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SUMMARY

A compendium of typical results of neutron radiographic inspections
performed on aircraft structures and laboratory specimens is presented in
this report. These results were compiled, documented and presented so as
to indicate the capability and limitations of nonreactor, mobile (or po-
tentially portable) sources for effective inspection of specific types of
alrcraft structures. Neutron sources utilized for the radiographs in the
compendium include Califormium-252 isotope sources, a Van de Graaff accel-
erator, and a reactor used in a mode which simulated the beam geometry of
a mobile system.

Types of structures represented in the compendium are metal honeycomb,
solid metal laminates, mixed metal/composites, and various aircraft mem-
bers comprising multiple element types. These specimens are representative
of structures found in current and proposed Navy aircraft design. The
detection of bonding defects in both thin and thick metal laminates, as
well as composite-to-metal structures, is demonstrated, as is the imaging
of corrosion products in such structures. The specimens inspected include
laboratory prepared controls, aircraft experimental structures, and in-
service aircraft.

Radiographic features pertinent to the specific specimens were cited,
where applicable, to aid in the interpretation of future radiographic
results for similar specimens or structures.

Radiographic parameters indicating the conditions of neutron beam
exposure were tabulated for ready reference and intercomparison of the
radiographs in the compendium, or for comparison to results reported
elsewhere.

From observation and analysis of the radiographs, it is concluded that:
(1) The resolution and sensitivity of state-of-the-art mobile N-Ray systems
are adequate for effective nondestructive inspection of aircraft for many
commonly occurring defects; (2) radiographic results from such systems
included in the compendium clearly demonstrate the validity and power of
the technique; (3) the systems utilized in the exploratory work which pro-
vided these results have proved the feasibility of making N-Ray systems
sufficiently portable to inspect aircraft structures.
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PREFACE

The compilation of N-Ray inspection results by Vought
Corporation Advanced Technology Center is intended to
illustrate results of neutron radiography techniques for
mobile inspection of aircraft structures. The study was
performed under the initiation and sponsorship of the
Ground Support Equipment Department, Code 92724, of the
Naval Air Engineering Center, Lakehurst, NJ, via contract
N68335-77-C-0555. Such a compendium with its documenta-
tion serves as a basis for evaluating both the capabili-
ties and limitations and hence the overall effectiveness
of mobile N-Ray sources for inspection of typical struc-
tures. The study also provides a means of intercompari-
son of radiographic results from various sources and
illustrates what differences in results, if any, might
be expected due to differences in N-Ray system design
and techniques used for imaging. It should also be noted
that radiographs presented here show much longer exposure
times than could be expected with a mobile N-Ray system
which could be currently built. The time frame encom-
passed on these N-Rays is from about August 1972 to
August 1978,
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I. INTRODUCTION

Advanced aircraft structural designs have evolved in recent years which
challenge the application of conventional techniques for nondestructive
inspection of structures based on these designs. Detection of corrosion in
conventional aircraft structures continues to be of prime concern in current
aircraft reliability programs and in assessing the serviceability of
advanced structural designs.

Neutron radiography (N-Ray) is unique in its ability to accurately image
hydrogenous and certain other materials hidden within metallic structures.
This selectivity of materials in radiographic imaging provides an inspection
tool for potential use in routine inspection of aircraft. Applications
include inspection for corrosion, sealant leaks, adhesive bonding defects,
accumulation of moisture, and many other defects. For some applications,
such as inspection of adhesive bond lines in structures involving complex
metal joints, neutron radiography may be the only current effective inspec-
tion technique. In other applications for which X-ray is ineffective due
to high attenuation in thick metal laminates, conventional ultrasonic tech-
niques may yield useful nondestructive testing (NDT) information. In many
such instances, neutron radiography is superior, as it not only detects the
presence of flaws but also precisely defines its extent and shape through
the shadow imaging process. For inspections where this type of imaging can
be applied, neutron radiography offers the promise of significant savings
in maintenance costs, since a large portion of the work load in today's
maintenance programs is in disassembling the aircraft to permit routine
inspections or to find the cause of malfunctions. It is in this area that
"shortcuts" are sorely needed, provided of course, that they are valid and
dependable.

