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THE DETECTION OF TIGHILY CLOSED FLAWS
BY NONDESTRUCTIVE TESTING (NDT) METHODS
IN STEEL AND TITANIUM

By Ward D, Rwmmel, Richard A. Rathke,
Paul H. Todd, Jr., and Steve J. Mullen
Martin Marietta Aerospace

SUMMARY

This program was conducted to investigate the reliability
of state-of-the-art production nondestructive testing (NDT)
techniques to detect tightly closed fatigue cracks in high
strength steel (4340 - 180 KSI) and titanium 6A1-4V - STA
alloys. X-radiography, liquid penetrant, ultrasonic, eddy
ccurent and magnetic particle (steel only) techniques were
evaluated and analyzed to determine detection sensitivities.

176 fatizue cracks in 60 steel specimens and 135
fatigue cracks in 60 titanium specimen were evaluated with
specimens in tre "as machined" surface condition, after etching
to remove flowed material due to maching and after proof loading.
Specimen thicknesses were 0.152 cm (0.060 inch) and 0.635 cm
(0.250 inch) for both materials. After all specimens were

fractured to evaluate and measure actual crack size.

Comparison and statistical analysis of all NDT data was
performed with respect to actual measured crack size. Analyses
were performed to determine detection reliabilities at the 95%
confidence level using & data grouping and "count down" method
based on actual crack dimensions. Overlapping of data groups
(independent observations) was used to smooth data for graphical
presentations. Plots of detection reliabilities as a function
ol crack factors variables were minimized by consistent and
rigid application of inspection procedures and by use of ex=-
perienced and dependable personnel. Strict application of
this data can bz made only t'or the materials and test conditions
described. lmproved reliabilities may be obtained by ap=
plication of different procedures or by application of procedures
to more rigorous controlled test specimens (i.e., polished,
length and crack depth are reported as well as the actual data
files used in analysis and plotiing. Lower confidence limits for
each data group were estimated by binomial distrition analysis
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and plotted with the reliability data. Results show an increase
in detection reliability for the liquid penetranrnt inspection
method after etching the specimen surfaces. An increase in
detection reliability for all methods was obtained after proof
loading the specimens. The results reflect capabilities of
state=of-the-art productiorn methods when, properly applied

and human factors, test condition and other procedural variables
are minimized.



I. INTRODUCTION

Nondestructive testing (NDT) is a major tool in modern
engineering structures technology. Structural integrity, re-
liability and maintainability are direct functions of the NDT
program applied during manufacture. The safety, reliability and
life cycle costs of a structure are dependent on the capabilities
and reliabilities of the NDT applied to it during manufacture and
field maintensnce operations. Recent analyses have shown that
a greater impact on structures life can be gained by improvement
of MDT capabilities than by improvement in all other tangible
life cycle design elements (i.e., stress analysis, fracture
toughness, fatigue life).l.

A critical element in en NDT technology improvement pro-
gram is an understanding of current -apabilities of NDT techniques.
A review of NDT literature reveals a wide range of descriptions
of methods applie? and flaws (or meterial anomalies) detected.
Little statistically reliable flaw detection data for various
nondestructive test (NDT) methods are available. 2,3+ In seek-
ing and establishing NDT reliability data, it is necessary to
understand and separate tne elements of an NDT process &s ap-
plied in current state=of-the=-art production prccesses. These
elements include:

1. Flaw detection

2. Flaw description ~ size, orientation, geometry, etc.,
and

3. Flaw location.

The primary thrust of NDT technology has been in flaw de-
tection or more generally in esteblishing "how small a flaw can
be detected?" 1In establishing the flaw detection reliability of
a technique, the thrust must be shifted to determining "how
large a flaw can be missed?" Flaw detection relisbility (i.e.,
"now large a flaw can be missed?") is a key factor in the ap-
plication of linear elastic fracture mechanics and fracture con=
trol principles in design acceptance. The program described
herein was conducted to invectigate the reliability of various
NDT methods to detect tightly closed flaws in titanium and
steel alloy sheet and plate. Controlled application of s.ate=
of=the=art NDT methods were made to test specimens of varying
surface conditions and proof stress load exposure to establish



anda plot respective flaw detection relisbilities as a function of
flaw size and test specimen condition.

Program Orientation

In the NASA Space Shuttle and other advanced spacecraft pro=-
grams, fracture control will be assured by a combination of (1)
linear elastic fracture mechanics in design and analysis and (2)
nondestructive testing in structural assessment and verification.
The detectable flaw size, as determined by nondestruective testing,
will be used as a basis for establishing design allowables. A
program to determine the detectable flew size was required to
provide preliminary design data.

High strength titanium and steel alloys are used in critical
hardware assemblies and must be assessed by nondestructive test-
ing methcds for soundness. These materials differ from other
structural materials in flaw growth, flaw tolerance and in
Physical response to nondestructive interogetion (test) methods.
Criticality of application and unigue NDT method interaction
make specific evaluation of NDT flaw detection reliability for
these materials necessary.

Related NDT flaw detection reliability programs were used
o select the range of flaw sizes evaluated, the test methods
evaluated, the general program approach, the format for the
data generated and the data analysis methods applied.

Experimental Test Program Approach

Experience has shown that small, tightly closed cracks
are one of the most difficult types of flaws to detect and
are one of the flaw types most detrimental to load-carrying
structures. Tightly closed flaws may be simulated by artifi=-
cally induced fatigue cracks. The size and shape of an ~.tifi-
celly induced fatigue crack may be varied and controlled over
a wide range of conditions and thus making it a good selection
for experimentally evaluating NDT flaw detection reliability.
Artifically induced fatigue cracks in flat titanium and steel
sheet and plate test specimens were chosen for evaluating NDT
reliability.

Many variables in the nondestructive testing method to
be apnlied are possible. To meet the objective of the program,
(i.e., to establish preliminary design data) nondestructive



testing methods were selected which are representative of current
state=ofethe=art production prectices. Details of the method
and the procedure for application were documented and described
in sufficient detail to (1) enable duplication of the results

by independent investigators and (2) to enable objective come
parison of results obtained by variations in the methods. De=-
tails of the methods and proredures are included in the appendix
of this report. These methods were app! "ed by NDT personnel
using conventional equipment which is rcutinely used in production
inspection. Since the primary objective of the program was to
determine the ability of nondestructive testing (NDT) methods

to reliably Jdeteet small, tightly closed flaws in titanium and
steel, efforts were made to minimize human factors. Experienced
and dependable NDT personnel were employed for all evaluations.
Production part test conditions were simulated as closely as
possible by evaluation of the test specimends in the "as mach~
ined" condition by X-radiographic, liquid penetrant, ultrasonic,
eddy current and magnetic particle (steel only) techniques;
evaluation of all specimens by the liquid penetrant technique
after etching the test specimen surfaces; and evaluation by

all techniques after the specimen had been proof loaded. Each
evaluation was performed by three independent NDT operators to
provide an internal check of detectability and to randomize

test results.

With the objectives, required data, test conditions and
analysis methods defined an ciperimental test prograr was planned
and completed. The test progrem was divided into the follow-
ing elements:

1. Test specimen preparation:

2. NDT method optimization and prccedure development;

3. NDT evaluations;

4, Specimen fracture and flaw measuremen:;

5. Data correlation and analysis.

The sequence of the program is shown in Figurc 1.
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II. TEST SPECIMEN PREPARATION

Preparstion of test specimens used in reliability demonstra-
tion programs is a critical progrem step. Factors which must be
considered in specimen preparation are summarized in Tmble 1.

Table 1. Factors In Test Specimen Preparation

Specimen Material = type, alloy condition and thickness
Specimeﬁ Size and configuration

Flaw Types = size, shape, orientation and location
Flaw Initiation Method and Conditions of Growth

Flaw Starter Notch Removal - Method, depth

Final Specimen - Configuration, thickness and surface
condition

Preparation of Specimen Elanks

For this program, high strength steel and titanium alloys
were to be evaluated in 0.152 em (0.060 inch) and 0.635 cm
5.250 inch) thicknesses. 6 Al=4V titanium slloy and 4340 steel

O« = 180 KSI). Initial material thicknesses of 0.317 cm
(0.125 inch) and 0.792 cm (0.312 inch) were procured for speci-
ment preparation. Material sheets were cut intc 40.64 cm
(16 inches) by 15.24 cm (6 inches) specimen blanks with the
sheet grain direction oriented along the length of the speci=-
men, 6 Al-4V titanium was procured in the solution heat
treated and aged condition as required 4340 specimen blanks
were heat treated to 180 KSI ultimate tensile strength before
introducing laws.

