AD-A285 862

Report No. NAWCADWAR-94001-60

CORROSION BEHAVIOR OF LANDING GEAR
STEELS

Eun Y. Lee

Air Vehicle and Crew Systems Technology Department (Code 6043)
NAVAL AIR WARFARE CENTER
AIRCRAFT DIVISION WARMINSTER

P.O. Box 5152
Warminste:, PA 18974-0531

-‘-x' RS

29 October 1993 ”"* "MJV 0 2 ]994 E.f,; i

: L :
‘.ff L \.M,’

i

Ligy. s

PHASE REPORT

Task Area No. A511-5116F/001-F/3E2130-0000

Approved for Public Release; Distribution is Unlimited

MYg4-33839
Prepared for (AIR-530B) m mu!mllu

NAVAL AIR SYSTEMS COMMAND
Department of the Navy
Washington, DC 20361-0001

9411 1 010




NOTICES

REPORT NUMBERING SYSTEM — The numbering of technica! project reports issued by the
Navai Air Warfare Center, Aircraty Division, Warminster is arranged for specific identification
purposes. Easch number consiste of the Center acronym, the calendar year in which the
number was assigned, the sequence number of the report within the specific calendar year,
and the official 2-digit correspondence code of the Functional Department responsibie for
the report. For exampie: Report Nn. NAWCAULWAR-92001-60 indicates the first Center
report for the year 1992 and prepared hy the Air Vihicle and Crew Systems Technology
Depariment. The numerical codes are as follows:

CODE OFFICE OR DEPARTMENT
00 Commanding Officer, NAWCADWAR
01 Technics! Direztor, NAWCADWAR
05 Computer Department
10 AntiSubmarine Warfare Systams Daepartmeant
20 Tacticai Air Systems Department
30 V/arfare Systems Analysis Department
50 Mission Avionics Technology Department
60 Air Vehicle & Crew Systems Technoiogy Department
70 Systems & Software Technology Department
80 Engineering Support Group
90 Test & Evaluation Group

PRODUCT ENDORSEMENT — The discussion or instructions concerning commercial
products herein do nnt constifute an endorsement by the Government nor do they convey
or imply the license or right to use such products.

Reviewed Ovy: 9..@_.&.&. Date: 3/ z:__l 7y
Branch Head

Reviewed By: j/‘ /6/ 4% Date: 5,/2 ?/f.‘f
(—————H 7

vision Head

Reviewed By: _ “?/ %—’% __ Dete: }/ 3’"/37 |

Cirector/Dwputy Nractoc




_ . Form Approved
REPORT DOCUMENTATION PAGE OME No (704-0188
PUBIK rpnrtiAg DUTOEn $Or T COIMCTION OF ATOIMATION ) JATMETEM L G/ B0 ' NCur DIT rEMYONIE. 11" CUIng the Db YOF 1Py 19t Q HITrUCTION SEAZCRNG $x WX NG S8TH YOI (e
QAT v, 30 M dening INE OV NEERE AN (iRt 208 TEv.ew g TR COHECTION OF nfOImBtoNn TR0 (CIMIIENTY EOArGiag TG DUV BN CILIMILE OF afty LTREY MDEKT Of Thy
(oMReon af mtormation ngivsng WOV 100 VPTG Thrs DGR 10 W ERIAQTDN NBAOK ) 3CTRrR Sy @y Lare i aI e 'ov nfarmation Ooer st and Repirty, 111S jellendn
Daves Neghwrdy. Suvtd *RA8 acingron, Wik 12201 4302 and 20 the Otue of Mansgement &nd BUIget 2apw “wivk ARdiuctins P ot (G704-0 ') Wasr vgton X 70363
1. AGENCY USE OM.Y (Leave blenk) 7. REPONY DAF! 3. REPORT 7VW AM DATES COVERERD
29 October 1993 Phiase
4. YITLE ANC SUSTITLE §  FUNDIMG NUDNBERS
CORROSION BEHAVIOR OF LANDING GEAR STEELS Task Area No
A511-5118F/001-F/
{6 AUTHORSY 3E2130-0000
Eun U Lee
{7 PEROLMNG ONGANLIATION NAME(S) AND ADORESS(ES) € PERSORIING DRGARIZATION
Kir Yetucle and Crew Sysiems Technology Dvpartinent (Cooe 6083) REPORT NUSRER
NAVAL AIR WARFARE CENTER NAWCADWAR-94001-50
AIRCRAFT TIWVISMOw! WARMINOTER
PO Box $152
warmmnster, PA 18974.0591
T3 SPOMTPING | MCHITORRES AGENCY NAMIE(S] AND ADORTSS(ES) 10, SPOMSORING / MONITORING
NAVAL AIR SYSTEMS COMMAND (AIR-5308) AGEKCY REPORT NUMBER