In the time frame of the evolution of advanced aircraft structural
designs, the capabilities and scope of application of neutron radiography
have expanded through the increased availability of nonreactor neutron
sources, which lend themselves to transportable neutron radiography. Con-
siderable effort has been expended in recent years to evaluate the applica-
bility of neutron radiography to on-site inspection of aircraft and for
solving some of the more difficult inspection problems (references (a)
through (r).) Numerous experiments have demonstrated the ability of the
neutron radiographic technique to image flaws which defy detection by more
conventional means.

It is the objective of this study to present a compendium of results
from neutron radiography inspections performed on aircraft structures and
laboratory specimens by isotope or accelerator neutron sources. The pur-
pose of the compendium is to present and document the results from various
experimental efforts in such a manner as to indicate the capability and
limitations of mobile neutron radiography for inspection of specific types
of structures. The results as documented will aid in the interpretation of
results from similar future inspections. Examples will be presented for
structures for which the suitability of the technique for inspection has
been proven. In addition, examples will be cited for which the suitability
appears promising but where additional work is deemed necessary to establish
its ultimate effectiveness for routine inspections.
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While it is recognized that neutron radiography is not a panacea for
detecting all types of structural defects, it is anticipated that the tech-
nique will play a significant role in assessing the serviceability of Navy
aircraft, whether they be in-service aircraft such as the E-2, F-4, F-14 and
A-7 or the advanced F-18 and AV-8, or future aircraft such as the VSTOL
Type A or B projected for the 1990's. This study is designed to aid in
determining the nature of this role, as well as the role that the technique
will assume in intermediate-level maintenance of aircraft in the fleet.
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II. COMPENDIUM DATA

The organizations that provided radiography results for this study, along
with the types of neutron sources used to attain the results, are listed in
Table I.

In compiling the radiographic data, a concerted effort has been made to
include data from different types of portable or nonreactor neutron sources
in current usage, as well as from different facilities of the same type.

The selection of types of radiographs is not intended to be all inclusive
in scope. The collection of radiographs was limited to a manageable number
which illustrate the type of results available for selected structures. The
radiographs are grouped as shown in Table II.

The radiographs are shown in Figures 1 through 31. Without exception,
the radiographs are presented as positive prints of the original negatives.
Hence, the darker areas in the print represent greater neutron attenuation
in the specimen, and the lighter areas correspond to greater neutron trans-
mission. Pertinent exposure data and interpretation information for the
radiographs are provided for easy reference either on the page with the
figure or on the page facing the figure.

TABLE I. RADIOGRAPHIC DATA SOURCE

Types of Neutron

Organization Sources References
Vought Corporation a. Californium-252, (a) - (1)
Advanced Technology Center, Inc. <3 milligrams
(ATC) b. Van de Graaff Ac-
celerator, 3 MeV
IRT Corporation (IRT) Californium-252, (3) - (p)
<10 miligrams
National Bureau of Standards Reactor, 10MW, L/D (q)
(NBS) reduced to ~40 to
simulate nonreactor
radiography
Royal Military College of Canada Californium-252, (r)
(RMC) 2 milligrams
9
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Adhesively Bonded Metal Structures:
Aluminum Honeycomb
Solid Laminates

Closed Wing Structures

Composite Structures:
Composite/Metal Structures
Graphite Epoxy Structural
Materials

Corrosion:

In-Service Structures

Laboratory Specimené

10

TABLE II. NEUTRON RADIOGRAPHY SPECIMEN CATEGORIES

Radiograph No.