Fatigue Crack Growth Procedures

Flaws of four different sizes and shapces were selected for
evaluation. Two specimens in each material and thickness were
used to establish flaw initiation and grcwth parameters. Fatigue
cracks that have aspect ratios of 0.5 and 0.1 may be produced by
the use of shaped electro~discharge machined.(EEM) starter
notches, extension of the crack in tending fatigue, and removal
of the starter notch. igures 2 and 3 are crosse=sactional



afle = 0.5 gft = 3,25 Note: & = thickness of

case s & — : material; a =
1 e Z;w , , —jz:}ﬂ.ésa“ , , , depth of crack;
”f““””“f““f’ : 2¢ = length of

¢rack; shaded

area = EDM

starter noich
shape; | = final
machined thickness.

eroand Plesl Crack Confiouration,




afic = 0.5 aft = 0.5 t = thickness of

Case At 5 _ ; material; a =
q g: v:If z}ﬂ*ﬁﬁﬂ“  depth of crack;

: - ‘ 2c = length of
crack; shaded
area = EDM
starter notch
shape; } = final
machined thickness.

Case 3, a/lc = 0,5, 0.06U~in. thick ﬁpmiw

al2c = 0.25 alt = 0.25

]o.060"

Case 4, alZe = 0.1, G.060-1in, thick specimen

i
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photographs of typical starter notches and fatigue flaw exten=-
sion to the Trequired surface length. The maximum fatigue stress
mieth be no greater than one-half of the yield stress in order
to oreserve flaw tightness. After initial work to establish

e tedures, flaws of a desired shape and size msy be produced
by controlling the EIM starter notch shape and depth and by

v 'sual monitoring of the surface crack length.

Flaw growth procedures were verified by fracturing trail
epncimens and measuring actual flaw dimensions. Starter flaw
sizes and growth dimensions are shown in Table 2,

Tat le 2.

I Notch and Fatigue Flaw Sizes for Bending Fatigue of 4340
£t 21 (of = 180 KSI) and 6 Al-4V Titanium - STA

Approxd
Stock Botch] Motch | Growth | Depth | Length] Total] Total | Machined | Final | Finsl | Material
Thickness| Deptha] Lengih| Retio |firovth| Growth] Deptn| Length! Thickness] Depth| Lengthj Removed
t sy | &y |Dafc | Da | AlX) » a0y t{n o 2¢, | mav stde
Geo | Ga] (R0 (tn) | Goo)'| Gao| (B0 | oy | ey ] aE)
G.312 0,250
Jase Isf and ani
0.12% 0.010f 0.100 1} 3 0.025 | 0.020 | .035 | 0.17C | 0.060 0.010| 0.100 | 0.025
¢.212 0.250
Cxse [+] and and
0.125 0.015§ G.020 | 1 0.030 | 0.070 | 045 | 0.090 | 0.060 0,025} 0.050 | 0.020
0.312 0.250
tase 2+jand - and .
C,.125 g.C2cf C.225 § 3 C.03C | ©.230 | 0.05C| 0.325 | C.OC G.025 | C.250 § U.05
cas: L )G.32 0.015| 0.020 | 1 L}.oeo 0.160 | 0,095} 0.185 | 0.250 0,075} 0.150 | 0.020

The maximum fotigue stress during flaw extension was no
greater than half the yield stress. The fatigue stress was
< 80 KSI for L340 sttel (03 = 160 KSI) and < 70 KSI for 6 Al-
LV titenium STA (0 = 145 KsI),

Preparation of Test Specimens

Seve.. calibration test specimens in each material were pre=-
pared - untaining each of the flaw (Case) types. Case 1, 2 and
3 1'le s were grown in the thin (0.125 inch) materisl and Case
1, , 3 and 4 flaws were grown in the thick (0.312 inch) material.
™ ese specimens were used to optimize NDT techniques and were
~nitia'ly used fo~ set up and calibration of equipment before
starting the NL. evaluation cycle.

+ wPRODUCIBILITY OF THE
21'NAL PAGE IS POOR



Test Specimens

Thirty specimen blanks from each material and each thickness
were locally polished and electrodischarge-mrachined starter
notches introduced at planned locations. Flaws were randomly
distributed amoug the specimens so some specimens contain no
flaws and same specimens contain up to six flaws. The flaws
were randomly distributed on both sides of the specimens. All
of the 0.075-inch deep flaws were introduced in the 0.250=inch
(0.312«inch blank) thick specimens and the other flaws were
randomly distributed in both thicknesses. The Adesired number
and distribution of flaws for each mé&terisl is summarized in
Table 3.

Table 3. Flaw Distz:ibution in Steel and Titanium Specimens

Number of

Flaws Each | Flaw Depth | Flaw Length| a/2c
Material (inch) (inch)

30 0.010 0.100 0.1
30 0.025 0.050 0.5
30 0.025 0.250 0.1
3¢ 0.075 0.150 0.5

Allowance was made for flaws which failed to grow and for
those inadvertently removed during machining. 161 flaws were
initiated in titanium specimens and 128 flaws were initiated in
steel specimens.

Flaw Location

To reduce inspection time in describing flaw location and
to reduce the subsequent confusion in flaw analysis, the follow=
ing grid location scheme will be used for flaw initiation. The
panel sur.ace will be divided into & one inch grid network. The
panel idevtification (A side) will be located in the lower left
hand corner. The short dimension (width) will be designated
2s the X=-dimension and points along the panel length direction
will be designed by the Y dimension. Grid location will be by
location of the interszction of an X and Y grid and proceeding +o
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the next highest number in both the X and Y directions. On the
reverse (B) side the X direction remains the same and the Y
direction is from the top of the panel toward the bottom of
the panel as shown in Figure k.

Specimen Machining

Following fatigue flaw growth the EIM starter notches were
removed by machining both sides of each specimen using a flaw=-
cutter at a 15.26 cm (6 inch) radius to produce a randomly
oriented nominal 125 rms surface f 'nish. Nominally, .0508 to
.0635 cm (0.020 to 0.025 inch) were removed from the flawed
side and the opposite side was machined to produce the final
specimen thickness and configuration as snown in Figure 5.
Specimens were cleaned by vepor degreasing, alkaline cleaning,
dried and submitted for inspection,

This 10.0 leangth of
the sample, either side,
will contain all the flaws

| 7722

F———-———— 12.0" Milled Ares

LI

16"
06 R Identification tag
((’; & places) Note: All dimensions actachaent
VPP 7 in inches. 0,250 +0.005
C ﬁ_Lo.m or
—r')tock
‘()2062 1 +0.003 or
yp 4 p -c“)J J-0.060
=== ‘.——-'- stock
} § 0.125 or

Figure 5. NDT Specimen Configuration
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ITI. NDT METHODS OPTIMIZATION AND PROCEDURES DEVELOPMENT

Nondestructive Test Evaluation

The success of any nondestructive testing program depends
on (1) a sound understanding of materials, fabrication techniques,
and service demands on the test articles, (2) accurate and pre=
cise definition of anomalies to be evaluated by nondestructive
testing, {3) definition and understanding of all parameters that
will directly and indirectly affect the results of & nondestruce
tive testing technique, (4) fabrication of test samples that
are representative of actual fabricated part conditions, (5)
use of test samples to establish nondestructive test sensitivity
(destructive of functional test verification) and in calibra-
tion of test equipment used in production inspection, (6) es-
tailishment of well=defined procedures and controls to assure
integrity of production inspection, (7) training of production
inspection personnel, and (8) establishment of an audit/liaison
system to maintain inspecticn integrity and relcvance to pro=-
duction requirements.

4340 steel and 6 Al-4V titanium alloy materials are well
characterized and are routinely evaluated by nondestructive test-
ing (NDT) techniques. For purposes of this program, the flaw
type as well as the flaw orientation were known ard controlled.
Calibration specimens had been fabricated for use in establish-
ing optimized procedures. Considerable effort was devoted to
procedures optimization to develop procedures which would be
suitable for production and would provide & uniform inspection.
Culibration specimens were used to evaluate methods and develop
procedures. Case 2 specimens contain the smallest crack (0.025
X 0,050 inch) were used to set up esch method and to evaluate
the apparent signal (o noise ratio of the method.

X~Radiography Optimization

Using the specimens as test fibjects, optimum exposure
velues were determined for (1) Kodak Type M, Ready Pak Film,
and Kodak Type R, Film and Kodak Industrex Paper. The films
provided speed and grain size variations that are representative
of commercially avallable industrial Yeray f£1lm now in use,
Films were processed using a Kodek Industrial Automatic Processor,
Model B, and the paper was processed using an Industrex Processor.,
Exposure parameters were initially optimized to expose a one foot
lorg (center) section of the specimens, to produce a radiographic
£1lm density of 3 and to show the 2T penetrameter hole. This



procedure is typical of normal industrial practices. Variations
in voltage, current, exposure time, and ccllimation were applied
to provide the best image of the smallest progreaamed crack/thick-
ness combination detectable. Kodak Type M was selected due to
its superior resolving power at minimum exposure time. An ex=-
posure procedure was developed based in the film density, pene=
trameter resolution and cracks detected. Variations in the
ability to resolve cracks were attributed to the crack-focal

spot alignment. Intentional variation in aligmnment on a thin
titanium panel resulted in loss of & small (0,152 cm estimated
length) crack at greater than 3° angulation and loss of a larger
(0.318 cm estimated length) crack beyond 12° angulation. Varia=-
tion in resolution was attributed to flaw size, shape, tightness
and orientation. The technigques which showed the best penetrameter
and crack resolution were selected for test specimen evaluation.
The finalized techniques are shown in Appendix A of this report.

