 (bottom), Specimen G=21 :
j Failed in 43rd Cyole, (=37 In ¢8th Cyole.
! (Environmantal=test conditions: 1900F,
3 kel, G-21 with salt, Q=37 without sult;
soheduled duration: 08 OyUIOI) R R R R )

" Photomlorographs of Brazed Spacimens
G=23 (top) and G=32 (bottom) After Tenalle
Test, (Environmental=tast oonditionst 1600F,
24 kal, Q-23 with salt, U=32 without salt; ;
dur“tlonl 630)’010!)-o---------.------..-. i
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78

80
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83

84

Photomlcrographs of Welded Speoci-
mena H-2 (top) and H=-13 (bottom)
After Tousile Test. (Environmental
exposure: 1200}, 30 kai, 1-2 with
aalt, H-13 without salt; duration: 63

oyclem) + v ov v

Welded Specimen H-2 After Tensile
Test, Showing Rupture Loocatlon,
(Environmental-test conditions: 1200F,

30 kai, salt; duration: 63 cycles)

Photomicrographe of Brared A-286
Specimens After Tenslle Teit. Note
Severe Cracks (arrows) in Salted,

Brazed Area of Sample H=24 (top)

und Sound Brazs in Unaalted Sample

H=-38 (bottom), (Environmental=

test conditiora: 1800F, 30 ksij dura=

tion: B3 oyoles) + v v v v i

Brazed Bpeoimen H=34 After Tenaile

Tent, Showing Loocation of Rupturas.
(Environmental=test conditions: 1300F,
38 kal, salt} duration: 19 oyolem)e . . 4 (.

Welded Specimen I-8 After Tenalle

Teat, Showing Rupture Looution.
(Environmental=tast conditions:

800F, 83 kai, salt; duration: 10 oyoles) . .

Brazed Specimen [=30 After Tenulle

Test, Bhowing Looutlou of Kupture.
(Eavironraental=tast oouditions: 800F,

83 kai, salt; duvationt 18 oyclee). .. .. ..

Welded 8pecimen J~4, Fraotre Surface
After Fallure During and Cycle, (Envi-
ronmental-test conditions: 1000F,
6 ksi, salt; scheduled duration: 83

OyOIOI)-n..n-ncnv.-.
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Bl

Walded Specimen J=3. Failed During

18t Cyole at Waspaloy - TD-Nickel
Interfrces. (Envirvnmental-tast
conditions: 1600F, 6 kai, salt; sched-

uled duration: 83 oycles) ... .........

We.lded Specimen J-19, Photomlcro-
graph of Bection Through Weld and
Parent Metal, (Specimen not subjected

-----

to enviroumentnl test) ., .. .. .. .. .. e e e

Brazed Bpecimen J=-21, Falled During
32nd Cycle. Note Extensive Metal Loss

in Brazed Area (bracket), (Environ-
mental=-tent conditiona: 2000F, 4 ksl,

salt; scheduled duration: €3 cyoles) . . ...

Brared S8pecimen J=283. Failed During

18th Cyocle, Note Metal Loas in Brazed
Area (bracket), (Environmental-

test conditions: 2000F, 8 ksi, salt;
scheduled duration: 19 oyoles) ........

Brared Specimen J=21, Failed During
33nd Cyole, Note Hoavy Oxide Soale
(Arrow) and Braze Depletion (braocket).
(Environmental=test coaditiona: 2000F,

4 kel, salt; soheduled duration: 63
oycl..)l“lllllllllllllI|lll0||‘

Brazed Specimen J=29, Failed During

18th Cyole, Note Metal Loss at Braze =
Parent=Metal [nterface (Arrow), (Envi=
ronmental-test conditious: 2000F, 4 ksl,
no salt; scheduled duration: 83 oycles) .. .

Photom{crographs of Brazed S8pecimen
J-28, Fallad During 10th Cyole. Note
Extensive Oxldation at Braze - Parent~
Metal Interface (arrow, top photo) and
Degradation of Alloy Under Braze (bracket,
bottom photo), (Environmental-tost
conditions: 2000F, 4 ksl, no salt;
solieduled duration: 83 oycles) + v v v v v
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92 Non-Brazed Control Specimen J-39
Prior to Tenslle Testing, Note Ex-

E tensive Oxidation and Cracking. (En-
f vironmental-test conditions: 2000F,
[ 4 4 kel, no salt; duration: 83 cycles) ............ $
]
¢
t. E 93 Brazed Specimen J-23 Prior to Tensile ’
) Testing. Note Light Scaling at Braze =
E { Parent-Metal Interface (arrows). 3
| (Environmental-test conditions: 1600F,
; 8 ksl, salt; duration: 63 cycles) . .............
§ 1
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3
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Summary Technical Report
-on the

EVALUATION OF WELDED AND BRAZED
STAINLESS STEELS AND SUPERALLOYS
IN A CORROSIVE ENVIRONMENT

I

INTRODUCTION

Welding and brazing of subsonic-aircraft metal structural members and
engine components, both as means of fabrication and as methods for repair of
damaged or worn parts, are techniques which were long ago proved acceptable
by extensive laboratory and flight experience under realistic environmental con-
ditions for such aircraft. When aircraft with Mach-3 capability were designed,
the designers; in their selection of materials, necessarily relied heavily on the
subsonic- and low~supersonic-aircraft experience, This was because very few
evaluations of welded and brazed materials had been made under controlled lab~
oratory conditions which simulated environmental conditions featuring marine
atmospheres, high stresses, and elevated temperatures, such as Mach-s-alr-
craft components were expected to encounter.

Although Mach-3 aircraft have seen some service, very little flight time
has thus far been lor sed, and the very limited quantity of data which has been ob-
tainad on the serviceability of welded and brazed stainless-steel and superalloy
components has been characterized by very wide scatter. The data have clearly
been insufficient to establish reliability and substantiate theory pertammg to
structural capabilities of such components when subjected to severe operating
conditions.

The United States Air Force Systems Command felt that the behavior of
welded and brazed stainless steels and superalloys, of the types used in Mach-3
aircraft and aircraft engines, should be investigated under simulated marine-type
environmental conditions while being exposed to elevated temperatures and severe
stresses, The data obtained from such an investigation would be useful in estab-

lishing the reliable service lives for components fabricated or repaired by the
joining methods under discussion.

PAGE NO. ]



The Contract provided that the primary objective of the program was to de-
termine if welding and brazing have any detrimental effects on the strength and

corrosion-resistance properties of certain alloys specified therein after prolonged
periods of exposure to extremely adverse environmenta! conditions, The extent
of any degradation of the specimens' mechanical properties was to be measured
and means for detecting non-destructively any defects resulting from the exposure
were to be ~valuated. This summary technical report reviews the Contractor's
work under the Contract and discusses the results obtained from conducting the
environmental-test program.
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I

MATERIAL SELECTION

Ten alloys, of the types currently in use in Mach-3 aircraft and aircraft
engines, were investigated. Their designations and chemical compositions are
presented in Table I and their mechanical-properties acceptanze data are pre-
sented in Table Il.

Representative applications of the ten alloys are listed in Table III. The
materials are used primarily in regions of airframe or power plant where high
stresses and/or severe temperatures prevail under oprating conditions for
supersonic aircraft.

All of the materials were procured as annealed sheet-stock. The condition
of each alloy prior to its being welded or brazed is indicated in Table IV,

PAGU NO. 3
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TABLE Ml

REPRESENTATIVE APPLICATIONS FOR MATERIALS
INVESTIGATED IN CORROSION PROGRAM

Mpterial
AM 880
AM358
PH18-7Mo
PH14=8Mo

Hastolloy X
Ren? 41

Udimet 700
A 286
Greek Asooloy

TD Niokel

R tl {oations in Supersonic Alrer
Alrframe and engine structurs! members

requiring high strength and high corrosion
resistance

Engine structural members {n burner and turbine
seotions

Engine structural members in high=preasure-
compressor and diffuser sections

Turbine blades
Structural members| turbins discs
Compressor blades and vanes; turbine discs

Experimaental burner hardware; turbine vanes
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TABLE IV

MATERIAL CONDITION PRIOR TO WELDING AND BRAZING

Material

AM 350

AM 355
PH13=7TMo
PH14-8Mo
Hastelloy X
Rere 41
Udimet 700

A 288

Greek Amooloy

TD Nickel

PAQR NO. 7/R

Condition

1900F solution anneal
1000F solution annecal
1860F solution anneal
1850F solution anneal
2130F aolution anneal
1078F solution heat treat
2150F solution anneal
1800F solution heat treat
Annealed

2000F stress-relioved
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II1

TEST-SPECIMEN DESIGN AND FABRICATION

Salt-coated welded and brazed joints of the ten materials discussed in Section

IT were evaluated in the form of specimens subjected to laboratory testing under
the controlled steady-state loading and cyclic-temperature conditions which are
described in Section V. The configurations of the welded and brazed specimens
were identical, except, of course, in the regions of weld and braze application.
Discussions of the specimen geometry, the process controls utilized, the initial
and intermediate inspection methods, and the post-processing heat treatments
follow,

A. Welded Specimens

The welded specimens were prepared by first cutting strips of each material
from sheet. Strips of the same material were then paired and the members of a
pair butt-welded together along one edge to form a panel. The only exception to
this procedure applied to the TD-Nickel strips. These were machined to have mating
edges of the double-'"V''-groove type, with 0.020-to-0.030-inch lands, so that the

_ heat input to the metal during joining would be as low as possible and melting of
parent metal would be minimized. TD Nickel is a thoria-dispersion-strengthened
alloy and therefore quite difficult to weld since the thoria particles are essentially
insoluble in the matrix. Should significant amounts of parent metal be melted
during welding, the thoria dispersoid would agglomerate extensively, causing
severe reduction of the material's mechanical strength.

The welding operation was performed on an automatic welding machine utiliz-
ing the tungsten-inert-gas (TIG) process. The machine is shown in the photo-
graph, Figure 1. Where a filler was necessary, pzrent metal was used for all
alloys cxcept TD Nickel. Waspaloy, an alloy characterized by high strength at
elevated temperatures and a melting point lower than TD Nickel, was selected as
the filler for TD-Nickel welds, since, as previously mentioned, it was considered
to be most important to minimize parent-metal melting and thus maintain material
strength. All welds were oriented ninety degreec to the direction in which the
sheet had been rolled. The weld schedules are shown in 1able V and a represent-
ative welded panel is shown in Figure 2,

Preceding Page Blank
PAGE NO. 9
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TIG Automatic Welding Machine

Figure 1
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AM-385 Welded Sheet

Flgure 3
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After welding, all joints were X-rayed using radiographic techniques which
were capable of producing a penetrameter senaitivity of at least two per cent,
Only joints which had no aignificant radiographic indications (aircraft-quality-
weld standards) were accepted, Acceptable panels were heat-treated in accord-
ance with the achedules shown in Table V, ground to have uniform thickness an
close as possible to one-sixteenth inch, and reinspected radiographically; the
grinding operation was necessary in order to enable accurate computation of im=
posed stresses for the environmental testing and of mechanical properties follow-
ing that testing,
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5 TABLE V
! WELDING PARAMETERS AND POST-WELD HEAT TREATMENTS OF WELD-TEST SPECIMENS :
Wolil Mpeed Klect Py DIA .
! AM 130 % 10,1 10 HE! Argon lellum 80 min, &t 17 [OF conditionlag v
! Then, ol «100F tranaormation P
1hre, al HOF tamper S
i
AM B8 1] 13,8 10 hYAT! Argop Hallum 10 min, a1 1Y10F camditioning i L1
hres al +100F brenaformation l ;
Shres ot 100F tamper -
\ Ps=™o 40 1A IR 1} hVE | Argon Itoliym 10 min, ot 1940 somdilloning ‘
LThra, af «160F (ramainemation I
Lhe, 0L 1030F hemper :
MildetMa 1] (K} o i Argon allym 1s1/8 hry 81 1700F eandilioning }
S hre, ol =100F transturmation !
} 178 hras al 40 Wmper
“ tantelioy X " 1l 10 i/t Argon elium Nons
tonk 41 30 1 A 2] Argon Holiam 16 hre, 8t 1400P proeipiiation
ii troatmunt
Udimeal 100 10 [ 0 1710 Argun Argun Ehra, st JETOP solvhion (Poaimont
l ENPL kLMY stabiliaa
16 hre, ot 1400F preaipiialion
| ‘ \resimem
‘ i At n0 i 1 a3 Arpon fHellum 18 he, st 1904Y proeiplaum
i | irealmont
P (irceh Arculny 1] 1Y) " blA1 ] Argon Heltlum 170 he,y 0t LA0OY auatemitise J
b S hra, al 1040F Bmper 3
H 11 Niekel ‘ L) 1 AEAE) Argon Argon Shre, al LOMAP sclulion 3
s hre, ot 1800P subllnauion f
10 nre, ol 14007 presipiuiivn :
(Moat ireatmanl DR ooty i

Waapalyy Niler)

swanjmlty Hllor wire wavd. Twe .adood wars noade: the e a Tdanpa wiih BY=inches-mwe
nopute wire leed; the apcodd AL 319 nocps with deinchedsporsminule wire leed.