1-11
1-5
6-9
10-11

12-16
12-15

15-16

17-31
17-20, 22-28, 31
21, 29, 30
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III. ODISCUSSION

A. CAPABILITY ASSESSMENT. oObservations from the analysis of radiographs in
this compendium and from the referenced reports demonstrate that mobile
neutron radiography is highly effective for assessing adhesive bond-line
quality in metallic and composite/metallic structures, even through thick
metal structures and complex joints. Additionally, internal sealant dis-
tribution within metallic structures is accurately imaged, providing
capability for detecting fuel tank leakage paths, position and condition

of O-ring seals, etc. Corrosion products and other effects of corrosion in
metallic members are discernible with good sensitivity. Hydroxides and
chlorides resulting from the corrosion process are readily imaged in the
absence of other hydrogenous materials, and less easily in the presence of
such materials. However, discrimination between corrosion products and ‘
other hydrogenous materials such as water, oils and sealants is possible in
most cases through pattern recognition and analytical techniques. Also,
significant potential exists for process flaw detection in composite
materials and structures through mobile neutron radiography.

Through use of appropriate imaging film/converter combinations, flaw
resolution capability of 1/8 inch in difficuit structures is readily attain-
able with exposure times of five to ten minutes using state-of-the-art
mobile neutron sources. This capability is adequate for many types of air-
craft inspection problems. For resolution higher than that stated above,
greater source-to-specimen distances must be used for proper imaging. This
requirement necessitates higher neutron intensity than is generally feasible
with current mobile sources. Thus, if rapid imaging wisgzhish resolution
is a requirement, a fixed-base reactor, accelerator or Cf multiplier
system is needed.

This compendium of radiographs demonstrates the validity and power of
the neutron radiography inspection technique, and the systems which provided
the compendium radiographs demonstrate the feasibility of making N-Ray
operations "mobile" for practical inspection situations. The reduction in
aircraft maintenance manhours and thus maintenance cost which is potentially
available through mobile N-Ray may be realized only through implementing
the transition from exploratory N-Ray work to a real-world, routine aircraft
inspection capability. This will be accomplished through development of
specialized equipment for adapting the N-Ray technique to a routine field
process analogous to that used in X-ray inspection.

B. APPROACH. The type of neutron source recommended for achieving the
objective of a safe, motile N-Ray system for routine inapeggionl is an "on-
off" ion accelerator neutron generator. The use of large 2cf sources for
rapid inspection becomes less practical for mobile applications as the
required shielding weight for the stored source increases. In high resolu-
tion or short exposure applications §gqu1ring higher flux than that
available from a few milligrams of 232¢¢ (2.3 X 109 n/sec per milligram),
the concept of a mobile accelerator system becomes attractive as an alter-
native technique. Mobile accelerator sources capable of supplying in excess
of 5 X 1010 scutronl/lccond are commercially available. In comparison with a
3-milligram 32¢¢ system, for example, it is estimated that exposures would

11




NAEC-92-116

be approximately five times as fast. An inspection requiring one hour for a
given resolution using the 3-mg 252¢¢ system would require only 12 minutes
with the accelerator system.

For field inspection applications, potential advantages of such a source
over isotope sources lie in the areas of: (1) speed, (2) mobility, (3)
costs, and (4) on-off operation. More specifically, the most significant
cost saving compared with isotope sources lies in the initial cost of the
neutron source. Rough estimates for the two types of sources are compared,
for example, in Table III. The cost estimates are for the basic mobile
source with basic positioning device and include, in the case of the iso-
tope, the biological shielding required for the residual source (not
required with accelerator source). Savings in recurring costs would be
highly dependent on the extent or pattern of neutron beam utilization from
the system, i.e., the long-term duty cycle of the system. A comparison of
recurring costs, for example, must be based chiefly on the costs of isotope
replacement per inspection performed (which, in the case of an isotope
system, is strongly dependent on time utilization of the decaying isotopic
beam) versus the cost of tube replacement per inspection (which, in the
case of an accelerator system, is independent of the time utilization, as
the tube lifetime is dependent only or tube "on-time").