Liguid Penetranc Optimization

The size flaw that can be detected by a liguid penetrant
material depends on (1) its ability to penetrant and fill the
crack and on (2) its visibility after processing. The reliability
of a liquid penetrant material depends on its tolerance to varia-
tions in processing. Various test methods have been developed
to compare the performance of penetrant materials. Since a
1iquid penetrant test is the result of a process, and is depend-
ent, in part, on the host material, development method, etc., an
overall evaluation is necessary to determine applicability.

Our previous work with liquid penetrants resulted in se=-
lection of the Uresco P=-149 material for evalustion. P-149 was
used in production applications on the Saturn/Apollo programs
and is currently being used on some NASA Space Shuttle Orbiter
components. Since our original work with penetrants, two new
high sensitivity penetrants have appeared on the open market
and were evaluated and compared to P=1L9,

One material, Sherwin I-319 is a high sensitivity, water
washable material. Ease of use is a most desirable feature of
this material. When compared with P=1149, the I-319 material
shows & lower dye concentration as determlined by the meniscus
method 6, 11 (Figure 6) and lower overall performance on calibra=-
tion panels.

13



Figure 6. Compariszon of P-149 and I=-319 Fluorescent Penetrants
by the Meniscus Method (P-149 on the Left has Superior
Thin Film Sensitivity)

b

Figure 7. Comperison of P=149 and P6F=4 Fluorescent Penetrants
by the Meniscus Method (P6F-4 on the Right has Superior

% Thin film Sensitivity)
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A second series of materiuls developed by Rockwell Inter=-
national are high sensitivity, water washable materials and are
reported to be bicdegradeable. Ease of use and biodegradeable
characteristics make these pene.rants unique and desirable.
When compar~d with P=149, on the P6F-4 material shows a higher
dye contentration as determined by the meniscus method. (Figure
7). Comparison to other penetrants is summarized in Table L,

Table 4., Results of Penetrant Evaluation by the Meniscus

Method
Penetrant Dimensional Timensional
Sensitivity Threshold

P-1k9 1.5 m 3.0 mm
I-319 2.25 L.75
P6F-1 1.9 5.0

P6F=2 1.75 LN

P6F=3 1.65 3.25
P6F-i 1.k 2.0

When used on titanium calibration specimens, 81l cracks were
resolved using the P6F=-3 and 4 materials. The overall fluore=
scent background on these specimens was very high compared to
P-149, Although these materisls were judged to be equal to
P-149 for this program. A test procedure was written for use
of the P=149 material and was used for all test specimen
evaluations. Thils procedure is shown in Appendix B.

Cleaning of test specimens between evaluations 1s critical
to penetrant evaluation. Panels were ultrasonically cleaned
in a trichloroethane bath to remove all penetrant from the
previcus inspection. Such cleaning was necessary to assure in=
dependent test results by different NDT operators. The panel
tleaning method is elso described in Appendix B,

15
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Ultrasonic Test Optimization

Several methods, test variables and data read-out options
are available for ultrasonic inspection. An immersion, sheaz
wave technique with C-scan recording was selected as being most
representative of current industry capabilities. Optimization
of the shear wave techniques were accomplished by experimental
analysis of results obtained by scanning calibration panels.
Signanl amplitude, signal to noise ratio, and incident angle
were evaluated at 2.25, 5 and 10 MHz. 5 MHz was superior for
evaluation of panels. Plots of signal amplitude as & function
of incident angle were made for incident angles from 12° to
36°, Possible paths of energy reflection were evalusted over
this range. An example of & plot of signal response as & func=
tion of incident angle is shown in Figure 8.

A 15° incident angle wes selected for best overall rasponse
and recorded signal output. Recording techniques, test seteup
and test controls were optimized by evaluation and comparison
of the recorded output o~btaired. A detailed inspection pro=
cedure was written and is shown in Appendix C of this report.

Eddy Current Test Optimization

C=scan evaluation and recording techniques were selected
as most representative of state~-of-the-art production prac-
tices., Titanium and steel differ greatly in eddy current ree-
sponse and were evaluated separately.

Titanium - 6 A* =4V Titanium has a low conductivity (ap-
proximately 3% I.A.C.S.) and therefore must be evaluated at
high frequ.ncies for best sensitivity. At 3 MHz, the effective
depth of eddy current penetration in titanium is approximately
0,076 cm (0.030 inch). 3 MHz was selected as the test fre=
quency. A pencil prote configuration (1/8 inch core) was
selected to provide the best sensitivity and descrimiration.
The NDT Instruments, Vector 111 we- selected for its louge-
term electronic stability. A spring-loeded eddy current
scanning probe holder shown iu Filgure 9 was used %o provide
minimum 1ift off veriations end minimum probe wear on flut

‘plate. A variation of the probe holder shown in Figure 10 was used -

for warped srecimens., Recording techniques, test set up and
test controls were otpimized by evaluation and comparison of
the recorded output obtained. A detalled inspection procedure
was written and is shown in Appendix D.
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Scanning Bridge
Mounting Tube

Hinge

Eddy Current
Probe

Teflon
Probe
Shoe

Figure 9 - Spring Loaded Flat Block, ° Current Scanning
Probe Holder
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Scanning Bridge
Mounting Tube

, Probe
’ Shoe
() ~ Pivot

Double Hinge

|~ Eddy Current
Probe

Spring

g Sy

Teflon
Probe
Shoe

Teflon Rail

Figure 10 = Spring Loaded Eddy Current Scanning Prcbe Holder
Used on Warped Panels
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Steel - Eddy current inspection of ferromagnetic materials
may be accomplished by single coil probe techniques if the
magnetic permeebility of the material is constant. Specimens
were demagnetized and on initial evaluation, good crack detec-
tion sensitivity was obtained using & 100 KHz pencil probe with
the Vector 111 and Z=scun system used for the titanium panels.
This technique was rerlacea with a 500 KHz differential probe
when variations in the specimeis were encountered. The 500
KHz probe was held in a spring loadcd, flat block scarning
fixture as shown in Figure 9. Recording techniaues, test set
up and test controls were optimized by evaluation and comparison
of the recorded output obtained. A detailed Inspection proe-
cedure was written and is shown in Appendix E.

Megnetic Particle Test Optimization

Several options for magnetic particle test of steel
plates are possible, Best sensitivity is obtained using
fluorescent magnetic particle methods. Most uniform reproducie
bility is obtained using the contact faces in a stationary
machine. Our production megnetic particle inspecticu machine
charged with Uresco 228 pow2ar (0.40 ounches per callon) in kero-
sene was used as a primary basis for evaluatior. Calibration
panels were positions between the machine head such tnat the
heads contacted the sides of ihe panel. The magnetic particle
solution was applied to the calibration specimens followed by
a nominally recommended current pulse. The process was re=
peated for different curreni densities and the results compared
by an iterative visual evalration. An optimum technique was
selected. Calibration specimens were re-evaluated with the
optimum techniques using Ures:o 210 powder and Magnuflux 1hA
powder., Little variation n results were obtained. The Uresco
228 powder and optimized nagnetization techniques were documented
in a test procedure as shown in Appendix F.

NDT evaluation personnel were Tamiliarized with the optimized
procedures developed. These procedurcs were used in all subse=
quent evaluations of test specimens.



IV, NDT EVALUATION OF TEST SPECIMENS

Flawed test specimens were mixed with blank specimens pre-
pared in like manner. Specimen thickness and surface finish we-e
measured and recorded. OSpecimens were then submitted for the
programmed NDT evaluations.

Seguence 1 = Evaluation of Specimens in the
As Machined Condition

All specimens were evaluated by three independent NUT
operators whc performed independent evaluations witnout know=-
ledze of actual flaw numbers or distribution and without know=-
ledge of results obtained by other operators.

X-radiography = One set of film was prepared for all speci=-
mens with Side A (Side 1) up using the optimized exposure tzchni~
que. Some variations in exposure time was necessary due to
variations in specimen thickness. Film was indepenaently
evaluated and results recorded by three operators.

Liquid Penetrant = Penetrant evaluations on both sides of
all specimens were performed independently by three operators
and the results recorded by each operator. During this sequence
a number of unintentional small cracks were revealed along with
intentionel cracks in test specimens. A large number of unine
tentional cracks were revcaled in thick titanium specimens.
Figure 11 shows the pattern of intentional cracks (longest
indications) along with a number of unintentional cracks revealed
by perncirant. Thése additional cracks greatly increased the
volume of data recording and complicated specimen fractwie at
the end of the program.

Ultrasonic - Ultrasonic set-up, recording and data analysis
were performed indep>ndently by thr-e operators on specimens with
Side A (Side T7) up.

Eddy Current - Eddy current set-up, recording, and data
analysis were perfcrmed independently by three operators on
both sides of all titanium specimens.

Axtreme variations in readout was experienced for eddy
current evaluation on steel specimens. Variations were analyzed
and attributed to cold work variations induced by the specimen
fatigue process and by variations induced during machining.

21



One set of Cescan recordings were prepared for the steel speci=-
mens. These recordings were analyzed by three independent operae
tors.

