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Abstract

Electrical products of reusable launch vehicles (RLVs) face corrosion problems that ex-
pendable rockets never encounter: sea/land recovery introduces salt-fog and damp-heat
exposure; repeated flights bring thermal-cycling-driven “breathing” condensation; and
the “recover-refurbish-refly” mode makes corrosion damage accumulate across missions.
Current standards (e.g., the salt-fog/damp-heat tests of GJB 150 and MIL-STD-810) target
single-stress qualification of expendable products and lack reuse-oriented cumulative-
damage criteria. This paper proposes a life-cycle corrosion prevention and control system
for RLV electrical products covering five phases—design, manufacturing, testing, opera-
tion, and maintenance—including exposure-class-driven finish/coating/sealing selection,
ionic-contamination control, combined-stress testing, post-recovery desalting, corrosion-
specific inspection, and SCC screening of metallic housings and fasteners. A mechanism-
specific state-model framework is then introduced: each corrosion mechanism is assigned
its own drivers and inspectable state variable, state limits are converted to normalized life-
consumption fractions, and failure/limit life is distinguished from operationally allowable
life. Connector fretting corrosion is modeled with an environmental acceleration factor that
preserves mechanical wear in dry enclosures. A flight-heritage data-acquisition board is
used only as a case-study application, not as flight validation of corrosion behavior. The
illustrative calculation shows how contact-resistance data, vibration-derived cycle counts,
and operational thresholds can be linked, while Monte Carlo uncertainty propagation
demonstrates the sensitivity of absolute life estimates and precludes a definitive mechanism
ranking. The main contribution is therefore a reproducible method and calibration pathway
for incorporating corrosion into RLV reuse decisions; product-specific test and inspection
data remain necessary for validated life predictions.

Keywords: conformal coating; corrosion prevention and control; cumulative damage;
electrical products; fretting corrosion; life cycle; reusable launch vehicle; reuse decision;
surface protection

1. Introduction

Reusable launch vehicles (RLVs) greatly reduce the cost of access to space through
first-stage recovery and reflight, and have become a major development trend of space
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transportation systems [1]. Reuse imposes requirements on rocket-borne electrical prod-
ucts (electronic units and boards for data acquisition, control, telemetry, power distri-
bution, etc.) that are fundamentally different from those of expendable rockets: prod-
ucts are no longer “discarded after one flight” but undergo repeated cycles of “flight—
recovery-inspection-refurbishment-reflight”. In this mode, corrosion changes from a slow
variable negligible in a single mission into a cumulative damage source that limits the
number of reuses.

The corrosion problem of RLV electrical products is driven by three factors that ex-
pendable rockets do not have:

1. Severe corrosive-media exposure introduced by the recovery environment. Sea
splashdown or sea-platform recovery exposes products directly to salt fog, seawater
spray, and even short-term immersion; land recovery (landing sites) also involves sand,
humidity, and diurnal dew condensation. Although the products are installed inside
the vehicle’s equipment bay rather than in direct contact with seawater, the bay is not
watertight: marine atmosphere and spray can enter through depressurization venting
paths and inter-compartment gaps, and short-term water ingress may even occur under
splashdown conditions. Chloride salts such as NaCl are among the strongest corrosion
promoters for electronic equipment [2].

2. “Breathing” condensation driven by repeated thermal cycling. Electrical products
experience, together with the vehicle, repeated cycles of ground storage (ambient
temperature and humidity), launch ascent (rapid decompression and cooling), and
on-orbit/re-entry (large temperature swings). The air inside non-hermetic equipment
“breathes” with temperature and pressure changes; moisture enters and condenses on
cold surfaces. With every flight the condensation—evaporation cycle repeats once, and
the corrosion media (Cl~, ionic residues) are progressively concentrated [3].

3. Multi-stress coupling. Vibration, thermal cycling, and damp heat act simultaneously:
vibration produces fretting at connector contact interfaces, damaging contact platings,
exposing the base metal, and accelerating oxidation (fretting corrosion) [4,5]; thermal
cycling generates fatigue cracks in coatings/platings that open paths for moisture and
salt; damp heat and salt fog then initiate electrochemical corrosion at these defects. A
product qualified under single stresses may fail rapidly under combined stresses [6].

At the same time, the reuse mode requires quantitative cuamulative management of
corrosion damage: every flight/recovery contributes an increment of corrosion damage,
and the maintenance phase must answer “how many more flights are allowed”—an ex-
tension of reuse-management frameworks such as NASA's reuse readiness level (RRL)
into the corrosion dimension [7]. The RRL is used here only as a conceptual analogy from
software release/reuse management; for hardware-oriented reusable launch operations,
maintenance, and remaining-life assessment, we additionally rely on O’Malley’s reusable-
component qualification accounting, informed maintenance for reusable launch systems,
and launch-vehicle recovery-and-reuse practice [8-10]. This follows the same logic as
the reuse management of solder thermal fatigue and structural fatigue, but the current
standards system leaves an obvious gap:

e  The salt-fog and damp-heat tests of GJB 150A/MIL-STD-810H are qualification-type
single-stress tests and give no relationship between cumulative damage and allowable
reuse flights [11,12];

o  Conformal-coating standards such as IPC-CC-830 address material-level qualification
of coatings and do not cover product-level life-cycle management [13];

e  Existing reusability studies of RLV electronic products (e.g., our previous work on
a flight-heritage board [14]) focus on solder thermal fatigue and explicitly list “cu-
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mulative degradation from post-recovery corrosion/salt-fog exposure” as a not-yet-
modeled limitation.

To close this gap, this paper does three things:

It systematically reviews the corrosion environment profile and failure mechanisms of
RLV electrical products and proposes a corrosion prevention and control system cover-
ing the five phases of design, manufacturing, testing, operation, and maintenance;
It establishes mechanism-specific corrosion state models and connects their state
limits to life-consumption fractions and operational reuse thresholds, so that corrosion
and fatigue can be assessed within one decision structure without assuming a universal
linear corrosion-rate law;

It provides a case-study application on a flight-heritage rocket data-acquisition board
(108.25 mm x 108.25 mm six-layer FR4 with ceramic PGA/LCC devices and board-
to-board connectors), including an illustrative calculation, sensitivity analysis, and
uncertainty propagation rather than a flight-validated life prediction.

Related Work and Positioning of This Study

The novelty of this work is best understood by comparison with five established

research lines, rather than by comparison with qualification standards alone:

Electronics corrosion reliability. Studies of humidity buildup, electrochemical migra-
tion, insulation-resistance degradation, and PCB time to failure provide the physical
mechanisms and test methods [3,15]. They generally stop at material- or assembly-
level failure criteria; they do not translate repeated recovery exposure into an allowable
number of RLV reuses.

Fretting-corrosion life prediction. Bryant, Wu and Pecht, Antler and Drozdowicz,
and subsequent resistance—cycle models establish contact-resistance growth and its
test methodology [4,5,16-18]. The present work uses these results as a submodel; it
does not claim a new fretting law. Its extension is the conversion from contact-level
resistance data to mission-level reuse criteria.

Prognostics and health management/condition-based maintenance. CBM and
remaining-useful-life frameworks connect state monitoring, degradation prediction,
and maintenance decisions [19,20]. The present work adopts that logic but adds RLV-
specific drivers—recovery exposure, breathing condensation, and repeated reflight
acceptance—which are absent from general machinery applications.

Stochastic degradation and corrosion—fatigue models. Gamma processes, Monte
Carlo corrosion—fatigue assessment, and Bayesian updating provide explicit uncer-
tainty representations [15,21-24]. These models are most reliable when calibrated by
fleet or test data. The present study therefore uses uncertainty propagation only as an
illustrative sensitivity tool and does not claim a validated failure probability.