Departmen of the Navy
Wasghington, DC 20381-00C1

[77. SUPPLEMENTARY NOTES _

E erag eyl
120. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved lor Public Release; Distribution is Unlimited

(13 ABSTRACT /Maximum 00 woros)

A study was conducted on the corrosion behavior of an AerMet 100 steel and a 300M steel. This
study included investigations of stress corrosion ciacking (SCC), immersion corrosion, sait spray
corrosion, ard humidity corrosion of both steels. For the SCC investigation, double cantilever beam
(DTE) specirnens were smployed, and for the immersion, salt spray, and humidity corrosion
investigations, sheet specimens were used.

The SCC rate is less and the throshold stress intensity for stress corrosion (Kiscc) is greater in the
Aeret 100 steel (33 ksi*in*1/2) than in the 300M steel (19 ksi*in”1/2), indicating better SCC resistance
of the AerMet 100 steel. inthe AerMet 100 steel, the stress corrosion crack grows aiong an
intergranular and transgranular path in the direction of forging deformation. The immersion conosion
and saR spray corrosion rates of the AerMe! 100 steel is 33 — 40% and 13 ~ 20% of those iur the 300M
steal, respectively. Evidence of humidity co Tosion is not detectable in the AerMet 100 steei within the
employed test period 1.0 days, whereas i is substantial (2.0413 mpy or 0.0447 mad) in the 300M steel.

The overall results indicate that the AerMet 104 steel is ~uperior to the 300M steel with respect to the
corroson resistance as well as the machanical properties.

[a SumEcT Tepms 15. NUMBER OF PAGES
AarMet 100 and 300M Steel. Stress Corrosion Cracking, :
SCC. Double Cantidever Bearn, DCB 15. PRICE CODE
17 SECURITY CLASSWICATION J 1€ SECURITY CLASSHICATION ]19. SECURITY CLASSIFICATION 120 LIMITATION OF ABSTRACT
Ov RIPORY OF TS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASEIFIED UNCLASSIFIED SAR
NN TS80 0 JB0 S5O0 Standard Form 298 (Rev 2-89)

Pemacribued by ANSI Std 23918
298702




NAWCADWAR-94001-60

CONTENTS

Page
FIGURES 3
ABSTRACT 4
ACKNOWLEDGEMENTS 4
INTRODUCTION 5
EXPERIMENTAL PROCEDURE 5
MATERIALS AND SPECIMEN 5
TEST ENVIRONMENTS 6
TESTING 7
RESULTS AND DISCUSSION 8
STRESS CORROSION CRACKING 8
IMMERSION AND HUMIDITY CORROSION 9
SALT SPRAY CORROSION 9
SUMMARY 10

REFERENCE

[
()




NAWCADWAR-94001-60

FIGURES

Figure Page
‘ 1. Microstructures of AerMet 100 and 300M Steels

2. Specimens
3. Stress Corrosion Crack Growth with Time

4. Variation of Stress Corrosion Crack Growth Rate da/dt
with Stress Intensity Ky

5. Crack at surface of Fatigue Precracked and SuC Tested
Specimen
(a) AerMet 100 Steel
{b) 300M Steel

6. Crack in Fatigue Precracked, SCC Tested, and
Ovaretched AerMet 100 Steel Specimen

7. Micrograph showing Intergranular and Transgranular SCC
Path in AerMet 100 Steel Specimen

8. Immersicon Corrosion Rates of AerMet 100 and 300M Steels
(a) Size Reduction Rate
(b) Weight Reduction Rate

9. Salt Spray Corrosion Rates of AerMet 100 and 300M Steels
(a) Size Reduction Rate
{b) Weight Reduction Rate

B s . —— et e

. Agoesnton For |
R vl I
L X -




NAWCADWAR-94001-60

ABSTRACT

A study was conducted on the corrosion behavior of an
AerMet 100 steel and a 300M steel. This study included
investigations of stress corrosion ‘racking (SCC), immersion
corrosion, salt spray corrosion, anu humidity corrosion of
roth steels. For the SCC investigation, double cantilever
beam (NDCB) specimens were employed, and for the immersion,
salt spray, and humidity corrosion investigations, sheet
specimens were used.