Not to be underestimated as a distinct advantage of an accelerator sys-
tem over an isotope system is the convenience of being able to turn off all
external radiation when the system is not in use. This aspect overcomes
the psychological barrier that exists in many instances due to the radia-
tion emitted external to the shielding of a continuously emitting isotope
source and simplifies the radiation safety procedures, particularly for
field inspection applicationms.

TABLE III. CONCEPTUALIZATION OF MOBILE N-RAY SOURCES
FOR FIELD INSPECTION OF STRUCTURES

Estimated Source Parameters
Acceler- T¥p1cal (Basic Mobile Source With Shield)
ator Californium-252 ilm Portable Accelerator Californium-252
Neutron Equivalent (mg) Exposure System System
Output (After Times Cost Weight Cost Weight
{n/sec) Ihermalization) _(AA) 8K)  (Lb) (3K)  (Lb)

109 ~ 0.3 30 hrs 75 1,000 50 1,500
1010 ~ 2.8 3 hrs 125 3,000 125 5,000
1011 ~ 27.2 18 min 300 8,000 500 30,000

12
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REV A.

C. CURRENT STATE-OF-THE-ART. The Vought Corporation Advanced Technology
Center has developed the concept of a transportable "on-off" N-Ray System
based on a sealed tube ion accelerator neutron generator.

Under contract (DAAG46-78-C-0007) with the Army Materials and Mechanics
Research Center, Watertown, MA, Vought is currently providing the Army with
an engineering model of this system. This device will be the first of its
kind and much information relating to operating parameters, physical/
functional features, and capabilities will be learned during its development
and evaluation. Manufacture of this device should be completed by July 1979
with engineering testing to follow.

D. COST AND RISK. 1In general, the cost and risk associated with the on-
going technology of an "on-off" mobile system are relatively high since this
development involves a new methodology in neutron radiography. There is,
however, sufficient background information and experience to assume a good
probability for producing a viable system which will add an important method
to the aircraft inspection scene. Because of the cost and risk involved,
coordination of on-going development of this technique within DOD is war-
ranted. The coordinated effort should reduce duplication of effort, and
give each service a voice in the developmental effort while distributing the
total expenditure.

13 (REV A)
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IV. CONCLUSIONS

A. Mobile neutron radiography has been shown to be highly effective as

2 nondestructive testing technique for; (1) locating corrosion and inter-
nal sealant distributions in metallic structures; (2) assessing adhesive
bond line quality in metallic/composite structures; (3) locating hydrogen-
ous materials such as water, oils and O-rings/seals, etc. (paragraph III.A.).

B. Significant potential exists for detection of certain flaws in composite
materials (paragraph III.A.).

C. An "on-off" mobile neutron radiography system with relatively good res-
olution capability is feasible and may well be cost effective when compared
with the necessity of disassembling complex aircraft structures for inspec-
tion (paragraph III.B.).

D. An "on-off" N-Ray system is preferable to a system using the Californium
isotope in regard to both economics and safety (paragraph III.B. and Table
I1I1.).

e ermii s, e o e - bt s
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V. RECOMMENDATIONS

A. Because of the ability of mobile N-Ray to perform specific inspection
tasks which could significantly reduce manhour requirements for disassembly-
for-inspection methods currently in use and tedious scanning requirements

of other NDT methods, especially for corrosion detection (a significant
problem in the Naval aviation environment), a mobile N-Ray system should be
pursued. It should be pursued, however, with a thorough understanding of
its advantages, disadvantages, and cost. These general recommendations for
pursuing such a system are:

1. Pursue the "on-off" type ion accelerator neutron generator system
because of economics and safety considerations.

2. Promote state-of-the-art research and development to refine the
"on-off'" system design and capabilities.

3. Monitor develcpment and testing of mobile "on-off'" N-Ray systems.

4, Assess the Naval aviation maintenance environment (both intermediate
and depot levels) for impact of the use of such a system, and assess the
economic feasibility of operation when compared with manhours saved after
sufficient information is gained from actual operation of developmental
systems.

5. Coordinate development efforts to the largest extent possible with
the Army and Air Force to insure accurate capability assessment and most
effective use of manpower and funds.