RLV reuse management. NASA's reuse-readiness concepts and our previous fatigue-
based framework address reusable-life management [7,14 ], but corrosion was explicitly
left as an open limitation. The present paper addresses that limitation directly.

Accordingly, the contribution is not a new corrosion mechanism or a new fretting

model. It is a mechanism-specific mapping from mission environments and inspectable

corrosion states to operational RLV reuse thresholds, together with a reproducible calibra-

tion pathway and a five-phase implementation system.

Relationship with our previous work. The present paper is the corrosion counterpart

of the reusability framework established in [14], where the three-threshold reuse decision

was built on solder thermal fatigue alone and “cumulative degradation from post-recovery

corrosion/salt-fog exposure” was explicitly left as an open limitation. The two papers
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deliberately share the same hardware platform and decision skeleton: [14] quantifies the
fatigue dimension, while this paper supplies the corrosion dimension—the environmental
profile, failure-mode screening, life-cycle prevention measures, mechanism-specific state
models, and the conversion to operational reuse thresholds. The hardware data and fatigue
results quoted from [14] serve as inputs only; the corrosion-related analysis, measures, and
models of this paper are new.

2. Corrosion Environment and Failure Mechanisms of RLV Electrical
Products
2.1. Environmental Profile

The life-cycle environment of RLV electrical products can be decomposed into five
phases, whose corrosion-related stresses are listed in Table 1 and illustrated in Figure 1.
Compared with expendable rockets, the differences concentrate in the recovery and reuse
links: sea recovery brings high-grade salt-fog exposure (corresponding to the C4/C5-M
marine atmospheric classes of ISO 9223 [25]), and this exposure repeats with every flight.

Table 1. Life-cycle environmental profile of RLV electrical products (corrosion-related).

Phase Main Environmental Stresses Corrosion Risk

Ground storage/assembly Temperature/humidity swings, air Initial contamination buildup feeding
pollutants, manual handling ionic contamination and ECM

Launch ascent Rapid decompression, cooling, Breathing in moist air; connector fretting

vibration, acoustic

On-orbit/re-entry

Large-swing thermal cycling (—40 to  Condensation—evaporation cycles; coating

+95 °C for this work), vibration cracking by thermal mismatch
Recovery Sea salt fog/seawater spray Chloride deposition; water ingress into
(C4-C5-M), shock gaps and pores
Reuse inspection and storage Cleaning, bake-out, re-storage Cleaning residues; trapped water from

incomplete drying

Life-cycle environmental profile and corrosion stresses of RLV electrical products (schematic)

recover-inspect-refly: repeats every flight (N cycles)

R T S _ __ _ _ _ _  — — — — —
vibration vibration
Ground storage Launch On-orbit / Sea Reuse inspect
95 1 / assembly ascent re-entry recovery / storage
freshwater rinse
ionic contamination rapid decompression condensation- chloride deposition + bpke (5244070 °C)

buildup breathing-in evaporation cyclfs gap water ingress trapped water

70

salt deposjf Ca-C\:M
(per Alight)

storage

25 <40%RH

Temperature (°C, schematic)

—40 4

condensation
cycle (per flight)

Figure 1. Life-cycle environmental profile of RLV electrical products and the corrosion stress evo-
lution across the five phases; the recovery phase introduces repeated salt-fog exposure (E,,;,) that
accumulates with flight count N.

The transmission path of the exposure must be made explicit: the electrical products are
mounted inside the vehicle’s equipment bay and do not contact seawater directly, but the bay
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is not a watertight structure—depressurization venting paths for the ascent phase and inter-
compartment mating gaps exist permanently. After sea recovery (splashdown/platform/net
capture), the marine atmosphere (C4-C5-M) and seawater spray enter the bay through
these paths and deposit salt on the outer surfaces of unit housings, and several further days
of marine-atmosphere exposure accumulate during the return voyage of the recovery ship.
The exposure level is graded by recovery mode: sea splashdown is the highest (taken as
E,.: = 1 in the model), platform/net recovery is intermediate, and land recovery is the
lowest (Section 4.1); the numerical grading is an engineering estimate to be normalized
against the measured chloride-deposition anchors cited below. The chloride deposition
rate of marine atmospheres has been systematically measured: 150-7800 mg/(m?-d) at the
NASA KSC beachside test site and on the order of 100-600 mg/(m?-d) in the Wenchang area
of China [26,27], which can serve as measured anchors for normalizing E,,;; the timescale
correlation between accelerated salt-fog testing and marine atmospheric exposure also has
a research basis [26].

The cumulative nature of “breathing condensation” must be emphasized: moisture
in the air inside non-hermetic or semi-hermetic equipment condenses on the circuit board
and device surfaces after re-entry cold soak, dissolving previously deposited Cl~ to form
an electrolyte film; when the temperature rises again, the water evaporates and the C1~
concentration increases further. After N flights, the surface ionic concentration grows
approximately monotonically with the number of condensation events—a key corrosion
mechanism distinguishing reused products from expendable ones [3].

2.2. Major Corrosion Failure Modes

By failure location and mechanism, the corrosion failures of RLV electrical products
fall into seven categories, as listed in Table 2.

Table 2. Major corrosion failure modes of RLV electrical products: mechanisms and drivers.

Failure Mode Mechanism RLV-Specific Driver Typical Location

Galvanic corrosion Dissimilar metals in contact + Mixed use of structural Connector shells, fasteners,
electrolyte film forming a metals (Al/steel) and shield bonds
galvanic cell platings (Au/Sn);

condensate film

Pitting/crevice corrosion

Cl~ breaks down the passive  Salt deposition during sea ~ Metal housings, grounding

film; occluded-cell recovery; crevices under points
autocatalysis sealing gaskets

Fretting corrosion Micro-motion at contact Multiple vibration cycles Board-to-board connectors,
interfaces under vibration; per flight; recovery shock  relay contacts

plating wear and oxide-debris
accumulation raising contact

resistance
Electrochemical Metal-ion migration in a Condensate film + Between high-density
migration/dendrites liquid film under bias; operating bias; flux ionic fine-pitch solder joints
dendrite short circuits residues
Underfilm corrosion Corrosion propagating Coating cracking under Printed conductors under
(including filiform beneath a coating from thermal cycling; insufficient conformal coating

morphology)

defects; filiform corrosionis  edge coverage
the filamentary morphology
within this category
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Table 2. Cont.

Failure Mode

Mechanism RLV-Specific Driver Typical Location

Creep corrosion

Sulfide creep over Cu/Ag Pads, test points
surfaces toward pad edges in

sulfur-bearing atmospheres

Polluted ground-storage
atmospheres; immersion-
silver/bare-copper surfaces

Stress-corrosion cracking
(5CC)

Housings, brackets,
fasteners, connector shells,
and electrical terminal bolts

Crack initiation and growth
under the combined action of
a susceptible material, a
corrosive environment, and
sustained local tensile stress

Manufacturing residual
stress, forming/crimping,
assembly preload, and
stress concentration;
chloride or other aggressive
environments [28-31]

Among them, fretting corrosion is the most representative for RLVs: the contact resis-
tance of connectors rises slowly as fretting oxide debris accumulates—a damage quantity
that is monitorable, cumulative, and directly functional, and therefore suitable for inclu-
sion in the reuse decision (Section 4). Bryant gave a classical account of the contact-resistance
degradation mechanism of fretting corrosion [4]; Wu and Pecht provided modeling and
test methods for fretting corrosion of contact interfaces [5]; and the fretting behavior of
gold-plated connector contacts was systematically studied by Antler and Drozdowicz [16].
The six board-level modes and their typical sites on a flight-heritage board are illustrated in
Figure 2; SCC applies to the surrounding metallic structural parts.