The last two steps taken in preparing welded apeoimens for Lho environmental
tes. program ware the machining of each panel into several specimens with the
configuration shown by the top sketch In Figure 3, and a final pre-environmental-
test inspection of the finished specimens. A photograph of a typical welded
specimen appuara in Figure 4,
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B. Brazed Specimens

Whereas the welded specimens were fabricated from panels formed by welding
two strips of a given material together, the brazed specimens were of one piece,
with a layer of braze alloy superimposed, as shown by the lower sketch in Figure
3 and in the photograph, Figure 4. Dimensionally, the two types of specimens
were indistinguishable, except that for brazed specimens, the width of the braze
layer was controlled to be approximately one-quarter inch and the thickness held
to 0.002-0.005 inch by grinding. Because the purposc of the environmental-test
program was to determine if the exposure of joint speciniens was detrimental to
the mechanical properties of the parent metal and not to ascertain if there was
impairment of joint strength, the absence of an actual joint, such as the welded
specimens had, was deemed to be of no consequence. It was considered that the
metallurgical interactions of the braze alloys with the base metals would be at
least as reliably evaluated when a braze coating alone was used, as they would be
were an actual brazed joint to be used. Furthermore, absence of such 2. joint
would facilitate more accurate determination of base-metal stresses. All braze
specimens were cleaned mechanically and chemically before braze application,.
in order to ensure satisfactory bonding. :

Table VI identifies the braze alloys and temperatures used in the specimen-
fabrication program. The braze alloys selected for the various materials were,
in general, representative of those being utilized in the fabrication of aerospace
components at the time of the Contract. Their strengths and resistances to
oxidation were compatible with requirements set by the expected normal operating
‘temperatures of the base metals. However, for RPené-41 and Udimet-700 speci-
mens, a special boron-free braze alloy was employed, in order to avoid the prob-
lem of boron embrittlement. This alloy, referred to as J8600, did require the
use of a braze temperature which was slightly high for the two base materials,
but, by using relatively short brazirg cycles, it was possible to reduce the likeli-
hood of any strength impairment. ’

TABLE VI

BRAZE-ALLOY COMPOSITIONS AND
BRAZING TEMPERATURES

Braze Alloy - Composition Braze Temperature (F)
AMS 4776 71.7 Ni-48i-16.5Cr-4Fe-3. 8B 2150
PWA 705 62.5Ag-32. 5Cu-5HNi 1710
PWA 707 56Ag-42Cu-2Ni 1750
J8600 38Ni~-33Cr-4Si~25Pd 2150
Au-Ni 82Au~-18Ni 1800
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The brazing parametzrs used ure set forth in Table VIl, For those materials t
the compogitions of wileh contained significani amounie of sirong oxide formers ‘
(@luminum and titantiun ). a rolatively high vacuum was maintained (less than two
== microns of merouryl, A dry hydrogen atmosphere (-40F dew point or hetter) was o f
used for the other materlals, o

; The pos'-braze heat-ireatment schecules for specimens of each material ap- C
: pear in the laat column of Table VII, The braring temperatures involved were
compatible with the required heat trecatmeonts for the various materials,

All brazed specimens were inspected rubsoquunt to machining and again after
post-braze heat treatmunt,

!
o
TABLE VII f i
i
BRAZING TRCHNIQUESN AND POBT-BRAZE HEAT 3 i
TREATMENTS OF BRAZE-TEBT BPECIMENS ? f
Rrase Brase Brame i 1
Maacial Alley,  femparaira’ Eovirgumest  BouieDrage Heat Treatment P
b
AM 380 PWA 108 17107 Hydrogen 8 hrs, at =100F transformaticn [
3 hra, at 880F tamper '
AM 388 P\VA 100 1700 Hydrogen N hra, at =100F transfurmation
3 hra, at 1000F *emper :
PH18=TMo PWA 107 17807 Vasuum 8 hra, at =100F tranaformation ;‘
1 hr, ab 1000F tamper !
X PHi¢=0Mo PWA 108 1r00r Yaouuln § hra, ab «100F tranaformation |
L 1=1/4 hea, at 980F Wwmper _
k. i :
| Hastelloy X AMERTT0 alsor Hydrogen None i
L :
E: i Rendal J8000 glsor Vaouum 10 hrs, at 1400F precipitation ;
- treatmont
| Udimet 700 J8800 21807 Vaouum 4 hre, at 1070F solution Weatment
: ! ¢ hrs, at 1080F stabllination
| ' 10 heao at 1400F procipitation
! ‘ treatment
E A 288 Au=NI| 1a00¥ Vaguum 10 hrso ot 1820Y precipliation
1 treatment
t Ure ok Asgoloy  Au=Ni is00F Hydrogen 2 hre, at LOBOK temper
l‘
L TD Niokel AMB 4174 4io0F Hydrogen Nune
- — »
E 5 *The Lime at temperature for each braging vycle was approximately 10 minuies
i i maan Nu 14
4
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INVESTIGATION OF NON-DESTRUCTIVE-TEST METHODS

"~ The Contract required that, in addition to using destructive-testing pro-
cedures (such as tensile tests) for evaluating the extent of degradation in the
mechanical properties of the several materials, resulting from the environmental
testing, non-destructive testing should be used in the evaluations. It provided
further that a maximum of eighty non-destructive-test specimens (four for each
material and for each process) were to be used in the investigation.

1t was considered desirable to be able to predict, with assurance of reason-
able accuracy, when a structural member of an airframe or engine exposed ‘o
" severe environmental conditions, including a sea-salt atmosphere, would ex-
perience degradation of its mechanical properties. If this goal were realized,
then weakened parts could be replaced or strengthened by repair on the basis
of a non-destructive-testing schedule before a failure occurred. Radiographic
examination is a technique commonly used for crack detection, It was used ex-’
tensively in the program. However, it has only modest reliability for disclosing
minute crack indications and practically no reliability at all for determining in-
cipient cracking. Wn addition to radiographic examination (penetrameter sensi-
tivity of two per cent), fluorescent-penetrant inspection (ZL30) and other non-
destructive-test techniques were investigated in the program in an effort to es-
tablish reliable degradation-prediction methods. The other non-destructive-test
techniques are discussed herein, '

A, Crack Determination

Non-destructive testing of the welde‘d and brazed specimens included use of
a method for detecting cracks and two methods for sensing corrosion. Using the
methods employed for detecting evidence of corrosion in the non-destructive-
testing program, it was not possible to resolve discrepancies the depths of which
were less than approximately 0.005 inch.

'I'he method selected for cracks was pulse-echo angle-beafn ultrasonics. The
initial step taken in order to make use of this method was to establish the opti-
mum ultrasonic wave-frequency and beam-angle parameters for each of the ten
alloys. For the purposes of the investigation, cracks were simulated by scratches
made on the material samples., Optimum pulse frequencies were determined by
using one-half-inch-diameter transducers with different output ranges. Optimum
beam angles were ascerta:2ed by means of Lucite wedges attached to the trans-
ducers. The ultrasonic instrument used was a Branson 301 Sonoray with 2,25-,
3.5-, 5-, and 7-megacycle transducers. This instrument is shown in Figure 5.

PAGE NO. 15



TABLE Vill j
OPTIMUM BEAM ANGLES FOR USE IN ULTRASONIC ‘
INSPECTION OF ALLOY SPECIMENS P
Material Beam Angle
AM 380 28°
AM 355 28°
PH18-7TMo 28° |
PH14-8Mo g8’
Hastelloy X 30
Ren§ 41 g6
Udimet 700 36* | i
A 288 30° | '
Greek Ascoloy 1R ’
TD Nlokel 3o
|
maai NO 10 :




Figure 5 Branson 301 Sonoray Used in Investigation of Non-Destructive-Test
Methods (ultrasonic) , (XP-60743)

Table VIII lists the optimum beam angles found for each mezterial, and
Figures 6 through 15 are plots of the data in the form of families of curves indi-
cating the frequencies which resulted in the maximum responses. It will be ob-
served that the optimum beam angles ranged from 26° to 36°, and the optimum
responses occurred when a transducer with output characteristics centered at
3.5 megacycles was used. The families of curves are similar for all of the in-_
vestigated materials,
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With the use of the optimum parametric values ohtained in the prellminary
investigation, pre-anvironmental-test ultrasonic inapeotionas were conducted on
each spectmen In order to establish base reaponse characteristics for compari-
son with post-environmental-test ultrasonic-inspection data, It was expected
that a discrepancy in the specimen would change the rasponse aignal and show up
on the screen as a plp.

BB, Corrosion Delaction

‘T'he melthods which wore (nvestigated for the purpoace of detecting corroalon
of the welded and hrazed apecimoena were hetn-rayv-backmenttor and eloctrical-
conductivity measuremonty, The theory behind the amployinent of these two
methods wam that the presence of corrosion would so change the internal structure
of the materials in the wolded and brased regions that beta=1ay count and electri-
cal conductivity would be mensurably affected, I was hoped t'at by making these
measurements before and aftar environmental testing, and by considering the data
thum obtained in conjunction with the findings from mechanical testing, it might be
posaible to determine tho pressnce and extent of mechanical=property degradation
resulting from corrosion effects within a joint without the neceasity for destroy=
ing the specimen, Rellable correlations betwaen changes from pre=use values
with deterioration in strength might thus he established for actual welded and
braned componenis of alrframes and engines, and the need for repair or replace=
ment could be antioipated without awalting fallure of a pant,

‘I'he pre=environmentai=tent datu obtained for specimena of each of the ten
materiala by the betn=ray=backscatier method are presenied in'lable IX, The
beta=ray inatvument used was & Micro=derm with a carbon=14 source, shown in
Figure 16, Pre=tesl conduotivitiea for specimona of the four nonmaguetio
materials are also glven in the table, 'The conductivities were oblained by the
edcly=current method of measurement, utilining an *M 100~8eries Magnatest
oonductivity meter, ahown In Filgure 17, Magnetic materials could not be in=
specied by this method bacauus thelr magnetic flelds would everride the eddy
GurTUNRiE,
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ENVIRONMENTAL-TEST PROCRAM

Tﬁe planned program objectives, test cycl'e,‘ test and inspection procedures,
and analysis of the test data are discussed in this section.

A. Planned Program Objectives

The objectives of the planned program may be defined as follows:

1)

)

3)

(4)

To determine if welding and brazing have any degrading effect on the
mechanical properties of specimens of the selected alloys after cyclic
temperature exposure in the laboratory while such specimens are
under constant load in a corrosive atmosphere.

To determine if non-destructive testing methods have the abilitytosepse
any corrosion which might occur on the alloys exposed to severe envi-
ronmental conditions.

To determine if there are effects of temperature at stress, number of
cycles,' and environment for the selected alloys after welding and braz-
ing; and attempt to establish service lives for structural components
fabricated from such alloys by methods which include welding and

brazing.

To evaluate welding and brazing as means of repair of specimens which
have been weakened by corrosion resulting from severe environmental
conditions, provided that the degradation has not been too severe,

B. Planned Test Cycle

The test cycle was programmed for four hours' duration, with the variable
within that period being temperature and the constants being stress and corrosive
atmosphere (simulated sea salt). A selected constant temperature was to be held
for approximately three hours of the four-hour period; changing from room to
test temperature was to consume the remaining hour. A four-hour cycle was
‘selected because it approximated the flight cycle of transoceanic, Mach-3

aircraft.

The Cycle Variable: Temperature - The temperature ranges to be used in

the environmental-test program were specified by the Contract. They were based
upon typical operating-temperature regimes (cyclic) predicted for representative

Preceding Page Blank PAGE NO. 27



Mach-3-aircraft welded and brazed hardware fabricated from the ten selected
alloys. Welded and brazed alloys used in aircraft structures were to be tested

in the range from 600F to 800F, those used for power-plant compressor compo-
nents in the range from 800F to 1200F, and those used in power-plant hot-section
locations in the range from 1600F to 2000F. The temperature ranges assigned

to each alloy in the environmental-test program appear in Table X.

The Cycle Constant: Stress - Each specimen was to be run at a constant
stress throughout its environmental test. The ranges of stress under which
specimens were to be operated were specified by the Contract. The test stresses
to be used were ninety-five per cent of the estimated minimum value of 0.2%
yield strength or the stress to produce 0.5% to 1% creep during the test period,
whichever was limiting. All of the iron-base alloys which were to be tested at
600F and 800F, with the exception of A 286 which was to be tested at high tem-
perature (1200F), were yield-strength limited. All of the nickel-base alloys
which were to be tested between 1600F and 2000F, and the A-286 specimens which
were to be tested at high temperature, were creep limited. The 0.5%~creep
data were used when the 1%-creep data were not available, The stress ranges
.are listed in Table X.

TABLE X

TEMPERATURES AND STRESSES FOR
ENVIRONMENTAL TESTS

Material Temperature (F) Stress (psi)

AM 350 600 - 800 117, 000 ~ 132, 000
AM 355 600 ~ 800 117, 000 - 130, 000
PH15-7Mo " 600 - 800 130, 000 - 160, 000
PH14-8Mo 600 - 800 148, 000 - 160, 000
Hastelloy X 1600 - 2000 . 1,000 - 3,500
Rene 41 1600 - 1800 3,000 - 17,000
Udimet 700 1600 - 1900 3,000 - 29,000
A 286 800 - 1200 30,000 - 83,000
Greek Ascoloy 600 - 800 83, 000.- 95,000
TD Nickel 1600 - 2000 1,000 - 9,000
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The Cycle Constant: Simulated Sea-Salt Atmosphere - The simulated sea
salt was to result from the drying of certain chlorides and a sulphate in water
solution, the chemical composition being 25.0 grams NaCl, 11.0 grams MgCigy®
6H,0, 4.0 grams NaZSO4, and 1.2 grams CaCl, per liter of distilled water,
The sulphate was included because the Contractor's experience has been that
NagSOy4, in combination with the chlorides, produces corrosion of a type fre-
quently experienced under severe operating conditions, The presence of sulfur
in this compound would enable the sulfidation type of corrosion to be investigated.
The solution was to be applied by brush to the welded and brazed regions of the
specimens, the extent of coverage to be approximately as shown in the sketck,
Figure 18. Coatings were to be superimposed upon one another, each coating to
be dried at approximately 250F. Final thickness of the salt deposit was to be
approximately 0.002 inch,

WELD OR BRAZE AREA

N
L ]

SALT AREA
) Figure 18 Approximate Location of Salt Patch on Specimen 67-258-2

C. Planned Test and Inspection Procedures

The test format which was scheduled, the planned duration of test conditions,
the provisions for controls, the number of specimens tested, and the inspections
made, are discussed in this subsection.

Test Format - Table XI shows the planned format for conducting the environ-
mental testing of the ten selected alloys. Such a program would allow the esti-
mation of all main effects of the environmental-test conditions and the determina-
tion of the interactions of those conditions.

Duration of Test Conditions - The fourteen test conditions defined in Table XI
were of either sixty~three-cycles' or nineteen-cycles' duration, corresponding to
two-hundred and fifty-two hours and seventy-six hours, respectively. The
severity of the temperature-stress combination for the particular alloy and join-
ing process Lo be tested depended upon the assignment of one or the other of the
two limits. The durations selected were considered to be reasonably long periods
of severe exposure for the hardware items which the allov< have application for
in Mach-3 aircraft and their power plants.