Magnetic Particle - Magnetic particle evaluations on both
sides of all specimens were performed independently by three
operators and the results recorded by each operator.

Pigure 11. Intentional and Unintentional Cracks Revealed
by Penetrari (Actual Size)




Sequence 2 « Evaluation of Specimens in
the Post =~ Etched Condition

State=of«the-art industry practices require etching of
machined surfaces prior to performing a high sensitivity pene-
trant inspection. Specimens were therefore subjected to an etch
process to remove approximately 0.0013 ecm (0.0005 inch) of
matiterial.

Titanium specimens were etched at room temperature in
a nitric-hydrofluoric acid (52 oz/gallon, T0% HNO; and 6 cz
gallon, T0% HF) misture. Steel specimeus were etthed at room
temperature in a aqua regia solution (3 parts by volume HC1
(concentrated, 1 part HNO3 (concentrated) and 4 parts Hy0).
Following the etch process treatment, specimens were thoroughly
rinsed in demineralized water and dried. 3Specimen surface
finish and thickness were measured and recorded.

Liquid Penetrant - Liquid penetrant -aluations were per-
formed on both sides of all specimens. Evaluations were per=-
formed independently by three operators and the results record-
ed by each operator, in accordance with the procedure shown
in Appendix B.

Seguence 3 - Evaluation of Specimens in the
Post - Proof Loaded Condition

Industry practices were further simulated by proof
loading all specimens. Steel specimens were loaded to 80% of
the material yield strength (07y = 1L4 KSI). Thick titanium
specimens were loaded to 80% of the material yield strength
and thin titanium specimens were loaded to 90% of mater:ial
yield strength ( ¢"y = 145 KSI). Nine specimens were fractured
auring the proof load cycle. The fractured end pieces were in=-
cluded in the NDT evaluations. OSpecimens were loaded in less
than one minute, held at load ror 15 seconds and unloaded rapidly.

A1l specimens were again evaluated independently by three
operators.

X-radiography = One set of film was prepared for all speci=
mens with Side A (Side 1) up using the optimized exposure
technique described in Appendix A and accounting for variations
in specimen thickness by variation in exposure time, Film was
independently =valuated and the results recorded by three operators.
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Liquid Penetrant = Penetrant evaluations were performed on
both sides of all specimens using the procedures described in
Appendix B. Results were evaluated and recorded by each operator.

Ultrasonic - Ultrasonic set-up, recording and date analysis
were performed independently by three operators on specimens
with Side A (Side 1) up.

Eddy Current - Eddy current set-up, recording and data
analysis were performed independeatly by three operators on
both sides of all titanium specimens.

One set of Ca=scan eddy current recordiazs was prepared for
steel specimens. These recordings were analyzed by three in=
dependent operators. Variations in recorded output (noise) on
the steel panels was greatly reduced. This reduction was
attributed to removal of local cold worked surface material
during etching and to relaxation of sase non uniform residual
stresses during the load cycle.

Magnetic Particle = Magnetic particle evaluations on both
sides of all specimens were performed independently by three
operators and the results recorded by each operator.

Following verification of all NDT evaluation data, the
specimens were submitted for fracture and analysis.



V. SPECIMEN FRACTURE AND CRACK MEASUREMENT

Intentional cracks were located and marked by reference to
planned flaw tables. Unintentional cracks were located and
marked by visual examination with the aid of penetrant evalua-
tion data. Saw cuts were made from the edges of thin specimens
to areas adjacent to the ends of a crack. Cracks were broken
open in bending to reveal the actual flaw. An oxyacetylene
cutting torch was used to cut slots from the edges of thick
specimens to areas adjacent to the ends of & crack. Cracks
were then broken open in bending to reveal the actual flaw,
Some cracks were lost when the specimei. did not break at the
erack. In these cases the crack length was measured and re-
corded but crack depth could not be obtained.

Actual crack length and depth on fractured cracks were
measured with the aid of a traveling microscope with an sccuracy
of + 0,001 inch. Measurements were recorded in the actual
data file by panel number and location. Matching of data to
planned flaws was performed by correlation of planned to actual
flaw locations. Unintentiona® flaws were assigned flaw numbers
in a progressive 200 numbering series and were correlated to
NDT penetrent data by matching NDT locations with actual loca=
tions. Actual data on unintentionsl flaws was not obtained if
the flaws could not be located readily by aided visual
examination,

Actusl crack data messurements were tabulated and entered
in the computer for analyses.

25
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VI. DATA ANALYSIS

Actual Crack Data

All actual data and NDT data were input to a computer for
compiling and analysis. An actual data file was assembled by
ordered panel number and crack rnumbers. This file was used as
the basis of reference for all data sorting and analyses., A
tabulation of actual crack data and related erack deseriptive
information is shown in Tables S for titanium and 9 for steel
specimens.

Nondestructive Test Data

Nondestructive test data was assembled in data files by
panel number and crack number. Numbers entered in the NDT data
file are estimates of the actual erack length as observed by
the NDT method and measured or estimated to the nearest 0.16
e (1/16 inch).

Tabulations of NDT observetions for titarium specimens
are shown in Table 6 for Sequence 1 (As Machined Condition)
data, in Table T for Sequence 2 (Post Etch Condition) data
(Liquid Penetrant Only), and in Table 8 for Sequence 3 (Post
Proof Condition) data.

Tabulations of NDT observations for steel specimens are
shown in Table 10 for Sequence 1 (As Machined Condition) data,
in Table 11 for Sequence 2 (Post Etch Condition) data and in
Table 12 for Sequence 3 (Post Proof Condition) data.

Dats Ordering

Actusl crack data (Tables 5 and 9) wer. used as the basis
for all ordering, calculations and analysis. Cracks were
initially ordered by decreasing actual crack length and depth
along with the corresponding NDT ohservations. These data
were then assigned file numbers and stored for use in subse-
quent statistical analyses.

Stetistical Analysis
Analysis of data was oriented to demonstrating the sensi-

tivity and reliability of state=ofethe~art NDT methods for the de-
tection of small, tightly closed flaws in steel and titanium.
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Analyses were separated to evaluate the influences of surface
finish, etching and proof loading. Flaw size parameters of
primary importance in the use of NDT data for fracture control
are crack length (2C) and creck depth (a). Anmalvses were directed
to determine the flaw size that would be detected by NDT in-
spection with a high probability and confidence.

To establish detection probabilities from the data avail=-
able, traditional reliability methods were applied. Reliability
is concorned vith the probability that a failure will not occur
when an inspection method is applied. One of the ways to measure
reliability is to measure the ratio ol the number of successes
to the number of trials (or number of chances for failure). This
ratio times 100% gives us an estimate of the reliability of an
inspection process and is termed a point estimate. A point es-
timate is independent orf sample size and may or may not constitute
a statistically significant measurement. Statistically signi=
ficant analysic must take into account both tL.. sample size and
the success of the observations in the sample.

If we assume a totally successful inspection process (no
fajlures) we maey use standard reliability tables to select a
sample size. A 95% confidence level was selected for processing
all combined data, and analyses were based on these conditions.
For data analysis at a 95% confidence level, 60 successful in-
spection trials witl no failure are required to establish a
valid sampling and hence a statistically significant data point.
For large crack sizes where detection reliability would be ex~
pected to be high, this criteria would be expected to be reason-
able. For smaller crack sizes where detection reliability
would be expected tc be low, the reguired sample size to meet
the 95% confidence level criteria would be very large.

Calculation of Confidence Limits

To establish a reasonable sample size and to maintain some
continuity of data we held the sample size constant at 60 NDT
observations (trials). We then applied confidence llmits to
the data generated to provide a basis for comparison and analysis
of detection successes, and “0 provide an estimate of the true
proportion of cracks of a particular size that can be detected.
Confidence limits are statistical determinations based on
sampling theory and are values (boundaries) within which we
expect the true reliability value to be if an infinitely large
sample is taken. For a given sample size, the higher our
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conf'idence level, the wider our confidence. Simply expressed
this means that the more we know about anyting, the better our
chances are of being right. It is a mathematical probability
relating the true value of a parameter to an estimate of that
parameter and is basea on history repeating itself.

The statistics that are used to determine confidence limits
are dependent upon the distribution of whatever characteristic
we are measuring. Data tased on success/failure criteria can
be best described statistically by applying the binomial dis-
tribution. The normal, Chi-square and Poisson distributions
are sometimes used as approximations to the binomial and are
selected on the basis of available sample size. If the sample
size is held constant, confidence limits may be applied to
these data to establish uncertainties in the true reliability
values. A binomial distribution analysis was applied tc the
data to find the lower or one-sided confidence limit based on
the proportion of successes in each sample group.

Lower confidence limits were calculated by standard
statistical methodsl2 and is compatible with the method des-
cribed by Yee et a1l3 in an independent NASA program. The
lovwer confidence level, g' , is obtained by solving the
equation:

n-l 4 ( ) N-i
G = N 1P,
() t

Where G is the confidence level desired,

N is the number of tests performed,

n is the number of successes in N tests,
And p' is the lower confidence level.