The SCC rate is less and the threshold stress intensity for
stress corrosion (Kigee) is greater in the AerMet 100 steel
(33 ksi*in~1/2) than in the 300M steel (19 ksi*in~l1/2),
indicating better SCC resistance of the AerMet 100 steel. 1In
the AerMet 100 steel, the stress corrosion crack grows along
an intergranular and transgranular path in the direction of
forging deformation. The immersion corrosion and salt spray
corrosion rates of the AerMet 100 steel is 33 -~ 40% and 13 -
20% of those for the 300M steel, respectively. Evidence of
humidity corrosion is not detectable in the AerMet 100 steel
within the employed test period 110 days, whereas it is
substantial (2.0413 mpy or 0.0447 mdd) in the 300M steel.

The overall results indicate that the AerMet 100 steel is
superior to the 300M steel with respect tec the corrosion
resistance as well as the mechanical properties.

ACKNOWLEDGEMENTS

This study was supported by the F/A-~18E/F Project, F/A-
18L/F Materials Corrosion Characterization, Airtask No. AS5}1l-
5116F/001~-F/3E2130-0000, Work Unit No. AS5304B-923,.

The author wishes to acknowledge the assistance of Mr.
S. Bettadapur of the Naval Air Systems Command (AIRS30B) i
obtaining funding for this study. The author is alsoc grater..
to Carpenter Tecnnology Corp. for providing and heat treating
the specimen material, AerMet 100 steel forging.




NAWCADWAR-93001-60

INTRODUCT1ON

Carrier-based aircraft landing gear and other components
demand corrosion resistant and tough materials in order to
achieve higher performance and greater reliability at minimum
life-cycle cost. Because of its high ultimate tensile
strength, 300M steel was accepted as the standard material for
landing gear. However, its ceorrnsion resistance is poor and
its fracture toughness is low. Consequently, it is highly
susceptible to catastrophic failure by environment assisted
cracking and fracture, and it is not suitable for advanced
carrier-based aircraft landing gear.

Recently. Carpenter Technology Corp. developed AerMet 100,
a nickel-cobalt alloy steel strengthened by carbon, chromium,
ard molybdenum. This steel has an outstanding combination of
high fracture toughness, Kyc, exceeding 110 ksi*in~l/2, and
high tensile strength, 280 ~ 300 ksi. Since its mechanical
properties egurpass those of the 300M steel, it has a great
potential for application to aircraft landing gear and other
fracture critical componentsi., A typical example is its
selection as the material for F/A~18E/F &ircraft landing gear.
However, its corrosion behavior was not fully understood.
This study was initiated to characterize the corrosion
behavior. The characterization efforts included clarification
of stress corrosion cracking, i1mmersior corrosion, salt spray
corrosion, and humidity corrosion of AerMet 100 steel. For
comparison, an idertical study was concurrently performed for
JOOM steel.

EXPERIMENTAL PROCEDURE

1. Materials and Specimen

One of the two specimen materials, an AerMet 100 steel
forging, was supplied by Carpenter Technoloqgy Covp. in the
form of a 4.25 in. dia. round bar. Its chemical composition
is given in Table 1.

Table 1. Chemic- 1l “omposition of AerMet 100 Steel Bar (wt %)

c Mn $i P 8 cr Ni Mo cu co
.230 LO3 .03 .003 ,0009% 3.03 11.0% 1.18 .01 13.44

Al Ti Fe
.005  .009 Bal
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This bar was cut into specimen blanks slightly larger than
respective specimens. These blanks were subjected to tiho
NAWCADWAR-modified heat treatment: 1625°F solution treatment
for 1 hour, oil quenching, refrigeration in iiquid nitrogen
for 1 hour, and 900°F aging for 5 hours. The resultant plane
strain fracture toughness, Kipn, was measured to be 115
ksi*in*l1/2 in the C-R orientation and 127 ksi*in~l1/2 in the L-
R orientation, respectively. The microstructure is shown in

Fig. 1(a).

The other specimen material, 300M steel, had a form of 1
in. x 1 in. rod and its nominal chemical composition is as
follows.

Table 2. Chemical Composition of 300M Steel Rod (wt %)

C Mn Ni Si cr Mo __V Fe
.43 .75 1.80 1.60 .83 .40 .08 Bal

The rod was austenitized at 1600°F, oil-gquenched, and double-
tempered at 575°F. The microstructure is shown in Fig. 1(b).