PAGE NO. 29



TABLE XI

TEST FORMAT FOR ALLOY SPECIMENS

Test Condition!’) Process No.ofCycles ~ Temp.  Stress  Salt

1* None 63 Upper (U) Lower {L){(1) Yes

2% None 63 14 L) No

3 Braze ‘63 U L) No

4 Weld ’ 63 u 1 Ne

5 Weld 83 L ve No

1 Braze 83 L U @) No

7 Weld 63 i ¢) L Yes

8 Weld 63 L U@ Yes

9 Weld 19 \ U L@ Yes
10 Weld 19 L LI N3) Yes

11 Braze 63 U L) Yes
12 Braze 63 L U @) Yes .. -

13 Braze 19 v L 3) Yes '
14 Braze 19 L U Yes

Notes: (1) Controle are marked by asterisks
(2) Intermediate value used to TD Nickel

(3) Intermediate value used for Hastelloy X, Rerd 41, Udimet 700,
and TD Nickel .

(4) Intermediate value used for Hastelloy X, A 286, Rerie 41,
Udtmet 700, and TD Nickel ‘

Controls - Four different classes of controls for each material were to be
exposed to their respective test conditions., These controls were to be utilized
for evaluating the extent of detriment, if any, to mechanical properties of the
alloys which was attributable to the joining processes. The four classes of con-
trols are listed below.

Salt ° Process

(1) Yes None

) No None . .
(3) No Weld '
(4) No Braze

For evaluation of any degradation of the mechanical properties of repaired
specimens, control specimens of the same materials were to be tersile tested
under ambient conditions, along with specimens which had been repaired after
being exposed to the environmental-test condition which resulted in the original

- degradation of mechanical properties.
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Number of Specimens - The Contract specified that the maximum number of
specimens evaluated would be four hundred: a maximum of fifteen welded and -
control specimens and a maximum of fifteen brazed and control specimens, of
each of the ten alloys; a maximum of eighty non-destructive-test specimens; and

a maximum of twenty repair specimens.

Inspection - Macroscopic, radiographic, fluorescent-penetrant, ultrasonic,
electrical-conductivity, and beta-ray-backscatter inspections, all non-destructive-
test methods, were to be performed on specimens immediately prior to their ex-
posure to their cyclic-test program. These methods of inspection were also to
be employed after ten (40 hours) and nineteen cycles had been logged on speci-
mens limited to nineteen-cycle testing, and after ten, forty (160 hours), and
sixty-three cycles had been logged on those programmed for sixty-three-cycle
testing. For the ten-cycle and forty-cycle inspections, salt-coated specimens
were to be cleaned before examination and thereafter have their salt coatings
restored. Specimens failing to complete their tests were to be subjected to
metallographic study. Such testing was also to be employed on sound specimens
after non-destructive-test data were obtained and after mechanical testing was
performed. Fractured specimens were to be given macroscopic examinations in
order to detect any discoloration on fracture surfaces. Such discoloration would
be indicative of prior cracks resulting from environmental testing. The amount
of shear was to be determined, in order to ascertain if observed cracks propagated

.primarily in a ductile or in a brittle fashion; also, the point of transition was to be

ascertained, if both ductile and brittle types were found.

D. Data Arfalys is

It was necessary to analyze the test data in such a way that the effects of
each variable in the program could be isolated from the effects of the other
variables. It was decided to tabulate the effects as positive or negative per-
centage changes in the magnitude of each property, a positive change indicating
an increase and a negative change a decrease. Blanks in the tabulation were to
indicate that the available data were not significant, and dash marks that data
from which the effect could be calculated were not available. Changes of less
than five per cent in strength were to be considered insignificant because such
small changes would fall within the expected range of normal data variation.
The accuracy of measuremem was less for elongation than for strength and
the elongations which were measured were, in general, low. Therefére, the
level of significance for percentage changes in elongation was selected to be
thirty per cent. For the reasons which have been indicated, the effects of the
environmental test variables would be determined primarily from the results

obtained for ultimate and yield strengths,
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The test conditiona for which data were obtained cre prosented (n ‘'able
X1, The data from duplicate test points were averaged, those from Individual
POINIB WEre UBUd AP TOOOTIied, 1he measuied vatues of withnats and yigid
strengtha, in thousands of pounds per square ihoh, were reunded to the nearest
wholc numberg, These data wers then tahulated {n the arrangemaent shown in
Table XIII, whereln the valuen for x and y are to be taken from the data corree
sponding to the conditiona isted by line number in''able XII. The percentage
changes in properties wera than computed as follows:

Por aent change In strength ~ K;J. 100

a1 \ e BEY
Por cent chango in elungation The Tnrger of X aney 1on
TABLE XlI

ALIOY-SPECIMEN TEST CONDITIONS FOR USE IN DATA ANALYSM

Jdne.Ne, Loln Jall  Temperature  cyslms

H Waeld No Room None

1 Weld No Low High

] Weld No High High

4 None No High High

‘ ] None Yes High Righ
!E:; | o Wald Yas High High
E " Weld Yos High low
E. [ ] Weld Yo low High
. ] Weld You low Low
E f ) 10 Rreamre No toom None
b 11 Nrase No Low Iigh
. 19 Brane No Iigh Hih
1Y Nonw No Nixkh High
‘ 14 None You High 1igh

‘ 0 Hiane Yva Hixh High
L 14 Brume Yeu 1h Low
& 1 Hrnne Yo Low 1igh
.' } 18 Hravy You Low Low
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: TABLE XNl
E DEFINITION OF CONDITION RIVTH FOR USK IN DATA ANALYSN
:
: Conditlon Bet Line No, in Table X1l Line No, in Table X11
i ——Number Xer Welded dosclmens Eor Brased Soeqimens
korxday JForydua Forxdats Forydaa
:'_ 1 3 6 13 10
3 | 2 ] 1 1
8 [ ] 18 11
i ‘ " v 18 1
8 [ 1 18 1
] ] s " 1
| 4 ] 13 Y |
] 8 0 i¢ 18
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VI

ENVIRONMENTAL-TEST RESULTS

The program of testing which was carried out followed closely the planned
program discussed in Section V.

The test results relating to each alloy are discussed in subsection A below.
The evaluation of non-destructive-testing methods for measuring degradation of
mechanical properties of the alloys due to corrosion is reported in subsection
B. The final subsection, C, summarizes the more significant results of the
program.

Three types of salt corrosion were considered in the evaluation of specimens:

Type (1) Evidenced by localized discoloration on the fracture
surface, indicating the existence of a crack during = -
exposure of the specimen to elevated temperatures.

Type (2) Evidenced by post-exposure, room-temperature,
‘ tensile-property degradation.

Type (3) Evidenced by unusual cracking during post-exposure,
room-temperature, tensile testing.

A. Specific Findings

Table XIV categorizes the test results intc whether or not salt corrosion
was encountered (1) at inspection following post-exposure tensile testing of
specimens which survived for the programmed number of cycles, and (2) at
examination of specimens following failure during cyclic testing. This infor-
mation is given for both brazed and welded specimens of the two classes of
alloys, iron-based and nickel-based. Table XV presents the results of the
analysis of data for the entire program. The columns numbered one through
eight in this Table contain the percentage-change values for the eight condition
sets listed in the rirst column of Table XIII and defined by reference to the
lines in Table XII. A review of the specific findings for each alloy follows.

AM 350 (Welded) - Table XVI presents the environmental-test history for
welded and brazed AM 350 specimens. In this table, as in those for the other
alloys in the program, the exposure conditions and the post-exposure, room-
temperature, tensile properties are listed for each specimen subjected to test,
Also noted are the number of test cycles completed, location of failure on
tensi'e test, and whether or not Type—~(1) and/or Type-(3) salt corrosion were
evident.
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TABLE XV

EFFECTS OF ENVIRONMENTAL~TEST VARIABLES
ON MECHANICAL PROPERTIES

OF ALLOY SPECIMENS

{ s percenwge nges in
Salt at €3 Cycles Temperature
arith Joist in Materis] with Salt and Jotnt.
Col. 1 Col. 2 Col. 3 Col, 4
Matarial Condition ") igh Temp Low Temp 83 Cycles 13 Cyclen
A, AM IS0 Welded uTs +5
Y8 *8
EL +40
Brazed . UTS .
Ys +5
EL -40 -£2
B. AM 358 Welded urs *12 +9
Y8 *12 2]
EL 70 30
Brazed uTs 12 +8
Ys *12 +10
EL
C. PIIS-TMe  Welded uTs 9 +7
Ys e - +
EL *70 =72
Brazed  UTS 2@ + -
¥s - - -~ -
EL @ -0 a8 .
D. PH14-8Mo Welded uTs 9 +5
s 12 +5
EL
Brazed uTs - - s
Y8 - - -
EL - - -
E. Hamelloy X Welded UTS*™ .. - -
* vse - .- --
EL* - - .
Brazed uTs -25 -19 -3 -
ys* -18 -
. EL* ~55 48 +43 ..
F. René 41 Welded uTs -28 =10 <56 -22
Y8 -12 -7 -34 47
EL =66 +32 T a1
Brazed uTs -18 - -
Ys - .- - -
EL L - . -
G. Udimet 700 Welded uTs* -~ - -
Y8 - - -
EL® - - -
Brazed uTse - -23 - -12
YS* - -5 - -7
EL* - 40 -
H., A285 Welded T -8 +7 +7
Ys +B +6
EL
Brazed uTs -12 -7
Y8 -11 +6
EL -33
1. CGreek Welded uTs
Asrolny YS -7 5 +6
£l
Brazed uTs
Ys -5
EL
J.  TD dickel Welded TR - - - -e
YRe . . -- .
EL* -- - - .-
Rrazed Ut .- -- --
Y& -- -- --
ELe .- [y - -
Notes; (1) Yield ~irengthe ure #. 24
t2) Corrom nffect not ity attrihutahle to salt
13) Asterisks indicate high-tempmrature test vomlitions ton severe
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1 properiiea)

with Salt and Joint

Col. 5
Righ Tem
+3

+8
+30

+5
*48

+6
+6

+5

~10
-11

Col. 8
low Temp

50

45
46

-5

-7
=12

-1
-

~11
-8

~18
=11
~60

Joint at 63

Cycles snd High Trmp

Col. 7

No Salt

Col. 8
it

-5
-30

-0
-1t

=10
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TABLE XVI
ENVIRONMENTAL-TEST HISTORY: AM-350 ALLOY S2ECIMENS
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As Tables XIV and XVI indicate, salt-corrosion uraocking was observed in
welded AM 350, In the oase of this alioy, tho depths of the disorepancies moas-
ured did not exceed 0,005 inch, Only one specimen, A-1, evidenced Type-(1)
oorrosion, but the tensile failure did not originate at the oraok and the atrength
and ductility were not compromised. Fallure ocourred through the weld (Figure
19). Exposure conditions under which the oracking coourr( . were 800F and 117
ket for 88 cyolea, The discoloration on the fracture surfs~: c2#n be seen in Fig-
ure 20. The specimen was also found to have several iregular, intergranular
oraocks adjacent and parallel to the tensile-test-fracture surface, as Flgure 21
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indloutes (arrows). These cracks were confined to the salt-patch region (Type-
(3) norrosion). A photomicrograph through the oracked area is showr in Figure 22,

Figure 18 Welded Specinien A-1 After Tensile Test, Specimen Mauroe¢tohed
to Shov Locatlon ol Rupturs, (Environmental-test conditions:
800F, 117 kei, sali; duration: 63 cycles) (NP-2172-2)
Etochant: Villela's Reagent Mag: 20X

rack vo. 3D

-

[,




s RS

(H-64457)

Mag: 24X

- 40

Indioation, (Environmenta) test conditions: 800F, 117 ksl, salt;
PAGE NO

Figure 20 Welded Specimen A-1 After 1'ensile Test, Arrow Points to Crack
duration: 83 oyoles)
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Figure 21
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Welded Specimen A-1 After Tensile Test, Craoks (Arrows)

are Confined to Salt Patch. (Environmental-test conditions:

800°F, 117 ksi, salt, duration: 63 oycles) (H-64438)
Mag: 18X
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Welded Specimen A~1 After Tensile Test. Photomlorograph of
Seotion Through Speoimen Adjacent to Fracture Surface. (Environ-
mental-teat conditions: B800F, 117 ksi, salt; duration: 83 oyoles)
(EP-2748-2)
Etohant: Villela's Reagert Mag: 200X
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A second specimen in the welded group (A-3) evidenced Type-(3) corrosion
after axnoaura. Thia ananiman had nomnlatad A2 runlas nndar A00-F and 180

kst conditiona, The cracks were confined to the salt patch (see Figure 28).
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Flgure 23 Welded Specimen A-3 After Tenmlie Test. Cracks (Arrows) are
Confined to Salt Patch. (Environmental-test conditions: 600°F,

‘ 132 ksi, salt; duration; 83 cyoles) (H=-6844886)
Mag: 16X

% BANE NO 43

o

H ‘

g . ——

S s i Wb am—n - s o £ e e+ 1




AM 81,0 (Brazed) « Two instances of Type=(l) corrosion wu.e encountered
when brared specimens wers examined after exposure and tensile test, Ref-
exence t¢ Table XVI {ndicates thut both speoimens (A-21 and A-34) had beon
oyoled at 800 F and that for one (A-34) the corrosion had ocourred within 19
oycles, The elongationa of the two specimens were found to have been simifi-
cantly reduced by the envirenmental-test exposure, in comparison with tae
eloagation of the one welded specimen with Type-(1) corrosion. Howevir,
there was no indication of any degradation of ultimsate-tenasile and 0.2% yield
strengths, Figurss 24 and 23 show the tensile-failure locations of thers apec-
{means with relution tc the brazed area and alsc the degree of braze de'eriora-
tion. The failu:es coovrred outaide of the bruzed areas but within thr, salt
patoch, Figures 26 and 47 revnal the corrusion 'ndicatiuns on the frarture
surfaces of apeciinens A-21 nnd A-34. Both frastures originated in /he dis-
colornd regions., Also, both specimens had several irregular, Inte granular
o2aoks adjacent and parallel to the franture surface and within the 7alt-stained
regions on their iateral surfaces (Type-(3) corrosiun), Cracke of his char-
aoter can be seen in Figurcs 98, 28, and 39,

Figure 3¢ Brared Speoimen A-2] After Tensile Test, Showing Location of
Rupture, (Environmental-tost conditions: B80CF, 117 kal{, msalt;

dquration: 63 cyoles) (H-038981)

Mag: 18X
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Figure 26 Brased Specimen A=31 After Tensile Test, Fraoture Burface
Shows Type-(1)=Salt-Corrosion Indioation (arrow)., (Environ=-
mental-test conditions: 800F, 117 kal, salt; duration: 63 oyocles)