Lower confidence limits were determined at a confidence
level of 95% (G=.95) using 60 trials (N=60) for all calculations.
The lower confidence limits are ylotted as (-) points on all
graphical presentations of data reported herein.

Data Plotting

In plotting data graphically, we have attempted to summarize
the results of our studies in a few rigorous analyses. Plots
were generated by referring to the tables of ordered values
by actual flaw dimension, i.e., crack length.



Starting at the longest crack length, we counted down 60
inspection observations and calculated a point e +imate of
detection reliability (successes divided by triais). A single
data point was plotted as a "o" at the largest crack (lemgth
in this group). This plotting technique biases data in the
conservative direction. The lower confidence limit at a 95%
confidence level (G=.95) was calculated for this data group
and plotted as an (-) at the largest creck length in the group.
We then backed up 57 observations (19 cracks), counted down
50 observations, repeated calculation of the point estimate
of detection reliability and lower ccafiden~e limit for this
data group, and plotted tie resultant values ("o" and "-") at
the largest crack length ir this data group. The process was
repeated for the remrnining observations in each inspection opera=-
tion. By use of the overlapping sampling technique, the total
amount of data required could be reduced. The overlapping
method is applicable since all observations are independent and
hence may be included in any data sampling group. An added
advantage is the "smoothing" of the curve resulting from such
a plotting technique.

Plots of detection reliabilities at the 95% confidence
level for NDT methods as applied to titanium specimers are
shown in Figures 12 through 19. Plots of detection reliabilities
at the 95% confidence level for steel specimens are shown in
Figures 20 through 29. Plots shown are for planned crack dats
only. Unintentional flaw data was discarded after an initial
run due to problems incurred in matching, verifying and corre-
lating actual data to NDT observations.
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VII. RESULTS, CONCLUSIONS AND RECOMMENDATIONS

Plotg of NDT data difference from those previously oObe
tained 6, 8 due to the overlapping plotting method used. Data
plotted by this method provide a more accurate display of de-
tection anamalies as a function of specific crack and specimen
factors.

Titanium Specimen Results

The influence of specific cracks on detection probability
are evident in analysis of Xeradiographic date for titanium
panels. Detection by the X-radiographic technique is improved
after etching and proof loading. The cyclic nature of the data
plots are attributed to the effects of flaw closure for specific
cracks. The overall improvement in detection for this method
is attributed primarily proof loading of the specimens with
some visible evidence of plastic flow around the cracks.

Detection of cracks by the penetrant method in titanium
panels is also cyclic with crack length and is attributed to
variations in crack closure. An improvement in detection was
realized after etching to remove flowed material. A decrease
in detection was obtained after proof loading. This is attri=-
buted to plastic flow around the cracks and a resultant increase
flaw width. Penetrant material can be more easily washed out
of open flaws. Flaw opening variations in turn influence the
penetrant process and human factors associated with the pro=-
cess application.

The cyclic nature of the data is also reflected by ultra-
sonic detection as a function of crack length. An overall
improvement in detection is evident after etching and proof
loading. A decrease in detection at longer crack lengths is
evicent after proof loading. This decrease is attributed to
a combination of human factors and an increase in energy
scattering at the crack after deformation due to proof
loading.

A decrease in detection by the eddy current method was
realized after proof loading. This is attributed to the in-
creased opening at the cracks and resultant overall decrease
in eddy current signel amplitude as obtained by the small
diameter pencil probe.
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Steel Specimen Results

X=ray detection for steel specimens was.also imprcved by
proof loading. The improvement is attributed to increased
. erack opening.

Penetrant detection was improved greatly by etching steel
specimens and decreased slightly after proof loading. The de=-
crease is attributed to penetrant variation with increased crack

opening,

Ultrasonic data shows an overall improvement in detection
after proof loading with some decrease at the longer crack
lengths. The decrease is attributed to increased scattexr due
to distortion of the crack by proof loading.

Eddy current detection prior to etching and proof load=-
ing is poor. Eddy current inspection was extremely difficult
due to large variations in the balance point within and between
specimens., These variations were attributed to cold working of
the surface layer of “he specimens due to machining with re-
sultant variations in conductivity and magnetic permeability.
Variations were removed by etching and proof leading which re-
sulted in an increase in detection probability.

Deteclion by the magnetic particle technique is also be-
lieved to be affected by the cold worked surface layer on speci=-
ments in the as-machined condition., An improvement in detection
was obtained after etching and proof loading.

Conclusions

Results of this work differ from those reported previoucsly
for steel and titanium alloy materials 10, pifferences are due
to differences in specimens used for evaluation. The influence
of the specimen and crack are emphasized by data obtained during
this study. The importance and influence of specimens ou re=-
liability demonstration is evident and must be accounted for
in extrapolation of this data and in application to varying harde-
ware configurations.

The overall results show that a nigh detection nrobability
can be acnieved it proper NDT techniques are celected and pro=-
perly appliled,
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Recommendations

Data obtained in this program provides a better under-
standing of the capabilities of various NDT techniques and
emphasizes areas where more understanding is required before
general predictions cen be made for detection reliability.

Areas identified where further understanding is required include:

The influence of specimen surface preparation or
detection.

The influence of crack closure on detection.

The influence of service life (loeding and flaw
shape) on detection.

The influence of crack geometry (length versus depth)
on detection.

The influence of methods varation on detectioh.

The influence of signal response (signal to noise,
calibration, etc.) on detection.

A basis for understanding has been established and some
direction has been indicated for achieving a goal of consistent
and reliable flaw detection by nondestructive testing techni-

ques.
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APPENDIX a

MARTIN MARIETTA QUALITY LABORATORIES INSTRUCTION
Division Number
X-22
DENVER Page
1 of 7

Subject [ssued

DETECTION OF TIGHTLY CLOSED FLAWS BY

RADIOGRAPHIC INSPECTION IN STEEL ANT Revised

TTTANIUM

"V S nisee.

Y

1.0 SCOPE

To establish the technique for performing X-radiography of fat.gue cracked
panels using a selected optimum technique,

2.0 REFERENCES

2.1 Technical Proposal -Volume I Detection of tightly closed flaws by
Nondestructive Testing (NDI) methods in steel and titanium,

2,2 Military Standard 000453A Inspection, Radiographic.
2.3 Quality Technical Instruction (QT1) 401, Section II Radiographic Tnspection

3.0 EQUIPMENT AND MALERIALS

3.1 Norelco MG 150 Industrial X-ray unit,
3,2 Kodak X-Omat Prccessor Model M3,
3.3 MacBeth Quantalog Transmission Densitometer, Model TD-100A,
3.4 Viewer, High Intensity, General Electric Mod:1 BY-Type I or equivalent,
3.5 Penetrameters - In accordance with Military Standard 000453A Figure 1,
3,6 Magnifiers, 5% and 10X Pocket Comparator or equivalent,
3.7 Misc., radiographic accessories,
3.8 Coding Sheet E-232D,
4,0 PERSONNEL

Personnel performing radiographic inspection shall qualify to SNT-TC-1A
i.evel II or Level IIIL.

5.0 FROCEDURE

used to perform the radiography of fatigue cracked nanels (Attachments #1

|
I
5.1 An optimum technique using Kodak, Type M Industrial X-ray film shall be
and #2).

DEN 765410(1-73)
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5.2

5.5

5.6

5.7

5.8

5.10

5.11

5.12

5.13

.14

/4

The rationa’. for the tecl..iques is based on the results as demonstrated
by the radiogrpis and techaiques employed for the radiography of four-
teen calibration pancls.

Refer to Attachment #1 (Titanium) and/or Attachment #2 (Steel) for the
optimum setup and exposure cata necessary to produce the proper radio-
gra;h.

Place the film in direct contact with the machined surface (Side B) of
the parel being radiographed.

Prepare and ~lace the required identification and accessories on the

film and/or nanel., (¥igure #1).

NOTE: The panel will be placed on the exposure table in a maurper such
that the panel number will always be on the radiation source side
anc in the upper 1left hand corner. The (8) symbol will always
ident1fy the center line uf the panel, +

The apprepriate penetrameter (Military Standard 000453A, 0.06 for the
thin panels, 0.25 for th> itaick panels) shall b2 radiographed with each
panel for the duratior >f the exposuve.

The penetrameters sh nlac>d on the machined poriion of the pancl.
(Figure #1),

Tne radiographic density of the mac -ined area of panel shall not vary
more than + 30 percent or -15 percent from the demsity ai the penetrameter
.ocation.

Align the direction of the central beam of radiation perpendicular and

to the center of the panel being radiographed.

N"TE: Make sure that the X-ray tube head is level in both the X and Y
Axis,

Expose the film at the selected optimum technique from Attachment #1
(Titanium) Attachment #2 (Stzel),

Process the exposed film through the automatic processor (Attachment #1).

The radiogr-phs shall be free from blemishes which may mask fatigue cracks
or interfere with radiograjhic interpretation,

The density of tl.c rcdiographs s, all be ctecked with a densitometer
and shall be within 2 rang¢ of 2.5 to 4,0 (3.5 cptimum),

Using a viewer wich the proper illuminaticn and with the aid of magni-
ficarion, interpret the radiographs to determine the number of fatigue
cracks in each panei radiographed. Each crack shall be marked by
enci.clement with wax pracil of a contrasting color.