PCURPR VTSNS
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SPECIMEN |TYPE AND STRENGTH| L/D |CONVERTER FILMiEXPOSURE TIME iRADIOGRAPH
THICKNESS OF SOURCE RATIO| COMBINATION | OR FLUENCE ORIGIN

2
1.0 *CF,1.5 mg 18 GdI/M | 16 Hr ATC
The area of chief interest in this radiograph is that showing the condition
of the bond 1line in the honeycomb closeout region. Many adhesive voids are

present in this area (indicated by the arrows). The aluminum core was
resin-coated in this case.

Figure 1 - Neutron Radiograph of Aluminum Honeycomb Aircraft Panel - Side 1
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SPECIMEN ITYPE AND STRENGTH| L/D |CONVERTER FILM|EXPOSURE TIME |RADIOGRAPH
THICKNESS OF SOURCE RATIO| COMBINATION OR_FLUENCE ORIGIN

IRE ’ “*%c£,1.5 mg 18 Gd/AA 5 Hr ATC
The skin-to-core interface on the opposite side of the panel of Figure 1 is
shown here. This side, which was not "in focus" in Figure 1 now appears as
a sharp image, illustrating the selectivity of imaging resulting from this
type of radiographic system. ﬁ

Figure 2 - Neutron Radiograph of Aluminum Honeycomb Aircraft Panel - Side 2
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NAEC-92-116

UNBOND -
ADHESIVE
PRESENT,
NO WETTING
OR FILLETING

HEAVY
FILLETING,
REAR SKIN

POOR
FILLETING,
REAR SKIN

UNBOND -
NO ADHESIVE,
FRONT SKIN

SPECIMEN |TYPE AND STRENGTH| L/D |CONVERTER FILM|EXPOSURE TIME |RADIOGRAPH
THICKNESS OF SOURCE RATIO| COMBINATION OR_FLUENCE ORIGIN

1.125" “*2¢£,1.0 mg 18 |  Gd/SR-54 24 Hr ATC

In this NDI test panel, built-in voids and unbonds are radiographically imaged
in the areas indicated:

a. Unbond prepared by application of thin mylar film between adhesive
and face sheet on side of test panel next to imaging cassette.

b. Unbond prepared by deletion of adhesive between core and face sheet
on side of panel next to imaging cassette.

Figure 4 - Neutron Radiograph of Aluminum Honeycomb NDI Test Panel No. 1
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SPECIMEN |TYPE AND STRENGTH| L/D |CONVERTER FILM|EXPOSURE TIME |RADIOGRAPH
THICKNESS OF SOURCE RATIO| COMBINATION OR FLUENCE ORIGIN

2

- *Cf,2.9 mg 18 |  Gd/SR-54 } 24 Hr ATC
Prepared bond-1ine flaws in this NDI test panel are imaged in the areas noted:

a. Adhesive deficiency in near skin-to-core bond line, in far skin-to-core
bond 1ine, and in tube bonding.

b. Excessive adhesive in tube-to-core bond.

Figure 5 - Neutron Radiograph of Aluminum Honeycomb NDI Test Panel No. 2
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NAEC-92-116

SPECIMEN [TYPE AND STRENGTH| L/D (CONVERTER FILM|EXPOSURE TIME |RADIOGRAPH i
THICKNESS OF SOURCE RATIO( _COMBINATION OR_FLUENCE ORIGIN !

0.5" 252cf, 3.1 mg ’ 13 ' Gd/T 3 Hr ATC

Gross voids in a multilayer aluminum wing skin bonding are imaged in this
neutron radiograph.

Figure 8 - Neutron Radiograph of Adhesively Bonded, Thick Aluminum Wing Skin

26




NAEC-92-116

uaw}3ds jurop deq wnuiwnjy ¥I4yL
‘papuog A|3ALSaypy $0 ydeaboipey uosinaN - ¢ a4nbi4

*SpudJaype wnuiwnie yduL-0g0°0 oM3 bututol augy
puoq 3ALS3Ype YduL-go0o 0 Ue UL SPLOA [(ews snouawnu sabewy ydesaborpeda siyj

.-o —vN G

Zs?