(H=-640686)
Mag: X

Figurs 87 Brazed Bpecimen A-34 After Tensile Test S8howing Corrosion In-
dloation (Arrow). (Environmental-test conditions: 800'F, 117

ksi, salt; duration: 19 cyoles) (H-0640068)
Mg 84X
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I'lgure 38 DBraced Specimon A-34 After Tonsile Tust. Latera! Surface Ad-
Jjagent to Fracture Burfaco. (Environmental-test conditions: S00F,
117 Kel, salt) duration: 10 oycles)
Mag: 34X
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Flgure 30 Brazod Specimen A-g£1 After Tensile I'est. Photomiorogruph of
Seotion Through 8peviman Adjecent to Fracture Surface Showing
Cracks (Arrows) in Salted Ragion. (Environmental-tost oonditions:
800°F, 117 ksi, szlt; duration: 63 oyoles) (EP-2187-T)

Etochant: Villsla's Reagent Mag: 800X

As indioated {n Table XVI, two apecimaens failed during the firat cyole of
environmental testing. One of these specimens was brazed and salied (A-26);
the necond (A-30) was a non-brared, unealted contral. Exposure conditiona '
were 800F and 117 ke, The mechaniam of failure ‘n both Instances was not
readily apparent, However, {t waa no! salt corrosion based on the definitions
used in this raport.
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Specimen A-30, a control which was brazed but unsalted, exhibited low
ductility on tomailc toot ofter oxposure for 83 cvcles under AN0-F and 117-kat
conditions. Examination of its fracture surfaces after tensile test disclosed
that fallure originated in & region where braze material had apparently pene-

trated parent metal., This can be seen by referring to Figures 31 and 32,
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- ' Figure 31 Brazed Specimen A-30 After Tensile Test Showing Failure Origln ;
| (A1row) on Fracture Surfsce. (Environmental-test oonditions: ! i
- ' 800'F, 117 kal, no salt; duration: 83 oyocles (H=-640817) : .
{, B Mag: 24X f ]
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[; 5 Figuro 32 Brazod Epecimen A-30 After ‘Censile Test, Phutomicrograph of 5
' Sectlon Through Frasture. (Environmental-test conditions: 800F, !
E‘,’ _ 117 ksi, no salt; duration: 83 cyoles) (EM-2022-3)
o Etchant: Villels's Reuagont Mag: 350X

AM 360 (leperal) - The effecta of the environmental exposure of AM=-350
specimuns were upparent only after pnst-exposure, room-temperature, tensile
testd had bearn vonducted ard tho tensilo~fracture surfaces had been examined
mlcroscoplically, Inthe four instances {n which evidence of Type-(1) and/or ;
‘I'ype=(3) corrosion were detected, metallographic examlinations of the cross-
sections failed to reveal the presence of any reaction products in the salted
regions,
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It should be noted that, as the data in Tubles XVI and XV indicate, no

aMant nf norvnoinn An gbnnnr—}k wiae fannd and hath 1aldad and hwnwad -pnnlmnnn

.i of AM-360 alloy demonatrated increased strengths after being exposed to the
= Ligh cycles and high temperature. This {8 attributed to additional aging and s

FTONTR I

g substantiated by the hardness values shown in Table XVI. Joining had no effeot
{ on strength after exposure.
l
i

) AM 358 (Welded and Brazed) - Table XVII presents the environmental-test
- history for welded and brazed AM-355 specimens. Room-temperature tensile
- testing of the specimens, following environmental-test exposure, revealed no
degradation due to the exposure and all showed an increase in tensile strength.
Specimens exposed to the higher temperature (R00F) exhibited greater strength
increases relative to their lower-temperature counterparts. Hardness values

YRRV SIS RV ST

9t 1
e {ncreased correspondingly. The inoreases were attributed to the additional i
F' aging which resulted from exposure at the test temperatures. 1
oo i
TABLE XVII i
ENVIRONMENTAIL-TEST HISTORY: AM-385 ALLOY SPECIMENS i
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Unon examination of the fracturad Anacimang after tanaila tenting no ovio
dence of salt-corrosion cracking was observed, Furthermore, microscopic ex-
amination of 2 sampling of the specimens failed to reveal any evidence of corrosion
cracks or of microstructural changes in the salted regions,

The data in Tables XV1I and XV indicate that there was no effect of salt on
strength, High temperature at high and low cycles and high cycles at high

temperature increased strength, Joining had no effect on strength after the
joined material was exposed,

Visual examination of the brazed specimens, conducted subsequent to en-
vironmental exposure, revealed some deterioration. As shown in Figures 33
and 34, the braze tended to separate from the base metal around its periphary,

This effect was noted in salted and unsalted specimens at both exposure
temperatures,

Flgure 33 Brared S8pecimen B-32 Prior to l'ensile Tosting, Note Separation
of Braze (arrow) From Parnnt Metal, (Environmental-test con-
ditions: BOOF, 117 kal, salc; duration; 83 oyclos) (H=-03820)

Mag: 18X
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Figure 34 Braged Speoimen B-23 Prior to Tenslle Testing. Note Separation
of Bragze (arrow) From Parent Metal, (Environmental-test con-
ditions: 600F, 130 kal, salt; duration: 63 cyocles) (H=-83827)

Mag: 18X

PHIS - TMo (Welded) - Tables XVIII and XV summarize the environmental-
teat hintory for specimens of this material, All specimens showed an {ncrease
in strength after environmenial exposure, the higher test temperature resulting
{n the greatest strength inoreass and also an inorease in hardness; no degrada-
tion due to the applied salt was apparent and no instance of Type=(l) and
Type-(3) corrosion oracking was found, Joining deoreased the strength after
high-temperature exposure,

PH18 - TMo (Brazed) - Table X VIl indioates thatthere were fourbrared speui-
meons, two with salt patches (C-21, C-24) and two without (C-29, C-30), which expe-
rioaced corrosion, One of these (C-30) failed about ten oycles priorto its scheduled
83 cyoles; the others ocoripleted their soheduled oyclio testing, Three were oyoled
to BOOF andone (C~24)was oycled to 800 F (but at the upper value of struys), Salt-
od specimen C=31 exhibited low ductllity when pulled In tension, Fallure coourred
out of thy brared area but within the salt patch (Figure 38). Examination of its
fracture surfaces following tenasile test revealed a small disoolorad region at the

PAQE NO. 64
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origin of tracture (Figure 36). Sa!ted specimen C-24 showed evidence of localized
i discoloration on its fracture surfaces following tensile test. The fracture orimi-
nated in the dis- :Jored region, whichwas at the edge of the spucimen and away from

the salt couting. The corrcosion was in a vegion which had apparently been stained
; by a material known as "Green Stop-off''. The arrow in Figure 87 points tothe
! origin. This material had been applied in order to restrict braze flowduring pre-
! paraiion of the specimen, Additionaloracks were present in this stained area and
' are shown in Figures 38 and 38,
| TABLE XVIII
ENVIRONMENTAL-TEST HISTORY: PH15 - TMo ALLOY SPECIMENS
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Figure 33 Braczed Specimen C-21 After Tensile Tent, Showing Locatton of
Rupture, (Environment-test conditions: 800F, 130 kal, salt;

duration: 63 oycles) (EP-2172-11)
Mag: 20X

Figure 386 DBrarod Specimen C-21 After Tenalle Test, Arrow Points to Crack
at Fraoture Origin, (Environment-test conditions: 800F, 130 ksl,

galt; duration: 63 oyolos) (H-84384)

Mag: 24X
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Figure 37 Brared Specimen C-284 After Tenslle Test, Arrow Points to Dis-
coloration on Fraoture Surfsce. (Environmental-test oondit!ons:
800F, 180 kal, salt; duration: 63 cyoles) (H=-64888)

Mag: 84X

Filgure 38 Brared Speoimen C-24 Aftor Tensllv Test, Arrows Point to
Cracks In Dark Stained Arens. (Environmontal-test oonditions:
800F, 180 kal, salt; durstion: 63 oycles) (H-04801)
Mag: 18X
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Filgure 31 Braned Specimen C=34 After Tenalle Test, Photomiorograph
Through Crack (n Dark Stalned Ares Bhown In Provious Figure,
(Environmental-tast conditions; 000F, 160 kal, salt; duration
69 oyoles) (11129 10=8)

Etohant: Villela's Reagont Mag: 200X
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Tho fracture surfucoes of tho two unaaltod apecimons (C-29 and C=-30) which
ulso experienoed corrosion appoar in Fiuros 40 and 41, dark discolored ro-
gions being indicated by arrows, The corrosion cracks, hut not the fractures,
had their origine in those regions, which again were in the area of the applica-
tion of Qroeen Stop-off, Tho dark rogions also contained numerous {rregular
crncks aligned parallsl to and adjacent to the frocture surfaces, as can be seon
in Flgures 42, 43, and 44, Bpecimon C-40 failed away from the brared area
(Figure 48) in post-exposure tenailo testing, while C-30 failed in the brave dur~
ing onvironmentnl testing (Fguro 40),

Flgure 40 Brased Specimen C=30 Aftar Tenslle Test. Arrow Polnts to Dis-
coloration on Fracture Surface, (Environmental-teat conditiona;
800K, 100 kal, no salt; duration: 03 oyoles) (H=040800,

Magt 84X

Mgure 41 Brased Specimyn 0=30, IMalled During 84th Cyols, Arrow Points
to Discoloration cn Fraoture Burface, (Environmental-test Con-
ditions1 800F, 300 wal, no sult; scheduled duration: 83 oyoles)

(H=048D7) Mag: 94X
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' Flgure 42 Brared Specimen C-20 After Tenaile Test, Arrow Polnts to One
of the Cracks in the Btalnad Arer. (Environmental-test conditions: 5
' 800 F, 130 ks!, no salt; duration: 63 oycles) (H-84892) i

Mag: 18X
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Figure 43 Brazod Specimen C-30, Falled During 53th Cyele, Arrows Point
: tu Cracks {n the Stained Area, (Environuental-test conditions:
800F, 130 ksl, no salt; achuduled duration: 63 cycles) (H-034883) ;
. Mag: 15X '
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Figure 45 Brazed Specimen C-29 After Tenalle Test, Showing Looation of
Rupture. (Environmental-test conditions: 800F, 130 ksi, no salt;
duration: G6J cyclea) (EP-2172-10)

Mnag: 10X
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Green Stop-off is a propriotary commerceial product. Chomical analysis of
u suynpiv indioated that 1t contained no fluoridea or sulphates and only a trace of
chlorides, It was slightly acidio (pH 8.4). A qualitative spectrographic analy-
sim made on 2 sample rovealad that it was high in titunium and contained trace
amounts of aluminum and silicon. The manufacivrer's literature indicated that
the material had a lucquer base. Although the analysis did not disclose the
presence of any conatituents which were deemed to be conduocive to corroaion,

{t 18 not known {f the Grecn Stop-off {nfluenced the corroaion which was
vbserved.

The tonatle strengtha obtrined for the two non=brazed control specimons
(C-19 and C-40) aftor exposure to 800 woro approximately the sume, oven
though one was salted. This would indicate that tho salt alone had no effect on
hase-metal propaerties, In addition, the sivengtha of the non=brazed control
specimens were oonaiderably greater than those of the brared specimens
measured after exposurs to 800-F conditlous.

An unexposed braze apscimen (C-36), when tenaslle tested at room tompera-
ture, wap found to have tonnile atrengths comparable to those of apscimens ox-
praed to the 800=F=temperature conditions, As was the onse for welded and
brazod AM-380 and AM=-385 and welded PH18 = TMo specimens disoussr. war' sy
in this subsection, the higher atrongthe were attributed to the additional aging
which ooourred during elevated-temperature exposurs, Tables XVYi[ o XV
indionto that corrosion effects, not necessarily attributable to suit, lowered the
utrongth nt 800F, but not at LY0F, High tomperature inoreased the strength at
high oyoles, No effeot of oycling was found at low toemperature, Joining de-
cirunsod tho strongth aftor exposure,

PH14 - 8Mo (Welded) = Tabluos XI1X and XV summarise the snvironmental-
teat history for apeoimens of this material, There were no instances of apec~
{mon failuro during oyolic testing, nor ware there any tudioations of corrosion
cracking when specimens woro oxamined following pouteuxponure tensile teat.
An was experienocod with the thryo previoualy discugacd alloys, additional
olavatod-temperature aging rosulted it noticonlie strength increanss, Salt had
ne apparent effect un the alloy {n itn weldod form. Welding did not affeut the
atrongth with expomrure,
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PHi4 - 8Mo (Brared) - A situation somewhat analogous to that observed
during the investigation of brazed specimens of PH18 - TMc alloy was found to
exist with Lrazed specimens of PH14 - 8Mo alloy. Reference to Table XIX in-
dictates that, of the L4 spsoimens (12 brazed and two non-brated for ocontrols),
nine falled during oyolic exposure. The {ive spcoimens (D-24, D-27, D-28,
D- 38 and D=-36) whioh oompleted their scheduled number of oycles had beun
subjeoted to the 600~ F temporature level; none of these was obsorved to huve
corrosion oracks on exkmination following post-exposure tensile teating and
oyoling increased the strength at this temperature. Of tho nine specimens
whioh failed during cyclio testing, ali but one (D--234) had been subjected to the
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800-F temperature level und tour (D-21, D-29, D-30, and D-34) experienced
corrosion cracks. Therefore, no comparison can be inade of the strengths at

this temperature. 'I'wo of the iatter group were selisd (L-21 and -2, twe
were unsalted (D-29 and D~30), and all four had failed in lese than tw . oycles of
expcsure at 800 T and had many {rregular cracks, The cracks wore parallel to
the fracture surfaces, as showu in the photographs of specimens D-21 and D-30,
Figures 47, 48, 49, and 50, and were confined to a region which waa discolored,
apparently by Green Stop-off. Shallow, blue discolorations werc observed on
the peripheries of the fracture surfaces (Figures 51 and 52). There were no
surface cracks or discolorations on the fracture surfaces of the two unbrazed
specimens (D-39 And D-40) which had also failed prematurely (In less than two
cycles), All fractures were of a ductile-shenr nature and none originated at the
shallow discontinuities which were observed., From the several findings which
have been referred to, the conclusion was reached that the orack indications
wore of the corrosion type, although not necessarily attributable to applied salt
since unaalted speciinens showed similar cracks. It was further concluded

that the premature failures could not be attributed to the presence of incipient
corrosion cracks inasmuch as a non-bruzed, unsai‘ed, control specimen (D-39)
had also failed prematursly, as previously mentioned. As was found for the
brazed PH15 - 7Mo specimena, evidence of corrosion was apparent in both
salted and unsalted samples, thus preventing evaluation of salt etfect alone.