Six board-level corrosion failure modes and typical sites (schematic)

Six corrosion failure modes & typical sites

fretting oxide debris

1 galvanic — fasteners/bonds b
° - contact-R rise

2 pitting/crevice — grounds, under gasket
3 fretting — connector contact pair
4 ECM/dendrite — fine-pitch joints contact pair (Au)

5 underfilm/filiform — coating pinholes/edges

6 creep — immersion-Ag/bare-Cu pads

board-to-board
conn. X2/X3

-~ m
© b coating

® A ?
o

FR4 PCB

(<)
|

(connector contact area = coating mask, uncoated)

Figure 2. Six board-level corrosion failure modes and their typical sites on the flight-heritage PCB
(schematic cross-section). The inset shows fretting-oxide debris raising contact resistance in a gold-
plated contact pair; the board-to-board connector contact zone is left uncoated (coating mask). The
labels 1-6 denote galvanic, pitting/crevice, fretting, ECM/dendrite, underfilm/filiform, and creep
corrosion, respectively.

SCC is included because a globally compression- or buckling-dominated structural
response does not exclude local tensile stress at a susceptible feature. Aerospace high-lock
nuts and aircraft emergency-battery terminal bolts provide direct examples of cracking
driven by residual/assembly stress and aggressive environments [29,30]. For RLV electri-
cal products, the relevant objects are therefore the metallic housing, brackets, fasteners,
connector shells, and terminal hardware rather than the solder joints themselves. Because
product-specific material-stress—environment data are unavailable, SCC is addressed here
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through mechanism screening, design controls, and inspection rather than quantitative
life prediction.

Terminology is used consistently throughout the paper: underfilm corrosion is the
general term for corrosion beneath a coating, while filiform corrosion denotes only its
filamentary morphology; ECM/dendrites is treated separately because it additionally
requires ionic contamination and electrical bias; pitting and crevice corrosion are related
localized media-driven mechanisms but are not used as synonyms for underfilm corrosion.

2.3. Housing Shielding Effect and Residual Corrosion Paths

The printed-board assemblies of rocket-borne electrical products are generally mounted
inside a metallic unit housing, which is the first barrier of corrosion prevention: a hermeti-
cally sealed housing can reduce board-level salt-fog exposure by an estimated one to two
orders of magnitude (to be verified by housing leak-rate and witness-coupon measure-
ments), essentially suppressing the mechanisms that depend on media supply, such as
uniform corrosion and pitting. In the damage model of this paper, housing protection
appears as a discount on the exposure coefficient E,;;: 1 for direct exposure, 0.3-0.6 for
non-hermetic/vented constructions, and 0.05-0.2 for hermetic sealing. These discount fac-
tors are engineering estimates assigned by enclosure protection class; they are the starting
values for the reuse decision and are to be calibrated by first-round deposition or leakage
measurements on the specific product (Sections 3.4 and 6).

The housing, however, cannot reduce the corrosion risk to zero; four residual paths
remain (Figure 3):

1. Breathing effect. A non-hermetic housing “breathes” under the rapid decompression
of launch and the large temperature swings of re-entry; moist air enters and condenses
on cold board surfaces—one flight, one condensation event, with C1~ concentrated step
by step (Section 2.1). Reused products experience tens of flights, and the accumulated
amount is the corresponding multiple of that of an expendable product.

2.  Recovery-window exposure. Between splashdown/landing and the opening of the
compartment, salt deposits on the housing outer surface, connector tails, and cable
entries; after opening, salt remains at interface locations.

3. Seal aging with reuse. Gaskets and sealants degrade after repeated thermal cycling
and vibration, so the housing protection level declines with the number of reuses—E,_;;
should preferably be modeled as a slowly rising function of flight count rather than
a constant.

4.  Weak links at feedthroughs. Electrical connectors, vent valves, grounding posts, etc.
penetrate the housing and are structural breaches of the barrier; their tails and sealing
interfaces are exposed to salt fog during the recovery window, and their seals age
with reuse.

It must be pointed out in particular that fretting corrosion is not eliminated by the
housing—vibration is transmitted through the structure directly to the connector contact
interfaces and cannot be shielded by the housing. The “fretting” and “corrosion” halves
should, however, be distinguished: hermetic sealing blocks the external media supply, so
the cavity retains only the small amount of air and moisture sealed in at closure (even
less with nitrogen backfill), and oxide debris is generated more slowly than in exposed
environments—the housing decelerates rather than zeros fretting degradation. Mechanical
fretting wear itself (contact scraping, material transfer, gold-layer wear-through) requires
no humid environment, and fresh wear surfaces still re-oxidize in the cavity atmosphere
and accumulate flight by flight. Connectors inside housings must therefore still enter
the reuse cumulative decision as fretting corrosion, and the parameters a, m, and H,,,
should be calibrated by combined-stress tests under housing-cavity atmosphere conditions
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(Section 4.1). With a housing, the corrosion spectrum therefore does not “disappear” but
shifts from “dominated by uniform atmospheric corrosion” to “dominated by connector
fretting corrosion plus condensation-driven underfilm corrosion/electrochemical mi-
gration”. The role of the housing is to determine which mechanisms are shielded and
which remain to become limiting factors—a judgment that directly supports the mechanism
screening of the case study in Section 5.

Housing shielding effect and four residual corrosion paths (schematic)

3 seal aging

salt fog / spray blocked by housing (E_salt 0.05412)

™~

l metallic unit housing| (hermetic)

2 recovery window
(tail salt)

o

1 breathing
(non-hermeti

feedthrough
connector

4 fec¥through
breach

vibration via structure - fretting NOT shielded

Figure 3. Housing shielding effect and the four residual corrosion channels (schematic): 1 breath-
ing through non-hermetic seams; 2 recovery-window salt deposition at the tail; 3 gasket aging;
4 feedthrough breach; while vibration transmits through the structure unscreened.

3. Life-Cycle Corrosion Prevention and Control System

Following the principle of “prevention first, closed-loop inspection”, the system is built
in five phases; the overall framework is shown in Figure 4. The five phases do not duplicate
existing standards: each phase starts from a qualification basis that already exists (GJB,
MIL-STD, IPC), and adds the elements that RLV reuse specifically requires, as mapped in
Table 3.

o
g
[P (1) Environment profile (2) Corrosion modes (3) Housing shielding
£ N
gc
i R .
c v Sea recovery: salt fog C4-C5-M Galvanic, pitting/crevice Sealed housing: Esse = 0.05-0.2
o 3 Breathing condensation per flight Fretting, ECM/dendrite Media-driven modes suppressed
@ = 3 5
° Vibration-thermal-humidity coupling Underfilm/filiform, creep, SCC Fretting NOT shielded
t
S
g + + +
S ~
E m
g H (4) Design (5) Manufacturing (6) Testing (7) Operation (8) Maintenance
£s
o2 ENIG/ENEPIG finish > d combined-stress: d open-box inspection g SIR & contact-R
@ ionic residue
8 E conformal coating e a thermal cycling full cleaning + bake trend monitoring
£9 hermetic sealing Sw’a[ n“ggg‘ + vibration acceptance test coating inspection

i
i, % galvanic management 9 + humidity/salt fog storage <40% RH connector replacement
I v v v
5
G 0 (9) Mechani pecific state del: (10) Operational reuse decision (1) llustrative case (not flight-validated)
T <
Q0
T c

- —

. g S;: mechanism-specific update Niim = min;(Njim,i) Nim = 12.3/ 25 fl (fatigue / fretting)
Y R = Si/Sim,; (physical state) Natiow = miny(Dop, i*Niim, i) underfilm/ECM: no numerical life assigned
2 o D; = N/Njm, (life consumption) Dop = 1/3 direct - 2/3 retire fatigue: direct 4.1/ retire 8.2 fl

Figure 4. Life-cycle corrosion prevention and control framework for RLV electrical products: corrosion
environment profile, failure modes, and housing-shielding analysis (top, Section 2); five-phase
prevention measures—design, manufacturing, testing, operation, maintenance (middle, Section 3);
mechanism-specific state models and operational reuse thresholds with an illustrative case application
(bottom, Sections 4 and 5).

https://doi.org/10.3390/aerospace13111026


https://doi.org/10.3390/aerospace13111026

Aerospace 2026, 13, 1026

9 of 23

Table 3. The five-phase system mapped to gaps in existing standards and the additions of this work.