LY _ 4H 9 _ ¥5-4S/P9 _ 22 _ buw 52 39

NISIYNO JON3INTS ¥O NOILVNISWOD _ouh<¢ 34n0S 40 SSINIIIHL

HAVI90IaVY| 3WIL 3¥NSOdX3 |W1I4 Y3LY3IANOD

an _zhwzmzhm ONV 3dAL| N3WIJ3dS

27

P @

[3




ISRt

NAEC-92-116

*(mouue) pabewy sy aup( puoq spyy ug

PLoA ¥ -Buim ay3 3o A3pub633ul |RUNIONAIS 3Y3 03 |BIL3|4D S} YIHYM “3up| puoq
Jdeds-03-u)s pajeuiuie| ayy Si 3S3AIUL O RBUR BY) *U01333s Buim 3jeadape
Pajeutwe| 3oLyl e u} Juiof xa|dwod e Bupldadsuy wody paj|nsaa ydeaborpea syl

(ssauyayy

a1y bum) .8

JH £°6 _ w/p9 _N_ Bu §{°€°39z¢2

324N0S 30 SSINMIDTHL

NI9I¥0 JONINT4 40 | NOILYNISWOD _o~h<¢_
@/7 [HLONIULS OGNV 3dAL| N3IWIJIIdS

HAVIO0IOVY| 3WIL 34NSOdX3[WTI4 YILYIANOD

(abed ajtsoddo) sjusumio) @ a4nbi4

e

27a




T v =

U0L303S BulM 3jeddaty up jutop aeds-03-uly§ pajeutwe jo ydeaboypey uoanay - Q| 34nbyiy

NAEC-92-116

28

I R e R




*3|qLseas adouw

S324N0S | |ewS Y3LM uoi3dadsul sayew 33ed I6RUIA0D paseasdui ayj *sased yons ug
pue ‘swa|qouad uot3dadsur Auew 404 3jenbape SL “u3A3MOY ‘uoL3IN|OSaL SLYy] “duwL}
a4nsodxa u} uoL3onpaJ ploj-9| 3yy a3itdsap “Adueys ssa| jeymawos ybnoyj e
‘pabewt ||13S 34 S24NJL34 J3Y3}0 pue SMe|S aul|-puoq Juediyiubis ay3 eyy Jusd
-edde SL 3] "UOLIRULQUOD J3JJBAUOI /WLy J33sey e Bugsn ydesboiped snoLAdad
3yl jJo uawpdads 3yl 404 alqeurelje A Lpead s3|NSaL ay3 smoys abewy siyy

(ssauyoLyyl
Ly UtW 02 WX/%-0 61 bw |°¢ butm) .8

NI9I¥O IONINT4 ¥0 | NOILVYNISWOO _o~h<¢_ 3N0s 40 SSINIDIHL
HAVY90IaVY | IWIL 3YNSOdX3 [WII4 YILYIANOD| @/ [HLONIYLS ONV 3dAL| N3WID3dS

(ebed 331soddo) sjusuwo) || 4nbi4

NAEC-92-116

28a




. B

NAEC-92-116

u0$393S BULM 34eadaly Ul JuLOP JedS-03-ULYS
pajeutwe ¥otyl J0 ydeaboLpey uUOUINAN J3IU3AUOY/w(L{ 3Sed - ([ d4nbi4

=

[

29

s

e




*w

—

Pt

NAEC-92-116

NEUTRON X-RAY

SPECIMEN | TYPE AND STRENGTH| L/D |CONVERTER FILM|EXPOSURE TIME |RADIOGRAPH

THICKNESS | OF SOURCE |RATIO| COMBINATION & OR FLUENCE | ORIGIN
g5 | %f3.2mg | 16| Gd/sRsa | somr | ATC

The specimen was an adhesively bonded hybrid composite/metal wing skin struc-
ture which incorporated graphite-epoxy composite material, aluminum honeycomb,
and titanium shims. The noteworthy feature here is that neutron radiography
enables one to image the adhesive bond 1ine which bonds the titanium shims
into the structure. Voids in this bond line are seen at A and B. The X-ray
radiograph at the right shows the boundaries of the titanium shims, since the
titanium was essentially opaque to the X-ray beam used for this exposure.