Figure 47 Brazed 8pecimen D-21, Falled During 2nd Cycle. Arrow Points
to Crack. (Environmental-test conditiona: 80O0F, 148 ksi, salt;

scheduled duration: 03 cycles) (H-83829)

Meag: 186X
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Figure 48

Brazed Spescimen D-30. Falled During 1st Cyole., Cracks Con=-
fined to Staincd Reglons (Indlcated by bracketa) on Side Opposite
Braze. (Environmental-test conditions: 800F, 1498 ksl, no salt;

scheduled duration: 83 cycles) (H-040510)
Mag: 13X
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DPhotemioro-

[Falled Luring 2nd Cvclo,

DBraced Spoctimon N=-20,

Flgare b

tost conditiona:

(Environmontal-

8001", 148 ks, no salt; schoduled durntion: 63 cycles)

graph Through Crackod Aroa,

(EP-2210-0)
Mag: 500X

Villoln's Roagent

Ltchant:
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i Figurs 80 Brased S8pecimen D-3L. Failed During lat Cyole, Photomlioro-

graph Through Cracked Area, (Environmental=test gonditions:
800F, 148 kal, no anlt] scheduled duration; 03 oyoles)
¥ (RP-2108-10)
i Ftohant: Villela's Reagent Mag: 800X
|
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Flgure 1 Brased Specimen D=34, Falled During 8nd Cyols, Arrows Point
to Discolorations on Fracture Sucfaca, (Environmontal=test con=
ditions: B800F, 148 kel, salt) soheduled curation: 10 oyoles)

(H=04818) Mag: 84X

Figuro 08 Drawsed t'pecimen D30, riled During lat Cyols, Arrows Point to
Disvolomtiona {n Fracture Burfave, (Knvironmontal-tast oonditionm
80017, V4N kel, no salt| sohedulod duration: 04 oyoles)  (I1-04817)

Mag: 34X
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An explanation was sought as to why the welded specimens had survived
their acheculed oyclic testing whereas the brazed specimens had not, The two
non-welded control specimens (D-19 and D-20) had been fabricated from the
wume Joi of material from which the two non-brazed control speciniens (D-39
and D-40) had been fabricated, yet the non-welded specimens successfully com-
pleted 63 cyclea under the amme exposure conditions ap the non-brazed spect-
mens had been exposed to, 800F and 148 kai, The heat treatments for the two
pairs of controlo were different (the braze controle had heen exposed to the
1700- F porticn of the heat-treat cyole in vacuum), but the material hardnesses
waroe detormined to be comparable: Rockwell C 47 for weld controls, Rockwell
C 46 for brare controls, However, as shown in Table XX, the 800-F yield
strengths of unoxposcd welded and brazed specimens were quite different, both
being below "typical" values reportad in the literatura. The lc:vor strengths
of the walded specimens were attributed to the weld joint, The lowar streungth
nf the brared PH14 - 8Mo material was attributed to the slower cooling rate in
the vaouum=-brazing process, Thus, the brazed specimens which were exposed
at S00F and 148 kal were streased approximately twenty-five pei* cent above thelr
actual yield strength, nocounting for the premature failures,

TABLE XX

COMPARISON OF MECHANICAL PROPERTIES OF TWO
UNEXPOSED WELDED AND TWO UNEXPOSED
BRAZED SAMPLES OF PH14 -~ sMo MATERIAL

(Boaod on tenstle tosts ut 8OO

sl Nu.  Joint  Conditlon U8 (kel) 0,20 VS (kal)  LL(%)

De 12 Wold SRU=050 164 136 ]
D=13 Wold SR1=0060 16 139 g
D=1 lirapo BRH=130 140 115 10
D=2 lirave SRI=080 130 142 '
*HMIC Rpt, 220 HRH=050 180 134 8
*Dofense Motnls Information (‘unlo-l‘—lunm't 290, Jununey 2, Toan, Bettedle

Memorind Inatitute, Cotumbue, Ohblo 41201
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Hastallov X (Walded) - Tahia XXT aummarizas tha enviranmental-taat

history for specimens of this material, All specimens which were oyoled at
1800F completad their scheduled number of oycles without failure, When they
were subsequently tenus!le teatod at room temperature and their fracture sur-
faces were examined, there was no evidence of salt corrosfon, No significant
differences in tenmile atrengths due to cycling were evident, for the apecimens
which were exposed at 1600F, Strengths wero alightly higher and ductilities
were lower, compared to those propertias for unexposed ma‘erial, Inoreased
hardness 1 ilues correlate with the higher obaerved sirengths.

TABLE XXI

ENVIRONMENTAL-TEST HISTORY: HASTELLOY-X ALLOY SPRCIMINS
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However, of the clght test articles (8ix specimens and two controls) which
wara anhiantad ta n tamnaratura of 2000F. ravan failad hafara namnlating thain i
schedules and one failed during preliminary tensile loading., The failures were )
¥ typical ductile stress-rupture breaks, as can be seen from the photograph of

Ak a2 A N A L P

specimen E-6, Figure 53, Metallographic examination of salted and unsalted !
specimens revealed no significant difference in the degree of cracking (Figure '
54), indicating that salt had little, i{f any, effect on rupture life. There was no i

evidence of corrosion {n any of the specimens tested at 2000F, This tempera-
ture at applied stresses wus toc severe for this alloy,
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Figure 383 Welded Specimen E-6, Falled During . » Oyecle. Fallure Occurred
| Outmide of Weld Region, Note Reduoce.. Jage Seotion Above and

| Below Marked Weld Reglon. (Environmental-test conditions:

| 2000F, 2ksi, salt; scheduled durntion: 19 oycles) (H-684085)
L Mag: 4.8X
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Flgure 54

Photomlerographs of Walded Specimens E-1 (top) and £-14 {(bottum)
Specimen E-1 Runtursd In 30 cycles, E-14 Survived 83-Cycle Ex-
posure. (IEnvironmental-test condltions: 2000F, 1 kal, E=) with
salt, E-14 without salt; scheduled durativn; 88 cyoles)

Etchant: 10% Oxalic (EP-22is.
(EP-D
(Mng
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Haate!! { (Brazed) - No evidence of Type-(1) ar Type=-(3) corrosion in
any of the .d specimens was detected, Howover, as Tables XX and XV in-
dicute, salt did ducresse the ultimatn strength and ductility of this alloy at both
temporatures, At the scheduled Inspection of 2000~ F specimens after 40 cycles
of environmental testing, it was observed that very little braze metal romatned
on tho salted material, The photographs, Figures 88 and 88, show n typical
selted specimen (E-21) with only a amall rogion of braze material left after
oxposure at 2000F for 40 cycles, and nn unaalterl apecimen (12-29) exposod
under the samo conditions, There wns no apparoent reduction in bhraze aren on
those spocimens which were tosted nt 1600 F,

Figure 80 Brarsd Spooimen E~81. ‘Testing Terminated After 40 Cycles. Re-
maing of Brazo on ¥urface. (Environmantal-test conditions: 8000F,
1 kat, salt; schedulod duration: 03 cycles) (H-03843)

May: 18X
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Figure /0 Drased Specimen E«30, Tosting Terminated After 40 Cyolea,
Signifloantly More Braze Materia! Remaining Than on Salted
Spoaimen Shown (n Previous IFigure., (Environmental-teat condi»
tlonst 2000F, 1 kal, no salt; socheduled duration: @3 oycles)
(H=-03804) Mag: 18X

Ultimate atrongths for the two brane! apecimens (E-21 and X=28) axposed
at 40001 for 40 cyolen were 84,3 kal and 81, 8 kel eclongations for the aame
specimons woro 8% and 34%. Meanurod valuon of theme mechanioal properties
foy tho two unanlited apecinmons (E-20 and E=00) wore A0, 4 kal and 84,8 kei, and
8% and 41, Tho rolatively low valuen for the snlted specimona, compared to
thouo forthelir unmaltod countorparu, wore attributed to the more extensive sur-
fnoe e raekn (Mot Tvpe=(1) or Type=(i1) corroafon) which ocoourred {n those apec-
fmenn (Inire A7) Again, an Tablen XXI and XV indicate, inorosasing temper=
ntare nt high oyoles and increaning ovolon at low teruperature dooronaed the
atrungth, Expomire to malt aluo deovenaed the wtrongth of hrared spocimase,
Salt appeared to affect the looation of tensile fatlure vn the specimens oxposed
Kb 40001 for ¢d oyolest In the brase region for brared and aulted apeoimena
und outslde the brure reglon fur hrased and unsulted speohinens.
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| Figure 87 Photomiorographas of Braged Specimens E-31 (top) and E-36 (bottom) 1
! After Tenaile Test, Testing Terminated After 40 Cycles, (Envi- j
! ronmental-test oonditions: 8000F, 1 kat, E-21 with salt, E-39 ;
without salt; schedulod duration: 83 oycles) (EP-2233-1)(EP-2233-2) :
i
Etohant: 10% Oxalic Mag: 00X |
!
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Rene 41 (Welded) - The strength characteristics of this material in the
welded and brazed forms anpaar in Tah!m XXIT. Tt will ha natad that nane nf
the tested specimens experienced Type-(1) or Type~(3) corrosion. However,
{t was evident from the test experience that exposure at 1800F and 63 cycles
subjected the six specimens tc a very severe condition; three of the six test
pleces failed in stress rupture (Figures 58, 69, 60, and 61) before completing
the scheduled 83 cycles; and the tensile strengths, yleld strengths, and elonca-
tions of those specimens which survived were found to have been considerably
reduced, The post-exposure-hardness data in Table XXII indicate that, at
1800F, René 41 i{s severely over-aged. The three specimens (two unsalted)
which completed thelr assigned 63 cycles at 1800F and 3 kel were found to have
numerous cracks (not Type-(1) or Type-(3) corrosion) along their gage lengths
and outaide their weld regicns, the degree of cracking being greater for the g
salted specimen (Figure 82), As Table XXII indicates, the salted specimen
(F-1) exhibited ultimaty and 0,2%~yield strengths of 78,8 and 63, 6 kst; elonga-~
tion was 3%, 'The two unsalted specimens (F-9 and F-10) exhibited ultimate
and 0,2%~yleld strengths {n excess of 100 and 70 kai, with an elongation of 8%.
These data would suggest that the salt compromised the strength and duottlity of
specimen F-1, The specimens also exhibited considerable necking (reduction of
area), as can be seen In Figure 83, on post-exposure tenails tect; none failed :
through the weld, Figure 64 is a view of one fracture surface of the speocimen !
shown {n Figure 63, The dark band around its periphery was observed in salted !
and unsalted specimens exposed at 1800F and {a oxide discoloration,

", wo welded and salted sapecimens (F-8 and F-6) were exposed at 1800F
and & stress of 4 kai for 10 cyoles. On tensile test, thess showed higher values
of strength than did aither the salted or unsalted ones whiob had been teated at
1800F and 3 kai for 63 oycles. The specimens whioh wore tested for the
shorter time and the higher stress exhibited slight oracking in their gage sec-
tions and failed through the welds when pulled to destruction. Apparently the
additional 44 oyoles at 1800F to which the 3-ksi-stress speoinieus were sub-
jected were sufficient to cause incipient failure in the parent metal, with a re- !
sulting lowering of tensile strength. :

Those salted specimens which were exposed at 1600 F 4id not deteriorate
to the extent that thoae exposed at 1800F did., All specimens ovaluated at 1600F,
salted and unsalted, suffered a significant loas in tensile strength and ductility,
as ovidoncod by the values {n Table XXII for two unexposed sumples (F-18 and
F-17). Thuws, {t was indicated that exposure at the lower temperature (1800F,
also over-aged the Rend 41 material, although hardness-valuc changes were
slight., However, the two salted apeoimens exposed at 1600 F and 13 kai for 63
oyoles (F=8 und F-4) had lower tensile-property values than the two which were
expoaed under {dentioal conditions, but without salt (I'11 and F-12), As

Tables XXI! and XV i{ndicate, salt, temperature, and cycles degraded the
material,
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Figure 58 Welded Specimen F-2, Falled During 58th Cyole, Failure Qocurred
Outatde of Weld (Indicated by brackets), Note Extensive Stress-
Rupture Cracking. (Environmental-tast oonditions: 1800F, 3 kei,
salt; scheduled duration: 63 oyoles) (H~63838)

Mag: 7.8X

Figure 69 Welded S8pecimen F-2, Failed During 88th Cycle, Note Extensive
Stress~Rupture Cracking, (Environmental-test conditions: 1800F,
3 al, salt; scheduled duration: 83 oycles) (EP-.2182-8)

Etohant: 10 HNOg + 10 HAC + 18 HCL + 08 HgO Mag: 00X
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Figure 60 Control Specimen F=19 (no weld), Falled During 81st Cyole, Note
Extensive Stresa-Rupture Oracking, (Envircnmental-test condli=
ticns: 1300F, 3 ksl, no salt; scheduled duration: 08 aycles) |

(H=68036) Mag: 18X |
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Figure 81 Control Speoimen F=20 (no weld), Falled During 01at Cyole, Note
: Exteraive Stress-Rupture Cracking, (Environmental-test condl-
. tiona: 1800F, 3 kal, salt) scheduled duration; 63 oycles) (1-03887)
' Mag: 18X
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Flguro 63 Photomlorographs of Wolded Npeciimens 1.3 (tup) and ¥-1 (bottom),
Hpoaimen 1«8 IFalled During S8th Cyale, 1«0 Completed U3 Cyeloa,
Nute More lixtenslve Cracking in Specimen K-8, (Knvironmental= ‘
tont oonditions 1800K, 0 kal, ¥=2 with aalt, 1*=b without salt;
soheduled duration; 00 cynles) (KM=Q304-0) (KM=B303-4)

iKtohunt: 10 lINOa + 10 NAC + 1A lICL + 08 nao Mag: 080X
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Figure 03 Wolded Speoimen F-1 After Tenallo Test, Fraoture Ocourred Quts
side the Weld Region (bracketsd), (Environmental«tust conditionsi
1800F, 3 ksi, salt) duration: 43 cyoles) (1104080