Phase Existing Basis Remaining Gap for Addition of This Work
RLV Reuse

Design Coating qualification No guidance on Exposure-class-driven
IPC-CC-830 [13]; plating series  sealing—breathing balance finish/coating/sealing selection
GJB 594A/QJ 450B [32,33]; under repeated flights, nor ~ (Sections 2.3 and 3.1)
dissimilar metals on recovery-exposure-driven
MIL-STD-889 [34] finish selection

Manufacturing Workmanship IPC-A-610 [35];  Limits set for single use, not Reuse-oriented cleanliness
ionic-contamination for flight-by-flight baseline feeding the damage
limits [36-38] accumulation model (Section 3.2)

Testing GJB 150A [11]; Single-stress, pass/fail, no Combined-stress reuse-cycle
MIL-STD-810H [12]; damage-calibration output  spectrum with calibration outputs
IPC-CC-830 [13] (Section 3.3)

Operation Desalting practice of No reflight acceptance gate ~ Open-box
carrier-based aircraft for rocket electronics inspection-rinse-bake—-accept
(NAVAIR/FAA) [39-41] sequence with exposure logging

(Section 3.4)
Maintenance Rework rules IPC-7711/7721 [42] No corrosion-metric-based ~ Corrosion-specific metrics entering

reuse decision N,iow (Sections 3.5 and 4)

3.1. Design Phase

The design phase determines the majority of the inherent corrosion resistance of a

product (a commonly cited engineering estimate puts it above 70%). Key points:

1.

Selection of corrosion-resistant surface finishes. Electroless nickel immersion gold
(ENIG) or electroless nickel electroless palladium immersion gold (ENEPIG) is pre-
ferred for pad finishes; bare copper and immersion silver should not be directly ex-
posed in sulfur/salt-bearing environments (creep-corrosion sensitive). Connector
contacts should be gold-plated (>1.27 ym hard gold) rather than tin-plated—tin is
fretting-corrosion sensitive, and mixed gold—-tin mating actually aggravates fretting
failure [4,16].

Conformal coating. Polyurethane varnish is the mainstream choice for domestic
aerospace electronic products (grades such as S01-3, S31-11, and 7385, with a film
thickness of 30-50 pm), applied per the process requirements of QJ 3259 [43]; coating
materials are qualified per IPC-CC-830 [13]. For sea-recovery profiles the coating
can be upgraded to Parylene C—vacuum vapor deposited, pinhole-free, dense, and
with the lowest moisture vapor transmission rate, but at high cost and with difficult
rework; silicone/polyurethane thick-film coatings are the second choice, silicones being
suitable for high/low-temperature occasions. Coating design must define masking
areas (connector contact areas, test points, heat-dissipation surfaces) [43].
Sealing-breathing balance and drainage. Unit housings are designed as “sealed
+ waterproof breathable membrane (ePTFE type)”, blocking salt-fog ingress while
balancing internal/external pressure differentials and suppressing the breathing effect;
for hermetically sealed units, the housing strength and seal life are additionally verified
against the repeated internal/external pressure differentials formed by rapid decom-
pression at launch and immersion at splashdown recovery, and seals are mandatorily
replaced according to the reuse count [44]. Filling the sealed cavity with dry nitrogen
lowers the cavity oxygen content and can further suppress the oxidation part of con-
nector fretting corrosion. For non-pressure-bearing, non-hermetic units, conformal
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coating and drainage design take the lead, and sealing is not enforced. In all cases,
the structure avoids water-accumulating pockets, with drain holes/guide surfaces and
drainage slopes on all horizontal surfaces.

Dissimilar-metal management. Contact metal pairs are controlled according to the
galvanic series (e.g., MIL-STD-889 [34], GJB 1720A [45]); insulating gaskets, sealants,
or transition platings are inserted between pairs with large potential differences.
Connector selection. Hermetically sealed or back-potted connectors are preferred;
board-to-board connectors use high-normal-force, gold-plated contact structures;
mating-cycle life compatible with disassembly for recovery is considered.
Inspectability design (maintenance-oriented). Test points for insulation resis-
tance/contact resistance are reserved; critical connectors are designed as replaceable
items; board layout permits local cleaning and re-coating.

SCC prevention at metallic structural parts. For housings, brackets, fasteners, con-
nector shells, and terminal hardware, the material-environment-stress combination is
reviewed explicitly [28-31]. Measures include stress-relief treatment after forming,
limits on assembly preload and crimping stress, avoidance of sharp stress concentrators,
corrosion-resistant material/temper selection, and avoidance of acetic-acid-releasing
sealants near susceptible metals. These controls address local tensile stress even when
the global structural load is primarily compressive.

3.2. Manufacturing Phase

Manufacturing residues are the “seeds” of corrosion. Control points:

Ionic-contamination control. Post-soldering cleaning (aqueous/semi-aqueous pro-
cesses); surface ionic residues are controlled by the solvent-extract resistivity (ROSE)
method of GB/T 4677.22 or by ion chromatography per IPC-TM-650 2.3.25/2.3.28, with
the NaCl equivalent held to <1.56 pig/cm? for class-3 electronic products [36-38]; direct
use of no-clean processes on sea-recovery profiles is prohibited.

Coating and curing quality. Board-surface cleanliness inspection before coating;
sampling inspection of coating thickness, edge coverage, and degree of cure [43];
pinhole/bubble defects accepted per IPC-A-610 [35] and GB/T 19247.1 [46].

Plating process control. Nickel/gold thickness and black-pad risk control for ENIG;
gold thickness and porosity control for connector contacts, with plating selection and
thickness series per GJB 594A and QJ 450B [32,33].

Assembly cleanliness. Perspiration-contamination prevention (glove/finger-cot disci-
pline); control of workshop temperature/humidity and sulfur-bearing atmospheres,
with extraneous-matter prevention per QJ 2850 [47].

3.3. Testing and Qualification Phase

The qualification philosophy must shift from single stresses to a combined-stress joint

profile. Thejoint profile is compiled along the route “mission profile — stress decomposition

— tailored joint spectrum — acceleration equivalence — reuse-cycle testing” (Figure 5):

acceleration factors are derived from the physics of failure and must not change the failure

mechanisms, and the test outputs are used to calibrate the model parameters (K|, a, m, Hg,,,

and E
1.

sait(IN) ) and the monitoring baselines of Section 4.

Single-stress qualification (retained). Salt fog (GJB 150.11A/MIL-STD-810H 509.7,
or the more realistic cyclic salt fog of GB/T 2423.18 [48] and the ASTM G85 mod-
ified methods [49]), damp-heat cycling (GJB 150.9A), and fungus (depending on
materials) [11,12].

Combined-stress test (core addition). A joint “thermal cycling 4+ random vibration
+ damp heat/salt fog” profile compiled from the real mission profile—thermal cycling
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simulates launch/re-entry, vibration simulates the flight dynamic environment, and
damp heat/salt fog simulates storage and recovery. Passing single-stress tests does
not imply passing combined stresses: only after the coating cracks under thermal
cycling + vibration will subsequent salt fog invade rapidly along the cracks [6].
Coating material-level qualification. Moisture-and-insulation resistance, fungus, and
hydrolysis tests specified by IPC-CC-830 [13].