Figure 12 - Neutron Radiograph of Hybrid Metal/Composite Wing Skin Structure
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NAEC-92-116
PREPARED
it PREPARED
\ VOIDS
k \ .015" DIA. VOID
\ SIMULATED BY
.005" DIA. COPPER WIRE

.005" DIA. VOID
SIMULATED BY
COPPER WIRE

VOID SIMULATED
BY COPPER WIRE

SPECIMEN |TYPE AND STRENGTH| L/D |CONVERTER FILM|EXPOSURE TIME |RADIOGRAPH

THICKNESS OF SOURCE  |RATIO| COMBINATION | OR FLUENCE | ORIGIN
3
, A-.2" Gr/Ep | *°%Cf, 2.5 mg 16 | Gd/SR-54 16 Hr ATC
B-.2" Gr/Ept+
.065"Ti

Voids in thin bond lines joining composite members can be radiographically

; imaged by use of a neutron opaque additive in the adhesive. This radiograph

E | U is illustrative of the contrast and resolution availabie when this technique

F is used. Void sizes, which are approximately full-scale, are as indicated on
P the print for simulated voids built into the specimen. The specimen at the

i | left contained no metallic inserts while the one to the right contained a

[Fhe .065-inch titanium shim. These specimens were prepared from 0.10-inch

’ i graphite/epoxy panels joined by .005-inch bond lines.

T
Saa gy
emend

N Figure 15 - Neutron Radiograph of Bonded Composite (Graphite Epoxy) Specimens




“ NAEC-92-116

.005'" CRACKS

STEP WEDGE

.027_“\‘

.055'" THICK
CRACKED LAYER

SPECIMEN ITYPE AND STRENGTH| L/D |CONVERTER FILM|EXPOSURE TIME |RADIOGRAPH
THICKNESS OF SOURCE RATIO| _COMBINATION OR_FLUENCE ORIGIN

Step .082" | 252cf, 2.5 mg ‘ 16 |  Gd/SR-54 18 Hr ATC
to .158"

8 This neutron radiograph images .005-inch cracks in a .055-inch thick graphite
{ U epoxy sheet masked by a graphite epoxy step wedge having thicknesses ranging
1 from .027 to .103 inch. This specimen simulated hidden internal crack damage.

& Figure 16 - Neutron Radiograph of Graphite Epoxy Specimen Containing
Cracks in Sublayer
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NAEC-92-116

X-RAY NEUTRON
SPECIMEN |TYPE AND STRENGTH| L/D |CONVERTER FILM|EXPOSURE TIME |RADIOGRAPH
THICKNESS OF SOURCE _|RATIO| COMBINATION | OR FLUENCE | ORIGIN

- I **%cf, 0.7mg | 18| Gd/SR-54 71 Hr I ATC

Corrosion damage in aluminum honeycomb at the skin interface is often detect-
| | able as a total absence of adhesive filleting, as shown in this radiograph of
A, an aileron section on which extensive repairs had been made. When significant
quantities of corrosion products are present, they are shadow imaged directly
by neutron attenuation.

| ,] Figure 17 - Neutron Radiograph of Corrosion-Damaged Aileron Section

e
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SPECIMEN |TYPE AND STRENGTH| L/D 'CONVERTER FILM|EXPOSURE TIME |RADIOGRAPH

THICKNESS OF SOURCE RATIO| COMBINATION | OR FLUENCE ORIGIN
.023" + 2%20¢, 1.5 mg 16 Gd/SR-54 31 Hr ATC
.037" 25 65 Hr ATC

Shown here is a comparison of neutron radiographs of a small section of a
highly corroded F-8 aircraft fuselage panel: (A) in "as-was" condition,

(8? after removal of all surface corrosion from a portion of the specimen.