Mag: 17X
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Figure 64 Welded Specinen F=1, Disooloration on Periphery of Fracture
Surfooe, (Environmental-test conditions: 1800F, 3 ksi, salt;
duration: 63 cyoles) (H-64101,

Mag: 24X

Rene ¢1 (Brazad) =~ All salted specimens of this group suffered corrosion
of oxe form or another, Two instancoes of Type~(1) corrosion wers detected,
Both samples were exposed at 180C¥; one at 3 ksl for 43 cycles (F=-22), the other
at 4 kai for 19 oyoles (F-26), Phoiographe of the discolored regions are shown
in Figuros 68 and 60, Tensils fatlurue wero loonted within the braze of apeci-
men F=32 (Figure 67) and out of tho braze but within the salt natoh of F-28 (Fig-
ure 88), Extenalvo surface cracking and intergranular corrrsion (maximum
depth 0,084 inch) was evident along the entire guge lsngth of both brared and non-
brazed (ountrol speoimen F=40) salted epaoimenn exponed at 1800F, Thus, this
corrosion wius not restrioted to the amall reg on to which the aalt had been
applied, The two unsalted specimena expose: ut 1800F (F=37 and K=43), although
showing signs of oxidatiun, experienved little intorgranular cracking (maximum
depth 0,03 inch), Representative photomicrogrr.nn ~“owing these eflecta are
proaented {n Figure 69, The two salted samplos teated ay 1600F and ¢ kel for
10 oyoles (['=28 and '=28) were cracked aoinewhat loss severely (maximum depth
0,019 {noh) than salted material tested at 1800T anu 3 kel for 63 oyuies (F-31 and
I'-30), Post-exposure tonsile data in 'I'able XXIl alac subatantiato this observa-
tlon, Comparing the tonsile duta for salted and unsalted apacimene exposed at
18001" to thomo for brazed It unexporod materinl (=34 and F~38), It ta roadily
npparent that & groms dotorioratton of tensile strength and duotility ocourred,
‘I'hin la not surprising, since, aw wis noted with welded specimens of this alloy,
at 1800} Rend 41 rupldly over-ages. lowover, the doteriorating effects uf the
syuathetio sen salt at thiv tumperature are aleo readily apparent from the tensile
ditx, the longoer=time-exposure speoimens degiading tho moat, 'I'hens data alao
1evenrl that the unbraced, salted, control apecimoen (1"=40) exponed for 03 oyclea
doterlorated to Lhe aamo clegreo an Ite brazod nnd salted counterparte (=21 and
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F-22, indicating that the presence of braze material had no apparent effect on the
UUJ.'I.VBIUII mw;wuium.
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Figure 68 Brared Specimen F-22 Aftor Tenslle Test. Arrow Pointa to Dis-
coloration on Fracture Surface. (Environmental-test conditions:
1800F, 3 kal, salt; duraticn: 63 oyolos) (H-70308)
Mog: 20X
MPAQE NO 00 |\
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Figuru 88 Binred Gpecimen F-36 After Tonsilv Tent, Arrow Polnts to Dis-
eoloration on Fraoture Burfave. (Enviroamaental-iest vonditions:
18007, 4 kal, sult; duratinn: 19 cyolam) (H-7047")
Mag: 30X
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Figure 07 Brased Specimen F-23 Aftar Tonalle Teat, Showing Looation of

Rupture,

(Environmental-test conditiona

th.rationt 03 oyoles)

HAauR NO .u
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1800F, 1 kal, snlt)
(KP=4178-7)
Magt 30X
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¥igure 68 Photomlcrograph of Brased Speoimen F-20 After Tenslle Teat,
Bhow(ng Looation of Rupture, (Knvironmental-test oonditions)
1800F, 4 kai, salt) durationi iD oycles) (KP=ag10a10)

Ktohanti 10 HNOa + 10 HAC + 18 1ICL, + o8 II‘O Mag: 83X
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Figure 80 Brasad Spscimens F-22 (top) and Fe37 (bottan), Photomicrographs

of Beotiona Adjroant tu Fraoture Burfaves, (Knviranmontal-test

oonditiony: (AOUK, 3 kal, Nl vith malt, ¥:07 without salt) dura- .

tion: 68 aycist) (RU=100d=1) (K D-1004-8)

| Kichanti 10 HNO, + 10 HAO + 10 HOL + 68 H_0 Magi 980X |

i
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Although none of the samples exposed at 1600F showed ovideuce of Incal-
ized discolorations on their fracture surfaces, a corrosive mechanism-was
; gortuiniy it operatiou ui thie teipevati cee THIs fedliaiiisim wus nurkediy
. different from that observed at 1800, Two of the salted samples exposed at
‘E‘ | 1600 F (1-22 and ¥-24) failad during arvironmanta] exporure, Fxamination of

the specimens roveiled that the gage thickness at the brave-to-parent-metal
| interfuco wans roduced by upproximately 68% (Figure 70), thus resulting in a
| stross-rupture faflure, The mame type of deterioration (thickneas recducod 477%)
[1 was obscrved in the two samples exposed nt 16001 and 17 kai for 19 cyeles
: (I'-27 and I'-28), hut tho shorter timea involved did not allow stress rupture to
peeut, ‘This phenomenon was not operative {n the unanlted mamplos, nor was it
found {n salted, Rend=41 welded sperimena expored under ldenticnl conditions,
Therefore, at 14007 walt produced sevore gnlvanie corrosion in hrnzed wpeet-
mens,  As shown in Table XX1I, the unwaltled specimens exposed at 18001 and
13 kai for 63 cyolos experienced a loss In tenaile atrength and ductility due to
the tomporature oxposure only, Thus, us was experienced with the welded
samplos of this material, 1000-F gxposurs also resulted in over-aging of the
llloy.
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Plgure 10 Nraned 8peoimen Fegd, Ialled Durling 44nd Cyule, Note Qroass
Reduotion in Onge Bection Adjaoont to Drane,  (Knvironmantal=teat
conditionar 10001, 1) kat, salt; achuiduled duration: 8% uvelss)

(f1va4001al)
litohunty 10 IINO“ + 10 HAC + I8 HOL 4 an ll”() Mug: WX
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- In summary of the results discussed above, it was observed that, at 1800F,
| suiivd spwsimons, Luili bruzed und unbruzed, suiiered exiensive intergranuiar
corrosion and cracking, with resultant loas {n tunsile properties. wo in-
stances of Type-(1) corrosion were found at this tomperaturs, At 1800F, al-
though no avidencu of Type-(1) or Type=(3) corrosion was found, the brared and
salted specimons suffered mevore galvanic corrosion. This type of corroaion
wa# not evident at 1000F In the weldod apecimens, since the weld fillor matorlal

wae paront motal. Tables XXITand XV indicate that brazing has no offoct on
atrength after exposure.

Cbi b

LUdimet 700 Weldod) - Tables XX and XV saimmarirze the tost history for
this materinl, None of the wolded specimons exportenced sult corroafon, nl-
though all of thone tested at 1800} and ons of those tested at 18001 failed hefore
completion of scheduled oyclio oxposure. All fatlures wers of the brittle type.
The results of the poat-exposure, room-temporaturo, tensile teste of the five '
specimens which completed their soheduled number of cycles and the menaured i
hardness values of all speoimens indioated that the material had been over-aged
by the exposure. Macrophotographs of typical failed specimans, anlted and un=-
salted, are shown in Figures 71, 72, and 73, Based on miorosxaminations, it
oould not be autd that salted specimens wers uracked more severely than un-
salted material (Mrure 7¢).

Oue vielded U=700 specimen (Q-8) showed evidenoe of sulfidation in the
form of a light=gray globular phuse, Thu arrow {r Fgure 18 pointa to aulfide
partioles in a oroas section through the salted region. Tha extent of sulfidation
wan quite limited, Analysis by eleotron miorosoopy verifisd that the phase was
chrome=rioh sulfide. The specimen had survived its scheduled exposure of 83
oyales at 1600F, No oracks amsociated with the sulfidation wore found on
metallographic examination of the specimen,

This Instance of sultidation was confined to the ons walded U=700 upscimen,
thore was n0o evidence of sulfidation found {n any of tha specimeus of the other
nine materials inveatigated in the program,

o o e Fo 1 T b e ek i < o

= Bianed specimenn wxperisnced a degradation in overs
all capability at 1800F similar to that found (n the welded speoirena, ‘I'he salled
(=21 and O=08) and unsalted (Q=80 and 0=-3%) upscimens which were exnosed at
1000F and 3,0 kel falled before vompleting the acheduled 63 oyolen, Mloro=
oxamination revealed uracking to be more extensive in the t'vo saited spevimenn
(Figure 70), The two salted sapscimenn (Q-¥8 and G-38) alno (ented at 1000} ;
but at 8,0 ki, survived their avheduled 10 ovoles, It wau apparent fror the lesting i.
of both welded and braned spyoimens that, i the maximum exposure temperuture
ancl time, the material would fail in stresn rupture before the preasnve of sall
vomld be of aignificance,
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TABLE XXIII

ENVIRONMENTAL-TEST HISTORY: UDIMET-700 ALLOY SPECIMENS

Em’ ‘opditions 1=, e Room T rature Tenglle Properties Post-Eaposre Hardaess
SeecimesNo, joetTrpr S Temall) Mrrmes) Crslewe  CiteaCopsld  UTRGwn MITVGen 0D Pawe Stage raieee Loo'" pab cormmen™ Bockesli

G- wald Yor 1900 3 (-] .3 - - . Graavlar ] No Fi
G-15 Weld Yes e 1 L ] 8.2 - - - Grarer t Ne M
a3 weld  Yes 100 n “ o e n 1 Granuiar 1 o IR
2] weld Yoo o0 4 L] ae - - - 207 Sheat H Neo 3
G-y Weld No 1900 3 Q »mz - - - 1 oasular 4 - 2
G160 weid Ne 1900 3 (] e - - - snular ‘4 - M
G132 Weld X 1800 n 53 L 148 124 1o anutar ] - »

- weld Yoo 1800 » 10 » i 7 iz Granulnr 1 Xo 3
G-» wrld Yoo 1000 » " 1 13 128 " Gesnvler 1 No ™
[ want Yes %08 3 ] 10 - - - Gramlar 3 No 2
G-8 wrld Yor 1909 ) ] M2 - - - Gramuler 3 No 22
G-t wold - - - - . w» 138 n Granuler 1 - o
G-12 weld - - - - - 204 158 1 Gramulsr 1 - "
Gc-19 Neme Ne 1900 3 ] . - - - Granuiar - - "
G20 Nome Yos 1908 3 L] 5.3 - - - Granvlar 5 No 30
G-11 Rrere Yoo 1%0 3 aQ 9. - - - Granvinr H Ne - ¥
G-22 Rraze Yoo 1%0 3 [ ] o - - - Graavly, 3 Ne R
G.33 Resze Yes 1800 E L] [t} 122 101 1 Gramular ? No 35
0-24 Braze You 3800 & (] L . 103 ” 4 Gramslar 1 Ko M
c-19 Brare N 1900 3 © EX) - - - Grenulsr 4 - 3
37 Braze No 1900 E] L] .y - - - Gromilsr . - F
G-12 Braee " Mo 1600 24 ' (4] 143 ™ 1w Granutar ‘ B 2
o Brase No ) n (L] « 153 L3 13 Granater ' - 2
G-27 Brase Yes 1400 2 » 1] ft ns ] Gramtar 2 No n
G-2n Braze Yes 1600 E ] 1 3 ] 132 e L] Gramslar H No as
Ge2t Braze Yos 1900 s 1] " ] 10¢ e Granular z No "
L= Prage Yes we 3 I 1] 108 104 3 Gransiar 2 No 36
G50 Braze - - - - - 103 125 ” Granuisr t - P’
G- Praze - - - - - 1L 3¢ ” Grasuler . [} - "
G- Nome Ne 1900 2 L] [} 102 L] 4 Granulsr - - n
[ None Yes 1908 3 [} n - - - Grematar s No »

Notes: (1) Fuslure-lacation identificstion

1. Through jotmt

2. Away from joint but through sait

3. Awasy from salt

4. Away from joint pe salt on Specimes)

5. Through salt o joimt}
12)  Salt corvoaion of T:~<« | snd/or 3, as idestifiod in test
81 Sulfidation evident
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Figure 11 Welded Bpeolmen 0~18, Failed During 81a% Cycle, (Knvironmentals
i teat conditiona 1000F, 3 kal, salt; scheduled duration: 08 oycles)
1 _ (KP=R]1T.0)
Magp OX
|
s
F !
o
-
|
|
|
E
|
Yigure T8 Welded Npecimen Q=t, Falled During 1dth Oyole, (Knvironmenials
' tont oonditions) 1000K, A kal, snlt) soheduled duration: 10 oyoles)
(M=l u48)
l Mgt 11X
HAUE MU u‘
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Flgure M

Welded Rpeolimen 0=0, Falled During 8rd Cyole, (Knvivonmentals
loat condistonsi 1000F, 4 kal, nu anlt; soheduled duration: 0: Cyoles)

vl=0iiddd)  Magr 10X
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Figure 74 Photomlicrographs of Weldeu Specimens G-1 (top) and (- 9 (bottom),
8poc/men G-1 I'a'led In 48th Cyclo, G=0 in the 33rd Cyole, (En-
vironmental-teat conditiona: 1900F, 3 kul, G=1wlith salt, G-0
without salt; echeduled duration: 83 cyoles)(EP-2233-4XE12-283U-0)

Etchant: 10 HNO3 + 10 HAC + 13 HCL + 03 H20 Mag: 30X
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Flgure 70 Waulded 8pacimen Q-3, Photomlorograph Showing Julficde Partioles

(arvow) In Cross-Seution Through Sait Region, (Iinvironmental- '
teat conditionsr 1000, @4 “%ul, walt; duration: 69 oyolen)

| (M- DIDOA =1)
| Iitohantt 10 1INO, + 10 HAC + 18 11CL, + 08 n,0 Magr 1000X
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flgure 70 Photainiorograph of Braned Apeoimena Q=31 (top) and Ci=§7 (buttum),
Bpecinmen Q=31 Falled (n 43rd Cyole, Ci=81 in 48th Oyole, (Knvi-
ronmental=test oonditiona: 1000F, 5 katl, Q=31 with salt, (1-07 withe
out salt| schedulod duration: 03 oycles) (IKR=RA8N=A) (1(T-2800-0)