The radiographic intersreter will record vue location of the fatigue
cracks on Ceding £ -t I'-232D,

b v -

UMMM 1021 A (12 68)

LODUCIBILITY OF 1HE
INAL PAGE IS POOR




DIVISION DATE
DENVER

X-22

PAGE oF
3 ),

Layout).

the location on coding sheet E-232D,

6.0 SAFETY

operating the X-ray equipment.

NOTE: A transparent grid overlay technique will be used to con-

veniently and accurate'y loczate flaws., (Figure #2 - Grid Pattern

5.14.1 Determine the location of cracks by placing the transparent grid
over the radiograph with center line (8) over the symbol (§) on
the radiograph and aligning it with the panel edges (parallel).

5.14.2 Locate cracks by counting the squares in the (Y) direction 6, 7,
.9, or 10 and then the (X) direction 1,2,3,4, or 5 and record

6.1 The use of radiographic equipment shall be in accordance with the safety
provisions specified in Martin Marietta Corporation, Denver Division
Radiological Safety Manual and Quality Laboratory Instruction X-11,

6.2 Radiographic personnel shall wear a film badge at all times while

FOHM Min- 1 L2114 112-868)

75
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ATTACHMENT #1
Type of Film - Eastwan Kodak Type M

Exposure Parameters: Optimum Technique - Titanium
(A) Kilovoltage

.060-35

.250-55

(B) Milliamperes
.060-8
.250-8

(C) Exposure Time
.060-15 min,
+250-26 min,

(D) Target/Film Distance
24" inches

(E) Geometry of Exposure
Perpendicular

(F) Film Holders/Screens
Ready Pack/Nou screens

(G) Developmert Pzrameters
Kodak Model M3 X-Omat Processgr
Development Temperature of 80 F,

(#) Radiographic Deasity
2.5 to 4,0
(3.5 optimnum)

(I) Other pertinent parameters/remarks
Radiographic Equipment
Norelco MG150
Beryllium Window
.7 focal spot
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ATTACHMENT #2

Tvpe of Film - Eastman Kodak Type M
Exposure Parameters: Optimum Technique -~ Steel

(A) Kilovoltage
0060'55
.250-100

(B) Milliamperes
.060-8
. 250‘4’

(C) Exposure Time
.060-10 min,
.250-15 min.

(D) Target/Film Distance
24 inches

(E) Geometry of Exposure
Perpendicular

(F) Film Holders/Screens
Ready Pack/No screens

(G) Development Parameters
Kodak Model M3 X-Omat Processor
Development Temperature of 80°F.

(H) Radiographic Density
2.5 to 4.0
(3.5 optimum)

(I) Other pertinent parameters/remarks
Beryllium Window
Radiographic Equipment
Norelco MG150
.7am focal spot
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APPENDIX B

MARTIN MARIETTA QUALITY LABORATORIES INSTRUCTION
Division Number
DENVER Page
1 Of 3
Subject Issued
LIQUID PENETRANT INSPECTION PROCEDURE FOR Bevised

7,

FATIGUE CRACK DETECTION

1.0 SCOPE

1.1 This procedure describes liquid penetrant inspection of titanium and
steel plate for detecting fatigue cracks.

2.0 REFERENCES
2.1 Uresco Corporation Data Sheet No. PN-100

2.2 No' ’-~structive Testing Training Handbooks P1-4-2, Liquid Penetrant
Te: .ng, General Dynamics Corporation, 1967.

2.3 Nonlestructive Testing Handbook, McMasters Ronald Press, 1959, Volume I,
Sec rionz 6,7 and 8.

3,0 EQUIPMI ;T AND MATERTALS
3.1 Uresco P-149 High Sensitive Fluorescent Penetrart
3.2 Uresco K-410 E Spray Remover
3.3 Uresco D499C Spray Developer
3.4 Cheese (loth

3.5 Ultraviclet light source (Magnaflux Black-Ray B-100 with General
Electric H~100, FL4, Projector flood lamp and Magnaflux 3901 filter.

3.6 Quarter inch paint brush

3.7 TIsopropyl Alcohol

3.8 Rubtber Gloves

3,9 Ultrasonic Cleaner (Branson Ultrasonic Power Pack Model 610)
3.10 Light Meter, Weston Model 703, Tvpe 3A

- 10U " richlorvethane

| PRODUCIBLLILY wr
NAL PAGE IS POOR
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5.0

4.1

4.0 PERSONNEL

The liquid penetrant inspection shall be performed by technically
qualified personnel.

PROCEDURE

5.1

5.2

5.3

5.4

5.5

5.6

Clean panels to be penetrant inspected by immersing in trichloroethane in
the ultrasonic cleaner and running for 1 hour; stack on tray and air dry
for 15 minutes.

Lay panels flat c¢n work bench and apply P-149 penetrant using a brush to
the areas to be inspected. Allow a dwell time of 30 minutes,

Turn on the ultraviolet light and allow a warm up of 15 minutes,

5.3.1 Measure the iﬂtensity of the ultraviclet light and assure
a minimum reading of 125 fogt candles at 15" from the filter.
(or 1020 micro watts per cm )

After the 30 minute penetrant dwell time, remove the excess penetrant
remaining on the panel as follows:

5.4.1 With dry cheese cloth, remove as much penetrant as possible from
the surfaces of the panel.

5.4,2 With cheese cloth, dampened with K-410E, wipe remainder of surface
penetrant from the panel,

5.4.3 Inspect the panel under ultraviolet light. If surface penetrant
remains on the panel, reveat step 5.4.2.

NOTE: The check for cleanliness shall be done in a dark room
with no more than two foot candles of white ambient light.

Spray developer D-499c¢ on the panels by spraying from the pressurized
container. Hold the container 6 to 12 inches from the area to be inspected.
Applv the develop2r in a light, thin coat sufficient to provide a continuous
film on the surface to h¢ inspected.

NOTE: A heavy coat of developer may mask possible defects.

After the 30 minute blec .ut time, inspect the panels for cracks under
black light. This ins - ion will again be done in a dark room,

Using wire grid frame locate and record the grid coordinate of each crack
on the NDT raw data coding sheet E232D-Mod,

FORM MM 10214 (12-68)
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5.8 Panel orientation and grid pattern layout

T T 1 70 vy
10 6
8 8
6 10
A B

5.9 After readout is completed repeat Faragraph 5.1 and turn off ultraviolet
light,

82
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APPENLIX C

MARTIN MARIETTA QUALITY LABORATORIES INSTRUCTION
Division Number
DENVER -Prage
1 of 7
'Subject Issued
ULTRASONIC INSPECTION FOR FATIGUE CRACK PROGRAM Revised
PANELS

1.0 SCOPE
1.1 This procedure covers ultrasonic inspection for detecting fatigue cracks
in thin titanium and steel plate.
2.0 REFERENCES
2.1 Manufacturer's instruction manual for the UM-715 Reflectoscope
instrument.
2,2 Nondestructive Testing Training Handbook, Pl-4-4, Volumes I, II and
ITI, Ultrasonic Testing, General Dvnamics 1967,
2.3 Nondestructive Testing Handbook, McMasters, Ronaid Press, 1959,
Volume II, Sections 43-48.
3.6  EQUIPMENT
3,1 UM-715 Reflectoscope, Automatic Industries
3.2 10N Pulser/Receiver, Automation Industries
3.3 E-550 Transigate, Automation Industries
3.4 5MHz, .375 inch dia., flat, 130506 Transducer, Harisonic, S/N-N123
3.5 SR 150 Budd, Ultrasonic Bridge
3.6 319DA Alden, Recorder
3,7 Calibration Panel and Reference Panels
4,0 PERSONNEL
4.1 The ultrasonic inspection shall be performed only by technically
qualified personnel,
5.0 PROCEDURE
5.1 Set up cquipment per attached set-up sheet.
. 83
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84

5.2

5.3

5.4

5.5

5.6

5.7

Submerge the appropriate case 1 reference panel in the tank of water
and position the transducer to produce a maximum reflected signal from
the appropriate flaw,

NOTF: Before submerging the steel panels in water, add to the water
a ru.t inhibitor. (,015% Sodium Chromate and .015% Sodium
Nitrite, by wt.)

5.2,1 The appropriate flaw shall be the smallest detectable flaw in
the case panels (i.e. flaw #2 in the Thick Titanium Case 1 Panel
- gee Figure 2.).

Adjust the sensitivity control for a signal amplitude as shown in
shotographs 1 and 2 for the respective flaw orientatioms.

Scan the reference panel at the sensitivity setting established in
paragraph 5.3 for both near surface and far surface flaw conditions.
Compare these recordings to the reference recordings 1 and 2 and make
any necessary adjustments.

Submerge and scan the production panels two at a time, inspecting
only from side A to obtain gsimilar recordings.

When removing panels from water, thoroughly dry by wiping with cheese
cloth.