The portion to the right of the arrow in (B) corresponds to that portion which

is free of surface corrosion and images the exfoliation (dark areas) surround-
ing the rivet holes and spot-welds.

Figure 18 - Neutron Radiograph of Corroded F-8 Fuselage Panel
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Y

SPECIMEN |TYPE AND STRENGTH| L/D |CONVERTER FILM|EXPOSURE TIME |RADIOGRAPH

THICKNESS OF SOURCE _ |RATIO| COMBINATION | OR FLUENCE | ORIGIN
Shell .038" 252c¢ 17 Gd/AA 1.3 x 10%n/cm?|  IRT
Aluminum +

Bushing

This radiograph is the result of N-ray inspection of the nose landing gear
housing from an A-7 aircraft. Of primary concern was the inspection for corro-
sion on the inner wall of the aluminum housing which is hidden by the bronze
bushings. The result shown here images corrosion products on that inner
surface which houses the bushing.

Figure 19 - Neutron Radiograph of A-7 Nose-Gear Housing
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L NAEC-92-116

CORROSION SIMULATED BY AL(OH)3

011 006 002

030

DEPTH .030 015 006 020 1

(IN.)
e o o ’
DEPTH .025 .016 017 .015
(IN.)
HOLE PATTERN

SPECIMEN |TYPE AND STRENGTH| L/D |CONVERTER FILM|EXPOSURE TIME |RADIOGRAPH
THICKNESS OF SOURCE RATIO| COMBINATION | OR FLUENCE ORIGIN

Shell .038" Van de Graaff 18 Gd/M 20 Min ATC
2 Aluminum + laccelerator,280ua
_ Bushing
- An indication of resolution and sensitivity for detection of corrosion in the ﬁ

A-7 nose gear at the housing/bushing interface is shown in this radiograph. A

T corrosion standard for inspecting the upper 5-inch main bushing interface, pre-
i pared by drilling holes of various diameters and depths in the inner housing

| wall and filling with A1(OH)3 to simulate corrosion, was radiographed with bush-
- ing in place to yield this result. Depths and diameters of the filled holes

are as indicated by the numbers.

e

Figure 21 - Neutron Radiograph of A-7 Nose-Gear Corrosion Reference
Specimen for Main Bushing Outer Housing
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SPECIMEN | TYPE AND STRENGTH| L/D |CONVERTER FILM|EXPOSURE TIME |RADIOGRAPH
THICKNESS OF SOURCE RATIO|_COMBINATION OR_FLUENCE ORIGIN

- rs 20 Gd/AA 3.0 x 10®°n/cm? IRT

A portion of A-5 aircraft skin exhibits in this neutron radiograph corrosion
pits surrounded by the familiar "ragged" rings of corrosion products which are
typical of corrosion attack on aluminum skins. Photographs taken before and

after removal of corrosion products reveal close resemblance of radiographic
image to the damage pattern in the skin (bottom view).

Figure 28 - Neutron Radiograph of A-5 Aircraft Skin
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SPECIMEN {TYPE AND STRENGTH| L/D [CONVERTER FILM|EXPOSURE TIME |RADIOGRAPH

THICKNESS OF SOURCE RATIO| COMBINATION OR_FLUENCE ORIGIN

- 252¢f, 2 mg 20 Dy/AA } 20.5 Hr l RMC

This radiograph of a corroded aircraft aluminum skin is included as an example
of results using the transfer technique in which the film is exposed, not in
real time by the neutron imaging beam via the converter, but by the activated
converter after removal of the cassette from the specimen and neutron beam.
A1l the preceding radiographs were obtained by the direct exposure technique.

Figure 31 - Transfer Exposure Neutron Radiograph of a Corroded
Aluminum Aircraft Skin
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