Btohanti 10 HNO, + 10 HAC + 18 HOL + 08 1 0 Magi 48X
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All four hrazoed and salted apecimens exposod at 1800F survived thelr
achoduled number of cyoclea and oxhibltad lowaor ultimate-tenaila atrangth and
ductility than tho unsalted 1400F -expusure apocimens, 'Tho lower strength was
attributed to the more oxtonslve oracking (hut Type=(1) or Typa=(J) corrosion)
whioh voolirrad in the salted specimen (Figura 77), As was true for thoso which
had been testad at 1900F, the 1000-}F-axpuaure speuimans evidenced over-nging
(noto drop In hardness values givon in ‘I'able XXIII), As Table XV inditcates,
corronion, oycling, and temperaturo all dograde the strength of bruged Udin.et 700,

IMgure 77 Phutomiorographe ol IVraned Spaolinens (=i (left) amnd (=34 (right)
After 'I'onastle Tomt, (Knvironmentaletest conditiune: 1000F, 44 kal,

(120 with aalt, Gui@ without salt) durationt O oyoles) (KD=d2l0=0)

(P =ddh-N)

ltohant WHNU“ + 10 HAC + 18 HOQL + a0 II,‘() Magt #50N

Haivg NU uu
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? A 288 (Welded) = 'Iho tost history for speoimens of this :naterinl appears

3 in Table XX1V. No evidonce of Type=(1) or Type=(3) corrosion was dianovered

| following environmental tosting, Furthermore, there were no fatlures enooun=

» tered {n the courae of such teeting. All specimens exposed at 1300 F uxhibited

; an (norease In tenaile atrength compared to the tonstle strengths of unexponed

i material (H-i1 and H=18), This waw due presumably to additional aging, A

- trend toward Inoreased hardnovs values was also tpparent, The two sulted speol-
mena (H=-1 and H-2) oxposed at 1300F and 30 kal showed somawhat lower tenatls
strongthe than their unanlted counterparts (H=13 and H=18), withough no signifioant
oracking could be attributed to the applied walt (Figure 78), All four apeoimens
falled through tho welds or aubsequent teneile testing (Figure 70), Salted

- spacimans avaluated at BOUF for 04 and 10 oyvoles had emsentially tho same tenalle
| f properties as unsalted specimans tosted at 8001 for 63 oyolem, and alwo an

T T T T Y TR G e
' . .

FPERETIELEE e
Vo g

o L

iR BE E

S unexponed material, ‘Thus, at the lower lompoerature, salt had no apparent
’ offect on the tensile properties of the alloy, Tables XXIV and XV indicate waelding
rediven atrength after expusurse,
TABLE XXIV
ENVIRONMINTAL-TRET HISTORY| A~018 ALLOY BPECIMENS
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Figure 78 Photomlorographe of Welded Npeoimenn 11-8 (top) and 11=13 (buttom)
Aftor Tanslle Tust, (Knvironmental expouire) Vd00F, N0 kal, -4

with aalt, =13 without walt; duretion, o vyolen) (IP-dRina1)
(Fiv=ddiin=g)
Ktohant! nvl./(:nu OH Magr 80X
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Flgure 10 Wolded 8peoimen 14 After Tenallo 'l'ost, showing Rupture Location,
(Fnvironmental-tuat conditions 18001°, 30 kal, salt) duration
04 oyvios) (K DP=d1Td=ii) .
Mag: 90X |
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s A 246 (Braned) = The brared speoimena of thin alloy exposed at 800 F per-
[f formed am did their welded countorparts; that {s, strengthe and duotilities of
v valted, unsalted. 10- und ff-ovols abanimans ware asaantinlly {dantinal to tha
‘ ; vaiues of those properties moasured on unexposed material (11-20 and H-27),
{’ 3 In nddition, the two unseited, hraned specimens (H-38 and H=43) evaluated at

1200F and 70 kel for 01 oyc.ea and the two salted specimens (H=32 and H=34)
teated at 1200 F and 38 kal for 10 oyolon showed An inoreune {n tennile strength

‘ and hardnesna (Table XNIV), Thun, additional aging ocourred during environ-

! mental exposure, However, the two brarved and maited specimens (H-£3 and
11-44) exposet at 1200F and 10 ki for 03 vvelon experienced n decreane {n
atrongth and ductility am compared to their unaalted counterparts, Although
no evidence of Type (1) or Type~(M cortesion wan found on the fracture
aurfroen of the lower-atrength mamplen ©1r nny other numples of thim group),
watgntfleant amoant of murface crneking wae avident subseyuont to tonatle
tewting, nu shown {n Fgure 80, The majurity of the ruptures ocourred outaide
of the Lraved aren (Mguro 81), As Tables XXIV and XV indioate, oyoling at

|
| both high and low tumperaturs and aalt at high temparature reduce the strength
Lo wfter expoaurs,

e HA e Do L e

' Fipure 80 Photumiotographm of Braned A-G80 Npoolimens After 'l'enaile ''esl,

{ Note Bovere Cracks (nirvowa) in Malted, Brased Area of Sample H-34
! (laft) wid Hownd Brawe in Unenlted Nkmple 1H=08 (right), (Envi-
ronmental=tent conditionny 1d001°, 10 kel durntion: d.J oyolea)

(WD I NNT=R) (1) 1887 7)
[ Ktohantt ACIDIC FoCl" May: $80X
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Figure 41 Hraned Npsuimen H=lid4 Afer Tonnlle Tost, Rhowing looation of
Nupture,  (Knvironmental-teat vonditionar 19001, U0 kal, st
duration 1) gyolen) (K1 =3170-4)

Mag: 30X
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Oresk Ascoloy (Welded und Breued) = ‘1he teat history of this material ]
appears In Table XXV, No fullures during oyslio testing and no indloationa of ’
#nlt corrosion were encounteted. Both groups of apscimens exhibited increnswd ;
yioll strongths cue to thelr elevatedstumperature exposute, as compured to the {
vield atrovwgthn of unexposad speoimany, and all ruptured out of the welded or =f

biwued areas (Mgures 88 arxl AN), However, Table XV indicates that corros
glon, tomperature, and oyoling dit not affect atrenygth, No non=hraned nontrol
spocimenn are reported for thin alloy beonuse, after pout=sxpunure tensile
tasting, 1t wan revenimi by a hardnean cheok that thame had not hoen tampered,
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Fipire 83 Welded Npeoimen 1=0 Aiter Tenalle ‘I'ent, Bhowing Nupture l.ooation,
(Knvironmental=teat conditionm: $00¥, 83 kai, snit) duration: 19

(KDaB170e1)
Mug 20X
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Figurs 88 lirmuod Npeoimen 138 Afar t'enslle="lemt, Rhowing Location of
lwpture,  (Knvironmental=tert conditions: 8001, 48 kel. salt,
duration: 10 vyoles) (D=l 178 a18) Mag: 4X

MW' The test history for aputimuna of this muatorial ap=
pears {0 ‘Table XXVI,  No (nstanaes of strows cor=oslon wers obsorved. It will
be noted that all four speatmens tested aE 16001 frllod within two oyolos snd
that, of the nix testod ut RO00F, throw failed in lean than ten oyolen und throeo
were removed from tent after ton oyelem hecnune of exeennive detorioration nt
the welde  ALLof the apeaimens which tid not suevive for ten vvolon fatled in the
woldwl veglon,  Figure Wi tnn photograph showing the fracture surfioe of
typtond fatlod pecimen, Whave frllure oeounrred, woprration wan at the
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intarfanes were mt anticipated, When a tensile test was conducted at room
temperature on Ad unexposed weilcl tperimen. rupture oosurrad in the parent
metal, thus demonstratitg the integrity of the weld. Also, pre-ies. iI 2y and
sonic inspections had not deteoted any imperfections in the jointa, However,
several of the unexp.sed welded specimens, when examined metallographically,
had besn observed to have Waspaloy filler material in the '"V" grooves of the
welds, but very little of that matarial ¢n the center portious, as can be seen in
Mgure 868. The combination of limited heat tnput, to avoid agglomeration of
thoria, and the restriction on expansion imposed by the welding fixture which
forced the pareni-metal .aterfaces trgether during welding, orevented sufficient
Waspaloy filier material from entering the root reglon. The specimens were
welded using statu~of-the-art techniques available at the time the wouk speoitied
by the Contract-was performed.

" TABLE XXVI
Ewmonmmn'ru.-'rss'r HISTORY: 1D-NICKEL ALLOY SPECIMENS
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Waspaloy - TD-nicke! interface, as shown in Figure 85, The fallures at the weld
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Figure 84 Welded Specimen J-4. Fraoture Surface After Fallure During &nd
Cycle, (Environmental-test conditions: 1800F, 6 ka!, salt; sched-
uled duration: 63 oycles) ' ‘ ~ (H=83888)

Mag: 18X

Figure 86 Welded Speoimen J-3, Falled NDuring lst Cycle at \Vaspaloy - TD-
Niclel Interfaces, (Enviroumental-test oonditions: 1800F, 6 ksl,
salt; scheduled duration: 63 oyocles) (EM-8074-2)

Etchant: 8 gm FeCls + 2 ml HCL + 89 ml CHBCH,,OH Mag: 80X
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Flgure 86 Welded Specimen J-18, Photomiorograph of 8eotlon Through Weld
and Parent Metal, (Specimen not subjeoted to environmental teat)
(EM-3074-1)

3 + 2 ml HCL + 68 ml CHS CI'I2 OH Mag: 80X

TD Nickel (Brazed) - Of the twelve brazed apecimens subjected to environ-
mental testing, six survived and six failed, none due to salt corrosion, This
was & somewhat better performance than that for the welded apecimens, as

would be expected, because there was no jolat in the brazed specimens. All of
the aix survivors had been expused to the 1800-F condition,

s

Etchant: 8 gm FeCl

The brazed and salted spacimens exposed at 2000 F expertenced significant
metal loss in the brazed area. Those which ruptured in 82 and 22,3 cycles
(J=21 and J=22) were more severely affected than the two which survived for 18
and 18,8 cyoles (J-25 and J-28), as shown in Figures 87 and 88, A photomioro-
graph of specimen J=-21, Figure 88, revealed little oxide scale {n the area of
brace depletion, but heavy scale over the remaining portions of the apecimen,
‘The maximum scale depth measured was 0,008 inch on one side, Brazed *pec-
{mens exposed at 2000F without salt (J-29 and J-30) experisnced metal loss at

PR
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the braze - parent-metal interface only (Figure 80). Mioroexamination revealed
that cridation had coouried at this lnteifave aid Wider Wie bimzw, bui ibat ihe
brare layer itself was relatively unaffected (Figure 81). Only a non-brazed,
unsalited, oontrol apacimen (J-38) complated {ta mcheduled number of cycles at
the 2000- F condition, It was severely cracked and oxidized (Figure 62), As
shown in Table XXVI, tensila and yield strengths wers significantly reduced
compa red to those for unexposed material (J-82 and J-38). Thus, based on the
aforementioned evidence, {t was concluded that at 2000 F oxidation of the base
metal reduced the strength of TD nickel, but the alloy formed between parent
metal and braze was less oxidation resistant than sither the braze alloy or the
undiluted parent matal, The salt apparently accelerated deterioration of the
alloy formed at the braze - parent-metal interface, as evicenced in the photo~
graphs of salted and unsalted specimens referred to previo:sly (Figures 88 and
80)., Thus, extennive oxidation and consequent sffective thinning of the brazed
specimens inoreased unit stress in them to the rupture point,

Flgure 87 Brazed Specimen J-21, Falled During 32nd Cycle. Note Extensive
Metal Loas in Brazed Area (bracket), (Environmental-test condi-

tlons: 2000F, 4 ksl, salt; scheduled duration: €3 cyclos) (H-83849)
Mag: 13X
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Figure 88 Drazed Speci.nen J-285, Falled During 15th Cycle, Nots Metal Loss
in Brazed Area (bracket), (Cnvironmental-test conditions: 2000F,

8 kal, malt; scheduled duration: 19 oyoles) (H-63830)
Mag: 18X
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Figure 88 Brasad Specimen J=31, Falled During 38nd Oyole., Note Heavy

i Oxide Soale (arrow) and Braze Depletion (brackst), (Environmental-
f test conditions: R000F, 4 ksl, salt; soheduled duraticn: €3 oyoles)
| (EP-2319-17)
@ Etchant: 8gm FOCIS + 28 m| HCL + 88 ml C!'!8 CHS OH Magt 30X

[
!

Figure 20 Brazed Specimen J-28, Falled During 15th Cyols. Note Metal Loss
st Braze - Parent-Metal Interface (arrow), (Environmental-test
oonditlons: 2000F, 4 kai{, no salt; scheduled duration: 63 oyclea)

(H-63861) Magt 7.3X
mAQE NO. 113
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Figure 81 Photomlorographs of Brazed Speoimen J~89, Falled During 15th
Cyole, Note Extensive Oxidation at Brase - Parent=-Metal Interface
(arrew, top phuto) and Degradation of Alloy Under Brase (bracket,
bottom photo), (Environmental-test oonditions: $000F, 4 Kai, no
salt) scheduled duration: 63 oycles) (EP-2213-4)(EP-2210-1)

Etobant: 8 gm FOCls +3 ml HCL + g9 ml Cl"l8 CH, OH Mag: 380X

]

PAGE NO. 11‘




e e e e

. O T BT MO S amif T e T T

T

| {nterface in salted specimens (Figure 83), Tensile properties of salted (J-23
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Figure 98

‘lon=Braged Control Speoimen J-30 Prior to Tmilo ’rutlnz.' bioto
Extensive Oxidation and Cracking, (Environmental-test conditions:

‘2000F, 4 ksi, no salti duration: €3 oyoles) (H-84101)

Mag "X

Drased specimens exposed at 1800 F did not deteriorate to the extent ob-
| served at 3000F, A slight scaling was apparent at the brage - parent-metal

and J=24) and unsalted (J-34 and J=38) specimens exposed at 1800F and 8,0 ki
{ for 63 vycles were comparable to each other. Thus, salt had no effect on the
l strength of the spacimens at this tamparature, nor was Type=(1) or Type~(3)
| oorrosion observed. All specimens exposed at 1800F exhibited slightly lower
, tensile atrengthe than did unexposed material (J=32 and J=-383),

; B. Non=Deatruotive Inspection

The non-destruotive=-inspeoction methods utilized on all upecimena tn the
environmantal toat program as possible aids (n the deteotiow of corrosion in-
cluded radiographic and flucrescent-penetrant inspoctions, and ultrasonic,

. Leta-ray-backscatter, and elootrical-oonductivity maasuroments prior to,

' during, and after environmenial exposure. The results obtained from each of
thess methods are presented for each alloy in Tables XXV1I through XXXVI,
and are discussed hriefly below, One reason for the wide scatter in inspsction

results, and in some {natances no results, was ths heavy soaling of the exposed
apecimens.
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Flgure #3 Brazed Specimen J-23 Prior to Tensile Testing. Note Light Scaling
at Braze - Paront-Metal Interface (arrows', (Environmental-test

conditions: 1600F, 8 ksl, salt; duration: 64 cycles) (H-84180)
Mag: X

mAQR NO. 116
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Corrosion waa visible in fourteen specimens following tensile testing,
Tnese were: A-1, A-3, A-21, A-3¢, C-21, C-24, C-28, C-30, D-21, D-29,

D=30, D-34, F-22 and F-26. Welded Rena-41 and A~236, and brazed Haitelloy-X,
Udlmet-700, and A-286 spsoimens experisnced degradation of tansile properties,

but no Type~(1) or Type-(3) corrosion 'vas detected, A chart summariz'ng the
findings of the non-destructive testing of the fourteen specimens is presented in

Table XXXVII.