Accelerated corrosion test-life correlation. Acceleration factors are determined on
the basis of the physics of failure (e.g., a temperature-humidity-bias model for electro-
chemical migration), converting test time into equivalent flight counts and avoiding
coarse “pass/fail” qualification.

Reuse-cycle testing. The test profile should contain multiple “flight profile + recovery
profile” cycles to simulate the cumulative effect after N reuses, rather than a single
amplified profile.

(1) Mission profile

storage/launch/orbit
recovery/refurbish
temperature, vibration
shock, humidity, salt

(2) Stress split

> thermal cyc. —40/+95 °C

random vib. 5.13 grms
shock SRS
humidity/salt class

(3) Tailored joint profile

sequence overlay:
thermal + vibration
then humidity/salt

single-stress baseline

L d

(4) Acceleration

THB humidity model
AT? fatigue law
fretting-cycle mapping
limit: same mechanism

>

(5) Reuse-cycle test

"flight+recovery”

profile x M cycles

M = 1.5-2x target
reuse flights

v

v

Outputs: calibrated K_i, a, m, H_env, E_salt(N), acceleration factors, contact-R/SIR baselines; test data feeds back to revise the spectrum (vl - v2)

Figure 5. Combined-stress test-spectrum development flow for reuse-cycle testing (mission profile —

stress decomposition — tailored combined spectrum — acceleration equivalence — reuse-cycle test),

with calibrated outputs feeding the model parameters and monitoring baselines.

3.4. Operation (Recovery—Reflight) Phase

Post-recovery inspection, cleaning, and bake-out are the most critical corrosion-

prevention actions for sea-recovered products, executed along the sequence “open-box

inspection — cleaning — bake-out — acceptance”:

1.

Comprehensive open-box inspection. After recovery, the products are transported
back to the facility (for sea recovery this can take half a month to a month, during
which sea rain may still wet or soak the equipment), and the compartments are opened
for a comprehensive inspection: visual examination (salt grains, water stains, corrosion
traces—focusing on housing outer surfaces, feedthrough connectors, backplanes, mod-
ules, and printed boards), electrical-performance checks, and corrosion-specific checks
(contact resistance, SIR, etc.; Section 3.5). Functional-performance checks alone cannot
judge the corrosion state, so corrosion-specific tests must be itemized separately.
Cover-opening cleaning for desalting. As early as possible after recovery (recom-
mended <24 h), surface salt deposits are rinsed with deionized water/freshwater.
After splashdown/immersion, salt grains can penetrate into the unit interior—salt
grains are found on housing outer surfaces, VPX backplanes, and VPX modules down
to the printed boards inside modules—so covers must be opened and the internal and
external surfaces of the whole unit comprehensively cleaned (deionized-water/fresh-
water rinse plus an electronic-cleaning process, with the resistivity and temperature of
the medium standardized), focusing on crevices, connector tails, and shielded cavities.
For units not immersed but humidified during marine dwell, at least the housing outer
surfaces and feedthrough areas are cleaned. Freshwater-rinse desalting is established
practice for carrier-based aircraft and recovered rockets [39-41].
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3. Bake-out. After rinsing, bake at 60-80 °C until the internal dew point meets require-
ments, preventing trapped water from entering storage; for semi-hermetic equipment,
extend the bake and supplement with dry-gas purging [40].

4. Supplementary acceptance tests before reflight. After cleaning, bake-out, and re-
assembly, supplementary high/low-temperature and random-vibration acceptance
tests are performed, and only passing units are cleared for reflight. This acceptance
test is the reflight gate after every recovery, distinct from the one-time qualification
tests of Section 3.3.

5. Condensation control. Storage humidity before reflight < 40% RH, with desiccant
and humidity indicator cards (HIC) [50,51]; transport cases purged with dry nitrogen
or dry air.

6. Exposure logging. Record the sea state, exposure duration, marine dwell time, and
the inspection, rinse, and bake parameters of every recovery as inputs to the damage
model of Section 4.

3.5. Maintenance Phase
The maintenance phase quantifies the corrosion state as an input to the reuse decision:

1. Corrosion-specific inspection (performed after every recovery): visual + micro-
scopic examination (pitting, discoloration, dendrites, coating blistering); insulation
resistance/SIR (surface insulation resistance) re-measurement; contact-resistance
re-measurement of critical connectors (four-wire method, micro-ohm-level trend);
coating-integrity inspection.

2. On-line/in-situ monitoring. Corrosion monitoring coupons during storage (e.g.,
galvanic corrosion sensors, impedance-type atmospheric corrosion monitors (ACM));
leakage-current measurement on corrosion witness circuits (comb patterns) reserved
on the product; for high-speed card-backplane architectures such as VPX, the SERDES
built-in self-test monitors the link bit-error rate and margin on line (Section 4.3) [52].

3. Maintenance actions. Local re-coating of damaged coating areas; re-cleaning of con-
taminated areas; connector replacement based on contact-resistance trend and mating
cycles; replacement of corrosion-over-limit devices per rework procedures [42].

4. Integration with the reuse decision. Corrosion damage metrics enter the reuse deci-
sion together with fatigue damage (next section).

4. Corrosion State Models and Integration with the Reuse Decision
4.1. Mechanism-Specific State Models and Applicability Domain

Corrosion mechanisms do not share a single multiplicative exposure law. For each
mechanism i, let S;(N) be an inspectable state variable after N flights and Sy, ,, ; its engineering
limit. A general state-update form is

SI(N) = 81(0) + Z‘r1=1...N di<Xi,n/ Cproc,i) (1)

where X; , contains only the drivers relevant to mechanism i during flight/recovery n, and
d, is the corresponding state increment. Equation (1) is an accounting framework rather
than a universal corrosion-rate law; predictive use requires mechanism-specific calibration
and independent validation.

e  Electrolyte-dependent mechanisms (galvanic, pitting/crevice, underfilm corrosion,
and ECM). Here X , includes salt exposure E,;, condensation count N4, time of
wetness, and, for ECM, electrical bias. For a stationary exposure, a first-order increment
approximation is

di = Ki : Esaltu ' I\Tcond5 (2)

https://doi.org/10.3390/aerospace13111026


https://doi.org/10.3390/aerospace13111026

Aerospace 2026, 13, 1026

13 of 23

where K; = k; - C
process/design multiplier C

proc; 18 an effective rate coefficient. The baseline rate k; and the

proci cannot be separately identified from a single life
datum; separating them requires a baseline-versus-variant A/B test. The values
« = B =1 are first-order assumptions, not calibrated results. Zero condensation or zero
electrolyte exposure suppresses the increment only for these electrolyte-dependent
modes, as intended. Time of wetness and electrical bias are retained in the driver
set and in the calibration test matrix, but are absorbed into K; in the reduced form
of Equation (2); identifying their independent effects would require an extended

model with additional parameters and dedicated tests.

Connector fretting corrosion. The relevant drivers are contact motion, normal force,
plating, and cavity atmosphere; salt exposure is not a necessary condition. Following
Bryant’s oxide-debris mechanism [4] and the fretting literature [16-18], the contact-
resistance increment is

AR(N) =a- Henv : (anl.‘.N Ncyc,n)m (3)

where a and m are fitted from resistance-versus-cycle tests, and H,,,, = 1 represents

env
environmental acceleration. For a dry enclosure, H,,,, = 1 and mechanical fretting wear
therefore persists. The per-flight cycle count follows the measurable chain mission
vibration PSD — contact micro-displacement (connector-level FEA or Steinberg-
type board-response analysis [53]) — rainflow counting over the mission duration
— effective N .. Equation (3) is used only before gross plating wear-through; after

that transition, the parameters must be re-anchored by test.