The blanks of both steels were machined into respective
specimens by the method of elctro discharge machining. The
double cantilever beam (DCB) specimen for the stress corrosion
cracking test and the square sheet specimen for the immersion,
salt spray, and humidity corrosion tests are shown in Fig. 2.
The square sheet specimen had two small notches at a corner,
where a nylon line was fastened. The nylon line was used to
suspend the specimen in the respective test environments. All
specimer surfaces were polished with abrasive papers,
subjected to ultrasonic cleaning in acetune, and dried. The
specimen corner with notches and a nylon line was covered with
red micromask to prevent localized corrosion of the area.

2. Test Environments

For the stresse corrosion cracking and immersion corrosion
tests, an aqueous 3.5% NaCl soclution of pH 7.3 was employed
at room temperature. For the humidity corrosion test, an
atmosphere of 100% relative humidity and 120°F was maintained
with vapor from distilled water in a humidity chamber. For
the salt spray test, an agueous 5% NaCl sclution of pH 5.5 was
atomized by compressed air of 12 psi in a fog chamber. The
fog chamber was maintained to hold its temperature at 95°F,
ity relative humidity at 95 - 98%, and its salt solution
collection rate at 1.2 mL/hour.
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3. Testing
a. Precracking and Loading of DCB Specimen

The SCC test w'th a DCB specimen 1s a constant crack
opening displacement test with stress intensity decreasing for
increasing crack length. The Kigee is defined as the stress
intensity at crack arrest.

DCB specimens were precracked by fatigue cycling to
initiate a crack 0.068 in. beyond the chev_-on notch and then
bolt lcaded. The load was provided by two opposing bolts
inserted across the notch with a steel ball between the bolts
to give uniform loading. The following equation was used to
determine the stress intensity values as a function of crack

length a.

Kr = (ED ‘/—5)/[4 J_H'{(a/H) + 0-673'{2]

where
E : modulus of elasticity
H : half-width of the specimen
D : deflection of specimen arms at the lovad line
a : crack length, defined as the distance from the center

ef the loading bolts teo the crack tip

fith this eguation, the starting stress intensity was
determined to be 49 ksixin~l/Z.

b. Environmental Exposure
(1) Stress Corrosion Cracking Test

DCB specimens were continuously immersed in an aqueous
3.5% NaCl solution at room temperature. They were removed
from sc¢lution at periodic intervals, and crack lengths were
measured visually on each surface with a traveling optical
microscope. The crack lergth versus time data were used to
determine crack grcwth rate, da/dt. LA stress intensitly value
was calculated for sach measured crack length, and da/dt vs.
stress intensity was plotted.

(1i)} Immersion, Humidity, and Salt Spray Corrosion Tests

Prior to environmental exposure, each square specimen
was weighed and its dimensicn was measured to permit accurate
caliculation of the exposure area. Subsequently, specimens
were suspended in an agueous 3.5% NaCl solution at rocm
temperature for the immersion corrosion test, in a humidity
chamber of 100% relative humidity and 120°F for the humidity
corrosion test, and in a fog champer of atomized agueous 5%
NaCl solution and 95°F for the salt spray corrosion test,
respectively. Specimens were removed from the corrosive
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environments after each of the preset exposure periods. The
exposure periods were 10 - 101 days for the immersion
corrosion test, 110 days for the humidity corrosion test, and
17 - 208.5 hours for the salt spray corrosion test. Specimens
were cleaned in a solution of 1000 ml hydrochloric acid, 20 ¢
antimony trioxide, and 5C g stannous chloride to remove
corrosion products, dried, and weighed. From the weight loss
and the exposure pericd, the corrosion rate was determined.

c. Metallography

After stress corrosion cracking test, the cracked portion
of “he DCB specimen was cut, mounted, mechanically polished,
ctched in Picral, and examined under an optical microscope.

RESULTS AND DISCUSSION

1. Stress Corrosion Cracking

The variation of crack lenath with time of exposure to an
agqueous 3.5% NaCl solution is shown for the AerMet 100 steel
specimens of L-R and C-L orientations and a 300M steel
specimen of T-L orientation in Fig. 3. The initial crack
growth and the final crack length are much greater in the 300M
steel than in the AerMet 100 steel. In the AerMet 100 steel,
the crack plane orientation, L-R or C-L, results in little
difference in the crack growth behavior, except an incubation
period prior to the initial crack growth in the C-L
orientation.