Dimoussion of these findings follows,

TABLE XXXVIT

SUMMARY OF NON=-DESTRUCTIVE=-TEST RESULTS FOR
SPECIMENS EXPERIENCING TYPE=(1) AND TYPE=(8) CORROSION
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Radiographio - Ten of the fourteen specimuns {dentified above were in= ‘
apeoted rélosnphlon\lv at intervule in thety sohedulod teat programs, The T
other four specimoens failod during thetr finrial test oycles, Radiographs of
oight of the ten failed to reveal indications of corroalon; thuse of the remuining
two specimaens revialed indicativns, but not the discolored cracks, and tiw post-
expooure, tensile=inat fatlure locationa were not coincldeni with the (ndicationa,
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Fluorescent Penetrant - Eizht of the ten corroded specimens which had
been inspected radiographically were also examined by the fluorescent-penetrant
method (post-exposure {nspection of brazed Reré 41 war waived because of
heavy surface oxide), Six of the eight evidenced bleed-out, but not at the dis-
colored cracks; there was no indication for two. With reference to the latter
" two specimens, fallure at post-exposure tensile test occourred in the weid
! rogion (the region which was covered by the inspections), As for the remain-
4 ing mix, all but one of the tensile-test failures occurred outside of the brazed
| region where the bleed-out was located; the bleed-out in the excepted instance
was not necessarily associated with the corrosion ultimately detected after
destructive teating,

‘ Ultrasunio - Ultrasonic inspection of the eight specimens reterred to in
the pnooaing paragraph disclosed one spscimen with an indication and seven
without, The apeoimen with the indication failed outside the joint region at
post~axposure tensile test; oi the other seven spsoimens, four failed outeide

- the jotnt rcﬂonud‘three failed {nsidae.

Bata-Ray Backscutter - Analysis of the data taken by this method failed
t0 reveal ANy corrolation with the findings of sither the other non-destructive
mothods or post-exposure tenaile testing, ‘

Rlectxionl = This method was applicable only to the non-
magnetio alloy speoimena, The only non=magnetio alloy exhibiting Type=(1) vor-
rosion was brased Ren€ 41, As shown In Table XXXII, slight changes in con=
ductivity readings were recorded for the two specimens exhibiting corrosion
(F=83 and F=38), However, the magnitude of ohange involved in these specimens
was conaldered inaignificant, as were the resulis for other non=magnetioc alloys
which exhibited any type of corrusion,

In summary, it may be atated that extensive investigations of five posnibly
useful non=destruciive methods for detecting inoipient ocrrosfon, or for de-
termining degradation of properties, revealed that, {naofar as the program
covured by this vreport was concerned, none would be a reliable indloator of
{noipient corrosion or property degradation in purta made from the ten alloys
considered in the program,

maag N0 B8




The signific

C, Summary of Results

ant results of the testing oonducted under the environmental test pro-

gram are listed balow:

(1) The alloys which exhlbited currosion, the types of corrosion, and the
temperatures at which corrosion was found, are indicated in Table
XXX V1II.

TABLE XXXVIII

SUMMARY OF TYPES OF CORROSION FOUND FOR ALLOYS TESTFD

Matorial and Joint 8alt Correaion(t) Qther Correslon
ARl Iwad Iwpeld)
AM 380 Weld 800F 800F
800F
AM 380 Brane 800F 800F
PH18=7Mo Brase 800F(b)
600F
PH1d=8Mo Braze 800F(b)
Haatalloy X Brate 8000F
16008
Rent ¢1 Weld 1800F
1600F
Rend 4d Orare  1800F  1800F 1600F(¢)
Udimet 700 Weld 1600F(d)
Udimet 700 Drase 1600F
A 380 Weld 1300F
A 280 Braxe 1300
TD Nickel Drase g0ooK(®)
Notes: (a) See Section V! for (dentitication of types of salt corrosion
(b) Corrosion (ndications were found on both saltad and unsalted speci=
mena (n the areas affected by the brasing process
(o) Ualvanio corrosion was evident on brased and salted specimoens
(d) Evidence of sullldation on one specimen

(0)

Salt acoelerated deterioration at brass = parent=nietal {nterface
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(4)

8)

'noe of aalt narrnalon ware chasrvad in tart ananimana:

Type (1) Evidenced by localized discoloration on the fracture surface,
indicating the exiatenoe of a orack during exposura of the
specimen to elevatad temperatures,

Typo (2) Evidenced by post-exposure, room temperature, tenslle-
property degradation,

Type (3) Evidenced by unusual ¢raching durlng post-exposure, room
temporature, tensile tosting.,

Four other {ypes of corrosion were observed In test specimens:

1, PH 16-7 Mo and PH 14-8 Mo brazed specimens, both salted and
unsalted, wers corroded in reglons whare Green S8top-off had been

applied.

2, Galvanic corrosion was found on brazed and #-'ted Rene' 41 apeci-
mens tested at 1800F,

3. Evidence of sulfidation was found on one Udlmet 700 wealded speoct-
men teated at 1600F.

4, BSalt acceleratead the deterioratim of the alloy formed at the braze-
parerit metal nterface of TD nickel specimens tested at 8000F,

The stainless steels (AM 380, AM 885, PH 18-7 Mo and PH 14-8 Mo)
were not susceptible to Type (2) snlt corrosion, The superalloys, ex-
oept for Greek Asooloy and TD nickel were susceptible to Type (2) salt
ocorrosion.

Only AM 350 and brazed Reno' 41 were susceptible to Type (1) or Type
(3) salt corrosion,

Rene' 41 over aged at both test temperaturss, 1600F and 1800F,

Welded TD nickel spscimens falled prematurely bacause of lack of pone-
tration In the weld,

The rouni-tomperature tensilo strengths of welded and brazed AM 380,
AM 3308, P 10-7 Mo, PH 14-8 Mo, and A-286, inoreased Jduring expon-
surs to slavated temperature, with larger inoreases ocourring at the
higher toiperatures, This (ndioates that additional aging ococurred
during environmental exposura,

RAGE NO 190
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(8)

TOr Wio Juined and salied malerials iisted beivw, the post-axposure
room-temperature tenaiie atrengths decreasnd with increasing expo-
sure tamparature,

Drazed Hratolloy X
Weided Rene' 41
Brazed Udlmet 700

The atren ;ths of the following welded and ¢: azed materials wers leas
after exposure to the highur temperature for 63 cycles with salt than
wera the strongths >f unjolned materlals,

Welded AM 356

Welded and brazed PH 15-7 Mo
Brazed Hastelloy X

Braged Rune' 41

Welded A-288

Brazed A-206

No significant correlation was found betwesn non-destructive inspection

data and the corrosion observed as a result of post-exposure tensile
tasting.

Table XXXIX presonta what are oonsidered to be acceptable Jesign
limits for the tan alloys when welded and brazed parts made from them
are to be exposed to a salt atmosphers, Thoss limits are based on sur-

vival of all tost epsoimens during environmental sxposure at the condi-~
tieng ilated (n the tabla.
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TABLE AARIX

Bomitn . kit

ACCEPTARILE NDESIGN T.IMITS FOR AT.T.OY8 COMPTL.ETING
ENVIRONMENTAL EXPOSURE

T weRTY T T R s v

ab i §

i Stress Level Temperature Cycles i
Materi{al and Joint (isal) (F) Exposed
]

AM 350 Weld 117 800 84
132 600 63
Braze 132 60¢ 63
o AM 385 Weld and Braze 117 800 80
= 130 800 83
= PH15~7TMo Weld 180 800 83
s 160 600 83
E ; Brate 160 800 19
,F ' PH14=-8Mo Weld 148 800 83
B 180 800 83
é Brare 160 800 19
- Haatelloy X Wald and Braze 8 1600 g3
i : 3.5 1800 19
- Rens 41 Weld 4 1800 19
| 18 1600 83
B 17 1600 19
o Brace 8 1800 83
: 4 1800 18
17 1600 19
Udimet 700 Weld a8 1800 18
Brare .} 1800 19
24 1800 63
29 1800 19

A 288 Weld and Braze 30 1200 63 ,

38 1200 19 :

83 800 63

Greek Ascoloy Weld and Braze 83 800 63 !

98 800 88 i

TD Niokel Braze 8 1600 63 b
9 1800 19

3
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VII

REPAIR BY WELDING AND BRAZING

It had been planned to evaluate welding and braring as means of repair of
specimens which had been weakened by corrosion resulting from severs environ-
mental conditions, provided that the degradation was not tooc severe. This as-
sumed the following:

(1) 'That any degradation of propertiea would be accompanied by
‘Typoe-(1) salt corrosion or other evidonce of corrosion;

(3) That non=destruoctive inspection methoda ocould looate these
evidences of corroaion;

(8) That areas of corrosion could be removed and replaced by
weld or brage material; and

(4) That the repaired specimena could then be tenaile tested to
measure thely properties,

No repair work was possible becauss nov correlation was found between de=
gradation of proparties (Type=(3) corrcsion) and any other type of corrosion; no
not=destruotive inspection method was found for poaltively locating evidence of

inoiplent corrosioni and, in the cuses where visible ocorrosion was evident, suoh
corrosion was too extensive for repalr,
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CONCTURIONR AND RECOMMENDATIONS

The following conclusions are based upon the resulta of the testing reported

' herein and are limited by the specifications of such testing.

1.

-

a

1

3

¢,

N T Py

L 5,

0'

8.

Welding decreases the post-exposure, room-temperature,
tonsile atronghts of PH15 - TMo, A 286, ond TD Nickel

(basod on unsalted spuclimona ot maximum temperaturs and
number of cyoles); it does not affeoct AM 300, AM 366, PH14 -
8Mo, and Greek Ascoloy; and its effects on Hastalloy X,

Rend 41, and Udimet 700 are unoertain,

Braaing decreases the puat-exposure, room=temperaturs,
tensile strenghtes of PH1S = TMo, Udimet 700, and TD
Nickel (based on unsaltad spacimens at maximum temper-
ature and number of oyules): it does not effect AM 348,
Hastelloy X, Rene 41, and A 286; and {ts affects on AM
380, PH14 - 8Mo, and Greek Aacoloy are uncertaln,

Welding results in the susceptibility of AM 380 to Type=(1)
and Type=(3) corrosion at maximum temperature and number
of oyoles; It doos not have this offect on the other inveatigated
materials,

Brasing results {n the susocaptlbility ot AM 980 and Rend 41

to Type=(1) and Type=(3) corrosion at maximum temperaturo
and number of oyoles; its offect in this respuot on Graek
Ascoloy, TD Nickel, PH18 « "Mo and PH14 = 8Mo {8 uncertaln;
and {t has no such effeot on the othar invastigated materialse.

AM 350, Hastolloy X, Renc 41, Udimot 700, A 288, and TD
Niokel, in the brared formy, are moro suscoptible to salt
corrosion than {n the welded form.

Corroaion of brared PHIO = TMo and PH14 - 8Mo |s causod
by the materials assoclatod with the brazing proocoss.

Sulfidation of tho Invostigatod nickol-base alloym {8 not sig=
niflcant under tho ovaluation conditions.

Th Niockol must b coatod for uso at 20001 {n alr,

HAQE NO 135




10.

The following recommendations are made for any follow-on work to this program.

2,

3,

4

5!

Repair of salt corrosion in the alloys which were tested is

nnt fagaihla,

The non-destructive testing techniques used are not effective
in detecting corrosion of the tvpes which were experienced.

Measurement of strain which occurs during environmental
exposure,

Exploration of lower temperatures and/or stress levels
for materials which failed during environmental exposure,
to establiah design limits.

Investigation of the individual and combined effects of the
materinls associated with the brazing proccases,

Teuting of TD Nickel in the coated condition,
Determination of tho temperature limits within which gal.

vanic corrosion will occur in brazed René 41 in a salt n-
vironment.
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1. JURP, EUENTARY NOTRE 12. OPOMBORING MILITARY AGTIVITY

Air Force Materials Laboratory
Air Force Systems Command,U.S. Air Force

13 ABIYRACY

Temperature-cycling tests were conducted on specimens of ten alloys representative of materials in
current use in high-speed aircraft, Half of the specimens were welded and half were of one-plece con-
struction with a braze-material patch. All specimens, with the exception of some controls, had salt
patches extending over the welded or brazed regions, The specimens wore tested under constant load
during temnperature cycling. The test conditions were such as could result i corrosion and consequent
degradation of mechanical properties of the alloys. Subsequent to environmental exposure, room-
temperature tensle tests were performed, to determine the degree of alloy deterloration. Non-destruc-
tive methods of inspection were evaluated and found to be ineffective for detecting the incipient corro-
sion which was encountered. Analyses of the environmental-test data were conducted and the relative
{influence of combinations of exposure conditions on the production of corrosion in specimens was
ascertained. Design limits are presented for all the materials which were investigated. It was not possible
in this program to evaluate the capability of welding or brazing for restoring the mechanlical properties
of alloys after such properties have been degraded by corrosion, Recommendations are made as to the
directions which any further investigations into the corrosion phenomenon should take.

This abstruct is subject to special export controls and each transmittal to foreign governments or foreign
natlonals inay be made only with prior approval of the Air Force Materiel Laboiatory (MAAA), Wright-
Patterson AFB, Ohio.
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