Stress-corrosion cracking (SCC). The drivers are a susceptible material, a corrosive
environment, and sustained local tensile stress [28-30]. Manufacturing residual stress,
forming/crimping, assembly preload, and geometric stress concentration can supply
the tensile component even when the global structural response is compression- or
buckling-dominated. SCC is therefore included in mechanism screening and preven-
tion, but no quantitative SCC life model is asserted here because product-specific
crack-growth data are unavailable.

Seal-aging correction. For electrolyte-dependent modes, the exposure coefficient may
increase with seal aging: E,;;(N) = E; - (1 + «v - N), where <y is calibrated by seal
thermal-cycling and vibration-aging tests [44]. Setting -y = 0 is the constant-exposure
approximation used in the illustrative case.

Table 4 defines the parameters and the minimum calibration information required for

reproducible use.

Table 4. Parameter definitions and calibration protocol for the mechanism-specific models.

Parameter Physical Meaning Required Measurement or Estimation Method

Eg Normalized marine/chloride exposure of a Witness-coupon chloride deposition,
recovery event; reference sea splashdown =1 salt-fog-equivalent dose, or ISO 9223 class [25];

class-based values are engineering priors

Neond Number of condensation—evaporation cycles = Temperature, humidity, and dew-point logs; not
per flight/recovery universally equal to 1

K Effective per-flight rate coefficient of Combined-stress tests; K; = kjCp,;o. ;. Separating k;
electrolyte-driven mode i at reference and C,,,; requires baseline-versus-variant A/B tests
exposure

x, B Exposure exponents in Equation (2) At least three exposure levels and two condensation

levels; x = p = 1is only a first-order approximation

https://doi.org/10.3390/aerospace13111026


https://doi.org/10.3390/aerospace13111026

Aerospace 2026, 13, 1026 14 of 23
Table 4. Cont.
Parameter Physical Meaning Required Measurement or Estimation Method
a, m, He,, Fretting resistance-law parameters and Resistance-versus-cycle tests under the mission
environmental acceleration vibration spectrum, with dry/humid comparison; a is

anchored at a reference cycle count N, (not at the
first flight, which would make N, cancel); valid
before plating wear-through

Neyeo Effective fretting cycles per flight Mission PSD — contact micro-displacement FEA [53]
— rainflow counting
Stim,i Mechanism-specific state limit Table 5 gives engineering starting values, to be refined
by product measurement history
Table 5. Monitorable metrics and engineering starting criteria for corrosion state tracking.
Mechanism Monitored Quantity Engineering Starting Criterion (Not

a Universal Acceptance Limit)

Connector fretting corrosion

Contact resistance (four-wire method) Warning at >50% or >2-fold rise over
initial value; replace at >5 m(Q)
increment [4,5]

High-speed mating connectors Link bit-error rate/link margin Warning when the error rate exceeds

(VPX-type card-backplane)

(SERDES built-in self-test, on-line) threshold or margin drops >3 dB;
replace when retraining/link-failure
counts keep growing [52]

ECM/ionic contamination

SIR (comb pattern, 85/85 bias) Warning at <108 Q; ground for
investigation at <107 Q

Coating failure Under-coating leakage Warning at one-order-of-magnitude
current/impedance spectroscopy drop in impedance modulus
Storage atmospheric corrosion ACM corrosion current Extrapolate remaining life at ISO 9224
rates [54]
SCC-susceptible housings, brackets, =~ Visual/NDT indications, local Inspect after recovery and after any
and fasteners residual-stress and preload control evidence of coating damage, leakage,
records or abnormal preload [28-31]

A linear representation is required only for the life-consumption fraction defined in
Section 4.2, not for the physical state S;. Equation (2) is applicable only under approximately
stationary exposure and in the absence of incubation or stage transitions. An incubation
stage is represented by d; = 0 until its end; after a transition such as passivation breakdown
or plating wear-through, the rate parameters must be recalibrated. Thus, the framework
does not assume that all corrosion processes are physically linear.

4.2. From State Limits to Life-Consumption Fraction and Operational Criteria

The physical damage ratio R;(N) = S;(N) /Sy, ; is generally nonlinear and must be
distinguished from the life-consumption fraction D;(N) = N/Ny;;,, ;, where Ny, ; is the flight
count at which S; reaches Sy, ;. For the fretting model of Equation (3), with a constant
per-flight cycle count Ny o,

Nlim,fretting = (ARlim/ (a : Henv) )1/m/Ncyc,O (4)

and the two damage representations are related by Dyying = Rfrettmgl/ ™, or equivalently
Reretting = Dfretting - A linear plot of Dgeying is therefore fully consistent with the nonlinear
resistance law.
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The system limit life is governed by the earliest mechanism to reach its limit:
Niim = min; (Njjp ;) (5)

Equation (5) is a weakest-link comparison of limit lives, not a sum or product of
damage contributions. The other mechanisms remain active inputs to inspection and
maintenance; after connector replacement, re-coating, or device rework, their states and
Ny ; are recomputed, and the controlling mechanism may change.

Limit life must further be distinguished from operationally allowable life. For an
operational threshold D

op,i’
Nallow = mini<Dop,i : Nlim,i) (6)

where D, ; = 1/3 gives the direct-reuse boundary and D,,; = 2/3 gives the retirement

op,i op,i
boundarypunder the management convention of [14]. For 1ihese two thresholds, we use
the more explicit notation Ny;rec = min; (Nyy, ;/3) and Ny = min;(2Ny;;,,;/3), rather than
reusing N, for both. These thresholds are operational rules, not physical corrosion laws.
Failure/limit life corresponds to D; = 1 and must not be inserted directly as N,j,,,. Equation
(6) is an engineering approximation for parallel mechanisms; shared thermal, vibration,
and humidity drivers can introduce correlations, which require joint test data or a stochastic

model for a fully probabilistic treatment.

4.3. Monitorable Metrics and Criteria

The state variables must be measurable, forming a model-prediction—-measurement-
verification loop (Table 5). The warning criteria below are engineering starting values for
in-service trending, not universal acceptance limits; they should be tightened or relaxed
using the product’s own measurement history (Section 3.5).

4.4. llustrative Uncertainty Propagation and Stochastic Extensions

Recent studies have used probabilistic models for PCB humidity-driven time to fail-
ure [15], stochastic corrosion—fatigue assessment [22-24], and Bayesian updating with
inspection data [23]. Gamma-process and related degradation models provide further
general foundations [20,21]. These approaches are most persuasive when their distributions
are calibrated by product or fleet data.