On the data sheet, note the locations of eacn crack giving "X" and
"Y' coordinates as noted by grid locators shows in Figure 1.

Figure 1 Orientation and Dimensioning of the Panels,

Side 1

(1T

o X

Ft

C——C

/AL
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ULTRASONIC SET-UP SHEET

Method: Shear Wage Pulse/Echo @ 14,9%incident angle in water for Titanium
and 15,1 for Steel, This angle was found to be optimum for detecting
flaws lying on the near and far side of the panel with a single scan.

Instrument: UM-715 Reflectoscope with ION Pulser/Receiver and E-550 Transigate.

Pulse th: Minimum
Pulse Tuning: Tuned for Maximum response
Reject: 12:00 0'clock
Sensitivity: Titanium: 1 x 10
Steel: 2 x 10

Frequency: 5MHz
Gate Start: w4

Gate Length: ~ 3

Transducer: 5 MHz, .375" dia,, Flat, 130506, S/N N-123 Harisonic
Water Path: 2.5 inches

Writ- Level: <+ Auto Reset

Part: Flat, 0.250" and 0.060" thick, titanium and Steel Fatigue Crack

Panels.

NOTE: When inspecting thin steel pane%s increase the angle
slightly but ot to exceed 15.75 and adjust gate
accordingly.

Specific information for final Senmsitivity and Gate settings:

The following sweep and marker settings are required to obtain the presentations
shown in Photos 1 and 2 when the transducer is looking at flaw #2 of Prnel # Case
1 of the Thick Ti Parel group.

Markers:
very coarse: 2
coarse: fccw
fine: fcecw

Sweep Delay:
very coarse: 2
coarse:
fine: fccw

Sweep:
very coarse: .l
coarse: 1
fine: Min,

85
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Photo 1 is with flaw #2 up (near sile) and Photo #2 is with flaw #2 down (1ar side)

tﬁd

Fivure 2. Thick Titanium Reference
Panel, Case 1

Y

7

s ——— o,

Seocnd
Signal

Photo “1  "A' gean presentation of flaw %0 eontained 18 Case 1}
Thick, Titaniuwn, Refervnce Panel when fiaw 20 a8 ar
eay gsurface to the transducer,
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DIvViSION

NUMBER

First
Bignal

Photo #2 "A" scan presentation of flaw #2 contained in Case 1, Thick,
Titanium, Reference Panel when flaw #7 is at far surface from

transducer,
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| 88

Recording #1:

uC" gcan presentation of flaws contained

in Case 1, Thick, Titanium Reference Panel with flaws
at far surface,

Recording #2:

Side A

"C" scan presentation of flaws contained in

Case 1, Thick Titanium Reference Panels with flaws at near

surface.

FORM MM Y021 5 [12.68)
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Recording #3: 'C" scan presentation of flaws contained in Case
1, Thick, Steel Reference Panel with flows at near surface (Side A) .

Becording #4: ' C" scan presentat,on of flaws contained in Case
1, Thick Steel Reference Panel with flaws at far surface (Side 3

g4
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APPENDIX D

MARTIN MARIETTA QUALITY LABORATORIES INSTRUCTION
Division Number
DENVER Page
1 Of
Subject Issued
EDDY CURRENT INSPECTION AND C-SCAN RECORDING Nevised

OF TITARIUM PANELS

1.0 SCOPE

1.1 This procedure covers eddy current C-gcan inspection detecting fatigue
flaws in titanium panels.

2.0 REFERENCES

2.1 Manufacturer's instruction manual for the NDT instruments Model Vector
111 Eddy Current Instrument.

2.2 Nondestructive Testing Training Handbooks, P1-4-5, Volumes I and II,
Eddy Current Testing, General Dynamics, 1967.

2.3 Nondestructive Testing Handbook, McMasters, Ronald Press, 1959, Volume
II, Sections 35-41,

3.0 EQUIPMENT

3.1 NDT Instruments Vector 111 Eddy Current Instrument,

3.1.1 3 MHz pencil probe for Vector 111,

3.2 SR 150 Budd, Ultrasonic Bridge.

3.3 319DA Alden, Recorder.

3.4 Special Probe (3-axis motion) Scanning Fixture.

3.5 Dual DC Power Supply; 0-25V, 0-1A (HP Model 6227B or equivalent),

3.6 NDE Thin Titanium reference panel No, 17.

3.7 NDE Thick Titanium reference panel case No, 1,

3.8 Special Eddy Current Recorder Controller (SECR) circuit,
4,0 PROCEDURE

4.1 Connect 3 MHz probe to Vector 111 instrumeat. Use wire loop :zable
support to prevent probe cable from contacting large metal masses.

4,2 Turn instrument power on and set SENSITIVITY COURSE control to position 1,

4.3 Check batteries by operating power switch to BAT position., Batteries
should be checked every two hours of use. Meter should read above 70.

90
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4.4

4.5

4.6

4.7

4.8

4.9

Connect C-scan/Recorder Controller Circuit

4.4.1 Set Power Supply for +16 volts and -16 volts.
4,4.2 Set U/S-E/C switch to E/C.

4.4.3 Set OP AMP switch to OFR.

4.4.4 Set RUN/RESET switch to RESET.

Sec up NDT panel scanning support fixture as follows:

4£.5.1 Clamp an end scan plate of the same thickness as the NDT panel
to the support fixture. One panel will be scanned at a time.

4.5.2 Align the end scan plate, using one panel so that the direction of
the scan probe will be perpendicular to the long dimension of the
panel,

4.5.3 Use shims or clamps to provide smooth scan transition between panel
and end plates. Use weights on thin panels as required.

Set Vector 111 controls to the following preliminary values:

"X" 345.0

"R" 416.0

SENSITIVITY, COURSE 6, FINE 10.
MANUAL/AUTO switch to MAN,

Set the Recorder controls for scanning as follows:

Index Step Increment - .020 inch

Carriage Speed - ,029

Scan Limits - set to scan 1% inches beyond the panel edge.
Bridge switch - OFF

Scan Switch - OFF

Postion the 3 MHz pencil probe in the tracking shoe. Use a smooth panel

for these preliminary probe offset and lift-off compensation adjustments.
Extend the probe until it touches the panel. Using a .003 inch non=-
conductive shim, determine the meter deflection due to the shim (temporarily
reduce gain if response is greater than 80 scale units) remove shim,
Carefully pull probe out of holder (i.e. away from panel) until meter
indicates 30 to 507 of shim deflection value. (Probe is properiv spaced
away from panel to prevent probe tip wear). Return gain to previous
setting,.

Using the scale control on Vector 111, verify that the LED indicator on SECR
circuit goes off for a meter indication of 39 to 40. Adjust the E/C
reference pot on SECR if needed.

Gl
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4,10 Place the appropriate reference panel in scanming fixture and position the
panel to correspond with the indicated reference mark. Use hold-down blocks
for thirn panels, Place end-scan plates in position. Verify that the
tracking shoe makes contact with the panel,

4.11 Using the .003 inch shim and with probe at 3-8 location, adjust only the
X control for lift-off null, When the difference between "shim in" and
"shim out" indications is within one scale division, lift-off is compen-

_ sated.

4,12 Postion the scan probe near the center (X dimension) of the panel. Man-
ually move the bridge through the Y grid range of 6 to 10 and set the Scale
control so that the average (background) indication is 36 to 36 (set at 38
or slightly less if possible. If a flaw is encountered the meter indication
should be greater than 40, but the background should be not greater than
38,

4.13 Position the bridge so that the scan probe is at Y grid marker number 10.
Place BRIDGE switch to ON and SCAN switch to ON.

4,14 Initiate the Recorder/Scan function.

4.15 Annotate recording with panel number, side, "X" and "R" settings, date,
test method and operator.

4.16 Set BRIDGE and SCAN switches to OFF,

4,17 Verify recording just obtained corresponds to the appropriate reference
panel recordings shown herein.

4.18 Perform steps 4.10 through 4.16 to scan remaining panels. At the completion
of inspectica on the NDT panels, repeat steps 4.11 through 4.17 using the
appropriate reterence panel,

4,19 Evaluate recordings for flaws and enter panel, flaw location, side and
length data on applicable data coding sheet, Observe correct orientatium
of reference edge of each panel side when measuring location of flaws,
Also enter data for test method, sequences, operator and material.