The plots of crack growth rate, da/dt, vs. stress
intensity, Ky, are presented for the aforementioned specimens
in Fig. 4. The Kygcc values are determined to be 33 and 19
ksi*in~1/2 for the AerMet 100 and 3CCM steels, respectively.
Furthermore, the crack growth rate is much greater for a given
stress intensity in the 300M steel than in the AerMet 100
steel. A comparison in terms of Kigec values and SCC growth
rates clearly shows that the SCC resistance of the AerMet 100
steel is superior tc that ¢f the 300M stecl in an agqueous 3.5%
NaCl solution. Previously, a lower Kygec value, 21
ksi*in*l1/2, was reported by Atrens (1) for an AerMet 100 steel
tested in a 3.5% NaCl solution. Prior to the Atrens' SCC
test, the steel had been solution treated at 1625°F, air
cooled, refrigerated at -108°r, aged at 900°F, and air cooled.

Luring the fatigue precracking in air, the crack grew
straight from the notch tip in the longitudinal direction of
the DCB specimens of both AerMet 100 and 300M steels.
However, in the AerMet 100 steel, as soon as the SCC growth
started in an aqueous 3.5% NaCl solution, the crack deviated

Lse]
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and grew in the transverse direction of the specimen, Fig. 5.
The crack deviation occurred in both smooth-faced and side-
grooved specimens. The side groove had a depth of 10% of the
specimen thickness and could nct stcp the crack deviation.
Crack deviation was also observable during the later stage of
the SCC growth in the 300M steel. Optical microscopy
examination of the crack at an overetched specimen surface
showed that the crack deviated and grew primarily along one of
the parallel ghost lines, Fig. 6. The ghost lines (2, 3)
indicate the principal direction of deformation during the
prior forging. Lighter etching of the specimen revealed a
microstructure and a crack path, which is intergranular and
transgranular with respect to the prior austenite grains, Fig
7. From this observation, it is evident that in the AerMet
100 steel the SCC growth takes place along an intergranular
and transgranular path in the direction of forging
deformation.

2. Immersion and Hunidity Corrosion

The immersion corrosion rates in an agqueous 3.5% NaCl
solution, expressed by the reduction rates of specimen size
and weight, and their variaticn with exposure time are shown
for the AerMet 100 and 300M steels in Fig. 8. The immersion
corrosion rate cf the AerMet 100 steel is 33 - 40% of that for
the 300M steel. This indicates that the AerMet 100 steel has
better resistance to immersion corrosion than the 3COM steel.
The immersion corrosion rate is greatest at the initial stage
of corrosion and it decreases with exposure time for boti
steels.

In a humidity chamber of 100% relative humidity and 120°F,
the AerMet 100 steel specimens did not show any detectable
corrosion in 110 days. On the other hand, the 300M steel
specimens showed noticeable corrosion with size reduction rate
of 2.0413 mils per year (mpy) ard weight reduction rate of
0.0447 milligrams per square decimetre per day (mdd).

3. Salt Spray Corrosion

The corrosion rates in a salt spray chamber nf atomized
aqueous 5% NaCl solution, expressed by the reduction rates of
specimen size and weight, and their variation with exposure
time are shown for the AerMet 100 and 300M steels in Fig. 9.
The salt spray corrosion rate of the AerMet 100 steel is 13 -
20% of the rate for the 300M steel. As for the immersion
corrosion, the salt spray corrosion rate is gresatest at the
beginning of the exposure and it decreases with time.
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SUMMARY

1. The corrosion behavior of an AerMet 100 steel and a 300M
steel was characterized. The characterization effort included
clarification of stress corrosion cracking, immersion
corrosion, salt spray corrosion, and humidity corrosicen.

2. The AerMet 100 steel has superior corrosion resistance,
compared to a 300M steel.

3. With DCB specimens in an agqueous 3.5% NaCl solution, the
Krsce values of the AerMet 100 and 300M steels are determined
to be 33 and 19 ksi*in~i/2, respectively. Under the employed
ECC condition. the crack in the AerMet 100 steel grows along
an intergranular and transgranular path in the direction of
forging deformation.

4. The immersion corrosion and salt spray corrosion rates of
the AerMet 100 steel are 33 - 40% ard 13 - 20% of those for
the 300M steel, respectively.

6. In a humidity chamber, the AerMet 100 steel is not
corrodible within the employed test period of 110 days. But
the 300M steel is susceptible to humidity corrosion, and its
rate is 2.0413 mpy or 0.0447 mdd.
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Microstructures of AerMet 100 and 300M Steels
(a) AerMet 100 Steel
(b) 300M Steel
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