Because the input distributions of the present study are not product-calibrated, absolute
failure probabilities would be misleading. Monte Carlo propagation is therefore used here
only as an illustrative uncertainty analysis: input distributions are stated explicitly, and
the outputs are conditional percentiles rather than validated reliability predictions. As an
~ Uniform(3, 5),
and AR s = 1 mQ) at a reference cycle count N, ; = 1074. The coefficient is computed as

example, 100,000 draws are made with m ~ Uniform(0.3, 0.7), 10g1oNeyco
a = AR,¢¢/N,ef™. Anchoring a at the first flight would make N, cancel out of Equation
(4); the reference-count anchor avoids that cancellation, so uncertainty in N, enters the
lifetime distribution linearly. Under this convention, the illustrative Niimfretting distribution
has a median of 30.3 flights, a 5th-95th percentile interval of 2.4-426 flights, and 30.9%
of draws below the fixed 12.3-flight fatigue limit. This percentage is only a fretting-
parameter and cycle-count sensitivity result with fatigue held fixed, independent inputs,
and no model-error term; it is not a joint probability of the controlling mechanism
under combined fatigue-and-fretting uncertainty. Thus, even the illustrative ranking
is conditional rather than definitive. After product measurements become available, the
same state model can support Bayesian updating or Gamma/Wiener-process formulations
without changing the reuse-decision structure.
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5. Case-Study Application on Flight-Heritage Hardware
5.1. Object of Analysis

The object is the rocket-borne data-acquisition board with a real flight heritage that
was analyzed for thermal fatigue in [14]: six-layer FR4, true ODB++ board outline
108.25 mm x 108.25 mm x 1.62 mm, 109 components; the full hardware description and
the finite-element model are given in [14] and are not repeated here. The flight heritage is
used only to define a realistic hardware and mission context; it does not constitute flight
validation of the corrosion model, because no flight-derived time series of contact resis-
tance, SIR, chloride deposition, or coating degradation are available. From the corrosion
perspective, the critical sites (Figure 6) are different from the fatigue-critical ones: the two
51-pin board-to-board connectors X2/X3 (mating with another printed board inside the
same chassis, not cabled to the housing), whose gold-plated contact zones are necessarily
left uncoated and constitute the principal fretting-corrosion exposure; and the coating
edges around the large ceramic packages (D10 PGA-133, D9 LCC-20, D6-D8 FIFO-32),
where thermal-cycling-driven coating cracking is most likely to initiate underfilm corrosion.
The board is mounted inside a sealed unit housing (connectors cabled out through sealed
feedthroughs), corresponding to the “hermetic sealing + feedthroughs” exposure class of
Section 2.3. Previous thermal-fatigue analysis identified D10 as the fatigue-limiting device
(12.3 flights on the conservative Model-1 tier [14]); X2/X3, as structural interconnections,
do not participate in the solder-joint fatigue ranking and must be evaluated separately for
fretting corrosion [14].

Flight-heritage board layout and corrosion-prevention focus sites (ODB++ measured)

100 A /

80 1

60 -

Y (mm)

40 1

20 A

N

0 20 40 60 80 100
B D10 ceramic PGA-133: fatigue-limiting device (Wang and Miao, 2026)
B ceramic families D9, D6-D8: fatigue bottleneck
mm X2/X3 board-to-board conn.: fretting exposure (not shielded)
others (109 parts, board-wide conformal coating)

Figure 6. Layout of the flight-heritage board with corrosion-critical sites marked (ODB++ measured
outline, 108.25 mm x 108.25 mm): D10 (ceramic PGA-133, the fatigue-limiting device in [14], con-
servative Model-1 tier 12.3 flights), the D9/D6-D8 ceramic families, and the X2/X3 board-to-board
connectors (fretting-corrosion exposure unscreened by the housing).

https://doi.org/ 10.3390/aerospace13111026


https://doi.org/10.3390/aerospace13111026

Aerospace 2026, 13, 1026

17 of 23

5.2. Existing Practices and Proposed Additions in the Five Phases

The measures below mix existing operational practices with proposed additions re-
quired for calibration. They are separated to avoid implying that model-validation tests
have been performed. Established workmanship controls and recovery operations provide
the hardware context, but they were not instrumented as a corrosion-validation exper-
iment. The combined-stress calibration tests and dedicated corrosion trend series are
proposed procedures.

e Design (implemented design features). ENIG pad finish; X2/X3 selected as gold-
plated contact (>1.27 ym) high-normal-force structures; board-wide conformal coat-
ing: polyurethane varnish (30-50 pm, applied per QJ 3259 [43]) in current practice,
upgradable to Parylene C (20-25 um) for sea-recovery profiles, with connector contact
areas masked; hermetically sealed unit housing with connectors cabled out through
sealed feedthroughs; insulating transitions between metallic fasteners and the housing;
control of assembly preload and residual stress at SCC-susceptible housings, brackets,
and fasteners. These are design features, not degradation measurements.

e  Manufacturing (implemented process controls). Post-soldering aqueous cleaning + ion-
chromatography sampling (NaCl equivalent < 1.56 pg/cm?); cleanliness inspection
before coating; pinhole sampling inspection after coating. These controls establish process
quality but do not constitute corrosion-life validation.

o  Testing (existing qualification plus proposed calibration). Single-stress damp-heat
and cyclic salt-fog tests were performed as qualification activities. The combined
“—40/495 °C thermal cycling 4+ random vibration + damp heat” profile with contact-
resistance monitoring of X2/X3 is a proposed calibration procedure, not a completed
corrosion-validation test.

e  Operation (existing recovery practices plus proposed logging). Comprehensive
open-box inspection after recovery, cover-opening cleaning after splashdown, bake-
out, and supplementary high/low-temperature and random-vibration acceptance tests
are established recovery operations; they provide context but were not instrumented
as a standardized corrosion time series. Exposure logging is a proposed addition for
model input.

e  Maintenance (proposed monitoring additions). Multi-flight contact-resistance and
SIR trend series, coating impedance sampling, and SCC-site inspection records are rec-
ommended monitoring additions; no such trend dataset is analyzed in this manuscript.

5.3. Illustrative Model Application and Operational Thresholds

The following calculation illustrates the model workflow; it is not a validation using
corrosion-test or flight-derived degradation data. The board’s flight heritage defines a
realistic hardware and mission context only. The housing is assigned E,,;; = 0.2 (the upper
bound of the hermetic-sealing range, a conservative engineering estimate), N4 = 1, and
« = 0. These values are assumptions for demonstration, not measured product parameters.
The 1/3 and 2/3 thresholds are used only to demonstrate compatibility with the fatigue-
based framework of [14]; mechanism-specific corrosion thresholds should instead be
determined by risk policy, inspection capability, and product data, and are not presumed
to be universally identical to the fatigue thresholds.

The fretting-corrosion value in Table 6 is obtained by an explicit forward calculation
along the conversion chain of Section 4.1, rather than by assertion. The calculation is highly
sensitive to the exponent m and to the assumed cycle count; it must therefore be interpreted
as an illustrative scenario, not as a product-specific ranking of limiting mechanisms. The
underfilm/ECM row is retained for inspection completeness, but no numerical limit life is
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assigned because no defensible rate data are available. The corresponding parameter chain

is summarized in Table 7.

Table 6. Illustrative limit lives and their translation into operational thresholds for the flight-heritage

board (E,,;; = 0.2, Nng = 1,7 =0).

Mechanism Key Parameters and Illustrative Limit Direct-Reuse Retirement
(Location) Protection State Life Ny, Boundary Ny;,,/3 Boundary 2Ny;,./3
Solder thermal Engelmaier model from FEA 12.3 flights 4.1 flights 8.2 flights
fatigue (D10 and device data [14];
ceramic PGA-133) conservative Model-1 tier, ALT

calibration pending
Connector fretting ~ Gold-plated contacts >1.27 ym, 25 flights 8.3 flights 16.7 flights

corrosion (X2/X3)

high-normal-force structure;
unshielded vibration path;
nominal calculation in the
following table

Underfilm
corrosion/ECM
(board surface)

Board-wide conformal coating + Not assigned (no

controlled ionic contamination;
housing shielding E;; = 0.2

calibrated rate)

Table 7. Illustrative fretting-corrosion calculation for connectors X2/X3 (parameters assumed for
demonstration and requiring product-specific calibration).