5.0 PERSONNEL
5.1 Only gqualified personnel shall perform inspection.

6.0 SAFETY

6.1 Operation should be in accordance with Standard Safety Procedure used in
operating any electrical device.

92
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APPENDIX E

MARTIN MARIETTA QUALITY LABORATORIES INSTRUCTION
Division Number
DENVER Fage
. 1 Of
Subject Issued
EDDY CURRENT INSPECTION AND C-SCAN RECORDING OF Revised
STEEL PANELS

Wi Dfrnreed_

1.1 This procedure covers eddy .urrent C-scan inspection detecting fatigue
flaws in steel panels.

1.0 SCOPE .

2.0 REFERENCES

2.1 Manufacturer's instruction manual for the NDT instruments Model Vector
111 Eddy Current Instrument.

2.2 Nondestructive Testing Training Handbooks, P1l~4-5, Volumes I and II,
Eddy Current Testing, General Dynamics, 1967.

2.3 Hondestructive Testing ERandbook, McMasters, Ronald Press, 1959, Volume
I1, Sections 35-41.

3.0 EQUIPMENT
3.1 NDT Iunstruments Vector 111 Eddy Current Instrument.
3.1.1 500 KHz differential probe for Vector 111,

3.2 SR 150 Budd, Ultrasonic Bridge,
REPRODUCIBILITY OF 1 .
3.3 '9DA Alden, Recorder. OPIGINAL PAGE IS PO¢-

3,4 Special Probe (Flat Block) Scanning Fixture,
3.5 Dual DC Power Supply; 0-25V, 0-1A (HP Model 6227B or equivalent).
3.6 NDE Steel reference panel Case No. 3.
3.7 Special Eddy Current Recorder Controller (SECR) circuit,
4,0 PROCEDURE
4,1 Connect 500 KHz differential probe to Vector 111 instrument,

4,2 Turn instrument power on and set SENSITIVITY COURSE control to position
1,

4,3 Check batteries by operating power switch to BAT position, Batteries
should be checked every two hours of use. Meter should read above 70,

94




Scale control for background indication of 30 to 36. (Background set poin
should be such that the recording does not have excessive background).
Background set point should never exceed 38,
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4.4 Connect C-scan/Recorder Controller Circuit

4.4,1 Set Power Supply for +16 volts and -16 volts,

4.4,2 Set U/S-E/C switch to E/C,

4.4,3 Set OP AMP switch to OPR,

4,4.4 Set RUN/RESET switch to RESET,

4.5 Set up NDT panel scanning support fixture as follows:

4.5.1 Clamp an end scan plate of the same thickness as the NDT panel to
the support fixture. One panel will be scanned at a time.

4,5.2 Align the end scan plate, using one panel so that the direction of
the scan probe will be perpendicular to the long dimension of the
panel.

4,5.3 Use shims or clamps to provide smooth scan transition between panel
and end plates. Use weights on thin panels as required,

4,6 Set Vector 111 controls to the following preliminary values:

l'x" alo

llRll :‘50

SENSITIVITY, COURSE 4, FINE O.

MANUAL/AUTO switch to MAN,

4,7 Set the Recorder controls for scanning as follows:

Index Step Increment - ,020 inch

Carriage Speed - ,029

Scan Limits - set to scan 1% inches beyond the panel edge.

Bridge Switch - OFF

Scan Switch - OFF

4,8 Posgition the probe in the tracking shoe of the scanning fixture so that
the probe tip is recessed about ,002 to ,004 inch from the scan surface,

Rotate the probe so that only one core at a time senses a flaw as the

scan bridge moves incrementally,

4,9 Place the Reference panel in the scan fixture., Position the probe at

the mid-point of the panel (i.e, 3-8 location). Adjust the X and R

controls (and Scale control as required) for null condition,

4,10 Using the Scale control verify that the LED indicator on the SECR circuit
goes off for a meter indication of 39 to 40, Adjust the E/C reference pot

(on SECR) if required.

4,11 Manually move the probe through the Y grid range from 6 to 10 and set the

t
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4.12 Position the b.idge so that the probe is at Y grid number 10, Place
BRIDGE and SCAN switches to ON,

4.13 Initiate the Recorder/Scan function, If background is excessive, perform
step 4.15 then step 4.11 for lower background set point,

4.14 Mnnotate the recording with panmel number, X and R settings, date, test
method and operator,

4,15 Set BRIDGE and SCAN switches to OFF,

4,16 Verify recording just obtained corresponds to Reference panel recording
shown herein,

4,17 Perform steps 4.9 through 4,15 to scan remaining panels. At the completion
of inspection on the NDT panels, repeat steps 4,9 through 4.16 using the
Reference panel,

4 .18 Evaluate recordings for flaws and enter panel, flaw location side and

length data on applicable data coding sheet, Observe correct orientation
of reference edge of each panel side when measuring location of flaws,
Also enter data for test method, sequence, operator and material.

5.0 PERSONNEL

5.1 Only qualified personncl shall perform inspection.
k.O SAFETY
o
6.1 Operation should be in accordance with Standard Safety Procedure used

in operating any electrical device.

NDE Steel Reference Pauel Case No, 3
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APPENDIX F

MARTIN MARIETTA QUALITY LABORATORIES INSTRUCTION
Division Number

DENVER 'ﬁage
_— Of 3
Subject Issued

FLUORESCENT MAGNETIC PARTICLE INSPECTION
FOR FATIGUE CRAXX DETECTION

Revised

1.1

2.1

2.2

2.4

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

3.11

1.0 SCOPE

2.0 REFERENCES

3.0 EQUIPMENT AND MATERIALS

3.12 Fluorescent Particle Powder #228, Uresco.

3.13 Wire screen gric¢ for locating flaws,

AT |

This procedure describes magnetic particle inspection of steel plate
specimens for detecting fatigue cracks.

Nondestructive Testing Handbook Pl-4-3, Magnetic Particle Testing,
General Dynamics Corporation, 1967,

Nondestructive Testing Handbook, McMasters Ronald Press, 1959, Volume II
Sections 30-32.

Principles of Magnetic Particle Testing, Carl E, Betz, Magnaflux Corporation
1966.

MIL-I-6868, Inspection Process, Magnetic Particle.

Stationary Ma: e~Tech Model 3509A, Uresco.

Demagnatizing Machine, Model 3534D, Uresco,

Field Strength Indicator, Uresco

Test Meter Kit, Uresco.

Gaussmeter, RFL Industries

Black light, Spot Type, Uresco

Ultraviolet Light Meter, Model $-221, Ultra-Violet Products, Inc.
Weston N, 703 Light Meter.

Ultrasonic Cleaner, Power Pack Model 610, Branson

Trichloroethane

Kerosene VV-K-220, Water White Deodorized,
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4.0  PERSONNEL

4,1 The magnetic particle inspection shall be performed by technically
qualified personnel,

5.0 SOLUTION PREPARATION

5.1 Mix 0.40 ounces of 228 (Uresco) Powder to 1 gallon of Kerosene,
Federal Standard VV-K-220,.

5.2 Run the pump for a winimum of 30 minutes, and stir bath to put powder
clinging to the sides and bottom of tank into suspension.

5.3 Fill a 100-ml ASTM graduated centrifuge tube to the 100 ml mark with
suspension directly from the hose. Demagnetize the suspension if
congidered necessary and let it stand for 30 minutes to precipitate
or until the solid matter is apparently all down.

5.4 Read the volume of precipitate in the graduate. The volume shall be
0.20 to 0.30 ml.

5. If the particle volume does not meet 5.4 above add the appropriate
zmount of liquid or powder to bring the particle concentration into
agreement with 5.4.

6.0 FROCEDURE

6.1 Assure 211 equipment a2nd solutions conform to the requirements for the
use specified (i.e., calibration, qualification, certification, etc.).

6.2 Clean panels to be inspected by placing them in the ultrasonic cleaning
unit (3.9) and covering them with trichloroethane.

6.3 Turn on the ultrasonic cleaning unit and allow panels to be cleaned
for (1) one hour,

6.4 Stack panels on end and «ir d., for fifteen (15) minutes.

6.5 Turn on ultraviolet light and rllow a warm up time of fifteen (15)
minutes,

6.5.1 lleasure the intensity of the ultraviolet ljght and assure a
minimum reading of 1020 micro watts per cm” at 15" from the
filter,

6.6 Place the part hetween thce coutact plates and at 450 from the vertical
with current flaw parallel to the 6" dimension and passing through
the cernter 8 inches of the plate. (This is a circular magnetization
method) .,

h,7 bet the head pressure at 60 psi,
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6.8 With the part properly positioned on the nagnetizing machine, set the
current dial to the following settings:

PANEL DIAL SETTINGS CURRENT READING
Thin 14 2,200 amps.
Thick 76 3,000 amps.

6.9 Apply a flow of suspension, from the prepared solution, by hose to the
positioned part. Assure the part is thor ighly saturated.

6.10 Remove the flow and immediately apply the current by pushing the entergize
buttom. Apply three (3) shots of current.

NOTE: The period of current flow is pre-set for approximately 1/2 second.
6.11 Examine the part under black light for fatigue cracks.

NOTE: This inspection will be done in a darkened area having no more
than two foot candles of ambient light.

0.12 Using the wire grid (3.13) locate and record the grid coordinate for
each crack,

£.13 After readout is complete remove panel from the magnetizing mechine.
6.14 Place panel within the demagnetization coil (3.2) ar . unit on,

6.15 With the current still applied, slowly null the pa * :hiough ard away from
the coil until the part is at least 24" from the coil.

6.16 Check the part for evidence of magnetism using the Magnetic Field Indicator
(3.3). If the indicator registers the presence of a magnetic field,
repeat paragraphs 6.14 arnd 6.15 until there is no magnetic field indication,

6.17 After panels have been dcmagnetized clean the panels per paragraphs 6.2
through 6.4,
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