Chain Link Parameter Value Basis

Threshold ARy 5mQ) Engineering starting criterion of
Table 5

Mission — cycles Effective fretting cycles per ~10* Rainflow of the contact

ﬂlght NCyC,O

micro-displacement history; to
be measured or simulated by
connector-level FEA [53]

Rate-law exponent m 0.5 nominal (assumed Illustrative range selected for
sensitivity range 0.3-0.7)  sensitivity analysis, not a directly

fitted range from [17,18]

Rate constant and a, Honys Npt 0.01 mQ-cycle™, H.,, =1, Anchored at AR, = 1 mQ) at the

reference Nt = 1074 cycles reference count N,¢, with
a = AR ¢/Nf™; dry-cavity
environmental acceleration set to
unity

Resulting limit life Niim fretting = ~ 25 flights (nominal) Forward substitution into

(ARlim/ (aHenv) )1/m/Ncyc,0

Equation (4)

Deterministic sensitivity

Same reference anchor,
m=03/m=0.7

>200/~10 flights

Demonstrates the need to
calibrate m

[lustrative uncertainty

propagation

(Section 4.4)

100,000 Monte Carlo draws

Median 30.3; 5th-95th
percentile 2.4-426 flights;
30.9% below 12.3 flights

Conditional on the stated
distributions and reference-count
anchor; not a validated failure
probability

Substituting the illustrative values into Equation (5) gives Ny;,;, = min(12.3,25) = 12.3
flights. This is the limit life at D = 1, not the operationally allowable life. Applying the direct-

reuse and retirement boundaries gives N ;.o = min(4.1, 8.3) = 4.1 flights and N, = min(8.2,

16.7) = 8.2 flights. These quantities are kept distinct throughout the revised decision procedure.
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The corresponding normalized life-consumption fractions and operational boundaries are
shown in Figure 7.

Illustrative life-consumption fractions and operational reuse thresholds
—7 P

w— fatigue: Njim = 12.3 flights
=== fretting corrosion: N, = 25 flights

I e e—

retire _
>2/3 fatigue limit life 12.3 fl /,/"
direct-reuse boundary 471 fl
retirement boundagy’8.2 fl

N/Njim, i
o
)

o
o
L

\
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Figure 7. Illustrative normalized life-consumption fractions D; = N/Nj;,, ;, not normalized resistance
or experimentally measured degradation trajectories. The curves use Ny, = 12.3 and 25 flights for
fatigue and fretting corrosion. Underfilm corrosion/ECM is not assigned a numerical limit life and is
therefore not plotted. The horizontal lines are operational thresholds at D = 1/3 and D = 2/3; the
fatigue limit life is 12.3 flights, while its direct-reuse and retirement boundaries are 4.1 and 8.2 flights.

All inputs are illustrative.

The application illustrates three mechanism-screening points. First, housing protection
suppresses the electrolyte-dependent mechanisms that dominate exposed boards. Second,
fretting degradation remains possible because the mechanical vibration path is not shielded
by the housing. Third, after fatigue refurbishment, another mechanism can become con-
trolling, so corrosion and fatigue must be assessed in parallel. These are conclusions about
model structure and inspection needs, not validated absolute-life predictions. SCC remains
a parallel screening item for the housing, brackets, and fasteners, but is excluded from
the numerical budget because no material-stress—environment-specific crack-growth data
are available.

6. Discussion

1. Model positioning. The proposed model is an engineering state-accounting and
decision framework, not a validated absolute-life predictor. Its value is to connect
inspectable corrosion states with reuse decisions in the same way that fatigue states are
already used. Parameters K;, a, m, H,,,, and the exposure variables must be calibrated
by combined-stress tests and in-service measurements before predictive use.

2. Relationship with existing standards. The proposed system does not replace GJB
150/MIL-STD-810 qualification tests; it superimposes reuse cycling and cumulative
management on top of their qualification basis—the two are related as “admission”
versus “in-service management”.

3. Limitations and evidence boundary. No product-specific corrosion-test series or
flight-derived corrosion time series are available in this study. The numerical examples
are therefore illustrative scenarios, and neither an absolute mechanism ranking nor
a validated absolute reuse life is claimed. SCC is included in mechanism screening,
design control, and inspection, but not in the quantitative budget because material—
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stress—environment-specific crack-growth data are unavailable. The uncertainty distri-
butions in Section 4.4 are also assumptions rather than fitted fleet statistics.

4. Calibration pathway. The literature provides mechanism-level rate laws and starting
thresholds [4,5,16-18,26,27,44], but product-specific transfer coefficients—bay salt
ingress, contact micro-displacement, housing leak-rate growth, and the measured
re-entry vibration spectrum—must be obtained by first-round measurements or FEA.
This is precisely the division of labor behind the test-spectrum development route
of Section 3.3: mechanism rates come from the literature, and transfer coefficients
come from measurement. After such data are collected, independent validation should
compare predicted and measured state evolution before the model is used for certified
reuse limits.

7. Conclusions

(1) The corrosion of RLV electrical products has three specific drivers—salt exposure
from sea recovery, breathing condensation, and multi-stress coupling—and current
single-stress qualification standards do not cover reuse accumulation.

(2) A corrosion prevention and control system covering the five phases of design, man-
ufacturing, testing, operation, and maintenance is proposed. Its core measures
are corrosion-resistant platings and coatings, sealing-with-breathing design, ionic-
contamination control, combined-stress testing, post-recovery desalting, corrosion-
specific inspections, and SCC screening of metallic housings and fasteners.

(3) Mechanism-specific state models are established for electrolyte-dependent corrosion
and connector fretting corrosion. By distinguishing physical state ratios from normal-
ized life-consumption fractions, and failure/limit life from operationally allowable
life, the framework connects corrosion and fatigue within one reuse-decision structure
without assuming a universal linear corrosion-rate law.

(4) The flight-heritage hardware application demonstrates the calculation and calibration
workflow, including sensitivity and uncertainty propagation. It does not constitute
flight validation or establish a definitive absolute-life ranking. Product-specific test
and inspection data remain necessary before the framework can support certified
reuse limits.
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Nomenclature
Symbol Description Unit/Value
S;(N) Inspectable state variable of mechanism i after N flights mechanism-dependent
Slim.i Engineering limit of the state variable S mechanism-dependent
d Per-flight state increment of mechanism i mechanism-dependent
Xin Mechanism-specific driver set during flight/recovery n -
E ¢ Normalized salt/marine exposure of a recovery event 0-1 (sea splashdown = 1)
Neond Condensation-evaporation cycles per flight ~1 (illustrative)
Chroci Process/design multiplier for mechanism i 1 for baseline design
k; Baseline rate constant of mechanism i calibrated by test
K; Effective rate coefficient, K; = k;C,oc, calibrated by test
«, B Exposure exponents in Equation (2) 1 (first-order approximation)
R, Physical state ratio, R; = 5;/Sy,; -
D, Normalized life-consumption fraction, D; = N/Ny;,,; -
Niim Limit life of mechanismiatS; = Sy, ; flights
Niim System limit life, min over mechanisms flights
Nattow Operationally allowable reuse flights from Equation (6) flights
Ngirect Direct-reuse boundary, min; (Ny;,, ;/3) flights
Nietire Retirement boundary, min; (2Ny,,;/3) flights
Dop,i Operational threshold of mechanism i 1/3 direct reuse; 2/3 retirement
AR Contact-resistance increment of a connector mQ)
ARy, Contact-resistance increment limit 5 mQ (illustrative)
Nyyer Neyeo Cumulative and per-flight fretting cycle counts cycles
rof Reference cycle count used to anchor a 1074 cycles (illustrative)
a,m Power-law fitting constants of AR versus cycles fitted by test
Heny Environmental acceleration factor for fretting degradation >1; dry enclosure = 1
E, Initial salt/marine exposure level (new seals) 0-1
0% Seal-aging coefficient of E_,;;(IN) calibrated by test
SIR Surface insulation resistance O
ECM Electrochemical migration -
ACM Atmospheric corrosion monitor -
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